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Pumilio family (PUF) proteins affect specific genes by binding to, and inhibiting the translation or stability
of, their transcripts. The PUF domain is required and sufficient for this function. One Saccharomyces cerevisiae
PUF protein, Mpt5Sp (also called Puf5p or Uth4p), promotes stress tolerance and replicative life span (the
maximum number of doublings a mother cell can undergo before entering into senescence) by an unknown
mechanism thought to partly overlap with, but to be independent of, the cell wall integrity (CWI) pathway.
Here, we found that mpt5A mutants also display a short chronological life span (the time cells stay alive in
saturated cultures in synthetic medium), a defect that is suppressed by activation of CWI signaling. We found
that MptSp is an upstream activator of the CWI pathway: mpt5A mutants display the appropriate phenotypes
and genetic interactions, display low basal activity of the pathway, and are defective in activation of the
pathway upon thermal stress. A set of mRNAs that specifically bind to MptSp was recently reported. One such
putative target, LRG1, encodes a GTPase-activating protein for Rholp that directly links Mpt5p to CWI
signaling: Lrglp inhibits CWI signaling, LRG1 mRNA contains a consensus MptSp-binding site in its putative
3’ untranslated region, loss of Lrglp suppresses the temperature sensitivity and CWI signaling defects of
mpt5A mutants, and LRG1 mRNA abundance is inhibited by Mpt5p. We conclude that Mpt5p is required for
normal replicative and chronological life spans and that the CWI pathway is a key and direct downstream

target of this PUF protein.

The Pumilio family (PUF) proteins are conserved among the
eukaryotes (42). They bind to specific sequences in the 3’
untranslated region (3'UTR) of target transcripts via their
conserved and characteristic PUF domain and thereby inhibit
the stability or translatability of these target mRNAs (32, 50).
Indeed, the PUF domain appears sufficient for PUF proteins
to affect their target transcripts (32, 50). Five PUF proteins,
Puflp to PufSp, were thought to exist in the budding yeast
Saccharomyces cerevisiae (37, 49). A sixth, Puf6p, has recently
been reported (9). None are essential (9, 37, 49). One of the
yeast PUF proteins, Mpt5p, also known as Htrlp (23), Puf5p
(37), or Uth4p (20), promotes replicative life span (3, 20, 21),
the number of generations a virgin daughter cell can undergo
before becoming senescent. MptSp is a robust regulator of
ageing, since it also affects life span in a long-lived genetic
background (17).

In addition to displaying a short replicative life span, mu-
tants lacking MPT5 are sensitive to multiple stresses (20, 23);
for example, they cannot proliferate at high temperatures (23),
and haploid mutants are unable to recover from mating pher-
omone arrest (4, 23). Only one direct target transcript for
Mpt5p, the HO transcript, has been unequivocally identified to
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date (43), although this target does not account for the stress
tolerance and life span defects of mpt5A mutants. Recently,
MptSp was found to bind over 200 cellular transcripts, a large
fraction of which encode proteins involved in chromatin mod-
ification and transcriptional control (6). A unique consensus
Mpt5Sp-binding sequence was identified in many of the putative
targets (most commonly in their 3'UTRs), and Mpt5p was
experimentally confirmed to bind to this consensus sequence
(6). It is thus likely that many of the transcripts that bind to
Mpt5p are bone fide in vivo targets of the PUF protein. A
smaller and overlapping set of putative target transcripts has
also been identified recently by three-hybrid analysis (41).

Like all PUF proteins, Mpt5p acts to inhibit its targets tran-
scripts. MptSp stimulates the degradation of many if not all of
its target transcripts (41, 43), at least in part by MptSp-trig-
gered deadenylation. This effect may be direct, since MptSp
binds to the Pop2p-Ccrdp deadenylase complex (7).

How does Mpt5p promote stress tolerance and long repli-
cative life span? The answer is not yet known. It may do so by
affecting one key target transcript or by a cumulative effect on
multiple targets. It is always possible that a unique function of
Mpt5p regulates life span/stress tolerance, a function that is
distinct from the ability to bind to and regulate mRNA.

Intriguingly, MPT5 displays some genetic interactions (11,
16, 36) with genes encoding components of the stress response
signaling pathway involving a yeast protein kinase C, Pkclp
(28). This cell wall integrity (CWI) pathway, like MptSp, also
affects stress tolerance (27). Indeed, the overexpression of
PKC1 or genes encoding other upstream components sup-
presses the temperature sensitivity (16, 36) and partly sup-
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presses the replicative life span defect (16) of mpt5A mutants.
Intriguingly, Mpt5p, like the CWI pathway, appears to pro-
mote cell integrity. mpt5SA mutants are hypersensitive to cell
wall damaging agents, and their temperature-sensitive growth
defect is suppressed by osmotic stabilization (15). Although the
CWI pathway is thus thought to act in parallel with Mpt5p to
affect these functions (15, 16), the relationship is not firmly
established.

The CWI pathway is activated by stresses to the cell surface
(e.g., those caused by heat shock) that are sensed predomi-
nantly by a pair of sensors at the plasma membrane, Slglp (also
called Hes77p or Wsclp) (8, 13, 45) and Mid2p (22, 38). These
sensors stimulate formation of the GTP-bound form of the
small Rholp GTPase that, in turn, directly binds to and acti-
vates Pkclp (19, 34) and other targets (27). The CWI pathway
is also regulated by additional inputs and independently of
the cell surface sensors. It is responsive to starvation (24,
44), to actin cytoskeleton defects (10), and to Tor2p func-
tion (12, 40). The upstream signaling in the CWI pathway
is thus complex (27).

