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ABSTRACT

It is well established that higher eukaryotes use alternative splicing to increase proteome complexity. In
contrast, Saccharomyces cerevisiae, a single-cell eukaryote, conducts predominantly regulated splicing through
retention of nonfunctional introns. In this article we describe our discovery of a functional intron in the
PTC7 (YHRO76W) gene that can be alternatively spliced to create two mRNAs that code for distinct proteins.
These two proteins localize to different cellular compartments and have distinct cellular roles. The protein
translated from the spliced mRNA localizes to the mitochondria and its expression is carbon-source
dependent. In comparison, the protein translated from the unspliced mRNA contains a transmembrane
domain, localizes to the nuclear envelope, and mediates the toxic effects of Latrunculin A exposure. In
conclusion, we identified a definitive example of functional alternative splicing in S. cerevisiae that confers a

measurable fitness benefit.

N higher eukaryotes alternative splicing is pervasive;
in humans the majority of genes are alternatively
spliced to form multiple proteins (MODREK et al. 2001;
Jounson et al. 2003). In contrast, only 5% of the genes
in Saccharomyces cerevisiae contain introns and >95% of
those intron-containing genes possess only a single
intron (NasH et al. 2007) . The simple architecture of the
yeast genome constrains its ability to utilize alternative
splicing and has encouraged the view that alternative
splicing is absent in S. cerevisiae. Currently no conclusive
examples of functional alternative splicing exist; most
confirmed instances of alternative splicing in yeast down-
regulate gene expression, a process thatis often referred
toas “regulated splicing.” In this process, nonfunctional
introns are not spliced out of the transcript and pre-
mature stop codons are included in the fully processed
mRNA. The stop codons activate the nonsense-mediated
decay (NMD) pathway and the mRNA is degraded before
it can be translated (GONZALEZ et al. 2001).

The transition from vegetative growth to meiosis illus-
trates how regulated splicing improves yeast fitness. DNA
breakage and recombination could be toxic during vege-
tative growth, and therefore entrance into meiosis is tightly
controlled. Consequently, all 13 meiosis-specific intron-
containing genes are regulated post-transcriptionally with
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splicing repressed during vegetative growth and induced
during sporulation (ENGEBRECHT e/ al. 1991; NAKAGAWA
and Ocawa 1999; JUNEAU et al. 2007). Other examples of
regulated splicing include YRAI and MTR2 (RNA export)
(PREKER et al. 2002; PARENTEAU et al. 2008) and RPL30
(ribosomal) (L1 et al. 1996).

In contrast to regulated splicing, there is only one
example in S. cerevisiae where splicing results in the ex-
pression of multiple proteins, SRC1 (GRUND et al. 2008).
SRC1 contains asingle intron located at the 3" end of the
pre-mRNA. The intron has two alternative 5'-splice sites
(RODRIGUEZ-NAVARRO et al. 2002). Splicing at the most
highly conserved 5'-splice site (BON et al. 2003) results in
the translation of a full-length protein that spans the
nuclear membrane twice, while splicing at the less con-
served 5'-splice site results in a truncated protein that
spans the nuclear membrane only once and has signif-
icantly reduced activity (GRUND et al. 2008). It has been
proposed that truncated SRCI may provide a unique
cellular function, but current data do not conclusively
support this hypothesis. However, we now have convinc-
ing evidence that the serine/threonine phosphatase
PTC7 is alternatively spliced to produce two different
proteins with distinct cellular functions.

Previously, we developed a high-resolution array-based
genomic assay to find novel introns in yeast (JUNEAU
et al. 2007). One of the introns we discovered is in PTC7,
a conserved type 2C protein phosphatase known to
localize to the mitochondria and predicted to contain a
transmembrane domain (Ramos et al. 2000; JIANG et al.
2002). The intron is notable because it is divisible by
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three and lacks stop codons ( JUNEAU et al. 2007; ZHANG
et al. 2007); consequently, neither splicing nor retention
of the intron would be predicted to disrupt translation of
PTC7.

We now show that P7C7 is alternatively spliced into
two mRNA isoforms, which express two functionally
distinct proteins that localize to different compartments
within S. cerevisiae. One isoform of PTC7is created by the
removal of the intron while the other isoform results
from intron retention. Comparative sequence analysis
of PTC7 across several hemiascomycetous yeast species
showed that splicing and translation of the intron is
possible in all 12 intron-containing P7C7 orthologs. The
protein coded by the spliced mRNA (Ptc7;) localizes to
the mitochondria, while the protein that is translated
from unspliced mRNA (Ptc7,,) localizes to the nuclear
envelope. We also found that Ptc7, expression and modi-
fication are regulated by carbon metabolism whereas
Ptc7, effectively mediates the deleterious effects of
Latrunculin A, a compound that disrupts actin filaments.
Together these data provide compelling evidence that
S. cerevisiae performs functional alternative splicing.

