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they show that the interaction with
MMS19 protects MIP18 from
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SUMMARY

The cytoplasmic iron-sulfur assembly (CIA) targeting
complex is required for the transfer of an iron-sulfur
(Fe-S) cluster to cytoplasmic and nuclear proteins,
but how it engages with client proteins is unknown.
Here, we show that the complex members MIP18
and CIAO1 associate with the C terminus of
MMS19. By doing so, they form a docking site for
Fe-S proteins that is disrupted in the absence of
either MMS19 or MIP18. The Fe-S helicase XPD
seems to be the only exception, since it can interact
with MMS19 independently of MIP18 and CIAO1.
We further show that the direct interaction between
MMS19 and MIP18 is required to protect MIP18
from proteasomal degradation. Taken together,
these data suggest a remarkably regulated interac-
tion between the CIA targeting complex and client
proteins and raise the possibility that Fe-S cluster
transfer is controlled, at least in part, by the stability
of the CIA targeting complex itself.

INTRODUCTION

MMS19/Mms19 was first identified in Saccharomyces cerevisiae
as being methyl methanesulfonate sensitive (MMS) and required
for the removal of UV-induced pyrimidine dimers (Prakash and
Prakash, 1979). It was further shown to be involved in nucleotide
excision repair (NER) and transcription (Lauder et al., 1996),
which was later explained with its role in stabilizing the NER/
transcription factor XPD (Kou et al., 2008).

In 2012, two studies reported that MMS19 is part of the cyto-
plasmic iron-sulfur assembly (CIA) machinery and, together with
MIP18/FAM96B and CIAO1, is required for the transfer of an
iron-sulfur (Fe-S) cluster to client Fe-S proteins (Gari et al.,
2012; Lill et al., 2015; Stehling et al., 2012). Remarkably, many
of its Fe-S client proteins are nuclear proteins with roles in
DNA replication and repair, among them the NER/transcription
factor XPD, and a number of DNA polymerases and helicases
(Gari et al., 2012; Stehling et al., 2012). While the actual role of
Fe-S clusters in the context of DNA metabolism is largely un-
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known, Fe-S cluster-binding mutant versions of these proteins
are severely impaired in vitro and in vivo, indicating that Fe-S
clusters are a prerequisite for proper protein function (Fuss
et al., 2015; Netz et al., 2011; Rudolf et al., 2006; van der Lelij
et al., 2010; Vashisht et al., 2015).

The finding that the levels of multiple Fe-S client proteins with
roles in DNA replication and repair are severely affected in the
absence of MMS19 (Gari et al., 2012; Stehling et al., 2012)
provides a plausible explanation for MMS19’s long-known, but
elusive, role in the maintenance of genome stability. Moreover,
reduced levels and/or activities of Fe-S proteins may also explain
many, if not all, of the other phenotypes associated with loss of
MMS19 (Ito et al., 2010; Kou et al., 2008; Li et al., 2011).

MMS19 contains several HEAT repeats, which are commonly
involved in protein-protein interactions, but a thorough analysis
on how MMS19 mediates binding to Fe-S proteins is still
missing. Here we use co-immunoprecipitation (co-IP) experi-
ments to show that CIA targeting complex members MIP18
and CIAO1 associate with the C-terminal HEAT repeats of
MMS19 and, together, form a docking site for Fe-S proteins.
With the exception of XPD that can directly interact with the
N-terminal HEAT repeats of MMS19, all Fe-S proteins seem to
require the presence of both MMS19 and MIP18 to bind to the
CIA targeting complex. We further show that the direct interac-
tion between MMS19 and the C terminus of MIP18 is required
to protect MIP18 from proteasomal degradation, raising the
possibility that Fe-S cluster incorporation into client proteins is
regulated, at least in part, by the stability of the CIA targeting
complex itself.

RESULTS

MIP18 and CIAO1 Interact with the C Terminus of
MMS19

HEAT repeats, as found in MMS19, are commonly involved in
protein-protein interactions. To better understand the composi-
tion of the CIA targeting complex and the role of the HEAT re-
peats in MMS19, we generated truncation mutants of MMS19
(Figure 1A) comprising either the N-terminal HEAT repeats (frag-
ment A), the central region (fragment B), or the C-terminal HEAT
repeats (fragment C). Since we observed a very weak expression
of fragment C (see Figure 1B, left panel, lanes 5 and 11), we
included fragment D that contains the C-terminal HEAT repeats
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Figure 1. MIP18 and CIAO1 Associate with

