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Summary
Iron-sulfur (Fe-S) clusters are essential cofactors of proteins with a wide range 
of biological functions. A dedicated cytosolic Fe-S cluster assembly (CIA) system 
is required to assemble Fe-S clusters into cytosolic and nuclear proteins. Here, 
we show that the mammalian MMS19 nucleotide excision repair protein homolog 
(MMS19) can simultaneously bind Probable cytosolic iron-sulfur protein assembly 
protein CIAO1 (CIAO1) and Fe-S proteins, confirming it is a central protein of the 
CIA machinery that brings Fe-S cluster donor proteins and receiving apoproteins 
into proximity.  In addition, we show that Mitotic spindle-associated MMXD complex 
subunit MIP18 (MIP18) also interacts with both CIAO1 and Fe-S proteins. Specifi-
cally, it binds the Fe-S cluster coordinating regions in Fe-S proteins. Furthermore, 
we show that ADP/ATP translocase 2 (ANT2) interacts with Fe-S apoproteins and 
MMS19 in the CIA complex, but not with the individual proteins. Together, these 
results elucidate the composition and interactions within the late CIA complex.

Introduction
Fe-S clusters are inorganic cofactors of proteins functioning in many cellular pro-
cesses, including DNA metabolism, transcription, translation, electron transport, 
oxidative phosphorylation and cellular metabolism. Fe-S clusters themselves are 
relatively simple structures, consisting of several iron cations (Fe2+ or Fe3+) and 
sulfur anions (S2-) (1). However, their assembly into proteins within a cell is a 
complex process, for which many different proteins are required. In eukaryotes, 
Fe-S clusters are assembled at two different sites by two different systems. Mi-
tochondrial Fe-S proteins receive their Fe-S clusters from the mitochondrial Fe-S 
cluster assembly (ISC) system, which is comprised of components that are very 
similar to those found in the bacterial ISC system. The first steps for assembly of 
Fe-S clusters into cytosolic and nuclear Fe-S proteins requires the ISC system, after 
which an iron compound is exported from the mitochondria. The Fe-S cluster is 
subsequently further processed by the cytosolic iron-sulfur cluster assembly (CIA) 
machinery, after which the clusters are incorporated into their target proteins 
(2). Both the ISC and CIA systems are highly conserved in eukaryotes, from yeast 
to human, pointing to  the crucial importance of proper Fe-S cluster assembly (3).
In the yeast CIA system, Fe-S clusters are transiently assembled on the scaffold 
proteins Cytosolic Fe-S cluster assembly factor NBP35 (Nbp35) - Cytosolic Fe-S 
cluster assembly factor CFD1 (Cfd1) (4,5) in a step which requires Fe-S cluster as-
sembly protein DRE2 (Dre2) (6). Subsequently, the labile Fe-S cluster is transferred 
to a complex of two proteins:  Cytosolic Fe-S cluster assembly factor NAR1 (Nar1) 
(7) and the WD40-repeat protein Cytosolic iron-sulfur protein assembly protein 1 
(Cia1). Finally, Fe-S clusters are transferred to and incorporated in target proteins 
(8).
Mammalian homologues of Cia1 (CIAO1), Dre2 (Anamorsin, CIAPIN1), Nar1 (Cyto-
solic Fe-S cluster assembly factor, NARFL, NARFL), Nbp35 (Cytosolic Fe-S cluster 
assembly factor NUBP1, NUBP1) and Cfd1 (Cytosolic Fe-S cluster assembly factor  
NUBP2, NUBP2) have been identified as components of the CIA system in mam-
mals (3). Until recently, little was known about how Fe-S clusters are transferred 
from the CIAO1-NARFL complex to target Fe-S proteins, as no direct interaction 
between Fe-S cluster donor and acceptor proteins have been shown. However, 
two recent studies reported that MMS19 is in complex with several Fe-S proteins, 
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CIAO1, MIP18 (9,10) and NARFL (9). Furthermore, in the absence of MMS19, stabil-
ity and incorporation of iron into Fe-S proteins was reduced, suggesting MMS19 is 
an important factor in the assembly of cytosolic Fe-S cluster proteins (9,10).
Here we show that MMS19 simultaneously interacts with the CIA protein CIAO1 
and Fe-S cluster target proteins. In addition, we identify the MMS19 region that 
mediates the interaction with Fe-S proteins. We show that MIP18 is also capable 
of directly binding to both CIAO1 and Fe-S proteins and that it binds to the Fe-S 
cluster coordinating regions of Fe-S target proteins. We also found that ANT2 can 
interact with MMS19 and Fe-S proteins, but only in complex and not with the indi-
vidual proteins. Based on these findings, we propose that MMS19 and MIP18 bridge 
the gap between Fe-S cluster donor and acceptor proteins. Specifically, we suggest 
that MMS19 brings Fe-S cluster donor and acceptor proteins into close proximity 
and that the Fe-S cluster is transferred into the target protein with the help of 
MIP18. Furthermore, we propose that ANT2 is required to stabilize the interaction 
between MMS19 and Fe-S proteins.

