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We report here on the identification and characterization of novel 2-enoyl thioester reductases of fatty acid
metabolism, Etr1p from Candida tropicalis and its homolog Ybr026p (Mrf1*p) from Saccharomyces cerevisiae.
Overexpression of these proteins in S. cerevisiae led to the development of significantly enlarged mitochondria,
whereas deletion of the S. cerevisiae YBR026c gene resulted in rudimentary mitochondria with decreased
contents of cytochromes and a respiration-deficient phenotype. Immunolocalization and in vivo targeting
experiments showed these proteins to be predominantly mitochondrial. Mitochondrial targeting was essential
for complementation of the mutant phenotype, since targeting of the reductases to other subcellular locations
failed to reestablish respiratory growth. The mutant phenotype was also complemented by a mitochondrially
targeted FabI protein from Escherichia coli. FabI represents a nonhomologous 2-enoyl-acyl carrier protein
reductase that participates in the last step of the type II fatty acid synthesis. This indicated that 2-enoyl
thioester reductase activity was critical for the mitochondrial function. We conclude that Etr1p and Ybr026p
are novel 2-enoyl thioester reductases required for respiration and the maintenance of the mitochondrial
compartment, putatively acting in mitochondrial synthesis of fatty acids.

Maintenance of functional mitochondria involves a large
number of nuclear and a few mitochondrially encoded factors
(13). These protein components have attracted considerable
attention not only for the goal of understanding their role in
the complex network of mitochondrial processes but also due
to the existence of severe human respiratory disorders caused
by the loss of some of these proteins (43). It is known that both
mitochondrial protein and lipid deficiencies can compromise
respiratory growth in Saccharomyces cerevisiae (9). Recently, a
group of S. cerevisiae genes encoding mitochondrial proteins
with similarities to the components of the prokaryotic type II
fatty acid synthase (FAS) (38) have been identified that appear
to be involved in the respiratory function of mitochondria (16,
41, 42). In contrast to the FAS type I system, which occurs as
single-gene-encoded multifunctional enzyme complexes in eu-
karyotes (44), FAS type II systems consist of discrete mono-
functional proteins (38). FAS II has been reported to exist in
plant plastids and mitochondria in addition to prokaryotes (7,
14). As in plants, the putative FAS II in fungal mitochondria is
assumed to generate precursors for the synthesis of lipoic acid
(23, 50), in addition to which there exists fragmentary evidence
for the involvement of the FAS II-generated fatty acids as
constituents of mitochondrial membranes (31, 42, 52).

Here we report the identification and characterization of
novel mitochondrial 2-enoyl thioester reductases, Etr1p from

Candida tropicalis and its homolog Ybr026p from S. cerevisiae.
The latter, also known as Mrf19p, has been suggested to be
necessary for the assembly of mitochondrial respiratory com-
plexes by nuclear DNA binding function (51). Our data, how-
ever, demonstrate that the mitochondrial localization of both
Etr1p and Ybr026p was required for restoring respiratory
growth of S. cerevisiae cells devoid of Ybr026p, whereas local-
ization of these proteins to other subcellular compartments
failed to complement the respiration-deficient phenotype of
the ybr026cD strain. Characterization of Etr1p and Ybr026p
revealed that they catalyze the reaction trans-2-enoyl-(ACP/
CoA) 1 NADPH 1 H13acyl-(ACP/CoA) 1 NADP1, where
ACP stands for acyl carrier protein and CoA stands for coen-
zyme A, which can contribute to the last step of FAS II. These
results are discussed in terms of the biological function of
novel proteins involved in mitochondrial synthesis of fatty ac-
ids.

MATERIALS AND METHODS

Primers, strains, media, and growth conditions. The S. cerevisiae strains and
primers used in the study are described in Table 1. S. cerevisiae strain BJ1991 (or
alternatively BY4741) (4, 22) was maintained on rich YPD (1% [wt/vol] yeast
extract, 2% [wt/vol] peptone, and 2% [wt/vol] D-glucose) supplemented with 200
mg of Geneticin/ml for the selection of the ybr026cD strain(s). Transformed
strains harboring URA3-marked plasmids were maintained on synthetic medium
lacking uracil (SC-U) containing 2% (wt/vol) D-glucose (2). To examine com-
plementation on nonfermentable carbon sources, transformants were grown on
SC-U containing 3% (wt/vol) glycerol as the sole carbon source. For protein
purification or immunoelectron microscopy (immuno-EM), the ybr026cD cells
overexpressing Ybr026p or Etr1p were transferred from overnight cultures in
SC-U to oleic acid medium (15) to an optical density at 600 nm of 0.2 and grown
for 16 h at 30°C. C. tropicalis pK233 cells (American Type Culture Collection,
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Rockville, Md.) for purification or immuno-EM of the wild-type Etr1p were
grown at 30°C for 20 h in oleic acid medium (12).

Protein purification and overexpression. C. tropicalis cells (30 g [wet weight])
were washed with 50 mM KPi, pH 6.8, and resuspended in 100 ml of a solution
containing 10 mM KPi (pH 7.0), 2 mM EDTA, 2 mM EGTA, 0.2 M KCl, 1.2 M
(NH4)2SO4, 0.1 mM phenylmethylsulfonyl fluoride, 0.5 mM benzamidine hydro-
chloride (BA), and 0.5 mM dithiothreitol. Resuspended cells were disrupted with
glass beads (0.5 mm in diameter) in a Bead-Beater homogenizer (Biospec Prod-
ucts, Bartlesville, Okla.). Cell debris was removed by centrifugation at 120,000 3
g, and the supernatant was spun again at 6,000,000 3 g. The supernatant was
filtered through glass wool to remove lipids, and the sample was applied to a 3-
by 8-cm phenyl-Sepharose 6 Fast Flow hydrophobic interaction column (Amer-
sham Pharmacia Biotech, Uppsala, Sweden) equilibrated with 10 mM KPi (pH
7.0)–2 mM EDTA–2 mM EGTA–1.2 M (NH4)2SO4. After the column was
washed with 300 ml of the equilibration buffer, the bound proteins were eluted
with a decreasing linear (NH4)2SO4 gradient (total, 500 ml) from 1.2 to 0 M at
a flow rate of 1 ml/min. The fractions of the first reductase activity peak were
pooled and then equilibrated with and applied in 20 mM Tris-HCl (pH 8.0) to a
Mono Q HR (5/5) anion-exchange column (Amersham Pharmacia Biotech).
After the unbound proteins were washed off, the column was subjected to an
increasing linear NaCl gradient from 0 to 0.5 M (total, 20 ml) at a flow rate of 1
ml/min. The fractions containing Etr1p were pooled, concentrated, and applied
to a Superdex-200 HR (10/30) size-exclusion column (Amersham Pharmacia
Biotech) equilibrated with 50 mM NaPi (pH 7.0)–0.15 M NaCl.

