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In exponentially growing yeast, the heme enzyme, cytochrome c per-
oxidase (Ccp1) is targeted to the mitochondrial intermembrane space.
When the fermentable source (glucose) is depleted, cells switch to
respiration and mitochondrial H,0, levels rise. It has long been as-
sumed that CCP activity detoxifies mitochondrial H,O, because of the
efficiency of this activity in vitro. However, we find that a large pool
of Ccp1 exits the mitochondria of respiring cells. We detect no extra-
mitochondrial CCP activity because Ccp1 crosses the outer mitochon-
drial membrane as the heme-free protein. In parallel with apoCcp1
export, cells exhibit increased activity of catalase A (Cta1), the mito-
chondrial and peroxisomal catalase isoform in yeast. This identifies
Cta1 as a likely recipient of Ccp1 heme, which is supported by low
Cta1 activity in c¢p7A cells and the accumulation of holoCcp1 in cta1A
mitochondria. We hypothesized that Ccp1's heme is labilized by hyper-
oxidation of the protein during the burst in H,O, production as cells
begin to respire. To test this hypothesis, recombinant Ccp1 was hyper-
oxidized with excess H,0, in vitro, which accelerated heme transfer to
apomyoglobin added as a surrogate heme acceptor. Furthermore, the
proximal heme Fe ligand, His175, was found to be ~85% oxidized to
oxo-histidine in extramitochondrial Ccp1 isolated from 7-d cells, indi-
cating that heme labilization results from oxidation of this ligand. We
conclude that Ccp1 responds to respiration-derived H,0, via a previ-
ously unidentified mechanism involving H,0,-activated heme transfer
to apoCta1l. Subsequently, the catalase activity of Cta1, not CCP
activity, contributes to mitochondrial H,0, detoxification.

mitochondrial H,O, | heme transfer | cytochrome ¢ peroxidase |
catalase A | reverse translocation

ytochrome ¢ peroxidase (Ccpl) is a monomeric nuclear

encoded protein with a 68-residue N-terminal mitochondrial
targeting sequence (1). This presequence crosses the inner mi-
tochondrial membrane and is cleaved by matrix proteases (2, 3).
Mature heme-loaded Ccpl is found in the mitochondrial in-
termembrane space (IMS) in exponentially growing yeast (2, 3)
but the point of insertion of its single b-type heme is unknown.
Under strict anaerobic conditions, Ccpl is present in mito-
chondria as the heme-free form or apoform (4). Once cells are
exposed to O, and heme biosynthesis is turned on, apoCcpl
converts rapidly to the mature holoenzyme by noncovalently
binding heme (5).

It is well established that mature Ccpl functions as an efficient
H,0, scavenger in vitro (6). Its catalytic cycle involves the re-
action of ferric Cepl with H,O, (Eq. 1) to form compound I
(Cpdl) with a ferryl (Fe') heme and a cationic indole radical
localized on Trp191 (W191**). CpdI is one-electron reduced by
the ferrous heme of cytochrome ¢ (Cycl) to compound II (CpdII)
with ferryl heme (Eq. 2), and electron donation by a second ferrous
Cycl returns CpdlI to the resting Cep1™ form (Eq. 3):

Cep1™ + H,0, — CpdI (Fe', W191**) + H,O [
CpdI(Fe", W191**) + Cyc1" — CpdII (Fe') + Cyc1™  [2]

CpdII(Fe') + Cycl" — Cep1™ + Cyc1™ + H,O.  [3]
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Because Ccpl production is not under O,/heme control (4, 5),
CCP activity is assumed to be the frontline defense in the mito-
chondria, a major source of reactive oxygen species (ROS) in
respiring cells (7). Contrary to the time-honored assumption that
Ccpl catalytically consumes the H,O, produced during aerobic
respiration (8), recent studies in our group reveal that the per-
oxidase behaves more like a mitochondrial H,O, sensor than
a catalytic H,O, detoxifier (9-11). Notably, Ccpl competes with
complex IV for reducing equivalents from Cycl, which shuttles
electrons from complex III (ubiquinol cytochrome ¢ reductase)
to complex IV (cytochrome ¢ oxidase) in the electron transport
chain (12).

