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The mitochondrial electron transport chain consists of indi-
vidual protein complexes arranged into large macromolecular
structures, termed respiratory chain supercomplexes or respira-
somes. In the yeast Saccharomyces cerevisiae, respiratory chain
supercomplexes form by association of the bc, complex with the
cytochrome ¢ oxidase. Formation and maintenance of these
assemblies are promoted by specific respiratory supercomplex
factors, the Rcf proteins. For these proteins a regulatory func-
tion in bridging the electron transfer within supercomplexes has
been proposed. Here we report on the maturation of Rcf2 into an
N- and C-terminal peptide. We show that the previously
uncharacterized Rcf3 (YBR255¢-A) is a homolog of the N-termi-
nal Rcf2 peptide, whereas Rcf1 is homologous to the C-terminal
portion. Both Rcf3 and the C-terminal fragment of Rcf2 associ-
ate with monomeric cytochrome c oxidase and respiratory chain
supercomplexes. A lack of Rcf2 and Rcf3 increases oxygen flux
through the respiratory chain by up-regulation of the cyto-
chrome c oxidase activity. A double gene deletion of RCF2 and
RCF3 affects cellular survival under non-fermentable growth
conditions, suggesting an overlapping role for both proteins in
the regulation of the OXPHOS activity. Furthermore, our data
suggest an association of all three Rcf proteins with the bc, com-
plex in the absence of a functional cytochrome ¢ oxidase and
identify a supercomplex independent interaction network of the
Rcf proteins.

Eukaryotic cells cover their energy demands mainly with
ATP generated by oxidative phosphorylation in mitochondria.
The complexes of the respiratory chain in the inner mitochon-
drial membrane establish a proton motif force, which is used by
the F,F_-ATP synthase to generate ATP from ADP and inor-
ganic phosphate. In the yeast Saccharomyces cerevisiae, cytoso-
lic substrates like NADH or glycerol-3-phosphate can be
oxidized via distinct mitochondrial enzymes like NADH-
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ubiquinone oxidoreductase proteins or glycerol-3-phosphate
dehydrogenase located either on the intermembrane space site
of the mitochondrial inner membrane (Ndel, Nde2, or Gut2) or
facing the matrix (Ndil) (1). The mitochondrial respiratory
chain is further formed by multiprotein containing enzymes
like the succinate dehydrogenase (complex II), the ubiquinol-
cytochrome ¢ oxidoreductase (complex III), and the cyto-
chrome c oxidase (complex IV) (2—4). The latter two complexes
are composed of proteins with dual genetic origin. The mito-
chondrial genome encodes for the hydrophobic core subunits
of complex IIT and complex IV. Nuclear encoded structural and
regulatory subunits are post-translationally transported into
mitochondria by defined import routes and incorporated with
the help of assembly factors into the growing enzymes (5-7).
The respiratory chain complexes III and IV form homo- and
hetero-oligomers in the inner membrane. A dimer of complex
111 (II1,) associates with one (IIL,/IV) or two (II1,/IV,) copies of
complex IV to form respiratory chain supercomplexes (8 —10).
Although the function and formation of supercomplexes has
been extensively studied in the past decade, it is not fully under-
stood which physiological changes drive supercomplex forma-
tion and which of the factors are required to mediated forma-
tion and maintenance of these complexes. Suggested functions
of supercomplexes are an optimized electron transport
between the respiratory chain complexes, reduction of reactive
oxygen species leakage, and a general stabilizing effect on the
individual complexes (11-13). Cardiolipin and a small number
of proteins participate in supercomplex formation (14-18).
Recent studies identified Refl as a protein that promotes effi-
cient assembly of III,IV, supercomplexes and is further pro-
posed to regulate supercomplex function. Ref2 was identified
together with Rcfl as complex IV-associated protein (19 -22).
Ref2 displays sequence similarity to Rcfl but is not required for
supercomplex organization, and its molecular function has
remained enigmatic.

Here we analyzed assembly of Rcf2 into supercomplexes and
identified an unexpected modification of the protein by proteo-
lytic processing into a labile N-terminal fragment and a stable
C-terminal fragment. Using in silico analysis, we mapped the
Rcfl homology region of Ref2 to the C terminus, whereas the N
terminus resembles an uncharacterized protein encoded by the
open reading frame YBR255c-A. The YBR255c-A gene prod-
uct, later termed Rcf3, encodes a mitochondrial protein that is
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FIGURE 1. Afterimport a part of Rcf2 is processed into Rcf2€ and an unstable Rcf2" fragment. A, radiolabeled Rcf2 was imported into isolated mitochondria
for 15 min in the presence or absence of membrane potential (Ag). Samples were treated with proteinase K where indicated and analyzed by SDS-PAGE and
digital autoradiography. For comparison with endogenous Rcf2<, mitochondria were analyzed by SDS-PAGE followed by Western blotting and immunodeco-
ration. B, radiolabeled Rcf2 and N- and C-terminally truncated constructs (AN and AC) were analyzed by SDS-PAGE and compared with endogenous Rcf2€. C,
subcellular fractionation of wild-type and rcf2A cells expressing "A“Rcf2. Samples of homogenized cells (T), post mitochondrial supernatant (S), and mito-
chondrial pellet (P) were analyzed by SDS-PAGE and Western blotting. Cytosolic proteins are represented by Pgk1, and mitochondrial proteins are represented
by Aco1. D, Isolated mitochondria of the strains used in C were analyzed by SDS-PAGE and Western blotting. Rcf2 variants were detected using FLAG and Rcf2
antibodies. E, model for Rcf2 processing in the inner mitochondrial membrane. The data shown in A-D represent the results of at least two individual

