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ABSTRACT. Hsp70-class molecular chaperones interact with diverse polypeptide substrates, but there is
limited information on the structures of different Hsp#fleptide complexes. We have used a site-directed
fluorescence labeling and quenching strategy to investigate the orientation of different peptides bound to
DnaK from Escherichia coli DnaK was selectively labeled on opposite sides of the substrate-binding
domain (SBD) with the fluorescent probe bimane, and the ability of peptides containing N- or C-terminal
tryptophan residues to quench bimane fluorescence was measured. Tryptophan-labeled derivatives of the
model peptide NRLLLTG bound with the sanfierward orientation previously observed in the crystal
structure of the DnaK(SBB)NRLLLTG complex. Derivatives of this peptide containing arginine in the
C-terminal rather than N-terminal region, NTLLLRG, also bound in the forward direction indicating that
charged residues in the flanking regions of the peptide are not the major determinant of peptide binding
orientation. We also tested peptides having proline in one (ELPLVKI) or two (ELPPVKI) central positions.
Tryptophan derivatives of each of these peptides bound with a strong preferencertrettsedirection

relative to that observed for the NRLLLTG and NTLLLRG peptides. Computer modeling the peptides
NRLLLTG and ELPPVKI in both the forward and reverse orientations into the DnaK(SBD) indicated
that differential hydrogen-bonding patterns and steric constraints of the central peptide residues are likely
causes for differences in their binding orientations. These findings establish that DnaK is able to bind
substrates in both forward and reverse orientations and suggest that the central residues of the peptide are
the major determinants of directional preference.

Hsp70 molecular chaperones participate in a variety of hydrophobic pocket at cleft site 6)( In both the NRLLLTG
protein folding events and interact with diverse polypeptide peptide and DnaK “pseudosubstrate” complexes, the peptide
substrates (see refs—3 for reviews). There is limited is bound in a similar “front-to-back”f¢rward) orientation.

information, however, on the structures of Hsp70 proteins  \ye have recently begun characterization of the interaction
in complex with different peptides. Crystallograph#) &nd of peptide substrates with HscA, a specialized Hsp70
solution NMR @) studies of the isolated substrate binding inyolved in the biogenesis of irersulfur proteins 7—10).
domain (SBD) of DnaK complexed with the synthetic HscA recognizes a specific LPPVK sequence motif of IscU,
peptide NRLLLTG have revealed that the peptide is bound an Fe-S cluster scaffold protein, and synthetic peptides
in an extended conformation in a hydrophobic cleft within containing the LPPVK sequence interact with HscA in a
the 5-subdomain of the SBD. The specificity and stability manner similar to the IscU proteid ). Surprisingly, recent
of the complex appear to arise from nonpolar interactions stydies have revealed that the IscU protein and LPPVK-
involving side chains of the peptide and hydrogen-bonding containing peptides bind to HscA in an orientation opposite
interactions involving the main chain of the peptide and that observed in the previously characterized DnaK(SBD)
DnaK residues lining the binding cleft. Selectivity appears peptide complexes. Fluorescence quenching studies using
to be greatest at a central hydrophobic pocket designatedsite-specifically labeled HscA, tryptophan-labeled IscU, and
cleft site “0", and the backbone and side chain of the central IscU-derived peptides showed that the LPPVK region binds
leucine residue bound in this position are completely enclosedto full-length HscA in a “back-to-front”everse orientation
by the chaperoned( 5). NMR studies on a fragment of the  (12). Subsequent X-ray crystallographic studies of a HscA-
DnaK(SBD) without added peptide have also shown that an (SBD)—~ELPPVKIHC complex confirmed that the peptide
unfolded segment near the truncated C-termiPfHLLH- is bound in the reverse orientation relative to DnaK(SBD)
STRY, can bind in the cleft with Leif* held in the central  peptide complexes and that the central proline residue of the
peptide (Pro4) is bound at cleft site 03]. This structure
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determi_ned by SpeCific features of the chaperones or byTable 1: Sequences of Peptides and Their Tryptophan Derivatives
properties of the peptide substrates.
In the studies described herein, we have employed a

fluorescence-labeling and quenching strategy similar to that m%‘_—t‘_—;g E“%) VV\\;NEQI'_-I'_-I'_-FIg ((vv\\//_m%) ll\\llﬁ_&;gvv\\// {N?V\C\;)
used previously with HscA to investigate peptide-binding £ ppy| (PP)  W-ELPPVKI (W-PP)  ELPPVKI-W (PP-W)

orientation by DnaK. We have tested the possible role of g pLvkI(PL) W-ELPLVKI(W-PL)  ELPLVKI-W (PL-W)
charge location by moving the arginine residue of the
NRLLLTG peptide from the N-terminal to the C-terminal
flanking region (NTLLLRG). We have also studied the ) o ]
interaction of IscU-like peptides having centrally located Mined by monitoring fluorescence changes of bimane-labeled
proline residues (ELPPVKI and ELPLVKI) to determine DPnaK—peptide complexes in response to ATP binding.
whether changes in the structure of central residues affectPeptide binding to nucleotide-fre&tate DnaK) is slow

parent N-terminal Trp C-terminal Trp

a Abbreviations used in the text are shown in parentheses.

