FEBS
Letters

COMMUNICATION

W) Check for updates

20 FEBSPRESS

® science publishing by scientists

Hsp90 and metal-binding J-protein family chaperones are
not critically involved in cellular iron-sulfur protein
assembly and iron regulation in yeast

Felipe A. Carvalho'?3, Ulrich Miihlenhoff?3, Joseph J. Braymer??3, Vasilij Root*?,
Martin Stimpfig?3, Carla C. Oliveira’ and Roland Lill*?

1 Department of Biochemistry, Institute of Chemistry, University of Sao Paulo, Brazil
2 Institut flr Zytobiologie, Philipps-Universitat Marburg, Germany
3 Zentrum flr Synthetische Mikrobiologie Synmikro, Marburg, Germany

Correspondence

C. C. Oliveira, Department of Biochemistry,

Institute of Chemistry, University of Sao
Paulo, Av. Prof. Lineu Prestes 748, Sao
Paulo, SP 05508-000, Brazil

Tel: +565 11 3091 9197

E-mail: ccoliv@ig.usp.br

R. Lill, Institut fUr Zytobiologie, Philipps-

Universitat Marburg, Karl-von-Frisch-Str. 14,

35032, Marburg, Germany
Tel: +49 6421 286 6449
E-mail: lill@staff.uni-marburg.de

Felipe A. Carvalho and Ulrich Miihlenhoff
contributed equally to this article

[Correction added on 20 June 2023, after
first online publication: Peer review history
statement has been added.]

(Received 27 January 2023, revised 7
March 2023, accepted 10 March 2023,
available online 30 March 2023)

doi:10.1002/1873-3468.14612

Edited by Peter Brzezinski

Systematic studies have revealed interactions between components of the
Hsp90 chaperone system and Fe/S protein biogenesis or iron regulation. In
addition, two chloroplast-localized DnalJ-like proteins, DJAS and DJAG,
function as specific iron donors in plastidial Fe/S protein biogenesis. Here,
we used Saccharomyces cerevisiae to study the impact of both the Hsp90
chaperone and the yeast DJA5-DJA6 homologs, the essential cytosolic Ydj1,
and the mitochondrial Mdjl, on cellular iron-related processes. Despite severe
phenotypes induced upon depletion of these crucial proteins, there was no crit-
ical in vivo impact on Fe/S protein biogenesis or iron regulation. Importantly,
unlike the plant DJAS-DJAG6 iron chaperones, Ydjl and Mdjl did not bind
iron in vivo, suggesting that these proteins use zinc for function under normal
physiological conditions.
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Iron—sulfur (Fe/S) proteins involved in numerous cen-
tral biological functions such as photosynthesis and res-
piration, metabolic processes, protein translation, DNA
synthesis and repair, and sensing of environmental con-
ditions [1]. The biogenesis of Fe/S proteins in all king-
doms of life is catalyzed by evolutionarily conserved
multi-protein assembly systems that require sources of
iron and sulfur for the de novo synthesis, trafficking, and

Abbreviations

apoprotein insertion of Fe/S clusters [2-8]. In eukary-
otes, Fe/S protein formation is initiated in mitochondria
by the iron-sulfur cluster assembly (ISC) machinery,
which comprises up to 18 known proteins, most of
which are also present in bacteria (Fig. S1) [2,4]. Biosyn-
thesis of cytosolic and nuclear Fe/S proteins addition-
ally requires the mitochondrial ABC transporter Atml
and the cytosolic iron—sulfur protein assembly (CIA)

AP-MS, affinity purification and mass spectrometry; CIA, cytosolic iron—sulfur protein assembly; Fe/S, iron—sulfur; ISC, iron-sulfur cluster
assembly; SGA, synthetic genetic array; SUF, sulfur mobilization; Y2H, yeast two-hybrid; ZFLR, zinc-finger-like region.
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system (Fig. S1) [3,9]. Plants further harbor the
bacteria-derived sulfur mobilization (SUF) system for
the maturation of Fe/S proteins in plastids [7,10]. Many
of the ISC and CIA components are essential for cell
viability, underscoring the importance of Fe/S proteins
and their biogenesis in the eukaryotic cell [4,11-13].

In addition to the synthesis, trafficking, and inser-
tion of Fe/S clusters, the receiving apoproteins need to
be folded properly to be competent for cluster integra-
tion, yet little is known about this process. Further,
the apoproteins need to escape preinsertion degrada-
tion, since many target apoproteins are unstable and
undergo proteolysis, when Fe/S clusters are not
inserted. This is reflected by low in vivo Fe/S protein
levels in cells with Fe/S cluster assembly defects [14—
16]. Therefore, it seems likely that the Fe/S apopro-
teins are clients of the cellular folding machineries.
Yet, so far only one chaperone system has been identi-
fied with importance for Fe/S protein assembly, the
DnaK-Dnal-like (or Hsp70-Hsp40-like) chaperones in
mitochondria [17-19]. However, the S. cerevisiae mito-
chondrial Hsp70 Ssql and its Dnal-type co-chaperone
Jacl are not involved in apoprotein folding as general
folding helpers. Rather, these proteins loosen the [2Fe-
2S] cluster after its synthesis on the scaffold protein
Isul for specific transfer to the mitochondrial mono-
thiol glutaredoxin Grx5 (Fig. S1) [17,18,20,21]. Thus,
this chaperone system is dedicated to the mitochon-
drial ISC protein Isul as its sole client. While the yeast
Ssql-Jacl proteins function similarly to HscA-HscB of
the bacterial ISC system [8,21], most eukaryotes make
use of the canonical mitochondrial Hsp70 (e.g., human
HSPAY9) that is also generally used for protein folding
and import [17-19]. In these cases, only the Jacl co-
chaperone fulfills a dedicated function with Isul as its
specific client. The human Jacl homolog HSC20 has
been further suggested to facilitate Fe/S cluster transfer
not only to glutaredoxin 5 (GLRXS5) but directly to
some Fe/S target apoproteins via specific protein—pro-
tein interaction [22,23]. An additional apoprotein fold-
ing function of HSC20 has not been investigated so
far. Finally, the mitochondrial Hsp60 chaperonin
(homolog of bacterial GroEL) specifically facilitates
the maturation of aconitase by promoting its folding
[24,25]. However, closer analysis of the possible role of
this and other general chaperone systems by in vivo
studies is hampered by the pleiotropic phenotypes
induced by the lack of these essential folding machines.

