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Alternative mRNA processing is one mechanism for generating two or more polypeptides from a single gene.
While many mammalian genes contain multiple mRNA 3' cleavage and polyadenylation signals that change the
coding sequence of the mature mRNA when used at different developmental stages or in different tissues, only
one yeast gene has been identified with this capacity. The Saccharomyces cerevisiae nuclear gene CBP1 encodes
a mitochondrial protein that is required for cytochrome b mRNA stability. This 66-kDa protein is encoded by
a 2.2-kb mRNA transcribed from CBPI. Previously we showed that a second 1.2-kb transcript is initiated at
the CBPI promoter but has a 3' end near the middle of the coding sequence. Furthermore, it was shown that
the ratio of the steady-state level of 2.2-kb CBPI message to 1.2-kb message decreases 10-fold during the
induction of mitochondrial function, while the combined levels of both messages remain constant. Having
proposed that regulation of 3' end formation dictates the amount of each CBPI transcript, we now show that
a 146-bp fragment from the middle of CBPI is sufficient to direct carbon source-regulated production of two
transcripts when inserted into the yeast URA3 gene. This fragment contains seven polyadenylation sites for the
wild-type 1.2-kb mRNA, as mapped by sequence analysis of CBPI cDNA clones. Deletion mutations upstream
of the polyadenylation sites abolished formation of the 1.2-kb transcript, whereas deletion of three of the sites
only led to a reduction in abundance of the 1.2-kb mRNA. Our results indicate that regulation of the abundance
of both CBPI transcripts is controlled by elements in a short segment of the gene that directs 3' end formation
of the 1.2-kb transcript, a unique case in yeast cells.

Regulation of alternative mRNA 3' end processing has
emerged as an important regulatory mechanism in higher
eucaryotic cells (1, 3, 9, 10, 18, 19, 27, 35, 43, 51, 54, 56).
Along with 5' end capping and exon splicing, cleavage and
polyadenylation of the 3' end are required steps in mRNA
maturation (42). In mammalian cells, the consensus se-
quence AAUAAA located 10 to 30 nucleotides upstream of
the cleavage site (20, 41, 66, 70) and a downstream GU-rich
element (23, 24, 37, 38, 58, 67; for a review, see reference 30)
are required for cleavage and polyadenylation. When multi-
ple polyadenylation signals are located in a single gene,
choice of alternative signals in different tissues or at different
developmental stages generates structurally diverse tran-
scripts that produce multiple polypeptide isoforms (32). We
recently reported that a yeast nuclear gene, CBPI, like some
mammalian genes, produces two different mRNA molecules
via alternative 3' end formation (36). The full-length, 2.2-kb
CBPI transcript spans the entire open reading frame and
encodes a 66-kDa mitochondrial protein required for cy-
tochrome b mRNA stability (13, 65). CBPI also produces a
1.2-kb transcript that has its 3' end within the coding
sequence. As a unicellular organism, the yeast Saccharomy-
ces cerevisiae does not have many developmental processes;
however, as a facultative anaerobe it undergoes significant
changes in mitochondrial structure and function when
switched from fermentation to aerobic growth (see reference
25 for a review). Surprisingly, the ratio of the 2.2-kb CBPI
transcript to 1.2-kb transcript decreases 10-fold during in-
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duction of mitochondrial function by growth on a nonfer-
mentable carbon source.

Regulated use of the alternative CBPJ mRNA 3' process-
ing sites could be influenced by several mechanisms. For
instance, factors assembled with RNA polymerase II specif-
ically at the CBPI promoter could inhibit procession through
pause sites in the middle of the CBPI coding sequence and
cause 3' end processing to occur at the upstream site.
Alternatively, convergent transcription from either of two
genes that closely flank CBPI could proceed into the CBPI
coding sequence, occluding elements necessary for the for-
mation of CBPI mRNA 3' ends and thus influencing the
abundance of the two CBPI transcripts. A final model
proposes that regulatory factors might act directly at the
sites of 3' processing without influence from flanking gene
expression or the CBPI promoter. Here we report analyses
designed to test the hypothesis that the production of two
transcripts from CBPI is governed by carbon source-depen-
dent alternative 3' end formation. We find that a 146-bp
segment of CBPI that includes the 1.2-kb mRNA polyade-
nylation sites contains the elements that are necessary and
sufficient for the regulation of both CBPI transcripts during
the induction of mitochondrial function.

