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We report on the molecular and biochemical characterization of HEAT SHOCK PROTEIN 90C (HSP90C), one of the three
Hsp90 chaperones encoded by the Chlamydomonas reinhardtii genome. Fractionation experiments indicate that HSP90C is
a plastidic protein. In the chloroplast, HSP90C was localized to the soluble stroma fraction, but also to thylakoids and low-
density membranes containing inner envelopes. HSP90C is expressed under basal conditions and is strongly induced by heat
shock and moderately by light. In soluble cell extracts, HSP90C was mainly found to organize into dimers, but also into
complexes of high molecular mass. Also, heterologously expressed HSP90C was mainly found in dimers, but tetramers and
fewer monomers were detected, as well. HSP90C exhibits a weak ATPase activity with a K, for ATP of approximately 48 um
and a k_, of approximately 0.71 min'. This activity was inhibited by the Hsp90-specific inhibitor radicicol. In coimmuno-
precipitation experiments, we found that HSP90C interacts with several proteins, among them plastidic HSP70B. The cellular
concentration of HSP70B was found to be 2.9 times higher than that of HSP90C, giving a 4.8:1 stoichiometry of HSP70B
monomers to HSP90C dimers. The strong inducibility of HSPI0C by heat shock implies a role of the chaperone in stress
management. Furthermore, its interaction with HSP70B suggests that, similar to their relatives in cytosol and the endoplasmic
reticulum, both chaperones might constitute the core of a multichaperone complex involved in the maturation of specific client

proteins, e.g. components of signal transduction pathways.

Proteins of the heat shock protein 90 (Hsp90) fam-
ily represent a highly conserved chaperone class. Its
members are found in most bacteria (HtpG) and in
the cytosol, the endoplasmic reticulum (ER; Grp94),
mitochondria (TRAP1/hsp75), and chloroplasts of
eukaryotic cells (Csermely et al., 1998). Most Hsp90s
are abundant cellular proteins whose concentration is
increased up to 10-fold in response to stress (Buchner,
1999). Hsp90s consist of three domains, an N-terminal
ATP-binding domain of approximately 25 kD; a con-
served, but structurally flexible, middle domain of
approximately 35 kD; and a C-terminal domain of
approximately 12 kD (Young et al., 2001).

The functionally active form of Hsp90 is a dimer,
and dimerization is mediated by the approximately
190-amino-acid C terminus (Minami et al., 1994). The
Hsp90 dimer acts as a molecular clamp that, driven by
ATP-binding and hydrolysis, can open and close via
transient interactions of the two N termini (Chadli
et al., 2000; Prodromou et al., 2000). Hsp90 binds client
proteins when it has ATP bound; ATP hydrolysis leads
to an opening of the clamp and to substrate release
(Young et al., 2001). Substrate binding appears to take
place at the opposing inner faces of the middle seg-
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ments in the closed conformation of the clamp, and
apparently two client proteins can be bound simulta-
neously (Meyer et al., 2003). Client proteins recognized
by Hsp90 are thought to be in a near-native state and
thus represent late-folding intermediates (Jakob et al.,
1995). However, it is not yet resolved which structural
features of a substrate are recognized. In contrast to
most other ATP-hydrolyzing proteins, Hsp90 binds
ATP in a kinked conformation that is mimicked by the
antitumor drugs geldanamycin and radicicol (Roe
et al., 1999).

Cytosolic Hsp90 interacts with a large set of cohort
proteins, which comprise Hsp70, Hop, p23, CHIP,
Cdc37, and several immunophilins (Pratt and Toft,
2003; Wegele et al., 2004); novel cohort proteins, like
Ahal (Panaretou et al., 2002) and Tpr2 (Brychzy et al.,
2003), are continuously added to this list. Whereas
several cohort proteins have been characterized also
for the ER resident Grp94 (Meunier et al., 2002), none
have yet been identified for bacterial or organellar
Hsp90s. When Hsp90 is organized with its cohort
proteins into multichaperone complexes, its ATPase
activity is increased severalfold compared to noncom-
plexed Hsp90 (Kamal et al., 2003).

A major function attributed to cytosolic Hsp90 is
a role in the maturation of signal transduction pro-
teins, like hormone receptors and kinases (Richter and
Buchner, 2001; Pratt and Toft, 2003; Wegele et al.,
2004). However, Hsp90 has also been implicated in the
general refolding of denatured proteins (Jakob et al.,
1995), and cytosolic Hsp90 also participates in the
regulation of the stress response (Ali et al., 1998). The
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combination of these functions appears to result in
a role of the chaperone as a capacitor of phenotypic
variation: Decreasing Hsp90 function in Drosophila
melanogaster and Arabidopsis (Arabidopsis thaliana;
e.g. by the application of ansamycin drugs) results in
the appearance of phenotypes that depend on the
genetic background but normally are cryptic. This
finding led to the following hypothesis (Rutherford
and Lindquist, 1998; Queitsch et al., 2002): Mutations
that have accumulated in signaling proteins are kept
cryptic by the ability of Hsp90 to stabilize client pro-
teins in their native conformation. However, upon
stress, when Hsp90 is sequestered away from these
client proteins while refolding stress-denatured pro-
teins, the client proteins may change their conforma-
tion according to the accumulated mutations. This
may result in a different performance of the respective
clients, which, if they participate in developmental
signaling pathways, may lead to phenotypic variation
in a stressful environment.

Most information on chloroplast Hsp90 functions
was gathered from studies with the Arabidopsis
chlorate resistant 88 (cr88) mutant. This mutant, identi-
fied in a screen for plants impaired in nitrate reductase
activity (Lin and Cheng, 1997), turned out to have
a point mutation in the C terminus of a Hsp90 targeted
to the chloroplast stroma (Cao et al., 2003). The cr88
mutant has a yellow-green appearance due to a re-
tarded development of chloroplasts observed particu-
larly in young leaves. The mutant exhibits reduced
light-inducible expression of the nuclear NR2, CAB,
and RBCS genes, and also of the plastid-encoded rbcL
gene. Furthermore, the cr88 mutant showed retarded
deetiolation in red light (Lin and Cheng, 1997; Cao
et al., 2000). These findings suggest a role of plastidic
Hsp90 in the transduction of a plastid-derived signal
that is responsible for the regulation of a subset of
photosynthesis-related genes. Perhaps, in analogy to
its relatives in the cytosol and the ER, plastidic Hsp90
also participates in signal transduction pathways.
Interestingly, phylogenetic analyses have revealed
that chloroplast Hsp90s are more closely related to
ER-targeted Hsp90s than to cyanobacterial HtpG
(Emelyanov, 2002). Thus, it seems possible that an
ER Hsp90 gene had duplicated and acquired a chloro-
plast transit peptide, whereas the HtpG from the
cyanobacterial endosymbiont got lost.

We have previously reported on the identification of
three genes in the Chlamydomonas reinhardtii genome
that encode Hsp90 proteins, which were named
HSP90A, HSP90B, and HSP90C (Schroda, 2004).
Whereas HSP90A and HSP90B with high probability
are localized to the cytosol and to the ER, respectively,
HSP90C may be targeted to the chloroplast and/or to
mitochondria. Here, we show that HSP90C appears to
be targeted only to the chloroplast. We demonstrate
that the chaperone exhibits ATPase activity, which is
sensitive to radicicol. Furthermore, we show that, in
cellular extracts, HSP90C exists mainly as dimers, but
also forms high molecular mass complexes with several
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other proteins, one of which is the plastidic HSP70B
chaperone.

