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The biogenesis of iron—sulfur (Fe/S) proteins entails the synthesis and trafficking of
Fe/S clusters, followed by their insertion into target apoproteins. In eukaryotes, the
multiple steps of biogenesis are accomplished by complex protein machineries in both
mitochondria and cytosol. The underlying biochemical pathways have been elucidated
over the past decades, yet the mechanisms of cytosolic [2Fe-2S] protein assembly have
remained ill-defined. Similarly, the precise site of glutathione (GSH) requirement in
cytosolic and nuclear Fe/S protein biogenesis is unclear, as is the molecular role of
the GSH-dependent cytosolic monothiol glutaredoxins (cGrxs). Here, we investigated
these questions in human and yeast cells by various in vivo approaches. [2Fe-2S] cluster
assembly of cytosolic target apoproteins required the mitochondrial ISC machinery,
the mitochondrial transporter Atm1/ABCB7 and GSH, yet occurred independently of
both the CIA system and c¢Grxs. This mechanism was strikingly different from the ISC-,
Atm1/ABCB7-, GSH-, and CIA-dependent assembly of cytosolic—nuclear [4Fe-4S]
proteins. One notable exception to this cytosolic [2Fe-2S] protein maturation path-
way defined here was yeast Apd1 which used the CIA system via binding to the CIA
targeting complex through its C-terminal tryptophan. c¢Grxs, although attributed as
[2Fe-2S] cluster chaperones or trafficking proteins, were not essential in vivo for deliver-
ing [2Fe-2S] clusters to either CIA components or target apoproteins. Finally, the most
critical GSH requirement was assigned to Atm1-dependent export, i.e. a step before
GSH-dependent cGrxs function. Our findings extend the general model of eukaryotic
Fe/S protein biogenesis by adding the molecular requirements for cytosolic [2Fe-2S]
protein maturation.

iron-sulfur cluster assembly (ISC) | cytosolic iron-sulfur protein assembly (CIA) |
iron homeostasis | glutaredoxin | glutathione (GSH)

Iron—sulfur (Fe/S) clusters are synthesized and inserted into eukaryotic target apoproteins
by evolutionary conserved protein machineries in mitochondria and cytosol (1-3). In
mitochondria, the iron—sulfur cluster assembly (ISC) system is responsible for generating
[2Fe-2S] and [4Fe-4S] proteins within the organelle (57 Appendix, Fig. S1). Early-acting
ISC components comprise the cysteine desulfurase complex Nfsl-Isd11-Acpl (yeast
nomenclature, refer to SI Appendix, Table S1 for human protein names), the electron
donor ferredoxin Yah1, and the allosteric effector Yth1 (yeast frataxin homolog), which
together de novo synthesize a [2Fe-2S] cluster on the scaffold protein Isul (4). The cluster
is released from Isul by the dedicated Hsp70/Hsp40 chaperones Ssq1 and Jacl, transiently
trafficked to monothiol glutaredoxin Grx5, and either inserted into target [2Fe-2S] apo-
proteins or used by late-acting ISC factors for Yah1-dependent fusion to [4Fe-4S] clusters
and insertion into apoproteins (5, 6). Additionally, the early ISC components produce a
still unknown sulfur- and iron-containing substrate (X-S) that is exported by the mito-
chondrial ABC (ATP binding cassette) transporter Atm1 to support the cytosolic iron—
sulfur protein assembly (CIA) machinery (S7 Appendix, Fig. S1) (4, 7-9). The CIA system
initiates the synthesis of a [4Fe-4S] cluster on the cytosolic scaffold complex Cfd1-Nbp35,
a reaction depending on the electron transport chain NADPH-Tah18-Dre2 (1, 10). The
[4Fe-4S] cluster is then presumably passed on via Narl to the CIA targeting complex
(CTC) composed of Cial-Cia2-Mms19 that mediate the maturation of target [4Fe-4S]
proteins like DNA maintenance enzymes (11-14).

Depletion of the tripeptide glutathione (GSH) strongly impairs the maturation of
cytosolic and nuclear [4Fe-4S] proteins (15, 16), yet the most critical step for GSH
requirement is not clear. Since GSH has been shown to bind to Atm1 (8), and since
GSH-containing compounds such as GSSSG and a tetra-GSH-coordinated [2Fe-2S]
cluster have been suggested as potential candidates for the enigmatic X-S substrate (9, 17),
the critical GSH-requiring step may be directly connected to the Atm1-dependent export
process. Alternatively, the essential GSH requirement may be connected to GSH-dependent
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Eukaryotic life critically depends
on iron-sulfur (Fe/S) clusters.
These inorganic protein cofactors
with mainly [2Fe-2S] and [4Fe-4S]
forms are found in mitochondria,
cytosol, and nucleus and perform
indispensable roles in, e.g.,
respiration, translation, virus
defense, and DNA maintenance.
Assembly of cytosolic and
nuclear [4Fe-4S] proteins
requires cooperating
multiprotein machineries in both
mitochondria and cytosol, yet
how cytosolic [2Fe-2S] proteins
are matured has remained
unclear. Here, maturation of
cytosolic [2Fe-2S] proteins in
yeast and human cells was found
to crucially depend on the
mitochondrial Fe/S protein
biogenesis machinery, yet, with
one notable exception, occurred
independently of both the
cytosolic biogenesis system and
cytosolic monothiol
glutaredoxins. Our study defines
a so far neglected branch of
cellular Fe/S protein biogenesis in
eukaryotes.

Author contributions: J.J.B.,, 0.S., UM., AJ.P,, and R.L.
designed research; JJ.B., 0.S., M.S., R.R,, F.S., CM.B., and
U.M. performed research; JJ.B., 0.S., CM.B., UM., AJ.P.,
and R.L. analyzed data; and JJ.B., O.S., U.M., and R.L.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution License 4.0 (CC BY).

"Present address: Bundesanstalt fiir Materialforschung
und -prifung (BAM), Berlin 12205, Germany.

“To whom correspondence may be addressed. Email:
lill@staff.uni-marburg.de.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2400740121/-/DCSupplemental.

Published May 14, 2024.

10f 12


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:lill@staff.uni-marburg.de
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2400740121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2400740121/-/DCSupplemental
https://orcid.org/0000-0003-1404-4066
https://orcid.org/0000-0002-4737-0768
https://orcid.org/0000-0002-1509-6370
mailto:
https://orcid.org/0000-0002-8345-6518
http://www.pnas.org/lookup/doi/10.1073/pnas.2400740121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400740121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400740121#supplementary-materials
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2400740121&domain=pdf&date_stamp=2024-5-11

Downloaded from https://www.pnas.org by 141.63.251.13 on May 15, 2024 from | P address 141.63.251.13.