MATERIALS AND METHODS

Strains and media. The yeast and Escherichia coli strains
used are described in Table 1. The growth conditions for the
derepression time course experiments were as described
previously (36) except that RNA was extracted at only the 0-
and 8-h time points. The conditions for galactose induction
of the GALIO promoter-CBPI transcription fusion strains
were also previously described (36). Bacteria were trans-
formed by a standard technique (26). Yeast cells were
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TABLE 1. Yeast and E. coli strains and plasmids

Strain or . ton Reference
plasmid scnpi or source

Yeast strains
LL2 a leu2-3 leu2-112 12
B2L LEU2 insertion in the BamHI site at +788 of URF in LL2 This study
LNUC LEU2 insertion at the BamHI site of NUCI in LL2 This study
CP1L LEU2 insertion at the PstI site of CBPI in LL2 This study
CP1L/int p+(int435) derivative of CPlL This study
a70/int a p+(int435) ura3-52 his3-11 his3-15 leu2-3 leu2-112, with HIS3 inserted at the BglII This study

site of CBPI
G::-26 a70/int containing YEp52/-26CBP1 This study
AHG a70/int containing pA&HG This study
AGS a70/int containing pAGS This study
AGM a70/int containing pAGM This study
AC3' a70/int containing pAC3' This study
AF3' a70/int containing pAF3' This study
S150-2B a ura3-52 Ahis3 leu2-3 leu2-112 trpl-289
Hc-R S150-2B containing pHc-R This study
Hf-R S150-2B containing pHf-R This study
Hf-L S150-2B containing pHf-L This study

Yeast plasmids
G::-26 Fusion of GALIO promoter at position -26 relative to CBPI ATG 29
pAHG HpaI-BglII deletion of CBPI in YEp52/-26CBP1 This study
pAGS BglII-ScaI deletion of CBPI in YEp52/-26CBP1 This study
pAGM BglII-MscI deletion of CBPI in YEp52/-26CBP1 This study
pAC3' Truncation of CBP1 at ClaI in YEp52/-26CBP1 This study
pAF3' Truncation of CBPI at FspI in YEp52/-26CBP1 This study
YEp351 Yeast-E. coli shuttle vector 28
pURA URA3 insertion at HindIll in polylinker of YEp351 This study
pHc-R 800-bp HincII CBP1 fragment inserted at StuI of URA3 in pURA This study
pHf-R 146-bp Hinfl CBPI fragment inserted at StuI of URA3 in pURA This study
pHf-L 146-bp Hinfl CBPI fragment inserted with opposite orientation to pHf-R at Stul of This study

URA3 in pURA
E. coli strains
RR1 F- hsdS20(rB mB) ara-14 proA2 lacYI galK2 rpsL20(Smr) xyl-5 mtl-1 supE44 A- 5
XL1-Blue recAl endAI gyrA96 thi hsdRl7(rK- MK+) supE44 relAl X lac [F' proAB 6

lacIqZAM15 TnlO(tet)]
E. coli plasmids
pBS+ Plasmid with T3 and T7 phage RNA polymerase promoters flanking pUC19 Stratagene

multiple cloning site
pBS1-2 pBS+ with 700-bp CBPI BamHI-HindIII fragment 36
pBS-ACT pBS+ with 600-bp ACTI ClaI fragment 36
pBS-URA5' pBS+ with 650-bp URA3 HindIII-StuI fragment This study

transformed by the lithium acetate method (31). In experi-
ments in which cbpl strains were compared with strains wild
type for the CBPI gene, the p+ mitochondrial genomes were
eliminated from all of the strains by ethidium bromide
mutagenesis, and a mitochondrial genome carrying a sup-
pressor of cbpl was introduced into each strain via cytoduc-
tion from a karl strain harboring the pnt4-35 DNA (11).

Plasmids and probes. The yeast and E. coli plasmids used
are described in Table 1. Plasmids were constructed by using
standard cloning techniques (34). Antisense riboprobes were
transcribed in vitro, using T7 or T3 RNA polymerase in the
presence of [a-32P]UTP (ICN) as suggested by the enzyme
supplier (Boehringer Mannheim).
RNA analysis. Isolation of total yeast RNA and purifica-

tion of poly(A)+ mRNA were performed exactly as de-
scribed previously (36). The procedures for RNA fractiona-
tion, Northern (RNA) blotting (2), and hybridization were
also previously described (36). Quantitation of ,B decays
from Northern blots was performed with a Betascope as
recommended by the manufacturer (Betagen, Inc.).
cDNA cloning. cDNA clones specific for the 3' ends of

