Mia40-dependent oxidation of cysteines in
domain | of Ccs1 controls its distribution
between mitochondria and the cytosol
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ABSTRACT Superoxide dismutase 1 (Sod1) is an important antioxidative enzyme that con-
verts superoxide anions to hydrogen peroxide and water. Active Sod1 is a homodimer con-
taining one zinc ion, one copper ion, and one disulfide bond per subunit. Maturation of Sod1
depends on its copper chaperone (Ccs1). Sod1 and Ccs1 are dually localized proteins that
reside in the cytosol and in the intermembrane space of mitochondria. The import of Ces1
into mitochondria depends on the mitochondrial disulfide relay system. However, the exact
mechanism of this import process has been unclear. In this study we detail the import and
folding pathway of Ccs1 and characterize its interaction with the oxidoreductase of the mito-
chondrial disulfide relay Mia40. We identify cysteines at positions 27 and 64 in domain | of
Ccs1 as critical for mitochondrial import and interaction with Mia40. On interaction with
Mia40, these cysteines form a structural disulfide bond that stabilizes the overall fold of do-
main |. Although the cysteines are essential for the accumulation of functional Ccs1 in mito-
chondria, they are dispensable for the enzymatic activity of cytosolic Ccs1. We propose a
model in which the Mia40-mediated oxidative folding of domain | controls the cellular distri-

Monitoring Editor
Thomas D. Fox
Cornell University

Received: Apr 4, 2011
Revised: Aug 11, 2011
Accepted: Aug 16, 2011

bution of Ccs1 and, consequently, active Sod1.

INTRODUCTION

The respiratory chain is one of the main sources of reactive oxygen
species (ROS; Murphy, 2009). Consequently, mitochondria contain
numerous ROS-counteracting systems. Key enzymes are two super-
oxide dismutases (Sods): copper-zinc Sod1, which localizes to the
cytosol and the mitochondrial intermembrane space (IMS), and
manganese Sod2, which is present in the mitochondrial matrix.
Sod1 is a homodimeric enzyme that per subunit contains one zinc
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ion, one copper ion, and one disulfide bond. The incorporation of
the copper ion and the formation of the disulfide bond are medi-
ated by an activating enzyme, the copper chaperone for Sod1 (Ccs1;
Culotta et al., 1997; Rae et al., 1999). Although Ccs1 is essential for
the activation of Sod1 in yeast (Culotta et al., 1997), Ccs1 knockout
mice retain ~10-20% Sod1 activity (Wong et al., 2000).

Ccs1 is like Sod1 found in the cytosol and in the IMS (Okado-
Matsumoto and Fridovich, 2001; Sturtz et al., 2001). Because nei-
ther Sod1 nor Ccs1 contains mitochondrial targeting signals, it
has been unclear how both proteins are imported into the IMS.
Recently, it was shown in yeast and mammalian cells that the im-
port of Ccs1 and Sod1 relies on the mitochondrial disulfide relay
(Mesecke et al., 2005; Kawamata and Manfredi, 2008; Reddehase
et al., 2009). Thereby, the overexpression or depletion of the oxi-
doreductase Miad0 influences mitochondrial protein levels of
Ccs1 and Sod1. During the import process, Ccs1 directly interacts
with Mia40 through an intermolecular disulfide bond, whereas no
direct interaction of Mia40 and Sod1 was observed (Reddehase
et al., 2009). However, mitochondrial Sod1 amounts increase
upon overexpression of mitochondria-targeted Ccs1 in a CCST-
deletion background (Field et al., 2003). Thus Sod1 is presum-
ably enriched in the IMS by specific binding to mitochondrial
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Ccs1, and Ccs1 in turn is a substrate of the mitochondrial disul-
fide relay.

Substrates of the mitochondrial disulfide relay usually are small
proteins (10-15 kDa) composed of a single domain that is formed
by a simple helix-loop—helix structure (Chacinska et al., 2009; Riemer
et al., 2009). These proteins contain four conserved cysteines that
are arranged in either two CXyC or two CX3C motifs (C, cysteine; X,
any other amino acid) and consequently are termed twin CXyC or
twin CX3C proteins, respectively. Mia40 substrates can only translo-
cate into the IMS in their reduced and unfolded state. On mitochon-
drial import the cysteines are oxidized by Mia40 and form disulfide
bonds that connect the two helices (Chacinska et al., 2009; Riemer
et al., 2009). Thus oxidative folding and import into mitochondria
are coupled processes for these small substrates. In addition to its
role as thiol oxidase, Mia40 has recently demonstrated to function
as a molecular chaperone that induces helix formation in its sub-
strates (Banci et al., 2010).

In contrast with the classic, rather small substrates of Mia40, the
Ccs1 monomer has a size of 27 kDa and is composed of three do-
mains: two copper-binding domains | and Ill at the amino and car-
boxyl termini, respectively, and a central domain Il that is structurally
homologous to Sod1 (Figure 1A). Whereas domain Il is essential for
Sod1 activation, domain I is required only under conditions of cop-
per deprivation (Schmidt et al., 1999). Of the seven cysteines of
yeast Ccs1, four localize to domain | (two form the copper-binding
CXXC motif), one is found in domain Il, and two are in domain Ill in
a CXC motif responsible for copper transfer to Sod1 (Figure 1A).
Because its cysteines are not arranged in twin CXoC or twin CX3C
motifs, it remains unclear how Ccs1 is imported, which cysteine in-
teracts with Mia40, whether some of its cysteines are present in an
oxidized state after import, and whether Mia40 assists in the folding
of Ccs1.

