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The 90-kDa heat shock protein (Hsp90) is the most
abundant molecular chaperone of the eukaryotic cy-
toplasm. Its cysteine groups participate in the inter-
actions of Hsp90 with the heme-regulated elF-2a Ki-
nase and molybdate, a stabilizer of Hsp90-protein
complexes. In our present studies we investigated the
reactivity of the sulfhydryl groups of Hsp90. Our data
indicate that Hsp90 as well as two Hsp90 peptides
containing Cys-521 and Cys-589/590 are able to reduce
cytochrome c. The effect of Hsp90 can be blocked by
sulfhydryl reagents including arsenite and cadmium,
which indicates the involvement of the vicinal cys-
teines Cys589/590 in the reduction of cytochrome c.
Hsp90 neither reduces the disulfide bonds of insulin
nor possesses a NADPH:quinone oxidoreductase activ-
ity. Oxidizing conditions impair the chaperone activ-
ity of Hsp90 toward citrate synthase. The high and
specific reactivity of Hsp90 cysteine groups toward
cytochrome ¢ may indicate a role of this chaperone in
modulation of the redox status of the cytosol in resting
and apOptOtiC cells. © 2000 Academic Press
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Several molecular chaperones are actively involved
in the regulation of the redox status of other proteins
by assisting in the formation and breakage of disulfide
bridges (1, 2). Chaperones help to achieve and main-
tain the conformational homeostasis of cellular pro-
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teins and probably played a major role in the develop-
ment of modern enzymes (3, 4). The 90-kDa heat shock
protein (Hsp90)® is an abundant organizer of the cyto-
solic chaperone complex (the “foldosome”) helping de
novo synthesized nuclear hormone receptors and sev-
eral protein kinases to reach and preserve their unsta-
ble conformation in an “activation-competent” state (5—
7). Its cysteine groups were thought to participate in
the interactions of Hsp90 with heme-regulated elF-2«
kinase (8). Our recent findings (9) indicated an involve-
ment of Hsp90 cysteines in binding of molybdate, a
stabilizer of Hsp90—target interactions (6, 7, 10).
Protein disulfide isomerases are well-known exam-
ples of the simultaneous appearance and utilization of
redox and chaperone properties of the same protein (1,
2). However, an increasing number of studies indicates
that other, unrelated molecular chaperones may also
possess various enzymatic activities changing the re-
dox status of another protein or small substrate. Thus
it has been reported that the cysteine in the YSCVGVF
sequence of Hsp70 is able to reduce cytochrome c (11).
Quite unexpectedly, the cochaperone of bacterial
Hsp70, the DnaJ protein, turned to be a protein disul-
fide isomerase by itself (12). Another chaperone, {-crys-
tallin, was shown to possess a NADPH:quinone oxi-
doreductase activity (13). Recently, Hsp33, a member
of a newly discovered chaperone family was shown to
possess a chaperone activity only after its sulfhydryl
groups were oxidized to disulfide bridges (14).
Encouraged by the multiple appearance of potent
redox activities in a variety of molecular chaperones in
the present report we have studied the reactivity of
cysteine-containing sequences of Hsp90 analyzing
their ability to reduce cytochrome c, to promote protein

® Abbreviations used: DTT, dithiothreitol; FITC, fluorescein iso-
thiocyanate; GSSG, oxidized glutathion; Hsp70, 70-kDa heat shock
protein; Hsp90, 90-kDa heat shock protein.
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disulfide isomerization and to participate in the chap-
erone activity of Hsp90. The ability of Hsp90 to reduce
cytochrome ¢ and the high redox reactivity of its cys-
teines 521 and 589/590 provides another example,
where a molecular chaperone is able to facilitate redox
reactions and may indicate a role of Hsp90 in mainte-
nance of the redox status of the cytosol. Oxidizing
conditions impair the chaperone activity of Hsp90 to-
ward citrate synthase, which is a further proof for the
active participation of sulfhydryl groups in the function
of Hsp9O.

MATERIALS AND METHODS

Chemicals. Peptides were synthesized on 2-chlorotrityl resin as
described earlier (15) using the combination of BOC and FMOC
technique. The cysteine SH was protected by tertiary butyl group.
After cleavage from the resin with a mixture of dichoromethane:
acetic acid:trifluoroethanol (4:1:1), the protecting groups were re-
moved by HF in the presence of 10% anisole at —5°C. Finally the
compound was purified by reversed-phase HPLC using acetonitrile—
water—(0.1% trifluoroacetic acid) mixture. The homogeneity of the
compound was checked by analytical HPLC. FAB mass spectrometry
of the purified product yielded the expected molecule-ion.