CBPI mRNA were isolated precisely as described in the
rapid amplification of cDNA ends (RACE) protocol (21),
with an annealing temperature of 54°C in the polymerase
chain reaction (PCR). The reverse transcriptase used was
supplied by Boehringer Mannheim, and Taq polymerase was
supplied by U.S. Biochemicals. The first-strand cDNA syn-
thesis primer contained sequences directing the incorpora-
tion of Sail, XbaI, and EcoRI linkers into the cDNA. The
sequence of that oligonucleotide was 5'-GCGTCGACTCTA-
GAGAATTC(T)17-3'. The CBPI-specific PCR primer was a
22-mer that matched the sequence of CBPI at position +700
relative to the CBP1 ATG: 5'-AAGGCCCTCGGCTTAAG-
TAATG-3'. The second PCR primer contained the SaiI-
XbaI-EcoRI linker sequence of the first-strand cDNA primer
but lacked the T17 sequence. PCR products were digested
with EcoRI and either Hindlll for 1.2-kb mRNA 3' end
fragments or PstI for 2.2-kb mRNA 3' end fragments.
Following agarose gel purification, the fragments were sub-
cloned into pBS+ (Table 1). Miniprep DNA was sequenced
by using a T7 promoter primer (Stratagene) and the dideoxy
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sequencing method (57) as modified by U.S. Biochemicals
for the use of Sequenase.

RESULTS

CBPI mRNA regulation is not influenced by expression of
convergently transcribed genes. We previously reported that
the yeast nuclear CBPI gene encodes two transcripts that
are reciprocally regulated during the induction of mitochon-
drial development (36). A full-length 2.2-kb transcript en-
codes the 66-kDa mitochondrial CBP1 protein (65) that is
required for mitochondrial cytochrome b mRNA stability
(13). A shorter 1.2-kb transcript shares transcription initia-
tion sites with the full-length message but has a 3' end within
the CBPI coding sequence (36). The ratio of 1.2-kb tran-
scripts to 2.2-kb transcripts increases 10-fold when mito-
chondrial function is induced by replacing glucose medium
with one containing a nonfermentable carbon source such as
glycerol (36). The reciprocal change in the level of these two
transcripts has led us to begin to identify the cis elements
that are required for (i) the 3' end formation of each of the
CBPJ transcripts and (ii) the regulation of alternative use of
these 3' ends to dictate CBPJ mRNA levels.
During the determination of the structure of the CBPI

gene, we learned that two genes closely flank the CBPI locus
(33, 35a). These genes are convergently transcribed toward
CBPJ, and we wondered whether the expression of these
genes could influence the regulation of CBPI mRNA levels.
To determine whether CBPI mRNA regulation was affected
by convergent transcription, disruption mutations were con-
structed in each of the genes flanking CBPI. The first mutant
(B2L) has a disruption in the 3' end of an open reading frame
(URF, unknown function) which ends 260 bp upstream of
the CBPI translational start codon and is transcribed from
the same strand as CBPI (36). A second mutant, LNUC (33),
has a disruption in the NUCI open reading frame located
downstream of CBPI on the opposite strand. NUCI encodes
a nonspecific mitochondrial nuclease (64), and the reading
frame ends just 244 bp downstream of CBPI. Both URF and
NUCI encode transcripts that are regulated during the
induction of respiration (36a); however, neither the urf nor
nucl disruption mutations affect the ability of the cells to
respire.
To assess the effect of these disruptions on the regulation

of CBPI mRNA abundance, we compared CBPI mRNA
levels in repressed and derepressed cultures of B2L and
LNUC with that of the wild-type parent, LL2 (Fig. 1).
Poly(A)+ RNA was isolated from wild-type and mutant cells
grown to early log phase on glucose (0-h) medium and from
cells switched to glycerol medium for 8 h to induce mito-
chondrial function. The RNA was analyzed on duplicate
Northern blots hybridized to either a CBPI probe or an actin
(ACTJ) probe, which served to normalize for the amount of
poly(A)+ RNA loaded in each lane. The ratio of 1.2-kb CBPI
transcripts to 2.2-kb CBPI transcripts increased in strains
harboring the B2L (Fig. 1, lanes 3 and 4) and LNUC (lanes
5 and 6) disruption mutations in amounts similar to those
observed in the wild-type strain (lanes 1 and 2). Since these
mutants formed transcripts that terminated within the LEU2
sequence inserted into either URF or NUCI (data not
shown) but illustrated the wild-type pattern of CBPI mRNA
regulation, we conclude that the regulation of CBP1 mRNA
levels is not affected by expression of the URF and NUCI
genes.
We previously demonstrated that a disruption mutation in

the 3' end of the CBPJ coding sequence allowed proper
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FIG. 1. Proper formation of flanking gene transcripts and the
2.2-kb CBPI transcript are not required for CBPI mRNA regulation.
Disruption mutations B2L and LNUC were constructed by inserting
the yeast LEU2 gene into the 3' ends of the URF and NUCI coding
regions. CP1L contains LEU2 inserted into CBPI downstream of
the 1.2-kb mRNA 3' end (36). The disrupted genes were used to
replace the wild-type chromosomal copies in yeast strain LL2 by
homologous recombination (53). Poly(A)+ RNA (12 ,g) isolated
from repressed (0-h) and derepressed (8-h) cultures of each strain
was characterized by Northern analysis. Northern blots were hy-
bridized with cRNA probes complementary either to the 5' half of
the CBPI coding sequence (pBS1-2) or to ACT] (pBS-ACT) and
were then washed and exposed as indicated in Materials and
Methods. Restriction sites: B, BamHI; P, PstI.

