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A B S T R A C T

The Ser/Thr protein phosphatase Ppz1 from Saccharomyces cerevisiae is the best characterized member of a
family of enzymes only found in fungi. Ppz1 is regulated in vivo by two inhibitory subunits, Hal3 and Vhs3,
which are moonlighting proteins also involved in the decarboxylation of the 4-phosphopantothenoylcysteine
(PPC) intermediate required for coenzyme A biosynthesis. It has been reported that, when overexpressed, Ppz1 is
the most toxic protein in yeast. However, the reasons for such toxicity have not been elucidated. Here we show
that the detrimental effect of excessive Ppz1 expression is due to an increase in its phosphatase activity and not
to a plausible down-titration of the PPC decarboxylase components. We have identified several genes encoding
ribosomal proteins and ribosome assembly factors as mild high-copy suppressors of the toxic Ppz1 effect. Ppz1
binds to ribosomes engaged in translation and copurifies with diverse ribosomal proteins and translation factors.
Ppz1 overexpression results in Gcn2-dependent increased phosphorylation of eIF2α at Ser-51. Consistently,
deletion of GCN2 partially suppresses the growth defect of a Ppz1 overexpressing strain. We propose that the
deleterious effects of Ppz1 overexpression are in part due to alteration in normal protein synthesis.

1. Introduction

Ppz1 is a type 1-related Ser/Thr protein phosphatase only found in
fungi [1,2]. In Saccharomyces cerevisiae the enzyme is a 692-residue
protein composed of a C-terminal catalytic domain, about 60% identical
to Glc7, the catalytic subunit of bona fide yeast PP1, and a long N-
terminal segment (~350 residues) unrelated to other proteins [3,4].
The genome of S. cerevisiae contains a paralog, Ppz2, whose function is
far less relevant [4,5]. Ppz1 plays a fundamental role in the main-
tenance of monovalent cation homeostasis; this occurs by two com-
plementary mechanisms: the regulation of the influx of potassium
through the high-affinity Trk transporters and the expression of the
Na+/K+-ATPase encoded by the ENA1 gene [6–9]. As a result, cells

lacking Ppz1 are hypertolerant to Na+ and Li+ cations, and sensitive to
conditions or drugs affecting cell wall integrity [4,6,10,11]. More re-
cently, Ppz1 has been involved in the regulation of endocytic trafficking
and ubiquitin turnover through dephosphorylation of ubiquitin Ser-57
[12].

The activity of Ppz1 is regulated by its inhibitory subunits Hal3 and
Vhs3 (being the action of Hal3 more relevant in vivo), which bind to the
catalytic domain of the phosphatase [10,13–16]. In S. cerevisiae and
other related fungi, Hal3 and Vhs3 are moonlighting proteins that play
a key role in the formation of an atypical heterotrimeric phospho-
pantothenoylcysteine decarboxylase (PPCDC) enzyme [17] and, hence,
in the biosynthesis of coenzyme A (CoA). Such heterotrimeric enzyme is
made up of an essential Cab3 subunit plus Hal3 or/and Vhs3 subunits.
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This CoA-related function explains why hal3∆ vhs3∆ double mutant
cells are not viable [13].

The activity of Ppz1 must be finely regulated in the cell since an
abnormal increase in the level of the protein impairs cell growth. This
was observed long ago when Ppz1 was expressed from an episomal
plasmid driven either by the strong inducible GAL1-10 or by its cognate
promoter [10,18]. Further research indicated that high levels of Ppz1
cause a delay in the G1/S transition of the cell cycle and in the ex-
pression of G1 phase cyclins Cln2 and Clb5. Furthermore, the Ppz1-
induced growth defect was completely rescued by the concomitant high
dosage of the HAL3 gene [19]. A shift toward the G1 phase of the cell
cycle has been subsequently confirmed by a high throughput flow cy-
tometry screen in a W303-derivative strain using GAL1-10-driven
overexpression of Ppz1 [20].

However, beside this evidence, the actual reasons for Ppz1 toxicity
have not been precisely clarified and the authentic cellular targets of
this phosphatase are largely unknown. Remarkably, a recent genome-
wide study using the genetic tug-of-war (gTOW) approach to identify
dosage-sensitive genes revealed that PPZ1 is the gene for which the cell
has the lowest tolerance limit [21], thus suggesting that Ppz1 is likely
the most toxic protein when overexpressed in budding yeast. Given the
importance of S. cerevisiae both as biological research model and as
organism of biotechnological relevance, and the relatively scarce
knowledge about the cellular targets of the Ppz1 phosphatase, we
considered relevant to investigate the molecular grounds for its extra-
ordinary cellular toxicity. In this work, we have generated several tools
that allow regulated expression of Ppz1 and we have demonstrated that
the toxic effect of the overexpression of Ppz1 is due to an increase in its
catalytic activity and not to down-titration of its regulatory subunits
Hal3 and Vhs3, resulting in impaired CoA biosynthesis. Furthermore,
we show that Ppz1 interacts with diverse ribosomal components and
that an excess of Ppz1 activity results in polysome depletion and
phosphorylation of the translation initiation factor eIF2α at its serine
51. All these results point to an impact of Ppz1 overexpression on
translation initiation that partially explains the observed cell growth
blockage. Therefore, the use of genetic tools that allow overexpression
of Ppz1 (somehow equivalent to a gain of function mutation) could help
to understand the physiological functions of this specific phosphatase.

2. Material and methods

2.1. Growth of yeast strains

Yeast cells were incubated at 28 °C in YP medium (1% yeast extract,
2% peptone) or in synthetic medium (SC) lacking the appropriate se-
lection requirements [22], supplemented with a carbon source such as
glucose (Glu, as in YPD), raffinose (Raff) or galactose (Gal), as in-
dicated, at 2% unless otherwise stated. Plates contained 2% agar. Yeast
strains used in the present study are defined in Table 1. Transformed
yeast cells containing PPZ1 under the control of any doxycycline-re-
pressible promoter were always plated in medium containing doxycy-
cline (100 μg/ml).

Growth assays in liquid medium were performed in 96-well plates.
Wild-type BY4741, ppz1 and ZCZ01 strains were grown in YPD medium
overnight, and then transferred to YP Raffinose containing diverse
amounts of galactose at initial OD600 of 0.004. After 24 h of growth at
28 °C, the OD600 of the plates was measured by a Multiskan Ascent plate
reader (Thermo Electron Corporation).

Flow cytometry measurements were performed in asynchronous
cultures of cells growing on YP-Raffinose at different times after the
addition of 2% galactose, using propidium iodide (0.5mg/ml) to stain
DNA, essentially as previously described [23].

2.2. DNA techniques and plasmid constructions

E. coli DH5α cells were used as plasmid DNA host and were grown at

37 °C in LB medium supplemented with 50 μg/ml ampicillin, when re-
quired. Transformations of S. cerevisiae and E. coli and standard re-
combinant DNA techniques were performed as described [24].

