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Abstract The familiar heat shock response in cells comprises
the enhanced expression of molecular chaperones. In recent
experiments with the Hsp70 system of Escherichia coli, the
co-chaperone GrpE has been found to undergo a reversible ther-
mal transition in the physiological temperature range. Here, we
tested whether this thermal transition is of functional signifi-
cance in the complete DnaK/DnaJ/GrpE chaperone system.
We found that a mere increase in temperature resulted in a
higher fraction of fluorescence-labeled peptides being seques-
tered by DnaK. This direct adaptation of the DnaK/DnalJ/
GrpE chaperone system to heat shock conditions may serve to
bridge the time lag of enhanced chaperone expression.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Molecular chaperones of the 70-kDa heat shock protein
(Hsp70) family are essential for the cell to survive environ-
mental stress including heat shock [1,2]. To prevent protein
misfolding and aggregation, the chaperones transiently inter-
act with hydrophobic segments of nascent and denatured pro-
teins in an ATP-driven cycle [3,4]. Binding and hydrolysis of
ATP induce conformational changes in the NH,-terminal
ATPase domain [5,6], which are communicated to the
COOH-terminal peptide-binding domain [7] and modulate
its affinity for substrates. The ATP-liganded T state is char-
acterized by low affinity for substrates and fast rates of bind-
ing and release, whereas the ADP-liganded R state shows high
affinity for substrates and slow kinetics [8,9]. DnaK, an Hsp70
homolog in Escherichia coli, acts in concert with its co-chap-
erones Dnal, an Hsp40 homolog, and GrpE [3,10,11]. Dnal
stimulates the hydrolysis of DnaK-bound ATP and converts
T-state DnaK into high-affinity R-state DnaK (Fig. 1). GrpE
facilitates the ADP/ATP exchange and reconverts the R state
to the low-affinity T state. The two co-chaperones Dnal and
GrpE conjointly control the fraction of substrate that is se-

*Corresponding author. Fax: (41)-1-6355907.
E-mail address: christen@bioc.unizh.ch (P. Christen).

Abbreviations: a-NR, acrylodan-labeled peptide NR (NRLLLTG);
a-p4, acrylodan-labeled peptide p4 (CALLQSRLLS); Hsp70,
70-kDa heat shock protein

questered by high-affinity R-state DnaK. Recently, GrpE has
been found to undergo a reversible thermal transition within
the physiologically relevant temperature range [12-14], while
in DnaK and DnalJ no conformational transitions have been
observed in this temperature range [12]. Consistent with the
structural data, the rate of the Dnal-triggered T— R conver-
sion follows an Arrhenius temperature dependence, whereas
the rate of the GrpE-dependent R — T conversion increases
less and less with increasing temperature and even decreases
above 40°C [12]. Stabilizing the long NH;-terminal helix pair
of GrpE by an engineered disulfide bond abolishes the ther-
mal transition in GrpE and reduces the deviation of the ADP/
ATP exchange activity of GrpE from an Arrhenius temper-
ature dependence, indicating that the long helix pair acts as
the primary thermosensor of the chaperone system [15,16].
The present study with the complete DnaK/DnalJ/GrpE chap-
erone system shows that the thermal responsiveness of GrpE
is of functional significance. A mere increase in temperature
results in a shift of DnaK from its low-affinity T state toward
its high-affinity R state and thus in a higher fraction of sub-
strate being sequestered by DnaK.

2. Materials and methods

2.1. Materials

DnaK was expressed and purified as described previously [17]. Its
concentration was determined photometrically with &y =14 500 M~!
cm~! [18]. Purified DnaK contained less than 0.1 mol nucleotide/mol
DnaK [17] and was stored at —80°C. DnalJ and GrpE, prepared as
reported previously [19,20], were a gift from Dr. H.-J. Schonfeld,
Basel. The stock solutions in 50 mM Tris—HCl, 100 mM NaCl, pH
7.7 were kept at —80°C. Peptide NR (NRLLLTG) was purchased
from Chiron, Australia (purity >95%) and peptide p4 (CALLQS-
RLLS) was synthesized by Dr. S. Klauser in our Institute with an
ABI 430A Peptide Synthesizer (Applied Biosystems). ATP-Na,
(purity >98%) and ADP-Na, (purity >90%) were purchased from
Fluka, Switzerland, and 6-acryloyl-2-dimethylaminonaphthalene (ac-
rylodan) was from Molecular Probes, Eugene, OR, USA.