For purification of the Etr1p or Ybr026p produced in S. cerevisiae, oleic
acid-induced cells were broken in a French press (Spectronic Instruments,
Rochester, N.Y.). Purification was performed as described above for the wild-
type Etr1p, except that the Mono Q HR (5/5) column was replaced by a 1- by
10-cm 2959ADP-Sepharose column (Amersham Pharmacia Biotech) equilibrated
with 50 mM KPi (pH 7.0) containing 0.5 mM BA and dithiothreitol. The bound
proteins were eluted with an increasing linear NaCl gradient from 0 to 2.0 M
(total, 70 ml) at a flow rate of 1 ml/min. Also, unlike in the wild-type Etr1p

purification, the Resource S ion-exchange column (Amersham Pharmacia Bio-
tech) equilibrated with 25 mM morpholineethanesulfonic acid (MES)–NaCl (pH
5.5) was additionally used before the Superdex 200 column for purification of the
overexpressed Etr1p.

Protein digestion and peptide sequencing. A sample of the Etr1p purified from
C. tropicalis (30 mg) was subjected to trypsin digestion according to the manu-
facturer’s instructions (Promega Corp., Madison, Wis.), and the resulting pep-
tides were separated on a mRPC C2/C18 SC 2.1/10 reverse-phase column (Am-
ersham Pharmacia Biotech) in an acetonitrile gradient. Fractions were analyzed
by matrix-assisted laser desorption ionization–time of flight mass spectrometry
(Kompact Maldi III; Kratos Analytical, Manchester, United Kingdom), and
samples with more than one peptide mass signal were further separated on a
Sephasil C8, 5-mm SC 2.1/10 reverse-phase column (Amersham Pharmacia Bio-
tech). A 72-mg sample of Etr1p was used for endoproteinase Glu-C (4 mg)
(Promega) digestion, and the resulting peptides were separated as described
above. Peptide sequencing was carried out by automated Edman degradation in
an Applied Biosystems model 477A protein sequencer.

Cloning of genomic ETR1 fragments. C. tropicalis genomic DNA (500 ng) was
used as a template in a PCR with degenerate primers based on amino acid
sequences obtained from tryptic digestions. The resulting 174-bp DNA fragment
was ligated to pUC18 and sequenced. Genomic fragments flanking this DNA
fragment were obtained with ligation-mediated PCR (26, 34) using PvuII-di-
gested genomic DNA as a template. Primers nested within the previous PCR
product were used for further amplifications. A 0.6-kb DNA fragment obtained
was similarly subcloned into pUC18 and sequenced. To isolate additional
genomic fragments a C. tropicalis genomic library was screened with a 32P-
labeled probe consisting of the 0.6-kb amplification product using the cosmid
library screening method (40). The library was prepared from HindIII-digested
DNA ligated to pUC18 as described previously (2). A clone containing a 5-kb
insert was detected and partially sequenced.

Isolation of ETR1 cDNA. Reverse transcription (RT) was carried out using 200
ng of mRNA isolated from oleic acid-grown C. tropicalis cells as a template. An

TABLE 1. S. cerevisiae strains and primers used

Strain or primer Genotype or sequence (59 3 39)

Strains
BJ1991a ............................................................. MATa leu2 trp1 ura3-52 pep4-3 prb1-1122
BY4741b............................................................ MATa his3D1 leu2D0 met15D0 ura3D0
BJ1991 ybr026cD .............................................. ybr026c::kanMX4 MATa leu2 trp1 ura3-52 pep4-3 prb1-1122
BY4741 ybr026cD............................................. ybr026c::kanMX4 MATa his3D1 leu2D0 met15D0 ura3D0
ybr026cD 1 Cta1p ........................................... ybr026c::kanMX4 pYE352::CTA1
ybr026cD 1 full-length Etr1p......................... ybr026c::kanMX4 pYE352::ETR1
ybr026cD 1 mature Etr1p .............................. ybr026c::kanMX4 pYE352::ETR1mature
ybr026cD 1 full-length Ybr026p.................... ybr026c::kanMX4 pYE352::YBR026c
ybr026cD 1 mature Ybr026p ......................... ybr026c::kanMX4 pYE352::YBR026mature
ybr026cD 1 nuclear Ybr026p......................... ybr026c::kanMX4 pYE352::nucYBR026
ybr026cD 1 mtFabI ......................................... ybr026c::kanMX4 pYE352::mtFabI
BJ1991 1 Ybr026p-GFP ................................ MATa leu2 trp1 ura3-52 pep4-3 prb1-1122 pYE352::MLS1-YBR026c-GFP

Primers
oligo(dT17)........................................................ GGTGACCCGGGAGATCTGAATTCTTTTTTTTTTTTTTTTT
YBR026CS1 ..................................................... TAAGAAGGTTCATAATCTGCCAATTACATTTGATATAACAAGATGCGTACGCTGCAGGT