In this study, we aimed to understand the process of mitochon-
drial import and folding of Ccs1 in mechanistic detail. We identified
two cysteines (Cys-27 and Cys-64) in domain | that are required for
mitochondrial import of Ces1—but not for its role in Sod1 matura-
tion—Dby the use of cysteine mutants. We demonstrate that C27 and
Cé4 can be directly oxidized by Mia40 and in vivo form a stable
disulfide bond in mitochondria, whereas they are partially reduced
in the cytosol. We propose that the formation of the C27-Cé4 disul-
fide by Mia40 competes with a slower, nonenzymatic oxidation in
the cytosol and thus allows the import of a fraction of Ccs1 into the
IMS before folding in the cytosol can take place.

RESULTS

Cys-27 and Cys-64 in domain | are required

for mitochondrial import of Ccs1

The import of Ces1 into mitochondria depends on the disulfide re-
lay of the IMS (Mesecke et al., 2005; Reddehase et al., 2009). For the
twin CXoC and twin CX3C substrates of Mia40 the cysteines are
critical for efficient import. We therefore decided to identify the
cysteine(s) in Ccs1 that influence its localization by analyzing the
mitochondrial import of Ces1 cysteine-to-serine mutants. First, we
established a protocol to monitor the mitochondrial import of wild-
type Ccs1 (Figure 1B). To this end, we incubated radioactively la-
beled Ccs1 with isolated mitochondria. At the end of the import
reaction the sample was split into four parts and analyzed either di-
rectly or after treatment with proteinase K (PK). The latter treatment
either was applied to intact mitochondria or was preceded by hy-
poosmotic swelling of mitochondria to generate mitoplasts (mito-
chondria lacking their outer membrane) or by mitochondrial lysis
with Triton X-100. A band migrating at the expected size of Ccs1
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FIGURE 1: Cys-27 and Cys-64 are required for import of Ccs1 into
isolated mitochondria. (A) Domain organization of yeast Ccs1. The
three domains and the sequence positions of the seven cysteines of
Ccs1 are depicted. (B) Import of Ccs1 into isolated mitochondria. In
vitro translated radioactive Ccs1 (lanes 1 and 6, 10% control) was
incubated with 50 pg of mitochondria isolated from Mia40-
overexpressing strains. Subsequently, mitochondria were either
analyzed directly (lane 2), treated with 100 ug/pl PK to remove
nonimported proteins (lane 3), or turned into mitoplasts (MP) by
hypotonic swelling and then treated with PK (lane 4) to remove all IMS
proteins. One sample was also completely lysed with Triton X-100 (TX)
and incubated with PK to test Ccs1 for protease resistance (lane 5). All
samples were analyzed by reducing SDS-PAGE and autoradiography.
The treatments with PK on mitochondria and mitoplasts were verified
by immunoblotting against Erv1, Tim10 (both IMS), and Mrpl40 (matrix).
(C) Glutathione dependence of Ccs1 import. Same as B, except that in
vitro translated Ccs1 was incubated with different amounts of reduced
glutathione during import. Experiments were quantified with ImageJ.
(D) Import of Ccs1 cysteine mutants into isolated mitochondria. Same
as B, except that in vitro translated Ccs1 cysteine mutants were
incubated with mitochondria. Only whole mitochondria and mitoplasts
were analyzed after PK digest. (E) Structure of domain | of Ccs1 (Lamb
et al., 1999). This domain encompasses residues 2-74 and contains four
cysteines (C17, C20, C27, and C64). Note that the C27-C64 disulfide
connects two antiparallel o-helices, resulting in a structure of domain |
that is similar to the structure of twin CX3C or twin CXoC substrates.

(F) Import of Ccs1-domain | cysteine mutants and DHFR fusion variants
into isolated mitochondria. Same as D, except that in vitro translated
variants of domain |- or domain I-DHFR fusion proteins were incubated
with mitochondria.
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was detected when intact mitochondria were treated with PK, indi-
cating import of Ccs1 into mitochondria (Figure 1B, lane 3). On hy-
poosmotic swelling and subsequent PK treatment this signal disap-
peared, implying import of Ccs1 into the IMS (Figure 1B, lane 4).
Notably, in some experiments we observed that the band repre-
senting Ccs1 migrated slightly faster on SDS-PAGE after PK treat-
ment compared with untreated samples. In these cases a small part
of the Ccs1 protein might still be exposed to the exterior after the
import reaction. This exposed part would then be truncated upon
digestion by PK. However, the main part of the protein was inacces-
sible to protease. The import of twin CX3C and twin CXoC substrates
of Mia40 exhibits a marked dependence on reductants such as re-
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FIGURE 2: A disulfide bond between Cys-27 and Cys-64 of Ccs1 can be formed by Mia40 in
vitro. (A) Protein levels in mitochondria isolated from strains with varying Mia40 levels. The yeast
strain GalL-Mia40 was used to regulate the protein levels of Miad0. To overexpress Mia40
(Miad07), cells were grown in the presence of galactose. To deplete Mia40 (Miad0l), cells were
cultured in lactate medium containing 0.1% glucose for 16 h. Subsequently, mitochondria were
isolated, and 10, 30, and 60 pg of isolated mitochondria were analyzed by SDS-PAGE and
Western blotting with the indicated antibodies. (B) Interaction of Ccs1 variants with Mia40 during
import into isolated mitochondria. Radiolabeled Ccs1 variants or the twin CX3C protein Tim9
were incubated with mitochondria isolated from a strain overexpressing Mia40 for 8 min at 25°C.
Thiol-disulfide exchange reactions were stopped by addition of 50 mM NEM, mitochondria were
lysed under denaturing conditions and diluted with Triton X-100-containing buffer, and
supernatants were subjected to immunoprecipitation (IP) against Mia40. Bound material was
analyzed by nonreducing SDS-PAGE and autoradiography. E, elution from beads after IP; T, total
supernatant after IP. (C) In vitro oxidation of full-length Ccs1€175/C205/C1595/C2295/C2315 |y Mjad0-WT.
The in vitro translated radioactive Ccs1 mutant was incubated with 30 uM purified wild-type
Miad0 (Miad40-WT) for the indicated times. Subsequently, samples were TCA precipitated,
treated with 10 mM mm-PEG24 for 1 h, subjected to nonreducing (lanes 1-8) or reducing (lanes
9-16) SDS-PAGE, and analyzed by autoradiography. Arrowhead, disulfide-linked complex of
Miad0 and Ccs1; asterisk, background band—potentially a disulfide-linked Ccs1 dimer. (D) As in
C, except that the in vitro translated radioactive Ccs1 mutant was incubated with buffer (lanes
3-8) or 30 pM purified redox-inactive Mia40-SPS (lanes 11-16) for the indicated times. The
samples were subjected to nonreducing SDS-PAGE. Asterisk, background band—potentially a
disulfide-linked Ccs1 dimer. (E) Quantification of C and D. The autoradiographs of three different
experiments were quantified using ImageJ.

