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The phosphorylation sites of ribosomal acidic proteins (P proteins) from
Saccharomyces cerevisiae were studied in vive and in viiro by using CE-2,
PH&G0S and RAP protein kinases. The three enzymes phosphorylate the last
serine residues located in a highly conserved carboxyl end of the polypeptide -
chains. This was established by two-dimensional analysis of tryptic phos-
phopeptides from #p labelled proteins YPlo, YP1§, YP2c and YP2p, and by
kinetic studies of the protein kinases with synthetie peptides corresponding to
the fragments of endogenous ribosomal acidie polypeptides.

In experiments with both endogenous P proteins and synthetic peptides as
substrates protein kinase PE60S demonstrated unusual substrate specificity.
In contrast to CK-2 and RAP protein kinases, PK6(S phosphorylates predomi-
nantly two of the four P proteins, YPla and YP2j, with kinetic constants
dependent on the primary siructure of the N-terminal region of the polypeptide
containing the target residue. The neutral amino acid, alanine, at position 3 in
the peptide AAEESDDD (polypeptide fragments of YP1[ and YP2u) decreases
the K, value more than 10-fold by comparison with the basic lysine residue at
the same position in the peptide AREESDDD (polypeptide fragments of YP1o

and YP2).

Ribosomes of all organisms contain a set of
very acidic proteins (pI 3.5-4.5) named A
proteins in prokaryotes and P proteins in
eukaryotes. They are present in a few copies
per ribosome and play an important role in
translation. Bacterial (Escherichia coli) ribo-
somes have two A proteins encoded by the
same gene. These proteins, called L7/L12, are
responsible for binding enzymatic factors
and aminoacyl-tRNA to the ribosome, as well

as for the factor GTP-dependent hydrolysis
during protein synthesis (for reviews, see
[1-31).

In eukaryotic organisms, ribosomal P pro-
teins play a similar functional role but differ
from prokaryotic A proteins in some features.
They can be divided into two subgroups
named P1 and P2, which comprise a different
number of proteins [4]. Eukaryotic ribosomal
acidic proteins are phosphorylated both in
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vitro and in vivo, and for this reason they are
called P proteins [5]. In the cells of Sac-
charomyces cerevisiae, four ribosomal acidic
proteins are encoded by independent genes
[6-8]. According to a uniform nomenclature
they are called YP1a, YP1p, YP2a, YP2P [4].
Based on structural and functional homology
to their mammalian counterparts, the acidic
proteins from yeast ribosomes are classified
into two pairs: YPla, YP1B as the P1 sub-
group and YP2«, YP2f as the P2 subgroup.
All P proteins with molecular mass of about
13 kDa, are located on the surface of the 605
ribosomal subunit and can be removed from
the particle by washing with NH4Cl/ethanol
solution, yielding split proteins (SP fraction)
[9]. It should be noted that YP1p can be found
in the SP fraction as a truncated polypeptide,
lacking eight amino-acid residues at the N-
terminus. This form of YP1 is called YP1p’
[10]. The C-terminal domains of all four
acidic proteins are identical. These polypep-
tide fragments have a serine residue as one
of the potential phosphorylation sites. These
and other features of those ribosomal acidic
proteins are shown in Table 1. The primary
structures of the P proteins have been de-
rived from analyses of their genes and from
amino-acid sequencing [6-8].
Phosphorylation of acidic ribosomal pro-
teins from yeast was initially reported
twenty years ago [11, 12]. The role of this
enzymatic process is not precisely recog-
nized. It is known that the phosphorylated
forms of the acidic proteins are always bound
to the surface of the ribosomal particle. The
transformation of non-phosphorylated acidic
proteins to their phosphorylated forms asso-
ciated with ribosomes, takes place during
protein synthesis. Furthermore, phosphory-
lation of the acidic proteins is required for
translational activity of ribosomes (for re-
view, see [13, 14]). In yeast cells, three cAMP-
independent protein kinases: multifunc-
tional protein kinase CK-2 [12, 15], highly
specific PK60S [16, 17] and the very recently
discovered ribosomal acidic protein (RAP)
kinase [18], are engaged in phosphorylation
in vitro of P proteins. All three enzymes
phosphorylate the 13-kDa P proteins, and
additionally 38-kDa protein called PO which
belongs to the ribosomal core and is not

removable from ribosomes by washing with
NH4Cl/ethanol [9, 19]. The PO protein is not
given further attention in this paper.