The strain ZCZ01 was made by transforming BY4741 cells with a
kanMX6-GAL1-10 cassette amplified from plasmid pFA6a-kanMX6-
pGAL1 [25] using oligonucleotides PPZ1_F4 and PPZ1_R2 (Table S1).
Recombinants carrying the marker module were selected by resistance
to 200 μg/ml G418, and correct insertion at positions −50 to −5 re-
lative to the ATG initiating codon was subsequently confirmed by PCR
using oligonucleotides E1_kpnI and K3. To prepare the MLM03 and
MLM04 strains, the kanMX4-Tta-TetO2 and kanMX4-Tta-TetO7 cassettes
were PCR-amplified from plasmids pCM224 and pCM225 [26], re-
spectively, using the pair of oligonucleotides OMLM1 and OMLM2.
BY4741 yeast cells were transformed with the 3.8 kb kanMX4-Tta-tetO2

or 4.0 kb kanMX4-Tta-tetO7 PCR products and cells containing the
corresponding cassette inserted between nucleotides −51 and −5 re-
lative to the initial PPZ1 ATG initiating codon were selected in the
presence of G418 to give rise to strains MLM03 (tetO2) and MLM04
(tetO7). The presence of the inserted cassette and the absence of the
deleted promoter region were verified by PCR using primers OMLM5,
OMLM6 and K2 (Table S1). Strains CCP05, CCP06, CCP08, CCP09 were
constructed by transformation of wild-type strain BY4741 with a dis-
ruption cassette amplified from the gal4::kanMX4 (2.7-kb), gal11::k-
anMX4 (2.7-kb), pgd1::kanMX4 (2.9-kb) and med2::kanMX4 (3.2-kb)
mutants from the systematic disruption collection in the BY4741
background [27]. The gcn2::kanMX4 strain is a meiotic null segregant of
the diploid strain Y23642 (Euroscarf).

Plasmids pCM188-PPZ1, pCM189-PPZ1 and pCM190-PPZ1 used to
overexpress Ppz1 were obtained by cloning the 2.1 kb PCR-amplified
fragment of the PPZ1 ORF, using oligonucleotides OMLM3 and OMLM4,
into the BamHI/PstI sites of pCM188, pCM189 and pCM190 vectors
[28], respectively. Plasmids pEGH-Ppz1R451L and pYES2-Ppz1R451L

were obtained replacing the 625-bp Kpn2I/PacI fragment in pEGH-
PPZ1 or pYES2-PPZ1 (Table S2), respectively, with the same restriction
fragment from previously described YCp111-Ppz1R451L [18]. Other
plasmids made in this study previously reported are described in Table
S2.

2.3. Screening for multicopy suppressors of the lack of growth of the
MLM04 strain

MLM04 cells were transformed with either YEp13- or YEp24-based
yeast genomic DNA libraries and plated in the appropriate synthetic
medium lacking uracil or leucine, as needed. Transformed cells were
split in two identical aliquots to be plated onto plates containing 0.5%
or 0.25% glucose. We analyzed a total number of 101,600 transfor-
mants with the YEp13 and 314,500 transformants with the YEp24-
based library. Plasmids from positive clones were isolated, digested to

Table 1
Yeast strains.

Name Features Reference or source

BY4741 MAT a his3∆1 leu2∆ met15∆ ura3∆ [74]
ZCZ01 BY4741 pGAL1-10:PPZ1 This study
MLM03 BY4741 promtetO2:PPZ1 This study
MLM04 BY4741 promtetO7:PPZ1 This study
CCP05 BY4741 gal4::kanMX4 This study
CCP06 BY4741 gal11::kanMX4 This study
CCP08 BY4741 pgd1::kanMX4 This study
CCP09 BY4741 med2::kanMX4 This study
gcn2 BY4741 gcn2::kanMX4 This study
ppz1 BY4741 ppz1::kanMX4 EUROFAN
BY4742 MAT α his3Δ1 leu2Δ lys2Δ ura3Δ [74]
Y17334 BY4742 caf20::kanMX4 [75]
Y17036 BY4742 eap1::kanMX4 [75]
GP6967 BY4742 caf20::kanMX4 eap1::kanMX4 G. D. Pavitt
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identify empty and HAL3-containing vectors (that were discarded) and
used to re-transform MLM04 cells. The specific ORFs present in each
positive clone in this second round were deduced by DNA sequencing of
both ends of the insert. Every single ORF was cloned, with its own
promoter, into the YEp195 plasmid, either by restriction with the ap-
propriate enzymes or by PCR amplification and re-tested in a newly
transformed MLM04 strain. Details of the cloning into YEp195 are given
in the Supplemental Information.

2.4. GST-Ppz1 pull down

With the objective to identify proteins interacting with Ppz1 in vivo,
we overexpressed a GST-Ppz1R451L version (lacking phosphatase ac-
tivity) and GST, as control, from the galactose-inducible pEGH plasmid
in the BY4741 strain. Transformants were grown in 150ml of synthetic
medium lacking uracil and with raffinose as carbon source to an OD600

of 0.6–0.8. Then, galactose was added to a final concentration of 2%.
After 60min, cells were recovered by filtration on 25 μm membranes
(GN-6. Pall Corporation) and frozen. We used glutathione-affinity
purification, as indicated in the Supplemental Information, to pull-
down proteins associated with GST and with GST-Ppz1R451L. Purified
GST, GST-Ppz1R451L and their bound proteins were subjected to SDS-
PAGE [29]. Slices of the gel containing visible Coomassie blue-stained
protein bands corresponding to GST-Ppz1R451L-bound proteins were
excised from the gel. The equivalent regions were also excised from the
GST pull-down sample as a negative control. Tryptic peptides were
identified by MALDI-TOF mass spectrometry at UAB facilities. Frag-
ments cut from the same polyacrylamide gel, in a lane where no sample
was loaded, were used as blank. Details for trypsin digestion and mass
spectrometry analysis are given in Supplemental Information.

2.5. Polysome preparations

Overnight culture of wild-type and MLM04 cells (5 ml) in SC
medium lacking uracil with 100 μg/ml of doxycycline were washed
twice with the same medium lacking doxycycline, resuspended in 10ml
of this medium and grown for 24 h. Cells were then brought to an OD600

of 0.2 in 200ml of the medium and further incubated until the cultures
reached OD600 of 0.8. Immediately before harvesting cycloheximide
was added to a final concentration of 0.1 mg/ml. Polysome prepara-
tions were done essentially as in [30] except that 10 A260 units were
used for sucrose gradient centrifugation. An Isco UV-6 gradient col-
lector (Teledyne Isco, Lincoln, NE) with continuous monitoring at A254

was used to record the data. When needed, fractions of 0.5 ml were
collected from the gradients and proteins extracted (see below).

2.6. Sample collection and preparation of protein extracts for immunoblot

Yeast crude extracts for immunodetection were prepared as follows.
For monitoring Ppz1 levels in the ZCZ01 strain or in BY4741 cells
carrying the pYES2-PPZ1 or GST-PPZ1R451L plasmids, cells were in-
cubated at 28 °C in YP or in synthetic medium lacking uracil plus raf-
finose (2%), respectively, until OD600 0.6–0.8. Samples of 10ml were
collected before and at specified time-points after addition of galactose
(2% final concentration, unless otherwise stated). For detection of Ppz1
from pCM-based vectors and strain MLM04, cells were cultured as for
polysome preparation, except that samples were taken after doxycy-
cline removal as indicated. Protein extracts were prepared as described
in [15]. Briefly, the cell pellets were resuspended in 125 μl of Lysis
Buffer A supplemented with 0.1% Triton X-100, and 2mM dithio-
threitol (DTT), and 125 μl of Zirconia 0.5mm beads were added. Cells
were disrupted by vigorous shaking using a FastPrep cell breaker at
setting 5.5 for 45 s (3 cycles). Samples were centrifuged at 500×g for
10min at 4 °C and the total protein of the cleared supernatants quan-
tified by the Bradford method (Sigma Chemical Co).