RESULTS

Features of the HSP90C Transcript and of the
Deduced Amino Acid Sequence

The amino acid sequence of HSP90C that we have
reported recently (Schroda, 2004) was deduced from
computer-predicted gene models, which were based on
the Chlamydomonas genome sequence, and from the
similarity of HSP90C with the chloroplast-targeted
Hsp90 protein of Arabidopsis (Krishna and Gloor,
2001; Cao et al., 2003). Since predictions were only
partially supported by cDNA sequence data, we
wanted to confirm them with a full-length HSP90C
cDNA sequence. When we searched the Chlamydomo-
nas expressed sequence tag (EST) databases (Asamizu
etal., 1999,2000; Shrager et al., 2003) for ESTs with com-
plete 5" ends, we found four clones that had a common
5" end 119 nucleotides upstream from the predicted
AUG start codon, and three more ESTs with 5’ ends
close to this position. One of the four presumably com-
plete cDNAs (clone AV630546) was sequenced (GenBank
accession no. AY705371). From this sequence, we
could confirm that the start and stop codons and all
exon-intron boundaries were as predicted by gene
model C_160233 (nucleotides 935,091-939,742 on scaffold
16 of the 2.0 version of the Chlamydomonas genome
sequence  [http://genome.jgi-psf.org/chlre2/chlre2.
home.html]).

HSPI90C turned out to be more closely related to
plastidic Hsp90s of higher plants (approximately 50%
identity, approximately 67% similarity) than to the
Chlamydomonas proteins HSP90A and HSP90B, pre-
dicted to be localized to cytosol and ER, respectively
(approximately 45% identity, approximately 64%
similarity; Fig. 1). Several conserved amino acids
that were shown to be crucial for the activity of yeast
(Saccharomyces cerevisize) cytosolic Hsp90 (Bohen
and Yamamoto, 1993; Nathan and Lindquist, 1995;
Prodromou et al., 1997; Panaretou et al., 1998; Meyer
et al., 2003) were found at conserved positions in all
three Chlamydomonas Hsp90 proteins (Fig. 1). This
is true also for the plastidic Hsp90s of higher plants,
except for two residues: Asn-92 and Lys-98 in yeast
Hsp90 have been shown by structural analyses
to participate in the binding of the Rib and of the
B-phosphate of ATP, respectively (Prodromou et al.,
1997). In the higher plant sequences, Asn-92 and Lys-
98 have been exchanged by Cys and Gln, respectively
(Fig. 1). It is not clear whether these alterations have
any functional consequences. Gly-646 in Arabidopsis
chloroplast Hsp90, which, upon mutation, gave rise
to pleiotropic phenotypes (Cao et al., 2003), is also
conserved in all Chlamydomonas and plastidic
Hsp90s (Fig. 1). The charged linker that connects the
nucleotide-binding and middle domains of Hsp90
is present in all Chlamydomonas and higher plant
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Figure 1. Alignment of Hsp90 protein sequences. Aligned are amino acid sequences deduced from Hsp90 genes from C.
reinhardtii (C.r.; HSP90A, cytosol, gene model C_730014; HSP90B, ER, gene models C_50233/C_50234; HSP90C, chloroplast,
accession AY705371); Arabidopsis (A.t.), accession AAD32922; rye (S.c.), accession Q43638; and rice (O.s.), accession
XM_483065. The higher plant sequences are plastidic Hsp90s. Dots in HSP90B indicate missing sequence data. Residues
highlighted in black are conserved in all sequences; those highlighted in gray are conserved in at least four of the six. Conserved
amino acids were defined as N/Q, D/E, R/K, S/T, F/Y, A/G, and V/I/L/M. The chloroplast transit peptide cleavage sites as predicted
by the TargetP program (Emanuelsson et al., 2000) are boxed, as is the DPW motif in chloroplast-targeted Hsp90s. The separation
of Hsp90s into nucleotide-binding domain, charged linker, middle domain, and dimerization/cochaperone interaction domain
was made according to Meyer et al. (2003). The amino acids given below the alignment indicate residues that in yeast Hsp90 (1)
by structural analyses (nonformatted and bold letters) have been shown to bind ATP directly or via water molecules (Prodromou
et al., 1997); (2) upon mutation abolish ATP binding or hydrolysis and render cells inviable (bold; Panaretou et al., 1998); (3)
upon mutation result in temperature-sensitive phenotypes (underlined; Nathan and Lindquist, 1995); (4) upon mutation render
the chaperone incapable of mediating glucocorticoid receptor maturation (gray shading; Bohen and Yamamoto, 1993); and (5)
upon mutation decrease ATPase activity and impair growth (black shading; Meyer et al., 2003). The asterisk given below the
alignment indicates a conserved Gly that, when converted to Arg in Arabidopsis chloroplast-targeted Hsp90, causes pleiotropic
phenotypes (Cao et al., 2003). The solid line depicts the region of HSP90C against which an antibody was raised.

plastidic Hsp90s, although it appears to be shorter in
the latter (Fig. 1; Krishna and Gloor, 2001). HSP90C and
the higher plant plastidic Hsp90s contain a DPW mo-
tif at their C terminus, which is absent in mitochon-
drial TRAP1 (Felts et al., 2000) and in Hsp90s localized
to ER and cytosol (Fig. 1). To characterize Chlamydo-
monas HSPI0C in greater detail, we raised an anti-
body against its C terminus, since this region exhibited
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the lowest similarity to the other Chlamydomonas
family members HSP90A and HSP90B (Fig. 1).

HSP90C Appears to Be Targeted to the Chloroplast

First we addressed the question of whether HSP90C
is localized to chloroplasts, mitochondria, or both or-
ganelles. For this, we isolated chloroplasts and mito-
chondria from Chlamydomonas. Chloroplasts were
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subsequently subfractioned into stroma, thylakoids,
and low-density membranes. Low-density membranes
are considered to consist of inner envelopes and
transitory membranes between inner envelope and
thylakoids (Zerges and Rochaix, 1998). The purity of
the fractions was tested with antibodies against mito-
chondrial carbonic anhydrase, chloroplast HSP70B
and stromal CGE1 (the nucleotide exchange factor of
HSP70B [Schroda et al., 2001]), and the integral thyla-
koid membrane protein cytochrome f. Chloroplasts
were significantly contaminated by mitochondria and
mitochondria slightly by thylakoids, as judged by the
detection of carbonic anhydrase in the chloroplast
fraction and cytochrome f in the mitochondrial frac-
tion, respectively (Fig. 2A). The low-density mem-
branes contained cytochrome f but no mitochondrial
carbonic anhydrase, whereas the thylakoids were
heavily contaminated with carbonic anhydrase. The
stroma fraction contained no cytochrome f and, there-
fore, was free of thylakoidal contamination, but con-
tained some mitochondrial carbonic anhydrase (Fig.
2A). CGE1 was detected strongly in the stroma frac-
tion and very weakly in low-density membranes.
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Figure 2. Intracellular localization of HSP90C. A, Chlamydomonas
chloroplasts (Cp) were isolated, lysed by hypo-osmotic shock, and
separated into stroma (St), low-density membranes (LM), and thylakoid
membranes (Th). Mitochondria (Mt) were isolated from the same strain.
Whole cells (WC) and fractions (7 ug of protein each) were separated
on a 7.5% to 15% SDS-polyacrylamide gel, transferred to nitrocellu-
lose, and immunodecorated with antibodies against HSP90C, HSP70B
(stroma and membrane control), thylakoidal cytochrome f (Cytf),
stromal CGET, and mitochondrial carbonic anhydrase (CA). B, Mito-
chondria were isolated from cells that had been disrupted with
a nebulizer. Intact mitochondria and mitochondria lysed with 1%
Triton X-100 were incubated with proteinase K at the concentrations
indicated. Thirty micrograms of whole-cell (WC) proteins and 20 ug
of mitochondrial proteins were separated on a 7.5% to 15% SDS-
polyacrylamide gel, transferred to nitrocellulose, and immunodeco-
rated with the same antibodies as in A.
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Like chloroplast HSP70B, HSP90C was detected in
the stroma, low-density membranes, and thylakoids,
indicating that the two chaperones are both soluble
and membrane-associated chloroplast proteins. In the
mitochondrial fraction, however, we detected a clear
signal for HSP90C but only a very weak one for
HSP70B (Fig. 2A). This suggested either that HSP90C
is dually targeted to chloroplasts and mitochondria or
that some chloroplast-derived HSP90C is contaminat-
ing the mitochondrial fraction.

