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The Saccharomyces Homolog of Mammalian
RACK1, Cpc2/Ascip, Is Required for
FLO11-dependent Adhesive Growth

and Dimorphism*s
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Sarai Lopez Marin, Michael Hoppert, Katrin Streckfuss-BomekeY], Claudia Fischer|,
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Nutrient starvation results in the interaction of Saccharo-
myces cerevisiae cells with each other and with surfaces.
Adhesive growth requires the expression of the FLO11
gene regulated by the Ras/cAMP/cAMP-dependent pro-
tein kinase, the Kss1p/MAPK, and the Gcn4p/general
amino acid control pathway, respectively. Proteomics
two-dimensional DIGE experiments revealed post-tran-
scriptionally regulated proteins in response to amino acid
starvation including the ribosomal protein Cpc2p/Ascip.
This putative translational regulator is highly conserved
throughout the eukaryotic kingdom and orthologous to
mammalian RACK1. Deletion of CPC2/ASC1 abolished
amino acid starvation-induced adhesive growth and im-
paired basal expression of FLO11 and its activation upon
starvation in haploid cells. In addition, the diploid Flo11p-
dependent pseudohyphal growth during nitrogen limita-
tion was CPC2/ASC1-dependent. A more detailed analy-
sis revealed that a CPC2/ASC1 deletion caused increased
sensitivity to cell wall drugs suggesting that the gene is
required for general cell wall integrity. Phosphoproteome
and Western hybridization data indicate that Cpc2p/
Ascip affected the phosphorylation of the translational
initiation factors elF2« and elF4A and the ribosome-asso-
ciated complex RAC. A crucial role of Cpc2p/Asc1p at the
ribosomal interface coordinating signal transduction,
translation initiation, and transcription factor formation
was corroborated. Molecular & Cellular Proteomics 6:
1968-1979, 2007.

Cell-cell and cell-surface adherence are required for devel-
opmental processes such as haploid invasive growth (1, 2) or
diploid pseudohyphae formation of Saccharomyces cerevi-
siae (3, 4). These growth forms are induced by distinct envi-
ronmental signals. The lack of glucose triggers invasive
growth of haploid yeast cells (5). Limitation of utilizable nitro-

gen compounds in diploid cells induces a switch from the
unicellular yeast growth form to polarized filament-like growth
(5-8). Both developmental processes, adhesion and dimor-
phism, depend on the expression of the cell surface adhesin
Flo11p (8), which is controlled by various transcription factors as
MAP" kinase (Kss1p)-regulated Flo8p, Ras/cAMP/PKA-con-
trolled Ste12p/Tec1p (9-12), and Mss1p (13), respectively.

Amino acid starvation is a further signal for adhesive growth
of S. cerevisiae. In amino acid-starved haploid and diploid
cells, adhesion and FLO11 expression are induced even in the
presence of glucose or ammonium, which normally act as
inhibitors of adhesive growth (14). The cAMP-dependent PKA
pathway, but not the Kss1p-MAP kinase pathway, is required
for amino acid starvation-induced adherence. In addition, the
transcriptional activator Gen4p (15) and the amino acid sensor
kinase Gecn2p (16) of the general amino acid control pathway
are required for this FLO11 regulation (14). Transcriptional
profiling experiments of the adhesion-deficient S. cerevisiae
S$288c (17) in comparison with the adherent 31278b back-
ground (18) revealed significant differences in the hundreds of
Gcn4p-controlled genes. During adhesion, Gendp induces
additional genes that might be required for haploid invasive
growth and pseudohyphal formation upon amino acid limita-
tion. A corresponding comparison of additional adherence-
specific post-transcriptional changes in the yeast proteome
has not yet been performed because only the proteome of the
non-adherent S288c strain has been analyzed in response to
amino acid starvation conditions (19).

Uncharged tRNA molecules accumulate within the cell sub-
sequent to amino acid starvation. The sensor kinase Gcn2p
includes an N-terminal protein kinase domain and a C-termi-
nal histidyl-tRNA synthetase-related domain, which recog-
nizes these uncharged tRNAs. The activated kinase phospho-
rylates the a-subunit of the eukaryotic translation factor elF2
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TABLE |
S. cerevisiae strains used in this work

Strain Genotype Ref.
RH2817  MAT« ura3-52 trp1::hisG This work
RH2819  MAT« ura3-52 leu2::hisG 82
RH2656  MATa/« ura3-52/ura3-5 trp1::hisG/TRP1 14
RH2661  MATa/«a ura3-52/ura3-52 flo11A::kanR/flo11A::kanR trp1::hisG/TRP1 14
RH2662  MATa ura3-52 flo11A::kanR 14
RH3220  MATa ura3-52 sfl1A:kanR trp1::hisG This work
RH3222  MATa/«a ura3-52/ura3-52 sfl1A::kanR/sfl1A::kanR trp1::hisG/TRP1 This work
RH3263  MAT« ura3-52 trp1::hisG leu2::hisG cpc2A::LEU2 This work
RH3264  MATa/a GCRE6-lacZ::URA3/ura3-52 trp1::hisG/ trp1::hisG leu2::hisG/leu2::hisG cpc2A::LEU2/cpc2A::LEU This work
RH3328  MATa ura3-52 leu2::hisG cpc2A::kanR This work
RH2649  MATa ura3-52 leu2::hisG gcn2A:LEU2 14
RH3329  MATa ura3-52 trp1::hisG leu2::hisG cpc2A::LEU2 gcn2A::kanR This work

on serine 51 (20-22). The mechanism of amino acid limitation TaBLE Il

sensing by Gen2p is highly conserved from yeast to the cortex Plasmids used in this work

of the human brain (23). Phosphorylation of elF2 results in a Plasmid Description Ref.

