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ABSTRACT. Previous reports had pointed to serines 62 and 71/79 as possible phosphorylation sites in the
yeast acidic ribosomal proteins YR hnd YP2x, respectively. However, it has been found that mutation

of these serine residues did not affect the phosphorylation level of the proteins. A detailed examination
of the YP2x tryptic digest from thén vivo labeled protein demonstrates the existence of a totally trypsin-
insensitive site at lysine 88 that led to a misinterpretation of previous results. The uniqaettypfic
phosphopeptide obtained contains, in addition to serines 71 and 79, a serine at position 96 near the carboxyl
end, which automatic Edman degradation confirmed as the phosphorylated residue. In addition, by using
Staphyloccocuprotease V8, it was possible to obtain phosphopeptides containing only serine 96, whose
phosphorylation has likewise been confirmed by radioactive labeling as well as by chemical methods. A
similar analysis of the other 12 kDa acidic proteins, WRPYP15, and YPZ, has shown the presence of
equivalent phosphorylation sites in the four P proteins, which correspond to position 96 in protems YP1
YP15, and YP2x and position 100 in YP2 This conclusion has been confirmed by the fact that mutation

of serine 96 in proteins YRLand YP2x abolishes their capacity to be phosphorylatedivo. The
mutation of the phosphorylation site of the individual acidic proteins seems not to alter their interaction
with the ribosome. However, it has been found that the level of phosphorylation of the stalk proteins has
an effect on the response of the cells to some specific metabolic conditions, indicating that it may modulate
the translation of specific proteins.

The overall structure of the ribosome is generally accepted for a recent review]. Ifsaccharomyces carsiag, two P1's,
to have been well-conserved during evolution, in spite of YPlo and YPJ, and two P2's, YP& and YPZ, have been
specific ribosomal structural features that can be used asdescribed (Newton et al., 1990).

useful evolutional markers (Lake et al., 1982). The stalk,a  Although the stalk components seem to be structurally and
lateral prOtUberance of the Iarge ribosomal subunit involved functiona"y ana|ogous in all SystemS, there are clear differ-
in the function of the supernatant factors during the transla- ences among them that, in the case of eukaryotes, suggest
tion process, is among the most conserved ribosomalthe evolutional acquisition of new functions probably related
structural elements. The stalk is built by a pentameric protein to the regulation of the ribosomal activity (Remacha et al.,
complex made of a rRNA-binding protein and two dimers 1995a,b). One of the most interesting characteristics of the
of a set of very acidic proteins. In bacteria, protein L10 eukaryotic stalk system is the phosphorylated state of its
interacts with the 23S rRNA and proteins L7 and L12 (L7 components. Ir8. cereisiaethe acidic ribosomal proteins

is the N-terminal-acetylated form of L12) are the acidic are found phosphorylated in a single position (Sanchez-
components. The eukaryotic counterparts of the bacterial Madrid et al., 1981), while in mammalians, multiple phos-
stalk components have been called by different namesphorylation states of the P1 and P2 proteins have been found
depending on the organisms, but they tend to be generically(Lin et al., 1982). In addition, it was reported thatuitro
called P proteins, because they are found mostly phospho-dephosphorylation of the acidic proteins from mammalians
rylated in the ribosomes. Protein PO is the eukaryotic L10 (MacConnell & Kaplan, 1982) and yeast (Juan-Vidales et
equivalent, and the acidic proteins belong to two closely al., 1984) inhibited the capacity of the polypeptides to bind
similar but not identical types, called P1 and P2. In lower to the ribosome.

eukaryotes (yeast, protozoa, plants) there are multiple forms - The presumable relevance of the P protein phosphorylation
of the P1 and P2 proteins [see Ballesta and Remacha (1996)ed us to the identification of the phosphorylated sites in the
yeast acidic proteins. Characterization of tryptic digests
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showing new aspects of the P protein phosphorylation, are PCR on BS-L47 replacing serine 62 by cysteine and/or serine

included in this report. 96 by valine; at the same time, nd¥st and Sal sites were
introduced near the respective mutated sites. The genes, as
MATERIALS AND METHODS aBanHI-EcaRI fragment, were transferred to pFL38 yielding