Volume 22 October 15, 2011

duced glutathione (GSH; Bien et al., 2010). When testing the im-
port of Ccs1 we found a similar dependence of Ces1 import (Figure
1C). At low concentrations of GSH (5 mM) import of Ccs1 proceeded
faster than import in the absence of reductant. However, at higher
concentrations of GSH (15 mM) Ccs1 import was strongly de-

We next investigated the import of the Ccs1 cysteine mutants
(Figure 1D). We generated double mutants of the two cysteine pairs
that were previously shown to contribute to copper binding and
transfer (C17/C20 and C229/C231; Figure 1A) and single mutants of
the remaining three cysteines. The Ccs1 double-cysteine mutants
Ccs1¢175/€205 and Ces1¢2295/C2315, as well as Ces1¢1%%%, were imported

with comparable efficiency to that of wild-
type Ccs1. However, Ccs1¢%5 and Ccs16%S
exhibited strongly diminished import, indi-
cating that these cysteines are critical for
the mitochondrial localization of Ces1.

The cysteines at positions 27 and 64 are
both situated in domain | of Ccs1 (Figure 1,
A and E). A closer analysis of the structures
of this domain (Lamb et al., 1999, 2001) re-
vealed that C27 and Cé4 face each other
and, at least in one of the structures, cova-
lently connect two antiparallel o-helices
(Figure 1E). Thus the structure of domain |
resembles the structures of typical Mia40
substrates. We therefore asked whether
domain | (corresponding to residues 2-74
of Ccs1) on its own is imported into mito-
chondria and whether it can serve as a tar-
geting signal for a nonmitochondrial pro-
tein. Applying our import assay, we first
demonstrated that domain | can be im-
ported into isolated mitochondria, al-
though with lower efficiency than full-length
Ccs1 (Figure 1F, lanes 1-3). Mutation of ei-
ther C27 or Cé64 abolished the import of
domain | into mitochondria, confirming
their relevance for the import process
(Figure 1D). Moreover, wild-type domain |
fused to the cytosolic protein dihydrofolate
reductase (DHFR) allowed the import of
this chimeric protein into mitochondria,
whereas the C27S and C64S mutants again
failed to be transported into mitochondria
(Figure 1F, lanes 4-6). In summary, we
found that domain | alone is sufficient for
C27- and Cé4-dependent targeting of
Ccs1 to mitochondria.

In vitro C27 and C64 of Ccs1 can be
oxidized by Mia40

Cellular depletion of Mia40 results in low-
ered amounts of mitochondrial Ccs1
(Reddehase et al., 2009). We verified this
finding by immunoblot analyses of mito-
chondria isolated from strains with increased
or lowered Mia40 levels (Figure 2A). Nota-
bly, the mitochondrial levels of Ccs1 did not
appear to be as sensitive toward depletion
of Mia40 as the levels of the twin CX3C pro-
tein Tim10.
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During mitochondrial import Ccs1 also forms an intermediate
with Mia40 that is connected by a disulfide bond (Reddehase et al.,
2009). Because C27 and Cé4 are critical for Ccs1 import, we next
tested whether these cysteines are involved in intermolecular disul-
fide bond formation with Mia40 (Figure 2B). We imported radioac-
tively labeled Ccs1 into mitochondria, stopped thiol-disulfide ex-
change reactions by treatment with N-ethylmaleimide (NEM), and
then subjected Mia40 to immunoprecipitation. When analyzing the
precipitate from the experiment with wild-type Ccs1 by nonreduc-
ing SDS-PAGE and autoradiography we indeed identified a band at
a size of ~90 kDa corresponding to the combined size of Mia40 and
Ccs1 (Figure 2B, lane 3). When analyzing the C27S and C64S mu-
tants for an interaction with Mia40, we found that the C27S variant
still interacted with Mia40, although to a lesser extent than the wild-
type protein (Figure 2B, lane 6). However, the interactions between
Mia40 and the Cé4S mutant, as well as those between Mia40 and
the C27S/C64S mutant, were completely abolished, indicating that
Miad0 presumably interacts with Cys-64 of Ccs1 during import into
mitochondria (Figure 2B, lanes 9 and 12). These results are in agree-
ment with a similar experiment performed by GroB et al., (2011, in
this issue of MBoC). Notably, the amounts of the Mia40-Ccs1 com-
plex detected by this method were significantly lower than the
amounts of the Miad0-Tim9 complex observed in a control experi-
ment (Figure 2B, compare lanes 3 and 15).