20of12

function of cytosolic monothiol glutaredoxins (cGrxs; Grx3-Grx4)
in both cytosolic—nuclear [4Fe-4S] protein assembly and cellular
iron regulation (18-21). Eukaryotic ¢Grxs are composed of an
N-terminal thioredoxin domain and up to three C-terminal mon-
othiol glutaredoxin (Grx) domains. cGRX gene deletions in various
eukaryotes are associated with a surprisingly different severity of
phenotypes, from being lethal to hardly any consequences for
viability (S Appendix, Table S2). Yeast Grx3-Grx4, in complex
with the cytosolic BOLA family protein Bol2, are essential for
Aftl-Aft2-dependent transcriptional iron regulation (19-23).
Further, cGrxs and their complex with BOLA2 have been linked
to cellular iron homeostasis in animals and were suggested to act
as [2Fe-2S] cluster chaperones or trafficking factors for the mat-
uration of human CIAPIN1 and NBP35 (24-28).

Contrary to the advances in understanding how the CIA system
synthesizes, traffics, and inserts [4Fe-4S] clusters (1, 13), the
in vivo process of cytosolic [2Fe-2S] protein biogenesis has
remained poorly characterized (S Appendix, Fig. S1). Relatively
few cytosolic [2Fe-2S] proteins per species are known to date
(4, 19, 29-33). In addition to true target proteins, also the cGrxs
and the early CIA components Dre2, Cfd1, and Nbp35 have been
reported to (transiently) bind [2Fe-2S] clusters in vitro (and in
cellulo for Dre2) suggesting that also these proteins are acceptors
of binuclear clusters (26, 34-37). Currently, it is unclear whether
and to what extent the CIA system may play a role in cytosolic
[2Fe-2S] protein maturation. While some in vivo studies have
indicated that a functional CIA system is dispensable for [2Fe-2S]
cluster assembly of cytosolic [2Fe-2S] target proteins (29, 38),

other in vivo and in vitro studies have suggested a CIA dependence
(39—44). A major goal of the current study was to clarify this
apparent discrepancy and to define the in vivo trafficking and
insertion pathways for cytosolic [2Fe-2S] proteins using both yeast
and human cells as models. Further, we explored the most critical
site of GSH requirement in cytosolic—nuclear Fe/S protein bio-
genesis, and we investigated the in vivo involvement of c¢Grxs in
cytosolic Fe/S protein biogenesis. Together, our results comple-
ment and expand the current model of cytosolic Fe/S protein
biogenesis in eukaryotes.

Results

Human Cytosolic [2Fe-2S] Protein Maturation Requires the ISC
but Not the CIA System. To define the requirements for cytosolic
[2Fe-2S] protein assembly, we first tested its dependence on ISC
and CIA components in cultured human cells. Aldehyde oxidase
(Aox) contains both [2Fe-2S] clusters and molybdenum cofactors
(MoCo) (45), yet the insertion of the Fe/S cluster occurs before
and independently of MoCo (46). In order to probe Fe/S cluster
binding, we employed a ”’Fe radiolabeling-immunoprecipitation
assay (SI Appendix, Methods and refs. 47 and 48). Murine Aox
(fused to an N-terminal myc-TEV-EGFP tag) was expressed
cither transiently from a plasmid in Hela cells or induced in
HEK293 FlpIn T-REx cells which were each depleted for various
ISC and CIA components by RNAi and cultured in presence
of Fe (Fig. 1A and SI Appendix, Fig. S2). At cell harvest, total
protein yield from the different depletion conditions varied only
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Fig. 1. Human cytosolic [2Fe-2S] protein maturation requires ISC but not CIA components. HeLa, HEK293, or HEK293 Fip-In cells were individually or double-
depleted for NFS1, ABCB7, NBP35, CIAO3, NDOR1, or CIAPIN1 for a total of 6 d by transfection with shRNA or siRNA. In parallel, RNAi-treated cells were
complemented by RNAi-resistant murine (mu) NFS1, silently mutated (sm) ABCB7, smNBP35, or Danio rerio (dr) Ciao3 as indicated. Control (Ctrl) samples did not
receive siRNA or shRNA. We concomitantly expressed the [2Fe-2S] reporter proteins (A) myc-TEV-EGFP-Aox and (B) FLAG-TEV-CISD2™°-EGFP or (C) the [4Fe-4S]
protein EGFP-ABCE1-TEV-myc-FLAG (cluster types are indicated by orange and yellow balls), either transiently for 3 d (HeLa, HEK293) or by induced synthesis
by doxycycline treatment (HEK293 Flp-In) for 18 h prior to harvest. Myc- and FLAG-tagged EGFP constructs served as reference for nonspecific **Fe background
binding (Bg, first bars). After >*Fe radiolabeling for 3 d, maturation of reporter proteins was assessed by a-FLAG or a-myc immunoprecipitation (Pull-down), EGFP
analysis, and scintillation counting of the recovered material. Fe/S cluster assembly is expressed as the ratio of recovered **Fe radioactivity per EGFP fluorescence,
and values (mean + SD, n > 3) are normalized to those obtained for reporter-expressing control cells (set to 100%, white bars and dashed lines). Abbreviations:
sh, small hairpin; si, small interfering; CTD, C-terminal domain; mT, myc-TEV; FT, FLAG-TEV; TmF, TEV-myc-FLAG.
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moderately, and the myc-TEV-EGFP-Aox reporter construct did
not influence the >>Fe content in cell extracts (S Appendix, Fig. S2
A-C). Upon RNAi-mediated depletion of the ISC protein NFS1
or the export co mponent ABCB7, we observed a 50% decrease
in Aox-associated *’Fe, as compared to the corresponding control
cells (Fig. 14 and ST Appendix, Fig. S2 A and D). Complementation
with RNAi-resistant versions of NFSI or ABCB7 recovered *’Fe
incorporation into Aox substantially. In contrast, depletion of
the CIA protelns NBP35 (NUBP1) or CIAO3 (yeast Narl) did
not decrease *’Fe binding to Aox. Complementation with RNAi-
resistant constructs was without major effects. Moreover, individual
or combined depletion of the CIA components CIAPINI and
NDORI (yeast Dre2 and Tah18) elicited even a twofold increase
in °Fe incorporation into Aox (Fig. 14 and ST Appendix, Fig. S2
A and D). Taken together, [2Fe-2S] cluster maturation of Aox
depends on the mitochondrial ISC system and ABCB7-dependent
export, yet is not hampered or even increased upon depletion of
CIA factors.