Because CCP activity in the IMS siphons electrons from en-
ergy production, an H,O, sensor role for Ccpl should be energet-
ically more favorable for the cell. Key evidence for a noncatalytic
role for Ccpl in H,O, removal is that the isogenic strain producing
the catalytically inactive Cep1™'*'F protein accumulates less H,O,
than wild-type cells (10). In fact, this mutant strain exhibits ap-
proximately threefold higher catalase A (Ctal) activity than wild-
type cells (10) whereas CCP1 deletion results in a strain (ccpIA)
with negligible Ctal activity and high H,O, levels (5). Unlike Ctal,
which is the peroxisomal and mitochondrial catalase isoform in
yeast (13), the cytosolic catalase Cttl (14) exhibits comparable ac-
tivity in the wild-type, Cepl™V'*'F, and ccpl A strains (10). Given that
both Ccpl and Ctal are targeted to mitochondria, we hypothesized
that Ccpl may transfer its heme to apoCtal in respiring cells.

Ctal is nuclear encoded with embedded mitochondrial and
peroxisomal targeting sequences (15). Like Ccpl, each monomer
noncovalently binds a b-type heme and mature Ctal is active as
a homotetramer. Synthesis of the Ctal monomer is under O/heme
control such that the apoenzyme begins to accumulate only
during the logarithmic phase of aerobic growth (16). Hence, its
O,/heme independent production (4, 5) allows apoCcpl to
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acquire heme while cells are synthesizing apoCtal. This, com-
bined with our observation that Ctal activity increases in re-
spiring cells producing Cepl or Cepl W1 but not in ccpI A cells
(10), led us to speculate that respiration-derived H,O, triggers
heme donation from Ccpl to apoCtal within mitochondria.

What experimental evidence would support heme donation by
Ccpl? It has been demonstrated that mutation of the proximal
heme Fe ligand, His175, to a residue with weak or no Fe-
coordinating ability produces Ccpl variants (H175P, H175L,
H175R, and H175M) that undergo mitochondrial processing but
do not accumulate in isolated yeast mitochondria (17). Pre-
sumably, reduced heme affinity allows the Ccpl variants to un-
fold and cross the outer mitochondrial membrane (17). Hence,
we argued that if wild-type Ccpl donated its heme, the apo-
protein would likewise exit mitochondria. Consequently, we ex-
amine here age-dependent Ccpl-green fluorescent protein
(Ccpl-GFP) localization in live cells chromosomally expressing
Ccpl C-terminally fused to GFP as well as the distribution of
wild-type Ccpl between subcellular fractions. Because weaken-
ing or removal of the proximal Fe ligand on His175 mutation
reduces heme affinity (17), His175 oxidation in wild-type Ccpl
should have a similar effect, which we investigate here. We
further speculated that in the absence of apoCtal as an acceptor
for its heme, more Ccpl would remain trapped in the IMS so we
compare mitochondrial Ccpl levels in wild-type and ctalA cells.
Our combined results support triggering of heme donation from
Ccpl to apoCtal by respiration-derived H,O,. Such H,O,-acti-
vated heme transfer between proteins has not been reported to
date and its implications in H,O, signaling are discussed.

Results

Ccp1-GFP and Ccp1 Are Selectively Exported from Mitochondria of
Respiring Cells. The cellular location of Ccpl-GFP was tracked
in live cells by epifluorescence microscopy. GFP fluorescence and
that of MitoTracker, a mitochondrial probe, overlap in 1-d cultures
(Fig. 14), consistent with previous reports that Ccpl-GFP is local-
ized in the IMS of exponentially growing yeast (2). In contrast, cells
from 7-d cultures exhibit distinct regions of GFP and MitoTracker
fluorescence, indicating extramitochondrial localization of Ccpl-
GFP. GFP fluorescence appears as large circular structures while
the mitochondrial morphology changes from a reticular network
in 1-d cells to diffuse spherical organelles in stationary-phase cells
as previously reported (18). Notably, GFP fluorescence colocalizes
with the vacuolar membrane marker FM4-64 in 7-d cells (Fig. 14),
suggesting that extramitochondrial Ccpl-GFP may be targeted to
the vacuole.