1 2 3 4 5 6|7]|8|9| FL=tull-length MMS19
A [ L] o] o] [s] [s] lo]rle]o] WHehd MMS19 via Its C-Terminal HEAT Repeats
[ 1ol [2] [s] l4] A= MMS19 (1-430) (A) MMS19 fragments used. HEAT repeats are
depicted in light gray and numbered 1-9. Amino
I | 5 | I B = MMS19 (425-865) acids encompassed in the fragments are shown in
[e]7]e[s] c=mmsto(so-1030) ~ brackets.
(B) Co-expression and co-IP of Flag-MMS19
| Is] le[7]s]e] ©=mms19@425-1080)  fragments with myc-MIP18 with or without myc-
CIAO1. WB, western blot; WCE, whole cell extract.
(C) Co-expression and co-IP of Flag-MMS19
fragments with myc-CIAO1 with or without
B WCE IP: Flag myc-MIP18.
T 2= === ¥ = == == + == BiE = === == Flag-control
-FLABCD-FLABCD -FLABCD-FLAB C D FlagMMs19
______ + + + + + o+ - — — — — — + + + + + + mycCIAO1
Prrrrr ey e meMPIE gohwenkert et al., 2009). Outside of this
s ¥ bt - -FL domain, MIP18 seems to be little struc-
- . -|-D tured and is predicted to contain intrinsi-
WB: Flag - - S - =g B cally disordered regions (IDRs) at both
the N-terminal and C-terminal ends.
-c Since disordered regions often feature
WB: myc (CIAO1) | —~—— > =] protein interaction sites, we generated
truncation mutants lacking either the
WB: MIP18 [« —————— | [ ® — - @ | )
N-terminal IDR (MIP18 AN1/2) or the
C-terminal IDR (MIP18 AC) (Figure 2A)
and checked them for their ability to
WCE IP: Flag bind to MMS19. While the N-terminal
c ' truncation mutants of MIP18 were profi-
+ - - - - - - - - - - - - - - - - - - - = Flag-control cient in binding to MMS19 when co-ex-
-FLABCD-FLABCD -FLABCD-FLABCD FagMVMs19 pressed, MIP18 AC displayed a dramati-
+ + + 4+ + + + + + + + 4+ + + + + + + 4+ + + + + 4+ myc-CIAO1 . . .
______ ke e s s L L 4 s a4+ myeMPs cglly reduced interaction with .MMS19
(Figures 2B and 2D), suggesting that
C- S T e o i MMS19 binds to the C-terminal end of
—-— - - - - -AB MIP18. On the other hand, MIP18 AC
WB: Flag was able to bind to CIAO1 in the same
& way as full-length MIP18 (Figure 2C),
ruling out the possibility that MIP18 AC
Y (VNI D e ———— - s was misfolded. Interestingly, co-expres-
WB: MIP18 | — =R = 1 sion of CIAO1 restored MIP18 AC binding

plus the central region. In pull-down (PD) experiments, we
observed an association of MIP18 with full-length MMS19, as
well as with fragments C and D (Figure 1B, right panel, lanes 2,
5, and 6), suggesting that MIP18 interacts with the C-terminal
HEAT repeats of MMS19. When CIAO1 was included in the
experiment, the interaction between MIP18 and the C-terminal
HEAT repeats of MMS19 was strengthened, and we observed
a trimeric complex (Figure 1B, right panel, lanes 11 and 12). In
contrast, CIAO1 on its own displayed a very wealk, if any, interac-
tion with MMS19 (Figure 1C, right panel, lane 2). Taken together,
these data suggest that MIP18 directly binds to the C-terminal
HEAT repeats of MMS19, while CIAO1’s interaction with
MMS19 is primarily mediated by MIP18.

MMS19 Interacts with the Extreme C Terminus of MIP18

We next wanted to define the binding site of MMS19 within
MIP18. MIP18 has a domain of unknown function (DUF59)
that is also found in the plant Fe-S scaffold protein HCF101

to MMS19 (Figure 2D). This finding
was rather surprising, given that MMS19
did not display any apparent interaction with either CIAO1 or
MIP18 AC alone. We suspect that both CIAO1 and MIP18 AC
bind weakly to MMS19 in a way that is barely detectable under
our experimental conditions. However, in the presence of all
complex partners, these weak interactions get stabilized.

MIP18 Is Degraded by the Proteasome in the Absence of
MMS19

In agreement with previously published data (Gari et al., 2012;
Stehling et al., 2013), using five different small interfering RNAs
(siRNAs) against MMS19, we observed that MIP18 protein levels
were greatly reduced in the absence of MMS19 (Figure 3A). In
contrast, MMS19 levels were similar in the presence or absence
of MIP18 (Figure 3B). Taken together, these findings suggest a
tight regulation of MIP18 rather than a reciprocal stabilization
of the CIA complex partners. This notion was corroborated
by the fact that MIP18 overexpression was greatly increased
when MMS19 was co-expressed (Figure 3C, compare lanes 1
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A [ I DUF59 I ]  FL=full-length MIP18 Figure 2. MMS19 Binds to MIP18 at Its
[ I DUF59 T ]  MIP18 AN1 = MIP18 (13-163) C-Terminal End
(A) MIP18 fragments used. The DUF59 domain is
[ | DUF59 [ ] MIP18 AN2 = MIP18 (23-163) depicted in light gray.
| ] DUF59 Il |  MIP18AC=MIP18 (1-158) (B) Co-expression and co-IP of Flag-tagged
MMS19 with full-length MIP18 or with N-terminal
(MIP18 AN1/2) or C-terminal (MIP18 AC) trunca-
tion mutants of MIP18.
B WEE P Flag (C) Co-expression and co-IP of Flag-tagged CIAO1
e e 4 4+ _ s+ _ 4+ _ '+ Fagmmsig With MIP18 or MIP18 AC.

FL FL AN1 AN1 AN2 AN2 AC AC FL

FL AN1 AN1 AN2 AN2 AC AC myc-MIP18

(D) Co-expression and co-IP of Flag-tagged MIP18
or MIP18 AC with MMS19 and/or CIAO1.