Fluoresceine isothiocyanate (FITC)-labeled insulin was a kind gift
from Drs. Alejandro P. Heuck and Ricardo A. Wolosiuk (Instituto de
Investigaciones Bioquimicas, Universidad de Buenos Aires, Buenos
Aires, Argentina) (16, 17). DsbA and thioredoxin were purchased
from Epicentre Technologies (Madison, WI) and from Promega (Mad-
ison, WI), respectively. Bio-Scale Q FPLC and Econo-Pac HTP car-
tridges were from Bio-Rad (Richmond, CA). Butyl-Sepharose 4B and
DEAE-Sepharose Fast Flow were purchased from Pharmacia (Upp-
sala, Sweden). All other chemicals used were from Sigma Chemicals
Co. (St. Louis, MO).

Purification of Hsp90. Hsp90 was purified from rat liver with
consecutive chromatographies on Butyl-Sepharose 4B, DEAE-
Sepharose Fast Flow, Econo-Pac HTP, and Bio-Scale Q FPLC col-
umns as described earlier (9, 18). The purity of these Hsp90 prepa-
rations was more than 95% as judged by silver staining of SDS—
polyacrylamide gels. Protein concentration was determined
according to Bradford (19).

Reduction of cytochrome ¢. Reduction of cytochrome ¢ was moni-
tored by measuring the increase in the absorbance of the 550-nm
band of cytochrome c (11). In a typical experiment 10 M cytochrome
¢ was added to a buffer containing 100 mM Hepes, pH 7.4, 100 mM
NaCl. To cytochrome ¢, Hsp90 or Hsp90-derived peptides were added
at the final concentrations indicated, and the reduction of cyto-
chrome ¢ was monitored in a final volume of 0.12 ml by measuring
the change of its absorbance at 550 nm at 25°C using a GBC 920
spectrophotometer. The maximal absorbance of cytochrome ¢ was
obtained after the addition of a large excess of sodium dithionite.
Absorbance values were corrected to the baseline at 600 nm and
normalized to cytochrome c concentration obtained from the 550
absorbance of maximally reduced cytochrome ¢ using the extinction
coefficient of 21,000 (11).

Measurement of protein disulfide oxidoreductase activity. Protein
disulfide oxidoreductase activity of Hsp90 and related peptides was
measured by two separate methods monitoring the reduction of
insulin disulfide bridges. In the “standard” assay the aggregation of
insulin B-chains was monitored at 650 nm (with 1-nm slits) using a
Hitachi F-4500 spectrofluorimeter as described by Holmgren (20).
Insulin at a final concentration of 50 uM was added to a buffer
containing 100 mM sodium phosphate, pH 6.5, 2 mM dithiothreitol,
and 0.2 mM EDTA at a final concentration of 0.05 mM, and after the
addition of Hsp90 or Hsp90-derived peptides at the final concentra-
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tions indicated, the aggregation of insulin B-chains was monitored at
25°C in a final volume of 0.2 ml.

In some experiments the assay of Wolosiuk and Heuck (16, 17) was
also used to follow the separation of the A- and B-chains of FITC—
insulin after the reduction of disulfide bridges. In this assay the
buffer contained 100 mM sodium phosphate, pH 7.4, 3 mM EDTA,
0.1 mM dithiothreitol, and 0.7 uM FITC—insulin. Fluorescence of
insulin-bound fluorescein was monitored at 25°C in a final volume of
0.2 ml using a Hitachi F-4500 spectrofluorimeter operated at the
excitation/emission wavelength pair of 495/520 nm with 5 nm exci-
tation and emission slits, respectively.

Measurement of sulfhydryl content. The amount of reduced sulf-
hydryl groups of Hsp90 and its peptides was determined by the
Ellman method (21) using a molar extinction coefficient of 14,150 for
2-nitro-5-thiobenzoic acid (22).