production of the 1.2-kb message even though the full-length
transcript was not correctly formed (36). This mutant, CP1L,
does not respire because it lacks stable cytochrome b
mRNA, a phenotype equivalent to that of cbpl point mu-
tants (35a). To determine whether this mutation affected the
regulation of 1.2-kb mRNA levels, CBPI mRNA extracted
from repressed and derepressed cultures of CP1L was ana-
lyzed on Northern blots. To allow respiratory growth of
CP1L on glycerol, the cbpl mutation was suppressed by a
rearranged mitochondrial genome (pint4-35) that expresses
cytochrome b in the absence of CBP1 function (11). The
abundance of the 1.2-kb CBPI transcript increased during
derepression in CP1L (Fig. 1, lanes 7 and 8). Thus, we
conclude that proper formation of the full-length CBPI
transcript is not required for regulation of CBPI mRNA
levels. This result implies that the sequences responsible for
CBPI mRNA regulation are contained within the CBPI
gene, upstream of the site of the disruption in CP1L. Since
we had previously shown that CBPI transcripts were prop-
erly formed when the gene was driven by a heterologous
promoter (36), the simplest model that would account for the
increase in 1.2-kb mRNA in CP1L and the reciprocal switch
in CBPI expression in wild-type strains would be one in
which regulation of 1.2-kb mRNA 3' end formation would
dictate the level of both transcripts.

Localization of sequences required to regulate CBPI mRNA
formation. To more precisely locate the region of CBPI that
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FIG. 2. A 146-bp CBPJ fragment directs carbon source-regulated
3' end formation in the middle of URA3. pURA contains the yeast
URA3 inserted into the polylinker of the multicopy plasmid YEp351.
Either the 800-bp HinclI or the 146-bp Hinfl CBPI fragment was

inserted into the unique StuI site of URA3 in pURA. pHf-R and
pHf-L contain the Hinfl fragment inserted in the CBPJ sense and
antisense orientation, respectively. Plasmids bearing either the
wild-type or disrupted URA3 genes were transformed into the yeast
strain S150, which contains a Ty element disruption of the chromo-
somal URA3 gene called ura3-52 (52). Expression of the ura3-52
transcript is not related to expression of the plasmid-borne wild-type
URA3 copy in YpURA. Poly(A)+ RNA (12 ,ug) extracted from
repressed (0-h) and derepressed (8-h) yeast cultures was analyzed on
Northern blots by hybridization to the pBS-URA5' and pBS-ACT
cRNA probes as indicated. Restriction sites: HcII, HincII; Hfl,
Hinfl.

directs the regulated production of two transcripts from this
gene, we sought to identify segments of CBPJ that were
sufficient to confer regulated alternative mRNA 3' end
formation on a heterologous gene. On the basis of Northern
analyses with various probes subcloned from CBPJ, the
location of the 1.2-kb mRNA 3' end had previously been
assigned to a region near a BglII site located near the middle
of the CBPI coding sequence (position +977 relative to the
translational start codon; 36). An 800-bp HincII and a 146-bp
Hinfl fragment of CBPI each contain this BglII site and were
inserted into a StuI restriction site in the middle of the yeast
URA3 gene, which encodes a single 1.0-kb transcript and is
not regulated by glycerol derepression (Fig. 2, lanes 1 and 2).
Poly(A)+ mRNA was extracted from a yeast strain contain-
ing a multicopy plasmid with the URA3 gene alone or a
URA3 gene that had been disrupted by the Hincll fragment
(pHc-R) or the Hinfl fragment inserted in either orientation
(pHf-R and pHf-L).

Transcripts initiated at the URA3 promoter in pHc-R
should be approximately 800 nucleotides long if they utilize
the upstream CBPI mRNA polyadenylation site and 1800
nucleotides long if they end in URA3. A URA3 cRNA probe
detected both long (1.8-kb) and short (0.9-kb) transcripts on
a Northern blot of RNA extracted from repressed and
derepressed cultures of this strain (Fig. 2, lanes 3 and 4).