2.2. Labeling of peptides with acrylodan

Peptide p4 is a derivative of the prepiece of mitochondrial aspartate
aminotransferase [9]; peptide NR is another good DnaK binder [21]
which has been co-crystallized with the substrate-binding domain of
DnaK [7]. The vinyl group of acrylodan served to attach covalently
the environmentally sensitive fluorophore to the o-amino group or the
sulfhydryl group of peptide NR or p4, respectively. For labeling, NR
and p4 were reacted in N,N-dimethylformamide with acrylodan at a
molar ratio of 1.2 and 0.8, respectively, for 3 h at room temperature.
The samples were diluted with water to 10% (v/v) N,N-dimethylfor-
mamide, filtrated (0.2 um), and purified by reverse-phase high-perfor-
mance liquid chromatography as reported previously [22]. Molecular
mass and purity of the acrylodan-labeled peptides were confirmed by
mass spectrometry. The concentrations of the stock solutions in 30%
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(v/v) acetonitrile were determined photometrically with &350 =20000
M~! em™! (Molecular Probes).

2.3. Fluorescence spectra

A Perkin-Elmer spectrofluorimeter LS50B, equipped with a stirrer
and a thermostated cuvette holder, was used to record fluorescence
emission spectra of a-peptides. The solution was heated and cooled at
a rate of ~4°C/min. All experiments were performed in assay buffer
(25 mM HEPES/NaOH, 100 mM KCl, 10 mM MgCl, pH 7.0) in a
final volume of 800 ul (1X0.4 cm cuvette). Throughout, ADP was
added together with inorganic phosphate at the same concentration.
The excitation wavelength was set at 370 nm (Raman scattering at 422
nm; bandpass 4 nm) and the spectra were recorded from 400 to 600
nm (bandpass 4 nm) under steady-state conditions.

2.4. Determination of dissociation equilibrium constants

The dissociation equilibrium constants (Kyq) of the DnaK-a-NR
complex in the presence of | mM ADP (plus 1 mM inorganic phos-
phate) or 1 mM ATP were determined by fluorescence titration of
peptide a-NR (50 nM) with up to 2.5 uM or up to 35 uM Dnak,
respectively. A Spex Fluorolog spectrofluorimeter equipped with a
stirrer and a thermostated cuvette holder was used. Titration experi-
ments were performed in assay buffer at a starting volume of 800 ul
(1X0.4 cm cuvette). The excitation wavelength was set at 370 nm
(bandpass 4.6 nm) and emission spectra (bandpass 18.5 nm) were
recorded from 400 to 600 nm. Fluorescence intensity and DnaK con-
centration were linearly corrected for the increased sample volume
after addition of DnaK. Ky and AF,,,, values were determined from
a least-squares fit of the data with the equation

AF = PL-AFpux/ Pt = [AF max/(2P)][(Ka + Lt + P)—

((Kgq + L 4 Py)?—4PL,)%]

where PL denotes the concentration of DnaK-a-NR complex, P; the
total a-NR concentration, L, the total concentration of DnaK and AF
the difference in fluorescence intensity at 500 nm between a-NR in the
absence and presence of increasing concentrations of DnaK. Analo-
gous calculations based on the difference in the area between 440 nm
and 600 nm gave virtually the same Ky values.