To address these possibilities, we first tried to in-
crease the purity of our mitochondrial fractions by
disrupting Chlamydomonas cells more gently with
a nebulizer instead of vortexing with glass beads. As
judged from the absence of chloroplast markers
HSP70B, cytochrome f, and CGEL1 in the mitochondrial
fraction, using a nebulizer indeed yielded mitochon-
dria of higher purity (Fig. 2B). Since HSP90C was still
detected in these mitochondria, we used a proteinase
K assay (Ryan et al., 2001) to test whether HSP90C is
a plastidic contaminant on the mitochondrial surface
or a true mitochondrial protein. Mitochondrial car-
bonic anhydrase was used as a mitochondrial marker
protein (Eriksson et al., 1996). In three independent
experiments, carbonic anhydrase was digested only
when mitochondria had been lysed with Triton X-100
prior to proteinase K addition, whereas the HSP90C
signal was already lost when intact mitochondria had
been treated with low concentrations of proteinase K
(Fig. 2B). These data indicate that the HSP90C signal
detected in mitochondrial fractions originates from
HSP90C located outside the mitochondria. Hence,
HSP90C most likely is not a mitochondrial protein
and appears to be targeted only to the chloroplast.

HSPI90C Is Inducible by Heat Shock and Light

Chloroplast Hsp90 genes in rye (Secale cereale;
Schmitz et al., 1996) and in Arabidopsis (Cao et al.,
2003) have previously been shown to be induced by
heat shock; the Arabidopsis gene was also shown to be
induced by light. We found that the HSP90C transcript
is present under nonstress conditions and that it
accumulates strongly after heat shock (Fig. 3A). Quan-
tification of four independent experiments revealed
that heat stress induced HSP90C 37-fold (SEM =9),
whereas HSP70B was induced only 13-fold (SEM =*3).
HSP90C and HSP70B mRNA accumulation peaked
30 min after shift to 40°C, then decreased again and
remained at a slightly higher level 90 min after the
onset of stress. Also, at the protein level, HSP90C was
detectable under noninducing conditions and in-
creased significantly after heat stress (Fig. 3B). Quan-
tification of four independent experiments revealed
that 120 min after the onset of stress, HSP90C protein
levels had increased 3.9-fold (SEM *1.5). In compar-
ison, HSP70B protein increased at most 3-fold after
heat stress (Drzymalla et al., 1996).

When dark-adapted Chlamydomonas cells were
shifted into the light, we found in three independent
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Figure 3. Accumulation of HSP90C protein after heat shock and
HSP90C mRNA after heat shock and dark-to-light shift. A, mRNA
from Chlamydomonas wild-type cells that were exposed to a heat
shock at 40°C for the indicated times was separated on agarose gels
(10 ug per lane) and transferred to nylon membranes. These were
hybridized with probes generated from the coding regions of HSP90C,
HSP70B (positive control), and ¢B/p2 (loading control). B, Whole-cell
proteins (15 ug per lane) from cells that were treated as depicted in A
were separated on a 10% SDS-polyacrylamide gel, transferred to
nitrocellulose, and immunodetected with antibodies against HSP90C
and cytochrome f (Cytf, loading control). C, mRNA from Chlamydo-
monas wild-type cells that were kept in the dark for 16 h (0) and then
transferred to light of approximately 30 uE m™? s~ for the indicated
times was separated on agarose gels (10 ug per lane) and transferred to
nylon membranes. Membranes were hybridized with the same probes
used in A.

HSP90C

experiments that HSP90C mRNA levels increased 2.8-
fold (SEM =*0.4; Fig. 3C). Transcript levels remained
high between 45 and 90 min after the onset of ir-
radiation and then decreased to basal levels. Light in-
ducibility of HSP90C was always less pronounced
than that of HSP70B, which in the same experiments
exhibited 4.2-fold (SEM *0.8) increased mRNA levels.
On the protein level, no significant light induction of
HSP90C was observed (data not shown). In conclu-
sion, both heat shock and light induction kinetics of
HSPI0C were similar to those of HSP70B.

Native HSP90C in Soluble Cell Extracts Exists as Dimers
and Higher Molecular Mass Complexes

A key to understanding the roles HSP90C may play
in the cell is the identification of its cochaperones and
substrates, a task we intended to tackle by coimmu-
noprecipitation experiments. Since complexes of cyto-
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solic Hsp90 with its substrates and cochaperones were
reported to be intrinsically unstable (Stancato et al.,
1993), we first wanted to test whether this holds true
for HSP90C as well. In addition, we wished to de-
termine whether the active form of HSP90C is a dimer,
as is the case for its relatives in the cytosol (Minami
et al.,, 1994) and in the ER (Wearsch and Nicchitta,
1996). To address these questions, we employed blue
native (BN)-PAGE to analyze HSP90C complexes in
soluble cell extracts. Since the composition of HSP90C
complexes might change during stress, we prepared
soluble cell extracts from nonstressed and heat-
shocked cells. As shown in Figure 4, HSP90C in the
first-dimension native gel migrated as a prominent
double band at approximately 140 to 160 kD and as
several weak, but distinct, bands in the higher mo-
lecular mass region. After separation in the second
dimension, these signals could unambiguously be at-
tributed to HSP90C (Fig. 4, SDS-PAGE images). This
technique tends to overrepresent minor complexes so
that the higher molecular mass bands appear more or
less as a continuous smear. As judged by a slight smear
of HSP90C into a region <140 kD in extracts from
stressed cells, this treatment may also result in mono-
merization and/or degradation of the chaperone.
Otherwise, the migration patterns observed in extracts
from nonstressed and stressed cells were very similar.

kDa CL HS

669 — J
—

440— b 4

232 — ,"

66— 5

— P — e d
SDS-PAGE SDS-PAGE

Figure 4. Analysis of native HSP90C complexes by BN-PAGE. Chla-
mydomonas total soluble proteins from cells grown in continuous light
(CL) and from cells that, in the light, were exposed for 1 h to a heat
shock (HS) at 40°C, were separated on a 6% to 15% polyacrylamide
gradient blue native gel (BN-PAGE), and either transferred to nitrocel-
lulose (central gel) or separated in the second dimension on 10% SDS-
polyacrylamide gels (SDS-PAGE), followed by transfer to nitrocellulose
(left and right gels; note that the top of the second dimension gel is
shown facing the BN-PAGE gels at the center of the figure). Membranes
were immunodecorated with an antibody against HSP90C.

