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A single mutation in the first transmembrane domain
of yeast COX2 enables its allotopic expression
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During the course of evolution, a massive reduction of the mitochon-
drial genome content occurred that was associated with transfer of a
large number of genes to the nucleus. To further characterize factors
that control the mitochondrial gene transfer/retention process, we
have investigated the barriers to transfer of yeast COX2, a mitochon-
drial gene coding for a subunit of cytochrome ¢ oxidase complex.
Nuclear-recoded Saccharomyces cerevisiae COX2 fused at the amino
terminus to various alternative mitochondrial targeting sequences
(MTS) fails to complement the growth defect of a yeast strain with
an inactivated mitochondrial COX2 gene, even though it is ex-
pressed in cells. Through random mutagenesis of one such hybrid
MTS-COX2, we identified a single mutation in the first Cox2 trans-
membrane domain (W56 — R) that (i) results in the cellular expres-
sion of a Cox2 variant with a molecular mass indicative of MTS
cleavage, which (ii) supports growth of a cox2 mutant on a non-
fermentable carbon source, and that (iii) partially restores cyto-
chrome c oxidase-specific respiration by the mutant mitochondria.
COX2"3R can be allotopically expressed with an MTS derived from
S. cerevisiae OXA1 or Neurospora crassa SU9, both coding for hydro-
phobic mitochondrial proteins, but not with an MTS derived from
the hydrophilic protein Cox4. In contrast to some other previously
transferred genes, allotopic COX2 expression is not enabled or
enhanced by a 3’-UTR that localizes mRNA translation to the mito-
chondria, such as yeast ATP23~UTR_Application of in vitro evolution
strategies to other mitochondrial genes might ultimately lead to
yeast entirely lacking the mitochondrial genome, but still possess-
ing functional respiratory capacity.

cytochrome coxidase | mitochondria | Saccharomyces cerevisiae

s the site of oxidative phosphorylation, mitochondria fulfill a
key function in the energy metabolism of eukaryotic cells.
Mitochondria also play an important role in programmed cell
death, cell proliferation, and other critical cellular processes. This
organelle is unusual in that it harbors its own genome, which,
together with allotopically expressed nuclear genes, encodes those
proteins required for mitochondrial function. To better under-
stand the factors that control the nuclear or mitochondrial local-
ization of genes that encode these proteins, we have begun to
systemically analyze the roles of coding sequence, mitochondrial
targeting sequences, and mRNA localization sequences on the
allotopic expression of mitochondrial membrane proteins. Such
efforts (1-3) should lead to an improved ability to control the
expression of both endogenous and foreign genes in the mito-
chondria through established genetic methods. Currently mito-
chondrial genes are not amenable to standard reverse genetic
techniques, the exception being the Saccharomyces cerevisiae
mitochondrion that can be transformed by biolistic trans-
formation. The ability to allotopically express mitochondrial genes
involved in human disease might facilitate the use of gene therapy
to treat both genetic diseases and age-related diseases associated
with mitochondrial dysfunction. Ultimately it may even be possible
to create synthetic organisms in which the mitochondrial genome
is completely eliminated.
The biogenesis of mitochondria is a complex process that
involves the concerted expression of both nuclear and mitochon-
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drial genomes. It is well documented that during the course of
evolution a majority of the genes that were originally encoded in
the mitochondrial genome have been transferred to the nucleus,
replaced by preexisting nuclear genes, or lost altogether (4). In the
most extreme case of Apicomplexans, only three protein-coding
genes have been retained in the mitochondrial genome that code
for cytochrome ¢ oxidase (COX) subunits I and III and apoc-
ytochrome b (5). The unusually high hydrophobicity of these three
proteins may hinder their import into the mitochondria and may
constitute a barrier that prevented relocation of their corre-
sponding genes into the nucleus (6). In support of such hypothesis,
these three genes are found in the mitochondrial genomes of
almost all respiring eukaryotic cells but not in the nucleus (one
exception being Chlamydomonad algae cox3) (7).