Ribosomal P proteins from yeast cells have
been shown to be monophosphorylated [20],
while acidic ribosomal proteins from rat liver
are polyphosphorylated [5, 21]. Each of the
individual P proteins from yeast has seven to
eight serines as possible phosphorylation
sites. From genetical and chemical analysis
of ribosomal acidic phosphopeptides,
Naranda et al. [22, 23] proposed serines 62,
73, 71 and/or 79 and 19 to be target residues
inYPlo, YP1B, YP2u and YP2, respectively,
phosphorylated in vivo and in vitro by CK-2.
The peptide sequences surrounding target
residues are different (see Table 1) and do not
accord with the documented peptide struc-
tures required for specific recognition by CK-
2 [24]. To resolve this problem, we have
analysed the tryptic phosphopeptides ob-
tained from the individual P proteins phos-
phorylated in vive and in vitro by endo-
genous CK-2, PK60S and RAP protein ki-
nages. The experiments have been supple-
mented by kinetic studies using as substrates
synthetic peptides corresponding to the frag-
ments of the ribosomal acidic polypeptides
containing target residues.

MATERIALS AND METHODS

Enzyme. Protein kinases purified almost to
homogeneity: CK-2 [25], PKB0S [17] and
RAP kinase [18] were obtained from S. cere-
visiae cells. Enzymes activities were tested
under standard conditions with either an
endogenous protein substrate (808 ribo-
somes or extracted ribosomal P proteins) or
synthetic peptides, as previously described
[26]. One unit of protein kinase activity is
defined as the amount of enzyme required for
incorporation of 1 pmol of phosphate from
[?‘MP]ATP into substrate per minute.

Preparation of ribosomes and ribo-
somal acidic protein fraction (SP frac-
tion). B80S ribosomes devoid of endogenous
protein kinase activity were isolated from
yeast and purified as described earlier [17].
The acidic ribosomal proteins (P proteins)
were extracted from purified ribosomes by
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washing with 50% ethanol and 0.5 M ammo-
nium chloride according to the procedure
elaborated in Ballesta’s laboratory [9].

In vitro and in vive phosphorylation of
ribosomes. Highly purified 80S ribosomes
(0.5 mg ribosomal proteins) were phosphory-
lated in vitro under standard conditions with
3-5 units of CK-2 [25], PK60S [17] or RAP
(18] protein kinases and [1!-3'2P]ATP (Amer-
sham) (5002000 c.p.m./pmol).

In vivo labelling of ribosomes was per-
formed in 40 ml cultures of yeast cells in a
low-phosphate medium (27). Briefly, after
one hour of incubation at 30°C, 250 uCi of
3 P}ngﬂ.; was added to the culture and
incubation continued for 3-4 h to obtain the
logarithmic growth phase. Cells were col-
lected by centrif atmn washed with physi-
ological fluid, and “2P-labelled ribosomes iso-
lated and purified as described earlier [17].

Analysis of acidie ribosomal phospho-
proteins and phoephape%t:de mapping.
P proteins extracted from S2P-labelled 808
ribosomes were resolved by isoelectrofocus-
ing on 5% polyacrylamide gel slabs contain-
ing 2% Pharmacia ampholytes, pH range
2.5-5.0, as described in detail earlier [28, 29].
Individual 32P-labelled acidic phosphoprote-
ins were identified by autoradiography. Ra-
dicactive bands corresponding to phosphory-
lated YP1P and YP2B (YP1Bp and YP2Pp)
were excised from the polyacrylamide gel and
digested extensively with trypsin [30].
Analyses of tryptic peptides were performed
by electrophoresis in the first dimension (3 h
at 400V) and ascending chromatography in
the second dimension, using Sigma TLC pre-
coated plates type 100 cellulose [30].

Synthetic peptides. Five synthefic pep-
tides, with amino-acid sequences correspond-
ing to possible phosphorylation sites in ribo-
somal P proteins, were prepared. Each pep-
tide had a triplet arginine residue addition-
ally attached to the N-terminus of arginine
to serve as a “sticky end”, with which the
phosphorylated peptide attached itself to
phosphocellulose paper Whatman P81 dur-
ing the preparation of samples for radioactiv-
ity counting [26]. The first three peptides,
RRReEITSDNL, RRReEILSGFH and RR-
ReGAASGAA, reproduced the sequences
19-25, 55-61 and 70-76 of YP1B/B’. The