Probing subcellular fractions obtained by differential centri-
fugation with a polyclonal anti-Ccpl antibody yields results in
agreement with live-cell imaging. [We note here that anti-Ccpl
detects all of the chemical forms of Ccp1 of interest in our study
(apoCcpl, holoCcpl, Cpdl, and hyperoxidized Ccpl) with the
same sensitivity (SI Appendix, Fig. S7 A and B)]. Western blotting
reveals a relatively constant amount of Ccpl or Ccpl-GFP in the
denucleated (S2) fractions over 1-10 d, but the levels in mito-
chondria-free (S10) fractions increase dramatically at the ex-
pense of those in mitochondria-enriched (P10) fractions (Fig. 2
A and B and SI Appendix, Fig. S1 A and B). Notably, Ccpl is
barely detectable in P10 after 10 d but highly abundant in S10,
indicating that during this period most of the protein escapes
from mitochondria. Furthermore, processing of both Ccpl and
its GFP fusion by the matrix proteases (2) appears to be com-
plete because the immature proteins with their additional 7-kDa
mitochondrial targeting sequence would be detectable as anti-
Ccpl and anti-GFP bands above those of the mature proteins
(Fig. 24 and SI Appendix, Fig. S14). To establish whether Ccpl
export is selective or the result of nonspecific mitochondrial
membrane damage, the fractions were probed with anti-porin
and anti-Cycl as mitochondrial outer membrane and IMS
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Fig. 1. Ccp1-GFP is mitochondrial in 1-d and vacuolar in 7-d yeast cells; Ccp1 is
present in nuclei from 7-d cells. Live Ccp1-GFP-expressing cells were visualized
for (A) GFP (480 nm, 535/25 nm), stained with MitoTracker (555 nm, 630/75 nm)
and FM4-64 (480 nm, 550 nm long-pass filter) to visualize mitochondria and
vacuole, respectively, and with (B) Hoescht (405 nm, 488/75 nm) to visualize
nuclei. Phase-contrast microscopy (DIC) was used to monitor cell integrity. (C)
Immunoblot analysis with anti-Ccp1 of total (S1) and nuclear (N) fractions
isolated from 2-d and 7-d yeast. Porin and homocitrate synthase (HCS), which
exists as 47-kDa and 49-kDa isoforms in yeast (51), were used as nuclear and
mitochondrial outer membrane markers, respectively.

markers, respectively. As shown in Fig. 24 and SI Appendix, Fig.
S1A4, the S10 fractions are not immunoreactive with these anti-
bodies, so mitochondria remain intact. Thus, we conclude that
apoCcpl and apoCcpl-GFP selectively exit the mitochondria of
respiring cells.

Ccp1Is Targeted to the Nucleus and Possibly the Vacuole. No overlap
between the Hoechst nuclear dye and GFP fluorescence is ob-
served at any cell age (Fig. 1B), indicating that Ccp1-GFP does
not accumulate in the nucleus. Because the fusion protein (62
kDa) is above the size cutoff (60 kDa) for diffusion through the
nuclear pore (19), nuclear enriched fractions (N) were probed
for native Ccpl (34 kDa). No Ccpl was detected in nuclei iso-
lated from 2-d cells but ~10% was reproducibly detected in 7-d
nuclei (Fig. 1C) and may function as a retrograde messenger (20)
(Discussion). Ccpl, like Ccpl-GFP (Fig. 14), also may be tar-
geted to the vacuole in 7-d cells. However, this could not be
confirmed because vacuoles, which are present in the S10 frac-
tion of young cells, fragment during spheroplasting of 7-d cells.

