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Two proteins of 13 kDa and 38 kDa, the components of 60S ribosomal subunits, were
identified as phosphorylation substrates for protein kinases tightly associated with S,
cerevisiae and Schizosaccharomyces pombe ribosomes. An enzyme with properties of
multifunctional casein kinase II was detected in ribosome preparations from both
yeast species. In S. cerevisiae another protein kinase with high substrate specificity
toward those proteins was also identified. By using isoelectric focusing, the protein
band of 13 kDa from S. cerevisiae and S. pombe was resolved respectively into three
and four ma]or forms of different charge. The same protein forms were phospho-
rylated in the in vivo P-labellmg experiments.

The large ribosomal subunits of all eucaryotic
organisms studied so far, contain a set of un-
usually acidic proteins of molecular mass
about 13 kDa. The acidic character of these
proteins, designated A-proteins, is the result of
very high (18%) glutamic acid content. A-pro-
teins contain only a few aromatic residues, one
or two arginines and about 20% of alanine.
Eucaryotic A-proteins are related in structure
and function to procaryotic ribosomal proteins
L7/L12 and are involved in the interaction of
translation factors (elongation factor 2) with
ribosomes during translation of the genetic
message (reviewed in [1, 2]). A-Proteins belong
to a group of so called "exchangeable” proteins,
i.e. they cycle in vivo between ribosome par-
ticles and cytoplasm [3 - 5]. It is interesting that
ribosome-bound acidic proteins but not cyto-

plasmic ones, are modified by phosphorylation
[6,71.

In S. cerevisiae' four members of the A-protein
family, encoded by four independent genes,
have been identified. According to the recent
unifying nomenclature [8] they are called
YPla, YP1B, YP2at and YP2B. The latter three
proteins, previously called L44’, L44 and L45,
were purified and chemically characterized [9,
10]. The yeast acidic proteins can be grouped in
two pairs, YP1o/YP1B(L44) and YP20u(L44)/
/YP2B(L45), which seem to play a complemen-
tary role in ribosome function [11].

In S. pombe, which are morphologically and
physiologically distinct from the budding yeast
S. cerevisine, four genes (RPA1-4) for A-proteins
were cloned. They can be divided in two pairs
of very similar but not identical sequences,
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pombe; PMSF, phenylmethylsulfonyl fluoride; YP, yeast (S. cerevisiae) acidic ribosomal proteins.
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RPA1/RPA3 and RPA2/RPA4. It was shownby
genetic analysis that one gene of each pair
(RPA3 and RPA4) is essential for cell growth
whereas RPA1 and RPA2 are not [12].

It is known that eucaryotic A-proteins are
phosphorylated by multifunctional casein ki-
nase II (CKII) [13 - 16). Recently a new protein
kinase, with high substrate specificity for A-
proteins, was isolated from cytoplasm of S.
cerevisiae [15]. We report here a comparative
analysis of phosphorylation in vitro by protein
kinase tightly associated with ribosomes, of
A-proteins from S. cerevisiae and S. pombe.

METHODS

Preparation of yeast cell-free extracts and
ribosomes. S. cerevisiae, strain SKQ2N (C.S.
McLaughlin, California University, Irvine,
US.A) and S. pombe strain 927h" (P. Nurse,
Department of Biochemistry, Oxford, UK)
were cultivated under aerobic conditions in
YEP medium (yeast extract, peptone, glucose)
at28°C. When required, cells were grownin the
phosphate-free medium of Retel & Planta [17]
in the presence of 10 pCi/ml (1 Ci =37 MBg) of
carrier free ““PO4"". The cell-free extracts were
prepared in buffer A (50 mM Tris/HCl, pH7.5,
10 mM Mg(CH3COO)2, 10 mM KCl, 10 mM
2-mercaptoethanol, 1 mM PMSF) according to
procedure described [18]. Ribosomes were sep-
arated from postmitochondrial supernatant by
centrifugation at 100000 x g for 2.5 h. Crude
ribosomal pellet was suspended in buffer A
containing 1% Triton X-100, stirred for 1 hand
centrifuged as described earlier [18]. Triton X-
100 washed ribosomes were resuspended in
buffer A containing 0.5 M KCl and sedimented
in the conditions described before. Salt washed
ribosomes were resuspended in buffer A con-
taining 0.5 M KCl and sedimented through a
cushion of 1 M sucrose in the same buffer.
Ribosomes collected at the consecutive steps of
the purification were used as phosphorylation
substrates. All ribosomal preparations were
stored in 40% glycerol in buffer A at -20°C.

