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SYNOPSIS

In this study we report on the identification and characterization of three novel chloroplast-
targeted J-domain proteins, CDJ3-5, which in addition to their J-domains contain bacterial-
type ferredoxin domains. In the databases we could identify homologs of CDJ3-5 in green
algae, moss and higher plants, but not in cyanobacteria. Phylogenetic analyses allowed
distinguishing two clades containing CDJ3/4 and CDJ5 that must have diverged early in an
ancestor of the green lineage and have further diversified later on. Molecular and
biochemical analysis of CDJ3 and CDJ4 from Chlamydomonas reinhardtii revealed that both
are weakly expressed proteins that appear to be localized to the stroma and to thylakoid
membranes, respectively. The low transcript levels of the CDJ3 and CDJ4 genes declined
even further in the initial phase of heat shock, but CDJ3 transcript levels strongly increased
after dark-to-light shift. Accordingly, the Arabidopsis ortholog of CDJ5 was also found to be
light inducible and to be under strong circadian control. CDJ3 and CDJ4 proteins could both
be expressed in Escherichia coli with redox-active Fe-S clusters. In vitro crosslinking studies
demonstrated that CDJ3 and CDJ4 interact with chloroplast HSP70B in the ATP state,
presumably as dimers, and immunoprecipitation studies showed that CDJ3/4 were in
common complexes with HSP70B also in Chlamydomonas cell extracts. Finally, CDJ3 was
found in complexes with apparent molecular masses of ~550 to 2800 kDa that appeared to
contain RNA. We speculate that CDJ3-5 might represent redox switches that act by
recruiting HSP70B for the reorganization of regulatory protein complexes.
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INTRODUCTION

Molecular chaperones of the HSP70 class are highly conserved and found in all living
organisms, except for some archaea. HSP70 chaperones are involved in a plethora of
different cellular functions, like folding of newly synthesized proteins, refolding of denatured
proteins after stress, protein quality control, transport of proteins across membranes, or
assembly and disassembly of protein complexes [1]. HSP70s contain two functionally
interconnected domains, an N-terminal ATPase and a C-terminal substrate-binding domain.
Substrate proteins typically expose hydrophobic regions and substrate binding to HSP70 in
the ATP state stimulates ATP hydrolysis [2]. This results in tight binding of the substrate
when HSP70 is in the ADP state. The specificity of HSP70 function is mediated by so-called
J-domain proteins, which interact with selected substrates and deliver them to HSP70s in the
ATP state [3, 4]. ATP hydrolysis is further stimulated by the interaction of the J-domain with
the ATPase domain of the HSP70 partner. Exchange of ADP by ATP in most prokaryotic-
type HSP70s is catalyzed by GrpE-type nucleotide exchange factors [5].

Compared to the well-studied HSP70 systems in bacteria and most compartments of
the eukaryotic cell (cytosol, ER, mitochondria) rather little is known about HSP70 systems in
chloroplasts. This is surprising, as chloroplasts contain a compariment providing the basis for
almost all life on earth — the thylakoid membranes — and knowledge about chloroplast
proteostasis is mandatory to understand the biochemical mechanisms underlying the
conversion of light energy into carbohydrates. To remedy this situation, we are studying the
chloroplast HSP70 system in the unicellular green alga Chlamydomonas reinhardtii.
Chlamydomonas possesses only one major chloroplast HSP70, termed HSP70B, and
therefore is less complex than higher plants or moss containing two and three major
chloroplast HSP70 homologs, respectively [6-9].

HSP70B itself is assisted by its escort protein HEP2 to assume the functional state
[10]. HSP70B cooperates with its GrpE-type nucleotide exchange factor, CGE1 [11], and
appears to be constitutively in complex with chloroplast HSP90C [12]. HSP70B has been
shown to protect PSII from photoinhibition and to play a role in the repair of photodamaged
PSIl [13]. To date, two chloroplast-targeted J-domain protein co-chaperones of HSP70B
have been characterized: CDJ1 in addition to the J-domain contains the Gly/Phe-rich and the
Zn-finger substrate-binding domains characteristic for type | J-domain proteins [14] and
therefore most likely is involved in supplying HSP70B (and HSP90C) with unfolded substrate
proteins [12]. CDJ2 lacks the Gly/Phe-rich and Zn-finger domains and therefore is a type lll
J-domain. CDJ2 binds to the vesicle inducing protein in plastids (VIPP1) and recruits the
HSP70B-HSP90C chaperone complex [15, 16]. HSP70B, CDJ2 and CGE1 were shown to
catalyze assembly-and disassembly of VIPP1 oligomeric structures, and might therefore be
involved in biogenesis/maintenance of thylakoid membranes [17].

Here, we report on three novel chloroplast-targeted type Il J-domain proteins, termed
CDJ3-5, and present a molecular and biochemical analysis of CDJ3 and CDJ4.
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EXPERIMENTAL

Strains and Culture Conditions

Chlamydomonas reinhardtii strains were grown mixotrophically in TAP medium [18] on a
rotatory shaker at 25°C and an illumination of ~30 uE m™s™. For chloroplast isolation, cells
were grown in TAP medium supplemented with 0.5% (w/v) peptone.