Measurement of NADPH:quinone oxidoreductase activity. Mea-
surement of NADPH:quinone oxidoreductase activity has been per-
formed using the method of Rao et al. (13). Briefly, 1 uM purified
Hsp90 or 5 ul postmitochondrial supernatant of rat liver homoge-
nates containing 150 ug protein was added to 120 ul of reaction
mixture containing 100 mM Tris—HCI, pH 7.8, 0.2 mM EDTA, 0.1
mM NADPH, and 20, 25, or 50 uM 1,2-naphthoquinone, 9,10-
phenanthrenequinone, or juglone (5-hydroxy-1,4-naphthoquinone),
respectively. Oxidation of NADPH (and in separate experiments,
NADH) was monitored at 25°C by following its absorbance at 340 nm.

Measurement of chaperone activity. Pig heart citrate synthase
(10 wM) (Boehringer) was incubated in denaturation buffer (50 mM
Tris, 2 mM EDTA, 8 M urea, pH 8.0) for 1.5 h at room temperature.
The renaturation was initiated by a 50-fold dilution in 40 mM Hepes/
KOH, 50 mM KCI, 10 mM (NH,),SO,, 2 mM K acetate, pH 8.0, and
1.8 uM Hsp90. In some experiments the redox status of the renatur-
ation buffer was changed by adding 1 mM ascorbic acid, or 1 mM
dehydroascorbic acid, or 2.5 mM GSSG. The enzymatic activity of
citrate synthase was measured as described by Jacob et al. (23).

RESULTS
Predicted Reactivity of the Hsp90 Sulfhydryl Groups

To assess the reactivity of various sulfhydryl groups of
Hsp90 we have used the prediction method of Fiser et al.
(24). Analyzing the neighboring 20 amino acids of more
than 10,000 cysteines with documented covalent status
they have established normalized abundance of amino
acids in the vicinity of free cysteines and half-cystines.
Using their method we have calculated the “disulfide
bond forming potential” of the six cysteines of rat Hsp90
(25). The results of the prediction are presented in Table
1. Among the six cysteines Cys-589 (amino acid sequence
numbers refer to the rat Hsp90«a sequence (25)) has an
outstandingly high disulfide bond forming potential. In-
terestingly, the proline adjacent to this cysteine is the
single residue among the 23 prolines of Hsp90, which is
predicted to be in “cis” conformation using the prediction
method of Frommel and Preissner (26).

As another way to predict the ability of Hsp90 cys-
teines to reduce other compounds we compared the
cysteine-containing sequences with the YSCVGVF se-
guence of Hsp70 known to reduce cytochrome c (11).
The disulfide forming potential of the cysteine in the
YSCVGVF sequence is 2.41, if calculated by the above
method (24), which makes it almost as reductive as the
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TABLE |

Disulfide Bond Forming Potential
of Hsp90 Cysteine Groups®

Cys Disulfide bond

residue forming

Hsp90 sequence number potential
YVRRVFIMDSCDDLIPEYLNF 366 0.03
KVIRKNIVKKCLELFSELAED 412 0.02
VYMTEPIDEYCVQQLKEFDGK 521 0.16
EESKARFENLCKLMKEILDKK 564 0.06
TISNRLVSSPCCIVTSTYGWT 589 4.58
ISNRLVSSPCCIVTSTYGWTA 590 0.78

® The disulfide bond forming potential of Hsp90 cysteine groups
was analyzed using the prediction method of Fiser et al. (23). The
higher the disulfide bond forming potential of the given cysteine, the
higher its ability to reduce other compounds. Amino acid sequence
numbers refer to the rat Hsp90a sequence (24).

predicted value for Cys-589/590 of Hsp90. Peptide
YCVQQL containing Cys-521 is highly similar to the
YSCVGVF peptide, and the disulfide forming potential
of Cys-521 is the third largest among the 6 cysteines of
rat Hsp90.

Interestingly, the hydrophobic cluster analysis per-
formed by Callebaut et al. (27) identified the regions of
Cys-521 and Cys-589/590 as central parts of two puta-
tive mononucleotide binding units of the 90-kDa mo-
lecular chaperone family being highly similar to those
of the NAD-binding domains of lactate-, alcohol-, and
malate-dehydrogenases (27). Cys-521 lies in the second
helix of the first putative BaBaB mononucleotide bind-
ing unit, while Cys-589/590 are situated in the second
beta strand of the second putative BaBa mononucle-
otide binding unit, respectively.

Reduction of Cytochrome ¢ by Hsp90 and Its Peptides

Examining if Hsp90 is able to reduce cytochrome ¢
we have observed a slow, but steady increase of the
550-nm peak in the absorption spectrum of cytochrome
¢, showing a gradual reduction of Fe*" in the heme of
cytochrome c¢ (Fig. 1A). The absorption increase
reached a half-maximal value around 10 min, began to
level off after 30—40 min (Fig. 1B), and was not in-
duced by bovine serum albumin, histone H3, globulin,
or casein (Fig. 1B and data not shown).