_ _ . Met

re.du.ced level of terr.1ary complex, elF2-GTP-Met tRNA,. , PHVX2-MUC1 Po™PGK1-FLOT1-*™PGK1 56

within the cell and uItlmater in an overall reduced translation pME2071 2.5-kb GAL1(p)::TEC1 fusion in pRS316 11

efficiency. Only a limited number of mMRNAs carrying specific pRS316 URA3-marked centromere vector 83

regulatory elements continue to be translated. One of these pRS314 TRP1-marked centromere vector 83

mRNAs is the GCN4 mRNA, which carries four short up-
stream ORFs in its 5’ leader sequence, thus inhibiting trans-
lation under non-starvation conditions (24). At a reduced level of
ternary complex ribosomes scan past the upstream ORFs and
start translating the mRNA from the genuine GCN4 ORF. In
addition to this translational control of GCN4 expression, the
Gcndp stability in the nucleus at amino acid starvation increases
from a half-life of about 5 min to up to 20 min (25-27).

In this study, post-transcriptionally regulated proteins in
amino acid-starved adhesive S. cerevisiae cells are presented
that were found by the comparison of 2D DIGE data with
previous transcriptome data. The mRNA of the Cpc2 protein,
one representative of this group of proteins, was not more
abundant under amino acid starvation suggesting that Cpc2p
is a post-transcriptionally regulated protein. CPC2 encodes a
Gp-like ribosome-associated trypotophan-aspartate repeats-
containing (WD) protein (28-30), which is highly conserved
and includes as counterparts cpc-2 of Neurospora crassa (31,
32) or human RACKT encoding a receptor of activated protein
kinase C (33). CPC2 is transcriptionally co-regulated with
other ribosomal protein-encoding genes by the transcription
factors Fhl1p and Ith1p (34). A CPC2 deletion suppresses the
growth deficiency of a gcn2A yeast mutant under amino acid
starvation conditions (28), whereas a mutated allele of cpc-2
in N. crassa coding for a truncated protein results in sensitivity
to amino acid starvation (31, 32).

Here we describe CPC2 as a gene required for FLO11
expression, adhesive growth, dimorphism, and cell wall integ-
rity. Cpc2 protein levels were increased during amino acid
starvation, and the presence of Cpc2p was required for a
decreased phosphorylation status of translation initiation fac-
tors at non-starvation conditions. The absence of Cpc2p in a

cpc2A strain resulted in increased amounts of phosphopro-
tein of these translational regulators.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions—Yeast strains are derivatives
of S. cerevisiae %1278b (Table ). Plasmids used is this work are listed
in Table Il. Deletion of CPC2 was achieved by using the cpc2 deletion
plasmid pRSBH1-14 (28) or the Euroscarf cpc2-kanR deletion cas-
sette. Transformations were carried out using the lithium acetate
method (35). For non-starvation conditions, strains were cultivated in
liquid synthetic minimal medium (YNB) containing respective supple-
ments at 30 °C overnight, diluted, and cultivated to midlog phase
before isolation of protein extracts or total RNAs. For amino acid
starvation conditions, 10 mm histidine analog 3-aminotriazole (3AT)
was added to yeast cultures grown to midlog phase, and cells were
incubated for 1, 6, or 10 h at 30 °C, respectively. For adhesive growth
tests strains were grown on solid (2% agar) YNB medium containing
respective supplements and 10 mm 3AT to induce amino acid star-
vation. For haploid invasive growth tests cells were grown on solid
(2% agar) yeast extract-peptone-dextrose (YPD) medium or on solid
(2% agar) synthetic minimal medium (YNB) containing 2% glucose or
2% galactose. Qualitative pseudohyphal growth was assayed on
SLAD plates (3). Cell wall integrity was tested by supplementation of
the indicated amounts of calcofluor white (Fluorescent Brightener 28,
Sigma) to solid YPD medium.

2D DIGE Analysis and 2D Phosphoproteome—Two serial 10-ml
YNB precultures, the first incubated overnight and the second incu-
bated for 2 h, were used to inoculate 100 ml of YNB medium. These
main cultures were grown to an Aggy, of ~0.8 before harvesting cells.
Amino acid starvation was induced at an Ag, of 0.3 by adding 3AT to
a final concentration of 10 mm. Cells were disrupted with Y-PER®-S
reagent (Pierce). Protein concentrations were determined with the
Pierce BCA kit according to the supplier’s manual. Recommended
amounts of cell extracts were purified by methanol-chloroform ex-
traction (36) and differentially labeled with the fluorescent dyes Cy2,
Cy3, or Cy5 according to the supplier’s protocol (GE Healthcare,
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product number 25-8010-65). The “minimal” labeling technique was
used, linking the CyDye DIGE fluors covalently to the ¢ amino group
of lysine of proteins via an amide linkage. The protein standard, which
was labeled with Cy2, consists of a protein pool of equal aliquots of
each extract used for the analysis. This Cy2-labeled protein standard
and the extracts of cultures with or without amino acid starvation,
labeled with Cy3 or Cy5, respectively, were combined for IEF and
PAGE. The differentially labeled proteins of the 2D gels were serially
imaged by means of laser scanning with a Typhoon scanner (GE
Healthcare). Images were normalized against the protein standard
and quantitatively analyzed by using the DeCyder™ software from
GE Healthcare (37). Student’s t test was performed with the DeCy-
der BVA (biological variation analysis) module to validate the sig-
nificance of the detected differences between spot intensities of the
starved (1, 6, or 10 h) and non-starved cells (t test p values required
for spot consideration were set at <0.001 for 10-h starvation versus
non-starvation).

The 2D phosphoproteome of methanol-chloroform-extracted (36)
cell lysates was analyzed in triplicate (independent cultures) according
to the protocol of Ray and Haystead (38). The resulting autoradiographs
were quantified with the imaging software PDQuest™ (Bio-Rad).

