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The essential process of iron-sulfur (Fe/S) cluster assembly (ISC) in
mitochondria occurs in three major phases. First, [2Fe-2S] clusters
are synthesized on the scaffold protein ISCU2; second, these clusters
are transferred to the monothiol glutaredoxin GLRX5 by an Hsp70
system followed by insertion into [2Fe-2S] apoproteins; third, [4Fe-4S]
clusters are formed involving the ISC proteins ISCA1-ISCA2-IBA57
followed by target-specific apoprotein insertion. The third phase is
poorly characterized biochemically, because previous in vitro assem-
bly reactions involved artificial reductants and lacked at least one of
the in vivo-identified ISC components. Here, we reconstituted the
maturation of mitochondrial [4Fe-4S] aconitase without artificial re-
ductants and verified the [2Fe-2S]-containing GLRX5 as cluster donor.
The process required all components known from in vivo studies (i.e.,
ISCA1-ISCA2-IBAS57), yet surprisingly also depended on mitochondrial
ferredoxin FDX2 and its NADPH-coupled reductase FDXR. Electrons
from FDX2 catalyze the reductive [2Fe-2S] cluster fusion on ISCA1-
ISCA2 in an IBA57-dependent fashion. This previously unidentified
electron transfer was occluded during previous in vivo studies due
to the earlier FDX2 requirement for [2Fe-2S] cluster synthesis on
ISCU2. The FDX2 function is specific, because neither FDX1, a mito-
chondrial ferredoxin involved in steroid production, nor other cellular
reducing systems, supported maturation. In contrast to ISC factor-
assisted [4Fe-4S] protein assembly, [2Fe-2S] cluster transfer from
GLRX5 to [2Fe-2S] apoproteins occurred spontaneously within seconds,
clearly distinguishing the mechanisms of [2Fe-2S] and [4Fe-4S] protein
maturation. Our study defines the physiologically relevant mechanistic
action of late-acting ISC factors in mitochondrial [4Fe-4S] cluster
synthesis, trafficking, and apoprotein insertion.
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Proteins with iron-sulfur (Fe/S) cofactors play important roles
in fundamental cellular processes, including redox reactions,
catalysis, translation, DNA synthesis and repair, antiviral defense,
and the sensing of environmental conditions (1). The biogenesis of
Fe/S proteins is catalyzed by complex, conserved assembly systems
(2-6). In eukaryotes including humans, maturation is initiated in
mitochondria by the iron-sulfur cluster assembly (ISC) machinery,
and for extramitochondrial Fe/S proteins additionally requires
the cytosolic Fe/S protein assembly system (7). The mitochondrial
pathway occurs in three major steps involving 18 known proteins
of mostly bacterial origin. First, a [2Fe-2S] cluster is formed de
novo on the scaffold protein ISCU2 by the cysteine desulfurase
complex NFS1-ISD11-ACP1, frataxin, and the mitochondrial
[2Fe-2S] ferredoxin FDX2 (8-10). While fungi and many unicel-
lular eukaryotes contain a single ferredoxin (termed Yah1) for this
task, mitochondria from humans and other vertebrates harbor
two. FDX1 (also known as adrenodoxin) is specific for steroid
biosynthesis, while FDX2 is essential for [2Fe-2S] cluster synthesis
on ISCU2 by the NFS1 complex (8, 9, 11). Whether FDX1 also
contributes to Fe/S protein biogenesis is under debate (2).
Whether mitochondrial FDX?2 is also required in later steps of the
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ISC machinery is unknown and, due to its initial involvement in
early steps of Fe/S cluster synthesis, difficult to address in vivo.

In the second step, the newly assembled [2Fe-2S] cluster on
ISCU2 is transferred to the monothiol glutaredoxin GLRXS, a
reaction requiring the mitochondrial Hsp70 chaperone HSPA9
and its dedicated J-type cochaperone HSC20 (24, 12). Dimers
of monothiol glutaredoxins, including GLRXS, transiently bind a
bridging [2Fe-2S] cluster that can be further transferred to [2Fe-
2S] apoproteins in vitro (13-16). Low levels of GLRXS5 result in
severe defects of all cellular Fe/S proteins and cause fatal human
disease (17-21). This suggests that mitochondrial GLRXS plays
a decisive role in Fe/S protein biogenesis, potentially as a Fe/S
cluster transfer factor.

In the third step, the [2Fe-2S] cluster is converted into a [4Fe-4S]
cluster type, a reaction involving the A-type ISC proteins ISCA1-
ISCA2 and the interacting IBA57 (22-28). For some Fe/S proteins,
such as complex I and lipoyl synthase, additional specific Fe/S
cluster-targeting factors are implicated, such as IND1 (also known
as NUBPLI1), NFU1, and BOLA3 (2). Mutations in all of these
late-acting ISC factors cause the “multiple mitochondrial dysfunction
syndromes,” with severe, often lethal outcome due to defects in
mitochondrial [4Fe-4S] proteins, documenting the importance of
these factors for viability (29-34).
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The mechanism underlying the conversion of [2Fe-2S] into
[4Fe-4S] clusters by late-acting ISC factors is poorly defined
biochemically. Consistent with the genetic interaction of yeast
ISAI and ISA2 with GRX5 (35), human GLRXS was shown to
interact with and transfer [2Fe-2S] clusters to ISCA1 and ISCA2
in vitro, suggesting that GLRXS might be the cluster donor for
formation of [4Fe-4S] proteins (15, 25, 26, 36). Furthermore,
A-type ISC proteins have been assigned as Fe/S cluster “fusion,”
“transfer,” or “carrier” proteins on the basis that they can ac-
commodate [2Fe-2S] and [4Fe-4S] clusters and transfer them to
apoproteins in vitro, yet all of these reactions typically depended
on the presence of DTT (15, 25, 26, 28, 37, 38). Hence, the
mechanism and site of [4Fe-4S] cluster formation by these pro-
teins remains largely unresolved. Moreover, the relative functional
importance of ISCA1, ISCA2, and IBA57 for mitochondrial [4Fe-4S]
proteins biogenesis is a matter of debate. In Saccharomyces cerevisiae,
deletion of ISA1, ISA2, or IBA57 genes elicit identical phenotypes
of a general mitochondrial [4Fe-4S] protein deficiency, indicating
that each of these ISC proteins plays a specific, indispensable role
in this process (22, 23). This is consistent with the RNAi-mediated
depletion of each of these three proteins in HeLa cells resulting in
a general deficiency in mitochondrial [4Fe-4S] protein function
(24). In marked contrast, shRNA-assisted knockdown in mouse
suggested that ISCA1 alone might be sufficient for mitochondrial
[4Fe-4S] protein biogenesis in skeletal muscle and neuronal cells
(25). The opposite conclusion was reached by in vitro studies with
human ISC proteins, suggesting the requirement of only GLRXS,
ISCA2, and IBAS7 for [4Fe-4S] protein maturation (26). Resolving
the question whether these proteins function together or alone, and
whether they work as Fe/S cluster fusion, transfer, carrier, or tar-
geting factor, or even as an enzyme critically depends on faithful
reconstitution of the in vivo pathway.

Here, we present insights into the biochemical mechanisms of
[2Fe-2S] and [4Fe-4S] protein assembly in mitochondria. We
developed an in vitro reconstitution system to test the function of
potentially involved ISC factors, yet avoiding artificial reductants.
We surprisingly found that, in addition to the expected cluster
donor GLRXS and ISCA1-ISCA2-IBAS57 proteins, the reduced
ferredoxin FDX2 was essential for [4Fe-4S] cluster assembly on
aconitase. FDX2 was shown to transfer electrons to ISCA1-ISCA2
for reductive [2Fe-2S]** to [4Fe-4S]** cluster fusion. Apparently, the
ferredoxin requirement has been missed in previous in vivo and
in vitro studies. We further compare the final step of [4Fe-4S] protein
maturation with that of [2Fe-2S] protein assembly and disclose
characteristic similarities and differences of these reactions.