Based on the fact that Hsp90 is an ATP-binding
protein (18, 28) and on the observed interference be-
tween sulfhydryl group labeling and ATP-binding of
Hsp70 (29) we have analyzed the effect of ATP on the
Hsp90-induced cytochrome ¢ reduction. Addition of 1
mM ATP did not cause a significant change in the
cytochrome ¢ reducing activity of Hsp90 (Fig. 1C). The
reduction was unaffected by CaCl,, MgCl,, KCI, or
NaCl at final concentrations of 5, 5, 150, and 150 mM,
respectively (data not shown). On the contrary, addi-

tion of 1 mM N-ethylmaleimide caused an almost com-
plete inhibition of cytochrome ¢ reduction (Fig. 1C),
which indicated that the reduction is mediated by the
cysteines of Hsp90.

A

+1 mM DTT

2]
A=001 I/wurl? 0
500 550 600
Wavelength (nm)

B
o 40 -
(5]
£
e
5~ 30 4}/ /{
S =
52
5% 20
<
°
_qg) 10
o

0 //@:;’%j —

10 20 30 60
Time (min)
¢ 40
17 C

(5]
L]
E  30. _
£ g
g3
=]
% b 20
s X
2 -
154 10
2 Uy
4 —

0 , ‘ ‘

10 20 30
Time (min)

FIG. 1. Reduction of cytochrome ¢ by Hsp90. Reduction of cyto-
chrome ¢ was monitored as described under Materials and Methods.
(A) Changes of cytochrome c absorption spectrum after the addition
of 0.9 uM Hsp90. DTT stands for dithiothreitol. Spectra are repre-
sentatives of five independent experiments. (B) Time course of cyto-
chrome c¢ reduction. The 550-nm absorbance is shown after the
addition of 1 uM Hsp90 (filled circles), bovine serum albumin (filled
triangles), or buffer (open circles). Data are means * SD of three
independent experiments. (C) Effect of ATP and N-ethylmaleimide
on Hsp90-induced cytochrome c reduction. The 550-nm absorbance is
shown after the addition of 1 uM Hsp90 in the absence of added
compounds (filled circles), and in the presence of 1 mM ATP and 2
mM MgCl, (filled triangles), or 1 mM N-ethylmaleimide (open cir-
cles). Data are means = SD of three independent experiments. Total
reduction of cytochrome ¢ was achieved after addition of a large
excess of sodium dithionite.
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TABLE 11

Sequences and Charges of Hsp90 Peptides
Used in This Study

Net charge at

Name Sequence neutral pH
Peptide | YCVQQL 0
Peptide lla RLVSSPCCIVTSTYGW +1
Peptide 11b LVSSPCCIVTSTYGWTANME -1
Peptide llc RLVSSPCCIVTSTYGWTANM +1

Following the result of the prediction methods de-
scribed above we have synthesized the two peptides
containing the cysteines of Hsp90, Cys-521, and Cys-
589/590 presumed to have the highest activity towards
cytochrome ¢ (peptides |1 and lla of Table Il). Both
peptide I and peptide Ila were able to reduce cyto-
chrome c (Fig. 2A). Peptide 1 was more effective than
peptide Ila, since the amount of reduced cytochrome c
was higher, and the concentration required for half-
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maximal reduction of cytochrome ¢ was smaller in case
of peptide I than in the case of peptide Ila (Fig. 2A).
Peptide-induced reduction of cytochrome ¢ was rela-
tively rapid, reaching a half-maximal value after 2 to
10 min (Fig. 2B). Addition of 1 mM N-ethylmaleimide
completely abolished the ability of both peptide I and
lla to reduce cytochrome c¢ (data not shown). Charge
variant peptides of peptide Ila (peptides Ilb and llc,
Table II) did not show major differences in the reduc-
tion of cytochrome ¢ (Fig. 2C). Comparison of the re-
ductive efficiency of equimolar amounts (1 uM each) of
Hsp90 peptides and Hsp90 revealed that peptide I,
which had the highest efficiency to reduce cytochrome
¢ among all peptides tested even at this small concen-
tration, had the same reductive efficiency as Hsp90
itself (Fig. 2D).

