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Ribosomal subunits and ribosomal proteins of Tetrahymena thermophila

Effect of the presence of iodoacetamide during ribosome extraction on the properties of the subunits

Barbara PETRIDOU, Marguerite C U N Y , Maric-France G U E R I N , and FranCoise HAYES Laboratoire de Chimic Cellulairc, Institut de Biologie Physico-Chimique, Paris (Received April 11 /June 8. 1983) -EJB 830359 Proteolytic degradation of ribosomal proteins occurs during the preparation of subunits of the cytoplasmic ribosomes of the protozoa Tetrahymenu thernioplrila and the isolated subunits are inactive. Addition of 5 mM iodoacetamide to cell suspensions before extraction inhibits proteolytic activity and permits isolation of active subunits. The protein complements of these subunits have been characterized in two different two-dimensional elcctrophoretic systems, and their molecular weights have been determined.

Limited degradation of ribosomal proteins has been observed during isolation of ribosomes and ribosomal subunits from a variety of eukaryotic cells [l -61. This phenomenon was not observed in our earlier studies [7] with ribosomes of an amicronucleate Tetraliymeiza strain of unknown phenoset (Tetrahyniena 'pyr{forn~is' CGL) but has subscquently been shown to occur during preparation of ribosomes from several other amicronucleate strains [XI (and B. Petridou and F. Hayes, unpublished results). It also occurs, as shown here, during preparation of ribosomes from the micronucleate strain Tetruhymenu thermophila and leads to isolation of inactive ribosomal subunits unless protease inhibitors are present throughout the preparation process. Of a number of inhibitors tested, iodoacetamide was found to be the most effective. 40s and 60s ribosomal subunits prepared from T . thermophila in its presence are active in vitro and retain their activity during storage at low tcmperature. Alkylation of a small number of proteins in these subunits revealed by experiments with radioactive iodoacetamide appears not to impair their capacity to reassociate or to catalyse polyphenylalanine synthesis in vitro. The protein complements of active and inactive 40s and 60s ribosomal subunits of T. thernmphilu prepared in the presence and absence respectively of iodoacetamide have been characterized by polyacrylamide gcl electrophoresis in two different systems. The molecular weights of the proteins of active subunits have been estimated by SDS gcl electrophoresis.

MATERIALS AND METHODS

Strains and culture conditions

Tetrahymetza thermophila B 1868 mating types IV and VII were obtained from Dr D. Nanney (Dcpt of Zoology, University of Illinois, Urbana, Illinois 61 801, USA).

T. iherrnophilu B 1868 mating type 11 was provided by Dr P. Bruns (Section of Genetics, Physiology and Development, Cornell University, Ithaca, New York, USA) in the form of a functional heterokaryon [lo] carrying a micronucleus homozygotic for the cycloheximide-resistant mutation ChxA, and a wild type, cycloheximide-sensitive macronucleus (strain 

Proteases and proteusc inhibilors

These were obtained from the following sources: papain, Sigma (USA) ; Staphylococcus uureus V 8 protease, Miles (USA); iodoacetamide, Serva (FRG); aprotinin, Sigma (USA); phenylmethylsulfonyl fluoride, Calbiochem (USA) ; Na-p-tosyl-L-lysine chloromethylketone, Serlabo (France); iod~[l-'~C]acetamide (specific activity 1047 MBq/mmol), Commissariat ti I' Energie Atomique (France).

Preparation of ribosomal subunits

All operations were carried out at 0 -4 ''C, unless otherwise indicated.