MATERIALS AND METHODS

Media and growth conditions: Yeast extract/peptone/
dextrose (YPD) media and 30° growth conditions we used for
most experiments are described in GUTHRIE and FINK (1991).
We used YP-raffinose and YP—galactose for microscopy experi-
ments requiring GAL] promoter induction as described in
GuTHRIE and FINK (1991). We also used YP—glycerol (YPG),
YP-lactose (YPL), YP—ethanol (YPE), and YP without addi-
tional carbon (YP®). The concentration of the various carbon
sources, when present, was 2% (w/v) except in the case of
YPE, which had 1.5% ethanol (v/v). Latrunculin A was obtained
from Sigma-Aldrich (St. Louis) (catalog no. .5163). Concen-
trated stocks were dissolved in DMSO and stored at —20°.

Strains and plasmids: For construction of PTC7 epitope-
tagged and untagged splicing mutants we used the isogeneic
S288c strains BY4741 (MATa, his3A1, leu2A0, met15A0,
ura3A0), BY4742 (MATw, his3A1, leu2A0, lys2A0, ura3A0),
and BY4743 (MATa/ o, his3A1/his3A 1, leu2A0/leu2A0, lys2A0/
LYS2, MET15/met15A0, ura3A0/ura3A0; 4741/4742) (Open
Biosystems, Huntsville, AL).

We used the kanMX4-URA3 module of the pCORE plasmid
(Storicr etal. 2001) (provided by M. Resnick, National Institutes
of Health) to create the intron-plus and -minus ptc7 strains. We
used the pFA6a-3HA-kanM X6 plasmid (LONGTINE et al. 1998) to
add three tandem hemagglutinin (3HA) (YPYDVPDYA) epito-
pes to the carboxyl termini of the Ptc7 protein constructs used
for Western analysis. We used plasmids pFA6a-His3MX6-PGALI,
pFA6a-GFP (S65T)-kanMX6, pBS34, and pBS7 to create GAL-
driven fluorescent Ptc7 constructs labeled with green fluores-
cent protein (GFP) (Hem and TsieEN 1996; LONGTINE et al.
1998), mCherry (SHANER et al. 2004), or Venus (NAGAI et al.
2002) on the carboxyl terminus for microscopy and Western
analysis of promoter-specific splicing. The plasmids pBS34 and
pBS7 were obtained from the Yeast Resource Center at the
University of Washington with permission from Roger Y. Tsien
at the University of California, San Diego.

Strain construction: All pic7 strains altered to contain
additional tags (HA, GFP, mCherry, or Venus) or galactose-

driven promoters were constructed as described in LONGTINE
et al. (1998).

Marker-free intron-minus and -plus strains were constructed
as described in JUNEAU et al. (2006), using the plasmids and
methodology described in STorici et al. (2001). The intron-
minus ptc7strain contained a complete deletion of the intron.
The intron-plus strain was constructed such that the wild-type
intron was replaced with an intronic sequence that maintained
the protein-coding sequence, but was incapable of splicing
because the splicing signals were deleteriously altered. The
sequence of the intron within the intron-plus ptc7 strain is as
follows (mutations are in lowercase, and 5'-, 3'-, and all poten-
tial branch-point splice signals are underlined): GaATGTT
TAT TGTTTTATTC ATTGGTGTIct TeATTGCTAA ATTTGCG
GGA CAAATGITgA TCGACTCAGA aACcAA(TTT TCTCATAT
CATG.

RNA and cDNA sample preparation: RNA was extracted
with hot phenol from log-phase yeast growing in YPD as pre-
viously described (ScHMITT et al. 1990). Total RNA was treated
for 10 min at 37° with RNase-free DNase I (GE Healthcare Life
Sciences, catalog no. 27-0514-01). RNA was simultaneously re-
purified and DNased a second time, using QIAGEN’s RNase-
Free DNase Set (QIAGEN, Valencia, CA; catalog no. 79254) and
RNeasy Mini Kit (QIAGEN, catalog no. 74104). Single-stranded
cDNA was synthesized as previously described ( JUNEAU et al. 2007).

Western blot analysis: Whole-cell lysate was isolated as
previously described (NEKLESA and Davis 2008). Lysates were
normalized to 5 mg/ml protein, determined using a Bradford
Assay (Bio-Rad, Hercules, CA; catalog no. 500-0006). Lysate was
mixed 3:1 with SB Loading buffer (Invitrogen, Carlsbad, CA;
catalog no. NP0007) and incubated for 10 min at 70° before
running on an XCell SureLock Mini-Cell gel box (Invitrogen,
catalog no. E10002), at 200 V, using SDS 10% acrylamide gels
(Invitrogen catalog no. NP0301) and MOPs running buffer
(Invitrogen, catalog no. NP00O1). Size-separated protein was
transferred to nitrocellulose (Invitrogen, catalog no. LC2001)
at 24 V for 1.5 hr. Protein normalization was confirmed by
Ponceau staining of the nitrocellulose membrane. Briefly,
membranes were stained for 5 min with 0.1% (w/v) Ponceau
S, 2% (v/v) glacial acetic acid in water before being destained in
water (3-10 min). Western blots were blocked for >1 hrin 5%
(w/v) milk solubilized in 150 mwm NaCl, 2.5 mm Tris Base (pH
7.4),0.05% Tween (TBS-T) buffer. The blots were stained either
with 2.5 pg of rabbit anti-HA antibody (Bethyl, catalogno. A190-
208A) or 20 pg rabbit polyclonal antibody to GFP (Abcam,
catalog no. ab290) for 1 hr in 20 ml TBS-T; blots were then
washed three times for 5 min in TBS-T and stained with 5 pl of
HRP-conjugated anti-rabbit antibody (Cell Signaling Technol-
ogy, catalog no. 7074) in 15 ml TBS-T and washed three more
times for 10 min before ECL visualization (GE Healthcare,
catalog no. RPN2109).