The signaling downstream of Pkclp is no less complex in
that the kinase appears to directly or indirectly regulate mul-
tiple distinct targets and to thereby affect a diverse range of
cellular functions (27). The pathway acts to stimulate expres-
sion of cell wall genes, e.g., via the transcription factors Swi4p
(30) and Rlm1p (48), to modulate ribosome synthesis (33), to
regulate actin polarity (5), and to affect gene silencing (1, 39).
A protein kinase cascade culminating in the mitogen-activated
protein (MAP) kinase Slt2p, also known as Mpklp (25, 26), is
the best characterized downstream branch.

In this study, we isolated MPT5 as a dosage suppressor of the
vegetative defect of mutants lacking the Slglp upstream sensor
of the Pkclp branch of the CWI pathway. We set out to
reexamine the relationships between Mpt5p, Pkclp, stress tol-
erance, and cellular life span.

MATERIALS AND METHODS

Chemicals, reagents, and growth media. All chemicals were supplied by Sig-
ma-Aldrich Chemical Corp. (St. Louis, MO) unless stated otherwise. Compo-
nents of growth media were from Becton Dickinson (Sparks, MD). Liquid media
were prepared as previously described (35). Solid media contained an additional
2% agar, except for tetrad dissection, for which 4% agar was used.

Strains, plasmids, and genetic manipulations. Yeast strains used in this study
were as follows: for the W303-1a strain background (ura3 leu2 his3 trpl ade2
canl), the MATa wild type (JVG161), MATa mpt5A::TRPI (JVG2110), MATa
sit2A::TRPI (JVG1154), MATa Irgl A::KanMX (JVG2976), MATa mpt5A::TRP1
Irgl A::KanMX (JVG2989), MATa GAL psi+ (wild type; gift of Kenji Irie [43]),
and MATa GAL psi+ kanMX6::GALIp-MPT5 (TTC75; gift of Kenji Irie [43]);
and for the S288c strain background (ura3 leu2 his3 trpl ade2 lys2), MATa/
MATa TRPI/TRPI sigl A::LEU2/sigI A::LEU2 (JVG1081 [8]).

Plasmids used in this study include pmpt5A::URA3 (pYK663; provided kindly
by Y. Kikuchi [23]), pura3A::TRPI (pJO122 [35]), pYK601 (a 2 plasmid con-
taining MPT5 and additional downstream genomic sequences [23]), YEp24 (2p
vector), pPKCI (a URA3-marked 2. plasmid containing PKCI; pDL289 [46]),
pHCS77 (a URA3-marked 2. plasmid containing HCS77; pJO36 [8]), pMPT5 (a
URA3-marked 2p plasmid containing MPT5; pG19 [this study]), pRimi-lacZ (a
URA3-marked plasmid containing two Rlmlp-binding sites in the promoter
region upstream of the lacZ reporter gene [14]), pMS602 (a plasmid derived
from pYK601 lacking 1,200-bp downstream genomic sequences [this study]) and
pMPT5APUF (a plasmid derived from pYK601 lacking the majority of the Mpt5p
PUF domain [this study; see below]).

The chromosomal copy of MPT5 gene was disrupted by direct gene disruption
in wild-type haploid MATa and MATa cells in the W303-1a and S288c strain
backgrounds by using pYK663 as previously described (23). The URA3 marker in
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the resulting mpt5A::URA3 strains was subsequently converted to TRP! by direct
gene replacement by using pJO122 as previously described (35).

The chromosomal copy of LRGI was replaced with the KanMX marker by direct
gene replacement in haploid wild-type W303-1a as previously described (2).

Double-mutant combinations were generated by mating single-disruption hap-
loid strains of the opposite mating type and selecting for heterozygous diploids.
The subsequent sporulation of the diploids and tetrad dissection using a Zeiss
Axioskop Tetrad Dissection system allowed the generation of double-mutant
haploid progeny.

Screening for multicopy suppressors of the vegetative growth defect of slglA/
slglA mutants. The sig/A/sigIA mutant (JVG1081; S288c strain background)
displays a profound inability to survive/proliferate at temperatures in excess of
30°C (8). The strain was transformed with a genomic library carried in YEp24, a
multicopy vector marked with URA3 (kind gift of J. P. Ogas). Transformants
were plated on plates containing synthetic dropout medium lacking uracil (SD-
URA) and incubated at room temperature for 4 h prior to a shift to 35°C and
incubation for 3 days. Ten transformants that formed colonies at 35°C were
identified. The corresponding plasmids were isolated for the transformants, and
those that robustly conferred the ability to proliferate at 35°C to the sigl/A/siglA
mutant (JVG1081) were identified by retransformation. Restriction mapping of
the confirmed plasmids demonstrated that seven contained SLGI. Three novel
plasmids were also identified. The ends of the inserts on the three plasmids were
sequenced. All inserts shared only one gene, MPTS5. One of these MPT5-con-
taining plasmids, pMPT5 (pG19), which was the most robust suppressor of the
slgl A/slgI A defect, was used in subsequent analyses.