We further tested CISD2 (aka MINER1, NAF-1), a cytosolic
member of the [2Fe-2S] cluster-binding NEET family containing
a 3Cys-1His coordination motif (49). The soluble C-terminal
domain (CTD) of CISD2 was employed to construct a fusion
protein with an N-terminal FLAG-TEV tag and a C-terminal
EGEFP. This cytosolic FLAG-TEV-CISD2(CTD)-EGFP reporter
was expressed in HelLa or HEK293 cells in parallel to the depletion
of ISC, ABCB7, or CIA proteins. Similar to Aox, *’Fe binding to
CISD2(CTD) was dependent on functional NES1 and ABCB7,
yet did not require NBP35 or CIAO3 (Fig. 1B and SI Appendix,
Fig. §3). Individual or combmed deficiency of CIAPIN1 and
NDORI1 increased the °Fe incorporation several-fold, despite
unchanged cellular Fe levels (S7 Appendix, Fig. S3C). As a

® B « ®

control, maturation of the [4Fe-4S] protein ABCE1 (11, 47, 50)
under the conditions used above was specifically dependent on
mitochondrial ISC, ABCB7, and CIA proteins (Fig. 1C and
SI Appendix, Fig. S4). Collectively, our results from human cell
culture, together with previous studies on CISD1 (38), clearly
indicate the mitochondria-dependent, yet CIA-independent mat-
uration of cytosolic [2Fe-2S] proteins, distinguishing this pathway
from that of cytosolic [4Fe-4S] protein assembly.

CIAPIN1 Is Matured Independently of CIA and GLRX3 Mimicking
[2Fe-2S] Target Proteins. CIAPIN1 and its relatives contain at
least one (yeast Dre2; (35, 36, 51)) or two (human CIAPINT; (37,
52)) [2Fe-2S] clusters. In vitro and in vivo studies have suggested
that human CIAPIN1 may receive its [2Fe-2S] clusters by transfer
from GLRX3 (27) or a GLRX3-BOLA2 heterocomplex (25). In
order to study the requirements for CIAPIN1 maturation in
human cells, we applied a CRISPR approach to fuse endogenous
CIAPINI1 to a genomlcall;r integrated C-terminal EGFP-TEV-
myc-FLAG tag. Using the *Fe radiolabeling-immunoprecipitation
assay (cf. Fig. 1), maturation of the tagged CIAPIN1 was probed
upon RNAi-mediated depletion of the core ISC component
ISCU2, the CIA proteins NDORI and NBP35, or GLRX3
(Fig. 24). Gene silencing was efficient and resulted in a slight
growth defect as measured by protein content, yet no effects
on cellular iron uptake (87 Appendix, Fig. S5 A-D). Substantial
amounts of Fe were coimmunoprecipitated with CIAPIN1-
EGFP-TEV-myc-FLAG, while cells expressing a myc- TEV EGFP
reference construct bound only background levels of *Fe (Bg,
Fig. 24 and SI Appendix, Fig. SSE). Depletlon of ISCU2 resulted
in a 50% decrease of CIAPIN1-associated >Fe, consistent with
the dependency of all cytosolic—nuclear Fe/S proteins on the
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Fig. 2. Maturation of human [2Fe-2S]-containing CIAPIN1 occurs independently of GLRX3. (A) HEK293 cells expressing endogenous CIAPIN1 fused to a genome-
integrated C-terminal tag encoding EGFP-TEV-myc-FLAG (knockin) were depleted for the indicated proteins by siRNA treatment for 6 d. Radiolabeling with >*Fe
and maturation of the CIAPIN1 fusion protein was analyzed in comparison to control-transfected cells (Ctrl) according to Fig. 1. (B) GLRX3 was knocked out
in untreated CIAPIN1 knockin cells from part (A) by CRISPR-Cas9 (construct #3; cf. S/ Appendix, Fig. S6B), and **Fe/S cluster maturation was analyzed as in (A)
relative to control-transfected cells. (C and D) GLRX3 (construct #1; cf. S/ Appendix, Fig. S6B) or ABCB7 genes were knocked out by CRISPR-Cas9 in HEK293 Flp-In
cells inducibly expressing CIAPIN1-EGFP-TEV-myc. *°Fe/S cluster maturation was analyzed as in (B). (E-H) GLRX3 knockout cells from (C) inducibly expressing the
indicated Fe/S reporter proteins were analyzed for **Fe/S cluster maturation as in Fig. 1. Cells with inducibly or transiently expressed myc- or FLAG-tagged EGFP

variants served as *°

Fe background binding reference (Bg). Values are presented relative to the reporter protein-expressing Ctrl cells (set to 100%, white bars

and dashed lines) and are given as mean + SD, n = 3. For abbreviations, see Fig. 1.
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mitochondrial ISC system (cf. Fig. 1). In contrast, knock-down
of the CIA proteins NDORI and NBP35 did not diminish but
rather increased CIAPIN1-bound >°Fe (Fig. 24 and SI Appendix,
Fig. S5E). These results fit well to the independence of cytosolic
[2Fe-2S] protein maturation on the CIA factors (see above).

Surprisingly, GLRX3 depletion by a validated siRNA (24) also
did not critically affect *°Fe incorporation into CIAPINT (Fig. 24
and ST Appendix, Fig. S5E), contrary to earlier findings (25). Since
low residual GLRX3 levels, due to incomplete siRNA-mediated
depletion, might be sufficient to support CIAPIN1 maturation,
we used a CRISPR-Cas9 approach (53) to knock out the GLRX3
genein HEK293 cells. Transfection of puromycin resistance cassette-
containing plasmids encoding three different GLRX3-directed
gRNAs (ccGLRX3#1-3) yielded viable cell lines after antibi-
otics selection (SI Appendix, Fig. S6A). All three gRNAs were
highly efficient in depleting GLRX3 (SI Appendix, Fig. S6B), but
none of the gRNA-treated cells were severely growth-retarded
(SI Appendix, Fig. S6A), indicating that GLRX3 is not essential
for viability of cultured human cells. This behavior is similar to
the ¢GRX gene knockout in plants and some fungi, yet clearly
different for other fungi or mice, where ¢cGRX deletion is lethal
(SI Appendix, Table S2). Application of the >Fe radiolabeling-
immunoprecipitation assay to the GLRX3 knockout cells revealed
an unchanged cellular Fe content (S/ Appendix, Fig. S6C) and
inconspicuous *°Fe maturation of genome-integrated CIAPIN1-
EGFP-TEV-myc-FLAG (Fig. 2B and SI Appendix, Fig. S6 C-E),
thus verifying the RNAi depletion results above.

In a second approach, we induced CIAPIN1-EGFP-TEV-myc
synthesis in HEK293 FlpIn T-Rex cells, but again did not observe
any effect of a CRISPR-mediated GLRX3 knockout on *°Fe incor-
poration into CIAPIN1 (Fig. 2C). The cells contained normal
levels of endogenous CIAPIN1, and showed regular cell growth
and cellular *’Fe levels (S/ Appendix, Fig. S7 A-D). In contrast to
GLRX3, CRISPR-Cas9-mediated knockout of ABCBY elicited a
severe defect in *’Fe binding by induced synthesis of CIAPIN1
(Fig. 2D and ST Appendix, Fig. S7 E and H), consistent with the
general function of ABCB7 in cytosolic-nuclear Fe/S protein
assembly. The ABCB/-depleted cells grew rather poorly after puro-
mycin selection but maintained an almost regular cellular >Fe
content (S Appendix, Fig. S7 F and G). Collectively, maturation
of the [2Fe-2S] CIA protein CIAPIN1 depends on mitochondrial
ISC and ABCB7, but not on CIA and GLRX3, closely mimicking
the pathway of other cytosolic [2Fe-2S] proteins in human cells.

