13862 Biochemistry1998,37, 13862-13870

Conformational Changes of an Hsp70 Molecular Chaperone Induced by
Nucleotides, Polypeptides, amntiEthylmaleimidé

William J. Chirico,** Micheline L. Markey$ and Anthony L. Fink

Department of Anatomy and Cell Biology, State &¢msity of New York Health Science Center at Brooklyn,
Brooklyn, New York 11203, and Department of Chemistry and Biochemistryetdity of California,
Santa Cruz, California 95064

Receied March 17, 1998; Résed Manuscript Receéd August 3, 1998

ABSTRACT. Hsp70 molecular chaperones are highly conserved ATPases that guide the folding and assembly
of proteins in many cellular pathways. They use the energy of ATP binding and hydrolysis to regulate
their interactions with hydrophobic regions of unfolded proteins. The activities and the conformations of
the N-terminal nucleotide- and C-terminal polypeptide-binding domains of Hsp70s are coupled. We recently
reported that the sulfhydryl-modifying reagevethylmaleimide (NEM) inactivates the yeast Hsp70 Ssalp

by reacting with its three cysteine residues which are located in the nucleotide-binding domain. To further
characterize conformational changes associated with interdomain coupling and to determine whether NEM
alters Ssalp’s conformation, the structures of Ssalp and NEM-modified Ssalp (NEM-Ssalp) were compared
using a variety of biophysical techniques. Size exclusion chromatography revealed that NEM-Ssalp is
more oligomeric and more resistant to nucleotide- or polypeptide-dependent depolymerization than Ssalp.
Measurement of the thermal stability indicated that NEM modification has an effect very similar to that
of binding of nucleotides to the unmodified protein. Circular dichroism demonstrated small differences
in the secondary structure of Ssalp and NEM-Ssalp, and in their complexes with nucleotides. NEM
modification increased the ANS fluorescence of Ssalp and exposed numerous trypsin-sensitive sites in
its nucleotide-binding domain. The intrinsic fluorescence of Ssalp’s only tryptophan residue, which is
located in a C-terminadi-helical region adjacent to the polypeptide-binding cleft, was quenched in the
presence of ATP, but not ADP. NEM maodification altered nucleotide-dependent changes in the intrinsic
fluorescence of Ssalp. Together, these results demonstrate that NEM alters the conformation of Ssalp
and disrupts, but does not eliminate, interdomain communication. Furthermore, the results provide evidence
for a model in which the polypeptide-binding cleft of Hsp70s is covered bg-aelical lid that is open

in the presence of ATP, but closed in the presence of ADP.

Hsp70 molecular chaperones are ATPases that participate Hsp70 molecular chaperones are oligomeric proteins
in many cellular pathways, including protein folding, trans- whose state of association is influenced by nucleotides and
location, and proteolysis (reviewed in r&j. They bind polypeptides13—18). In the presence of ATP, Hsp70s are
extendedZ), hydrophobic regions of protein8{5), thereby primarily monomeric, whereas in the presence of ADP, they
preventing their irreversible aggregatid 7). Cooperative exist as monomers, dimers, and larger oligomé® (4).
effects are observed in interactions of Hsp70s with nucle- Analogous to ATP, polypeptides promote the monomeriza-
otides and polypeptides. For example, polypeptide substrategion of Hsp70s 16, 19). Ydjlp, a DnaJ homologue of
enhance ATPase activity-5-fold (8), and ADP stabilizes  Saccharomyces cerisiae polymerizes Hsp70s in the pres-
Hsp70-polypeptide complexe®); on the other hand, ATP  ence of ATP 13).

greatly accelerates binding and release of polypeptiti@s ( The ATPase domain of Hsp70s is located in the 44 kDa
The interactions of nucleotides and polypeptides with HSp70sN terminus, whereas the polypeptide-binding domain is
are also regulated by protein modulators DnaJ, GrpE, andjocated in the 27 kDa C terminus. The conformations of
their homologues(l, 12). Hsp70s are influenced by nucleotides and polypeptide

rs ed by & GrantInAid from the American Heart A i substratesl(7, 20—26). Nucleotide-free and ADP- and ATP-
upported by a Grant-In-Aid Trom the American Heal ssociation : ; _
New York City Affiiate to W.J.C. bound forms of Hsp70s have been described using fluores

*To whom correspondence should be addressed: Department of €Nt probes27), intrinsic tryptophan fluorescence, (20,
Anatomy and Cell Biology, SUNY-HSCB, Box 5, 450 Clarkson Ave., 25, 28), and limited proteolysis20—22). The conformation
Brooklyn, NY 11203. Telephone: (718) 270-1308. Fax: (718) 270- of the nucleotide-binding domain of ti& cereisiae Hsp70

3732. E-mail: wchirico@netmail.hscbklyn.edu. . . L .
* State University of New York Health Science Center at Brooklyn. Ssalp is altered by polypeptide binding to the C-terminal

8 University of California. domain @2). Similarly, the conformation of its polypeptide-
! Abbreviations: Hsp70, 70 kDa heat shock protein; Hsc70, 70 kDa binding domain 29) is altered by the binding of nucleotides

heat shock cognate protein; BiP, heavy chain binding protein; NEM, ; ;
N-ethylmaleimide; NEM-Ssalp, NEM-modified Ssalp; DTT, dithio- to the ATPase domair2@). Thus, the functions and the

threitol; ANS, 1-anilinonaphthalene-8-sulfonic acid; PAGE, polyacry- conformations of the two domains of Hsp70s are tightly
lamide gel electrophoresis; CD, circular dichroism. regulated and coupled.