BN-PAGE
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The strong signal at approximately 140 to 160 kD
suggests a dimeric state of HSP90C (expected size
165 kD). However, it is not clear why the chaperone
migrates as a double band at this position. Covalent
modifications (e.g. phosphorylation) of a part of the
cell’s HSP90C pool or fixed conformational changes
(e.g. clamp formation in the ATP state) may account
for this heterogeneity. The observed migration of
HSP90C in the region >160 kD may be due to its orga-
nization into stable complexes or to multiple interac-
tions of the chaperone with other proteins during
electrophoresis under nondenaturing conditions.

HSP90C Interacts with the Chloroplast
Chaperone HSP70B

Our finding that HSP90C seems to be at least in part
organized into complexes with other proteins (pre-
sumably substrates and /or cochaperones) encouraged
us to perform coimmunoprecipitations to identify in-
teraction partners. We immunoprecipitated HSP90C
from soluble cell extracts prepared from nonstressed
and heat-shocked cells. As shown in Figure 5A, several
proteins coprecipitated with HSP90C. The pattern of
proteins coprecipitating from extracts of stressed and
nonstressed cells was indistinguishable, corroborating
our results from BN-PAGE that the composition of
HSP90C complexes appears to be similar under both
conditions (Fig. 4). No proteins were precipitated with
preimmune serum. To test whether some of the pro-
teins detected on the gel were HSP90C degradation
products, we immunodecorated western blots of the
coprecipitates with the HSP90C antibody. Only a minor
degradation product was detected at approximately
75 kD (data not shown), suggesting that most of the
proteins detected appear to be true HSP90C interac-
tion partners.

The analysis of these HSP90C coprecipitating pro-
teins by mass spectrometry led to the identification of
some of them; however, peptide coverage was low,
since coprecipitating proteins were only of low abun-
dance. Thus, the identity of these putative HSP90C
client proteins needs first to be verified by other
approaches before publication. We assume that com-
plexes of HSP90C with its client proteins have largely
fallen apart during the washing steps, as was observed
for cytosolic Hsp90 complexes (Stancatoetal., 1993). We
have tried to stabilize HSP90C complexes by the addi-
tion of 20 mm sodium molybdate to cell extracts and
washing buffers as described by Hutchison et al. (1992),
but with no improvement (data not shown). Note that
molybdate also had no stabilizing effect on hormone
receptor-plant Hsp90 complexes (Stancato et al., 1996).

Hsp90s in the eukaryotic cytosol and in the ER have
been reported to interact with members of the Hsp70
family (Csermely et al., 1998; Wegele et al., 2004). We
therefore tested whether plastidic HSP70B (Schroda
etal., 1999, 2001) coimmunoprecipitated with HSP90C.
As shown in Figure 5B, HSP70B could indeed be
detected in coprecipitates of HSP90C. In contrast,
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Figure 5. Immunoprecipitation of HSP90C. A, Chlamydomonas total
soluble proteins were prepared from cells grown in continuous light
(CL) and from cells that, in the light, were exposed for 1 h to a heat
shock (HS) at 40°C. Next, soluble proteins were incubated with protein
A Sepharose coupled to antibodies of preimmune serum (Preimmune)
or to affinity-purified anti-HSP90C antibodies. Immunoadsorbed pro-
teins were eluted in nonreducing SDS sample buffer, separated on
a 7.5% to 15% SDS-polyacrylamide gel, and visualized by silver
staining. The positions of precipitated HSP90C and of contaminating
1gG heavy chains (HC) and light chains (LC) are indicated. B, Seven
hundred microliters of soluble lysate from approximately 10° cells
generated as described in A were incubated with protein A Sepharose
coupled to antibodies of preimmune (Pre), anti-HSP90C (IP «90C), or
anti-HSP70B (IP a70B) serum. Fifteen microliters of the lysate (Sol) and
one-third of each immunoprecipitation were separated on a 7.5% to
15% SDS-polyacrylamide gel, transferred to nitrocellulose, and im-
munodecorated with antibodies against HSP90C and HSP70B.

proteins against which we had antibodies available,
i.e. rbcL, mitochondrial carbonic anhydrase, ClpB,
CF1B, OEE2, and VIPP1, could not be detected in
HSP90C coprecipitates (data not shown), suggesting
that the interaction of HSP90C with HSP70B is spe-
cific. We found that HSP90C preimmune serum im-
munoprecipitated traces of HSP70B from extracts of
heat-shocked cells (Fig. 5B); note, however, that pre-
cipitation of some HSP70 with preimmune serum has
been reported before and was attributed to an interac-
tion of HSP70 with IgGs and protein A (Stancato et al.,
1993).

We also performed the reciprocal experiment and
tested whether HSP90C coprecipitated with HSP70B. As
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shown in Figure 5B, this also was the case. The amounts
of HSP70B and HSP90C that coprecipitated with
HSP90C and HSP70B, respectively, were about the same,
regardless of whether extracts from heat-shocked or
nonstressed cells were used (Fig. 5B). However, when
comparing the signals obtained for coprecipitated
HSP90C and HSP70B with those from whole-cell
extracts (Fig. 5B), it appears that more HSP70B copre-
cipitated with HSP90C than vice versa. This could
be due to higher concentrations of HSP70B than of
HSP90C in the chloroplast, resulting in a smaller
fraction of HSP70B that is in complex with HSP90C.
Alternatively, binding of the «HSP90C antibody to
HSP90C might lock the chaperone in a conformation
that leads to stabilization of the complex with HSP70B.
To test the former possibility, we quantified the cellu-
lar concentrations of the two chaperones. For this,
we detected HSP90C and HSP70B immunologically in
dilution series of whole-cell proteins and of heterolo-
gously expressed and purified chaperones (Fig. 6). In
two independent experiments, we found that HSP90C
represented 0.055% and 0.056% of total cellular pro-
teins and that these contained 0.148% and 0.115%
HSP70B. On a mass basis, this means that, on average,
HSP70B is approximately 2.4 times more abundant
than HSP90C. Taking into account the different mo-
lecular masses of the two chaperones (82.4 kD for
HSP90C and 67.9 kD for HSP70B [Schroda, 2004]), cells
appear to contain HSP70B and HSP90C chaperones in
a ratio of approximately 2.9:1, i.e. 5.8 HSP70B mono-
mers per HSP90C dimer. However, these slightly
higher concentrations of HSP70B compared to
HSP90C cannot explain why so much more HSP70B
coprecipitates with HSP90C than vice versa (Fig. 5B).
Hence, the possibility that binding of the oHSP90C
antibody to HSP90C stabilizes complex formation
with HSP70B appears to be the most plausible.

In general, Hsp90 and Hsp70 form stable complexes
only in the presence of specific cochaperones like Hop
(Smith et al., 1993) or Tpr2 (Brychzy et al., 2003). In
Neurospora, however, cytosolic Hsp90 and Hsp70
have been shown to interact directly (Freitag et al.,
1997). To test whether HSP90C and HSP70B may also
interact directly, we mixed heterologously expressed
HSP90C (0.012 um) and HSP70B (0.015 um) in the pre-
sence and absence of Mg-ATP in vitro. When we im-
munoprecipitated HSP90C from the mixture, we could
not detect any coprecipitating HSP70B, and, vice
versa, when HSP70B was immunoprecipitated, no
HSP90C was found to coprecipitate (data not shown).
Thus, HSP90C and HSP70B in the chloroplast may not
interact directly, but via other proteins within a com-
mon complex. Alternatively, a specialized cochaper-
one might be required to mediate a stable interaction
of the two chaperones. Finally, the HSP90C-HSP70B
interaction might take place only at very high protein
concentrations as they are encountered in the stroma
of the chloroplast.

