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Abstract

Aim: Mitochondrial cytochrome ¢ oxidase (COX), the last enzyme of the respiratory chain, catalyzes the
reduction of oxygen to water and therefore is essential for cell function and viability. COX is a multimeric
complex, whose biogenesis is extensively regulated. One type of control targets cytochrome ¢ oxidase subunit 1
(Cox1), a key COX enzymatic core subunit translated on mitochondrial ribosomes. In Saccharomyces cere-
visiae, Cox1 synthesis and COX assembly are coordinated through a negative feedback regulatory loop. This
coordination is mediated by Mss51, a heme-sensing COX/ mRNA-specific processing factor and translational
activator that is also a Cox1 chaperone. In this study, we investigated whether Mss51 hemylation and Mss51-
mediated Cox1 synthesis are both modulated by the reduction—oxidation (redox) environment. Results: We
report that Cox1 synthesis is attenuated under oxidative stress conditions and have identified one of the
underlying mechanisms. We show that in vitro and in vivo exposure to hydrogen peroxide induces the formation
of a disulfide bond in Mss51 involving CPX motif heme-coordinating cysteines. Mss51 oxidation results in a
heme ligand switch, thereby lowering heme-binding affinity and promoting its release. We demonstrate that in
addition to affecting Mss51-dependent heme sensing, oxidative stress compromises Mss51 roles in COX/
mRNA processing and translation. Innovation: H,0O,-induced downregulation of mitochondrial translation has
so far not been reported. We show that high H,O, concentrations induce a global attenuation effect, but milder
concentrations specifically affect COXI mRNA processing and translation in an Mss51-dependent manner.
Conclusion: The redox environment modulates Mss51 functions, which are essential for regulation of COX
biogenesis and aerobic energy production. Antioxid. Redox Signal. 24, 281-298.

Introduction

IN BIOLOGICAL SYSTEMS, reduction—oxidation (redox) re-
actions are central to most cellular processes, including
cellular differentiation, proliferation, and death (15). In eu-
karyotes, the mitochondrion plays a central role in these
processes, a case in point being the redox-driven cellular
respiration (30) that takes place in the organelle.

The mitochondrial respiratory chain (MRC) is formed by
four enzymatic complexes (complexes I-IV) and two mobile
electron carriers (cytochrome ¢ and coenzyme Q) that act in
concert to transfer electrons from reducing equivalents to
molecular oxygen (O,). In each round of electron transfer
through the MRC, one electron is donated to oxygen by COX,
the terminal oxidase in the chain. As a by-product of respi-

ration, electrons can escape prematurely, reducing oxygen to
superoxide anion radicals (O,"), which are rapidly dis-
mutated to H,O,, a membrane-permeable molecule with a
longer half-life than most reactive oxygen species (ROS).

The cellular response to ROS displays hormesis (38). High
ROS concentrations induce oxidative stress and can cause
significant damage to many cellular components. However,
elevated ROS also act as redox signaling molecules in the
maintenance of physiological functions. For example, the
response to oxidative stress is mediated by dedicated tran-
scription factors whose activities are governed by thiol redox-
sensitive mechanisms (10, 22).

In recent years, several reports have described the existence
of cysteine thiol-based redox switches in heme-regulated
proteins (35). Among them, human heme oxygenase-2 (HO-2)
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Innovation

Reactive oxygen species (ROS) and heme mediate es-
sential cell regulatory processes. A mechanism that com-
bines ROS and heme sensing consists of thiol/disulfide
reduction—oxidation (redox) switches regulating the func-
tion of hemoproteins. In this study, we identified such a
mechanism operating in the translational regulation of
yeast mitochondrial cytochrome ¢ oxidase (COX) as-
sembly. The key element is Mss51, a heme-binding COX1
mRNA-specific translational activator that coordinates
cytochrome c¢ oxidase subunit 1 (Cox1) synthesis and as-
sembly. We show that redox sensing through heme regu-
latory cysteines modulates Mss51 functions, resulting in
Cox1 synthesis attenuation under oxidative stress condi-
tions. Thus, this study adds new dimensions in under-
standing how mitochondrial translation is regulated in
response to oxidative stress.

is subjected to reversible thiol/disulfide interconversion, with
different heme-binding affinities in the oxidized and the re-
duced states (35). Proteins that bind heme for regulatory pur-
poses contain heme regulatory motifs (HRMs) that usually
consist of conserved Cys-Pro core sequences flanked at the C-
terminus by a hydrophobic residue [CPX motifs (46, 59)]. In
some cases, the redox switch involves the cysteines in the CPX
motifs. For example, the transcription factor Rev-erbf, a
member of the nuclear receptor superfamily, undergoes a
heme ligand switch upon oxidation of two CPX motif cyste-
ines, which results in lower affinity for heme (14). We recently
reported the presence of similar HRMs in the Saccharomyces
cerevisiae mitochondrial translational activator, Mss51 (44).
Mss51 is specifically involved in the biogenesis of cyto-
chrome ¢ oxidase subunit 1 (Cox1). COX is a multimeric en-
zyme that contains three catalytic core subunits (Cox1, Cox2,
and Cox3) encoded in the mitochondrial DNA and eight
nucleus-encoded subunits that act as a protective shield of the
core (43). Cox1 contains heme A and copper prosthetic groups,
which potentially make this protein highly reactive when the
metal groups are not correctly inserted (16). During COX as-
sembly, Cox1 constitutes the seed around which the holo-
complex is assembled by incorporation of individual subunits
and prebuilt modules containing the core subunits (12, 25, 31).
For these reasons, COX assembly is a highly controlled pro-
cess, with the biogenesis of Cox 1 being the most regulated step.
Our group and others have reported that Cox1 is the subject
of assembly-dependent translational regulation (4, 12, 29,
32-34, 41, 44). Through a negative feedback regulatory loop,
Cox1 synthesis and COX assembly are coordinated to opti-
mize COX biogenesis. This coordination is mediated by
Mss51, a COXI mRNA-specific processing factor and
translational activator (9), which also acts as a chaperone to
stabilize newly synthesized Cox1 and promote its assembly
(4, 32). To prevent excessive Cox1 synthesis when the pro-
tein cannot be assembled into COX, Mss51 binds to newly
synthesized Cox1 and forms a transient complex with addi-
tional COX assembly factors that trap Mss51, thereby lim-
iting its availability to act in Cox1 translation (4, 11, 12, 28,
29, 34). In a recent study, our group uncovered that Mss51
binds heme B and contains two CPX motifs located in its
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N-terminus, whose integrity is required for Mss51 function as
a COXI mRNA translational activator (44).

Since mitochondria are a major source of ROS, we have
now explored whether heme binding to Mss51 and conse-
quently the multiple functions performed by this protein could
be affected by redox changes induced by oxidative stress. A
combination of in vitro and in vivo experimental strategies
allowed us to demonstrate that exposure to hydrogen peroxide
induces formation of a disulfide bond in Mss51 involving
HRM cysteines. We show that a combination of oxidation-
induced impairment of heme-dependent and heme-
independent roles of Mss51 contributes to decreased mito-
chondrial COXI mRNA maturation and attenuated Coxl
synthesis. We conclude that the redox environment modulates
Mss51 functions, which are essential for regulation of COX
biogenesis and aerobic energy production.

Results

Oxidative stress specifically attenuates Cox1
synthesis in vivo

To test the effect of oxidative stress in mitochondrial protein
synthesis, we assayed in vivo mitochondrial translation in two
S. cerevisiae wild-type (WT) strains, namely W303 and D273,
exposed to increasing concentrations of H,O, at 30°C for 2h
during exponential growth, when the permeability constant for
H,0, is the highest (45). Mild to severe oxidative stress was
achieved with H,O, concentrations in the 0-0.8 mM range
(47) at which the cells largely retained their ability to divide.
Although severe oxidative stress (0.8 mM H,0,) attenuated
overall mitochondrial translation in both strains, mild and
medium oxidative stress (up to 0.6mM H,0,) produced a
specific predominant decrease in COXI mRNA translation,
W303 being slightly more affected (Fig. 1A).

