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DnaK, the prokaryotic Hsp70 molecular chaperone, requires the nucleo-
tide exchange factor and heat shock protein GrpE to release ADP. GrpE
and DnaK are tightly associated molecules with an extensive protein–
protein interface, and in the absence of ADP, the dissociation constant for
GrpE and DnaK is in the low nanomolar range. GrpE reduces the affinity
of DnaK for ADP, and the reciprocal linkage is also true: ADP reduces
the affinity of DnaK for GrpE. The energetic contributions of GrpE side-
chains to GrpE–DnaK binding were probed by alanine-scanning muta-
genesis. Sedimentation velocity (SV) analytical ultracentrifugation (AUC)
was used to measure the equilibrium constants ðKeqÞ for GrpE binding to
the ATPase domain of DnaK in the presence of ADP. ADP-bound DnaK
is the natural target of GrpE, and the addition of ADP (final concentration
of 5 mM) to the preformed GrpE–DnaKATPase complexes allowed the
equilibrium association constants to be brought into an experimentally
accessible range. Under these experimental conditions, the substitution of
one single GrpE amino acid residue, arginine 183 with alanine, resulted
in a GrpE–DnaKATPase complex that was weakly associated
(Keq ¼ 9.4 £ 104 M). This residue has been previously shown to be part of
a thermodynamic linkage between two structural domains of GrpE: the
thermosensing long helices and the C-terminal b-domains. Several other
GrpE side-chains were found to have a significant change in the free
energy of binding (DDG , 1.5 to 1.7 kcal mol21), compared to wild-type
GrpE·DnaKATPase in the same experimental conditions. Overall, the strong
interactions between GrpE and DnaK appear to be dominated by electro-
statics, not unlike barnase and barstar, another well-characterized
protein–protein interaction. GrpE, an inherent thermosensor, exhibits
non-Arrhenius behavior with respect to its nucleotide exchange function
at bacterial heat shock temperatures, and mutation of several solvent-
exposed side-chains located along the thermosensing indicated that these
residues are indeed important for GrpE–DnaK interactions.
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Introduction

Molecular chaperones are a diverse family of
proteins that function to protect proteins in the
intracellular millieu from irreversible aggregation
during synthesis and in times of cellular stress.
The bacterial molecular chaperone DnaK is an
enzyme that couples cycles of ATP binding,
hydrolysis, and ADP release by an N-terminal
ATP-hydrolyzing domain to cycles of sequestration
and release of unfolded proteins by a C-terminal
substrate binding domain.1 – 3 The substrates of
DnaK and its well known eukaryotic homologs
Hsp70 and BiP include nascent polypeptides
emerging from ribosomes, proteins being trans-
located to the mitochondria, proteins being
transported across membranes, and proteins
unfolded by cellular stress.

Dimeric GrpE is the co-chaperone for DnaK, and
acts as a nucleotide exchange factor, stimulating
the rate of ADP release 5000-fold.4,5 DnaK is itself
a weak ATPase; ATP hydrolysis by DnaK is
stimulated by its interaction with another
co-chaperone, DnaJ. Thus the co-chaperones DnaJ
and GrpE are capable of tightly regulating the
nucleotide-bound and substrate-bound state of
DnaK in ways that are necessary for the normal
housekeeping functions and stress-related
functions of the DnaK molecular chaperone cycle.
In addition, the intrinsic thermal stability of the
long helices of GrpE give the molecule the
properties of a thermosensor. At higher tempera-
tures relevant to heat shock, GrpE’s function as a
nucleotide exchange factor decreases in a non-
Arrhenius fashion,6,7 favoring DnaK·ADP and
retention of the unfolded polypeptide substrate.8

Finally, GrpE has an additional role in augmenting
peptide release of substrates from the DnaK sub-
strate binding domain in an ATP-independent
manner.9 – 11

The X-ray crystal structure of GrpE in complex
with the ATPase domain of DnaK revealed that
GrpE is an asymmetric homodimer, bent in a
manner that favors extensive contacts with only
one DnaKATPase monomer.9 GrpE and DnaK
associate tightly in the absence of nucleotide,
which is consistent with the X-ray crystal structure
that revealed more than 2800 Å2 of buried surface
area in the complex of these two proteins.9,12,13

Previously reported dissociation constants are in
reasonable agreement; a Kd of 30 nM was
determined by surface plasmon resonance (SPR)
techniques9 and a Kd of 1 nM was deduced by
kinetic analyses.5 The X-ray structure showed that
GrpE does not actively compete for the atomic
positions occupied by the nucleotide.9 GrpE and
ADP mutually reduce one another’s affinity for
DnaK 200-fold,5 and ATP instantly dissociates
GrpE from DnaK with a rate too fast to be
measured by SPR.9 This reciprocally linked
relationship between nucleotide affinity and the
affinity of nucleotide exchange factor for its
cognate nucleotide hydrolase has been seen in

other systems. For example, a transient tertiary
complex between RCC1 (the guanine exchange
factor), Ran (cognate GTPase) and GDP has been
observed by kinetic analyses.14 Similarly, a
transient ternary complex of GrpE·DnaK·ADP
has been detected using fluorescent kinetic
techniques.5

In the X-ray structure of the complex of dimeric
GrpE with the ATPase domain of DnaK, a total of
18 potentially important protein–protein contacts
can be identified, but which of the observed side-
chain interactions are directly relevant for high-
affinity GrpE–DnaK interactions, or for GrpE’s
function as a temperature-dependent nucleotide
exchange factor? As a nucleotide exchange factor,
GrpE must actively recognize the ADP state of
DnaK, yet bind to and stabilize the open, nucleo-
tide-free conformation of DnaK and be readily dis-
placed by ATP, the latter of which coordinates the
re-closing of the deep nucleotide binding cleft. To
probe the molecular mechanisms of the molecular
chaperone cycle, GrpE, the ATPase domain of
DnaK, and ADP were studied under equilibrium
conditions to examine the relevant energetic
contributions of GrpE side-chains to protein–
protein recognition at the GrpE–DnaK interface.

