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In Escherichia coli, DnaK is essential for the replication of bacteriophage l
DNA; this in vivo activity provides the basis of a screen for mutations
affecting DnaK function. Mn PCR was used to introduce mutations into
residues 405-468 of the C-terminal polypeptide-binding domain of DnaK.
These mutant proteins were screened for the ability to propagate
bacteriophage l in the background of a dnaK de®cient cell line, BB1553.
This initial screen identi®ed several proteins which were mutant at mul-
tiple positions. The multiple mutants were further dissected into single
mutants which remained negative for l propagation. Four of these
single-site mutants were puri®ed and assayed for biochemical functional-
ity. Two single-site mutations, F426S and S427P, are localized in the pep-
tide binding site and display weakened peptide binding af®nity. This
indicates that the crystallographically determined peptide binding site is
also critical for in vivo l replication. Two other mutations, K414I and
N451K, are located at the edge of the b-sandwich domain near a-helix A.
The K414I mutant binds peptide moderately well, yet displays defects in
allosteric functions, including peptide-stimulated ATPase activity, ATP-
induced changes in tryptophan ¯uorescence, ATP-induced peptide
release, and elevated ATPase activity. The K414 position is close in ter-
tiary structure to the linker region to the ATPase domain and re¯ects a
speci®c area of the peptide-binding domain which is necessary for inter-
domain coupling. The mutant N451K displays defects in both peptide
binding and allosteric interaction.
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Introduction

DnaK is a member of the 70 kDa heat shock pro-
tein family (hsp70s). Heat shock proteins derive
their name from their high level of selective
expression in response to elevated temperature
and other forms of cellular stress. After hsp syn-
thesis has reached a signi®cant level, these proteins
enhance cellular viability following exposure to
high growth temperatures. hsp70s are also
expressed constitutively under normal growth con-
ditions where they perform key functions in the
cell, e.g. binding to nascent polypeptide chains to
maintain solubility, membrane translocation of pre-

cursor proteins, disassembly of speci®c macromol-
ecular complexes such as clathrin-coated vesicles
and l DNA origin of replication, protein degra-
dation, and modulation of heat shock gene
expression (Beckmann et al., 1990; Nelson et al.,
1992; Kang et al., 1990; Chappell et al., 1986;
Georgopoulos et al., 1990; Straus et al., 1988; Tilly
et al., 1983). The functional relationship between
these activities and the role of hsp70s during heat
shock is thought to be that they bind to unfolded
proteins and prevent non-productive folding inter-
actions or aggregation (Pelham, 1986). The activity
of preventing irreversible off-pathway folding
events has given hsp70 proteins their second name
of molecular chaperones. Furthermore, hsp70 pro-
teins have been directly shown to assist the refold-
ing of polypeptide substrates in vitro, in the
presence of ATP and co-chaperone proteins
(Langer et al., 1992; SchroÈder et al., 1993; Szabo
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et al., 1994; Freeman et al., 1995; Freeman &
Morimoto, 1996).

In Escherichia coli, one of DnaK's earliest ident-
i®ed functions came to light as a result of genetic
studies of bacteriophage l DNA replication (for a
review, see Georgopoulos et al., 1990). This work
indicated that three heat shock proteins (DnaK,
DnaJ, and GrpE) were among the E. coli host pro-
teins required for l propagation. Mutation of any
one of these three genes resulted in a similar bac-
terial phenotype, suggesting that these three pro-
teins work in concert. In vitro studies of the
initiation of bacteriophage l DNA replication have
provided insights to the speci®c roles of DnaK,
DnaJ, and GrpE in this process (Mensa-Wilmot
et al., 1989; Zylicz et al., 1989). At the beginning of
the DNA replication process a l protein (lO) binds
to the l DNA origin of replication ori l. Another l
protein, lP, binds to the E. coli DNA helicase
(DnaB), inactivates it, and localizes it to the lO-ori
l DNA protein complex. In the presence of DnaK,
DnaJ, GrpE, and ATP, the ori l macromolecular
complex is disrupted, releasing active helicase
(DnaB), which can then initiate l DNA replication
(Liberek et al., 1988; Alfano & McMacken, 1989a,b;
Dodson et al., 1989).

Biochemical studies with puri®ed proteins
showed that DnaJ and GrpE have the capacity to
regulate certain enzymatic activities of DnaK,
including: (1) DnaJ-dependent enhancement of the
rate of ATP hydrolysis by DnaK (Liberek et al.,
1991a); (2) GrpE-dependent enhancement of the
rate of nucleotide dissociation from DnaK (Liberek
et al., 1991a); and (3) DnaJ-dependent stabilization
of DnaK-substrate interactions in the presence of
ATP (McCarty et al., 1995; WawrzynoÂw et al.,
1995). Because DnaJ and GrpE modulate the
activity of DnaK, they are referred to as co-chaper-
one proteins. Eukaryotic co-chaperone homologs of
DnaJ and GrpE have been identi®ed and shown to
interact with hsp70 proteins (for reviews, see Hartl,
1996; Brodsky, 1996); hence, DnaK, DnaJ, and
GrpE can all be considered to be members of the
functional hsp70 molecular chaperone system.

DnaK and hsp70s in general contain two well-
characterized functional domains. The N-terminal
45 kDa domain displays ATP hydrolysis activity
(Chappell et al., 1987). The atomic structure of this
domain has been solved by X-ray crystallography
(Flaherty et al., 1990; Harrison et al., 1997). The
C-terminal domain corresponds to the remaining
25 kDa, and is responsible for polypeptide sub-
strate binding (Chappell et al., 1987; Milarski &
Morimoto, 1989; Wang et al., 1993; Gragerov et al.,
1994). In DnaK, polypeptide binding activity
remains after truncation of 100 amino acid residues
from the C terminus (residues; 1-538; Buchberger
et al., 1995). There are currently two structures of
fragments of the C-terminal domain of DnaK; one
determined by X-ray crystallography (Zhu et al.,
1996) and one determined by NMR (Wang et al.,
1998). The 2.0 AÊ resolution structure determined
by crystallography contains residues 389-607 of

DnaK in complex with peptide (NRLLLTG). The
polypeptide substrate binding domain contains a
b-sandwich sub-domain followed by an a-helical
sub-domain. The peptide is bound in an extended
conformation between two loops in the b-sandwich
sub-domain. The protein forms hydrogen bonds
with the backbone of the peptide and a deep
hydrophobic pocket which accommodates the cen-
tral leucine (L4) of the peptide.

The two functional domains of hsp70s play a
role in the allosteric behavior of the full-length
protein; the binding of a ligand to one domain
regulates the activity of the other domain. For
instance, the binding of ATP lowers the af®nity for
unfolded substrate polypeptides (Flynn et al., 1989;
Liberek et al., 1991b; Schmid et al., 1994). Likewise,
the binding of polypeptide substrates can stimulate
ATP hydrolysis (Flynn et al., 1989; Braell et al.,
1984; Sadis & Hightower, 1992).

One of the most pressing questions in the hsp70
®eld is how polypeptide substrates are selected
(RuÈ diger et al., 1997b). Knowledge of the structural
and thermodynamic factors that govern substrate
binding may lead to the prediction of substrate-
hsp70 interactions or the targeting of hsp70 to dis-
ruption of speci®c macromolecular complexes. A
second critical question regards the molecular
mechanism of interdomain coupling and regu-
lation. We have taken a mutagenesis approach to
these issues and speci®cally targeted amino acid
residues within the peptide binding domain. The
bacteriophage l propagation assay was used to
screen for the in vivo activity of each mutant. There
are several advantages of this approach: (1) the
screen can be performed in the context of the full-
length DnaK protein; (2) the screen uses the highly
characterized bacteriophage l assay which has
been studied at both a genetic and biochemical
level; and (3) the screen could potentially identify
several different biochemical phenotypes, such as
defects in polypeptide substrate binding, interdo-
main coupling, and interactions with co-chaperone
proteins. Indeed, the most striking mutant ident-
i®ed in this study, K414I, introduces a defect in
interdomain coupling which may not have been
identi®ed if a structural-based inspection approach
had been used.

Results

Production and screening of DnaK mutants

Mutations in the C-terminal peptide binding
domain of DnaK were produced by Mn PCR ran-
dom mutagenesis (Cadwell & Joyce, 1994) of a
DNA fragment de®ned by boundaries of the
unique restriction sites of NcoI and SphI (between
bp 1214-1402) and reinserted into the wild-type
(wt) dnaK gene at these respective sites. This
region, corresponding to amino acid residues 405
to 468 of DnaK, was selected because it corre-
sponds to residues within a suggested minimal
peptide binding domain (386-538; Chappell et al.,
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1987; Wang et al, 1993; Buchberger et al., 1995), and
because of the convenient location of the restriction
sites. The unshaded part of Figure 1 represents the
mutagenesis region.