Protein kinase assay. The standard reaction
mixture contained in a total volume of 50 ul1 50
mM Tris/HC], pH 7.5; 10 mM Mg(CH3COO)2,
1 mM DTT, 100 - 150 pg ribosomes or another
substrate indicated in the text, varying
amounts of kinase preparations and 0.03 mM

[y-azP]ATP (1000 c.p.m./pmol). The mixture
was incubated at 30°C for 30 min. The reaction
was stopped by the addition of 50 ul 10% tri-
chloroacetic acid and the samples were boiled
in a water bath for 15 min. The radioactivity
retained in acid insoluble material was deter-
mined by liquid scintillation spectrometry.

For SDS-polyacrylamide gel electrophoresis,
the reactions were stopped by the addition of
25 ul sample buffer [19] to the incubation mix-
ture. For phosphorylation in situ 100 - 150 pg
ribosomes were used as both an enzyme
and a substrate source.

Preparation of acidic ribosomal proteins. The
acidic proteins were extracted from the ribo-
somes (20 mg/ml) by washing with 0.25 M
NH4Cl/50% ethanol at 0°C for 20 min as de-
scribed by Sanchez-Madrid et al. [20]. The core
particles were sedimented by centrifugation at
12000 x g for 15 min. The split protein fractions
(SPo 25) containing mainly the acidic ribosomal
proteins, were precipitated by the addition of 3
vol. of acetone at —20°C.

Electrophoretic methods. Electrophoresis in
SDS/12% polyacrylamide (w/v) slab gels
(SDS-PAGE) was performed according to
Laemmli [19]. Gels were stained in Coomassie
Brilliant Blue R-250.

The relative molecular mass of proteins were
calculated on the basis of the following marker
proteins (Sigma): phosphorylase b (94000), bo-
vine serum albumin (68000), ovalbumin

* (43000), carbonic anhydrase (30000), soybean

trypsin inhibitor (20100) and o-lactalbumin
(14400).

Isoelectric focusing of acidic proteins was per-
formed in 5% polyacrylamide (w/v) slab gels
with 6 M urea and 2% LKB ampholines in the
2.5to 5 pH range [9]. Proteins were detected by
silver staining [21]. Radioactive phospho-
peptides were detected by autoradiography.

Isolation and partial purification of ribo-
some-associated protein kinases. Yeast Triton
X-100 washed ribosomes were used as a source
of ribosome associated protein kinases. Ribo-
somal pellets were resuspended in buffer A
containing 1 M KCland 50 mM Mg(CH3COO)2
and stirred for 1 h. Thereafter the ribosomes
were sedimented from the solution and the
supernatant was thoroughly dialysed in buffer
B (50 mM Tris/HCl, pH 7.5, 0.5 mM EDTA, 10
mM 2-mercaptoethanol and 1 mM PMSE).
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The dialysed ribosomal extract was loaded on
DEAE-cellulose (DE-52 Whatman) equili-
brated with buffer B. Proteins were eluted with
250 ml linear NaCl gradient (0 - 0.4 M) in buffer
B. Each second fraction (10 pl) was tested for
protein kinase activity using casein or purified
80S ribosomes as phosphorylation substrate.
CKII bound to the DEAE-cellulose under de-
scribed conditions was eluted at 0.25 M NaCl.
The flow-through fractions containing both ca-
seinand the ribosome phosphorylating activity
was subsequently loaded on phosphocellulose
(P-11 Whatman) column equilibrated with
buffer B. Proteins were eluted with 100 ml of
linear NaCl (0 - 0.7 M) gradient. Aliquots of 10
ul were assayed for protein kinase activity
using casein or ribosomes as phosphorylating
substrates.