Results
MMS19 and MIP18 are part of a late CIA complex
Despite the proposed nuclear functions of MMS19 this protein is expressed at high-
er levels in the cytoplasm than in the nucleus (11). Using cell fractionation and 
IP we confirmed that endogenous MMS19 expression is mainly cytoplasmic (Fig-
ure 1A). In addition, epitope- and fluorescently-tagged MMS19 (MMS19-Venus-Myc) 
also localized predominantly to the cytoplasm as shown by immunoblot detec-
tion (Figure 1A) and live-cell imaging (Figure 1B). Since tagged-MMS19 showed 
the same subcellular localization as endogenous MMS19, we used cells expressing 
tagged-MMS19 for further studies. To determine a possible cytoplasmic function of 
MMS19 we identified cytoplasmic MMS19 interacting proteins. MMS19 and MMS19-
Venus-Myc were immunoprecipitated and complexes were subsequently analysed 
using mass-spectrometry. The CIA complex member CIAO1 was repeatedly found as 
a potential MMS19 interacting protein as well as MMXD (MMS19-MIP18-XPD) com-
plex members MIP18 and ANT2 (11). Immunoprecipitation of CIAO1 and subsequent 
mass spectrometry analysis confirmed that MMS19, CIAO1, MIP18 and ANT2 are in 
the same complex.  Mass spectrometry analysis of MMS19-interacting proteins also 
identified several previously reported Fe-S cluster containing proteins including 
NADH dehydrogenase ubiquinone Fe-S protein 1 (NDUFS1), CDK5 regulatory sub-
unit associated protein 1-like 1 (CDKAL1), t-RNA wybutosine-synthesizing protein 
1 homolog (TYW1), phosphoribosyl pyrophosphate amidotransferase (PPAT), and 
Elongator complex protein 3 (ELP3) (Table S2). These results suggest that MMS19 
interacts broadly with Fe-S proteins. This notion is in agreement with mass spec-
trometry analysis of protein complexes of the Fe-S protein Regulator of telomere 
length 1 (RTEL1) which also identified MMS19, CIAO1, and MIP18 as potential inter-
acting proteins.
To confirm that MMS19, CIAO1 and MIP18 are part of the same cytosolic com-
plex and that this complex also includes Fe-S proteins, the Myc-tagged proteins 
were immunoprecipitated from HEK293 cell lysates. Subsequent immunoblotting 
for MMS19, CIAO1, MIP18 and the Fe-S proteins TFIIH basal transcription factor 
complex helicase XPD subunit (XPD), Fanconi Anemia group J protein (FANCJ), 
DNA2-like helicase (DNA2) and DNA-3-methyladenine glycosylase (MPG) showed 
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that these proteins were indeed enriched by IP (Figure 1 C-E). These results are 
in agreement with two recent papers which reported a role for MMS19 in the CIA 
system (9,10).