We conclude that HSP90C is in complex with seve-
ral proteins, although these complexes appear to be
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Figure 6. Heterologous expression of HSP90C and HSP70B and
quantification of cellular HSP90C and HSP70B concentrations. A,
HSP90C and HSP70B were expressed as C-terminal fusions to the Sce
VMA intein containing a chitin-binding domain, purified by chitin
affinity chromatography, and eluted after thiol-induced cleavage of the
intein. Aliquots obtained during the purification steps were separated
on 10% SDS-polyacrylamide gels and stained with Coomassie Brilliant
blue. Lane 1, Lysate of E. coli ER2566 host cells after induction with
IPTG. Lane 2, Supernatant of cell lysates after a 30-min centrifugation
at 20,000g. Lanes 3 and 4, First and second flow-through, respectively.
Lane 5, Eluate after thiol-induced cleavage. Lane 6, Proteins remaining
on the chitin column after elution. The positions of the fusion proteins
(FP), cleaved HSP9OC/HSP70B, and the Sce VMA intein/chitin-binding
domain (CBD) are indicated. B, HSP90C/HSP70B purified as shown in
A and Chlamydomonas whole-cell (WC) proteins were diluted and the
protein amounts indicated were separated on a 7.5% to 15% SDS-
polyacrylamide gel, transferred to nitrocellulose, and immunodeco-
rated with antibodies against HSP90C and HSP70B, respectively.
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unstable, that the pattern of interacting proteins is
similar in stressed and unstressed cells, that chloro-
plast HSP70B is among the HSP90C-interacting pro-
teins, and that HSP70B monomers are approximately
5.8 times more abundant than HSP90C dimers.

Heterologously Expressed HSP90C Forms
Dimers and Tetramers

To further characterize HSP90C biochemically, we
wished to determine the N-terminal amino acid se-
quence of mature HSP90C in order to deduce the
cleavage site of its transit peptide. We immunopreci-
pitated HSP90C from Chlamydomonas cell extracts
and subjected the precipitated protein to Edman deg-
radation. Unfortunately, HSP90C was N-terminally
blocked. As an alternative, we separated hetero-
logously expressed and purified HSP90C that lacks
the putative 71-amino-acid N-terminal transit pep-
tide (Fig. 1) next to whole-cell extracts on a high-
resolution SDS-polyacrylamide gel and detected HSP90C
by immunoblotting. Note that, although we used an
efficient protease inhibitor cocktail during purifica-
tion from the overexpressing Escherichia coli strain,
our HSP90C preparations always contained some deg-
radation products at approximately 75, 63, and 33 kD
(Fig. 6A); those at approximately 75 and 63 kD were
also recognized by the antibody against the HSP90C
C terminus (Fig. 7A, lane 1). Since in high-resolution
gels purified HSP90C (lane 1) migrated at the same
position as mature Chlamydomonas HSP90C (lane 2),
the mature protein appears to be truncated by a se-
quence stretch that could well be of the dimension
of the predicted 71-amino-acid transit peptide. Thus,
the LMR/A transit peptide cleavage site predicted
by the TargetP program (Emanuelsson et al., 2000)
might indeed be used in vivo (Fig. 1).

Next, we used two methods to monitor the oligo-
merization properties of heterologously expressed
HSP90C: cross-linking and BN-PAGE. After cross-
linking with glutaraldehyde and electrophoresis in
a denaturing SDS gel, we found the majority of
HSP90C to migrate at approximately 190 kD, and
much smaller amounts to migrate at approximately
330, 83, and 56 kD (Fig. 7B, left gel). In BN-PAGE,
purified HSP90C migrated at approximately 330, 165,
83, and 54 kD; most of the protein was found in the
approximately 165-kD band (Fig. 7B, right gel).
Whereas the signals at approximately 330, 190/165,
and 83 kD most likely correspond to HSP90C tetra-
mers, dimers, and monomers, respectively, those at
approximately 56/54 kD may represent degradation
products.

We conclude that HSP90C in vivo is processed to
a mature form of approximately 83 kD, possibly at
the predicted LMR/A cleavage site. Heterologously
expressed HSP90C appears to be organized mainly
into dimers, but in small amounts it is also found in
monomers and tetramers.
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Figure 7. Analysis of migration and oligomerization properties of
heterologously expressed HSP90C. A, Fifty nanograms of heterolo-
gously expressed HSP90C lacking the putative 71-amino-acid transit
peptide (lane 1) were separated on a 20-cm-long 7.5% to 15% SDS-
polyacrylamide gel next to 50 ug of whole-cell Chlamydomonas
proteins (lane 2). Proteins were transferred to nitrocellulose and
immunodecorated with the HSP90C antibody. B, Four micrograms of
heterologously expressed HSP9OC were cross-linked with 0.1% glu-
taraldehyde for 10 min at 30°C, separated on a 4% to 18% SDS-
polyacrylamide gel, transferred to nitrocellulose, and detected with the
aHSP90C antibody (left gel). Alternatively, 2 ug of heterologously
expressed HSP90C were separated on a 6% to 15% BN gel and
visualized by silver staining (right gel).

HSP90C Exhibits Weak ATPase Activity That Is
Inhibited by Radicicol

Some members of the Hsp90 family characterized so
far have been shown to possess a weak, but essential,
ATPase activity, which is inhibited by the antitumor
agents geldanamycin and radicicol (Panaretou et al.,
1998; Felts et al., 2000). To test whether HSP90C can
also hydrolyze ATP, we incubated heterologously ex-
pressed HSP90C with [y->>P]ATP and found that the
latter was indeed converted to **Pi and ADP (Fig. 8A).
When we determined the initial rate of ATP hydrolysis
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Figure 8. ATPase activity of purified HSP90C and its inhibition by
radicicol. A, Initial rates of ATP hydrolysis (i.e. the conversion of
[y—”P]ATP to *?Pi and ADP) were measured as a function of ATP
concentration using one micromolar heterologously expressed
HSP9OC. Values for K,, and V... (48 um and 14.2 pmol min~',
respectively) were determined using a direct linear plot according to
Eisenthal and Cornish-Bowden (1974). K, and V, . values were
inserted into the Michaelis-Menten equation v = V__ [SI/(K,, + [S]) to
draw the curve shown. Inset, The data are replotted double reciprocally
in a Lineweaver-Burk plot. K, and V, . values were inserted into
equation 1/v = {(K/V,, 1/[S]} + 1/V,, to draw the straight line
shown. B, Inhibition of HSP90C’s ATPase activity by increasing
concentrations of radicicol. One micromolar HSP90C was used at
a fixed ATP concentration of 50 um. Each data point represents the
mean of three independent experiments; error bars indicate SEM. Inset,
The data are replotted according to equation v/v, — 1 = [I]1/Ki(app).
The value obtained for Ki(app) is approximately 0.26 um, giving a K; for

radicicol of approximately 0.13 um at 50 um ATP.

by HSP90C at increasing ATP concentrations, we
obtained values that follow Michaelis-Menten kinetics
(Fig. 8A). To determine values for V, ., and K, we
used a direct linear plot according to Eisenthal
and Cornish-Bowden (1974) and obtained values of
approximately 48 um for K, and of approximately
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14.2 pmol min~" for Vinax giving a k., value of ap-
proximately 0.71 min . To ensure that the ATPase ac-
tivity measured was not influenced by contamination
of ATP-hydrolyzing enzymes in our HSP90C prepara-
tion, we took advantage of the finding that radicol
specifically inhibits Hsp90’s ATPase activity by occu-
pying its ATP-binding site (Roe et al., 1999). As shown
in Figure 8B, radicicol indeed inhibited HSP90C’s
ATPase activity with a K, of approximately 0.13 um
at 50 um ATP. As judged from the complete loss of
ATPase activity at radicicol concentrations higher than
10 um, our HSP90C preparation appeared to be free of
contaminating ATP-hydrolyzing enzymes.