Results

Critical Reassessment of Protocols for [4Fe-4S] Protein Maturation by
[2Fe-2S] Donors. Virtually all published [4Fe-4S] protein matura-
tion protocols include the artificial thiol reductant DTT. Despite
this, it is unknown whether and why this compound is needed,
and what its potential physiological counterpart may be. Since
the mitochondrial monothiol glutaredoxin GLRXS, based on
in vivo and in vitro findings, likely plays a central role in Fe/S cluster
trafficking to apoproteins, we addressed its role as a potential [2Fe-2S]
cluster donor for in vitro maturation of [4Fe-4S] proteins (13, 14, 39).
Consistent with previous findings for several [2Fe-2S] cluster-bearing
ISC proteins (13, 14, 25, 26, 28, 36, 40-44), the [2Fe-2S] cluster of
GLRXS5 was transferred and converted into a [4Fe-4S] cluster on
human mitochondrial aconitase ACO2 or the yeast cytosolic
aconitase-type Leul in the presence of DTT (Fig. 1 4 and B).
Leul’s isopropylmalate isomerase enzyme activities increased
further when the apoprotein was reduced by TCEP immediately
prior to the assay, indicating that Fe/S cluster insertion benefits
from thiol reduction of target apoproteins (Fig. 1 B, Right).
However, in the absence of DTT, hardly any maturation of ACO2
or Leul by GLRXS occurred (Fig. 1 A and B). DTT could be
replaced only partially by other strong chemical thiol reductants,
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such as TCEP or p-mercaptoethanol, indicating that disulfide re-
duction of the target apoproteins is not the main reason for the
poor maturation efficiency without DTT. In line with this, the
physiological thiol-specific redox system consisting of glutathione
(GSH) plus dithiol glutaredoxin Glrx1 did not support maturation
of ACO2 or Leul (Fig. 1 4 and B).

Successful maturation of aconitase-type [4Fe-4S] proteins has
been reported previously using the [2Fe-2S] holo-forms of the
mitochondrial A-type ISC proteins ISCA1, ISCA2, or their bac-
terial counterparts as cluster donors, yet these reactions, too, always
contained DTT (20, 25, 26, 28, 36, 37, 40). In the presence of the
physiological Glrx1-GSH reducing system (i.e., no added DTT),
hardly any maturation of ACO2 or Leul was observed with
reconstituted human holo-ISCA1 or holo-ISCA2 (Fig. 1C). A
similar finding was made for chemically coreconstituted holo-
ISCA1-ISCA2, even in the presence of human IBA57 (i.e., all
three ISC factors known to be essential for in vivo ACO2 as-
sembly) (22-24). Clearly, these findings indicate that the transfer
of [2Fe-2S] clusters and their conversion into [4Fe-4S] clusters
for insertion into aconitase-like proteins in vitro was assisted by
DTT rather than the ISC proteins. This nonphysiological DTT
function was different from its thiol-reducing activity, since it could
not be replaced by artificial or physiological thiol reducing systems.

An Essential Role of Mitochondrial FDX2 in the Maturation of Aconitase.
Since neither GLRXS nor ISCA1-ISCA2-IBA57 supported the
assembly of [4Fe-4S] proteins, we tried the combined addition of
these ISC factors to fulfill the known in vivo requirements for
[4Fe-4S] aconitase maturation (22-24). However, upon incu-
bation of holo-GLRXS5 (50 pM) with catalytic amounts of
coreconstituted ISCAI-ISCA2-IBAS7 (5 pM each), we still
obtained a rather low efficiency of ACO2 maturation in the
presence of the Glrx1-GSH system (Fig. 24, first bar). We
therefore reasoned that our reconstitution reaction lacks a further
essential assembly factor. The conversion of two oxidized low-
potential [2Fe-2SJ** clusters into an oxidized low-potential [4Fe-4S]**
cluster as found on aconitase-type proteins formally requires the
input of two electrons. Hence, a possible explanation for the
failure to efficiently mature ACO2 may be the lack of a reducing
factor (45). Since Glrx1-GSH apparently did not fulfill this task,
we tested the mitochondrial ferredoxin FDX2 together with its
cognate ferredoxin reductase (FDXR) and NADPH. When holo-
GLRXS5 (50 pM) and apo-ACO2 (20 pM) were mixed with catalytic
quantities (10% relative to GLRXS) of chemically coreconstituted
holo-ISCA1-ISCA2 plus IBA57 and FDX2-FDXR-NADPH, effi-
cient Fe/S cluster transfer to and maturation of ACO2 (more than
60% after 10 min) was observed as estimated by aconitase enzyme
activity (Fig. 24, second bar). Maturation reached completion within
10 min (Fig. 2B). As a control, omission of either GLRXS, holo-
ISCA1-ISCA2, IBAS7, or the electron transfer chain FDX2-FDXR~
NADPH lead to hardly any ACO2 maturation (Fig. 2.4 and B). The
dependence on any of these ISC components, including those
known to be required in vivo (ISCA1-ISCA2-IBAS57), suggested
that this in vitro reaction closely mimics the physiological situa-
tion. Moreover, the almost quantitative maturation of ACO2 and
the high specific activities (significantly higher than upon recon-
stitution with DTT) (compare with Fig. 14) indicate that holo-
GLRXS, and not the catalytic amounts of holo-ISCA1-ISCA2,
ultimately served as the Fe/S cluster donor for ACO2 maturation.
Interestingly, the catalytic function of ISCA1-ISCA2 depended on
their prior coreconstitution of an Fe/S cluster on the heterodimer.
When the reconstituted holo-ISCA1-ISCA2 complex was replaced
by equal catalytic amounts of apo-ISCA1 and apo-ISCA2, only
background maturation of ACO2 was observed (Fig. 2C). The same
was seen for separately reconstituted holo-ISCA1 and holo-ISCA2
added in catalytic amounts, either separately or combined.

Having a working reconstitution system at hand, we asked
whether the holo-ISCA1-ISCA2 complex can replace GLRXS as

Weiler et al.

www.manaraa.com


https://www.pnas.org/cgi/doi/10.1073/pnas.2003982117

Downloaded at Palestinian Territory, occupied on December 1, 2021

§¢—@
GLRX5

ACO2, Leut

n
A B M as isolated :: Wl prereduced
1.61 101 "
T 1.4 = "
£ £ n
S5 1.2 £ &
3 =) i
> ¥y n
z 1.0 2l t
"3 0.81 E "
© (%) n
o~ 0.69 T 44 "
8 E }
O 0.4
Q o4 3] h
0.2 "
0.0- ! u
&L R R A
S S S & LAl & L L&
S FE LN S SLEL Y S8 EE
& ~ &
xo\ x(’\ O x(a\
C 7
S 1.0 5 9
13 +GIrx1/GSH £ +GIrx1/GSH
= -DTT 5 9 -DTT
£ 2 4
2 s
S 0.5 S 3
N -
g 3 2]
-
N TTT I
0.0 ()} [ o
L P P P8 L & P
O
ij),9 0\9- & @o\w\&v _‘go 0\9- & &
Y & oF

Fig. 1.