Phenotypic growth analysis: Phenotypic analysis was carried
outin Tecan (Zurich, Switzerland) GENios microplate readers
as previously described ( JUNEAU et al. 2006). Yeast were grown
in YPD with or without 1.3 pM Latrunculin A (Sigma-Aldrich,
catalog no. L5163). Growth rates were determined by com-
paring average doubling times as previously described (LEE
et al. 2005).

Fluorescent microscopy protocols: Yeast strains containing
fluorescently tagged Ptc7 under the control of the GALI pro-
moter were grown overnight in YP-Raffinose. Cells were diluted
to a concentration of 0.15 OD in YP-galactose and grown to a
final concentration of 0.8-1.0 OD. Cells were fixed in 1.23%
formaldehyde before staining with DAPI (Sigma, catalog no.
D9542-1IMG) and phalloidin (Invitrogen, Alexa Fluor 488
phalloidin catalog no. A12379). Cells were not fixed when
stained with MitoTracker Red CMXRos (Invitrogen, catalog no.
M7512).
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DAPI staining: Cells were washed three times with TBS-T be-
fore being stained with DAPI at a concentration of 100 ng/ml
in TBS-T for 1 hr at room temperature in a roller. After staining
with DAPI, cells were washed once in TBS-T, vortexed for 1 hr
in TBS-T, and washed again in TBS-T.

Phalloidin staining: Cells were washed three times with TBS-T
and resuspended in 100 pl TBS-T, and 5 ul of full-strength
Alexa Fluor 488 phalloidin were added. Cells were vortexed
for 5 min before incubating in a roller in the dark overnight.
Cells were washed three times with TBS-T and visualized.

MitoTracker staining: Cells were grown to 0.3 OD in YPG and
MitoTracker Red CMXRos was added to a final concentration
of 3 nm. Cells were grown for another hour and then washed twice
in YPG and once in PBS, plus 2% dextrose before visualizing.

Sequence comparisons: ClustalW2 sequence alignments
were completed using T-Coffee (NOTREDAME et al. 2000) and
color-coded diagrams were prepared using ESPript (GOUET
et al. 1999) (Figure 2). We quantified the percentages for pro-
tein identity, protein similarity, and DNA identity using MatGAT
(CamPANELLA et al. 2003); we report the percentages for se-
quence similarity and identity for each species compared to
S. cerevisiae in Table 1.

RESULTS

RNA and protein are expressed from both spliced
and unspliced PTC7 isoforms: To ascertain if both
spliced and unspliced mRNA isoforms are expressed in
yeast, we reverse transcribed RNA, which was treated twice
with DNase and PCR amplified across the exon—exon
splice junction. We observed that wild-type yeast grown in
YPD produced two mRNA products (Figure 1A). The
PCR product from the unspliced mRNA comigrated with
the PCR product prepared from genomic DNA (gDNA),
while the PCR product from the spliced mRNA migrated
as expected for a double-stranded DNA that is 93 bp
smaller than the unspliced DNA. We concluded that both
the spliced and the unspliced mRNAs are expressed in
yeast during vegetative growth.

Because it was possible that one of the two PTC7
mRNA isoforms was not translated, we investigated the
translational profile viaimmunoblot analysis. We tagged
three splicing variants of PTC7 (wild type, spliced, and
unspliced) with the HA epitope on the carboxyl termini
(C termini) of each protein (LONGTINE et al. 1998). The
spliced variant protein (Ptc7) was created by deleting
the PT'C7 intron from the yeast genome; the unspliced
variant protein (Ptc7,) was made by mutating the sp-
licing signals within the intron while maintaining its
amino acid coding sequence (see MATERIALS AND METH-
obs for details). The wild-type Ptc7 protein migrates as a
series of bands on an SDS-PAGE gel (Figure 1B, middle
lane). The fastest (lowest) band is consistent with the
predicted molecular weight of Ptc7, (41.1 kDa, including
the 3.3-kDa HA epitope tag). The fastest migrating band
was found exclusively in wild-type and intron-minus
PTC7strains, but not in the strain that can express only
Ptc7, (Figure 1B); thus, we designated it as Ptc7,. In
comparison, the slowest (topmost) migrating wild-type
Ptc7bands were observed only in yeast that could express
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FiGURE 1.—Both RNA isoforms of PTC7 are translated. (A)
PCR products produced by primers surrounding the intronic
sequence of PTC7 were separated using gel electrophoresis;
the gel was stained with SYBR Green I. The image is inverted
for clarity; bands of DNA appear dark on a light background.
The left lane shows the PCR product resulting from amplifi-
cation of genomic DNA (gDNA). The right lane shows the
PCR product resulting from the amplification of cDNA, re-
verse transcribed from unspliced (top band) and spliced (bot-
tom band) mRNA. Graphical representations of the spliced
(two adjacent boxes) and unspliced (two boxes connected
with a line) products of PTC7 are shown in the middle. (B)
An immunoblot analysis of HA-tagged Ptc7 from three yeast
strains: wild type (WT), spliced (the PTC7 intron was deleted
from the genome), and unspliced (the intron was rendered
unable to splice while the amino acid sequence was main-
tained). The molecular weights of a protein standard are spec-
ified in kilodaltons on the right side of the gel. An asterisk (*)
marks the fastest mobility band for Ptc7,,.