Cox1 synthesis in S. cerevisiae is under the control of
the MSS51 and PET309 gene products that are also in-
volved in maturation of the COXI mRNAs (9, 24). We
hypothesized that defective function of these translation
activators could be the reason behind the attenuation of
Cox1 synthesis by oxidative stress. Since we have previ-
ously shown that Mss51 plays key control roles in these
processes, including regulatory heme sensing through CPX
motifs (44), we decided to focus on the effect oxidative
stress could have on Mss51. The H,0O,-induced Coxl1
synthesis defect was not, however, the result of Mss51
instability since the treatment did not change the steady-
state level of the protein (Fig. 1B). In the following sec-
tions, following in vitro and in vivo approaches, we
describe the effects of oxidative stress on Mss51 bio-
chemical properties and physiological functions.

Mss51-TF can form a disulfide bond in vitro

In all S. cerevisiae strains, including W303 and D273, the
peripheral inner membrane protein, Mss51, contains four
conserved cysteine residues. Two of these cysteines (C85 and
C96) are part of CPX motifs located in the hydrophilic
N-terminal region of the protein (44) that protrudes into the
mitochondrial matrix (57). The other two conserved cyste-
ines (C281 and C362) are located in the C-terminus. In some
strains, such as D273, this region contains a fifth cysteine
(C310), which is not relevant for protein function, as will be
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FIG. 1. H,0,-induced oxidative stress attenuates Cox1
synthesis in vivo. (A) In vivo mitochondrial protein syn-
thesis (pulses of 15min) in the indicated strains. Yeast
cultures were grown to early exponential phase (ODggp=1)
and subjected to treatment with different concentrations of
H,0, for 2h at 30°C. (B) Immunoblot analysis performed
using whole yeast cell lysates and an anti-Mss51 antibody.
Bar graphs represent mean*SD of percent of untreated
control in three independent experiments. Cox1, cytochrome
¢ oxidase subunit 1; OD, optical density; SD, standard
deviation.

shown later. We have previously expressed in Escherichia
coli and purified a recombinant D273 Mss51 protein fused to
a trigger factor (TF) N-terminal tag for increased solubility
and preceded by a 6xHis-tag for affinity chromatography
purification using a cobalt resin (44). Now, we analyzed the
redox state of the cysteines in recombinant Mss51 and their
capacity to form a disulfide bond in vitro by thiol trapping
using Mal-PEG5000 (methoxypolyethylene glycol mal-
eimide), which binds to reduced cysteines, adding 5 kDa per
residue. As shown in Figure 2A, as purified, the recombinant
Mss51-TF preparation contained two protein fractions, one
with a disulfide bond (three PEG) and the other fully reduced
(five PEG). Mss51-TF was further reduced with DTT (di-
thiothreitol) or oxidized with 4-DPS (aldrithiol-4) to confirm
the formation of a disulfide upon oxidation that is lost in
reducing conditions (Fig. 2A).

283

The binding capacity of recombinant Mss51 to hemin
depends on the redox state of the protein

We have previously shown that recombinant Mss51-TF
binds hemin-agarose beads with high specificity (44). Now,
we aimed to test whether the redox state of Mss51 influences
its affinity for heme. The recombinant protein, either reduced
with DTT or oxidized with 4-DPS, was dialyzed and both
samples were subjected to hemin-binding titrations using a
double-beam spectrophotometer.

When reduced Mss51 was titrated with Fe>* heme, the
difference spectra exhibited absorbance peaks in the Soret
region at 416 nm and in the o (550 nm) and £ (520 nm) bands
(Fig. 2B). Although this pattern is characteristic of cyto-
chrome c coordination, in which heme is bound to the protein
by one or more common two thioether bonds involving
sulthydryl groups of cysteines, we have previously shown
that heme binds to Mss51 tightly, but in a noncovalent
manner, since it can be extracted with acidic acetone (44).
Reduced Mss51 binds Fe** (Fig. 2B) and Fe** (not shown)
with similar affinities (~0.445 uM). When oxidized Mss51
was titrated with Fe>*, the spectra changed in several ways,
with the Soret peak slightly shifted to 414 nm and signifi-
cantly weakened (low Bmax). We also observed the substi-
tution of the 4550 and 4520 nm peaks by a diffuse, unresolved
broad peak in the 525-540 nm region (Fig. 2B), suggesting a
heme ligand switch. The oxidized protein binds Fe** he-
min with affinity (inverse of K4) more than two-fold lower
(Kg=1.029 uM) than the reduced protein (Kyq=0.445 uM).
These results suggest that a thiol/disulfide redox switch could
operate in the regulation of heme binding to Mss51 and the
regulation of Mss51 functions.

Subsequently, we tested whether the interaction between
Mss51 and hemin is affected by oxidation of hemin-bound
Mss51 by two different oxidizing agents, 4-DPS and H,O,.
For this experiment, native untreated Mss51-TF was allowed
to bind hemin, which was monitored spectrophotometrically,
as explained earlier. Treatment with 4-DPS of Mss51 bound
to hemin resulted in a shift of the Soret peak from 415 nm
(untreated protein peaks between 414 and 416 nm since itis a
mixed population of reduced and oxidized protein) to 410 nm
(Fig. 2C-left panel). Exposure of hemin-bound Mss51 to a
wide range of H,O, concentrations (from 0.5 to 5 mM) also
resulted in a shift of the Soret peak from 415 nm in the native
protein to a broad peak of 410-413 nm after oxidation, which
was better defined in the mildest conditions (Fig. 2C-right
panel). The shifts observed after both treatments are consis-
tent with a change in hemin coordination, a ligand switch,
upon Mss51 oxidation. These proposed ligand switches were
accompanied by a gradual attenuation of the signal (Fig. 2C).
These results support a model depicting Mss51-hemin inter-
actions that are dictated by the redox state of the protein
before and after Mss51 is hemylated.

To determine whether conformational changes occur in
MssS51-TF upon reduction/oxidation and/or heme binding,
we analyzed the intrinsic fluorescence spectra of the protein
in the different conditions. Mss51 has six tryptophan residues
and TF contains an additional one. Our analyses revealed that
tryptophan fluorescence of Mss51-TF is quenched by 20—
25% upon oxidation (Fig. 2D). Heme binding also induces
fluorescence quenching by 50% for reduced Mss51-TF and
by 20% for the oxidized protein (Fig. 2D). These data
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FIG. 2. The redox state of recombinant Mss51-TF determines hemin coordination. (A) Mss51-TF redox state in vitro
by thiol trapping. Purified recombinant Mss51-TF aliquots were left untreated, reduced (10 mM dithiothreitol), or oxidized
(1mM 4-DPS) and subsequently exposed to Mal-PEG5000. Proteins were resolved in SDS-PAGE under nonreducing
conditions and Mss51 was detected by immunoblotting. (B) Difference sgectroscopy titration of hemin binding to reduced
or oxidized Mss51-TF performed with increasing concentrations of Fe™ hemin. The titration curves (lefi panel) were
generated from fits to equation, ¥ = Bmax X , describing a single binding site using GraphPad Prism software. The right panel
displays the overlay of titration curves showmg peaks, maxima, after binding 2 uM hemin. (C) Difference absorption spectra
of hemin-bound native Mss51-TF treated with increasing concentrations of 4-DPS (left panel) and H,O, (right panel), as
shown. The results were obtained and analyzed as explained in (B). (D) Fluorescence emission spectra of reduced and
oxidized Mss51-TF upon binding to hemin. Spectra were recorded at 25°C in 50mM Tris-HCI pH 8.0 (excitation at
295 nm). The fluorescence maximum of reduced Mss51-TF was arbitrarily set to 1 fluorescence unit. For each condition,
plots from three independent samples are presented. 4-DPS, aldrithiol-4; redox, reduction—oxidation; SDS-PAGE, sodium
dodecyl sulfate—polyacrylamide gel electrophoresis.
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FIG. 3. Exposure to H,O, induces Mss51 oxidation in organello. (A) Mitochondria with intact outer membranes
purified in the absence of reducing agents were treated with the indicated H,O, concentrations and subsequently extracted
with 100mM Hepes pH 7.4 and 0.5% SDS with or without reducing agent, TCEP (tris-[2-carboxyethyl] phosphine,
hydrochloride). Oxidation of Mss51 thiols was visualized by addition of AMS and immunoblotting. (B) Oxidation of mutant
forms of Mss51-carrying serine substitutions for one or two cysteines. H,O, treatment was followed by a thiol-trapping

assay as in (A).

indicate that Mss51 undergoes conformational modifications
upon changes in hemylation and/or redox state.