Extramitochondrial Ccp1 Is Catalytically Inactive. Staining for the
intrinsic peroxidase activity of heme (21) confirmed that Ccpl
purified from 2-d and 7-d S10 subcellular fractions is in the
apoform (Fig. 2C). Consistent with this absence of Ccpl heme,
no CCP activity is detected in the S10 fractions at any cell age
(Fig. 2D and SI Appendix, Table S2) but adding exogenous hemin
does not restore activity. Further experiments discussed below
reveal that extramitochondrial apoCcpl is oxidized, which prevents
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Fig. 2. Ccp1 exits mitochondria as yeast begin respiring and extramitochondr|
of denucleated (S2), mitochondrial (P10), and cytosolic (510) fractions vs. cell

ial Ccp1 does not possess CCP activity. (A) Immunoblot analysis of equal volumes
age. Porin and Cyc1 are mitochondrial outer membrane and IMS markers, re-

spectively. (B) The Ccp1 signals in A were quantified and normalized to the sum of the Coomassie bands in the same lane. (C) Dot blot analysis with anti-Ccp1
(Top row) and the ECL reagent (luminol/H,0,) to detect heme (Bottom row) from 2-d and 7-d P10 and S10 fractions. Myoglobin and BSA were used as positive
and negative heme controls, respectively. (D) Normalized CCP activity in mitochondrial (P10) and cytosolic (S10) fractions. Specific activity was ratioed by the Ccp1
protein levels in B and normalized to the level for 2-d cells (S/ Appendix, Table S2). Results in A and C are representative of three independent cultures (n = 3) and

averages + SD are plotted in B and D.

reformation of catalytically active Ccpl on hemin addition. In
contrast, the purified P10 mitochondrial-enriched fractions stain
for heme (Fig. 2C) and are catalytically active (Fig. 2D). Ratioing
CCP activity against Ccp1 protein level in Fig. 2B reveals that the
activity of mitochondrial Ccpl is relatively constant with cell age
(Fig. 2D). Interestingly, the fractions containing Ccp1-GFP and
Ccpl exhibit very similar CCP activity (Fig. 2D and SI Appendix,
Fig. S1C and Table S2), suggesting that fusion of Ccpl’s C ter-
minus to GFP does not interfere with CpdI reduction by Cyc1™
(Egs. 2 and 3).

Cta1 Activity Increases as Ccp1 Exits Mitochondria. As mitochondrial
Ccpl levels drop in wild-type cells, their total catalase activity
increases proportionally (Fig. 3). This led us to postulate that
catalase may be an acceptor of Ccpl’s heme, which is supported
by the depressed catalase activity in ccplA cells (Fig. 3B). We
separately monitored the activity of each catalase isoform, using
an in-gel assay (10), and found comparable Cttl activity in the two
strains, but approximately fivefold higher Ctal activity in 7-d wild-
type vs. ccpIA cells (Fig. 3B, Inset). This identifies apoCtal as a
mitochondrial recipient of Ccp1’s heme, which we further examined
in catalase-null strains.

Ccp1 Accumulates in Mitochondria of cta1A Cells. If apoCtal is in-
deed an acceptor of Ccpl heme, then holoCcpl should accu-
mulate in the mitochondria of cells deleted for Ctal. On probing
denucleated S2 and mitochondrial-enriched P10 fractions, we
detect similar Ccpl protein levels in 2-d wild-type, c#t1A, and
ctal A strains but 4.5-fold more Ccpl in 7-d ctal A mitochondria
(Fig. 4 A and B). Hence, more heme-loaded Ccpl is trapped in
mitochondria when apoCtal is not present as a heme acceptor.
Although the total CCP activity of ctalA cells is double that of
wild-type or cttIA cells (SI Appendix, Table S3), ratioing CCP
activity against 7-d mitochondrial Ccpl protein levels (Fig. 4B)
reveals that Ccpl in cfalA mitochondria is <50% active (Fig.
4C). We attribute this to Ccpl hyperoxidation by the elevated
H,0, levels found in the ctalA strain (22), a conclusion sup-
ported by the results presented in the next section.

