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Abstract Intheyeast Saccharomyces cerevisiae transla-
tion of apocytochromeb, theonly mitochondrially encoded
subunit of ubiquinol-cytochrome ¢ oxidoreductase, re-
quires the products of at least three nuclear genes, CBP6,
CBSl1 and CB22. In this article | review available data on
CBS1p and CBS2p from the initial detection of the genes
up to the current investigations on interacting components
and the proteins' topology.
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RNA processing of the split gene COB requires translation
of intron-encoded maturases

The biogenesis of the enzymes of oxidative phosphoryla-
tion (OXPHQOS) is dependent on two genetic systems.
While mitochondrial DNA (mtDNA) encodes about a
dozen proteins, the vast mgjority of proteins are encoded
by nuclear genes (for reviewssee: Attardi and Schatz 1988;
Grivell 1989; Tzagol off and Dieckmann 1990). Intheyeast
Saccharomyces cerevisiae ubiquinol-cytochrome c oxido-
reductase (or complex 111, or co-enzyme QH,-cytochromec
reductase) of the respiratory chain in the inner mitochon-
drial membrane (IMM) is composed of nine subunits
(Ljungdahl et al. 1987). Eight of these are coded by nu-
clear genes; one subunit, cytochrome b, is encoded by the
mitochondrial COB gene. Transcription of the COB gene
initiatesat apromoter upstream of the glutamyl-tRNA gene
(Christianson et al. 1983). The resulting di-cistronic pri-
mary transcript undergoes multiple processing steps to
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yield mature COB mRNA and the tRNA. Genetic and
biochemical studiesrevealed thatin most |aboratory strains
the COB gene is mosaic, composed of six or three exons
(“long” and “short” strains, respectively; Haid et al. 1979;
Nobregaand Tzagol off 1980). Threeintrons (bl2, bl 3, and
bl4 in the nomenclature used for the long COB gene ver-
sion) are characterized by open reading frames (orfs) in-
phase with the preceding exons, which encode proteins
(so-called “maturases”) required for the removal of there-
spectiveintrons(Lazowskaet al. 1980; Anziano et al. 1982;
De LaSalle et a. 1982; Weiss-Brummer et al. 1982; La-
zowska et al. 1989). Mutations within the maturase-cod-
ing intron sequences, which interfere with the formation
of functional maturases, lead to the accumulation of COB
transcripts which still contain the respective intron aswell
as the orf-containing downstream introns (polar effect).
Available evidence suggests that translation of the intron
orfs initiates at the authentic COB start codon, leading
to a chimeric protein composed of exon- and intron-se-
guences (e.g. Weiss-Brummer et al. 1982). Hence trans-
lation of splicing intermediates of COB pre-mRNA is an
essential pre-requisite for the formation of mature COB
MRNA and apocytochrome b synthesis.

Nuclear genes involved in the maturation
of COB pre-mRNA

In an attempt to identify nuclear genesinvolved in the bio-
genesis of complex |11, several laboratories including that
of F. Kaudewitz screened collections of nuclear respiratory
defective mutants (pet mutants) for strains which showed
aterationsin the absorption spectraof cytochromeb and/or
cytochromec,, thetwo heme-carrying componentsof com-
plex I11. These screenings not only led to the isolation of
al the nuclear genes encoding the subunits of complex 111
but, in addition, to a number of genes which are essential
for some aspects of complex formation. Analysis of the
“Munich collection” of pet mutants resulted in the isola-
tion of the cytochrome c; structural gene CYT1 (Lang and
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Kaudewitz 1982; Sadler et al. 1984), the cytochrome c;
heme lyase gene CYT2 (Zollner et a. 1992), as well as of
anumber of genesinvolved in the maturation of COB pre-
MRNA. Yeast strains harbouring mutationsin genes of the
latter category fail to produce mature COB mRNA at a
wild-typelevel. Instead they either have lowered levels of
COB transcripts due to adeficiency in 5'-end formation of
COB mRNA (Dieckmann et a. 1984) or else accumulate
COB pre-mRNAs which still contain one or more of the
intron sequences (Pillar et al. 1983; Tzagoloff and Dieck-
mann 1990 for areview). While some mutants specifically
fail to remove a single intron (McGraw and Tzagoloff
1983; Kreike et al. 1986), others resemble maturase-defi-
cient mit™ strains in that they accumulate precursor forms
of COB mRNA with the orf-containing introns. For exam-
ple, mutantsdefectiveinthenuclear genesCBSL and CBS2,
respectively, accumulate COB transcripts, which still con-
tainintronsbl 2, bl3 and bl 4, when combined withthelong-
form COB gene. In the context of the short COB gene ver-
sion, the mutants fail to excise intron bl4. Two explana-
tions can be envisaged to explain this phenotype: either
CBS1p and/or CBS2p is/are directly engaged in the exci-
sion of these introns or one or both of the proteins is/are
required for the formation of functional maturases and
hence are indirectly involved in the processing step.