The cytosolic Hsp90 chaperone acts in late stages of
protein maturation of a narrower range of clients that
frequently become unstable upon Hsp90 inhibition [26—
29]. Large-scale interactome analyses by combined
affinity purification and mass spectrometry (AP-MS)
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identified the CIA or iron regulation proteins Nbp35,
Grx3, Grx4, and Fral as Hsp90 interactors (Fig. SI,
green stars) [30]. Further, in a high-throughput yeast
two-hybrid (Y2H) screen, the CIA protein Cfdl was
found as an Hsp90 interactor [31]. A genetic interaction
of Hsp90 with iron-regulatory proteins Aft2 and Bol2
(former name Fra2 [32]) was described in a synthetic
genetic array (SGA) analysis [33]. Vice, versa, mapping
of the CIA protein interactome by AP-MS identified
Hsp90 as an interactor of Dre2 and Nbp35 (Fig. S1)
[34]. Finally, a global study of the Hsp90-dependent
proteome in yeast detected Aftl, the iron transporter
Fet4, Isu2, Grx4, the ribonucleotide reductase subunit
Rnrl, and the cytosolic Fe/S protein Leul as being
downregulated in Hsp90-depleted cells [35]. As outlined
below, we found the CIA factor Dre2 as a Pihl (aka
Nopl7) interactor in a global Y2H screen. Pihl is a
member of the R2TP-complex, a dedicated Hsp90 co-
chaperone involved in client discrimination and recruit-
ment [33,36-38]. However, the putative mechanistic
connection between Hsp90 and the suggested CIA and
iron-regulatory clients has remained elusive. We there-
fore addressed the question of a specific functional role
for Hsp90 in cellular Fe/S protein assembly and iron
regulation using S. cerevisiae as a model.

Recently, two Dnal family proteins, DJAS and DJA6
from Arabidopsis thaliana were assigned as iron chaper-
ones that deliver their bound iron to the SUFBC,D
complex, the central Fe/S cluster synthesis complex of
plastids [39]. Iron binding was shown both in vivo and
in vitro, and occurs via a central zinc-finger-like region
(ZFLR) that is absent in most other Hsp40 co-
chaperones [7,10,40,41]. Loss of DJAS5-DJA6 function
affects plant viability, induces low levels of plastidial
Fe/S proteins, impairs photosynthesis, and increases cel-
lular iron levels [39]. To date, it is unknown whether
Dnal-like proteins similarly to DJAS-DJAG6 function as
iron chaperones in mitochondria or cytosol of eukary-
otic cells, even though several J-proteins with a ZFLR
have been identified in these compartments [41] (see
below). In mitochondria, in contrast to plastids, the
source of iron for de novo [2Fe-2S] cluster synthesis by
the core ISC system is unknown, apart from the fact
that iron is imported into the matrix by the solute car-
riers Mrs3 and Mrs4 (human mitoferrin 1 and 2;
Fig. S1) [42-45]. In the cytosol, dedicated iron chaper-
ones termed PCBP1 and PCBP2 (not present in fungi)
insert their bound iron into various recipient proteins
including the [2Fe-2S] cluster-containing GLRX3-
BOLA2 complex [46-48]. Hitherto, a critical role for
PCBP1-PCBP2 in general cytosolic Fe/S protein biogen-
esis has not been described. Here, we used S. cerevisiae
as a model to address the question of whether
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ZFLR-containing Dnal-like proteins may function as
putative iron donors for cellular Fe/S protein biogenesis.

Materials and methods

Yeast strains, cell growth, and plasmids

Saccharomyces cerevisiae strains (W303-1A, W303-1B or
BY4742 background; Table S1) were grown in rich (YP) or
Synthetic Complete minimal (SC) medium with the required
supplements and the carbon sources 2% w/v glucose (YPD/
SD), 2% w/v galactose (YPGal/SGal), or 3% w/v glycerol
(YPGly) [49]. Strain Gal-HSCS82/hsp82A was depleted by
growth in SD medium for 30 or 40 h with one intermediate
dilution into the fresh medium. Gal-YDJ1 was depleted by
growth in SD medium for 24 h, or for 40 h with one dilution
into fresh medium after 24 h. Gal-MDJ1, Gal-L-PIH1, and
Gall-HA-PIHI1 cells were depleted for 40 h with one, or for
64 h with two dilutions into fresh medium. Plasmids used in
this study are compiled in Table S2.