Strains and Growth Media S. cereisiae W303-1b the plasmids pFL38-L47, pFL38-L47cys62, pFL38-L47val96,
leu2-3,112, trp1-1, ura3-1, his 3-11,15, ade2-1, can1y00 and pFL38-I__470y362/v§1I96. . .
and S. cereisiae 142 @ his3, can) were used as con- Cell Frac'glonatlon. Ribosomes were obtained as previ-
trol strains. S. cereisiae D45 (x; leu2-3, 112, trpl-1, ously described (Naranda et al., 1993). In summary, late

rpYP2x(L44)::URA3, rpYPB(L45)::HIS3)andsS. cereisiae logarithmic-phase cells were broken by shaking with glass
D67 (o; ura3-1, his3-11,15, rpYRL:LEU2, rpYPI(L44): beads in a vortex or by grinding with sea sand in 20 mM
:TRPJ) were derived from W303 by gene disruption (Rem- Tris-HCI (pH 7.4), _80 mM KCI, 10 ”.“V' MGl 2'5. mM_
acha et al., 1992). Yeasts were grown in either YEPD (1% B-mercaptoethanol including a cockta|l_of protease inhibitors
yeast extract, 2% peptone, and 2% glucose) or YNBD (0.67% (0-> MM pr}enyITethangsulfonyI/ fluoride, ®/mL apro- 4
amino acid-free yeast nitrogen base and 2% glucose).t'n'n’ 2 ug m,L leupeptin, 2ugimL pepstatin A), an
Escherichia coli DH5a, grown in LB medium (1.0%  Phosphatase inhibitors (10 mM NaF, 40 niMylycerophos-
bactotryptone, 0.5% yeast extract, and 0.5% NaCl), was usedPNat€, 5 MM EGTA). The ribosomes and S-100 supermatants

; ; ; d from the extracts by high-speed centrifugation.
for transformation and propagation of plasmids. Were prepare . .
Cell Transformation E. coli cells were transformed The particles were resuspended in 20 mM Tris-HCI, pH 7.4,

according to Hanahan (1985%. cereisiaetransformations 10 mM MgCk, 50 mM KCI, and 5 mMg-mercaptoethanol

: e and stored at-20 °C.
were performed either by the lithium acetate method (Ito et - . . .
al., 1983) or by electroporation in a Bio-Rad Gene pulser thACIquC proteins (?;13 f(;eg:ltlop/ls)va:rce:lextragé%/d bytr\]/vasr:mg
following the manufacturer’s instructions. € rbosomes wi : 4l in o €thano

Recombinant DNA TechniqueRestriction endonucleases, (Sanchez_— Madr_lq et_ al., 19.7.9)' . -
T4 DNA ligase, Klenow DNA polymerase | fragment, and P Prot_eln Purification Acidic proteins were purn_‘led from
other enzymes were purchased from Boehringer Mannheimfgufr;ar?t('ggg gy rer\;er?g_phfg%%?g;g;?gggfeggtci
(Germany), New England Biolabs, or Amersham (U.K.). T um, 75 x 4. ! o
DNA preparation. restriction enzvme digestions. agarose 1988). Elution was performed using a-380% acetoni-
gel elecgroghorelsis, Iigatliorl1 of DZNyA fragI]%nenlts éogthern trile—trifluoroacetic acid gradient at room temperature at a

blots, etc., were carried out according to standard techniquesgonStam flow rate of 0.5 mL/min. Proteins were detected
(Sambrook et al., 1989). DNA was sequenced by the y UV absorption at 224 nm and analyzed either by indirect

dideoxy chain termination method using universal primers ELISA using monoclonal antibodies (Vilella et al., 1991) or

and complementary oligonucleotides by isoelectrofocusing.
P y olig ' Electrophoretic Methods.The acidic protein fractions