Fractions active in ribosomal A-protein phos-
phorylation were pooled, concentrated and
dialysed against buffer B. They were stored in
40% glycerol at —20°C.

Glycerol gradient analysis. Ribosomal pro-
tein kinase (200 pl) obtained after DEAE-cellu-
lose chromatography was loaded on the linear
glycerol gradient (10% - 30%) in buffer A. Sam-
ples were centrifuged for 17 hat 45000 r.p.m. at
4°C in Beckman SW 65 rotor. Samples of 250 pl
were collected. Aliquots of 20 jl were assayed
for protein kinase activity. Ribosomal protein-
phosphorylation level was analysed by SDS-

S.cerevisiae

polyacrylamide gel electrophoresis and auto-
radiography.

RESULTS

Endogenous phosphorylation of ribosomal pro-
teins by protein kinase activities associated with
yeast ribosomes

To study phosphorylation in situ of the acidic
proteins of 80S ribosomes from S. cerevisiae,
ribosomes were collected at the consecutive
steps of the purification procedure and incu-
bated with [y->2PJATP in the absence of exogen-
ous protein kinases. 32p_Labelled proteins were
analysed by SDS-polyacrylamide gel electro-
phoresis and then detected by autoradio-
graphy. Two radioactive bands of Mr 13000 and
38000 were identified (Fig. 1). Significant
quantitative differences in protein phosphory-
lation between the analysed ribosome prepara-
tions were observed. Incorporation of
[32P]phosphate was very low in the case of

crude ribosomes (Fig. 1, line a). It increased

significantly after treatment of crude ribo-
somes with 1% Triton X-100 (Fig. 1, line b). This
protein kinase activity was not completely
removed by washing of ribosomes with a buff-
er containing 0.5 M KCl but considerably dim-
inished (Fig. 1, line ¢). A second wash in
high salt buffer and centrifugation through a

S.pombe
— pp38 — e ——
— pp13 — -
a b ” c e“

Fig. 1. Endogenous phosphorylation of ribosomal proteins from S. cerevisiae and S. pombe by ribosome
associated protein kinase.

Ribosomes (75 pg) collected at consecutive steps of purification were incubated with [(¥°2P]ATP under standard
conditions and subjected of SDS-PAGE and autoradiography for 24 h. Lanes: a, crude ribosomes; b, Triton X-100 washed
ribosomes; ¢, ribosomes washed with buffered solution of 0.5 M'KCl; d, ribosomes washed twice with 0.5 M KCl; e,
ribosomes washed twice with 0.5 M KCl and sedimented through'1 M sucrose.
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cushion of 1 M sucrose removed most of the
residual activity (Fig. 1, lined, e).

Ultracentrifugation analysis carried out
under conditions promoting dissociation of
80S ribosomes, proved that both endogenously
phosphorylated proteins belong to 60S riboso-
mal subunits (not shown).

A parallel study was performed on the phos-
phorylation of acidic proteins of 805 ribosomes
from fission yeast S. pombe (Fig. 1B). Similarly
asin S. cerevisiae, two radioactive protein bands
of Mr 13000 and 38000 were detected by auto-
radiography. Like in the budding yeast, the
highest phosphorylation level was observed in
the case of Triton X-100 treated ribosomes of S.
pombe (Fig. 1, line b).