Inhibition of Cytochrome ¢ Reduction by Various
SH-Reagents

Following our finding that the reduction of cyto-
chrome ¢ by both Hsp90 and its peptides can be inhib-
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FIG. 2. Reduction of cytochrome c by Hsp90 peptides. Reduction of cytochrome ¢ was monitored as described under Materials and Methods.
(A) Concentration dependence of cytochrome ¢ reduction. The 550-nm absorbance is shown 20 min after the addition of peptide I (filled circles)
or peptide lla (open circles). The sequences of the peptides are given in Table Il. In the absence of peptides the reduction of cytochrome ¢ was
taken as 0%. (B) Time course of cytochrome c reduction. The 550-nm absorbance is shown after the addition of 100 uM peptide I (filled circles)
or 100 wM peptide lla (open circles). (C) Comparison of the concentration dependence of cytochrome ¢ reduction induced by charge variants
of peptide Ila. The 550-nm absorbance is shown 20 min after the addition of peptide Ila (open circles), peptide I1b (filled triangles), or peptide
llc (open triangles). In the absence of peptides the reduction of cytochrome c was taken as 0%. (D) Comparison of cytochrome ¢ reduction by
equimolar amounts (1 uM each) of Hsp90 and Hsp90 peptides. The sequences of the peptides are given in Table Il. Data are means = SD
of three independent experiments. Total reduction of cytochrome ¢ was achieved after addition of a large excess of sodium dithionite.
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FIG. 3. Inhibition of Hsp90- and Hsp90 peptide-induced cyto-
chrome ¢ reduction by SH reagents. Reduction of cytochrome ¢ was
measured after 20 min as described under Materials and Methods
using 1 uM Hsp90 or 10 uM each of peptide | and peptide lla.
Cytochrome c¢ reduction was measured in the absence of SH re-
agents, or in the presence of 1 mM each of ethacrynic acid, CdCl,,
and arsenite as indicated. The sequences of the peptides are given in
Table Il. Data are means = SD of three independent experiments.

ited by the SH-reagent, N-ethylmaleimide, we decided
to study the effect of other SH reagents on cytochrome
¢ inhibition in detail. We used 1 mM ethacrynic acid as
a general SH reagent (30) and 1 mM CdCl, and 1 mM
arsenite as specific reagents for vicinal thiols (31). The
reductive effect of peptide | was not blocked by arsenite
and was only partially affected by CdCl,, which is in
accordance with the absence of vicinal thiols in peptide
. On the contrary, peptide Ila-induced cytochrome c
reduction was efficiently blocked both by arsenite and
CdCl,, which is in agreement with the presence of a
vicinal thiol-pair in peptide Ila. Cytochrome ¢ reduc-
tion in the presence of Hsp90 was also significantly
inhibited both by arsenite and CdCl,, which indicates
the involvement of Cys-589/590 in the reaction.
Ethacrynic acid was inhibitory in all conditions as ex-
pected (Fig. 3).

Sulfhydryl Content of Hsp90 and Hsp90 Peptides

As a next step in our investigations we were inter-
ested to know how many of the six cysteine side chains
are accessible in native Hsp90. The amount of sulfhy-
dryls accessible to the Ellman reagent in native Hsp90
is between three and four residues. After guanidini-
um-HCI treatment all the 6 sulfhydryl groups became
exposed (Fig. 4). Judged by the same method, the sulf-
hydryls of peptide I and Ila were 70 to 80% reduced in
our assay conditions (Fig. 4). Peptide concentrations
were adjusted according to their sulfhydryl content
throughout this study.

Protein Disulfide Oxidoreductase Activity of Hsp90
and Hsp90 Peptides

Encouraged by the presence of reductive cysteine
residue(s) in Hsp90, we wanted to test, whether these