Plasmids (SR s) were analyzed on horizontal 5% polyacrylamide/8 M
urea isoelectrofocusing gels in the 25.0 pH range (Juan-
pFL36-L44 Series The plasmids were constructed by Vidales et al., 1984). Whole ribosomes (1 mg) were directly
subcloning either the wild-type (pFL36-L44) or different analyzed in similar conditions but in vertical gels after
mutated rpYP& genes (pFL36-L44cys71, pFL36-L44cys79, treatment with RNase A (289) for 60 min at 0°C. The
pFL36-L44cys71/79) from BS-L44 in thgamHI-Sma sites lyophilized samples were dissolved in-105 uL of 6 M
of the centromeric vector pFL36 (Bonneaud et al., 1991). urea and 0.65% ampholytes (25.0 pH) and used for
BS-L44 was obtained by cloning in thEcdRl site of isoelectrofocusing. Proteins were either detected by silver
Bluescript KS, a 2.3 kbpEcoRI-EcaRI fragment from  staining or blotted to either PVDF or nitrocellulose mem-
plasmid pMRE44 (Remacha et al., 1988) containing the wild- branes by electrophoresis in a semidry system using Novablot
type rpYP2x gene. Site-directed mutagenesis was carried LKB buffer. Proteins in membranes were immunodetected
out by PCR (Dieffenbach & Dveksler, 1995) on plasmid BS- using specific P protein monoclonal antibodies (Vilella et
L44 using mutagenic oligonucleotides prepared by Isogen al., 1991) following standard procedures (Towbin et al.,
Bioscience (Maarsen, The Netherlands). Serines 71 and 791979).
were replaced by cysteine, and serine 96 was replaced by Protein Phosphorylation Proteins were phosphorylated
alanine either independently, as in pFL36-L44cys71, pFL36- in vivo by adding 1 mCi of2PQ,3 to mid-log-phase cells
L44cys79, and pFL36-L44ala96, or simultaneously, as in growing in 100 mL of a low-phosphate medium (Rubin,
pFL36-L44cys71/79, pFL36-L44cys79/ala96, and pFL36- 1973). Cells were allow to grow for 90 min, collected by
L44cys71/79/ala96. Atthe same time, a new restriction site, centrifugation, and processed for preparation of ribosomes
Pst in the case of serines 71 and 79 &aldl in the case of as usual.
serine 96, was introduced close to the mutated residues Proteolysis of Acidic ProteinsTrypsin Treatment The
without affecting the amino acid sequence of the protein. acidic proteins (2Q«g), purified by HPLC, were dissolved
Mutations were confirmed by restriction analysis as well as in 25 uL of 8 M guanidine and diluted before treatment up
by direct sequencing of the mutated genes. to 200 uL with 0.1 M Tris-HCI, pH 8.0, to a final
pFL38-L47 Series This series, carrying the wild-type and  concentration ©l M guanidine. The enzyme-to-protein ratio
mutated YP# genes, was obtained in a way similar to the ranged from 1:10 up to 10:1 depending on the conditions
previous one. The plasmid BS-L47, used as a source of the(see text). Treatment was performed at &7 for 18 h.
YP1la gene, was obtained by subcloning a 2.0 HxgoRI—

BanHI_fragment fr(_)m plasmid pScel12IIA (Nethn etal, 1 Abbreviations: HPLC, high-pressure liquid chromatography; ELISA,
1990) into Bluescript KS. Mutagenesis was carried out by enzyme-linked immunosorbent sandwich assay.




Phosphorylation of Yeast Ribosomal P Proteins Biochemistry, Vol. 36, No. 47, 199714441

YR p
YPIasYPI[ip \ i
¥E1[ ap
YP13p ﬁ & E28=3 YPIip—= & - g .
—

YPI[ '=' L TPIfp — - -
YF2up —— TPHD — o o o = &
¥P2o "wHp —=
YR p %
YPR2R

Ficure 1: Isoelectrofocusing of acidic proteins in ribosomes from wild-tgpeereisiae (lane 1) and D45 strain transformed with pFL36-
L44cys71/79 (lane 2), pFL36-L44cys79 (lane 3), pFL36-L44cys71 (lane 4), and wild-type epif&® 5): (A) silver-stained gel, (B)
autoradiography of gel frorm vivo 32P-labeled ribosomes. The acidic proteins were extracted from the ribosomes )/éthianol and

resolved by isoelectrofocusing in a pH range from 2.5 (top) to 5.0 (bottom). Only the relevant proteins are indicated. The phosphorylated
forms of the proteins are marked by a “p”.

Trypsin (Sigma sequencing grade) was divided into three Table 1: Effect of YP2 Mutations on Protein Binding to the
aliquots that were added at the beginning of the reaction, Ribosome

after 2 h, and finally after 14 h of incubation. The reaction P proteins in ribosomes
mixture was directly used for HPLC separation of peptides. estimated by ELISA(Assq)
Staphylococcus V8 Protease TreatmeRtotein (20ug) strain transforming plasmid YL YP2o.  YP23
was dissolved in 5L of 50 uM NH,HCO;, pH 8.0, and 142 (wild-type) 1.30 1.41 1.57
i i 45 002 000 001
digested with O._':'yg of protease for 12 h at 25C. The AR P2t oFL39leuds 15 v 6.0
samples were directly resolved by HPLC. D45-YP2ucys71  pFL39leudd/cys71 1.06 148 001
Peptide Analysis The tryptic digests were separated by D45-YPZxcys79  pFL39leud4d/cys79 1.30 150  0.00
HPLC with a Waters Delta Pack C18 (300 Ay, 150 x D45-YPicys71/79 pFL39leuddicys71/79 132 123  0.04
3.9 mm) column using a nonlinear water/acetonitrile- (0 @ Ribosomes were obtained from cells grown in YEPD. P proteins