Exponentially growing cultures were harvested at cell densities of 2-3 x 105/ml by low-speed centrifugation (2000 xg, 10 min). Cells wcrc washed by centrifugation in 20 mM Tris/HCI, 100 inM KCI, 5 mM MgCI,, 6 mM 2-mercaptoelhanol, 0.25 M sucrose pH 7.6 and resuspended at a density of 10'-108/ml in the same buffer with or without addition of protease inhibitors at the following concentrations : iodoacetamide, 5 mM ; aprotinin and N-a-p-tosyl-L-lysine chloromethyl kctone, 100 pg/ml; phenylmethylsulfonyl fluoride, 3.5 mM. Nonidet P40 was then added to a final concentration of 0.24 (w/v) and lysis was allowed to proceed for 10 min in an ice bath, after which lysate volumes were doubled, their ionic composition was adjusted to 20 mM Tris/HCl, 2.5 mM MgCI,, 6 mM 2-mercaptoethanol, and protease inhibitors were added, when present, to maintain their initial concentrations. Diluted lysates were centrifuged at 10000 x g for 20 min and the supernatants, supplemented with GTP (0.2 mM) and puromycin (0.1 mM), were incubated for 45 min at 28'C and reccntrifuged at 10000 x g for 10 min (small volumes) or 6000 x g for 30 min (large volumes). Ribosomal subunits in the final supernatant were separated by centrifugation at 21 000 rev./min for I6 h (rotor SW 27) on 10-3OX sucrose gradients prepared in 20 mM Tris/HCl, 250 mM KCI, 2.5 mM MgCI,, 6 mM 2-mercaptoethanol or at 23 000 rev./min for 18 h (zonal rotor B14) on 7-30 o/, sucrose gradients prepared in the same buffer. Subunits were concentrated from pooled gradient fractions either by centrifugation at 80000 x g for 20 h after raising the Mg2+ concentration to 5 mM or by precipitation with poly(ethy1ene glycol) (final concentration 12 'x w/v) at 0 °C for 20min, after raising the Mg2+ concentration to 10 mM. Precipitated subunits were collected by centrifugation at 30000 x g for 30 min. Pellets of subunits prepared by either method were resuspended in 20 mM Tris/HCl, 250 mM KC1, 5 mM MgCI,, 6 mM 2-mercaptoethanol at a concentration of 100-175 units/ml and stored at -70 ' C.

Preparation of' ribosomal prolein5

Protein samples for one-dimensional gel electrophoresis were prepared by incubating suspensions of 40s or 6 0 s subunits (0.75 and 1A260nm unit respectively) in 0.05 ml of 0.05 M Tris/HCl pH 6.8, SDS 2 o/, (w/v), glycerol 7.5 "/, (w/v), 2-mercaptoethanol 1 "/, (v/v) at 100 -'C for 3 min. Samples were cooled and their 2-mercaptoethanol concentration was raised to 5 % (v/v) before loading onto gels. Samples for twodimensional gel electrophoresis were prepared by acetic acid extraction and acetone precipation according to Barritault et al. [12].

Assay of ribosome functions

To assay reassociation of ribosomal subunits in vitro, samples of purified 40s and 6 0 s particles (0.5 and 1.0 A260nm unit respectively) were dissolved together at 0 'C in 150 pl of 20 mM Tris/HCl, 10 mM MgCI,, 100 mM KCI, pH 7.6. The solutions were then incubated at 28 "C for 30 min, cooled to O"C, and 100-p1 samples were analysed by sedimentation at 19000 rev./min for 16 h at 4 "C on 3.6-m15 -20 "/, (w/w) linear sucrose gradients prepared in 20 mM Tris/HCl, 10 mM MgCl,, I00 mM KCI. The distribution of 260-nm-absorbing material in the centrifuged gradients was recorded.

Poly(U)-directed polyphenylalanine synthesis and peptidyl transferase activity were measured as described previously [7] with the minor modification that in the latter assay A c [ ~H ] L ~u -C-A-C-C-A was replaced by f13H]Met-tRNA (spec. act. 5600 counts min-' pmol methionine-') which was prepared by standard methods.

Polyacrylamide gel electrophoresis of ribosomal proteins

The procedure used for one-dimensional SDS/polyacrylamide gel electrophoresis was essentially that described by . Gel slabs prepared by pouring a 5 % stacking gel (1 mm x 30 mm x 370 mm) onto a 12.5-20 "/, separation gel (1 mm x 270 mm x 370 mm) were used without preelectrophoresis. Electrophoresis was carried out at 4 "C for 1 h at 100 V followed by 17 h at 200 V. Gels were stained with Coomassie brilliant blue R 250.

For two-dimensional gel electrophoresis the procedures of Kaltschmidt and Wittmann [I41 (first dimension pH 8.6, second dimension pH 4.5) and Zinker and Warner [15] (first dimension pH 8.6, second dimension SDS) were used with the following modifications. With both methods, the protein samples contained 5 % (v/v) 2-mercaptoethanol [16], the first dimension electrophoresis was carried out in cylindrical gels (4 mm x 125 mm) at 150 V for 16 h and separate first-dimension gels were uscd to fractionate acidic and basic ribosomal proteins.