To analyze the phosphorylation state of eIF2α, BY4741 and ZCZ01

strains were grown, harvested and processed as described above, except
that Lysis Buffer B (50mM Tris-HCl, pH 7.5, 150mM NaCl, 15% gly-
cerol, 0.5% Tween-20, Phosphatase Inhibitor Cocktail Set V (Millipore)
and EDTA-free Protease Inhibitor Cocktail (Roche)) was used.

Protein extracts from sucrose gradient fractions (0.5ml) were ob-
tained using the TCA/Acetone method. Briefly, 100 μl of trichloroacetic
acid 100% was added to each sample, chilled on ice for 10min and
centrifuged at 13,000×g for 10min at 4 °C. The supernatant was dis-
carded, and pellets were washed twice with 1ml of pre-chilled acetone,
dried and resuspended in 25 μl of SDS-PAGE loading buffer.

2.7. SDS-PAGE and immunodetection

Unless otherwise stated, protein extracts were mixed with 4× SDS-
PAGE loading buffer to yield a final concentration of 1×, heated for
5min at 95 °C, and resolved by SDS-PAGE at a concentration of 10% of
polyacrylamide. Proteins were transferred onto polyvinylidene di-
fluoride (PVDF) membranes (Immobilon-P, Millipore).

Ppz1 and Hal3 proteins were detected using polyclonal anti GST-
Ppz1 [3], or anti Hal3 [10,31] antibodies at a 1:250 dilution and 1:500
dilution, respectively. The ribosomal proteins Rps8 and Rpl14 were
detected using specific antibodies [32] at a 1:5000 dilution. The
phosphorylated form of eIF2α was monitored with anti phospho-eIF2α
(Ser-51) antibodies (Cell Signaling Technologies) at a 1:1000 dilution.
A 1:20,000 dilution of secondary anti-rabbit IgG-horseradish perox-
idase antibodies (GE Healthcare) was used in all cases. Immunoreactive
proteins were visualized using the ECL Prime Western blotting detec-
tion kit (GE Healthcare) and chemiluminescence was detected in a
Versadoc 4000 MP imaging system (BioRad). Membranes were stained
with Ponceau Red to monitor proper loading and transfer.

2.8. Microscopy techniques

To monitor localization of Rps3-GFP, Rpl25-GFP and RFP-Nop1,
strains BY4741, MLM04 and ppz1 were grown until OD600 of 0.6–0.8 in
the absence of doxycycline as described for polysome preparation.
Yeast cells were fixed with a 2% formaldehyde solution at room tem-
perature for 5min, then centrifuged at 1000×g for 2min, washed
twice with PBS, and finally resuspended in PBS. Four microliters of cells
were deposited on a glass slide, covered with the coverslip and sealed
with nail polish. The visualization of samples was done with the 100×
objective using a Nikon Eclipse E-800 microscope. The FITC (ex: 480/
30 nm, em: 535/45 nm) and the G-2A (ex: 435/50 nm, em: 580 nm)
filters were used to visualize GFP and RFP, respectively.

2.9. RNA extractions and northern hybridization analyses

Saturated cultures of BY4741 cells containing the empty pCM190
vector (as a control) or pCM190-PPZ1 were prepared in SC lacking
uracil in the presence of doxycycline, diluted to OD600 0.2 in the same
medium in the absence of doxycycline and growth continued for 8.5 h.
Samples (10 OD600 units) were then taken at different times and total
RNA was purified by the hot acid-phenol method [33]. Northern hy-
bridization analysis was carried out as previously described [34,35].
Equal amounts of total RNA were loaded on 7% polyacrylamide-8M
urea gels (for the 5.8 and 5S probes) or 1.2% agarose-6% formaldehyde
gels (for the rest of probes) as previously described [35]. Specific
[γ-32P] ATP 5′-end labelled oligonucleotides (Table S3) were used as
probes. Hybridization signals were detected using a TyphoonTM
FLA9400 imaging system (GE Healthcare).

3. Results

3.1. Construction and characterization of a galactose induced Ppz1 strain

To study the effects of increased dosage of PPZ1, we generated a
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yeast strain (ZCZ01) in which the proximal region of the PPZ1 native 5′-
untranslated region (from nt −5 to −50) was replaced by a cassette
containing the kanMX6 marker and the strong galactose-inducible
GAL1-10 promoter (see Table 1). Correct insertion of the cassette was
PCR-verified and induction of PPZ1 expression by 2% galactose was
assessed by immunodetection of Ppz1 in whole cell extracts of ZCZ01
cells. As observed in Fig. 1A, Ppz1 is undetectable when ZCZ01 cells
were grown on media containing raffinose as a carbon source (that is,
its levels are lower than that in wild-type cells, compare time points at
0 h). Upon addition of 2% galactose to the medium, Ppz1 was im-
munodetected already 30min after induction, and the levels of the
phosphatase reached a plateau after 1–2 h. Fine tuning of Ppz1 ex-
pression could be achieved by using different amounts of the inductor,

and high Ppz1 levels lasted for at least 20 h upon induction (Fig. 1B,
upper panel). Growth of the ZCZ01 strain was inversely related to the
expression level of Ppz1 and under strong overexpression conditions
(> 0.05% galactose) it was drastically arrested, as observed in both
liquid (Fig. 1B, bottom panel) and semi-solid cultures (Fig. 2A, B). Flow
cytometry analysis of propidium iodide stained cells was used to
quantitate the number of cells with one or two contents of DNA. The
results clearly indicate that, after 4 h of Ppz1 overexpression, cells be-
came arrested in G1 phase, failing to duplicate their genome (Fig. 1C),
in agreement with the delayed G1/S transition described in cells over-
expressing Ppz1 from its own promoter in multicopy plasmids [19].
This feature was accompanied by a marked increase in the percentage
of unbudded cells, from 50.9 ± 3.0 to 88.4 ± 2.0 (mean ± SEM,