Moreover, the abundance of the two transcripts changed
reciprocally during derepression in the manner expected for
the wild-type CBPI transcripts. Even the small 146-bp CBP1
fragment in pHf-R was competent in directing the respira-
tion-regulated production of two appropriately sized, 1,200-
and 600-nucleotide-long transcripts (lanes 5 and 6). If this
small fragment functions in an orientation opposite to that
found in the CBP1 gene, a full-length 1.2-kb message and a
truncated 0.6-kb message would be observed. If the reverse
orientation prevented 3' end formation, only the full-length
1.2 kb message would be observed. In fact, only one
700-nucleotide-long transcript was observed (pHf-L; Fig. 2,
lanes 7 and 8). This truncated URA3 transcript observed in
pHf-L may result from activation of a cryptic 3' end site near
the URA3-CBPI boundary. Alternatively, since longer tran-
scripts were not observed in pHf-L RNA, the 3'-end-forming
element in the inserted CBPI segment might be more effi-
cient in the wrong orientation. These results rule out the
involvement of the CBPJ promoter in regulation of CBPI
mRNA production and support the hypothesis that regula-
tion of 1.2-kb CBPI mRNA 3' end formation dictates the
levels of both CBPJ transcripts during derepression.

Location of CBPI mRNA 3' ends. To ensure that the 146-bp
Hinfl fragment inserted into URA3 contained the sequences
directing production of the wild-type CBPI 1.2-kb mRNA 3'
end, it was first necessary to precisely map the position of
the polyadenylation site within the CBPI coding sequence.
As we were unable to map the position of that 3' end by
nuclease protection experiments (36), we decided to se-
quence cDNA clones of CBPI mRNA 3' ends. CBPJ-
specific clones from a library of oligo(dT)-primed cDNA
copied from 8-h derepressed poly(A)+ mRNA were selec-
tively amplified by the PCR-RACE protocol (21). Sequence
data from 23 independently isolated clones identified seven
different polyadenylation sites for the 1.2-kb CBPJ message
(Fig. 3). The sites were located in three clusters: cluster I,
sites at positions +1003, +1007, and +1010; cluster II, sites
at +1020 and +1021; and cluster III, sites at +1043 and
+1049. All of the 1.2-kb mRNA polyadenylation sites were
located near the middle of the 146-bp Hinfl fragment from
CBPJ shown to be sufficient for carbon source-dependent
regulation of alternative 3' end formation of URA3 mRNA.
Polyadenylation sites at positions + 1003 (cluster I) and
+ 1049 (cluster III) were each represented by more than 25%
of the clones sequenced. Five of the seven polyadenylation
sites identified were located at pyrimidine-A dinucleotides,
the other two were at C-U dinucleotides, with polyadenylate
being added to the C. Interestingly, while only one of the
seven polyadenylation sites (+ 1021) creates an in-frame
UAA translational stop codon upon polyadenylation, both
CBPJ transcripts are associated with polyribosomes in the
same ratio as that observed on Northern blots of polyade-
nylated mRNA (35a).
The sequences of eight cDNA clones of the 3' end of the

2.2-kb CBPI transcript amplified according to the RACE
protocol identified a single U-A dinucleotide at position
+2059 as the polyadenylation site, a position previously
mapped by S1 nuclease protection assays (36). The analysis
of the CBPJ cDNA clones refined our earlier estimation of
the position of the 3' end of the 1.2-kb mRNA and ascer-
tained that the 146-bp Hinfl fragment inserted in URA3
contains the 1.2-kb CBPI mRNA polyadenylation sites of
the wild-type gene.
The region sufficient for CBPI mRNA regulation contains

sequences that form the 1.2-kb mRNA 3' end. To complement
our analysis of CBPJ sequences that were sufficient to
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TAGATCTATATGTAGIGAAATGTTTGGCAATTMTCAGAGTAC

CMAACMAATrCTGTAAATCCAAGCATTGCATCCTM

FIG. 3. Sequences of PCR-amplified cDNA clones that define the CBPI mRNA polyadenylation sites. A cDNA library copied from
oligo(dT)-primed, 8-h-derepressed, poly(A)+ RNA was amplified according to the RACE protocol (21). Seven poly(A) sites utilized by the
1.2-kb mRNA were localized to regions designated clusters I, II, and III (top). A single poly(A) site corresponding to the 2.2-kb mRNA 3'
end was identified (bottom right). The underlined nucleotides are homologous to a sequence upstream of the yeast CYCI gene poly(A) sites
(69).