GLRX3 Knockout Affects Assembly of Cytosolic [4Fe-4S] but Not
[2Fe-2S] Proteins. The independence of human CIAPIN1 on GLRX3
raised the question of the role of the latter protein in cytosolic [2Fe-
2S] and [4Fe-4S] protein assembly. As reported earlier (18) and in
this work (see below), yeast Grx3-Grx4 play a role in cytosolic [4Fe-
4S] but not [2Fe-2S] protein maturation. Similarly, previous work
found that GLRX3-depleted HeLa cells showed twofold decreases of
cytosolic aconitase (IRP1) activity and GPAT protein levels, again
linking human GLRX3 to [4Fe-4S] protein maturation (24). This
connection was further generalized by ’Fe radiolabeling of our
GLRX3 knockout HEK293 cells. We observed a 60% decrease of
Fe binding to the reporter EGFP-ABCE1-TEV-myc-FLAG in
the absence of GLRX3 (Fig. 2 and ST Appendix, Fig. S8, Left most
panels). GLRX3-deficient cells grew well (cf. S/ Appendix, Fig. S6A),
indicating that in cultured cells GLRX3 function is dispensable.
These results indicated an important but not essential function of
GLRX3 in ABCEI maturation. Notably, ABCE1 and numerous
other [4Fe-4S] proteins including DNA polymerases and helicases
(54) are essential for cell viability.

40f12 https://doi.org/10.1073/pnas.2400740121

For the analysis of cytosolic [2Fe-2S] protein maturation, we induc-
ibly expressed myc-TEV-EGFP-Aox, FLAG-TEV-CISD2(CTD)-
EGFP, and FLAG-TEV-CISD1(CTD)-EGFP in GLRX3 knock-
out cells (ST Appendix, Methods). *°Fe radiolabeling did not reveal
any requirement of GLRX3 for their maturation (Fig. 2 ~H and
SI Appendix, Fig. S8 D, Right). Rather, the GLRX3 deficiency led
to an up to twofold higher >Fe association with these [2Fe-2S]
proteins compared to control cells, despite of wild-type (WT) levels
of cellular >°Fe (87 Appendix, Fig. S8 C, Right). Together, these results
show a nonessential in vivo function of GLRX3 in cytosolic [4Fe-4S]
but not [2Fe-2S] protein assembly in cultured human cells.

Yeast cGrxs Impact but Are Not Essential for the CIA Pathway.
The contrasting cGrxs dependencies of human CIAPINI and
yeast Dre2 maturation prompted us to more deeply investigate the
function of the yeast cGrxs for which a crucial (BY strain; (55-57))
or essential (W303; (18)) role in cytosolic—nuclear Fe/S protein
biogenesis and iron homeostasis has been reported (57 Appendix,
Table S2). Extending earlier studies, Dre2 maturation in vivo
required Grx3-Grx4 in addition to the mitochondrial ISC system
(18, 34), but not the CIA machinery, distinguishing Dre2 from
Leul maturation (87 Appendix, Fig. S9). Depletion of the cGrxs
also results in a massive accumulation of iron in the cell, which
for unknown reasons cannot be properly incorporated into
iron-containing proteins (18). In order to tease apart whether
this pool of nonbioavailable iron impacts cytosolic Fe/S protein
biogenesis, the gene of the major transcriptional regulator of the
iron uptake system, Aftl, was deleted in addition to depleting
the cGrxs (yielding Gal-GRX4grx3AaftIA cells (cGRX aft1A)).
Depletion of Grx4 in this regulatable yeast strain was achieved
by the replacement of the natural promoter with the glucose-
repressing and galactose-inducing GAL promoter (depletion
is indicated by | in all Figures, for depletion conditions see
SI Appendix, Table S3) (58). Strikingly, the lethal phenotype of
cGrxs in Saccharomyces cerevisiae W303 strains was alleviated upon
AFT1I deletion and cGRX] aft1A cells showed almost WT growth
(Fig. 34 and SI Appendix, Table S2). As expected, AFT1 deletion
suppressed the expression of a GFP reporter protein from the Aft1-
dependent FET3 promoter (Fig. 3B) (59). Effects on Fe/S protein
maturation in this yeast strain were further studied by in vivo
Fe radiolabeling-immunoprecipitation (60). As expected (61),
AFT1 deletion returned cellular iron levels to WT levels (Fig. 3C).
Despite the rescue of cGRX|aft1A cell growth, °Fe binding to
immunoprecipitated endogenous Dre2 or Leul remained as low
as in ¢GRX]| cells (Fig. 3 D-F). Similarly, a strong decrease in
>Fe radiolabeling of Dre2 was also observed in ATM1I] cells,
which cannot supply X-S for cytosolic Fe/S protein assembly. The
diminished >Fe levels in Dre2 and Leul in cGRX) aftlA cells
were cGrx-related, as the deletion of AF71 alone did not affect
Fe binding to either of the proteins. These results demonstrate
that the lack of yeast cGrxs impairs Dre2 maturation even when
deleterious iron is removed in cGRX]aftIA cells, yet the growth
assay indicates that Dre2 retains enough residual activity to
support cell growth and CIA function.

We next focused on the proposed [2Fe-2S] cluster-trafficking
function of cGrxs to the scaffold components Cfd1 and Nbp35.
As noted above, such transfer has been observed in vitro from
human GLRX3 to NBP35 (10, 26). cGrx-depleted yeast cells
expressing TAP-tagged Cfd1 and Nbp35 either alone or together
were radiolabeled with Fe. TAP affinity-precipitated Nbp35 and/
or Cfd1 bound up to threefold more *°Fe (Fig. 4 4 and B and
SI Appendix, Fig. S10). In contrast, yet consistent with previous
results (18), maturation of the [4Fe-4S] protein Rad3 was strongly
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dependent on ¢Grxs. Whereas >Fe binding to coexpressed Cfd1-
Nbp35 was independent of cGrxs (Fig. 44), the reaction strongly
relied on Atml and Tah18-Dre2 functions, showing that the
bound *°Fe is part of a Fe/S cluster (Fig. 4 C—E). We conclude that
Fe/S cluster binding to yeast Cfd1-Nbp35 does not require ¢Grxs,
making a cluster-trafficking function of c¢Grxs to Cfd1-Nbp35
unlikely. Moreover, the residual maturation of Dre2 in c¢Grx-
depleted cells (Fig. 3D) was still sufficient to support the crucial
function of Dre2 in Fe/S cluster assembly on Cfd1-Nbp35. Overall
this indicates that, similarly to the human system, the function of
yeast cGrxs in the essential CIA pathway can be bypassed, yet to
a different extent.