The interactions of twin CX3C and twin CXyC substrates with
Mia40 result in the formation of intramolecular disulfides in these
substrates. We therefore assessed whether Mia40 also can intro-

duce a disulfide between C27 and Cé4 (Figure 2, C-E). To this end,
we applied an in vitro assay that we had previously established to
monitor the Miad0-mediated oxidation of small twin CXoC proteins
(Bien et al., 2010). In this assay a reduced and radioactively labeled
protein is incubated with either buffer, purified oxidized wild-type
Miad0 (Mia40-WT), or a purified Mia40 active-site mutant (Mia40-
SPS). At certain time points the reaction is stopped by trichloroa-
cetic acid (TCA) precipitation, which prevents all further thiol-disul-
fide exchange reactions. Subsequently, free (reduced) thiols but not
oxidized disulfides are modified with the alkylating agent mm-
PEG24. This derivatization results in an increase in the molecular
weight of the protein, which can be detected by a changed migra-
tion behavior on SDS-PAGE. Thus these alkylation shift experiments
enable us to determine the redox state of a given protein. When
applying the assay to a Ccs1 variant in which all cysteines except
C27 and Cb64 were mutated (Ccs1C175/C205/C1595/C2295/C2315) e found
that the C27-Cé4 disulfide was formed in the presence of Mia40-
WT, although with significantly slower kinetics than with the in vitro
oxidation of twin CX¢C proteins (Bien et al., 2010). We also found
that during the reaction Miad0-WT and Ccs1 formed an intermo-
lecular disulfide bond that was absent when we analyzed the reac-
tion on a reducing gel (Figure 2C, compare lanes 3-8 with lanes
11-16). Instead, a semioxidized form of Ccs1 appeared (i.e., a form
in which only one cysteine can be modified with mm-PEG24). Of
importance, in the absence of functional Mia40 no oxidation of the
two cysteines occurred (Figure 2D). Taken together, the results dem-
onstrate that Ccs1 interacts with Mia40 most likely through Cé4 and
that Mia40 can oxidize Ccs1 in vitro.

In vivo mitochondrial Ccs1 contains a
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FIGURE 3: In vivo Cys-27 and Cys-64 form a structural disulfide bond in IMS-localized Ccs1.
(A) Scheme depicting the setup of the in vivo redox state measurements. (B) Migration standard
for AMS alkylation experiments. Cells expressing different cysteine-to-serine mutants of Ccs1
were lysed with Triton X-100 (TX) and incubated with 20 mM DTT at 96°C for 10 min.
Subsequently, proteins were precipitated with TCA and modified with 15 mM AMS, except for
the sample in lane 8, which was left unmodified. This protocol ensures complete reduction of all
cysteines and thus their complete AMS modification. The number of AMS moieties added to the
proteins is indicated. The samples were analyzed by Western blotting against Ccs1. (C) In vivo
redox state of wild-type (WT) Ces1 and Ccs1¥75/<4%S expressed under the control of the
endogenous promoter of Ccs1 from a cen plasmid (pRS). Cells were treated as indicated
according to the protocol described in A. Redox states at steady state are depicted in lanes
2 (WT) and 9 (Ccs1¢275/C6%5). Note that wild-type Ces1 can be fully reduced (i.e., modified with
seven AMS) only upon boiling with 20 mM DTT at 96°C. (D) As in C, except that the in vivo
redox state of overexpressed mitochondrial Ccs1 (pYX/b,—~CCS1) was determined.
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structural disulfide bond between C27
and Cé64

Next we asked whether C27 and Cé4 form
a disulfide bond in vivo. To address this
question, we relied on in vivo alkylation shift
experiments (Figure 3A). First, we rapidly
lysed cells by treatment with TCA, thus
“freezing” the in vivo redox state of Ccs1.
Then we modified thiols with the alkylating
agent 4-acetamido-4’-maleimidylstilbene-
2,2'-disulfonic acid (AMS) to induce changes
in migration on SDS-PAGE comparable to
those depicted in Figure 2C and analyzed
the proteins by SDS-PAGE and immunob-
lotting against Ccs1.

For a detailed analysis of the Ccs1 redox
state in vivo we relied on a series of yeast
strains expressing different Ccs1 cysteine
mutants in a CCS1-deletion background. To
this end, we generated constructs that en-
code CCST1 gene variants under the control
of its endogenous promoter and terminator
(PRS), as well as under the control of an
overexpression promoter (pYX; see Supple-
mental Figure S1 for expression levels).

We used these strains first to generate
an  AMS-migration standard for Ccsl
(Figure 3B). We lysed cells from the different
Ccs1 mutant strains, incubated the protein
samples at 96°C with the reductant dithio-
threitol (DTT) to open all disulfide bonds,
and, after TCA precipitation to remove
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excess DTT, modified cysteine residues with AMS. The individual
size shifts of AMS-treated Ccs1 variants correlated with the number
of cysteine residues (Figure 3B; see added AMS molecules, and
compare with lane 8).

Next we assessed the in vivo redox state of the wild-type Ccs'
(Figure 3C). At steady state Ccs1 was present in two fractions: a
completely reduced form (modified with seven AMS molecules) and
one that migrated at an apparent size that corresponds to a modifi-
cation with five AMS molecules, indicating the presence of one dis-
ulfide bond in this form (Figure 3C, lane 2). The disulfide bond in
this semioxidized form of Ccs1 appears to be very stable (i.e., struc-
tural) because it could be opened only upon DTT treatment at 96°C
but not at 20°C or by DTT treatment of intact cells (Figure 3C, com-
pare lanes 3-5). Because C17/C20 and C229/C231 are localized to
CXXC and CXC motifs, respectively, which usually form unstable dis-
ulfides, we reasoned that C27 and Cé4 might form this structural
disulfide bond. We therefore determined the redox state of
Ccs1?75/C645 in vivo (Figure 3C, lanes 6-10). Ccs1¢275/C445 was com-
pletely reduced (Figure 3C, lane 9), indicating that the stable disul-
fide in the wild type was indeed formed between C27 and Cé4.
Notably, our results demonstrate that in vivo all other cysteines of
Ces1 (C17, C20, C159, C229, C231) are in the reduced state, which
for C17/C20 and C229/C231 is in accordance with their role in cop-
per binding and transfer.