CGAC
YBR026CS2 ..................................................... TTTGGTGGTTGTCTAACTCTGAGCAATGCTAAGGCCCTTAATCGATGAATTCGAGCTCG
CTRED59A ...................................................... GAGCTCTAGAAGATGTATTCTGTATTGAAACAGTCAATTCG
CTRED59B....................................................... GAGCTCTAGAAGATGATCACCGCCCAGGC
CTRED39A ...................................................... CGAGAAGCTTTTTAGTACGTAATCAACTGTTTACCATCC
CTRED39B....................................................... CGAGCTCGAGTTTAGTACGTAATCAACTGTTC
SCMRF59A ...................................................... GAGCTCTAGAAGATGCTTCCCACATTCAAAC
SCMRF59B....................................................... GAGCTCTAGAAGATGTCGTCCTCAGCTCATATT
SCMRF59C....................................................... GAGCTCTAGAAGATGGCGCCGAAAAAGAAACGGAAGGTGATGTCGTCCTCAGCTCATC

AGATT
SCMRF39 ......................................................... CGAGCTCGAGTTTACCATTCTAAACAACCATTT
FABI59 .............................................................. GTCCATGGGTTTTCTTTCCGGTAA
FABI39 .............................................................. GACTCGAGTTATTTCAGTTCGAGTTCGT
COQ3MT59A................................................... CTGCTAGCATGGGATTCATAATGTTGTT
COQ3MT39A................................................... GACCATGGCTTCAGAAGCATCTGTGCTC
SCMRFGFP59 ................................................. GAGCGGTACCATGCTTCCCACATTCA
SCMRFGFP39 ................................................. GAGCGGTACCCATCCATTCTAAAACAACCATTTTTTTC
ARS1................................................................. BIOTIN-CAGATTTTATGTTTAGATCTTTTATGCTTG

a Parental strain for the ybr026cD strain (22).
b PEP4-containing parental strain (4).
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oligonucleotide termed oligo(dT17) was used as an antisense primer in an RT
reaction with avian myeloblastosis virus reverse transcriptase (Promega). The
primers used in the subsequent PCR corresponded to nucleotides 753 to 776 in
the final sequence and to the sequence of oligo(dT17). The resulting PCR
product of 0.54 kb was cloned into pUC18 and sequenced. Single-stranded
cDNA was also prepared using 20 mg of total RNA isolated from oleic acid-
grown C. tropicalis cells using oligo(dT17) as primer. The prepared cDNA served
as a template for a PCR in which another primer was based on the sequence of
the 5-kb genomic DNA library insert (see above) and designed to encode the first
methionine from the N-terminal peptide sequence. The other primer was based
on the 0.54-kb PCR product and was designed to include the first putative
polyadenylation signal downstream of the stop codon. A DNA fragment of 1.2 kb
was thus generated, cloned into pUC18, and sequenced.

Constructs for expression of Etr1p or Ybr026p variants. The PCR amplifica-
tions were performed with Pfu polymerase (Stratagene, La Jolla, Calif.). The
primers corresponding to the 59 and 39 ends of the different ETR1 and YBR026c
variants contained an extra XbaI site at the 59 end and a methionine start codon
and an extra XhoI site (except CTRED39A, which had a HindIII site) at the 59
end and the stop codon, respectively. ETR1, corresponding to the full-length
Etr1p, was amplified from the plasmid containing the 1.2-kb ETR1 fragment (see
above) with the primer pair CTRED59A/CTRED39A. To generate ETR1mature,
corresponding to the mature Etr1p lacking the N-terminal 22 amino acids (aa),
PCR was performed with the primer pair CTRED59B/CTRED39B. YBR026c was
amplified by PCR from BJ1991 genomic DNA with the primer pair SCMRF59A-
SCMRF39, corresponding to the full-length Ybr026p, or SCMRF59B-SCMRF39,
corresponding to the mature Ybr026p lacking the N-terminal 8 aa. For targeting
Ybr026p to the nucleus, PCR was carried out with the primer pair SCMRF59C-
SCMRF39, with the forward primer SCMRF59C being synthesized on the basis
of the simian virus 40 large T antigen nuclear targeting signal M-P-K-K-K-R-K-V
(25). The resulting DNA fragments were purified by agarose gel electrophoresis
and ligated in EcoRV-digested pBluescript SK(1) (pSK) (Stratagene). Follow-
ing XbaI-XhoI (or -HindIII) double digestions of the pSK subclones, generated
inserts encoding ETR1, ETR1mature, YBR026c, YBR026mature, and nucYBR026
were gel purified and ligated behind the S. cerevisiae catalase A (CTA1) promoter
carried by pYE352 (12). The difference in codon usage between S. cerevisiae and
C. tropicalis was compensated for by changing the universal Leu codon CUG
(encoding Ser114 and -336 in Etr1p) to the Ser codon AGC by site-directed
mutagenesis (Stratagene).

Construct for expression of FabI. Escherichia coli fabI was PCR amplified
from chromosomal DNA using the primer pair FABI59-FABI39, which intro-
duced NcoI and XhoI sites at the 59 and 39 ends of the open reading frame,
respectively. The mitochondrial targeting (MT) sequence of the S. cerevisiae
COQ3 gene (21) was PCR amplified from S. cerevisiae genomic DNA with the
primer pair COQ3MT59-COQ3MT39, which introduced NheI and NcoI sites at
the 59 and 39 ends of the MT sequence, respectively. The resulting PCR products
of 0.79 and 0.13 kb were digested with NcoI-XhoI and NheI-NcoI, gel purified,
and ligated behind the CTA1 promoter in pYE352, resulting in pYE352::mtFabI.
The COQ3 MT sequence used for the construct contained the region coding for
aa 1 to 42 of COQ3 plus one alanine residue.

Ybr026p-GFP construct. YBR026c was PCR amplified from pYE352::
YBR026c (encoding full-length Ybr026p) with the primer pair SCMRFGFP59-
SCMRFGFP39 and subcloned in pSK (see above). The plasmid generated was
then digested with KpnI, resulting in a KpnI-KpnI fragment which was gel puri-
fied. An in-frame hybrid between the S. cerevisiae malate synthase (MLS1)
promoter (17) and the cDNA encoding the Aequorea victoria green fluorescent
protein (GFP) was generated by ligation of the YBR026c fragment in a KpnI site
in pYE352::MLS1-GFP-SKL (5). The codons for the carboxy-terminal peroxiso-
mal signal SKL (33) in GFP-SKL were removed from the GFP fusion by site-
directed mutagenesis (Stratagene), changing the Ser codon TCC to a TAA stop
codon, resulting in pYE352::MLS1-YBR026c-GFP.