Although a previous study showed that MMS19 is not expressed in mitochondria 
(11), we did detect the mitochondrial Fe-S proteins Succinate dehydrogenase [ubi-
quinone] iron-sulfur subunit (SDHB) and Cytochrome b-c1 complex subunit Rieske 
(UQCRFS1) after MMS19, CIAO1, and MIP18 immunoprecipitation (Fig. 1C-E). Purifi-
cation of mitochondria did show that MMS19, CIAO1, and MIP18 are not expressed 
in mitochondria (Figure 2A) whereas mitochondrial proteins ATP synthase subunit 
alpha, mitochondrial (ATP5A), Cytochrome b-c1 complex subunit 2, mitochondrial 
(UQCRC2), Cytochrome c oxidase subunit 2 (MT-CO2), and NADH dehydrogenase 
[ubiquinone] 1 beta subcomplex subunit 8, mitochondrial (NDUFB8) were readily 
detected.  These mitochondrial proteins were not detected in cytosolic fractions 
upon MMS19, CIAO1, or MIP18 IP (Figure 2B-C). The presence of SDHB and UQCRFS1 
in IP’s with cytosolic cell fractions indicates that these mitochondrial proteins are 

Figure 1 - MMS19 and MIP18 are part of a late acting CIA complex. (A) Anti-MMS19 immunoblot of 
HEK293 cells expressing MMS19-Venus-Myc. Nuclear and cytoplasmic cell fractions were used for anti-
Myc immunoprecipitation. (B) Live-cell fluorescent imaging of MMS19-Venus-Myc expressed in HEK293 
cells using confocal microscopy. (C-E) MMS19-Venus-Myc (C), CIAO1-Venus-Myc (D) or MIP18-Venus-Myc 
(E) were immunoprecipitated from HEK293 cell lysates. Membranes were immunoblotted with the indi-
cated antibodies. Purity of the nuclear and cytosolic fractions was demonstrated by immunoblot detec-
tion of Histone H3 and Alpha-Tubulin, respectively. N= nuclear fraction, C=cytosolic fraction, IN=input, 
Mock=immunoprecipitated fraction, IP=immunoprecipitated fraction.
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present in the cytosol. Since MMS19, CIAO1, and MIP18 are not localized to mito-
chondria these proteins are most likely not part of the ISC machinery. However, the 
observed interactions do suggest that CIA complex protein members are capable of 
recognizing mitochondrial Fe-S proteins, perhaps via shared protein motifs.

MMS19 and MIP18 interact directly with CIAO1 and Fe-S proteins
To determine the exact composition of the late CIA complex, we used an in vi-
tro transcription and translation system to synthesize Myc-tagged MMS19, CIAO1, 
MIP18, and NARFL and FLAG-tagged CIA and Fe-S proteins. Immunoprecipitation 
and western blot analysis showed that MMS19 and MIP18 interacted directly with 
the CIA proteins CIAO1 and NARFL, but not with ANT2, CIAPIN1, NUBP2 or with each 
other (Figure 3). Furthermore, the results show that both MMS19 and MIP18 were 
capable of directly interacting with the Fe-S proteins XPD, FANCJ, RTEL1, Prob-
able ATP-dependent RNA helicase DDX11 (DDX11), DNA2, MPG, A/G-specific ad-
enine DNA glycosylase (MUTYH), SDHB, and UQCRFS1. In contrast, CIAO1 was only 
capable of interacting directly with MMS19, MIP18 and NARFL, but not with ANT2, 
CIAPIN, NUBP2, or any of the Fe-S proteins. NARFL interacted with MMS19, CIAO1, 
and MIP18, but the results also showed it was not capable of interacting with Fe-S 
proteins or CIA proteins ANT2, NUBP2, and CIAPIN1. The negative control protein 
Poly [ADP-ribose] polymerase 1 (PARP1) did not interact with the tested proteins.