fourth synthetic peptide, RRReAAEESDDD,
reproduced the 92-99 fragments of the pro-
tein YP1B/B’ and YP2c. The fifth synthetic
peptide, RRReAKEESDDD, corresponds to
two identical segments 92-99 and 96-102 of
YPla and YP2B, respectively (see Table 1).
All synthetic peptides were prepared on a
peptide synthesizer Labortec AG model
5P650 using the Fmoc-polyamide method on
4-(2',4'-dimethoxyphenyl-hydroxymethyl)-
phenoxy resin (Tenta Gel S AC resin). Side-
chain protections were as follows: 2,2.5,7,8-
pentamethyl-chroman-6-sulphonyl (Pme) for
arginine, t-butyloxycarbonyl (Boc) for lysine,
and t-butyl (t-But) for aspartic acid, glutamic
acid, threonine and serine. After synthesis
the peptides were cleaved from the resin with
trifluoroacetic acid (TFA)/phenol/triiso-
propylsilane/water (88:5:2:5, by wvol.). The
crude peptides were purified on a preparative
RP-HPLC Vydac C-18 column with a 5-30%
linear gradient of acetonitrile. The purity of
95% was evaluated by amino-acid analysis
on an analytical HPLC System Gold Beck-
man using a Spherisorb S 5X C-18 column.

Protein concentration was measured by
the Bradford procedure [31] with bovine se-
rum albumin as a standard.

RESULTS AND DISCUSSION

The three protein kinases PK60S, CK-2 and
RAP kinases were used for phosphorylation
of acidic ribosomal proteins from S. cerevisiae
cells. *?P-labelled proteins were extracted
from ribosomes and resolved by isocelectro-
focusing in polyacrylamide gel. Identification
of the individual P proteing was performed
by autoradiography. Unlike CK-2 and RAP
kinase, which intensively phosphorylated
the whole set of P proteins, PK60S phospho-
rylated decidedly YP1B/p’' and YP2u (Fig. 1).
Trace darkening of the film in the positions
corresponding to YPlap and YP28p, phos-
phorylated by PK60S, could be observed after
a long exposure to autoradiography, but in
this situation the other spots overlapped
each other and rendered difficult identifica-
tion of the P proteins. The results presented
in Fig. 1 could suggest that target residue(s)
in polypeptide chains of ribosomal acidic P
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PK60S - CK-2

proteins are either not the same for the three
protein kinases studied, or that the kinases
differ in affinity to a single phosphorylation
site.

In order to resolve this problem, two-dimen-
sional phosphopeptide mapping of YP1fip
and YP2pp belonging to the P1 and P2 sub-
groups of P proteins, respectively, was per-
formed. The amino-acid sequences of all P
proteins presented in Table 1 show seven and
eight serine residues in YP1P and YP2p,
respectively, These residues can be possible
targets for different protein kinases. Analy-
ses of tryptic phosphopeptides obtained from
YP1pp phosphorylated by CK-2, RAP kinase
and PK60S showed that in each case a single
32p_labelled phosphopeptide migrated to-
wards the anode (Fig. 2A, a—c). Similar re-
sults were obtained for YP2[ phosphorylated
by CK-2 and RAP kinase (Fig. 2A, d—e). Since
YP2[ is only very weakly phosphorylated by
PK60S, it was difficult to obtain an autora-
diogram with a distinct spot on the film (Fig.
2A, ). When the mixed tryptic phosphopep-
tides from YP1Bp and YP2pBp, phosphory-
lated either by CK-2 or by RAP kinase, were
analysed, two distinct spots shifted relative
to each other were observed on the film (Fig.

1997
pH 2.5

Figure 1. Autoradiogram of
isoelectrofocusing gel of P

proteins phosphorylated in
vitro.

8085 ribosomes, 1 mg, were la-
belled under standard condi-
tions by [+ PIATP (1000
cpm./pmol) with 3 units of
PK6B0S, 5 units of CK-2 and
RAF protein kinases. P proteins
were extracted from ““P-labell-
ed ribosomes with NH4Cl/ etha-
nol, precipitated with acetone
and subjected to electrophore-
sis. Electrofocusing was run in
a pH range from 2.5 (top) to 5.0
(bottom). The identified P pro-
teins are marked by arrows.