WB: Flag | G e» e _'l | - - p— _.l
WB: myc (MIP18) | - o o ™ - | I - — s |
WB: actin | - — | teasomal degradation. Interestingly, the
degradation of MIP18 in the absence
of MMS19 seems to be independent of
c WCE IP: Flag u.blqul_tmatlon, sm.ce mutating the five I){-
sines in MIP18, either alone or in combi-
-+ -+ -+ -+ Flag-CIAO1 nation, did not result in a more stable
FL. FL AC AC FLFL AC AC  MIP18 version of MIP18 (data not shown).
We:Flag| omm @] | e -] The Stability of MIP18 Depends on
WB: MIP18 | e | - —| the Direct Interaction of MMS19
o with Its C Terminus
WB: actin I:I We next wanted to address whether the
direct interaction with MMS19 is a prereqg-
uisite for the protection of MIP18 from
D WCE IP: Flag proteasomal degradation. To this end,
FL FL FL AC AC AC FL FL FL AC AC AC  FlagMPis oo used the MIP18 truncation mutant
- T - = i MIP18 AC that displayed greatly reduced
e ¥ o= + +  mycCIAO1 binding to MMS19 (Figures 2B and 2D).
WB: Flag [ - — e an] | e e — e When the half-life of Flag-MIP18 AC wa_s
compared to full-length Flag-MIP18 in
WB: MMS19 | — s | | J— — — |

a similar setup as in Figure 3D, Flag-

WB: myc (CIAO1) |

- e |

MIP18 AC was considerably less stable

WB: QCHN | e s e e s s s |

and 2), while MMS19 overexpression levels did not change with
concomitant expression of MIP18 (see, for example, Figures 4A
and 5A and 5B). Interestingly, the addition of the proteasome in-
hibitor MG132 increased MIP18 levels to the same extent as co-
expression of MMS19 (Figure 3C, compare lanes 1, 2, and 3),
suggesting that the presence of MMS19 rescues MIP18 from
proteasomal degradation.

To further understand how MIP18 levels are regulated, expres-
sion of Flag-MIP18 was induced by the addition of doxycycline in
cells that had either been treated with control siRNA or with
siRNA directed against MMS19. The translation inhibitor cyclo-
heximide (CHX) was added 4 hr after induction, and cells were
harvested 0, 1, 6, and 22 hr after CHX treatment. The half-lives
of both endogenous MIP18 and exogenous Flag-MIP18 were
considerably shorter when MMS19 was absent (Figure 3D, up-
per panel). When the proteasome inhibitor MG132 was added
together with CHX, MIP18/Flag-MIP18 levels were stabilized
(Figure 3D, lower panel), further suggesting that the reduced
MIP18 protein levels in the absence of MMS19 are due to pro-
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over time (Figure 3E), suggesting that

the interaction with MMS19 is required

for the protection of MIP18 from protea-
somal degradation. In agreement with this notion, Flag-MIP18
AC levels were independent of the presence or absence of
MMS19 (Figure 3F, upper panel) and were stabilized upon pro-
teasomal inhibition (Figure 3F, lower panel). Taken together,
these data suggest that MMS19 protects MIP18 from proteaso-
mal degradation by directly binding to its C-terminal end.

Interaction of the CIA Targeting Complex with the Fe-S
Helicase XPD

We next wondered how the CIA targeting complex binds to Fe-S
proteins and chose the Fe-S helicase XPD as a representative
Fe-S protein. To this end, we performed co-IP experiments
with Flag-MMS19 and XPD, and we observed a robust interac-
tion between MMS19 and XPD (Figure 4A, right panel, lane 2)
that was independent of the co-expression of MIP18 and/or
CIAO1 (Figure 4A, right panel, lanes 2-5). We then investigated
the binding of XPD to the above-described MMS19 truncation
fragments. In addition to full-length MMS19, we also observed
an interaction of XPD with fragment A (Figure 4B, right panel,
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Figure 3. MIP18 Is Targeted for Degradation by the Proteasome in the Absence of MMS19

(A) Knockdown of MMS19 in HeLa cells using five different siRNAs (numbers 1-5) results in reduced MIP18 protein levels in WCEs.

(B) Knockdown of MIP18 in HelLa cells using two different siRNAs (numbers 1 and 2) does not affect MMS19 protein levels in WCEs.

(C) Expression of MIP18 with or without co-expression of Flag-MMS19 in the absence or presence of the proteasomal inhibitor MG132.

(D) Time course analysis of the stability of inducibly expressed Flag-MIP18 upon addition of the translation inhibitor CHX in the presence (siRNA control) or
absence (siRNA MMS19) of MMS19, and without (upper panel) or with (lower panel) MG132.

(E) Time course analysis of the stability of inducibly expressed Flag-MIP18 and Flag-MIP18 AC upon addition of CHX.

(F) Time course analysis of the stability of Flag-MIP18 AC upon addition of CHX in the presence (siRNA control) or absence (siRNA MMS19) of MMS19, and
without (upper panel) or with (lower panel) MG132. The single asterisks indicate Flag-tagged MIP18 or MIP18 AC, whereas the double asterisks indicate

endogenous MIP18.

lane 3), suggesting that XPD can bind to the N-terminal HEAT re-
peats of MMS19.