Yeast two-hybrid (Y2H) assay

The Gal4-based Y2H assay was performed according to the
manufacturer’s instructions (Takara Bio Inc., Shiga, Japan).
The coding sequences of Pihl, the Pihl-interactor Tahl, and
the CIA proteins were cloned into vectors pGBKT7-Gal4-
BD (DNA-binding domain, bait) and pGADT7-Gal4-AD
(activation domain, preys), respectively. pPGBKT7 (Trp) and
pGADT?7 (Leu) constructs were transformed in Y2HGold
and Y187 strains, respectively. After mating, diploid cells
were selected in SD medium lacking Trp and Leu. Protein
expression was evaluated by immunostaining using anti-
GAL4-DNA-BD and anti-Gal4-AD antibodies (Takara Bio
Inc.). Cell growth in the absence of His was used as a
reporter for positive interactions. 2.5 mm 3-amino-1,2,4-
triazole (3AT) was supplied to the medium to evaluate the
interaction strength.

Biochemical assays

Detailed protocols for in vivo **Fe incorporation, enzymes,
and FET3-promoter activities are published in dedicated
methods papers [50-52]. Enzyme activities were measured in
clarified whole-cell extracts obtained by glass-bead lysis. For
(a) isopropyl malate isomerase (Leul), isomerization of f-
isopropyl malate was followed at 235 nm; (b) aconitase
(Aco), reduction in NADP* was monitored at 340 nm in a
coupled assay with isocitrate dehydrogenase (IDH); (c)
malate dehydrogenase (MDH), NADH oxidation at 340 nm
was recorded; (d) citrate synthase (CS), reaction of DTNB
(5,5'-dithio-bis-2-nitrobenzoic acid) with the thiol group of
coenzyme A was followed at 412 nm; (e) respiratory complex
IV (cytochrome ¢ oxidase, COX), oxidation of reduced
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cytochrome ¢ was monitored at 550 nm. Enzyme activities
for the tested strains were measured in parallel with corre-
sponding wild-type control strains and normalized to MDH
activity (U-mg™"). For sulfite reductase (SiR) activity, a
plate-based assay was employed [34,53]. In brief, yeast cells
were spotted on standard or Bi**-containing (0.1% w/v
ammonium bismuth citrate, 0.3% w/v Na,SO; and 1% w/v
B-Ala) SD or SGal medium agar plates, and were incubated
at 30 °C for 3 days. Cells were grown in liquid SGal medium
overnight or SD medium for 10 h (for Gal-c82p82A) or 18 h
(for Gal-PIH1 strains) prior to plating. Sulfide produced by
holo-SiR yields a brown bismuth sulfide-containing precipi-
tate in growing colonies.

FET3 promoter activity was measured based on the GFP
fluorescence emission of whole yeast cells transformed with
pFET3-GFP reporter plasmids [50]. Growth media were
supplemented with 50 um ferric ammonium citrate or
50 pum bathophenanthroline. For in vivo >°Fe radiolabeling,
yeast cells were grown for at least 16 h in an iron-poor
medium and radiolabeled with *>FeCl; (Perkin-Elmer) for
2h [50,52]. After glass-beads lysis clarified whole-cell
extracts were used for immunoprecipitation of target pro-
teins. The >>Fe associated with the beads was measured by
scintillation counting. Antibodies were raised in rabbits
against recombinant purified proteins [54], except for anti-
bodies against c-Myc and Pgkl, which were obtained from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA)
and Abcam (Cambridge, UK), respectively. Data analyses
were carried out using PrisM 3 (GraphPad Software, San
Diego, CA, USA). Immunostaining quantifications were
carried out using IMAGE STUDIO LITE Software Version 5.2
from LICOR Biosciences (Lincoln, NE, USA).

Results and discussion

The Hsp90 co-chaperone Pih1 interacts with the
CIA protein Dre2 in Y2H screens

While studying the interaction network of the Hsp90
co-chaperone Pihl, a component of the conserved
R2TP (Rvbl-Rvb2-Tahl-Pihl) complex, we performed
a genome-wide Y2H screen using Pihl fused to the
LexA-DNA-binding domain as a bait. Among other
proteins, the global screen identified the CIA factor
Dre2 as a positive hit. We therefore investigated the
interaction between Pihl and Dre2, as well as other
members of the CIA machinery in a dedicated Gal4-
Y2H approach (Fig. 1A, top). Tahl, another R2TP sub-
unit known to tightly bind Pihl, was used as a positive
control [33,36-38]. Expression of the CIA fusion pro-
teins was verified by immunoblotting (Fig. 1B), and the
Y2H system was validated using the manufacturer’s
controls (Fig. 1A, bottom). Activation of the reporter
gene HIS3, leading to histidine-prototrophic recovery,
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Fig. 1. The Hsp90 co-chaperone Pih1 interacts with the CIA protein Dre2 in Y2H assays. (A) Top: The indicated CIA proteins and Tah1 (a
known Pih1 interactor) were fused to the Gal4-AD (Activation Domain), and Pih1 was fused to the Gal4-DNA-BD (Binding Domain).
Histidine-based prototrophic recovery was used to select for positive interactions. 2.5 mm 3-amino-1,2,4-triazole (3AT) served to evaluate the
interaction strength. Cells spots were photographed after the indicated time points. Tah1-AD, positive control; —, negative control, BD-
Pih1 + AD. Bottom: Validation of the Y2H system with controls supplied by the manufacturer. +, BD-53 + AD-T (positive control); —, BD-
Lamin + AD-T (negative control), and *, BD + AD (additional negative control). These cultivations were done on SD agar plates, lacking histi-
dine where indicated, followed by incubation at 30 °C for the indicated days. (B) Cell extracts from the cells of part A were subjected to
immunostaining of the indicated antigens to confirm the expression of the fusion proteins used in the Y2H assay. Cytosolic Pgk1 was used
as a loading control, and molecular mass markers are on the left.

