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1. Introduction

The ribosomes of eukaryotes contain acidic pro-
teins that functionally [1—5] and antigenetically
[3,6,7] are related to the Escherichia coli ribosomal
proteins L7/L12. In contrast to their prokaryotic
counterparts some of these eukaryotic acidic pro-
teins are subject to phosphorylation in vivo [4,7—15].
Generally, it appears that eukaryotic ribosomes con-
tain two structurally related but distinct acidic pro-
teins each of which may occur in phosphorylated
forms [7,11,13,15].

The 60 S ribosomal subunit of Tetrahymena
pyriformis contains a triplet of acidic protein (L44—46)
which according to electrophoretic properties, stain-
ability and molecular weights resembles the putative
L7/L12 equivalents of other eukaryotes [16]. How-
ever, our previous attempts to demonstrate phos-
phorylation in vivo of these T. pyriformis ribosomal
proteins have been uniformly negative [16,17]. Since
the L7/L12 equivalents of eukaryotic ribosomes, like
their prokaryotic counterparts, seem to be intimately
involved in at least elongation factor 1 and 2 depen-
dent reactions [1—4], the possible complete lack of
phosphorylation of these proteins in 7. pyriformis
was of interest both from a phylogenetic and a
functional point of view. Here we present a more
detailed analysis of the complement of acidic ribo-
somal proteins in T. pyriformis. The results indicate
that the ribosomal proteins that electrophoretically
resemble the putative L7/L12 equivalent of other
eukaryotes are not phosphorylated in vivo.
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2. Materials and methods

2.1. Cell cultures

Tetrahymena pyriformis, strain GL, was grown
axenically in a proteose—peptone/yeast extract
medium [18]. Labelling of ribosomal proteins was
achieved by adding 2 uCi/ml of a [**C]protein hydro-
lyzate to the medium.

2.2. Isolation of ribosomes and extraction of total
ribosomal proteins
Ribosomes were isolated, their proteins extracted
with acetic acid and prepared for gel electrophoresis
asin [18].

2.3. Dephosphorylation of ribosomal proteins with
alkaline phosphatase
80 S ribosomes were dissociated into subunits,
treated with alkaline phosphatase, and the ribosomal
proteins extracted as in [19].

2.4. Fractionation of acidic ribosomal proteins
Ribosomes (2500 4,65 units) were extracted with
ethanol/NH,4CI as in [20]. The extracted ribosomal
proteins (P1 proteins) were passed through a column
of Sephadex G-25 fine. Elution was with 10% acidic
acid and the desalted P1 proteins were lyophilized.
The P1 proteins were further fractionated by iso-
electric focussing in a LKB 8100 ampholine electro-
focussing equipment (110 ml column). The pH gra-
dient was established in 6 M urea (BDH, Aristar) with
1% ampholine ranging from pH 4—6. The focussing
was performed at 4°C with the cathode at the top of
the column. The initial 600 V was maintained for
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18 h followed by 1000 V for 28 h. The column was
emptied at 90 ml/h flowrate and the effluent moni-
tored continuously at 254 nm. Fractions (1 ml) were
collected and their pH was measured with a glass
electrode at 4°C. Appropriate fractions were pooled
and the proteins freed of ampholines by passage
through a column of Sephadex G-25 fine eluted with
10% acetic acid. The proteins were recovered by
lyophilization.

2.5. Polyacrylamide gel electrophoresis

Ribosomal proteins were analyzed by two-dimen-
sional polyacrylamide gel electrophoresis according
to Kaltschmidt and Wittmann as in [18]. In addi-
tion, the acidic ribosomal proteins were analyzed by
one-dimensional gel electrophoresis by the proce-
dure in [21]. Autoradiograms were prepared as in
[17].