Figure 2 - MMS19, MIP18 and CIAO1 do not localize to mitochondria. (A) Anti-Myc immunoblot of 
cytosolic and mitochondrial HEK293 fractions. (B,C) Venus-Myc-tagged MMS19, CIAO1 or MIP18 were 
immunoprecipitated from cytosolic and mitochondrial HEK293 cell lysates. Membranes were immu-
noblotted with the indicated antibodies. Mock IPs were performed by incubating wildtype with anti-
Myc beads. IN=input, Mock=mock-immunoprecipitated fraction, IP=immunoprecipitated fraction. Bands 
which were clearly weaker than input were deemed non-specific.
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MIP18 interacts with Fe-S proteins through their Fe-S cluster regions
In order to identify the domains necessary for the interactions between MMS19, 
MIP18, and Fe-S proteins, different regions of the RTEL1 protein (Figure 4A) were 
synthesized in vitro. The protein was divided into its ATPase/Helicase domain (res-
idues 1-746), which is a region that is highly conserved within the FANCJ-like fam-
ily of helicases (12) (Figure 4A-B) and the C-terminal end of the protein (residues 
747-1203). IP of MMS19 and MIP18 in the presence of these RTEL1 regions and sub-
sequent western blot analysis showed that both MMS19 and MIP18 interact with the 
N-terminal RTEL1 region containing the helicase domains, but not the C-terminal 
end of the protein (Figure 4D). In order to more specifically assign MMS19- and 
MIP18- binding regions to RTEL1, three progressively shorter regions of the helicase 
domain were synthesized, consisting of residues 262-746, 458-746, and 661-746, 
respectively. These three polypeptides were incubated in the presence of MMS19 
or MIP18. Myc-IP and western blot analysis indicates that MMS19 was capable of 
interacting with RTEL1 regions 246-746 and 458-746, but not with region 661-746 
(Figure 4D). This indicated that the MMS19 binding site in RTEL1 lies in the re-
gion 458-661, which is the region homologous to the MMS19 binding region in XPD 
(11) (Figure 4A-B). The results also showed that while MIP18 did interact with the 

Figure 3 - MMS19 and MIP18 interact directly with CIAO1 and Fe-S proteins. Myc-tagged MMS19, 
CIAO1, MIP18 or NARFL and FLAG-tagged CIA machinery proteins were synthesized in vitro. FLAG- and 
Myc-tagged proteins were incubated and anti-Myc immunoprecipitated. Mock IPs were performed by 
incubating FLAG-tagged proteins in the absence of Myc-tagged protein. IN=input, Mock=mock-immuno-
precipitated fraction, IP=immunoprecipitated fraction.
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RTEL1 helicase domain (residues 1-746), it did not interact with RTEL1 amino acids 
262-746 (Figure 4D). This indicated that the MIP18 binding site in RTEL1 lies at its 
very N-terminal region, consisting of residues 1-261. This region contains the four 
cysteine residues which coordinate the Fe-S cluster and thus we hypothesize that 
MIP18 binds to Fe-S apoproteins in their apo-Fe-S regions.
In order to test this hypothesis, we synthesized polypeptides containing the Fe-S 
cluster coordinating cysteines from two other proteins for which the position of 
these cysteines are known, namely XPD and MUTYH. Polypeptides containing the 
four cysteines flanked by five amino acids at either side, residues 110-196 for XPD 
(Figure 4B) and residues 257-281 for MUTYH (Figure 4C), were synthesized in vitro 
and IPs were performed in the presence of MIP18 and MMS19. Western blot analysis 
showed that MIP18 was capable of interacting directly with these peptides, while 
MMS19 was not (Figure 4E).

MMS19 interacts with CIAO1 and Fe-S proteins via different domains
A previous study identified three MMS19 domains (A, B, and C) with distinct func-
tions in nucleotide excision repair (NER) and transcription (Figure 5A). Domains A 
and B are required for MMS19’s role in transcription and NER, respectively, while 
domain C is necessary for MMS19’s function in both processes (13). Each of these 
domains contains one or more HEAT repeats (Figure 5A), which are required for the 
formation of multi-protein complexes (14).
To determine if these MMS19 regions are involved in the interactions with CIAO1 
and/or Fe-S proteins, MMS19 lacking domains A and B (MMS19∆AB) or domain C 
(MMS19∆C) were incubated in the presence of CIAO1, NARFL, XPD and MUTYH. 
Myc-IP and subsequent immunoblotting showed that that MMS19∆AB retains the in-
teraction with all four proteins, while MMS19∆C no longer interacted with NARFL, 