Yeast Cytosolic [2Fe-2S] Protein Maturation Can Be CIA
Dependent or Independent. As the yeast CIA components Dre2,
Nbp35, and Cfd1 could be matured in vivo independently of the
cGrxs, we assessed in more detail [2Fe-2S] cluster maturation of
other yeast proteins. Among the few known yeast cytosolic [2Fe-
28] target proteins are the transcription factors Aft1-Aft2 and Yap5
involved in cellular iron regulation (S/ Appendix, Fig. S1) (19, 29).
For Aft1/2, we could not coimmunoprecipitate any *°Fe, even after
Aftl overexpression. This prevented any in vivo conclusions on the
specific requirements for [2Fe-2S] cluster binding, yet the ISC,
Awm1, and cGrx dependence, and CIA independence of the Aft1/2-
dependent induction of the iron regulon suggests that the CIA
pathway does not influence [2Fe-2S] cluster assembly at Aft1-Aft2
(62-64). For Yap5, we extended the previous in vivo analysis (29),

and show here that *°Fe radiolabeling of the myc-tagged activator
domain responsible for Fe/S cluster binding was independent of
the carly CIA proteins Tah18, Dre2, and Nbp35 (S Appendix,
Fig. S11). Further, Western blotting indirectly confirmed that Yap5

PNAS 2024 Vol.121 No.21 2400740121

see ref. 62). *, denotes a nonspecific band.

maturation was CIA-independent. In cells depleted of the early ISC
proteins, Grx4 protein levels were nearly abolished compared to WT
cells (87 Appendix, Fig. S12A) (18), because Yap5 regulates Grx4
expression in a [2Fe-28] cluster-dependent manner (29). In CIA-
depleted cells, however, Grx4 levels were maintained or even elevated
indicating that CIA dysfunction did not interfere with [2Fe-2S]
cluster assembly and activation of Yap5 (SI Appendix, Fig. S12A4).

Rather, CIA depletion promoted [2Fe-2S] cluster binding to Yap5 as
seen by °Fe radiolabeling (S/ Appendix, Fig. S11). We conclude that
[2Fe-2S] cluster assembly to Aft1-Aft2 and Yap5 is CIA-independent.

We next studied the cytosolic electron transfer protein of
unknown function, Apdl, which binds a [2Fe-2S] cluster in a
C-terminal thioredoxin-like ferredoxin domain (FD2) (40, 65).
'The protein structure of Apdl modeled by AlphaFold2 supports
the assignment of [2Fe-2S] cluster binding by showing a 2Cys2His
binding pocket in the FD2 domain of Apd1 nearly perfectly align-
ing with the 4Cys [2Fe-2S] cluster-binding site of a bacterial ferre-
doxin from Azotobacter vinelandii (PDB 5ABR, Fig. 5 A and B)
(66). Interestingly, recent EPR analysis of overexpressed Apd1 and
a functional test of Apd1 (see also below) has suggested that this
protein may not follow the CIA independence of cytosolic [2Fe-2S]
proteins observed here for yeast and human cells (39, 40). We
therefore employed the *’Fe radiolabeling-immunoprecipitation
assay in order to in vivo evaluate the Apd1 maturation dependence
on various ISC and CIA proteins.

N-terminally HA-tagged Apd1 expressed from a low-copy plasmid
showed efficient complementation in a gallobenzophenone sensitivity
assay in apdIA cells, Verlfylng its functionality (S Appendix, Fig. S13
A and B) (40). Upon °Fe radiolabeling and immunoprecipitation
with antl—HA beads, HA-Apd1 in WT cells bound a substantial

amount of >°Fe as estimated by scintillation counting (Fig. 5C). Upon
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depletion of the early ISC components Nfs1 and Yah1 or of Atml,
Fe incorporation into HA-Apd1 was substantially diminished,
indicating that the bound **Fe was part of a Fe/S cluster. Depletion
of cGrxs (using the cGRX aft1A strain) or components of the early
(Dre2 and Nbp35) and late (Narl, Cial, and Cia2) CIA system
(Fig. 5C and SI Appendix, Table S3) led to a substantial decrease in
>Fe binding and was comparative to the loss of Fe binding to the
cytosolic [4Fe-4S] target protein Leul (8] Appendix, Fig. S12B). A
similar ISC dependency and a weaker CIA dependency were observed
for HA-Apd1 overexpressed from a high-copy plasmid (S7 Appendix,
Fig. S14). Western blotting indicated lower levels of Apd1 in the ISC
mutants during Fe radiolabeling under low-copy expression
(Fig. 50), yet all levels of Apd1 during high-copy expression were
comparable (S] Appendix, Fig. S14C).

The presence of a C-terminal tryptophan (Trp) residue in Apd1
may potentially explain its CIA dependence, in contrast to other
cytosolic [2Fe-28S] target proteins (39, 40). This residue is responsible
for directing Fe/S apoproteins and the adapter protein Ltol to the
CTC (12, 67), and is found in some 20% of known cytosolic—nuclear
[4Fe-4S] target apoproteins (39). Indeed, expression of a mutant
Apd1 protein lacking either one (HA-Apd1-D1) or four C-terminal
residues (HA-Apd1-D4) resulted in approximately 40% or 20%,
respectively, of WT >Fe binding (Fig. 5 D, Bottom). The mutations
and the impaired cofactor binding hardly affected Apd1 protein levels
(Fig. 5 D, 1op). To further test the influence of the C terminus of
Apd1, we masked it by adding a 25-residue long tail (HA-Apd1-Cap)
to interfere with Apdl association with the CTC (SI Appendix,
Fig. S13C). Like Apd1-D1, HA-Apd1-Cap could not complement
Apdl deficiency in the gallobenzophenone sensitivity assay
(SI Appendix, Fig. S13B). Desg)ite the lack of functional complemen-
tation, HA-Apd1-Cap bound Feina strong ISC-dependent fashion,
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cells expressing TAP-tagged Cfd1 and/or Nbp35 and Rad3
were radiolabeled with *°Fe as in Fig. 3 C-£. After TAP affinity
purification and scintillation counting, protein-bound >*Fe
was determined. (B) Expression of TAP-tagged proteins in
WT (Top), cGRX| (Middle), and ATM1] (Bottom) strains was
estimated by western blotting. All blots were stained against
the TAP tag. (C-E) WT cells and strains depleted of ATM1
(C) or TAH18 and DRE2 (D and E) expressing tagged Cfd1-
Nbp35 from either high- (C and D) or low-copy (E) vectors
were subjected to the >*Fe radiolabeling assay as in (4). *Fe
binding to Cfd1-Nbp35 is presented relative to that in WT
cells. Cells transformed with yeast plasmids lacking epitope
tags served as controls (WT-). The Top panels in (D and E)
show immunostainings of the indicated proteins, in the
order of the bar charts below. Horizontal dashed lines in bar
charts represent WT levels of °Fe binding. Values represent
the mean + SD, n > 3, except for Rad3-TAP in (A) (n = 2).
Uncropped immunostain for the left part of (B) is shown in
SI Appendix, Fig. S10.

but in this case Fe binding in various CIA mutants was at levels
observed in WT cells, different from Leul but similar to canonical
[2Fe-2S] proteins (Fig. 5 E'and Fand ST Appendix, Fig. S15). Overall,
Apd1 showed both a strong ISC and CIA dependency, but upon
shielding its C-terminal Trp motif, the Apd1-cap protein may also
bind Fe/S clusters independently of the CIA machinery. The precise
molecular mechanisms underlying the special maturation pathway
of Apd1 will require dedicated future studies.