was used to screen for positive interactors. Of the CIA therefore investigated the potential impact of deficien-
proteins tested, only the strain harboring the AD-Dre2 cies in Pih1 or Hsp90 on these processes.
construct rescued growth in the absence of histidine,

indicating a robust interaction. The Dre2-Pihl Analysis of Fe/S protein biogenesis in Pih1- and

interaction-dependent growth was abrogated upon the
addition of 2.5 mm 3-amino-1,2,4-triazole (3AT), a
competitive inhibitor of the HIS3 gene product, sug-
gesting a transient and weak interaction (Fig. 1A, top).
This interaction, together with the numerous interac-
tions described previously (see Introduction; Fig. Sl1),
led us to hypothesize a role for the Hsp90 chaperone
system in the CIA pathway and/or iron regulation. We

Hsp90-deficient yeast strains

To understand the functional importance of the Dre2-
Pihl interaction, we created two conditional
S. cerevisiae strains by PCR-mediated gene replace-
ment in which the endogenous promoter of PIHI was
replaced by the glucose-repressible, galactose-inducible
GAL-L or GALI promoters (Table S1; Fig. S2A-D;
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W303-1B background). Despite efficient depletion of
Pihl, enzyme activities of the cytosolic Fe/S proteins
isopropyl malate isomerase (Leul) and sulfite reduc-
tase (SiR), as well as the mitochondrial Fe/S protein
aconitase (Aco) were not affected (Fig. S2A-C). SiR
activity was tested using a plate-based assay that relies
on the formation of a brown bismuth sulfide-
containing precipitate in cells that contain holo-SiR
activity [34,53]. Consistently, the expression of the
FET3 promoter remained at wild-type levels, even
after 64 h of depletion in both strains (Fig. S2D).
FET3 is a member of the yeast iron regulon, a set of
genes involved in iron metabolism that are regulated
by the iron-responsive transcription factors Aftl and
Aft2. They are induced upon iron starvation or Fe/S
protein biogenesis defects, in particular upon depletion
of the early components of the mitochondrial ISC sys-
tem or the ABC transporter Atml (Fig. S2D, right;
Fig. S1) [55,56]. We also used the deletion strain pihlA
(BY4742 background) to test the enzyme activities of
several Fe/S enzymes. Aconitase and sulfite reductase
activities were hardly affected, and Leul activity was
reduced by 46% (Fig. S2E,F). This Leul activity
defect was likely not a Fe/S cluster-related conse-
quence, as the activities of the other Fe/S proteins
remained at wild-type levels, and Leul activity was
unchanged upon efficient depletion of Pihl in the Gal-
strains (W303-1B background; Fig. S2B,C).

As Pihl is a nonessential protein in S. cerevisiae, its
role might be bypassed in vivo. Hence, to more generally
investigate the involvement of the Hsp90 chaperone sys-
tem in cellular Fe/S protein biogenesis, we created a
S. cerevisiae strain conditionally expressing the Hsp90
chaperone. S. cerevisiae encodes two cytosolic Hsp90
isoforms, the constitutive Hsc82 and the heat-shock-
inducible Hsp82 [28-30,57]. Expression of one isoform
is sufficient and necessary for cell viability under both
heat-shock and non-heat-shock conditions. To create a
strain suitable for critical Hsp90 depletion, we
exchanged the endogenous promoter of HSCS2 by a
glucose-repressible, galactose-inducible GAL-L pro-
moter employing PCR-mediated gene replacement in a
hsp82A deletion strain background. In the resulting
Gal-HSCS82/hsp82A  strain  (Gal-c82p82A), efficient
depletion of Hsc82 protein upon growth in glucose-
containing minimal medium was confirmed by immu-
nostaining (Fig. 2A and Fig. S3A). As expected, Hsc82-
depleted Gal-c82p82A cells displayed a growth defect,
in particular when incubated at 37 °C or 42 °C
(Fig. S3B) [30,57]. Moreover, after 30 h of Hsc82 deple-
tion, the viability of these cells tested on a galactose-
containing medium was severely compromised, confirm-
ing the essential role of Hsp90 in vivo (Fig. S3C).

F. A. Carvalho et al.

We next analyzed the effect of Hsp90 depletion on
the levels of certain CIA factors and iron-regulating
proteins as suspected Hsp90 clients (see Introduction;
Fig. S1). The levels of Dre2, Nbp35, and Grx4 were not
compromised after Hsc82 depletion for 30 h, and only a
moderate decrease in Nbp35 was observed after 40 h
depletion (Fig. 2A), suggesting a minor dependence of
these proteins on Hsp90 chaperoning in vivo. More
importantly, the enzyme activity of the Fe/S cluster-
containing protein Leul was not affected after Hsc82
depletion for 30 or 40 h (Fig. 2B). Likewise, the activity
of a second cytosolic Fe/S enzyme, sulfite reductase was
unchanged upon Hsp90 deficiency (Fig. 2C). Colonies
of Hsc82-depleted Gal-c82p82A cells displayed the same
brownish color as wild-type cells or cells grown under
Hsc82-inducing conditions (Fig. 2C, top). When Gal-
c82p82A cells were precultured in a glucose-containing
minimal medium for 10 h before plating, a slight
growth defect became apparent. Yet, SiR activity was
still not severely compromised, as the colonies remained
brownish, with a difference in color tone that correlated
well with their attenuated growth (Fig. 2C, bottom). By
contrast, colonies of Gal-DRE2, a Gal-promoter
exchange mutant of the CIA factor Dre2 [58] remained
white when cultivated on a glucose-containing medium
(Fig. 2D). Together, these findings did not indicate a
critical cytosolic Fe/S protein defect upon Pihl or
Hsp90 depletion.