2.5. Fast kinetic measurements

A stopped-flow apparatus (Applied Photophysics SX18 MV) served
to record changes in fluorescence of the a-peptides upon binding to
DnaK. The temperature of the syringes and the cuvette was controlled
with a circulating external water bath (£ 0.5°C). The excitation wave-
length was set at 370 nm (bandpass 4.5 nm) and the emitted light
passed through a high-pass filter with a 455 nm cut-off. The solutions
were equilibrated for at least 5 min at the respective temperature
before starting the reaction by mixing volumes of 70 ul each. All
experiments were performed in assay buffer. ADP was added together
with inorganic phosphate at the same concentration. Reaction traces
of at least five measurements were averaged and the reaction rates
determined from a double-exponential least-squares fit.

3. Results and discussion

3.1. Calibration of the experimental set-up

The goal of this study was to explore in the complete
DnaK/Dnal/GrpE chaperone system whether an increase in
temperature shifts DnaK toward its high-affinity R state. To
detect this shift, we used fluorescence-labeled peptides (a-pep-
tides, a denoting the fluorescent probe acrylodan, see Section
2) as substrates for DnaK. Binding of labeled peptides such as
a-NR and a-p4 to DnaK causes both a blue shift of the
emission maximum and an increase in fluorescence emission
intensity [9] and thus makes it possible to differentiate the two
functional states of DnaK according to their affinity for sub-
strates. Because ADP and ATP compete for the nucleotide-
binding site in DnaK, the ADP/ATP concentration ratio de-
termines, in the absence of the co-chaperones, the concentra-
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Fig. 1. The DnaK/DnaJ/GrpE chaperone cycle. The substrate is fed
into the cycle by fast binding to ATP-liganded T-state DnaK [3,9].
Dnal-stimulated hydrolysis of DnaK-bound ATP locks DnaK onto
the substrate; direct release of substrate from ADP-liganded R-state
DnaK is negligibly slow [9]. GrpE-catalyzed ADP/ATP exchange
completes the cycle and releases the substrate. The fraction of
R-state DnaK, and thus of sequestered substrate, is controlled by
the joint action of the co-chaperones Dnal and GrpE.

T-state
DnaK © DnaK

tion ratio of ADP-liganded, high-affinity R-state DnaK and
ATP-liganded, low-affinity T-state DnaK.

To calibrate the experimental set-up, we measured the ex-
tent of DnaK-a-NR complex formation in the absence of the
co-chaperones as a function of the nucleotide concentration
ratio (Fig. 2A). Virtually no peptide was expected to bind to
ATP-liganded DnakK at the chosen concentrations, because of
the low substrate affinity of T-state DnaK (Table 1). The
emission spectrum of @-NR in the presence of DnaK and
ATP was indeed superimposable on the a-NR spectrum in
the absence of DnaK (not shown). Thus, the blue shift of
the emission maximum and the increase in fluorescence inten-
sity with increasing ADP concentration reflect binding of
a-NR to high-affinity R-state DnaK. The very slow hydrolysis
of DnaK-bound ATP does not significantly influence the
T state/R state concentration ratio of DnaK because sponta-
neous ADP/ATP exchange is 10 times faster than hydrolysis
[4].

To estimate the fraction of R-state Dnak, i.e. [R state]/([R
state]+[T state]), we used either the wavelength of maximum
emission (A5n ) or the fluorescence intensity at 500 nm as
measured parameter F in the equation AF/AF p.x=
(I F=Fo D)I(| F'max—Fo1). Values of Fy and F',,x were obtained
from the emission spectra in the presence of ATP or ADP,
respectively. Thus, AF/AF' .« values of 0 and 1 correspond to
T-state and R-state Dnak, respectively. In a plot of
AF/AF yax versus [ADP]/(JADP]+[ATP]), very similar results
were obtained when either A{ or the fluorescence intensity at
500 nm was used for calculation (Fig. 2B).