Figure 4 - Identification of MMS19 and MIP18 binding regions in the Fe-S protein RTEL1. (A-C) Sche-
matic representation of the murine RTEL1 (A), XPD (B) and MUTYH (C) domains. RTEL1 and XPD both 
contain 7 Helicase domains (HD1-7, yellow), a DEAH box (DEAH, blue) and four cysteines necessary for 
the coordination of Fe-S clusters (C, red). RTEL1 also contains a Proliferation Cell Nuclear Antigen-
interacting PIP box (PIP, orange). XPD contains an Arch domain (ARCH, light green), the MMS19 binding 
region in XPD is shown in brown. MUTYH contains binding sites for RPA (RPA, dark blue), DNA minor 
groove (DNA, pink), MSH6 (MSH6, dark grey), APE1 (APE1, black) and PCNA (PCNA, light blue). It also 
contains an HhH motif (HhH, light grey) and four Fe-S cluster coordinating cysteines (C, red). (D,E) Myc-
tagged MMS19 and MIP18 and FLAG-tagged RTEL1, XPD and MUTYH peptides were synthesized in vitro. 
Individual FLAG-tagged proteins and Myc-tagged MMS19 or MIP18 were incubated and anti-Myc immu-
noprecipitated. Mock IPs were performed by incubating FLAG-tagged proteins in the absence of Myc-
tagged protein. IN=input, Mock=mock-immunoprecipitated fraction, IP=immunoprecipitated fraction.
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XPD and MUTYH, but did still interact with CIAO1 (Figure 5B). These results showed 
that MMS19 has different binding sites for CIAO1 and Fe-S proteins and that it binds 
Fe-S proteins through the HEAT repeats contained in its C-terminal region. The re-
sults also suggested that MMS19 binds to NARFL as an Fe-S protein and not as part 
of the CIA machinery.

MMS19 binds Fe-S cluster donor and acceptor proteins simultaneously
The previous experiments showed that MMS19 and MIP18 interact directly with 
CIAO1, NARFL and Fe-S cluster proteins, but not with ANT2, which was repeatedly 
detected in the mass spectrometry analysis. In order to further determine the 
interactions within the complex, we designed an IP experiment with in vitro syn-
thesized proteins. Myc-MMS19 was incubated with different combinations of FLAG-
tagged MIP18, ANT2, CIAO1, NARFL and XPD. Pre-incubation of MMS19 with XPD 
did not block binding of CIAO1, suggesting it is capable of binding CIA proteins and 
Fe-S proteins simultaneously (Figure 6A). MIP18 could be detected after MMS19 
was pre-incubated with XPD or with XPD and CIAO1, proving these four proteins 
can form one complex.
Interestingly, ANT2 was also detected after pre-incubation with XPD, suggesting 
that it bound Fe-S proteins in the presence of MMS19. To examine this possibil-
ity, Myc-tagged ANT2 was incubated in the presence of FLAG-tagged Fe-S proteins 
DNA2, XPD and MUTYH. Myc-IP and immunoblotting showed that ANT2 did not in-
teract directly with Fe-S proteins in vitro (Figure 6B). However, when FLAG-tagged 
ANT2 and Fe-S proteins DNA2, XPD and MUTYH were incubated in the presence of 
Myc-tagged MMS19, an ANT2-MMS19-Fe-S protein complex was formed (Figure 6C).

Discussion
MMS19’s function has previously been linked to nuclear processes like nucleotide 
excision repair (NER), transcription (15,16), DNA replication, histone modification 
(17) and chromosome segregation (11). Interactions between the MMS19 homolog 
DNA repair/transcription protein MET18/MMS19 (Met18), Cia1 (18), Nar1 (19), and 
the MIP18 homolog MIP18 family protein YHR122W (Yhr122w) (20) were previously 
identified in screens for protein complexes in budding yeast. Human MMS19 was 
shown to be part of the MMXD complex, which also contains CIAO1, MIP18, XPD and 

Figure 5 - Identification of an MMS19 domain required for the binding of Fe-S proteins. (A) Sche-
matic representation of the murine MMS19 domains. MMS19 contains 9 HEAT repeats (HR1-9, red). 
(B) Myc-tagged MMS19, MMS19∆AB and MMS19∆C and FLAG-tagged CIAO1, NARFL, XPD and MUTYH 
were synthesized in vitro. Individual FLAG-tagged proteins and Myc-tagged MMS19 or MMS19∆C were 
incubated and anti-Myc immunoprecipitated. Mock IPs were performed by incubating FLAG-tagged 
proteins in the absence of Myc-tagged protein. IN=input, Mock=mock-immunoprecipitated fraction, 
IP=immunoprecipitated fraction.
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ANT2 (11). Recently, MMS19 was implicated in the CIA machinery as part of a com-
plex that includes CIAO1, MIP18 (9,10), and NARFL (9), three known components 
of the CIA system (2,21). Furthermore, MMS19 is required for cytosolic Fe-S cluster 
assembly of several Fe-S proteins involved in DNA metabolism (9,10).
Here, we further characterize the protein composition of this late-acting CIA com-
plex and the protein domains required for protein-protein interactions. We show 
that MMS19 interacts with the CIA component CIAO1 and Fe-S proteins simultane-
ously. We also show that MMS19 interacts with Fe-S target proteins through its C-
terminal HEAT repeats, which have previously been associated with the formation 
of multi-protein complexes(14). Based on these findings, we propose that MMS19’s 
role in the CIA machinery is to bridge the gap between Fe-S cluster donor and ac-
ceptor proteins.
Furthermore, we have identified the MMS19 binding region in RTEL1, which is ho-
mologous to the MMS19 binding site in XPD previously reported (11). However, no 
obvious homology between Fe-S proteins beyond the FANCJ-like family of helicases 
could be detected. This suggests that MMS19 might recognize a structural feature 