Mss51 can be oxidized in a cell-free in organello
system upon treatment with hydrogen peroxide

To test whether native mitochondrial Mss51 is susceptible
to undergo H,O,—mediated oxidation and to identify the
potential cysteines involved, we implemented acute treat-

ments in a cell-free in organello system. For that purpose,
mitochondria with an intact outer membrane isolated from a
wild-type W303 strain were exposed to increasing high H,O,
concentrations (0—10 mM) during short times to minimize
protein degradation. Following treatments, mitochondria
were detergent-solubilized and the extracts subjected to
thiol trapping using 4-acetamido-4'maleimidylstilbene-2,2’-
disulfonic acid (AMS), which binds to reduced cysteines,
adding 0.5 kDa per residue. Despite the risk of forming non-

TABLE 1. GENOTYPE AND SOURCE OF STRAINS USED TRAINS

Strain Genotype Source

aW303-1A MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 (48)

aW303 Aheml MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 Aheml::LEU2 (20)

aW303 Amss51 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 Amss51::HIS3 %)

aW303 Acoxi4 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 AcoxI14::TRP1 4

aW303 Aheml Acox14 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 Aheml::LEU2 (44)
Acox14::TRP1

aW303 Amss51+MSS51 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 (44)
Amss51::HIS3+LEU2::YIplac128-MSS51

aW303 Amss5 1+mss51%S MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 (44)
AmssS1::HIS3+LEU2: :YIplac128-mss51°%S

aW303 Amss5 1+mss51%5 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 (44)
Amss51::HIS3+LEU2::YIplac128-mss51°°%

aW303 Amss51+mss5 ]85S MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 (44)
Amss51::HIS3+LEU2:: YIplac128-mss518359%S

aW303 AmssS51+mss5 17! MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 (44)
Amss51::HIS3+LEU2::Yiplac128-mss5 15"

aW303 AmssSI+mssS1<28'S MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 This work
Amss51::HIS3+LEU2: :YIplac128-mss51°*'S

aW303 Amss5[+mss51<310S MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 This work
AmssS51::HIS3+LEU2::YIplac128-mss513'%%

aW303 AmssSI+mss51<3%% MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 This work
Amss51::HIS3+LEU2::YIplac128-mss513%%S

aW303 Amss51+mss51°28153195  MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 This work
Amss51::HIS3+LEU2::YIplac128-mss5]*15C3108

aW303 Amss51+mss51°25195  MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 This work
Amss51::HIS3+LEU2::YIplac128-mss5]3625C3108

aW303 Acox14 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 AcoxI14::TRP1 4

aW303 dytal O+yta®>>? MATa ade2-1 his3-11,15 trpl-1 leu2,112 YCplaclll (LEU2, CEN): (1)
ADHI-YTA10°? wra3-52 ytal0::URA3

aW303dcox14Aytal 0+yta®°°  MATa ade2-1 his3-11,15 trpl-1 leu2,112 YCplaclll (LEU2, CEN): This work

ADHI1-YTAIOE559Q ura3-52 ytal0::URA3 W303Acox14::TRP1

oD273-10B/Al MATo. met6

(50)
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native artifact oxidation events by exposing mitochondrial
proteins to atmospheric oxygen during extraction, most of the
Mss51 we detected in the nontreated sample was reduced
(Fig. 3A). Following H,0, treatment, Mss51 was shifted
from its reduced form to fully oxidized. The amount of the
protein becoming oxidized increased with the H,O, con-
centration used in the experiment (Fig. 3A).

To identify the cysteines within Mss51 that are affected by
H,0, oxidation, we isolated mitochondria from W303Amss51
strains carrying integrative constructs expressing D273 Mss51,
either wild type or containing substitutions of each cysteine for
a serine (Table 1). In organello H,O, treatment followed by
thiol trapging in mitochondrial extracts indicated that the
Mss51°9%% and Mss51°%59%S mutant proteins were not oxi-
dized upon treatment with H,O, (Fig. 3B). These results
support a model in which in the wild-type strains, both C85 and
C96, are oxidized by H,O,. The fact that C96 can be oxidized
in the absence of C85 (showing a shift corresponding to three
AMS molecules in Mss51°%°%) suggests that C96 can form a
more reactive thiol that may react with H,O,, forming a —-SOH
group. The oxidation of C96 in the absence of C85 affects only
one cysteine, which indicates that oxidized C96-SOH cannot
react with any of the other cysteines within Mss51. We pro-
pose that in the wild-type strain, oxidized C96 could further
oxidize C85, forming a disulfide bond, which would affect the

mss +
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way Mss51 coordinates heme binding. Together, these results
support the involvement of C85 and C96 in mediating a redox
switch regulation of Mss51 functions.

Hydrogen peroxide-induced oxidative stress
specifically attenuates Cox1 synthesis in vivo
in an Mss51-dependent manner

In vivo, wild-type yeast cells treated with 0.2-0.8 mM
H,0O, displayed a specific predominant decrease in COX/
mRNA translation (Fig. 1). The effect of H,O, was further
investigated in W3034mss51 yeast expressing either one
copy of the D273 wild-type gene (five cysteine residues) or
variants affecting each cysteine in the CPX motifs
(mssS51 G855 and mss51C%S) or the Mss51 C-terminus
(mss5]C2815, ms551C3IOS, and mss51C3625). Both CPX mu-
tants synthesized lower levels of Coxl after treatment
(Fig. 4A). Although mss51°°%S yeast synthesizes Cox1 very
poorly, we were expecting no effect by H,O, treatment given
that Mss51°%%C does not undergo oxidation (Fig. 3B). As an
explanation, Mss51°%°€ binds a small amount of heme,
probably aberrantly coordinated (44) and perhaps accessible
to H,O,. Regarding the mutant strains carrying mss51 sub-
stitutions in the C-terminal cysteines, they grew in media
containing respiratory substrates (Fig. 4B) and synthesized
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W303
Amss51
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FIG. 4. Exposure to H,O, attenuates Cox1 synthesis in strains expressing mss51 cysteine mutants. (A) In vivo
mitochondrial protein synthesis in the indicated strains grown to early exponential phase and subjected to treatment with
different concentrations of H,O, for 2h at 30°C. The left bottom panel shows an immunoblot analysis performed using
whole yeast cell lysates, an anti-Mss51 antibody, and an anti-Porin Ab as a loading control. (B) Growth test using serial
dilutions of the indicated strains in complete media containing fermentable (glucose, YPD) or nonfermentable (ethanol-
glycerol, YPEG) carbon sources. The plates were incubated at 30°C and the pictures taken after 2 days of growth. (C) In
vivo mitochondrial proteins using untreated cultures of the indicated strains. Signals were quantified as in Figure 1.
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Cox1 at wild-type levels (Fig. 4C). When these strains were
submitted to H,O, treatment, Cox1 synthesis was as attenu-
ated as in the wild-type strain (Fig. 4C). These results are
consistent with the in organello experiments, which showed
that Mss51 can be oxidized by H,O, in the absence of any of
the C-terminus cysteines (Fig. 3B).

Translational downregulation of Cox1 synthesis is ex-
erted by trapping Mss51 in a high-molecular-weight com-
plex with newly synthesized Cox1, thereby limiting Mss51
availability to promote COXI mRNA translation (17). The
trap can be partially overcome by overexpressing Mss51
(4). In this study, we have observed that the specific Cox1
synthesis decrease induced by H,0O, treatment could be
moderately bypassed by overexpression of Mss51 (Fig. SA).
The Mss51 trap is also bypassed in some COX assembly
mutants, such as Acox14 and Acoa3, in which the trapping
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complex is destabilized, rendering Mss51 available to pro-
mote Cox1 synthesis (4, 11). In these mutants, however, the
newly synthesized protein is rapidly degraded (4).