Interaction of the CIA Targeting Complex with RTEL1
and DNA Polymerase Delta
Given that the CIA complex partners MIP18/CIAO1 associate
with MMS19 via its C-terminal HEAT repeats, we wondered
whether its N-terminal HEAT repeats could be a general docking
site for Fe-S proteins. However, none of the other Fe-S proteins
that were tested (namely, DNA polymerase delta [POLD1] and
the Fe-S helicase RTEL1) were able to interact with the N-termi-
nal HEAT repeats of MMS19 alone (data not shown). Moreover,
both RTEL1 and DNA polymerase delta, in contrast to XPD, only
interacted with MMS19 in the presence of both MIP18 and
CIAO1 (Figures 5A and 5B, right panels).

We next wondered whether certain Fe-S proteins, such as
DNA polymerase delta, were instead able to interact directly

with MIP18 or CIAO1. However, when performing co-IP experi-
ments with either Flag-MIP18 (Figure 5C) or Flag-CIAO1 (Fig-
ure S1), we again only observed binding of DNA polymerase
delta when all three CIA targeting complex partners were co-
expressed.

XPD and DNA Polymerase Delta Display Different
Interaction Modes with the CIA Targeting Complex

Our data thus far suggest that different binding modes to the CIA
targeting complex exist, with XPD being able to directly interact
with MMS19, while other Fe-S proteins, such as DNA polymer-
ase delta and RTEL1, require the presence of all CIA targeting
complex members. To further corroborate this notion, we per-
formed pull-down experiments of Flag-tagged MMS19 in the
presence or absence of MIP18 (cells treated with either control
siRNA or siRNA directed against MIP18). In agreement with our
previous results, we observed binding of endogenous XPD to

Cell Reports 18, 1434-1443, February 7, 2017 1437



OPEN

ACCESS
CellPress

IP: Flag

Figure 4. The Fe-S Helicase XPD Interacts

+ myc-XPD

with the N-Terminal HEAT Repeats of
MMS19 Independently of MIP18 and CIAO1
(A) Co-expression and co-IP of Flag-MMS19 with
myc-XPD in the presence or absence of myc-
MIP18 and/or myc-CIAO1.

(B) Co-expression and co-IP of Flag-MMS19

Flag-MMS19
myc-CIAO1
myc-MIP18

WB: Flag |

fragments with myc-XPD.

WB: myc (CIAO1) | |

[
[
WB: myc (MIP18) | — | |
[

WB: myc (XPD) | |

Flag-MIP18 only in the presence of the

B WCE

partner protein (Figure 6B). To do so,
Flag-MMS19 (siRNA control/MIP18) and
Flag-MIP18 (siRNA control/MMS19) pull-
down samples were subjected to mass

spectrometry analysis, and the number
of total peptides of all detected proteins
was evaluated (Table S1). We then calcu-
lated the peptide ratio of siRNA MIP18

- Flag-control
D Flag-MMS19
+ myc-XPD

WB: Flag

—FL over the control sample (for the Flag-
MMS19 PD) and siRNA MMS19 over the

- | -D control sample (for the Flag-MIP18 PD),
_AB and we selected those proteins whose
peptide ratios were below 33.3% (i.e.,

those proteins whose interaction with

_c the bait protein was markedly reduced

when the partner protein was knocked

WB: myc (XPD)

down). When only proteins that were
below the threshold of 33.3% in both

Flag-MMS19 both in the presence and absence of MIP18, while
endogenous DNA polymerase delta only interacted with Flag-
MMS19 in the presence of MIP18 (Figure 6A).

To address the possibility that Fe-S proteins interact differ-
ently with the CIA targeting complex in the absence of a func-
tional Fe-S cluster maturation pathway (MMS19 or MIP18
knockdown) because they are misfolded or unstable, we tested
how Fe-S cluster-binding mutant versions of XPD (C190S XPD)
and DNA polymerase delta (C1076S POLD1) interact with
MMS19, MIP18, and CIAO1 (Figure S2). While C190S XPD was
expressed at much lower levels than wild-type XPD, underlining
the structural role of the Fe-S cluster in XPD as shown by X-ray
crystallography (Fan et al., 2008), it was still able to interact with
MMS19, CIAO1, and MIP18 (Figure S2A). Interestingly, C1076S
POLD1 appeared as stable as (if not more than) the wild-type
protein and displayed a rather enhanced interaction with the
CIA targeting complex (Figure S2B), excluding the possibility
that the reduced interaction of DNA polymerase delta with
Flag-MMS19 upon MIP18 knockdown (Figure 6A) was due to
stability or folding issues.

The Interaction of the Majority of Fe-S Proteins with the
CIA Targeting Complex Depends on Both MMS19 and
MIP18

To obtain a more general picture of how proteins bind to the CIA
targeting complex, we used an unbiased mass spectrometry
approach to test which proteins interact with Flag-MMS19 and

1438 Cell Reports 18, 1434-1443, February 7, 2017

experimental repeats were considered,

the list of proteins for each pull-down
experiment was relatively short and the two lists showed a
considerable overlap (Figure S3A). We next cross-checked all
proteins that were found to be below the threshold in one of
the pull-down experiments for their peptide ratio in the other
pull-down experiment (Figure S3B). All proteins whose peptide
ratios (knockdown over control) were below the threshold in
one pull-down experiment (both experimental repeats) and
below the threshold in at least one of the two experimental re-
peats of the other pull-down experiment are shown in Figure 6C.