Figure 6 - Reconstitution of the MMS19 complex. (A) Anti-FLAG immunoblot for FLAG-tagged CIA and 
Fe-S proteins interacting with Myc-tagged MMS19. Myc-tagged MMS19 and FLAG-tagged CIA and Fe-S 
proteins were synthesized in vitro. Combinations of FLAG-tagged proteins and Myc-tagged MMS19 were 
incubated as indicated and anti-Myc immunoprecipitated. B=bait protein, 1= MMS19 was pre-incubated 
with this protein for the first IP, 2= Beads from first IP were incubated in the presence of this protein for 
the second IP. (B) Myc-tagged ANT2 and FLAG-tagged DNA2, XPD, MUTYH and Parp1 were synthesized 
in vitro. Individual FLAG-tagged proteins were incubated with Myc-tagged ANT2 and anti-Myc immuno-
precipitated. (C) Myc-tagged MMS19 and FLAG-tagged DNA2, XPD, MUTYH and ANT2 were synthesized 
in vitro. MMS19-Myc was incubated with ANT2 alone or combined with one Fe-S protein and Myc-immu-
noprecipitated. Mock IPs were performed by incubating FLAG-tagged proteins in the absence of Myc-
tagged protein. IN=input sample, Mock=mock-immunoprecipitated fraction, IP=immunoprecipitated 
fraction.
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in Fe-S apoproteins as opposed to recognizing a stretch of specific amino acids.
A direct interaction between human GST-MIP18, purified from bacteria, and human 
FLAG-MMS19 and XPD-FLAG, purified from insect cells was reported (11). However, 
we show that MIP18 connects indirectly to MMS19 through interactions with CIAO1 
and Fe-S proteins. MIP18 binds to the regions of Fe-S proteins which contain the 
four Fe-S cluster coordinating cysteines, suggesting a role for MIP18 in the actual 
insertion of Fe-S cluster into apoproteins.
We also show that ANT2 binds to the complex of MMS19 and Fe-S protein, but not 
to the individual proteins. A possible role for ANT2 in the CIA system is to stabilize 
the interaction between MMS19 and Fe-S proteins. This also explains why ANT2 was 
abundant in the mass spectrometry analysis of MMS19, CIAO1 and MIP18 IP frac-
tions, as it was likely purified along with several different Fe-S proteins.
Interestingly, we did not find NARFL in the MMS19 and RTEL1 IP-mass spectrometry 
analysis. In vitro, we did find that NARFL interacts directly with CIAO1, MMS19 and 
MIP18. However, our data suggest that MMS19 and MIP18 bind to NARFL because it 
is an Fe-S protein, not because of its role in the CIA machinery. The CIAO1-NARFL 
interaction is part of the CIA machinery (7) and we found no evidence that CIAO1 
can directly interact with Fe-S proteins. Together, these results suggest that NARFL 
might only be transiently involved in the CIAO1-MMS19-MIP18 complex.
Although MMS19 and MIP18 are capable of binding directly to the mitochondrial 
Fe-S proteins SDHB and UQCRFS1, these proteins receive their Fe-S clusters from 
the ISC system, in which MMS19, CIAO1 and MIP18 are not involved. The SDHB and 
UQCRFS1 observed in our experiments is most likely mitochondrial contamination 
in the cytoplasmic cell extract and our data suggest that they do not represent 
functional interactions. This is supported by the observation that depletion of hu-
man MMS19 does not reduce activity of SDHB or mitochondrial aconitase (mtACO) 
(10).
In yeast, MMS19 deficiency leads to deficiencies in Pol II transcription and NER, 
increased sensitivity to methanesulfonate (MMS) and UV (15), while a defect in 
chromosome segregation has been observed in human cells (11). This pleiotropic 
phenotype can be explained by the newly discovered role of MMS19 in the CIA 
machinery, as Fe-S proteins are involved in each of these processes (9,10). Based 
on our results, we propose a more detailed model for the role of both MMS19 and 
MIP18 in CIA (Figure 7). In this model, MMS19 binds directly to both the Fe-S cluster 
donor CIAO1 and an Fe-S apoprotein into which the Fe-S cluster is to be inserted. 
These interactions bring the proteins into close proximity, which allows the Fe-S 
cluster to be transferred and inserted into the Fe-S apoprotein with the help of 
MIP18. ANT2 is most likely required to stabilize this complex, as it can only bind 
if both MMS19 and an Fe-S protein are present. After transfer of the Fe-S cluster, 
the functional Fe-S protein dissociates from this late CIA complex and is capable of 
performing its function in the cell.
In summary, we have elucidated the composition of the late acting CIA complex 
which contains CIAO1, MMS19, MIP18, and ANT2 and is required for the insertion 
of Fe-S clusters into target proteins. We identify several direct interactions within 
this complex and identify protein regions required for these interactions and pro-
pose a new model of action for this late-acting CIA complex. CIA is an essential 
biological process and its impairment has direct impact on the functionality of 
cytoplasmic and nuclear Fe-S proteins required for a wide range of cellular func-
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tions. Our findings clarify the roles and interactions within the CIA complex and its 
role in the crucial biological process of Fe-S protein assembly.