We aimed to further test whether some of the oxidation
effect on COXI mRNA translation could be attributed to
either degradation of the newly synthesized protein or
downregulation of its synthesis by Mss51 trapping. Turnover
of mitochondrion-synthesized COX subunits that do not enter
the assembly pathway is a function of different proteases,
including the m-AAA protease complex YtalO/Ytal2 (1),
which can be inactivated by an E559Q mutation in the active
site of YtalO (1). The role of Ytal0/12 in Cox1 turnover
following H,O, treatment was studied in wild-type and
Acox14 strains harboring the ytal0F>*? allele. Treatment of
Acox14 cells with H,O, resulted in diminished capacity to
translate COX1 mRNA, even weaker than in the wild-type
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strain (Fig. 5B). This phenotype is not contributed by rapid
degradation of Coxl in the absence of Cox14 because
substitution of wild-type Ytal0 by Ytal0®>*? partially
restored the detected levels of newly synthesized Cox1 in
untreated (Fig. 5C), but not in H,O,-treated, Acoxi4 cells
(Fig. 5D).

We also tested the effect of H,O, in Cox1 synthesis using
higher concentrations of the oxidant during a shorter time
(40 min), which effectively oxidized Mss51 in organello
(Fig. 3A, B). Exposure of wild-type W303 and Amss51 cells
expressing wild-type MSS51 or mss51°%°S to H,0, in these
conditions produced a specific attenuation of newly syn-
thesized Cox1 (Fig. S5E, F). The maximum effect on Cox1
synthesis was reached with 1 mM H,0, (Fig. 5E, F), at
which Mss51 is partially oxidized (Fig. 3A, B). These re-
sults suggest that not all of the Mss51 pool in the cell needs
to be oxidized for Cox1 synthesis to be attenuated. To-
gether, the results presented in this section further point to
Mss51 as a redox sensor that contributes to control Cox1
synthesis.

SOTO AND BARRIENTOS

Mitochondrial Mss51 can be oxidized in yeast cells
upon treatment with hydrogen peroxide

To determine if the H,O,-mediated effect in Cox1 syn-
thesis is contributed by Mss51 oxidation, we designed a
strategy to test the redox state of Mss51 in vivo after H,O,
treatment. Wild-type W303 yeast treated with increasing
H,0, concentrations up to 0.8 mM was grown to early ex-
ponential phase and used to confirm the in vivo Cox1 syn-
thesis defect (Fig. 6A). To assess the native redox state of
Mss51 in its mitochondrial environment, we performed a
reverse redox trap assay in mitochondria with intact outer
membranes purified from cultures supplemented or not with
0.4 mM H,0,. Mitochondria were first treated under isotonic
conditions with an excess of membrane-permeable iodoace-
tamide (IAM), a compound that covalently binds free thiols.
We then followed with denaturation and reduction using SDS
(sodium dodecyl sulfate) and TCEP (tris-[2-carboxyethyl]
phosphine, hydrochloride), respectively. We subsequently
identified the cysteines that had not been bound by IAM
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FIG. 6. MssS51 can be oxidized in vivo by H,0,. (A) In vivo mitochondrial protein synthesis performed as in Figure 4A
using the indicated strains. (B) Reverse thiol-trapping assay to test the native Mss51 redox state in mitochondria isolated
from the cultures used in (A). Numbers 1, 2, and 3 indicate the order in which each sample was treated with the thiol-
binding compounds, IAM (iodoacetamide) and AMS (4-acetamido-4'maleimidylstilbene-2,2’-disulfonic acid), and the
reducing agent, TCEP. Full reduction of Mss51 with TCEP (1) was tested by reducing the protein first, and then adding
excess IAM (2), followed by AMS addition (3). Maximum shift of reduced Mss51 was determined by reducing the
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LDH, lactic dehydrogenase.
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previously by incubating the samples with AMS, as ex-
plained earlier. We observed the accumulation of Mss51 in
two populations, one that corresponds to two cysteines in-
accessible by IAM and another with the size of five inac-
cessible cysteines (Fig. 6B).

The IAM inaccessibility of two or five cysteines in native
Mss51 could be due to interactions of Mss51 with other
proteins in complexes, the existence of a disulfide bond, the
interaction of Mss51 with heme, or a combination of all these
factors. We have previously shown that Mss51 exists pre-
dominantly in two high-molecular-weight complexes. In
wild-type cells grown to late exponential phase in complete
medium containing galactose, the most abundant is a 450 kDa
complex, in which Mss51 interacts with newly synthesized
Cox1 and other COX assembly factors such as Cox14, Coa3,
and mitochondrial Hsp70 Sscl (11, 12). Mss51 also forms a
120 kDa heterodimer with Ssc1, which is the source of Mss51
that acts in COXI mRNA processing and translation (12).
Under the culture conditions used here (minimum me-
dium containing galactose, early exponential phase), most of
the Mss51 was detected in the 120kDa complex (Fig. 6C).
The H,O, treatment did not affect Mss51 accumulation in the
120 kDa complex, but the ratio of the 5-Cysteine/2-Cysteine
AMS-bound species markedly increased (Fig. 6B). These data
further support the concept that oxidation results in the for-
mation of a disulfide bond in Mss51.

The COX1 translational defect upon oxidative stress
cannot be solely attributed to loss of heme binding
to Mss51

To assess whether heme binding to Mss51 could influence
the results of the thiol-trapping experiments, we analyzed the
redox state of Mss51 in two strains with disrupted heme
biosynthesis, namely W3034hem! and W303Ahem Acoxi4.
We isolated mitochondria from these strains grown in the
presence of either 5-aminolevulinic acid (ALA) or TE (Tween
20-ergosterol). ALA is a heme biosynthesis intermediate
that bypasses the need for the HEMI gene product (5-
aminolevulinate synthase). TEs are sources of essential sterol
and unsaturated fatty acids whose biosynthesis requires heme
and hence allow the mutant cells to grow in heme-deprived
media. We have reported that in the Ahem 1 strain, most of the
Mss51 accumulates in the 450kDa complex, while in the
Aheml Acox14 double mutant, most of the Mss51 interacts
with Sscl in the 120kDa heterodimer (44). In the wild-type
W303 strain grown to late exponential phase in complete
media, most of the Mss51 is in the 450 kDa complex, while in
the absence of Cox14, this complex is destabilized and most
of the Mss51 accumulates in the 120 kDa complex (12).

Reverse thiol-trapping assays indicate that when Mss51 is
in the 120kDa complex, as in the AcoxI4 strain, it predomi-
nantly has two AMS-bound cysteines (Fig. 7A). Importantly,
this pattern remains unchanged when heme is depleted, as in
the case of the Aheml Acoxi4 mutant (Fig. 7A). In all, these
results support that the two AMS-bound cysteines were not
engaged, in vivo, in heme coordination or interactions with
other proteins in high-molecular-weight complexes, but ra-
ther were oxidized by H,O,.

To further test the role of heme binding to Mss51 in the
sensitivity of COX1 mRNA translation to H,O,, we used
yeast strains expressing either a wild-type D273 MSS51 or a
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heme-independent variant of MSS51 (mss51 F199t ) (44).
Treatment with H,O, affected both strains similarly (Fi%.
7B). Thiol-trapping experiments showed that Mss51%"
redox state is similar to the redox state of wild-type Mss51 in
Acox14 yeast (Fig. 7C), a strain in which Mss51 also accu-
mulates predominantly in the 120 kDa complex [(12) and Fig.
6D]. Together, the observation that heme coordination by
Mss51 can be affected by the redox state of the protein and
the fact that bypassing the need for heme binding in the
mssS17"?! mutant is not sufficient to protect the cells from
the effect of H,O, on Cox1 synthesis suggest that oxidation
could additionally affect a COXI mRNA metabolism step
upstream its translation.

Defective Mss51-dependent COX1 mRNA splicing
contributes to oxidative stress-induced Cox1
synthesis deficiency

In yeast, the COXI gene contains introns, which need to be
processed to yield the mature mRNA used in translation.
Notably, Mss51 was originally shown to be involved in
COX1 pre-mRNA splicing (42). For this reason, we tested the
effect of H,O,-induced oxidative stress in strains carrying
intronless (IO) mtDNA. As shown in Figure 8A and B, when
COX1 mRNA splicing was not required, Cox 1 synthesis upon
H,0O, treatment was less attenuated than in the intron-
containing (I") strains and was fully sensitive only at higher
H,O, concentrations (above 0.5 mM). The milder effect of
oxidative stress in the I’ strain is not due to differences in the
steady-state level of Mss51, which was as in the intron-
containing wild-type strain (not shown).