For experimentation with the complete DnaK/Dnal/GrpE
chaperone system, the same concentrations of DnaK and pep-
tide were used as above and a DnalJ concentration of 200 nM
was chosen according to the physiological DnaK/DnalJ con-
centration ratio in E. coli [23,24]. To determine the concen-
tration range of GrpE in which a change in its ADP/ATP
exchange activity would have an observable effect on the frac-
tion of R-state DnaK, we measured the formation of the
DnaK-a-NR complex at 25°C in the presence of DnalJ, ATP
and ADP at varying GrpE concentrations. Because GrpE
shifts DnaK toward its T state we used an [ADP)/ ([ADP]+
[ATP]) ratio of 0.8 to start the titration with DnaK being
predominantly in the R state. AF/AF',x, 1.e. the fraction of
R-state DnakK, decreased with increasing GrpE concentration
reaching a minimum at a concentration of ~ 50 nM (Fig. 2C).
For further experimentation, a GrpE concentration of 40 nM
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Fig. 2. Calibration of experimental set-up. A: Fluorescence emission
spectra (Aex 370 nm) of 200 nM a-NR (final concentrations are indi-
cated throughout), 1 uM DnaK and 1 mM nucleotides (total con-
centration) were recorded at 25°C at the following [ADP)/(JAD-
P]+[ATP]) ratios: 1 (100% ADP), 0.8, 0.7, 0.5, 0.3, 0.1, 0 (100%
ATP). B: AF/AF ,,x values were calculated on the basis of the fluo-
rescence intensity at 500 nm (O) or AZ  (v) and plotted versus
[ADP)/(JADP]+[ATP]). The solid line represents the best fit to a rec-
tangular hyperbola. C: Plot of AF/AF'y,.x calculated on the basis of
the fluorescence intensity at 500 nm (O) or A% () versus [GrpE].
Spectra of 200 nM a-NR, 1 uM Dnak, 200 nM DnalJ, | mM ATP
and 4 mM ADP at varying GrpE concentrations at 25°C (not
shown) served to calculate the AF/AF'y,ax values. The solid line rep-
resents the best fit to a rectangular hyperbola.

was chosen. At this concentration, a temperature-dependent
decrease in the nucleotide exchange activity of GrpE was
expected to result in an observable shift of DnaK toward its
R state, a decrease in exchange activity having the same effect
as a decrease in GrpE concentration.

Table 1
Dissociation equilibrium constants of the DnaK-a-NR complex at
different temperatures

Temperature (°C) K4 (UM)
With ATP With ADP
25 36 0.38
35 17 0.38
45 14 0.56

The values were determined by fluorescence titration of 50 nM
a-NR in assay buffer containing | mM ATP or ADP with up to
35 uM or up to 2.5 pM Dnak, respectively. Averaged Ky values
from two or three measurements are shown.
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3.2. Effect of temperature on the fraction of high-affinity
R-state DnaK in the complete DnaK/DnaJlGrpE
chaperone system

The effect of temperature on the fraction of R-state DnaK
was measured at fixed concentrations of DnaK, Dnal, GrpE,

a-NR, ATP and ADP. Increasing temperature resulted in a

progressive blue shift of ASn (Fig. 3A), indicating a shift of

DnaK toward its high-affinity R state. The fluorescence inten-

sity decreased with increasing temperature due to enhanced

collisional quenching [25]. In the control without the co-
chaperones (Fig. 3B), the thermal quenching of fluorescence
was not compensated in part by increased formation of the