experiments.

located in the inner membrane. Rcf3 associates with supercom-
plexes predominantly via complex IV. Single gene deletions of
RCF2 and RCF3 showed an increased oxygen flux via complex
IV but no growth defect on non-fermentable medium. Con-
trary to the single mutants, the r¢f2A/r¢f3A double deletion
results in a decreased oxygen flux and loses the capability of the
cells to growth on non-fermentable media, revealing an over-
lapping role of both proteins in mitochondrial respiration. In
addition, our analyses on the Rcf3 interaction environment
reveal that the Ref proteins associate with complex III in the
absence of complex IV. The observed affinity of Ref proteins for
complex III provides new insight into the molecular basis of
supercomplexes.

Results and Discussion

Respiratory chain supercomplexes assemble from individual
complexes. Refl and Ref2 have been identified as supercom-
plex-associated proteins (19-21). In S. cerevisiae, Rcfl facili-
tates the oligomerization and stability of the complex III (cyto-
chrome ¢ reductase) dimer with complex IV (cytochrome c

23770 JOURNAL OF BIOLOGICAL CHEMISTRY

oxidase). Although Rcfl is conserved from yeast to human and
shows a direct role in the association of the complex III/com-
plex IV into supercomplexes, the function of Rcf2 is still
unknown.

A Processed Form of Rcf2 Associates with Respiratory Chain
Supercomplexes—Rcf2 lacks a classical mitochondrial targeting
sequence but can be efficiently imported into mitochondria in
vitro. When we imported radiolabeled Rcf2 into purified wild-
type mitochondria, we observed formation of an Rcf2 fragment
with an estimated mass of 21 kDa. The fragment was only pro-
tected against protease treatment when a membrane potential
(Ayp) was present (Fig. 1A). A corresponding Ref2 fragment was
also detected with lower intensity of the full-length protein in
Western blot analysis of mitochondrial extracts using Rcf2-spe-
cificantiserum (Fig. 1A). Because the Rcf2 antiserum was raised
against a C-terminal peptide of Rcf2, we concluded that the
detected fragment contained the C terminus of Rcf2. To define
the size of the Rcf2 fragment, we created a library of Ref2 trun-
cation constructs in vitro. Seven truncations of Rcf2, as well as
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the full-length protein, were translated and radiolabeled in
reticulocyte lysate and separated by SDS-PAGE. For compari-
son, mitochondrial extracts from wild-type and rcf2A cells were
separated in parallel. Compared with the Western blot analysis,
the autoradiogram of the radiolabeled Rcf2 truncations
revealed two fragments, amino acids 62—-224 and 78 —-224 (Fig.
1B, lanes 4 and 5), that displayed a migration pattern in the size
range of the endogenous C-terminal fragment of Rcf2 (Fig. 15,
lane 9). This finding led us to investigate the fate of the cleaved
N- and C-terminal fragments. Hence, we cloned N-terminally
FLAG tagged Rcf2 (F“*“Rcf2) for expression in wild-type and
ref2A yeast cells. We performed subcellular fractionation anal-
yses and could show that "“*“Rcf2 was expressed and migrated
slightly slower than the untagged protein. *~*SRcf2 and the
C-terminal fragment could be detected in the organellar frac-
tion like the mitochondrial matrix protein aconitase 1 (Acol),
whereas cytosolic proteins like phosphoglycerate kinase 1
(Pgkl) stayed in the supernatant (Fig. 1C). However, the N-ter-
minal fragment was not detected because of its low abundance.
We prepared mitochondrial extracts from both strains. The
FLAGRcf2 obviously localized to mitochondria and similar to
the untagged protein underwent proteolytic processing. Hence,
the C-terminal fragment was efficiently generated from the
tagged construct. Only when we expressed F“*“Rcf2, was a
weak signal at the expected size of 12 kDa corresponding to the
N-terminal fragment plus FLAG tag detected with FLAG anti-
bodies (Fig. 1D). To evaluate the physiological relevance of the
Rcf2 proteolytic processing, we investigated in the steady state
levels of full-length and processed Rcf2 in wild-type mitochon-
dria under different growth conditions. The amount of pro-
cessed Ref2 ranged from 55% of the full-length protein under
fermentable growth conditions to 40-50% under growth on
non-fermentable carbon sources, whereas the cell growth in the
presence of galactose leads to lower levels (20-30%) of detect-
able processed Rcf2 fragment (supplemental Fig. S1A4).