Fig. 1. Characterization of the Ppz1-overexpressing strain ZCZ01. A) Wild-type (WT) and ZCZ01 (GAL1-10:PPZ1) cells were grown on YP with 2% raffinose (YP-Raff)
and 2% galactose was added. Samples were taken at the indicated times, electrophoresed and immunoblotted using polyclonal anti-Ppz1 antibodies. Ponceau staining
is shown for loading and transfer reference. Wild-type and ZCZ01 samples were loaded in the same gel and are shown separated for illustrative purposes. B) Top
panel. Strains were grown on YP-Raff and the indicated amounts of galactose were added. Incubation was resumed for 20 h and Ppz1 detected by immunoblot as
above. Bottom panel. Wild-type BY4741 (open bars) and ZCZ01 (closed bars) cells grown on YP-Raff were diluted to OD600= 0.04, the indicated amounts of
galactose were added, and growth was resumed for 24 h. Data are mean ± SEM from three experiments made by triplicate. C) Cells were collected after the indicated
times of addition of 2% galactose (+), stained with propidium iodine and the DNA content evaluated by flow cytometry. The arrow denotes the absence of 2C peak in
Ppz1 overexpressing cells. D) Wild-type BY4741 (open bars) and ZCZ01 (closed bars) were grown for 20 h in YP-Raff in the presence of 2% galactose (Gal). After
centrifugation, cells were resuspended in YP-Raff and diverse dilutions plated on YP plates with the indicated carbon sources (Glu, glucose). Colonies were counted
after 3 days. Wild-type was considered as 100% viability. Data correspond to the mean ± SEM from six experiments.
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n=3). It should be noted that while overexpression of Ppz1 causes a
severe block in growth, it does not result in cell death. As shown in
Fig. 1D, ZCZ01 cells exposed for 20 h to galactose were able to resume
growth when transferred to glucose or raffinose. Altogether, these re-
sults confirm that the overexpression of Ppz1 in the ZCZ01 strain per-
fectly reproduces the previously characterized growth defects identified
upon overexpression driven from a GAL1-10 promoter multicopy
plasmid [18].

3.2. The deleterious effect of high levels of Ppz1 is due to increased
phosphatase activity

Cellular toxicity as a result of overexpression of an enzymatic pro-
tein would be considered, in most circumstances, indissolubly asso-
ciated to an undesirable increase in its enzymatic activity (protein
phosphatase, in our case). However, the moonlighting nature of the
Ppz1 regulatory subunits, Hal3 and Vhs3, introduced an additional
factor. Indeed, it had to be considered the possibility that the excess of
Ppz1 protein might sequester available Hal3 and Vhs3, thus interfering
with proper PPCDC formation and subsequent CoA biosynthesis. To
confirm or discard this latter possibility, we carried out different ex-
periments. Firstly, we overexpressed in wild-type cells a version of Ppz1
that carries the R451L mutation, which strongly impairs its catalytic
activity [18]. As shown in Fig. 2A (upper panel), expression of this
version results far less toxic to the cell than expression of the native
enzyme from the same vector, even when the phosphatase variant is
expressed at much higher levels than the native protein (Fig. 2A, lower
panel). Second, we transformed strain ZCZ01 with high copy-number
plasmids harboring the HAL3 and VHS3 genes. As previously observed
for the expression of PPZ1 driven from its own promoter in an episomal
plasmid [10], overexpression of Hal3 fully counteracted that of Ppz1.
Overexpression of Vhs3 was also beneficial, although the effect was less

patent than in the case of Hal3 (Fig. 2B). As overexpression of Hal3 or
Vhs3 would also provide effective PPCDC components, thus leaving
open the possibility that excessive Ppz1 could interfere with CoA bio-
synthesis, we also transformed strain ZCZ01 with different mutated
versions of Hal3. Our results showed that the versions with strongly
impaired capacity to bind to and/or to inhibit Ppz1, such as Hal3W452G

or Hal3E460G, were unable to rescue the growth defect of Ppz1 over-
expressing cells or did it very poorly (Fig. S1), pointing again to the
relevance of Ppz1 activity. Finally, we transformed strain ZCZ01 with
plasmid pRS699-HsHal3. This vector allows potent expression of
human PPCDC (HsCoaC), which provides full decarboxylase function in
yeast. This protein is able to rescue the lethality of a triple hal3 vhs3
cab3 mutation, while it is totally ineffective as inhibitor of Ppz1 [17].
As observed in Fig. 2B, overexpression of the human PPCDC enzyme
was completely ineffective in rescuing Ppz1 toxicity. Taken together, all
these results indicate that the negative effect of Ppz1 overexpression
derives from an undesirable increase in its protein phosphatase activity.

3.3. Generation and characterization of new yeast strains containing tetO-
regulatable PPZ1

We first transformed the EUROFAN knockout collection with the
pYES2-PPZ1 plasmid, in which PPZ1 expression is controlled by the
GAL1-10 inducible promoter. We expected to recover mutations in-
volved in the direct suppression of toxicity when Ppz1 is overexpressed.
Five positive mutant strains able to grow upon transformation with the
pYES2-PPZ1 plasmid were found: two of them carried null alleles of the
GAL3 and GAL4 genes, which are direct transcriptional activators of the
GAL1-10 promoter. The other suppressor mutants were gal11∆, pgd1∆
and med2∆, all of them involved in the Mediator complex functions.
These three mutants have been also reported as deficient in galactose-
driven induction [36–38]. Consequently, all five mutations affected the

Fig. 2. Toxicity of Ppz1 overexpression is due to increased phosphatase activity. A) Upper panel. The indicated strains were transformed with pYES2-based plasmids,
which express wild-type Ppz1 or catalytic inactive Ppz1R451L from the GAL1-10 promoter, and spotted at OD600= 0.05 (plus 1/5 dilutions) on synthetic medium
lacking uracil with 2% glucose (Glu) or 2% galactose (Gal) as carbon source. Ø, empty plasmid. Pictures were taken after 4 days of growth. Lower panel. Protein
extracts (25 μg) of the strains used in the upper panel were electrophoresed, transferred to membranes and probed with anti-Ppz1 antibodies. Ponceau staining of the
membrane is included as loading and transfer control. B) Strains were transformed with the indicated plasmids (YEplac195-based for Hal3 and Vhs3; pRS699 for
HsHal3, encoding human PPCDC [17]) and spotted as in panel A. Growth was monitored after 2 days.
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ability to overexpress Ppz1 from the GAL1-10 promoter, as verified by
immunoblot analysis (Fig. S2).

Due to the inability to identify actual suppressor mutations for Ppz1
toxicity, we undertook a second genome-wide approach based in a
screen for high-copy number suppressors of the Ppz1-induced growth
defect. We reasoned that, due to the high toxicity of the phosphatase,
the strong Ppz1 expression achieved in the ZCZ01 strain could make
difficult the identification of high-copy suppressors. Therefore, we
decided to use a system yielding lower levels of the phosphatase. To this
end, we constructed two yeast strains, MLM03 and MLM04 (Table 1), in
which the PPZ1 coding region was placed under the control of the
doxycycline-repressive tetO promoter, harboring two or seven tetO
boxes, respectively.

Growth of strains MLM03 and MLM04 in synthetic solid medium
was not affected by the presence of doxycycline (Fig. 3A). As shown in
Fig. 3B, removal of doxycycline led to overexpression of PPZ1. It must
be noted that, in this cell model, expression of Ppz1 takes longer and the
levels reached are lower (compare with non-induced cells) than in
ZCZ01 cells. Interestingly, the slow growth phenotype of MLM03 and
MLM04 cells was glucose-dependent. Virtually, no effect on cell growth

was detected in plates containing 2% glucose in the absence of dox-
ycycline, but growth was drastically affected when glucose was lowered
to 0.25% (Fig. 3A). In fact, these strains did not grow in alternative non-
fermentable carbon sources (Fig. S3). This effect was more evident in
MLM04 than in MLM03 cells, consistent with the higher potency of the
promoter in the former strain. Lack of growth of MLM03 and MLM04
cells was even more evident when the medium contained 2% of ga-
lactose as the only carbon source (Fig. 3A). As observed previously in
ZCZ01 cells, overexpression of HAL3 also counteracted the toxicity of
Ppz1 in both MLM03 and MLM04 cells even when galactose was used as
carbon source. In fact, the presence of high levels of Hal3 allowed cells
to increase the amount of expressed Ppz1 (Fig. 3B), suggesting that the
increase in phosphatase activity was effectively counteracted.