The perturbation of protein–protein interactions
by alanine-scanning mutagenesis has proven to be
a fruitful method for elucidating the functional
binding epitope between two proteins.15 Some of
the better known studies include hGH·hGHbp16

and HEL·HyHEL-63,17 which have primarily made
use surface plasmon resonance and isothermal
titration calorimetry to define the protein inter-
action hot-spots. From these and other studies, it
has become apparent that the distribution of ener-
getically important side-chains in protein–protein
interfaces can be as varied and diverse as the
proteins themselves. But in general, protein–
protein interactions can be dominated by only a
few high-energy interactions, with most crystallo-
graphically observed residues making insignificant
contributions to the total binding energy, or alter-
natively many residues can contribute smaller
binding energies to the functional epitope of bind-
ing. GrpE·DnaKATPase appears to fall in to the first
general model for protein–protein interactions:
the mutation of a few particular amino acids
revealed that these side-chains dominate the
energetics of binding, and provide further insight
into the temperature-dependent functionality of
GrpE.

Described here is the application of a significant,
new method for the analysis of equilibrium associ-
ation constants by sedimentation velocity AUC.
The relative energetic contributions of side-chains
in the GrpE–DnaK binding epitope were com-
pared by using 16 alanine-perturbation mutants
(of the 18 GrpE–DnaK contacts, two are already
alanine). Time-difference data collected by sedi-
mentation velocity AUC were fit with new
methods to find the equilibrium association
constants of mutant–GrpE·DnaK complexes.
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Results

Hydrodynamic characterization of the
individual binding partners

The sedimentation coefficients of GrpE and the
DnaKATPase (DnaK amino acid residues 1–388)
domain were determined by sedimentation
velocity AUC at 50,000 rpm and at 20 8C using
interference optics in a BeckmanCoulter XL-I
Analytical Ultracentrifuge (Figure 1). The sedimen-
tation coefficient (s20,b) of the 42 kDa monomeric
DnaKATPase domain was determined to be 3.05
svedbergs (S) in the absence of nucleotide, after
exhaustive dialysis to remove nucleotide.18 In the
presence of 0.5 mM ADP and 5.0 mM ADP, the
sedimentation coefficient was found to be 3.09 S;
this difference is within experimental error.
Dimeric, wild-type full-length GrpE (expressed
with an N-terminal hexahistidine tag, conferred
by the bacterial overexpression plasmid pET-15b)

had a s20,b of 2.33 S (,46.9 kDa), and showed no
concentration dependence of s over a concentration
range of 16.6 to 1.8 mmol.19 Partial specific
volumes, v-bar, were calculated from amino acid
composition by the method described by Perkins.20

These values are 0.736 for dimeric, wild-type, His-
tagged full-length GrpE, and 0.741 for the
DnaKATPase domain, residues 1–388. A value for
the solvent density, r, was calculated to be 1.0024
for the buffer used in all experiments at 20 8C
(25 mM Mopso (pH 6.8), 100 mM NaCl, 1 mM
MgCl2, 1 mM CaCl2). The correction factor, includ-
ing the buoyancy (1.0120) and viscosity (1.0088)
corrections, is s20,w ¼ (1.02085)·(s20,b).

Hydrodynamic characterization of the GrpE–
DnaKATPase complex

The GrpE–DnaK complex is tightly associated in
the absence of nucleotide; dissociation could not be
observed in the analytical ultracentrifuge, even
upon dilution to 0.15 mM, in the standard buffer
condition containing 0.1 M NaCl and at 20 8C
(data not shown). High ionic strength (0.5 M
NaCl, 20 8C) and low temperature (4 8C, 0.1 M
NaCl) did not cause complex dissociation upon
dilution of the protein complex to 0.15 mM (data
not shown). A mutant complex, GrpE(V192A)–
DnaKATPase, was used to investigate dissociation as
a function of ADP concentration at 0.5 mM,
5.0 mM, 50 mM, and 500 mM (Figure 2). An inter-
mediate concentration of 5 mM ADP resulted in a
shift in the peak observed in the g(s*) plot from
4.07 S to 3.35 S, indicating significant, but not total,
dissociation of the GrpE–DnaK complex. Therefore
5.0 mM ADP was chosen for further studies of the
effect of alanine-point mutations on the free energy
of GrpE–DnaK associations.

Figure 1. (a) Time-derivative (g(s*)) plot of nucleotide-
free DnaKATPase, indicating a sedimentation coefficient of
3.05 S. The loading concentrations (shown normalized)
were found to be as follows: 4.1 mM (filled circles) and
1.2 mM (half-filled squares). (b) Time-derivative plot of
DnaKATPase in the presence of 5 mM ADP (s20,b ¼ 3.09 S).
The loading concentrations (shown normalized) were
found to be as follows: 14.4 mM (filled circles), 4.8 mM
(half-filled squares) and 1.4 mM (open squares). No con-
centration dependence to the sedimentation coefficient
was observed over this protein concentration range for
either nucleotide-free DnaKATPase or DnaKATPase in the
presence of 5.0 mM ADP. Data were collected using inter-
ference optics with a BeckmanCoulter XL-I at 50,000 rpm
and at a temperature of 20 8C. Data were analyzed with
DCDT.21

Figure 2. Time-derivative (g(s*)) plot for the V192A
mutation of GrpE in complex with DnaKATPase at various
ADP concentrations. The protein loading concentration
for each cell was ,1.6 mM, and the ADP concentrations
were as follows: 500 mM (open circles), 50 mM (open
squares), 5.0 mM (half-filled squares), and 0.5 mM (open
triangles). 5.0 mM ADP was used for all analyses.
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Free-energy changes of mutant GrpE binding
to DnaK

Stoichiometric complexes of 16 mutant GrpE
proteins and DnaKATPase were prepared by gel
filtration chromatography.9 Sedimentation velocity
AUC data were collected and analyzed with
DCDT,21 ABCD_Fitter and SEDANAL. Examples
of time derivative (g(s*)) data for two mutant
complexes and the residual plots for the fits to the
corresponding time difference curves for the
model A þ B ¼ C are shown in Figures 3 and 4.