In the Kaltschmidt and Wittman procedure, the second dimension electrophoresis was performed in gel slabs (2 mm x 135 mm x 230 mm) at 250 V for 16 h (first-dimension gels of acidic and basic proteins bonded to separate second-dimension gels) or in larger gel slabs (2 mm x 300 mm x 300 mm) at 300 V for 16 h (first-dimension gels of acidic and basic proteins bonded to the same second-dimension gel). Also, the firstdimension upper chamber buffer contained 0.02 "/, (w/v) cysteamine chloride.

In the Zinker and Warner procedure, the second-dimension electrophoresis was carried out in the larger gel slabs (2mm x 300 mm x 300 mm) at 250 V for 15 h (first-dimension gels of acidic and basic proteins bonded to thc same seconddimension gel). After electrophoresis, the gels were stained with Coomassie brilliant blue 250 R.

The molecular weights of ribosomal proteins were estimated by electrophoresis in polyacrylamide/SDS gel slabs according to Laemmli [17]. Samples excised from stained spots in two-dimensional Kaltschmidt and Wittmann gels were dialysed three times for 60 min against 10 ml of 62 mM Tris/HCl, 0.5 (v/v) 2-mercaptoethanol pH 6.8, placed in the sample wells of 15 "/, acrylamide/O.l "/, SDS (w/v) gel slabs and immobilized by filling the wells with 1 "/, agarose (w/v). Proteins used as molecular weight standards were placed in sample wells in solution since preliminary experiments showed that their electrophoretic mobilities were the same whether they were used in this way or in the form of 15 % polyacrylamide gels.

Samples of standard proteins contained either 2 pg of single chromatographically purified Escherichia coli 3 0 s ribosomal proteins or lysozyme or a mixture of 2 pg each of four nonribosomal proteins (excluding lysozyme) in 50 p1 of sample buffer.

Standard proteins and their molecular weights were as follows. For 30s ribosomal proteins, M , values calculated from primary sequences [18,19] were rounded off to the nearest 100 : S2, 26600; S3, 25900; S4, 23100; S5, 17500; S7K, 19700; S10, 12300; S12, 13600. For non-ribosomal proteins, M , values were : bovine serum albumin, 68000; ovalbumin, 45000; trypsin inhibitor, 21 500; egg white lysozyme, 14400; cytochrome c, 12500.

The relativc mobilities ( R F ) of Tetvahymem ribosomal proteins were calculated using trypsin inhibitor as standard. Molecular weights of proteins with mobilities higher than that of E. coli 30s protein S2 were calculated from the linear relationship observed between log RF and molecular weight for E. coli 30s proteins S2, S3, S4, S5, S7K, S10, S12, lysozyme and cytochrome c. For proteins with mobilities lower than that of E. coli 30s protein S2, thc linear relationship observed between R, and log(mo1ecular weight) for bovine serum albumin, ovalbumin, trypsin inhibitor, lysozyme and E. coli 30s ribosomal proteins S10 and S12 was used. Calculated values are given to the nearest 500.

RESULTS

Protein synthesis in Tetrahymena thermophila in vivo

Measurement of the rate of incorporation of radioactive amino acids into acid-insoluble material in growing cultures of amicronucleate strains of Tctrahyrnena has shown [8] that the rate of protein synthesis in vivo in these strains increases during early exponential growth, reaches a maximum at cell densities of 2-3 x 105/ml and then falls rapidly by a factor of about 2 Polyphen ylalanine-syn thesizing act ivit ic,s qf'ribosonzul .subun its isoluted in the presence and absence of protease inhibitors Polyphenylalanine synthesis was carried out in viiro as dcscribed previously [7] except that reaction mixtures were incubated at 28 'C. All results listed are averages of values obtained using 0.5 and 1.0 unit of equimolar mixtures of 40s and 60s subunits prepared in the presence of the indicated inhibitors. Control reaction mixtures without ribosomes incorporated a total of 95 counts/min. Incorporation by the iodoacetamide sample corresponds to polymerisation of 2-phenylalanine residues pcr ribosome although cell multiplication continues for a further one or two generations. Very similar observations have been made with T. tkrrvutophila (results not shown) and for this reason cells used for ribosome preparation were harvested from early exponential phase cultures containing 2-3 x 105 cells/mI.