Ptc7 from unspliced mRNA (Figure 1B, middle and right
lanes); accordingly, these bands were labeled Ptc7,,. The
fastest band within the subset of slow Ptc7, bands mig-
rates at a molecular weight predicted for unmodified
Ptc7, (44.5 kDa; see asterisk, Figure 1B). Our immuno-
blot analysis provides strong evidence that alternative
splicing of PTC7results in the expression of two discrete
proteins. Several Ptc7,, bands display a slower mobility
than expected, which could result from post-translational
modification; we have not characterized any putative
protein modifications beyond showing they are not
sensitive to phosphatase treatment (data not shown)
and therefore are not due to phosphorylation.

Intronic splice-site sequences, transmembrane
domains, and mitochondrial targeting sequences are
conserved between PTC?7 orthologs: We compared ortho-
logs of 14 PTC7 genes found in hemiascomycetous yeast
(KAROLCHIK et al. 2008; SHERMAN et al. 2009). Introns were
located in 12 of the 14 PTC7 sequences (Figure 2),
transmembrane domains were predicted within all 12
intron-containing Ptc7,, orthologs (Figure 3 and Table 1),
and mitochondrial targeting signals (MTSs) were pre-
dicted within all 12 Ptc7; orthologs (Table 1). These data
demonstrated that the intron/exon architecture of PTC7
is highly conserved and that splicing changes the func-
tional composition of the protein.

We searched for splice signals in the 13 identified
orthologs of PTC7from S. cerevisiaeand found introns in
11 of the sequences. All 12 PTC7 introns were divisible
by three, lacked stop codons, and contained the
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Ficure 2.—The intronic splice sites are conserved across several hemiascomycetous yeast species. PTC7 intron sequences from
Saccharomyces cerevisiae (S_cer), S. paradoxus (S_par), S. mikatae (S_mik), S. bayanus (S_bay), S. kudriavzevii (S_kud), S. castellii
(S_cas), S. kluyver: (S_klu), Candida glabrata (C_gla), Zygosaccharomyces rouxii (Z_rou), Klwyveromyces thermotolerans (K_the), K. lactis
(K_lac), and Eremothecium gossypii (E_gos) were collectively aligned using T-Coffee (NOTREDAME et al. 2000). Identical nucleotides
are shown as white letters highlighted in red. Sequences conserved within intron splice signals are denoted by red letters. The most
commonly used splice signal sequences in S. cerevisiae (BON et al. 2003) are displayed as white letters in black boxes and are aligned
below the intronic sequences. The conservation between the five most closely related species (S_cer, S_par, S_mik, S_kud, and

S_bay) is highlighted in gray.

required splice signals (Figure 2). No splice signals were
found in either Debaryomyces hansenii or Yarrowia lip-
olytica, the two most distantly related orthologs (Table 1).
We next carried out a multiple sequence alignment on
all 12 PTC7introns (NOTREDAME ¢/ al. 2000). There was a
high degree of similarity across the entire intron among
the five most closely related Saccharomyces yeast species
(S. cerevisiae, S. paradoxus, S. mikatae, S. kudriavzevii, and
S. bayanus) (Figure 2, gray highlight); these yeast species
belong to the sensu stricto complex (EDWARDS-INGRAM
et al. 2004) and a large degree of sequence conservation
was expected, which likely reflects functional conserva-
tion. Outside of the sensu stricto complex, sequence
conservation was concentrated at the three major splice
signals (5'-splice site, branch point, and 3’-splice site)

(Figure 2). Two of the identified splice signals, the 5'-
splice site in Kluyveromyces lactis (GTATGG) and the
branch point in Zygosaccharomyces rouxii (CACTAAT),
have not been previously identified in S. cerevisiae (BON
etal. 2003), but they are quite similar to known signals, so
splicing is plausible. Notably, the distance between the
branch point and the 3'-splice site in PTC7 was some-
whatvariable (5-32 nucleotides); this was to be expected
since this distance is species dependent in hemiascomy-
cetous yeast where the mean distance is known to range
between 1.8 and 45.8 (BoN et al. 2003).