Cloning, Expression, and Purification of CDJ3 and CDJ4

A 623-bp DNA fragment encoding the N-terminal part of mature CDJ3 was amplified by PCR
from cDNA clone AV628957 with primers 5'-
GGACTAGTGCTCTTCTAACGCAGCTGATGAAGCAGCA-3 and 5-
GGATTCGCGACTGCCGCCGCTGCCAGGC-3'. The PCR product was digested with Spel
and cloned into Spel-Smal-digested pBluescript (Stratagene, La Jolla, CA), giving pMS330.
pMS330 was digested with Spel-Ncol and the resulting 501-bp Spel-Ncol fragment was
ligated into the Spel-Ncol-digested cDNA clone AV628957, giving pMS332. Next, cDNA
clone AV628957 was digested with Ncol-Mfel and the resuliing 894-bp Ncol-Mfel fragment
was ligated into Ncol-EcoRI-digested pMS330 to generate pMS333. At last, pMS333 was
digested with Sapl-Xhol and the resulting 1415-bp Sapl-Xhol fragment was cloned into Sapl-
Xhol-digested pTYB11 (NEB, Frankfurt, Germany), giving pMS336. The coding sequence for
CDJ4 was amplified by PCR from cDNA clone AV643891 with primers 5'-
GGACTAGTGCTCTTCTAACGCAAGCAGTGATGTTGCTTC-3’ and 5'-
TACCACTCGAGAGCGGCGGAG-3'. The resulting 1006-bp PCR product was digested with
Sapl-Xhol and ligated into Sapl-Xhol-digested pTYB11, generating pMS337. pMS336 and
pMS337 were expressed in Escherichia coli ER2566 and purified by chitin affinity
chromatography according to the manufacturer’s instructions (NEB). Mature CDJ3/4 were
cleaved from the intein/chitin binding domain by incubation with cleavage buffer (20 mM
Tris/HCI, 0.5 M NaCl, 1.0 mM EDTA, 50 mM DTT, pH 9.0) at 25°C for 16 h and collected in
five 1-ml fractions. Fractions 1-3 and 5 were pooled and subjected to three successive runs
of concentration/dilution with KMH buffer (20 mM HEPES-KOH pH 7.2, 80 mM KCI, 2.5 mM
MgCl,) using Amicon Ultra-4 tubes (Millipore, Molsheim, France). Proteins were
supplemented with 10% glycerol and 1 mM DTT, frozen in liquid nitrogen, and stored at -
80°C. Yields were around 300 ug pure CDJ3/4 per liter E. coli culture. About 1 mg each of
purified CDJ3 and CDJ4 were dissolved in 6 M urea, 20 mM Tris pH 8.0, 0.5 M NaCl and
used for the generation of polyclonal rabbit antisera. Affinity purification of antibodies was
done as described previously [19].

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

Heat-shock and dark-light-shift kinetics, isolation of protein and RNA, and preparation of
RNA blots were carried out as described in [16]. Membranes were hybridized with DNA
probes prepared by the random priming technique using [o-**P]JdCTP (Hartmann Analytic
GmbH, Braunschweig, Germany). Hybridization was done as described previously [13].
Probes used were a 2-kb Nhel-Aatll fragment containing the HSP70B coding region, the
entire CDJ3 and CDJ4 cDNAs, and a 1-kb cDNA of CBLP [20]. Radioactive signals were
detected with BAS-IP MS 2040 phosphorimager plates (raytest, Straubenhardt, Germany).

Polyacrylamide Electrophoreses and Gel Blot Analyses

SDS-PAGE was performed as described earlier [21]. For fractionation experiments, one
volume of 2 x Laemmli sample buffer (125 mM Tris-HCI pH 6.8, 20% glycerol, 4% SDS, 10%
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B-mercaptoethanol, 0.005% bromphenol blue) was added to the samples and protein
concentrations were determined by amido black [22]. Proteins in gels were stained with
colloidal Coomassie (Invitrogen) or transferred to nitrocellulose membranes (Hybond-ECL,
GE-Healthcare) by semidry blotting using a discontinuous transfer system. Blocking and
immunodecorations were performed in phosphate buffered saline (containing 3% nonfat dry
milk, immunodetection was done by enhanced chemiluminescence (GE-Healthcare).
Antisera were against HSP70B [13], CGE1 [11], mitochondrial carbonic anhydrase [23], and
cytochrome f [24]. ECL signals were detected with Hyperfilm-ECL (GE-Healthcare).

Cell Fractionations

Isolation of chloroplasts and fractionation into stroma, thylakoids and low density membranes
was done as described previously [25]. Mitochondria were isolated according to [26], but
using a BioNebulizer™ (Glas-Col, Terre Haute, IN) for disrupting cells instead of vortexing
with glass beads.

Immunoprecipitations

Chlamydomonas CF185 cells [13] were grown to a density of ~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 KCI,1 mM MgCl,, 154 mM NaCl,
0.25 x protease inhibitor cocktail (Roche, Mannheim, Germany)). Cells were lysed by
sonication on ice. Lysates were loaded onto sucrose cushions (20 mM HEPES-KOH pH 7.2,
0.6 M sucrose) and centrifuged in a TI50 rotor for 30 min at 152,000 g 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 equilibrated in lysis
buffer and incubated with the cell lysates under agitation for one h at 10°C. Beads were
washed four times with lysis buffer (containing 0.1% Triton X-100) and twice with 10 mM
Tris-HCI, pH 7.5, and proteins were eluted by boiling 45 s in 2 x Laemmli sample buffer
(Figure 5B), or by shaking 30 min at 25 °C with 2 x Laemmli sample buffer lacking B-
mercaptoethanol (Figure 5A).