Yeast Bol2 Is Not Involved in [2Fe-2S] Cluster Maturation of
Yap5, Apd1, or CIA Proteins. Yeast Bol2 forms a heterodimer
with Grx3 or Grx4 via a bridging [2Fe-2S] cluster (20, 21, 23).
Bol2-cGrx complexes are proposed to deliver [2Fe-2S] clusters to
Aftl-Aft2 (19, 68), although direct in vivo evidence is lacking.
Bol2 depletion has no major impact on cytosolic [4Fe-4S] protein
assembly and hence is not a CIA component (69). In contrast,
studies in vitro and in human cells have indicated a role for the
human homolog BOLA2 in delivering [2Fe-2S] clusters to the
CIA protein CIAPIN1 (25, 28). To clarify the involvement of
yeast Bol2 in cytosolic [2Fe-2S] protein maturation apart from
its established function in Aftl-Aft2-dependent iron regulation,
we determined the ISC and CIA dependence of >Fe binding
to Bol2 in vivo. Immunoprecipitated HA-tagged Bol2 bound
significant amounts of >Fe, which was enhanced threefold by
overexpression of its partner protein Grx4 or, vice versa, was nearly
completely abolished by cGrx depletion (Fig. 6A4). This result is
consistent with biochemical data (28, 70) indicating that only
Bol2-cGrx complexes but not Bol2 alone could bind >>Fe. Bound
**Fe was part of an Fe/S cluster because it was strongly diminished
by depletion of ISC proteins or Atm1 (Fig. 6B). Notably, CIA
protein depletion did not affect Fe binding to Bol2. This result
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further supports the view that cytosolic [2Fe-2S] protein assembly
is generally CIA-independent.

Reciprocal experiments were performed to determine whether
Bol2 influences the assembly of other cytosolic [2Fe-2S] proteins.
PFe binding of HA-Apd1, Yap5-myc, and Grx4-myc was not
affected by BOL2 deletion (Fig. 6 C-E). The result for HA-Apd1 is
in striking contrast to CIA protein depletions (compare Figs. 5Cand
60). Likewise, the absence of Bol2 did not diminish >°Fe binding to
the CIA proteins Dre2, Nbp35, or Narl (Fig. 6 F-H). Together,
these results clearly demonstrate that yeast Bol2 is not involved in
the maturation of cytosolic [2Fe-2S] or [4Fe-4S] proteins. Hence,
the role of yeast Bol2 seems to be confined to Aft1-Aft2-dependent
iron regulation, which consistently responds to ISC but not CIA
protein depletions. This notion is corroborated by the fact that Bol2
is not essential for cell viability, unlike most CIA proteins (62, 64).

GSH Is Required for all Cytosolic Fe/S Proteins and Is Linked to
Atm1-Mediated Export. Currently, it is unknown whether GSH
is needed for cytosolic [2Fe-2S] protein maturation as it is for
[4Fe-4S] proteins (15, 16). Moreover, the exact site of the most
crucial GSH requirement in Fe/S protein biogenesis remains to
be determined. The dispensable function of the GSH-dependent
cGrxs in cytosolic Fe/S protein biogenesis (see above) strongly
pointed to an essential role of GSH in another step of the pathway.
We addressed these open questions by measuring the maturation

PNAS 2024 Vol.121 No.21 2400740121

expression analysis, see S/ Appendix, Fig. S15 A and B.

of various cytosolic Fe/S proteins during GSH depletion
(100-fold relative to WT) in the gshIA yeast strain lacking the
first biosynthetic gene for GSH (15, 16). GSH depletion severely
diminished the *Fe incorporation into the cytosolic [2Fe-2S]
proteins HA-Apd1 and Yap5-myc showing that GSH is also
essential for this type of cytosolic Fe/S proteins (Fig. 7 A and B).
As a control, the mitochondria-localized [2Fe-2S] protein Ilv3 did
not show any dependence on diminished GSH levels (Fig. 7C).
Next, we analyzed which of the Fe/S cluster-containing CIA
components may be affected by GSH depletion. Radiolabeling
showed near background levels of Fe binding to Dre2, Nar1-HA,
and Nbp35-TAP/HA-Cfd1 upon GSH depletion, clearly defining
that all these Fe/S cluster-binding CIA components critically
require GSH for maturation (Fig. 7 D and E). These results suggest
that maturation of both cytosolic [2Fe-2S] and [4Fe-4S] proteins
essentially requires GSH. Since the mitochondrial ISC machinery
is still unaffected under this level of GSH depletion (15, 16)
(Fig. 7C), the Atm1 export step appears to be the most sensitive
GSH-dependent reaction in cellular Fe/S protein biogenesis.

Discussion

Work from nearly two decades has elucidated the eukaryotic CIA
pathway with its more than 10 components for the proper syn-
thesis, trafficking, and insertion of [4Fe-4S] clusters into cytosolic,
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ER-associated, and nuclear [4Fe-4S] target proteins in various
eukaryotes (S Appendix, Table S1) (1, 2). A major gap in our
knowledge of cellular Fe/S protein assembly is the origin, traffick-
ing, and apoprotein insertion of cytosolic—nuclear [2Fe-2S] clus-
ters. Only relatively few such proteins are known in the eukaryotic
cytosol, yet they perform important functions in, e.g., the early
CIA machinery, iron homeostasis, redox regulation, and metabolic
processes (see supplemental table 2 in ref. 4). In contrast to mito-
chondria, the eukaryotic cytosol does not contain a known [2Fe-
2S] cluster scaffold protein, and hence, it has remained unclear
whether [2Fe-2S] clusters need to be de novo synthesized in the
cytosol. Further, there are conflicting reports in the current liter-
ature, which of the mitochondrial (ISC) or particularly cytosolic
(CIA) FelS protein assembly system are needed to mature these
[2Fe-2S] proteins (Introduction).