Unassisted maturation of aconitase-like [4Fe-4S] proteins by [2Fe-2S] cluster transfer from GLRX5 requires thiol reductants. Human holo-GLRX5 (50

uM) was incubated with human apo-ACO2 (20 pM) (A) or yeast apo-Leu1 (20 pM) (B) for 10 min in the presence or absence of 2 mM DTT, 4 mM GSH, 4 mM GSH
plus 25 pM mouse Glrx1 (Glrx1/GSH), 4 mM TCEP, or 4 mM B-mercaptoethanol (ME). Fe/S cluster transfer was estimated by measuring ACO2 or Leu1 enzyme
activities. In B, apo-Leu1 was either used as isolated (Left) or was reduced by 10 mM TCEP anaerobically in situ immediately prior utilization (prereduced;
Right). (C) Fe/S cluster transfer to and assembly of human ACO2 (20 pM; Left) or apo-Leu1 (20 pM; Right) from the indicated chemically reconstituted human
holo-ISC proteins (50-uM each) were performed and estimated as above in the presence of Glrx1/GSH (dark gray bars). Control reactions with GLRX5 as cluster
donor in the presence of DTT are included (gray bars). Error bars indicate the SEM (n > 3).

a cluster donor when added in stoichiometric rather than cata-
lytic amounts relative to apo-ACO2. No significant maturation
was observed under these conditions despite the presence of the
FDX2 electron transfer chain, supporting the conclusion that
GLRXS is the cluster donor in this in vitro reaction (Fig. 2D).
Despite their importance for the overall maturation process, the
Fe/S clusters present on holo-ISCA1-ISCA2 could not be used
successfully for ACO2 assembly, in contrast to what has been
described for A-type ISC proteins in the presence of DTT (25, 26,
28, 36, 37). This result clearly indicates that the ISCA1-ISCA2
proteins, like IBAS7, perform a catalytic role in the reductive con-
version of the GLRX5-bound [2Fe-2S]** to a [4Fe-4S]** cluster.

No Crucial In Vivo Role of NFU1 in Aconitase Maturation. We next
asked whether our assay lacks further ISC components and fo-
cused on the late-acting ISC factor NFU1. Conflicting results
have been obtained for the requirement of NFUI in aconitase
maturation in vivo. While yeast cells lacking Nful show a two- to
fivefold lower aconitase activity, human cell lines depleted in
NFU1 or patient cells lacking NFU1 display normal aconitase
levels (29, 30, 46-48). Consistent with a role in aconitase matu-
ration and with earlier in vitro experiments (49-51), chemically
reconstituted human holo-NFU1 efficiently activated apo-ACO2,
yet only in the presence of reductants (SI Appendix, Fig. S14).
Using our in vitro reconstitution system, the inclusion of catalytic
amounts of apo-NFU1 (20% of apo-ACO2) increased the efficiency
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of ACO2 maturation slightly (15%) (Fig. 2E). These in vitro
data suggest a role of human NFU1 in [4Fe-4S] cluster transfer
to aconitase.

The question remained why the lack of human NFU1 is not
associated with an aconitase defect in cultured and patient cells,
and what may explain the difference to yeast cells. We therefore
investigated whether the in vivo aconitase defect upon yeast
NFUI deletion could be an at least partially indirect phenotype.
nfulA cells are severely impaired in SDH and lipoyl synthase
(Lip5) activities, thereby impacting respiration and several lipoylated
TCA cycle-related enzymes (47, 48). Decreased respiration and an
interrupted TCA cycle might indirectly affect aconitase function. To
check this idea, we compared the aconitase activity in nfilA cells
with that of cells lacking Lip5 (lip54). Strikingly, the deletion of LIPS
phenocopied the deletion of NFU1I, as indicated by a fivefold lower
aconitase activity in both cells compared to wild-type (Fig. 2F). This
finding shows that an impaired TCA cycle indeed severely affects
aconitase function in yeast, suggesting that the aconitase defect in
nfulA cells may at least in part be indirect. This notion was further
supported by the analysis of a constitutively expressed mitochondria-
targeted Leul (an aconitase-type enzyme) in nfulA cells. Leul has
been shown earlier to be a bona fide substrate of the ISC system
when imported into mitochondria (52), and as expected for a mi-
tochondrial [4Fe-4S] protein, its maturation and activity fully
depended on Iba57 function (Fig. 2G and SI Appendix, Fig. S1B). In
contrast, nfulA cells showed wild-type activity of this mitochondrial

PNAS | August25,2020 | vol. 117 | no.34 | 20557

www.manaraa.com

BIOCHEMISTRY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 1, 2021

IBAST
ISCA1/2

w0
GLRXS FDX2/FDXR ACO2

A B NADPH C D 100
20 80 « complete 80] * complete 1 FelS cluster donor:
'E; 80.
g °5'60 §60- §-
2 159 - = ' > 60
> £40 2 40 =ISCA1/2 plus: £ * holoGLRX5
= s ) = = apo-ISCA1+apo-ISCA2 5 (= complete)
£ 10 S 20 = FDX2/FDXR G -+ holo-ISCA1 G 40
© o - -GLRX5 o 201 -+ holo-ISCA2 o
S o + -IBA57 9 -e none 9 22:
Q 54 < -+ -ISCA1/2 < 3\ - holo-ISCA1+holo-ISCA2 < 3N\
< ¥ 2.’\ ~+ holo ISCA1/2
= 1] . .- 1] (no GLRX5)
i} ¢ ] & =TT _§ o2l
0- e T T ] 04 o : : Y 0 ' ' - :
+Q- & \\'L *f: Q 0 5. . 10 15 0 5 ) 10 ) 15 20 0 5 ) 10 . 15 20
O & ¥ 0\?' Rl time [min] time [min] time [min]
S R
I3
E 100 2 complete F 0.3- G
+ apoNFU1 =
80 ! 5 = 0204
< * complete = 5 leut A cell
= - apo-NFU1 > = eut feels
2 x S o2 5 0.15]
S 60 1 ~ B
2 ] o =
3 S 2
© £ £ 0.104
o 40 e ]
o} o 8
Q + -ISCA1/2 @ 01 < 0.05]
20 + apo-NFU1 = 2 ’
' o -ISCA1/2 3
] v apo-NFU1 < 0.0 0.00-
0 T T T T y - 0- SUILEUT  + -+ o+
0 2 4 6 8 10 alone WT lip5A nfulA NFU1 o+ o+ A
IBA57 + o+ A+

time [min]

Fig. 2. Maturation of [4Fe-4S] aconitase requires GLRX5 as cluster donor, catalysis by late ISC factors, and the ferredoxin FDX2. Fe/S cluster transfer from
human holo-GLRX5 (50 pM) to apo-ACO2 (20 pM) in the presence of coreconstituted ISCA1-ISCA2 complex (ISCA1/2), IBA57, FDX2 (5 pM each), FDXR (1 uM),
1 mM NADPH, 4 mM GSH, and 25 pM GlIrx1 (complete). Where indicated, individual ISC components were omitted from the complete reaction. (A) Aconitase
activities determined after 10 min. (B) Time course of aconitase activation. (C) The coreconstituted ISCA1-ISCA2 complex (ISCA1/2) was replaced by the in-
dicated ISCA1 or ISCA2 species. All other components were present as in the complete reaction (see A). (D) Aconitase activation was performed as in B with
holo-GLRX5 or with coreconstituted ISCA1/2 complex (50 uM each) as alternative Fe/S cluster donors. (E) Aconitase activation was performed as in B (com-
plete) in the presence or absence of apo-NFU1 (5 pM). Reactions lacking ISCA1/2 and a transfer from apo-NFU1 alone are included as controls. Solid lines
represent fits of the data according to a pseudofirst order kinetics. Maximum aconitase activity was 20 U/mg (A-D) and 9 U/mg (E). Error bars indicate the SEM
(n > 3). (F) Aconitase activities were measured in cell extracts of BY4742 wild-type and isogenic lip5A and nfulA cells. (G) Leu1 activities of cell extracts from

BY4742 leu1Aliba57A and leuTA/nfulA cells that express a mitochondria-targeted Su9-Leu1 as indicated. Error bars indicate the SEM (n > 4).

aconitase-type enzyme. In sum, our findings now provide a consistent
picture for the involvement of NFUT1 in aconitase maturation in yeast
or human cells. It appears that NFU1 at best performs an auxiliary
role in aconitase maturation, and its potential function can readily be
bypassed in living cells.

