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IOP1 Protein Is an External Component of the Human
Cytosolic Iron-Sulfur Cluster Assembly (CIA) Machinery and
Functions in the MMS19 Protein-dependent CIA Pathway”
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(Background: The CIA machinery in human cells is unclear.
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Results: MMS19 formed a complex with MIP18, CIAO1, and IOP1, but IOP1 behaved differently from the other components.
Conclusion: The CIA complex consists of a core MMS19-MIP18-CIAO1 complex, and IOP1 is an external component of the

Significance: This study increases the understanding of the composition of the CIA machinery in human cells and the inter-
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The emerging link between iron metabolism and genome
integrity is increasingly clear. Recent studies have revealed that
MMS19 and cytosolic iron-sulfur cluster assembly (CIA) factors
form a complex and have central roles in CIA pathway. How-
ever, the composition of the CIA complex, particularly the
involvement of the Fe-S protein IOP1, is still unclear. The roles
of each component are also largely unknown. Here, we show that
MMS19, MIP18, and CIAO1 form a tight “core” complex and
that IOP1 is an “external” component of this complex. Although
IOP1 and the core complex form a complex both iz vivo and in
vitro, IOP1 behaves differently in vivo. A deficiency in any core
component leads to down-regulation of all of the components.
In contrast, IOP1 knockdown does not affect the level of any
core component. In MMS19-overproducing cells, other core
components are also up-regulated, but the protein level of IOP1
remains unchanged. IOP1 behaves like a target protein in the
CIA reaction, like other Fe-S helicases, and the core complex
may participate in the maturation process of IOP1. Alterna-
tively, the core complex may catch and hold IOP1 when it
becomes mature to prevent its degradation. In any case, IOP1
functions in the MMS19-dependent CIA pathway. We also
reveal that MMS19 interacts with target proteins. MIP18 has a
role to bridge MMS19 and CIAO1. CIAOL1 also binds IOP1.
Based on our iz vivo and in vitro data, new models of the CIA
machinery are proposed.

DNA repair systems have evolved to function in coordina-
tion with other cellular metabolic pathways. A genetic frame-
work for studying such coordinated mechanisms in eukaryotic
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cells was provided by the isolation and phenotypic character-
ization of mutant strains of the budding yeast Saccharomyces
cerevisiae that are hypersensitive to DNA-damaging agents (1).
The mms19 mutants were originally isolated in a screening for
yeast mutants hypersensitive to the alkylating agent methyl
methanesulfonate (MMS).? In addition, mms19 mutants exhibit
pleiotropic phenotypes, including methionine auxotrophy,
sporulation deficiency, and telomere abnormality (1, 2) and
compromised nucleotide excision repair (NER) and tempera-
ture-sensitive defects in transcription (3, 4). However, the roles
of yeast Mms19 in the maintenance of eukaryotic genome
integrity have remained poorly understood. Human MMS19
expressed in yeast can complement the mmsI9 phenotypes (5).
These phenotypes, which are reminiscent of those resulting
from mutations in the basal transcription factor TFIIH, can be
corrected in vitro by supplementing extracts with TFIIH but
not with recombinant yeast Mms19 (3). Human MMS19
directly interacts with the TFIIH components XPD and XPB,
which are essential for normal NER (6). Yeast Mms19 itself
apparently does not participate directly in NER because it is not
required for a reconstituted in vitro NER system (7), but recent
studies by Kou et al. show that yeast Mms19 functions indi-
rectly in NER by maintaining an adequate cellular concentra-
tion of the TFIIH subunit Rad3, a yeast counterpart of human
XPD. However, the temperature-sensitive growth defect of
mmsl19 is not rescued by artificially maintaining an adequate
amount of Rad3, indicating that yeast Mms19 serves as a
multifunctional regulator in the maintenance of genome
integrity (8).

Fe-S clusters are ancient versatile protein cofactors involved
in multiple fundamental processes, including electron transfer,
enzyme catalysis, and gene expression (9, 10). Fe-S clusters are
used for transferring electrons, generating radicals, and stabi-
lizing protein structures. An Fe-S cluster is involved in DNA
damage recognition by the Escherichia coli MutY protein,

3 The abbreviations used are: MMS, methyl methanesulfonate; NER, nucleo-
tide excision repair; TF, transcription factor; CIA, cytosolic iron-sulfur clus-
ter assembly; MMC, mitomycin C.
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which functions in oxidative DNA damage repair (11). Several
nuclear helicases belonging to the XPD/Rad3 family contain
Fe-S clusters (12, 13). The crystal structure of one of these, XPD
from archaea, revealed that the Fe-S cluster plays a role in main-
taining the structure of XPD helicases (14—16). The domain
of XPD containing the Fe-S cluster has a wedge-like feature
that is involved in DNA duplex separation during unwinding
(13, 16).