Together with COXI and COX3, a large majority of respiring
eukaryotes encode an additional COX subunit gene, COX2, in
their mitochondrial genome. Cox2 is less hydrophobic than either
Cox1 or Cox3 and consists of two transmembrane helices with a
large hydrophilic domain at the C terminus (8). In addition to
Apicomplexans, COX2 has been evolutionarily transferred to the
nucleus in the green Chlamydomonad algae and legumes. In
Apicomplexans and green algae, the original Cox2 coding
sequence was split into two separate genes that can be harbored by
either the mitochondrial or the nuclear genome. For example, in
some green algae species (e.g., Scendesmus) the 3’ region of COX2
migrated to the nucleus, whereas the 5’ section remained in the
mitochondrion (9). Alternatively, in other green algae genera
(e.g., Chlamydomonas or Polytomella) both sections of the split
COX2 were transferred to the nucleus (10). This type of transfer
(in two fragments) but with the entire COX2 coding sequence
being relocated occurred also in Apicomplexans (11). The evolu-
tionary transfer of the COX2 gene in legumes, on the other hand,
occurred without gene splitting and appears to be a relatively
recent event as two full-length gene copies are present in some
species, one in the nucleus and the other in the mitochondrion (12—
14). Such cases may represent intermediate steps of gene transfer
as some legume species transcribe both nuclear and mitochondrial
COX2, whereas others transcribe only one or the other (15).

In the budding yeast S. cerevisiae, Cox2 is encoded in the mito-
chondrial genome and is cotranslationally inserted into the inner
mitochondrial membrane through a complex maturation process,
which includes the export of the large hydrophilic C-terminal domain
into the mitochondrial intermembrane space (16-19). Because of the
limited number of examples of successful COX2 transfer into the
nucleus throughout evolution, it is not clear whether yeast Cox2
translated in the cytoplasm could be transported into the mitochon-
drial lumen and assembled into a functional COX complex. Indeed,
we found that a recoded yeast COX2 transferred into the nucleus and
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fused to a mitochondrial targeting sequence (MTS) fails to produce a
functional Cox2 when expressed in S. cerevisiae. However, we iden-
tified through random mutagenesis a single mutation in the first Cox2
transmembrane (TM) domain that enabled allotopic Cox2 expres-
sion and rescued the respiratory defect of the cox2 yeast mutant. The
observed rescue depended on the MTS and resulted from the
translocation of cytoplasmically expressed mutant Cox2 into the
mitochondria and its assembly into a functional COX complex.

Results

Design of Allotopic Expression Constructs for Yeast COX2. The suc-
cessful gene transfer of cox2 from the mitochondrion to the
nucleus in legumes was accompanied by the acquisition of an
unusually long N-terminal MTS (>120 amino acids) that could
not be functionally replaced by another MTS in soybean (13).
According to our current understanding, the MTS binds to
receptors on the surface of the mitochondrial outer membrane,
then facilitates protein entry into the translocation channel, and
subsequently mediates interaction with mHsp 70 on the mito-
chondrial matrix side (20).

To examine if allotopic expression of S. cerevisiae COX2 could
be enabled in a similar fashion by an MTS, we generated a set of
expression constructs that code for yeast COX2 fused at its N
terminus to various MTSs. The MTS was selected from each of
three nucleus-encoded, inner mitochondrial membrane proteins:
S. cerevisine Cox4 and Oxal and Neurospora crassa Su9 (Fig. 1).
The selected proteins differ in their overall length (Cox4, 155 aa;
Oxal, 402 aa; Su9, 147 aa), number of TM domains (Cox4, none;
Oxal, 5; Su9, 2), average total hydropathicity (Cox4, —0.492;
Oxal, —0.134; Su9, 1.004), and length of MTS (Cox4, 25 aa;
Oxal, 42 aa; Su9, 66 aa). In addition to these three MTS-COX2
fusions (c0X4MT9 COX2, OXAIMS.cOX2, and SUM'S.
COX2), we also generated two COX2 constructs that contain
duplicated  OXA1 and SU9 MTSs (constructs labeled as
2XOXAIMTS-COX2 and 2xSUMTS-COX2). In the case of the SU9
MTS such duplication was previously shown to improve allotopic
expression of two nonrelated, inner mitochondrial membrane
proteins (Atp8 and truncated Cobl) in S. cerevisiae (21, 22).
Finally, we generated the control construct that lacked an MTS
and coded for the COX2 gene only (labeled as nul™’S-COX2).