After Mn PCR mutagenesis, individual mutant
constructs were screened for their ability to sup-
port bacteriophage l replication in a strain that is
dnaK de®cient, BB1553 (Bukau & Walker, 1990).
BB1553 cells are de®cient for l replication; how-
ever, in the presence of a plasmid producing
wtDnaK, the cells support l propagation
(Buchberger et al., 1994a,b). After one round of Mn
PCR mutagenesis, 100 DnaK constructs were
screened for l propagation activity, and all dis-
played wild-type l propagation activity. Following
two rounds of Mn PCR mutagenesis, 16 out of 100
clones were negative for l replication and also
expressed full-length DnaK. The DNA for each of
the mutants was sequenced between bp 1214-1402.
The majority of the plasmids sequenced contained
mutations at multiple positions. Several of these
mutant DnaK proteins were puri®ed and charac-
terized. On the basis of the observations obtained
from the multiple-mutant proteins, several single
mutants were constructed for further study. Table 1
shows the l propagation activity of three multiple-
mutant parents and several related single-site
mutations. Four single-site mutants were found to
be negative for l propagation activity; K414I,
F426S, S427P, and N451K, and were selected for
further study.

Increased concentrations of DnaK can rescue
lll activity of some mutant strains

Clones which were negative for l replication
were additionally tested to see if the mutant phe-
notype could be rescued by an increase in the
intracellular concentration of DnaK. We reasoned
that an increased amount of DnaK might rescue
certain classes of biochemical phenotypes, pro-

vided they are not too severe, such as: weak sub-
strate binding, or weak co-chaperone interactions.
An increased level of DnaK would not be expected
to rescue mutations which dramatically interfere
with the folded stability of the protein, or a speci®c
domain interface (for example, between the nucleo-
tide binding domain and the peptide binding
domain).

The dnaK gene is in an expression plasmid
(pMS) which contains a tac promoter, and hence is
IPTG inducible. Western blots of whole-cell
extracts probed with polyclonal antibodies against
DnaK show that the expression level of pMS-DnaK
in BB1553 cells without added IPTG is similar to
that of a commonly used E. coli strain DH5a con-
taining the empty vector, pMS-EH (data not
shown). The amount of DnaK synthesized
increases by ®ve- to tenfold during growth for one
hour in 50 mM IPTG (data not shown). Table 1 lists
the results obtained when cells carrying various
DnaK mutants were exposed to IPTG for 90 min-
utes prior to infection with bacteriophage l. The
S427P mutant cannot be rescued in this assay. Both
F426S and N451K show moderate activity (�),
while K414I shows minimal activity (�/ÿ) in
the presence of higher than normal DnaK
concentrations. In summary, the in vivo l assay
results provide a rough ordering of the mutations
from least severe to most severe:
N451K � F426S < K414I < S427P.

Position of the mutated residues

Two out of four of the single-site mutants which
block l propagation (F426S and S427P) are in the
peptide binding site described in the co-crystal
structure of the peptide binding domain of DnaK
with peptide NRLLLTG (Figure 1; Zhu et al., 1996).
Position F426 contributes to the hydrophobic

Table 1. l Propagation activity of DnaK mutants

0 mM IPTG 50 mM IPTG

wt � �a � �
K414I,Q424R, K446R ÿ �
K414I ÿa �/ÿ
K446R � � n.d.

F426S, Q456R ÿ �
F426S ÿa �
Q456R � � n.d.

S427P, N458S, K452R ÿ ÿ
S427P ÿa ÿ
N458S, K452R � � n.d.

N451 K ÿa �
Vector only ÿ ÿ

n.d. � not determined; � � , 1460(�570) plaques; �, <50 pla-
ques; �/ ÿ , <5 plaques irregular shape; ÿ, zero plaques.

a Also tested with 100-times more phage, to amplify the sig-
nal; S427P showed (ÿ), K414I and F426S showed (�/ÿ),
N451 K showed (�), wt showed cell debris (more plaques than
could be counted).

Figure 1. Ribbon diagram of the three-dimensional
structure of C-terminal domain of DnaK (residues 389-
607) derived from X-ray crystallography (Zhu et al.,
1996). Figure was drawn using MOLSCRIPT (Kraulis,
1991).
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pocket in which the central leucine (L4) binds. This
large hydrophobic pocket is considered to be a cru-
cial determinant of peptide binding (Zhu et al.,
1996). Replacement of the aromatic phenylalanine
residue by the smaller serine residue would be
expected to alter the hydrophobicity and volume
of the L4 binding pocket.

At the S427 position, the side-chain points away
from the peptide binding site, yet S427 forms back-
bone-backbone hydrogen bonds with the bound
peptide at residues R2 and L4 (for a list of hydro-
gen bonds see Table 2). In the structure, S427 has
dihedral angles of f � ÿ143 and j � ÿ173. Proline
residues are known to impose a restriction on the
backbone conformation such that f � ÿ60(�20) �;
therefore, replacement of serine by proline would
be expected to alter the backbone conformation of
b-strand 3 as it goes through the peptide binding
site, perhaps changing a multitude of interactions
with the substrate. The fact that single mutations
in either F426 or S427 abolish l propagation
activity indicates that the crystallographically
de®ned peptide binding site is also critical to the
in vivo functionality of the DnaK protein.

The single-site mutant K414I is close in tertiary
structure to the area that sequentially attaches to
the ATPase domain. It is near the interface between
the b-sandwich domain and a-helix A. Position
K414 is moderately solvent exposed (10-40 %) in
the crystal structure, and forms an electrostatic
interaction with position E444 in loop 4/5 in the
DKX peptide binding domain structure. The
remaining mutation, N451K, is less exposed to sol-
vent (<10 %) and is in loop 4/5 of the b-sandwich
domain. It forms hydrogen bonds between its side-
chain atoms and the backbone atoms of two resi-
dues in loop 4/5 (R445 and R447).

Global folded stability of mutant DnaK proteins

The loss of l replication activity exhibited by
each of the four mutants could be caused either by
an alteration in the local chemistry of the site or by
a global loss of folded structure. In order to dis-
tinguish between these two possibilities two tech-
niques were used to monitor global changes in the

mutant proteins. Figure 2 shows circular dichroism
spectra measured in the far-UV region as a monitor
of overall secondary structure. The far-UV CD
spectra of the mutant proteins are virtually over-
lapping and cross the ellipticity axis at the same
wavelength as wtDnaK. This indicates that the
mutant proteins have secondary structure which is
very similar to that of wtDnaK.

The hydrodynamic properties of each of the
mutant proteins were tested by size-exclusion chro-
matography at concentrations (40.1 mg/ml) in
which the monomer form of wtDnaK predomi-
nates (SchoÈnfeld et al., 1995). All of the mutant pro-
teins had elution volumes which were identical
with that of wtDnaK, indicating that none of the
proteins is globally unfolded or predominantly oli-
gomeric under these conditions (data not shown).

Stability of individual folding/
unfolding domains

Large molecular mass proteins the size of DnaK
are often composed of several smaller folding
domains (Privalov, 1982). In order to determine the
stability of the smaller folding domains in the

Table 2. Structural summary of positions altered by mutagenesis based on X-ray crystal structure
of a C-terminal fragment of DnaK (1DKX)

Residue Location Solvent accessibility Hydrogen bondsa (AÊ )

K414 L 2/2a 0.1-0.4 K414:NZ to E444:OE1�2.74 (L 4/5)

F426 b-Strand 3 <0.1 426:N to I472:O�2.81 (b 6)
426:O to I472:N�2.92 (b 6)

S427 b-Strand 3 <0.1 S427:N to peptide R2:O�2.97
S427:O to peptide L4:N�2.88
S427:OG to T428N�2.72 (L 3/4)
S427:OG to P470:O � 2.79 (L 5/6)

N451 L 4/5 <0.1 N451:ND2 to M408:SD�3.56 (b 2)
N451:OD1 to R445:N�2.96 (L 4/5)
N451:ND2 to R447:O�2.89 (L 4/5)

a Determined using Insight II.

Figure 2. Circular dichroism of wtDnaK and mutants.
wt, long borken line; K414I, short broken line; F426S,
dot/dash line; S427P, dotted line; N451K, continuous
line.
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DnaK mutants, the technique of differential scan-
ning calorimetry (DSC) was used. DSC measures
the amount of heat absorbed when a protein
unfolds and allows determination of the Tm, �H,
and �S of each unfolding transition. For the DSC
experiments a pH 9.0 buffer is used because the
reversibility of the unfolding transitions and the
solubility of the unfolded state are enhanced under
these conditions. The folded stability of DnaK is
not strongly pH-dependent between pH 7-10. For
comparison, a DSC scan performed at pH 7.6
shows that the Tm values of DnaK are only 2-3
deg. C above those obtained at pH 9.0
(Montgomery et al., 1993).

A DSC scan of wtDnaK at pH 9.0 is shown in
Figure 3. At pH 9.0 the unfolding of the wt protein
is 88 % reversible, as determined by the �H (area
under the curve) obtained from an immediate
rescan after scanning to 100 �C. The wtDnaK pro-
tein has three visible peaks centered at 42 �C, 55 �C,
and 72 �C. Previous work has shown that the
wtDnaK data can be well described by a four-state

(three-transition) model in which the heat capacity
difference (�Cp) between each state is explicitly
considered (Montgomery et al., 1993). Based on
DSC scans of two proteolytic fragments of DnaK,
the three transitions of the intact protein have been
assigned to N or C-terminal regions. The nomen-
clature for the assignments arises from the obser-
vation that the isolated N-terminal fragment has
two transitions NTK(1) and NTK(2), while the
C-terminal fragment displays three transitions
CTK(1a), (1b), and (2). The ®rst transition
(Tm � 42 �C) in full-length DnaK has been assigned
to the majority of the N-terminal domain, NTK(1).
The second transition (Tm � 55 �C) has been
assigned to the majority of the C-terminal portion
of DnaK, CTK(1a & 1b). The third transition
(Tm � 72 �C) has components from both the
N-terminal NTK(2) and C-terminal CTK(2) regions.