UV-vis spectroscopy

200 pL of purified CDJ3 (30.5 uyM) or CDJ4 (22.0 uM) in cleavage buffer were analyzed in a
1 cm pathlength UV micro cuvette (Brand, Wertheim) with a TIDAS-Il diode array
spectrophotometer (J&M, Aalen). The samples were reduced by the addition of 5 yL Na,S,0,
(0.5 M) at 25°C and measured instantaneously. The molar extinction coefficient at 280 nm
was calculated from the amino acid sequence according to [27] giving values of 35360 M
'em™ for CDJ3 and 49180 M'ecm™ for CDJ4, respectively.

Miscellaneous

Glutaraldehyde crosslinks were performed as described in [28] and gel filtration analysis of
purified CDJ3/4 as reported in [17]. Recombinant HSP70B containing a C-terminal
hexahistidine tag was coexpressed with HEP2 in E. coli and purified by Ni-NTA affinity
chromatography as reported previously [10]. Stromal chloroplast proteins for size exclusion
chromatography were extracted as described in [25]. For RNase treatment stromal proteins
were incubated for 60 min at 4°C with 200 ug of RNase A. After application of proteins to a
Superose 6 column, proteins were eluted with 23 cm/h (50 mM KCI, 5 mM g-aminocaproic
acid, 25 mM EDTA, 20 mM tricin/KOH pH 7.5) using an AKTApurifier system (GE
Healthcare, Germany). Due to low abundance of CDJ3, samples were concentrated using
AmiconUltra centrifugal filter devices (Millipore; USA) prior to western analysis.
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RESULTS

CDJ3-5 are conserved from green alga to higher plants

To obtain cDNAs that encode chloroplast-targeted J-domain proteins we have searched
Chlamydomonas EST libraries [29, 30] with the amino acid sequence of the J-domain of E.
coli Dnad. This has led to the identification of CDJ1 and CDJ2, two chloroplast-targeted J-
domain proteins that were shown to interact with chloroplast HSP70B [12, 16]. Further, we
identified two ESTs that potentially encoded additional J-domain proteins with N-terminal
extensions which by the ChloroP program [31] were predicted to be chiloroplast transit
peptides (Figure 1B). We termed them CDJ3 and CDJ4 (chloroplast DnaJ-like proteins 3 and
4) and determined the full sequences of their cDNAs. The complete cDNA sequences
revealed that the two proteins lacked the Gly/Phe-rich and Zn-finger domains typical for type
| J-domain proteins of the DnaJ/HSP40 prototype and therefore qualified CDJ3 and CDJ4 as
type lll J-domain proteins [14]. Strikingly, both proteins contain a bacterial ferredoxin domain
that is followed by an extended C-terminal domain of unknown function (Figure 1B). Only
version 3.0 of the Chlamydomonas genome sequence [32] revealed a further gene (CDJ5)
with full EST coverage that encodes another J-domain protein with a bacterial ferredoxin
domain. Analysis by ChloroP qualifies the N-terminal sequence of CDJ5 as potential
chloroplast transit peptide. Unfortunately, CDJ5 was identified at a late stage of this study
and therefore was not characterized in more detail. Information on molecular weights of
CDJ3-5 precursors and mature proteins and similarities between their amino acid sequences
is compiled in Table 1.

Database searches revealed that true homologs of CDJ3-5 existed only in green
algae, moss and higher plants, each encoding at least two homologs of CDJ3-5 (note that
one Ostreococcus sequence was incomplete and therefore excluded from our analysis). We
wondered, whether the diversification of the CDJ3-5 family occurred early in the development
of the green lineage, or rather late at the level of its different branches. Phylogenetic analysis
of CDJ3-5 homologs from algae, moss, gymnosperms and angiosperms supported both
hypotheses (Figure 1A): we could clearly distinguish two clades, one containing homologs of
CDJ3 and CDJ4, the other containing homologs of CDJ5. The two clades must have
diverged early, i.e. in the progenitor of the green lineage. But we also found diversification
within the clades, e.qg. in rice, which encodes at least three members of the CDJ3/4 clade.

CDJ3 is inducible by light but not by heat stress

J-domain proteins potentially support their HSP70 chaperone partner in refolding of stress-
denatured proteins. Thus it was possible that the CDJ3/4 genes were heat shock-inducible.
As shown in Figure 2A, the opposite was observed: both, CDJ3 and CDJ4 mRNA levels
declined in response to heat shock and only started to recover when the expression of heat
shock genes, e.g. HSP70B, attenuated. Interestingly, CDJ3 mRNA levels strongly increased
in cells that were shifted from a 16-h dark period to low light (Figure 2B). Here, CDJ4 mRNA
levels were below the detection limit. Consistently, the mRNA level of the Arabidopsis CDJ5
ortholog atDjC17 (AT5G23240) (extracted from publicly available microarray data) increased
after illumination, as well (Supplemental Figure 1). Furthermore, the mRNA levels of atDjC17
showed strong circadian cycling with a ~30 fold increase in expression towards subjective
dusk [33]. This was even more marked for atDjC17 mRNA levels in plant rosettes grown
under 12h/12h light dark diurnal cycles [34]. In the case of the Arabidopsis CDJ3/4 ortholog
atDjC18 (AT2G42750) weaker circadian/diurnal cycling could be observed, whereas the
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expression peaked shortly after dawn. atDjC18 was upregulated by iron starvation and both
Arabidopsis genes appeared to be downregulated by sugar.