A | ACT>-| MTS+5aa |LP| cox2 |{3UTR |
| | |

Age | Clal EcoR | Eag |
B Cox4
MLSLRQSIRFFKPATRTLCSSRYLLQQKPV
Oxa1
MFKLTSRLVTSRFAASSRLATARTIVLPRPHPSWISFQAK
RENSTGP
Sug

MASTRVLASRLASQMAASAKVARPAVRVAQVSKRTIQTGS
PLOTLKRTOMTSIVNATTRQAFQKRAYSSET

Fig. 1. Construct design for allotopic COX2 expression. (A) The COX2
expression cassettes include the ACT7 yeast promoter, yeast ADH1 or ATP2
3'-UTR, and nuclear-recoded COX2 fused in frame to various MTSs. Three
MTSs were derived from S. cerevisiae COX4 and OXA1 and N. crassa SU9; two
additional MTSs were used that were generated by duplication of OXA7 and
SU9 MTS. In the case of duplicated MTSs, two MTS repeats were fused
through a 3-aa linker (ADK). In all five constructs, the fusion junction
between MTS and COX2 included 5 aa that immediately follow the MTS
processing site in the corresponding MTS source protein and a 15-aa-long
COX2 N-terminal leader peptide (LP). One additional construct was created
that lacked any MTS. Restriction sites used for the generation of expression
constructs are also shown. (B) Amino acid sequences of Cox4, Oxa1, and Su9
MTSs. Five amino acid blocks that constitute the N termini of the corre-
sponding mature proteins and that were fused to Cox2 LP are underlined.
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These six COX2 variants allowed a broad examination of the role
of the MTS in allotopic COX2 expression.

Translation of a subset of the mitochondria-imported proteins
is targeted to the organelle proximity by localization signals
encoded in the 3'-UTR of the corresponding mRNAs (23). To
examine if such mRNA targeting can enable or improve COX2
allotopic expression, all six generated MTS-COX2 fusions were
appended with two alternative 3'-UTRs that were derived from
the yeast ATP2 and ADHI genes. The former sequence was
previously shown to localize translation of the ATP2 mRNA to
mitochondria-bound polysomes, whereas the ADHI mRNA is
translated in the cytoplasm. Finally, we placed all 12 (6 MTS-
COX2-ADHI?"Y™ and 6 MTS-COX2-ATP2°"U™®) constructs
under control of the yeast ACTI promoter (Fig. 1) and inserted
the complete expression cassettes into the yeast multicopy
YEp352 plasmid.

Cytoplasmic Expression of MTS-COX2 Does Not Rescue cox2 Phenotype.
To quickly evaluate all 12 expression constructs for their ability
to support allotopic COX2 expression, the constructs were
introduced into the yeast cox2-60 mutant. This yeast strain
contains a partial deletion in its mitochondrion-encoded COX2,
and because it does not express Cox2, it does not assemble a
functional COX complex (24). As a result of this defect, the
mutant fails to grow on a nonfermentable carbon source (Fig.
24), affording a simple evaluation of successful allotopic COX2
expression through the restoration of such growth.

The 12 transformed cox2-60 strains were found to be pheno-
typically similar to the mutant transformed with the control
YEp352 plasmid. They all grew on glucose-containing media, but
did not generate colonies when replicated on media containing
glycerol as the sole carbon source (Fig. 3). The absence of growth
on glycerol media indicates that the COX2 expression constructs
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Fig. 2. Cytoplasmic MTS-COX2 does not reverse the cox2-60 mutant growth
defect on glycerol medium. (A) Wild-type (labeled with W) and cox2-60 (labeled
with M) yeast strains harboring the indicated plasmids were serially diluted and
stamped on solid media containing either glucose (YP + glucose) or glycerol (YP
+ glycerol) as the sole carbon source. None of six MTS-COX2-ADH1°-Y™®
expression plasmids (MTS constructs present in cells are indicated) were able to
restore glycerol-dependent growth of the cox2-60 mutant. (B) Expression of
Cox2 in yeast cells harboring MTS-COX2-ADH1%"V"® expression constructs.
Amounts of yeast actin present in samples are also shown for comparison.
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did not correct the mutant COX defect. To determine if these
constructs result in Cox2 protein expression, the whole cell lysates
from 12 transformants were evaluated for the presence of Cox2 by
Western blotting. As expected, the cox2-60 parent strain does not
contain detectable Cox2 (Fig. 2B) Transformants harborinl%
nul™™S-, COX4M™S-, OXAIM™-, and SUMM™S-COX2-ADHI? V"
constructs expressed Cox2 at similar levels that were somewhat
lower than that found in the wild-type yeast strain. With the
exception of null™"S-COX2-ADHI’"V"R, the other three con-
structs expressed a Cox2 that migrated as a higher molecular mass
species, indicating that the MTS was not proteolytically removed.
In the case of the 2xSU9M"S-COX2-ADHI? " and 2xOXA1M">-
COX2-ADHT?"Y"® constructs, the Cox2 expression levels were
very low and difficult to detect (Fig. 2B). Identical results were also
obtained with the cox2-60 transformants harboring the equivalent
MTS-COX2-ATP2% Y™ constructs.