[ e,

r pH 5.0

2A, g-h). This indicates a similar but not
identical, structure of the tryptic phos-
phopeptides obtained from the two P pro-
teins. Based on the primary structures of P
proteins presented in Table 1, only one frag-
ment of each polypeptide chain can be taken
into consideration, namely the C-terminal
peptide formed after trypsin digestion. In the
case of YP1[ip and YP2uap, the last cleavage
of lysyl peptide bonds gives a peptide with
eighteen amino-acid residues (EEEAAE-
ESDDDMGFGLFD}, which is also more
acidic as compared with the peptide of thir-
teen amino-acid residues (EESDDDMG-
FGLFD) derived from YP1a and YP2B. This
is further confirmed by the results of tryptic
phosphopeptide mapping of YPla phospho-
rylated by any of the three protein kinases.
Only one spot was observed in the autora-
diograms (Fig. 2B a—c). Similar phosphopep-
tide maps were obtained with YP2[ phospho-
rylated by CK-2 and RAP protein kinases
(not shown).

The results of in vitro experiments were
confirmed by in vive studies (Fig. 3). Phos-
phopeptide mapping analysis of YP1Bp and
YP2(p 32p_abelled in vivo shows, in either
case, a single spot on the film (Fig. 3, a-b).
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Table 1. Amino-acid sequences of acidic ribosomal P proteins from Saccharomyces cerevisiae

Protein

Amino-acid sequence

10
EESDDDMGFGLFD

10 10 M 40
YPle |MSTESALSYAALILADSEIEISSEKLLTLTNAANVPVENIWADIFAKA

k] [:1] ™0 .01 k)
LDKQNLEDLLVNESAGAAAPAGVAGGYAGGEAGEAEAEK EEEEAK

100
EESDDDMGFGLFD

in n kL] 40
YPI1p/p* IADﬁl.GLE]TSDNLLTITihl;.li.G.l'.J\WDH‘-f\‘l',ﬂ.,D‘yF‘g',.lKAl

30 L] b Bu 90
LEGKDLEENLSGFHNAGPVAGAGAASGAAAAGGDAAAEEEKEEEAA

[ 50 60

100
EESDDDMGFGLFD

10 0 in 40
MEYLAAYLLLNAAGNTPDATEIKAILESVGIEIEDEKVSSVLSALEGE

L] 80 20
SVDELITEGNEKLAAVPAAGPASAGGAAAASGDAAAEEEKEEEAA

100 10
EESDDDMGFGLFD

10 0 10 40
yP2p  |MKYLAAYLLLVOQGGNAAPSAADIKAVVESVGAEVDEARINELLSSLEGK

50 L8] E 0
GSLEEILAEGOKEKFATVPTGGASSAAAGAAGAAAGGDAAEEEKEEEAK

B

[MEDSIISR , truncated sequence in polypeptide YP1B; S, proposed phosphorylation sitas [22, 23]

Mixed tryptic phosphopeptides from the two
assayed P proteins gave two shifted radioac-
tive phosphopeptides (Fig. 3, ¢) similar to
those obtained in the in vitro experiments.
The data presented in Figs. 1, 2 and 3 indi-
cate: firstly, the acidic character of the la-
belled tryptic phosphopeptides; secondly, dif-
ferent primary structure of tryptic phos-
phopeptides from the assayed P proteins
proved by their electrophoretic and chroma-
tographic mobilities (mixed phosphopep-
tides); thirdly, a possibility that only one
serine residue in polypeptide chains of YP1§
and YP2P is modified by all three assayed
protein kinases.

The starting point for our kinetic studies
with synthetic peptides as substrates was the
primary structure of the P proteins and the
distribution of serine residues along the pep-

tide chains (see Table 1). YP1f’, which is
shorter by eight amino acids, was phospho-
rylated as well as untruncated YP1p. This
suggested that none of the three serine resi-
dues (Ser-2, Ser-4 and Ser-7) located in the
missing N-terminal fragment was phospho-
rylated by the assayed enzymes. Taking this
into consideration, we prepared five syn-
thetic peptides whose amino-acid sequences
imitated the structure of the chosen polypep-
tide fragments. Peptides I-III are copies of
the fragments 19-25, 55-61 and 70-76 of the
polypeptide chain of YP1B/B’. Peptide IV re-
produced the 92-99 C-terminal fragments of
YP1p/p’ and YP2o. Peptide V comprised the
sequences 92-99 and 96-102 of YPla and
YP2p, respectively. The potential targets for
the protein kinases appear to be the last
serine residues located close to the C-termini
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Figure 2. Phosphopeptide maps of YP1fp and YP2pp phosphorylated in vitro.