60%) gradient in 0.1% trifluoroacetic acid at a flow rate of Were estimated in the split protein extracts {§Rby ELISA using.
0.5 mL/mi Detecti N tid ied out at 214 specific monoclonal antibodies. THeso in the peroxidase reaction is
n'm mThrgmp-ept%gcplggk(&)} \E’vee?e' f(?”\g;z;ag:)enc;:{[r;ed byproportional to the amount of protein in the extracts.

vacuum centrifugation, and stored-a20 °C. (rpYP20-79cys) or at both positions simultaneously (rpéP2
For ELISA evaluation of peptides an aliquot of the peak 77/79cys). As a control, the cells were transformed with
before concentration, proportional to tAgi, of the sample,  1he 1py P2y wild-type gene. All the transformed strains had
was diluted in 50 mM sodium carbonate buffer, pH 9.6; 100 5 gimjlar doubling time in rich and minimal medium of
uL of the diluted sample was bound to plastic microtitration 5.5,nd 95 and 145 min respectively. Ribosomes from the
plates by incubation at room temperature for 30 min and giferent strains were prepared and the acidic proteins
then overnight at 4C. After washing, the plates were treated  jgentified by isoelectrofocusing (Figure 1) and estimated by
with a specific anti-P protein C-terminal monoclonal antibody g |sa (Table 1). Untransformed strain D45 does not
as described previously (Vilella et al., 1991). contain acidic proteins because the P1 proteins present in
Peptide SequencingPeptides obtained from HPLC sepa- he cell do not interact with the particle in the absence of P2
ration of protein digests were concentrated and sequenced,qeins (Remacha et al., 1992) but recovers these proteins
by Edman degradation in an Applied Biosystems 447 \yhen transformed with the wild-type rpYB2yene (Table
automatic pepnde sequenator at the Centro de Biologiaq gng Figure 1A, lanes 5 and 6). Either independent or
Molecular Protein Sequencing Service. _ simultaneous mutations at serines 71 and 79 did not affect
Immunological Techniques The acidic proteins were e capacity of YP& to bind itself to the particle and to
detected in S-100 fractions, ribosomal extracts, and HPLC jhquce the binding of YPA (Table 1 and Figure 1A lanes

fractions using monoclonal specific antibodies by indirect 2—4). Moreover, the phosphorylated form of protein P2

ELISA as previously described (Vilella et al., 1991). is present in the ribosomes irrespective of the strain,
Other Techniques Protein concentration was estimated  jngicating, therefore, that the mutated proteins are susceptible
according to Bradford (Bradford, 1976). to phosphorylation in the cell. This point was confirmed

RESULTS further when cells were labeled witfPO,*~, the radioactive
form of YP2o being present in the ribosomes from all the
Effect of Mutation of Putatie Phosphorylation Sites in  samples (Figure 1B).

Proteins YP#& and YP2. on Protein Actiity. Previous data Similar results were obtained whe® cereisiae D67,
suggested that serine 62 and either serine 71 or 79 corresponthcking proteins YP4& and YP} (Remacha et al., 1992),
to the phosphorylation sites in proteins YPand YP2y, was transformed with constructs carrying the YWPdene
respectively (Naranda et al., 1993). To distinguish between mutated at serine 62 (rpYR162cys) (lane 4, Figure 4A).
the two YP2x sites and to confirm the YRdidentification, Characterization of Tryptic Phosphopeptides from HPLC-
mutation of the respective sites was carried out in both Purified Proteins These results apparently contradict the
proteins. initial identification of the phosphorylation sites in the yeast

In the first caseS. cereisiae D45, a strain defective in  acidic ribosomal proteins (Naranda et al., 1993). The
proteins YP2 and YPZ (Remacha et al., 1992), was existence of alternative phosphorylation sites which are
transformed with the constructs carrying the YPgene modified upon mutation of the original one might explain
mutated at either serine 71 (rpY&®Z1cys) or serine 79  this apparent contradiction. To explore this possibility,
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Table 2: Tryptic Peptides Derived from Protein YPResolved by HPLC

radioactivity? reactn with anti-C-terminal
peak tr (Min) exptl amino end sequence theoretical tryptic peptide (cpm x 1079) antibody (Asso)

1 38.0 YLAAY 3-YLAAY-7 0.13 0.02
LLLN... 8-LLLN...DATK-21

2 41.2 0.14 0.01
SVDE... 49-SVD...NEK-60

3 43.0 MKYLAAY 1-MKYLAAY-7 0.17 0.01

4 52.5 VSSVL... 38-VSS...EGK-48 0.33 0.03

5 54.0 AILESVGIEIEDEK... 24-AlLE...DEK-37 2.24 0.03

6 58.0 LAAVPAAGPASAGGAAAASG... 61-LAA...EEK-88 69.97 1.05

7 59.7 LAAVP... 61-LAA...EEK-88 3.86 0.58

8 62.1 YLAAYLL... 3-YLAA...ATK-21 1.71 0.08

9 71.2 AILESVGI... 24-AlLE...DEK-37 1.35 0.04

aSee Figure 2AP Data from a representative experiment. The different specific radioactivity of the original labeled proteins in four experiments
makes the average values irrelevarReptides were estimated by ELISA as indicated in Materials and Methods using a monoclonal antibody
specific for the highly conserved C-terminal peptide of the P proteins. The data correspond to the average of four experiments.