3. Results

3.1. Treatment of ribosomes with alkaline phos-
phatase

The two-dimensional pattern of the T. pyriformis
ribosomal proteins 1.44—46 is very similar to those
observed for the Hel.a cell ribosomal protein L40
[11], the rat liver ribosomal protein P2 [13] and
their respective phosphorylated derivatives. In prin-
ciple, our previous failure to detect phosphorylation
of L44—46 in vivo could be due to insufficient incor-
poration of [**P]phosphate. To test this possibility
dissociated ribosomes were treated with alkaline phos-
phatase under conditions that were found to cause
extensive dephosphorylation of phosphorylated S6
[19]. Dephosphorylation of ribosomal proteins is
easily detectable by changes in their electrophoretic
properties. However, the treatment with alkaline
phosphatase had no effect on L4446 as evaluated
by two-dimensional polyacrylamide gel electro-
phoresis (fig. 1).
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Fig. 2. One-dimensional polyacrylamide gel electrophoresis
of *C-labelled ribosomal proteins. Ribosomal protein
(200 ug) was subjected to electrophoresis in an 8% acryl-
amide slab gel at pH 6.0 according to [21]. The gel was
dried and autoradiographed as in [17].
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Fig. 1. Two-dimensional polyacrylamide gel electrophoresis
of T. pyriformis acidic ribosomal proteins, untreated (a) and
treated (b) with alkaline phosphatase. Dissociated 80 S ribo-
somes were treated with 0.5 mg/ml alkaline phosphatase for
2 h at 28°C. Samples (400 ug) of the extracted ribosomal
proteins were used for electrophoresis according to
Kaltschmidt and Wittmann. The anodic sides of the first
dimensional gels were arranged symmetrically for electro-
phoresis in the second dimension. For nomenclature of
ribosomal proteins see [16].
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3.2. One-dimensional polyacrylamide gel electro-
phoresis of acidic ribosomal proteins

Like most eukaryotic acidic ribosomal proteins
the acidic ribosomal proteins of T. pyriformis stain
very poorly. During our previous analyses of T.
pyriformis ribosomal proteins we might, therefore,
have overlooked or lost the putative L7/L12 equiva-
lents. To overcome these problems, **C-labelled ribo-
somal proteins were analyzed by one-dimensional
polyacrylamide gel electrophoresis by the procedure
in {21]. Neither the Coomassie blue stained gels
(results not shown) nor the autoradiograms (fig. 2)
indicated the presence of acidic ribosomal proteins
in addition to those already catalogued [16].

3.3. Preparation and fractionation of PI proteins
To obtain greater quantities of the acidic ribosomal

proteins for their characterization a P1 protein frac- was analyzed.
tion was prepared. In addition to the acidic ribosomal

proteins L4146 this fraction also contained a number

of basic ribosomal proteins (fig. 3). Similar results
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Fig. 3. Two-dimensional polyacrylamide gel electraphoresis
of P1 proteins extracted from T. pyriformis ribosomes. A P1
protein fraction extracted from 40 A4 ,,, Units of ribosomes

Fig. 4. Isoelectric focussing of P1 proteins extracted from T. pyriformis ribosomes. P1 proteins extracted from 2500 4, units

of ribosomes were focussed in a pH 46 gradient of ampholine in a 110 m! LKB 8100 electrofo
was emptied with continuous recording of the 4

pH at 4°C.

A cussing equipment. The column
154 Fractions (1 ml) were collected and pooled as indicated. (—), 4 ,,; (0—0),
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were described for rat liver {5] and Artemia salina [15]
ribosomes.

The P1 proteins were fractionated by isoelectric
focussing. Figure 4 shows the results of such an experi-
ment. Fractions were pooled as indicated and their
proteins analyzed by two-dimensional polyacryl-
amide gel electrophoresis. Figure 5a shows the results
of the analysis of fraction C. The analysis of frac-
tions A—C allowed the following assignments: L41,
pl 4.40; L44, pI 4.85; 145, pl 4.95; L46, pl 5.05.
The shoulder at pH 5.30 corresponds most probably
to the small subunit protein S29 which stains very
lightly and thus is hardly detectable in fig. 5a. Two-
dimensional polyacrylamide gel electrophoresis
analysis showed fraction D to be an aggregate of 141
and LAS5 (fig. 5b). We have in total performed 4 iso-
electric focussing experiments and in all observed a
distinct peak around pH 6. Thus it appears that aggre-
gation of L41 and LA45 occurs regularly in the P1 pro-
tein fraction.