3.4. A screen for high-copy number suppressors of Ppz1 toxicity uncovers
genes involved in protein translation

Based on the results shown in Section 3.3, we considered that the
newly generated strains would be more appropriate for the search of
high-copy number suppressors of Ppz1 toxicity since they would not

Fig. 3. Chromosomal expression of Ppz1 from tetO-regulatable promoters. A) Wild-type BY4741 and its MLM03 and MLM04 derivatives (tetO2 and tetO7, respec-
tively) were transformed with YEp195-based vectors and grown on synthetic medium lacking uracil in the presence of doxycycline (100 μg/ml). Cells were re-
suspended in the same medium lacking doxycycline, grown for 5 h, and dilutions were spotted on synthetic plates lacking uracil in the presence (+DOX) or the
absence of doxycycline (−DOX), and containing the indicated carbon sources. Pictures were taken after 3 days of incubation. B) BY4741 cells (WT) and its ppz1 and
MLM04 derivatives were grown as indicated in Material and Methods and protein extracts prepared at the indicated times after removal of doxycycline. Samples
(40 μg of protein) were electrophoresed and transferred to membranes. Membranes were probed with anti-Ppz1 and anti-Hal3 antibodies.
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only provide lower Ppz1 levels, but also will allow avoiding the use of
galactose as inductor, which might not have a neutral effect on cell
growth. Therefore, the screen was carried out using medium containing
0.5 or 0.25% glucose, which are conditions that substantially affect
growth of the MLM04 strain in the absence of doxycycline (Fig. 3A).
Nine suppressor genes able to improve, at some degree, the growth of
cells overexpressing PPZ1 in medium containing 0.25% glucose were
obtained (Fig. 4A and Table 2). Expression of the selected suppressors
did not decrease the expression levels of the tetO7-driven PPZ1, even
when expression was carried out from the pCM190-PPZ1 plasmid, an
episomal vector expressing PPZ1 from the tetO7-regulated promoter in
the absence of doxycycline (Fig. S4). Two of the found suppressors were
related to the sporulation process (SPO20 and SWM1), two others were
related to the biogenesis of ribosomes (NOC2 and DOT6) and the re-
maining five encoded ribosomal proteins from both ribosomal subunits
(RPS6A, RPS15, RPP2A, RPL37A and RPL37B). None of the suppressors
was able to allow growth of the MLM04 strain in the presence of ga-
lactose, except for NOC2, which allowed slight growth only discernable
after five or more days of incubation (Fig. 4B). These results suggest
that overexpression of Ppz1 could alter normal ribosomal synthesis or
function and that this anomaly is partially alleviated by the over-
expression of some proteins constituents of the ribosome or involved in
its biogenesis.

To identify a possible additive suppressor effect when two sup-
pressor genes were simultaneously overexpressed we transformed

MLM04 cells with each combination of suppressors (including Hal3 as
positive reference), one cloned into the high-copy plasmid YEp181 and
the second into the high-copy plasmid YEp195. In the presence of
0.25% glucose, the strongest effect was observed when SWM1 was co-
expressed with DOT6, RPL37A or RPS6A. A slighter interaction was
detected between RPS15 and the other genes encoding ribosomal sub-
units. Interestingly, no additivity was found between SWM1 and SPO20
(Fig. 4C and Table S4). None of the suppressors was able to enhance the
effect of NOC2. The interaction landscape showed some distinctive
traits when cells were grown in the presence of galactose. In this case,
no interaction between genes encoding ribosomal proteins was ob-
served. Co-expression of NOC2 with RPS6A, RPL37A and RPP2A, as
well as with SWM1 and SPO20, was additive. As observed in 0.25%
glucose, no additivity was detected between NOC2 and DOT6, nor be-
tween SWM1 and SPO20 (Fig. 4C and Table S5). It is worth noting that
most interactions take place between genes encoding proteins involved
in different functional categories.

3.5. GST-Ppz1 copurifies with diverse proteins involved in translation

As a parallel approach to identify new possible functions of Ppz1,
we determined the set of proteins specifically co-purifying with this
phosphatase. For this purpose, GST and the catalytically inactive ver-
sion GST-Ppz1R451L (this variant was used to allow sufficient level of
Ppz1 expression) were purified from yeast cells and subjected to SDS-

Fig. 4. High-copy number suppressors of the growth defect of MLM04 cells. A) The indicated genes, isolated in the high-copy suppressor screen, were cloned in
plasmid YEplac195 and introduced in strain MLM04. Cultures were spotted as in Fig. 2A and pictures taken after 3 days (the HAL3 gene is included as a control). B)
Growth of strains carrying a combination of selected suppressors in the absence of doxycycline and in the presence of 0.25% glucose (3 days) or 2% galactose (6 days)
as carbon source. C) The interaction network between the different suppressors when cells are grown on 0.25% glucose or 2% galactose (data taken from Tables S4
and S5) was visualized with the Cytoscape (v. 3.7.2) software [77]. Color of nodes define functional categories of the genes (blue, ribosomal biogenesis; green,
sporulation; red, ribosomal proteins), and edge colors indicate the intensity of the interaction determined as the difference between the growth of the strain carrying
the most potent suppressor in the specific gene pair and the strain carrying both genes. The included color scale ranges from 0.5 (very weak effect) to 5 (full growth
recovery, as that produced by the HAL3 gene).
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PAGE. Slices of the gel containing visible Coomassie-stained bands (see
Fig. 5A) were subjected to tryptic digestion and the sequence of the
peptides determined by mass spectrometry. The equivalent gels section

from GST pull-downs purified in identical manner were also sliced and
analyzed as controls. As detailed in Table S6, we have identified several
specific GST-Ppz1-bound proteins involved in the translation process

Table 2
High-copy suppressor genes of Ppz1 toxicity. Genes identified from the YEp24-based library are denoted with an asterisk.

Gene Protein description Function

DOT6 rRNA and ribosome biogenesis. Ribosome biogenesis
NOC2 Part of nucleolar complexes. Mediates intranuclear transport of ribosomal precursors. Associates with nascent pre-rRNA.
RPS6A Component of the small (40S) ribosomal subunit. Orthologous to mammalian ribosomal protein S6. Ribosomal proteins
RPS15* Component of the small (40S) ribosomal subunit. Orthologous to mammalian ribosomal protein S15.
RPL37A Component of the large (60S) ribosomal subunit. Orthologous to mammalian ribosomal protein L37.
RPL37B Paralog of RPL37A.
RPP2A* Ribosomal protein P2α involved in the interaction between translational elongation factors and the ribosome. Free P2 stimulates the

phosphorylation of the eIF2α subunit by Gcn2.
SPO20* Meiosis-specific subunit of the t-SNARE complex. Required for prospore membrane formation during sporulation. Meiosis/sporulation
SWM1 Subunit of the anaphase-promoting complex (APC). E3 ubiquitin ligase that regulates the metaphase-anaphase transition and exit

from mitosis. Required for spore wall maturation.
Cell cycle/spore-wall formation

Protein descriptions and functions are extracted from the SGD Project webpage (http://www.yeastgenome.org) [76].