LC-MS/MS Protein Identification—Excised polyacrylamide gel
pieces of stained protein bands were digested with trypsin according
to Shevchenko et al. (39). Tryptic peptides extracted from each gel
slice were injected onto a reversed-phase liquid chromatographic
column (Dionex NAN75-15-03-C18 PM) by using the ultimate HPLC
system (Dionex, Amsterdam, Netherlands) to further reduce sample
complexity prior to mass analyses with an LCQ DecaXP mass spec-
trometer (Thermo Electron Corp., San Jose, CA) equipped with a
nanoelectrospray ion source. Cycles of MS spectra with m/z ratios of
peptides and four data-dependent MS2 spectra were recorded by
mass spectrometry. The “peak list” was created with extractms pro-
vided by the Xcalibur software package (BioworksBrowser 3.1). The
MS2 spectra with a total ion current higher than 10,000 were used to
search for matches against a yeast genome protein sequence data-
base from the National Center for Biotechnology Information (NCBI)
Saccharomyces Genome Database (Stanford, CA, 6882 sequences,
March 2005, plus 180 sequences of the most commonly appearing
contaminants, e.g. keratins and proteases, provided with the Bio-
worksBrowser package) using the TurboSEQUEST algorithm (40) of
the Bioworks software (Version 3.1, Thermo Electron Corp). The
search parameters included based on the TurboSEQUEST algorithm
were: (i) precursor ion mass tolerance less than 1.4 amu, (i) fragment
ion mass tolerance less than 1.0 amu, (jii) up to three missed tryptic
cleavages allowed, and (iv) fixed cysteine modification by carboxy-
amidomethylation (plus 57.05 amu) and variable modification by me-
thionine oxidation (plus 15.99 amu) and phosphorylation of serine,
threonine, or tyrosine (plus 79.97 amu). In accordance with the criteria
described by Link et al. (41) matched peptide sequences of identified
proteins had to pass the following: (i) the cross-correlation scores
(Xcorr) of matches must be greater than 2.0, 2.5, and 3.0 for peptide
ions of charge state 1, 2, and 3, respectively; (i) ACn values of the
best peptide matches must be at least 0.4; and (jii) the primary scores
(Sp) must be at least 600. Protein identification required at least two
different peptides matching these criteria. The degree of complete-
ness of the b- and y-ion series for each TurboSEQUEST result was
manually checked for every protein identified. Peptides of identified
proteins were individually blasted against the Saccharomyces Ge-
nome Database (BLASTP at seq.yeastgenome.org/cgi-bin/blast-sg-
d.pl against the dataset Protein Encoding Genes) to ensure their
unambiguous assignment to the TurboSEQUEST-specified protein.
Only in the case of the identification of elF4A, encoded by the two
identical ORFs TIF1 and TIF2, was discrimination between Tif1p
(9i|6322912|) and Tif2p (gi|6322323|) not feasible. See also Supple-

mental Tables 1 and 2 and Supplemental Fig. 1 for detailed Turbo-
SEQUEST identifications and phosphorylation site determination.

Adhesive Growth Assays and Microscopy—Amino acid starvation-
induced adhesive growth tests on solid YNB medium were performed
as described previously (14). Strains were pregrown on solid YNB
medium containing respective supplements for 20 h. Cells were
patched on fresh YNB containing supplements and 10 mm 3AT to
induce amino acid starvation. After incubation for 1 day at 30 °C,
plates were photographed and then carefully washed under a stream
of water. The plates were photographed again to document adhesive
growing cells. Haploid invasive growth was assayed as described
previously (1). After 5 days of growth on solid YPD medium or solid
YNB medium containing 2% galactose, cells were washed by water
and photographed to document haploid invasive cells. For qualitative
diploid pseudohyphal development assays cells were grown on solid
SLAD medium for 5 days. Pseudohyphal colonies were viewed with
an Axiovert microscope (Carl Zeiss, Jena, Germany) and photo-
graphed using a Xillix microimager digital camera with the Improvision
Openlab software (Improvision, Coventry, UK). For electron micros-
copy chemical fixation, dehydration and resin embedding was per-
formed as described by Spurr (42). Poststaining of ultrathin sections
was performed with uranyl acetate or lead citrate according to Ven-
able and Coggeshall (43) and Hoppert and Holzenburg (44).

Zymolyase Assay—Sensitivity of yeast cells to Zymolyase 100T
was assayed by incubating 1 ml of a cell suspension (a 50-ul aliquot
of cell suspension in 1 ml water giving an Agyg of ~2.4) with 100 ul of
10 mg/ml Zymolyase 100T. Subsequent transfer of 50-ul aliquots to
1 ml of 1% SDS in a time course of 24 min and following measure-
ment of the Agqy (caused by increasing cell lysis) gave the relative
extent of cell wall digestion of different strains.

Northern Analysis—Total RNAs from yeast were isolated following
the protocol described by Cross and Tinkelenberg (45). RNAs were
separated on a 1.4% agarose gel containing 3% formaldehyde and
transferred onto nylon membranes by capillary blotting. Gene-
specific probes were %2P-radiolabeled with the MBI Fermentas
Hexalabel™ DNA labeling kit. Hybridizing signals were quantified
using a BAS-1500 phosphorimaging scanner (Fuji, Tokyo, Japan).

Western Hybridization Analysis—Cell extracts were taken up in
SDS loading dye and heated at 65 °C for 15 min. Samples were
subjected to one-dimensional PAGE or 2D PAGE followed by transfer
to nitrocellulose membranes. elF2, elF2a-P, and Cpc2p were de-
tected using ECL technology (Amersham Biosciences). Primary anti-
bodies used were polyclonal rabbit anti-elF2 (21) or anti-elF2a-P
(BIOSOURCE, Nivelles, Belgium) and anti-Cpc2p (30). Peroxidase-
coupled goat anti-rabbit IgG was used as secondary antibody (Di-
anova, Hamburg, Germany).

B-Galactosidase Assay—Assays were performed with extracts
grown in liquid medium. Specific B-galactosidase activities were nor-
malized to the total protein (46) in each extract and equalized (A,,5 X
1.7)/(0.0045 X protein concentration X extract volume X time) (47).
Assays were performed for at least three independent cultures.