Two previous studies on PTC7 from S. cerevisiae iden-
tified a predicted transmembrane domain near the
amino terminus (N terminus) of the protein (Ramos
et al. 2000; JIANG et al. 2002). We used TMHMM 2.0, a

FiGure 3.—The trans-

membrane domain within
Ptc7 is conserved across
Saccharomyces and elimi-

nated upon intron removal.
We used TMHMM 2.0
(KroGH et al. 2001) to pre-
dict the probability and
position of putative trans-
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of an amino acid being in-
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for being outside the cyto-
plasm. The first 60 amino
acids of each protein are
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the gray boxes mark the lo-
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cation of the introns; the
red bar indicates the posi-

tion of the exon—exon junction after intron removal. Although we analyzed both Ptc7 and Ptc7,, from all 14 yeast species listed
in Table 1, only four proteins are presented in this detailed graphical format: (A) Ptc7, from S. cerevisiae, (B) Ptc7, from S. cerevisiae,

(C) Ptc7,, from S. kluyveri, and (D) Ptc7, from E. gossypii.
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TABLE 1

PTC7 protein sequence analysis

Ptc7, Ptc7,

Ptc7, Ptc7, Intron Intron Transmembrane Transmembrane MTS MTS
Species identity” similarity” identity” similarity” start/end° intronic/total? prob’ prob’
S. cerevisiae 100 100 100 100 17/39 21/23 0.939 0.484
S. paradoxus 92.2 96.3 86.7 93.3 17/39 21/23 0.955 0.500
S. mikatae 88.8 94.7 76.7 93.3 17/39 21/23 0.943 0.672
S. bayanus 84.8 93.9 63.3 86.7 17/39 21/23 0.981 0.208
S. kudriavzevii 76.8/ 91.37 66.7 83.3 17/39 21/23 0.675/  0.5564/
S. castellii 60.3 77.0 26.7 43.3 16/38 18/23 0.954 0.760
S. kluyveri 56.8 72.5 16.7 46.7 17/39 23/23 0.993 0.905
C. glabrata 55.0 74.9 30.0 50.0 12/34 17/23 0.870 0.450
Z. rouxii 56.5 71.4 29.0 43.3 31/53 23/23 0.991 0.755
K. thermotolerans 57.4 69.5 16.7 36.7 21/40 17/19 0.997 0.850
K. lactis 51.6 71.4 26.7 36.7 13/35 19/23 0.962 0.669
E. gossypii 48.5 64.4 16.7 36.7 13/32 17/20 0.985 0.712
D. hansenii 44.4 65.2 — — 13/30 — — 0.481
Y. lipolytica 31.8 52.9 — — — — — 0.977

“Percentages of protein sequence identity and similarity are reported for each species with respect to S. cerevisiae for the com-
plete Ptc7, protein sequence.
" Percentages of protein sequence identity and similarity are reported for each species with respect to S. cerevisiae for the protein

sequence coded for by the intron.

‘The amino acid position for the beginning (start) and end of each predicted transmembrane domain.
“The number of transmembrane amino acids that are contained within the intron (intronic) compared to the total amino acid

length of the predicted transmembrane domain (total).

‘The probability that Ptc7, or Ptc7,, contains an MTS that would target the protein to the mitochondria.

/Only 209 nucleotides of the PTC7sequence were available from the draft sequence of S. kudriavzevii; the sequence contains the
complete first exon and intron, but only 61 nucleotides of the second exon. Because only 39 amino acids are available for analysis
of Ptc7; and 69 amino acids for Ptc7,, the calculated MTS probabilities are likely inaccurate.

membrane protein topology prediction method (KROGH
et al. 2001), to look for predicted transmembrane do-
mains within all 14 orthologs of PTC7. Transmembrane
domains were predicted in all 12 of the intron-containing
orthologs, as well as in D. hansenii (Table 1). The only
PTC7 ortholog that lacks both the intron and the trans-
membrane domain is also the ortholog that shares the
least homology with PTC7 from S. cerevisiae (Table 1).
Interestingly, in every case the predicted transmembrane
domain overlapped the amino acid sequences coded by
the intron, suggesting that intron splicing (removal)
would disrupt the transmembrane domain. Indeed, no
transmembrane domain is predicted to form in any one
of the Ptc7, orthologs (Figure 3B, data shown for S.
cerevisiae only).

Because Ptc7 was previously found to localize to the
mitochondria, we calculated the probability of finding
an MTS at the N terminus of each spliced and unspliced
ortholog (CrARrROs and VINGENS 1996); the data dem-
onstrated that Ptc7; was much more likely to contain an
MTS than Ptc7, (0.961 vs. 0.633 on average) (Table 1).
When we looked at the two PTC7 orthologs that lack
introns, we found that D. hansenii, which contains a
transmembrane domain, had a low probability of having
an MTS (0.481) while Y. lipolytica, which lacks the trans-
membrane domain, had a much higher probability of
containing an MTS (0.977).

These data strongly suggest that the transmembrane
domain and the MTS are mutually exclusive and that
alternative splicing may alter Ptc7 localization within
yeast.