Previously, we reported that human MMS19 and XPD
form a novel TFIIH-independent protein complex, which we
named MMXD, consisting of MMS19, XPD, MIP18, ANT2,
and CIAO1 (17). CIAOL1 is involved in the late step of cytosolic
iron-sulfur cluster assembly (CIA) (18). Recently, MMS19 was
reported to form a complex with the CIA machinery. Here, we
describe the composition of the complex, the interactions
between the components in the complex, and the roles of each
component.

EXPERIMENTAL PROCEDURES

Cell Culture—The HeLa, MCF7, and HEK293 cell lines were
used in this study. Each cell line was cultured in DMEM con-
taining 10% fetal bovine serum and 100 units/ml penicillin/
streptomycin at 37 °C in a 5% CO, incubator.

Isolation of Stable Transfectants—HEK293 cells overexpress-
ing FLAG-His,-MMS19 were transfected with a pcDNA3 vec-
tor containing human HA-CIAOL]. Stable transfectants were
selected in the presence of G418.

Plasmids—A vector-based RNAi approach (shRNA) was
used to knock down MMS19 in HeLa cells. A gene-specific
targeting sequence (shMMS19-KD1, GGATGAATTCCTAC-
AGCTA) was cloned into the pSUPERIOR vector (Oligoen-
gine) to obtain vector-encoded short hairpin constructs for
RNAi. Another gene-specific targeting sequence (shMMS19-
KD2, TGATGGCTTCTCTCTGCTCATGTCTGACT) and the
expression vector pRS were purchased from OriGene.

Purification of Protein Complexes—The FLAG-His,-MMS19
complex was purified from HEK293 cells overexpressing
FLAG-His,-MMS19 as described previously (17). The complex
between FLAG-His,-MMS19 and HA-CIAO1 was purified by
sequential affinity purification with anti-FLAG M2-agarose
(Sigma-Aldrich), followed by anti-HA agarose (Sigma-Aldrich), as
described previously (19).

Protein-Protein Interaction Assay—The recombinant pro-
teins (1 pmol each) were incubated in NETN buffer (17) con-
taining 100 ug/ml BSA for 3—4 h and pulled down with the
appropriate affinity tag resins. After several washes, bound pro-
teins were eluted and analyzed by immunoblot analysis.

Gel Filtration—Sf9 cell extracts overexpressing FLAG-His,-
MMS19, His-CIAO1, His-MIP18, and His-IOP1 were mixed
and incubated for 3 h to form a complex. The MMS19 complex
was then isolated by FLAG tag affinity purification and sub-
jected to Superose 6 PC 3.2/30 (GE Healthcare) with buffer
containing 20 mm Tris-HCI (pH 8.0), 150 mm NaCl, 10% glyc-
erol, 0.1% Tween 20, and 10 mMm 2-mercaptoethanol.