residues are able to promote the reduction of disulfide
bonds. A widely used method to monitor the reduction
of disulfides is the reduction of insulin. In the generally
accepted method of utilizing this process as a measure
of protein disulfide oxidoreductase activity, the reduc-
ing agent, dithiothreitol, is added at suboptimal con-
centrations (20). In this way the presence of a protein
disulfide oxidoreductase promotes the “recyclization” of
dithiothreitol, achieving a faster separation of the A
and B chains of insulin, and inducing the consequential
aggregation of the B chain. In our initial experiments
we found that the latency time and consequent insulin
aggregation can be monitored best at pH 6.5, using 2
mM dithiothreitol. Analyzing the efficiency of Hsp90 to
promote disulfide reduction it showed a negligible en-
hancement of insulin aggregation. In some experi-
ments a small initial enhancement of the aggregation
could be observed (marked with the arrow in Fig. 5). In
contrast, DsbA, a bacterial protein disulfide isomerase
(2) provoked a rapid aggregation of insulin B chains
(Fig. 5). Larger amounts of Hsp90 induced an inhibi-
tion of insulin aggregation in accordance with the
chaperone activity of the Hsp90 at greater or equimo-
lar concentrations with insulin (31). To assess the di-
sulfide reducing activity of Hsp90 peptides we have
selected peptides | and lla, since insulin has two neg-
ative charges at neutral pH, enabling it to interact
with the neutral peptide | and the positive peptide lla.
However, neither peptide I, nor peptide Ila induced an
enhancement of insulin aggregation (Fig. 5). Since the
detection of insulin aggregation by light scattering re-
quires relatively large amounts of insulin, and the
aggregation is only an indirect measure of the reduc-
tion of insulin disulfide bonds, we also analyzed the
reduction of insulin using FITC-labeled insulin (16,
17). Utilizing this assay, we were able to detect an

SH-content (mol/mol)

,W,Wﬁ Kl

peptide I peptide [la peptide [Ib peptide Ilc

Hsp90 Hsp90+

gua. HC1

FIG. 4. Sulfhydryl content of Hsp90 and Hsp90 peptides. The
amount of free sulfhydryl groups of Hsp90 was measured by the
Ellman method (21) as described under Materials and Methods. 0.12
nmol of Hsp90 in the presence and absence of 6 M guanidinium-HCI,
as well as 6 nmol of peptides | or Ila, respectively, were allowed to
react with the Ellman reagent, and their sulfhydryl content was
calculated using an extinction coefficient of 14,150 (22). Data are
means * SD of three independent experiments.
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FIG. 5. Protein disulfide oxidoreductase activity of Hsp90 and
Hsp90 peptides. Enhancement of insulin aggregation was detected
as described under Materials and Methods. Aggregation of 50 uM
insulin was monitored in the presence of 1, 10, or 10 uM Hsp90 (solid
line), peptide | (long dashes), and peptide Ila (dotted line), respec-
tively. Aggregation of insulin alone (dashed line) and insulin in the
presence of 0.5 uM DsbA (alternating dots and dashes) as a positive
control was also recorded. Curves are representatives of five inde-
pendent experiments.

enhancement in the fluorescence of FITC-labeled insu-
lin after the addition of thioredoxin as a positive con-
trol. At the initial phase of the reaction with thiore-
doxin a slight decrease in the fluorescence was also
observed, which was due to the separation of insulin
chains and the exposure of insulin-bound fluorescein to
the agueous environment. However, neither Hsp90 nor
peptides I and lla—llc induced a significant fluores-
cence change in this assay (data not shown).

NADPH:Quinone Oxidoreductase Activity

Encouraged by the finding of Rao et al. (13) that
¢-crystallin possesses a NADPH:quinone oxidoreduc-
tase activity, we have tested whether purified Hsp90
has a similar activity. In contrast to postmitochondrial
supernatants of rat liver homogenates used as a posi-
tive control, we failed to detect a NADPH:quinone ox-
idoreductase activity of purified rat liver Hsp90 using
1,2-naphthoquinone as a substrate. No further oxida-
tion of NADPH occurred when the reaction was fol-
lowed for 30 min. The addition of Ca** or Mg®" ions did
not change the negligible reaction rate with Hsp90.
Hsp90 was also inactive, when tested with NADH as a
reducing equivalent or with 9,10-phenanthrenequi-
none or juglone (5-hydroxy-1,4-naphthoquinone) as
substrates. Similarly, when Hsp90 was mixed with
hydroquinone and NADP* or NAD", there was no re-
duction of the nucleotides (data not shown).