Only six proteins were found to be below the threshold in both
experimental repeats of both pull-down experiments —namely,
CDKAL, DNA polymerase delta (DPOD1), the large subunit of
DNA primase (PRI2), amidophosphoribosyltransferase (PUR1),
4-demethylwyosine synthase (TYW1), and CSE1L/Exportin-2
(XPO2). Remarkably, with the exception of CSE1L, which has
not been associated with Fe-S clusters before, all proteins are
known Fe-S proteins. Moreover, among the four proteins whose
interaction with Flag-MMS19/MIP18 in the absence of the part-
ner protein was reduced in three of four experiments, we found
another Fe-S protein (RTEL1), as well as two proteins that are
part of acomplex that contains an Fe-S protein: the small subunit
of DNA primase (PRI1) that is in complex with PRI2, and ELP1
that is found in complex with the Fe-S protein ELP3.

Taken together, these results show that knockdown of MIP18
or MMS19 appears to selectively reduce the interaction of
the CIA targeting complex with Fe-S proteins, suggesting that
MMS19 and MIP18, together, form a docking site for Fe-S
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WB: myc (RTEL1)

| See also Figure S1.

B WCE

|
+ o+ o+ o+
+
I
I
|
+ 4+ + o+

HEAT repeats of MMS19 to form a dock-
ing site for Fe-S proteins.

Our co-IP data suggest a direct binding
of MIP18 to the C-terminal HEAT repeats
of MMS19 (Figure 1B). While a direct

+ Flag-MMS19

+ myc-CIAO1

- myc-MIP18
myc-POLD1

WB: Flag |

interaction between MMS19 and MIP18

WB: myc (CIAO1) |

is supported by a study from 2013 using

purified proteins (Seki et al., 2013), no

WB: myc (MIP18) |

|

WB: myc (POLD1) |

I
| interaction between MMS19 and MIP18
| was observed when using in vitro trans-

c WCE

lated proteins (van Wietmarschen et al.,
2012). Although we cannot know for
certain, we suspect that in vitro translated
MMS19 and/or MIP18 (van Wietmarschen

+ 4+ o+ o+

et al., 2012) might not fold properly and
hence displays altered binding behavior.

Our data (Figures 1C, 4A, and 5A and
5B) further suggest that CIAO1 requires
the presence of MIP18 for a stable inter-

+ Flag-MIP18
- MMS19

+ myc-CIAO1
+ myc-POLD1

solely mediated by MIP18, as sug-

WB: Flag | — . e | | -— e e— action with MMS19. Without structural
WB: MMS19 | I I —y— I 'an.aIyS|'s.of the CIA targeting complex,
it is difficult to say whether the inter-

WB: CIAO1 | — —-| | - J— | action between MMS19 and CIAO1 is

WB: myc (POLD1) |

| gested previously (Seki et al., 2013), or

proteins. The notable exception seems to be XPD that can
interact with MMS19 independently of MIP18 (Figures 4, 6A,
and S3B). It remains to be determined whether XPD binds to
MMS19 in a way that differs from other Fe-S proteins or whether
it has two interaction sites with MMS19: one with the N-terminal
HEAT repeats, and one with the C terminus of MMS19 in
conjunction with MIP18 and CIAO1, as observed for other Fe-S
proteins.

DISCUSSION

While the importance of the CIA targeting complex for Fe-S
cluster transfer to DNA replication and repair proteins was
described previously (Gari et al., 2012; Stehling et al., 2012,
2018), complex arrangement and mode of interaction with
Fe-S proteins remained largely unclear. Here we provide evi-
dence that MIP18 and CIAO1 interact with the C-terminal

whether CIAO1 displays a weak affinity

for MMS19 that is greatly enhanced by
MIP18. Since we observe that CIAO1 and the MMS19-binding
mutant MIP18 AC can together form a complex with MMS19,
while they do not display any obvious binding to MMS19 when
tested individually, we favor the interpretation that CIAO1 can
weakly bind to MMS19.

We further show that MIP18 protein stability depends on the
presence of MMS19 (Figures 3A, 3C, and 3D) and on its direct
interaction with MMS19 (Figure 3E). While it is not uncommon
that proteins get targeted for proteasomal degradation in the
absence of their complex partner to avoid the accumulation of
unnecessary proteins, it is striking to notice that MMS19 in turn
is perfectly stable without MIP18 (Figure 3B).

Apart from a purely housekeeping function, the tight regulation
of MIP18 may also serve the purpose of limiting the formation of
non-productive interactions between the CIA targeting complex
and Fe-S proteins at times when Fe-S cluster transfer cannot
take place. In agreement with this notion, our data suggest
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A WCE IP: Flag
+ 4+ + o+ Flag-MMS19
+ - + - siRNA control
- + - + siRNA MIP18
WB: Flag |—- ~| |..___|
WB: CIAO1 I— -| |— |
WB: MIP18 | e | |'— |
WB: POLD1 | | | - |
WB: XPD |-_..__—| | J——— |
B Flag-MMS19 PD Flag-MIP18 PD
) &
%
® Qo
(g >
siRNA control vs. siRNAMIP18 siRNA control vs. siRNA MMS19
Cc
Flag-MMS19 PD Flag-MIP18 PD
si18/siC ratio (%) | si19/siC ratio (%)
CDKAL 17 18 FeS protein
DPOD1 2 0 FeS protein
EDC4 ND/0 0
ELP1 ND/O 0 in complex with FeS protein (ELP3)
PRI 0 0/ND in complex with FeS protein (PRI2)
PRI2 5 0 FeS protein
PUR1 0 0 FeS protein
RTEL1 0 0/ND FeS protein
TYW1 0 0 FeS protein
XPO2 15 0
Colour code:

below threshold in both PDs (one PD: both duplicates; other PD: only one of the duplicates)

below threshold in both PDs (both duplicates each)

that a DNA polymerase delta mutant that is deficient for Fe-S
cluster binding displays an enhanced (presumably non-produc-
tive) interaction with the CIA targeting complex (Figure S2B),
possibly because release from the complex requires the func-
tional transfer of an Fe-S cluster. Alternatively (or additionally),
the tight regulation of MIP18 may also be a way to control or
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Figure 6. The Interaction of the Majority of
Fe-S Proteins with the CIA Targeting Com-
plex Depends on Both MMS19 and MIP18
(A) Immunoprecipitation (IP) of inducibly ex-
pressed Flag-MMS19 in the presence (siRNA
control) or absence (siRNA MIP18) of MIP18 and
western blot analysis of endogenous CIA complex
partners or Fe-S proteins.

(B) Scheme of mass spectrometry analysis of Flag-
MMS19 interaction partners in the presence
(SiRNA control) or absence (siRNA MIP18) of
MIP18, and Flag-MIP18 interaction partners in
the presence (siRNA control) or absence (siRNA
MMS19) of MMS19.

(C) List of proteins whose interaction with Flag-
MMS19 or Flag-MIP18 was markedly reduced in
the absence of the partner protein. Shown are total
peptide ratios of siRNA MIP18 over control or
siRNA MMS19 over control samples (numbers
represent the average ratio of two experimental
repeats). ND, not detected; si18, siRNA against
MIP18; si19, siRNA against MMS19; siC, control
siRNA.

See also Figures S2 and S3 and Table S1.

limit Fe-S cluster transfer. We speculate
that unscheduled Fe-S incorporation into
Fe-S client proteins may be harmful to
the cell and, hence, restricted as much
as possible.

Interestingly, our study suggests that
the majority of Fe-S proteins bind to the
ClAtargeting complex only in the presence
of all three complex proteins MMS19,
MIP18, and CIAO1. The most straightfor-
ward interpretation of this finding is that
MMS19, MIP18, and CIAO1, conjointly,
form a docking site for Fe-S client proteins.
However, we cannot exclude that the for-
mation of the ternary complex induces a
conformational change in one of the pro-
teins that exposes an interaction site for
Fe-S proteins that would not be accessible
otherwise. Further structural studies will
have to clarify which domains/proteins of
the complex are in direct physical contact
with Fe-S proteins. In any case, such a
concerted binding mode that requires the
presence of at least three proteins further
points toward a tight regulation of Fe-S
cluster transfer.

Unexpectedly, the Fe-S helicase XPD
displayed a different binding mode to

MMS19 than other Fe-S proteins. Our co-IP (Figures 4 and 6A)
and mass spectrometry (Figure S3B) data collectively suggest
that XPD binds to the N-terminal HEAT repeats of MMS19 inde-
pendently of MIP18 and CIAO1. Hence, it appears that XPD may
be the odd one out that binds to the CIA targeting complex, and
receives an Fe-S cluster, in a way that is different from other Fe-S



Pol &
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CDKAL

PUR1
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Figure 7. Model

proteasomal
degradation

(A) MIP18 and CIAO1 interact with the C-terminal HEAT repeats of MMS19 and form a docking site for Fe-S proteins to bind to and Fe-S cluster transfer to occur.
In contrast to other Fe-S proteins, XPD can interact with the N-terminal HEAT repeats of MMS19 independently of MIP18 and CIAO1. It may or may not associate

with the C terminus of MMS19 in addition.

(B) When binding of MIP18 to MMS19 is impaired or in a situation when MMS19 levels are low, MIP18 is no longer protected by MMS19 and gets targeted for

proteasomal degradation.

proteins. It should be added, however, that we did not detect all
Fe-S proteins that are known to interact with the CIA targeting
complex in our mass spectrometry analysis. Thus, we cannot
exclude that other Fe-S proteins display behaviors similar to
XPD.

Another possibility is that XPD features two interaction sites
with the CIA targeting complex: one with the N terminus of
MMS19 and one with the “canonical” Fe-S docking site at the
C terminus of MMS19 that depends on MIP18 and CIAO1. In
agreement with this possibility, the interaction of XPD with
Flag-MMS19 appears slightly reduced in the absence of MIP18
(Figures 6A and S3B). In a hypothetical scenario (Figure 7),
XPD would bind to the Fe-S docking site at the C terminus of
MMS19 in the same way as other Fe-S proteins to receive an
Fe-S cluster. XPD binding to the N-terminal HEAT repeats of
MMS19, on the other hand, may serve a purpose other than
Fe-S cluster transfer.