Characterization of the reaction product. trans-2,trans-4-Hexadienoyl-CoA or
trans-2-hexenoyl-CoA (10 mM) was incubated with 0.2 ng of recombinant Etr1p
or Ybr026p and 10 mM NADPH in 120 ml of 50 mM KPi (pH 7.4) at 37°C. After
0, 45, 90, and 180 min, 5 ml of 0.5 M KOH was added to aliquots of 20 ml from
the reaction mixture, and free fatty acids were liberated by heating at 80°C for
3 h. After the addition of 80 ml of acetone, the mixture was evaporated under a
nitrogen stream at 50°C. Twenty microliters of 1 M acetyl chloride in ethanol was
added. Following a short sonication, the fatty acids were esterified overnight at
30°C. Ten microliters of saturated CuCl2 was added to the mixture and extracted
with 20 ml of hexane. A 1-ml sample of the organic layer was subjected to
gas-liquid chromatography using a gas chromatographic system (model 5890;
Hewlett-Packard, Bad Homburg, Germany) with flame ionization detector and
an FS-FFAP-CB-0.25 (20 m) column (Cs-Chromatographic Service GmbH,

Langerwehe, Germany). The column head pressure was 35 kPa and the temper-
ature program was 10 min at 60°C, followed by temperature gradients of 60 to
90°C with an increment of 4°C/min and 90 to 200°C with an increment of
20°C/min, and finally 200°C for 5 min.

Immuno-EM and fluorescence microscopy. For immuno-EM, cells were fixed
with 4% paraformaldehyde and 0.15% glutaraldehyde in Pi buffer (pH 6.8) and
then subjected to further fixation by freeze substitution in absolute methanol at
280°C (3). Thin sections from cells embedded in LR White resin (Electron
Microscopy Sciences, Fort Washington, Pa.) were incubated with anti-Etr1p
antibodies diluted 1:150, followed by a protein A-gold complex. Counterstained
sections were examined using a Philips EM 410 microscope (Philips Electron
Optics, Eindhoven, The Netherlands). For fluorescence analysis, cells were
spread on a polylysine-coated slide and left to dry for 15 min at 37°C. The slides
were fixed for 1 min in cold acetone at 220°C and then stained for 30 s with
49-6-diamidino-2-phenylindole (DAPI) at a final concentration of 25 ng/ml in
phosphate-buffered saline. After drying at 37°C, the cells were examined for GFP
and DAPI stains using an Olympus BX 60 microscope. By this rapid procedure
using a low concentration of DAPI the mitochondrial staining is emphasized
much more than that of the nucleus.

ARS1 protein binding analysis. Binding interactions were analyzed by surface
plasmon resonance (Biacore, Uppsala, Sweden). Biotinylated ARS1 oligonucle-
otide (200 mg/ml in 0.3 M NaCl, pH 7.0) was coupled to streptavidin on a
sensorchip at a flow rate of 5 ml/min for 7 min, giving 2,200 response units (RU)
in the sensorgram. Pure Ybr026p or Etr1p was injected over the immobilized
ARS1 at a flow rate of 30 ml/min in 0.01 M HEPES (pH 7.4) containing 0.15 M
NaCl, 3 mM EDTA, and 0.005% (vol/vol) surfactant P-20.

Other methods. Enoyl reductase activity was measured using 60 mM trans-2-
enoyl-CoA or trans-2,trans-4-hexadienoyl-CoA (synthesized via a mixed anhy-
dride method [37]) at 22°C as described previously (11). The deletion strain
ybr026cD::kanMX4 was generated using the short flanking homology procedure
(49) with the primer pair YBR026CS1-YBR026CS2. Transformations were per-
formed as previously described (8). Cytochrome spectra for the C. tropicalis and
S. cerevisiae strains were obtained with a Shimadzu UV3000 spectrophotometer,
following a published protocol (30). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed as previously described (29). Anti-
Etr1p polyclonal antibodies were raised in rabbits. Immunoglobulin G was pu-
rified from antiserum by anion-exchange chromatography (2).

Nucleotide sequence accession number. The sequence data for ETR1 have
been submitted to the DDBJ, EMBL, and GenBank databases under accession
number U94997.

RESULTS

A novel 2-enoyl thioester reductase, Etr1p from C. tropicalis.
To obtain novel fatty enoyl thioester reductases from C. tropi-
calis, soluble protein extracts of cells grown on glucose or oleic
acid were applied to a phenyl-Sepharose hydrophobic interac-
tion column. When the bound proteins were eluted from the
column (Fig. 1a and b), two reductase activity peaks (measured
using trans-2,trans-4-hexadienoyl-CoA as the substrate) were
observed (Fig. 1c and d). An immunoblot using antibodies
against Sps19p, a peroxisomal 2,4-dienoyl-CoA reductase from
S. cerevisiae (15), revealed a 34-kDa protein band in fractions
21 to 26 corresponding to an oleic acid-inducible reductase
activity. We assumed the reductase activity in these fractions to
represent the previously characterized 2,4-dienoyl-CoA re-
ductase of the b-oxidation (11). This Sps19p-like protein was
scarcely detectable in fractions 13 to 20, the first reductase
activity peak. To study this first reductase, an enoyl thioester
reductase, termed here Etr1p, was purified to apparent homo-
geneity by chromatography using phenyl-Sepharose, Mono Q,
and Superdex 200 columns (Table 2). Superdex 200 size-
exclusion chromatography indicated that Etr1p had a native
molecular mass of 75 kDa, and SDS-PAGE resulted in a single
protein band of 40 kDa (Fig. 1e). The latter value agrees with
the 39,699 Da determined with matrix-assisted laser desorption
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ionization–time of flight mass spectroscopy, indicating that
Etr1p was probably a homodimer.