Fhosphorylation of B80S ribosomes was carried out under standard conditions using [T-WPMTP (2000 ¢.p.m./pmol}
and 5 units of each protein kinase. P proteins after extraction from ribosomes were resolved by isoelectrofocusing
on polyacrylamide gel, digested extensively with trypsin and the phosphopeptides mapped as deseribed in Materials
and Methods. A, phosphorylation by individual kinases; B, phosphorylation by combined kinases.
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Figure 3. Phosphopeptide maps of YP1[ip and YP2{ip phosphorylated in vivo.
Ribosomes phosphorylated in vive were isolated, purified and P proteins extracted before being resolved by
isoelectrofocusing. Other details are as in previous Figures and Materials and Methods.

of all ribosomal acidic polypeptides. These As presented in Table 2, only peptide TV
serine residues are surrounded by acidic (RRReAAEESDDD) and peptide V (RR-
clusters of aspartic and glutamic acids which  ReAKEESDDD), which reproduced the C-

are necessary for recognition of the target terminal fragments of both groups: P1 and
residue by CK-2 [24]. P2, of acidic ribosomal phosphoproteins,
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Table 2, Phosphorylation of synthetic peptides reproducing selected fragments of ribosomal acidic

polypeptides from Saccharomyces cerevisiae

Peptide Phosphorylation (pmol/sample)
‘No structure descent CK-2 RAP PK60S
I RRREITSDNL

Ser-22 YP1p/B' 0.26 0.11 0.06
I RRR#EILSGFH

Ser-58 YPIp/P 0.13 0.09 0.08
I RRRsGAASGAA

Ser-73  YPIRP 0.25 0.12 0.09
v RRReAAEESDDD

Ser-96 YPIMP, YP2a  30.81 8.62 9.05
v RRReAKEESDDD

Ser-96 YPlo 10.06 6.64 239

Ser-100 YP2p

Phosphorylation of 2 nmoles synthetic peplides was carried oul for 15 min under standard conditions, using [+"PJATP (500 c.p.m./
pmol) and 5 units of each snzyme. The samples for counting were prepared as described earlier [30) The triple arginine residues
(RERE) at the N-terminus of each peptide are required for the phosphoeellulose paper assay as described in Materinls and Methods.

were in fact phosphorylated by the three
kinases. Special attention was given to the
specifie PK60S, which phosphorylated pep-
tides IV and V with differing efficiency.
PK60S displayed over a tenfold lower K,
value for peptide IV (16.1 uM) than for pep-
tide V (170.0 pM) (Table 3). The difference
between these two peptides concerns only
one amino-acid residue at position 3. Peptide
IV had a neutral alanine, whereas peptide V
had a basic lysine residue. This single amino-
-acid replacement significantly altered the
phosphorylation of YP1j/p’ and YP2x in com-
parison to YP1la and YP2B by PK60S protein
kinase. It also partially explains the diffi-
culty of obtaining a phosphopeptide map of
YP2B phosphorylated by PK60S (see Fig.
2A, ).

Serine residues surrounded by clusters of
acidic amino acids are always found at simi-
lar positions in polypeptide chains of all
known ribosomal P proteins [2]. These resi-
dues are phosphorylated both in lower [32]
and higher [33] eukaryotic organisms. Simi-
lar polypeptide structures form a domain
typical for CK-2 phosphorylation sites [24].
Nevertheless, the last serines located within
the highly conserved and acidic C-terminal
domain of P proteins from S. cerevisiae were
initially excluded as target residues for pro-
tein kinases [22, 23]. It is, consequently, of
interest to note that the same research group
subsequently retracted this proposal in a
review paper [13].

The physiological role of P protein phospho-
rylation is still inadequately elucidated, and

Table 3. Kinetic constants of CK-2, RAP and PEB0S kinases with the best synthetic substrates (pep-

tides IV and V)
CK-2 RAP PE80S
Peptide
3 Kn Vmax VooBon Ko Vioer VosdBe Em Vmee ViadKm
(IV) RRR-AAEESDDD 16.7 56.61 3.39 152 1755 115 16.1 20.67 1.28
(V) RRR-AKEESDDD 200 2318 1.16 179 16.88 0.94 170.0 19.18 011

Enzyme reactions were assayed for 3 min under standard conditions with synthetic paptides in the concentration range of 5-160 puM.
Ko and Vi are expressed as uM and pmol phosphate = min™ per mg peptide, respectively. The data presented are the means of at

least three separate determinations.
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forms the subject of ongoing studies in our
laboratory.
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