The best-fit Keq constants, sedimentation coeffi-
cients, and free-energy changes for 16 GrpE mutant
proteins in complex with DnaKATPase in the
presence of 5.0 mM ADP are tabulated in Table 1.
One mutant, R183A, was the most disruptive to
GrpE–DnaKATPase binding (Keq ¼ 9.4 £ 104 M). No
other mutation was as disruptive. The thermo-
dynamic properties (measured by differential
scanning calorimetry) of R183A and another dis-
ruptive mutant, V192A have been reported.22 Both
mutations destabilize the b-domains, shifting the
Tm from its normal value of 75 8C downward to
70.1 8C and 64.3 8C, respectively. As in other
studies, there is no correlation between the change
in free energy of each mutation (from the thermo-
dynamic relationship DDG ¼ 2RTðln ðKWT=KmutÞÞ
with the change in buried surface area, or the
change in buried hydrophobic surface area (data
not shown).

Discussion

The energetic contributions of individual GrpE
side-chains to the high-affinity GrpE–DnaK inter-
action were probed by perturbing the interface
with alanine substitutions and quantified by
measuring the equilibrium constants using a time-
difference method for treating sedimentation
velocity AUC data. The findings of this study,
namely the importance of arginine 183 to GrpE–
DnaK interactions as well as several other charged
side-chains located along the thermosensing
helices of GrpE, and the observed conformational
changes of mutant complexes will be discussed
below, along with details of the time-difference
fitting method.

Structural anatomy of the interaction surface

All three structural domains of GrpE (the long
helices, the four-helix bundle, and the b-domains)
contribute to the extensive interface formed with
three of the four domains of the DnaKATPase

domain. If considered individually, the three
major areas of interaction and three minor areas of
interaction have no detectable pattern of hydro-
phobic and hydrophilic residues. When viewed on
a whole, the complex of GrpE–DnaKATPase

generally follows the common pattern found at
protein–protein interfaces of hydrophobic residues
ringed by charged residues.23 A total of 11 of the 18
potential GrpE–DnaK contacts reside on the
b-domains; the majority are hydrophobic residues.
Outside of the compact b-domains, all but one of
the rest of the GrpE·DnaKATPase interactions are
charged residues that make salt bridges or hydro-
gen bonds to DnaK. Of the 18 potential GrpE–
DnaK interactions, 16 are mutable; two are already
alanine. The three major areas of interaction are
area I (red in Figure 5) in which residues from the
top of the four-helix bundle of GrpE contact
domain IIB of DnaKATPase, away from the deep

Figure 3. Shown are the raw (a) and normalized (b)
time-derivative (g(s*)) plots for GrpE(M189A)·DnaKATPase

in 5.0 mM ADP. As the concentration of the protein
decreases, complex dissociation increases. In a, the
protein loading concentration for the tallest curve is
1.9 mg ml21; for each subsequently lower curve the
concentrations are 0.6 mg ml21, 0.2 mg ml21, and
0.06 mg ml21, respectively. In b, the same data are
shown with the protein loading concentrations normal-
ized. The protein concentration increases from left to
right for the four curves represented by continuous
lines: 0.06, 0.2, 0.6, and 1.9 mg ml21. The short-dash
curve represents the hypothetical g(s*) plot for a 1 : 1
stoichiometry of dimeric GrpE and DnaKATPase that are
non-interacting; the long-dash curve is a hypothetical
g(s*) plot for a stoichiometric complex of dimeric GrpE
and DnaKATPase that are fully associated. Curve fitting
the time difference data to find numerical solutions to
the Lamm equation directly measures the equilibrium
binding constant and the sedimentation coefficient, as
well as other variables.
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Figure 4. Time-difference residual plot for each of the four concentrations of GrpE(E107A)·DnaKATPase in the presence
5.0 mM ADP. Shown are raw data (open circles), the corresponding model (continuous lines), and the residuals of the
fit (open circles) for three of the 21 pairs of scans taken over time. The data were truncated at one side to avoid the con-
tribution of aggregates to the data. Time-differences (DJ, on the y axis) are expressed in units of optical fringes. The
loading protein concentrations for each of the four cells were: (a) 14.7 mM, (b) 4.7 mM, (c) 1.7 mM, and (d) 0.58 mM.

Table 1. Equilibrium association constants, complex sedimentation coefficients and changes in the free energy of bind-
ing for mutant GrpEs in complex with the ATPase domain of DnaK, at 20 8C

GrpE SC GrpE·DnaK·ADP (svedbergs) Keq DG20 8C (kcal mol21) DGmutant 2 DGwild-type (kcal mol21)

R183A 4.0 9.4 £ 104 M 26.6 2.2
R73A 4.3 2.3 £ 105 M 27.2 1.7
K82A 4.4 2.4 £ 105 M 27.2 1.7
P151A 4.3 3.3 £ 105 M 27.4 1.5
V192A 4.1 3.7 £ 105 M 27.5 1.4
M159A 4.2 4.0 £ 105 M 27.5 1.4
R74A 4.4 5.0 £ 105 M 27.6 1.3
R104A 4.1 5.2 £ 105 M 27.7 1.2
M189A 4.4 6.3 £ 105 M 27.8 1.1
I157A 4.0 6.4 £ 105 M 27.8 1.1
R186A 4.2 1.2 £ 106 M 28.1 0.8
E107A 4.1 1.7 £ 106 M 28.4 0.4
Q155A 4.0 1.9 £ 106 M 28.4 0.4
L149A 4.0 2.5 £ 106 M 28.6 0.2
V108A 3.9 4.3 £ 106 M 28.9 ,0
M174A 4.0 4.6 £ 106 M 28.9 ,0
wild type 4.1 4.7 £ 106 M 28.9 datum