bimane or DnaK(N458Cjbimane were incubated with
MATERIALS AND METHODS 5—20 uM peptide fa 1 h in theabsence of nucleotide to

allow peptide binding. Bimane fluorescence was monitored
over time using an excitation wavelength of 395 nm (5 nm

facility at Stanford University, purified by high-pressure Pand-pass) and an emission wavelength of 475 nm (10 nm

liquid chromatography, and analyzed by mass spectrometry.P@nd-pass) wit 2 s averaging. Fluorescence emission of
Peptide concentrations were determined gravimetrically and Préequilibrated samples was monitored for 100 s, at which
spectrophotometrically as previously describ&g)( point data acquisition was pauseq. Samples were treated with
Preparation of Bimane-Labeled DnaKhe plasmid paM2 10 4L of 10 mM ATP (100uM final concentration) and
(14) was used as a template for construction of Dnak Mixed (~10 s), and data acquisition was resumed.
mutants. The codon (TGT) for the single intrinsic cysteine Peptide ModelingModels of peptides NRLLLTG (NR)
(Cys'9) of DnaK was mutated to a serine codon (TCT) using and ELPPVKI (PP) bound to DnaK(SBD) in the forward

the QuikChange technique (Stratagene). The plasmid incor-a”d reverse orientations were constructed using the DnaK-
porating the TGT— TCT substitution was then used as a (SBD)-NRLLLTG cocrystal structure (PDB accession 1DKZ,

template to introduce unique cysteine codons corresponding(4)) s a template. Protein structures were aligned using
to residue positions 425 or 458, and mutations were CCP4 suite Z0), and peptide structures were manually

confirmed by DNA sequencing (Laragen, Inc.). The double Manipulated using FRODQQ). Energy minimizations of

mutant proteins containing the G§s—~ Sef® and Vaf?> — isolated and DnaK-bound peptides were performed using
Cys'?5 or Cyd5 — SefS and Asr{®® — Cys's8 were desig- CNS @22). A detailed description of modeling methods and

nated DnaK(V425C) and DnaK(N458C), respectively, and fiIes.containing the atomic coordinates of DnaK(SErD)
were expressed and purified as described previously for wild- PEPtide model complexes are provided as Supporting Infor-
type DnaK (L5). Bimane labeling was carried out and ™Mation. .

quantified as described for HscA cysteine mutartt).( Other MethodsFluorescence emission spectra were cor-

Labeling stoichiometries of 0-71.1 mol bimane/mol Dnak ~ ected for dilution and integrated using Excel, and curve
were obtained, consistent with specific labeling of the single fitting was performed using Kaleidagraph (Synergy Soft-
cysteine residue. we}re). ATPase assays were performed in triplicate &5
Steady-State Fluorescence Measuremeiisorescence  USing the EnzChek kit (Molecular Probes) and.25 Dnak
measurements were recorded using a Cary Eclipse fluoresi" the absence or presence of peptide{800uM) in HKM

cence spectrophotometer (Varian, Inc.). Samples containedPUffer supplemented with 0.5 mM ATPLY). Graphical

1 uM bimane-labeled DnaK(V425C) or DnaK(N458C) in representations of DnaK _structures and Dnadeptide

50 mM HEPES, 150 mM KCI, and 10 mM MgglpH 7.5~ Models were generated using VM23).

(HKM buffer), at 25 °C. For peptide binding titrations,

samples contained 0.5 mM ATP to facilitate rapid peptide RESULTS AND DISCUSSION

binding (16—18), and repetitive measurements were per- Experimental RationaléVe have employed a site-specific

formed to verify equilibration. Emission spectra from 420 fluorescence labeling and quenching strategy to assess the

to 520 nm (10 nm band-pass) were recorded using anpreferred peptide binding orientation of DnaK. This method

excitation wavelength of 395 nm (5 nm band-pass). Titrations takes advantage of quenching of the fluorescent probe bimane

were performed 23 times with similar results, and repre- by tryptophan, a process that involves collisional contact

sentative experiments are presented in Figure8. Peptide between the bimane excited state and the indole ring of

concentrations are reported as the total peptide present, anttyptophan 24). Bimane quenching has been used previously

binding constants reported are therefore appdfenalues. to examine short-range interactions in proteins and protein

However, because titrations employed low concentrations of complexes 25), as well as to determine the preferred

DnakK, the apparent values are close approximations to thesubstrate-binding orientation of HscAZ).

dissociation constants. Because of the slow ATPase activity To identify potential bimane labeling sites of DnaK that

of DnaK and weak peptide stimulation, we estimate that less might selectively interact with N- or C-terminal residues of

than 1% of the ATP present was hydrolyzed over the coursebound peptides, we examined the crystal structure of the

of each titration £60 min; see Table 1 for rate constants). DnaK(SBD)}-NRLLLTG complex @) for surface residues
Measurement of ATP-Induced Peptide Rele@ke.nucle- located near the flanking regions of the peptide-binding cleft.