Evidence that CBS1p and CBS2p are cytochrome
b-specific translational activator proteins

A first clue asto the function of CBS1p and CBS2p came
from the genetic analysis of respiratory competent rever-
tants of cbsl mutants. We were able to show that a rear-
rangement of the COB gene leading to a replacement of
the authentic COB 5'-leader sequence by the leader se-
guence of the mitochondrial OLI1 gene is responsible for
suppression (Rodel et al. 1985). The same rearrangement
of mtDNA is also able to suppress chs2 mutants (Rodel
1986). The definition of the COB 5'-untranslated |eader as
the target site of both CBS1p and CBS2p favored the idea
that the proteins are somehow involved in the translation
of COB transcripts. In asubseguent study it was shown that
translation of a chimeric mitochondrial gene, consisting
of theintronless COX3 coding region (which encodes sub-
unit 111 of cytochrome c oxidase) fused to the 5'-untrans-
lated COB |leader requiresafunctional CBSL gene. By con-
trast, translation of aCOX3 mRNA derived from the COX3
gene with its authentic leader is not dependent on CBS1p
(Rodel and Fox 1987). This result proved that CBS1p is
required for translation of mitochondrial transcripts with
the COB 5'-untranglated |eader sequence. In line with this
interpretation Muroff and Tzagoloff (1990) reported that
CBS1p and CBS2p are essential for cytochrome b syn-
thesis even in case of a COB gene completely devoid of
introns.

By analyzing the effects of deletionsin the 5'-untrans-
lated leader sequence of the COB gene on the translation
of COB transcripts in vivo, Mittelmeier and Dieckmann

(1995) were recently able to map the sequence elements
of the COB leader which are necessary for translational
activation by CBS1p and CBS2p. The data are consistent
with the hypothesis that mitochondrial ribosomes and the
tranglational activators bind to sites either between —170
and —104 or between —60 and the AUG at +1 of COB
MRNA.

Further nuclear gene products required
for apocytochrome b translation

Dieckmann and T zagol off (1985) reported on amutant de-
fective in the nuclear gene CBP6, which is able to form
wild-type levels of mature COB mRNA, but shows only
trace amounts of apocytochromeb. In contrast to cbsl and
cbs2 mutants, cbp6 mutants cannot be suppressed by rear-
rangements of mMtDNA (Tzagoloff et al. 1988). Neverthe-
less the authors favor the idea that CBP6 encodes a factor
which enhances apocytochrome b translation. In view of
the dependence of COB mRNA maturation on translation
products derived from COB pre-mRNA splicing interme-
diates, this interpretation predicts that translation of ma-
ture COB mRNA differs in the requirement for auxillary
factors from the translation of COB pre-mRNA. Alterna-
tively, the reduced concentration of cytochrome b may re-
flect enhanced proteolysisin cbp6 mutants. Thereis accu-
mulating evidence that surface hydrophobicity, which is
increased in nascent polypeptide chains prior to associa-
tion with chaperones or assembly with other proteins, isan
important determinant of the half-lives of proteins (for a
review see Bohley 1996). Perhaps different surface hydro-
phobicities of apocytochrome b and the maturase proteins
can account for differential stabilitiesin cbp6 mutants.

Cloning and sequence analysis of CBS1 and CBS2

Weisolated boththe CBS1 and the CBS2 genesfrom ayeast
genomic library by functional complementation of chsl
and chs2 mutants, respectively (Rodel et a. 1986). Both
genesmap on chromosomelV (Michaeliset al. 1988; Fors-
bach et al. 1989). Interestingly, the CBSL gene lies next to
another pet gene (COX9), which encodes a subunit of
cytochrome c oxidase (Wright et al. 1986). Sequence anal -
ysis revealed that the CBSL gene encodes a protein of
233 amino acids with a net positive charge (16.7% basic
versus 8.6% acidic residues). The orf of the CBS2 gene
predicted a protein of 389 amino acids, again with a pre-
dominance of positively charged amino acids (15.9%
basic versus 9.3% acidic residues). Both genes are charac-
terized by low codon-biasindices (-0.02 for CBS1 and 0.06
for CBS2, respectively) suggesting low expression (Ben-
netzen and Hall 1982). Disruption of either the CBSL or
the CBS2 genein wild-type strainsresult in respiratory de-
fective strains which have a phenotype identical to that of
the original mutants (Rodel et al. 1986). This result indi-



cates that both gene products have no additional function
beside that affected in the original mutants.