Ref2 is predicted to possess four transmembrane segments
(TMpred). Taking the predicted transmembrane spans into
consideration, we conclude that the observed processing of
Rcf2 occurs between amino acids 62 and 78 within the second
transmembrane segment of Rcf2 (Fig. 1E). The processing gen-
erates a labile N-terminal and a stable C-terminal fragment of
Ref2.

Rcf2 Associates with Respiratory Chain Complexes through Its
C-terminal Portion—To address whether the labile N-terminal
or the stable C-terminal fragment of Rcf2 were capable to asso-
ciate with supercomplexes, we imported radiolabeled Rcf2
truncations and for comparison with the full-length Rcf2 into
wild-type mitochondria. After import, mitochondria were sol-
ubilized in digitonin buffer. Solubilized protein complexes were
separated by blue native (BN)-PAGE? to assess assembly into
supercomplexes. In parallel, the individual import reactions
were analyzed by SDS-PAGE to assess whether the Rcf2 ver-
sions were imported into mitochondria. Membrane potential-
dependent import into mitochondria was observed for all

2 The abbreviations used are: BN, blue native; DDM, n-dodecyl-S-d-maltopy-
ranoside; MOPS, 3-(N-morpholino)propanesulfonic acid; TMPD, N,N,N’,
N’-tetramethyl-p-phenylenediamine.
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tested fragments, albeit with different efficiencies. However,
assembly into supercomplexes could only be observed for frag-
ments that contained at least the third and fourth transmem-
brane segment and a region of the C-terminal IMS tail of Rcf2
(Fig. 2A4). Accordingly, the N-terminal Rcf2 fragment was
unable to assemble into supercomplexes in vitro. At steady
state, it is not possible to distinguish between the full-length
Ref2 protein and the N-terminal fragment within supercom-
plexes by BN-PAGE and Western blotting. Therefore, we car-
ried out a second dimension SDS-PAGE after separation of the
supercomplexes by BN-PAGE. In agreement with previous
work, full-length Rcf2 co-migrated with complex IV-contain-
ing supercomplexes and monomeric complex IV and to a lower
extent as a 66-kDa complex (Fig. 2B) (19). The stable C-termi-
nal fragment behaves like the full-length protein and could be
found associated with complex IV, either in its monomeric
form or assembled into supercomplexes with complex III, (Fig.
2B). In contrast, the labile N-terminal fragment was detected
via the FLAG tag and no longer displayed an association with
complex IV and supercomplexes (Fig. 2C). Based on this find-
ing, we hypothesized that the processing of Rcf2 takes place
after its association with complex IV and processing is physio-
logically relevant.

Rcf3 Is an Integral Protein of the Mitochondrial Inner
Membrane—The C-terminal fragment of Rcf2 shares two
major features with the Refl protein. Both proteins display sim-
ilar topology with regard to their predicted membrane topol-
ogy. Moreover, Rcfl and Rcf2 comprise a conserved HIG1
domain, the function of which is unknown (21). Interestingly,
the N-terminal fragment of Rcf2 displays significant sequence
similarity to an uncharacterized protein encoded by the yeast
open reading frame YBR255C-A, later called Ref3 (Fig. 34 and
supplemental Fig. S2). Rcf3 was reported in a proteomic analy-
sis by Helbig et al. (34) as a yeast mitochondrial membrane
protein associated with respiratory supercomplexes but was
not further analyzed in detail (34). The similarity between Rcf2
and Rcf3 led us to assess the mitochondrial localization of Ref3.
We expressed a GFP fusion of the protein from its authentic
chromosomal locus. Fluorescence microscopic analyses of liv-
ing cells expressing Rcf3F" showed co-localization of the GFP
signal with mitochondria as visualized by MitoTracker staining
(Fig. 3B), revealing an exclusive localization of Rcf3 in mito-
chondria. Computer-based analysis of the primary sequence of
Ref3 predict two transmembrane segments within the protein
(Fig. 34 and supplemental Fig. S2). To confirm this prediction,
we performed carbonate extraction analyses using isolated
yeast mitochondria. Rcf3 was resistant to alkaline treatment at
pH 10.8 and remained in the sediment together with the inte-
gral membrane proteins Tom70 and Tim21, whereas the
peripheral membrane protein Tim44 was released to the super-
natant. All tested proteins including Rcf3 were released from
the membrane fraction upon solubilization with Triton X-100
(Fig. 3C). These analyses supported the prediction that Ref3 is
an integral membrane protein. To determine the submitochon-
drial localization of Rcf3, we performed protease protection
experiments with isolated mitochondria. The Ref3 protein was
protected against protease treatment in mitochondria but
became accessible to the protease in mitoplasts (Fig. 3D). We
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FIGURE 2. Rcf2€ is low abundant in the oxidase, whereas Rcf2" is free and not assembled into respiratory supercomplexes. A, radiolabeled N- and
C-terminally truncated Rcf2 constructs (AN and AC) were imported into isolated mitochondria for 45 min in the presence or absence of membrane potential
(A4)). Proteinase K-treated samples were split for solubilization in 1% digitonin buffer and SDS sample buffer. The samples were analyzed by BN-PAGE or
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experiments.