S0006-2960(98)00597-2 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/05/1998



Hsp70 Conformational Changes Biochemistry, Vol. 37, No. 39, 19983863

We recently reported that the sulfhydryl-modifying reagent was added, samples were applied to 5% nondenaturing
N-ethylmaleimide (NEM) inactivates Ssalp by reacting with polyacrylamide gels and electrophoresed at4as previ-
its three cysteine residues, which are located in the nucle-ously described33). Buffers for the separating gel and the
otide-binding domain30). NEM-modified cysteine residues upper and lower chamber83) contained either no nucle-
may interfere with the binding of substrates and their metal otides, 1 mM MgADP, or 1 mM MgATP. Proteins were
ion ligands or disrupt the conformation of Ssalp. In the detected using Coomassie BIug).

experiments described herein, we demonstrate using size gpsS-pPAGE Ssalp, NEM-Ssalp, and their tryptic frag-
exclusion chromatography, circular dichroism, 1-anilinon- ments were separated on 10% SEFAGE gels as described
aphthalene-8-sulfonic acid (ANS) fluorescence, intrinsic py Laemmli @5). The protein standards (Sigma) used were
tryptophan fluorescence, and limited proteolysis that NEM phosphorylasé (97.4 kDa), bovine serum albumin (66.2
alters Ssalp’s oligomeric structure and the conformations kpa), carbonic anhydrase (45 kDa), ovalbumin (32 kDa),
of its nucleotide- and polypeptide-binding domains. Al-  soyhean trypsin inhibitor (21.5 kDa), and lysozyme (14.4
though NEM inhibits the ATP-agarose binding, ATPase, kDa). The relative amounts of polypeptides on polyacryla-
and protein translocation activities of SsaBp)( nucleotides mide gels were quantified using an LKB Ultroscan-XL
and polypeptides bind to NEM-modified Ssalp (NEM-Ssalp) Enhanced Laser Densitometer.

and its domains remain coupled. Nucleotide-dependent Circular Dichroism  Solutions [9.3 mg/mL protein in 20

changes in the intrinsic fluorescence of Ssalp’s only tryp- mM HEPES (pH 7.4), 50 mM KCI, 0.1 mM EDTA, and 0.1
tophan residue located in the-helical lid covering the ), DTT] of purifiéd n’ucleotide—fre’e ésalp and NI,EM-Ssélp
peptide binding cleft are consistent with a model in which were diluted 30-fold to a volume of 304 to give a final

the lid is OE‘)TDIIQ the presence of ATP, but closed in the concentration of 0.31 mg/mL. The far-UV circular dichroism
presence o ' spectra of the Ssalp and NEM-Ssalp with, and without
nucleotides (MgATP or MgADP), were measured with an
EXPERIMENTAL PROCEDURES Aviv Associates (Lakewood, NJ) model 60DS CD spec-

Proteins and PolypeptidesSsalp was purified frors. ~ trometer using a 0.1 cm path length quartz cell at°€5
cerevisiae MW141 using ATP affinity chromatography and  Nucleotides, when present, were added to a concentration
DEAE-cellulose chromatographl). Purified Ssalp was  of 50 uM with 1 mM MgCl,. The thermal denaturation of
rendered nucleotide-free by dialyzing it for 48 h ar@ Ssalp and NEM-Ssalp, in the presence and absence of ADP,
against 20 mM HEPES (pH 7.4), 50 mM KCI, 0.1 mM was followed by circular dichroism. The ellipticity at 222
dithiothreitol (DTT), and 0.1 mM EDTA 22). Protein nm was averaged over a 30 s time period every 150 s as the
concentrations were determined using the method of Bradfordtemperature was increased at a constant rate of @88in
(32), and boviney globulin (Bio-Rad) was used as the from4to90°C. ADP, when presentin thermal denaturation
standard. The preparation and use of Pep70 (GLQLSLT) reaction mixtures, was added to a concentration of 1 mM (5
were described previousiR?). mM MgCly).