FDX1 Cannot Replace FDX2 in Its Role in Aconitase Maturation. We
next asked whether successful in vitro ACO2 maturation spe-
cifically required FDX2, or whether it could be replaced by other
cellular electron donor systems. We first tested the human mi-
tochondrial ferredoxin FDX1 (also known as adrenodoxin),
which is closely related to FDX2, yet shows high specificity for
steroid biosynthesis (11, 53). When FDX1 was used instead of
FDX2, virtually no maturation of ACO2 occurred (Fig. 3). In
contrast, efficient activation of ACO2 was observed when the
mitochondrial ferredoxin Yahl from the thermophilic fungus
Chaetomium thermophilum (CtYahl) was used. Like most eu-
karyotes, this fungus possesses only a single mitochondrial fer-
redoxin. When FDX2-FDXR was replaced by mitochondrial
TRX2 and its cognate thioredoxin reductase (Trr2), virtually no
activation of ACO2 was observed. Similarly, Glrx1-GSH was
inefficient (Fig. 1 C, Left), demonstrating that these two physi-
ological thiol-specific redox systems are incapable of mediating
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the reductive coupling of [2Fe-2S]** into [4Fe-4S]** clusters.
Moreover, no ACO?2 activation was seen, when FDX2-FDXR-
NADPH were replaced by 50 uM Fe?* and excess ascorbic acid,
a condition that allows conversion of aconitase carrying an oxidized
[3Fe-4S]™ cluster into an active [4Fe-4S]** protein (54). Taken
together, our data identify the so far undiscovered requirement
of the mitochondrial electron transfer chain FDX2-FDXR-
NADPH for the reductive coupling of [2Fe-2S]** clusters during
the terminal step of [4Fe-4S] protein assembly.

Physical Interactions of Mitochondrial Ferredoxin with Late ISC
Factors. In order to identify the electron acceptor of mitochon-
drial FDX2 in ACO2 maturation, we scarched for the interaction
partners of FDX2 within the late-acting ISC system. First, we
carried out coimmunoprecipitation experiments using detergent
lysates of mitochondria isolated from various S. cerevisiae strains.
Galactose-inducible GALI-10 promoter exchange cells for GRX5,
ISA1, ISA2, IBA57, and YAHI were cultivated in galactose-
containing medium to overproduce the respective gene products.
Coimmunoprecipitation was performed using specific antibodies
against either Grx5 or the yeast ferredoxin Yahl (55). We found
that a-Grx5 antibodies coprecipitated Yahl from Gal-YAHI mito-
chondrial extracts (S Appendix, Fig. S2). This coimmunoprecipitation
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Fig. 3. FDX1 cannot replace FDX2 function in the maturation of [4Fe-4S]
aconitase. Fe/S cluster transfer from human holo-GLRX5 (50 uM) to apo-
ACO2 (20 pM) was performed as in Fig. 2 in the presence of corecon-
stituted ISCA1-ISCA2 complex and IBA57. As reducing systems we used: (e)
FDX2 (5 uM), FDXR (1 uM), and 1 mM NADPH; () FDX1 (5 uM), FDXR (1 pM),
and 1 mM NADPH; (A) CtYah1 (5 pM), FDXR (1 pM), and 1 mM NADPH; (V)
TRX2 (5 uM), Trr2 (0.5 pM), and 1 mM NADPH; or (#) 1 mM ascorbate and
50 pM FeCl,. A control without FDX2-FDXR is also added (/\). The upper two
curves represent fits of the data according to a pseudofirst order kinetics.
Maximum aconitase activity was 9 U/mg.

was specific, because hardly any Yahl was seen with beads coupled
with a nonspecific serum. Furthermore, no Yahl1 signal was observed
when o-Grx5 immunobeads were incubated in buffer alone. No pos-
itive results were obtained for other potential pairwise interactions,
because Grx5- or Yahl-specific antisera failed to coimmunoprecipitate
Isal, Isa2, or Iba57 from any of the strains tested.

Next, we studied bimolecular interactions in vitro by Bio-layer
interferometry (BLI). For this approach, we chose purified
recombinant ISC proteins from C. thermophilum, since they are
fairly oxygen-resistant in reconstituted holo-forms. The ferre-
doxin CtYahl was labeled with biotin, immobilized on super-
streptavidin sensors, and subjected to binding studies in parallel
with empty sensors. Signals from the latter detection were sub-
tracted in order to correct for unspecific binding. Advanta-
geously, BLI allowed the interaction analysis of all combinations
of reduced or oxidized CtYahl and apo- or holo-CtGrx5. Con-
sistent with the in vivo findings above, immobilized CtYahl
interacted with CtGrx5. However, an interaction was seen only
for oxidized CtYahl and apo-CtGrx5 (Kp ~ 200 uM), and par-
ticularly not for reduced CtYahl and holo-CtGrx5 (i.e., the
functionally relevant combination for productive electron trans-
fer) (Fig. 44 and SI Appendix, Fig. S3 and Table S1). While these
observations are consistent with the in vivo immunoprecipitation
studies above (carried out under nonreducing conditions and in
the presence of oxygen, conditions that likely destroy the labile
Fe/S clusters on Grx5), the interaction of apo-Grx5 with reduced
Yahl does not suggest any role in electron transfer.

We therefore investigated the interaction of CtYahl with the
ISCA homologs from C. thermophilum, CtIsal and Ctlsa2. First,
we studied the interaction with a chemically coreconstituted
holo-CtlIsal-CtIsa2 (Ctlsal/2) complex, because this hetero-
complex supported ACO2 maturation (compare with Fig. 2).
Indeed, CtYahl bound to holo-CtIsal-CtIsa2, and this interac-
tion was specific, as it was only seen with reduced CtYahl
(Fig. 4B). From concentration variation experiments, a dissoci-
ation constant Kp = 2.2 + 0.6 pM was estimated (SI Appendix,
Fig. S4). Thus, reduced CtYahl interacts 100-fold stronger with
Ctlsal-CtIsa2 than with apo-CtGrx5. In order to address
whether this interaction requires the presence of Fe/S clusters on
the Isa proteins, we studied the CtYahl interaction with Ctlsa2,
which is much more stable than Ctlsal|in both the apo- and holo-
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forms. Both apo- and holo-Ctlsa2 interacted with reduced CtYahl,
yet the affinity of reduced CtYahl for holo-CtlIsa2 (Kp = 1.6 +
0.3 pM) was approximately threefold higher than that for apo-
Ctlsa2 (Kp = 5.2 + 0.7 pM) (Fig. 4 C and D and SI Appendix,
Fig. S5 and Table S1). The same preference for holo-CtIsa2 was
seen for oxidized CtYahl (holo: Kp = 1.1 + 0.3 pM; apo: 3.9 +
0.8 pM). Taken together, the results of this binary interaction
study provide ample evidence for a specific interplay of mitochondrial
ferredoxin with the late ISC assembly factors. The strong preference of
reduced CtYahl for the Isa proteins rather than GrxS5, its higher
affinity for their holo-forms, and the strong preference for the
heterodimeric holo-CtlIsal-Ctlsa2 point toward holo-Ctlsal-Ctlsa2
as the site of electron input from mitochondrial ferredoxin.