conclude that Ref3 is an integral protein of the mitochondrial
inner membrane. Because we used an antibody directed against
the C terminus of Rcf3, the protease sensitivity in mitoplasts
indicates that Rcf3 exposes its C terminus to the intermem-
brane space.

Phenotypic Characterization of r¢f3A Mutant Mitochondria—
To assess Ref3 function, we generated an RCF3 gene deletion
mutant to analyze respiratory chain function and organization.
When we compared the growth of r¢f3A to cox5aA cells, we
found that RCF3 was dispensable for the growth of yeast cells
on fermentable carbon sources. Although the deletion of
COX5a displayed a strong growth defect on non-fermentable
media such as lactate, this was not the case for the r¢f3A mutant
(Fig. 4A). Next we addressed the organization of respiratory
chain supercomplexes at steady state. Therefore, we solubilized
wild-type and r¢f3A mitochondria in digitonin containing
buffer and performed BN-PAGE analysis. The mutant mito-
chondria displayed no changes in the amount or the organiza-
tion of the respiratory chain complexes III, IV, and V compared
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with wild-type mitochondria (supplemental Fig. S3A). The
observation that the deletion of Cox13, a subunit of the yeast
complex IV, results in a significant decrease in complex IV
enzymatic activity and O, consumption but does not lead to a
growth phenotype on non-fermentable medium or change in
the oligomerization of complex IV (19, 35), led us to measure
the oxygen flux in r¢f3A and r¢f2A mutant mitochondria com-
pared with wild type. Based on the used substrate in combina-
tion with the inhibition of specific respiratory chain complexes,
we could distinguish between a leak, state3 oxphos, and oxphos
via CIV-dependent oxygen flux (Fig. 4B). Deletion of r¢f3A and
ref2A maintains an increased oxygen flux specifically related to
complex IV activity. The boost in the complex IV-dependent oxy-
gen flux was not related to an altered organization of respiratory chain
supercomplexes at steady state (supplemental Fig. S34) and
approve a regulatory role for Rcf3 and Rcf2 in supercomplex
function.

Overlapping Role of Rcf2 and Rcf3—The primary amino acid
sequence of Rcf2 seems to harboring the combined coding
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SDS-PAGE and Western blot analysis. D, wild-type mitochondria were left untreated (M), swollen (MP), or lysed with 1% Triton X-100, treated with proteinase
K where indicated, and subjected to SDS-PAGE and Western blotting. The data shown in B-D represent the results of at least two individual experiments.

sequences of Rcfl and Ref3. In that regard, the C-terminal frag-
ment of Ref2 could overcome a possible mitochondrial defect
caused by the deletion of the RCF3 gene. To prove this possi-
bility, we generated a rcf2A/rcf3A double deletion strain and
performed a growth test (Fig. 4C). The deletion of RCF3
together with RCF2 results in a drastic reduced growth on the
non-fermentable carbon source glycerol. This growth pheno-
type could be reverted to wild-type level by re-expressing either
Rcf2 or Ref3. In addition, we tested whether the previously
observed Rcf2 fragments could restore the growth on glycerol.
None of the expressed Rcf2 fragments led to a reversion of
the observed phenotype (Fig. 4C). Given that we do not know
the exact position where the Rcf2 processing occurs, it is possi-
ble that the construct used in this study, which should resemble
the N-terminal Ref2 fragment, is too short for successful com-
plementation of the double deletion strain. To investigate the
reason for the growth defect, we analyzed the oxygen flux of
mitochondria from the r¢f2A/r¢f3A mutant compared with
wild type. In contrast to the r¢f3A and rcf2A single mutants, we
observed a decrease in the oxygen flux during our measure-
ments of the rcf2A/r¢f3A double deletion mitochondria (Fig.
4D). The use of N,N,N',N'-tetramethyl-p-phenylenediamine
(TMPD) as direct complex IV substrate in combination with
the inhibition of complex III by antimycin A showed us the
specific down-regulation of respiration in the r¢cf2A/r¢f3A dou-
ble mutant mitochiondria via complex IV. To avoid the possi-
bility that this effect is based on an altered organization of
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supercomplexes, as shown for Rcfl (19 -21), we performed BN-
PAGE and Western blot analyses of the r¢f2A/rcf3A mutant
mitochondria compared with wild type and could not observe
any changes in supercomplex formation (supplemental Fig. S3B).
The growth defect of the r¢f2A/r¢f3A double deletion is most
likely caused by the drop of complex IV activity. In combination
with the results of the increased oxygen flux of the RCF3 and
RCF2 single deletions, we suggest an overlapping role of Ref3
and Rcf2 in the regulation of respiratory chain supercomplexes.