We assessed the native mass of Mss51 after in organello
treatment with high H,O, concentrations (2.5 and 5 mM) that
prevent Cox1 synthesis in strains carrying I COXI. For this
purpose, we used Amss5] yeast containing I' or I mtDNA
and carrying an integrative plasmid expressing wild-type
MSS51 to purify intact mitochondria from mid-exponential
phase cultures. In these culture conditions, Mss51 gets dis-
tributed in both the 450 and 120 kDa complexes (12). Care
was taken to avoid the use of any reducing agent in the pu-
rification buffers. After exposing mitochondria carrying I or
I° mtDNA to different H,0O, concentrations for 40 min at
room temperature (as done for the in organello oxidation
assays shown in Fig. 2B), the sample was divided into two
aliquots. One aliquot was used for a thiol trap assay, which
showed that in both strains, Mss51 was oxidized (Fig. 8C).
The second aliquot was extracted with 1% digitonin, as
previously established, to analyze Mss51 native size by su-
crose gradient sedimentation (12, 44) (Fig. 8D). In the un-
treated samples, the ratio of Mss51 in the 450 kDa versus the
120 kDa complex was lower in the strain carrying I mtDNA,
and the exposure to H,O, lowers the ratio still further. In
the intron-containing strain, the H,0O, effect was marked,
showing a clear shift in the accumulation of Mss51 from the
450 to the 120kDa complex. The depletion of the 450 kDa
complex in the treated samples is consistent with a decrease
of newly synthesized Cox1, which is indispensable to form
this complex.

To determine if COXI mRNA processing could be affected
by H,0,-induced oxidative stress, we measured the steady-
state levels of total, processed, and unprocessed COXI
message in treated (0.6 mM H,O, for 2 h, as in Fig. 8A) and
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analyzed as in Figure 6C.

untreated wild-type and Amss51 strains, with or without in-
trons. For this purpose, we used quantitative polymerase
chain reaction (q-PCR) with primers specifically designed to
amplify either unprocessed (within the intron 1 sequence) or
spliced first intron (overlapping exon 1 and exon 2). As a
negative control, we included samples from a wild-type strain
devoid of mitochondrial DNA (W303 p°). The treated intron-
containing wild-type sample showed an accumulation of
unprocessed COXI mRNA and a very dramatic decrease of
mature message (Fig. 8E). In the absence of Mss51, the
amount of processed COX1 is very low with or without ox-
idative stress, suggesting that Mss51 plays a role in the
maturation of at least the first intron within the COX/ mRNA.
Accumulation of unprocessed COX!/ mRNA in untreated
intron-containing Amss51 yeast was markedly lower than in
the untreated wild-type strain, which suggests the message is
unstable without Mss51. Upon treatment, the levels of un-
processed COXI mRNA in the mss51 mutant are drastically
decreased, indicating that Mss51 contributes to the stabili-
zation of the unprocessed message during oxidative stress.

The total levels of COX1 mRNA in the intron-containing wild-
type strain, measured using primers within the COXI exon 4
sequence, are slightly but significantly increased after H,O,
treatment, while in the wild-type intronless strain, the total
levels of COX1 message were unchanged. Importantly, the total
levels of COXI mRNA in the absence of Mss51 are increased
after treatment if the transcript does not need to be processed
(Fig. 8E), further supporting that Mss51 is necessary for the
stability of the unprocessed transcript during oxidative stress.
Altogether, the results presented in this section demonstrate
that H,O,-induced oxidative stress negatively impacts not
only Mss51-mediated activation of COX7 mRNA translation
but also Mss51-dependent COXI mRNA processing, both of
which contribute to the net attenuation of Cox1 synthesis.

Discussion

ROS have been identified as mediators of a plethora of
critical, physiological cell signaling responses to stress
and environmental cues to regulate cell differentiation,
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propagation, or metabolic adjustments, therefore redox reg-  oxygen, is another important regulatory molecule involved in
ulation is an area of intense investigation (5, 23, 26, 35, 51, a variety of biological events related to iron and oxidative
52, 56). One mechanism by which ROS exert their effects is metabolism in prokaryotes and eukaryotes by modulating the
through the reversible regulation of cysteine thiol-containing  function of hemoproteins. Heme-regulated proteins contain
enzymes (6, 55). Heme, whose synthesis is stimulated by cysteine-proline-X heme-responsive motifs that are involved
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in transient heme binding to proteins. We have recently de-
scribed the presence of two CPX motifs in yeast Mss51, a
mitochondrial COXI mRNA-specific processing factor and
translational activator, which also acts as a Cox1 chaperone,
forming complexes with COX-specific assembly factors, and
the mitochondrial Hsp70 chaperone Sscl. Heme sensing by
Mss51 through its CPX motifs optimizes its functions, thus
coordinating synthesis of Cox1 with its assembly into COX,
the terminal oxidase of the MRC. In this study, on the basis of
six central observations described below, we have concluded
that one of the mechanisms by which ROS controls COX
biogenesis involves a thiol/disulfide redox switch that dis-
turbs Mss51 functions upon CPX motif cysteine oxidation,
thereby limiting COX1 expression (Fig. 9).

Four observations identify the Mss51 cysteine residues
involved in the regulatory mechanism and offer a mecha-
nistic view. First, reduced recombinant Mss51 binds heme
2.5-fold more tightly than the oxidized protein, which forms a
disulfide bond. Second, cellular or mitochondrial oxidation
by exogenous H,0O, introduces a disulfide bond in Mss51
involving cysteines, C85 and C96, in the CPX motifs and
induces the release of Mss51-bound heme. Third, H,O,-
mediated oxidation of hemin-bound recombinant Mss51
results in a change in hemin coordination and subsequent
hemin release. Fourth, tryptophan fluorescence quenching
experiments indicate that Mss51 undergoes conformational
changes upon changes in hemylation and/or redox state.

These four observations suggest the existence of a thiol/
disulfide redox regulation of heme binding. Thiol/disulfide
redox switch is one mechanism by which oxidative stress is
linked to diverse physiological processes. For example, in the
case of Rev-erbf}, a heme-binding nuclear hormone receptor
that represses a broad spectrum of target genes involved
in regulating metabolism and the circadian cycle, a thiol/
disulfide redox switch involving the cysteines in two CPX
motifs controls heme binding and dissociation (14). In Rev-
erbf}, heme iron is hexacoordinated by a CPX motif Cys and
His residue. The difference absorption spectra of heme-
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reconstituted recombinant Rev-erbf display a profile with
Soret peak at 416 nm and o and f peaks at 567 and 537 nm,
respectively. Upon oxidation of the sulfhydryl to a disulfide,
heme coordination switches and the binding affinity decrease
(14). Heme coordination by Mss51 somehow resembles that
of Rev-erbf. The difference spectra revealed a Soret band at
416 nm and in the o and f bands at 550 and 520 nm, re-
spectively. We previously reported that heme B can be ex-
tracted from mitochondrial Mss51 using acidic acetone,
which indicates noncovalent heme binding to the polypeptide
[(44) and Fig. 9]. However, heme binding to recombinant
Mss51 was resistant to denaturing conditions such as 2% SDS
and 6 M urea (44), which points to a tight interaction between
Mss51 and heme as previously reported for other proteins
(19). In heme oxygenase-2, the CPX motifs do not bind heme,
but instead form a thiol/disulfide redox switch that regulates
heme binding to the catalytic domain of the enzyme [re-
viewed in Refs. (26, 35)].

The fifth and sixth observations explain the physiological
consequences of Mss51 oxidation and provide additional
mechanistic insight. Fifth, cellular oxidation by exogenous
H,O, markedly attenuates COX! mRNA processing and
Cox1 synthesis in an Mss51-dependent manner. Further ex-
ploration of the Mss51 heme and redox dynamics in vivo and
in vitro revealed that despite the dissociation of heme from
Mss51 during oxidative stress, this event is not the only factor
contributing to decreased Cox1 synthesis upon H,0, treat-
ment. A similar effect was observed in mss5/ point mutants
that do not bind heme in vivo (44), but can synthesize Cox1 at
wild-type levels, such as mss5 15", This result indicates that
the heme-binding independence of Mss51F'9%! is not suffi-
cient to overcome the negative outcome of Mss51 oxidation
in Cox1 synthesis. Mss51 was originally described as a factor
required for COXI mRNA splicing (42). Our data suggest
that Mss51 recruitment to the COXI! mRNA 5’ untranslated
region (UTR) may facilitate the processing of at least the first
intron, a process limited by Mss51 oxidation that does not
necessarily require heme binding to Mss51.