Cell Survival Assays—Cells were plated in 10-cm dishes at a
density of 1000 -2000 cells/dish. After 24 h, cells were washed
with PBS and irradiated with y-rays at the indicated doses. For
mitomycin C (MMC) and MMS treatment, cells were incu-
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bated with the indicated amount of the agent for 1 h. Cells were
then washed with PBS and incubated for 1-2 weeks. The result-
ing colonies were fixed with 3.7% formaldehyde, stained with
0.1% crystal violet, and counted using a binocular microscope.
Subcellular Fractionation—Cells were fractionated into the
cytosol (fraction 1), membranes and organelles (fraction 2),
nucleus (fraction 3), and cytoskeleton (fraction 4) using
selected buffers from the Merck subcellular proteome extrac-
tion kit.
FANCD?2 Monoubiquitylation Analysis—Cells were treated
with 0.5 umM MMC for 1 h to induce FANCD2 monoubiquitylation.
Knockdown Experiments—The siRNA duplexes used in this
study are listed below. siRNA duplexes specifically targeting
MMS19, CIAOI, and IOPI (Stealth RNA) and non-targeting
control siRNAs were purchased from Invitrogen. All siRNAs
were transfected using Lipofectamine RNAiIMAX (Invitrogen).
The sequences of the siRNAs were as follows: CIAOI, AGUG-
GUUACACACUCAAAGUCAUCC; MMS19, UACGGAUG-
CCAACAAGCUGAAGCUG; and IOPI1, AGCACGUG-
GAGAGACUGUACGGCAU. siRNA duplexes specifically
targeting MIP18 and XPD (SMARTpool) were purchased from
Dharmacon and were as described previously (17). Knockdown
efficiencies were verified by immunoblotting or real-time
quantitative PCR using TaqgMan probes (Applied Biosystems).
Western Blotting and Antibodies—Antibodies against MMS19,
MIP18, and XPD were described previously (17). Polyclonal
antibody against human CIAO1 was raised in rabbits. Other
antibodies were purchased commercially: anti-FANC]J, anti-
GAPDH, and anti-actin (Sigma-Aldrich); anti-RTEL1 (D-20)
and anti-POLE (Santa Cruz Biotechnology); anti-IOP1 (Abcam);
anti-MLH1 (BD Pharmingen); anti-NUBP1 (Abnova); anti-
RTEL1 (LifeSpan); anti-FANCD2 (Novus); and anti-PRIM2
(Cell Signaling). For some Western blot experiments, a rapid
Western blot apparatus (Western Q, SciTrove) was used.

RESULTS

Knockdown of MMS19 Results in Hypersensitivity to Killing
by MMC in HeLa Cells—Previously, we showed that MMS19-
knockdown HeLa cells are sensitive to UV light (17). To study
the roles of MMS19 in DNA repair pathways further, we gen-
erated two independent shRNA-mediated MMS19-knock-
down HelLa cell lines (shMMS19-KD clones 1 and 2) and mea-
sured their sensitivity to a range of DNA-damaging agents. Both
clones behaved qualitatively similarly in all of the experiments
described below. Compared with HeLa cells, shMMS19-KD cells
exhibited hypersensitivity to the cross-linking agent MMC
and moderate sensitivity to y-rays and MMS (Fig. 1, C-E).

Protein Levels of FANCJ and RTEL1 Are Reduced in MMS19-
knockdown Cells—The Fanconi anemia pathway is essential for
repair of DNA interstrand cross-links. Central to the Fanconi
anemia pathway is the monoubiquitylation of FANCD2 (20).
We found that FANCD2 was monoubiquitylated normally
in MMS19-knockdown HeLa cells (Fig. 2D). Therefore, we
focused on proteins that act downstream of FANCD?2 in the
DNA cross-link repair pathway. One such protein is FANC], a
member of the XPD/Rad3 Fe-S helicase family (21). The level of
XPD s reduced in MMS19-knockdown cells (17), prompting us
to investigate the level of FANC] in these cells. As shown in Fig.
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FIGURE 2. MMS19 interacts with Fe-S helicases in vivo. A, MCF7 whole-cell extracts (lysates) were incubated with either rabbit anti-FANCJ or anti-RTEL1
polyclonal antibody. Immunoprecipitates (IP) were analyzed using antibodies against the indicated proteins. B, a whole-cell extract from HEK293 cells
overexpressing FLAG-His-MMS19 (FH-MMS19/HEK293) and the purified FLAG-Hisg-MMS19 complex isolated from the whole-cell extract were immuno-
blotted with antibodies against the indicated proteins. HEK293 whole-cell extract (—/HEK293) was used as a control. C, MMS19 knockdown does not
affect the subcellular localization of Fe-S helicases. Subcellular localization was examined by immunoblot analysis using the indicated antibodies.
Subcellular fractionations of Fe-S helicases were in wild-type HeLa and shMMS19-KD (clone 1; MMS19-KD #1) cells. Whole cell extracts were separated
into fractions as described under “Experimental Procedures.” Protein markers for the fractions are as follows: fraction (Fr.) 1, a-tubulin; fraction 2, COX4;
fraction 3, XPC; and fraction 4, laminB. D, damage-induced FANCD2 monoubiquitylation is unaffected by MMS19 knockdown. Whole-cell extracts were
incubated with anti-FANCD2 antibody. FANCD2 monoubiquitylation (Ub-FANCD2) was induced as described under “Experimental Procedures.” FANCD2
monoubiquitylation was ascertained by slower electrophoretic migration. Actin was used as a loading control. E, MMS19 interacts with Fe-S helicases
in vivo. HeLa whole-cell extracts (lysates) were incubated with either rabbit anti-FANCJ or anti-RTEL1 polyclonal antibody. Immunoprecipitates were
analyzed using antibodies against the indicated proteins.