FDX2 Transfers Electrons to Holo-ISCA1-I1SCA2 for IBA57-Dependent
[2Fe-2S] Cluster Fusion. We sought to better understand the details
of FDX2-mediated electron transfer requirement, and followed
this reaction by UV/Vis spectrometry measuring the FDXR-FDX2-
catalyzed oxidation of NADPH upon incubation with reconstituted
holo-ISCA-ISCA2. An initial small absorption drop at 340 nm was
observed, indicative of NADPH consumption, yet only little further
decrease occurred at later times (Fig. 54 and SI Appendix, Fig. S6A4).
Since the extent of this absorption decay was far less than that
expected for complete reduction of the entire 50 pM holo-
ISCA1-ISCA2 by NADPH, this finding indicated that FDX2-
FDXR-NADPH were not able to efficiently transfer electrons to
holo-ISCA1-ISCA2. Strikingly, when we then added catalytic
amounts of IBAS57 (3 pM), a robust, continuous absorption decay
at 340 nm with a half-life of 16 min was observed (Fig. 54 and B
and SI Appendix, Fig. S6). After 1 h ~60 pM NADPH was
consumed (assuming that the absorption decay at 340 nm was
solely due to NADPH oxidation).

The FDX2-catalyzed reaction was accompanied by spectral
changes in the 400- to 700-nm range that represent the [2Fe-2S]
cluster (see below) bound to ISCA1-ISCA2 (Fig. 54). The dif-
ference spectrum (obtained by subtracting the spectrum recor-
ded after 1-h incubation from that before initiation of electron
transfer [start minus end]) showed a strong absorption decrease
of the [2Fe-2S] cluster-specific peaks at 527 and 600 nm, but only
a minor drop of the 425-nm peak (characteristic for both [2Fe-
2S] and [4Fe-4S] clusters) (Fig. 5C). The absorption decay at
600 nm could be fitted satisfactorily by a monoexponential decay
with a half-life of ~19 min (SI Appendix, Fig. S6C). This rate was
similar to that recorded at 340 nm (Fig. 5B), and therefore in-
dicates electron flow from NADPH to holo-ISCA1-ISCA2 in the
presence of catalytic amounts of FDX2, FDXR, and IBA57.
These spectral changes were specific, as they were neither observed
with holo-ISCA2 as an acceptor, nor when an IBA57 mutant protein
was used in which the universally conserved Cys259 was replaced by
Ser (C259S) (Fig. 5D). Moreover, using [2Fe-2S] holo-GLRXS in-
stead of holo-ISCA1-ISCA2 as a potential electron acceptor did not
result in a fast absorption decay at 340 nm, and the three [2Fe-2S]
cluster-characteristic peaks of GLRXS (414, 516, and 591 nm) de-
creased uniformly and only marginally (Fig. 5 B and D and SI Ap-
pendix, Fig. S6B). Since the difference spectrum (start minus end)
was similar to the spectrum of holo-GLRXS above 400 nm, the small
changes were likely caused by cluster decomposition during the
incubation (Fig. 5C).

As a further control, we explored whether the electron flow
from NADPH to holo-ISCA-ISCA2 was mediated by IBA57
alone. Oxidized holo-ISCA1-ISCA2 was incubated with IBA57.
After an initial small drop at 340 nm, only little further decease
was observed at later time points (Fig. 5B). However, addition of
catalytic amounts of FDX2 and FDXR after 50 min initiated an
absorption decay at both 340 nm and 600 nm, with a half-life
similar to that for the standard reaction (Fig. 5B and SI Ap-
pendix, Fig. S6C). Taken together, these data clearly show that
holo-ISCA1-ISCA2 is the electron acceptor of FDX2. With this
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Fig. 4. Mitochondrial ferredoxin physically interacts with late-acting ISC factors. Association and dissociation time-courses were recorded for immobilized
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ations. The corresponding association constants (K, = 1/Kp) are displayed for the indicated protein pairs. Error bars indicate the SEM (n > 4).

knowledge, we tested whether catalytic amounts of holo-ISCA1-
ISCA2 were able to donate electrons further to GLRXS to induce
reductive [2Fe-2S] cluster fusion on GLRXS. Holo-ISCA1-ISCA2
(3 pM) was added to a mixture containing FDX2, FDXR, and
50 uM holo-GLRXS. Yet, these low amounts of holo-ISCA1-ISCA2
did not significantly enhance NADPH consumption (Fig. 5B). This
finding does not indicate a role of holo-ISCAI-ISCA2 as an inter-
mediate electron donor for GLRXS. Rather, the sum of our experi-
ments indicates that electrons flow from FDX2 to holo-ISCA1-ISCA2
in the absence of GLRXS and apo-aconitase as cluster donor and
acceptor, respectively. This finding identifies reduced holo-ISCA1-
ISCA2 as a true reaction intermediate.

We finally performed a spectroscopic analysis of the ISCA-
bound Fe/S clusters to explore their changes during the electron
transfer reaction. As mentioned above, the UV/Vis spectrum of
holo-ISCA1-ISCA2 indicated bound [2Fe-2S] clusters (Fig. 54).
The Maossbauer spectra of chemically reconstituted oxidized
Ctlsal-Isa2 and Ctlsa2 identified an unusual Fe/S cluster species
(70% intensity in Ctlsal-Isa2 and 90% in Ctlsa2) with spectral
characteristics that fit to neither [2Fe-2S]** nor [4Fe-4S]**
cluster species (56) (SI Appendix, Fig. S7 A and B). In addition,
the spectrum of Ctlsal-Isa2 (but not CtIsa2) displayed a signal
for a [4Fe-4S]** cluster at 25% intensity. The electron para-
magnetic resonance spectrum of Ctlsa2 showed signals with av-
erage g value below g = 2 (g,y = 1.99). These values, together
with the fact that the spectra were observed up to 90 K, indicate
the presence of [2Fe-2S] clusters (SI Appendix, Fig. S7C). Vir-
tually the same was observed for human holo-ISCA1-ISCA?2 (S
Appendix, Fig. S7D). Consistent with previous findings (36), all

20560 | www.pnas.org/cgi/doi/10.1073/pnas.2003982117

holo-ISCA species used in this study bound between four and six
iron and acid labile sulfide ions per dimer (SI Appendix, Fig.
S7E). Taken together, these findings indicate that the eukaryotic
A-type ISC proteins can bind [2Fe-2S]** clusters with an atypical
Méssbauer signature and a minor fraction of [4Fe-4S]** clusters
at variable amounts. Therefore, the electron flow from of FDX2
to holo-ISCA1-ISCA?2 is used for reductive fusion of [2Fe-2S]**
into [4Fe-4S]** clusters. This is directly seen from the UV/Vis
spectral changes upon IBA57-dependent electron transfer from
FDX2 (compare Fig. 5 4 and C): That is, the disappearance of
[2Fe-2S] clusters (loss of the 525- and 600-nm peaks) and con-
version to a [4Fe-4S] species (loss and gain of absorption in the
420-nm range, the major absorption peak of [4Fe-4S] clusters).