. vy y y y

MK YLAAYLLLNAAGNTPDATK IK AILESVGIEIEDEK VSSVLSALEGK SVDELITEGNEK

61 )V

LAAVPAAGPASAGGAAAASGDAAAEEEK "EEEAAEESDDDMGFGLFD 106
71 79 88 96

A

Veoere¥emnsY \J

B 1 MKYLAAYLLLNAAGNTPDATKIKAILE SVGIE IEDE KVSSVLSALE GKSVDE‘lLITE¢GNE¢

L

60 KLAAVPAAGPASAGGAAAASGDAAAEEE KEEE AAEE SDDDMGFGLFD 106

C YP20 LI TEGNEKVLAAVPAAGPASAGGAAAAS GDAAAEEEI:VEEEAAEE SDDDMGFGLFD 106
YP2B AEGQKK FATVPTGGASSAAAGAAGAAAGGDAAEEEK'EEEAK EESDDDMGFGLFD 110
YPloe NLK ' DLLVNFSAGAAAPAGVAGGVAGGEAGEAEAEK EEEEAK EESDDDMGFGLFD 106

YP1R DLK¢EILSGFHNAGPVAGAGAASGAAAAGGDAAAEEEK EEEAAEESDDDMGEFGLFD 106

FIGURE 2: Putative protease-sensitive sites in the amino acid sequence of yeast acidic proteins: (A) trypsin-sensitive sites in pagtein YP2
(B) Staphylococcu¥8 protease-sensitive sites in protein YEZC) trypsin-sensitive sites in the C-terminal domain of the four yeast acidic
ribosomal proteins; down arrow, sensitive site; slashed arrow, insensitive site. In bold type is the phosphorylated serine.

peptides derived from a trypsin treatmentiof vivo 32P- mutated protein YR2-cys71/79 is obviously impossible. The
labeled YPZ2 in conditions that should result in complete most simple interpretation of the presence of radioactivity
degradation were thoroughly analyzed. Nine main peaksin the peptide from the mutated protein is that trypsin is
were reproducibly obtained from all the Y&2ryptic digests unable to cut at lysine 88 in the YRZmino acid sequence,
resolved by HPLC and were characterized by partial amino and consequently, the labeled peptide probably extends up
terminal sequencing (Table 2). All the expected tryptic to the end of the protein. This possibility is in agreement
peptides were found except the one resulting from hydrolysis with the absence in the HPLC chromatogram (Table 2) of
at lysine 88 (Figure 2A), which contains the last 18 amino the C-terminal peptide starting at glutamic acid 89 and is
acids from the C-terminus of the protein. The greater part also supported by the positive reaction of peaks 6 and 7 with
of the radioactivity (91.1% average of four experiments), in a P protein C-terminus specific monoclonal antibody (Table
the wild-type as well as in the three mutant proteins dP2  2), confirming the presence of the Y&Zarboxyl end in
cys71, YP2-cys79, and YP&-cys71/79, was associated both peptides.
with peak 6, which contains a peptide starting at leucine 61, To directly confirm the failure of trypsin to cut at lysine
confirming our previous report (Naranda et al., 1993). The 88, Edman degradation of the Y®2ys71/79 phosphopep-
peptide in peak 7 corresponds to the nonphosphorylated formtide was carried out for 32 cycles yielding the sequence 61-
of the one in peak 6 (see below). LAAVPAAGPAXAGGAAAAXGDAAAEEEKEEEA-92 (X

The main radioactive peptide starting at leucine 61 must corresponds to cysteine residues undetectable by Edman
result from hydrolysis at lysine 60 and should end at lysine degradation). This sequence confirmed the mutations at
88, containing, therefore, serines 71 and 79 (Figure 2A). serines 71 and 79 and, more importantly, the continuity of
However, phosphorylation of this peptide in the double- the sequence over the putative trypsin-sensitive lysine 88.
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Ficure 3: Analysis of peptides from acidic ribosomal proteins hydrolyzed byStaphylococcus aureuslutamyl endopeptidase V8.
YP2a (A), YP1a (B), YP13 (C), and YP3 (D) were treated with V8 protease and resolved by HPLC. Fractions were collected and tested
for radioactivity @). All radioactive peaks were collected.