Oxidation
MM
N-terminus
COX1 mRNA
binding domain
Affinity for heme l

+ + + =

COX1 mRNA processing -
COX1 mRNA translation -
Cox1 chaperoning -

FIG. 9. Effect of H,O,-induced oxidative stress in Mss51 properties and functions. According to our model, oxidative
stress induces the formation of a disulfide bond in Mss51, involving the two cysteines in the CPX heme-regulatory motifs,
and a change in the conformation of the protein. At least one of the CPX cysteines coordinates heme B in a noncovalent
manner. Mss51 oxidation results in heme ligand switch, which lowers heme-binding affinity and induces its release.
Oxidation also provokes a change in Mss51 conformation. These changes markedly inhibit Mss51 functions in COX/
mRNA processing and translation and Cox1 assembly chaperoning. In this way, Mss51 acts as a redox sensor to discontinue
Cox1 synthesis and COX assembly during potentially harmful oxidative stress conditions.
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Sixth, Mss51 function in translational initiation is also
impaired by heme loss upon oxidation. We propose that the
negative regulation of COX/ expression triggered by Mss51
oxidation is mediated not only by the loss of heme but also by
a conformational change in Mss51 promoted by the oxidation
of two cysteines. In organello thiol-trapping experiments
showed that the Mss51 cysteines affected by the oxidation
stress caused by H,O, are C85 and C96. We have previously
shown that these cysteines present in two CPX motifs within
Mss51 N-Terminus are required for Mss51 function in Cox1
synthesis, and in their absence, the amount of heme bound to
Mss51 in vivo is barely detectable (44). We propose that an
oxidation-induced conformational change in Mss51 affects
its ability to promote COX/ mRNA maturation and later
steps in translation initiation due to the release of heme. The
combination of these two regulatory checkpoints adds sig-
nificant stringency to the COXI biogenesis and COX assem-
bly pathway. Additionally, we cannot discard the possibility
that oxidative stress could induce changes in additional pro-
teins that could also contribute to the H,O,-mediated COX1I
mRNA translational downregulation described here.

MssS51 is part of several high-molecular-mass complexes
(4, 12, 25, 29, 34, 44). A point of interest concerns how
oxidation affects Mss51 in the several complexes. Because
oxidative stress attenuates Cox1 synthesis, Mss51 accumu-
lates mostly in the 120 kDa complex, which is the source of
Mss51 for translation activation (12) and presumably also for
COX1 mRNA processing. Although Mss51 oxidation could
occur also within the multichaperone 450 kDa Cox|1 stabiliza-
tion complex that includes proteins such as Cox14 and Coa3,
it is plausible that Mss51 could be more exposed to changes in
the redox environment when bound only to the mitochondrial
Hsp70 chaperone Sscl in the 120kDa complex.

Heme-mediated regulation often involves the assistance of
general chaperones, presumably to assist in changes of he-
moprotein conformation upon heme binding and release. For
example, in mammals, CPX motifs are present in HRI (he-
patic heme-regulated inhibitor-eukaryotic initiation factor 2
alpha (eIF2 alpha) kinase), which associates with Hsp70 and
Hsp90 chaperones to coordinate protein synthesis and heme
availability in reticulocytes. In the yeast transcriptional ac-
tivator Hapl (heme activator protein 1), which mediates
oxygen sensing and heme signaling (58), CPX motifs arbi-
trate heme-dependent formation of complexes with Hsp70
and Hsp90 chaperones that allow Hap1 to bind DNA, thereby
activating transcription (18). Future studies are warranted to
disclose the role of Sscl in heme- and redox-mediated reg-
ulation of Mss51 functions.

It remains uncertain whether the regulatory mechanism we
have described here for yeast could be conserved in higher
eukaryotes. Data present in the literature indicate that in
mammalian cells, COX1 synthesis is not specifically blocked
by oxidative stress. Both ROS and RNS (reactive nitrogen
species) cause damage to mitochondrial components, which
results in impaired overall mitochondrial protein synthesis in
vascular cells (2). Specifically, treatment with 0.2 mM H,0,
and 0.5 mM peroxynitrite was shown to cause 30% and 70%
decrease of overall mitochondrial translation capacity, re-
spectively (2). The regulation of COX1 synthesis and sta-
bility differs from yeast to mammals, in part, due to the
differences in COXI mRNA. In mammals, COXI does not
have introns or a long 5" UTR as it does in yeast. A functional
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homologue of Mss51 has not been described in mammals,
and the single mammalian-specific COX/ mRNA transla-
tional activator described so far, TACOI1, does not form
complexes with newly synthesized COX1 (27, 53). However,
COX14 and COA3 are conserved proteins, which interact
with and stabilize newly synthesized COX1 in human cells as
they do in yeast (7, 27, 54). This has suggested the hypoth-
esis that these proteins could also participate in coupling
COX1 synthesis and/or stability with COX assembly. In-
dependently, TACO1, COX14, and COA3 do not contain
heme regulatory CPX motifs, and although TACO1 has eight
cysteines, there are no data available to allow predictions on
whether the protein can form disulfides upon oxidation.

Global downregulation of protein synthesis in response to
oxidative stress, as mentioned for mammalian mitochondria,
is well described for cytoplasmic translation, where it mostly
targets not only translation initiation but also elongation (13).
The attenuation of protein synthesis has been proposed to
prevent continued gene expression during potentially error-
prone conditions as well as allow for the turnover of existing
mRNAs and proteins at the same time as gene expression is
reprogrammed to deal with the stress (13). In this study, we
show that in yeast, high H,O, concentrations induce a global
mitochondrial translation attenuation effect, but milder con-
centrations specifically affect COX1 mRNA processing and
translation, at least in part, in an Mss51-dependent manner.
Hence, our results are relevant to the general fields of trans-
lation regulation and adaptation to oxidative stress.

In conclusion, the processes identified in this article serve
to sense the local submitochondrial redox environment and
modulate Mss51 functions accordingly. Physiologically, this
is a sophisticated mechanism by which synthesis of the po-
tentially hazardous Cox1 subunit, known to generate pro-
oxidant heme A:Cox1 intermediates (16), could be either
coordinated with its assembly into COX or attenuated under
oxidative stress conditions. Our data indicate that the thiol/
disulfide redox switch in Mss51 is one mechanism by which
oxidative stress is linked to COX deficiency.

Materials and Methods
Yeast strains and media

All S. cerevisiae strains used are listed in Table 1. Yeast
strains were grown in the following standard culture media:
YPD (2% glucose, 1% yeast extract, 2% peptone), YPGal
(2% galactose, 1% yeast extract, 2% peptone), YPEG (2%
ethanol, 3% glycerol, 1% yeast extract, 2% peptone), WO-
EG (2% ethanol, 3% glycerol, 0.67% yeast nitrogen base
without amino acids), and WO-Gal (2% galactose, 0.67%
yeast nitrogen base without amino acids). Strains grown in
liquid and solid media were incubated at 30°C unless other-
wise indicated.

In vivo mitochondrial protein synthesis

All cultures were grown to early exponential phase in liquid
minimum media containing 2% galactose (WO-Gal). Mi-
tochondrial gene products were labeled with [*°S]-methionine
(7mCi/mmol, Perkin Elmer) in whole cells at 30°C in the
presence of 0.2 mg/ml cycloheximide to inhibit cytoplasmic
protein synthesis as reported (3). In pulse/chase experiments,
following 15 min pulses, labeling was terminated by addition
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of excess cold methionine (80 uM) and puromycin (12 pg/ml)
and mitochondrial products chased by up to 90 min. Equiva-
lent amounts of total cellular proteins were separated by so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) on a 17.5% polyacrylamide gel, transferred to a
nitrocellulose membrane, and exposed to an X-ray film.