NEM Inactivation of Ssalp Nucleotide-free Ssalp (0.425  ANS and Intrinsic FluorescenceSsalp and NEM-Ssalp

mL, 11 mg/mL) was treated with or without 10 mM NEM (0.5 mg/mL) were incubated for 30 min in 3@ of 20

(30) in a final volume of 0.5 mL for 15 min at 20C. The mM HEPES, 50 mM KCI, 2 mM MgGl and 0.1 mM DTT
samples were then incubated with a final concentration of containing different combinations of nucleotides and Pep70.
20 mM DTT for 10 min at 4°C, and the resulting mixtures  For intrinsic fluorescence measurements, samples were
were dialyzed overnight at 4C against 20 mM HEPES (pH  excited at 295 nm and emission spectra were recorded from
7.4), 50 mM KCI, and 0.1 mM DTT. We have previously 300 to 450 nm. For ANS fluorescence measurements,
demonstrated that 3.6 mol d*C]JNEM can be incorporated  samples were incubated with 100 uM ANS (Molecular
per mole of nucleotide-free Ssalpgf. Of these, 3.2 mol Probes) at room temperature for 3 h. Then, samples were
was distributed among Ssalp’s three cysteine residuesgxcited at 380 nm and ANS emission spectra recorded from
whereas 0.4 mol was distributed among at least 12 other420 to 600 nm. Spectra were recorded at room temperature
amino acid residues3(). using a model LS5B Perkin-Elmer luminescence spectro-

Size Exclusion Chromatographysalp and NEM-Ssalp Photometer. Excitation and emission slit widths were 3 and
(0.7 mg/mL) were incubated in 0.22 mL of 20 mM HEPES, 10 nm, respectively. Spectra of samples lacking Ssalp and
50 mM KCI, 2 mM MgCh, and 0.1 mM DTT containing NEM-Ssalp were subtracted from reported spectra.
different combinations of nucleotides and Pep70 for 30 min  Trypsin Digestions Ssalp and NEM-Ssalp (0.33 mg/mL)
at 25°C. Samples (20@L) were then injected at 4C into were digested with trypsin (sequencing grade, Boehringer
an FPLC system (Pharmacia Biotech, Inc.) equipped with a Mannheim) at 25°C in 20 mM HEPES (pH 7.4), 50 mM
Superdex 200 column equilibrated with the same buffer KCI, 2 mM MgCl,, and 2 mM DTT as previously described
containing either no nucleotides, 1 mM MgADP, or 1 mM (22). Atthe indicated times, 20L of the reaction mixtures
MgATP. Proteins were eluted at 0.5 mL/min, and the was mixed with an equal volume of2sample buffer Z2)
amount of protein in column fractions (0.5 mL) was and the mixture boiled for 2 min and then applied to SDS
quantified @2). PAGE gels. To more clearly display the array of tryptic

Nondenaturing PAGE Ssalp or NEM-Ssalp (0.31 mg/ fragments generated from NEM-Ssalp, we used 10% gels
mL) was incubated in 2@L of 20 mM HEPES (pH 7.4), in this study instead of 12% gels which were used previously
50 mM KCI, 2 mM MgCh, and 2 mM DTT containing (22
different combinations of nucleotides and Pep70 for 30 min ~ Western Blotting Tryptic fragments of Ssalp and NEM-
at 25°C. After 5ulL of 5x electrophoresis sample buffer Ssalp were transferred to nitrocellulose and probed with an
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Ficure 2: Thermal unfolding of Ssalp and NEM-Ssalp. The
thermal denaturation of Ssal@), Ssalp with ADP ), NEM-

Ssalp ¢), and NEM-Ssalp with ADPA) was monitored by
circular dichroism at 222 nm.

Percent of Total

confirmed by cross-linking proteins in column fractions using
glutaraldehyde and analyzing the products using SDS
PAGE (data not shown). Nucleotide-free Ssalp was pri-
C. NEM-Ssalp marily monomeric and migrated slightly faster than the
monomeric forms of nucleotide-bound Ssalp (Figure 1A).
Pep70 did not markedly alter the distribution of Ssalp forms
204 in the absence of nucleotides or in the presence of ATP
(compare panels A and B of Figure 1). However, in the
presence of ADP, Pep70 increased the amount of monomers
by 14% and decreased the amount of dimers and larger
oligomers by 10 and 4%, respectively. These results indicate
that either ATP or ADP and Pep70 together favor the
formation of Ssalp monomers. These findings agree with
those reported by other groups working with Ssall§) or

15 20 25 30 35 40 other Hsp70sX3, 14, 16, 17, 36).

The distribution of NEM-Ssalp oligomers was very
different from that of Ssalp. In the absence of nucleotides

Ficure 1. Changes in the distribution of monomers, dimers, and oy in the presence of ADP or ATP, NEM-Ssalp (Figure 1C)
oligomers in Ssalp and NEM-Ssalp. Ssalp (A and B) and NEM- '

Ssalp (C) were incubated with (B) or without (A and C) Pep70 was distributed among large oligomers (35%), dimers (1.6%)’
and either no nucleotide©}, MgADP (M), or MgATP (a) and and monomers (47%). NEM-Ssalp monomers and dimers
then separated on a size exclusion column as described inmigrated slightly faster than the corresponding forms of
Experimental Procedures. The amount of protein in each fraction Ssalp. Essentially identical patterns were obtained in the
is reported as a percentage of the total recovered. Fractions 15 presence of Pep70 (data not shown). Large oligomers were
rzés’p?:;ﬁz\iéfy‘hd 2535 contained oligomers, dimers, and monomers, distributed into monomers, dimers, and oligomers during
rechromatography, indicating that the various forms of NEM-

antibody specific for the C terminus of Ssalp (1:1000, anti- SSalp are in equilibrium (data not shown). Together, these