Apoproteins might undergo conformational changes
upon Fe/S cluster insertion. We therefore investigated
the possibility that Hsp90 chaperone activity might
influence the de novo Fe/S cluster insertion into apo-
proteins by using an in vivo >°Fe radiolabeling assay in
yeast [50,52]. °°Fe/S target proteins were immunopreci-
pitated with specific antibodies and the associated
radioactivity was estimated by scintillation counting.
We chose Leul and the Pihl interactor Dre2 (see
Fig. 1A) for analysis, as these Fe/S proteins can be fol-
lowed at endogenous expression levels without over-
production. *Fe incorporation into Leul was
unaffected in Gal-c82p82A after 30 h of Hsc82 deple-
tion, and, surprisingly, Dre2 showed even a twofold
increase in “°Fe binding compared with the control
(Fig. 2E). The latter result correlated with slightly
increased Dre2 levels observed in total extracts after
3Fe incorporation (Fig. 2F). This behavior is slightly
different from that seen in Fig. 2A, and possibly caused
by the different growth conditions; in vivo >>Fe radio-
labeling involves prior growth in the iron-poor
medium. Hence, Dre2 levels might be slightly influ-
enced by the conditions prevailing upon the shift of the
Gal-c82p82A cells to glucose medium with or without
iron.
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Fig. 2. Hsp90 depletion does not affect cytosolic Fe/S protein maturation. (A) Left: The indicated cells were grown in SD liquid medium for
30 or 40 h. Clarified extracts were subjected to immunostaining of the indicated CIA proteins. Porin (Por1) served as a loading control.
Right: Quantification of the immunostaining shown on the left. For the p82A strain and both time points the mean ratio protein/Por1 was
determined and each protein set to 1. For the Gal-c82p82A strain the protein/Por1 ratios at 30 and 40 h were determined individually and
normalized to the respective p82A mean value. Error bars indicate the SD (n > 3). (B) Top: Leul enzyme activity measured in cell extracts of
the indicated strains after 30 or 40 h of growth in SD liquid medium. For the p82A cells the values recorded at 30 and 40 h were grouped
together. Error bars indicate the SD (n > 3). Bottom: immunostaining of Leu1 and porin (Por1). (C) Sulfite reductase (SiR) activity was mea-
sured by a plate assay based on the SiR activity-dependent formation of a brown bismuth sulfide-containing precipitate. The indicated strains
were spotted onto standard or Bi**-glucose (Glc)- or -galactose (Gal)-containing minimal medium agar plates, and incubated at 30 °C for
3 days (top). To predeplete Hsc82, all strains were grown for 10 h in SD liquid medium before plating and analysis as above (bottom). (D)
As a control, SiR activities were measured for wild-type and Gal-DRE2 cells (W303-1A background) as described in part (C). (E) p82A and
Gal-c82p82A cells were cultivated in iron-poor minimal medium supplemented with Glc or Gal as indicated for 30 h. After in vivo %°Fe radio-
labeling, endogenous Leul or Dre2 were immunoprecipitated with antibodies against these proteins. *°Fe associated to the immunobeads
was quantified by scintillation counting. The mean %°Fe per gram of wet cells (3600 cpm-g~' for Leu1 and 7400 cpm-g~" for Dre2) for strain
p82A was set to 1 for each experiment. Error bars indicate the SD (n = 6). (F) Left: The total extracts used for immunoprecipitation after
%5Fe incorporation were subjected to immunostaining of the indicated proteins. Porin (Por1) was used as a loading control. Right: Quantifica-
tion of the immunostaining shown on the left. The mean ratio protein/Por1 for the p82A strain was set to 1 for each experiment. Error bars
indicate the SD (n = 3). Representative blots are shown. p82A, hsp824; Gal-c82p82A, Gal-L-HSC82/hsp82A; 1,2,3, biological replicates.
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Role of chaperones in iron-sulfur protein assembly

We further investigated the influence of Hsp90 on
iron homeostasis, because of the multiple links
between this chaperone and proteins involved in iron
regulation (see Introduction; Fig. S1). When Gal-
c82p82A cells were grown in the glucose-containing
minimal medium for 30 h supplemented with ferric
ammonium citrate (+Fe) to assure iron sufficiency, the
activity of the Aftl-dependent FET3 promoter
remained at basal levels similar to control cells
(Fig. 3A). When, however, Gal-c82p82A cells were cul-
tivated under iron-depriving conditions in the presence
of bathophenanthroline (—Fe), FET3 expression was
stimulated about 8-fold, demonstrating that the
Hsp90-depleted cells maintained their physiological
response to iron limitation. Collectively, these results
do not provide any evidence for a critical role of
Hsp90 in cytosolic Fe/S protein assembly or mainte-
nance, nor does Hsp90 deficiency detectably affect the
iron regulon.

Since the mitochondrial ISC system plays an impor-
tant role in the physiological response to iron limitation
in eukaryotes, we analyzed the mitochondrial Fe/S pro-
tein aconitase. Surprisingly, the activities of the ISC tar-
get aconitase and the mitochondrial non-Fe/S enzyme
malate dehydrogenase (MDH) as a control were more
than 3.5-fold wupregulated upon Hsc82 depletion
(Fig. 3B). To gain a better view into how mitochondria
respond to low levels of Hsp90, we further measured cit-
rate synthase (CS) and respiratory complex IV (cyto-
chrome ¢ oxidase, COX) activities, which were also
more than 4- and 1.6-fold upregulated, respectively

F. A. Carvalho et al.

(Fig. 3B). Apparently, although Hsp90 is essential for
viability, the general fitness of mitochondria is improved
upon Hsp90 depletion. Intriguingly, the global list of
upregulated proteins in Hsp90-depleted cells includes
several subunits of the respiratory chain complexes 11
(four subunits), IIT (seven subunits), and IV (nine sub-
units) [35]. Further, the entire FF,-ATP synthase (13
components), four proteins of ubiquinone (CoQyg) bio-
synthesis, and at least four enzymes of the TCA cycle
were upregulated. The sum of these findings strongly
suggests that S. cerevisiae responds to Hsp90 deficiency
by upregulating mitochondrial metabolism including
oxidative phosphorylation.