Heme-Mediated Ccp1 Hyperoxidation by H,0, Results in Heme
Labilization. Intracellular H,O, levels rise ~10-fold at the diauxic
shift around day 2 (Fig. 54) as cells switch to respiratory me-
tabolism (23). Low levels of Cycl are likely present in the IMS
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during these early phases of oxygen adaptation because CYC1
transcription is induced by oxygen (24) and repressed by glucose
(25). Thus, we hypothesize that the burst in respiration-derived
H,0, overwhelms the available reducing capacity of Cycl™,
hyperoxidizes Ccpl, and labilizes its heme, which is donated to
apoCtal as the latter accumulates in respiring mitochondria.
To test this hypothesis, we compared heme transfer in vitro to
apomyoglobin (apoMb) from untreated Ccpl and Ccpl hyper-
oxidized by 10 M eq of H,O, because the peroxidase is known
to consume this quantity of H,O, in vitro before heme mod-
ification (26). ApoMb, the prototypical heme acceptor (27), was
selected because of its high heme affinity (Kg =3 x 107> M) (28)
and high stability (29). Following incubation with apoMb, ~6 yM
and ~12 pM heme are lost from Ccpl and hyperoxidized Ccepl,
respectively (SI Appendix, Table S4), based on the decrease in
their Soret absorbance (SI Appendix, Fig. S2B). Thus, hyper-
oxidized Ccpl donates twice as much heme as the untreated
peroxidase. In the absence of an acceptor, the Soret band of
hyperoxidized Ccpl does not decrease (SI Appendix, Table S4
and Fig. S2B) so no heme escapes to the solvent. In fact, heme
transfer between the proteins is stoichiometric because heme-
loaded Mb and apoCcpl increase by the same concentration (S/
Appendix, Table S4 and Fig. S2 B and D).

Ferric heme (hemin) released from reconstituted Mb has an
exact mass that differs by <1 ppm from that of authentic hemin
(SI Appendix, Fig. S3). Also, the absorption spectrum of recon-
stituted Mb is indistinguishable from that of the native protein
(81 Appendix, Fig. S2C) so we conclude that unmodified heme is
transferred from hyperoxidized Ccpl to apoMb. In contrast, ~16
oxygen adducts are detected in the mass spectrum of hyper-
oxidized Ccpl (SI Appendix, Fig. S4B), which confirms our pre-
vious reports (30, 31) that Ccpl’s residues are extensively
oxidized by excess H,O; in the absence of its reducing substrate,
Cycl™ (Egs. 2 and 3). Liquid chromatography (LC)-MS/MS
analysis of tryptic peptides from hyperoxidized Ccpl reveals that
42% of His175 is converted to oxo-histidine (SI Appendix, Fig. S5
and Table S5). Weakening of the axial ligand on His175 oxida-
tion will labilize Ccp1’s heme and we observe a doubling of heme
transfer from hyperoxidized Ccpl to apoMb (SI Appendix,
Table S4).

To establish whether Cepl is hyperoxidized in vivo, we isolated
the protein from P10 and S10 subcellular fractions. No oxo-histidine
is detected in Ccpl isolated from 1-d cells but ~85% of His175
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Fig. 3. Catalase activity in wild-type yeast increases at the expense of mi-
tochondrial Ccp1. (A) Ccp1 protein level vs. cell age in the S10 and P10
fractions from Fig. 2B. (B) Specific catalase activity in soluble protein extracts
from wild-type and ccp7A cells vs. cell age. Results are averages of three
independent cultures (n = 3) + SD. (Inset) In-gel assay of Ctal and Ctt1
catalase activities in 7-d soluble protein extracts (2.5 pg protein per lane).

is found to be oxidized in the extramitochondrial protein from 7-d
respiring cells compared with ~35% His175 oxidation in the mito-
chondrial protein (Fig. 5B). The extensive oxidation of His175 in
extramitochondrial Ccpl indicates that the peroxidase is indeed
overwhelmed by H,O, in vivo. This serves to labilize the heme and
we anticipate that heme transfer is more efficient in mitochondria
than in vitro (SI Appendix, Fig. S2) because apoMb is not a bio-
logical partner of Ccpl. The lack of CCP activity on hemin addition
to extramitochondrial Ccpl can also be attributed to decreased
heme affinity on His175 oxidation.