Percent of Total

Fraction Number

Ssalc antibody) as previously describea)( results indicate that NEM alters the oligomeric structure of
Ssalp. Furthermore, nucleotide and polypeptide substrates
RESULTS are less able to depolymerize oligomers of NEM-Ssalp than

those of Ssalp. Similar results were obtained using nonde-
NEM Alters the Oligomeric Structure of Ssalpisp70 naturing PAGE (data not shown).

molecular chaperones exist as monomers, dimers, and larger Circular Dichroism We have previously shown that the
oligomers (3—17). The relative amounts of these forms thermal stability of Hsp70s is very sensitive to the presence
are influenced by nucleotides and polypeptide substratesof nucleotides, and that thermal denaturation is a multiphasic
(13—17). To determine whether NEM alters the oligomeric process 17, 28). To ascertain the effects of the NEM
structure of Ssalp, we compared the migrations of Ssaplmodification on the stability of Ssalp, we followed the
and NEM-Ssalp in the presence of different combinations denaturation of the modified and unmodified proteins using
of ATP, ADP, and Pep70 during size exclusion chromatog- far-UV circular dichroism. As can be seen from Figure 2,
raphy and nondenaturing PAGE. In the presence of ATP, the initial transition occurs at 4°C in the unmodified Ssalp,
Ssalp migrated primarily as a monomer during size exclusionbut is shifted to~60 °C upon NEM modification. Such a
chromatography (93%, Figure 1A). In the presence of ADP, major change in stability has been observed previously when
Ssalp was distributed among monomers (70%), dimersADP or ATP was bound to Hsp7047 28). With Hsc70
(21%), and larger oligomers (8%). Peak assignments wereand Dnak, the midpoint of the initial transition in the
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FiIGURE 4: ANS fluorescence reveals different conformations of
Ssalp and NEM-Ssalp. Ssalp (A and B) or NEM-Ssalp (C and
D) was incubated with (B and D) or without (A and C) Pep70 and
either no nucleotides (curve 1), MgADP (curve 2), or MgATP
(curve 3), and then their ANS emission spectra were recorded as
described in Experimental Procedures. Note that the scale used in
panels C and D is greater than that in panels A and B.
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spectrum between the modified and unmodified protein

revealed that the difference corresponded to a change in the
amount of a-helix. In the presence of MgATP, Ssalp
(Figure 3B) and NEM-Ssalp (Figure 3C) both showed a
similar amount of increased ellipticity (negative), relative
to the nucleotide-free chaperone. Interestingly, in the
presence of MgADP, Ssalp (Figure 3B) showed a significant
190 200 210 220 230 240 250 200 270 280 increase in (negative) ellipticity, whereas NEM-Ssalp (Figure
3C) showed no change. These observations indicate that
4 (nm) binding of nucleotides may have a small effect on the
Ficure 3: Circular dichroism (CD) of Ssalp and NEM-Ssalp with secondary structure of Ssalp. Changes were also observed
and without nucleotides. The CD was measured at@% a 0.1 when the peptide was added to Ssalp but are difficult to

cm path length quartz cell. All protein concentrations were 0.31 ; ; ;
mg/mL. (A) Far-UV CD of Ssalp (dotted line) and NEM-Ssalp interpret unambiguously, since the observed small changes

(solid line). (B) Far-UV CD of Ssalp (solid line), Ssalp with 50 May reflect conformational changes in the peptide and/or
uM ATP/1 mM MgCl, (dotted line), and Ssalp with 50 ADP/1 the chaperone (data not shown).
lf;:]'\é') Mr\?gllﬁ gisa:{lpec\ilv :Itr;]e% QEK:/I) K?E/LivaMD J;glElé/gOSttSeéhlll)in(:)OHd NEM Exposes Hydrophobic Surfaces of Ssatye used
: - ; 2 . ' ANS fluorescence to determine whether the conformation

and NEM-Ssalp with S2M ADP/L mM MgCl; (dashed line). of NEM-Ssalp, like that of Ssalp, changes in response to
presence of ADP is 5760 °C, the same as for the modified nucleotides and polypeptides. ANS fluorescence increases
Ssalp. Therefore, examining the effects of the presence ofupon binding hydrophobic surface37]. In the absence of
ADP on the denaturation transitions was of interest. As nucleotides, ANS fluorescence of NEM-Ssalp (Figure 4C,
shown in Figure 2, 1 mM MgADP shifts the midpoint of curve 1) was 2.3-fold greater than that of Ssalp (Figure 4A,
the initial transition for the unmodified protein t50 °C, curve 1). Thedmax of NEM-Ssalp was 466 nm, whereas
but has only a small effect on the NEM derivative. The thatof Ssalp was 471 nm. Pep70 further enhanced the ANS
curves shown are at equilibrium, and are reversible, indicat- fluorescence of Ssalp (Figure 4A,B, curve 1) and NEM-
ing that negligible irreversible denaturation occurs (data not Ssalp (Figure 4C,D, curve 1) by 8 and 49%, respectively.
shown). These observations suggest that NEM modification Together, these results indicate that the conformations of the
has an effect on stability similar to that of binding of ADP. nucleotide-free forms of Ssalp and NEM-Ssalp are different.