A Single Mutation in Cox2 TM1 Enables Growth of the cox2 Mutant on
a Nonfermentable Carbon Source. To determine whether amino
acid mutations could be identified that would enable allotopic
coxz exPression, we performed random mutagenesis of the
2xSUIMTS.COX2 ORF by mutagenic PCR. A library of ~20,000
mutant 2xSU9M"5-COX2 alleles in a YEp352-based expression
vector was generated and then transformed into the cox2-60 host.
Approximately 120,000 transformants were replicated on YPG
plates to select for cells with restored COX function. In total, 60
YPG-growing transformants were identified and then sub-
sequently used for plasmid DNA extraction. The recovered plas-
mid DNAs were retransformed into the cox2-60 mutant, and the
resulting transformants were again tested for the ability to grow on
YPG plates. Plasmids from 12 of the original 60 YPG-growing
transformants were found to rescue the mutant phenotype again,

YP+glucose YP+glycerol

YEp352
YEp352 MTS LS TM1  TM2

coxz-0" [T kO
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Fig. 3. Growth on glycerol of a cox2-60 yeast mutant harboring cytoplasmi-
cally expressed 2xSUIMTS-COX2"*R_ADH1?"VR alleles. Wild-type (indicated
with W) and cox2-60 (indicated with M) yeast strains harboring the indicated
plasmids were serially diluted and stamped on solid media containing either
glucose (YP + glucose) or glycerol (YP + glycerol) as the sole carbon source. COX2-
0 corresponds to the YEp352-based expression vector coding for 2xSU9V™-
COX2-ADH1*"YTR COX2-X (X = 4, 10, etc.) refer to the mutant 2xSU9V™-
COX2W3R_ADH13 VTR expression plasmids described in detail in Table S1. The
right side shows the positions of mutations within the complementing
2xSUIMT-COX2"5€R alleles. A solid star inside TM1 indicates W56R replacement
and solid diamonds depict the other missense mutations present in the indi-
vidual 2xSU9MTS-COX2">°R alleles. The stop codon is shown as “x"”. Identical
results were also obtained with the cox2-60 transformants harboring the
equivalent MTS-COX2-ATP23 VR constructs.
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thus establishing a linkage between these 12 plasmids and cor-
rection of the cox2-60 respiratory defect. Sequencing of the
recovered 12 2xSUM™S-COX2 alleles revealed that they all con-
tained a common mutation W198R (W56R when numbering from
the Cox2 start codon), which maps to Cox2 TM1 (amino acids 30—
62, the TM1 assignment based on homology with bovine Cox2) (8).
Five of the 12 recovered alleles harbored only this single amino
acid replacement, whereas the other 7 alleles contained additional
mutations. All but one of these secondary mutations, A324V
(A182V when counting from the Cox2 start codon), mapped to the
2xSU9 MTS (Fig. 3 and Table S1).

Even though the cox2-60 transformants harboring any of eight
unique complementing alleles had a corrected cox2-60 phenotype,
they all produced smaller colonies on YPG plates than the isogenic
wild-type strain (Fig. 3), which indicates a slower growth of the
complemented mutants on glycerol-containing medium. Addi-
tionally, only one allele from among those with secondary muta-
tions, M1V, W198R (W56R), supported an improved growth on
YPG medium as compared to the W198R (W56) allele (Fig. 3).

The W56R Mutation Results in Allotopic Cox2 Expression and Partially
Restores Cellular Respiration of the cox2-60 Mutant. To test whether
the correction of cox2-60 growth phenotype by the eight com-
plementing 2xSU9M"5-COX2 alleles is the consequence of
restored cellular respiration, we measured oxygen consumption
capacity of the corresponding cox2-60 transformants and relevant
control strains. As expected, the wild-type yeast culture exhibited
robust respiration with rapid depletion of oxygen from the assay
chamber. In comparison, cox2-60 transformants harboring
YEp352 alone or 2xSUIMTS-COX2-ADHI® V™R did not show any
detectable respiration. In agreement with the observed growth on
YPG medium, the cox2-60 strains transformed with any of eight
complementing 2xSUIMTS.COX?2 alleles exhibited plasmid-
dependent oxygen consumption (Fig. 44). Using the oxygen con-
sumption rate normalized to that of the wild-type strain, the res-
piration of complemented strains varied from ~15% to ~30%,
depending on the allele present in cells (Fig. 4B). In general, the
observed variations in mutant respiration rates showed a good
correlation with the mutant growth rates on the YPG plates, with
2xSUPTVMTS_ cOx2WR supporting both the most vigorous
growth and the highest respiratory rate from among all com-
plementing alleles. We further confirmed by Western blotting that
the observed cellular respiration was associated with the expression
of a Cox2 variant that had a similar molecular mass to that of the
mitochondrially expressed protein, which was distinctly smaller than
the Cox2 species produced by the original, nonmutated 2xSU9" -
COX2 gene. In agreement with both the glycerol growth rates and
cellular respiratory capacity, all transformants harboring 2xSU9™ 7.
COX2"30R glleles also expressed detectable, although low levels of
the smaller Cox2 species (Fig. 4C).