DISCUSSION

We report on the molecular and biochemical char-
acterization of HSP90C, one of three Hsp90 chaper-
ones encoded by the Chlamydomonas genome. We
provide the following evidence that HSP90C indeed is
a bona fide chaperone of the Hsp90 family. (1) HSP90C
is homologous to other Hsp90s; all residues that were
found to be essential for Hsp90 function are conserved
in HSP90C (Fig. 1). (2) HSP90C exhibits an ATPase
activity with a K, of approximately 48 um and a k.,
of approximately 0.71 min~" at 30°C (Fig. 8A). These
values are similar to those of other members of the
Hsp90 family, e.g. yeast cytosolic Hsp90 (k. = 0.1
min ' and K, = 100 um at 30°C [Panaretou et al.,
1998]), human mitochondrial TRAP1 (k_,, = 0.1 min "
and K, = 33 um at 30°C [Felts et al., 2000]), and E. coli
HtpG (k,, = 0.47 min~' at 37°C [Panaretou et al.,
1998]). (3) HSP90C’s ATPase activity is inhibited by
radicicol, a drug that was reported to act specifically
on Hsp90s (Schulte et al., 1998; Sharma et al., 1998; Fig.
8B). The kinetics of inhibition of HSP90C’s ATPase
by increasing radicicol concentrations were similar to
those of yeast Hsp90 (Roe et al., 1999) and human
TRAP1 (Felts et al., 2000). (4) HSP90C is heat shock
inducible, a feature shared by many Hsp90s charac-
terized to date (e.g. Welch and Feramisco, 1982; Mason
et al., 1999; Cao et al., 2003). (5) Bulk HSP90C in vivo
and in vitro is constitutively organized into dimers
(Figs. 4 and 7B) and dimerization has been demon-
strated to be required for Hsp90 function in vivo
(Minami et al., 1994). (6) HSP90C interacts (directly or
indirectly) with HSP70B (Fig. 5B); in the cytosol,
complex formation of Hsp90 with HSP70 into the
foldosome was observed to be essential for the matu-
ration of hormone receptors and signaling kinases
(Pratt and Toft, 2003).

In fractionation experiments, we reproducibly de-
tected HSP90C in chloroplast and mitochondrial frac-
tions of Chlamydomonas, which suggested a dual
targeting of the chaperone to both organelles (Fig.
2A). In favor of a localization of HSP90C in the
chloroplast, we found that it is in complex with the
plastidic HSP70B protein (Fig. 5B), and that HSP90C
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contains a DPW motif at its C terminus. The DPW motif
is present in all plastidic Hsp90s identified to date
(Schmitz et al.,, 1996, Cao et al.,, 2003), but not in
cytosolic, mitochondrial, or ER lumenal Hsp90s (Fig.
1). To test whether HSP90C is also localized to mito-
chondria, we treated our mitochondrial fraction with
proteinase K, a procedure that is routinely used in yeast
to test the mitochondrial localization of a given protein
(Ryan et al., 2001). Since HSP90C became undetectable
in intact mitochondria already at the lowest proteinase
K concentration used (Fig. 2B), we have to assume that
HSP90C is not a true mitochondrial protein. Generally,
Hsp90s are hydrophobic proteins that tend to stick to
membranes (Csermely et al., 1998). In fact, the high
affinity of Grp94 for membranes of the ER and Golgi
apparatus had led to the early assumption that it was
a transmembrane protein (Mazzarella and Green,
1987). Thus, it seems likely that HSP90C was released
from chloroplasts that had been disrupted during
fractionation and that some of the liberated chaperones
then adhered to mitochondrial outer membranes.
Hence, our localization of HSP90C to low-density
membranes and thylakoids (Fig. 2A) might also be
due to the hydrophobicity of the chaperone and may
not be of functional significance.

In the Chlamydomonas genome, only three HSP90
genes were identified that encode cytosolic, ER lu-
menal, and plastidic chaperones (HSP90A-C; Schroda,
2004). The lack of a fourth, mitochondrial HSP90 gene
is corroborated by the finding that all 52 ESTs, which
we found among the approximately 200,000 Chlamy-
domonas ESTs to contain Hsp90 coding regions, could
be assigned to one of the three HSP90 genes: 20 to
HSPI0A, 12 to HSP90B, and 20 to HSP90C (data not
shown). Phylogenetic analyses indicate that organellar
Hsp90 genes of modern eukaryotes originate from
duplications of ancient Hsp90 genes, which acquired
sequences encoding organellar targeting peptides in
a secondary event, whereas the endosymbionts’ htpG
genes were lost (Emelyanov, 2002; Stechmann and
Cavalier-Smith, 2004). Apparently, gene duplications
giving rise to mitochondrial Hsp90 genes were mani-
fested only in some lineages, hence explaining why
genes encoding mitochondrial Hsp90 proteins exist in
some organisms, like Dictyostelium, Drosophila, Ara-
bidopsis, and humans (Felts et al., 2000; Krishna and
Gloor, 2001; Morita et al.,, 2005), but appear to be
absent in others, like Chlamydomonas and yeast. The
question arises as to which evolutionary pressure may
have triggered the reinvention of mitochondrial
Hsp90s in some lineages, and how other lineages
could otherwise address this pressure.

The expression pattern of HSP90C is very similar to
that reported for plastidic Hsp90s in Arabidopsis and
rye (Schmitz et al., 1996; Cao et al., 2003) and also
resembles that of plastidic Hsp70 and its nucleotide
exchange factor CGE1 (Drzymalla et al., 1996; Lin et al.,
2001; Schroda et al., 2001): significant basal expression
and inducibility by heat shock and light (Fig. 3). This
pattern suggests a constitutive function of plastidic
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Hsp90s in the maturation of plastidic proteins, whose
increased synthesis after the onset of light appears to
require higher expression levels of the chaperone. The
strong inducibility of plastidic Hsp90s by heat shock
suggests that they also play a role in the refolding
of denatured plastid proteins. The similar pattern of
proteins that interact with HSP90C under basal and
heat stress conditions (Fig. 5A) indicates that the
chaperone constitutively sticks to a defined set of in-
teraction partners and that the interaction with de-
natured plastid proteins appears to be transient.