CDJ3 and CDJ4 contain redox-active Fe-S clusters

To biochemically characterize CDJ3 and CDJ4 we expressed both proteins without their
predicted N-terminal chloroplast transit peptide in E. coli as C-terminal fusions to the yeast
VMA intein/chitin binding domain. As shown in Figure 3, the CDJ3/4 fusion proteins were well
expressed in E. coli, but barely soluble. When the fusion proteins present in the soluble
fraction were concentrated on the chitin columns, the columns became yellow-brownish
which indicated that Fe-S clusters were already assembled into the fusion proteins. Following
thiol-induced cleavage, mature CDJ3 and CDJ4 proteins with apparent molecular masses of
~38 and ~34 kDa were recovered, which corresponded well with those calculated (Table 1).
Also the purified mature proteins had a yellow-brownish colour (Figure 3).

To assay whether CDJ3 and CDJ4 contained redox-active Fe-S clusters, we
characterized the UV-vis spectroscopic properties of mature CDJ3 and CDJ4. The spectra
revealed broad absorption maxima at 390 nm that bleached in the presence of sodium
dithionite (Figure 4). Both, the oxidized and the reduced spectra are similar to those
observed for P. aerogenes ferredoxin [35]. The extinction coefficients at 390 nm of the
oxidized spectra and the difference extinction coefficients at 425 nm are in the range
reported for a single [4Fe-4S] cluster [36]. It was not possible to obtain an EPR signal at
various temperatures and microwave power setlings, neither with the oxidized nor the
reduced samples (data not shown). It is possible that the putative [4Fe-4S] clusters of CDJ3
and CDJ4 have a spin-ground state different of S=1/2. The concentration of the samples was
too low to detect any contribution to the g = 4.5 region with the X-band spectrometer.

CDJ3 and CDJ4 interact with ATP-bound HSP70B in vitro

As CDJ3 and CDJ4 were predicted to be targeted to the chloroplast, they were likely to
interact with HSP70B, which is the major (if not the only) HSP70 in the chloroplast of
Chlamydomonas [7, 8]. To test this, we performed glutaraldehyde crosslinking experiments
with the purified proteins. We used HSP70B that was coexpressed with its escort protein
HEP2 and therefore functional [10]. As J-domain proteins interact with their HSP70
chaperone partners in the ATP-state (see e.g. [37]), we performed crosslinks in the presence
and absence of ATP. When crosslinked proteins were detected with an antiserum against
HSP70B, we mainly detected HSP70B monomers (migrating slightly above the 72-kDa
marker protein) and oligomers (migrating above the 170-kDa marker protein). However, we
also detected crosslink products with apparent molecular masses of ~140 kDa in the lanes
containing ATP, HSP70B, and CDJ3 or CDJ4 (Figure 5, left gel). These ~140-kDa crosslink
products were also detected with antisera against CDJ3 (Figure 5, middle gel) and CDJ4
(Figure 5, right gel). Hence, CDJ3 and CDJ4 appear to interact with HSP70B, but only in the
ATP state. As judged from the migration of these complexes at ~140 kDa they might consist
of ant HSP70B monomer and a CDJ3/4 dimer. However, it is also possible that these
complexes consist of monomers of HSP70B and CDJ3/4 whose migration was retarded by
crosslinks that preserved higher order structures. In addition to the ~140-kDa complex with
HSP70B, only monomers of CDJ3 were detected (Figure 5, middle gel). In contrast, CDJ4
existed as monomers and two oligomeric forms, which migrated little below and little above
the 72-kDa marker protein (Figure 5, right gel). Most likely, these represent CDJ4 dimers,
where in the form with higher apparent molecular mass crosslinks might have preserved
higher order structures.
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We could also observe oligomer formation of CDJ4 by gel filtration. As shown in
Figure 6, CDJ3 and CDJ4 monomers migrated with slightly larger apparent than calculated
molecular masses (~47 and ~42 kDa compared to ~38 and ~33 kDa, respectively). While
CDJ3 was only found as monomers, a small fraction of CDJ4 appeared to form oligomers.
When we take into account the larger apparent molecular mass of CDJ4, the peak
corresponding to a 98 kDa oligomer rather points to a CDJ4 dimer (Figure 6).

CDJ3 and CDJ4 are very weakly expressed chloroplast proteins that respectively
locate to stroma and membranes

To test, whether we could verify expression of both proteins by western analysis we used
antisera that were raised against CDJ3 and CDJ4. As revealed in Figure 7, we could not, or
at most barely, detect either of the two proteins in whole-cell extracts, even when we used
the antisera at high concentrations. However, when we used the antisera against CDJ3 and
CDJ4 to enrich the proteins by immunoprecipitation from whole-cell exiracts, we could detect
immunoreactive proteins with apparent molecular masses of ~38 and ~34 kDa. These
masses corresponded to those calculated for mature CDJ3 and CDJ4, respectively (Figure
7A and Table 1). In the aCDJ3 and aCDJ4 immunoprecipitates we could also detect
HSP70B. Hence, these data suggest that the CDJ3 and CDJ4 proteins are expressed at low
levels in Chlamydomonas and that they may interact with HSP70B in vivo.