Figure 3 shows the DSC scans of the mutant
DnaK proteins. In general, it is apparent that the
middle transition, which corresponds to the
majority of the C-terminal domain, is not located

Figure 3. Differential scanning calorimetry of wtDnaK and mutants. The dots represent the data. The continuous
lines re¯ect the best ®t of the three-transition model to the data. Table 3 lists the best ®t �H and Tm values for each
transition. Each mutant scan is incrementally offset by 20 kcal molÿ1 Kÿ1 for visibility. The notations # and ^ correlate
data sets in the Figure with data sets in Table 3. The three short vertical lines on each scan graphically mark the best
®t Tm values for each of the three transitions; these do not necessarily coincide with the Cp maxima due to the shift
in the heat capacity baseline or �Cp. The labels on the wtDnaK scan refer to the assignment of transitions in wtDnaK
to transitions in N and C-terminal fragments of the protein as discussed in the text.
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at the same temperature in the mutant proteins,
indicating that there is a change in the stability of
the C-terminal domain. Figure 3 also shows the ®ts
of a three-transition model to the data for each
mutant, with short vertical lines representing the
best-®t Tm values for each transition. In some cases
(the middle transition in N451K for example), the
best-®t Tm value does not coincide with the visu-
ally observed maximum in the data. This visual
phenomenon occurs because the middle transition
has been destabilized such that it has a Tm only �6
deg. C higher than that of the lowest temperature
transition. The maximum in the data at �45.5 �C
re¯ects the superposition of the areas of two tran-
sitions (43.9 and 49.7 �C) in a similar temperature
range. The three-transition model is the simplest
model which describes the data. Observed devi-
ations from this model are not signi®cant enough
to invoke a four-transition model because they rep-
resent �H values that are small enough to be
within the error of the technique for this system
�15 kcal molÿ1 (see �H values in Table 3 for
repeated measurements of the same protein) and
are in general, too small to re¯ect an unfolding
domain. Table 3 lists the corresponding thermo-
dynamic parameters obtained from these ®ts.

In general, the DSC data indicate that three of
the mutant proteins (K414I, S427P, and N451K) are
completely folded at 30 �C. In the F426S protein
the CTK(1a) and (1b) domain has a Tm value of
33.5 �C; it therefore exhibits partial unfolding at
30 �C (<�25 %) and at 24.5 �C (<�5 %). It is import-
ant to note that the stability of wtDnaK is slightly
higher at pH 7.6 than at pH 9.0; hence, the amount
of partial unfolding is likely to be somewhat less at
pH 7.6, where the biochemical assays were per-
formed (Montgomery et al., 1993). The observation

that the CTK(1a) and (1b) transition is signi®cantly
lower in all of the mutant proteins (<55 �C) corre-
lates well with the general location of these four
mutations.

Peptide binding affinity of mutant
DnaK proteins

hsp70 proteins are known to bind unfolded pro-
teins (Liberek et al., 1991b; Palleros et al., 1991;
Freeman et al., 1995). Often small peptides are used
as models of the unfolded state because most small
peptides do not display folded structure and they
make quantitative binding measurements simpler
to perform (Flynn et al., 1989; Schmid et al., 1994;
Jordan & McMacken, 1995). Each of the four
mutant DnaK proteins was tested in a ¯uorescence
anisotropy-based peptide binding assay to examine
its substrate binding properties. The peptide APPY
(CALLQSRLLLSAPRRAAATARY) was selected,
based on the reported high af®nity (63 nM) of a
very similar peptide, APP (which has an A instead
of a Y in the C-terminal position; Schmid et al.,
1994). Peptide APPY was ¯uorescently labeled on
the N-terminal cysteine (F-APPY) with the sulfhy-
dryl-reactive ¯uorescein conjugate 5-iodoacetami-
do¯uorescein (5-IAF). The anisotropy assay follows
the relative rotational diffusion of the ¯uorescein
after excitation with polarized light. F-APPY
should rotate in solution at a rate proportional to
its molecular mass of �3 kDa, and displays a mod-
est anisotropy value. When F-APPY is bound and
immobilized by DnaK, its molecular rotation is
expected to be close to that of the larger molecule
(70 kDa) and should display a signi®cantly higher
anisotropy value.

Table 3. Fit thermodynamic parameters associated with DnaK folding domains

NTK(1) CTK (1a) and (1b) NTK(2)�CTK(2)
Tm �H Tm �H Tm �H w2

wt* 42.6 76 55.8 91 72.2 65
wt# 41.2 76 55.6 115 69.8 68 4.2e5

wt^ 43.0 96 55.2 100 70.2 62 2.8e5

obs (calc) obs (calc) obs (calc)

K414I 39.1 66 (66-85) 49.5 88 (68-94) 70.7 52 (63-70) 5.2e5

F426S# 43.8 106 (79-98) 33.3 29 (10-35) 67.0 67 (56-64) 7.0e5

F426Sb 44.2 118 (80-99) 33.5 44 (11-36) 66.7 60 (56-63) 2.6e5

S427P 44.4 97 (81-100) 38.8 58 (30-55) 64.6 54 (52-60) 1.6e5

N451K 43.9 97 (80-98) 49.7 64 (69-95) 70.1 79 (62-69) 4.7e5

The Tm values are reported in deg. C; �H values are in kcal molÿ1. The symbols (# and ^) refer to multiple measurements of the
speci®ed protein and correlate with the symbols in Figure 3. The parameters marked with (*) refer to data collected by Montgomery
et al. (1993). An initial assignment of the observed transitions in the mutants to N or C terminal regions was based on the best agree-
ment of the experimental �H values of the mutants with the values calculated from the known transitions in wtDnaK, which have
been corrected to the mutant Tm values using wtDnaK �Cp values. This assignment process uses the known temperature depen-
dence of �H, and assumes that only the Tm value of each transition was signi®cantly affected by the mutation. The numbers in par-
entheses represent a range of �H values (minimum and maximum) calculated for each transition based on the three listed wtDnaK
data sets. This range was calculated using the equation �H(mut) � �HR � �Cp(R) [Tm(mut) ÿ Tm(R)]. The R (reference state) refers to the
wtDnaK data (Tm, �H, and �Cp). Tm(mut) refers to the best ®t Tm value of the mutant; �H(mut) refers to the calculated �H (minimum
and maximum) expected for the mutant. The �Cp values for each assigned transition were obtained from a previous study of
wtDnaK: �Cp NTK(1) � 2.8; �Cp CTK(1a) and (1b) � 3.6; �Cp (NTK2 & CTK2) � 1.7 kcal molÿ1 Kÿ1 (Montgomery et al., 1993). In
two cases, F426S and S427P, the best agreement between observed and calculated �H values involved assigning the lowest tempera-
ture transition to the CTK(1a) and (1b) and the middle transition to the NTK(1). In the other two cases, K414I and N451 K, the low-
est temperature transition is assigned to NTK(1) and the middle transition is assigned to CTK(1a) and (1b).
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The anisotropy change associated with the bind-
ing of F-APPY by increasing concentrations of
wtDnaK is shown in Figure 4(a). The free F-APPY
has an anisotropy value of 0.048(�0.012); the satur-
ation region of the binding curve has an anisotropy
value of 0.171(�0.004). The anisotropy of the dye
control, ¯uorescein-b-mercaptoethanol, shows no
change in the presence of DnaK (data not shown).
This indicates that the dye itself has no af®nity for
DnaK in the range over which peptide binding is
observed. The ¯uorescence intensity of F-APPY
was also measured as a function of DnaK concen-
tration and was found to be constant throughout
the binding curve, suggesting that the local
environment of the ¯uorescein does not change
during the binding process. This is consistent with

the notion that the ¯uorescein does not bind in a
hydrophobic pocket on DnaK.

Figure 4(a) also shows the behavior of the four
single-site mutant proteins in this peptide binding
assay. Two of the mutants, K414I and F426S, have
high enough binding af®nities so that the satur-
ation region of the binding curve can be measured.
The mutant S427P displays anisotropy values
which are higher than wtDnaK in the plateau
region, suggesting higher-order oligomerization
than wtDnaK at these concentrations. Since the
binding has not reached saturation in this range,
the data could not be ®t for a dissociation constant
(Kd). The mutant N451K binds even more weakly
than S427P, shows an incomplete curve, and also
could not be accurately ®t. For the mutants S427P
and N451K, the peptide binding af®nity was
approximated assuming that the plateau region
anisotropy value would be the same as it is for
wtDnaK.

Figure 4(b) shows the ®ts of a single-site binding
model to the wtDnaK, K414I, and F426S data sets.
Table 4 summarizes the Kd values obtained from
these ®ts. The average of three wtDnaK binding
experiments yielded a dissociation constant of
0.075(�0.025) mM, which is in close agreement
with the reported Kd of peptide APP (63 nM;
Schmid et al., 1994). The peptide binding af®nity of
K414I (0.4 mM, Table 4) is only moderately reduced
from wtDnaK, which is consistent with the fact
that the mutation is not located in the crystallogra-
phically de®ned peptide binding site. Mutants
F426S and S427P have considerably weaker af®-
nities, with Kd values of 2.7 mM and �20 mM,
respectively; these relative binding af®nities corre-
late with the results from the l propagation assay
(Table 1). The mutant F426S can be partially res-
cued for l activity at 50 mM IPTG, whereas the
mutant S427P cannot be rescued. The fact that
these mutations, which are located in the structu-
rally de®ned peptide binding site, dramatically
affect peptide binding af®nity con®rms that this
site plays a signi®cant role in both the in vitro
aspects of substrate binding af®nity and in the
functional aspects of in vivo l DNA replication.