Overall, our results on Pihl- and Hsp90-deficient
yeast cells did not reveal any primary function of the
Hsp90 chaperone system for cellular Fe/S protein bio-
genesis or iron regulation, despite numerous, appar-
ently indirect links between the two processes. Our
data do not exclude a nonessential role of Hsp90 in
these processes, but such a function would be main-
tained with minimal amounts of the chaperone.

The essential cytosolic Ydj1 does not play a
critical role in iron-dependent processes

In Arabidopsis thaliana, two related Dnal-like co-
chaperones, DJAS and DJA6 (86% sequence identity),
have been implicated as dedicated iron donors for the
SUF system, the Fe/S protein assembly system in plas-
tids [39]. Both DJAS and DJA6 were shown in vivo
and in vitro to bind iron via a cysteine-rich zinc-finger-
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Fig. 3. Hsp90 depletion has no effect on cellular iron regulation but upregulates mitochondrial metabolism-related enzymes. (A) The yeast
strains p82A and Gal-c82p82A were transformed with plasmid pFET3-GFP, and cells were cultivated for 30 h in SD liquid medium supple-
mented with 50 pum ferric ammonium citrate (+Fe) or 50 um bathophenanthroline (—Fe). The GFP-specific fluorescence emission was
recorded. Error bars indicate the SD (n = 3). (B) Malate dehydrogenase (MDH), aconitase (Aco), citrate synthase (CS) and respiratory com-
plex IV (cytochrome ¢ oxidase, COX) activities were measured in cell extracts of the indicated strains after 30 or 40 h of growth in SD liquid
medium. For the p82A cells the values recorded at 30 and 40 h were grouped together. Error bars indicate the SD (n > 3). Insert: Cell
extracts were used for immunostaining of aconitase (Aco1) and porin (Por1). Representative blots are shown.
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like region (ZFLR) composed of four conserved
CxxCxGxG motifs that distinguish these proteins from
most other members of the Hsp40 co-chaperone family
(Fig. S4A,B). As noted above, the mitochondrial ISC
machinery depends on the function of the dedicated J-
protein Jacl, which, however, does not contain a
ZFLR, and is not implicated in iron binding. We
employed the yeast model to investigate whether
eukaryotes might contain DJAS-DJAG6-like specialized
Hsp40 proteins in the cytosol or mitochondria with an
iron-donor function for cellular Fe/S protein biogene-
sis. S. cerevisiae encodes five Hsp40-like proteins with
a central ZFLR similar to that in DJA5-DJA6, termed
Ydjl (human DNAIJAI1), Mdjl (human DNAJA3),
Xdjl (human DNAJA2, DNAJA4), as well as Scjl
and Apjl (both lacking a human homolog) [41]
(Fig. S4A,B). The overall sequence identity among
these proteins and with DJAS-DJA6 is rather low
(around 30%), yet both the N-terminal J domain and
particularly the ZFLR are well conserved and have
been defined structurally (Fig. S4A.,C,D). Ydjl is
located in the cytosol and may be a good iron-donor
candidate for the CIA system because it is essential for
cell viability similar to most CIA factors [59]. Mdjl is
located in the mitochondrial matrix and its deletion
results in loss of respiratory function, which makes the
protein a good candidate for an iron donor within the
mitochondrial ISC system [60,61]. Xdjl is attached to
the mitochondrial outer membrane and to the nucleus
[62,63], while Apjl localizes to cytosol, mitochondria,
and the nucleus. Gene deletion of either XDJI or
APJI is not associated with severe phenotypical conse-
quences making a critical function within the essential
cytosolic Fe/S protein biogenesis pathway unlikely
[40,64]. Finally, Scjl is located within the endoplasmic
reticulum, and hence can be excluded as an iron-donor
candidate, since this compartment is not known to
contain Fe/S proteins. Based on these considerations,
we concentrated our analyses on Ydjl and Mdjl.

For the investigation of the potential involvement of
cytosolic Ydjl in Fe/S protein biogenesis, we created a
GAL-L-promoter exchange mutant by PCR-mediated
gene replacement. Consistent with the essential charac-
ter of YDJI, the resulting Gal-YDJ!1 strain showed a
growth arrest under repressing conditions on glucose-
containing medium (Fig. 4A). However, both the pro-
tein levels and enzyme activities of the cytosolic Fe/S
protein Leul as well as **Fe binding to Leul (mea-
sured by the radiolabeling-immunoprecipitation assay
described in Fig. 2E) did not decrease in Gal-YDIJ1
cells upon Ydjl depletion (Fig. 4B-D). Interestingly,
Leul activity even increased after longer depletion
times. The same was observed for the enzyme activity

Role of chaperones in iron-sulfur protein assembly

of mitochondrial aconitase (Fig. 4C). As a sensitive
readout of defects in Fe/S protein biogenesis, we mea-
sured the expression of FET3, yet no differences to
wild-type levels were found for FET3 expression after
48 h of Ydjl depletion (Fig. 4E). Together, our find-
ings do not provide any evidence for a direct impor-
tant role of Ydjl in cytosolic Fe/S protein maturation
or in the iron supply of mitochondria.