To verify the predicted chloroplast localization of CDJ3 and CDJ4 and to determine
their suborganellar distribution, we isolated’ mitochondria and chloroplasts from
Chlamydomonas cells. Chloroplasts were subsequently sub-fractioned into stroma,
thylakoids and low-density membranes, which are considered to consist of inner envelopes
and of transitory membranes between inner envelope and thylakoids [25]. The purity of the
fractions was tested with antisera against mitochondrial carbonic anhydrase, stromal CGE1
and the integral thylakoid membrane protein cytochrome f. As judged from the signals
obtained with these antisera (Figure 7B), chloroplasts contained mitochondrial
contaminations, stroma fractions were free from thylakoid and mitochondrial contaminations,
thylakoids were free from stromal contaminations, but were strongly contaminated with
mitochondria, and mitochondria were pure. CDJ3 was detected in the chloroplast and
stromal fractions, whereas CDJ4 was weakly detected in chloroplast and strongly detected in
thylakoid fractions (Figure 7B).

CDJ3 appears to be in. complex with chloroplast transcripts

As outlined in more detail in the discussion, one possible function of CDJ3-5 might be the
redox-regulation of transcription/translation initiation and/or transcript stability. In this case,
we expected CDJ3-5 to be associated with chloroplast transcripts. To test this hypothesis,
we subjected untreated stromal extracts and extracts that have been treated with RNase to
gel filtration and monitored the fractions for the presence of CDJ3. We limited our analysis to
CDJ3, as we could detect it in the stroma. We also monitored gel filtration fractions for the
presence of RBP40 as control, since RBP40 specifically binds to the psbD mRNA [38]. As
expected, in untreated stroma RBP40 was detected in fractions with complexes ranging from
~160 to ~2800 kDa, whereas in RNase-treated stroma it was shifted to fractions with
complexes in the ~160 to ~550 kDa range (Figure 8). Interestingly, CDJ3 in untreated stroma
was detected in fractions with complexes ranging from ~550 to ~2800 kDa. RNase treatment
extended the fractions in which CDJ3 was detected down to the ~160 kDa region, at the
expense of material in the high molecular weight range. This suggests that part of the
complexes containing CDJ3 is associated with RNA.
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To test, whether CDJ3 is binding to psbD transcripts, e.g. in association with RBP40,
we isolated stromal fractions from the PRB2A mutant. In this mutant, the 7-nt long so-called
PRB2 sequence in the 5 UTR of the psbD mRNA is mutated, leading to destabilization
specifically of the psbD transcript [39, 40]. As shown in Figure 8, RBP40 in the PRB2A
mutant was detected only in stroma fractions containing complexes in the ~160 to ~660 kDa
range, corroborating the specific interaction of RBP40 with the psbD message [38]. As the
distribution of CDJ3 was not altered in stroma fractions from the PRB2A mutant, CDJ3
appears to be associated with transcripts other than psbD.

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20091412
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DISCUSSION

We report here on the molecular and biochemical analysis of CDJ3 and CDJ4, two novel J-
domain proteins encoded by the Chlamydomonas genome. We present the following
evidence that CDJ3/4 are chloroplast-targeted co-chaperones of chloroplast HSP70B: First,
CDJ3/4, like all their homologs in other algae, moss and higher plants, contain N-terminal
extensions that by ChloroP/TargetP are predicted to be chloroplast transit peptides. The
apparent molecular masses of mature CDJ3/4 observed in SDS-PAGE (Figure 7A)
correspond to those calculated for the processed proteins (Table 1). Accordingly,
fractionation experiments revealed that mature CDJ3 and CDJ4 are targeted to the
chloroplast. Here they are localized to stroma and thylakoids, respectively, where also
chloroplast HSP70B was localized (Figure 7B; refs. [11, 12, 15, 16, 19]).. Second, HSP70B
coprecipitated with both CDJ3 and CDJ4 from Chlamydomonas cell extracts (Figure 7A) and
recombinant HSP70B was found to interact with recombinant CDJ3 and CDJ4 in the ATP-
state in vitro (Figure 5). Third, recombinant CDJ3/4 stimulated the ATPase activity of
HSP70B, albeit at a weaker extent than the bona-fide chloroplast DnaJ homolog CDJ1 (data
not shown).

On the evolution of ferredoxin-containing J-domain co-chaperones

A striking feature of CDJ3 and CDJ4 is that they contain redox-active Fe-S clusters (Figures
3 and 4), which according to their spectral properties and amino acid sequences appear to
be of the [4Fe-4S] type of bacterial ferredoxins (Figures 1, 3 and 4; refs [35, 36, 41]). The
presence of a ferredoxin domain within.a J-domain co-chaperone is highly unusual.
Accordingly, we have found genes encoding homologs of CDJ3/4 only in algae, moss, and
higher plants (Figure 1). In fact, Chlamydomonas harbours a third member of this gene
family that we termed CDJ5 and whose deduced amino acid sequence is more distantly
related to those of CDJ3 and CDJ4 (Table 1). Each plant species analyzed encodes at least
two members of the CDJ3-5 family, of which at least one belongs to the CDJ3/4 or CDJ5
subfamilies (Figure 1).