The fourth mutant, N451K, displays the weakest
binding af®nity of the group, Kd � 160 mM. This
mutation is intriguing because it is not located in

Figure 4. Peptide binding activity of wtDnaK and
mutants. (a) Raw anisotropy values of the ¯uorescently
labeled peptide F-APPY, as a function of increasing
DnaK concentration. Filled circles represent wtDnaK,
diamonds are K414I, triangles are F426S, squares are
S427P, and dotted circles are N451K. (b) Best ®t of a
single-site binding model to the data. Filled circles rep-
resent wtDnaK, diamonds are K414I, triangles are
F426S. Table 4 lists the Kd values associated with each
®t.

Table 4. Peptide binding af®nity of wtDnaK and
mutants

Kd (mM)

wtDnaK 0.06(�0.02)
K414I 0.40(�0.03)
F426S 2.70(�0.2)
S427P �20a

N451K �157a

a It was not possible to obtain a complete binding curve with
these mutants.

Af®nities were approximated by noting the concentration of
the mutant at which the anisotropy value is similar to the
value at the midpoint of the transition for wtDnaK.
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the known peptide binding site, but is in the inner-
most loop 4/5 near the junction of a-helix A and
a-helix B. The DSC scan of the N451K protein indi-
cates that it is completely folded at 24 �C and that
its CTK(1a) and (1b) domain displays a Tm only 5
deg. C less than wtDnaK. In a previous study,
mutations in DnaK were found that have wea-
kened substrate af®nity, and are also in or near
loop 4/5, speci®cally G443D, G443S, and E444K
(Burkholder et al., 1996). One explanation is that
the position of loop 4/5 is essential for the proper
functioning of some aspect of the known peptide
binding site. If a-helix B forms a ¯exible hinge
based on the rigidity of loop 4/5, then this region
may in¯uence how a-helix-B covers the bound
peptide. An additional possibility is that loop 4/5
is somehow involved in a second peptide binding
site. Structural studies on loop 4/5 mutants of
DnaK may address these possibilities.

Intrinsic ATPase activity of DnaK mutants

Given that the ATPase activity of DnaK can be
stimulated by polypeptide substrates, it seems
clear that DnaK can be described as having allo-
steric properties (Gragerov et al., 1994; Jordan &
McMacken, 1995). The ATPase activity of each of
the four single-site mutants was tested to assay if
mutations in the peptide binding domain would
also in¯uence the activity of the ATPase domain,
perhaps by altering an allosteric interface between
the two parts of the protein. The wtDnaK protein
displays a steady-state activity or turnover number
of 0.108(�0.024) mol ATP hydrolyzed molÿ1 DnaK
per minute at 30 �C using an enzymatic based col-
orimetric assay (Norby, 1988). This number com-
pares well with the turnover number from the
radioactive-TLC based assay (Liberek et al., 1991a)
for the same batch of wt protein: 0.096(�0.017) mol
ATP hydrolyzed molÿ1 DnaK per minute. This
turnover number is about two- to threefold higher
than that obtained by other investigators: 0.030-
0.045 mol ATP hydrolyzed molÿ1 DnaK per min-
ute (Kamath-Loeb et al., 1995; McCarty et al., 1995).

The steady-state intrinsic ATPase activity for
each of the four mutants is listed in the ®rst
column of Table 5. Three mutant proteins have
steady-state ATPase values which are signi®cantly
higher than wtDnaK: K414I , F426S, and N451K.
Although the structural mechanism of this process
is not known, there are examples in the literature
of mutations in DnaK which lead to elevated

ATPase activity (Liberek et al., 1991a; Buchberger
et al., 1994a; Kamath-Loeb et al., 1995). One poten-
tial complication is the possibility that the high
degree of ATPase activity displayed by the mutant
proteins is due to trace amounts of a very active
contaminating ATPase enzyme. In this regard, it
should be noted that rather similar puri®cation
protocols were used for all proteins and that the
addition of a ®nal gel ®ltration step did not alter
the ATPase activity of either wtDnaK or the K414I
mutant. Figure 5 shows a SDS-PAGE gel of
wtDnaK, with each of the four mutant proteins
stained by Coomassie blue (a) and silver stain (b).
N451 K shows a small amount of 45-55 kDa
species, but overall there is not an obvious con-
taminant band which tracks with the elevated
ATPase activity.

To test the enzymatic purity of the mutant pro-
teins, single turnover ATPase assays were per-
formed. In this type of assay, the ATP
concentration is kept at a minimum while the
nucleotide-free protein concentration is present at
saturating concentrations. Since only a limiting
amount of ATP is present, enzymes with bound
ATP can only turnover once. This type of exper-
iment can measure how many different hydrolysis
rate constants are observable (number of exponen-
tials required to ®t the data) and should also re¯ect
the fraction of the total population giving rise to
each rate constant (amplitude values associated
with each exponential) assuming all species bind
the ATP to an equivalent extent. For DnaK, the
single-turnover ATP hydrolysis reaction has been
shown to be well described by a ®rst-order rate

Table 5. ATPase measurements of wtDnaK and mutants

Steady-state Steady-state � J/E

wt 0.108) � 0.024) 7.682(�0.485)
K414I 0.370(�0.074) 5.125(�0.377)
F426S 0.249(�0.101) 3.226(�0.704)
S427P 0.094(�0.021) 2.835(�0.365)
N451K 0.620(�0.080) 5.036(�0.547)

Steady-state ATP hydrolysis units are mol ATP hydrolyzed
molÿ1 DnaK per minute.

Figure 5. SDS-PAGE of puri®ed wtDnaK and
mutants. A 3.8 mg sample of wtDnaK and mutants was
loaded under (a) non-reducing conditions or (b) redu-
cing conditions on 10 % Tris-tricine-SDS/gels, electro-
phoresed and stained with either (a) Coomassie blue or
(b) silver stain. Similar Coomassie stained gels run
under reducing conditions show no bands above
70 kDa. Under non-reducing conditions, DnaK can form
a small percentage of covalent dimer through the single
cysteine in the protein, Cys15.
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equation (Karzai & McMacken, 1996; Theyssen
et al., 1996). If the single-turnover data cannot be
®t to a single exponential process, the sample is
not homogeneous with regard to enzymatic rates.
The inhomogeneity could come from a contami-
nating ATPase or from enzymatically different
populations of DnaK.

In this single-turnover ATPase assay, both
wtDnaK and K414I displayed single exponential
hydrolysis kinetics. The wtDnaK rate constant of
0.038 minÿ1 measured at 24 �C is similar to that
observed by other investigators (Karzai &
McMacken, 1996). The fact that the K414I protein
displays single exponential hydrolysis kinetics
indicates that K414I is enzymatically pure. The
observed rate constant for K414I (0.346 minÿ1) is
�ninefold faster than that of wtDnaK. The mutant
proteins S427P, F426S, and N451K all display
single-turnover kinetics which are best described
by a two exponential ®t. Both S427P and F426S
contain a small amplitude component with a high
hydrolysis rate constant, but the majority of the
sample displays a rate constant close to that of
wtDnaK. In contrast, for the N451K mutant a large
fraction of the amplitude (79 %) displays a fast
hydrolysis rate constant, suggesting that the
mutation itself is causing the elevated ATPase
activity.

As an additional characterization of the K414I
mutant, the Km and Vmax for ATP were determined
(data not shown). The measured Km was 0.156 mM,
with a Vmax of 0.417 mol ATP hydrolyzed molÿ1

DnaK per minute at 30 �C. This Km value observed
for K414I is somewhat lower than that of wtDnaK,
1 mM (Kamath-Loeb et al., 1995). This experiment
indicates that the K414I mutant can functionally
interact with ATP in roughly the same concen-
tration range as wtDnaK.

DnaJ and GrpE stimulation of mutant DnaK
ATPase activity

The co-chaperone proteins DnaJ and GrpE have
been shown to be required in vivo for l replication
activity (Georgopoulos et al., 1990). It has also been
shown that both co-chaperones and ATP are
required for in vitro protein folding assays
(SchroÈder et al., 1993; Szabo et al., 1994). Because
all four of the single-site mutations show defects in
l propagation activity, it is possible that the
de®ciency could be in the ability of the mutant
DnaK proteins to interact with either one or both
of the co-chaperone proteins. One assay for co-cha-
perone interaction is the ability of DnaJ and GrpE
to stimulate the ATPase of DnaK. Table 5 shows
the steady-state ATPase activity of wtDnaK and
each of the four mutants in the presence of DnaJ
and GrpE. All of the mutants show some degree of
co-chaperone stimulation, but none are as large as
the wtDnaK. It is interesting to note that the two
mutants which display the smallest degree of co-
chaperone stimulation, F426S (42 % of wtDnaK)
and S427P (37 % of wtDnaK), have substitutions in

the crystallographically de®ned peptide binding
site.