The free energy changes in GrpE–DnaK binding are given by the relationship DDG ¼ 2RT ln (KWT/KMUT), where KWT is the Keq for
wild-type GrpE and DnaKATPase in 5.0 mM ADP, and KMUT is for mutant GrpEs in reversible association with DnaKATPase, in the identical
conditions. R183A was fit with a kinetic model due to a slow reaction boundary.
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cleft of DnaKATPase; area II (yellow in Figure 5), in
which GrpE residues from the proximal b-domain
of GrpE contact the DnaKATPase domain IIB side of
the cleft; and area III (green in Figure 5), in which
GrpE residues from the b-domain contact the
DnaKATPase domain IB side of the nucleotide bind-
ing cleft. The three minor areas of interaction
essentially amount to only charged residues that
are fully solvent-exposed (except Arg183). These
areas are arrayed along the C-terminal half of the
long a-helices of GrpE. They are: area IV (cyan),
the “armpit” of GrpE contacting a loop in DnaK
domain IA; area V (indigo), in which a single argi-
nine (74) contacts some DnaK backbone atoms;
and area VI (violet), in which a single arginine
(73) from the distal GrpE monomer makes few
contacts to DnaK. The latter is the only side-chain
from the distal GrpE monomer to make a potential
contact to DnaK.

Equilibrium constants for alanine-perturbation
mutants

One alanine-perturbation mutation of GrpE,
R183A, appeared quite deleterious to GrpE–DnaK
binding. That is, the mutant complex
GrpE(R183A)–DnaKATPase was only weakly associ-

ated, with an equilibrium constant of 9 £ 104 M in
the presence of 5.0 mM ADP. In fact, dissociation
of GrpE(R183A)–DnaKATPase could also be seen in
the absence of nucleotide, by observing the shift in
the peaks in the time-derivative plots of a dilution
series (akin to Figure 3(a) and (b); data not
shown). By way of contrast, no other mutant or
wild-type GrpE–DnaK complex dissociates upon
dilution (to the typical limit of experimental detec-
tablity, around 500 nM), in the absence of nucleo-
tide (data not shown). GrpE reduces the affinity of
DnaK for ADP, and in a thermodynamically linked
manner, ADP destabilizes the GrpE–DnaK com-
plex, yet not to the same extent that ATP does,
which has the effect of instantaneously causing
GrpE to dissociate from DnaK. Here, the use of an
experimentally optimal concentration of ADP,
5.0 mM (Figure 2), augmented GrpE–DnaK
dissociation to the extent that the equilibrium
constants were readily ascertained from the data.

The equilibrium association constant for
the GrpE(R183A)–DnaKATPase complex
(Keq , 9.4 £ 104 M; the inverse, Kd, thus is
1.1 £ 1025 M21) corresponds to a change in the free
energy of binding between this mutant and wild-
type of ,2.2 kcal mol21. By comparison to other
studies of protein–protein interactions, this change

Figure 5. Representation of the GrpE–DnaKATPase complex, based on the co-crystal (PDB I.D. code is 1DKG9). GrpE is
drawn as a semi-transparent molecular surface, and DnaKATPase is drawn as an a-carbon trace. The right-hand view is
the reverse side of the left-hand view. The side-chains of GrpE that make contact to DnaK were not included in the
calculation of the GrpE molecular surface, and so they appear to stick out. In the interest of clarity, most side-chains
of GrpE are not labelled. The thermosensing helices are indicated. Shown in color are the interacting molecular sur-
faces of DnaK that are calculated to be within five Å of the GrpE side-chains that were mutated in this study. The
GrpE side-chains and the DnaK “eggshell” surfaces are colored as described in the text and as follows. Area I (red)
GrpE R104, E107, and V108. Area II (yellow) GrpE Q155, I157, M174, R186, and M189. Area III (green) L149, P151,
M159, V192. Area IV (cyan) K82, R183. Area V (indigo) GrpE R74 (proximal helix). Area VI (violet) R73 (distal helix).
This Figure was made with unpublished software (D. Jeruzalmi), Molscript,33 and POVRAY (http://www.povray.org).
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in free energy is large enough to be deemed a pro-
tein interaction hot spot. However, since there are
only two atomic interactions between R183 and
DnaK visible in the crystal structure, it seems
necessary to also consider the thermodynamic con-
sequences of the R183A mutation. In the monomer
of GrpE proximal to DnaK, arginine 183 extends
from the base of the b-domain towards the long
helix of GrpE, making a contact to the carbonyl
oxygen of DnaK residue 28 via its 1 amino group,
and to an 1 oxygen of DnaK’s Glu31 via one of its
h nitrogen atoms. These two DnaK residues are
part of a loop, that when deleted, abrogates GrpE
binding.24 In addition, the aliphatic portion of the
long Arg side-chain packs on top of the ring of
phenylanine 86, which sits at the break between
the long helix of GrpE and the four-helix bundle.
All told, Arg183 makes as many intramolecular
contacts within GrpE as it does with DnaK. More-
over, it has been previously shown that mutation
of Arg183 to alanine causes a destabilization of the
b-domain, and is an integral part of the thermo-
dynamic linkage that transmits information from
the thermosensing long helices to the GrpE
b-domains.22 Thus, the perturbation of Arg183 to
alanine not only has thermodynamic conse-
quences, but these thermodynamic effects combine
with the loss of the atomic contacts with DnaK to
create the strongly deleterious effect upon
GrpE–DnaK binding. As for the wild-type GrpE–
DnaKATPase complex, Reinstein and co-workers
reported that in the presence of excess ADP, GrpE
has a 200-fold reduced affinity for DnaK.5 Using
Reinstein’s Kd for GrpE–DnaK of ,1 nM, a
200-fold decrease in the affinity of wild-type GrpE
would be raise the Kd to ,200 nM, or an approxi-
mate Keq of 5 £ 106 M, which is quite similar to the
value of 4.6 £ 106 M that is obtained in this analysis
in the presence of 5 mM ADP, the latter of which is
generally two to five times greater than the highest
protein concentration used in the analyses (the Kd