Comparison of the far-UV CD spectra (Figure 3A) They suggest that NEM modification exposes some hydro-
suggests that there are small but significant differences phobic areas of Ssalp and that Pep70 alters the conformations
between Ssalp and NEM-Ssalp. Since the far-Uv CD of both proteins.
signal reflects the secondary structure of the protein, these Inthe presence of ADP, ANS fluorescence of NEM-Ssalp
observations suggest that there are small changes in thgFigure 4C, curve 2) was 5.6-fold greater than that of Ssalp
secondary structure induced by NEM labeling. A difference (Figure 4A, curve 2), suggesting that the ADP-bound form

-4000

-8000 -
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of NEM-Ssalp has more hydrophobic surfaces exposed than  ewo
that of Ssalp. The ANS fluorescence of the ADP-bound 500+
form of Ssalp was 48% less (Figure 4A, curves 1 and 2)
whereas that of NEM-Ssalp was 20% more (Figure 4C,
curves 1 and 2) than those of their corresponding nucleotide- 300+
free forms. These results suggest that upon binding ADP 2004
some hydrophobic surfaces are shielded in Ssalp, but
exposed in NEM-Ssalp. Pep70 enhanced ANS fluorescence8
of the ADP-bound forms of Ssalp (Figure 4A,B, curve 2)
and NEM-Ssalp (Figure 4C,D, curve 2) by 33 and 48%,
respectively. These results suggest that Pep70 alters the
conformation of the ADP-bound forms of both proteins.
Similar to the effect of ADP on ANS fluorescence, the
fluorescence of the ATP-bound form of NEM-Ssalp (Figure 2004
4C, curve 3) was 7.9-fold greater than that of Ssalp (Figure
4A, curve 3), suggesting that their ATP-dependent confor-
mations are different from each other. Like the ADP effects 100+ -
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described above, ATP quenched the ANS fluorescence of 0 L o
nucleotide-free Ssalp by 62% (Figure 4A, curves 1 and 3), 300 325 350 375 400 425 300 325 350 I7S 400 425

whereas ATP enhanced that of nucleotide-free NEM-Ssalp

o .
3?/ ?lb/otE]Flgurel4C, C(;ml/\]eél\j gnd13). Lhe?e;.?.‘;ugs SqueSttFIGURE 5. Coupling of nucleotide- and polypeptide-binding
at bo salp an ~>Sa.p adop -aepenaenty,mains of Ssalp and NEM-Ssalp revealed by intrinsic fluores-

conformations. Some hydrophobic regions may be shieldedcence. Ssalp (A and B) or NEM-Ssalp (C and D) was incubated
in Ssalp but exposed in NEM-Ssalp upon binding ATP. with (B and D) or without (A and C) Pep70 and either no

Pep70 enhanced the ANS fluorescence of the ATP-boundnucleotides (curve 1), MgADP (curve 2), or MgATP (curve 3),
form of Ssalp by 1.8-fold (Figure 4A,B, curve 3) but and then their intrinsic fluorescence spectra were recorded as
quenched that of NEM-Ssalp by 12% (Figure 4C,D, curve described in Experimental Procedures.

3). Thus, in the presence of ATP, some hydrophobic regions bind nucleotides and polypeptides. They also suggest that
may be exposed in Ssalp but shielded in NEM-Ssalp uponthe nucleotide- and polypeptide-binding domains of Ssalp
binding Pep70. remain coupled after NEM modification.