In this context, it should be noted that a role for the so-called
MMXD complex (composed of MMS19, MIP18, and XPD) in chro-
mosome segregation was suggested previously (Ito et al., 2010).
To date, however, it has remained unclear whether the role of
MMS19 in this context is direct or rather indirect due to its impact
on XPD stability and possibly the stability of other Fe-S proteins
with roles in chromosome segregation, such as the related
helicase ChIR1 (van der Lelij et al., 2010). A second interaction
site of XPD with MMS19, in addition to a binding site whose
sole purpose is the transfer of an Fe-S cluster, may be suggestive
of additional roles of MMS19 in conjunction with XPD.

Interestingly, while Fe-S cluster transfer was found to precede
the functional integration of XPD into transcription factor IIH (Va-
shisht et al., 2015), our mass spectrometry data suggest that this
is not the case for DNA primase assembly (Figure 6C). The fact
that both subunits of DNA primase (PRI1/2) are found in our
pull-down experiments, and that their interaction with the CIA

targeting complex seems to depend on the presence of both
MMS19 and MIP18, suggests that the complex forms prior
to Fe-S cluster incorporation into PRI2. Hence, in contrast to
XPD, the Fe-S cluster in DNA primase does not seem to be
required for the interaction between the subunits and for het-
ero-complex formation. This may also suggest that the Fe-S
cluster in DNA primase has less of a structural role than the
Fe-S cluster in XPD, which is required for folding of the Fe-S
domain (Fan et al., 2008).

EXPERIMENTAL PROCEDURES

Cell Lines

HEK293T and human cervix epithelioid carcinoma (HelLa) cells were cultured in
DMEM containing 10% fetal calf serum (FCS). Parental HeLa Flp-In T-REx
(Tighe et al., 2008) cells were cultured in DMEM containing 10% FCS supple-
mented with 15 ng/mL Blasticidin and 100 pg/mL Zeocin. After integration of
expression constructs, the medium was supplemented with 15 pg/mL Blasti-
cidin and 150 pg/mL Hygromycin (all reagents were from Invitrogen/Thermo
Fisher Scientific).

Plasmids and Transfection in Human Cells

All plasmids were based on the GATEWAY system (Invitrogen). GATEWAY
destination vectors used in transfections allowed expression of either un-
tagged, Flag-tagged, or myc-tagged constructs under the control of a cyto-
megalovirus (CMV) promoter.

Transient plasmid transfections were performed in HEK293T cells using cal-
cium phosphate transfection. Briefly, 293T cells were seeded 1:5 the day prior
to transfection. On the day of transfection, 5 ng of each plasmid was diluted
in H,0 to a final volume of 450 pL, and then 50 pL 2.5 M CaCl, was added.
The plasmid DNA/CaCl, mix was then added drop-wise to 500 uL 2x HBS
(HEPES-buffered saline; 280 mM NaCl, 50 mM HEPES, and 1.5 mM Nay,HPOy,
pH 7.05). The medium was replaced with FCS-free medium, and the transfec-
tion mix was added drop-wise to the cells. After 6 hr, the medium was changed
to normal growth medium, and cells were harvested 48 hr after transfection.

Hela Flp-In T-REXx cell lines expressing the gene of interest were generated
by co-transfecting a Flp-In-compatible expression vector with a plasmid
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coding for Flp recombinase (pOG44) using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Expression of constructs
was induced by the addition of 1 ug/mL doxycycline 48 hr before the cells were
harvested, unless stated otherwise.

siRNA Transfection

Control siRNA (5'-AGGUAGUGUAAUCGCCUUG), siRNA MMS19 number 1
(5'-AGAA GAGACUGGUGCGCAA), siRNA MMS19 number 2 (5'-GCAA
CUAUACAGUGUU ACA), siRNA MMS19 number 3 (5'-ACCUGAUACUGUU
CUAUGA), siRNA MMS19 number 4 (5-GGCUGUUUCUGUGCUUAAA),
siRNA MMS19 number 5 (5'-GCAAUGUACU GCCUUUACU), siRNA MIP18
number 1 (5-ACAAGCAACUUGCAGAUAA), and siRNA MIP18 number 2
(5’-UUAUUGGUCUGUCCAUCAA) were purchased from Microsynth. siRNAs
were transfected using Dharmafect 1 (Thermo Fisher Scientific) according to
the manufacturer’s protocol. After the first transfection (day 1), cells were spilit
and re-transfected on day 4. Unless stated otherwise, knockdowns of MMS19
and MIP18 were usually done using siRNA number 1.

Antibodies Used for Western Blotting

The following antibodies were used for western blotting: B-actin-horseradish
peroxidase (HRP) (C4, sc-47778; Santa Cruz Biotechnology), CIAO1
(ab83088; Abcam), Flag-M2, clone M2 (F1804; Sigma-Aldrich), MIP18/
FAM96B (20108-1-AP; Proteintech), MMS19 (16015-1-AP; Proteintech),
c-myc (A00704-100; Genescript), polymerase delta catalytic subunit
(ab10362; Abcam), and XPD (ab54676; Abcam).