RESULTS

2D DIGE Reveals Seven Highly Up-regulated Protein Spots
of Adherent Yeasts during Amino Acid Starvation—2D DIGE
experiments of amino acid-starved yeast cells were per-
formed to identify protein spots significantly increased during
adhesive growth. The experimental setup is illustrated in Fig.
1A. Amino acid starvation was induced by the addition of the
histidine analog 3AT to the cultures. The diploid wild type
strain (RH2656) was incubated in the absence or in the pres-
ence of 10 mm 3AT for various time periods. Protein extracts
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Fic. 1. 2D DIGE analysis of S. cerevi-
siae cells starving for amino acids. A,

experimental setup. Strain RH2656 S

(21278b) was cultivated in YNB medium c 0 8

in the absence or presence of the histi- Sy o
Fluor Cy3-label Fluor CyS-label

dine analog 3AT for 1, 6, or 10 h at 30 °C.
Three independent cultures of each time
point were used for protein extraction.
The extract for the internal standard con-
sists of aliquots of each culture extract
and was labeled with Cy2; extracts A
and C were labeled with Cy3, and ex-
tracts D and B were labeled with Cy5.
Duplicates of three AB gel pairs and
three CD gel pairs together with the 4

12 Gels:

50ug sample (e.g. A & £) + 50ug Standard=150pg total -> |EF -> 2D-PAGE:

AB1_1&AB1_2 (replicate); AB2_1 & AB2_2 (rep.); AB3_1 & AB3_2 (rep.)
CD1_1 & CD1_2 (replicate); CD2_1 & CD2_2 (rep.); CD3_1 & CD3_2 (rep)

overlay gel AB1_1: green up-, blue down-regulated
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Standard (25pg of each):

pH 7

standard resulted in 12 independent
gels, each consisting of a Cy2/Cy3/Cy5
triplet. B, Cy3-Cy5 color overlay of one
exemplary gel triplet, AB7_1, normalized
against Cy2. C, protein spot pairs with at
least 8-fold increased intensity at amino
acid starvation. Indicated proteins were
identified by nano-LC-MS/MS2.

of cells of the exponential growth phase were isolated and
labeled with the fluorescent dyes Cy3 or Cy5. To normalize
the various 2D DIGEs, an internal standard pool consisting of
equal aliquots of all individual extracts was labeled with Cy2.
This resulted in two groups of 2D DIGE, namely 0 versus 10 h
(AB gels) and 1 versus 6 h (CD gels) with all gels also com-
prising the same amount of Cy2-standard extract. Fig. 1B
shows an example of an overlay of one gel triplet. After group
analysis with the DeCyder imaging software (GE Healthcare),
protein spots that displayed at least an 8-fold increase and a
statistical t test significance of at least 0.001 (10 h) were
defined as highly derepressed or activated. Protein spots
appearing in less than 27 of all 33 valid gel images were
excluded (six physical AB and five physical CD gels; replicate
gel CD2_2 was excluded from the analysis because of poor
quality, resulting in 33 valid gel images). Seven protein spots

matched these criteria and are illustrated in Fig. 1C and spec-
ified in Table Ill (for mass spectrometry data see Supplemen-
tal Table 1).

Two protein spots that were up-regulated include transla-
tion factors. The protein Cpc2p is a ribosomal GB-like trypto-
phan-aspartate repeats-containing (WD) protein assumed to
be involved in translational regulation (30). The protein spot
was 9-fold up-regulated after 10 h of amino acid starvation. In
contrast, microarray experiments (18), which were confirmed
by Northern hybridizations (Fig. 2B), did not reveal any tran-
scriptional induction for CPC2 under amino acid starvation.
Efb1p is part of the translation elongation factor eEF1. Efb1p
is the GDP-GTP exchange factor that regenerates eEF1-a-
GTP for subsequent elongation cycles. The protein spot
showed a 20-fold intensity increase after 10 h of amino acid
starvation. Again no transcriptional regulation of the EFB1
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TasLE Il
Highly up-regulated protein spots after AT treatment in S. cerevisiae

DeCyder spot numbers are as follows: His1p, 402; Tpm1p, 424; Sod1p, 558; Hsp60p, 69; Efb1p, 435; Tpilp, 550; Cpc2p, 443. For mass

spectrometry data see Supplemental Table 1.

Factor (t test)

Number of spot

Protein 1-h amino 6-h amino 10-h amino appearances (total
acid starvation acid starvation acid starvation number of gels)
His1p 2.3 (0.0046) 1.7 (0.0049) 13.5 (0.00019) 33 (33)
Tpm1p? 3.4 (0.054) 3.6 (0.015) 15.7 (2.9e—006) 33 (33)
Sod1p 1.5 (0.3) 2.0 (0.014) 8.0 (0.00013) 27 (33)
Hsp60p? 3.4 (0.15) 2.3(0.16) 14.6 (6.1e—005) 30 (33)
Efo1p? 3.0 (0.097) 3.1 (0.026) 20.0 (0.0011) 33 (33)
Tpilp? 3.5 (0.44) 3.6 (0.17) 37.2 (5.4e—005) 30 (33)
Cpc2p? 4.7 (0.011) 4.9 (0.006) 9.0 (8.3¢—005) 33 (33)

2 Proteins not transcriptionally up-regulated according to Refs. 17 and 18.

mRNA has been detected at the transcriptional profiling of
yeast cells under amino acid starvation (18).

In addition, specific protein spots identified as the chaper-
one Hsp60p and the oxidative stress response protein Sod1p
were up-regulated after 10 h by a factor of 14 and 8, respec-
tively. The conserved heat shock factor Hsp60p is an essen-
tial tetrameric mitochondrial chaperone required for the fold-
ing of precursor polypeptides and complex assembly (48, 49).
The Sod1p superoxide dismutase protects yeast cells against
reactive oxygen species. The transcription profile of HSP60
was reduced to half, and transcription of SOD7 was only
weakly induced by a factor of 1.4 (18).

His1p and Tpi1p are metabolic proteins exhibiting protein
spots of increased intensities. A His1p spot was increased by
a factor of 13.5 after 10 h of amino acid starvation. Transcrip-
tion of the HIST gene in non-adherent S288c cells had been
determined to increase ~5-fold (17) compared with only 1.6-
fold in %1278b cells (18). Tpi1p is a triose-phosphate isomerase
that catalyzes the aldose-ketose isomerization of two triose
phosphates from the glycolytic pathway (50). A Tpi1p spot was
37-fold induced, although no transcriptional regulation has been
reported for the TPI1 gene upon amino acid starvation.

A protein spot identified as Tpm1p showed an increased
intensity by a factor of 15. Tropomyosin isoform 1, Tom1p, is
the major isoform of tropomyosin, an actin-binding protein
that stabilizes actin filaments (51). However, the amount of
TPM1 mRNA has been determined to undergo a 3-fold reduc-
tion under conditions of amino acid starvation (18).