Methods
Cell lines. HEK293 cells were transfected with a Venus-Myc cDNA fusion construct 
containing MMS19, CIAO1 or MIP18 mouse cDNA using Fugene HD (Promega) and 
selected 36 hours after transfection with 3 µg/ml puromycin (Gibco). Rtel1-FLAG 
knock-in mouse embryonic stem (ES) cells were grown as previously described (22).
Confocal microscopy. MMS19-Venus-Myc expressing HEK293 cells were plated in 
#1.5 Labtek II chambered cover glasses (Nalgene NUNC). Confocal microscopy was 
performed using a LSM 780 and an iLCI Plan-Neofluar 63x/1.3 oil objective (Zeiss).
Vector construction. Protein expression vectors were created using the pF25A 
ICE T7 Flexi vector (Promega) as a backbone. AscI and FseI restriction sites and 
sequences encoding a 2xMyc-tag or 3xFLAG-tag were ligated into the vector. Her-
culase II Fusion DNA Polymerase (Agilent Technologies) was used to PCR amplify 
murine cDNA flanked by AscI/FseI sites. PCR products were digested and ligated 
into the AscI/FseI sites of pF25A ICE T7 2xMyc or 3xFLAG vectors. 
In vitro transcription & translation and immunoprecipitation (IP). FLAG- and 
Myc-tagged proteins were synthesized in vitro using the TNT T7 Insect Cell Ex-
tract Protein Expression System (Promega). Proteins were incubated in IP buffer 
(25 mM HEPES, 1mM EDTA, 0.1% v/v NP-40, 150mM NaCl and Complete EDTA free 
protease inhibitor cocktail (Roche)) and IP was performed using anti-FLAG M2 aga-
rose (Sigma-Aldrich, A2220) or anti-c-Myc agarose (Sigma-Aldrich, A7470). Mock IPs 
were performed by incubating FLAG-tagged protein with anti-c-Myc agarose in the 