Ptc7, localizes to the nuclear envelope while Ptc7,
localizes to the mitochondria: The differential localiza-
tion of proteins translated from spliced and unspliced
PTC7mRNA (Ptc7, and Ptc7, respectively) was striking;
Ptc7, clearlylocalized to the nuclear envelope (Figure 4),
while Ptc7, colocalized with mitochondria (Figure 5). We
visualized the isoforms of Ptc7 by tagging all three
splicing variants of PTC7 (wild type, Ptc7;, and Ptc7,)
on their C termini with fluorescent proteins: mCherry
(SHANER et al. 2004), Venus (Nacat et al. 2002), or GFP
(HEmm and Tsien 1996; LoONGTINE et al. 1998). To
increase protein concentration within the cell to levels
that were readily visualized, we found it necessary to
replace the native promoter with a galactose-inducible
promoter (GUTHRIE and FINK 1991; LONGTINE el al.
1998). Localization to the nuclear envelope was validated
by costaining cells with DAPI. Localization to the
mitochondria was verified by staining cells with Mito-
Tracker Red CMXRos (Invitrogen).

Protein expressed from unspliced mRNA clearly
localized to the nuclear envelope (Figure 4, G-I) and
membrane localization is maintained throughout cell
division (Figure 4G). Although we cannot rule out
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mislocalization due to overexpressed Ptc7,, we did not
observe similar nuclear envelope localization with over-
expressed Ptc7, nor did we observe any obvious fitness
defect upon galactose induction (data not shown).
Instead, we attribute the prominent nuclear envelope
localization of Ptc7, to the transmembrane domain,
which is present in the unspliced isoform, but not in the
spliced isoform.

In contrast to the strong nuclear envelope localization
of Ptc7,, Ptc7, localized to the mitochondria (Figure 5,
A-C). This result was not unexpected because previous
reports showed that wild-type Ptc7 localizes to the mito-
chondria (Ramos et al. 2000). Predictably, we also obser-
ved mitochondrial localization of wild-type Ptc7 (Figure 5,
D-F). We expected to see both mitochondrial and
nuclear envelope localization for wild-type Ptc7 because
wild-type PTC7 expressed both Ptc7 and Ptc7, pro-
teins (Figure 1B). However, an immunoblot analysis of
galactose-induced PTC7 substantiated the microscopy
data and showed that the vast majority of protein
expressed from GALIl-induced wild-type PTC7 was Ptc7
(supporting information, Figure S1, A and B, middle
lanes). Indeed, it was only upon extensive overexposure
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S/01d

F1GURE 4.—Ptc7, localizes to the nuclear enve-
lope. We used fluorescent microscopy to establish
the cellular localization of Ptc7, in S. cerevisiae.
We created three GALIl-inducible variants of
Ptc7 (Ptc7,, wild type, and Ptc7,) tagged on the
C-terminal end with mCherry (SHANER et al
2004). C, F, and I show the overlaid data for Ptc7
and DAPI; DAPI is a blue-emitting fluorescent
stain activated upon DNA binding, which identi-
fies the nucleus. Ptc7 is colored pink and DAPI is
blue. (A-C) Fluorescent data for yeast expressing
only Ptc7;: (A) mCherry, (B) DAPIL, and (C)
mCherry and DAPI data overlaid. (D-F) Fluores-
cent data for yeast expressing wild-type Ptc7: (D)
mCherry, (E) DAPI, and (F) mCherry and DAPI
data overlaid. (G-I) Fluorescent data for yeast
expressing only Ptc7,: (G) mCherry, (H) DAPI,
and (I) mCherry and DAPI data overlaid.
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of the blot that small amounts of Ptc7, were observed
(Figure S1, B, middle lane). Notably, we did not see the
same skewed Ptc7,/Ptc7, ratio when wild-type yeast were
grown in galactose (data notshown), which suggests that
splicing may be dependent upon the promoter or re-
gulated by gene expression levels.

We conclude that alternative splicing of PTC7 directs
protein localization and that Ptc7,, which lacks a putative
transmembrane domain, localizes to the mitochondria
while Ptc7,,, which contains a putative transmembrane
domain, localizes to the nuclear envelope.

PTC7 splicing and modification are sensitive to
carbon source availability: Because the spliced form of
PTC71ocalizes to the mitochondria, we asked how PTC7
expression and splicing were affected in fermentable
and nonfermentable carbon sources and found clear
evidence that protein expression and post-translational
modification of Ptc7; were carbon source dependent.