Importantly, we note that apoCcpl is not oxidized by H,O, (SI
Appendix, Fig. S4D). Activation of H,O, by heme peroxidases
involves binding to the heme Fe'™ (Eq. 1) and Ccpl can se-
quentially bind and reduce multiple molecules of H,O, using its
polypeptide as an electron source in the absence of Cyc1™ (30,
31). Thus, on activating H,O,, Ccpl’s heme promotes its own
transfer by catalyzing the oxidation of its polypeptide host, in-
cluding its Fe ligand, His175 (Fig. 5 B and C). We conclude that
Ccp1 hyperoxidation by respiration-derived H,O, triggers heme
transfer to apoCtal in mitochondria and that His175 oxidation is
critical in this process.

Discussion

Evidence for Ccp1 as a Heme Donor. Immature preCcpl is targeted
to yeast mitochondria where it is processed to the heme-loaded
mature holoprotein (2, 3, 17). In this state it is trapped in the
IMS, and hence it is classified as an IMS protein in exponentially
growing fermenting yeast cells (2, 3, 17). However, using a com-
bination of live-cell imaging, immunoanalysis of subcellular
fractions, and CCP activity assays, we demonstrate that respira-
tion triggers apoCcpl exit from mitochondria. Reverse trans-
location of proteins processed by mitochondria depends on the
stability of their folded forms (32). Previously, we investigated
Ccpl denaturation and uncovered a conformational stability at
the low end of the range reported for globular proteins (33) so
it is not surprising that heme binding is required for Ccpl’s
retention in the IMS (17). Also, mature holoCcpl added to
isolated mitochondria does not enter these organelles (17),
demonstrating that holoCcpl does not cross the outer mito-
chondrial membrane. Therefore, escape of Ccpl from mito-
chondria is tantamount to its acting as a mitochondrial heme
donor. Incidentally, Ccp1’s substrate Cycl also requires heme for
IMS retention (34). Mature Cycl possesses a covalently bound
heme and deletion of its heme lyase (Cyc3) or mutation of res-
idues that serve as sites of heme attachment (Cys19 and/or
Cys22) results in cytoplasmic accumulation of apoCycl, which
adopts an unfolded structure in vitro (35).
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Ctal as a Mitochondrial Acceptor of Ccp1 Heme. The synthesis in
yeast of both catalase isoforms is heme regulated. However,
catalase T protein (Cttl) activity is detected during the early
phases of heme synthesis (16, 36, 37) whereas Ctal accumulates
as the apoprotein in exponentially growing yeast (16, 36, 37). The
heme donor to Cttl is unknown but Ctal activity increases in
parallel with extramitochondrial apoCcp1 buildup (Fig. 3 4 and
B), which links holoCtal formation to H,O,-induced labilization
of Ccpl’s heme. The negligible Ctal activity found in ccpIA cells
(Fig. 3B) and the high Ccpl protein levels in cfalA mitochondria
(Fig. 4B) further identify apoCtal as an acceptor of Ccpl heme.

HoloCcp1 accumulates during heme synthesis (4, 5) so heme-
mediated hyperoxidation of the protein occurs when H,0O,
sharply increases in respiring yeast (Fig. 54). Hyperoxidized
Ccpl donates its heme to apoCtal and Ctal activity consumes
mitochondrial H,O,. Hence, H,O, levels are elevated in ctalA
cells (22) despite their twofold higher CCP activity than that in
wild-type cells (SI Appendix, Table S3). Trapping more Ccpl in
ctal A mitochondria does not compensate for the absence of
Ctal’s H,O, scavenging activity. On the contrary, Ccpl from
ctal A mitochondria is only 50% active (Fig. 4C), which we at-
tribute to its hyperoxidation by H,O, due to limited availability
of reducing equivalents from Cyc1™ in the IMS.

Heme Labilization by His175 Oxidation. Irreversible histidine oxidation
has been associated with the toxic effects of peroxides in aging and
neurodegeneration (38). However, in peroxide resistance protein
(PerR), H,O, binds to the Fe! center of iron-replete PerR, which
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Fig. 4. Ccp1 accumulates in the mitochondria of ctalA yeast. (A) Immuno-
blot analysis of denucleated (S2) and mitochondrial (P10) fractions isolated
from wild-type (WT), ctalA, and ctt1A cells. (B) The Ccp1 signals for the P10
fractions in A were quantified and normalized to the porin signal (mito-
chondrial outer membrane marker) for 2-d (blue bars) and 7-d (red bars)
cells. (C) Specific CCP activity (umol-min~"-mg~" total protein) of the P10
fractions in B ratioed by their Ccp1 protein levels to give the relative amount
of active CCP remaining in mitochondria. Results in A are representative of
three independent cultures (n = 3) and averages + SD are plotted in B and C.