Fig. 5. Ppz1 associates with ribosomal fractions and its overexpression causes polysome depletion. A) Protein extracts were prepared from BY4741 cells harboring
pEGH plasmids expressing GST or an inactive GST-Ppz1R451L version and shifted for 60min to 2% galactose. After SDS-PAGE (10% acrylamide), gels were stained
with Coomassie Blue and diverse slices containing apparent GST-Ppz1 specific bands (denoted in the gel by “Ι” and Roman numerals) were excised. Equivalent
regions were also sliced from control (GST) lanes. Samples were processed and trypsinized proteins were identified by mass spectrometry. Three independent
experiments were performed, and a representative stained gel is shown. B) Normalized profiles of fractionated ribosomal components from strains BY4741 and
MLM04 carrying an empty episomal plasmid, and MLM04 cells bearing HAL3 in high-copy number. Numbers denote the P/M (polysome/monosome ratio) calculated
from three experiments (mean ± SEM). C) BY4741 cells transformed with an empty pCM190 plasmid were grown and extracts prepared and electrophoresed.
Endogenous Ppz1 (ePpz1) was detected by immunoblot. Whole extracts from BY4741 (WT) and the ppz1mutant are included for reference. Immunodetection of Rps8
and Rpl14, as markers of the 40S and 60S ribosomal subunits, respectively, is also shown. D) The indicated fractions from the rightmost strain (MLM04+YEp195-
HAL3) were electrophoresed, transferred to membranes and probed with anti-Ppz1 and anti-Hal3 antibodies. Whole extracts from BY4741 (WT) and the hal3 mutant
are included for reference.
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that are not found in the control samples. These are the translation
elongation factor EF-1α (Tef1/Tef2), and up to five proteins from the
large ribosomal subunit: Rpl3, Rpl4A (most peptides also correspond to
Rpl4B), Rpl13B (most peptides were identical to Rpl13A), Rpl10 and
Rpl2A/Rpl2B. The detected interactions of Ppz1 with a translation
elongation factor and several ribosomal proteins further support the
notion that this phosphatase might have a relevant impact in the
translation process.

3.6. Excess of Ppz1 alters normal polysome profile

Because of the known role of Noc2 and Dot6 in ribosome biogenesis,
we analyzed by northern blot, using probes described in Table S3, the
processing of the rRNAs in cells expressing PPZ1 from the pCM190
plasmid after removal of doxycycline. However, we did not observe
drastic alterations in the pre-rRNA maturation process affecting neither
the 40S nor the 60S subunit synthesis pathways during the induction of
Ppz1 (Fig. S5; compare times 0 and 6 h). Thus, the excess of Ppz1 does
not seems to impair significantly pre-rRNA processing. Next, we in-
vestigated the ribonucleoprotein maturation/transport process. This
was done by monitoring by fluorescence microscopy the transport from
the nucleus to the cytoplasm of pre-ribosomal particles containing
tagged small (Rps3-GFP) and large (Rpl25-GFP) ribosomal subunits.
mRFP-Nop1 was employed as a marker for nucleolar localization.
Comparison of the localization of these proteins in a wild-type strain
with that of MLM04 cells after long-term incubation without doxycy-
cline (28 h) showed no differences in the localization of these proteins,
which were cytosolic in both cases (Fig. S6). Localization of the ribo-
somal proteins was also unaffected in a ppz1∆ mutant strain. Thus,
over-expression of PPZ1 does not affect neither the rRNA maturation
process nor the export of ribosomal subunits from the nucleolus to the
cytoplasm.

We next investigated whether over-expression of Ppz1 interferes
with the translation process. To do so, we compared the polysome
profiles of the MLM04 strain in the absence of doxycycline with those
obtained from an isogenic wild-type counterpart grown in the same
conditions. As shown in Fig. 5B, MLM04 cells showed a clear reduction
in the polysome content when compared to the wild-type strain; thus,
the polysome-to-monosome ratio decreased from ca. 1.5 in wild-type to
1.1 in MLM04 cells. This result is compatible with a mild impairment of
the translation initiation process upon overexpression of Ppz1. Reduced
polysomal content was also observed when PPZ1 was overexpressed
from a high copy number pCM190 plasmid (not shown), confirming
that the excess of Ppz1 activity somehow impairs the translation pro-
cess. Consistently with a direct interference of increased Ppz1 phos-
phatase activity on translation, overexpression of the Ppz1 inhibitor
Hal3 from the episomal YEp195 plasmid normalized the altered pattern
observed in MLM04 cells (Fig. 5B).

Remarkably, endogenous Ppz1 was found in numerous polysomal
fractions, as deduced from immunoblot of samples from BY4741 cells
transformed with the empty pCM190 plasmid (Fig. 5C). Similarly, Ppz1
was also immunodetected in all polysomal fractions, as well as in other
fractions containing ribosomal particles in BY4741 cells transformed
with pCM190-PPZ1 (not shown). Fig. 5D shows the distribution of Ppz1
in fractions of polysome preparations obtained from MLM04 cells
overexpressing Hal3. Interestingly, Ppz1 and Hal3 distribution is not
the same, since Hal3 is largely concentrated in fractions 1 to 3, corre-
sponding to free (soluble) material. The different polysomic distribution
of Ppz1 and Hal3 suggests that the polysome-associated Ppz1 would not
be inhibited by Hal3 and, therefore, be active as phosphatase. As it can
be seen, overexpression of Hal3 does not lead to the eviction of Ppz1
from translating ribosomes. However, Ppz1 seems to accumulate
somewhat in non-polysomal fractions when Hal3 is overexpressed.

3.7. eIF2α is hyper-phosphorylated in cells overexpressing Ppz1

Global regulation of translation involves two major inhibitory me-
chanisms, the phosphorylation of eIF2α at its conserved Ser-51, which
impairs the regeneration of GTP-bound eIF2 and the sequestering of
eIF4E as a translation-unproductive complex by the eIF4E-binding
proteins (4E-BPs). In yeast, the non-essential Gcn2 is the sole kinase
described to phosphorylate eIF2α (Sui2) [39], while two non-essential
4E-BPs, Eap1 and Caf20, have been described [40–42]. We then mon-
itored the phosphorylation state of eIF2α when PPZ1was overexpressed
by using a phospho-specific antibody against the phosphorylated Ser-
51. As shown in Fig. 6A, overexpression of Ppz1 in strain ZCZ01 led to a
long-term (4 h) phosphorylation of eIF2α. Consistent with the major
role of Gcn2 on phosphorylation of eIF2α, deletion of GCN2 fully
abolished phosphorylation of eIF2α in Ppz1-overexpressing cells
(Fig. 6B). Thus, we can conclude that hyperphosphorylation of eIF2α at
Ser-51 triggered by overexpression of PPZ1 is dependent on Gcn2. We
wondered up to what extent phosphorylation of eIF2α could be re-
sponsible for the dramatic growth defect due to strong Ppz1 over-
expression. Cells overexpressing Ppz1 from pYES2-PPZ1 and deleted for
GCN2 were still unable to grow (not shown). We then investigated the
effect of lack of Gcn2 resorting to a set of tetO-based plasmid expression
vectors to allow fine-tuning the expression level of Ppz1. The weakest
was pCM188 (tetO2, centromeric); pCM189 (tetO7, centromeric) al-
lowed intermediary expression levels, and pCM190, already described
above, led to the strongest expression. As observed in Fig. 6C, expres-
sion of Ppz1 from these vectors results in a glucose-dependent growth
defect, as previously observed for strain MLM03 and MLM04 (see
Fig. 3A). As it can be seen, the intensity of the phenotype correlates
with the expected expression level. In all three conditions, deletion of
GCN2 resulted in noticeable improvement in growth (Fig. 6C), in-
dicating that at these levels of expression, phosphorylation of eIF2α
partially contributes to the observed growth defect.