Comparison of the ISC Dependence of Mitochondrial [2Fe-2S] and
[4Fe-4S] Protein Maturation. We finally compared the ISC factor
requirements of mitochondrial [4Fe-4S] protein assembly with
those of [2Fe-2S] protein assembly using GLRXS as the common
cluster donor, and in particular asked whether unidentified ISC
components may be required also for [2Fe-2S] cluster transfer.
As target apoproteins, we used human FDX1 and the heterol-
ogous plant-type [2Fe-2S] ferredoxin from the cyanobacterium
Synechococcus elongatus (Fd). Both apoforms were prepared by
acid precipitation (57). Holo-ferredoxin formation was quanti-
fied by their ability to reduce cytochrome c in the presence of the
cognate ferredoxin reductase and NADPH (58) (SI Appendix,
Fig. S8). In the absence of reductants, holo-GLRXS (present at a
2:1 ratio relative to apo-FDX1) was capable of [2Fe-2S] cluster
transfer to human FDX1, yet only ~30% of the available FDX1

Weiler et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003982117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2003982117

Downloaded at Palestinian Territory, occupied on December 1, 2021

A B -0.04 «— +FDX2
—~-GLRX5 +
24/ IBA57 + FDX2
-0.14
£
8 S 5 GLRXS +
2 S .0.2 IBA57 + FDX2
< Pt +ISCA1/2 (3uM)
14 <
500 550 600 650 700 -+|SCA1/2 +
wavelength [nm] -0.3 IBA57 - FDX2
+ ISCA1/2 +
- -0.4 IBA57 + FDX2
300 400 500 600 700 0 10 20 30 40 50 60 70
wavelength [nm] time
1.2
0.5- — ISCA1/2 (start - end) l
T - 335nm 527 nm c <= 1.0
R
g 0.4 425 nm 600 nm X
2 2 £ 08
= £
—— GLRX5 (start - end) ° £
E 0.3 T E 0.6
] 329 nm 516 nm =]
- <
o 0_2_/‘ 414 nm 591 nm -] ;? 0.4
® 2
2
< 0.1 0.2
0.0
0.0 ISC protein |s1<I:2A |s1<I:2A IS15:2A lsgA GLRX apo-

. T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750
wavelength [nm]

Fig. 5.

IBA57 -

5 ISCA1+2
WT Cpe/S WT WT  WT

FDX2 transfers electrons to holo-ISCA1-ISCA2 for IBA57-dependent [2Fe-2S] cluster fusion. (A) Oxidized holo-ISCA1-ISCA2 (50 pM) was mixed with

0.18 mM NADPH, 1 mM GSH, and 3 uM FDX2. UV/Vis spectra were taken in the absence of FDXR (black), 7 min (dark green), and 15 min (green) after addition
of 0.5 pM FDXR. Then, 3 pM IBA57 was added and further spectra were recorded after 7 to 65 min (red; absorption decreasing with time). (B) Time course of
the absorption decrease at 340 nm for the indicated mixtures. The black trace corresponds to a fit according to a monoexponential decay (ti2 ~ 16 min). (C)
Difference spectra for holo-ISCA1/2 (black) or GLRX5 (blue) at 50 uM in the presence of FDX2 and NADPH each recorded before (ISCA1/2 start; black spectrum
in A) and 65 min after supplementation with 0.5 uM FDXR and 3 pM IBA57 (ISCA1/2 end; dark red spectrum in A). For GLRX5 see S/ Appendix, Fig. S6B. The
wavelengths of the respective absorption maxima are indicated. The vertical line indicates an absorption maximum of NADPH at 340 nm. (D) Rates of the
absorption decay at 340 nm calculated for the 2- to 15-min range after mixing holo-ISCA1/2, holo-ISCA2, or holo-GLRX5 (50 uM each) with FDX2, FDXR, and
NADPH in the presence or absence of wild-type or mutant IBA57-C259S, as indicated. Error bars indicate the SEM (n = 3).

was converted to its holoform (Fig. 64). Transfer reached
completion after 5 min. In contrast, the presence of Glrx1-GSH
massively boosted the reaction, as 90% of apo-FDX1 became
reconstituted within less than 15 s, the shortest time interval that
could be analyzed (Fig. 6 A4 and B). The high transfer rate and
efficiency suggest that this spontaneous transfer reaction is likely
physiologically relevant and that no additional components are
required.

To test the specificity of this transfer reaction, we asked whether
other mitochondrial Fe/S cluster-containing ISC factors can act as
direct cluster donors for mitochondrial [2Fe-2S] apoproteins.
Strikingly, the holoforms of human ISCA1, ISCA2, ISCU2, and
NFU1 were inefficient in transferring their Fe/S clusters to hu-
man apo-FDX1 in the presence of Glrx1-GSH (Fig. 6C). This
finding indicates a clear specificity for GLRXS as the cluster
donor of mitochondrial [2Fe-2S] ferredoxin. This conclusion is
consistent with previous in vivo observations showing that the
mitochondrial ISCA, IBA57, and NFU1 proteins are not in-
volved in [2Fe-2S] protein maturation (22-24, 29, 30).

To analyze the target specificity of the GLRXS5-dependent
[2Fe-2S] cluster transfer, we used the plant-type [2Fe-2S] ferre-
doxin (Fd). Fe/S cluster transfer from GLRXS5 to this heterolo-
gous ferredoxin occurred, yet was significantly slower than that
to human FDX1 (Fig. 6D). In the presence of Glrx1-GSH, about
60% of the available apo-Fd was reconstituted within 10 min.
Moreover, the transfer efficiency dropped significantly in the
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absence of the reducing system. Similar to the observation made
for apo-FDX1, the holoforms of the human ISC factors ISCAL,
ISCA2, or ISCU2 did not support ferredoxin maturation, despite
the presence of Glrx1-GSH. These results document a clear
cluster donor and target apoprotein specificity for efficient and
fast assembly of [2Fe-2S] FDXI1.

The positive effect of the physiological Glrx1-GSH thiol-redox
system on in vitro Fe/S cluster transfer from [2Fe-2S] donor to
[2Fe-28S] acceptor proteins (and on that from [4Fe-4S] donor to
[4Fe-4S] apoproteins) (SI Appendix, Fig. S1) implies an impor-
tance for thiol reduction. Thiol reduction is required on the side
of the acceptor apoprotein, as apo-Fd was efficiently matured in
the absence of any further additives when excessively reduced by
TCEP under anaerobic conditions immediately prior to use
(Fig. 6E). We asked whether the other important mitochondrial
thiol-reducing system, namely the thioredoxin system consisting
of the mitochondrial thioredoxin TRX2, its reductase Trr2, and
NADPH can functionally replace the glutaredoxin/GSH system.
Indeed, in the presence TRX2-Trr2-NADPH, [2Fe-2S] cluster
transfer from holo-GLRXS5 to apo-FDX1 or bacterial apo-Fd
was as efficient as the in the presence of the Glrx1/GSH sys-
tem, even when this system was complemented by its specific
reductase GIrl and NADPH (Fig. 6F). These findings indicate
an important, yet redundant role of the two major cellular thiol-
specific redox systems in apoprotein thiol reduction prior to
[2Fe-2S] cluster transfer and insertion.
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Fig. 6. Holo-GLRX5 and the glutaredoxin or thioredoxin thiol reducing systems are sufficient for rapid and efficient maturation of [2Fe-2S] ferredoxin FDX1.
(A) Time course of the Fe/S cluster transfer from human holo-GLRX5 (50 pM) to human apo-FDX1 (25 pM) in the presence of (as indicated) 4 mM GSH and 25
pM GlIrx1 (+Glrx1/GSH), 2 mM DTT, 25 uM Glrx1 without GSH, or in the absence of reductants. (B) Initial phase of the time course of Fe/S cluster transfer from
holo-GLRX5 to apo-FDX1 as in A. (C) Fe/S cluster transfer from the indicated reconstituted human ISC holo-proteins (50 pM each) to apo-FDX1 (25 pM) in the
presence of Glrx1-GSH. (D) Fe/S cluster transfer from the indicated reconstituted human ISC holo-proteins (50 uM each) to plant-type bacterial [2Fe-2S] apo-
ferredoxin from S. elongatus (Fd) (25 pM) in the presence of Glrx1-GSH. A transfer reaction from GLRX5 to Fd without added reductants is included (w/o;
circles). (E) Fe/S cluster transfer to plant-type [2Fe-2S] apo-Fd from GLRX5 (50 pM) after 10 min in the presence of 2 mM DTT, in the absence of reductants (-),
or in the presence of GIrx1-GSH. Apo-Fd (25 uM) was either used as is (gray bars) or reduced anaerobically immediately prior to utilization. (F) Maturation of
human apo-FDX1 or apo-Fd (25 pM) after 10 min incubation with holo-GLRX5 (50 uM) in the presence of the indicated components of the glutaredoxin (4 mM
GSH, 25 pM Glrx1, 1 uM GIr1, 1 mM NADPH) or thioredoxin systems (5 pM TRX2, 1 pM Trr2, 1 mM NADPH). Solid lines in A, C, and D represent fits of the data
according to a pseudo-first order kinetics; 100% activation corresponds to 25 pM holoprotein.