A-Proteins phosphorylated in situ extracted
from S. cerevisizge and S. pombe ribosomes by
50% (v/v) ethanol and 0.25 M NH4Cl washes
(SPo.25 fractions) on one dimensional SDS-gel
electrophoresis revealed the presence of a
major protein band with relative molecular
mass of 13000. By using isoelectric focusing
that protein band was resolved into several
forms differing in charge over the acidic pH
range. In S. cerevisiae three and in S. pombe four
major radioactive forms of A-proteins 32p.ja-
belled either in vivo (Fig. 2, line b) or in vitro
(Fig. 2, line c) were detected. They correspond
to YP20i-(L44), YP1B(L44") and YP2B(L45) and
tentatively designated proteins to A1, A2, A3
and A4, respectively. The 38 kDa ribosomal
phosphoprotein observed in SDS-polyacryla-
mide gels (Fig. 1) in both yeast species studied
was not present in SPo.25 fractions and re-
mained bound to the ribosomal core particles.
That protein was first discovered in S. cerevisiae
and identified as an AO protein by Mitsui ef al.
[22]. ‘

S.cerevisiae

Endogenous phosphorylation of A-proteins of
80S ribosomes in the presence of CKII effectors

The obtained results clearly point to the exist-
ence of protein kinase activity tightly associ-
ated with the ribosomes of both yeast species
studied.

It is known from the earlier studies that casein
kinase II is tightly associated with 80S ribo-
somes of many eucaryotic organisms [23 - 27].
The activity of CKII is inhibited by low concen-
trations of heparin or poly(L-glutamyl) pep-
tides, and is stimulated by aliphatic poly-
amines. The enzyme can utilize both ATP and
GTP as phosphate donors [28, 29].

The activity of ribosome-associated protein
kinase from S. cerevisiae was examined in the
presence of CKII effectors (Fig. 3). The phos-
phorylation of ribosomal proteins of 38 kDa
and 13 kDa was significantly reduced in the
presence of increasing amounts of heparin (Fig.
3, line b, ¢, d). An excess of GTP also decreased
the phosphorylation level of either protein (Fig.
3, line f) while in the presence of spermin in-
creased phosphorylation was observed (Fig. 3,
line e). All the data obtained indicate the
presence of CKII activity associated with S.
cerevisiae ribosomes. Similar results were ob-
tained in the case of S. pombe (not shown).

Isolation and characterization of ribosome-asso-
ciated protein kinases

The existence of casein kinase II associated
with yeast ribosomes was confirmed by frac-
tionation on DEAE-cellulose of the 1 M KCl
ribosomal wash: CKII bound to the resin was
eluted at about 0.25 M NaCl concentration (Fig.
4A). By using one dimensional SDS-polyacryl-
amide gel electrophoresis it was confirmed that

~ S.pombe

Ll

515

B

C

Fig. 2. Separation of acidic ribosomal proteins from S. cerevisiae (A) and S. pombe (B) by isoelectrofocusing.
The acidic proteins were extracted from 1 mg of Triton X-100 washed ribosomes by 0.25 M NH4Cl1/50% ethanol after

labelling in vitro with ¥->2

P (line ) or after labelling ef yeast cells in vive with 10 Ci/ml [*?Plphosphate for 3 h (line b).

Proteins were detected by silver staining (line a) and autoradiography (lineb, c). The positions of phosphorylated (marked
with a "p") and unphosphorylated forms of different proteins are indicated.
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Fig. 3. Endogenous phosphorylation of ribosomal proteins from S. cerevisiae in the presence of casein kinase

11 effectors.

Triton X-100 washed ribosomes were used as an enzyme and a substrate source. Ribosomes (75 pg) were incubated with
[7-32P]ATP under standard conditions and analyzed by SDS-PAGE and autoradiography. Lines: a, control; b, heparin
(1 pg/ml); ¢, heparin (10 pg/mtl); d, heparin (50 pg/ml); e, spermin (0.2 mM); f, GTP (0.3 mM).
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Fig. 4. Chromatography of ri-
bosomal wash of S. cerevisiae
on DEAE-cellulose and phos-

phocellulose.