In summary, these data suggest that six of the seven most
up-regulated protein spots in adherent yeast cells upon amino
acid starvation are not due to transcriptional activation of their
encoding genes. Because modified versions and isoforms of
one protein might appear at different positions in 2D gels, the
increased spot intensities might either reflect an increase of
the total amount of a given protein (e.g. by translational con-
trol) or an increase of only a modified version of the protein
(e.g. by increased phosphorylation or acetylation). Although
this can only be discriminated by further experimentation, for
some of the presented candidates, as e.g. Tpilp, it has been
shown earlier that a phosphorylated version and an unphos-

phorylated version migrate to different positions within the 2D
gel (52). For this protein the detected increase might therefore
rather be due to protein modification than to total protein
abundance at amino acid starvation conditions. Some of the
post-transcriptionally regulated proteins found by the 2D
DIGE might rather fall in the category of a general stress
response than in the specific amino acid starvation response.
This might be in analogy to the stereotypical environmental
stress response (53) or the common environmental response
(54), both acting on the level of gene transcription upon different
nutritional limitations and a variety of environmental changes.

We focused in the following experiments on the role of
Cpc2p at amino acid starvation. A 2D Western hybridization
using an anti-Cpc2p antibody was performed to clarify which
of the possibilities mentioned above apply to this protein. The
result showed that the total protein abundance of Cpc2p was
increased (almost 8-fold) upon 2 h of amino acid starvation
(Fig. 2A).

FLO11-dependent Adhesive Growth and Filament-like
Pseudohyphal Development Are Cpc2/Ascip-dependent—
The CPC2 gene has previously been related to the general
control system of amino acid biosyntheses because its addi-
tional deletion in a gcn2A strain background suppresses the
growth defect at amino acid starvation conditions caused by
the GCN2 deletion (28). Because the key regulators of the
general control system of amino acid biosyntheses, Gen2p
and Gcn4p, also control adhesive growth upon amino acid
starvation (14), the impact of depleted Cpc2p on adhesive
growth and pseudohyphal development was further investi-
gated. The haploid cpc2A deletion strain and the diploid
cpc2A cpc2A deletion strain were compared with wild type
and flo171A and sfl1A deletion strains, respectively, to inves-
tigate adhesive growth and pseudohyphae formation. The
flo11A control is constitutively non-adhesive, whereas the
sfl1A control results in a hyperadhesive phenotype because it
encodes a repressor of FLO71 (6). In contrast to sflTA, all
other tested strains were non-adhesive under non-starvation
conditions as expected (Fig. 3A, YNB 1d). Growth at amino
acid starvation for 1 day induced adhesive growth of the
CPC2 wild type strain. However, similar to the flo77A negative
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Fic. 2. CPC2/Cpc2p expression in response to amino acid star-
vation. A, immunodetection and quantification of the Cpc2 protein
after 2D separation using an anti-Cpc2p antibody. The gels on the
right were stained with silver and serve as a loading control. 2D
separation and gel loading for the following membrane blotting and
immunodetection were identical. Quantification was performed with
the imaging software PDQuest (Bio-Rad). The numbers given are spot
intensities after background subtraction. The spot marked with an
asterisk (3AT) was not exclusively found for starvation but also ap-
peared in replicates of non-starved cells. It might reflect carbamyla-
tion of Cpc2p during sample preparation (81); phosphatase treatment
did not remove this additional spot (not shown). B, Northern hybrid-
izations against CPC2 mRNA quantified and normalized against ACT1
mRNA levels as internal standard. w 3AT, with 3AT; w/o 3AT, without
3AT; aa, amino acid.

control, the haploid cpc2A deletion strain did not grow adhe-
sively under amino acid limitation (Fig. 3A, YNB 3AT 1d). Loss
of adhesive growth at amino acid starvation was also ob-
served for a diploid cpc2A cpc2A strain (data not shown) and
further supports that the deletion of the CPC2 gene results in
an adhesion-deficient phenotype of amino acid-starved S.
cerevisiae cells. Northern hybridization experiments and

A

before wash ii after wash

YNB 1d
YNB
+ 10 mM 3AT
1d
B
CPC2 cpc2A
AT -+ —

acTr | — -
10 27 >01 >0.1
C
1200
B s

£

[ YNB + 10 mM 3AT

FLO11-lacZ
- galactosidase activity
(nmole/min/mg)
g

CPC2

Fic. 3. Amino acid starvation-induced adhesive growth and
FLO11 expression are CPC2-dependent. A, the haploid 21278b yeast
strains RH2817 (CPC2), RH3220 (sfl1A), RH2662 (flo11A), and RH3263
(cpc2A) were patched on solid YNB medium (+ uracil and Trp) and on
identical medium supplemented with 10 mm 3AT, respectively. After 1
day of incubation at 30 °C, plates were photographed prior (total
growth) and after washing (adhesive growth) with a stream of water.
Non-adhesive growing cells were washed off the agar surface. B, 20 ug
of total RNA of the haploid yeast strains RH2817 (CPC2) and RH3263
(cpc2A) cultivated in liquid YNB medium (+ uracil and Trp) in the
absence (—) or presence (+) of 10 mm 3AT were used for Northern
analysis. Numbers indicate transcript levels of FLO717 relative to the
internal standard ACT7. C, the same yeast strains each carrying a
FLO11-lacZ reporter were grown to logarithmic phase in YNB (+Trp) in
the absence (black bars) or in the presence (gray bars) of 10 mm 3AT
before specific B-galactosidase activities were assayed. Units of spe-
cific B-galactosidase activities are shown in nanomoles per minute per
milligram. Bars depict means of at least three independent measure-
ments with a standard deviation not exceeding 20%. d, day(s).

cpc2A
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Fic. 4. Glucose starvation-induced haploid invasive growth and
nitrogen starvation-induced diploid pseudohyphal development
are CPC2-dependent. A, the haploid X1278b strains RH2817
(CPC2), RH3220 (sfl1A), RH2662 (flo11A), and RH3263 (cpc2A) were
patched on solid YPD medium for 5 days at 30 °C. Cells were pho-
tographed before (total growth) and after washing (invasive growth)
with water. Non-invasive growing yeast cells were washed off the
agar surface. B, strains RH2819 (CPC2) and RH3328 (cpc2A) were
transformed with plasmid pHVX2-MUCT1 (56) carrying a P°"PGK1-
FLOT11 allele (Table Il), and invasiveness was tested after 1 day of
growth. The identical strains with an empty vector served as negative
controls. C, the haploid strains RH2817 (CPC2) and RH3263 (cpc2A)
were transformed with plasmids pME2071 (P°™GAL7-TEC1) and
empty pRS316 (Table Il), respectively. Strains were cultivated on solid
YNB (+Trp) medium with 2% galactose for 5 days at 30 °C. Plates

cpc2A | cpec2A

measurements of P™™flo11-lacZ-encoded B-galactosidase
activities (plasmid B3782 2 um (12)) demonstrated that FLO71
expression was abolished in cpc2A cells under all tested
conditions (Fig. 3, B and C).