Interestingly, proteins containing both a J-domain and a bacterial ferredoxin domain
are also encoded by the genomes of several members of the mesophilic Crenarchaeota
(now also referred to as Thaumarchaeota) [42-44]. However, the domain architecture of the
archaeal proteins differs from that of the CDJ3-5 homologs: whereas J- and ferredoxin
domains are separated by a linker of 22-41 amino acids in CDJ3-5 homologs, this linker may
contain up to 117 amino acids in the archaeal proteins (Figure 1B, Supplemental Figure 2).
Instead of this extended linker, the CDJ3-5 homologs contain C-terminal domains of up to
~300 amino acids, which are absent in the archaeal proteins. Within their linkers, the
archaeal proteins contain conserved patches of aromatic amino acids flanked by positively
and negatively charged residues, which at a lower level of conservation are also found in the
C-terminal domains of CDJ3-5. This might indicate that functions exerted by the archaeal
linker are located to the C-terminal domains of CDJ3-5.

Genes encoding DnaK and its co-chaperones appear to be absent from the genomes
of hyperthermophilic Crenarchaeota and most likely have been transferred horizontally from
bacteria to mesophilic Euryarchaeota, which might have been a prerequisite for these to
adapt to life at lower temperatures [44]. As to the evolution of the ferredoxin-containing J-
domain co-chaperones, three scenarios come to mind: i) the ancestor of CDJ3-5 appeared
early during the evolution of the “green lineage” and was then acquired by a crenarchaeote
by horizontal gene transfer. (ii) The J-domain/ferredoxin fusion occurred first in
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crenarchaeotes after they had acquired components of the bacterial DnaK system and was
then transferred to an early ancestor of the “green lineage”, giving rise to CDJ3-5. (iii) The J-
domain/ferredoxin fusion occurred independently in crenarchaeotes and an early ancestor of
the “green lineage”. Phylogenetic analyses suggest that the first scenario is the most likely
one (D. Moreira and P. Lopez-Garcia, personal communication). In any case,
development/maintenance of these specialized co-chaperones is likely to be the solution to a
selective pressure similarly affecting mesophilic crenarchaeotes and members of the green
lineage.

In fact, an Hsp70 homolog (HscA), a J-domain protein (HscB) and a Ferredoxin (Fdx)
are encoded in close proximity on the bacterial isc operon and they themselves and their
mitochondrial homologs Ssq1p, Jac1p, and Yah1p, respectively, are essential for Fe-S
cluster biogenesis [45-47]. The HscB/Jac1p J-domain proteins facilitate the interaction of
HscA/Ssq1p with scaffold proteins that bind Fe-S cluster intermediates. The chaperones may
assist cluster formation by maintaining the scaffold proteins in a conformation suitable for
cluster assembly; alternatively, they may facilitate the transfer of the cluster from the scaffold
to an acceptor apoprotein [45]. The yeast mitochondrial ferredoxin homolog Yah1p was
suggested to provide the reducing power for an essential step in cluster biogenesis, e.g. for
cysteine reduction, iron reduction, or reduction of cluster intermediates prior to release from
the scaffold proteins [47]. If the chaperones were indeed involved in the release of cluster
intermediates and ferredoxin was essential for prior reduction, the integration of J-domain co-
chaperone and ferredoxin into the same polypeptide might have made these processes more
efficient.

On possible functions of CDJ3-5

A role of the stromal HSP70 chaperone system in Fe-S cluster biogenesis might be
supported by the finding that stromal HSP70s are essential [9], which is a typical feature
shared by all proteins with important roles in Fe-S cluster biogenesis [48]. However, there
are arguments in disfavour: first, the Fdx/Yah1p proteins, for which homologs in Arabidopsis
and Chlamydomonas mitochondria exist [49], contain [2Fe-2S] clusters with a polypeptide
fold distinct from that of [4Fe-4S] type clusters [50]. Second, if CDJ3-5 were involved in such
a fundamental and conserved process like Fe-S cluster biogenesis, it would be surprising to
find so many family members only in the green lineage and not in cyanobacteria or non-
green alga. Third, a possible role of CDJ3 in Fe-S cluster biogenesis is difficult to explain in
light of its observed association with RNA-binding protein complexes (Figure 8).

Which functions of CDJ3-5 other than in Fe-S cluster biogenesis can we envision?
We found CDJ3 to be strongly induced by light and the Arabidopsis ortholog of CDJ5
(atDjC17) to be light<inducible and to be under strong circadian control (Figure 2 and
Supplementary Figure 1). The Fe-S clusters in CDJ3/4 are redox-active (Figure 4), both
proteins interact with HSP70B (Figures 5 and 7A), and CDJ3 appears to be part of an RNA-
binding protein complex (Figure 8). J-domain co-chaperones interact via specialized domains
with specific substrate proteins and deliver them to their HSP70 partner for processing [3, 4].
Hence, it is tempting to speculate that CDJ3-5 interact with specific substrates via their C-
terminal domains and that substrate binding or delivery to HSP70B occurs only at a redox
state defined by their ferredoxin domains, e.g. via an internal conformational change or a
reduction step. The light inducibility of CDJ3 might suggest that redox signals inflicted by
light, like the oxidation state of the thioredoxin system or the accumulation of reactive oxygen
species (ROS), determine the oxidation state of CDJ3-5 and, therefore, whether substrate
processing by HSP70B occurs. The association of CDJ3 with RNA again might point to a
chaperone-mediated remodelling of RNA-binding protein complexes that, for example, are
involved in translation initiation/elongation or mMRNA stability. These are found in the stroma
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and associated with thylakoids [51], where also CDJ3/4 and HSP70B are located (Figure
7B).