Ydjl has been implicated in the function of ribonu-
cleotide reductase by playing a role in the stability of
Rnr2, its iron co-factor binding subunit [65]. Consistent
with this observation, Ydjl-depleted Gal-YDIJ1 cells
displayed slightly reduced levels of Rnr2 (Fig. 4B).
However, >>Fe binding to Rnr2 even increased three-
fold in Gal-YDJ1 cells under Ydjl-depleting condi-
tions, suggesting that the observed defects in
ribonucleotide reductase were not due to impaired iron
loading (Fig. 4D). Taken together, these results do not
provide any evidence for a direct role of Ydjl in iron
regulation or in iron donation to cellular Fe/S protein
biogenesis or ribonucleotide reductase.

Mitochondrial Mdj1 does not play a role in Fe/S
protein assembly and iron regulation

For the investigation of Mdjl as a potential iron
chaperone, we created both deletion and GAL-L-pro-
moter exchange mutants by PCR-mediated gene
replacement in both W303-1A and BY4742 yeast
strain backgrounds. As expected, the resulting mdjIA
and Gal-MDJ1 strains failed to grow under respira-
tory growth conditions in the presence of glycerol
(Figs SS5A,D and S6A). In these strains, Mdjl was
either absent or severely depleted in mitochondrial
extracts, respectively (Figs S5B and S6B). Using a
rho® (no mitochondrial DNA) tester strain, we con-
firmed the expected loss of mitochondrial DNA in the
W303-1A mdjIA strain [66] (Fig. S5C). Nevertheless,
protein levels of aconitase and the ISC factors Isul
and Isal were not deceased in W303-1A Gal-MDJ1
cells under Mdjl-depleting conditions (Fig. 5A). In
both strain backgrounds (W303-1A and BY4742),
enzyme activities of mitochondrial aconitase and cyto-
solic Leul were at wild-type or even higher levels in
mdjlA cells or Gal-MDIJ1 cells after 40 h of depletion
(Fig. 5B and Fig. S6C). Consistently, *>Fe incorpora-
tion into mitochondrial aconitase or cytosolic Leul
remained unaffected in the W303-1A mdjIA strain
(Fig. 5C). The expression of the yeast iron uptake
gene FET3 was not increased upon Mdjl depletion or
deletion in the W303-1A strain background, in con-
trast to deficiency of the ISC factor Grx5 as a control
(Fig. 5D). These data indicated that mitochondrial Fe/
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Fig. 4. Testing the role of Ydj1 in cellular Fe/S protein maturation and iron regulation. (A) Gal-YDJ1 cells plasmid-expressing the fusion pro-
tein YDJ1-Myc or the empty vector were cultivated on minimal medium agar plates supplemented with galactose (SGal) or glucose (SD) for
40 h at 30 °C. Wild-type (WT) cells (W303-1A) served as a control. (B, C) WT and Gal-YDJ1 cells were cultivated in SD or SGal liquid
medium for 16, 24 and 40 h, as indicated. Cell extracts were analyzed for the levels of the indicated proteins by immunoblotting (B), and
the enzyme activities of aconitase (Aco) and Leul (C). (D) WT and Gal-YDJ1 cells were cultivated in iron-poor SD liquid medium for 48 h,
and ®®Fe binding to Leu1 and ribonucleotide reductase subunit 2 (Rnr2) were determined by radiolabeling and immunoprecipitation with spe-
cific antibodies. The lower panel shows the presence of the precipitated proteins by immunostaining, using porin as a loading control. (E)
WT and Gal-YDJ1 cells plasmid-expressing FET3-GFP were cultivated in SD liquid medium supplemented with 50 pm ferric ammonium cit-
rate (+Fe) for 48 h. The GFP-specific fluorescence emission of whole cells was recorded. WT cells cultivated in the presence of 50 pm bath-
ophenanthroline (—Fe) served as a control for FET3 activation. Error bars indicate the SD (n > 4).
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Fig. 5. Testing the role of Mdj1 in cellular Fe/S protein maturation and iron regulation. (A) Cell extracts of wild-type (WT) and Mdj1-depleted
Gal-MDJ1 cells (W303-1A background) were analyzed for the levels of the indicated proteins by immunoblotting. Gal-MDJ1 cells were
depleted of Mdj1 by growth in SD medium for 40 h prior to analysis. (B) Enzyme activities of aconitase (Aco) and Leul were determined in
cell extracts of the indicated strains. (C) Wild-type (WT rho®) and mdj1A cells were cultivated in iron-poor SD liquid medium and %°Fe incor-
poration into Leul and aconitase (Aco) was determined by radiolabeling and immunoprecipitation with specific antibodies. Lower panel:
Expression levels of the precipitated proteins were assessed by immunostaining. Unspecific bands from Ponceau staining served as a load-
ing control. (D) The indicated strains plasmid-expressing FET3-GFP were cultivated in SD liquid medium supplemented with 50 pm ferric
ammonium citrate, and the GFP-specific fluorescence emission was recorded. grx5A cells served as a control for constitutive activation of
the FET3 gene. Error bars indicate the SD (n > 3).