It was then examined whether Cpc2p is specifically re-
quired for amino acid induced adhesive growth or whether the
absence of Cpc2p also prevents adhesion upon glucose limi-
tation, another signal leading to FLO717 activation and adhesive
growth (8, 11, 12, 55). Consumption of glucose by extended
growth on solid medium resulted for the cpc2A strain in a
non-adhesive behavior similar to that of the flo77A negative
control (Fig. 4A). Therefore, the Cpc2 protein seems to be
essential for the expression of Flo11p independently of the input
signal triggering FLO11 expression and subsequent adhesion.

To test whether the Cpc2p requirement for FLO11 expres-
sion was dependent on the promoter region, a FLO11 allele
with its ORF fused to the PGK7 promoter (56) was analyzed in
the cpc2A strain. The expression of this recombinant FLO71
allele restored adhesiveness (Fig. 4B). The transcription factor
Tec1p acts in complex with Ste12p on the FLO77 promoter
and is activated by the Kss1p/mitogen-activated protein ki-
nase (MAPK) signaling pathway (8, 11, 55). Overexpression of
Tec1p induced adhesive growth in wild type but not in cpc2A
cells (Fig. 4C) and therefore cannot restore the FLO17 expres-
sion defect of cpc2A cells. In addition, the overexpression of
Tpk2p, the kinase subunit of PKA that phosphorylates and
activates the transcription factor Flo8p (57), from a high copy
number plasmid did not restore adhesive growth (not shown).
The restored adhesiveness by the exchange of the FLO77
promoter by the PGK7 promoter suggests that the FLO77 up-
stream region specifically requires Cpc2p for efficient expression.

Filament-like pseudohyphae formation is another FLO717-
dependent growth mode induced upon nitrogen limitation in
diploid cells. In contrast to wild type cells, the diploid cpc2A
cpc2A cells were unable to develop any filament-like struc-
tures. They remained in a smooth-border round colony even
at nitrogen limitation (Fig. 4D).

Taken together, the deletion of the CPC2 gene resulted in
abolishment of FLO77 expression and as a consequence
impaired FLO17-dependent morphological developments of
S. cerevisiae. This suggests that Cpc2p is essential for FLO71
expression.

Deletion of CPC2/ASC1 Results in Increased Cell Size and
Increased Sensitivity to Zymolyase and Calcofluor White—A
comparison of the cells by microscopic analysis revealed an
increased cell size for the cpc2A deletion strain in comparison
with the wild type strain (Fig. 5A). At non-starvation the largest

were assayed for total and invasive growth. D, the yeast strains
RH2656 (CPC2/CPC2) and RH3264 (cpc2A/cpc2A), with plasmids
pRS316 and pRS314 to complement uracil or tryptophan deficiency,
were cultivated on nitrogen starvation plates (SLAD) for 5 days at
30 °C to stimulate diploid pseudohyphal development. d, day(s).
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FiGc. 5. Yeast cell wall integrity and cell size are regulated by
CPC2. Cell cultures were grown to an Agyo of 0.8. A, cell diameter
comparison of haploid strains RH2817 (wt) and RH3263 (cpc2A) by
light microscopy. The cell cultures were grown in the presence or
absence of 3AT. B, sensitivity of wild type (RH2817) and cpc2A
(RH3263) strains to the cell wall drug calcofluor white (cfw) was
assayed by growth on solid medium supplemented with calcofluor
white at two different concentrations and in its absence (w/o cfw). C,
glucanase sensitivity of the same strains recorded as Agq of cells in
1% SDS after incubation with Zymolyase 100T. Error bars represent
the 2-fold standard deviation from mean values calculated from 9
individual measurements from three independent cultures. D, electron
micrographs of thin sections of wild type and cpc2A cells. The images
show the cell periphery with cell wall (CW) and cytoplasmic mem-
brane (CM) after uranyl acetate staining of sections and permanga-
nate-treated cells after subsequent lead citrate staining of sections as
indicated.

cells of the cpc2A strain showed an ~2.5-fold increase in
volume in comparison with the largest wild type cells. This
size effect was even more pronounced when cells were cul-
tured at amino acid starvation, which led to cpc2A cells of
about 3.3-fold the volume of wild type cells.

The glycosylphosphatidylinositol-anchored Flo11 protein is
one of many cell wall proteins interacting with the extracellular
environment. RACK1, which is the mammalian counterpart of
yeast Cpc2p, was identified as receptor of activated C kinase,
Pkc1p (33). Pkc1p is the protein kinase C of S. cerevisiae and

is located upstream of the yeast cell wall integrity MAP kinase
pathway. Direct interaction of Cpc2p and Pkc1p in S. cerevi-
siae has not yet been described. However, phosphorylation of
Slt2p, which is the MAP kinase of this pathway, is increased
in a cpc2A background (58). Therefore a cpc2A strain was
analyzed for defects in cell wall integrity. The deletion of CPC2
resulted in significantly increased sensitivity to the chitin-
binding cell wall drug calcofluor white. Similarly treatment with
the glucanase Zymolyase 100T indicated cell wall changes be-
yond the presence or absence of the adhesin Flo11p (Fig. 5, B
and C). A close inspection of the cell wall by electron micros-
copy did not reveal obvious differences between wild type and
cpc2A cells in size and morphology suggesting that the Cpc2p-
caused changes are subtle (Fig. 5D).