Allotopic COX2 Expression Restores the Enzymatic Activity of COX. To
directly assess if COX activity was restored in cox2-60 cells allo-
topically expressing COX2, we purified mitochondria from the
wild-type strain and cox2-60 transformants harboring different
complementing 2xSU9MTS-COX2 alleles. COX activity in the
mitochondrial preparations was determined using TMPD, an
artificial electron donor that can serve as a substrate for COX, but
not the other S. cerevisiae respiratory complexes (type II NADH
dehydrogenase, complex II, and complex III). As expected, the
addition of TMPD to wild-type mitochondria resulted in a rapid,
cyanide-sensitive depletion of oxygen from the reaction mixture
(Fig. 54). On the other hand, mitochondria isolated from
the cox2-60 strain harboring nonmutated 2xSUMTS-COX2-
ADHI® Y™ were not able to oxidize TMPD, indicating an absence
of functional COX. In agreement with the previous experiments,
which strongly suggest the assembly of enzymaticall\lj}f active COX
in the mitochondria upon expression of 2xSu9M"™s-Cox2V3¢R
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Fig. 4. 2xSU9V™S-COX2"*®® alleles support yeast cellular respiration. (A)
Cellular respiration by wild-type (W) and cox2-60 (M) yeast strains harboring
the indicated plasmids (plasmid labeling code described in Fig. 3 legend).
Stationary yeast cultures grown in SC —Ura medium containing raffinose were
placed into an oxygen sensor chamber and the time course of oxygen deple-
tion was monitored. (B) Oxygen consumption rates of the cox2-60 strains
harboring the indicated 2xSU9M™-COX2"**R-ADH13“UTR expression plasmids
(see Table S1 for details). Oxygen consumption rates are expressed relative to
those of the wild-type strain. Averages of three independent measurements
(n = 3) and standard deviations are shown. (C) Cellular Cox2 expression levels
supported by the individual 2xSU9V™-COX2"*® alleles. For comparison,
amounts of Cox3 and actin present in samples are also shown.

mutant proteins, cox2-60 transformants harboring any of the
selected complementing alleles displayed partially restored TMPD
oxidation (Fig. 54). With the exception of the 2xSU9”™’?74MTs.
COX2"°R transformant, which also possessed the lowest cellular
respiratory capacity, mitochondrial preparations from cells
expressing other Cox2W>°R variants displayed a similar extent of
the TMPD-dependent oxygen consumption. To normalize respi-
ratory capacity to the amounts of mitochondrial proteins in the
samples, we probed by Western blot the mitochondrial prepara-
tions for Atpl, Atp2 (both subunits of mitochondrial F,Fy-ATP
synthase), and Cox2. All isolated mitochondria with the exception
of the preparation from the nonmutated 2xSU9M75-COX2 trans-
formant contained approximately equal amounts of Atpl and
Atp2. The mitochondrial membranes prepared from cox2-60 cells
harboring individual 2xSU9"*-COX2 complementing alleles also
displayed similar levels of Cox2 protein. In summary, the above
experiments clearly indicate that cytoplasmic 2xSU9MTS-
COX2"*R expression leads to the assembly of a functional COX
complex in the mutant mitochondria.