PNAS | December9, 2014 | vol. 111 | no.49 | 17471

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409692111/-/DCSupplemental/pnas.1409692111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409692111/-/DCSupplemental/pnas.1409692111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409692111/-/DCSupplemental/pnas.1409692111.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1409692111/-/DCSupplemental/pnas.1409692111.sapp.pdf

L T

/

D\

1D P10 1D S10 7D P10 7D S10
Subcellular fractions (D = day)

A 100 - B 100 -
g 80 wn 80
Q ~
o -

3 60 - 2 60
g ’é

&= 40 4 540-
o
I X
o 20 A 20 A
c
8
T 0 T T T T T T T 0 T T
2 012345678910

Cell age (days)

Fig. 5. Ccp1 is oxidized at His175. (A) FACS measurements of H,O, in wild-type cells stained with dihydrorhodamine 123 (DHR) (10). Data points are the
median fluorescence per cell (in relative fluorescence units, RFU) measured for 10,000 cells per sample. (B) Percentage of oxidized His175 in mitochondrial
(P10) and extramitochondrial (510) Ccp1 from 1-d and 7-d yeast cells based on tryptic peptide peak areas in the LC-MS spectra (note that no His175 oxidation is
detected in 1-d cells). See S/ Appendix, Fig. S6 and SI Materials and Methods for further experimental details. (C) Ribbon diagram of the heme-binding site of
Ccp1 showing the proximal Fe ligand His175 (green). Residues important in the activation of H,O, following its binding to the vacant sixth coordination site of
Fe" are also shown. This diagram was generated using PyMOL software with the coordinates from Protein Data Bank 1ZBY.

results in oxidation of the metal’s His37 and His91 ligands to
2-oxo-histidine (39, 40). This promotes iron release and apoPerR
dissociation from DNA with the induction of target genes in-
cluding kat A (catalase), ahpCF (alkyl hydroperoxide reductase),
and hemAXCDBL (heme biosynthesis operonz (40). Analogous
to the nonheme Fe™ of PerR, the heme Fe™ of Ccpl binds
H,0,, which under stress conditions (high H,O,, low Cycln)
oxidizes the proximal His175 ligand to oxo-histidine (Fig. 5 and
SI Appendix, Fig. S5) and activates Ctal catalysis (Fig. 3). Thus,
PerR and mitochondrial Ccpl sense and mediate a H,O, stress
signal by similar iron-dependent mechanisms to regulate key
defensive responses at the transcriptional level for PerR and at
the posttranslational level for Ccpl. To the best of our knowl-
edge, we provide the first report of heme labilization in a heme
protein by ligand oxidation. Binding of nitric oxide to the sixth
coordinate position cleaves or weakens the proximal Fe"-His
bond in some heme proteins, including soluble guanylate cyclase
(41) and nitrophorin isoform 7 (42), but this process has not
been associated with heme transfer.

Why Cells Produce Ccp1 as a Sensor. In the absence of a known
cellular mechanism for oxo-histidine reduction, it has been
speculated that oxidized apoPerR may be degraded (39, 40).
Hyperoxidized Ccp1 also may be degraded because Ccpl-GFP is
associated with the vacuole in 7-d cells (Fig. 14). Why would
yeast use Ccpl as a sacrificial H,O, sensor instead of producing
active Ctal before cells begin to respire? The H,O, spike around
the diauxic shift triggers a beneficial stress response known as
mitohormesis (43) that results in increased superoxide dismutase
(Sod2) activity and depressed O, levels (10). We reported that
the Ccp1™''F strain, which possesses high catalase activity during
early exponential growth due to extensive Ccpl™'*'F hyper-
oxidation, mounts a weak mitohormesis response and has
a short lifespan (10, 11). Thus, it appears that H,O, dismutation
by Ctal activity during the early phases of oxygen adaption
abrogates or attenuates the beneficial H,O, stress 51%nal. In
contrast, because CCP activity also depends on Cycl™ levels
(Egs. 2 and 3), wild-type Ccpl temporally controls the signal
from respiration-derived H,O, to trigger mitohormesis and
modulate lifespan (10, 11).