Rcf3 Associates with Respiratory Chain Supercomplexes—
Refl and Ref2 are associated with complex III/IV supercom-
plexes. Detailed analysis by different groups showed that Refl
and Rcf2 assemble into supercomplexes via an association to
complex IV. To address whether Rcf3 assembles into super-
complexes, we first analyzed Ref3 interaction with complex III
and IV. Therefore, we affinity-purified complex III and com-
plex IV by IgG chromatography utilizing the ZZ-tagged struc-
tural subunits Cor1*”* and Cox4”““ (19, 27). Using the mild
detergent digitonin for solubilization, we were able to effi-
ciently purify complex III/IV supercomplexes. Rcf3 was co-iso-
lated with Cor1%% and even more with Cox4“* (Fig. 54, lanes 5
and 6). To assess whether Rcf3 was bound to complex IIT or IV,
we dissociated supercomplexes into the complex III dimer and
complex IV monomer by solubilizing mitochondria in DDM-
containing buffer prior to isolation via Cor1** and Cox4““.
Under these conditions, significantly less Ref3 co-purified with
Cox4“*. Moreover, Corl1** failed to co-purify Rcf3 (Fig. 54,
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(Oroboros) at 30 °C (n = 4). The data shown in A-D represent the results of at least three individual experiments.

lanes 11 and 12). These analyses suggested that the association
of Rcf3 was sensitive to the DDM. To address respiratory chain
association of Rcf3 by alternative means, we imported radiola-
beled Ref3 into purified mitochondria. After import, mitochon-
dria were reisolated and solubilized in either digitonin or DDM
containing buffer, and the protein complexes were separated by
BN-PAGE. Upon solubilization in digitonin buffer, Rcf3 and
Rcfl assembled predominantly into two high molecular weight
protein complexes, reminiscent of complex IV-containing
supercomplexes. No complex corresponding to the size of a
complex III dimer could be observed (Fig. 5B). After solubiliza-
tion with DDM, Rcf3 and Rcfl migrated at the size of mono-
meric complex IV populations. However, the amount of Rcf3
was drastically reduced in agreement with dissociation during
the solubilization process (Fig. 5B). We repeated the import
experiment and loaded solubilized mitochondria next to the
import reaction samples on BN-PAGE for Western blot analy-
sis of complex III and complex IV. Immunodecoration showed
a co-migration of the imported Rcf3 and Rcfl protein with the
signal for Cox1, whereas a co-migration with Ripl was only
observed in cases where association between complex III and
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complex IV were maintained (Fig. 5C). Compared with the total
amount of Rcf3 that is bound to supercomplexes under digito-
nin conditions, significantly less Rcf3 association to respiratory
chain complexes could be observed upon DDM treatment.
Because the Rcf3 antibody failed to detect the protein in West-
ern blot analyses of separated supercomplexes by BN-PAGE
after digitonin solubilization, we performed additional two-di-
mensional SDS-PAGE to detect the Ref3 protein. Ref3 co-mi-
grates with complexes containing cytochrome ¢ oxidase like
Refl and Ref2 (supplemental Fig. S1B). By quantitative Western
blot analyses of all three Ref proteins, compared with Cox1 and
Qcr8, we could confirm an overall equal tendency to associate
either with supercomplexes (50 —60%) or free complex IV (40—
50%) (supplemental Fig. S1B). To assess Rcf3 association with
complexes III or IV under milder conditions, we performed
immunoprecipitations of Ref3 from digitonin-solubilized wild
type, cyt1A (lacking complex III), and cox4A (lacking complex
IV) mitochondria. As a control for unspecific binding of mito-
chondrial proteins to the Rcf3 antibody, we included digitonin-
solubilized r¢f3A mitochondria. Supercomplex constituents
were co-purified with Ref3 in wild-type mitochondria. In the
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FIGURE 5. Rcf3 associates with complex Il and IV and assembles into respiratory supercomplexes. A, mitochondria isolated from wild-type, Cox4%%, and
Cor1%“ strains were solubilized in 1% digitonin or 0.6% DDM and subjected to IgG chromatography. Upon TEV protease cleavage, eluates were analyzed by
SDS-PAGE and Western blotting. Cox4* marks Cox4 after removal of ZZ by TEV cleavage. B, radiolabeled Rcf3 or Rcf1 were imported into isolated rcf3A
mitochondria for indicated times in the presence or absence of membrane potential (AW). Proteinase K-treated samples were solubilized in 1% digitonin or
0.6% DDM and analyzed by BN-PAGE and digital autoradiography. IV, and IV, indicate the size of the Ref1-containing pool of monomeric complex IV when
solubilized in the respective detergent. C, radiolabeled Rcf3 or Rcf1 were imported into isolated rcf3A mitochondria for 45 min and analyzed as specified in B.
For comparison, wild-type mitochondria were solubilized in 1% digitonin or 0.6% DDM and analyzed by BN-PAGE and Western blotting. Complex Il and IV
containing assemblies were visualized by immunodetection of Rip1 and Cox1, respectively. D, digitonin-solubilized mitochondria of wild type, cox4A, cyt1A, or
rcf3A were used for immunoprecipitation of Rcf3. Totals and glycine eluates were analyzed by SDS-PAGE and Western blotting. E, digitonin-solubilized
mitochondria of wild type, cox4A, or cyt1A were used forimmunoprecipitation of Rcf1, Rcf2, or Ref3. Totals and glycine eluates were analyzed by SDS-PAGE and