Allotopic COX2"*5% Expression Is Dependent on the MTS but Not on
the Mitochondria-Targeting 3'-UTR. During gene transfer from the
mitochondria to the nucleus, soybean Cox2 acquired a 124-aa-
long MTS that is critical for expression of functional protein and
that could not be successfully replaced with a shorter, 41-aa-long
MTS derived from the alternative oxidase protein Aox1 (25). To
better understand the MTS requirements associated with allo-
topic expression of S. cerevisiae COX2"%, we replaced the wild-
type COX2 allele in the six MTS-COX2-ADH1?"Y™® expression
constructs with COX2"%%, Newly generated expression plasmids

5050 | www.pnas.org/cgi/doi/10.1073/pnas.1000735107
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Fig. 5. Allotopic expression 2xSU9M™-COX2"*F restores COX activity in
mitochondrial membranes. (A) Mitochondrial membranes isolated from the
wild-type (W) and cox2-60 (M) yeast strains harboring the indicated plasmids
(same as Fig. 4A) were assayed for COX activity by measurement of oxygen
consumption. Mitochondrial membranes were resuspended in a buffer con-
taining ascorbic acid and placed into the respiration chamber. After 2 min of
equilibration, respiration was initiated by addition of TMPD, a COX-specific
substrate. The time course of oxygen consumption is shown. (B) Mitochondrial
protein content of membranes is shown for Cox2, Atp1, and Atp2.

were introduced into the cox2-60 mutant, and the resulting
transformants were tested for their ability to grow on YPG
medium. Whereas cells harboring COX2"°F constructs without
a MTS or with the COX4 MTS were not able to use glycerol for
growth, the 2xOXAIM"S-COX2"°R fusion supported glycerol-
dependent growth to the same extent as the original 2xSU97>-
COX2"%R construct. Interestingly, constructs coding for the
shorter SU9M™S-COX2"F and OXAIM"S-COX2"°R fusions
supported a more vigorous glycerol-dependent growth than the
constructs with duplicated MTSs and also formed colonies on
YPG plates that were comparable in size to those of the wild-
type strain (Fig. 64). To determine whether the YPG growth
phenotype supported by these three additional MTS-COX2"%R
constructs was also associated with the appearance of the lower
molecular mass Cox2 species, whole cell lysates from all six MTS-
COX2"R_ ADH]3-UTR transformants were analyzed by Western
blot. In good agreement with the YPG growth experiment, cells
harboring the SU9M"S.COX2"°°R and OXAIM™*-CcOX2"R
constructs expressed an increased amount of the faster migrating
Cox2 species than that found in the 2xSU9 MT5.COX2WR or
2XOXAIMTS.COX2"W R cells. As expected, cells expressing
COX4MT5.cOX2"°R did not contain a detectable quantity of the
lower molecular mass Cox2 species (Fig. 6B).

To assess a possible role for mRNA localization at the mito-
chondria on allotopic expression of COX2"?°% we further gen-
erated six MTS-COX2"5R_4TP2> VTR expression constructs by
replacing ADHI®“Y"® in the above six plasmids. cox2-60 trans-
formants containing these plasmids were characterized by their
ability to grow on YPG plates as described above. It was found that
the growth of individual transformed strains was the same as the
growth observed for the equivalent MTS-COX2"?R_ 4pH13 VTR
constructs. Similarly, Cox2">°R expression driven by the con-
structs with the ATP2 7 ~Y7R was the same as that observed for cells
harboring equivalent ADHI® YR constructs.

Discussion

According to the hydrophobicity hypothesis, mitochondrial gene
transfer to the nucleus during evolution was not completed due
to a subset of the mitochondrion-encoded proteins whose highly
hydrophobic nature interfered with their transport from the
cytoplasm into the mitochondria (22, 26, 27). An examination of
the requirements for allotopic expression of Cox2 in legumes,
some species of which harbor both the nuclear and mitochon-
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Fig. 6. Multiple MTSs support allotopic expression of COX2"*¢%_ (A) Wild-
type (W) and cox2-60 (M) yeast strains harboring the indicated plasmids
were serially diluted and stamped on solid media containing either glucose
(YP + glucose) or glycerol (YP + glycerol). Four MTS-COX2"*¢R_.ADH13-VTR
expression plasmids (MTSs OXA1, 2xOXA1, SU9, and 2xSU9) were able to
restore glycerol-dependent growth of the cox2-60 mutant. (B) Expression of
Cox2W%8R in yeast cells harboring MTS-COX2"®R-ADH1%"Y™” expression
constructs. Amounts of yeast actin present in samples are shown for com-
parison. Cox2 species migrating at the position of the mature, mitochondria-
coded Cox2 are indicated with an arrow.

drial Cox2 genes, revealed that modification of a local protein
property (a decrease in the hydrophobicity of TM1) can over-
come this transport barrier. Interestingly, on the basis of this
metric, S. cerevisiaee COX2 should also be compatible with
allotopic expression (13).