for ADP binding to DnaK is ,90 nM.5)
The changes in free energy of binding for 15

other mutant GrpEs (compared to the wild-type
GrpE) to DnaKATPase were also measured in 5.0 mM
ADP, and are reported in Table 1. The range in Keq

varied from 2.3 £ 105 (R73A) to 4.6 £ 106 (M174A),
while the wild-type GrpE–DnaKATPase was found
to be 4.6 £ 106. This ,20-fold difference in Keq

from 2.3 £ 105 to 4.6 £ 106 corresponds to a range
in DDG of 21.7 kcal mol21. Those side-chains,
when mutated to alanine, which have decreased
affinity on the order of ,1 2 2 kcal mol21 can only
be considered moderately important for interaction
in other protein–protein model systems, whereas a
strongly interacting side-chain would contribute a
DDG of 3.5 kcal mol21 when perturbed to alanine,
compared to wild-type binding.15 It has been
observed that tryptophan, tyrosine, and arginine
are generally over-represented in protein inter-
action hot spots.15 There are no tyrosine or trypto-
phan residues at the GrpE–DnaK interface, but
arginine residues do account for four of the 18

GrpE side-chains that contact DnaK; the domi-
nance of Arg183 has already been discussed.

Aside from R183A, another mutation known to
alter the thermodynamic properties of GrpE
(V192A) was investigated as part of this study. Pre-
viously it was shown that like R183A, the V192A
mutation destabilized the GrpE b-domains, shift-
ing the midpoint of the thermal unfolding
transition from 75.2 8C to 64.3 8C.22 The b-domains
of GrpE are quite compact; 55 residues contribute
to a well-folded entity that has a minimal hydro-
phobic core of four residues, one of which is V192,
which is quite buried in the unbound GrpE
monomer. Yet one of the g methyl groups of V192
is within 4 Å of a g methyl group of T60 on DnaK,
which raises the possibility of van der Waal’s inter-
actions. Mutation of V192 to alanine, which
demonstrably disrupts thermal stability of the
b-domain, ultimately affects GrpE–DnaK binding
as well, though not to the same degree as R183A,
which has a similar thermodynamic phenotype.
Perhaps this is due to an overall destabilization
that effects the 11 weaker GrpE–DnaK contacts
found on the b-domain. This calls attention to the
role that thermodynamic destabilization of a bind-
ing partner may play in affecting protein–protein
interactions.

Three charged amino acid residues along the
long helices of GrpE appear to contribute more to
the energetics of GrpE–DnaK binding than the
bulk of the hydrophobic residues located on the
b-domains. These residues, Lys82, Arg74, and
Arg73 are fairly well exposed to bulk solvent in
the crystal structure of GrpE–DnaKATPase, and
generally cause loss of a little more than one order
of magnitude in the equilibrium constant, which
corresponds to about 1.5 kcal mol21. Compared to
other protein–protein interaction studies, a free
energy change of 1.5 kcal mol21 is not very signifi-
cant, yet these solvent-exposed residues do affect
the affinity, and actually have a greater effect on
binding than does the alanine perturbation of
many of the hydrophobic residues that are
protected from solvent when the b-domains bind
DnaK (see Table 1). It can be seen in the GrpE–
DnaKATPase co-crystal that Arg73, Arg74 and Lys82
make salt bridges, hydrogen bonds, or (presum-
ably) water-mediated contacts to DnaK (Figure 5).
The side-chains on the long helix proximal to
DnaK are all in different conformations than their
counterparts on the long helix distal to DnaK. The
conclusion could be drawn that in the absence of
DnaK these are well solvated side-chains with the
normal range of conformational freedom allowed
to those residues. Arginine 73 is potentially used
by both GrpE monomers to contact DnaK; this is
the only potential contact from the distal GrpE
monomer to DnaK observed in the crystal struc-
ture. It could be that the interactions between
these residues and their cognate atomic partners
on DnaK may be influenced by the thermal unfold-
ing of the long helices at temperatures relevant to
heat shock. It has been shown that the long helices
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of GrpE undergo a helix-to-coil unfolding process,
and this unfolding is responsible for the observed
non-Arrhenius temperature dependence of GrpE’s
function as a nucleotide exchange factor.6,7,22 The
thermodynamic properties of these three mutants
have not yet been studied, so the change in binding
affinity cannot be wholly ascribed to the loss of the
charged amino groups, versus the possible contri-
bution that thermal destabilization of the long
helices via any one of the three point mutations
may have in reducing GrpE–DnaK affinity. Thus,
the alanine-perturbation study of GrpE–DnaK con-
tacts along the long helices has provided an insight
into the thermosensor hypothesis by revealing that
the solvent-exposed side-chains at the interface
between the long helices of GrpE and DnaK are
part of the functional binding interface.

The remaining GrpE–DnaK contacts not yet dis-
cussed are located on the b-domains and on one
helix of the four-helix bundle. The equilibrium
association constants for these mutants fall in a
narrow range from 2.5 £ 105 to 4.6 £ 106; the latter
value is the same equilibrium constant for wild-
type GrpE and DnaKATPase in the 5.0 mM ADP
experimental condition. A detailed discussion of
each remaining residue will not be presented, but
the general trend that the hydrophobic residues
appear to be less important than some of the
charged residues is obvious. While considerable
amount of surface area is buried upon GrpE–
DnaK binding, there is no correlation between the
change in accessible surface area, or even change
in accessible hydrophobic surface area and change
in free-energy for the alanine-perturbation mutants
(data used to assess the correlation are not shown).
In fact, only one amino acid, Ile157, is wholly
excluded from solvent upon GrpE binding to
DnaK, and the change in buried surface area,
84 Å2, would be expected to result in a change of
,1.7 kcal mol21, using a relationship of
21 cal mol21 (Å2)21. The change in free energy of
binding for the I157A mutant was ,1.1 kcal mol21

in this study. Yet the numerical value of the equi-
librium constant for any one of the GrpE–DnaK
mutant complexes tells only part of the story.
Sedimentation velocity AUC also gives shape
information about the molecular species in solution
(see below).