An independently derived high-copy plasmid expressing MPTS5 (a kind gift of
Y. Kikuchi [23]), pYK601, was also found to efficiently suppress the siglA/sigI A
growth defect. To test if overexpression of MPT5 is sufficient for this suppression,
the sequence beyond 1,200 bp downstream of MPT5 in pYK601 was deleted by
the excision of a Zhol-to-Sall fragment; subsequent recircularization of the
plasmid yielded pMS602 by standard methodology. MPT5 is the only gene re-
maining within the insert in this plasmid. Transformation with pMS602 efficiently
suppressed the slg/A/slgIA growth defect. The overexpression of MPT5 alone is
thus sufficient for suppression of sig/A/slgl A mutants.

Construction of pMPT5APUF. The PUF domain in Mpt5p lies between res-
idues 196 and 499. In the MPT5-containing plasmid pYK601, the only BamHI
site lies in the sequence that corresponds to residue 260 of the Mpt5p protein. A
unique Xhol site lies approximately 1,200 bp downstream of the MPT5 open
reading frame. Most of the region of MPT5 corresponding to the conserved PUF
domain was deleted from pYKG601 as follows. The plasmid was used as a template
for a PCR amplification with primers “BamHI-Forward” (5'-CATTACTGGA
GGATCCTAATAACAATGGGGGTGCT-3") and “Downstream-Reverse” (5'-
CGAAATCCCTTGTATCTT-3"). The amplified fragment contained the 3’ end
of the MPT5 gene plus approximately 1,200 bp of downstream flanking sequence
(containing the Xhol site) but with a BamHI site engineered immediately up-
stream of the sequence corresponding to residue 474 of Mpt5p. This PCR
product was digested with BamHI and Xhol and ligated into linear pYK601,
from which its BamHI-to-Xhol fragment had been excised. The ligated product
(pPMPT5APUF) expressed a version of MptSp (MptSpAPUF) lacking only resi-
dues 261 to 473 (inclusive) and expressing a protein that lacks most (70%) of its
PUF domain.

Determination of cell viability. The viability of cells in culture was determined
as previously described (24) using the viability dye methylene blue. Live (color-
less) and dead (dark blue) cells were visualized using a Leitz Orthoplan fluores-
cent microscope in nonfluorescence mode. A minimum of 200 cells were counted
for each sample.

Determination of cell lysis. Cell lysis was determined for aliquots of cell
cultures as previously described (24) using propidium iodide staining. A mini-
mum of 200 cells were counted for each sample.

Determination of acquired thermotolerance. Acquisition of thermotolerance
was measured essentially as previously described (18).

Determination of SIt2p activity. Slt2p activity was inferred from its phosphor-
ylation state as determined by Western blot analysis using anti-phospho-p44/42
MAP kinase monoclonal antibody (Cell Signaling Technology, Beverly, MD) as
previously described (24). The amount of Slt2p was determined using a goat
anti-Slt2p antibody from Santa Cruz Biotechnology (Santa Cruz, CA). A loading
control antibody (rabbit anti-Rpd3p) was supplied by Upstate Biotechnology
(Lake Placid, NY).

Rlmlp is a transcription factor that is a direct target of Slt2p. RIm1p activity
is a faithful reporter of Slt2p status (14, 27). Therefore, Slt2p activity was also
assayed using a plasmid (pRlm1-lacZ) containing a lacZ reporter gene under the
control of Rlmlp (kind gift of D. E. Levin) as previously described (14).
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Determination of chronological life span. Duplicate 50-ml cultures of trans-
formants were grown in synthetic medium lacking uracil at 26°C with agitation.
At daily intervals after inoculation, 1-ml aliquots were collected and sonicated
for 5 s. The optical density at 600 nm (ODy) was measured, and samples were
diluted into distilled water prior to plating onto yeast extract-peptone-dextrose
(YPD) plates. Each sample was plated in triplicate. Plates were incubated at
30°C for 4 days prior to colony counting. Time zero for the chronological ageing
experiment was determined as the first point at which the ODg, reached a
plateau, i.e., when the cultures had saturated.

RNA preparation, Northern blot analysis, and quantification. A 5-ml over-
night culture was diluted 1:10 and allowed to grow to an ODg, of 0.3 to 0.4. For
the mpt5A cells and the corresponding wild type, the cells were grown in YPD
medium; for the GALp-MPTS5 cells and the corresponding wild type, the cells
were grown initially in YP medium supplemented with raffinose (YP-raffinose)
and then diluted into either YP-raffinose or YP-galactose and grown for 6 h.
RNA preparation, gel electrophoresis, Northern blot analysis, and quantification
were performed as previously described (41) with the following exceptions: RNA
was precipitated with 3 volumes of 100% ethanol, and the phosphorimages were
processed using a Fujifilm BAS-1500 phosphorimager and analyzed using Fuji
Image Reader and Fuji Image Gauge software. The LRGI mRNA level in each
sample was calculated relative to the ACTI mRNA level for the same sample.
The resulting ratios were used to calculate the relative expression levels of LRG1
mRNA referenced to the ratio in untreated wild-type control samples. The
following primers (Sigma-Genosys, Suffolk, United Kingdom) were used for
PCR amplification of the LRGI probe from Saccharomyces cerevisiae genomic
DNA (Invitrogen, Paisley, United Kingdom): LRGIF (5'-TTCTGCTGGTTAT
CGATCGCT-3") and LRGIR (5'-TTTCACCTTGTATGACCGTTG-3'). The
following primers were used for PCR amplification of the ACTI gene: ACTI1A
(5'-CTCCTTTTTGAAATATTTTTGG-3') and ACTID (5'-ATAAAACTGAA
AAGCGATGAAGAGA-3").