In this study, we show that despite the decreased hydro-
phobicity of the S. cerevisiae Cox2 TM1, the expression in the S.
cerevisiae cytoplasm of the wild-type Cox2 protein does not result
in complementation of a mitochochondrial cox2 yeast mutant.
This failure is not the consequence of using an MTS incompat-
ible with intramitochondrial delivery of a highly hydrophobic
protein such as Cox2. N. crassa SU9 and 2xSU9 MTSs were
previously shown to support allotopic expression in S. cerevisiae
of both ATP8 (21) and various truncated forms of COBI (22),
which comprised up to four TM domains of this highly hydro-
phobic grotein. Additionally, extensive mutagenesis of the
2xSUMTS_COX2 OREF failed to yield 2xSU9™S mutations allo-
topically active with wild-type Cox2. The failure of Cox2 allo-
topic expression is also not the consequence of low cellular levels
of cytoplasmically expressed Cox2. Two of the MTS-COX2
expression constructs generated in this report (OXAI™ S.cox2
and SU9M"S.COX2) accumulate Cox2 at a level similar to that of
wild-type, intramitochondrially translated Cox2. Additionally,
two other constructs (2xOXAIMT5-COX2 and 2xSUIM™-COX2),
even though they express Cox2 at a very low level, are able to
support allot(”)})ic protein expression when present in the context
of the COX2"7%% allele. And finally, the inclusion into the MTS-
COX2-3'-UTR constructs of S. cerevisiae ATP2> VTR which were
shown to localize the ATP2 transcript to the mitochondria and to
enhance the mitochondrial localization of some other nuclear-
encoded mitochondrial proteins (23), did not result in wild-type
Cox2 allotopic expression. In summary, the presented data
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strongly suggest that the expression of wild-type S. cerevisiae
Cox2 in the cytoplasm is incompatible with its assembly into
functional COX complex in the inner mitochondrial membrane.
Consistent with this conclusion, the Cox2 proteins accumulated
in cells display molecular masses equivalent to those calculated
for the fusion Cox2 species not processed by the mitochondrial
signal peptidase.

Through random mutagenesis of 2xSU9""5-COX2 we identi-
fied a single mutation, W56R in the Cox2 TM1 that results in the
functional expression of cytoplasmically translated Cox2 fusion
protein. We showed that such expression allows for the rescue of
cox2-60 mutant growth on a nonfermentable carbon source
(glycerol) and leads to an accumulation of small amounts of
cellular Cox2 with a molecular mass similar to that of the
mitochondrion-encoded Cox2. Additionally, the cytoplasmic
expression of 2xSu9-Cox2" R results in a partial restoration of
cellular respiration and partial recovery of COX enzymatic
activity in the isolated mutant mitochondria. Together, these
observations clearly indicate that 2xSu9-Cox2"**® is transported
into mitochondria, its MTS is cleaved, and the protein is
assembled into an enzymatically active COX complex. It is not
clear from our study if additional alleles might exist besides
W56R that would allow the allotopic expression of Cox2. In
total, we recovered 12 independent complementing plasmids
(assessment of independence based on the presence of non-
identical silent mutations in the 2xSU9""5.COX2"°% ORF), but
the allotopic activity of all of them was mediated by the same,
W56R mutation. Considering that a strong mutational pressure
was applied (two nucleotide changes per 1 kb as confirmed
through the number of silent mutations identified in the recovered
plasmids) and that a large number of mutants were screened, the
number of single amino acid substitutions supporting allotopic
Cox2 expression might be very limited.