Yeast containing HA-tagged Ptc7 were grown in dif-
ferent media (YPD, YPG, YPE, YPL, or YPQ). When yeast
were grown in fermentable media (YPD), Ptc7,, was the
prominent protein isoform (Figure 6; far left lane). In
contrast, more Ptc7; was expressed than Ptc7, in non-
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fermentable media (YPG, -E, and -L) (Figure 6). Inter-
estingly, we did not observe any carbon-specific splicing
differences (data not shown), suggesting that protein
expression is not regulated by mRNA levels. This obser-
vation was not entirely unexpected since the overall
correlation between transcript and protein levels in yeast
is weak and for the majority of genes it is effectively zero,
sometimes negative (GYGI et al. 1999; Foss et al. 2007).
We did observe carbon source-specific protein mod-
ification; Ptc7, ran as a doublet on SDS-PAGE in all non-
fermentable media. The slower Ptc7, band was the only
band observed in YPD, while a faster-migrating band
appeared in all nonfermentable growth conditions and
was the predominant band in YP@ (Figure 6). The dif-
ference in mobility of the two Ptc7,bands corresponds to
an estimated size difference of =1 kDa. We have not

Overlay

S,01d

FiGURE 5.—Ptc7, localizes to the mitochon-
dria. In an experiment similar to the one de-
scribed in Figure 4, we wused fluorescent
microscopy to establish the cellular localization
of Ptc7, in S. cerevisiae. Three galactose-induced
fluorescently labeled variants of Ptc7 were visual-
ized in cells costained with MitoTracker red
CMXRos, a fluorescent stain activated upon mito-
chondrial uptake (Invitrogen). In C, F, and I, the
data for Ptc7 and MitoTracker are overlaid, Ptc7
is green, and MitoTracker is red. (A—C) Fluores-
cent data for yeast expressing only Ptc7: (A) GFP,
(B) MitoTracker, and (C) GFP and MitoTracker
data overlaid. (D-F) Fluorescent data for yeast
expressing wild-type Ptc7: (D) GFP, (E)
MitoTracker, and (F) GFP and MitoTracker data
overlaid. (G-I) Fluorescent data for yeast ex-
pressing only Ptc7,: (G) Venus, (H) MitoTracker,
and (I) Venus and MitoTracker data overlaid.
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further characterized the modification(s) that caused
the mobility shift in Ptc7; beyond showing they are not
sensitive to phosphatase treatment (data not shown).
Nevertheless, we propose that the observed carbon source-
dependent protein expression and modification, com-
bined with the mitochondrial localization, provide
compelling evidence that Ptc7 is functionally relevant
and is likely involved in carbon metabolism.

Yeast lacking Ptc7, are more sensitive to Latrunculin
A, a compound that affects actin polymerization: To
better understand the functionality of both PTC7 iso-
forms, we used a chemical probe to intensify phenotypic
differences between strains expressing alternative iso-
forms. Specifically, we carried out chemical sensitivity
growth assays and observed that yeast missing the Ptc7,
protein isoform were much more sensitive to Latrunculin
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FIGURE 6.—Expression of Ptc7; is regulated by carbon
source availability. A strain containing wild-type PTC7, tagged
with HA on its C terminus, was grown in various yeast-
peptone-based (YP-) media. Proteins were assayed by Western
analysis. The YP-based media contained one of the following:
2% dextrose (YPD), 2% glycerol (YPG), 1.5% ethanol (YPE),
2% lactose (YPL), or no additional carbon than what is natu-
rally found in YP (YP®). The protein products (Ptc7, or
Ptc7,) are specified on the left.

A (Lat-A). LatA is a drug that binds actin and disrupts
filament formation; this suggests that Ptc7, may be
involved indirectly in actin filament function.

To select the best chemical probe, we used the yeast
chemogenomic data from HILLENMEYER et al. (2008)
(http:/fitdb.stanford.edu) to identify candidate drugs
that might induce a growth defect in strains containing
altered PTC7 genes. We tested the three highest-scoring
compounds for PTC7: lithium chloride, alverine citrate,
and Lat-A. Lat-A was the only compound, of the three,
that produced a growth defect specific to changesin PTC7
copy number; both the homozygous and the heterozy-
gous deletion strains of PTC7showed slower growth than
wild-type yeast in the presence of Lat-A (data not
shown). Interestingly, when we tested yeast strains that
express either Ptc7, or Ptc7, exclusively, the strain that
expressed Ptc7, grew much slower than wild-type yeast;
doubling times were 4.21 and 3.03 hr, respectively
(Figure 7, light orange vs. black lines). In contrast, the
strain expressing Ptc7,, grew at a nearly identical rate to
wild type in the presence of Lat-A.

The Lat-A growth data provided preliminary evidence
that Ptc7,, might be involved in actin filament function.
We further explored the relationship between actin and
Ptc7, by using microscopy to look for colocalization of
Ptc7 and actin (see MATERIALS AND METHODS for details).
We saw no obvious colocalization of Ptc7, and actin
patches or cables (data not shown). We did, however,
uncover genetic evidence for an interaction between
Ptc7 and actin. Specifically, a synthetic genetic array
experiment (TONG et al. 2001) revealed a significant
positive/alleviating interaction between a ptc7-null
mutant and a temperature-sensitive actin allele (actl-
120) (M. CosTANZO, personal communication). These
genetic data, combined with our observation that Lat-A
affects cells lacking Ptc7,, to a much greater extent than

1.0 wild type
Ptc7y

0.8
0.6
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0.2

0 4 8 12 16 20 24
time (hr)

F1GURE 7.—Yeast lacking Ptc7, are sensitized to Latrunculin
A exposure. The graph shows the growth curves for three ho-
mozygous diploid variants of PTC7: wild type in black, PTC7,/
PTC7; in light orange, and PTC7,/PTC7, in red. Time in
hours is plotted along the xaxis and the optical density
(OD), measured at 595 nm, is plotted along the y-axis. Cells
were grown in YPD containing 1.3 um Lat-A. OD readings
were recorded every 15 min. The doubling time for each
strain in Lat-A is as follows: wild type, 3.03 hr; PTC7,/PTC7,,
2.94 hr; and PTC7,/PTC7, 4.21 hr.

cells lacking Ptc7, provide strong evidence that Ptc7,, is
functionally distinct from Ptc7,.