Nucleotide- and Polypeptide-Binding Domains of Ssalp The intrinsic fluorescence of the ATP-bound form of
Remain Coupled after NEM ModificationSsalp contains  NEM-Ssalp was 1.2-fold greater than that of Ssalp (Figure
one tryptophan residue (Trp575), which is located in its 5A,C, curve 3). This suggests that the environment of
polypeptide-binding domain. To determine whether NEM Trp575 in NEM-Ssalp is more hydrophobic than that of
modification affects the environment of Trp575 and the Ssalp. ATP quenched the intrinsic fluorescence of the
coupling of the nucleotide- and polypeptide-binding domains, nucleotide-free form of Ssalp by 6% (Figure 5A, curves 1
we measured the intrinsic fluorescence of Ssalp and NEM-and 3) and that of NEM-Ssalp by 18% (Figure 5B, curves
Ssalp in the presence of different combinations of nucle- 1 and 3). Pep70 enhanced the intrinsic fluorescence of the
otides and Pep70 (Figure 5). Because Pep70 lacks tryp-ATP form of Ssalp by 8% (Figure 5A,B, curve 3) but
tophan, changes in intrinsic fluorescence reflect conformationaldecreased that of NEM-Ssalp by 5% (Figure 5C,D, curve
changes of Ssalp and NEM-Ssalp. In the absence of3), resulting in essentially identical spectra (Figure 5B,D,
nucleotides, the intrinsic fluorescence of NEM-Ssalp was curve 3). Together, these results indicate that Ssalp and
1.3-fold greater than that of Ssalp (Figure 5A,C, curve 1). NEM-Ssalp adopt nucleotide-specific conformations. Be-
TheAmax0of NEM-Ssalp was 337 nm, whereas that of Ssalp cause Trp575 is located in the polypeptide-binding domain
was 341 nm. These results suggest that the environment ofand its intrinsic fluorescence is affected by nucleotides, they
Trp575 in NEM-Ssalp is more hydrophobic than that in support the conclusion that the nucleotide- and polypeptide-
Ssalp. Pep70 altered the intrinsic fluorescence of nucleotide-binding domains of Ssalp remain coupled after NEM
free Ssalp (Figure 5A,B, curve 1) and NEM-Ssalp (Figure modification.
5C,D, curve 1) by less than 5%, suggesting that it does not NEM Disrupts the Structure of the Nucleotide-Binding
markedly perturb the environment of Trp575. Domain of SsalpTo further characterize the effect of NEM

In the presence of ADP, the intrinsic fluorescent spectra on the structure and interdomain coupling of Ssalp, we
of Ssalp and NEM-Ssalp were essentially identical to eachprobed the structures of Ssalp and NEM-Ssalp with trypsin
other, indicating that their Trp575 environments are similar in the presence of different combinations of ADP, ATP, and
(Figure 5A,C, curve 2). ADP increased the intrinsic Pep70. We previously used this method to reveal nucleotide-
fluorescence of nucleotide-free Ssalp by 16% (Figure 5A, and polypeptide-dependent conformational changes of Ssalp
curves 1 and 2), whereas it quenched that of NEM-Ssalp(22). In the presence of ADP and the absence of Pep70, we
by 11% (Figure 5C, curves 1 and 2). In the presence of determined that NEM-Ssalp was degraded 18-fold faster than
ADP, Pep70 quenched the fluorescence of Ssalp by 7%Ssalp by trypsin, suggesting that their conformations are
(Figure 5A,B, curve 2) and that of NEM-Ssalp by 24% different (Figure 6A). NEM-Ssalp was also rapidly de-
(Figure 5C,D, curve 2). Thus, binding of Pep70 leads to graded in the absence of nucleotides or in the presence of
greater exposure of Trp575 to solvent in both proteins. Thesedifferent combinations of ATP and Pep70 (data not shown).
results further support the conclusion that NEM-Ssalp can These results suggest that trypsin-sensitive sites may be more

Wavelength (nm)
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FIGURE 6: Increased trypsin sensitivity of the nucleotide-binding domain of Ssalp after NEM modification. (A) Time course of trypsin
digestion. Ssalp (310g/mL, —NEM) and NEM-Ssalp (31@g/mL, +NEM) were incubated with 1 mM MgADP and 0.18/mL of
trypsin. At each time point, 20L was removed and immediately mixed with SBBAGE sample buffer and boiled. Tryptic fragments
were separated on SB®AGE gels and quantified as described in Experimental Procedures. The values reported are the average of two
determinations. (B) Identification of tryptic fragments the presence of 1 mM MgATP, Ssalp (31¢/mL, S) was digested with trypsin
(34 ng/mL) for 40 min (lanes 1 and 3) and NEM-Ssalp (34ImL, NS) was digested with trypsin (0.2&/mL) for 10 min (lanes 2 and
4). Fragments were then separated on SBAGE gels and then either stained with Coomassie Blue (C. Blue, lanes 1 and 2) or transferred
to nitrocellulose and probed with an antibody that recognizes the carboxyl terminus of Ssalp (anti-C. T., lanes 3 and 4). Numbers at the
right indicate the molecular masses and migrations of standards. (C) Quantification of nucleotide-sensitive 61 kDa fragment of NEM-
SsalpNEM-Ssalp (0.31 mg/mL) was incubated with (lanes64 or without (lanes +3) Pep70 and either no nucleotides (lanes 1 and 4),

1 mM MgADP (lanes 2 and 5), or 1 mM MgATP (lanes 3 and 6) and then digested with trypsin/@s&.) for 30 min. Fragments were
separated on SDSFAGE gels and stained with Coomassie Blue, and then the relative amount of the 61 kDa fragment inAB&Ba
region of the gel was quantified. Values are reported as the means of three separate expgrist@ndsird deviation.