1 (A and B), the levels of FANC] were markedly reduced in
shMMS19-KD cells compared with WT cells. RTEL1, another
member of the XPD/Rad3 Fe-S helicase family, is required for
telomere maintenance and homologous recombination (22);
the levels of RTEL1 were also decreased in shMMS19-KD cells
(Fig. 1, A and B). DDX11 is another member of the Fe-S cluster-
containing DNA helicase family, and it is involved in sister
chromatid cohesion and unwinding of the intermediates of
DNA replication and recombination. As with the other heli-
cases, the levels of DDX11 were significantly decreased in
shMMS19-KD cells (Fig. 1, A and B). Studies in yeast suggest

that MMS19 deficiency affects the general transcription level in
human cells (3, 8). Thus, we examined the mRNA levels of Fe-S
helicases in MMS19-deficient cells. No relative reduction com-
pared with the control mRNA level was observed (Fig. 1F).
Interaction of MMS19 with Fe-S Helicases in Human Whole-
cell Extracts—We investigated whether MMSI19 interacts
directly with FANCJ or RTEL1. To this end, we performed
immunoprecipitation experiments using whole-cell extracts
derived from MCF?7 breast cancer cells. Anti-FANC] antibody
precipitated MMS19 from whole-cell extracts (Fig. 24, lanes 3
and 4), whereas neither FANC] nor MMS19 was precipitated

FIGURE 1. Protein levels of nuclear Fe-S helicases are reduced in HelLa cells following knockdown of MMS19. A, immunoblots of whole-cell extracts
using the indicated antibodies. Data shown are from one of several representative experiments. GAPDH was used a loading control. MMS19-KD #1 and
MMS19-KD #2, shMMS19-KD clones 1 and 2, respectively. B, histograms show mean protein levels of Fe-S helicases. Error bars indicate S.D. calculated
from at least three independent experiments in WT and shMMS19-KD (clones 1 and 2) cells. C-E, WT and shMMS19-KD (clones 1 and 2) cells were treated
with the indicated amounts of MMC (C), y-rays (D), and MMS (E). Each data points represent mean values of at least three independent experiments; error
bars indicate the S.D. F, real-time quantitative PCR analyses were performed with cDNAs prepared from WT and shMMS19-KD (clones 1 and 2) cells.
Histograms represent the mean values of the indicated mRNAs, normalized against GAPDH mRNA. Error bars indicate S.D. calculated from three
independent experiments.
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FIGURE 3. MMS19 knockdown down-regulates CIA machinery. A, immunoblots of whole-cell extracts (using the indicated antibodies) from HEK293 cells
transfected with control siRNA (siCONT) or siRNA specifically targeting MMS19, CIAO1, MIP18, or IOP1. B,immunoblots of whole-cell extracts (using the indicated
antibodies) from wild-type HEK293 cells and HEK293 cells overexpressing FLAG-Hisi-MMS19 (FH-MMS19). C, experimental procedure for purification of
complexes between FLAG-Hiss-MMS19 and HA-CIAOT1. D, silver staining of the complex between FLAG-Hiss-MMS19 and HA-CIAO1 purified from HEK293 cells
overexpressing both FLAG-His,-MMS19 and HA-CIAO1 in normal salt (150 mm NaCl; lane 2) and high salt (400 mm NaCl; ane 3). As a control, a mock purification
was performed with whole-cell extract prepared from non-transfected HEK293 cells (lane 7). E, whole-cell extracts from HEK293 cells overexpressing FLAG-
Hisg-MMS19 and HA-CIAO1 were immunoblotted with antibodies against the indicated proteins (lane 7). The purified complex between FLAG-His,-MMS19 and

HA-CIAO1 isolated from the whole-cell extracts was immunoblotted with antibodies against the indicated proteins (lane 2).