Most interesting is our finding that HSP90C and
plastidic HSP70B, which in the cell are present at
a molar ratio of 1:2.9 (Fig. 6B), appear to form common
complexes (Fig. 5B). The organization of cytosolic
Hsp90 and Hsp70 and the ER lumenal family mem-
bers Grp94 and BiP into common complexes has been
well documented (Csermely et al., 1998; Pratt and Toft,
2003; Wegele et al., 2004), but is novel for plastidic
Hsp70 and Hsp90 and for organellar family members
in general. In the eukaryotic cytosol, Hsp90 and Hsp70
represent the essential core of dynamic complexes that
catalyze the maturation of a number of client proteins
(Pratt and Toft, 2003). Specificity is mediated by the
set of cohort proteins: With Hsp40, Hop, and p23,
Hsp70-Hsp90 catalyzes the folding of many receptors
into a conformation competent for ligand binding
(Morishima et al., 2000). Together with Cdc37, the
Hsp70-Hsp90 complex mediates the maturation of sev-
eral signaling kinases (Stancato et al., 1993; Stewart
et al.,, 1999). Also in the ER, Grp94 and BiP form the
core of a multichaperone complex that, among others,
contains ERdj3 (an Hsp40 homolog), cyclophilin B
(an immunophilin), and several protein disulfide iso-
merases as cohort proteins (Meunier et al., 2002). This
multichaperone complex is required for the matura-
tion of proteins traversing the ER lumen, like IgGs
(Melnick et al.,, 1992), but also of some kinases
(Csermely et al., 1998). It is assumed that Hsp70
mediates the initial folding steps and then hands
over late-folding intermediates to Hsp90 (Pratt and
Toft, 2003).

Therefore, it appears likely that a multichaperone
complex with an Hsp70-Hsp90 core exists also in
organelles. The set of cohort proteins of such an or-
ganellar multichaperone complex is likely to differ
from that in the cytosol, since human mitochondrial
TRAP1 did not interact with human cytosolic Hop or
p23 (Felts et al., 2000). One potential candidate might,
however, be an Hsp40-like protein for which homo-
logs have been identified in mitochondria (Rowley
et al., 1994) and chloroplasts (Schlicher and Soll, 1997;
Liu et al., 2005). A mutation in the C terminus of
plastidic Hsp90 impaired plastid-to-nucleus signal
transduction in Arabidopsis (Lin and Cheng, 1997;
Cao et al., 2000, 2003). Thus, it appears plausible
that a plastidic Hsp70-Hsp90-based multichaperone
complex might be required for the maturation of
components of plastid-to-nucleus signal transduction
pathways.
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MATERIALS AND METHODS
Strains and Culture Conditions

Chlamydomonas reinhardtii strains were grown mixotrophically in Tris-
acetate phosphate (TAP) medium (Harris, 1989) on a rotatory shaker at 25°C
and an illumination of approximately 30 uE m 25", For chloroplast isolation,
cells were grown in TAP medium supplemented with 0.5% (w/v) peptone.

Heat Shock and Dark-to-Light Shift Kinetics, RNA and
Protein Extractions, RNA Gels, and Hybridizations

Heat shock and dark-to-light shift kinetics, isolation of protein and RNA,
and preparation of RNA blots were carried out as described in Liu et al. (2005).
Membranes were hybridized with DNA probes prepared by the random-
priming technique (Feinberg and Vogelstein, 1983) using [a-*P]dCTP (Amer-
sham, Freiburg, Germany). Hybridization was done as described previously
(Schroda et al., 1999). The probes used were a 2-kb Nhel-Aatll fragment
containing the HSP70B coding region, a 736-bp PCR product encoding the
HSPI90C C terminus, and a 1-kb ¢cDNA of ¢Blp2 (Von Kampen et al., 1994).
Radioactive signals were detected with BAS-IP MS 2040 phosphorimager
plates (Raytest, Straubenhardt, Germany), scanned with a molecular imager
FX phosphorimager (Bio-Rad, Munich), and quantified using the Quantity
One-4.5.1 program (Bio-Rad). HSP90C and HSP70B signal intensities were
corrected for unequal loading by using the cBlp2 signals obtained for the
respective lanes.

SDS-PAGE and Gel-Blot Analyses

SDS-PAGE was performed as described earlier (Laemmli, 1970). For heat
shock kinetics, proteins were loaded on the basis of equal chlorophyll
concentrations. For fractionation experiments, 1 volume of 2X Laemmli
sample buffer (125 mwm Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 10%
B-mercaptoethanol, 0.005% bromphenol blue) was added to the samples
and protein concentrations were determined by amido black (Popov et al.,
1975). BN-PAGE for soluble proteins was carried out according to a published
protocol (Schégger et al., 1994). Soluble proteins were prepared as described
previously (Schroda et al., 2001). The native high molecular mass marker
(66-669 kD) was purchased from Amersham.

Proteins in gels were stained with silver nitrate or transferred to nitro-
cellulose membranes (Hybond-ECL, Amersham) by semidry blotting using a
discontinuous transfer system. Blocking and immunodecorations were per-
formed in phosphate-buffered saline (PBS; Sambrook et al., 1989) containing
3% nonfat dry milk, and immunodetection was done by enhanced chemilu-
minescence (ECL; Amersham). Antisera were against HSP70B (Schroda et al.,
1999), CGE1 (Schroda et al., 2001), mitochondrial carbonic anhydrase (Eriks-
son et al., 1996), and cytochrome f (Pierre and Popot, 1993). ECL signals were
detected with Hyperfilm-ECL (Amersham). Films were scanned using a GS-
710 calibrated imaging densitometer (Bio-Rad) and signals were quantified
using the Quantity One-4.5.1 program (Bio-Rad). HSP90C signal intensities
were corrected for unequal loading by using the cytochrome f signals obtained
for the respective lanes. Relative cellular concentrations of HSP90C and
HSP70B (Fig. 6) were determined from two independent experiments as
follows. Signal intensities obtained from four different concentrations of the
purified chaperones were plotted against the protein concentrations used and
a trendline was drawn. Signal intensities obtained for the chaperones from
four different concentrations of whole-cell protein were inserted into the
trendline equation derived from the purified proteins and the mean values of
the resulting protein concentrations were calculated.

Cell Fractionations

Isolation of chloroplasts and fractionation into stroma, thylakoids, and
low-density membranes was done as described previously (Zerges and
Rochaix, 1998). Mitochondria were isolated according to Eriksson et al.
(1995). For the proteinase K assay, mitochondria were isolated from cells
that have been disrupted with a BioNebulizer (Glas-Col, Terre Haute, IN)
instead of vortexing with glass beads. Mitochondria were resuspended in
SEM (250 mm Suc, 1 mm EDTA, 10 mmM MOPS-KOH, pH 7.2) buffer. If
indicated, mitochondria were solubilized by adding Triton X-100 (25% stock)
to a final concentration of 1%, followed by pipetting up and down several
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times and incubating on ice for 5 min. For each assay, proteinase K (1 mg/mL
stock) was added to mitochondria equivalent to 20 ug of protein to give a final
proteinase K concentration of 25 or 150 ug/mL. Digestion was carried out for
15 min on ice and stopped by adding phenylmethylsulfonyl fluoride (0.1 m
stock) to a final concentration of 2 mm.

Immunoprecipitations

Chlamydomonas CF185 cells (Schroda et al., 1999) were grown to a density
of approximately 8 X 10° cells/mL, harvested in two equal fractions by
centrifugation, and either resuspended in 50 mL TAP medium prewarmed to
40°C for heat shock or in 50 mL TAP medium at 25°C for control. Heat shock
and control treatments were performed for 1 h under shaking, then cells were
harvested and resuspended in lysis buffer (20 mm HEPES, pH 7.2, 10 mm KCl,
1 mm MgCl, 154 mm NaCl, 0.25X protease inhibitor cocktail [Roche,
Mannheim, Germany]). Cells were lysed by sonication on ice. Lysates were
loaded onto Suc cushions (20 mm HEPES-KOH, pH 7.2, 0.6 M Suc) and
centrifuged in a TI50 rotor for 30 min at 152,000¢ and 4°C. The supernatants
were supplied with Triton X-100 to a final concentration of 0.5% and incubated
for 5 min. Protein A Sepharose beads with coupled antibodies were equili-
brated in lysis buffer and incubated with the cell lysates under agitation for 1 h
at 10°C. Beads were washed four times with lysis buffer (containing 0.1%
Triton X-100) and twice with 10 mwm Tris-HCI, pH 7.5, and proteins were eluted
by boiling 45 s in 2X Laemmli sample buffer (Fig. 5B) or by shaking 30 min at
25°C with 2X Laemmli sample buffer lacking B-mercaptoethanol (Fig. 5A).