The conformational change induced by GrpE
displaces domain IIb of DnaK, allowing nucleotide
dissociation.9 The compact b-domain of GrpE can
be likened to a wedge, that forces DnaK sub-
domains Ib and IIb apart. Augmenting the
b-domain, a few amino acid residues (two charged
residues and a small hydrophobic residue) located
on the four-helix bundle of GrpE also have poten-
tial contacts to domain IIb that are evident in the
co-crystal structure. Only R104A, which reduces
the affinity of the GrpE(R104A)·DnaKATPase com-
plex ninefold compared to wild-type, has any
appreciable effect on GrpE–DnaK binding in this
small region, consistent with the observation that
arginine residues are well-represented in protein

interaction hot spots.15 The mutation V108A, has a
change in the s20,b of the complex, indicative of an
expanded quaternary conformation. The nature of
that conformational change, and whether it is simi-
lar to the other complexes that have somewhat
different sedimentation coefficients (see below) is
unknown and will be further investigated.

Conformational changes in mutant complexes

The understanding of the molecular process of
protein–protein recognition is not simply a matter
of measuring the interaction energies of side-
chains found at the protein–protein interface. It is
necessary to also consider shape complementarity,
structural plasticity, and interactions with solvent.
Shape complementarity is evident from crystal
structure analysis, while the evaluation of
structural plasticity requires experimental and
theoretical molecular dynamics. Sedimentation
velocity AUC allows the researcher to gain shape
information about the macromolecules being
studied. Given the sedimentation coefficient, in
conjunction with known or calculated values for
molecular mass, partial specific volume and
hydration, information about the molecular shape
in solution can be learned. Here, changes in the
sedimentation coefficients for the mutant com-
plexes were detected, indicating conformational
changes.

The sedimentation coefficient (s20,b) of the
GrpE·DnaKATPase complex is 4.08 S (s20,w of 4.17).
Sedimentation coefficients found by sedimentation
velocity AUC can be used to calculate the apparent
solution dimensions of macromolecules. A shape
calculation based on this s20,w, a value for v-bar of
0.739, a hydration value of 0.427 g g21 (calculated
from the data given by Kuntz & Kauzman,25 and
the molecular mass calculated from the sequences)
gives an axial ratio of 8 : 1 for the equivalent
prolate ellipsoid of revolution. This is in good
agreement with the dimensions of the known
crystal structure, and the observation that the
N-terminal 34 amino acid residues of GrpE are
unstructured in solution.19

Here, the observed sedimentation coefficients for
most complexes of mutant GrpEs with DnaKATPase

were within 3% of the wild-type value of
4.08 S. The approximate level of error typical in
determination of sedimentation coefficients of the
complex when curve fitting is 3%. However,
several mutant complexes had up to a 7% increase
in s20,b. The sedimentation coefficient is
proportional to the molar mass divided by the
frictional coefficient. A single alanine point mutant
in GrpE introduces a negligible change in molecu-
lar mass with respect to wild-type GrpE. Thus if
the molar mass remains unchanged and the
sedimentation coefficient has changed, then the
frictional coefficient must have changed, indicating
a conformational change. A change towards a more
compact complex (sedimentation coefficient
4.08 S ! 4.4 S; ,7% change), represents a change
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in the axial ratio to ,6.5 : 1, assuming a prolate
ellipsoid. DnaKATPase is not subjected to the muta-
tional analysis, and thus is not responsible for the
observed variation of the s20,b values. The degree
of change in the sedimentation coefficient did not
correlate with change in affinity. The sedimentation
coefficients of certain mutant GrpEs were analyzed
in the absence of DnaK, in order to see if the
mutations affected the conformation of GrpE
alone (data not shown). All the mutants analyzed
varied between 2.25 and 2.43 S, values within 3%
of the wild-type value. For example, the sedimen-
tation coefficient of GrpE(R183A) was found to be
2.42 S, which corresponds to a more compact struc-
ture in solution compared to wild-type. Similarly,
the sedimentation coefficient of GrpE(M174A) was
found to be 2.41 S, yet these two proteins have
markedly different affinities for DnaKATPase,
suggesting that no easy conclusion between
protein affinity and conformational changes of a
binding partner can be made at this time.

The true significance of a discernible change in
the sedimentation coefficient is unknown, and this
degree of change could arise in at least three
ways: (i) through cross-correlation between the
values of sc and Keq during curve-fitting; (ii) aggre-
gates that cannot be readily taken in by the model;
(iii) actual changes in the sedimentation coefficient
reflecting a conformational change in the mutant
complexes. It is likely that some of the mutant
data sets will have a minor amount of cross-corre-
lation and aggregation, nevertheless the observed
conformational changes are indicative of an inter-
esting process that requires further investigation.

Fitting time difference curves to find the
equilibrium constant

GrpE and DnaK form a reversibly associating
complex under the conditions studied by sedimen-
tation velocity. Studying protein–protein inter-
actions via sedimentation velocity allows a
quantitative examination of a system that is in
quasi-equilibrium, so long as the reverse rate con-
stant (i.e. the relaxation time for the dissocation of
dimeric GrpE from DnaK) is larger than 1023 per
second.26 That is, when the dissociation and associ-
ation rates are sufficiently fast compared to the
movements of the proteins in the ultracentrifuge
cell, the system can be considered to be essentially
at instantaneous equilibrium. This has been
established for this system by using SEDANAL to
simulate sedimentation of GrpE–DnaK under con-
ditions of this study for various values of the for-
ward and reverse rate constants corresponding to
a particular value of the equilibrium constant
(Figure 6). Several data sets were fit for the equi-
librium constant both by assuming instantaneous
equilibrium and by fitting forward and reverse
rate constants; no significant differences were ever
detected (except as described below). Here instan-
taneous equilibrium constants are reported, except
for the mutant R183A, for which the kinetic mode

of SEDANAL was used, since the g(s*) plots for
GrpE(R183A)–DnaKATPase had a boundary profile
more like a slower reaction than an instantaneous
reaction. The calculated rate constants
(kf ¼ 1:33 £ 102 M21 s21, and kr ¼ 1:41 £ 1023 s21)
resulted in better curve fitting with smaller root
mean square differences between the model and
the data (data not shown). For all of the other
mutants, the equilibrium constants were estimated
directly, without curve fitting to find individual
rate constants.