We also tested whether deletion of EAP1 and CAF20 might improve
growth in Ppz1-overexpressing cells. However, deletion of none of these
genes or even the double mutation did not improve growth at all when
Ppz1 was expressed from any of the pCM-derived vectors (Fig. S7).
These results suggest that the excess of Ppz1 does affect phosphoryla-
tion of eIF2α but does not seem to induce a translation initiation defect
by increasing the sequestering of eIF4E by either Caf20 or Eap1.

4. Discussion

Ppz1 is a fungus-specific protein phosphatase that was identified,
when overexpressed, as the most toxic yeast protein [21]. Since Ppz1
was suggested as potential target for antifungal therapy [43–45], we
decided to shed light on the causes of this toxicity. We have previously
demonstrated that the inhibitory subunits of Ppz1 also contribute to the
PPCDC activity [17], required for the synthesis of CoA, an essential
cellular function. We used the ZCZ01 strain to test whether toxicity was
due to an excess of Ppz1 catalytic activity or because the overexpressed
Ppz1 titrated down its negative regulators, compromising thus the
synthesis of CoA. Our results demonstrate that the excess of catalytic
activity is at the basis of Ppz1 overexpression toxicity. This assertion is
based in that: i) growth is restored when the overexpressed Ppz1 is a
catalytically inactive version (Fig. 2A); ii) overexpression of Vhs3,
which has a lesser capacity than Hal3 to inhibit Ppz1 [13], was less
effective to overcome the growth arrest due to Ppz1 overexpression
(Fig. 2B); iii) overexpression of Hal3 versions defective in their ability
to inhibit Ppz1 [46] were ineffective as suppressors of the cell growth
blockage caused by excess of Ppz1 (Fig. S1); iv) Human HsCoaC, re-
ported as a functional PPCDC in S. cerevisiae [17], was totally in-
effective in rescuing the deleterious phenotype caused by excess of Ppz1
(Fig. 2B). It must be noted that the earlier observation that
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overexpression of the phosphatase domain of Ppz1 also blocks growth
[18] could not be taken as evidence to support the role of the catalytic
activity in toxicity, since the catalytic domain binds Hal3 even stronger
than the entire protein [10].

We have used a GAL1-10 promoter-driven Ppz1 expression from a
multicopy vector to transform and screen the knockout collection of
mutants for non-essential genes whose deletion alleviated the lack of
growth caused by overexpression of Ppz1. We reasoned that if hyper-
dephosphorylation of a specific substrate by the overexpressed Ppz1
was deleterious for cell growth, it could be plausible that cells con-
taining the deletion of this gene could grow better. This approach was
not successful since all the mutants found in our screen turned out to be
required in the process of transcriptional activation by galactose, and
therefore these mutants were unable to overexpress Ppz1 from the
GAL1-10 promoter (Fig. S2). We hypothesize that the failure to obtain
hits using this strategy might be indicative of the existence of multiple

relevant targets for the phosphatase, so loss of a single one would not be
sufficient to allow rescue in the rather drastic conditions used in the
screen. In fact, we show here that deletion of certain genes, such as
GCN2, could only mildly alleviate the growth defect of cells over-
expressing Ppz1.

The detrimental effect on cell growth upon tetO-driven Ppz1 over-
expression from the episomal pCM190 vector was observed in six dif-
ferent wild-type strains, although the intensity of the effect was found
to be strain-dependent, being more dramatic in YPH499, DBY746,
JA100 and W303-1A than in BY4741 and KT112 strains (not shown).
This could be caused by different levels of Ppz1 or by the differential
sensitivity to Ppz1 overexpression in each strain. An unexpected finding
using the tetO system is that the growth defect triggered by over-
expression of Ppz1 depends on the availability of glucose, being max-
imized under glucose deprivation and particularly in the presence of
galactose as sole carbon source (Figs. 3A and 6C). This result suggests

Fig. 6. Overexpression of Ppz1 increases phosphor-
ylation of eIF2α at Ser-51. A) Strain BY4741 (WT)
and ZCZ01 were grown on raffinose and Ppz1 ex-
pression induced by addition of galactose (2%).
Protein extracts (40 μg of protein) were prepared at
the indicated times after induction and electro-
phoresed. The levels of Ppz1 were determined with
an anti-Ppz1 antibody and the phosphorylation state
of eIF2α was monitored with an antibody that re-
cognizes the protein when phosphorylated at Ser-51
(mAb #3597, Cell Signaling). B) Strain BY4741 and
its isogenic gcn2∆ derivative were transformed with
the empty pYES2 vector and the same vector ex-
pressing Ppz1; cultures were processed as above for
determination of Ppz1 content and eIF2α phos-
phorylation status. C) Strain BY4741 and its isogenic
gcn2∆ derivative were transformed with the in-
dicated plasmids (expressing PPZ1 at different le-
vels, from pCM188, the lowest, to pCM190, the
highest). Cells were spotted in the presence or ab-
sence of doxycycline on synthetic medium plates
lacking uracil and with the indicated concentrations
of glucose. Pictures were taken after 6 days of in-
cubation.
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that high levels of Ppz1 might affect the glucose sensing system or the
proper cellular response to glucose starvation. This is a relevant finding
that should be considered when interpreting other previous reports in
which the GAL1-10 promoter has been used to overexpress Ppz1.
Multiple factors could negatively affect cell growth when Ppz1 is
overexpressed in low-glucose medium. Excess of Ppz1 could, for ex-
ample, take over the role of Glc7-Reg1, a phosphatase complex that
dephosphorylates Snf1 kinase and its downstream transcriptional re-
pressor Mig1, thus interfering with the mechanisms that allow adap-
tation to glucose scarcity [47]. This would explain the inability of
MLM03 and MLM04 to grow on carbon sources other than glucose.
Excess of Ppz1 activity could also interfere with the PKA or Sch9
pathways, which act in conjunction responding to glucose availability,
having the latter a role as regulator of ribosome biogenesis [48–50].
Further investigations are required to explain these results.