RESULTS

mpt5A mutants display a short chronological life span, a
defect suppressed by overexpression of PKCI. Many mutations
that affect replicative life span also affect chronological life
span—the time that cells grown to saturation in synthetic me-
dium retain the ability to proliferate when returned to fresh
medium (for a review, see reference 3). Mutants lacking com-
ponents of the Pkclp branch of the CWI pathway display a
short chronological life span (24). Is the same true for mpt5
mutants? We cultured congenic wild-type and mpt5A mutants,
each transformed with a vector, to stationary phase in selective
synthetic medium and monitored CFU as a function of time.
As shown in Fig. 1A, mpt5A mutants displayed a severely
reduced chronological life span compared with congenic wild-
type cells. We conclude that MptSp is a positive regulator of
both replicative and chronological life span.

We found that the overexpression of PKCI also efficiently
suppressed the chronological ageing defect of mpt5A mutants
(Fig. 1B). Consistent with its effects on replicative life span
(21), the overexpression of PKCI did not extend the chrono-
logical life span of wild-type cells; indeed, it may have short-
ened it (time for 50% loss of CFU was reduced from 11 days
to 10 days). We conclude that the overexpression of PKCI is
sufficient to suppress the chronological life span defect of
mpt5A mutants but not to extend the life span of otherwise
wild-type cells. The functional overlap between MPTS5 and
PKC1 is thus extensive, and it covers stress tolerance, replica-
tive life span, and chronological life span.

mpt5A mutants display phenotypes characteristic of partial
loss of Pkelp activity. Mutants lacking MPTS5 in the W303-1a
strain background have previously been reported to display a
temperature-sensitive proliferation defect (23) that is sup-
pressed by osmotic stabilization (15). Such osmotic remediality
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FIG. 1. mpt5A mutants display a short chronological life span, a
defect suppressed by overexpression of PKCI. Wild-type (WT;
JVG161) and mpt5A (JVG2110) cells were transformed with a (A) vec-
tor or (B) pPKC1 (pDL289). The transformants were grown to sta-
tionary phase in synthetic dropout medium at 30°C. Numbers of CFU

were determined as a function of time after saturation by plating
dilutions onto YPD plates.

is a characteristic of, although it is not necessarily unique to,
mutants lacking components of the Pkclp branch of the CWI
pathway.

Another key characteristic of mutants that are partly defec-
tive in Pkeclp signaling is death by cell lysis at high tempera-
tures (27). Do mpt5A mutants also display this phenotype? We
grew congenic cultures of haploid mpt5A mutants, sif2A mu-
tants (as a positive control), and congenic wild-type cells (as a
negative control), all in the W303-1a strain background, in
liquid rich medium to mid-logarithmic phase at 23°C. Cultures
were shifted to 37°C, and the cell viability and degree of cell
lysis were determined as a function of time after the temper-
ature upshift. As shown in Fig. 2A, mpt5A cells, like slt2A cells,
lost viability significantly more than did wild-type cells over the
time course of the experiment. Furthermore, as shown in Fig.
2B, mpt5A mutant cells were prone to lyse at high temperature,
concomitant with the loss of cell viability. We conclude that
mpt5SA mutants, like those defective in Pkclp signaling, die by
cell lysis at high temperatures.

Overexpression of MPT5 suppresses the temperature-sensi-
tive proliferation defect of mutants lacking Slglp, a cell sur-
face sensor that acts upstream of Pkclp. In an independent
attempt to identify novel components of the Pkclp pathway,
we screened a genomic library for genes that, when overex-
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FIG. 2. mpt5A mutants die by lysis at high temperatures. Wild-type (WT; JVG161), mpt5A (JVG2110), and slr2A (JVG1154) cells were grown
to mid-logarithmic phase at 23°C and shifted to 37°C. Cell viability (A) and cell lysis (B) were monitored as a function of time after the temperature
upshift. At least 200 cells were counted per time point. Representative data are shown.

pressed, suppressed the temperature-sensitive growth defect of
homozygous diploid mutants lacking SLG 1, the gene encoding
a key cell surface sensor of the CWI pathway. Such high-copy
suppressors may encode positive activators of Pkclp function,
since the overexpression of PKC1 itself suppresses the vegeta-
tive defect of these sig/A/sigIA mutants (8). In addition to
finding plasmids containing SGLI itself or PKCI, we isolated
three independent plasmids sharing only MPT5 (Fig. 3 and
data not shown). We showed that expression of MPT5 was
sufficient for this suppression (data not shown). MPT5 thus
shares with PKC1 the ability to potently suppress the vegetative
growth defect of sig/ mutants.

Genetic interactions between MPT5 and genes encoding the
Pkclp pathway components. If MptSp acts in the CWI pathway
and in the same branch as the Slglp sensor, we would expect
mpt5A siglA double mutants to be viable and to display a
phenotype no worse than that of the single mutants. We con-
structed double-mutant haploid progeny by standard genetic
manipulation. These progeny proliferated on YPD medium at
25°C, and no synthetic enhancement of phenotype was noted
at any temperature tested (data not shown). We found the
same for mpt5A slit2A double mutants (data not shown). MPT5
thus shows no synthetic genetic interaction with SLGI or
SLT2, consistent with the proteins acting in the same rather
than in parallel pathways to maintain cell integrity.