ETR1 was cloned (see below) and overexpressed in S. cere-
visiae. Purified protein was incubated with trans-2,trans-4-hexa-
dienoyl-CoA in the presence of NADPH. Gas chromatography
performed on the hydrolyzed and esterified products of this
incubation revealed the generation of 4-hexenoic acid ethyl
ester in a time-dependent manner (Fig. 2a). No peaks corre-
sponding to 2- or ethyl 3-hexenoic acid ethyl esters, which
represent the respective end products of prokaryotic (32) or
eukaryotic (28) 2,4-dienoyl-CoA reductases, were observed.
Analysis of the reaction following replacement of trans-2,trans-
4-hexadienoyl-CoA with trans-2-hexenoyl-CoA revealed the
accumulation of hexanoic acid ethyl ester (Fig. 2b). This indi-
cated that Etr1p was a 2-enoyl-CoA but not a 2,4-dienoyl-CoA
reductase. The specific activity of Etr1p with trans-2-hexenoyl-
CoA and trans-2,trans-4-hexadienoyl-CoA substrates was 20

and 10 mmol/min per mg of protein, respectively. In these
enzyme assays NADH could not replace NADPH.

Molecular cloning of C. tropicalis ETR1. To obtain the ETR1
gene, purified Etr1p from C. tropicalis was subjected to tryp-
sin and endoproteinase Glu-C digestions. Microsequencing of

FIG. 1. Purification of Etr1p. Soluble extracts (5 mg) from glucose (a)- and oleic acid (b)-grown C. tropicalis were applied to a phenyl-Sepharose
column. Bound proteins (solid line) were eluted with a decreasing linear (NH4)2SO4 gradient (dashed line). Respective elution profiles (c and d)
of reductase activities determined with trans-2,trans-4-dienoyl-CoA as substrate are shown. (e) Etr1p (150 mg) from a Mono Q column was run on
a Superdex 200 size-exclusion column and eluted at a volume of 13 to 16 ml. A sample from the pooled Etr1p was subjected to SDS-PAGE and
Coomassie stained, as shown in the inset.

TABLE 2. Purification of Etr1p from C. tropicalis

Purification step Total
protein (mg)

Sp act (mmol/
min/mg)

Total units
(mmol/min)

Yield
(%)

Soluble extract 140 0.21 29 100
Phenyl-Sepharose column 18 0.41 7.4 26
Mono Q column 1.1 2.7 2.9 10
Superdex 200 column 0.23 5.0 1.2 4a

a The low yield can be at least partially explained by the existence of several
proteins (see Fig. 1) with reductase activity (measured with trans-2,trans-4-dien-
oyl-CoA as substrate) in the soluble extract.
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peptide fragments yielded a total number of 186 aa in partially
overlapping sequences. As the sequence M-I-T-A-Q-A-V was
obtained from undigested protein as well as from both of the
protease digestion preparations, we assumed it to represent
the N terminus of the mature protein. Based on the amino acid
sequences obtained, degenerate primers were synthesized and
PCR was performed using C. tropicalis genomic DNA as a
template. Ligation-mediated PCR amplification and genomic
library screening resulted in a DNA fragment containing an
open reading frame of 1,158 nucleotides. The deduced protein
product of ETR1 was a polypeptide of 386 aa that fully
matched the sequences of the proteolytic peptides after adjust-
ments were made to accommodate the nonuniversal codon
usage of C. tropicalis (45). The predicted molecular mass for
Etr1p was 42,167 Da, which included a presequence of 22 aa
absent from the mature Etr1p (predicted molecular mass,
39,519 Da). RT-PCR with C. tropicalis mRNA and sequencing
of the products verified that the ETR1 gene was intronless.
A search of databases using BLAST (1) showed that the ho-
molog of Etr1p with the highest amino acid identity (42%) was
S. cerevisiae Ybr026p, also termed mitochondrial respiratory
function protein (Mrf1p) (51), followed by the Ybr026p ho-
molog in Schizosaccharomyces pombe (40% identity; accession
number Q10488). Amino acid sequence alignment showed that
Etr1p and Ybr026p belong to the medium-chain dehydroge-
nase/reductase (MDR) superfamily of proteins, which includes

members with divergent functions, e.g., some quinone oxi-
doreductases and z-crystallins (Fig. 3) as well as glucose and
alcohol dehydrogenases (24, 35).

Comparison between Etr1p and Ybr026p. Etr1p and Ybr026p
were produced in a ybr026cD strain and purified as described
above (from pYE352::ETR1 and pYE352::YBR026c; see Ma-
terials and Methods). Like Etr1p, Ybr026p was also found to
carry out NADPH-dependent reduction of both trans-2-hex-
anoyl-CoA and trans-2,trans-4-hexadienoyl-CoA at the rates of
20 and 10 mmol/min per mg of protein, respectively. Further
analysis using gas chromatography indicated that the respec-
tive products of the reactions were trans-4-hexenoyl-CoA and
hexanoyl-CoA (data not shown). The similarity between the
proteins raised the question of whether Etr1p might also bind
an autonomously replicating sequence (ARS1), as has been
shown for Ybr026p (51). Injection of purified Ybr026p over
ARS1 coupled onto a plasmon resonance surface resulted in
the observation of specific binding in a concentration-depen-
dent manner. However, no response of specific binding was
observed following injection of purified Etr1p.

C. tropicalis ETR1 restores respiration to the S. cerevisiae
ybr026D strain. Ybr026p has been implicated as a factor need-
ed to maintain respiratory competence in budding yeast. The
ybr026cD strain is unable to grow on nonfermentable carbon
sources and exhibits decreased contents of cytochromes (51).
The similarity between the primary sequences of Etr1p and