Peptide stimulation of ATPase activity

One assay for proper allosteric functioning of
hsp70 proteins is polypeptide stimulation of the
steady-state ATPase activity (Braell et al., 1984;
Flynn et al., 1989; Sadis & Hightower, 1992; Jordan
& McMacken, 1995). The results from this assay
are a combination of two different phenomena,
peptide binding in the presence of ATP and pep-
tide stimulation of ATPase activity. It has also been
shown for DnaK, and hsp70 proteins in general,
that ATP reduces polypeptide binding af®nity
(Flynn et al., 1989; Liberek et al., 1991b; Schmid
et al., 1994), therefore the allosteric behavior of the
weakest binding af®nity mutants in this assay may
be dif®cult to assess. The peptide used in this
assay is NRLWLTG (NRW4) because of its high
degree of solubility. This peptide is very similar to
the peptide used in the co-crystal structure
(NRLLLTG), and has been shown to bind to
wtDnaK (Gragerov et al., 1994) and to a trypto-
phan-less mutant of DnaK with a Kd � 0.14 mM
(D.L.M. & L.M.G., unpublished data).

Figure 6(a) shows the ATPase activity of
wtDnaK as a function of peptide NRW4 concen-
tration. The activity increases sharply between 0
and 200 mM peptide and plateaus at a level of
�0.55 mol ATP hydrolyzed molÿ1 DnaK per min-
ute. The peptide stimulated ATPase activity of
K414I is also shown in Figure 6(a). The intrinsic
ATPase activity of this mutant is already higher
than wtDnaK (see Table 5), and the addition of
peptide does not signi®cantly change the activity
level. Since the peptide binding assay showed that
K414I has relatively high substrate binding af®nity
(see Table 4), it is likely that the peptide binds but
cannot stimulate this mutant. This suggests that
the K414I protein has altered allosteric interactions.
Since different peptides were used in the peptide
binding assay and the ATPase stimulation assay,
there is a possibility that K414I cannot bind the
NR4W peptide. We feel this is a small possibility
because wtDnaK can bind NRW4 and the K414I
substitution is quite distant from the crystallogra-
phically de®ned binding site.

For comparison, the NRW4-stimulated ATPase
activity of mutant F426S is shown in Figure 6(b).
The intrinsic ATPase activity of F426S is higher
than wtDnaK, but as increasing amounts of pep-
tide are added the ATPase activity increases to the
same plateau value as wtDnaK. This suggests that
the allosteric interface is not disrupted in F426S.
Interestingly, the NRW4 ATPase stimulation
titration curve of F426S is surprisingly similar to
that of wtDnaK, even though the two proteins
have considerably different af®nities (�40-fold) for
the F-APPY peptide in the absence of ATP. One
straightforward explanation is that the NRW4 pep-
tide has a similar binding af®nity for F426S and
wtDnaK in the presence of ATP. Another possi-
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bility is that there is some sequence-speci®c inter-
action between NRW4 and the F426S mutant such
that the degree of ATPase stimulation is higher
than for wtDnaK, and compensates the stimulation
curve such that it appears similar to the wt pro-
tein.

The behavior of a third mutant protein, S427P, is
shown in Figure 6(c). S427P has an intrinsic
ATPase activity similar to wtDnaK and upon
addition of peptide the activity increases slightly
but does not reach the plateau value of �0.55 mol
ATP hydrolyzed molÿ1 DnaK per minute in the
concentration range of peptide tested. This protein
is known to have weakened substrate af®nity (see
Table 4), and it is possible that minimal stimulation
is observed because only a small fraction of the
peptide is bound. Given the inconclusive nature of

the data with S427P, the mutant N451K with even
weaker peptide af®nity was not tested.

Allosteric conformational change: ATP-
induced blue shift of Trp102 fluorescence

To further examine the possibility that K414I has
a defect in interdomain communication, a second
type of allosteric assay was used. The addition of
ATP to nucleotide-free DnaK induces a blue shift
and a quench of the single tryptophan in the pro-
tein, W102, which is located in the N-terminal
45 kDa ATP binding domain (Palleros et al., 1992;
Banecki et al., 1992). This spectral change has been
shown to result from ATP binding, as opposed to
ATP hydrolysis, because an ATPase-de®cient
mutant, DnaK-T119A, exhibits the same spectral
change (Buchberger et al., 1995; Theyssen et al.,
1996). This ligand-induced blue shift has addition-
ally be shown to require the presence of about 150

Figure 6. Peptide stimulated ATPase activity of
wtDnaK and mutants. (a) wtDnaK (open circles) and
K414I (®lled diamonds). (b) wtDnaK (open circles)
and F426S (®lled triangles). (c) wtDnaK (open circles)
and S427P (®lled squares).

Figure 7. ATP-induced blue shift of Trp102 ¯uor-
escence for wtDnaK and K414I. (a) The continuous line
represents wtDnaK with no added nucleotide, the dot/
dash line represents wtDnaK with 0.48 mM ATP, the
long broken line represents K414I mutant with no
added nucleotide, and the dotted line represents K414I
mutant with 0.48 mM ATP. (b) The continuous line rep-
resents N451K mutant with no ATP added and the dot/
dash line represents N451K with 0.48 mM ATP.
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amino acid residues from the C-terminal domain.
Since a portion of the C-terminal domain in¯u-
ences the blue shift of W102, this spectral change
can be thought of as a signature of interaction
between the ATPase domain and the substrate
binding domain and hence, can be considered an
allosteric assay. Figure 7(a) shows the behavior of
K414I and wtDnaK in this ATP-induced blue shift
assay. It is useful to note that the ATP concen-
tration is 120-fold higher than the DnaK concen-
tration. Even though the steady-state ATPase
activity of K414I is three times higher than
wtDnaK, the hydrolysis is not fast enough to sig-
ni®cantly deplete the ATP concentration during
the time-course of the experiment (®ve minutes).
While wtDnaK displays the characteristic blue shift
and quench upon addition of ATP, the mutant
K414I exhibits neither phenomenon. This obser-
vation provides a second line of evidence that
K414I has a dysfunctional allosteric interface.
Figure 7(b) shows that a second mutant protein,
N451K, also does not display any change in its
tryptophan ¯uorescence upon the addition of ATP.
Mutants F426S and S427P behave like wtDnaK
(data not shown). The fact that mutant N451K is
defective in this ATP dependent spectral change
suggests that N451 may also be involved in com-
munication between domains.

ATP-induced weakening of peptide
binding affinity

A third assay was used to address proper allo-
steric function in the DnaK mutants. As a comp-
lement to the peptide-stimulated ATPase assay, it
is known that the binding of ATP can weaken the
af®nity of DnaK for polypeptide substrates (Flynn
et al., 1989; Liberek et al., 1991b; Schmid et al.,
1994). Given that ATP reduces the af®nity for poly-
peptide substrates, it should be noted that the
degree of peptide substrate release will be in¯u-
enced by the amount of DnaK in the assay. This
experiment was designed such that each mutant
was tested at concentrations where � 30-90 % of
the peptide is bound in the absence of ATP. Con-
centrations in the saturation region of the binding
isotherm were avoided because they show a smal-
ler signal change upon adding ATP. Figure 8(a)
shows a kinetic trace of the binding of F-APPY
peptide to wtDnaK and K414I after the addition of
ATP. The anisotropy value of peptide F-APPY is
used to monitor peptide binding, as it was in the
peptide binding af®nity assay (Figure 4(a)). When
ATP is added to the pre-bound mixture of wtDnaK
and F-APPY the anisotropy value drops, re¯ecting
a smaller fraction of peptide bound. Conversely,
when ATP is added to a pre-bound K414I and F-
APPY mixture, the anisotropy level does not
change signi®cantly. This is a third line of evidence
that K414I is an allosteric mutant.

Figure 8(b) shows the anisotropy level attained
by wtDnaK and each of the four mutants ten min-
utes after the addition of ATP. Upon ATP addition,

the two peptide binding site mutants F426S and
S427P show peptide anisotropy levels that are
similar to that of free peptide, suggesting that they
have normal allosteric function. At the protein con-
centrations used in this experiment the N451 K-F-
APPY complex shows a similar anisotropy value
as the S427P-F-APPY complex, but when ATP is
added the N451K does not show the same degree
of ATP-induced peptide dissociation. This inef®-
cient release of peptide in ATP is a second line of
evidence that N451K may have altered allosteric
behavior.

Figure 8. ATP-induced weakening of peptide binding
af®nity in wtDnaK and mutants. (a) Kinetics of ATP-
induced peptide release (decrease of F-APPY aniso-
tropy). Circles, wtDnaK (5 mM); �, K414I (5 mM). The
ATP (0.55 mM) was added at time zero. (b) Equilibrium
measurement of ATP-induced peptide release (decrease
of F-APPY anisotropy). The diagonal striped bars show
the anisotropy of peptide F-APPY without ATP in the
absence and presence of wtDnaK or a mutant as indi-
cated. The shaded bars show the anisotropy value that
results ten minutes after the addition of 0.48 mM ATP.
The error bars indicate the standard deviation from the
mean of three measurements. Protein concentrations
were: wtDnaK (1.0 mM), K414I (0.98 mM), F426S
(5.5 mM), S427P (30.2 mM), and N451K (60.0 mM) to
account for differences in peptide binding af®nity.
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Discussion

This study used a random mutagenesis
approach combined with a screen for in vivo func-
tion to identify mutations in the peptide binding
domain of DnaK. The single-site mutants which
are negative for bacteriophage l propagation
activity can be grouped into two categories based
on their location: (1) mutations outside of the pep-
tide binding site (K414I and N451K); and (2)
mutations in the structurally identi®ed peptide
binding site (F426S and S427P). The ®rst class of
mutations are near the edge of the b-sandwich
domain near a-helix A and have an affect on allo-
steric interactions. The data from the K414I mutant,
in particular, strongly identi®es this position in the
peptide binding domain as a key region involved
in interdomain coupling. The second class of
mutations involves residues that contribute to the
peptide binding site and display a lower substrate
binding af®nity. In the process of characterizing
these two categories of mutants, two additional
trends emerged. In a mutant that is defective in
allosteric interactions, K414I, the ATPase activity is
signi®cantly higher than wtDnaK. These data
suggest that this allosteric mutation in¯uences the
enzymatic activity of the N-terminal ATPase
domain. Lastly, it was observed that proteins with
mutations in the peptide binding site showed the
weakest ATPase stimulation by DnaJ and GrpE,
<42 % of wtDnaK, suggesting that at least one of
the co-chaperone proteins interacts with DnaK
through the structurally identi®ed peptide binding
site.