If Mpt5p acts in the CWI pathway, then we should be able to
place it at a point within the pathway by epistatic analysis.
Given that the growth defects of mpr5A mutants are sup-
pressed by the overexpression of PKCI (16, 36; data not
shown), we would expect Pkclp to act downstream of Mpt5p in
the pathway. Consistent with this model, we found that over-
expression of MPT5 did not suppress the growth/proliferation
defects of pkc1” mutants or of mutants defective in the down-
stream MAP kinase branch, e.g., bckIA or slt2A mutants (Fig.
3). Genetic analyses together point to Mpt5p as being a com-
ponent of the CWI pathway and acting between Slglp and
Pkelp.

Mpt5p is required for thermal activation of the Pkclp path-
way. One assayable target of Pkclp is the downstream MAP

kinase Slt2p. This protein kinase is activated and dual phos-
phorylated on tyrosine and threonine in response to a variety
of stresses, including heat shock (31). Heat shock-triggered
activation results from thermal stress to the cell surface being
detected by the Slglp and Mid2p cell surface sensors (8, 31).

Mutant | SePPression
sigl +
pkcl _
(sttl-1)
bekl =
sle2 -

FIG. 3. Overexpression of MPT5 suppresses the growth defect of
slgl A mutants but not mutants affecting downstream signaling in the
CWI pathway. slg/A/sigI A (JVG1081) mutants were transformed with
a vector (YEp24), pMPT5 (pG19), or pSLGI (pJO36). Transformants
were selected at 25°C, streaked onto fresh plates, and incubated at
25°C or 30°C for 3 days prior to being photographed. Similar experi-
ments were performed with other mutant strains containing either
pkcl-1, beklA, or slit2A (data not shown). The results from all these
analyses are tabulated here, where “+” indicates suppression of the
temperature-sensitive growth defect of each strain by overexpression
of MPT5 (pG19) and “—” indicates no such suppression.
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FIG. 4. Mpt5p is required for heat shock-triggered activation, but
not latruculin-stimulated activation, of the CWI/Pkclp pathway.
(A) Wild-type (WT; JVG161) and mpt5A (JVG2110) cells were grown
to mid-logarithmic phase at 23°C and then rapidly shifted to 30°C at
time zero. The phosphorylation status of Slt2p was monitored as a
function of time after the temperature shift by Western blot analysis.
(B) Wild-type (JVG161) and mpt5A (JVG2110) cells were grown to
mid-logarithmic phase at 23°C and incubated for 1 h at 37°C prior to
a rapid shift to 50°C. Cultures were diluted and plated on YPD plates
and incubated at 25°C for 3 days. CFU were calculated as a function of
time at 50°C. (C) Wild-type (JVG161) and mpt5A (JVG2110) cells
were grown to mid-logarithmic phase at 23°C and treated with 40 pg/pl
latrunculin B or drug vehicle only (ethanol) or left untreated for a
further 2 h. The phosphorylation status of Slt2p was determined by
Western blot analysis using anti-dual phospho-Slt2p antiserum.

To determine if mutants lacking MPT5 are defective in Pkclp
signaling, we subjected cultures of congenic wild-type and
mptSA mutant cells to a rapid heat shock from 23°C to 39°C.
Samples were taken up to two hours after the temperature
upshift, by which time there had been no appreciable cell death
(data not shown). The samples were subjected to Western blot
analysis using an anti-dual-phospho-SIt2p antibody. As shown
in Fig. 4A, Slt2p was strongly dual phosphorylated by 30 min
after heat shock of wild-type cells. In contrast, Slt2p was only
poorly dual phosphorylated upon heat shock of mpt5A mu-
tants, and this residual activation occurred more slowly than in
wild-type cells. MptSp is thus required for optimal activation of
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the Pkclp-MAP kinase pathway upon heat shock, a stress
sensed by the Slglp and Mid2p cell surface sensors.

An independent and quantitative output of Slt2p activation
upon thermal stress is acquired thermotolerance, the phenom-
enon whereby prior exposure of cells to a high but sublethal
temperature confers increased tolerance to subsequent trans-
fer to a lethal temperature (18). Slt2p is both required and
sufficient for acquired thermotolerance in yeast (18). Cultures
of congenic wild-type and mpt5A mutants were subjected to a
lethal temperature (50°C) with and without prior incubation at
37°C. Preincubation of wild-type cells at 37°C largely pre-
vented rapid cell death, and the protection persisted, in part at
least, for up to 20 min at 50°C (Fig. 4B). In contrast, mpt5A
mutants acquired only partial protection from preincubation at
37°C (Fig. 4B). This observation is consistent with mpt5A mu-
tants being defective in thermal activation of CWI signaling.

mpt5A mutants are not defective in latrunculin-triggered
activation of Slt2p. Depolymerization of the actin cytoskeleton
strongly activates the Pkc1p-MAP kinase branch but indepen-
dently of the cell surface sensors (10). Is Mpt5p also required
for this activation? We treated proliferating wild-type and
mpt5A cells with the actin-depolymerizing drug latrunculin B
or with its vehicle alone or left the cells untreated. Samples
were harvested two hours later, and the phosphorylation (and
thus activation) status of Slt2p was determined as described
above. As shown in Fig. 4C, Slt2p was strongly phosphorylated
in both wild-type and mpt5A mutants in response to treatment
with latrunculin B. Thus, Mpt5p is not required for activation
of the Pkc1p-MAP kinase branch in response to actin cytoskel-
etal defects. These data confirm that Pkclp-to-Slt2p signaling
is not inherently compromised by the absence of Mpt5p, nor is
actin-to-Pkclp signaling adversely affected. Rather, we con-
clude that MptSp acts selectively if not specifically on the
upstream branch that transmits cell surface state, as sensed by
the Slglp sensor, to Pkclp.