otide dependence of Dnatpeptide interactions was deter- In the standard view shown in Figure 1, the N-terminus of

Synthetic Peptide®eptides ¥ 95% purity) were synthe-
sized by the Protein and Nucleic Acid (PAN) Biotechnology
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Ficure 1: Structure of the DnaK(SBBD)NRLLLTG complex (adapted from ref). The peptide backbone of DnaK is illustrated in cartoon
form (gray), and the NR peptide is shown as a stick structure (green). Sites chosen for mutagenesis to cyst&irad\Asii°®) for
bimane labeling are indicated as space filling models (red).aFhelical lid subdomain of the SBD (residues 508)7) has been omitted
in the side view. Graphical representations were generated using \28)D (

the peptide is closest to the viewer on the “front” side of the
SBD and the C-terminus is on the “back” side. The side view
of the f-subdomain shows that the N- and C-termini of the

Table 2: Peptide Stimulation of DnaK ATPase Actiity
fold stimulation

peptide lie at the ends of the cleft close to the protein surface. basal activity +NR +NT +PP +PL
Val*?®> and Asrt®® on the front and backsides of DnaK, wild-type DnaK 0.022t 0.0005min! 3.6 3.9 2.6 2.6
respectively, are positioned close to the peptide termini and DnaK(v425C) ~ 0.015: 0.0001 min* 3.6 40 34 3.2

DnaK(N458C) 0.01G£ 0.0001 min* 2.7 3.0 1.8 1.9

appeared to provide suitable sites for attachment of bimane
labels for possible interaction with peptide derivatives having
tryptophan at the N- or C-terminus.

Four sets of peptides and their derivatives were selected
for study (Table 1). NRLLLTG (NR) was chosen because
its orientation when bound to DnaK(SBD) has been well-
established in the crystalline state by X-ray diffraction
methods 4) and in solution by NMR method®). Deriva-
tives of the NR peptide having tryptophan at the N- or

aBasal activity is expressed as (mol ATP hydrolyzed/mol DnaK)/
min. Fold stimulation values correspond to the increase in activity
elicited by addition of NR or NT peptide (5M final concentration)
or PP or PL peptide (200M final concentration).

mutations introduced. C¥% is positioned close to the
nucleotide-binding site in Dnak2{), and replacement of
the homologous cysteine of bovine Hsc70 with lysine or
arginine has been reported to reduce ATPase acti2y. (

C-terminus, designated W-NR and NR-W, respectively, were To further assess possible effects of the EySer, Val—
used for fluorescence-quenching studies. A related peptide,Cys, and Asn— Cys substitutions on the functional proper-
NTLLLRG (NT), in which the positions of the arginine and ties of the DnaK(V425C) and DnaK(N458C) mutants ,we
threonine residues of the NR peptide are interchanged, wasmeasured intrinsic rates of ATP hydrolysis and stimulation
chosen to assess the effect of charge distribution on bindingby the NR, NT, PP, and PL peptides (Table 2). The basal
orientation, and tryptophan derivatives of NT (W-NT and ATPase activities of both DnaK(V425C) (0.015 mipand
NT-W) were used for quenching studies. Two proline- DnakK(N458C) (0.010 min') were reduced somewhat com-
containing peptides, ELPPVKI (PP) and ELPLVKI (PL), and pared to that of wild-type DnaK (0.022 mi#), and the
their tryptophan derivatives were also chosen to assessobserved decreases in catalytic activity may result from
possible effects of the central residues on directional binding replacement of Cy8 with serine and/or substitution of
preference. The PP peptide binds to HscA in the reversecysteine at positions 425 or 458. The ATPase activity of both
orientation (2, 13 and thus allows direct assessment of mutants, however, was enhanced by each of the peptides to
whether substrate-binding orientation is determined primarily an extent consistent with previous studie¢10-fold, see

by properties of the peptide substrate or by structural featuresl, 2, and references therein). The stimulation of DnaK-
of the chaperone. The PL peptide has a leucine residue in(V425C) varied from 3.2- to 4.0-fold with different peptides
the central position similar to the NR and NT peptides and and from 1.8- to 3.0-fold for DnaK(N458C). The values for
thus allows assessment of the relative importance of the DnaK(V425C) are similar to those observed with wild-type

central residues in determining binding orientation.
Characterization of DnaK Mutant3he single endogenous
cysteine (Cy¥) of DnaK was replaced with serine, and ¥l

DnaK (2.6- to 3.9-fold), but the values for DnaK(N458C)
are lower, an effect that may result from the lower affinity
of this mutant for peptides (see Figures®. The finding

and Asi*®were separately replaced with cysteine to generate that the activity of both mutants was enhanced by each
the mutants DnaK(V425C) and DnaK(N458C) having unique peptide, however, suggests that both forms retain allosteric
bimane-labeling sites. Both mutants exhibited chromato- activation and interact with these substrates in a manner
graphic behavior, far-UV CD spectra, and ATP-induced similar to wild-type DnaK protein.