Allosteric mutations

There are several lines of evidence which lead to
the conclusion that the K414I mutant has an
altered allosteric interface between the two func-
tional domains of the protein. The ®rst line of evi-
dence is that although this protein has only
slightly altered peptide binding af®nity (� sixfold
weaker than wt), it does not display peptide stimu-
lation of ATPase activity (Figure 6(a)). Secondly,
K414I cannot perform the well-characterized ATP-
induced conformational change (Palleros et al.,
1992; Banecki et al., 1992; Buchberger et al., 1995).
Upon addition of ATP, the wtDnaK shown in
Figure 7(a) exhibits a blue shift and quench of
W102 (located in the N-terminal domain), while
the K414I mutant exhibits no change. Interestingly,
the K414 position in the wt protein was also ident-
i®ed in a protease digestion and N-terminal
sequencing study as a trypsin-accessible site which
shows an increase in accessibility in the presence
of ATP (Buchburger et al., 1995). Thirdly, addition
of ATP to K414I does not induce peptide release
(Figure 8(a) and (b)). ATP can still functionally
interact with the K414I because the measured Km

value for ATP is 0.1 mM, while that of wtDnaK is
1 mM (Kamath-Loeb et al., 1995). Finally, the
ATPase activity of K414I is considerably higher

than that of wtDnaK (Table 5). The fact that a
mutation in the C-terminal domain can in¯uence
the enzymatic activity of the N-terminal domain
implies that the interdomain interface does not
function in the same manner as in the wt protein.

The second mutant in this class, N451K, is con-
siderably more complex. Although it is not located
in the peptide binding site, it nevertheless displays
the weakest binding af®nity (Table 4). The three
techniques used to address global structural stab-
ility (CD, gel ®ltration, and DSC) all indicate that
the N451K protein is folded. The strongest line of
evidence that N451K has an allosteric defect is that
it exhibits no change in W102 ¯uorescence when
ATP is added (Figure 7(b)). This mutant addition-
ally shows a signi®cantly higher steady-state
ATPase activity (Table 5). Single-turnover analysis
indicates that the enzymatic activity comes from
two species with the larger component (79 %) hav-
ing the high single-turnover activity. Based on the
SDS-PAGE of this sample, the majority of the pro-
tein present is the 70 kDa band (Figure 5). This
band is also recognized by an anti-DnaK polyclo-
nal antibody on a Western blot (data not shown),
arguing that the higher activity comes from the
N451K mutant protein. This would be consistent
with the observation that some allosteric mutants,
like K414I, have elevated ATPase activities. More-
over, N451K exhibits less peptide release when
ATP is added than the S427P mutant (Figure 8(b)).
The weak peptide binding af®nity of this mutant
(Table 4) admittedly makes the allosteric function-
ality dif®cult to assay rigorously, yet it is also
rather intriguing that a mutation so far away from
the known peptide binding site actually has such a
dramatic effect on substrate binding in vitro. Sur-
prisingly, when assayed for l propagation in vivo,
this mutant can be rescued by overexpression of
the protein (Table 1), suggesting that the mutant
can be adjusted, perhaps by co-chaperone proteins,
into a semi-functional conformation in vivo.

The two C-terminal domain allosteric mutants
presented here show some similar traits to pre-
viously studied allosteric mutants such as E171(A,
L, K), and D201N (Wild et al., 1992; Buchberger
et al., 1994a; Kamath-Loeb et al., 1995). These two
positions are both in the N-terminal domain near
the ATP binding site, located inside the cleft
between sub-domains I and II. Mutants at the E171
position could not perform the in vivo l propa-
gation assay and exhibited the in vitro phenotypes
of: (1) elevated steady-state ATPase rates; (2) rela-
tively normal peptide binding activity, but no pep-
tide stimulation of ATP hydrolysis; (3) no ATP-
induced peptide release; and (4) no ATP-induced
conformational change. The N-terminal domain
mutant D201N showed no in vivo l propagation,
normal peptide binding but no peptide stimulation
of ATPase activity, no ATP-induced conformation-
al change, and also minimal ATP-mediated release
of GrpE from DnaK (Kamath-Loeb et al., 1995).

Previous studies, such as those on the DnaK756
mutant, have identi®ed residues in the C-terminal
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domain which may be involved in allosteric func-
tion. The DnaK756 protein is a triple mutant
(G32D, G455D, and G468D; Miyazaki et al., 1992)
which displays several of the biochemical pheno-
types observed in E171 K (Liberek et al., 1991a,b).
Notably, the positions G455 and G468 are not in
the same structural area as K414I and N451K.
G455 is on the back of the b-sandwich in b-strand
5. G468 is at the top of loop 5/6 near R467, which
is an ATP-induced conformationally accessible
trypsin cleavage site that may play a role in the
positioning of the a-helix B over the peptide bind-
ing site (Buchberger et al., 1995; RuÈ diger et al.,
1997a). The only apparent connection between
these positions and the mutants located at the edge
of the b-sandwich is that positions K414, N451,
and G468 are close to a-helical regions A and B,
suggesting that the helical domain may play a role
in allosteric function by regulating access to the
peptide binding site (the ``latch hypothesis''; Zhu
et al., 1996). Additionally, it has been shown that a
mutation, E543K, can alter interdomain communi-
cation in bovine hsp70 (Ha et al., 1997). In sum-
mary, although there are now several mutations
which disrupt allosteric functionality, there is not
as yet enough data to propose a model or map an
interaction surface between the two ligand binding
domains of DnaK. Indeed, there may be several
key positions throughout the molecule which are
necessary for correct allosteric functionality, yet are
not directly part of the contact interface between
the ATPase domain and the polypeptide substrate
binding domain.

Mutations in the peptide binding site

The mutant proteins with substitutions in the
known peptide binding site appear to have their
primary biochemical defect in peptide binding. The
crystal structure of a C-terminal fragment of DnaK
(residues 389-607) with bound peptide (NRLLLTG)
describes the structural elements involved in pep-
tide binding (Zhu et al., 1996; for a review, see
RuÈ diger et al., 1997a). The peptide is bound in an
extended conformation as deduced from trans-
ferred nuclear Overhauser experiments (Landry
et al., 1992); the leucine in position 4 of the peptide
is completely buried in a deep pocket pointing
toward the center of the b-sandwich formed by
F426, V436, I438, I401, and T403. In the F426S
mutant it is likely that this pocket loses a consider-
able amount of its hydrophobic character, which
may explain its weaker substrate binding af®nity
(�36-fold lower than wtDnaK). The bound peptide
forms seven main-chain hydrogen bonds with
DnaK residues in the binding site. S427 in wtDnaK
forms two of the seven peptide-DnaK hydrogen
bonds using its backbone atoms. Replacement of
S427 (f � ÿ 143 �) by proline (f � ÿ 60(�20) �)
would not only make one peptide-DnaK hydrogen
bond impossible to form, but also would alter the
backbone conformation of loop 3/4 as it passes
through the binding site which may disrupt

additional interactions. The net effect of S427P sub-
stitution is a dramatic weakening of substrate
binding af®nity (�270-fold).

The in vivo l propagation data are consistent
with the relative ordering of the severity of these
two mutants. F426S binds peptide more tightly
than S427P in vitro and can be partially rescued
in vivo by increasing the intracellular concentration
of F426S protein, whereas S427P cannot be rescued.
Mutation of positions F426 and S427, both pre-
viously structurally identi®ed as being critical for
peptide binding, are shown in this study to inter-
fere with both peptide binding in solution and l
replication activity in vivo. Taken together, the data
from these two mutants provide functional evi-
dence to support the structural identi®cation of the
polypeptide substrate binding site in DnaK.

Co-chaperone interactions

All of the mutant DnaK proteins were tested for
ATPase stimulation by the co-chaperone proteins
DnaJ and GrpE. The data show (Table 5) that the
proteins with the weakest co-chaperone ATPase
stimulation values (<� 42 % of wtDnaK) are also
mutated in the peptide binding site. This may
imply interaction of co-chaperone(s) with DnaK
through the known peptide binding site or, alter-
natively, that the binding site mutants cannot per-
form a particular conformational change in
response to co-chaperones.