Several attempts were made to force the hydrolysis of may have also led to a misinterpretation of the previous
YP2a at lysine 88 under different conditions, including very tryptic analysis of these three proteins (Naranda & Ballesta,
high protein-to-enzyme ratios (up to 1:10), the presence of 1991; Naranda et al., 1993). To confirm this possibility, the
denaturing agents, and long incubation times (up to 18 h). phosphorylation site of YR, YP13, and YPZ by Staphy-
However, the same main radioactive phosphopeptide waslococcusV8 protease treatment was analyzed.
obtained in all cases indicating that the peptide bond at lysine Thein vivo 3PO2 -labeled proteins were digested with
88 in YP2x is totally insensitive to trypsin. the protease and the peptides resolved by HPLC. A main

Identification of Acidic Protein Phosphopeptides by Sta- labeled peptide with a similar retention time, around 53 min,
phylococcus V8 Glutamyl Endopeptidase Treatmerie was obtained in all cases (Figure 3B). The labeled
peptide analysis clearly indicated that trypsin is unable to peptides gave a positive reaction with the specific anti-C-
hydrolyze YP2. at lysine 88, probably due to the strong end antibody, and partial amino terminal sequencing showed
acidic environment created by the surrounding glutamic the same sequence, AKEESDDDMG, for those derived from
residues. In addition, the results indicate that, at least in YP1a and YPZ and the sequence AAEESDDDMG for the
the case of the double mutant Y&2ys71/79, phosphory-  YP13 peptide. These sequences correspond to the respective
lation must take place at serine 96, the only serine presentC-terminus of the three proteins (Figure 2C), thus clearly
in the peptide starting at alanine 61. In order to test whether indicating that thein vivo phosphorylated site also corre-
this is also true for the other YieXorms, they were treated  sponds to the last serine in the C-termini of the three proteins.
with Staphylococcu¥8 glutamyl endopeptidase. Chemical Determination of Phosphorylated Serine Resi-

The V8 protease cuts preferentially after glutamic residues dues A confirmation of the phosphorylated state of serine
(Birktoft & Breddam, 1994) and should be able to hydrolyze in the labeled peptides from the different proteins was
YP20, separating serines 71 and 79 from serine 96 (Figure obtained by estimating the formation of a dithiothreitol
2B). Therefore?P-labeled wild-type protein YR2 was adduct of dehydroalanine (DTT-dhAla) in the Edman
treated with theStaphylococcugrotease, and the resulting degradation cycle corresponding to the serine residue.
peptides were resolved by HPLC (Figure 3A). As in the During the degradation process, phosphoserine undefgjoes
tryptic digest, most radioactivity appears associated with one elimination that splits off the phosphate group and yields
peptide peak that had a retention time of 53.7 min and gavedehydroalanine, which reacts with the dithiothreitol in the
a positive reaction with the specific anti-P protein C-terminal reaction mixture (Meyer et al., 1991); as a consequence of
monoclonal antibody. Automatic Edman degradation yielded this reaction, the yield of the expected serine derivative is
the amino terminal sequence AAEESDDDMG, correspond- proportionally reduced. Therefore, a high DTT-dhAla-to-
ing to the C-terminal peptide released upon hydrolysis at serine ratio in the Edman degradation reaction is a clear
glutamic 91 (Figure 2B). indication of phosphoserine presence in the sequence. This

Since putative trypsin sites in an equally unfavorable ratio has been calculated from the areas of the corresponding
environment are present in the C-terminal sequence of theserine and DTT-dhAla/serine peaks in the chromatograms
remaining yeast acidic proteins (Figure 2C), the same effectof the reaction products provided by the automatic peptide
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Table 3: Chemical Identification of Phosphorylated Serine Residues by Automatic Edman Degradation

amino acid3
sequenced peptide protein residue serine (peak area) DTT-dhAla (peak area) DTT-dhAla/serine

AILESVGIEIEDEK YP2a 283er 729276 91902 0.126
LAAVPAAGPASAGGAAAASG YP2a “Ser 150833 2682 0.017

°Ser 56754 1668 0.029
AAEESDDDMG YP2a %Ser 12899 31276 2.42
AKEESDDDMG YPla %Ser 14271 19584 1.37
AAEESDDDMG YP13 %3er 10781 15556 1.44
AKEESDDDMGFGLFD YP2 1005er 56307 112558 1.99
SERINE STANDARD? 109157 16858 0.15

aThe area of the peaks in the chromatogram of the Edman degradation products is in arbitrary units as calculated by the automatic sequenator
(A214 x time).® The serine and DTT-dehydroalanine average area, obtained from three standards containing 10 pmol of unmodified serine treated
in the same conditions as the peptides, is shown.
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Ficure 4: Effect of mutation of serine 96 in proteins Y&®and YP2x. Isoelectrofocusing of ribosomes from (8) cereisiae D67 either
untransformed (lane 2) or transformed with wild-type rp¥éRIane 3), rpYP-cys62 (lane 4), and rpYRtval96 (lane 5); (BS. cereisiae