regulate 3' end formation of the 1.2-kb mRNA, we wanted to
identify sequences required to produce the 3' end of that
transcript. As CBPJ is expressed at very low levels in
wild-type strains, deletion mutations in the region of the
1.2-kb mRNA 3' end were constructed in a plasmid-borne
GAL1O promoter-CBPJ transcription fusion which overex-
presses both CBP1 transcripts several hundred-fold when
induced by growth on galactose (36). Each CBPI deletion
was expressed in a strain which has a cbpl disruption
mutation in the chromosome and produces no CBP1 tran-
scripts. To allow respiratory growth of these strains, the
cbpl mutations were suppressed by the pint435 mitochondrial
genome (11). Since the unique BgIII site at position +977 of
the CBP1 coding sequence is conveniently located 25 bp
upstream of the 1.2-kb mRNA polyadenylation sites, we
chose this restriction site as a central point for deletions. The
mutation in AHG (Fig. 4) removed 311 bp of CBP1 coding
sequence between a HpaI site at position +667 and the
downstream BglII site. The mutation in AGS was con-
structed by deleting 28 bp of coding sequence containing the
cluster I polyadenylation sites between the BglII site and a
downstream ScaI site. A third mutation extended the deleted
sequences in AGS another 62 bp beyond the ScaI site to an
MscI site at position + 1087. The mutation in this strain,
AGM, deleted all three polyadenylation clusters plus an
additional 40 bp of CBPI coding sequence. AC3' and AF3'
have truncations of CBP1 at positions + 1602 and + 1803,
respectively, in the coding sequence. Both truncations de-
lete the 2.2-kb CBPI mRNA polyadenylation site.
The CBPI transcripts produced by these five mutant

constructs were compared with those of the parent GALIO-
CBPI fusion plasmid, G::-26. Following galactose induction
of these strains, total RNA was isolated and analyzed on
Northern blots for transcripts that hybridized to a CBPI
cRNA probe (Fig. 4). The abundance of all CBPi transcripts
was determined by directly quantitating the 1B decays from
the Northern blot (see legend to Fig. 4). This probe detected
both CBPI transcripts which were overexpressed from the
G: :-26 plasmid (Fig. 4, lane 1). The mutation in AHG (lane 2)
prevented the formation of the 1.2-kb transcript yet allowed
the generation of a transcript equivalent to the 2.2-kb mRNA
with a 300-nucleotide internal deletion. This result suggests
that sequences more than 30 bp upstream of the most 5'
1.2-kb mRNA polyadenylation site are required to produce

-p SM C

G::-26 - II*IG:2_____
V.

AHG

AGS

AGM

S

ZSC3'~~~~~~
F

A F3T = -

G::-26 AHG AGS AGM AC3 AF3

22kb-
-25S

-18S

12kb* 5

1 2 3 4 5 6

FIG. 4. Regions of CBPI necessary for production of the short
transcript. Deletion mutations were constructed by removing the
indicated restriction fragments from a GALIO promoter-CBPI tran-
scription fusion gene (G::-26; 36). Total RNA (12 ,ug) isolated from
galactose-induced cells was analyzed on Northern blots for CBPI
transcripts with the pBS1-2 probe as described in Materials and
Methods. The bands in each lane were quantitated by direct
counting of the 1 decays from the filter. After subtraction of
background levels from each lane, the counts for the full-length and
truncated transcripts, respectively, were as follows: G::-26, 178 and
112 cpm; AHG, 316 and 0 cpm; AGS, 441 and 23 cpm; AGM, 421 and
0 cpm; AC3', 290 and 200 cpm; AF3', 321 and 171 cpm. The stippled
box represents the GALIO promoter fused to CBPI at position -26
relative to the CBPI coding sequence, which is represented by the
filled box. Restriction sites: C, ClaI; F, FspI; G, Bg!II blunt-ended
by Klenow fragment; H, HpaI; M, MscI; S, ScaI.
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the 3' end of that transcript. Since the 1.2-kb mRNA
polyadenylation sites were left intact by the mutation in
AHG, these sites were necessary but not sufficient to direct
3' end formation of the transcript. Interestingly, the muta-
tion in AGS (lane 3), which deleted three of the seven 1.2-kb
mRNA polyadenylation sites, allowed accumulation of 1/10
the amount of the 1.2-kb message measured for the G::-26
control strain (lane 1). Production of the 1.2-kb transcript
was completely abolished when the deletion endpoint was
extended downstream to the MscI site, removing all of the
1.2-kb mRNA polyadenylation sites (lane 4). Separation of
RNA isolated from the G: :-26 and the deletion mutant strains
into poly(A)+ and poly(A)- fractions indicated that no

poly(A)- CBPI transcripts could be detected by Northern
analysis (data not shown).
The truncation mutations in AC3Y and AF3' allowed for-

mation of the 1.2-kb mRNA but prevented proper 3' end
formation of the 2.2-kb message (Fig. 4, lanes 5 and 6).
Instead, we observed much longer transcripts that ended in
vector sequences, presumably because the normal 2.2-kb
mRNA 3' end formation signals were missing in those
constructs. That the 1.2-kb mRNA is properly formed in
AC3' and AF3' is consistent with our earlier observations
(Fig. 1; 36) that formation of the 1.2-kb message is not
dependent on proper formation of the 2.2-kb transcript. In
the three mutants that were unable to form the 1.2-kb
transcript, there was a coordinate increase in the steady-
state abundance of 2.2-kb transcript formed (as determined
by ,-decay counting), suggesting that nascent RNA mole-
cules that did not acquire ends at the upstream sites became
full-length transcripts. Together, the results presented in
Fig. 4 support our hypothesis that the level of 2.2-kb
message is determined by the frequency of 1.2-kb mRNA 3'
end formation.