The Role of Extramitochondrial ApoCcpl. A large fraction of
apoCcpl-GFP and possibly untagged apoCcpl translocate to the
vacuole (Fig. 14). This may be the cell’s mechanism for removing
or recycling hyperoxidized apoCcpl and/or vacuolar apoCcpl
may be involved in signaling analogous to yeast enolase (44).
Around 10% of apoCcpl translocates to the nucleus (Fig. 1B).
There it likely conveys an oxidative stress signal to the nuclear
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transcription factor Skn7 when yeast are challenged with exoge-
nous H,O, (45). We found ccpIA cells to be considerably more
H,0, sensitive than wild-type or ccpl WIOIF oolls because of their
inability to up-regulate catalase and peroxiredoxin activities on
H,0, challenge (10). Ccpl is not present in the deletion mutant to
transmit a stress signal to Skn7, which regulates the expression of
many antioxidant enzymes, including cytosolic Cttl (46, 47).
Hence, reverse translocation of apoCcpl to the nucleus provides
a retrograde message (20) vital in the cell’s response to exogenous
H,0,, a process that merits further investigation.

Conclusions

Fig. 6 summarizes our model of respiration-triggered heme transfer
from Ccpl to Ctal in mitochondria. A key step in this model is the
heme-mediated oxidation by H,O, of the proximal Fe ligand,
His175. Before we identified Ccpl as a heme-based H,O, sensor
(10), Bacillus subtilis PerR was the only documented nonthiol H,O,
sensor (40), whereas well-characterized H,O, sensor proteins such
as Yapl in yeast and OxyR in bacteria undergo reversible thiol
oxidation upon exposure to H,O, (48, 49). Over 70 y of research
portrays Ccpl as an antioxidant enzyme that functions to protect
yeast mitochondria by catalytically consuming H,O, (6, 50). Based
on our current and previous investigations of its physiological

Mitochondrion

n / \
W ccpl//>H 0 |_ Ctal/) poCcpl
o)\ 48

apoCta / g cleus
Heme }/ \
apoCcry ch

Fig. 6. Respiration-triggered heme transfer in yeast mitochondria. H,O, gen-
erated during mitochondrial respiration oxidizes Ccp1 to compound | (Cpdl). The
oxidizing equivalents from H,0, can be reduced by Cyc1" or transferred to the
peroxidase’s residues, including the proximal Fe ligand His175 to yield oxo-histi-
dine. Formation of the latter labilizes the heme group, which is transferred either
directly or via unidentified intermediate(s) to apoCta1 (path A), and the nascent
Ctal activity detoxifies H,O,. ApoCcp1 has low conformational stability and
undergoes reverse translocation to the vacuole (path B) and the nucleus (path C).
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functions (9-11), Ccpl may serve in future as a paradigm of heme-
based H,O, sensing and heme transfer.

Materials and Methods

Yeast strains used in this study (S/ Appendix, Table S1) are in the BY4741 genetic
background. The wild-type strain was purchased from the European Saccha-
romyces cerevisiae Archive for Functional Analysis (EUROSCARF) and the Ccp1-
GFP-expressing strain was purchased from Invitrogen Life Sciences. The ctalA
and ctt1A strains were kind gifts from Christopher Brett (Concordia University),
and the DNA template for recombinant Hisg-Ccp1 expression was generously
provided by Yu Li (University of Illinois at Urbana—Champaign, Urbana, IL). S/
Appendix, SI Materials and Methods outlines the live-cell imaging of Ccp1-GFP
by fluorescence microscopy, the isolation and immunoblotting of yeast nuclei
and subcellular fractions, the isolation of Ccp1 from yeast by anion-exchange
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