By analyzing most of the known cytosolic [2Fe-2S] cluster-
binding proteins in both yeast and human cells by in vivo >’Fe
radiolabeling-immunoprecipitation experiments, we report that,
with one exception, all tested cytosolic [2Fe-2S] proteins are
matured independently of the known CIA components and ¢Grxs,
yet strictly depend on the early-acting ISC components and the

Atm1/ABCB7-facilitated X-S export from mitochondria (Fig. 8,
blue box). Thus, cytosolic [2Fe-2S] cluster maturation character-
istically differs from that of cytosolic [4Fe-4S] proteins which
require both mitochondrial and cytosolic biogenesis systems (71)
(Fig. 8, green box). Apparently, in lieu of an obvious cytosolic
[2Fe-2S] scaffold, this cluster type or its precursor is synthesized
in and provided by mitochondria. In the cytosol, the cluster can
be i) inserted into apoproteins without the essential assistance of
the known CIA proteins and cGrxs or ii) converted to a [4Fe-4S]
cluster by the cytosolic NBP35-CFD1 scaffold proteins. Our find-
ings do not exclude, however, the existence of so far unknown
CIA factors facilitating the cytosolic assembly process. The pre-
dominant CIA independence of cytosolic [2Fe-2S] protein bio-
genesis reported here fits well to the CIA independence of iron
regulation in fungi essentially involving the cGrxs (18-22, 33,
62). In marked contrast, iron regulation in mammals depends on,
e.g., the [4Fe-4S] protein IRP1, and thus is CIA-responsive (11).
Opverall, our findings support the important role of mitochondria
and their ISC system in the assembly of cytosolic Fe/S proteins
(72). This conclusion is independently supported by recent find-
ings on the impact of depleting the mitochondrial GSH importers
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SLC25A39/40 (73-75). SLC25A39/40 or GSH depletion in yeast
or human cells impacts cellular iron regulation and (cytosolic)
Fe/S protein biogenesis similarly as that of core ISC protein or
Atm1/ABCB7 (76). First, this shows that mitochondrial GSH is
responsible for this regulatory effect, and second, strongly supports
the model of a primary role of mitochondria in cytosolic—nuclear
Fe/S protein biogenesis, and no need for de novo Fe/S cluster
biosynthesis in the cytosol.

A curious exception to the CIA-independence of cytosolic
[2Fe-2S] proteins is yeast Apd1, which shows a strong CIA require-
ment. A C-terminal tryptophan, present in some [4Fe-4S] target
proteins or in the CIA adapter Ltol interacting with the CTGC, is
likely responsible for guiding Apd1 to the CTC for proper Fe/S
cluster insertion [Fig. 8, *Apd1(W)] (12, 39). Interestingly, Apd1
with an extended C terminus (Apd1-Cap) could bind Fe/S clusters
in a CIA-independent fashion, yet was not functionally active. As
all of the CIA components have previously been described to sup-
port [4Fe-4S] protein maturation (1-3), Apd1’s maturation path-
way appears to be more complex than that of the other [2Fe-28]
proteins which receive their cofactor in a CIA-independent way.
This might equally apply to the Rieske-type Fe/S cluster-containing
NEVERLAND and choline monooxygenase proteins, which like
Apd1 contain a conserved C-terminal tryptophan (39). Hence,
further studies are required to discriminate whether the CIA system
can also directly assemble a [2Fe-2S] cluster or whether alternatively

Apd]1 first receives a [4Fe-4S] cluster at the CTC, that is subse-
quently converted into a [2Fe-2S] cluster. Another interesting case
is the iron-sensing protein FBXL5, which, in addition to a hem-
erythrin domain-bound iron, contains a [2Fe-2S] cluster (77).
FBXLS5 also binds to CTC in an oxygen-dependent manner thereby
facilitating IRPs” degradation by the FBXL5-SKP1-CUL1-RBX1
E3 ubiquitin ligase complex (78). It will be interesting to investigate
whether CTC is involved in [2Fe-2S] cluster insertion or in mat-
uration of a hypothetical [4Fe-4S] cluster bound to other conserved
Cys residues of FBXLS5.

Our study furthermore suggests that the long-known essential
requirement of GSH for extramitochondrial Fe/S protein biogenesis
is primarily connected to the Atm1/ABCB7 export reaction rather
than to the GSH-dependent function of ¢Grxs (Fig. 8) (15, 16).
Currently, the chemical composition of the Atm1/ABCB7-
transported X-S and its role in the CIA pathway remains elusive.
The findings from our current in vivo studies showing no obvious
requirement of cytosolic factors for maturation of most [2Fe-2S]
proteins and from an in vitro reconstitution of the export pathway
(79) would be consistent with the proposed export of GSH-
containing [2Fe-2S] clusters from mitochondria by Atm1/ABCB7
(9). Such a mechanism would provide [2Fe-2S] clusters for cyto-
solic apoproteins, including early CIA components, without the
need for cytosolic de novo synthesis (Fig. 8) (80, 81). Clearly,
further insight into this still unclear aspect of cytosolic Fe/S
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Fig. 8. Working model for [2Fe-2S] and [4Fe-4S] protein
biogenesis in the eukaryotic cytosol. In mitochondria, the

O sulfur early and late ISC pathways, connected by the monothiol
o iron glutaredoxin Grx5, are essential for the maturation of

organellar [2Fe-2S] and [4Fe-4S] proteins (Top). The early
@ [2Fe-2S] ISC system and Grx5 are also required for generating the

sulfur- and possibly iron-containing compound X-S for its
export by the ABC transporter Atm1, thereby assisting the
CIAmachineryin cytosolic [4Fe-4S] target protein assembly
(green box). In this work, we elucidated, in vivo in yeast
and human cells, the so far unclear maturation pathways
for cytosolic [2Fe-2S] proteins, as well as how glutathione
(GSH) and the cytosolic monothiol glutaredoxins (cGrxs)
influence cytosolic Fe/S protein maturation in general.
Our studies, together with published work, suggest

[(Zt::;ts)] that cytosolic [2Fe-2S] target proteins and the three
proteins [2Fe-2S] cluster-binding CIA proteins (see dark blue box

for tested examples) require the early ISC machinery,
Atm1, and GSH for maturation, yet are independent of
any of the known CIA components and the cGrxs (light
blue box). *Apd1(W), One striking exception is yeast
Apd1, which depends on the CIA machinery for [2Fe-2S]
Fe i cluster assembly (dotted arrow), due to its CTC binding
homeostasis . ;
via its C-terminal tryptophan (W). The ISC dependence
and CIA independence also apply to [2Fe-2S] cluster
maturation of cGrxs and cGrx-Bol2 complexes (orange
box). In yeast, the cGrx-Bol2 holo-complex performs a
crucial, CIA-independent role in cellular Fe regulation
by [2Fe-2S] cluster-dependent attenuation of the Aft1-
Aft2 transcription factors. Yeast and human cGrxs play a
dispensable, mechanistically still unclear role in [4Fe-4S]
protein maturation by the CIA pathway (dashed arrow
in green box). cGrxs genetically and physically interact
with yeast Dre2 and human CIAPIN1, yet this property
is not essential for CIA function and cell viability. The
insertion of Fe/S clusters into the CIA components Cfd1,
Cfd1-Nbp35, and yeast Dre2 (with one [2Fe-2S] and one
[4Fe-4S] cluster) or human CIAPIN1 (two [2Fe-2S] clusters)
is dependent on X-S but does not require cGrxs. GS, Grx-