The PUF domain of Mpt5p is required for its function in the
CWI pathway. Because Mpt5Sp is a PUF protein, it is tempting
to hypothesize that it affects CWI signaling via its ability to
bind to and regulate mRNAs (32, 42, 50). In this scenario, we
would expect the PUF domain of Mpt5p to be essential for its
function in the Pkclp pathway. To test this hypothesis, we
constructed a plasmid expressing an engineered form of
Mpt5p, MptSpAPUF, corresponding to an in-frame fusion of
the N- and C-terminal domains of the wild-type protein and
lacking most of the PUF domain (Fig. 5A) (see Materials and
Methods). This construct, in contrast to a version expressing
full-length MPT5, failed to complement the temperature sen-
sitivity of mpt5A mutants (data not shown) and failed to sup-
press the temperature sensitivity of sig/A/slgA mutants (Fig.
5A). Mpt5p may thus regulate CWI signaling by affecting one
or more target transcripts.

LRGI is a candidate target transcript linking Mpt5Sp to the
CWI pathway. Based on the mode of action of PUF domains
(42), we predicted that MptSp binds to and inhibits a target
transcript that encodes an upstream inhibitor of Pkclp sig-
naling. We examined the 3'UTRs of predicted transcripts
encoding known or suspected upstream inhibitors of the
CWI pathway (27): the multiple Rho-GTPase activating
proteins (Rho-GAPs) and the yeast Rho GDP-dissociation
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FIG. 5. Mpt5p destabilizes the LRG1 transcript to regulate CWI signaling. (A) The PUF domain of Mpt5p is required for function in the CWI
pathway. siglA/sigIA (JVG1081) mutants were transformed with a vector (YEp24), pMPT5 (pYK601), or pMPTSAPUF. After selection on the
appropriate medium, the transformants were grown in selective liquid medium and diluted to an ODy, of 0.02. This dilution was spotted along
with two further 1:100 dilutions onto two selective plates, one grown at 25°C and the other at 30°C. The plates were incubated for 3 days. (B) The
Mpt5p consensus binding sequence (6) matches the putative Mpt5p-binding sequence in the LRGI 3'UTR. (C) Loss of LRGI suppresses mpt5
mutants. Wild-type (JVG161), mpt5A (JVG2110), IrglA (JVG2976), and mpt5SA Irgl A (JVG2989) cells were plated on rich medium plates and
grown at either 25°C or 38°C for 3 days. (D) Loss of LRGI suppresses the Pkclp signaling defect of mpt5 mutants. Wild-type (JVG161), mpt5SA
(JVG2110), IrgIA (JVG2976), and mpt5SA IrglA (JVG2989) cells were transformed by conventional methods with the pRlml-lacZ reporter
construct, which faithfully reports on Slt2p activity in vivo. Reporter activity was quantified for each transformant grown to mid-logarithmic phase
in synthetic medium at a permissive temperature. (E) Mpt5p regulates the LRGI mRNA level. Wild-type (JVG161) and mpt5A (JVG2110) cells
were cultured to mid-logarithmic phase in YPD medium at room temperature and collected, and total RNA was prepared. A GAL-MPT5 strain
(TTC75) and its congenic wild type were cultured to mid-logarithmic phase in YP-raffinose and transferred to YP-raffinose or YP-galactose and
cultured for 6 h. Samples ( = 0 and t = 6 h) were collected, and total RNA was prepared. All RNA samples were Northern blotted. Transcripts
were detected by phosphorimaging. The LRG1 transcript level was quantified relative to the ACT1 transcript control for each sample, and relative

expression values between samples were calculated relative to untreated wild-type control samples.

inhibitor. We identified a putative PUF-binding site in the
predicted 3'UTR of the predicted LRGI mRNA (29, 47),
encoding a Rho-GAP (29, 47), that matches the consensus
MptSp-binding sequence (6) (Fig. 5B). The LRG! transcript
was independently found to physically bind to Mpt5p and not
to the other yeast PUF proteins tested (6). The LRGI tran-
script may thus be an MptSp-specific target that links this PUF
protein to the CWI pathway.

Lrglp is an inhibitor of Pkclp signaling. Not all Rho-GAPs
act on Rholp, and those that do can selectively affect the
activity of only a subset of their targets, only one of which is
Pkclp (27). If the LRGI transcript is a relevant target of
Mpt5p, then it should encode a negative regulator of the Pkclp
signaling. To test this possibility, we constructed an Irg/A mu-
tant in the W303 strain background and assayed the basal
activity of the Pkclp pathway by exploiting an Rlm1p-depen-
dent lacZ reporter construct whose expression is dependent on
Slt2p activity (and therefore Pkclp activity) (14). As shown in

Fig. 5D, we found that basal reporter activity was low in mpt5A
mutants (demonstrating that MptSp is also required for full
basal activity of the CWI pathway) but, in contrast, was signif-
icantly elevated in the /rg/ A mutants. We conclude that Lrglp
is indeed a negative regulator of Pkclp signaling.