The allotopic expression of COX2"79R is absolutely dependent
on the presence of the MTS. The null"S-COX2%>%R construct,
which does not code for an MTS, is not able to restore respira-
tory growth of the cox2-60 mutant, even though it promotes
accumulation of significant amounts of cellular Cox2. At the
same time, there are less stringent MTS requirements associated
with allotopic expression of yeast COX2"26R than was reported
for the soybean Cox2 gene. This conclusion is based on our
observation that MTSs derived from two nonrelated yeast genes
(OXAI and SU9) as well as their duplicated forms appear to be
capable of delivering Cox2™>°® into mitochondria with sub-
sequent apparent assembly into a functional COX complex. In
the case of soybean Cox2, which is translated in the cytoplasm as
a fusion protein containing a 124-aa MTS at its N terminus, the
MTS could not be replaced by a 41-aa MTS derived from soy-
bean mitochondrial alternative oxidase (Aox1). Additionally, a
chimeric MTS consisting of a 41-aa Aoxl MTS fused to A1-72
soybean Cox2 MTS was similarly incapable of supporting soy-
bean Cox2 allotopic expression (25). Nevertheless, the fact that a
shorter, 25-aa-long MTS derived from hydrophilic Cox4 does not
support allotopic COX2"?%® expression indicates that the MTS
in the context of the mutant Cox2">°® may fulfill other functions
in addition to targeting the protein to the mitochondrial trans-
location pore. For example, the initial transport stage of the
mitochondrial protein import is driven by the inner membrane
proton-motive force and is enhanced by an increase in the MTS
net positive charge (28). As the MTS of a protein in transit is
captured on the matrix side by mHsp70, the chaperone generates
ATP-dependent locomotive force and facilitates unfolding of the
cytoplasm-facing C-terminal domains of the imported protein
(29). Both of these processes occur more efficiently with longer
MTSs (assuming constant positive charge density of MTS during
the first transport stage) and could account for a failure of a
short, Cox4 MTS to deliver Cox2">°R into the mitochondrial
matrix. The discovery that replacement of the hydrophobic
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tryptophan in TM1 by a positively charged arginine residue is
necessary for yeast Cox2 allotopic expression correlates well with
the observation that a decrease in soybean Cox2 TM1 hydro-
phobicity is essential for its gene transfer to the nucleus. How-
ever, it is also possible that the W56R mutation mediates
allotopic Cox2 expression through another, more specific
mechanism than hydrophobicity decrease. One such possibility
could be a reduction in stability of local Cox2 structure such that
it can be unfolded during transport into the mitochondria. Such a
mechanism, for example, was reported to enable mitochondrial
import of barnase mutants (30). It may also be possible that
Arg56 is critical for a proper insertion of cytoplasmically trans-
lated Cox2 into the inner mitochondrial membrane. Whereas the
experiments presented here do not favor any of the above or
other possible mechanisms, these hypotheses can now be directly
tested by using in vitro translated MTS-Cox2V3R proteins in
transport experiments with purified mitochondria. The fact that
a single mutation in Cox2 allows its allotopic expression suggests
that nuclear expression of other essential mitochondrial genes
may be facilitated by applying approaches similar to that
described here.

In summary, the reported experiments indicate that the yeast
COX2 gene was probably not prevented from relocation to the
nucleus during evolution by its hydrophobicity or other amino acid
sequence features incompatible with allotopic expression. In
comparison with soybean nuclear Cox2, the yeast gene could be
readily evolved into a form compatible with its allotopic expres-
sion. Only one mutation is needed in the yeast gene versus two in
soybean Cox2. In addition, the MTS has less stringent require-
ments in the case of yeast protein. Further characterization of
Cox2W%R through subcellular localization studies, additional
mutagenesis, and in vitro mitochondrial import will allow devel-
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opment of a more detailed mechanistic understanding of re-
quirements associated with allotopic expression of mitochondrial
genes. Ultimately we hope to apply the insights gained from these
experiments to other mitochondria-encoded genes to determine if
respiring yeast can be evolved that completely lack the mito-
chondrial genome, which no doubt represents a significant chal-
lenge for the genes encoding the two most hydrophobic mito-
chondrial proteins, Cox1 and apocytochrome b.

Materials and Methods

S. cerevisiae strains used in this study were NB80 (MATa lys2 leu2-3,112 ura3-
52 his3AHInDIIl arg8::hisG [rho+]) and its isonuclear derivative NB97 (MATa
lys2 leu2-3,112 ura3-52 his3AHinDIIl arg8::hisG [cox2-60 mit~]). Yeast culti-
vation, transformation, and mitochondria isolation were performed
according to the published procedures (31, 32). Oxygen consumption
experiments were conducted with a single-channel fiber-optic oxygen
monitor (Instech Laboratories) model FO/110, using either stationary yeast
cultures or isolated mitochondria. Standard techniques were used for PCR
and DNA cloning, transformation, and plasmid DNA purification from
Escherichia coli. Random mutagenesis of the 2xSU9-COX2 gene was per-
formed by mutagenic PCR. Briefly, two 50-pL PCR reactions, which contained
(in addition to other PCR standard components) three dNTPs at 200 pM
concentration each (dATP + dGTP + TTP and dATP + dCTP + dGTP) and the
corresponding fourth dNTP (dCTP or TTP) at 2 pM concentration, were
amplified using 30 PCR cycles. The resulting PCR products were cloned into
the pCRII-TOPO vector (Invitrogen). Details are described in S/ Text.
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