Cloning, Expression, and Purification of HSP90C
and HSP70B

DNA encoding the C-terminal 238 amino acids of HSP90C was amplified
by PCR from cDNA clone AV630546 with primers 5'-AAGGATCCATG-
TACCTGACCGAGCCCATTGA-3' and 5'-CCTGGGTAACCCGCGGACTT-
CTTCCAGGGGT-3'. The 736-bp PCR product was digested with BamHI
and cloned into BamHI-EcoRV-digested pBluescript (Stratagene, La Jolla, CA),
giving pMS313. pMS313 was digested partially with BstEIl and completely
with BamHI, and the resulting 720-bp fragment was cloned into BamHI-BstEII-
digested pCB785 (a pQE-9 derivative encoding N- and C-terminal hexahis-
tidine tags containing the HSP70B coding region cloned into BamHI and BstEII
restriction sites), giving pMS317. pMS317 was expressed in Escherichia coli
M15 (Qiagen, Hilden, Germany) and purified by nickel-nitrilotriacetic acid
agarose (Ni-NTA) according to the manufacturer’s instructions (Qiagen), with
the following alterations. Cells expressing pMS317 were lysed in lysis buffer
(6 M guanidine-HCl, 0.5 m NaCl, 20 mm Tris-HCI, pH 8.0, 5 mm imidazole),
and lysates were applied to a column containing 2 mL Ni-NTA agarose.
The column was washed with lysis buffer containing 6 M urea instead of
guanidine-HCl and with urea buffer containing 30 mm imidazole instead of
5 mm. The HSP90C C terminus containing two flanking hexahistidine tags was
eluted with 200 mm imidazole in urea buffer and used for the immunization of
rabbits.

For the heterologous expression of the entire HSP90C protein, we first
amplified the coding region of the N-terminal part of mature HSP90C (lacking
its putative N-terminal 71-amino-acid transit peptide) by PCR from cDNA
clone AV630546 with primers 5'-GGACTAGTGCTCTTCGAACGCGAACCT-
GTTCTCTCGC-3" and 5'-ACGTCCTCGAGGCTGCGCGTCCA-3'. Next, the
867-bp PCR product was digested with Spel and Nrul, and the resulting
291-bp Spel-Nrul fragment was ligated into Spel-Nrul-digested cDNA clone
AV630546, giving pMS334. Finally, pMS334 was digested with SapI and Xhol,
and the 2,635-bp Sapl-Xhol fragment was ligated into SapI-Xhol-digested
pTYB11 (NEB, Frankfurt), giving pMS335.

For the heterologous expression of the entire HSP70B protein, we first
digested a vector containing the HSP70B cDNA with Mscl and Hpal and
religated the vector to give pMS303. The latter was used as a template for PCR
to amplify a 671-bp fragment using primers 5'-GTCAGCTCTTCTAACGA-
GAAGGTCGTGGGT-3' and T7. The PCR product was then digested with
Apal and ligated into Smal-Apal-digested pBluescript, yielding pMS304. Next,
pMS304 was digested with Spel-Xhol, and the resulting 638-bp fragment was
ligated into pTYB11 that had been cleaved with Spel and Xhol to give pMS305.
The latter was digested with Sapl and, after removal of a 39-bp fragment, was
religated to yield pMS306. Finally, pCB644, which contains the HSP70B cDNA
into which the coding region for a hexahistidine tag had been engineered
immediately upstream of the stop codon, was digested with NotI-Xhol, and
the resulting 1,871-bp fragment was ligated into NotI-XhoI-digested pMS306
to give pMS307.
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pMS335 and pMS307 were expressed in E. coli ER2566 and purified by chitin
affinity chromatography according to the manufacturer’s instructions (NEB).
The chaperones were dialyzed extensively at 4°C against KMH (20 mm HEPES-
KOH, pH 7.2, 80 mm KCI, 2.5 mm MgCl,) buffer, supplemented with 10%
glycerol, and stored at —80°C. Yields were around 300 ug pure chaperones per
liter E. coli culture. The calculated masses of mature HSP90C (82,427.6 D) and
hexahistidine-tagged HSP70B (68,936) matched the masses determined by
mass spectrometry (Finnigan TSQ 700) for heterologously expressed HSP90C
(82,431 D) and HSP70B (68,942), with a deviation below 0.01%.

Affinity Purification of HSP90C Antibodies

A 5- X 10-cm nitrocellulose membrane (Hybond-ECL, Amersham) was
incubated for 1 h with 1 mg of purified HSP90C C termini in 6 M urea, 0.5 M
NaCl, and 20 mm Tris-HCl, pH 8.0. The membrane was blocked with PBS-T
(PBS plus Tween 20 at a final concentration of 0.1%) containing 3% nonfat dry
milk, washed with PBS-T, and incubated for 2 h at 4°C with 2 mL antiserum in
PBS-T supplemented with bovine serum albumin at a final concentration of
10 mg/mL. After thorough washing, bound antibodies were eluted two times
for 30 s with pH shock buffer (100 mm Gly-HCI, pH 2.5, 137 mm NaCl, 0.1%
Tween 20), and the pH was raised to 7.0 with 1 m Tris-HCl, pH 8.0. Affinity-
purified antibodies were stored at —80°C after addition of 10% glycerol and
0.02% sodium azide.

ATPase Assays

One micromolar heterologously expressed HSP90C protein was incubated
in KMH buffer containing 3 mg/mL bovine serum albumin with 0.4 uCi of
[y-**P]ATP (3,000 Ci/mmol; Amersham) at 30°C for 0 to 240 min. The ATP
concentrations tested were adjusted accordingly by adding unlabeled ATP. The
inhibition of HSP90C’s ATPase activity by radicicol was measured with 1 um
HSP90C, 50 um ATP, 0.4 uCi [y-**P]ATP, and the following inhibitor concen-
trations (diluted from a 5 mm ethanol stock): 0, 0.05, 0.1, 1, 5, and 10 uM. The
same volume of ethanol was given to the control reactions. Reactions were
incubated for 1 h at 30°C. For each inhibitor concentration, three independent
experiments were performed. Each reaction was spotted directly onto a thin-
layer chromatography plate (polyethyleneimine cellulose F; Merck, Darmstadt
Germany) and resolved at room temperature by ascending thin-layer chroma-
tography in 0.4 M LiCl and 3.6% acetic acid buffer for about 15 min. The plates
were air dried and the radioactive spots were detected and quantified as
described above.

Distribution of Materials

Upon request, all novel materials described in this publication will be made
available in a timely manner for noncommercial research purposes, subject to
the requisite permission from any third-party owners of all or parts of the
material. Obtaining any permissions will be the responsibility of the requester.

Sequence data from this article have been deposited to the GenBank data
library under the accession number AY705371.
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