Comparison of the DNA sequences with those con-
tained in current data bases shows no homology to other
gene sequences except for an orf (Y HR063c) of unknown
function identified on chromosomeVIIl of S cerevisiae.
This orf has asignificant degree of similarity to the CBS2
orf (Ouzounis et al. 1995). Minor sequence similarities
between CBS1p and the yeast mitochondrial translational
activator proteins CBP6p (Dieckmann and Tzagoloff
1985), PET111p (Strick and Fox 1987), and PET54p (Co-
stanzo et al. 1989) were noted (Grivell 1989), but the sig-
nificance of thisobservationisunclear. Thefailuretoiden-
tify homologous genes in other organisms may hint at the
possibility that translational activator geneslike CBS1 and
CBS2 are unique in yeast. In this respect it may be worth
noting that the unusally long AT-rich leader sequence of
the COB gene (thetarget of CBS1p and CBS2p) seemsalso
to be a unique feature of yeast mtDNA.

Subcellular localization of CBS1p and CBS2p

The intracellular localization of both proteins was exam-
ined with the aid of specific antibodies. CBS1p was iden-
tified as a 23.5-kDa protein within mitochondria, suggest-
ing cleavage of a 3.5-kDa pre-sequence during mitochon-
drial import. This interpretation is in line with the obser-
vation that in vitro translation of CBSL mRNA resultsin
the formation of a 27-kDa protein, which is processed to
the mature 23.5-kDa form during in vitro import into iso-
lated mitochondria (Kdrte et al. 1989). Determination of
the amino-terminal amino acids of the mature protein al-
lowed the exact determination of the proteolytic process-
ing site between Tyr®® and 11€*° (Kérte et al. 1991). The
pre-sequence of the CBS1p precursor protein has all the
characteristics of a mitochondrial targeting sequence, i.e.
several positively charged amino-acid residues, no acidic
residues, and the potential to form an amphiphilic helix
(for areview see Hartl et al. 1989).

CBS2p was also identified as a mitochondrial protein.
In contrast to CBS1p, thereisno evidencefor the presence
of an amino-terminal pre-sequence. Import of the in vitro
synthesized 45-kDa protein into isolated mitochondria is
not accompanied by a detectable proteolytic processing
protein (Michaelis and Rodel 1990).

A detailed study on the solubilization characteristics
showed that both proteins are associated with the IMM:
while CBS1p behaves like an integral membrane protein,
CBS2p seemsto be loosely associated with the membrane
by electrostatic forces (Michaelis et al. 1991). There is
someevidencethat CBS2p may bein contact with thesmall
mito-ribosomal subunit. Based on all these available data
we proposed a model, according to which the intra-mito-
chondrial localization of CBS1p and CBS2p, as well as
their postulated affinity to the COB RNA leader, ensure
that translation of the COB transcriptsinitiates only in the
context of the membrane (Michaelis et al. 1991). In this

377

way co-tranglational insertion into the membrane can oc-
cur and aggregation of the hydrophobic apocytochrome b
inthe solublecompartment of themitochondrial matrix can
be avoided.

As a consequence of our model, not only apocyto-
chrome b but also the maturase proteins would be synthe-
sized at themembrane, suggesting that the IMM isthe pref-
erential site of COB RNA processing.

A link between translation and assembly
of cytochrome b

During assembly of the cytochrome bc; complex, apocyto-
chrome b isincorporated in a sub-complex, which is com-
posed of six of the nine subunits (Crivellone et al. 1988;
Schmitt and Trumpower 1991). Covalent attachment of
heme seems to occur at a later stage of assembly of the
enzyme (Tzagoloff et al. 1988). As in the case of cyto-
chrome c oxidase, nuclear genes have been identified
which are specifically required for the assembly of com-
plex 11 (Wu and Tzagoloff 1989; Bousquet et al. 1991).
Of special interest is the observation that one of these
genes, ABC1, can suppress the respiratory deficiency of a
cbs2 mutant, when present in multicopy (Bousquet et al.
1991). The ABC1 gene product cannot substitute for the
CBS2p, because the suppressor activity is specific for the
chs2-223 allele. It was proposed that ABC1p might repre-
sent achaperonin, which isinvolved in the correct folding
and/or assembly of apocytchrome b. As ABC1 in multi-
copy can restore the respiratory capacity in a mutant de-
fectiveinacytochromeb translational activator gene, fold-
ing and assembly of apocytochrome b seem to occur dur-
ing the translation process.