Protrolytic degradation ofribosomalproteiizs during preparation o j ribosomal subunits

Attempts to prepare ribosomal subunits from T. thermophilu by the procedure previously used successfully [7] with an amicronucleate strain of Tetrahymena gave satisfactory yields of particles sedimenting at 40s and 60s. However, thesc products reassociated very poorly in vitro and possessed little or no polyphenylalanine-synthesizing activity. Electrophoretic analysis of their protein complements gave results which suggested the presence of protein degradation products and the effect of carrying out ribosome preparation in the presence of protease inhibitors was therefore tested. Table 1 lists the results of assays of the polyphenylalanine-synthesizing activity of ribosomal subunits prepared from T. thermophila B 1868 IV in the absence and presence of protease inhibitors used at the concentrations indicated in Materials and Methods. Of the four inhibitors tested iodoacetamide was the most effective and was used in all subsequent work.

Comparison qf the properties of ribosomal subunits prepared in the absence and presence of iodoacetamide

To compare the properties of ribosomal subunits isolated in the presence and absence of iodoacetamide two preparations were made in parallel from cells harvested at the same time from the same culture. Identical results were observed with all three strains of T. thermuphila used; only those obtained with strain B 1868 IV are presented.

Assays of the polyphenylalanine-synthesizing activity of subunits isolated in the presence and absence of iodoacetamide gave the results listed in Table 2. Subunits prepared in the presence of this inhibitor are highly active whereas, as expected, those isolated in its absence are almost completely inactive. Experiments with the two possible combinations of subunits Table 3. Peptidyltransferose activity of 6 0 s subunits i,rolutetl in thr presence (+) and absence (-) of iodoacetamide Peptidyltransferase assays were carried out as described previously prepared in the presence and absence of iodoacetamide shows that loss of polyphenylalanine-synthesizing activity is associated mainly, although not entirely with degradation of 40s subunit proteins (Table 2, expts 7 and 8). In agreement with this result, data in Table 3 show that 60s subunits prepared in the presence and absence of iodoacetamide possess the same peptidyltransferase activity, i. e. that this 60s subunit function is not sensitive to proteolytic degradation during subunit isolation. In contrast to these results, assays of the capacity or 40s and 60s subunits prepared in the presence and absence of iodoacetamide to reassociate in vitro (Fig. 1) shows that this function is considerably more sensitive to proteolytic degradation in the 60s than in the 40s subunit. Although the experimental conditions used to obtain the data in Table 2 and Fig. 1 differ (absence of poly(U), tRNA and cytosol in subunit reassociation mixtures) comparison of these results shows that 80s ribosomes formcd in high yield from 40s subunits prepared in the absence of iodoacetamide and 60s subunits prepared in its presence (Fig. 1C) possess very low phenylalanine-synthesizing activity (Table 2, expt 7). The small phenylalanine incorporation observed may in fact be due to-contamination of the 60s subunits prepared in the presence of iodoacetamide with traces of 40s subunits (compare expts 2 and 7 of Table 2). In contrast 80s subunits obtained in low yield by reassociation of 40s subunits prepared in the presence of iodoacetamide and 60s subunits isolated in its absence 2, expt 8). We conclude that proteolytic degradation during isolation of ribosomal subunits from T. thrrnioplzila affects mainly 60 S subunit ribosomal proteins involved in subunit interaction and 40s subunit proteins related to a process o r processes in protein synthesis later than SOS ribosome formation.

Protein conzyltvnents qf 40S and 60 S subunits isolritrd in tlzc prcwricc atid cibscncc. of ioclou (,etmiidr Analysis of the proteins of 40 S and 60 S subunits isolated from strains B1868 IV and B186X VII in the presence and absence of iodoacctamide by electrophoresis in one-dimensional SDS/polyacrylamide gradient gels [I 31 gave the results shown in Fig. 2. The migration patterns of 40s and 6 0 s subunit proteins of both strains arc identical and are clearly sensitivc to the presence or absence of iodoacctamide during subunit isolation, the differences in the two patterns being more important in the case of the small than the large subunit. (Identical results, which are not shown, were obtained with strain CU329.)