FIG. 2. Gas chromatographic analysis of the reductase reaction products. Etr1p was incubated with trans-2,trans-4-hexadienoyl-CoA (a) or
trans-2-hexenoyl-CoA (b) for 0 (I), 45 (II), 90 (III), and 180 (IV) min in the presence of NADPH, and the hydrolyzed and esterified reaction
products were analyzed. After 180 min of incubation with trans-2,trans-4-hexadienoyl-CoA, trans-3-hexenoyl-CoA was added into the reaction
mixture, shown in panel a (V). The peaks indicating different ethyl esters derived from CoA esters are trans-4-hexenoate (1), trans-3-hexenoate
(2), trans-2,trans-4-hexadienoate (3), hexanoate (4), and trans-2-hexenoate (5). FID, flame ionization detector.
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Ybr026p combined with the discovery that both represented
2-enoyl thioester reductases prompted us to examine whether
this similarity extended to a common physiological function.
Therefore, the ybr026cD strain was examined for heterologous
complementation. Mutant ybr026cD cells were transformed
with the plasmids pYE352::ETR1, pYE352::YBR026c, and con-
trol pYE352::CTA1 expressing Etr1p, Ybr026p, and catalase
A (Cta1p), respectively. The ybr026cD strain expressing Cta1p
was not able to grow on glycerol medium. The growth could be
restored by expression of either Etr1p or Ybr026p (Fig. 4). To
examine whether this restoration of respiratory growth was
coincidental with the formation of mitochondrial cytochrome
complexes, the cytochrome spectra of the strains were exam-
ined. The results showed that in cells lacking Ybr026p, cyto-
chrome complexes were missing. In the ybr026cD strains ex-
pressing Etr1p or Ybr026p, formation of cytochromes was
restored (data not shown). This indicated that both proteins
share a common physiological function that involves mitochon-
drial cytochrome complexes and respiratory competence.

Etr1p and Ybr026p are mitochondrial proteins that cause
organelle enlargement upon their overexpression. Etr1p is pre-
ceded by an N-terminal sequence (Fig. 3) that is similar to MT
sequences (18). To examine the subcellular localization of
Etr1p, immuno-EM was performed. C. tropicalis cells were
grown to late log phase on oleic acid medium, fixed, and
immunolabeled. Application of anti-Etr1p antibodies to the
thin sections resulted in the decoration of mitochondrial struc-
tures (Fig. 5a). No specific labeling was observed in other
cellular compartments. Further studies on the subcellular lo-
calization of Etr1p were carried out with spheroplast lysate

FIG. 3. Sequence alignment of Etr1p (Etr1_Ct) with mitochondrial respiratory function protein from S. cerevisiae (Mrf1_Sc; accession number
D26606), a mitochondrial respiratory function protein homolog from S. pombe (Mrf1_Sp; accession number Q10488), quinone oxidoreductase
from E. coli (QOR_Ec; accession number P28304), and z-crystallin from Leishmania amazonensis (Zcr_La; accession number L11705). The black
and gray boxes indicate identity and similarity, respectively. The amino acid residues are numbered from the initial methionine (11).

FIG. 4. Comparison of the growth of S. cerevisiae strains on a non-
fermentable carbon source. The S. cerevisiae strains BJ1991 wild type,
BJ1991 ybr026cD, or BJ1991 ybr026cD transformed with plasmid DNA
overexpressing either full-length Ybr026p, mature Ybr026p without 59
leader sequence, Ybr026p extended with a nuclear targeting signal,
full-length Etr1p, mature Etr1p without 59 leader sequence, FabI ex-
tended with a mitochondrial targeting signal, or Cta1p were cultured
on 3% synthetic complete glycerol medium for 5 days at 30°C.
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FIG. 5. Immuno-EM of Etr1p, Ybr026p, and FabI. C. tropicalis
wild type (a) and the S. cerevisiae strains BJ1991 (b), BJ1991 ybr026cD
(c), and BJ1991 ybr026cD overexpressing either full-length Etr1p (d),
full-length Ybr026p (e), mature Etr1p without 59 leader sequence (f),
matureYbr026p without 59 leader sequence (g), Ybr026p extended
with a nuclear targeting signal (h), or FabI extended with a mitochon-
drial targeting signal (i) were grown on oleic acid. Cells were treated
with anti-Etr1p antibodies and gold particles conjugated to protein A.
Mitochondria (m) and the nucleus (n) are indicated. The scale bars
represent 250 nm.
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prepared from C. tropicalis cells grown on oleic acid. The lysate
was subjected to fractionation on a Nycodenz density gradient.
In this gradient, comigration of a protein band of 40 kDa with
antibodies to Etr1p was observed in cytochrome c oxidase (a
marker for mitochondria) activity-containing fractions, thereby
providing supporting evidence for a mitochondrial localization
of Etr1p.

The subcellular localization of Etr1p was also studied in a
heterologous context. YBR026c-deficient S. cerevisiae cells over-
expressing Etr1p were grown on the nonfermentable carbon
source oleic acid. This ensured high-level transcription of ETR1
from the oleic acid-inducible CTA1 promoter, yielding a re-
ductase activity of 0.26 mmol/min per mg of protein (measured
with trans-2-hexenoyl-CoA as substrate) in the soluble extracts.
Application of anti-Etr1p antibodies to thin sections decorated
large globular structures in the immuno-EM (Fig. 5d). Since
these contained cristae, we recognized these organelles as un-
usually enlarged mitochondria compared to those seen in the
wild type (Fig. 5b). To test if this phenotype was due to the
overexpression of Etr1p in the medium rich with oleic acid, we
also induced overexpression of the protein on medium with
galactose as the sole carbon source. Enlargement of mitochon-
dria was also obvious in these cells (data not shown), indicating
that the phenotype was not an effect of the carbon source.

The data described for Etr1p indicating the mitochondrial
localization of the protein in both the native context and the
heterologous context prompted a reinvestigation of Ybr026p,
which was previously claimed to be a nuclear protein (51).
Soluble protein extracts obtained from the ybr026cD strain
overexpressing Ybr026p revealed a specific activity of 0.040
mmol/min per mg of protein. Immunoblotting experiments us-
ing anti-Etr1p antibodies revealed no visible band in the ex-
tracts of the ybr026cD strain, whereas a protein band of 40 kDa
was identified in the strain overexpressing Ybr026p. This indi-
cated that the anti-Etr1p antibodies cross-reacted with Ybr026p.
Immuno-EM on YBR026c-deleted cells overexpressing Ybr026p
showed mitochondrial decoration of the gold particles concur-
rent with the enlargement of mitochondria (Fig. 5e) which cor-
responded to the phenotype of the cells overexpressing Etr1p.
Examination of the nucleus revealed only a few gold particles.