Expression of CBS1 and CBS2

Asoutlined above thelow codon-biasindices of CBS1 and
CBS2 indicate low expression. Northern analyses con-
firmed this prediction (Michaelis et al. 1988; Forsbach
et al. 1989). Expression of CBSL is subject to regulation
by glucose and by oxygen. There is evidence that regula-
tion of CBSL expression is mediated at least in part by the
HAP2/3/4 system, which plays an important role in the
communi cation between the nucleus and the mitochondria
(see Forsburg and Guarente 1989 for a review; Schlapp
1992). Asfor CBS1 RNA, the concentration of CBS2 RNA
is lower in cells cultured under anaerobic growth condi-
tionscompared to aerobically grown cells, although there-
duction (2-fold) isless pronounced than for CBSL (9-fold).
The promoter region of CBS2 is characterized by an
oligo(dA-dT) tract of 23 bp, asequence motif whichissug-
gested tointerferewith nucleosomeformation (Kunkel and
Mortinson 1981) and to act as an upstream promoter ele-
ment for constitutive transcription in yeast (Struhl 1985).
There is experimental evidence that the oligo(dA-dT) se-
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guence of the CBS2 promoter defines a DNase-hypersen-
sitivesite, presumably reflecting anucleosome-freeregion
in the chromatin (W. Hérz, personal communication). A
promoter fragment covering the (dA-dT) tract is bound by
DAT1p, aDNA-binding protein which recognizes such se-
guences (Winter and Varshavsky 1989; Schlapp 1992). It
is currently unknown whether DAT1p also binds to the
CBS2 promoter in vivo. Aninteresting aspect of CBS2 ex-
pression comes from the observation that a transcript of
thedivergently transcribed 5'-flanking geneiscomplemen-
tary to the CBS2 transcript over a distance of 77 bases
(Schlapp and Radel 1990). It is not known whether this
natural antisense RNA has any influence on CBS2 expres-
sion.

We have currently no indication for post-transcriptional
regulation of CBSL and CBS2 expression as observed in
the case of PET494, which encodes one of the activator
proteins of COX3 mRNA translation (Costanzo and Fox
1986). Regulation of PET494 expression by oxygen ap-
pearsto occur at thetranslational level (Marykwasand Fox
1989). Translational regulation of CBS1 expression via a
small orf in the 5'-leader of the CBSL1 transcript, which in-
itiateswith an AUG initiation codon, could be excluded by
site-directed mutagenesis (Krummeck et al. 1991). There
was no indication that this orf affects the scanning of ribo-
SOmes.

It is presently unknown whether the translational acti-
vator proteins CBS1p and CBS2p—inadditiontotheir pos-
tulated function as determinants of the site of apocyto-
chrome b tranglation — are involved in the regulation of
cytochromeb expression. Thiswould bethe caseif thecon-
centration of one or both of the proteinsislower than that
of COB transcripts and thus becomes rate-limiting for the
synthesis of apocytochrome b and the maturases, respec-
tively.

Current studies

Current studies primarily aim at the identification of mit-
ochondrial proteinswhich physically interact with CBS1p
and/or CBS2p by genetical means as well as by use of the
two-hybrid system. In the case of the COX3 mRNA-spe-
cific trandlational activator proteins the latter assay was
successful in establishing interactions between PET54p
and PET122p as well as between PET54p and PET494p
(Brown et al. 1994). In the two-hybrid system proteins are
fused to either the GAL4 DNA-binding (DB) domain or the
GAL4 transcriptional activating domain (AD) and tested
for physical association as measured by the expression of
a reporter gene dependent on a reconstituted GAL4p
(Fields and Song 1989). Interestingly, high-level expres-
sion of a GAL4-DB-CBS1p fusion protein, devoid of the
mitochondrial targeting sequence, can complement theres-
piratory deficient phenotype of cbsl mutants (Krause et
a., unpublished results). Thisobservation confirmsreports
on the entry into mitochondria of proteins lacking amino-
terminal targeting signals upon over-expression (K érte et

al. 1989; Dircks and Poyton 1990; Brown et al. 1994) and
suggests that the CBS1p moiety can fold into its normal
conformation. Biological activity islost when the 18 car-
boxy-terminal amino acids of CBS1p areremoved (Krause
et al., unpublished results). Studies are underway to test
whether thisloss of activity resultsfrom aninability of the
protein to associate with the mitochondrial membrane.
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