D45 either untransformed (lane 1) or transformed with rp&22a96 (lane 3), rpYR2-cys79/ala96 (lane 4), rpY2cys71/79/ala96 (lane

5), and wild-type rpYPa (lane 6). Ribosomes from wild-typ®. cereisiae (lanes 1A and 2B) were used as a control. Ribosomes (1 mg)
digested with RNase A were directly loaded into the gels.

sequenator (Table 3). An average ratio of 0.05 was obtained A =]
in three cycles corresponding to honphosphorylated serines,

including YP2x serines 28, 71, and 79, while the average 3 2 1
value of four modified serines, namely, serine 96 in ¥P1

YP153, and YP2t and serine 100 in YR®, was 1.80. The

ratio obtained from standards of unmodified serine treated . - —YPlop __

e

T
in the same conditions, used as a control, was 0.15. - — YPikp
Mutation of Phosphorylation Sites in Proteins YPand o -

YP2. To confirm the biochemical data, serine 96 in YP1

and YP2x was changed to valine in the first protein and to

alanine in the second one. In the case of ¥Pzhe

substitution of serine 96 was also carried out in the gene FIGURE 5. In vivo phosphorylation of mutated Yieland YP2x
previously mutated in serines 71 and 79. The plasmid proteins. Cells were grown in the presence of radioactive phosphate,

. . ribosomes were obtained, and the acidic proteins were resolved by
carrying the mutated YRland YP2: genes (see Materials isoelectrofocusing as in Figure 4. Radioactive bands were detected

and Methods) was used to respectively transf&neerei- by autoradiography: (A$. cereisiae D45 transformed with either
siaeD67 and D45. The two P1 protein genes are disrupted rpYP20-ala96 (lane 1) or wild-type rpYR2 (lane 2), (B)S.
in D67, and the two P2 protein genes are disrupted in D45 cerevisiae D67 transformed with either rpYftval96 (lane 1) or
(Remacha et al., 1992). wild-type rpYPIn (lane 2).

Ribosomes from the transformed strains were obtained, ) ) .
and the acidic proteins were analyzed by isoelectrofocusing 1 NeSe results were confirmed by growing the cel¥Q;*,

(Figure 4). As indicated previously, the ribosomes from the @nd it was found that the respective mutated protein in the
untransformed D45 and D67 strains do not have acidic corresponding strains did not show associated radioactivity

proteins (lanes 2A and 1B) but retrieve them when trans- N the autorgdio_grams of the isoelectrofocusing gels (lanes
formed with one of the missing genes. However, the protein 1A and 1B in Figure 5).

from the mutated samples appears exclusively in the de- Effect of Serine 96 Mutation on Protein Functioifhe
phosphorylated form in all cases (lanes 5A artB), while previous results indicated that the mutated nonphosphorylated
in the controls, either the wild-type proteins (lanes 3A and proteins YP& and YP2x, respectively expressed i8.

6B) or the protein mutated in a different serine (lane 4A) is cerevisiae D67 and D45, are found associated with the
mostly present in the phosphorylated state (lanes 3A and 6B).ribosome, indicating that phosphorylation seems not to be



Phosphorylation of Yeast Ribosomal P Proteins

Table 4: Effect of Phosphorylation Site Mutation on Cell Growth
Ratet

doubling time (min) in

strain transforming gene YEPD YNBD
W-t none 90 149
D67 none 185 290
D67 rpY P Iow-t 116 147
D67 rpYPIn-val96 120 158
D45 none 217 272
D45 rpYP2xw-t 100 155
D45 rpYP2r-ala96 105 153

aThe disruptansS. cereisiae strains D67 (lacking proteins Yl
and YP2) and D45 (lacking proteins YR2 and YPZ) were
transformed with plasmid carrying the indicated genes. Strains were
grown at 30°C.