Figure 7 - Model for the last steps in the CIA process. Labile Fe-S clusters are transferred to the 
CIAO1/NARFL complex in an earlier step. (1) CIAO1 binds directly to MMS19, which can simultaneously 
bind an Fe-S apoprotein. ANT2 also binds this complex, possibly in order to stabilize the interactions. 
(2) MIP18 interacts with both CIAO1 and Fe-S cluster coordinating region of target Fe-S proteins (in-
dicated by the four C’s, for cysteine) to facilitate the insertion of Fe-S clusters into target proteins. 
(3) After insertion of the Fe-S cluster, the functional Fe-S proteins dissociates from this late-acting CIA 
complex. This model identifies MMS19 and MIP18 as components of the CIA machinery with a critical 
role in Fe-S protein maturation.
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absence of Myc-tagged proteins. SDS-PAGE was performed to separate proteins for 
immunoblot analysis.
Antibodies and immunoblot analysis. Antibodies used for immunoblotting are 
mouse anti-FLAG M2 (Sigma-Aldrich, F1804), rabbit anti-Myc (Abcam, ab9106), 
mouse anti-MMS19 (Euromedex, MMS-3H10), rabbit anti-Ciao1 (Santa Cruz, sc-
8322), rabbit anti-MIP18 (Abcam, ab103227), mouse anti-XPD (Abcam, ab54676), 
rabbit anti-FANCJ (Abcam, ab7288), rabbit anit-DNA2 (Abcam, ab96488), mouse 
anti-MPG (Abcam, ab55461), mouse anti-SDHB (Abcam, ab14714), mouse anti-
UQCRFS1 (Abcam, ab14746), mouse anti-alpha-tubulin (Cell Signaling Technology, 
DM12A), mouse anti-Histone H3 (Cell Signaling Technology, 96C19), mouse OXPHOS 
antibody cocktail (Abcam, ab110411), goat anti-mouse IgG-Perodixase (Sigma-Al-
drich, A5278) and goat anti-rabbit IgG-Perodixase (Sigma-Aldrich, A6154). After 
immunoblotting, blots were treated with SuperSignal West Pico or Femto Chemilu-
minescent Substrate (Pierce) before exposing and developing films.
IP and mass spectrometry. Nuclear and cytosolic fractions were prepared from 
MMS19-, CIAO1- or MIP18-Venus-Myc expressing HEK293 cells and Rtel1-FLAG 
knock-in murine ES cells using a nuclei isolation kit (Sigma, NUC101), mitochondria 
were purified using a mitochondria isolation kit (Abcam, ab110170). Cytoplasmic 
fractions were diluted using cytoplasmic-IP buffer (50mM Tris-HCl (pH 7.4), 150 
mM NaCl, 10% v/v glycerol, 0.2% v/v Triton X-100, 25 mM Hepes, 2mM EDTA and 
protease inhibitors). Nuclei and mitochondria were lysed in nuclear lysis buffer 
(50mM Tris-HCl (pH 7.4), 500 mM NaCl, 10% v/v glycerol, 0.5% v/v Triton X-100, 
25 mM Hepes, 2mM EDTA, 5 mM MgCl2, DNaseI (Roche) and protease inhibitors). 
Upon lysis an equal volume of nuclear lysis buffer without NaCl and Triton X-100 
was added. The MMS19-, CIAO1- and MIP18-Venus-Myc protein complexes were 
immunoprecipitated over-night at 4 °C with anti-c-Myc agarose (Sigma-Aldrich, 
A7470). MMS19 protein complexes were immunoprecipitated using MMS19 antibody 
(EuroMedex, MMS-3H10) immobilized on protein G agarose (Pierce, 20398). Mock 
IPs were performed by incubating lysates from untransfected HEK 293 with mouse 
IgG or anti-c-Myc agarose. For western blot analysis the precipitated proteins were 
eluted in Laemmli buffer for SDS-PAGE. For mass spectrometry (MS) analysis the 
proteins were eluted with 0.5 M formic acid pH 2 for 2 x 10 minutes. The eluates 
were separated by SDS-PAGE using a 4-12% v/v gradient NuPAGE gel (Invitrogen). 
Each lane was excised and divided into 16 pieces and peptides were prepared 
for MS analysis as described (23). Peptides were analyzed by HPLC-electrospray-
tandem mass spectrometry (MS/MS) on a 4000 QTrap mass spectrometer (Applied 
Biosystems/Sciex) as described (23). The MS/MS spectra were queried against the 
SwissProt/UniProt human database (version 57.1) using the Mascot search algo-
rithm (version 2.3.01, Matrix Science). Search parameters were 0.3 Da and 0.4 Da 
for precursor and product ion mass tolerance, respectively. Candidate interacting 
proteins were those present in at least two experimental samples with two or more 
peptides, a Mascot score >50, and not present in the appropriate control samples.
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