The ABCD_fitter and SEDANAL programs were
used to fit data according to the simple scheme,
A þ B ¼ C.27,28 The model A þ B ¼ C can be used
to describe the interaction of GrpE and DnaKATPase

in the presence of ADP, because DnaKATPase and
ADP·DnaKATPase were determined to be hydrodyna-
mically indistinguishable, both experimentally
(Figure 1) and theoretically. The following thermo-
dynamic cycle describes the interactions between
dimeric GrpE, DnaKATPase and ADP, with four equi-
librium constants (K1, K2, K3, K4):

Figure 6. Plot of simulated sedimentation patterns
showing the effect of slow reaction kinetics on the shape
of the sedimentation profile, for a simulation with the
following parameters: sA ¼ 2.33 S; sB ¼ 3.09 S;
sC ¼ 4.10 S; [B ]o/[A ]o ¼ 1.1; [A ]o ¼ 1.5 £ 1025 M;
Keq ¼ 1 £ 106. In the case of instantaneous equilibrium,
simulation yields the continuous line; for the case of
kr ¼ 1 £ 1023 s21, the simulation yields the short-dash
broken line; for the case where kr ¼ 1 £ 1024 s21, the
simulation yields the long-dash broken line. Slow
kinetics in this system would not have a significant effect
on the shape of the boundary unless kr was smaller than
about 1 £ 1023 s21; when kr is at 1 £ 1024 s21, significant
deviations of the sedimentation profile become apparent,
which could be modelled by SEDANAL in kinetics
mode, if necessary.
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The thermodynamic scheme shown is occurring
inside the centrifuge cell, but because the ADP-
bound species are hydrodynamically indistin-
guishable from the ADP-free species, the observed
equilibrium constant, Keq, is given by equation (1),
and can be reduced to equation (2):

Keq ¼
½DnaK·GrpE� þ ½DnaK·ADP·GrpE�

ð½DnaK� þ ½DnaK·ADP�Þ½GrpE�
ð1Þ

Keq ¼ K3
ð1 þ K4½ADP�Þ

ð1 þ K1½ADP�Þ

� �
ð2Þ

Because equation (2) is true, the DDGs measured
from Keq correspond to the reaction described by
K3 at constant ADP concentration.

For the theoretical calculations, a “bead model”
was used to estimate the sedimentation coefficient
of the nucleotide-free conformation of DnaKATPase.

29

The theoretical model of nucleotide-free DnaKATPase

is based on the crystal structure of
GrpE·DnaKATPase, with the explicit assumption that
the nucleotide-free conformation of DnaKATPase in
solution closely resembles the nucleotide-free
conformation of DnaKATPase found in the complex
crystal structure. The bead model for the nucleo-
tide-bound DnaKATPase is based on the HSC70ATPase

crystal structure, after superimposing DnaKATPase

onto HSC70ATPase as described by Harrison et al.9

and then by “breaking bonds” and superimposing
DnaK domain IIB upon domain IIB of the ADP-
bound HSC70ATPase domain. These two bead
models had theoretical sedimentation coefficients
that differed by only 0.3%.

The limits of detectability in the analytical ultra-
centrifuge are determined by the lowest observable
mass concentration. Since the optics of the centri-
fuge give mass concentrations, the range of experi-
mentally accessible equilibrium constants using the
time-difference technique described here is deter-
mined by the molecular masses of the species
involved. Proteins with higher molecular mass
will allow one to detect material at lower molar
concentrations for any given mass concentration.
The practical lower limit of the interference optics
is about 0.01 g l21 and therefore a protein with a
molar mass of 100,000 g mol21 can be detected at
0.1 mM, putting the upper limit for the association
constant around 1 £ 107 M21. At the other end of
the scale, in principal, the upper limit, determined
by the magnitude of the concentration gradient, is
about 50–100 g l21, which corresponds to 1 mM
for a 100,000 g mol21 protein. In practice, the
hydrodynamic and thermodynamic non-ideality
of the system at the highest protein concentrations
will make it very difficult to analyze the data. A
practical upper limit is about 10 g l21 (0.1 mM), cor-
responding to an association constant of
1 £ 104 M21.

Summary

In summary, the binding energetics of the GrpE–

DnaK interface is dominated by arginine 183, the
complex of which (GrpE(R183A)–DnaKATPase) is
weakly associated, Keq ¼ 9.4 £ 104 M, which
corresponds to a DDG (i.e. DGmutant 2 DGwild-type) of
,2.3 kcal mol21, all in the presence of 5 mM ADP.
The balance of the GrpE–DnaK interactions con-
tribute less than 2 kcal mol21 to the free energy of
binding in the presence of 5 mM ADP, compared
to the wild-type complex. It is noted that a
complex of GrpE(R183A)–DnaKATPase, even in the
absence of ADP, showed dissociation upon
dilution to lower protein concentrations, as seen
by the shift in the sedimentation coefficients in the
g(s*) plots. However, in the absence of ADP, even
the second most destabilizing mutation, V192A,
did not have any concentration dependence to the
weight-average sedimentation coefficient, which
implies that the Keq is around 108 (at least) in the
absence of ADP. Thus it was necessary to augment
GrpE–DnaK dissociation with ADP to quantify
the effects of alanine-perturbation on the equi-
lilbrium constants. The thermodynamic properties
of the R183A and V192A mutants had already
been investigated, and it is likely that thermal
destabilization is in part responsible for the signifi-
cant changes in the free energy of GrpE–DnaK
interactions. Three solvent-exposed side-chains
located along GrpE’s thermosensing helices (K82,
R73, and R74) were found to be at least as import-
ant for the balance of the functional epitope of
GrpE–DnaK binding as the numerous hydro-
phobic side-chains located on the b-domains,
which wedge open the nucleotide binding cleft of
DnaK. This implicates these charged residues in
the non-Arrhenius behavior of GrpE as a nucleo-
tide exchange factor, and implies that these
solvent-exposed residues may bind cooperatively
with DnaK, rather than simply having an additive
effect on the free-energy of GrpE–DnaK
binding.30,31