when normal rabbit IgG was used (lane 2). In control experi-
ments, MLH1, a known binding partner of FANCJ (23), was
co-immunoprecipitated with anti-FANCJ antibody. MMS19
was also co-immunoprecipitated with anti-RTEL1 antibody in
a manner dependent on antibody concentration (Fig. 24, lanes
7 and 8). Similar effects were observed in HeLa cells (Fig. 2E).
Next, we expressed FLAG-His,-MMS19 protein in HEK293
cells and performed affinity purification of whole-cell extracts
(17). Immunoblots revealed that the FLAG-His,-MMS19 com-
plex contained FANC], XPD, and CIAO1 (Fig. 2B, lane 4). The
yeast ortholog of CIAO1, Cial, interacts with Narl (18, 24).
Narl is the yeast ortholog of human IOP1 and is also known as a

16684 JOURNAL OF BIOLOGICAL CHEMISTRY

CIA factor. Consistent with those observations, we also identified
human IOP1 in the FLAG-His,-MMS19 complex (Fig. 2B). In
contrast, we did not detect the NUBP1-NUBP2 complex (Fig. 2B),
which functions at an earlier stage in CIA pathway (25).

XPD, FANC]J, and RTEL1 normally function in the nucleus,
so we examined the subcellular localization of these helicases in
shMMS19-KD cells (clone 1). FANC], RTEL1, and XPD pro-
teins were present predominantly in the nuclear fraction in
both shMMS19-KD and WT cells (Fig. 2C). Thus, MMS19 does
not affect the nuclear localization of Fe-S helicases.

Isolation of the MMS19-CIAO1 Protein Complex—In MMS19-
knockdown HEK293 cells, the protein levels of CIAO1, MIP18,

VOLUME 288-NUMBER 23+JUNE 7, 2013
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and IOP1 were markedly decreased (Fig. 3A). A similar
decrease in protein levels was observed when CIAO1 and
MIP18 were knocked down. In contrast, the protein levels of
MMS19, MIP18, and CIAO1 were not affected by the knock-
down of IOP1 (Fig. 3A). Next, we examined the protein levels of
CIAO1, MIP18, and IOP1 in HEK293 cells overexpressing
FLAG-His,-MMS19. The protein levels of CIAO1 and MIP18
were markedly elevated in these cells (Fig. 3B), whereas the
levels of IOP1, XPD, and FANC] were unchanged (Fig. 3B).
These results suggest that MMS19 forms a stable complex with
CIAO1, MIP18, and IOP1, although IOP1 behaves somewhat
differently.

To further analyze the roles of MMS19 and other proteins in
CIA, we isolated MMS19 and CIAO1 as a complex from
HEK293 cells overexpressing both FLAG-His,-MMS19 and
HA-CIAOL1 by affinity purification using anti-FLAG and anti-
HA antibodies (Fig. 3, C and D). Mass spectrometry analysis
indicated that the MMS19-CIAO1 complex contains IOP1 and
MIP18 (Fig. 3D). The MMS19-CIAO1 complex was stable even
under high salt concentrations (Fig. 3D, lane 3). We also tested
whether Fe-S helicases and other Fe-S proteins in the nucleus
interact with this complex. XPD and FANC], as well as two
other Fe-S proteins working in DNA replication called POLE
and PRIM2, were also identified (Fig. 3E).

To further elucidate the complex composition and the roles
of each component, all factors were independently purified
from extracts of Sf9 cells overexpressing each protein (Fig.
4A). The complex composition was examined by gel filtra-
tion analysis, and a complex consisting of all the four pro-
teins (MMS19, MIP18, CIAO1, and IOP1) was predomi-
nantly formed (Fig. 4B). These results provide further
support for the idea that MMS19 forms a complex with
CIAO1, MIP18, and IOP1.