Loss of LRG1 suppresses mpt5A defects. If LRGI is a key
target of Mpt5p, then deletion of LRGI should suppress the
phenotypes of mpt5A mutants. To test this possibility, we
constructed IrgA mpt5A double mutants by standard genetic
manipulations. As shown in Fig. 5C, we found that deletion
of LRGI efficiently suppressed the temperature-sensitive
growth defect of mpt5A mutants. As shown in Fig. 5D, we
also found that loss of LRGI suppressed the Pkclp-signaling
defect of mpt5A mutants. However, it is clear that LRG1 is
not the only relevant target of Mpt5p, since reporter activity
was lower in IrglA mpt5A mutants than it was in lrg/A
mutants, i.e., MptSp affects Slt2p signaling even in the ab-
sence of LRGI.
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FIG. 6. Proposed model for Mpt5p action. Mpt5p affects cell in-
tegrity and stress tolerance predominantly, if not exclusively, by mod-
ulating CWI-Pkclp activity. Mpt5p affects Pkclp activity in part by
directly binding to and inhibiting the stability of the LRGI transcript.
The reduction in Lrglp levels, a Rhol-GAP, results in increased
amounts of active Rholp-GTP complex. This complex binds to and
activates Pkclp, which then promotes cell integrity and stress tolerance
(27). Mpt5p must also affect the CWI-Pkclp pathway independently of
LRGI, by binding to one or more additional and unidentified tran-
scripts whose products act directly or indirectly in the pathway. The
effects of MptSp on chronological and replicative life span are only
partly dependent on CWI-Pkclp signaling. Other, as-yet-unknown tar-
get transcripts likely regulate other distinct pathways that, with the
CWI pathway, cooperate to regulate cellular life span.

LRGI1 transcript level is dependent on Mpt5p. Is LRGI a
target of Mpt5p? If so, then MptSp should regulate the steady-
state abundance of the LRG1 transcript. To test this, we de-
termined the relative abundance of LRGI mRNA in the pres-
ence and absence of MptSp and upon galactose-induced
overexpression of MPT5 in otherwise wild-type cells. As shown
in Fig. 5E, we found that the loss of Mpt5p elevated the
abundance of LRG1 mRNA (by approximately a third) and,
conversely, that the overexpression of MPTS5 repressed its
abundance (by approximately 50%). We conclude that the
LRG]I transcript is a target of MptSp that directly links this
PUF protein to the CWI pathway.

DISCUSSION

The CWI pathway is a key downstream target of MptSp. It
was proposed that MptSp and the Pkclp/CWI pathway act in
parallel to maintain cell integrity and to promote replicative
life span (15, 16). Multiple lines of evidence coalesce here to
support a revised model in which Mpt5p acts in the CWI
pathway (Fig. 6). First, mpt5A mutants display the phenotypes
characteristic of mutants that are partially defective in the
Pkclp branch of the pathway, e.g., death by lysis at high tem-
peratures (Fig. 2A and B). Second, genetic and epistatic anal-
yses place Mpt5p in the CWI pathway and upstream of Pkclp
(Fig. 3 and data not shown). Third, by multiple independent
assays, we find that mpt5A mutants are compromised in basal

EUKARYOT. CELL

activity (Fig. 5D) as well as in heat-shock activation of the
Pkclp pathway (Fig. 4A and B). Finally, we show that a direct
Mpt5p target transcript, the LRGI mRNA, encodes a relevant
inhibitor of Pkclp signaling (Fig. 5), thereby establishing a
direct link between this PUF protein and the CWI pathway.

A synthetic genetic interaction has been noted (16) between
mpt5A and swi4A, the latter lacking a transcription factor that
acts partly in the CWI pathway downstream of Slt2p (27). This
interaction may, in contrast to our analysis, point to this PUF
protein as acting in parallel to the CWI pathway (16). How-
ever, mutations in other components of the CWI pathway,
including in SLT2 and SLGI, also show synthetic lethal inter-
actions with swi4A mutations (8). This surprising behavior is
due to Swidp also having a second, partly redundant function,
to drive expression of genes at the G,-S transition of the cell
cycle (35), but independently of the CWI pathway (reviewed in
reference 27). A synthetic genetic interaction with swi4A mu-
tations is thus a characteristic of mutations in genes encoding
CWI components (8), including MPT5.

The Pkclp branch of the CWI pathway appears to be a
critical target of Mpt5p action, since PKCI suppresses the
stress tolerance (16, 36), replicative life span defect (16), and
chronological life span defect (Fig. 1A and B) of mpt5 mutants.
However, it may not be the sole key target for all the functions
of this PUF protein.

It is likely that MptSp acts predominantly if not exclusively
through Pkelp to support cell integrity and stress tolerance in
proliferating cells. In particular, the lack of any additive or
synthetic consequence when mpt5A mutations are combined
with either the sig/A or slt2A mutation argues strongly that
Mpt5p acts solely in the CWI pathway under the conditions
tested, during vegetative proliferation and at elevated temper-
atures (data not shown).