changes in intrinsic tryptophan fluorescen26) very similar Interactions with NRLLLTG PeptideShe affinity of

to that of wild-type DnaK (data not shown), indicating that DnaK for peptide substrates and the kinetics of peptide
there were no major structural changes as a result of thebinding and release are nucleotide-dependent, with nucle-
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Ficure 2: Effects of NRLLLTG (NR) peptides on the fluorescence g 30
of bimane-labeled DnaK. Emission spectra of samples in HKM 3
buffer containing 0.5 mM ATP were recorded following successive O 20
additions of NR, W-NR, or NR-W (274 M final concentrations). a2
The uppermost spectrum for each sample was recorded prior to 44
addition of peptide.

otide-free and ADP (R-state) complexes exhibiting higher 0
substrate affinity and slower exchange rates than the bnaK .
ATP (T-state) complex16—19, 29. As expected, on the peptide, uM

basis of previous studies, bimane-labeled DnaK mutants in FiGure 3: Binding of NRLLLTG (NR) peptides to bimane-labeled
the absence of nucleotide exhibited very slow peptide-binding Pnak. Fractional quenching values determined from the integrated

o . o . : emission intensities in Figure 2 were plotted versus peptide
kinetics, with equilibration times umtl h (data not shown). concentration and fit to hyperbolic saturation functions to determine

For this reason, we performed all peptide titrations in the apparentky and maximal quenching. DnaK(V425€himane:
presence of ATP to facilitate rapid peptide binding. Emission +W-NR (O) KPP = 13 uM (max = 43%); +NR-W (M) KPP =
spectra of bimane-labeled DnaK(V425C) and DnaK(N458C) ?Npill\g égﬁg;i?@; i\lvaN(a)(gc)ﬁTz jppﬁ M'\go(ml?/lx(:mg?)- ?ggl/*;-

in the presence of increasing concentrations of the NR, ne. v T eD U o7
W-NR, and NR-W peptides are shown in Figure 2. The ;,\'}'?r}lvgx(:) 1'(2"(;3_ 19.uM (max = 64%); +NR (a) Kf?P =17
fluorescence of front side-labeled DnaK(V425@®@jmane

was efficiently quenched by the W-NR peptide, whereas NR  The binding affinity of the NR peptides for the DnaK
and NR-W caused only small changes in fluorescence bimane derivatives and the maximal quenching values for
intensity. The difference in quenching efficiency of the each of the peptides were determined by plotting the
W-NR and NR-W peptides indicates that binding favors an integrated emissions shown in Figure 2 versus the concentra-
orientation in which the N-terminus of the peptide is tion of added peptide (Figure 3). For bimane-labeled DnaK-
positioned close to residue 425 of DnaK on the front side of (V425C), all three NR peptides bound with similar affinity
the SBD. Backside-labeled DnaK(N458&)imane, in con- (Ks2PP = 4—13 uM), indicating that the presence of tryp-
trast, was quenched most efficiently by the NR-W peptide, tophan at the N- or C-terminus does not significantly alter
with NR and W-NR causing smaller decreases in fluores- binding interactions. For DnaK(N458€pimane, the affini-
cence. This result indicates that the C-terminus of the boundties observed were slightly loweK{*? = 17—20 uM), and
peptides is close to residue 458 of DnaK on the backside of the bimane label attached at position 458 may be sufficiently
the SBD. The findings with both front- and backside-labeled close to the peptide cleft to cause some degree of interference
DnaK are in agreement with the forward orientation of the with peptide binding. The binding affinities observed for both
NR peptide bound to DnaK(SBD) observed in the crystal- mutants are in general agreement with the previously
lographic @) and solution NMR %) studies. The finding that  published range a&25—-85 uM for NR peptide derivatives
the NR peptide is bound in the same direction in the full- binding to DnakATP (16, 17, 30, 31 consistent with the
length DnaK derivatives studied here as was observed in theexpected mode of binding. Comparison of the calculated
isolated DnaK(SBD) fragments suggests that directional maximal quenching values observed for the N- and C-
binding preference is determined primarily by interactions terminal tryptophan derivatives indicates tke20% of the
within the SBD and is not affected by the ATPase domain. NR peptides were bound in the forward orientation for both
Furthermore, these findings indicate that neither introduction the DnaK(V425C)-bimane and DnaK(N458C)himane

of the bimane label nor addition of tryptophan to the peptide forms.

termini results in an alteration of the preferred binding  Effect of Charge Location on Peptide-Binding Orientation.
orientation of this peptide. DnaK favors binding of peptides containing nonpolar