Western blotting. The data shown in A-E represent the results of at least two individual experiments.

absence of Ref3 (r¢f3A), the Ref3 antibody sample did not dis-
play unspecific binding of complex III or complex IV compo-
nents (Fig. 5D, lane 8). The deletion of CYT1 leads to the loss of
complex III formation leaving complex IV in its monomeric
form (19, 27). Under these conditions Rcf3 is still associated
with the complex IV components (Fig. 5D, lane 7). To our sur-
prise, we could co-isolate the complex III structural subunits
Cytl and Ripl in the absence of an assembled complex IV,
although in reduced amounts (Fig. 5D, lane 6). To this end, we
found that the complex IV subunit Rcf3 associates with com-
plex Il in the absence of complex IV and independent of super-
complex formation. Based on this observation, we addressed
whether this was also the case for Rcfl and Ref2. We performed
immunoprecipitations with Rcfl, Ref2, and Rcef3 antibodies
using digitonin-solubilized wild-type, cyt1A, and cox4A mito-
chondria. The individual Ref-antibodies precipitated their bait
with different efficiencies. Nevertheless, all three Rcf proteins
could co-isolate complex III and complex IV components and
the two other Rcf proteins from wild-type mitochondria. In the
absence of a mature complex I, the co-isolation of complex IV
subunits with Ref1, Ref2, and Ref3 were slightly increased com-
pared with the wild-type sample (Fig. 5E). Finally, all three Rcf
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proteins co-purified complex III subunits in the absence of
mature complex IV. At the same time the amount of co-isolated
Rcf proteins was not altered. We conclude that Refl, Ref2, and
Ref3 associate independent of complex III and complex IV
(Fig. 5E).

Conclusions—Several studies showed that Rcf1 is involved in
supercomplex formation by binding and priming complex IV
for its association with complex III (19-21). The physiological
role for supercomplex formation is still unknown, but it is
hypothesized to promote electron flux, prevent the generation
of reactive oxygen species, and stabilize respiratory chain com-
plexes (12, 13). We could show that the respiratory supercom-
plex factor 2 is partially processed into a labile N-terminal and a
stable C-terminal fragment. The C-terminal fragment remains
associated with respiratory chain supercomplexes via complex
IV. This Ref2 fragment includes all necessary targeting infor-
mation for import into mitochondria and assembly into com-
plex IV-containing supercomplexes. Sequence comparison
allowed us to identify Rcf3, encoded by the open reading frame
YBR255C-A, as a protein that displays significant sequence sim-
ilarity to the Rcf2 N-terminal half. Rcf3 localizes to the inner
mitochondrial membrane where it associates predominantly
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TABLE 1
Yeast strains used in this study
Strain Genotype Reference

BY4741 MATa, his3-A1, leu2-A0, met15A0, ura3A0 Euroscarf
Ref3F? MATa, his3-A1, leu2-A0, met15A0, ura3A0, rcf3:ref3-EGFP-KANMX4 This study
YPH499 MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trpl-A63, lys2-801 Ref. 19
Ref3%F MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801, rcf3::rcf3-SF-HIS3MX6 This study
ref3A MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trpl-A63, lys2-801, rcf3::HISMX6 This study
ref2A MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801, rcf2::HISMX6 Ref. 19
ref20/ref3A MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801, rcf2:KANMX4, rcf3:HISMX6 This study
Cox4“* MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trpl-A63, lys2-801, cox4::cox4-TEV-ProA-7HIS-HIS3MX6 Ref. 19
Corl## MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801, corl::corl-TEV-ProA-7HIS-HIS3MX6 Ref. 19
cytlA MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801, cytl:HISMX6 Ref. 19
cox4A MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trpl-A63, lys2-801, cox4::HISMX6 Ref. 25
coxSal MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trp1-A63, lys2-801, coxSa::HISMX6 This study
shylA MATa, ade2-101, his3-A200, leu2-A1, ura3-52, trpl-A63, lys2-801, shyl::HISMX6 Ref. 28