The conclusion is that Cpc2p is essential for the cell wall-
mediated adhesive growth on surfaces as a player with a more
general role in the maintenance of the cell wall integrity. The
change in cell size observed in the cpoc2A mutant strain might
be the consequence of an impaired cell wall integrity control.

Deletion of Cpc2p Increases the Phosphorylation of Elon-
gation Initiation Factors—Amino acid starvation resulted in
phosphorylation of the translation initiation factor elF2« in
both wild type and cpc2A cells (Fig. 6A). Surprisingly even in
the absence of amino acid starvation, cpc2A cells showed
elevated elF2«a phosphorylation. The elF2«a phosphorylation
was abolished in the gcn2A background in cpc2A and wild
type cells demonstrating that elF2 phosphorylation is Gen2p-
dependent (Fig. 6A). This hints to a Cpc2p function as part of
the mechanism preventing elF2a phosphorylation in wild type
cells during non-starvation conditions.

Because the phosphorylation status of the MAP kinase
Slt2p has also been described to increase in the absence of
Cpc2p (42), Cpc2p might affect the phosphorylation of addi-
tional proteins besides SIt2p and elF2. Thereby Cpc2p might
affect several kinases because the mammalian homolog
RACK1 was not only shown to function as receptor of various
isoforms of activated kinase C (33, 59, 60) but also of the Src
kinase (61). 2D phosphoproteome analyses were performed
to find further putative phosphoproteins under the control of
Cpc2p. Cultures of wild type and cpc2A cells were precul-
tivated in minimal YNB medium and then shifted for meta-
bolic labeling and further growth to a low phosphate YNB
medium supplemented with [*2P]phosphoric acid. Chloro-
form-methanol-purified cell extracts were separated by
two-dimensional gel electrophoresis. Proteins were silver-
stained, and phosphate incorporation was visualized by
autoradiography.

Analysis of the phosphoprotein spots by the PDQuest (Bio-
Rad) imaging analysis software tools revealed more than 100
phosphoproteins. Several of these phosphoproteins showed
different spot intensities in wild type and cpc2A cells (Fig. 6B,
circled spots). Two of the regulated phosphoprotein spots are
presented here (for mass spectrometry data see Supplemen-
tal Table 2).

Molecular & Cellular Proteomics 6.11 1975



Dimorphism of Yeast Requires Cpc2/Asc1p

gon2al
A WT cpc2A gen2a cpC2A
3AT  +3AT  -3AT  +3AT | +3AT +3AT

elF2a-P .

CIF20 S———— .*

50

411

40 36,1
@30
H
€20 13,7
E ‘2 1 0 0
-3AT +3AT -3AT +3AT +3AT +3AT
WT cpc2A gen2A  gen2a
cpc2A
B »pl  Cpc2/asciA
Mwl
=
[= 8 -
©
=)
k=l
=
g
<]
i' 5109 L ::_lu‘
pH4 pHT pH 7
C SEQUEST identification after LCMSMS2:
Peptide (MS2): XCormr:
SATMPNDVLEVTTKF 41
— | VINYDLPANKENY 33
g & | ISTDLLARGIDVQQVSL a1
o = | QRIDTSVKAPQAL 24
T 0 | LSATMPNDVLEVTTKF 1.8
| DLPANKENY 1.6
TLLPPTTQWWL 11

Protein coverage (aa): 17.7%

AELDPLDIDAVLLTGGVSFTPK 57

Q. T | LISDYDADELAEALQPVIVNTPHLK 5.6
N 2 | NASNNPNELAASGAALQAR 4.9
0 & | VFAQFSSFVDSVIAK 38
) © | EENAEEDDESEWSpDDEPEWR 3.4
LTTNLEYTLPESVEILGPONK 3.2
DVNVWWVADFGGIR 25

Protein coverage (aa): 23.6%

Fic. 6. Cpc2p reduces phosphorylation of translation initiation
factors. A, immunodetection of phosphorylated elF2 with anti-
elF2a-P antibody quantified and normalized against total elF2 levels
detected with anti-elF2 antibody. Wild type (RH2817) and cpc2A cells
(RH3263) were cultivated in the absence (—) or presence (+) of 3AT
for 1 h. B, autoradiography of a 2D phosphoproteome comparison of
metabolically [*?Plorthophosphate-labeled cell extracts of wild type
and cpc2A cells. Circled spots were found to be increased in intensity
by a factor of 2 or more in cpc2A cells and are assigned with PDQuest
(Bio-Rad) standard spot numbers (SSP). C, the intensity of spot
SSP5702 is 6-fold increased in cpc2A cells, and this protein was
identified by TurboSEQUEST analysis of its LC-MS/MS2 data as
translation initiation factor elF4A. TurboSEQUEST cross-correlation
values (Xcorr) for the identified tryptic peptides are given. WT, wild
type; rel., relative; aa, amino acid.

The translation initiation factor elF4A could be identified as
one of the proteins significantly up-regulated in its phospho-
rylation in cpc2A cells (Fig. 6, B and C, spot number 5702,
6-fold intensity increase). The elF4A protein is the prototype of
DEAD box RNA helicases and a subunit of the eukaryotic
cap-binding complex elF4F. In addition to elF2, this is the
second translation initiation factor found in this study whose
phosphorylation increased upon deletion of CPC2. Because
the modification was not located within the 17.7% coverage

of the identified protein, the phosphorylated residue could not
be identified. Phosphorylation of elF4A at the same N-terminal
serine of the protein where it has been demonstrated for the
pheromone signaling pathway (62) is possible.

Another phosphoprotein of increased intensity in cpc2A
cells was identified as Ssz1p (Fig. 6, B and C, spot number
3802, 6-fold intensity increase). Ssz1p is an HSP70 protein
together with Zuo1p forming the ribosome-associated com-
plex RAC. The phosphorylation site could be mapped to
serine 514 (2-fold charged peptide with Xcorr of 3.4; MS2
spectrum is in Supplemental Fig. 1), a site that has been
shown earlier to be phosphorylated in response to the pher-
omone signaling pathway (62). Ssz1p, elF4A, elF2«a, and
Cpc2p all bind to the “multiadaptor” protein elF4G (63) sug-
gesting that the presence of Cpc2p is necessary to prevent
phosphorylation of the other proteins when cells are sated to
allow adjusted initiation of translation.