We have found that Ppz1 co-purifies with several ribosomal proteins
from the large subunit as well as with the translation elongation factor
EF-1α. In addition, the translation elongation factor EF-3 (Yef3) was
also identified by liquid chromatography-MS/MS in an independent
experiment that will be described elsewhere. So far, no physical inter-
actions have been detected between Ppz1 and ribosomal proteins, ac-
cording to the BioGrid database [51], although interactions with pro-
teins directly or indirectly involved in several functions affecting the
translation process, such as mRNA processing (Mud1, Pat1, Snp1,
Snu66, Dhh1) and the export to cytosol of mRNAs and ribosomal sub-
units (Crm1, Nab2) have been described. Interestingly, EF-3 and EF-1α
are involved in a common biological role, since EF-3 stimulates the
function of EF-1α in the binding of the aa-tRNA to the ribosomal A-site.
A recent proteomic-scale study showed that the deletion of the C. al-
bicans ortholog of Ppz1 affected both, the cellular quantity and the
phosphorylation levels of several ribosomal proteins as well as initia-
tion and elongation factors [52]. All these pieces of information support
a role of Ppz1 in regulating the translation process.

The notion that the translation process could be one of the targets
responsible for the deleterious effect of Ppz1 overexpression was re-
inforced by: i) the results of our high copy number screen, in which
overexpression of two proteins involved in ribosome biogenesis (Noc2
and Dot6) and of several ribosomal proteins improved growth to some
extent (Table 2), and ii) the observation that overexpression of Ppz1
results in depletion of polysomes and hyperphosphorylation of eIF2α.
In contrast, no changes were detected neither in pre-rRNA maturation
nor in the nucleus to cytoplasm export of the small and large ribosomal
subunits. Altered polysome profiles, similar to those observed in cells
overexpressing Ppz1, have been previously shown upon partial loss-of-
function and deletion of the genes TIF1 and TIF3, encoding translation
initiation factors eIF4A and eIF4B, respectively [30,53]. However, the
growth defects of these mutants are not comparable to the drastic re-
duced growth observed upon overexpression of Ppz1. Since the altered
polysome profile obtained for cells overexpressing Ppz1 is not sufficient
to fully explain their observed growth defects, we conclude that the
translation initiation process might not be the sole target responsible of
Ppz1 toxicity. It is suggestive that overexpression of Hal3 displaces part
of the Ppz1 population from polysomal to non-polysomal fractions
(Fig. 5C & D). This might contribute to the beneficial effect caused by
Hal3 overexpression.

Phosphorylation of eIF2α by the Gcn2 kinase is a key event in the
downregulation of initiation of translation, related to the formation of
the ternary complex. It is known that activation of Gcn2 occurs not only
in response to uncharged tRNAs, but also takes place in cells subjected
to different forms of stress [54,55]. In contrast, Caf20 and Eap1 are
negative regulators of the formation of the closed loop complex
[55,56]. Our observation that deletion of GCN2 improves, up to some
extent, growth of cells overexpressing Ppz1, but lack of Caf20 or/and
Eap1 does not, suggests that the excess of Ppz1 affects the formation of
the ternary complex rather than that of the closed-loop complex.

A relevant question is whether eIF2α is a bona fide Ppz1 substrate. It

was reported long ago that Glc7 could act as eIF2α phosphatase [57] in
a way that involves recruitment of the phosphatase by the N-terminus
of eIF2γ [58]. It is evident that the effect of excess of Ppz1 activity on
eIF2α must be indirect, since in this case the result is the hyperpho-
sphorylation of the initiation factor. The notion that this phosphoryla-
tion could be a secondary effect is reinforced by the fact that it is ob-
served well after expression of Ppz1 has been induced (4 h induction).
In contrast, it is tempting to consider Gcn2 as a direct target of Ppz1.
Although autophosphorylation of Gcn2 in its activation loop (Thr-882)
is required for the activity, at least nine additional phospho-residues
have been identified in this protein. It can be hypothesized that Ppz1
could be a direct Gcn2 phosphatase acting in any of these phosphor-
ylation sites, and this dephosphorylation being required for Gcn2 ac-
tivation. Since dephosphorylation of Ser-577 seems to be required to
activate Gcn2 [59], this could be one of the potential targets of Ppz1.
Alternatively, overexpression of Ppz1 could be affecting pathways up-
stream Gcn2, promoting any of the stress responses that leads to the
activation of Gcn2. However, it should be noted that independent stu-
dies reported a strong negative genetic interaction between the ppz1
and gcn2 deletion mutant cells [60–62]. Such interaction cannot be
explained within the context described above and is suggestive of Gcn2-
independent effects of Ppz1 overexpression.

Preliminary experiments (not shown) suggest that the excess of
Ppz1 does not cause translation misreading, so it seems evident that the
impact of Ppz1 overexpression on translation is unrelated to the pre-
viously reported role of Ppz1 on translational fidelity through the
regulation of Tef5, the GDP/GTP exchange subunit for the translation
elongation factor EF-1A [63].

Early work suggested that episomal expression of the PPZ1 gene
resulted in delayed expression of the G1 cyclins Cln2 and Clb5 and in
arrest at the G1 phase of the cell cycle [19]. Glc7 has also been involved
in different steps of the cell cycle, including the dephosphorylation of
targets of the Dbf4-dependent kinase (DDK) complex through the as-
sociation with its Rif1 subunit, thus preventing entry into S phase [see
[64] for a review]. It is worth noting that Ppz1 and Glc7 might not be
fully insulated with respect to some specific functions and that Ppz1
could interact with certain Glc7 subunits, such as Glc8 and Ypi1
[65,66]. This might lead to the assumption that the harmful effect of
Ppz1 overexpression mimics that of Glc7 and could be caused by de-
phosphorylation of Glc7 targets. However, a number of results do not
support such assumption: i) overexpression of Glc7 from GAL1-10
promoter has been reported to cause cell death [67,68]. In contrast,
overexpression of Ppz1 does not result, at least at short-medium term,
in reduced viability (Fig. 1D); ii) the delay in the G1/S transition ob-
served when Ppz1 is overexpressed differs from the mitotic exit defects
observed under Glc7 overexpression [69,70]; iii) overexpression of Glc7
renders cells with abnormal morphology [70,71], not seen in Ppz1-
overexpressing cells, and in chromosome instability [72,73], a pheno-
type that was not detected in the same studies when Ppz1 was over-
expressed; iv) the profile of high-copy suppressors found in our study
does not overlap with that identified by Ghosh and Cannon [68] and, in
contrast to Glc7, we observed that the glc8∆ or reg2∆ mutations do not
act as suppressors of PPZ1-induced lack of growth (not shown).

In summary, we show here that Ppz1 overexpression leads to a halt
in translation initiation. However, although this effect could contribute
to the growth defect in Ppz1 overexpressing cells, as deduced from the
beneficial impact of the GCN2 deletion, we do not believe it constitutes
the primary reason. From one side, deletion of GCN2 does not fully
restore normal cell growth. On the other hand, the additive effect be-
tween suppressors with apparently unrelated functions (see Fig. 4B, C)
suggest that the growth defect in Ppz1 overexpressing cells has not a
single origin. Therefore, our results point to a scenario in which the
excess of Ppz1 activity might affect numerous protein targets involved
in different cellular functions, including protein translation. Ongoing
work based on transcriptomic and phosphoproteomic studies may shed
further light into these processes.
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