The deletion, complementation, and overexpression ex-
periments described above were carried out in the BJ1991
ybr026cD strain, which carries the pep4-3 mutation. To rule out
the possibility that the synergistic effect of the pep4-3 allele in
conjuction with overexpression of MRF1 or ETR1 was causing
the changes in mitochondrial morphology, we repeated the
MRF1 overexpression experiment in the S. cerevisiae BY4741
ybr026cD strain. In these experiments we observed similar
changes in mitochondrial morphology as in the BJ1991 strain
background, hence ruling out a role of the pep4-3 allele in the
MRF1 overexpression phenotype.

To provide further evidence for the mitochondrial localiza-
tion for Ybr026p, we generated a Ybr026p-GFP fusion pro-
tein. Although the fusion protein was not as enzymatically
active as wild-type Mrf1p and only very poorly if at all com-
plemented the ybr026cD respiration-deficient phenotype, fluo-
rescence microscopy of the BJ1991 cells expressing this re-
porter demonstrated a punctate pattern of green fluorescence
coinciding with DAPI staining of mitochondrial DNA (Fig. 6).
Hence, fusion with Ybr026p was sufficient to direct GFP to

mitochondria in S. cerevisiae, thereby reiterating the discrep-
ancy regarding its site of action in S. cerevisiae cells.

Complementation of the respiratory deficiency of the ybr026cD
strain with Etr1p or Ybr026p requires their localization to
mitochondria. To address the possibility that despite their
apparent mitochondrial localization both Ybr026p and Etr1p
might act in the nucleus to restore respiration in the ybr026cD
strain, different protein targeting variants were constructed.
The ybr026cD strain was transformed with pYE352::ETR1mature
expressing Etr1p that lacked the N-terminal 22 aa. Soluble

FIG. 6. Fluorescent signals from Ybr026p-GFP and DAPI-stained
DNA in S. cerevisiae BJ1991. (a) Cells overexpressing Ybr026p-GFP
showed punctate green fluorescence. (b) DAPI staining (blue) of the
same cells shown in panel a. Punctate staining of mitochondrial DNA
was clearly visible and coincided with GFP fluorescence. Additionally,
inserts of a single-cell magnification of the corresponding fields of
Mrf1p-GFP and DAPI staining are shown. The scale bars represent
16.5 mm.
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protein extracts derived from these cells resulted in a reductase
activity of 0.26 mmol/min per mg of protein, thereby confirming
the expression and proper folding of this truncated protein.
Immuno-EM showed that unlike wild-type Etr1p, this altered
Etr1p was primarily extramitochondrial and was mostly detect-
able in the cytosol and nucleus (Fig. 5f). The mitochondrial
compartment was not enlarged in these cells. Since these cells
failed to grow on glycerol medium, on which the corresponding
mutant cells expressing the wild-type Etr1p could grow abun-
dantly (Fig. 4), this experiment indicated that the first 22 aa of
C. tropicalis Etr1p were necessary for directing the protein to
the mitochondria and that mitochondrial localization of Etr1p
was essential for its function.

Our ultrastructural data pointed to a primarily mitochon-
drial localization for the S. cerevisiae protein (Fig. 5e), al-
though it has been previously suggested that Ybr026p relies on
the N-terminal 8 aa to be targeted to the nucleus. These 8 aa
are missing from the mature protein (51), which we verified
by N-terminal sequencing of the Ybr026p overexpressed in
S. cerevisiae. To examine the role of these amino acids for
intracellular targeting of Ybr026p, a strategy similar to the
one described for Etr1p was applied to the S. cerevisiae
protein. The ybr026cD strain was transformed with pYE352::
YBR026mature, and enzyme assays demonstrated that overex-
pression of the truncated Ybr026p resulted in a reductase
activity of 0.042 mmol/min per mg of protein in the soluble
protein extract. Immuno-EM showed mitochondrial decora-
tion of the gold particles, but unlike the complete protein (Fig.
5e), truncated Ybr026p was also present elsewhere in the cell
(Fig. 5g). Since mutant cells expressing the truncation grew on
glycerol (Fig. 4), the missing amino acids were dispensable for
the protein function, probably because the truncation did not
completely abolish mitochondrial localization.

To test the previous hypothesis that Ybr026p acts in the
nucleus to maintain mitochondrial respiration (51), the protein
was fused to the nuclear targeting signal of simian virus 40
protein large antigen (25). Enzyme assays corroborated that
this fusion did not alter the activity of Ybr026p, since these
resulted in a reductase activity of 0.039 mmol/min per mg of
protein in the soluble protein extract. Immuno-EM confirmed
that this protein variant was primarily localized in the nucleus
and revealed that the mitochondria were not enlarged (Fig.
5h). However, despite the abundance of Ybr026p in the nu-
cleus, the growth assay (Fig. 4) demonstrated that the respira-
tion-deficient phenotype of the ybr026cD strain was only very
poorly rescued. As the protein showed enzymatic activity com-
parable to the wild type, we take this result as an indication
that the nuclear localization was not sufficient to complement
the deletion. We cannot exclude the possibility that a small
fraction of the overexpressed protein was still localized to the
mitochondria despite the nuclear targeting signal. The com-
bined data pointed to a model whereby both Ybr026p and
Etr1p acted in the mitochondria to maintain respiration. How-
ever, it was by no means clear whether the mitochondrial
function of the two homologs was enzymatic, i.e., as 2-enoyl
thioester reductases, or whether they had structural roles in
facilitating the formation of cytochrome complexes.

Complementation of the ybr026cD strain by E. coli fabI,
encoding a FAS II enoyl-ACP reductase. To discriminate be-
tween the two possibilities outlined above (enzymatic versus

structural function), E. coli FabI, an NADPH-dependent 2-
enoyl-ACP reductase, was expressed in the ybr026cD strain to
test for complementation. FabI represents a nonhomologous
protein participating with the prokaryotic FAS II (38). Mutant
cells were transformed with pYE352::mtFabI encoding a FabI
variant that was N-terminally extended with an MT signal. This
transformation rescued the respiratory deficiency of the dele-
tion strain, allowing for growth on glycerol (Fig. 4) as well as
restoration of cytochrome formation (data not shown). More-
over, similar to overexpression of Etr1p or Ybr026p targeted to
mitochondria, mtFabI overexpression in the ybr026cD strain
also resulted in significant enlargement of these organelles
(Fig. 5i).