0 10 20 30 40 50 60 70 80
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N-terminal tryptophan derivative W-NT, and that of backside
labeled DnaK(V458Cjybimane was quenched most ef-
fectively by the C-terminal tryptophan derivative NT-W. As
with the NR peptides, the maximal quenching values
observed suggest that90% of NT peptides are bound in
the forward orientation. The finding that the forward binding
direction is strongly preferred whether arginine is located
on the N- or C-terminal flanking region suggests that charge
distribution within the peptide is not the major determinant
of directional binding preference. In addition, the peptide-
binding affinities observed£4—10uM) for DnaK(V425C)-
bimane and£20—30xM) for DnaK(N458C)-bimane were
0O 10 20 30 40 50 60 70 80 very similar to those observed for NR peptides suggesting
peptide, uM that charge location does not have a substantial effect on

binding affinity. This is consistent with previous studies that
DnaK(N458C)-bimane found the peptide NRLLLRG to bind DnaK with higher
affinity than NRLLLTG (34) and indicates arginine residues
are capable of making favorable interactions with either side
of the DnaK substrate binding domain.

Interactions with Proline-Containing Peptidds.contrast
to the findings with the NR and NT peptides binding to
DnaK, similar studies with HscA on the interaction of
peptides containing the central recognition motif LPPVK
showed that these peptides bind in a reverse, back-to-front,
orientation {2). Crystallographic studies of a HscA(SBD)
ELPPVKIHC complex 13) confirmed this binding orienta-
tion and revealed that peptide residue Pro4 is bound in a
. hydrophobic pocket at cleft site O similar to peptide residue

peptide, pM Leu4 in the DnaK(SBDYNRLLLTG complex @). The

Ficure 4. Binding of NTLLLRG (NT) peptides to bimane-labeled presence of proline residues and the reverse orientation of
DnaK. Emission spectra were recorded and analyzed as in Figureihe peptide resulted in slight shifts in the peptide main- and

3 to determine apparery and maximal quenching. Dnak- P : . : : _
(V425C)-bimane: +W-NT (O) K& = 10 uM (max = 44%); side-chain positions as well as differences in hydrogen

40 | DnaK(v425C)-bimane

30

20

% Quenched

10

% Quenched

0 10 20 30 40 50 60 70 80

+NT-W (W) KPP = 6 uM (max = 10%); +NT (a) K@= 4 uM bonding and electrostatic interactions between the peptide
(max = 5%). DnaK(N458C)-bimane: +W-NT (O) K4 = 20 and the chaperone compared to that of the DnaK(SBD)
uM (max = 19%); +NT-W (l) KPP = 23 uM (max = 66%); NRLLLTG complex.

TNT (a) KPP = 30 uM (max = 15%). To investigate the effect of the structure of the central-

peptide residues on substrate-binding orientation, we char-

residues in the central region flanked by basic resid82s ( cterized the interaction of bimane-labeled DnaK with two
33). Consistent with these findings, the crystal structure of proline-containing peptides. We first tested derivatives of

the DnaK(SBD) NRLLLTG complex revealed that the he peptide ELPPVKI (PP) found to bind in the reverse
central portion of the binding cleft is hydrophobic and that qientation to HscA. Figure 5 shows analyses of titrations
the nearby exterior regions have a negative electrostaticyf pnak(v425C)-bimane and DnaK(N458Chimane with
potential ¢). However, the electronegative surface potential {he pp, W-PP, and PP-W peptides. In contrast to findings
of the cleft region is greater on the backside where the yith the NR and NT peptides, front side-labeled DnaK-
negatively charged C-terminus of the peptide is located, and(425C)-bimane was quenched most efficiently by the
the positively charged arginine residue and N-terminus of C_terminal tryptophan peptide (PP-W), and backside-labeled
the peptide are located on the less electronegative front sidepnak (N458C)-bimane was quenched most efficiently by
of the cleft. These observations suggest that electrostaticthe N-terminal tryptophan peptide (W-PP). These results are
effects may not be important factors in determining binding the opposite of those observed with the NR and NT peptides
orientation. To investigate possible effects of substrate chargegnd indicate that PP peptides bind with an orientation
distribution on binding direction, we studied the interaction reversed compared to that of NR and NT peptides. The
of bimane-labeled DnaK with tryptophan derivatives of the difference in quenching efficiency between the N- and
NT peptide in which the basic arginine residue is located in C-terminal tryptophan derivatives indicates a stron§@%o)

the C-terminal flanking region rather than the N-terminal preference for the reverse binding direction for the PP
region as in the NR peptide. Titrations of DnaK(V425C)  peptides. The apparent binding affinities observe@—
bimane and DnaK(N458C)himane with NT, W-NT, and ~ 200xM), however, are somewhat lower than those observed
NT-W peptides were carried out as described for the NR for the NR and NT peptides. Binding of peptides containing
peptides, and analyses of the integrated emission intensitiesacidic residues in the flanking regions to DnaK is moderately
versus peptide concentration are shown in Figure 4. Thedisfavored 82, 33, and some of the decrease in affinity may
results are very similar to those obtained with the NR be a result of unfavorable interactions between the negatively
peptides (Figure 3); fluorescence of front side-labeled DnaK- charged glutamate at the peptide N-terminus and the negative
(V425C)y-bimane was quenched most effectively by the potential near the DnaK substrate-binding cleft. However,
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Ficure 5. Binding of ELPPVKI (PP) peptides to bimane-labeled Ficure 6: Binding of ELPLVKI (PL) peptides to bimane-labeled
DnaK. Emission spectra were recorded and analyzed as in FigureDnaK. Emission spectra were recorded and analyzed as in Figure
3 to determine appareny and maximal quenching. Dnak-