Because wild-type Ccs1 exists at steady state in two different re-
dox forms we wondered whether mitochondrial Ccs1 might have a
redox state different from that of cytosolic Ccs1. To perform this ex-
periment in vivo, we generated yeast cells in which Ccs1 exclusively
localizes to the IMS. To this end, the CCS1-deletion strain was trans-
formed with plasmids encoding IMS-targeted Ccs1 variants. These
plasmids encoded an extended bipartite mitochondrial targeting
signal of cytochrome b, fused to Ces1 (by—Ccs1). This signal consists
of a matrix-targeting signal followed by a hydrophobic sorting se-
quence ensuring transfer into the inner membrane, and an addi-
tional IMS-localized domain that prevents accidental matrix import.
After import into mitochondria a part of the bipartite targeting signal
is removed, and the mature b,-Ccs1 protein localizes to the IMS.
Using the alkylation shift assay we found that all wild-type lb,—Ccs1
molecules contained the stable C27-C64 disulfide bond (Figure 3D,
lane 2). by-Ccs1¢275/C44S migrated at the same position (Figure 3D,
lane 9), confirming that in wild-type, IMS-localized Ccs1, C27 and
Cé4 are oxidized (because they could not be modified with AMS).
Thus our results indicate that at least a fraction of the cytosolic Ces1
does not contain the C27-Cé4 disulfide (Figure 3C, lane 2).

We repeated this redox state determination multiple times and
observed that the ratio between the completely reduced and the
semioxidized fraction varied significantly in whole cells but not in
mitochondria (Supplemental Figure S2, A-C). Such redox state
changes at steady state are frequently observed also in other redox
systems and might be due, for example, to differing growth states,
cell densities, nutrient supplies, and oxygen tensions (Appenzeller-
Herzog and Ellgaard, 2008; Appenzeller-Herzog et al., 2008). In-
deed, we observed differences in the redox state of Ccs1 by changes
in its expression level and by varying the oxygen tension (Supple-
mental Figure S2, A, B, and D). When comparing the redox state of
Ccs1 at endogenous and overexpressed levels (Figure 3C and Sup-
plemental Figure S2, A and B) we found that in both cases the pro-
tein was in part semioxidized, but Ccs1 present at endogenous lev-
els appeared to be overall in a more oxidized state. This finding
might indicate that upon overexpression of Ccs1 the oxidation sys-
tem in the cytosol becomes limiting. Similarly, in cells exposed to
20% oxygen a larger portion of C27 and Cé4 was present in the
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oxidized state than in cells cultured under hypoxic conditions (Sup-
plemental Figure S2D). Taken together, the results demonstrate that
C27 and Cé4 form a disulfide bond in the mitochondrial fraction of
Ccs1, whereas a varying fraction of cytosolic Ces1 is completely
reduced.

Cysteine mutations in domain | affect the cellular
distribution of Ccs1

Next we assessed whether the cysteine residues at positions 27 and
64 are also required for import under in vivo conditions by analyzing
their cellular distribution. First, we compared the expression levels
of the Ccs1 cysteine mutants expressed from the endogenous CCS1
promoter in whole cells (Figure 4A). All cells contained similar
amounts of Ccs1 except for the strains expressing Ccs1¢%75, Ces 1643,
and Ccs1C?75/C%45 We assume that these three mutants are less sta-
ble compared with the wild-type Ccs1 and thus become rapidly de-
graded. This is also supported by circular dichroism spectra of the
purified domain | of both the wild type and the C275/C64S mutant
of Ccs1, as the latter variant exhibits less secondary structure com-
pared with the wild type (Supplemental Figure S3).

We then isolated mitochondria from all strains and treated them
with low amounts of PK to remove any residual proteins still attached
to the outside of the mitochondria. We confirmed with control
Western blots against the IMS protein Mia40 that mitochondria re-
mained intact during the procedure (Figure 4B, bottom). Notably,
we found that mitochondria isolated from the cells expressing
Ccs1775, Ces 1645, and Ces1¢279/C4%S contained only minute amounts
of Ccs1 (Figure 4B). To exclude that these minute amounts of mito-
chondrial Ccs1¢?75, Ccs19445, and Ccs1¢275/C445 result only from the
low cellular levels of Ccs1, we compared strains expressing the wild
type and Ccs1275/C4%5 in more detail (Figure 4C). We found that the
strain containing Ccs1¢?75¢44S harbored only ~10% of the Ccs1
found in the wild type. However, the mitochondrial Ccs1 levels in
the former strain were well below 2% compared with those in the
wild type, indicating that the cellular distribution of Ccs1¢275/C645 to
mitochondria is indeed impaired.

To further strengthen this notion, we repeated the experiment
using cells expressing the different Ces1 variants from an overexpres-
sion plasmid. The protein levels in these cells were ~10-20 times
higher than with wild-type cells (Supplemental Figure S1). Moreover,
the amounts of Ccs1¢%73, Ccs194%, and Ccs1¢275/C445 were also sig-
nificantly higher in these strains than in the strains expressing Ccs1
under the control of the endogenous promoter (Supplemental Fig-
ures S1 and S4, A and D). When comparing total Ccs1 levels with
mitochondrial Ccs1 amounts (Figure 4, D and E) we clearly confirmed
that Ces1¢?7%, Ces1¢645, and Ces1¢275/C44S were lacking from the mito-
chondrial fraction. Moreover, the distribution of Ccs1 between mito-
chondria and the remainder of the cell was not substantially altered
compared with the distribution in cells containing endogenous levels
of Ces1 (Figure 4F; also compare Figure 4, D and E, with A and B).
An exception was the C159S mutant of Ccs1, which appeared to
become enriched in the mitochondrial fraction upon overexpression.
Taken together, these results support that also in vivo C27 and Cé4
contribute to the accumulation of Ces1 in mitochondria.