DISCUSSION

C. tropicalis Etr1p and its S. cerevisiae homolog Ybr026p
described here are novel NADPH-dependent 2-enoyl thioester
reductases belonging to the functionally diverse MDR super-
family of proteins (24). Among the best-known 2-enoyl thio-
ester reductases are enzymes in the multifunctional FAS I
system from animals and fungi (27, 44) as well as monofunc-
tional reductases, such as FabI from E. coli or InhA from
Mycobacterium tuberculosis, participating with the prokaryotic
FAS type II system (38). Additionally, enoyl reductases have
been characterized from plant organelles (7) and from mam-
malian peroxisomes (10). Only recently other prokaryotic
enoyl reductases (FabK and FabL) (19, 20) unrelated to FabI
(or InhA) have also been discovered. However, any of these
previously characterized enoyl reductases do not share signif-
icant amino acid sequence similarity with Ybr026p or Etr1p.

Thus far, a total of four nuclear genes from S. cerevisiae
(ACP1, CEM1, MCT1, and OAR1) have been postulated to
encode components involved in a mitochondrial FAS II (6, 16,
41). Inactivation of any one of these genes leads to a respira-
tion-deficient phenotype, manifested by decreased contents of
cytochromes and impaired growth on nonfermentable carbon
sources, which is similar to the ybr026cD phenotype. Together
with the observation that Ybr026p and Etr1p are 2-enoyl thio-
ester reductases, this suggests that Ybr026p and Etr1p are
fungal mitochondrial FAS II 2-enoyl-ACP reductases, compo-
nents that have remained unidentified so far. The finding that
YBR026c could be replaced by a well-characterized fabI (en-
coding 2-enoyl-ACP reductase) from E. coli lends substance to
this hypothesis. This substitution by nonhomologous FabI in-
dicates that the complementation was due to the reductase
activity rather than to a structural function. Nevertheless, it has
been shown that ACP associated with the mitochondrial FAS
II also serves a structural role as an essential part of complex
I in mitochondria of higher eukaryotes (39, 42, 46).

Our findings on the subcellular localization of Ybr026p and
Etr1p support the hypothesis that these proteins can partici-
pate in mitochondrial fatty acid synthesis. The expression of
differentially engineered YBR026c or ETR1 in the ybr026cD
strain demonstrated that the mitochondrial, but not nuclear,
localization of the gene products was necessary for the comple-
mentation. In agreement with previous observations (51),
Ybr026p was able to bind to ARS1. However, Etr1p was not
observed to bind to ARS1. Moreover, it is improbable that the
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heterologous complementation by mtFabI was due to an in-
teraction with ARS1.

The molecular link between the mitochondrial FAS II and
the assembly of the respiratory chain has remained unclear, but
several mechanistic explanations have been put forward. Al-
though elevations in the level of mitochondrial lipids are
known to affect the integrity of the mitochondrial genome, it is
not clear whether this can explain the impaired respiration in
the FAS II-deficient strains (9). The complementation exper-
iments with either YBR026c or ETR1 showed that either of
these genes was sufficient for restoring respiratory growth to
the ybr026cD strain (Fig. 4). This concurs with the previous
findings, which indicated that intact mitochondrial DNA and
apocytochromes are present in the ybr026cD cells (51), imply-
ing that neither the mitochondrial transcription nor translation
is affected in the mutant cells.

Synthesis of an important mitochondrial enzyme cofactor,
lipoic acid, is assumed to be dependent on octanoyl-ACP pre-
cursors generated in the mitochondria (23). Our preliminary
data show that the ybr026cD strain lipoic acid level amounts to
only 10% of the level of the wild type, which is similar to the
previous results for the acp1D strain in S. cerevisiae (6). How-
ever, the data available on a collection of petite S. cerevisiae
strains with low lipoic acid levels imply that the cellular lipoic
acid per se cannot explain the petite phenotype of ybr026cD, as
cytochromes are detectable in the S. cerevisiae lip1-5D strains
(47). The incorporation of radioactivity from [2-14C]malonate
into various acyl groups bound to ACP in Neurospora crassa
(31, 52) as well as in plant mitochondria (14) indicates that
mitochondrial fatty acid synthesis may also participate in the
generation of lipids other than lipoic acid. Notably, an inner
membrane-embedded mitochondrially encoded ND5 subunit
of the NADH:ubiquinone oxidoreductase (complex I) and a
core catalytic subunit 1 of cytochrome c oxidase (complex V) in
N. crassa have been found to carry covalently linked myristoyl-
(C14) groups. This kind of fatty acylation might not only pro-
vide the means for proper assembly but may also be required
for the catalytic mechanism of the respiratory chain enzyme
complexes (36, 48). There is also the possibility that a range of
mitochondrial acyl-ACPs could contribute to the synthesis and
repair of phospholipid membranes, as acyl-ACPs of the pro-
karyotic FAS II do (38, 42).

One striking morphological effect of the YBR026c (or ETR1)
overexpression in S. cerevisiae is the significant enlargement of
mitochondria that occupy over 30% of the cytoplasmic volume
(Fig. 5d and e), while inactivation of the YBR026c results in the
appearance of rudimentary organelles (Fig. 5c). Densitometry
of Coomassie-stained SDS-PAGE gels of ybr026cD trans-
formed with either pYE352::YBR026c or pYE352::ETR1 indi-
cated that the overexpressed Ybr026p or Etr1p counted for
approximately 3% of the soluble protein extracts. It appears
more likely that the biological function of these proteins rather
than an increase in the total protein concentration is respon-
sible for the effects on the maintenance of mitochondria. In-
terestingly, E. coli FabI enoyl-ACP reductase of FAS II has
been suggested to be the rate-limiting enzyme of the pathway
(38). Analogously, this might also be the case in S. cerevisiae
cells overexpressing Ybr026p, Etr1p, or FabI in mitochondria.
It remains to be revealed which lipid species generated could

explain the observed changes in the mitochondrial morphology
and size.
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