DISCUSSION

Mammalian RACK1 physically interacts with activated protein
kinase C and Src kinase, which are soluble signal transduction
proteins (33, 64). In addition, RACK1 also interacts with the
cytosolic domains of membrane-spanning receptors (65, 66)
and controls processes that involve contacts with the extracel-
lular matrix during cell spreading, the establishment of focal
adhesions, and cell-cell contacts (60, 67, 68). RACK1 therefore
presumably serves as a versatile platform for signal transduc-
tion pathways, which change the expression of distinct groups
of genes (68). Here it is shown that yeast Cpc2p has roles similar
to that of its equivalent RACK1 because it is also required for
extracellular interactions. In yeast these roles are the cell-cell
and the cell-surface interactions mediated by Flo11p, and
Cpc2p is necessary for the expression of the FLO11 gene.
Cpc2p is also required for the cell wall integrity, although the
exact relationship between Cpc2p and the S. cerevisiae protein
kinase C is yet elusive (69). Cpc2/Asc1p orthologous proteins of
other fungi like Aspergillus nidulans and Schizosaccharomyces
pombe (70, 71) and even of plants (56) also seem to be involved
in cellular differentiation processes. RACK1 homologs might
also play a prominent role in pathogenesis. In the pathogen
Cryptococcus neoformans, a novel GB-like/RACK1 homolog
seems to be associated to cAMP signaling and virulence (72).
For Trypanosoma brucei, the causative agent of sleeping sick-
ness, a RACK1 homolog has been shown to be required for the
onset and progression of cytokinesis (73).

The interaction of ribosomal RACK1 in mammals to acti-
vated protein kinase C results in the phosphorylation of the
initiation factor elF6. Phosphorylated elF6 dissociates from
the large 60 S ribosomal subunit thereby enabling assembly
with the smaller 40 S subunit to promote translation (74).
Protein kinase C in addition phosphorylates a serine of the
cap-binding protein elF4E in vivo (75).

Our data with the yeast counterpart of RACK1, Cpc2p/
Asci1p, corroborate the importance of this protein for the
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Fic. 7. Model for the Cpc2p function in translational control.
Phosphorylations are marked by circled Ps reflecting phosphate
groups. Phosphorylation sites are indicated if known (elF2a and
Ssz1p) and marked with a question mark if not (elF4A). TFs, transcrip-
tion factors.

phosphorylation of even more initiation factors of translation.
A physical interaction of the S. cerevisiae sensor kinase
Gcn2p has not been found with Cpc2/Asc1p and might be
transient. However, deletion of CPC2/ASC1 results in consti-
tutive phosphorylation of the translation initiation factor elF2,
hence reducing translation initiation by reducing the levels of
the ternary complex elF2-GTP-Met-tRNAM®t. Cpc2p/Ascip is
also necessary to prevent phosphorylation of the translation
initiation factor elF4A and of the HSP70 protein Sszip in
sated cells. The initiation factor elF4A is a DEA(D/H) box RNA
helicase that presumably unwinds secondary RNA structures
near the mRNA cap to allow translation initiation (76). A pher-
omone-induced cell cycle arrest correlates with phosphoryl-
ation of elF4A at the very N-terminal serine of the protein (62).
elF4A phosphorylation also seems to be part of developmen-
tal processes in other organisms including pollen tube germi-
nation in tobacco (77).

Interestingly elF2«, elF4A, elF4E, the RAC subunit Ssz1p,
and Cpc2p are all interacting partners of elF4G (63), the
multiadaptor translation initiation factor. Cpc2p might have a
role in coordinating the phosphorylation of these translation
factors at elF4G that might result in distinct differences in
mRNA translation. Changes in the expression of mRNA tran-
scripts for transcription factors might result in overall changes
in gene expression of a variety of genes as e.g. the FLO11
gene (Fig. 7). The loss of the FLO17-dependent adhesive and
pseudohyphal growth is obviously not the only cell wall phe-
notype caused by the CPC2/ASC1 deletion. Increased sensi-
tivity to cell wall-affecting drugs hint to an important role of
Cpc2p/Ascip in appropriate cell wall biosynthesis. Profiling
the translation efficiency of selected transcription factor
mRNAs by polysome fractionation and subsequent mRNA
probing in cpc2A compared with wild type cells might provide
an informative basis for comprehending the extent of the role
of Cpc2p in translation and gene expression.

The hypothesis that Cpc2p could be a link between elF4G-
associated proteins and kinases to coordinate gene expres-

sion finds some support by the finding that the translational
derepression of the signaling pathway-responsive transcrip-
tion factor Ste12p during filamentous growth is regulated by
elF4E-binding proteins. These include Caf20p and Eapip, the
decapping activator Dhh1p, and the RNA helicase elF4A (78,
79). It is tempting to speculate that the elF4G-interacting
protein Cpc2p might have a similar role in derepressing trans-
lation of specific transcripts and that the underlying mecha-
nism requires various kinases and elF2q, elF4A, and the RAC
subunit Ssz1p as targets for these kinases.

Cpc2/Asc1p has lately been identified as the GB-subunit of
Ga protein Gpa2 (80) suggesting that there is a link between
signal transduction and translational regulation on ribosomes.
Therefore a significant impact of Cpc2/Asc1p on a variety of
protein phosphorylations by signal transduction pathways
seems to be possible. Its dual role as receptor-coupled G-
protein subunit and as ribosomal protein imposes questions
about the nature of the connectivity of both functions for
signal transduction and the regulation of gene expression on
the level of MRNA translation.

In conclusion, the ribosomal Cpc2/Asc1p is a post-tran-
scriptionally regulated protein controlling ribosomal settings
for the initiation of MRNA translation. It might thereby mediate
the translational adaptation to environmental stimuli and/or
nutritional conditions that are initially transferred by signaling
receptors and transduction pathways and finally lead to the
modification of translation initiation factors. The expression or
co-/post-translational modification of transcription factors
might then affect the transcription of target genes of signaling
pathways, such as the S. cerevisiae dimorphism gene FLO11.
The presented model is that Cpc2/Asc1p represents a ribo-
somal interface for signal transduction, translation initiation,
and transcription factor formation.
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