(V425C)-bimane: +W-PP ) KPP ~ 18 uM (max = 5%);
+PP-W @) KPP = 77 uM (max = 26%); +PP @) not fit, max
~ 3%. DnaK(N458C)-bimane: +W-PP ©) K4°P= 200uM (max
= 17%); +PP-W @) KPP = 45 uM (max = 7%); +PP @&) KPP

3 to determine apparerky and maximal quenching. DnaK-
(V425C)y-bimane: +W-PL (O) Kg#PP = 16 uM (max = 7%);
+PL-W (W) Ks2PP = 37 uM (max = 46%); +PL (a) not fit, max
~ 2%. DnaK(N458C)bimane: +W-PL (O) KP= 260uM (max
= 37%); +PL-W (M) K = 105uM (max = 17%); +PL (a)

= 40 uM (max = 6%). Kg2PP = 170 uM (max = 11%).

it seems unlikely that Glul is the dominant factor determining ficiently by the N-terminal tryptophan peptide (W-PL). Thus,
peptide-binding orientation, because the pseudosubstratehe PL peptides, like the PP peptides, bind to DnaK with an
DHLLHSTR contains an acidic residue in the corresponding orientation opposite that of the NR and NT peptides. The
position (Asp1) and binds DnaK in the forward orientation preference for the reverse binding direction, however, does
(6). Binding of proline-containing peptides to DnaK is not appear to be as great for the PL peptides as for the PP
disfavored compared to typical DnaK substrat8g, (33,  peptides, and some differences were observed in the degree
and stereochemical constraints imposed by the central prolineyt girectional preference between the front and backside
residues of the PP peptides and/or loss of hydrogen bonds,;mane-labeled forms of DnaK. For DnaK(V425@)imane,
could affect the stability of the complex and alter the the PL-W, W-PL, and PL peptides gave calculated maximal

g!ﬁgagn%rp{ﬁ;e@rﬁ% I:f? dlow_ﬁlm?égfg narié(l\éé)lSS::)t. de guenching values of 46% versus 7% an@%, respectively,
: o lgu Pept corresponding te=9:1 preference for the reverse orientation.
suggests that unfavorable steric interactions between the

bi : . ., For DnaK(N458C)bimane, the PL-W, W-PL, and PL
imane label and Trp side chains may occur when the peptide id lculated imal hi | £ 170
is bound in the reverse orientation, but these steric clashesDePtI es gave calculate maximal quenching values o ?
do not appear to alter binding orientation. versus 11% and'37%, respectively, corresponding to a

To determine whether the reverse binding orientation SCMewhat less stringeny.7:1) preference for the reverse
observed with the PP peptides was due solely to the presencd"i€ntation. As was observed with the W-PP peptide, Dnak-
of proline in the central position, we tested similar peptides (N458C)-bimane exhibited a decreased affinity for W-PL
having a leucine residue at this location (PL, W-PL, and PL- relative to the other two peptides, again raising the possibility
W). Figure 6 shows analyses of titrations of DnaK(v425C)  Of steric clashes between the bimane label and C- or
bimane and DnaK(N458CG)bimane with these derivatives. ~N-terminal Trp residues. These unfavorable steric interactions
As found for the PP peptides, front side-labeled DnaK- only occur when the peptide is bound in the reverse
(V425C)-bimane was quenched most efficiently by the orientation and may account for the small differences in
C-terminal tryptophan labeled peptide (PL-W), and backside- directional preference observed between front- and backside-
labeled DnaK(N458Cjybimane was quenched most ef- labeled DnakK.
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The results with the PP and PL peptides establish that DnaK(V425C)-bimane
DnaK substrate-binding orientation is peptide sequence-

dependent and suggest that proline residues in particular can 1 _+_N_R_ o _+\iv-_N_R o _J'_N_R'W_ o

result in an alteration in binding direction. The presence of o Wit | st

a single proline near the central region appears sufficientto  g,| I S, -

favor binding in the reverse orientation, and the occurrence §

of two adjacent proline residues strongly favors binding in § 80f +ATP +ATP +ATP

the reverse orientation. 2 ) _
Nucleotide Effects on Peptide Bindino determine S 7of Tminy 1miny 1 min