accessible or that new sites may be exposed after NEM Using an antibody that recognizes the C terminus of Ssalp
modification. (22), we probed Western blots of Ssalp and NEM-Ssalp
To determine whether NEM exposes new trypsin-sensitive tryptic fragments to determine whether they are derived from
sites, we digested NEM-Ssalp and Ssalp to about 75%the polypeptide-binding domain. The antibody recognized
completion and then separated the fragments on-SBXSGE three (36, 32, and 19 kDa) of the seven fragments of Ssalp
gels. Ssalp was digested into about seven fragmentsas previously reported (Figure 6B, lane 3). In contrast, at
whereas NEM-Ssalp was digested into at least 25 fragmentdeast 15 fragments of NEM-Ssalp ranging is size from 32
(Figure 6B, lanes 1 and 2). These results indicate that NEM to 64 kDa were recognized by the antibody (Figure 6B, lane
modification of Ssalp exposes new trypsin-sensitive sites.4). Because the polypeptide-binding domain of Hsp70s is
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about 27 kDa, tryptic fragments which are recognized by oligomerization activity of Hsp70s was provided by the
this antibody and which are larger than 27 kDa are derived polypeptide-binding domain. Furthermore, they showed that
from trypsin-sensitive sites located in the nucleotide-binding a polypeptide substrate converted oligomers of the polypep-
domain. The 36 kDa fragment in both Ssalp and NEM- tide-binding domain to monomers. These results suggested
Ssalp digests was recognized by the antibody (Figure 6B,that the polypeptide-binding pocket likely mediates Hsp70
lanes 3 and 4). Thus, NEM modification exposed at least polymerization. In our studies, Pep70 did not depolymerize
14 new trypsin-sensitive sites in the 44 kDa nucleotide- NEM-Ssalp, suggesting that a site(s) other than the polypep-
binding domain of Ssalp. tide-binding cleft mediates its polymerization.

The intrinsic fluorescence experiments described above ~The effects of NEM modification on the thermal stability
revealed that the binding of nucleotides affects the conforma- of Ssalp indicate that it significantly increases the stability
tion of the polypeptide-binding domain of Ssalp and NEM- of Ssalp. The effect is analogous to that observed by the
Ssalp. To further investigate the effect of NEM on binding of nucleotides to the unmodified protein. The
interdomain communication in Ssalp, we incubated nucle- increase in the size and amount of oligomers upon NEM
otide-free NEM-Ssalp with different combinations of nucle- modification may contribute to the increase in thermal
otides and Pep70, treated the samples with trypsin, separategtability.
the fragments on SDSPAGE gels, and quantified the The circular dichroism spectral changes observed in Ssalp
fragments using laser densitometry. Of the 20 tryptic and its NEM-modified derivative suggest that the presence
fragments detected after about 90% digestion of NEM-Ssalp,of the NEM induces a small amount of helix. Since it is
only the amount of a 61 kDa fragment changed in responsepossible that the covalently linked NEM itself could con-
to nucleotides. The amounts of the 61 kDa fragment in the tribute a small signal to the far-UV CD spectrum, we cannot
presence of ADP and ATP were 3.8- and 8.8-fold, respec- be absolutely certain that the observed changes do indeed
tively, greater than those in the absence of nucleotides (Figurestem from an NEM-induced change in the secondary
6C). We did not detect Pep70-dependent changes in the 61structure. However, in light of the conformational changes
kDa fragment (Figure 6C) or other tryptic fragments (data observed by the other methods used in this study, it is most
not shown). The 61 kDa fragment was not recognized by likely that the presence of the NEM induces an increase in
the antibody specific for the C terminus (data not shown), a-helix content. Such an increase may arise from the
indicating that it is derived from at least one trypsin-sensitive extension of or decreased “fraying” of existing helices, the
site located in the C-terminal 10 kDa of the polypeptide- conversion of some loop and/or disordered conformation into
binding domain. Together, these results suggest that thea-helix, or an overall increase in the rigidity of the molecule
nucleotide- and polypeptide-binding domains remain coupled leading to general tightening up of the helices. The
in NEM-Ssalp. differences noted between the effects of ADP and ATP
binding on secondary structure also reveal differences in the
effects of nucleotide binding on the conformation of the
chaperone.

NEM may alter the conformation of Ssalp by sterically
NEM was previously shown to modify Ssalp’s three disrupting the local environment of the modified cysteine
cysteine residues, which are located in the nucleotide-bindingresidues. Cys15 is located at the base of the nucleotide-