Methods

Alanine-perturbation mutants

Alanine-perturbation mutations of GrpE were intro-
duced by PCR-based mutagenesis and sequenced.
Mutant GrpEs were overexpressed and purified as
described for wild-type GrpE.19 DnaKATPase was over-
expressed and purified, and complexed with GrpE as
described for the preparation of complexes for
crystallization.9 Purified complexes were exhaustively
dialyzed versus 25 mM Mopso (pH 6.8), 100 mM NaCl,
1 mM MgCl2, 1 mM CaCl2, 5 mM ADP (except for the
experiment in Figure 2, in which the ADP was added
exogeneously to the sample and reference cells). Three
serial threefold dilutions of the starting material were
used to span a 27-fold range in protein concentration
for all mutants except R183A, for which twofold
dilutions were necessary. Sedimentation velocity data
were collected on a BeckmanCoulter XLI at 50,000 rpm
and 20 8C.
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Fitting of the time difference data with ABCD_Fitter
and SEDANAL

The programs ABCD_Fitter27 and SEDANAL28 was
used to fit sedimentation velocity data globally at four
different concentrations of the wild-type and mutant
GrpE–DnaKATPase complexes, generally over a constant
range of v2t(,2.59 £ 1011 to ,2.95 £ 1011) using the
model A þ B ¼ C where A and B are the GrpE dimer
and the ATPase domain of DnaK, and C is the hetero-
trimeric complex, respectively (Figures 3 and 4). The
variables fit were: sedimentation coefficient of the
complex, sC; the global association equilibrium constant,
Keq; the individual loading concentrations for the cells,
CO; the molar ratio between DnaK and GrpE
ðCO;B=CO;AÞ; the concentration dependence to the
frictional coefficient of the complex, Ks; and the weight
average second virial coefficient, BMC. The sedimen-
tation coefficient for the complex of wild-type GrpE
with DnaKATPase ðsCÞ was found to be 4.08 S in the
absence and presence of 5 mM ADP. In most fits the
value of sC was allowed to float, or otherwise was fixed
while refining Keq. In practice, Keq and sC were found to
be cross-correlated for tightly associated complexes, and
good judgement was required to interpret the results.
The other variables of the fits using ABCD_Fitter and
SEDANAL include the loading concentration of the
cells, CO, and the ratio between the loading concentration
between GrpE and DnaKATPase. In practice, purified com-
plexes of GrpE–DnaKATPase were dialyzed exhaustively
in buffer with a vast excess of 5.0 mmolar ADP and
diluted threefold with dialysis buffer serially a total of
three times, so that a total of four different protein con-
centrations (generally over a range of 20 mM to 0.7 mM)
at a constant ratio of GrpE to DnaKATPase were loaded
into the sector-shaped ultracentrifuge cells. To reflect
the physical reality that the absolute ratio between GrpE
and DnaKATPase cannot change upon dilution, the ratio
between GrpE and DnaKATPase was allowed to float but
required to be the same for all four cells for the global
fitting. The sizing-column-purified GrpE–DnaKATPase

complexes were nearly stoichiometric; in practice, the
refined molar ratio between DnaKATPase and GrpE varied
between 0.7 and 1.3. The refined molar ratio was checked
for consistency with the appearance of the complex on a
SDS-polyacrylamide gel. ABCD_Fitter and SEDANAL
interpolate the data onto an equally spaced (usually 400
point) grid between meniscus and base, after correcting
for optical jitter and integral fringe jumps. Using more
than 400 data points offered no obvious advantage in
convergence of the refined parameters, and significantly
increased computation time. In general, for each mutant
complex the model was refined until the global root
mean square differences between the model and the
data were less than 0.01 fringes (3 mg ml21 protein; 3.29
fringes per 1 mg ml21 of protein). ABCD_Fitter was
executed on a 1 GHz LINUX box running RedHat 7.2
and SEDANAL was run on a 1.8 GHz Dual processor
AMD Athlon running Windows XP Pro.

Bead modelling to calculate theoretical
sedimentation coefficients

Bead modelling was carried out using the program
HYDRO.29 Bead models were generated from (i) the
crystal structure of DnaKATPase from the co-crystal with
GrpE, 1DKG; (ii) a model of the “closed”, nucleotide-
bound conformation of DnaKATPase made by super-

imposing domain IIB of DnaKATPase on the position of
domain IIB in the 1ATR crystal structure of the bovine
brain HSC70 ATPase domain.32 For each bead model,
every amino acid was modelled with a bead of a
diameter of ,3.7 Å, centered at the Ca position. The
exact diameter of the beads was adjusted so that the
volume of the model added up to the volume of the
hydrated protein. The frictional ratio was calculated as
f=fo ¼ ðso=s20;wÞ½v2=ðv2 þ d1v1Þ�

1=3, where so is the sedi-
mentation coefficient calculated for an unhydrated
sphere with mass equal to that of the DnaKATPase and is
given by the relationship so ¼ Mð1 2 v2rÞ=ð6NphRoÞ,
where Ro ¼ ½3Mv2=ð4pNÞ�1=3 and N is Avogadro’s
number. Axial ratios ða=bÞ of the equivalent ellipsoids of
revolution were computed using Perrin’s equation.
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