Discussion

We have biochemically reconstituted the final steps in the for-
mation of mitochondrial [2Fe-2S] and [4Fe-4S] proteins and
defined the minimal set of ISC factors involved. For [2Fe-2S]
protein biogenesis, our experiments suggest that GLRXS func-
tions as the dominant physiological cluster donor in mitochon-
dria that can rapidly transfer its transiently bound cluster without
further assistance to [2Fe-2S] target apoproteins (Fig. 7). This
conclusion is consistent with in vivo studies (2, 14). For matu-
ration of mitochondrial [4Fe-4S] proteins, GLRXS also functions
as the initial cluster donor. Yet, cluster trafficking from GLRX5
and conversion into [4Fe-4S] forms essentially required the si-
multaneous presence of the three late-acting ISC components
ISCA1, ISCA2, and IBA57, as defined earlier in vivo (22-24)
(Fig. 7). Additionally, and so far unknown, the mitochondrial
electron transfer chain NADPH-FDXR-FDX2 was essential for
efficient and fast in vitro [4Fe-4S] protein assembly. FDX2 in-
teracts with the ISCA1-ISCA2 heterodimer and reduces its
bound [2Fe-2S]** clusters. The sum of these ISC proteins rep-
resents the minimal set of components required for formation of
simple mitochondrial [4Fe-4S] proteins. In special cases, this
system may need additional ISC factors, such as NFUI, yet for
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aconitase maturation this factor seems dispensable both in vivo
and in vitro. Collectively, our analyses suggest that FDX2 not
only provides electrons for [2Fe-2S] cluster synthesis on the
ISCU2 scaffold (8, 10), but is also necessary for reductive fusion
of [2Fe-2S]** to [4Fe-4S]** clusters on the ISCA proteins. Due
to the FDX2 requirement for [2Fe-2S] cluster synthesis in the
early part of the mitochondrial ISC system (8, 9, 52), its renewed
necessity for [4Fe-4S] protein biogenesis could not be disclosed
by in vivo studies.

In cells, Fe/S clusters are generated on scaffold proteins, and
then are handed over to various trafficking factors in a unidirec-
tional fashion to finally become inserted into target apoproteins.
In the current literature, different mitochondrial ISC proteins
have been proposed as Fe/S cluster donor, transfer, or carrier
proteins, on the basis that these proteins can bind Fe/S clusters in
a labile, transient fashion and transfer them to downstream re-
cipient apoproteins under appropriate in vitro conditions. Usually,
these in vitro transfer reactions include the artificial reductant
DTT, a cytotoxic chemical that is known to introduce artifacts in
Fe/S cluster-related reactions (8, 10, 59). Most likely due to the
use of this artificial reductant, and the mixed use of trafficking and
acceptor proteins from different organisms and different cellular
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Fig. 7. Model for the biogenesis of mitochondrial [2Fe-2S] and [4Fe-4S]
proteins. Dimeric monothiol glutaredoxin GLRX5 receives a glutathione
(G)-bound, bridging [2Fe-2S] cluster from the early-acting ISC components
(2). GLRX5 serves as a cluster donor for both [2Fe-2S] and [4Fe-4S] target
apoproteins, once their cysteine thiols are reduced (e.g., by the cellular
glutaredoxin or thioredoxin reduction systems) (61). Cluster transfer from
GLRX5 and insertion into [2Fe-2S] target apoproteins occurs spontaneously.
Dislocation of the GLRX5-bound [2Fe-2S] cluster, fusion to a [4Fe-4S] cluster
and its insertion into thiol-reduced apoproteins requires ISCA1-ISCA2, IBA57,
as well as the electron (e”) transfer chain NADPH, ferredoxin reductase
FDXR, and ferredoxin FDX2. The latter system catalyzes the reductive fusion
of [2Fe-25]** to [4Fe-4S]** clusters in a IBA57-dependent fashion (blue ar-
row). Despite its structural similarity, the FDX2 paralog FDX1 (also known as
adrenodoxin) is not functional in this reaction.

compartments, many of the in vitro findings do not match the
in vivo requirements for ISC components as determined by staging
experiments following the flow of iron ions from one to another
ISC protein and finally to apoproteins (see, e.g., refs. 18, 23, and
60). To closely mimic the physiological situation, our [2Fe-2S] and
[4Fe-4S] cluster reconstitution systems avoided nonnatural re-
ductants by replacing them with the physiological Glrx1-GSH
thiol-redox system (61, 62).

In contrast to DTT-based reactions, our in vitro Fe/S cluster
transfers in the presence of Glrx1-GSH showed several features
that are in line with in vivo expectations (Fig. 7). First, human
GLRXS5 displayed particularly high rates of [2Fe-2S] cluster
transfer to acceptor proteins from the same organism (e.g.,
FDX1). These were more than 50-fold higher than those to a
foreign bacterial ferredoxin. This likely reflects an optimized
interaction between physiological ISC donor and apoprotein
acceptor pairs in a given organism. Second, Fe/S cluster transfer
to human ferredoxin was considerably faster than in the presence
of artificial reductants, which indicates that physiologically rel-
evant Fe/S cluster transfer reactions may proceed much faster
than the slow reduction of disulfide bonds by artificial reducing
agents in vitro. Third, the comparably slow and inefficient Fe/S
cluster transfer from the other Fe/S cluster-containing ISC fac-
tors ISCU2, ISCA1, ISCA2, and NFU1 in the presence of Glrx1/
GSH demonstrate a striking kinetic advantage of GLRXS that
renders a primary role of these former ISC factors as Fe/S cluster
donors for mitochondrial [2Fe-2S] apoproteins in the presence
of GLRXS unlikely. This conclusion is in full agreement with
in vivo findings that confined the role of yeast and human
ISCAL, ISCA2, and NFUI proteins to the maturation of mito-
chondrial [4Fe-4S] proteins (23, 24, 29, 30). Yet, despite its role
as the central [2Fe-2S] cluster donor in mitochondria, deletion of
GRXS is not lethal in yeast (62). Under GLRXS deficiency, [2Fe-
2S] cluster transfer may occur directly/from ISCU2, possibly still
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in collaboration with the Hsp40-Hsp70 chaperone system or
other ISC transfer factors (12).

In contrast to [2Fe-2S] protein maturation, the unassisted
transfer and conversion of [2Fe-2S] clusters from holo-GLRXS5
to [4Fe-4S] apoproteins was inefficient, even in the presence of
the physiologically relevant ISCA1-ISCA2-IBAS7 proteins. The
fusion of oxidized low potential [2Fe-2S]** clusters on GLRX5
to an oxidized low potential [4Fe-4S]** cluster for aconitase
insertion formally requires the input of two electrons (45). In
vitro, this reductive cluster coupling can artificially be mediated
by DTT at reasonable efficiency (Fig. 1), explaining why this
reductant is widely used in published [4Fe-4S] cluster assembly
schemes, including those involving A-type ISC proteins as [2Fe-
2S] cluster donors (see, e.g., refs. 25, 26, 28, 36, 42-44, and 63).
However, none of these reactions simultaneously contained all
ISCA1-ISCA2-IBAS7 proteins, casting doubts that these re-
constitutions reflected the correct in vivo pathway. Interestingly,
the DTT function in reductive coupling of [2Fe-2S]** to [4Fe-
4S]** clusters could not be replaced by the physiological thiol
reducing systems, indicating that the primary action of DTT in
this process is artificial reductive cluster fusion.