Effect of the Redox Environment on Hsp90 Chaperone
Activity

To assess the involvement of reactive cysteines in
Hsp90 action further, we tested whether oxidized or

reduced state of these cysteines affects the chaperone
function of Hsp90. The dimeric mitochondrial enzyme
citrate synthase is a well known, classical substrate for
testing chaperone activity (23). Reactivation of chemi-
cally denatured citrate synthase was followed in the
presence of Hsp90. After 60 min of renaturation citrate
synthase regained approximately 30% of its initial en-
zyme activity. There was only a negligible reactivation
in the absence of Hsp90. If we shifted the redox status
of the renaturation buffer toward more oxidizing con-
ditions by adding 1 mM dehydroascorbic acid, or 2.5
mM GSSG, the efficiency of the reactivation by Hsp90
strongly decreased: only around 15% of the initial en-
zyme activity was detectable after 60 min of renatur-
ation, which is half of the efficiency of unoxidized
Hsp90. The presence of 1 mM ascorbic acid in the
renaturation buffer did not influence significantly the
reactivation Kkinetics (Fig. 6). Neither dehydroascorbic
acid, nor GSSG inhibited the citrate synthase activity
by themselves in the concentrations mentioned above
(data not shown).

DISCUSSION

As one of the major findings of the present report we
have demonstrated that Hsp90 is able to reduce cyto-
chrome c. The N-ethylmaleimide sensitivity suggests
that the effect is mediated by sulfhydryl groups of
Hsp90. According to the Ellman determination there
are three to four accessible sulfhydryl groups per na-
tive Hsp90 monomer. The efficient inhibition of Hsp90-
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FIG. 6. Effect of redox environment on the chaperone activity of
Hsp90. Chaperone activity of Hsp90 was monitored using the test
system citrate synthase (23) as described under Materials and Meth-
ods. Chemically denatured citrate synthase was reactivated in the
presence of Hsp90 (filled circles). The redox status of Hsp90 was
changed by adding 2.5 mM GSSG (open squares), 1 mM dehy-
droascorbic acid (filled triangles), or 1 mM ascorbic acid (open trian-
gles) to the renaturation buffer. No reactivation was detected in the
absence of Hsp90 (open circles). Curves are representatives of three
independent experiments.
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TABLE 111

Standard Redox Potentials of Redox Systems and Protein
Disulfide Isomerases Used in This Study

Redox
potential
Name V) Reference
Redox system
Cytochrome c(Fe®*")/cytochrome c(Fe®") +0.25 52
Insulin(A-S-S-B)/insulin(A-SH)
+ insulin(B-SH) —-0.20° 53
Dithiothreitol(S-S)/
dithiothreitol(—SH), -0.32 54
NADP“/NADPH -0.32 52
Protein disulfide isomerase
DsbA(S-S)/DsbA(—SH), —0.09 2
Thioredoxin(S-S)/
thioredoxin(—SH), -0.27 2,52

® The apparent standard redox potential of the two disulfides of
insulin was calculated from its redox equilibrium with thioredoxin.

induced cytochrome c reduction by the vicinal thiol-
specific SH reagents, arsenite and CdCl, (30), indicates
the involvement of the single vicinal thiol pair of
Hsp90, the highly conserved Cys-589/590 pair in the
reaction. Indeed, peptide Ila containing these thiols
(see sequence in Table Il) was able to reduce cyto-
chrome c. On the other hand, a smaller contribution of
Cys521 (contained by peptide 1) in Hsp90-mediated
cytochrome c¢ reduction cannot be excluded, since pep-
tide | was a better reductive agent for cytochrome c
than peptide Ila and its efficiency reached that of
Hsp90 itself.

Contrary to its cytochrome c reducing activity,
Hsp90 proved to be rather ineffective as a reducing
agent for the disulfide bonds of insulin, or in other
words, Hsp90 does not possess significant protein di-
sulfide oxidoreductase activity. This finding is in good
agreement with the negligible protein disulfide oxi-
doreductase activity of Grp94, the highly homologous
counterpart of Hsp90 in the lumen of the endoplasmic
reticulum (33). What can be the reason of this marked
activity difference of Hsp90 in the two redox systems?
If we compare the standard redox potential of the cy-
tochrome ¢ and insulin redox systems (Table I1I), it is
readily apparent that cytochrome ¢ can be reduced
much easier than insulin. Thus the redox potential of
Hsp90 might be higher than that of the “normal” pro-
tein disulfide isomerases (exemplified in Table 111 by
the bacterial protein disulfide isomerase, DsbA). This
ability of the protein to act as a reducing agent of
cytochrome c, however, prevents Hsp90 from acting as
a protein disulfide oxidoreductase at the —0.23-V esti-
mated redox potential (34) of the cytosol. Besides these
differences steric factors might also contribute to the
different behavior of Hsp90 toward cytochrome ¢ and

insulin. Reduced sulfhydryl groups of Cys-481, Cys-
656, and Cys-661 of the glucocorticoid receptor are
necessary for the hormone binding and translocation of
the receptor. Though Hsp90 plays an important role in
the maturation of the receptor, in light of the above
findings it seems unlikely that Hsp90 participates in
the protection of these sulfhydryl groups, which are
reduced by thioredoxin in an NADPH-dependent man-
ner (35, 36).