Next, we investigated direct interactions within the complex
by examining pairwise interactions between purified compo-
nents. FLAG-His,-MMS19 interacted with His,-MIP18, as
reported previously (17). We observed a weak interaction
between FLAG-His,-MMS19 and His,-IOP1 (Fig. 4C), but no
interaction between FLAG-His,-MMS19 and His,-CIAOL1.
When His,-HA-CIAO1 was used as the bait instead of FLAG-
His,-MMS19, we observed a strong interaction between His,-
HA-CIAOL1 and His,-MIP18 (Fig. 4D). His,-IOP1 interacted
with His,-HA-CIAO1 weakly, and we observed no interaction
between His,-HA-CIAO1 and FLAG-His,-MMS19. To exam-
ine the interaction of the target proteins with the MMS19
complex components, we used FLAG-V5-His,-XPD and His,-
FANCJ-HA as baits. As reported previously (16), FLAG-V5-
His,-XPD interacted with FLAG-His,-MMS19 and His,-
MIP18 (Fig. 4E). We observed a strong interaction between
FLAG-V5-His,-XPD and Hisg-CIAO1L. Next, we used another
Fe-S helicase, FANC], as a bait. His,-FANCJ-HA interacted
with FLAG-His,-MMS19, but an interaction between His,-
FANC]J-HA and His,-CIAO1 was not observed (Fig. 4F).

DISCUSSION
In this study, we found that MMS19-knockdown cells are

hypersensitive to MMC and moderately sensitive to y-rays and
MMS (Fig. 1, C-E), in addition to the UV sensitivity and abnor-
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mal chromosome segregation we reported previously (17). The
protein levels of the Fe-S cluster-containing DNA helicase fam-
ily members FANC]J, RTEL1, DDX11, and XPD are decreased
in MMS19-knockdown cells. MMS19 forms a complex with
MIP18, CIAO1, and IOP1, and this complex contributes to the
CIA machinery. These results suggest that the pleiotropic phe-
notypes of MMS19-knockdown cells might be explained by
decreased levels of the Fe-S proteins due to a defect in CIA.

Pleiotropic Phenotypes in MMSI19-knockdown Cells—The
levels of the XPD/Rad3 Fe-S helicase family members FANC],
XPD, DDX11, and RTEL1 were decreased in MMS19-knock-
down cells (Fig. 1B). FANCJ and RTELI are required for DNA
cross-link repair; thus, the decreased levels of these proteins
may explain the hypersensitivity of MMS19-knockdown cells
to MMC (22, 26-28). XPD is a subunit of TFIIH required for
NER and basal transcription; decreased levels of XPD result in
UV sensitivity and abnormal transcription (29). Deficiency of
DDX11, which functions in cohesion, causes impaired chromo-
some segregation (30). We showed previously that abnormal
chromosome segregation is frequently observed in MIP18- and
MMS19-knockdown cells (17). Dysfunction of DDX11 caused
by impaired Fe-S cluster assembly may explain the frequent
abnormal chromosome segregation in MIP18- and MMS19-
knockdown cells (17). In addition, a recent study by Netz et al.
(31) showed that eukaryotic DNA polymerases «, 8, €, and ¢
possess Fe-S clusters. Dysfunction in Fe-S DNA polymerases
affects cellular sensitivity to multiple DNA-damaging agents
(32). We also showed that POLE, a catalytic subunit of DNA
polymerase €, and PRIM2, a subunit of primase, interact with
MMS19 (Fig. 3E). These results suggest that the pleiotropic
phenotypes of MMS19-knockdown cells, such as abnormal
DNA repair, transcription, and chromosome segregation (3,
17), could be explained by a decrease in the levels of Fe-S pro-
teins. During the preparation of our manuscript, two other
groups reported that MMS19 deficiency results in hypersensi-
tivity to some DNA-damaging agents and that MMS19 is
involved in the CIA pathway (33, 34). Collectively, the pleiotro-
pic phenotypes of MMS19-knockdown cells are likely caused
by a decrease in the levels of Fe-S proteins resulting from a
defect in CIA activity. However, the number of Fe-S proteins
involved in the maintenance of genome integrity is continually
increasing. As described above, general transcription is also
affected in MMS19-deficient cells. Thus, the impact of MMS19
deficiency on genome integrity may not be limited to Fe-S pro-
teins involved in DNA metabolism, but may also affect the
intracellular environment, potentially resulting in dysregula-
tion of the cellular network that controls genome integrity.
Hence, the effects of MMS19 knockdown and impaired CIA
activity on genome integrity should be further explored within
the context of MMS19 involvement in cell homeostasis.