Well-studied examples of chaperone-mediated remodelling of replication initiation are
known from E. coli, where DnaK and DnaJ monomerize RepA dimers and dissociate DnaB
helicase-Lambda P complexes to trigger replication of plasmid P1 and lambda phage,
respectively [52, 53]. By means of their Fe-S clusters, the transcription and translation
regulators SoxR, FNR, Aconitase, and IscR sense signals like ROS, NO, cellular oxygen or
iron concentrations and relay them to transcriptional or translational activities [54]. In fact,
gene expression in the chloroplast is mainly regulated by nuclear-encoded factors at the
level of translation initiation and/or transcript stability and, therefore, is distinct from
cyanobacteria [51]. As this post-transcriptional regulation of the expression of many
chloroplast genes, including psbA, psbD and rbcL, is strongly regulated by light [51], we
propose that CDJ3-5 might represent such nuclear-encoded factors that act as redox
switches by recruiting HSP70B for the reorganization of regulatory protein complexes.
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TABLES AND FIGURES

Table 1 Properties of the CDJ3-5 proteins

Calculated Calculated Apparent L % id/sim
% id/sim
M, M, M to ol
Name 1 . to mature
precursor mature in SDS- CDJ3 mature  mature
(aa) (aa) PAGE CDJ4
43111.3 38258.6
CDJ3 (393) (353) 38000 - - 5.13
41789.1 33136.2
CDJ4 (371) (306) 34000 47/63 - 4.97
CDJ5 42851.5 37731.6 - 36/47 35/50 5.49

(383) (334)

' Transit peptide prediction according to ChloroP.

Figure 1 Phylogenetic tree and alignment of CDJ3-5 homologs

(A) Phylogram based on an alignment of the amino acid sequences from CDJ3-5 and their
homologs, all lacking the extensions N-terminal from their J-domains. Sequences used were
from the following organisms: Oryza sativa (Os1-4, accessions NP_001056124,
NP_001044143, EAY98784, and NP_001054247, respectively), Arabidopsis thaliana
(AtDjC17 and AtDjC18, accessions NP_197715 and NP_565982, respectively), Vitis vinifera
(Vv1-3, accessions CA0O69912, CAN73797, and CAO39001, respectively), Picea sitchensis
(Ps1-3, accessions ABK21719, ABK24669, and assembly of ESTs DR538561 and
ES860441, respectively), Physcomitrella patens (Pp1-3, accessions EDQ75158
[complemented with ESTs FC338026 and FC448519], EDQ53968, and EDQ72847,
respectively), Ostreococcus tauri (Ot1, accession CAL50030), and Chlamydomonas
reinhardtii (CrCDJ3-5, accessions GQ421467, GQ421467 and EDPO07097, respectively).
Phylogenetic analysis was conducted using version 4 of the MEGA program [55] on the basis
of alignments made by version 1.8 of CLUSTALW. The scale bar indicates 0.1 substitutions
per site.

(B) Alignment of amino acid sequences of CDJ3-5 homologs. Sequences were limited to one
representative for the CDJ3/4 and CDJ5 clades from angiosperms, gymnosperms, moss,
and algae from the same sources as in (A). Included is also the sequence of Synechocystis
sp. PCC 6803 bacterial type ferredoxin (accession BAA10759). Amino acids highlighted in
black are conserved in all 10 proteins; those highlighted in gray are conserved in at least 8 of
them. Italicized sequences represent chloroplast transit peptides as predicted by TargetP
[56] or ChloroP [31], with the underlined residue in boldface corresponding to the first amino
acid of the mature protein. No prediction was obtained for Pp2. Asterisks indicate cysteines
involved in [4Fe-4S] cluster binding [41] and boxed regions represent patches enriched in
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aromatic and charged residues. Alignments were done by CLUSTALW and the GeneDoc
program was used for presentation.

Figure 2 CDJ3 and CDJ4 mRNA accumulation after heat shock and dark-to-light shift
mRNA from Chlamydomonas wild type cells that were exposed to a heat shock at 40°C or
that were grown for 16 h in the dark and then shifted to low light (30 uE m™?s™") was separated
on agarose gels (10 pg per lane) and transferred to nylon membranes. These were
hybridized with probes generated from the coding regions of HSP70B (positive control),
CDJ3, CDJ4, and CBLP (loading control).

Figure 3 Heterologous expression of CDJ3 and CDJ4

CDJ3 and CDJ4 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-polyacryamide gels and stained with Coomassie Brilliant blue. Lane 1: lysates
of E. coli host cells after induction with IPTG. Lane 2: supernatant of cell lysates after a 20-
min centrifugation at 20.000 g. Lane 3: flow-through. Lane 4: 0.5% of eluate (fraction 4) after
thiol-induced cleavage. Lane 5: 0.3% of fractions 1-3 & 5 after concentration. Lane 6:
proteins remaining on the chitin column after elution. The positions of the fusion proteins
(FP), cleaved CDJ3/4, and of the Saccharomyces. cerevisiae VMA intein/chitin binding
domain (CBD) are indicated. Pictures of eluted proteins at concentrations of 3 ug/ul (CDJ3)
and 1 pg/ul (CDJ4).