Cysteine mutations in domain | do not affect the enzyme
activity of Ccs1

We were also interested in the effect of cysteine mutations in Ccs1
on its activity. In yeast Ccs1 is essential for the activation of Sod1,
and thus Sod1 activity can be used as a measure for the enzymatic
activity of Ccs1. We applied a gel-based Sod activity assay on lysates
of cells and of isolated mitochondria from yeast strains expressing
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FIGURE 4: Mutations of Cys-27 and Cys-64 result in decreased mitochondrial levels of Ccs1.
(A) Cces1 protein levels in Accs1 cells expressing different Ces1 variants under the control of the
endogenous promoter (pRS). Cells were grown to mid-log phase in S(Lac)-Trp medium, lysed,
and analyzed by SDS-PAGE and Western blotting against the indicated proteins. (B) Ccs1
protein levels in mitochondria isolated from Accs1 cells expressing different Ccs1 variants under
the control of the endogenous promoter from a cen plasmid (pRS). Cells were grown to mid-log
phase in S(Lac)-Trp medium and lysed, and mitochondria were isolated. To remove proteins
attached to the outside of mitochondria, the mitochondrial fraction was treated with 100 pg/ml
PK. Mitochondrial fractions were analyzed by SDS-PAGE and immunoblotting using antibodies
directed against Ccs1, Mrpl40 (mitochondrial matrix), and Mia40 (IMS). (C) Comparison of the
cellular distribution of wild-type Ccs1 and Ccs1¢275/C64S in cells with endogenous levels of Ccs1.
Experiments were performed as in A and B. Amounts of 5, 10, and 20 pg of mitochondria and
cells at ODggg values of 0.05, 0.1, and 0.2 were analyzed. (D) Ccs1 protein levels in Accs1 cells
expressing different Ccs1 variants under the control of the triosephosphate isomerase promoter
from a 2p plasmid (pYX). As in A, except that Ccs1 was overexpressed in Accs1 cells. (E) Ces1
protein levels in mitochondria isolated from Accs1 cells expressing different Ccs1 variants under
the control of the triosephosphate isomerase promoter (pYX). As in B, except that Ccs1 was
overexpressed in Accs1 cells. (F) Comparison of the cellular distribution of wild-type Ccs1 in cells
with endogenous levels of Ccs1 and cells overexpressing Ccs1. Experiments were performed as
in A and B on Accs1 cells expressing wild-type Ccs1 under the control of either the endogenous
promoter (pRS) or the triosephosphate isomerase promoter (pYX). Totals of 5, 10, and 20 pg
mitochondria and cells at ODgqq values of 0.05, 0.1, and 0.2 were analyzed.

different Ccs1 cysteine mutants in a CCS7-deletion background
(Figure 5). When analyzing whole cells we confirmed previous find-
ings (Schmidt et al., 1999) that the mutation of C229 and C231 in
Ccs1 results in the complete loss of Sod1 activity (Figure 5A). Dele-
tion of the remaining cysteines, however, did not affect Sod1 activity
in whole-cell lysates (Figure 5A). This was in strong contrast with the
situation in mitochondria, in which C27 and Cé4 were essential for
the accumulation of Sod1 activity (Figure 5B). This was due to the
import defect of these Ccs1 mutants into mitochondria because fu-
sion of the variants to a by-targeting sequence restored mitochon-
drial Sod1 activity (Figures 5C).

IMS-sorting signal (MISS) or intermembrane
space-targeting signal (ITS; Milenkovic
et al., 2009; Sideris et al., 2009). Such a sig-
nal has not been defined for Ccs1. Closer
analysis of the Ccs1 sequence and structure
revealed that amino acids 124, 157, and L61
might potentially form part of such a se-
quence, as they are hydrophobic residues
localized to the a-helix presumably interact-
ing with Mia40 (Figure 6A). To investigate
the influence of these residues on the cellu-
lar distribution, mitochondrial import, and
redox state of Ccs1, we generated and ana-
lyzed 124E and L61E mutants (Figure 6, B-D).
We found that these Ccs1 variants were not
imported into isolated mitochondria (Figure
6B) and that they were present only at low
levels in whole cells and in minute amounts
in mitochondria (Figure 6C). Although they
were in principle capable of activating Sod1
in whole cells, mitochondria contained lower
levels of active Sod1 (Figure 6D). Thus both
Ccs1 variants behaved like Ccs1¢?7S and
Ccs®4 and might indeed constitute a part
of the MISS/ITS of Ccs1.

DISCUSSION

Ccs1 is dually localized to the cytosol and
mitochondria. Mitochondrial import is facili-
tated by Miad0 (Reddehase et al., 2009).
However, the mechanistic details of this im-
port process remained unclear. In this study
we provide in-depth analyses of Ccs1 cellu-
lar distribution, mitochondrial import, oxi-
dative folding by Mia40, and physiological
consequences of Ccs1 mutations.

The oxidation of the Cys-27 and Cys-64
by Mia40 is necessary for efficient

import of Ccs1 into mitochondria

We demonstrate that C27 and Cé4 in do-
main | of Ccs1 play a critical role in control-
ling the distribution of Ccs1 and thus the
distribution of active Sod1 within the cell.
Our findings indicate the following order of

events (Figure 6E): After cytosolic synthesis Ccs1 can be either
folded in the cytosol or translocated into mitochondria. The latter
process is driven by the covalent interaction of Mia40 with immature
Ccs1, which results in the formation of a stable intramolecular disul-
fide bond between C27 and Cé4 (Figures 2 and 3). The interaction
with Mia40 most likely takes place through Cé4 (Figure 2B). IMS
import signals also encompass sequence features that facilitate non-
covalent binding to Mia40; in the case of Ccs1 these include the
hydrophobic residues 124 and Lé1 (Figure 6). Without the two
cysteines or the two hydrophobic residues Ces1 is not imported into
mitochondria (Figures 1, 4, and 6), and consequently IMS-localized