The resolving power of one-dimensional SDS gel electrophoresis is not sufficient to separate all the proteins present in either the 40s o r thc 6 0 s ribosomal subunit and so does not permit assessment of the total number of proteins which are subject to proteolytic degradation. In order to obtain this information and identify thc sensitive proteins, twodimensional gel electrophoresis according to Kaltschmidt and Wittmann [14] was used.

I n Fig. 3, which shows the results of these analyses, the numbering system presented in the next section is used to ~~ Fig. 2. One-dimensional .sepamtion patterns of proteins of' 40s and 60 S riho.sornul suhunits prepurid in ihc presence (+) und a h r i c e (-) u/' iodouwturxidi,. Ribosomal proteins of 40s and 60s subunits of T. thewnopliilu B 1 868 IV and B1868 VII isolated in the presence and abaence of iodoacetamide, were prepared and analyzed by electrophoresis on 12.5 -20 "r;, linear polyacrylamide gradient gels in the presence of SDS a s described in Materials and Methods. Samples for analysis contained 30 pg of 40s and 40 pg of 60s subunit proteins. After electrophoresis gels were stained with Coomassie brilliant bluc and photographed. The arrow shows the band corresponding to protein S1 (Fig. 3) Fig. 3. Two-dimensional electroplzorc,tic analyyis ofacidic and basic prot&s of40S and 60 S ribosomul subunits o f T . thermophila BIVprepared in h e prescwe and absence ofiodoacc,tamide. Ribosomal proteins were prepared for two-dimensional electrophoresis as described in Materials and Methods. Acidic and basic ribosomal proteins were fractionated on separate first-dimension gels each of which was then bonded to a separate second-dimension gel slab. Samples for analysis of basic proteins contained 150 pg and those for analysis of acidic proteins 300 pg of total proteins. Electrophoresis was carried out as described in Materials and Methods and gel slabs were then stained and photographed Ribosomal subunits were isolated in the presence of iodoacetamide. Electrophoresis was carried out as described in the legend to Fig. 3 using separate gels for first-dimension separation of acidic and basic proteins and a single gcl slab for the second-dimension separalion. After electrophoresis gel slabs were stained and photographed (A, C). TypIcal migration patterns of40S and 6 0 s ribosomal proteins; (B, D) schematic drawings of 40s and 60s ribosomal protein migration patterns identify proteins in migration patterns obtained with samples prepared from ribosomal subunits isolated in the presence of iodoacetamide. Spots in the migration patterns of proteins of subunits isolated in the absence of iodoacetamide are not numbered according to this system since one-to-one relationships between spots in the two types of pattern cannot be deduced from the data in Fig. 3.

The following major differences between the proteins of ribosomal subunits isolated in the presence and absence of iodoacetamide are visible in Fig. 3.

40s subunits; cicidic proteins. Of the four acidic proteins (S2,SlI,S17,S23)inFig. 3A, three(S2,S17,S23)arepresent with unaltered electrophoretic mobilities in Fig. 3 B. Spot S 11 is not seen in Fig. 3 B, showing that this protein has been lost or degraded during isolation of 40s subunits in the absence of iodoacetamide. A further difference between Fig. 3A andB is the presence of four additional spots labelled a, b, c, d in the latter. These spots presumably represent degradation products of ribosomal proteins. Although spots b, c and d could represent degradation products of the missing spot S 11 since they have higher second-dimension mobilities and thus probably contain proteins with lower molecular weights than S 11, they could also be fragments of degraded basic proteins. The additional acidic spot a must presumably be a fragment of a basic 40s protein since no acidic protein with lower seconddimension mobility than spot a is absent in Fig. 3B.