In accordance with the analysis by one-dimensional
polyacrylamide gel electrophoresis, isoelectric focus-
sing of P1 proteins did not lead to the detection of
additional acidic ribosomal proteins.

4. Discussion

In common with other eukaryotes (and £. coli)
the ribosomes of T. pyriformis contain a complement
of acidic proteins that are detached by NH,Cl/ethanol
treatment (fig. 3). These proteins are necessary for
the activity of T. pyriformis ribosomes in a poly(U)-
dependent cell-free system and, furthermore, they are
capable of restoring the polyphenylalanine synthesizing
capacity of E. coli ribosomal core particles lacking
L7/L12 (K. K., unpublished). Thus, T. pyriformis
ribosomes contain proteins homologous to L7/L12.

Qur results show that the 60 S subunit of 7.
pyriformis ribosomes contains 4 proteins (L41, L44—
46) possessing isoelectric points comparable to those
of E. coli L7/112. Estimated from dodecyl sulphate
gels L41 has mol. wt 26 300, whereas 1.44—46 have
mol. wt 15 000~15 500 (results to be presented else-
where). The phosphorylated putative L7/L12 equiva-
lents in other eukaryotes have molecular weights
similar to 14446 [2,7—11,14]. In contrast, the rat
liver ribosomal proteins L40 and 141 that share
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Fig. §. Two-dimensional polyacrylamide gel electrophoresis
of ribosomal proteins fractionated by isoelectric focussing.
(a) Proteins from fraction C, fig.4. About 50 ug was used for
the analysis. (b) Proteins from fraction D, fig. 4. About 25 ug
was used for the analysis.

antigenic determinants with L7/L12 [6], but appar-
ently are not phosphorylated in vivo, have mol. wt
25 500 [22] which is conspicuously close to our
estimate of 26 300 for L41.

The isoelectric points of 144 (pl 4.85), L45 (pl
4.95) and LA6 (pl 5.05) are higher than those
reported for the presumably analogous ribosomal
proteins eL12 (pI ~ 4.5) of A. salina [2] and L,
(pl ~ 4.40—4.45) of mouse ascites cells [12].
Indeed, 14446 are slightly less acidic than E. coli
L7/L12 (pI 4.70, 4.85 [23]). The complement of
acidic ribosomal proteins from different strains of
Tetrahymena was analyzed by one-dimensional
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polyacrylamide gel electrophoresis [24]. A protein,
designated L8, appears to be common to all the
strains so far analyzed (D. H. Hayes, personal com-
munication). L8 most probably corresponds to our
triplet proteins L4446, which also in our one-di-
mensional analysis fail to resolve into three bands
(fig. 2). In agreement with our determination of iso-
electric points, L8 appears slightly less acidic than
E. coli L7/L12 [24]. Also in accordance with our
results a more acidic ribosomal protein, designated
L, was detected [24]. This protein corresponds to
our L41. The isoelectric point of L41 (pI 4.40) is
similar to those of eL12 and L., but as noted above,
its molecular weight is ~2-times greater than that of
eL12and L,.

The absence of detectable [>*P]phosphate incor-
poration into 144—46 [16,17] combined with the
findings presented in this report that treatment with
alkaline phosphatase does not alter the electro-
phoretic mobilities of L44—46 (fig. 1) makes it
highly unlikely that these proteins are phosphorylated
in vivo in T. pyriformis. Thus, it is not obvious how
LA41 and 14446 are related to E. coli L7/L12 and
their equivalents in other eukaryotes. It is intriguing
that 141 forms an aggregate with L45 (fig. 5b). In
solution the A. salina protein eL12/eL12-P occurs
mainly as a dimer [15] like the E. coli proteins L7/
L12 [23]. Similarly, aggregation of the putative L7/
L12 equivalents in other eukaryotes has also been
observed [12]. We are considering the possibility that
a precursor—product relationship exists between 141
and 144—46. 141 being a protein that evolutionary
arised by an intragenic duplication and thus contains
two regions showing extensive sequence homology.
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