Sod1 is not activated (Figures 5 and 6). The C27-Cé4 disulfide is also

Mutations in amino acids forming the potential
IMS-targeting signal result in the same phenotype

as the C27S and C64S mutants of Ccs1

The small twin CX3C and twin CXgC substrates of Mia40 contain an
internal mitochondrial targeting signal, a so-called mitochondria
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formed in the cytosolic form of Ccs1 even though it appears that a
significant fraction of Ccs1 remains completely reduced, indicating
that oxidation commences more slowly (Figure 3). It therefore seems
likely that cytosolic Ces1 oxidation occurs without the help of a ded-
icated oxidoreductase. On the basis of these findings we propose
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FIGURE 5: Levels of active mitochondrial Sod1 are lower in strains
expressing the C27S and C64S cysteine mutants of Ccs1. (A) Sod1
protein and activity levels in Accs1 cells expressing different Ces'1
variants under the control of the endogenous promoter (pRS). Cells
were grown to mid-log phase in S(Lac)-Trp medium. Subsequently,
cells were either lysed in native lysis buffer and analyzed by Sod
activity gels (top) or lysed in SDS lysis buffer and analyzed by
SDS-PAGE and Western blotting against the indicated proteins
(middle and bottom). (B) Sod1 protein and activity levels in
mitochondria isolated from Accs1 cells expressing different Ces1
variants under the control of the endogenous promoter from a cen
plasmid (pRS). Cells were grown to mid-log phase in S(Lac)-Trp
medium and lysed, and mitochondria were isolated. To remove
proteins attached to the outside of mitochondria, the mitochondrial
fraction was treated with 100 pg/ml PK. Mitochondrial fractions were
then analyzed by Sod activity gels or by SDS-PAGE and
immunoblotting using antibodies directed against Sod1, Mrpl40
(mitochondrial matrix), and Mia40 (IMS). (C) Sod1 activity and
protein level in mitochondria isolated from cells expressing different
b,-Ccs1 cysteine mutants. As in B, except that Ccs1 variants were
fused to a by-targeting sequence and expressed under the control of
the triosephosphate isomerase promoter from a 2y plasmid (pYX).

that the mitochondrial import, which is accompanied by enzyme-
catalyzed oxidative folding in the IMS, competes with a slow and
non-enzyme-catalyzed oxidative folding reaction of Ccs1 in the cy-
tosol. This would ensure that a significant amount of unfolded and
reduced Ccs1 remains in the import-competent state after cytosolic
translation long enough to be imported into the IMS.

The import and oxidative folding of Ccs1 by Mia40 clearly show
differences compared with the twin CX¢C and twin CX3C substrates,
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such as slower folding kinetics, lower import efficiency, and the for-
mation of only one disulfide in a domain with a more complex struc-
ture (aBB0y). The lower efficiency of mitochondrial import of Ces1 into
isolated mitochondria compared with other Mia40 substrates (Figure
1B) might stem from its slower folding kinetics (Figure 2C). Slower
folding could result from a longer noncovalent interaction with Mia40.
Consequently, less Mia40 is unoccupied and can serve as import re-
ceptor for Ces1. In addition, for Ces1 import both cysteines in domain
| appear to be critical. This is in contrast to twin CX3C and twin CXoC
proteins, which are imported into isolated mitochondria if only the
cysteine that initially interacts with Miad0 is present (Milenkovic et al.,
2007, 2009; Sideris and Tokatlidis, 2007; Sideris et al., 2009). Al-
though we also observed a Miad0-Ccs1<’S complex, we could not
detect import of this mutant into mitochondria. This might be ex-
plained by the fact that we did not include the reductant
B-mercaptoethanol in the import buffer to detect covalent interac-
tions between Miad0 and its substrates (Figure 2B). However,
B-mercaptoethanol was added during the import reactions (Figure 1,
except C) because reductants normally serve to accelerate the import
process of Mia40 substrates (Bien et al., 2010). Furthermore, in vivo
both Ccs1¢%7S and Ccs 144 are almost absent from the mitochondrial
fractions. To our knowledge no such in vivo analyses have been per-
formed for cysteine mutants of twin CX3C and twin CXyC proteins. It
thus remains unclear whether these proteins are depleted in mito-
chondria in intact cells.

Other aspects of Mia40-dependent oxidative folding are con-
served, such as the lack of import of a completely cysteine-less mu-
tant, the formation of a stable structural disulfide connecting two
antiparallel helices, and internal targeting signals (MISS/ITS) that fa-
cilitate recognition by Mia40. It was recently shown that Mia40 also
can serve as a chaperone that induces the folding of one a-helix in a
twin CXoC substrate and subsequently forms a disulfide between
two cysteines in juxtaposed helices (Banci et al., 2010). Although the
overall structure of Ccs1 differs from those of the twin CX3C and twin
CXoC proteins, domain | resembles these classic Mia40 substrates.
This raises the possibility that Mia40, unlike chaperones of the cyto-
sol and the endoplasmic reticulum, might be primed to induce the
folding of only one specific fold in a limited subset of substrates.

The disulfide between C27 and C64 is not required for Ccs1
activity but seems to increase the stability of Ccs1

Our results suggest that the structural disulfide between C27 and
Cé4 increases the stability of Ces1. This is reflected by lower protein
levels of Ccs1C275/C445 at steady state and the lowered secondary
structure content of domain | bearing the C27S/C64S mutations
compared with the wild type. Ccs1 activity toward Sod1 is not af-
fected, however, by lack of the C27-Cé4 disulfide. Therefore, the
reduced cytosolic form of Ccs1 is still capable of activating Sod1.
These results are in agreement with experiments in which a Ccs
mutant lacking the complete domain | still was capable of activat-
ing Sod1 in whole cells (in light of our results, likely the ~95% of
cytosolic Sod1; Schmidt et al., 1999). Notably, an IMS-targeted
Ccs1 mutant in which C27 and Cé4 had been replaced by serines
could activate Sod1 in mitochondria, indicating that both cysteines
influence mainly the import of Ces1 into mitochondria.