40s subunit; basic proteins. The electrophoretic properties of many or all of the upper group of proteins in Fig. 3C (S3 -S 8) are clearly altered in Fig. 3 D. Alterations are also evident in the properties of the central group of proteins in Fig. 3C Fig. 5. Ti~n-di/neff.~in~al electinplzoietit analysis of'total proteins oj 4 0 s und 60s ribosnmul subunits qf T. thermophila B I868 IV nccording 10 ZinkrJr and Warner/ IS]. Preparation of ribosomal subunits and first-dimension electrophoresis were as described in the legend to Fig. 3. Seconddimension electrophoresis was as described in Materials and Methods. After electrophoresis gel slabs were stained and photographed. (A, C) Typical migration patterns of40S and 60s ribosoinal proteins; (B, D) schematic drawings of40S and 60s ribosomal protein migration patterns (spots L9, L 15 and L24 in C and D are split due to breakage of the first-dimension gel) (S9-S26). InFig. 3DspotsS14andS16 appeartocomigrate; spot S24 has either disappeared or comigrates with S26; and spots S22 and S25 have approached each other. In addition several extra spots (e, f, g, h) are visible in Fig. 3D. 60Ssubunits; acidicproteins. Comparison of Fig. 3 E and F shows that proteins prepared from 60s subunits isolated in the absence of iodoacetamide lack acidic 60s protein L1 but contain normal amounts of acidic proteins L 10, L 16 and L20, with unchanged electrophoretic properties.

6OS .subunit ; basic. proteins. The differences between the basic proteins of 6 0 s subunits prepared in the presence and absence of iodoacetamide are relatively limited. Protein L25, visible as a strong spot in Fig. 3G, is present only in traces in Fig. 3H. However, all other stained spots in Fig. 3G appear undiminished in Fig. 3 H. Other differences between the migration patterns of proteins in Fig. 3G and H are the appearance of additional faint spots, e. g. a, b, c, and duplication of certain spots, e. g. L3. They suggest that several 60s subunit proteins in addition to L25 are partially modificd during subunit preparation in the absence of iodoacetamide.

Although alkylation of proteins by iodoacetamide is not expected to cause large alterations in their electrophoretic properties, the possibility that some of the differences in the migration patterns of proteins of ribosomal subunits prepared in the presence and absence of iodoacetamide might be due to alkylation could not be excluded a priori. Ribosomal subunit preparation was therefore carried out in the presence of radioactive acetamide, subunit proteins were fractionated by two-dimensional gel electrophoresis, and their radioactivity was measured. Significant amounts of radioactivity were found in protcin L28; minor amountsin proteinsS4, S5, S 8 , S15, L4, L12 and L33, and traces in S28. Comparison of these observations with the results in Fig. 3 shows that the only proteins labelled by iodoacetamide which behave differently in samples isolated from subunits prepared in the presence and absence of this inhibitor are S 5 and L4. We conclude that Fig. 6. Electrophoretic rinalvsis qfbasic proteins oj40 S ribosoniul subunitsprc,parrd,froin exponentially growing and starwdT. thermophila B1868 IV. Ribosomal subunits were prepared in the presence of iodoacetamide from exponentially growing and starved cells (Materials and Methods) and thcir basic proteins were analyzed by two-dimensional gel electrophoresis according to Kaltschmidt and Wittmann [ 141 and Zinker and Warner [I 51. The migration patterns of proteins S3 ~ S9 in the four gel slabs are shown in Fig. 6. The migration patterns of the remaining basic proteins of 40s subunits of growing and starved cells were identical. (A) Growing cells and (B) starved cells, electrophoresis according to Kaltschmidt and Wittmann, (C) growing cells and (D) starved cells, electrophoresis according to Zinker and Warner. Spots 7' and 7" contain modified forms of protein S7 alkylation of ribosomal proteins by iodoacetamide does not contribute significantly to the differences between the electrophoretic migration patterns of proteins prepared from ribosomal subunits isolated in the presence and absence of this in hibit or.

Migration patterns of ribosomal proteins of T. thermophila in two two-dimensional electrophoresis systems

Because the electrophoretic migration patterns of acidic and basic ribosomal proteins in Fig. 3 were obtained using independent first and second-dimension gels they do not permit correlation of the electrophoretic mobilities of these two subgroups of ribosomal proteins. This correlation can be achieved by carrying out second-dimension electrophoresis of acidic and basic proteins in the same gel slab after firstdimension migration in the same or different gels. The latter alternative permits differential loading of gels to overcome the low staining efficiency of acidic proteins without loss of resolution of basic proteins [16]. Fig. 4 contains migration patterns representative of those obtained in analyses of this type carried out using the electrophoresis conditions of Kaltschmidt and Wittmann [I41 and schematic drawings which summarize the results of a large number of analyses of independent preparations of ribosomal proteins. Twodimensional analysis were also carried out according to Zinker and Warner [I 51 (first-dimension electrophoresis as in the procedure of Kaltschmidt and Wittmann [14], second dimension electrophoresis in the presence of SDS). Migration patterns typical of those obtained in these experiments and corresponding schematic drawings are shown in Fig. 5. Nomenclature of spots in Fig. 5 The same numbering system is used in Fig. 4 and 5. Spots in gel slabs of the types shown in these figures were correlated by comparison of two-dimensional patterns obtained using first dimension gels prepared under the same conditions with the same protein preparations. Correlation was facilitated in some cases by use of the measured molecular weights of proteins separated by the Kaltschmidt and Wittmann electrophoresis procedure (see below).