DISCUSSION

Here we identify the first unambiguous example of
functional alternative splicing in S. cerevisiae. P1C7, a
protein phosphatase, expresses two different mRNA iso-
forms (Figure 1A), each of which are translated into two
distinct proteins (Figure 1B) with disparate functions
(Figures 6 and 7) and unique localization patterns
(Figures 4 and 5). Intronic conservation of splice sites,
transmembrane domain positioning, and MTS occur-
rence (Figures 2 and 3 and Table 1) suggest that alter-
native splicing extends the functionality of PTC7 and
improves fitness in hemiascomycetous yeast.

Introns and the spliceosomal machinery required for
intron processing would likely be lost during evolution
if splicing did not confer a fitness advantage to S.
cerevisiae. Indeed, introns have been shown to increase
the fitness of yeast in two ways: (1) regulated splicing post-
transcriptionally regulates gene expression (ENGEBRECHT
et al. 1991; L1 et al. 1996; NARKAGAWA and Ocawa 1999;
PREKER et al. 2002; JUNEAU et al. 2007; PARENTEAU ¢l al.
2008) and (2) introns can function to enhance the trans-
criptional and translational output of the genes they
occupy (JUNEAU et al. 2006). Here we provide compelling
evidence that introns also improve the fitness of yeast by
increasing protein diversity through alternative splicing.

The question arises, Will there be other examples of
alternative splicing found in S. cerevisiae? PTC7 is the
only gene known to contain an in-frame intron lacking
stop codons (NasH e al. 2007). In-frame introns have
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been predicted, but could not be validated in yeast grown
under standard conditions in YPD (Davis et al. 2000). It
could be that splicing is condition specific, as was found
for introns in meiotic genes (ENGEBRECHT et al. 1991;
Nakacawa and Ocawa 1999; JUNEAU el al. 2007); this
suggests that mapping introns under a variety of growth
conditions could be worthwhile. Additionally, introns do
not need to be in frame to participate in functional
alternative splicing; start or stop sites could be altered via
splicing. For example, alternative splicing of an intron at
the 3" end of SRCI results in the expression of two
proteins, a fulllength protein and a truncated protein
(GRUND et al. 2008). The truncated protein is less active
and it is not known whether shortened Srcl performs a
unique function or is simply a less functional form of the
protein resulting from anomalous splicing. Further ex-
perimentation should confirm whether SRC1 is indeed
another example of functional alternative splicing.

We provide data showing that PT'C7 is alternatively
spliced, but the exact function of each protein isoform
and how they are regulated remain to be determined.
On the basis of their predicted sequences, both PTC7
protein isoforms are capable of acting as phosphatases.
Ptc7; and Ptc7, both contain all 11 conserved type 2C
protein phosphatase (PP2C) motifs (JIANG et al. 2002),
suggesting that both proteins operate as serine/threonine
phosphatases, butwith distinct cellular roles. Expression
of the two protein isoforms may be promoter depen-
dent: overexpression with either the MET25 (Ramos
et al. 2000) or the GALI inducible promoters produces
significantly more mitochondrial Ptc7, than Ptc7, (Fig-
ure 5 and Figure S1). Promoter-specific alternative
splicing has been identified in Schizosaccharomyces pombe
(MoOLDON et al. 2008); S. cerevisiae likely shares some of
the same regulatory mechanisms.

We conclude from these studies that S. cerevisiae does
indeed utilize alternative splicing to increase the com-
plexity of its proteome. Further research on yeast will
reveal and/or confirm additional examples beyond
PTC7, where intron retention results in multiple, func-
tionally distinct proteins.
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standard exposure over-exposure

Ptc7s WT Ptc7u Ptc7s WT Ptc7u

FIGURE S1.— Little Ptc7u is expressed from wild type PT'C7 when the GALI promoter controls expression. The native
promoter from PTC7has been replaced by the galactose inducible GAL] promoter in three splice variants of PTC7, wild type
(WT), spliced (Ptc7s) and unspliced (Ptc7u). The Ptc7 proteins were tagged on their C-terminus with either GI'P (W'T and Ptc7s)
or Venus (Ptc7u) and blots were stained with an anti-GFP antibody. Venus, a GI'P derivative (Nagai ¢t al.2002), was readily
bound by the anti-GFP antibody. The molecular weights of the protein standard are specified in kilodaltons on the right side of
the gel. Here we show two exposures of the same immunoblot analysis: (A) Standard exposure of immunoblot, (B) Over-exposure
of immunoblot.