Consequences of the dual localization of Ccs1 for the
cellular antioxidative response

The dual localization of Ces1 and Sod1 also raised the questions of
whether the distribution is variable and can be regulated. Indeed,
the expression of a mitochondria-targeted variant of Ccs1 in a
CCS1-deletion background results in increased protein and activ-
ity levels of mitochondrial Sod1 in yeast (Field et al., 2003).
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FIGURE 6: MISS/ITS mutants in Ccs1 behave like the C27S and C64S mutants of Ccs1.

(A) Scheme of domain | of Ccs1 and location of the amino acids forming the putative MISS/ITS.
Locations of amino acids forming the potential MISS/ITS are indicated in the structure of Ccs1
domain |, as well as in the helical-wheel representation of the two helices forming domain I. The
black and gray labels of the wheel indicate the hydrophobic and hydrophilic faces of the helices,
respectively. (B) Import of MISS/ITS mutants of Ccs1 into isolated mitochondria. The experiment
was performed as indicated in Figure 1D. (C) Cellular distribution of the MISS/ITS mutants of
Ccs1. The experiment was performed as indicated in Figure 4. (D) Sod activity in cells and
mitochondria from CCS1 deletion strains expressing MISS/ITS mutants of Ccs1. The experiment
was performed as indicated in Figure 5. (E) Model for the mechanism of Ccs1 distribution

between the cytosol and the IMS. See Discussion for details.

Likewise, growth of mammalian tissue culture cells under hypoxic
conditions leads to increased amounts of Sod1 and Ccs1 in mito-
chondria (Kawamata and Manfredi, 2008). In yeast and in a mouse
model, higher levels of mitochondrial Sod1 activity improve
the capacity to withstand mitochondria-derived oxidative stress
(Kloppel et al., 2010; Fischer et al., 2011).

We thus aimed to identify conditions under which the cellular
distribution of Ccs1 changed. To this end, we determined the levels
of Ces1 in mitochondria and whole cells in a number of deletion
strains (e.g., Asod1, Actt1, AgrxTAgrx2Agrx8, and Agir1), as well as
under varying conditions of oxidative stress (e.g., treatment with
paraquat, tetramethylethylenediamine; unpublished data). How-
ever, under the tested conditions the cellular Ccs1 distribution re-
mained unchanged. Nevertheless, the lowered stability of reduced
Ccs1 could constitute a way to decrease the levels of cellular Ces1
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his3-A200 leu2-A1) by replacement of the
CCS1 open reading frame with a URA3
cassette. Homologous recombination was
verified by PCR and controlled by immuno-
blotting against Ccs1. The Accs1 strains ex-
pressing Ccs' variants were generated by
transformation with the respective plasmids.
The GallL-Mia40 strain was introduced be-
fore (Terziyska et al., 2005). Strains were
grown in S(Lac) medium (0.85% yeast nitro-
gen base, 2.5% (NH;),SO4, 9.9% lactate,
20 mg/l adenine sulfate, 20 mg/| uracil,
100 mg/I L-leucine, 30 mg/l L-lysine, 20 mg/I
L-histidine, pH 5.5) with 0.2% galactose at 30°C.

Antibodies

The following antibodies were used: anti-Mia40 (Mesecke et al.,
2005), anti-Mrpl40 (Gruschke et al., 2010), anti-Pgk1 (Invitrogen,
Carlsbad, CA), anti-Sod1 (Kléppel et al., 2010), anti-Tim10, and anti-
Tom70 (Mesecke et al., 2005). To generate the Ccs1 antibody, full-
length yeast Ccs1 was purified and used for immunization of rabbits.

Isolation of mitochondria, cell fractionation,

and Sod activity assays

These methods were performed as described (Kléppel et al., 2010),
except that for the analyses of the cellular Ces1 distribution intact
isolated mitochondria were treated with 100 pg/ml PK to remove
proteins attached to the outside of mitochondria. The intactness of
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the outer membrane was verified by immunoblotting against the
IMS protein Mia40.

Import of radioactively labeled proteins into isolated
mitochondria and in vitro disulfide bond formation assay
These experiments were performed as described (Bien et al., 2010).
The import reaction was performed either in the presence of 2 mM
B-mercaptoethanol or in the presence of varying amounts of re-
duced glutathione and in the absence of B-mercaptoethanol.

Analyses of Miad0-Ccs1 interaction after import of
radioactively labeled proteins into isolated mitochondria
These experiments were performed as described (Mesecke et al.,
2005). During import no reductant was added.

In vivo redox state analyses

To determine the redox state of Ccs1 in whole cells, cells were
grown in selective medium to an ODgqg of 1.0. Cells were either left
untreated or, for the in situ DTT control, incubated for 10 min at
30°C with 100 mM DTT. Then cells were harvested by centrifuga-
tion, and cell pellets were resuspended in 10% TCA. For the in vitro
DTT controls, cell pellets were resuspended in 20 mM DTT and 1%
Triton X-100. Cells were broken by glass bead homogenization, and
the lysate was incubated for 10 min at either 20 or 96°C. At 20°C
proteins are in their native conformation; however, in lysed cells the
accessibility of DTT is improved compared with in situ DTT incuba-
tion. TCA was added to all samples, which then were subjected to
sonification and glass bead homogenization. TCA pellets were ob-
tained by centrifugation and were resuspended in 40 ul AMS buffer
(58 mM Tris, pH 7.0, 7% glycerol, 1.5% SDS, 0.1% bromocresol pur-
ple) containing 15 mM AMS in the case of AMS modification. Modi-
fication took place for 1 h at 20°C in the dark. Subsequently, samples
were analyzed by SDS-PAGE and Western blot against Ccs1.
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