The protein was extracted from
Triton X-100 washed ribosomes
with buffered solution of 1 M
KCl and loaded on DEAE-
cellulose (A). The flow-through
fraction was subsequently
fractionated on phospho-
cellulose (B) under conditions
described in Methods section.
Aliquots of 10 pl of selected
fractions were assayed for
protein kinase activity using
casein (O) or purified 80S
ribosomes (®) as phosphoryla-
tion substrates.
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the isolated CKII fraction can use acidic 38 kDa
and 13 kDa ribosomal proteins as phosphory-
lation substrates (Fig. 5, line c).

It can also be seen from Fig. 4 that the flow-
through fractions from the DEAE-cellulose col-
umn contained protein kinase activities which
phosphorylated both casein and A-proteins.
Phosphocellulose chromatography, used as the
next step of purification, was particularly use-
ful in resolving the two activities. The casein
phosphorylating activity, identified as CKI,
was eluted from the resin at 0.35 M NaCl con-
centration. The protein kinase which phospho-
rylated A-proteins was eluted at 0.5 M NaCl
(Fig. 4B).

Sedimentation of the native form of the latter
enzyme on the glycerol gradient (10% - 30%)
was compared with that of protein standards of
known molecular mass. The enzyme acti-
vity was detected in the same fractions as bo-
vine serum albumin used as a marker (68 kDa;
Fig. 6).

The presented data and other not included in
this paper, indicate that the enzyme isolated
from ribosomes is the specific protein kinase
phosphorylating 60S ribosomal proteins, simi-

lar as that purified recently from the S. cerevisiae
postribosomal supernatant [15].

DEAE-cellulose chromatography was also
used for fractionation of ribosomal wash from
S. pombe. Both casein kinase activities: CKI and
CKII were identified in the fractions. However,
the activity phosphorylating A-protein was not
detected in the flow-through fractions (Fig. 5,
line b).

DISCUSSION

Most of the acidic proteins of the 605 riboso-
mal subunit play a very important role in the
regulation of ribosomal activity. It was re-
ported that the amount of A-proteins found in
the ribosomes depends on the active state of
this particles [3]. Thus, ribosomes from ex-
ponentially growing cells have almost twice as
many of these polypeptides as ribosomes from
the stationary phase cultures; similarly, par-
ticles in polysomes contain more acidic pro-
teins than free ribosomes [30]. The affinity of
A-proteins for the ribosomes depends on their
phosphorylation state. Only ribosome-bound
A-proteins become phosphorylated. The un-

'S.cerevisiae ~ S.pombe
‘ | — pp13 — -p
a b ¢ a b ¢

Fig. 5. Phosphorylation of acidic ribosomal proteins by S. cerevisine and S. pombe ribosomal protein kinases

after fractionation on DEAE-cellulose.

Aliquots of 10 pl of selected fractions were assayed for protein kinase activity using purified 80S ribosomes as
phosphorylation substrates. Phosphorylated proteins were identified by SDS-PAGE and autoradiography. Ribosomes
were incubated with: line a, no addition; line b, flow-through fraction after DEAE cellulose; line ¢, fraction eluted with

250 mM NaCl (CKID).
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Fig. 6. Glycerol gradient centrifugation of ribosome-associated protein kinase from S. cerevisiae.

The ribosomal protein kinase flow-through fraction (200 pl) after DEAE-cellulose chromatography, was subjected to
linear (10 - 30%) glycerol gradient centrifugation under standard conditions. Aliquots of 20 pl of the collected
fractions were assayed for protein kinaseactivity using purified 80S ribosomes asa phosphorylation substrate. Ribosomal
protein phosphorylation was analysed by SDS-PAGE and autoradiography. Positions of molecular mass standards are
indicated by arrows. Phb, phosphorylase b (94 kDa); BSA, bovine serum albumin (68 kDa); OV, ovalbumin (43 kDa).

usually large pool of these ribosomal proteins
which are present in the cytoplasm, are in the
unphosphorylated state [5, 6]. It is possible
that under different physiological conditions
changes in either specific A-protein kinase
or phosphatase activities can control the
amount of these proteins bound to the riboso-
mal particles. One might propose that riboso-
mal A-proteins can be phosphorylated by the
ribosome-associated protein kinases. In this
paper we describe the identification and par-
tial characterization of protein kinase activities
tightly associated with ribosomes from two
distantly related yeast species S. cerevisiae and
S. pombe.