with complex IV and complex IV-containing supercomplexes.
In the absence of either Rcf2 or Ref3, complex IV activity is
increased, promoting oxygen consumption. An rcf2A/rcf3A
double mutant displays the opposite effect, a decreased com-
plex IV activity that results in the loss of respiratory growth.
These results suggest an overlapping function of both proteins
in the regulation of complex IV containing supercomplexes
without altering supercomplex organization, in contrast to
Rcfl. So far it is not clear under which physiological conditions
Ref2 and Rcf3 regulate the respiratory activity of supercom-
plexes, and neither is it clear whether they compete or work
synergistically. In addition, considering its short half-life the
N-terminal half of Rcf2, it appears that this fragment is dispens-
able in a wild-type situation but becomes crucial in the absence
of Ref3. Therefore, it will be a critical issue to identify the exact
processing site within Rcf2 and the related protease. By immu-
noprecipitation, a fraction of Ref3 is found to be bound to com-
plex III, Ref1 and Ref2. However, we did not observe co-migra-
tion of Rcf3 with individual complex III by BN-PAGE followed
by two-dimensional SDS-PAGE and Western blotting. This
discrepancy could be caused by a dissociation of weakly bound
proteins during BN-PAGE. The complex IV-independent asso-
ciation of Ref3 with Refl/Ref2 and complex III emphasize Ref3
as a genuine subunit of the Ref interaction network. It will be of
a great interest to investigate the functional interplay of the
three Rcf proteins in the regulation of supercomplex formation
and function through their association to each other and with
complex IIT and complex IV.

Experimental Procedures

Yeast Strains and Molecular Cloning—Yeast strains used in
this study are derivatives of S. cerevisiae strain YPH499 except
for Ref3SFP, which is derived from BY4741 (Table 1). Deletion
of RCF3 (YBR255C-A) and COX5A was achieved by homo-
logous recombination of a HIS3MX6 cassette into the corre-
sponding locus (23, 24). Generation of GFP- and StrepFLAG
(SF)-tagged strains was performed by chromosomal integra-
tion. Cox4”*, Corl**, cox4A, cox5al, cytIA, rcf2A, and shylA
were described previously (19, 25-28). For expression of N-ter-
minally FLAG-tagged Rcf2, the r¢f2A strain was transformed
with the centromeric yeast plasmid pRS416-"“*“RCF2. The
RCF2 open reading frame including promoter and terminator
was amplified from yeast genomic DNA by PCR and cloned
Sall/Sacl into pRS416. The coding sequence for the tag (GAC
TAC AAG GAC GAC GAT GAC AAA) was introduced down-
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stream of the start codon using the QuikChange Lightning site-
directed mutagenesis kit (Agilent Technologies) on pRS416-
RCF2. For complemental expression in yeast, the genomic
fragments of RCF2", RCF2“, and RCF3 were subcloned under
their endogenous promoter into pRS416.

Yeast Growth Conditions—Yeast cells were grown in liquid
medium containing 1% yeast extract, 2% peptone and 2% glu-
cose, 2% galactose, 3% lactate or 3% glycerol (YPD, YPGal,
YPLac, or YPG). Strains containing derivatives of pRS416 or
PRS426 were grown on synthetic medium containing 0.67%
yeast nitrogen base and 0.07% CSM lacking uracil (MP Bio-
medicals) and 2% glucose or 3% glycerol (SD-Ura, SG-Ura) and
2.8% agar. Mitochondria were isolated essentially as previously
described (29). Subcellular fractionations were performed
according to Horazdovsky and Emr (30).

Mitochondrial Oxygen Consumption—Mitochondria were
isolated from cells grown on YPL according to the protocol of
Onishi et al. (31). Oxygen consumption was assessed using high
resolution respirometry (Oxygraph-2k; Oroboros Instruments,
Innsbruck, Austria) in 2 ml of respiration buffer (225 mm
sucrose, 75 mM mannitol, 10 mm Tris, 10 mm KH,PO,, 5 mm
MgCl,, 10 mm KCl, pH 7.4) at 30 °C. Non-phosphorylating res-
piration (LEAK) was addressed using pyruvate (10 mm) and
malate (2 mM). Adding ADP in a saturating concentration (1
mM) (State3) followed by succinate (10 mm) determines the
maximal capacity for oxidative phosphorylation (OXPHOS).
Respiration was killed by addition of antimycin A (500 um) to
prevent electron transfer from complex III to complex IV, and
ascorbate (1 mm) and TMPD (50 uM) were added to address
OXPHOS capacity via complex IV. To distinguish between res-
piration and auto-oxidation of TMPD/ascorbate, NaN; (100
mwm) was added to block the O, binding site of complex IV, and
the values were subtracted from the values after TMP/ascor-
bate addition.