domain, and to inhibit its ATPagarose binding, ATPase, binding pocket in subdomain IA in A-strand that interacts
and protein translocation activitie3Q@). We postulated that  with the o- and 8-phosphates of ADP and their metal ion
NEM may either sterically interfere with the binding of ligands @9, 40). Cys264 and Cys303 are located in
nucleotides and their metal ion ligands or alter the conforma- subdomain I1B. Cys264 is located in anhelix that lines
tion of Ssalp30). In this study, we have shown using size one side of the nucleotide-binding pocket, whereas Cys303
exclusion chromatography, circular dichroism, ANS and is |ocated in anx-helix on the outer surface of Ssalp. NEM-
intrinsic fluorescence, and limited proteolysis that the Ssalp migrates slightly faster during size exclusion chro-
conformations of Ssalp and NEM-Ssalp are different. We matography and has more trypsin-sensitive sites than Ssalp,
mapped the conformational changes to both the nucleotide-suggesting that it is less tightly packed than Ssalp. The
and polypeptide-binding domains. Together, the results nucleotide- and polypeptide-dependent forms of NEM-Ssalp
demonstrate that conformational changes accompany theexamined in this study had greater ANS fluorescence than
NEM-dependent inactivation of Ssalp. The intrinsic fluo- the corresponding forms of Ssalp. ANS fluorescence may
rescence experiments also revealed nucleotide- and polypepincrease because it is in a more hydrophobic environment,
tide-dependent conformational changes of dhikelical lid more of it is bound in hydrophobic environments, or its
covering the polypeptide-binding cleft. To our knowledge, binding is tighter. Since ANS has an affinity for nucleotide-
this is the first report of such conformational changes in this pinding pocketsZ7), the greater ANS fluorescence may also
region of Hsp70s. indicate that the nucleotide-binding pocket of NEM-Ssalp

Ssalp, like other Hsp70s, undergoes nucleotide-dependeninay be more accessible to this fluorescent probe. NEM-
oligomerization {3—17, 19). Ssalp monomers predominate Ssalp’s conformationally changed nucleotide-binding domain
in the presence of ATP, whereas a mixture of monomers, and exposed hydrophobic surfaces may contribute to its
dimers, and oligomers are found in the presence of ADP. In polymerization. ANS may also bind at the interfaces of
contrast, NEM-Ssalp was found in two main forms: a adjacent Ssalps in oligomers. Although the location of the
monomer and a large polymer. Their distribution was not new trypsin-sensitive sites in NEM-Ssalp suggests that the
influenced by nucleotides or polypeptide substrates. Ben-conformational changes are restricted to the nucleotide-
aroudj et al. 88) recently found that essentially all of the binding domain, the intrinsic fluorescence studies indicated

DISCUSSION
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group) is located ira-helix C near the origin of the kink
and forms part of the hydrophobic core of the lid. Trp575
is conserved in several Hsp70s, including bovine Hsc70 and
human Hsp70, but not in DnaK where an alanine residue
occupies this site. Because the nucleotide- and polypeptide-
binding domains of bovine Hsc70 and human Hsp70 each
contain a tryptophan residue, changes in intrinsic fluores-
cence of these proteins could not be attributed to domain-
specific conformational change®3 25). We showed above
that the intrinsic fluorescence of Trp575 in Ssalp is quenched
in the presence of ATP. The quenching reflects the
environment of Trp575 in the ATP-bound form of Ssalp,
which has an opem-helical lid facilitating binding and
release of polypeptides. In the presence of ADP, the
enhanced intrinsic fluorescence of Trp575 reflects its envi-
ronment when thei-helical lid is closed, limiting the binding
and release of polypeptides. These results provide the first
experimental support for the mode#tl) in which the

_ o-helical domain acts as a lid for the polypeptide-binding
FiGurRe 7: Location of Ssalp's Trp575 based on the three- jqft

dimensional structure of the polypeptide-binding domain of DnakK. . . . -
The position of Ssalp’s Trp575 (Ala575 in Dnak) is indicated by 1 h€ coupling of the nucleotide- and polypeptide-binding
the space-filled group. The stick structure represents a polypeptidedomains regulates the interactions of Hsp70s with nucleotide
bound in thes-sandwich. The origin of the kink (residues 536  and polypeptide substrate$7( 20—26). Although NEM-

538 Of DnaK) that may a”OW the'helical I|d to Open and Close iS Ssalp Iacks ATPagarose blndlng' ATPase' and proteln

indicated by the black ribbora-Helices A-E are labeled. The . . . .
figure was constructed using the coordinates of the polypeptide- (ransiocation activities30), its conformation responds to

binding domain of DnakK 41) and RasMol, version 2.5. nucleotides and polypeptides. However, domain coupling
is different from that of Ssalp. The intrinsic fluorescence

that some changes are also associated with the polypeptideef Ssalp with or without Pep70 is greater in the presence of
binding domain. NEM-Ssalp’s conformation may also ADP than in the presence of ATP, suggesting that the
include a misalignment of the nucleotide- and polypeptide- o-helical lid is closed in the high-affinity state for polypep-
binding domains. tides. In contrast, the intrinsic fluorescence of NEM-Ssalp
Solution small-angle X-ray-scattering analysis of Hsc70 in the presence of Pep70 and ADP is quenched compared to
(24) led to a model in which its nucleotide- and polypeptide- that of the ATP-bound form, suggesting that the lid is in a
binding domains are packed together in the presence of ATPmore open conformation. Thus, polypeptides may bind more
but more loosely associated in the presence of ADP. Ourtightly to ATP-bound NEM-Ssalp than to its ADP-bound
results showing that the ATP-bound form of Ssalp has the form.
lowest ANS fluorescence are consistent with this form being
the most tightly packed. In the presence of ADP, more ACKNOWLEDGMENT
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