*Apd1(W)

[4Fe-4S]
target proteins

protein biogenesis depends on the unequivocal molecular identi-
fication of X-S. In mammals, NEET proteins have been claimed
to be involved in a hand-off of [2Fe-2S] clusters from the mito-
chondrial intermembrane space (CISD3) to the cytosol (CISD1)
via porin (VDACI) channels (82). It remains puzzling why the
NEETs are not found in, e.g., fungi, and why only CISD3 and
not CISD1 is essential (83).

Consistent with our findings, the loading of Fe/S clusters into
a purified [2Fe-2S] target apoprotein (a mitochondrial ferredoxin)
was observed to be dependent on mitochondria exporting an iron-
and sulfur-containing species (41). However, contrary to our
in vivo findings, a dependence on the CIA components Dre2 and
Cfd1 was reported for this in vitro approach, similar as for in vitro
[4Fe-4S] protein maturation (79). In our in vivo radiolabeling
study, depletlon of Dre2 or CIAPIN1 was found to maintain or
even increase * Fe binding to most [2Fe-2S] target proteins, clearly
indicating a CIA-independent flow of [2Fe-2S] clusters in the
cytosol in vivo. This dlscrepancy needs to be resolved in future
work. The increase of bound *’Fe upon CIA protein depletion for
some [2Fe-2S] proteins (e.g., CISD2, Cfd1, Yap5) may indicate
an increased flow of Fe/S clusters to these proteins when [4Fe-4S]
protein maturation is blocked.

Although the cytosolic monothiol glutaredoxins have been found
in vitro to transfer [2Fe-2S] clusters to proteins like Dre2 (25, 27,
28) and [2Fe-28] target proteins, our experiments in both yeast and
human cells showed that such a transfer function is dispensable or
can be completely bypassed. Our observations are consistent with
the fact that cGrxs are not essential in various eukaryotes. Reported
essentiality in some species seems to be connected to their additional
role in iron regulation as shown here for S. cerevisiae cGrxs
(81 Appendix, Table S2; see below). Interestingly, the ¢cGrx functional

100f 12 https://doi.org/10.1073/pnas.2400740121

bound, cluster-coordinating glutathione.

bypass occurs despite the physical interaction of ¢Grx and Dre2
homologs in various organisms (25, 33). Human GLRX3 has also
been found to interact with components of the late CIA machinery
(CIAOL1 and CIAO2B) (11, 25), and this physical contact may be
connected to the [4Fe-4S] cluster defects in GLRX3 knockout cells.
Despite the potentially multiple impacts of ¢cGrxs on the CIA sys-
tem, either to increase Fe/S cluster-trafficking efficiency or to fulfill
a so far unknown function, it is clear from our work that their
presence is not essential for a critical flow of [4Fe-4S] clusters via
the CIA system to cytosolic and nuclear target proteins. A similar
functional bypass has also been reported for the monothiol Grx5
of the mitochondrial ISC system in yeast, despite its central role in
connecting early and late ISC components (Fig. 8) (84).

The essential requirement of cGrxs for cell viability of some
single-celled eukaryotes like S. cerevisiae (W303) (18) and
Aspergillus fumigatus (33) appears to be intimately connected to
their function as sensors of iron homeostasis (Figs. 5 and 8).
Concomitant gene deletion of both cGrxs and the corresponding
transcriptional regulators of iron uptake, i.c., S. cerevisiae Aftl
or A. fumigatus SreA, suppressed the lethality of cGrx gene dele-
tion [this work; (33)]. Along these lines, the critical function of
cGrxs in iron homeostasis can be bypassed by other genetic sup-
pressors, which rewire cellular networks such as pH sensing and
nutritional signaling (57). Permanently deactivating these sen-
sors leads to iron overload, which is lethal especially in the pres-
ence of oxygen by formation of damaging reactive oxygen species
(57). In mammals, where GLRX3 has no known direct role in
iron regulation, its gene deletion is lethal during mouse embry-
onic development (85, 86), but the molecular explanation
remains to be worked out. Likewise, it needs to be determined
why this essentiality does not translate to tissue-specific gene
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knockouts, e.g., in mammary-, heart-, or kidney-derived cell
types or to our CRISPR-mediated gene knockout (87 Appendix,
Table S2). Further work is warranted to fully disentangle the
molecular roles of ¢cGrxs in iron homeostasis and [4Fe-4S] pro-
tein biogenesis. This includes potential functions in Fe/S cluster
transfer (like Grx5) or storage, in reduction (of hitherto unknown
targets), or in iron delivery.

Materials and Methods

Yeast Strains and Plasmids. S. cerevisiae strains (W303-1Aand YPH500 back-
grounds) used are listed in S/ Appendix, Table S3. Yeast cells were grown in either
rich (YP) or minimal (SC) medium with all required supplements and 2% glucose
(D) or galactose (Gal) (87). Plasmids used for the expression of proteins in yeast
are listed in S/ Appendix, Table S4A.

Human Tissue Culture and Methods. Hela and HEK293 cell lines were main-
tained and manipulated as described in SI Appendix, Methods. Transfection of
siRNAs (SI Appendix, Table S54) and plasmids (S/Appendix, Table S4 Band C) into
human cells by electroporation or chemical methods was carried out by standard
techniques as described also in S/ Appendix, Methods (48). Specific primers used
for cloning are listed in S/ Appendix, Table S5 B and C. CRISPR-Cas9-mediated
gene knockout or knockin was performed according to published protocols using
guide RNAs (gRNA) described in SI Appendix, Table S5C (53).
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Miscellaneous Methods. Home-made and commercial antibodies are listed in
SIAppendix,Table S6. Manipulation of DNAand PCR (88),immunological techniques
(89), and protein determination by the BCA method (Thermo Scientific) were carried
out according to standard procedures. Transformation of yeast cells (90) and in vivo
labeling of iron-binding proteins with **FeCl, (Perkin Elmer) and immunoprecipitation
of *°Fe/S proteins and scintillation counting were performed as published for yeast
(60)and human cells (47,48).The expression of GFPfrom the FET3 promoter was per-
formed as published (59). Gallobenzophenone growth sensitivity of apd A cells was
performed as described (40). DNA constructs were confirmed by Sanger sequencing.
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