whether bimane-labeled DnaK derivatives retain nucleotide- i

dependent allosteric regulation of substrate affinity and to 8 +PP +W-PP +PP-W

observed in the R (nucleotide-free)- and T (ATP-bound)- &*

determine whether the same peptide-binding orientation is £ 1% sy e — - - - whtwms - - - - - -~
states, we also measured peptide-induced quenching in the *

absence of ATP. The slow kinetics of substrate binding to ok *ATP *ATP FATP
R-state DnaK precluded titrations such as those carried out 1 min. 1 min. 1 min.
in the presence of ATP (Figures-B), and experiments were 70 —_— —_ —_
instead conducted using a single concentration of each DnaK(N4580)-bimane

peptide. Nucleotide-free Dnakbimane derivatives were W NR TNRW

equilibrated with concentrations of peptide near or below 100 i, oo o T

the K4 value for ATP-bound DnaK and were incubated for
1 h to allow peptide binding. Fluorescence emission was then  8or w———
monitored at 475 nm for 100 s prior to and following sok +
treatment with 100uM ATP. Figure 7 presents results +ATP TATP
obtained using the NR and PP peptide derivatives. In each i

1 min. 1 min

case, addition of ATP resulted in increased fluorescence (i.e.,
a reduction of peptide-mediated quenching), consistent withlf
rapid release of the peptide substrate. The difference ing S 100 +W'PP +PPW
peptide-binding affinity in the absence and presence of ATP

is also apparent when comparing the extent of initial 80f

“m
quenching by each of the peptides in Figure 7 (i.e., prior to ool f
ATP addition) with that observed at similar peptide concen- +ATP +ATP ATP
trations in the titrations carried out in the presence of ATP 40 )
(compare Figures 3 and 5). These results are consistent with Tminy Lming 1 ming

20}
the expected higher binding affinity of the peptides for the .

; FIGURE 7: ATP-induced peptide release from bimane-labeled
R-state (nucleotide-free) than for the T-state (ATP complex) DnaK(V425C) and DnaK(Np4£F3)8C) Fluorescence emission of pre-

and indicate that both DnaK(V425€b|mane and DnaK- equ”'brated Dna}‘epepnde Complexes (DnaK/ﬂM W-NR, NR-
(N458C)-bimane retain the allosteric interactions indicative W, or NR, 5uM; W-PP, PP-W, or PP, 20M) was monitored at
of specific binding to the DnaK SBD. 475 nm for 100 s before and after addition of 10@ ATP. The

The fluorescence emission intensities observed in FiguredaShed lines (100%) indicate the level of fluorescence intensity prior

7 prior to ATP addition also show that the NR and PP X)T%dggggoog gﬁ)pr;rg e. Data have been corrected for the effects of

peptides exhibit the same preference for binding orientation

to the R-state as observed for the T-state. For DnaK- reverse direction; data not shown). These findings indicate
(V425C)-bimane, the W-NR peptide was more effective at that for both forward- (NR and NT derivatives) and reverse-
guenching than the NR-W or NR peptides, consistent with bound (PP and PL derivatives) peptides the preference for
positioning of the N-terminus of the bound peptide on the binding orientation is retained whether DnaK is in the R
front side of the DnaK SBD, that is, the same forward (nucleotide-free) or T (ATP complex) conformation.
orientation as was observed in the presence of ATP (Figures Structural Basis of Peptide-Binding OrientatioThe

2 and 3). In contrast, the PP-W peptide was a more effectiveresults presented herein establish that DnaK can bind peptides
quencher than the W-PP or PP peptides, consistent within both the forward and reverse orientations and that the
positioning of the C-terminus of the bound peptide on the direction of peptide binding depends on the identity of the
front side of the DnaK(SBD), that is, the reverse orientation residues in the central region of the peptide. To gain insight
as was observed in the presence of ATP (Figure 5). Theinto structural features of different Dnalpeptide complexes
results with the DnaK(458C)bimane derivative yield the  that might influence substrate binding orientation, we
same conclusions. In this case, the NR-W and W-PP peptidesexamined the structure of the DnaK(SBENRLLLTG
were the most effective at quenching, as expected, for bindingcomplex and modeled both the NR and PP peptides into
of the NR peptides in the forward direction and the PP DnaK(SBD) in both orientations. For interaction of the NR
peptides in the reverse direction. Similar experiments were peptide with DnaK(SBD) in the forward orientation, no
also performed with the NT and PL peptides and both modeling was necessary, as this complex has been studied
DnaK—bimane derivatives and yielded comparable results extensively by both X-ray crystallographg)(and solution
(rapid ATP-induced peptide release, binding of NT peptides NMR methods %). When the NR peptide is bound in the
in the forward direction, and binding of PL peptides in the forward orientation, the peptide backbone of the three central

orescence
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leucine residues makes four hydrogen bonds to DnakK, (a) Ala429 Metd04
resulting in all but two of the potential hydrogen bonds of ’L

the central residues being satisfied (see Supporting Informa-
tion, Figure S1). Because of the hydrophobic nature of the
binding pocket, these bonding interactions may constitute a
significant energetic contribution to peptide binding, and
previous studies have indicated that the hydrogen-bonding
network in Dnak-peptide complexes may dictate substrate
directionality @5).