This study does not identify which co-chaperone
interacts with the peptide binding site of DnaK,
but data supporting an interaction with DnaJ exists
in the literature. In general, DnaJ is known to
enhance the ATP hydrolysis rate of DnaK and to
stabilize peptide substrate binding to DnaK in the
presence of ATP (Liberek et al., 1991a; Langer et al.,
1992; McCarty et al., 1995; WawrzynoÂw et al.,
1995). Studies have shown that saturating concen-
trations of fragments of DnaJ (residues 1-75) in
conjunction with peptides known to bind well to
DnaK (peptide C) can stimulate the ATPase of
DnaK to similar levels as are attained with wtDnaJ
(Karzai & McMacken, 1996). This study suggests
that DnaJ interacts with the polypeptide binding
site of DnaK in the stimulation process. Additional
evidence exists that DnaJ may require a speci®c
conformational state of the N-terminal domain of
DnaK for productive interaction. Two N-terminal
domain mutations E171 K and D201N show no
ATPase stimulation in the presence of DnaJ,
although the proteins are capable of hydrolyzing
ATP in the absence of DnaJ (Kamath-Loeb et al.,
1995). The site(s) on DnaK which interact with
DnaJ are not completely established, but given that
DnaJ can in¯uence the activities of two different
domains of DnaK, it seems plausible that DnaJ
could interact with both domains.

The function of the GrpE protein is to mediate
nucleotide release from DnaK (Liberek et al., 1991a;
Wu et al., 1996; Packschies et al., 1997). Much is
known about the structural nature of the inter-
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action between DnaK and GrpE from the co-crystal
structure of GrpE (residues 34-197) and the
N-terminal domain of DnaK (Harrison et al., 1997).
The two proteins contact each other in six places,
including the loop near Gly32 in DnaK which was
previously shown to be necessary for stable bind-
ing and co-chaperone stimulation activity
(Buchberger et al., 1994b). Intriguingly, the GrpE
structure contains a very long a-helix which
extends beyond the N-terminal domain, potentially
near the C-terminal domain; however, it is cur-
rently unknown if GrpE has any functional inter-
action with the C-terminal domain of DnaK.
Further studies with the two peptide binding site
mutants, F426S and S427P, may help elucidate
whether or not co-chaperone proteins interact with
the peptide binding site of DnaK.

Materials and Methods

Reagents

Primers were obtained from Northwestern Biotechnol-
ogy Facility, Gibco BRL, and Integrated DNA Technol-
ogies, Inc. Restriction enzymes were from New England
Biolabs. Dialysis membranes were from Spectrum Medi-
cal Industries Inc. BioRad Silver Stain Plus and agarose
were purchased from BioRad. Buffers, antibiotics, IPTG,
ATP, b-NADH, phosphoenolpyruvate (PEP), and pyru-
vate kinase (PK)/lactate dehydrogenase (LDH) enzymes
were all purchased from Sigma.

Random mutagenesis

Random mutagenesis of the DnaK region bp 1214-
1402 (amino acid residues 405-468) was performed by
Mn PCR (Cadwell & Joyce, 1994). The PCR reaction was
performed using Taq polymerase (Perkin Elmer), pMS-
DnaK as a template, and primers corresponding to bp
1147-1150 (50 primer) and bp 1898-1914 (30 primer) of the
wtDnaK sequence. This �700 bp fragment was made as
a precursor to the ®nal 188 bp insert to enable con®r-
mation of restriction enzyme cleavage. The product of
the ®rst round of PCR was run on an agarose gel, gel
puri®ed, concentration estimated, and then diluted to
2 � 10ÿ10 M for use as a template for a second round of
PCR mutagenesis using the same primers. The PCR pro-
duct from the second round of mutagenesis was then
digested with NcoI and SphI to produce a 188 bp frag-
ment which was gel puri®ed and inserted into pMS-
DnaK using the same restriction sites.

Plasmid constructions

The pMS-DnaK construct was made by excising the
DnaK coding region and 50 ribosome binding site from
plasmid pJZ515 (generous gift of C. Georgopoulos) by
digestion with XbaI and HindIII and subcloning it into
the prokaryotic expression vector pMS-EH cut with the
same enzymes. pMS-EH contains a tac promoter
upstream of the multiple cloning site, and also lacIq to
produce lac repressor allowing IPTG-inducible
expression. This plasmid confers ampicillin resistance. A
pGEM-DnaK construct (pGEM-3Zf(�), Promega) was
made in a similar fashion for use in subcloning pro-
cedures.

The single-site mutant N451K arose naturally in the
mutant screen. The single mutants F426S and S427P
were made by subcloning a �100 bp NcoI-BstEII frag-
ment out of a multiple mutant and inserting it into
pGEM-DnaK at the same sites. The entire dnaK gene was
then subcloned into the pMS-EH expression vector using
XbaI and HindIII. The single mutant K414I was made by
site directed mutagenesis. A PCR fragment was gener-
ated using PFU (Stratagene), the pMS-DnaK template,
and a mutagenic primer 50NcoK414I: 50 (TAT CGA AAC
CAT GGG CGG TGT GAT GAC GAC GCT GAT CGC
GAT AAA CAC CAC) 30 and a 30 primer corresponding
to the 1475-1498 bp region of DnaK. This fragment was
cut with NcoI and SphI and inserted into pGEM-DnaK at
the same sites, and then the entire dnaK gene was sub-
cloned into pMS-DnaK using XbaI and HindIII. The
region between bp 1214-1402 (NcoI and SphI sites) was
sequenced for all four mutants using the dideoxy chain
termination method with the Oncor Fidelity sequencing
kit (Appligene).

Bacteriophage lll propagation assays

The l propagation assays were performed in BB1553
cells (MC4100 �dnaK52::Cmr sidB1) which are dnaKÿ (a
generous gift from B. Bukau; Bukau & Walker, 1990).
The l strain lKH54, which prevents lysogenization
(Sambrook et al., 1989), was used for all assays. All l
propagation assays were performed on LB plates in the
presence of 25 mg/ml chloramphenicol and 100 mg/ml
ampicillin. Bacteriophage infections were performed on
cultures of at least A600 � 1 for 20 minutes at room tem-
perature, followed by plating and growth at 30 �C. For
studies in the presence of IPTG, cells were grown to
A600 � 1 at 30 �C, IPTG was added to 50 mM and the
growth was continued for 90 minutes. The cells were
then infected with l and plated with top agar containing
50 mM IPTG. All other properties of the l assay were
performed according to standard protocols at 30 �C
(Sambrook et al., 1989).

Protein purification

Both wt and mutant forms of DnaK were overex-
pressed by IPTG induction of pMS-DnaK. The wtDnaK
was grown in BL21 cells at 37 �C. Mutant forms of DnaK
were overexpressed in BB1553 cells and grown at 30 �C.
Soluble protein extracts were prepared at 4 �C by lyso-
zyme treatment and sonication, followed by centrifu-
gation at 17,400 g for 30 minutes. All subsequent
puri®cation steps were performed at 4 �C. The wtDnaK
and the mutant N451K were puri®ed by a three column
procedure: DEAE Sepharose anion exchange, ATP-agar-
ose, and Resource Q anion exchange. Mutants K414I,
F426S, and S427P were puri®ed by a two column pro-
cedure: Q-Sepharose anion exchange and ATP-agarose.
Gel ®ltration (Tso Haas TSK-G4000 7.8 mm � 30 cm),
when performed as discussed in the text, was performed
in HMK buffer (20 mM Hepes, 100 mM KCl, 5 mM
MgCl2 , pH 7.6) at 24 �C.

Soluble protein extracts were loaded on the ®rst anion
exchange column which was equilibrated in 20 mM Tris-
HCl, 0.1 mM EDTA (pH 6.9 at 24 �C), and eluted with a
50 mM-350 mM NaCl gradient over ®ve column
volumes. Peak fractions containing 70 kDa protein were
pooled, MgCl2 added to 5 mM ®nal, and recirculated
over a 20 ml ATP-agarose column (Sigma: C-8 linkage)
pre-equilibrated in 20 mM Tris, 5 mM MgCl2, 100 mM
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NaCl (pH 7.0). The column was washed with 2.0 M
NaCl, 20 mM Tris (pH 7.0), to remove non-speci®c bind-
ing, re-equilibrated back to 100 mM NaCl, then eluted
with two column volumes of 5 mM ATP in the same
buffer. After the DnaK and ATP were rinsed from the
column, the ATP af®nity column procedure was routi-
nely repeated two more times to remove the majority of
DnaK in the extract. After use, the ATP-agarose column
was washed with buffered 4 M GuHCl to prevent cross-
contamination of proteins. The three ATP elutions of
DnaK were pooled and the ATP was removed by
repeated concentration/dilution with 20 mM Tris,
100 mM NaCl, 10 mM EDTA (pH 7.0) in a 250 ml Ami-
con ultra ®ltration cell, followed by dialysis against the
same buffer until the 260/280 nm absorption ratio was
below �0.7. Accurate measurements of optical density
were performed at low (�0.1 mM) concentrations of
EDTA.