The other interesting finding of the present report
that oxidizing buffer conditions impair the chaperone
activity of Hsp90 toward its usual test substrate, ci-
trate synthase. This provides yet another example for
the regulation of Hsp90 function by the redox status of
this chaperone.

Reactive cysteines are involved in the interaction of
Hsp90 with the heme-regulated elF-2a kinase (8) and
molybdate, a stabilizer of Hsp90-target interactions
(9). Cysteines also play an important role in the func-
tion of other molecular chaperones, such as Hsp33 (14),
Hsp70 (29), or a-crystallin (37). Interestingly, reactive
cysteines are usually found in the vicinity of chaperone
nucleotide binding sites such as the ATP-binding site
of Hsp70 (29). The most probable Hsp90 cysteines, the
Cys-589/590 pair is in the neighborhood of the second,
putative low-affinity nucleotide binding site of Hsp90
(7, 27, 38). However, ATP did not modulate the Hsp90-
induced reduction of cytochrome c, which indicates no
direct competition between ATP and cytochrome c¢
binding to Hsp90.

Cytochrome c-derived peptides are excellent sub-
strates of the 70-kDa molecular chaperones (39, 40)
and, quite surprisingly, cytochrome c itself may behave
as a molecular chaperone, promoting the renaturation
of ribonuclease (41, 42). Cytochrome c also stimulates
a-synuclein aggregation in Lewy body disease (43).
These reports may indicate possible interactions of
“conventional chaperones” with cytochrome ¢ and their
cooperation in chaperone action. However, in our ini-
tial experiments we did not find any functional coop-
eration between isolated Hsp90 and cytochrome c in
refolding of firefly luciferase (data not shown), which
suggests that the chaperone cooperation between
Hsp90 and cytochrome c, if it exists, may appear at a
higher level of organization, at the foldosome.

Under normal conditions cytochrome c is a periph-
eral membrane protein of mitochondria. What are the
chances of an in vivo interaction between cytochrome ¢
and “conventional,” cytoplasmic molecular chaperones,
such as Hsp90? Cytochrome c is released from the
outer surface of the inner mitochondrial membrane to
the cytosol at the early steps of apoptosis and can
trigger the activation of the apoptosis-specific DEVD-
specific proteases, called caspases by binding to the
complex of apoptosis-activating factor 1 and dATP (44—
47). On the other hand, apoptosis and the stress re-
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sponse are highly interrelated and altered expression
of heat shock proteins exerts a great influence on the
development of apoptosis (48). Recently thusfar un-
identified cytoplasmic proteins which had been acti-
vated by caspase 8 were reported to be involved in
triggering the apoptotic release of cytochrome ¢ (49—
51). Hsp90 harbors two caspase cleavage sequences,
DEDE (amino acids 691—-694 (25)) for type |l caspases
and LEGD (amino acids 711-714 (25)) for type Ill
caspases in its extreme C-terminus. Indeed, Hsp90 can
be cleaved by caspases in vitro (Cs. Séti, T. Schnaider,
P. Bauer, and P. Csermely, unpublished observations).
These findings raise the possibility that redox reaction-
related interactions of cytochrome ¢ and cytoplasmic
chaperones may play a role in the development or
regulation of apoptotic events. Unfortunately dATP did
not influence the reduction of cytochrome ¢ by Hsp90
(data not shown), and our initial experiments did not
show any significant association of Hsp90 to cyto-
chrome c affinity columns (P. Bauer and P. Csermely,
unpublished observations), which shows the necessity
of more complicated experiments to decide if Hsp90 is
involved in the regulation of the cytochrome c-medi-
ated apoptotic pathway.
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Note added in proof. After our manuscript was accepted we be-
came aware of the recent paper by Pandey et al. (55) which states
that Hsp90 inhibits the cytochrome c-mediated initiation of the
apoptotic cascade. Though, in agreement with our initial experi-
ments, Pandey et al. found that Hsp90 does not stably associate with
cytochrome c, the two proteins are interacting with each other as
parts of a larger cytoplasmic complex. These findings strengthen our
suggestion for the participation of Hsp90 redox activity in the regu-
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