Ficure 6: Effect of YPXx serine 96 mutation on the temperature
sensitivity of S. cereisiae D67. Strain D67, either untransformed
(spot 4) or transformed with wild-type rpYRBI(spot 1), rpYP&-
cys62 (spot 2), and rpYRtala96 (spot 3), was grown on YNBD
plates at 30C (A), 36 °C (B), and 36°C in the presence of 0.8 M
sorbitol (C). Cells growing on YEP-galactose agar plates were

resuspended in sterile water and placed in the appropriate plates

which were incubated for 5 days in sealed plastic bags to avoid
dryness.

an absolute requirement for binding to the ribosome.

Biochemistry, Vol. 36, No. 47, 19974445

Assuming a complete digestion of the protein, this polypep-
tide would contain only serines 71 and 79 as possible
phosphorylation sites (Figure 2A). Following a similar
approach, serine 62 was proposed as the putative phospho-
rylation site in protein YP&. However, the mutational
analysis performed clearly indicated that the mutation of the
previous serines did not alter the capacity of the proteins to
be phosphorylated.

A total characterization of the tryptic peptides derived from
purified 32P-labeled YP@ has confirmed that in all cases
the labeled phosphopeptide starts at leucine 61, but at the
same time it has shown that the protein cannot be hydrolyzed
by trypsin at lysine 88, and consequently, the peptide extends
further downstream and includes the highly conserved
carboxyl terminal decapeptide. Since, apart from serines 71
and 79, the only serine residue in the labeled peptide is at
position 96, this has to be the actual phosphorylation site in
the mutated protein.

A direct confirmation of this conclusion was obtained by
treatment of the protein with the glutamyl endopeptidase
from Staphylococcuprotease V8, which by cleaving pref-
erentially after glutamic residues (Birktoft & Breddam, 1994)
is able to degrade YR2separating serine 96 from the rest
of the sequence (Figure 2B). In this way it has been shown
that the mair¥?P-labeled peptide derived from mutant as well
as wild-type YP2 contains serine 96 as the unique serine
residue. Moreover, characterization of the V8 phosphopep-
tides from the remaining acidic ribosomal proteins clearly
indicates that phosphorylation takes place in all of them at
the last serine in the sequence, close to the C-end of the
protein, namely, serine 96 in YRland YPJ and serine
100 in YPZ. A chemical confirmation of this conclusion
is provided by the accumulation of DTT-dehydroalanine, a
product of the phosphoserine Edman degradation reaction,
in the peptides proposed to be phosphorylated (Table 3).

The present results convincingly show, therefore, that the
yeast P proteins are phosphorylabedivo at the last serine
close to the C-end, which is analogous to the position
proposed to be modified in mammalian (Hasler et al., 1991)
andArtemia salinaP proteins (van Agthoven et al., 1978).
Moreover, the fact thaTetrahymena pyriformjsthe only
eukaryotic organism in which phosphorylation of the acidic

Moreover, the mutated polypeptides are also able to promoteproteins has not been found (Sandermann et al., 1979), has

the interaction of the acidic proteins of the other type with

the ribosome to a similar extent as in the wild-type controls
(Figure 4). Likewise, the recovery of the respective disrupted
strain growth rate induced in the transformants by the protein
is similar for the mutated and the wild-type polypeptides

growing at 30°C in rich and minimal medium (Table 4).

However, it was found that only the YRJprotein carrying
the serine 96 mutation, and neither the wild-type nor the
serine 62-mutated protein, is able to allow growthSf
cerevisiae D67 at 36°C in a galactose minimal medium.
The temperature sensitivity of the D67 strain seems to be

P proteins that lack the last serine in the sequence (Hansen
et al., 1991) supports the involvement of this residue in the
protein modification. It has to be noted, however, that in
the mammalian P proteins additional phosphorylation sites
must be present since multiphosphorylated forms of these
proteins have been reported (Lin et al., 1982), although no
experimental data on their location is available.
Substitution of serine 96 in Ypland YP2x confirmed

that this is the phosphorylated residue in the yeast P proteins
but at the same time showed that phosphorylation seems not
to play a role in the interaction of these proteins with the

due to an osmoregulation defect since it is recovered by thefibosome. Ribosomes from strains carrying these mutations

presence of sorbitol in the plate (Figure 6).

DISCUSSION

An analysis of the phosphorylation site in the acidic
ribosomal protein YP& had previously indicated (Naranda
et al., 1993) that the main tryptic phosphopeptide derived
from thein vivo labeled polypeptide started at leucine 61.

contain apparently normal amounts of the nonphosphorylated
mutated protein (Figure 4). Moreover, these results suggest
that the proteins are probably phosphorylated when forming
part of the stalk in the ribosome and not while they are free
in the cytoplasm. The previous results indicating an effect
on the P protein binding to the ribosome upon mutation of
the erroneously identified phosphorylation sites (Naranda &
Ballesta, 1991; Naranda et al., 1993) are probably due to
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