Purification of recombinant Mss51-TF

Wild-type or cysteine mutant Mss51 fused to a thrombin-
cleavable trigger factor tag (Mss51-TF) was each expressed as
an Hisg-tagged protein from the pColdTF vector (Genescript)
in the BL21 Star protein expression strain of E. coli (Invitro-
gen), extracted, and purified by metal affinity using a Cobalt
Sepharose HiTrap HP affinity column as described (44).
Briefly, transformed bacteria were grown in M9 minimal
media at 37°C to ODgpo = 0.8 and gene expression was induced
using 1 mM IPTG (isopropyl f-D-1-thiogalactopyranoside)
for 16h at 25°C. Cells were lysed and homogenized using a
French press. Proteins were purified from lysate supernatants
by immobilized metal affinity chromatography using Cobalt
Sepharose HiTrap HP. The Hiss-TF-Mss51 proteins were
eluted with 500 mM imidazole at 1 ml/min for 20 min. The
purity of the purified protein was tested using SDS-PAGE and
subsequent gel staining with brilliant Coomassie blue. High-
purity Mss51-TF was dialyzed against 50 mM Tris pH 8 for
storage and analyses. Dialysis was performed using Spectra/
Por membrane tubing (Spectrum Laboratories, California) in
1 L of 50mM Tris pH 8 at 4°C, with stirring for 8 h. The
proteins were stored at —80°C. Approximately 5 mg of purified
tagged protein per liter of bacterial culture was obtained.

Reduction and oxidation of recombinant
purified Mss51-TF

Purified recombinant Mss51-TF protein (60 ng/ul) was re-
duced using 10 mM DTT (Sigma-Aldrich) in 50 mM Tris pH 8
at room temperature for 1 h. Purified Mss51-TF (60 ng/ul) was
oxidized with 1 mM of Aldrithiol-4 (4-DPS, from Sigma-
Aldrich) in 50mM Tris pH 8 at room temperature for 1h.
Reduced, oxidized, and untreated proteins were dialyzed
against 1 L of 50 mM Tris pH 8 for 4 h at 4°C using Spectra/Por
membrane tubing (Spectrum Laboratories).

Thiol-trapping analyses of recombinant Mss51-TF
and native Mss51

To analyze the redox state of cysteines in recombinant
MssS51-TF, untreated, reduced, or oxidized, as explained
earlier, 1 ug of purified protein was mixed with 0.5 mM Mal-
PEGS5000 (Sigma-Aldrich) in 50 mM Tris pH 8 and incubated
at room temperature for 30 min. One PEG5000 molecule
covalently binds to one reduced cysteine and results in a gel
shift increase of 5 kDa. Proteins were resolved in SDS-PAGE
under nonreducing conditions, followed by immunoblotting
for Mss51.

A reverse thiol trap assay was used to analyze Mss51 redox
state in organello. Mitochondria purified from nontreated and
0.4mM H,O,-treated cultures were first incubated under
isotonic conditions with excess of membrane-permeable
IAM, a compound that covalently binds free thiols. Mi-
tochondria were then solubilized in the presence of SDS and
the reducing agent, TCEP. The cysteines that had not been
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blocked by IAM were subsequently identified by incubation
with AMS, a compound that binds free thiols, adding 0.5 kDa
for every molecule bound. Full reduction of Mss51 was tested
by reducing the protein first with TCEP, and then adding
excess IAM, followed by AMS addition. Maximum shift of
reduced Mss51 was determined by reducing the sample
with TCEP during extraction, quickly followed by treatment
with AMS.

Spectrophotometric properties of hemin-bound
recombinant Mss51-TF

Heme titrations were performed by difference spectros-
copy at room temperature and aerobically using a double-
beam UV-2401PC Shimadzu spectrophotometer as described
(14). We used 50nM of purified wild-type Mss51-TF and
hemin in 50 mM Tris buffer pH 8. A baseline was selected by
scanning samples from 350 to 675 nm: 50 mM Tris buffer pH
8 in the reference cuvette and 50 mM Tris buffer pH 8 with
50 nM of purified Mss51-TF in the sample cuvette. After the
baseline was set, equal concentrations of hemin were added
to reference and sample cuvettes. For this assay, we used a
fixed low concentration of Mss51 (50 nM) to prevent protein
aggregation and increasing concentrations of hemin (250-
10.0 uM). We first scanned the Mss51 sample located in the
sample cuvette compared with the reference cuvette con-
taining buffer only (50 mM Tris pH 8) in a range wavelength
of 350-675 nm. This reading was set as the baseline. Sub-
sequently, increasing concentrations of hemin were added to
both the sample and the reference cuvettes, so our readings
only reflect the binding of Mss51 with hemin and not the
absorbance of the free ligand. To determine the binding pa-
rameters, the data obtained from the hemin titrations were
plotted and fit to an equation describing a single binding site

(Y = oK) using the GraphPad Prism software.

Intrinsic tryptophan fluorescence measurements

Tryptophan fluorescence measurements were performed
at 25°C on an M5 fluorescence spectrophotometer (Mole-
cular Devices) in stirred 1.0cm (excitation path) X0.5 cm
(emission path) quartz cuvettes. The excitation wavelength
was 295 nm (5nm bandwidth), and the emission at 300-
400 nm was recorded with a bandwidth of 10 nm at a scan
speed of 60nm/min and a step size of 0.2nm. Samples
contained 1 uM Mss51-TF in 1 ml of 50 mM This-HC] pH
8.0. Reduction and oxidation of Mss51-TF were accom-
plished as described earlier and the samples were dialyzed
against the same buffer. The effect of heme binding was
tested by addition of 5 uM hemin. All fluorescence spectra
were corrected for the buffer (with or without hemin) and
the wavelength dependence of the emission monochromator
and the photomultiplier.

H>0, treatment of hemin-bound recombinant
Mss51-TF

Recombinant wild-type native Mss51-TF (50nM in
50mM Tris pH 8) was allowed to bind SmM of hemin.
Hemin binding was followed by treatments with increasing
concentrations of H,O, (0-5mM). Difference absorption
spectra were used to monitor hemin binding to Mss51-TF
before and immediately after every addition of H,O,.
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4-DPS treatment of hemin-bound recombinant
Mss51-TF

Recombinant wild-type native Mss51-TF (50nM in
50mM Tris pH 8) was allowed to bind SmM of hemin.
Hemin binding was followed by treatments with increasing
concentrations of 4-DPS (0-2mM). Difference absorption
spectra were used to monitor hemin binding to Mss51-TF
before and immediately after every addition of 4-DPS.

Purification of mitochondria

Translationally competent mitochondria with an intact outer
membrane were purified from yeast cultures grown, unless
indicated, in liquid YPGal media (2% galactose, 1% yeast
extract, 2% peptone) to mid-exponential phase as reported
(12). Briefly, cells were collected by centrifugation at SK RPM
in a Beckman xxx rotor. Cells were then washed once with
100ml 1.2 M sorbitol/10 g. Washed cells were digested with
0.6 mg/ml of zymolyase (24,600 U/g from Nacalai Tesque) in
1.2 M sorbitol and 20 mM potassium phosphate pH 7.4 for
30 min at 30°C. Spheroplasts were washed once with 1.2 M cold
sorbitol. Spheroplasts were pelleted (SK RPM) and resuspended
in 10mM Tris-HCI1 pH 7.5, 1 mM EDTA, 1 mM phenylmetha-
nesulfonyl fluoride (PMSF), and 0.6 mM sorbitol. Sheroplasts
were mechanically homogenized using a glass/teflon homoge-
nizer. Homogenates were fractionated, keeping the supernatant.
Supernatants were further centrifuged at high speed (12K RPM
in a Beckman xxx rotor) for 12 min. Mitochondrial pellets were
washed and resuspended in 20 mM Hepes and 0.6 mM sorbitol.
Under these conditions, the wild-type strain, W303, yields 4-5 g
of yeast per liter of culture, which yields 20-25mg of crude
mitochondria. Mitochondria were either used or stored at —80°C.