Figure 4 UV-vis spectra of purified proteins

(A) The spectra of oxidized (—) and dithionite reduced CDJ3 (----) are shown. The dominant
absorbance below 400 nm in the spectra of the reduced samples derives from dithionite. The
inset represents the reduced-minus-oxidized difference spectrum.

(B) Spectra of CDJ4 recorded as described in (A) for CDJ3.

Figure 5 Glutaraldehyde-crosslinking of HSP70B and CDJ3/4

0.5 uM of purified HSP70B, CDJ3 and CDJ4 were incubated alone or in the combinations
indicated for 30 min at 30°C in the presence of 0.5 U apyrase (-ATP) or 200 uM ATP (+ATP).
Proteins were crosslinked for 15 min with 0.05% glutaraldehyde (GA), separated on a 4-18%
SDS-polyacrylamide gel and analyzed by immunoblotting.

Figure 6 Gel filtration of CDJ3 and CDJ4

50 pg of purified CDJ3 (solid gray line) and CDJ4 (dotted black line) were loaded onto a
Superdex 200 gel filtration column and developed at a flow rate of 0.5 ml/min. The calibration
curve for thyroglobulin (669 kDa), apoferritin (443 kDa), B-amylase (200 kDa), BSA (66 kDa),
carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa) is shown in the inset.

Figure 7 Enrichment and subcellular localization of CDJ3/4

(A) Enrichment of CDJ3/4 from whole-cell extracts. Chlamydomonas whole cells were lysed
by sonication in the presence of 2% Triton X-100 and solubilized material was separated
from non-soluble matter by centrifugation through a 0.6 M sucrose cushion. The supernatant
was incubated with Sepharose beads coupled to preimmune serum (Pre) or to anti-CDJ3
and anti-CDJ4 antisera. Whole-cell proteins (WC) and precipitated proteins were separated
on 7.5-15% SDS-polyacrylamide gels and analyzed by immunoblotting.

(B) Subcellular localization of CDJ3/4. Chlamydomonas chloroplasts (Cp) were separated
into soluble stroma (St), low density membranes (LM), and thylakoid membrane fractions
(Th). Mitochondria (Mt) were isolated from the same strain. 7 ug proteins of whole cells (WC)
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and subfractions were separated on a 7.5-15% SDS-polyacrylamide gel and analyzed by
immunoblotting with antisera against HSP70B, CDJ3, CDJ4, thylakoidal cytochrome f (Cytf),
stromal CGE1, and mitochondrial carbonic anhydrase (CA). Antibodies against CDJ3 and
CDJ4 were affinity-purified.

Figure 8 Gel filtration analysis of CDJ3 complexes

Stromal proteins were separated according to their native size by size exclusion
chromatography before being subjected to SDS-PAGE and western analysis using indicated
antisera. Analysed protein extracts included wild-type stromal proteins without (WT) and with
RNase treatment (WT+RNase) and those from the PRB2A mutant lacking the psbD mRNA
(PRB2A). Elution profiles of marker proteins (in kDa) are given at the top together with
respective fraction numbers.

Supplemental Figure 1 Circadian regulation of Arabidopsis CDJ3-5 homologs

The log2 scaled mRNA expression levels of AtDjC17 and AtDjC18 in various microarrays
pertaining to sugar, light, and cycles are shown. The figure shows from left to right, the
response of seedlings to light from the Atgenexpress data set; plants left in the dark
compared to the expression after plants were shifted from the dark to the light at
compensation point CO;; plants shifted from the dark to the light at compensation point or
ambient COg; the expression of AtDjC17 and AtDjC18 in a seedling culture grown under full
nutrition (FN), carbon starvation (-C), and 30 minutes or 3 h of sucrose re-addition; the
expression in seedlings in constant light after entraining a 12h/12h light dark cycle where
subjective night phases are indicated by dashed gray lines; the expression throughout the
diurnal cycle, where the light and dark phases are indicated by yellow and gray backgrounds,
respectively.

Supplemental Figure 2 Alignment of J-domain/bacterial ferredoxin domain proteins
from mesophilic crenarchaeota (Thaumarchaeota)

Sequences used were from the following organisms: uncultured crenarchaeote DeepAnt-
EC39 (Ucr1, accession AAR24498), uncultured marine crenarchaeote AD1000-207-H3
(Ucr2, accession ACF09820), uncultured marine crenarchaeote AD1000-56-E4 (Ucr3,
accession ACF09658),  unculiured crenarchaeote 74A4 (Ucr4, accession AAK96090),
Nitrosopumilus maritimus SCM1 (Nm1, accession YP_001582358), and Cenarchaeum
symbiosum A, (CsA, accession YP_875357). Amino acids highlighted in black are conserved
in all 6 proteins; those highlighted in gray are conserved in at least 5 of them. Asterisks
indicate cysteines involved in [4Fe-4S] cluster binding and boxed regions represent patches
enriched in aromatic and charged residues.
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