Roles of Core Components of the MMS19 Complex in CIA—
To further elucidate the roles of MMS19 and CIA components
in CIA, we examined the interactions between purified recom-
binant proteins. Previously, we showed that recombinant
MMSI19 strongly interacts with in vitro translated XPD (17).
MMS19 also binds two recombinant human Fe-S proteins,
XPD and FANC] (Fig. 4, E and F). MMS19 contains HEAT
repeats that have a rod-shaped structure and often function in
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FIGURE 4. Interactions between MMS19 complex components and target proteins. A, silver staining of recombinant FLAG-Hiss-MMS19 (FH-MMS19),
FLAG-V5-Hisg-XPD (FVH-XPD), Hisg-FANCJ-HA (H-FANCJ-HA), Hisg-HA-CIAO1 (H-Ha-CIAO1), Hisg-MIP18 (H-MIP18), Hisg-CIAO1 (H-CIAO1), and Hisg-IOP1 (H-IOPT)
proteins purified from insect cells infected with baculoviruses expressing each of these proteins. FLAG-His-MMS19 and FLAG-V5-His-XPD were affinity-
purified using the FLAG tag. Hiss-FANCJ-HA and Hisg-HA-CIAO1 were affinity-purified using the HA tag, and other proteins were affinity-purified using the His
tag. B, the MMS19 complex was separated on a Superose 6 column. After fractionation, each fraction was resolved by SDS-PAGE and visualized by silver
staining. C, purified FLAG-Hiss-MMS19 was incubated with the indicated proteins and affinity-captured with FLAG beads. As a control, FLAG-His-MMS19 was
omitted. After repeated washes with NETN buffer, FLAG tag-bound proteins were eluted with FLAG peptide and subjected to immunoblot analysis. D, purified
Hisg-HA-CIAO1 was incubated with the indicated proteins and affinity-captured with HA beads. As a control, His&-HA-CIAO1 was omitted. After repeated
washes with NETN buffer, HA tag-bound proteins were eluted with HA peptide and subjected to immunoblot analysis. E, purified FLAG-V5-His,-XPD was
incubated with the indicated proteins and affinity-captured with V5 beads. As a control, FLAG-V5-Hiss-XPD was omitted. After repeated washes with NETN
buffer, V5 tag-bound proteins were subjected to immunoblot analysis. F, purified Hisg-FANCJ-HA was incubated with the indicated proteins and affinity-
captured with HA beads. As a control, Hisc-FANCJ-HA was omitted. After repeated washes with NETN buffer, HA tag-bound proteins were eluted with HA
peptide and subjected to immunoblot analysis.
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FIGURE 5. Models for the human CIA machinery. The MMS19 complex consists of a core complex (MMS19-MIP18-CIAO1) and an external component (IOP1).
The core complex catches and holds IOP1 via interaction with CIAO1. MMS19 in the core complex binds apoproteins. MIP18 connects CIAO1 and MMS19. A, the
core complex (MMS19-MIP18-CIAO1) participates in transferring Fe-S clusters to IOP1 apoproteins. Then, the full complex further catalyzes the Fe-S cluster
transfer reaction to the target proteins. B, the core complex catches and holds IOP1 when itis matured in the early phase of the CIA pathway. The core complex
stabilizes IOP1 or protects IOP1 from degradation. Then, the full complex catalyzes the Fe-S cluster transfer reaction to the target proteins. In either case, IOP1

functions via the MMS19-dependent pathway.

protein transport in the cytosol (35). These results suggest that
MMS19 might function in the transport of target proteins.
Other core components might participate in the interactions
with the target proteins in some cases, just like XPD (Fig. 4E)
(17). In contrast, our data clearly show that CIAO1 does not
interact with FANC]J, and it should be further explored (Fig. 4F).
CIAOL1 is a WD40 protein and may work as a docking base for
proteins. In yeast, Cial and Nar1 interact with each other (18).
Consistent with this, purified CIAOL1 interacts with IOP1 (Fig.
4D). Moreover, CIAO1 binds tightly to MIP18 (Fig. 4D), and
MIP18 binds tightly to MMS19 (Fig. 4C). Hence, MIP18 plays a
role in connecting MMS19 and CIAO1.