We identified the crucial role of the mitochondrial electron
transfer chain NADPH-FDXR-FDX2 in reductive cluster cou-
pling (Fig. 7). The ferredoxin function at this step is conserved in
eukaryotes, as indicated by the ability of the fungal ferredoxin
Yahl from C. thermophilum to efficiently replace human FDX2
in our aconitase reconstitution system. Moreover, it seems likely
that it is also conserved in bacteria that contain the isc operon
encoding the [2Fe-2S] ferredoxin Fdx with close relation to
Yah1-FDX2 (5). Unlike bacteria, fungi, and many unicellular
eukaryotes, higher eukaryotes including man contain a second
mitochondrial ferredoxin, termed FDXI1, which is involved in
steroid biosynthesis (8, 64). Despite its structural similarity to
FDX2, FDX1 was not functional in our reconstitution system,
demonstrating an impressive specificity for FDX2, a result fully
consistent with earlier in vivo work (Fig. 7) (11). In other studies,
FDX1 has been reported to contribute to cellular Fe/S cluster
biogenesis on ISCU2, even though at much lower efficiency than
FDX2 (53). Our finding that FDX1 did not support reductive
coupling of [2Fe-2S]*? to [4Fe-4S]™ clusters in vitro emphasizes
that FDX1 plays no important in vivo role in human Fe/S protein
biogenesis.

Several results suggest that the mitochondrial NADPH-
FDXR-FDX2 system functions as the sole natural source of
electrons for the reductive coupling of [2Fe-2S]** clusters in
mitochondria. First, we saw no activation of aconitase in the
presence of the GSH/glutaredoxin or thioredoxin systems instead
of the NADPH-FDXR-FDX2 chain. Second, components of
the mitochondrial respiratory chain can be excluded as a native
electron source for the reductive coupling of [2Fe-2S]** clusters,
since aconitase is perfectly active in yeast cells lacking mito-
chondrial DNA (65). Third, ascorbic acid could not replace
NADPH-FDXR-FDX2 in our assay, making it unlikely that its
enantiomer D-erythroascorbic acid, synthesized in S. cerevisiae
mitochondria as an antioxidant compound, could potentially be
used for reduction (66).

Consistent with in vivo findings, the formation of [4Fe-4S]
clusters on aconitase in vitro essentially required all three late-
acting ISC factors ISCA1, ISCA2, and IBAS57 (22-24). Hence,
the observation that only ISCA1 was found to be required for
[4Fe-4S] protein maturation in mouse skeletal muscle and neu-
ronal cells is best explained by an inefficient knockdown of the
corresponding mRNAs for ISCA2 and IBA57 (25). Consistent
with this, pathogenic mutations in either ISCAI, ISCA2, or IBA57
genes are associated with similar disease phenotypes that include
neurodegenerative defects, clearly showing that each encoded
protein is crucial in neurons (33, 34, 67, 68). Our in vitro findings
further support the suggestion derived from in vivo studies that
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Fe/S cluster formation on mitochondrial [4Fe-4S] proteins cru-
cially involves the formation of a heterodimeric ISCA1-ISCA2
complex, since only a chemically coreconstituted ISCA1-ISCA2
heterodimer was functional in this process in vitro (22, 23). Single
ISCA1 or ISCA2 species either reconstituted or in their apoforms
were nonfunctional. Notably, the holo-ISCAI1-ISCA2 hetero-
dimer was required only in catalytic amounts, suggesting that the
[4Fe-4S] cluster on ISCA1-ISCA2 is further transferred to aco-
nitase and replaced with two [2Fe-2S] clusters from GLRXS for a
renewed fusion event.

Our work provides evidence that the holo-ISCA1-ISCA2
heterodimer receives electrons from reduced FDX2 via specific
complex formation. We did not find any evidence that GLRXS is
efficiently reduced by FDX2, neither directly nor via ISCA1-
ISCA2. Hence, GLRXS is most likely not a device for reductive
[2Fe-2S]** cluster coupling, although monothiol glutaredoxins
are in principle able to accommodate [4Fe-4S] clusters (43).
Therefore, the ISCA1-ISCA2 heterodimer functions as the fusion
device for the construction of a [4Fe-4S]** cluster. An “assembler”
function had been suggested earlier for the ISCA proteins (36), but
these experiments contained 5 mM DTT, which artificially replaced
the function of FDX2. Strikingly, these experiments lacked IBAS57,
which we found to be essential for FDX2-mediated reductive Fe/S
cluster coupling. The mutant IBAS57-Cys259S protein was non-
functional, suggesting that this conserved Cys residue plays a de-
cisive catalytic role in cluster fusion that now can be defined more
precisely. IBA57 could additionally be involved in facilitating the
transfer of the [4Fe-4S] cluster from ISCAI-ISCA2 to target pro-
teins, since deletion of yeast IBA57 leads to iron accumulation on
Isal-Isa2 (23). Our reconstitution system provides an excellent
experimental set-up to address these interesting mechanistic details.

Materials and Methods

Fe/S Cluster Transfer Assays. Recombinant proteins were expressed in Escherichia
coli, as described previously (69) (S/ Appendix, Table S2). Chemical reconstitu-
tion of Fe/S proteins was carried out as described previously (69) (S/ Appendix, SI
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Materials and Methods). Fe/S donor proteins were mixed at 50-uM final con-
centration (25 pM for holo-NFU 1) with apo-Fd or apo-FDX1 at 25 uM or Leu1
and ACO2 at 20 uM final concentrations in transfer buffer (50 mM Tris-HCl, pH
8.0, 150 mM Nadl, 5% glycerol). Where indicated, reactions were supplemented
with 5 pM IBA57, 5 puM holo-ISCA1-ISCA2, 1 uM FDXR, 1 pM FDX2 (or FDX1),
1 mM NADPH, 1 mM MgCl, and, when indicated, with 5 uM apo-NFU1. Where
indicated, reactions were further supplemented with either 4 mM GSH 25 uM
Glrx1, 5 pM TRX2 plus 0.5 pM Trr2 plus 1 mM NADPH, 2 mM DTT, 4 mM TCEP,
or 4 mM mercaptoethanol. At the indicated time points, 4- to- 5-uL aliquots
were withdrawn and analyzed for ACO2 or Leul enzyme activities (55) or
for ferredoxin assembly assayed by cytochrome c reduction activity (58) (S/
Appendix, Fig. S8).

Capture-Based BLI. Bimolecular interactions were measured in an Octet K2
Instrument (Molecular Devices) using supersteptavidin sensors loaded with
biotinylated CtYah1. For background correction, binding studies were carried
out in parallel with an empty sensor. For Ky determinations, concentration
variations of the partner protein were carried out. Data were fitted according
to a 2:1 heterogeneous ligand model using Octet Data Analysis HT10.0 software
(for details, see SI Appendix, Materials and Methods and Figs. S3-S5).

Miscellaneous Methods. Statistical analyses were carried out using GraphPad
Prism. Errors bars indicate the SEM (n > 3). Panels in Figs. 1, 3, and 5 display
data of representative experimental sets each carried out in parallel on the
same day. The following published methods were used: Manipulation of
DNA and PCR (70), transformation of yeast cells (71), preparation of yeast
mitochondria (72), and immunological techniques (73). For further details,
see SI Appendix, Materials and Methods.

Data Availability. Associated protocols and materials are found S/ Appendix,
SI Materials and Methods. Original spectroscopic data are available at Open Science
Framework (httpsz/osf.ioftbkro/?view_only=e38759d63b2d47e79c8a2c2ec5ee0766).
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