The ribosome-associated kinase activity can
be released by extensive washing in a high salt
buffer or after dissociation of ribosomes into
40S and 60S subunits. It is interesting that the
endogenous phosphorylating activity is much
lower in the crude preparation of ribosomes
than in the Triton X-100 washed ones. It could
be speculated that treatment with low concen-
tration of detergent may increase the phospho-
rylation level of A-proteins by changing the

conformation of the substrates and, as a conse-
quence, by increasing the access of the sub-
strates to the enzyme. However, the addition of
Triton X-100 to the incubation mixture contain-
ing crude ribosomes did not stimulate the ac-
tivity.

From our preliminary observations it can be
tentatively concluded that Triton X-100 treat-
ment released "an inhibitory fraction” from the
crude preparation of ribosome.

In various eucaryotic organisms, multifunc-
tional casein kinase II is known to be associ-
ated with ribosomes. The results of our experi-
ments clearly indicate that CKII is also tightly
associated with ribosomes of the two yeast
species studied,

It seems of interest that, in the ribosome prep-
aration of S. cerevisiae, besides CKII another
protein kinase phosphorylating A-proteins
was detected. This enzyme showed very high
substrate specificity toward 13 kDa and 38 kDa
proteins of 605 ribosomal subunits. An enzyme
with similar properties, designated 60S protein
kinase (PK60S), was recently discovered in the
S. cerevisiae postribosomal supernatant [15]. It
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is known from unpublished observations
Grankowski et al. (personal communication),
that both CKII and PK60S phosphorylate the
same sites in 38 kDa and 13 kDa proteins. The
existence of two different protein kinases phos-
phorylating the same specific sites in the same
substrates poses the question about the role of
both enzymes in phosphorylation in vivo. It can
not be excluded that this two enzymes differ in
specificity toward individual A-proteins: YP1 B,
YP2o and YP2f in the cell.

Multicellular organisms (a crustacea, an in-
sect and a vertebrate) have been shown to con-
tain two small A-proteins whereas in the bud-
ding yeast S. cerevisiae four distinct proteins
were identified [31]. Four A-proteins were re-
cently characterized in Dictyostelium discoideum
[16]. It was also reported that the fission yeast
S. pombe contain four individual genes (RPA1-
4) for A-proteins [12], confirming the sugges-
tion that this might be a characteristic feature of
lower eucaryotes.

By genetic analysis it was demonstrated, that
two of these genes, RPA3 and RPA4, were es-
sential for cell survival [12]. By using isoelectric
focusing of the SPo.25 fraction of ribosomes
phosphorylated in situ, four different phospho-
proteins were now identified. However, these
data do not allow us to distinguish conclusive-
ly whether these proteins are multiphosphory-
lated forms of a single polypeptide or mono-
phosphorylated forms of four individual pro-
teins. On the basis of cDNA sequence analysis,
the amino-acid sequence of A-proteins was
predicted [12]. At the proximal C-terminal end
of all four proteins, the cluster of acidic
residues located on both sides of serine residue
can be identified (EESDED) [12]. It is the spe-
cific recognition site of phosphorylation for
CKII [32, 33]). None of other serines are sur-
rounded by such a cluster of acidic residues.
This may indicate that the four phosphoprotein
bands observed in our experiments represent
monophosphorylated products of the individ-
ual genes. However, the protein designated A2,
is sometimes seen in our isoelectrofocusing
gels as a double band. Further study, now in
progress, is required to elucidate this problem.

We would like to thank Miss K. Rusinek for
her secretarial assistance.
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