In Vitro Import into Mitochondria—RCF1, RCF2, and RCF3
and RCF?2 truncations were amplified using appropriate prim-
ers including a 3’ overhang for SP6 recognition. PCR products
were used for in vitro transcription (Ambion®). Respective pro-
teins were synthesized in rabbit reticulocyte lysate (Promega) in
the presence of [**S]methionine. For import analysis, isolated
mitochondria were incubated with radiolabeled proteins in
import buffer (32) in the presence of 2 mm ATP and 2 mm
NADH for the indicated times. The reactions were stopped on
ice by dissipation of the membrane potential with 8 mm anti-
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mycin A, 1 mm valinomycin, and 10 mM oligomycin. For assem-
bly analyses of imported proteins, the buffer was further sup-
plemented with 5 mm creatine phosphate and 0.1 mg/ml
creatine kinase, and samples were lysed in 1% digitonin or 0.6%
DDM buffer for BN-PAGE.

Protein Localization Analysis—Protein localization analyses
were assayed as described (27). For fluorescence microscopy
analyses, yeast cells expressing Rcf3°F* were grown to a mid-
log phase in minimal medium supplemented with 2% galactose
at 30 °C. The cells were stained with 500 nm MitoTracker®
Orange CMTMRos probe (Invitrogen) for 20 min at 30 °C in
the dark and used for fluorescence microscopy. The images
were collected by using a DeltaVision microscope (Olympus
IX71; Applied Precision, Issaquah, WA) and deconvoluted
using Softworx, version 3.5.1 (Softworx, Great Falls, MT). For
protease protection assay, isolated mitochondria were con-
verted to mitoplasts by hypotonic swelling in EM buffer (1 mm
EDTA, 10 mm MOPS, pH 7.2, with KOH), kept intact in SE
buffer (EM buffer supplemented with 250 mm sucrose) or lysed
in 1% Triton X-100 and then treated with proteinase K. For
carbonate extraction of proteins, mitochondria were incubated
in 0.1 M Na,CO; (pH 10.8) or 1% Triton X-100 supplemented
with 150 mm NaCl for 20 min and centrifuged at 45,000 rpm at
4 °C for 45 min. Samples of both assays were precipitated with
TCA and analyzed by SDS-PAGE and Western blotting.

Isolation of Protein Complexes—For native isolation of cyto-
chrome ¢ oxidase and bc, complex, Cox4“* and Corl**
expressing strains were used, respectively. Cox4- or Corl-con-
taining complexes were bound to Sepharose-coupled human
IgGs and eluted by TEV protease cleavage as described previ-
ously (28) with the exception that buffers contained 0.5 mm
EDTA. Samples were solubilized in 1% digitonin or 0.6% DDM.
Eluates were analyzed by SDS-PAGE and Western blotting. For
co-immunoprecipitiation, Rcfl, Ref2, or Ref3-specific antisera
were bound to protein A-Sepharose (GE Healthcare) as
described (28). Mitochondria were lysed in 20 mm Tris (pH 7.4),
80 mm NaCl, 0.5 mm EDTA, 1% digitonin, 10% glycerol, and 1
mM PMSF for 40 min under agitation. Lysates were cleared at
20,000 X g for 10 min at 4 °C, and input samples (total) were
taken.

Miscellaneous—Standard techniques were used for SDS-
PAGE and Western blotting on PVDF membranes. Proteins
were detected with polyclonal antibodies raised in rabbit,
except for a-FLAG (Sigma-Aldrich) and a-Pgkl (Invitrogen)
(monoclonal; mouse). For visualization of antibody-protein
complexes, peroxidase-conjugated goat anti-rabbit (or anti-
mouse) IgG (Jackson ImmunoResearch) and enhanced chemi-
luminescence reagent (GE Healthcare) were used. BN-PAGE
protocols followed published procedures (33). In brief, mito-
chondria were solubilized in solubilization buffer (20 mm Tris/
HCI, pH 7.4, 5 mm EDTA, 50 mm NaCl, 10% glycerol, and 1 mm
PMSF supplemented with either 1% digitonin or 0.6% DDM)
for 20 min at 4 °C. The lysate was cleared at 20,000 X gat 4 °C
for 10 min. The supernatants were mixed with 10X loading dye
(5% Coomassie G-250, 500 mm 6-amino-hexanoic acid and 0.1
M Bis-Tris, pH 7.0) and separated on a 4-13% or 4-10% poly-
acrylamide gradient gel. For two-dimensional analyses, whole
BN-PAGE lanes were cut, incubated in SDS buffer (250 mm
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Tris, 1.91 M glycin, 10% SDS) for 30 min, and subjected to a
second dimension SDS-PAGE, followed by Western blotting.
Quantification of Western blots were done by the use of a
LAS3000 imaging system (FujiFilm) and analyzed with the
AIDA software (Raytest).
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