DISCUSSION

The process of mitochondrial biogenesis during the induc-
tion of respiration in S. cerevisiae is dependent on the
coordinated biosynthesis of both nuclearly and mitochondri-
ally encoded gene products (for reviews, see references 25
and 61). The majority of components of the coenzyme
QH2-cytochrome c reductase complex (complex III) are
encoded by nuclear genes (62, 63), whereas cytochrome b is
the only subunit synthesized in the mitochondria. In addition
to the structural subunits of complex III, several auxiliary
nuclear gene products are required specifically for the pro-
duction of cytochrome b from the mitochondrial cob gene
(12, 13, 16, 22, 39, 49, 50, 68). One of these factors is the
CBPI gene product, which is required for stabilization of
cytochrome b mRNA (13-15, 65). We previously reported
that the CBPJ gene encodes two transcripts that have
different 3' ends and that the steady-state levels of the two
transcripts are reciprocally regulated during the induction of
mitochondrial function (36). Our observations on CBPJ
mRNA abundance were made while testing the hypothesis
that regulation of CBPJ expression might coordinate nuclear
and mitochondrial contributions to complex III. We found
that the abundance of the 2.2-kb CBPJ mRNA decreases
during derepression, whereas the abundance of the 1.2-kb
message rises reciprocally. Knowing that the 66-kDa prod-
uct of the 2.2-kb mRNA is required for respiratory growth
(36, 65), we found it odd that the level of the full-length
message would drop when cells were switched from ferment-
ing on glucose medium to respiring on glycerol medium.
Though we have not solved this mystery, we have investi-

gated the nature of the reciprocal regulation of CBP1 mRNA
3' end formation. Here we have presented evidence that
regulated production of the 1.2-kb CBPI mRNA 3' end
dictates the steady-state levels of both CBPI transcripts
during the course of derepression on glycerol medium.
The discovery that regulation of the short CBPI transcript

was not dependent on proper formation of the full-length,
2.2-kb transcript (Fig. 1) focused our attention on the region
encompassing the 3' end of the 1.2-kb mRNA. Northern blot
analyses of strains carrying cbpl deletion mutations in this
region (Fig. 4) suggested that formation of the 1.2-kb tran-
script is dependent on the presence of sequences upstream
of the multiple polyadenylation sites (Fig. 3) and of the
region including the sites themselves. As blockage of 1.2-kb
mRNA formation by these mutations was concomitant with
an increase in the amount of full-length mRNA observed, we
conclude that the level of the 2.2-kb mRNA is dictated by the
frequency of 3' end formation in the middle of the CBPI
coding sequence. Furthermore, our results indicated that a
small 146-bp segment of CBPI DNA containing the 1.2-kb
mRNA polyadenylation sites is sufficient to confer regulated
alternative mRNA 3' end formation on another yeast gene,
URA3, in an orientation-dependent fashion (Fig. 2). These
results suggest that regulation of CBPI 1.2-kb mRNA 3' end
formation is directed by the region very near the sites of 3'
end processing.
During the induction of mitochondrial development by a