40s subunit proteins in sturved cells

Kristiansen and coworkers showed [I 1,201 that phosphorylation of a 40s ribosomal protein occurs when exponentially growing Tetrahymena is transferred to non-nutrient medium and numbered it S6 on the basis of its position in twodimensional gel electrophoretic analyses carried out according to Zinker and Warner [15]. Protein S6 in Fig. 2 9 of [20] corresponds in position to protein S 7 in Fig. 5 A and B. Results summarized in Fig. 6 confirm that the electrophoretic properties of protein S7 are altered in starved cells in a manner consistent with the introduction of acidic substituents.

Molecular weights qf ribosomul proteins q f T . thermophila B1868 IV Third-dimension electrophoresis ( Materials and Methods) showed that almost all (70 of 71) samples cut out of stained spots in two-dimensional gels such as those shown in Fig. 4A and 5A contained a single protein. Exceptions were the 40s 3) and firstdimension mobility as protein L28 (Fig. 4C andD) comigrates with the latter (Fig. 5C andD). These results show that twodimensional gel electrophoresis according to Kaltschmidt and Wittmann resolves all 40s subunit proteins and, with one exception, all 60s subunit proteins of T . thermophila. 

DISCUSSION

Characterisation of the cytoplasmic ribosomal subunits of Tetrahymenu thermophila and of their proteins was undertaken to obtain information required for studies, now in progress, of the structure of these particles. For such studies it is essential to use functionally and therefore structurally intact ribosomal subunits. Although active subunits can be prepared from the amicronucleate strain Tetruhymena 'pyrformis' CGL [7] without precautions against proteolytic degradation, inactive subunits containing degraded proteins are obtained under such conditions from many other amicronucleate strains [8] and, as shown here, from T. thermophila. These observations confirm and extend earlier reports of proteolytic degradation of ribosomal proteins during the isolation of ribosomes from rabbit reticulocytes [2] and rat liver [1,3,51, from an amicronucleate strain of Tetrahymena [5], and from T. therrnophila [4]. Since ribosomal protein degradation in extracts of T. thermophilu i s inhibited by iodoacetamide it seems probable that one or more of the extensively studicd thiol-requiring neutral proteases of Tetrahymma [21-271 is involved in this process. Although, as judged by thc polyphenylalanine-synthesizing activity of ribosomal subunits prepared in i t s presence (Tables 1,2,3) and the absence of degradation products in the electrophoretic migration patterns of their proteins (Fig. 2), iodoacetamide is a highly efficient inhibitor of proteolytic activity in extracts of T. thermophila, these results do not show that no degradation of ribosomal proteins takes place in its presence. It has, for example, been observed that detectable changes in the protein complements of rat liver ribosomes can be produced by limited protease digestion in vitro without effect on their proteinsynthesizing activity in v i m [l].

Proteins in both 40s and 60s subunits are alkylated by iodoacetamide when this inhibitor is present during ribosome isolation. Substitution of a small number of SH groups in ribosomal proteins should not alter their electrophoretic properties significantly but could affect their contributions to ribosomal functions. The fact that subunits prepared from T. thermophila in the presence of iodoacetamide are active in polyphenylalanine synthesis shows that any such effect i s limited in extent. We have shown elsewhere [8] that ribosomal subunits prepared in the presence or absence of iodoacetamide from two amicronucleate strains of Tetrahymena in extracts of which proteolytic degradation of ribosomal proteins is not observed, possess the same polyphenylalanine-synthesizing activity, i. e. that alkylation of the proteins of these subunits by iodoacetamide docs not affect their activity in vitro.