DnaK-a-NR complex as observed in Fig. 3A. In contrast to

the fluorescence intensity at 500 nm, ASn proved to be tem-

perature-independent. The value of AF/AF' ,,x in the presence
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Fig. 3. Formation of the DnaK-a-NR complex in the presence of
Dnal and GrpE as a function of temperature. A: Fluorescence
emission spectra (Aex 370 nm) of 200 nM a-NR, 1 uM DnakK,
200 nM Dnal, 40 nM GrpE, 1| mM ATP and 4 mM ADP at the
indicated temperatures. The dashed line represents the a-NR spec-
trum in the absence of the chaperone system at 20°C. B: Spectra of
200 nM a-NR, 1 uM DnaK and 1 mM ADP at the indicated tem-
peratures. The dashed lines denote a-NR spectra in the absence of
DnaK. C: Plot of AF/AF , calculated on the basis of ASh (from
spectra as in A) versus temperature.
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of the co-chaperones was therefore calculated with AT as
measured parameter and plotted as a function of temperature
(Fig. 3C). From the AF/AF',x values we conclude that the
fraction of R-state (i.e. peptide-liganded) DnaK increased
from ~25% of total DnaK at 15°C to ~75% at 45°C.
With peptide a-p4 as a substrate, similar data were obtained
(Fig. 4A-C). Apparently, in the complete DnaK/Dnal/GrpE
chaperone system, a temperature-dependent decrease in the
nucleotide exchange activity of GrpE results in a shift of
DnaK from its low-affinity T state toward its high-affinity R
state.
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Fig. 4. Formation of the DnaK-a-p4 complex in the presence of
DnalJ and GrpE as a function of temperature. A: Fluorescence
emission spectra (Aex 370 nm) of 200 nM a-p4, 2 uM Dnak,
200 nM Dnal, 40 nM GrpE, 1| mM ATP and 4 mM ADP at the
indicated temperatures. The dashed line represents the a-p4 spec-
trum in the absence of the chaperone system at 20°C. B: Spectra of
200 nM a-p4, 2 uM DnaK and 1 mM ADP at the indicated tem-
peratures. The dashed lines denote a-p4 spectra in the absence of
DnaK. C: Plot of AF/AF', calculated on the basis of ASh (from
spectra as in A) versus temperature.
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3.3. Effect of temperature on the substrate-binding properties of
DnaK in the absence of the co-chaperones

In the above experiments with the complete chaperone sys-
tem (Figs. 3 and 4) we determined the fraction of R-state
DnaK by the extent of formation of DnaK-a-peptide com-
plexes. To confirm that the increased sequestering of peptide
at higher temperature is due to the co-chaperones modulating
the ATPase cycle rather than to a change in the intrinsic
substrate-binding properties of DnaK, we investigated the for-
mation of the DnaK-a-peptide complexes in the absence of the
co-chaperones at varying temperatures. We found the rates of
complex formation with peptides a-NR or a-p4 to follow an
Arrhenius temperature dependence in the presence of ATP or
ADP (Fig. 5), indicating that the mechanism of complex for-
mation remains the same from 15°C to 45°C. These findings
are consistent with previously reported rate constants of
DnakK for fluorescence-labeled Cro peptide between 5°C and
37°C [26]. The dissociation equilibrium constants of the
DnaK-a-NR complex in the presence of ATP or ADP did
not significantly change between 25°C and 45°C (Table 1).
Thus, the observed shift of DnaK toward its R state cannot
be explained by the temperature dependence of the substrate-
binding properties of DnaK itself.

3.4. Reversibility of the shift of DnaK toward its high-affinity
R state

To examine whether the temperature-induced shift of DnaK
toward its high-affinity R state is indeed controlled by the
thermosensor action of GrpE [12,13,15,16], we omitted
GrpE in the experiment. In the absence of GrpE, the spectra
at 15°C and 45°C showed no difference in ASn, (Fig. 6A),
indicating that the observed temperature-dependent shift of
DnaK toward its R state (Figs. 3A and 4A) depends on the
presence of GrpE. The shift toward the R state proved to be
fully reversible upon lowering the temperature (Fig. 6B), con-
sistent with the reversibility of the thermal transition of GrpE
reported previously [12]. The first and second spectrum at
15°C as well as the two spectra at 45°C were superimposable;
the effect of ATP hydrolysis during the experiment appears to
be negligible. The functional adaptation of the DnaK system,
to both high and low temperature, was found to be already
completed within the time period used for attaining the set
temperature.

If either ATP or ADP alone was present, no shift of A5n,
was observed and the decrease in fluorescence intensity upon
increasing temperature was similar to that found in the ab-
sence of the co-chaperones (Fig. 6C,D). In the presence of
ADP, only R-state DnaK can be formed. In the presence of
ATP, DnaK persists predominantly in the T state because
under the chosen conditions the GrpE-catalyzed ADP/ATP
exchange at both low and high temperature is much faster
than the Dnal-stimulated hydrolysis of ATP, i.e. the T—R
conversion.