When the 30 ml Resource Q column was run, it was
pre-equilibrated in 20 mM Tris, 0.1 mM EDTA (pH 7.0),
and eluted with a seven column volume gradient of
50 mM-400 mM NaCl. If the sample contained any
nucleotide-bound DnaK, that species eluted ®rst, closely
followed by nucleotide-free DnaK, which at high concen-
trations eluted as a doublet of peaks. The purity of all
samples is shown in Figure 5. All DnaK-containing frac-
tions were checked for 260/280 nm absorption, and only
those with ratios <0.70 were considered to be nucleotide
free and used for experiments. Pure DnaK was concen-
trated to at least �10 mg/ml and the buffer exchanged
for HMK buffer in a Centricon-10 concentrator (Amicon)
prior to quick freezing with liquid nitrogen and storage
at ÿ80 �C. An extinction coef®cient of e280 � 15.8 � 103

Mÿ1 cmÿ1 was used for wtDnaK (Jordan & McMacken,
1995) and the four single-site mutants.

Circular dichroism

Circular dichroism spectra were obtained using a
0.1 cm cuvette in a Jasco J-715 spectropolarimeter. The
collection parameters were 1 nm band width, 1 nm step
size, 10 nm sÿ1 and a four a second response time.
Experiments were performed at 24 �C in 10 mM sodium
borate (pH 9.0) at 0.1-0.2 mg/ml protein and normalized
for protein concentration.

Differential scanning calorimetry

DSC scans were performed on a MCS-DSC (Microcal)
on samples that had ®rst been dialyzed overnight
against 25 mM glycine (pH 9.0), and degassed for 20
minutes prior to loading the instrument. Buffer from out-
side the dialysis bag was loaded in the reference cell of
the calorimeter. Samples (2.5 mg/ml) were scanned at
60 �C per hour. Data were analyzed using the Origin 2.9-
DSC module (Microcal Software) and ®t using a three
transition with �Cp model, in which each transition is
modeled as a two-state transition.

Fluorescein labeling of peptide APPY

Peptide CALLQSRLLLSAPRRAAATARY (APPY) was
synthesized, puri®ed, and subjected to mass spec-
troscopy for con®rmation of molecular weight at the
Genetic Engineering Facility, University of Illinois Bio-
technology Center. For labeling, APPY was dissolved in
10 mM ammonium bicarbonate buffer (pH 7.5; buffer B)
at 14 mg/ml, checking the concentration by tyrosine

absorbance using an extinction coef®cient of 1400 Mÿ1

cmÿ1 (Creighton, 1993). APPY was initially treated with
a tenfold molar excess of DTT at 25 �C for 30 minutes to
reduce intermolecular disul®des. The DTT was removed
by gel ®ltration in buffer B on 1 cm � 25 cm column of
G-25 Sepharose (Pharmacia). Fluorescent labeling was
performed on the reduced peptide at 40 mM APPY with
a ®vefold molar excess of 5-IAF (Molecular Probes) in
buffer B at 25 �C for two to three hours with stirring, in
darkness. Excess free 5-IAF was removed by gel ®l-
tration on a 1 cm � 50 cm G-25 Sepharose column in
buffer B. Fractions containing F-APPY were pooled, lyo-
philized, re-dissolved in water, and puri®ed from minor
contaminants by reverse-phase chromatography on a
C18 column (Vydac 218TP54), monitored at 212, 274 and
492 nm. It was independently determined that ¯uoros-
cein-mercaptoethanol and reduced APPY eluted much
earlier and would be well resolved from F-APPY; how-
ever, oxidized APPY eluted much closer. In order to sep-
arate any remaining unlabeled oxidized APPY in the F-
APPY stock, samples were reduced with 1 mM DTT
prior to loading the C18 column. The primary ¯uor-
escein-labeled peptide peak was pooled, lyophilized, and
resuspended in 20 mM Tris (pH 8.5) with a maximum
solubility of � 12 mM. The overall yield was on the order
of 0.7 %. The concentration of the peptide was assumed
to be the same as the ¯uorescein concentration, which
was determined using an extinction coef®cient of
77,000 Mÿ1 cmÿ1 at 496 nm at pH 8.5 (Takashi et al.,
1979), because the ¯uorescein absorbance is pH depen-
dent.

Fluorescence anisotropy peptide binding assay

Peptide binding assays were set up and allowed to
equilibrate for several hours. The binding of F-APPY (20-
35 nM) to DnaK was found to be slow (on the order of
multiple hours at submicromolar concentrations) requir-
ing at least ®ve hours to equilibrate at 24 �C; overnight
equilibration at 4 �C gave identical binding curves. Fluor-
escence measurements were made on an Alpha Scan
Fluorometer (Photon Technology International) at 24 �C
with excitation at 492 nm, emission at 516 nm, and with
6 nm excitation, 6 nm emission slit widths. Experiments
with added ATP (Figure 8) were performed under the
same conditions; ATP was added just prior to measure-
ment.

Since there was no observed intensity change in the
¯uoroscein upon binding, the fraction of peptide F-
APPY bound to DnaK at each point in the binding curve
was calculated by the equation (Lakowicz, 1983):

% F-APPY bound � rÿ rf

rb ÿ rf

where r is the observed anisotropy of F-APPY at any
point in the binding curve, rf is the anisotropy of free F-
APPY (determined at zero [DnaK]), and rb is the aniso-
tropy of DnaK bound F-APPY (determined from the ani-
sotropy value in the plateau region of the binding
curve). The data were ®t to a quadratic single site bind-
ing equation (Reinstein et al., 1990), using the program
Kaleidagraph (Abelbeck Software).

ATPase activity

Steady-state ATPase measurements were performed
using a colorimetric assay which enzymatically couples
ADP production with NADH oxidation and also regen-
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erates ATP (Norby, 1988). Reactions were monitored
over time at 340 nm by a Hewlett Packard 8452A Diode
Array Spectrophotometer. Steady-state experiments were
performed in 40 mM Hepes-KOH, 50 mM KCl, 11 mM
Mg(OAc)2 (pH 7.6), with 1 mM DnaK, 330 mM ATP at
30 �C for 15 minutes. Background hydrolysis was sub-
tracted from each assay. The slope of the reaction (initial
reaction rate) was determined by linear regression and
divided by the DnaK concentration to determine the
turnover number. DnaJ and GrpE stimulated steady-
state ATPase measurements were made in the same
fashion, and included 1 mM each of DnaJ and GrpE (gen-
erously provided by R. Russell and R. McMacken). Pep-
tide stimulated steady-state ATPase measurements were
similarly performed. The peptide NRW4 (NRLWLTG)
was synthesized by standard solid phase methods using
F-Moc chemistry on a 9050 Plus PepSynthesizer (Milli-
pore). The peptide molecular mass was con®rmed by
mass spectrometry. NRW4 was puri®ed from minor con-
taminants on a C-18 reverse-phase column (Vydac). The
extinction coef®cient in water for NRW4 as determined
by quantitative amino acid analysis (Molecular and Cel-
lular Biology Protein Chemistry Core Facility, U. Mass.,
Amherst) was found to be e280 � 4.68 � 10 3 Mÿ1 cmÿ1.

Single-turnover ATPase experiments were as
described (Karzai & McMacken, 1996). Brie¯y, the
ATPase reaction mixture contained 2.3 mM DnaK and
430 nM [a-32P]ATP, 3000 Ci mmolÿ1 (ICN), in ATPase
buffer with 5 mM DTT at 24 �C. Samples (15 ml) were
removed at various times and quenched by the addition
of 2 ml of 1 M HCl. A small portion (1-4 ml) of each
quenched reaction was spotted on a thin-layer chroma-
tography plate of PEI (polyethyeneimine) cellulose (EM
Science). The plate was developed in a 1:1 (v/v) mixture
of 1 M formic acid and 1 M LiCl. The data were quanti-
®ed by PhosphorImager analysis (Molecular Dynamics).
Hydrolysis in the absence of added DnaK (41.5 %) was
routinely subtracted from the data. The data were ®t
using a non-linear least squares algorithm in Kaleida-
graph (Abelbeck Software) to a single exponential rate
equation of the form:

% ATP hydrolyzed � Hf�1ÿ exp�ÿk1t��
where Hf is the asymptotic hydrolysis end point, k1 is the
®rst-order rate constant, and t is the time in minutes.
Data which were not well described by a single exponen-
tial ®t were ®t by a double exponential rate equation of
the form:

% ATP hydrolyzed

� Hf ÿ �A1 exp�ÿk1t�� ÿ ��Hf ÿ A1��exp�ÿk2t��
where A1 is the amplitude of the ®rst exponential process
and k2 is the rate constant for the second exponential
process.

Km and Vmax measurements were performed using the
enzymatic colorimetric ATPase assay (Norby, 1988). The
K414I protein concentration was 1 mM in ATPase buffer
with ATP concentrations between 0.047 mM and 39 mM.
Results were plotted using the double reciprocal Line-
weaver-Burke plot.

Tryptophan fluorescence

Measurements of the ATP-induced blue shift of W102
were made in an Alpha Scan Fluorometer (Photon Tech-
nology International) with excitation at 295 nm, emission
at 305-400 nm, and with 2 nm excitation slit width, 6 nm

emission slit width. Fluorescence spectra were measured
in HMK buffer with 4 mM protein � 0.48 mM ATP at
24 �C. The optical density of 0.48 mM ATP at 294 nm is
0.014, which is below the absorbance level (50.05)
which gives rise to decreased ¯uorescence due to the
inner ®lter effect (Lakowicz, 1983).

Hydrogen bonds in peptide binding domain of DnaK

Hydrogen bonds were identi®ed using Insight II (Bio-
sym Technologies Inc.) based on the atomic coordinates
PDB 1DKX as described by Zhu et al. (1996).
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