A computer-generated model of DnaK complexed with
the NR peptide in the reverse orientation was produced by
manual rotation of the peptide in the binding pocket followed Ser427
by energy minimization. Examination of the potential bond-
ing interactions between the NR.s peptide and DnaK
reveals that the majority of peptide backbone hydrogen bonds
are lost compared to the DnaK(SBBNRsomarg COMplex (see
Supporting Information, Figure S1). In the reverse orienta-
tion, only two peptide backbone atoms are in position to form
hydrogen bonds with the protein, resulting in four unsatisfied (b
backbone hydrogen-bonding groups in the central three
residues of the peptide. The DnaK(SBENRsmwarg and
DnaK(SBD)}NReversscOmMplexes have similar hydrophobic
contacts in the peptide binding cleft, and therefore, differ-
ences in backbone hydrogen-bonding interactions may be
the key factors in determining directional preference.

Computer modeling with the PP peptide provided insight
into the possible structural basis for the experimentally
determined binding preference for this peptide as well. The
DnaK(SBD)-PReversemodel was generated by superposition
of the 5-subdomains of DnaK and HscA and positioning the
PP peptide from the HscA(SBBELPPVKIHC structure
(13) in the aligned DnaK protein followed by energy
minimization. Two views of the DnaK(SBDB)PP complex
are shown in Figure 8. In the reverse orientation, the peptide
can be accommodated in the binding cleft without significant
steric interference, and three of the four possible backbone
hydrogen bonds between the central residues of the peptide-cre8: (a) Computer generated models of the peptide ELPPVKI
and DnaK are satisfied. The side chain of Pro4 at the central(PP) bound to DnaK in the forward and reverse orientations.
position is smaller than the corresponding leucine residue Residues 400411 and 425435 of DnaK(SBD) 4) are shown as
found in the NR peptide, and this results in the peptide both stick models (carbon, cyan; oxygen, red; nitrogen, blue; sulfur,

. o . .. yellow) and transparent space filling representations (gray). The
backbone being positioned somewhat lower in the binding peptide is modeled in forward (yellow) and reverse (green)

cleft. For these reasons, the DnaK(SBiP)ReverseCOMpIEX  orientations with the side chain of P4 superimposed in the central
has different bonding interactions from those seen in the hydrophobic pocket of the binding cleft. (b) Computer generated

DnaK(SBD)-NReversecOmplex. The altered positioning of ~ model of the PP peptide bound to DnaK in the reverse orientation,
the peptide backbone due to the presence of proline residued/ith potential hydrogen bonds shown as dashed lines (coloring
- - scheme is as in panel a with the exception that peptide carbon atoms
a_nd _the ability to form hydrogen bonds may cpntrlbute 10 Lre green). See text for discussion.
binding of the PP peptide in the reverse orientation, whereas
the NR peptide binds in the forward orientation. revealed that the steric clash of Pro3 and the protein
To examine how the PP peptide would fit in the peptide- backbone could not be avoided unless thea@gles of the
binding cleft of DnaK in the forward orientation, we modeled peptide are rotated to a high-energy conformation (rmsd of
the peptide using the DnaK(SBBPReverse model as the 1.8 A compared to the energy minimized peptide). These
initial template. To generate the DnaK(SBERRomward results suggest that the geometrical restrictions of the proline
model, the peptide was rotated £80hile maintaining the residues located in the central region of the peptide restrict
position of Pro4. Rotation of the peptide into the forward the peptide conformation to one that allows only the reverse
orientation resulted in significant steric interference between orientation as observed in the HscA(SBteptide structure
Pro3 and the protein backbone near residue Ser427 (Figurg13).
8a). The B-factors{12—13) for the backbone atoms of Summary.The findings presented herein establish that
Ser427 in the DnaK(SBD) crystal structure indicate low DnaK is able to bind substrates in both forward and reverse
mobility in this region @), suggesting that the protein orientations, and the modeling studies suggest that differences
backbone may not be able to move sufficiently to alleviate in hydrogen-bonding patterns and steric constraints imposed
such interference. Energy minimization of the DnaK(SBD) by central residues of bound peptides are key determinants
PRorwara model in which Pro4 is fixed in the binding pocket of directional preference. The ability of DnaK to accom-

Phe426

Met404
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modate peptides with different sequences by binding them
in opposite orientations could serve to broaden the substrate
repertoire of DnaK and thereby enhance its role as a general
stress response chaperone. Binding of peptides in forward

and reverse orientations could also have important functional 15.

consequences for other Hsp70 chaperones, and subsets of
polypeptide substrates may bind in a specific orientation as
required for participation of the chaperone in a particular
cellular process. Studies on the interaction of additional

peptide sequences with other Hsp70s will be required to 17.

elucidate the rules governing substrate recognition and
binding orientation. 18
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