S protein biogenesis remained unaffected in the mitochondrial Fe/S protein biogenesis, as described
absence of Mdjl. Surprisingly, in the BY4742 back- for DJA5-DJAG in plastids from A. thaliana.

ground strains a partial induction of FET3 was
observed upon Mdjl deficiency (Fig. S6D). Since
mitochondrial Fe/S protein assembly was unaffected
(Fig. S6C), this effect was likely indirect. Taken
together, our findings do not provide evidence for a We finally examined iron binding to yeast Mdjl and
critical role of Mdjl as an iron chaperone for Ydjl. In vivo iron binding was followed by employing

No detectable in vivo iron binding to Ydj1 and
Mdj1
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Fig. 6. Both Ydj1 and Mdj1 do not specifically bind iron in vivo. Wild-type cells (W303-1A) harboring plasmid pYES-FLAG-MDJ1 and Gal-
YDJ1 cells harboring plasmid p426-YDJ1-Myc were cultivated in iron-poor SGal or SD liquid medium, respectively, for 40 h. (A) 55Fe incorpo-
ration into FLAG-Md;j1 or Ydj1-Myc was determined by radiolabeling and immunoprecipitation with a-FLAG and a-Myc-immunobeads, respec-
tively. Wild-type cells harboring the empty vector (—) served as a control for background °°Fe binding observed with the different antibodies.
Error bars indicate the SD (n > 4). (B) The expression of the precipitated proteins was tested by immunostaining with antibodies against

FLAG, Mdj1 and Ydj1 using Aco1 and porin (Por1) as loading controls.

the >°Fe radiolabeling-immunoprecipitation assay (cf.
Fig. 2E). For this purpose, we generated high-copy
vectors for the overproduction of tagged proteins,
namely FLAG-Mdjl and Ydjl-Myc (Fig. 4A,
Table S2). Upon *°Fe radiolabeling and subsequent
affinity precipitation, less than background levels of
radioactivity were associated with overproduced
FLAG-Mdjl in wild-type cells (Fig. 6A, left). Like-
wise, no Fe above background was associated with
overproduced Ydjl-Myc (Fig. 6A, right). In both
cases, the tagged proteins were expressed well
(Fig. 6B). This lack of in vivo *Fe binding to both
Ydjl and Mdjl nicely fits to the independence of cellu-
lar Fe/S protein biogenesis and the associated iron reg-
ulation from these two ZFLR-containing yeast J-
proteins.

In vitro iron binding could be tested only for Ydjl
because purified Mdjl was instable and precipitated.
Recombinant His-tagged Ydjl surprisingly displayed a
reddish-brown color after purification from E. coli
extracts (Fig. S7). The spectrum of the purified protein
showed absorption bands at 360 and 480 nm, features
reminiscent of those of DJAS-DJAG6 from A. thaliana
[39]. In order to explore whether Ydjl may accommo-
date mononuclear iron or Fe/S clusters, the protein
was incubated with FeCl,, or subjected to a Fe/S clus-
ter reconstitution protocol (Fe*'-ammonium citrate
plus Li,S for 3 h under anaerobic conditions). Only
background amounts of acid labile sulfide were
detected in Ydjl after Fe** and sulfide treatment,
essentially excluding that Ydjl may accommodate Fe/

S clusters (Fig. S7B). Fe*" treatment slightly intensified
the color of as purified Ydjl, yielding sub-
stochiometric amounts of bound iron (~ 0.6 ions per
protein). We conclude that Ydjl, upon ectopic expres-
sion in E. coli, can bind iron, yet our inability to
detect both iron binding in vivo and iron-related phe-
notypes in Ydjl-depleted cells argues against a physio-
logical relevance of these in vitro findings. The
situation is radically different from the studies with
plastidial DJAS5-DJA6 where iron binding was
observed both in vivo and in vitro, and DJAS-DJA6
depletion was associated with strong effects on, e.g.,
plastidial Fe/S protein assembly [39]. Collectively, we
conclude that Ydjl and Mdjl, in contrast to
A. thaliana DJAS5-DJAG6, use Zn rather than Fe in the
ZFLR for their chaperone activity, as found in the
crystal structure of Ydjl [67].

Conclusions

Numerous systematic genetic and physical interaction
studies have suggested a functional link between the
essential Hsp90 chaperone system and both cellular
Fe/S protein biogenesis and iron regulation. In our
current study, we found no in vivo evidence in the
S. cerevisiae model system for a crucial physiological
connection of these pathways under standard growth
conditions. Depletion of Pihl or Hsp90 to physiologi-
cally critical levels in yeast cells did not affect these
iron-related processes. While our findings do not rule
out an auxiliary function of Pihl and Hsp90 in these
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processes, it is obvious that other pathways depend
more critically on the chaperones. Interestingly, the
abundance and activity of numerous mitochondrial
proteins relevant for (iron-dependent) metabolism and
respiration were upregulated in Hsp90-depleted cells,
an observation that deserves future experimental
attention.

Moreover, we found no direct crucial roles of the
Hsp70-interacting Dnal-proteins Ydjl and Mdjl in
cellular Fe/S protein maturation or iron regulation
in vivo. Although Ydjl and Mdjl contain a conserved
ZFLR similar to that required for in vivo and in vitro
iron binding to the Dnal-like iron chaperones DJAS-
DJAG6 in plastids of A4. thaliana [39], we did not detect
any iron associated with Ydjl and Mdjl in vivo, con-
sistent with the lack of iron-related phenotypes upon
Ydjl and Mdjl deficiencies. Nevertheless, purified
Ydjl was able to bind sub-stochiometric levels of iron
upon ectopic bacterial expression reiterating in princi-
ple the ability of the ZFLR to coordinate this metal.
However, our in vivo findings provide clear evidence
that in the native environment, the ZFLR of Ydjl
may be loaded with zinc rather than iron, as originally
proposed [67]. Therefore, future studies exploring the
molecular basis of the striking metal specificity of
DJAS5S-DJAG6 (for Fe) versus other ZFLR-containing
J-proteins (for Zn) may have to be carried out in
the respective native compartments of the studied
J-proteins. Since both protein subclasses contain highly
similar ZFLR domains with no conspicuous structural
differences, such studies may even lead to the discov-
ery of dedicated metal chaperones assisting the specific
insertion of the physiologically desired metal ion.
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