switch to a nonfermentable carbon source, trans-acting
factors stimulate transcriptional initiation of several yeast
nuclear genes that encode mitochondrial proteins (17, 44).
Though it also encodes a mitochondrial polypeptide, CBPI is
the only yeast gene described to date that is regulated via
differential mRNA 3' end formation rather than transcrip-
tional initiation. However, in higher eucaryotes, alternative
3' end processing, splicing, and transcription termination
have been demonstrated to play a significant role in the
developmental and tissue-specific regulation of complex
transcription units (for reviews, see references 4, 32, 47, and
59). Experimental evidence suggests that differential use of
multiple mRNA 3' end processing sites in a single gene
generates structurally diverse polypeptides by altering the
coding sequences included in the mature message. In mam-
malian cells, for example, infection with herpes simplex
virus induces the production of a nuclear factor that regu-
lates utilization of alternative polyadenylation sites in the
viral genome (40). Regulation of alternative polyadenylation
signals has also been suggested to control diversity of
protein expression from adenovirus, simian virus 40, and
hepatitis B virus genomes (9, 19, 54, 71) as well as immuno-
globulin ,u genes (1, 18) and the human nonmuscle myosin
heavy-chain gene (56). Regulation of transcriptional termi-
nation between immunoglobulin ,u exons has been suggested
to determine use of alternative 3' processing sites, ultimately
directing the production of either the membrane-bound or
secreted form of this protein in plasma cells (35). Interest-
ingly, regulation of polyadenylation site utilization in several
viral genomes reportedly involves sequences upstream of
those sites (9, 10, 54). It is clear that sequence elements
upstream of the 1.2-kb CBPI mRNA polyadenylation sites
are required to form that transcript (Fig. 4). Signals in this
region may modulate the efficiency of the polyadenylation
sites located just downstream. The observation that CBPI
encodes two transcripts that are differentially regulated by 3'
end formation suggests that, like higher eucaryotes, yeasts
may also exploit alternative mRNA processing to express
different proteins from a single gene.
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The work described here has determined that the short
region of CBPI which directs formation of the 1.2-kb mes-
sage 3' end is sufficient to regulate the production of both
CBPJ transcripts. However, we do not know whether tran-
scription termination or cleavage and polyadenylation is the
regulated step in formation of this 3' end. Comparison of the
3' untranslated regions of many yeast genes has failed to
locate a strictly conserved signal such as AAUAAA that is
required for mammalian mRNA 3' processing. Other studies
have indicated that unlike higher eucaryotic genes, yeast
genes have closely juxtaposed 3' processing and transcrip-
tion termination sites. For example, an 82-bp segment of the
yeast iso-1-cytochrome c gene (CYCI) acts as an efficient
transcription terminator in a variety of assays (45, 46, 55, 60)
and also contains the signal for cleavage and polyadenylation
of precursor RNA in vitro (7). Regulation of 1.2-kb CBPI
mRNA 3' end formation could be achieved by influencing
transcriptional termination between the 1.2-kb and 2.2-kb
mRNA polyadenylation sites, in a manner similar to the
regulation of antitermination at NUT sites on lambda phage
genes in E. coli by the lambda N protein (48). Termination at
a site upstream of the 2.2-kb CBPI mRNA polyadenylation
sites would force processing to occur at the 1.2-kb mRNA
polyadenylation sites. Alternatively, a full-length CBPI pre-
cursor RNA could be cleaved at either the upstream or
downstream polyadenylation sites to form the truncated or
full-length messages, respectively. Either the termination or
processing steps could be influenced by factors responsive to
the respiratory status of the cell.
As the results of our experiments on sequences required to

form the 1.2-kb CBPI mRNA parallel those showing the
juxtaposition of the CYCI mRNA termination and process-
ing signals, we suggest that in addition to polyadenylation
signals there may be a transcriptional terminator or pause
site in the middle of CBPI. The phenotype of the AGS
mutant (Fig. 4) is very similar to that of the cycl-512 mutant
originally described by Zaret and Sherman (69) in which both
transcriptional termination (55) and the cleavage-polyadeny-
lation activities are inhibited (7). Both mutations are small
deletions (<40 bp) upstream of the respective polyadenyla-
tion sites, and they each decrease the amount of properly
formed transcript by at least 90%. Prevention of 3' end
formation by both cbpl and cycl alleles results in use of the
next downstream 3' end formation site (Fig. 3; 69). For
example, transcripts initiated at the GALIO promoter in the
AGS gene end at the 2.2-kb polyadenylation site, as evi-
denced by the increase in levels of 2.2-kb message compared
with the wild-type gene level (Fig. 4). Finally, there is a high
degree of sequence similarity between the region just up-
stream of the 1.2-kb CBPI mRNA 3' end and the region of
CYCI deleted in the cycl-512 allele (Fig. 3; 36), suggesting
that formation of the 1.2-kb mRNA may involve both
termination and cleavage-polyadenylation reactions.
Whether the purpose for switching the level of expression

of the two CBPI transcripts is to induce the level of
expression of a protein encoded by the truncated transcript
or to down-regulate the level of CBP1 protein encoded by
the full-length transcript (64) is unknown, as it is yet to be
determined whether the 1.2-kb mRNA encodes a stable
protein. However, on the basis of the information presented
here, we propose that pausing of polymerase near the
mid-gene polyadenylation sites in concert with cleavage and
polyadenylation forms the mature 3' end of the 1.2-kb CBPI
message. Conversely, transcription through the pause site to
the end of the coding sequence would allow formation of
structures which inhibit cleavage at the 1.2-kb mRNA poly-

adenylation site and ensure proper formation of the full-
length transcript. Factors sensitive to the carbon source in
the growth media could regulate CBPI expression by alter-
ing the frequency or duration of a transcriptional pause or
the efficiency of the cleavage and polyadenylation reactions.
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