Mpt5p is thought to extend replicative life span by inhibiting
the formation of extrachromosomal rDNA circles (ERCs).
These ERCs are derived from recombination at the repetitive
rDNA locus. Mpt5p is thought to modulate gene silencing at
the rDNA locus via Sir2p (21). Intriguingly, the Pkclp pathway
itself can act to inhibit ERC formation (39), consistent with it
mediating, at least in part, the effects of Mpt5p on replicative
life span. Paradoxically, the Pkclp pathway can also act to
shorten replicative life span, in this case by phosphorylating the
Sir3p silencing protein (39). It is possible that MptSp selec-
tively activates the life span-extending function(s) of Pkclp
over its life span-limiting function(s). However, all is not sim-
ple. The overexpression of PKCI does not fully phenocopy
high-level overexpression of MPT5; the latter extends replica-
tive and chronological life spans of otherwise wild-type strains,
whereas the former does not (16) (Fig. 1B). This disparity
could exist for technical reasons (levels of expression, toxicity
of ectopically expressed genes) but most likely points to the
existence of one or more additional key effectors of this PUF
protein in regulating cellular life span (see below).

How does Mpt5p modulate CWI signaling? Mpt5p appears
to selectively if not specifically act on the upstream branch of
the CWI pathway that responds to cell surface state. Activa-
tion of the Pkclp-MAP kinase branch in response to heat
shock is partly dependent on Mpt5p (Fig. 4A to C); the
response to actin depolarization is not affected (Fig. 4D).
Heat stress is sensed by the cell surface sensors Slglp and
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Mid2p and acts through the Rholp GTPase (8, 31). The
sensing of actin defects appears to be largely independent of
these components (10).

It is likely that Mpt5p acts via its PUF domain, since this
domain is required for complementation of the temperature-
sensitive growth of mpt5A strains (data not shown) and for the
overexpression of MPT5 to suppress the growth defect of sig/A
mutants (Fig. 5A). Because PUF domains are known in other
cases to be both necessary and sufficient for binding to and
inhibiting target transcripts (32, 50), it is likely that Mpt5p also
acts by inhibiting one or more target transcripts. The recent
identification of transcripts that bind to the Mpt5p PUF do-
main (6) supports this notion.

The LRGI transcript is likely to be a relevant target that
directly links MptSp into the CWI pathway (Fig. 6). First,
LRGI mRNA was found to physically associate with Mpt5p in
vitro (6). In an independent study, LRGI mRNA was con-
firmed to bind Mpt5p by in vivo three-hybrid analysis (41).
LRGI mRNA has not been found to associate with any of the
other yeast PUF proteins tested (6), consistent with it being a
specific target of Mpt5p, the only yeast PUF protein to be
directly implicated in regulating stress tolerance and cellular
life span. Second, the LRGI mRNA contains a putative
MptSp-binding site in its 3'UTR that conforms with the unique
consensus binding site for this protein (Fig. 5B) (6). This con-
sensus sequence is sufficient for interaction with Mpt5p in vivo
(6). Third, Mpt5p acts to inhibit the stability (41) of its target
transcripts. It is thus likely that Mpt5p inhibits the expression
of an inhibitor of CWI signaling. Here, we show that Lrglp is
such an inhibitor of Pkclp/CWI signaling (Fig. 5D). Fourth, we
show that inactivation of LRGI is sufficient to elevate Pkclp/
CWTI activity in mpt5A mutants (Fig. 5D) and to restore their
ability to proliferate at high temperatures (Fig. 5C). Finally, we
show that LRGI mRNA abundance is affected by, and is in-
versely proportional to the levels of, Mpt5p (Fig. SE).

However, LRG1 is unlikely to be the only relevant target of
Mpt5p, since loss of Mpt5p activity can affect Pkclp signaling
even in the absence of LRG1 (Fig. 5D). At least one other
target of this PUF protein must directly or indirectly inhibit
upstream CWTI signaling (Fig. 6). Of the other known direct
inhibitors of the CWI pathway, the mRNA for only one, Sac7p,
was also found to physically associate with Mpt5p (6). How-
ever, this association may not be physiologically relevant, since
the SAC7 transcript does not contain a putative PUF-binding
site, nor is the association detected between it and MptSp an
avid one (6). More research is needed.

Any model attributing the effects of Mpt5p to one or to a few
direct target transcripts is likely to be overly simplistic. First,
PUF proteins, in yeast at least, appear to modulate the expres-
sion of their target transcripts rather than to act as on/off
switches (41, 42, 43) (Fig. SE). Mpt5p is therefore likely to
affect expression/translation of any specific target to a modest
degree, an effect that is likely to have moderate phenotypic
consequences on its own. Second, over 200 putative target
transcripts of Mpt5p have been identified (6, 41). It would be
surprising if the major effects noted for Mpt5p were mediated
by its effects on one or on a small number of these targets.
Finally, the large set of putative Mpt5p targets is highly en-
riched for genes encoding proteins that affect gene silencing
and chromatin remodeling, functions directly related to repli-
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cative ageing (6) and only partly overlapping the known roles
for the CWI pathway (27).

The most parsimonious model is that MptSp affects stress
tolerance and cellular life span by a cumulative effect on many
if not most of its target transcripts, a subset of which affect the
CWI pathway and thereby stress tolerance and cell integrity
and a subset (or most) of which act independently of, but
synergistically with, CWI signaling to affect cellular life span
(Fig. 6). In this model, Mpt5p acts by the cumulative effect of
many individually small changes in gene expression. This com-
plexity notwithstanding, our data point to the CWI pathway as
being a key and direct downstream actor in Mpt5p function.
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