4. Concluding remarks

The present study shows that temperature directly modu-
lates the functional properties of the DnaK/Dnal/GrpE chap-
erone system. A mere increase in temperature suffices to shift
DnaK toward its high-affinity R state. This thermal response
is due to the divergent temperature dependence of the two co-
chaperones. While DnalJ, which stimulates the hydrolysis of



R.K. Siegenthaler et al.IFEBS Letters 562 (2004) 105-110 109

a-NR
45y +ATP
100 1 0.2
50 101
~ 0 10.0
!’Tn a-p4
S 150 2: +ADP
3
x4 - 0.2
£
6 -
75 32 33 34
10°T(K") 101
0 1 1 1 1 1 1 1 1 1 1 1 1 1 ID ] 0-0

15 25 35 45 15 25 35 45

Temperature (°C)

Fig. 5. Rate of formation of DnaK-a-peptide complexes as a function of temperature. The following solutions were mixed (final concentrations
are indicated): A: [20 uM DnaK, 5 mM ATP]+[500 nM a-NR, 5 mM ATP]. B: [20 uM DnakK, 5 mM ADP]+[500 nM a-NR, 5 mM ADP].
C: [20 uM DnaK, 5 mM ATP]+[500 nM a-p4, S mM ATP]. D: [2 uM DnaK, 1 mM ADP]+[200 nM a-p4, | mM ADP). Under all conditions,
the reactions were biphasic, the rates of both phases showing Arrhenius temperature dependence. The calculated amplitudes of the first and the
second phase with peptide a-NR were 30% and 70% of total, respectively, in the presence of ADP, and 80% and 20% in the presence of ATP;
with peptide a-p4 the amplitudes were 15% and 85%, respectively, in the presence of ADP, and 65% and 35% in the presence of ATP. Plots of
kobs values of the phase with the higher amplitude versus temperature are shown. The solid lines are Arrhenius curves that have been fitted to
the kobs values. Insets show the Arrhenius plots.
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DnaK-bound ATP (see Fig. 1), follows an Arrhenius temper-
ature dependence, the ADP/ATP exchange activity of the
thermosensor GrpE increases less and less with increasing
temperature and even decreases above 40°C [12]. The higher
fraction of R-state DnaK increases the fraction of substrate
being sequestered by DnaK. We postulate this immediate heat
shock response to be relevant to the cell where the ATPase
cycle of DnaK also exists in a co-chaperone-controlled steady
state [1]. During heat shock, an increase in the fraction of
DnaK-bound target protein may be expected to reduce pro-
tein aggregation. Mutational analysis in the ATPase domain
has indicated that even small disturbances in the ADP/ATP
exchange rate suffice to affect the chaperone activity of DnaK
[27].

In E. coli, the expression level of the DnaK chaperone
system is regulated by the alternative sigma factor 32 (c2),
which directs RNA polymerase to transcribe this particular
set of genes. Within 5 min after a temperature upshift, the
rate of synthesis of the heat shock proteins increases 10-20-
fold resulting in an approximately two-fold increase in the
cellular concentrations of DnaK, DnaJ and GrpE [2]. The
functional adaptation of the extant chaperone system, as re-
ported here, precedes the enhanced expression of its compo-
nents. The immediate heat shock response might serve to
bridge the time lag of the o3?-mediated heat shock response.
The instant reversibility upon normalization of temperature
might be another important feature of this rapidly deployable
protection mechanism. Similar to E. coli GrpE, its homolog in
the thermophilic bacterium Thermus thermophilus has been
found to undergo a reversible thermal transition within the
physiological temperature range of that organism [13]. The
occurrence of a thermosensor action of GrpE in both an ar-
chaeon and an eubacterium emphasizes the importance of the
immediate heat shock response in prokaryotes.

This study provides unequivocal evidence for the existence
of a GrpE-mediated T — R shift of DnaK at heat shock tem-
peratures. Future experiments will have to establish the sig-
nificance of this mechanistic feature for the chaperone effect
on proteins.
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