Distribution of Mss51 in sucrose gradients

Mitochondrial proteins (4 mg) were solubilized in 20 mM
Hepes pH 7.4, 0.5 mM PMSF, 1% digitonin, 1.2 mM MgCl,, and
150mM KCl and the extracts loaded on 7-20% sucrose gradi-
ents as reported (12). Gradients were centrifuged for 12 h at 28K
RPM in a Beckman xxx rotor at 4°C. After centrifugation, 14
equal fractions were collected from each gradient; the equiva-
lent fractions were pooled and tested for Mss51 distribution by
Western blot analyses. Sample fractions were analyzed by SDS-
PAGE in 12% acrylamide gels. Proteins were transferred to
nitrocellulose membranes and detected using Mss51 antibodies.

H>0O. treatment of yeast cells

Yeast cultures were grown to early exponential phase in
minimum galactose media (WO-Gal). For H,O, treatment, all
cultures were adjusted to the same optical density (ODggo= 1).
Mild to severe oxidative stress was achieved by supplementing
the cultures with increasing H,O, (Sigma-Aldrich) concen-
trations in the 0-0.8 mM range (47). Treated and untreated
cultures were shaken at 30°C for either 2 h or 40 min, as in-
dicated. Toxicity was assessed by measuring growth arrest and
by analyzing effects on mitochondrial protein synthesis.

H>0, treatment of purified mitochondria
and thiol trapping

To identify cysteines susceptible to undergo H,O, oxida-
tion in mitochondrial Mss51, acute treatments exposing
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cultures to high H>O, concentrations during short times were
implemented. Mss51 was oxidized in intact mitochondria
(cell-free in organello system) maintained in an isotonic
buffer (0.6 M sorbitol/100 mM Hepes pH 7.4). One hundred
micrograms of purified mitochondria were incubated in the
presence of 0—-10 mM H,0O, for 40 min, followed by extrac-
tion with 100mM Hepes pH 7.4 and 0.5% SDS with or
without 2.5mM of reducing agent, TCEP, as indicated.
Oxidation of Mss51 thiols was visualized by addition of AMS
at 4.6 mM.

Reverse transcription—polymerase chain reaction

Yeast cultures were grown to early exponential phase
(ODgnp=1-2) in minimum galactose media (WO-Gal).
Total RNA was purified using a published acid phenol ex-
traction method (8). Briefly, 40 ug of purified RNA was
treated with 3 ul of RNase-free DNAse I at 2000 U/ml (New
England Biolabs) in the presence of 15 mM EDTA for 1 h at
37°C. For each reverse transcription—polymerase chain re-
action, we used 4 ug of DNase-treated RNA, 4 uM of ran-
dom hexamers as template (Invitrogen), and 1 mM dNTPs
(Invitrogen). This mix was first treated at 65°C for 5 min. To
the previous mix, we added 5 mM DTT, 2 U/ul of RNase Out
Recombinant Ribonuclease Inhibitor (Invitrogen), and
10U/l of Super Script IIT (Invitrogen). Mixes were incu-
bated at 50°C for 1 h, followed by inactivation for 15 min at
70°C.

Quantitative PCR

To assess the levels of total, processed, and unprocessed
COX1 mRNAs by g-PCR, the following primers were de-
signed as reported (49): COXI (unprocessed): [Forward-
Intron] CAC AAA AGG AAA TAC GAA AAG TGA.
Reverse-Intronl AAA TCT CAT TTT TAT TTG AGT
ATT CGG]; COXI (processed): [Forward-exon 1 GGT
ATG GCA GGA ACA GCA AT. Reverse-exon 2 CAG
TGA TAA ATT AAG CGA AAC GG]; and COX]I (total)
[Forward-exon 4 TGA TCA ATT TTC ATT ACA GCG
TT. Reverse-exon 4 GGG TCA CCA CCT CCT GAT AC].
The levels of 215 rRNA and COX2 mRNA were also mea-
sured using q-PCR and the following primers: 2/S RRNA
(Total): [Forward-exon 1 CCG AAA GCA AAC GAT CTA
ACT. Reverse-exon 1 GCA AAC CAG ATT TGT CTT
TCA C] and COX2 (Total) [Forward CAT GAT TTT GCT
ATT CCA AG. Reverse CAT GCT CCA TAG AAG ACA
CC]. Expression levels of mitochondrial RNAs were nor-
malized using total mRNA amplifications of the cytoplasmic
gene ACTI: [Forward-exon 2 GTG CTG TCT TCC CAT
CTA TC. Reverse-exon 2 CTT GGA TTG AGC TTCATC
AC].

Standard curves for each primer set were created using
dilutions of wild-type untreated cDNAs and their amplifi-
cation efficiencies used to normalize the data. For q-PCR
reactions, we used 96-well PCR plates (BioRad). Twenty
nanograms of cDNA in a total of 25 ul was mixed with
12.5 ul of Cyber Green (Quanta) and 0.3 uM of reverse and
forward primers. Amplification was followed during 40
cycles at 95°C for 15 min, 95°C for 15, 60°C for 30s, and
70°C for 30s using a CFX BioRad Connection q-PCR
thermocycler. Data were analyzed and plotted using CFX
software (BioRad).
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Blot signal quantification

For quantification of the signals in mitochondrial protein
synthesis and immunoblot experiments, the images were
digitized and densitometric analyses performed using the
Image] software from NIH Image (40). To pool data from
independent experiments, values were expressed as per-
centages of control or untreated samples.

Statistical analysis

All experiments were done at least in triplicate. All data
are presented as mean * standard deviation of absolute
values or percent of control. Values were analyzed for sta-
tistical significance by Student’s t-test. p<0.05 was con-
sidered significant.

Miscellaneous procedures

Standard procedures were used for the preparation and
ligation of DNA fragments and for transformation and re-
covery of plasmid DNA from E. coli (37). Yeast was trans-
formed as described (39). The one-step gene insertion
method (36) was used to integrate linear plasmids at the
LEU?2 locus of yeast nuclear DNA. Site-directed mutagenesis
was used to create mutant alleles of MSS5/. Protein con-
centration was measured with the Folin phenol reagent (21).
Proteins were separated by SDS-PAGE in the buffer system
of Laemmli (17), and membranes with immobilized proteins
were treated with antibodies against the appropriate proteins,
followed by a second reaction with anti-mouse or anti-rabbit
IgG conjugated to horseradish peroxidase (Sigma-Aldrich).
The SuperSignal chemiluminescent substrate kit (Pierce) was
used for the final detection.
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Abbreviations Used
4-DPS = aldrithiol-4
AAA = ATPases associated with diverse cellular
activities
ALA = 5-aminolevulinic acid
AMS = 4-acetamido-4’maleimidylstilbene-2,2’-
disulfonic acid
Bmax = total density (concentration) of receptors in a
sample (heme-binding Mss51 in our case)

SOTO AND BARRIENTOS

COX = cytochrome ¢ oxidase
Cox1 = cytochrome ¢ oxidase subunit 1
CPX motif = cysteine-proline-hydrophobic amino acid
DTT = dithiothreitol
HAP1 = heme activator protein 1
Hb = hemoglobin
HEM1 = 5-aminolevulinate synthase
HO-2 = heme oxygenase-2
HRI = hepatic heme-regulated inhibitor-
eukaryotic initiation factor
2 alpha (eIF2 alpha) kinase
HRM = heme regulatory motif
IAM = iodoacetamide
I' mtDNA = intron-containing mtDNA
I° mtDNA = intronless mtDNA
K4 = ligand (heme in our case) equilibrium
dissociation constant. Affinity of ligand
binding is the inverse of Ky
LDH = lactic dehydrogenase
m-AAA = mitochondrial matrix AAA proteases
Mal-PEG5000 = methoxypolyethylene glycol maleimide
MRC = mitochondrial respiratory chain
mtDNA = mitochondrial DNA
OD = optical density
PCR = polymerase chain reaction
PEG = polyethylene glycol
PMSF = phenylmethanesulfonyl fluoride
g-PCR = quantitative PCR
pO = rho zero strain, devoid of mtDNA
redox = reduction—oxidation
Rev-erbff = transcription factor from the nuclear
receptor superfamily
ROS = reactive oxygen species
SD = standard deviation
SDS = sodium dodecyl sulfate
SDS-PAGE = sodium dodecyl sulfate—polyacrylamide
gel electrophoresis
TCEP = tris-[2-carboxyethyl] phosphine,
hydrochloride
TE = Tween 20 plus ergosterol
TF = trigger factor
UTR = untranslated region
WT = wild-type