The status and roles of IOP1 in the MMS19 complex remain
unsolved. IOP1 may function in both the MMS19-dependent
and MMS19-independent CIA pathways (34). Alternatively,
IOP1 may be included in the MMS19 complex and involved
solely in the MMS19 complex-dependent CIA pathway (33).
Our immunoprecipitation experiments indicate that CIAO1,
MIP18, and IOP1 are present in the MMS19 complex (Fig. 2B).
Gel filtration data also indicate that IOP1 is likely to present in
the MMS19 complex in human cells (Fig. 4B). The core com-
ponents (MMS19, CIAO1, and MIP18) are highly dependent
on each other; when one is depleted by siRNA knockdown,
other components are down-regulated (Fig. 3A). Furthermore,
the protein levels of MIP18 and CIAO1 are increased in
MMS19-overexpressing cells (Fig. 3B). These observations sug-
gest that the core components are tightly associated with each
other and become more vulnerable to degradation when they
are not incorporated within the complex. In contrast, IOP1
behaves differently; it is down-regulated when one of the core
components is depleted, but knockdown of IOP1 does not
affect the levels of the core components (Fig. 3A). Moreover,
the levels of IOP1 remain constant after MMS19 overproduc-
tion, as do the levels of the Fe-S helicases XPD and FANC] (Fig.
3B). Considering that Narl, the yeast IOP1 ortholog, is known
to contain multiple Fe-S clusters (24), the MMS19 core com-
plex might participate in IOP1 maturation, and the loss of the
core complex might reduce the protein level of IOP1, just like
other Fe-S proteins (Fig. 5A4). Alternatively, the core complex
may catch and hold IOP1 immediately after IOP1 is matured in
the early phase of the CIA pathway. The core complex may
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stabilize mature IOP1 or protect mature IOP1 from degrada-
tion (Fig. 5B). In any case, it is likely that IOP1 functions via the
MMS19-dependent pathway in human cells. In contrast, yeast
studies show that Mms19 is not essential and that Nar1 is essen-
tial in yeast cells, suggesting that Nar1 has more important roles
in the CIA pathway compared with Mms19. However, recent
studies using knock-out mice have shown that both IOP1 and
MMS19 are essential in higher eukaryotes (33, 36, 37). The role
of IOP1 and MMSI19 in the vertebrate CIA machinery may be
different from that of yeast orthologs.

Another model of the MMS19 complex was proposed by van
Wietmarschen al. during the course of our manuscript prepa-
ration (38). They analyzed the protein-protein interactions
between CIA components by using in vitro translated proteins
and have shown a different model. There are several differences
between our model and theirs. One major difference is, again,
the status of IOP1. According to their model, IOP1 forms a
complex with CIAQO], as in the case of yeast orthologs. In con-
trast, our siRNA-knockdown analyses indicate that CIAO1
instead forms a tight complex with MMS19 and MIP18, but not
with IOP1. The roles of MIP18 and CIAO1 are also different.
Their experiments indicate that there is no interaction between
MMS19 and MIP18. Here, we have shown that recombinant
MIP18 produced by insect cells clearly binds MMS19 (Fig. 4C).
Interaction between MMS19 and CIAO1 was also shown by van
Wietmarschen et al., and the binding region was mapped. In
our experiments, there was no interaction between MMS19
and CIAOL1 (Fig. 4, C and D). On the basis of our data, we
propose that MIP18 has a role to connect MMS19 and CIAO1.
So far, the reasons causing the differences are unclear. One
possible difference is the status of protein folding. We used
recombinant proteins produced by insect cells to study protein-
protein interactions. It is not clear whether in vitro translated
proteins are properly folded or Fe-S clusters are sorted into the
target site.

Collectively, possible models are proposed based on our in
vivo and in vitro data. In both models, MMS19, MIP18, and
CIAOL1 form a tight core complex. The core complex catches
and holds IOP1 via interaction with CIAO1. MMS19 in the
complex binds apoproteins. MIP18 connects CIAO1 and
MMS19. One model could be that the core complex plays roles
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in the maturation of IOP1 (Fig. 54). As IOP1 functions in the
CIA pathway (36, 37) and it is a putative Fe-S cluster donor,
Fe-S clusters might be further transferred from IOP1 to the
target proteins by the full complex. However, studies in yeast
show that Nar1l has already been matured in the early phase of
the CIA pathway. In addition, it is not clear whether the core
complex possesses Fe-S clusters or not. An alternative model is
that, in human cells, the core complex may immediately catch
and hold IOP1 when it is matured in the early phase of the CIA
pathway. The core complex stabilizes IOP1 or prevents IOP1
from degradation. Then, the combined complex (full complex)
may catalyze the late CIA reactions (Fig. 5B).
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