Preparation of Cell Extracts and Immunoprecipitation Experiments
Whole cell extracts (WCEs) were prepared using 3 packed cell volumes (PCVs)
of buffer A containing 50 mM Na,HPO,/NaH,PO, (pH 7.4), 150 mM NaCl, 10%
glycerol, 0.1% NP-40, 0.5 mM EDTA, 1 mM TCEP (Tris[2-carboxyethyl]phos-
phine), and protease inhibitors. After incubation on ice for 30 min, the samples
were spun at 13,000 rpm and 4°C for 30 min. For pull-down experiments, ex-
tracts were incubated overnight on Flag-M2 beads (Sigma-Aldrich) at 4°C. The
following day, the supernatant was removed and the beads were washed
extensively with buffer A. Bound proteins were eluted in buffer A containing
200 png/mL 3x Flag peptide (Sigma-Aldrich) for 1 hr at 4°C. Protein-protein
interactions were analyzed by SDS-PAGE and western blotting.

Time Course of Protein Stability

Hela Flp-In T-REx cells inducibly expressing Flag-MIP18 or Flag-MIP18 AC
were treated twice with the indicated siRNAs (days 1 and 4). On day 5, protein
expression was induced by the addition of doxycycline. After 4 hr, 100 pg/mL
cycloheximide either with or without 10 pg/mL MG132 was added, and
cells were collected at various time points (0, 1, 3, 6, and 22 hr after drug
addition).

Preparation of Cytoplasmic Extracts for Mass Spectrometry

Hela Flp-In T-REx cells inducibly expressing Flag-MMS19 or Flag-MIP18
were treated twice with the indicated siRNAs (days 1 and 4). On day 5, pro-
tein expression was induced by addition of doxycycline for 24 hr. To over-
come the limitations of MIP18 instability in the absence of MMS19, cells
were treated with 10 ng/mL MG132 6 hr prior to collection in experiments us-
ing siRNA directed against MMS19. For the preparation of cytoplasmic ex-
tracts, the cytoplasmic membrane was lysed with 5 PCVs of buffer B
(20 mM NapHPO4/NaH,PO,4 [pH 7.0], 10 mM NaCl, 0.5 mM EDTA, 0.5%
NP-40, 1 mM TCEP, and protease inhibitors) for 20 min on a rotating wheel
at 4°C. An equal volume of buffer C (50 mM Na,HPO,/NaH,PO,4 [pH 7.0],
290 mM NaCl, 12.5% glycerol, 0.5 mM EDTA, 1 mM TCEP, and protease in-
hibitors) was added, and the samples were spun for 20 min at 4,000 rpm and
4°C. The supernatants were then subjected to another centrifugation round
at 13,000 rpm and 4°C for 30 min to remove residual debris. Extracts were
incubated overnight on Flag-M2 beads at 4°C. The following day, the super-
natant was removed, the beads were washed extensively with buffer A
(pH 7.0), and bound proteins were eluted in buffer D (50 mM Na,HPO,/
NaH,PO,4 [pH 7.0], 150 mM NaCl, 10% glycerol, 0.01% NP-40, 0.5 mM
EDTA, 1 mM TCEP, and 200 ng/mL 3x Flag peptide) for 1 hr at 4°C. Inter-
actions were analyzed by mass spectrometry.
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Mass Spectrometry

Samples were precipitated with an equal volume of 20% trichloroacetic acid
(TCA; Sigma-Aldrich) and washed twice with cold acetone. The dry pellets
were dissolved in 45 uL buffer (10 mM Tris [pH 8.2], 2 mM CaCl,) and 5 uL
trypsin (100 ng/pL in 10 mM HCI) for digestion, which was carried out in a
microwave instrument (Discover System; CEM) for 30 min at 5 W and 60°C.
Samples were dried in a SpeedVac (Savant). For liquid chromatography
(LC)-tandem mass spectrometry (MS/MS) analysis, the samples were dis-
solved in 0.1% formic acid (Romil) and an aliquot ranging from 5% to 25%
was analyzed on a nanoAcquity UPLC System (Waters) connected to a Q
Exactive mass spectrometer (Thermo Scientific) equipped with a Digital
PicoView source (New Obijective). Peptides were trapped on a Symmetry
C18 trap column (5 um, 180 um x 20 mm; Waters) and separated on a
BEH300 C18 column (1.7 um, 75 um X 150 m; Waters) at a flow rate of 250
nL/min using a gradient from 1% solvent B (0.1% formic acid in acetonitrile;
Romil)/99% solvent A (0.1% formic acid in water; Romil) to 40% solvent
B/60% solvent A within 90 min. Mass spectrometry settings for the data-
dependent analysis were as follows: (1) precursor scan range, mass-to-charge
ratio (m/z) of 350-1,500; resolution, 70,000; maximum injection time, 100 ms;
and threshold, 3e6; and (2) fragment ion scan range, 200-2,000 m/z; resolu-
tion, 35,000; maximum injection time, 120 ms; and threshold, 1e5.

Proteins were identified using the Mascot search engine (version 2.4.1; Ma-
trix Science). Mascot was set up to search the Swiss-Prot database assuming
the digestion enzyme trypsin. Mascot was searched with a fragment ion mass
tolerance of 0.030 Da and a parent ion tolerance of 10.0 ppm. Oxidation of
methionine was specified in Mascot as a variable modification. Scaffold (Pro-
teome Software) was used to validate MS/MS-based peptide and protein
identifications. Peptide identifications were accepted if they achieved a false
discovery rate (FDR) of less than 0.1% by the scaffold local FDR algorithm.
Protein identifications were accepted if they achieved an FDR of less than
1.0% and contained at least two identified peptides.
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