We believe that all the ribosomal proteins of T. thermophilu are represented in the schematic drawings in Fig. 4 and5. No acidic proteins with first-dimension electrophoretic mobilities greater than those of S l l and L6 (e.g. the highly acidic phosphorylated proteins L35 and L36 of yeast ribosomes [15]) and no basic proteins with higher mobilities than S28 and L40 were detected by reducing the duration of first-dimension electrophoresis to 4 h. In addition, no protein with an isoelectric pH of 8.6, i. e. that of the first-dimension in the Kaltschmidt and Wittmann system, was revealed by raising this pH to 9.5 or lowering it to 7.

Finally, although acidic proteins S 2 (40s) and L I (60s) possess very similar mobilities in both two-dimensional electrophoresis systems used and very similar molecular weigths (Table 4), suggesting that they are the same protein which is partitioned between the subunits upon dissociation of 80s ribosomes, their non-identity was established by analyses of their proteolytic degradation products according to Cleveland et al. [25] using papain and Stuphylococcus aureus V 8 proteases. In both cases the two proteins gave different patterns of digestion products (results not shown).

Revision of the protein catalogues in Fig. 4 and 5 and Table 4 may, however, be necessary for three reasons. a) As mentioned earlier, the assumption that active ribosomal subunits isolated in the presence of iodoacetamide contain full complements of intact ribosomal proteins, though plausible, is not entirely convincing. b) Only those spots seen reproducibly in two-dimensional electrophoretic analyses of all protein samples are shown in Fig. 4B, D and 5B, D. Additional spots observed in variable amounts in analyses of some but not all protein samples were provisionally classified as non-ribosomal contaminants and are indicated as unnumbered dotted outlines in Fig. 4B, D; 5B, D. c) Further work will be necessary t o confirm the status of the high-molecular-weight protein S 1 which is seen reproducibly but always in small amounts in two-dimensional electrophoretic analyses of 40s subunit proteins prepared in the prcsence of protease inhibitors (a sharp band corresponding to S1 is visible, indicated by a n arrow in Fig. 2, in onedimensional electrophoretic analyses of proteins of 4 0 s subunits of T. thermophilu BIV and BVIl prepared in the presence but not in the absence of iodoacetamide).

With these reservations we conclude that cytoplasmic ribosomes of T. thermophila contain 72 different proteins (Table 4). Their average molecular weight, 23 100, is close to the values obtained for higher eukaryotic organisms [2, 29-311 and significantly different from the value of 18 900 reported for the lower eukaryote Succhuromyces carlshergensis [32, 331. 

  [7] using q3H]Met-tRNA in place of AC[~H]L~U-C-A-C-C
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 1 Fig.1, Rrussociatiori q f purifkd 40 S and 60 S riho.soriiu/ .ruhuriir~s prepared in the presence (+) or ubscnce (-) of iodoaci~/urnide. 40s and 60 S subunits werc prepared in the presence (+) and absence (-) of iodoacetamide as described in Materials and Methods, from two samples of cells harvested from a single of T. tlii~rmophilu B 1868 IV. Mixtures containing thc four possible combinations of the isolated subunits were prepared in 20 m M TrisiHCI, 10 mM MgCI,, 100 mM KCI (total concentration 10 AZhOnm units/ml, AZbOnm ratio 40S:hOS = 1 :2), incubated at 28 C and analysed by scdiinentation for 16 h at 19000 rev./min on 3.6-ml 5-20 ";,linear sucrose gradients (for further dctails see Materials and Methods). The figurc shows the four sedimentation profiles obtained
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 4 Fig. 3. Two-dimensional electroplzorc,tic analyyis ofacidic and basic prot&s of40S and 60 S ribosomul subunits o f T . thermophila BIVprepared in h e prescwe and absence ofiodoacc,tamide. Ribosomal proteins were prepared for two-dimensional electrophoresis as described in Materials and Methods. Acidic and basic ribosomal proteins were fractionated on separate first-dimension gels each of which was then bonded to a separate second-dimension gel slab. Samples for analysis of basic proteins contained 150 pg and those for analysis of acidic proteins 300 pg of total proteins. Electrophoresis was carried out as described in Materials and Methods and gel slabs were then stained and photographed. The photographs were combined to produce the results shown. (A, C ) Acidic and basic proteins of 40s subunits prepared in the presence of iodoacetaniide; (B, D) acidic and basic proteins of 40s subunits prepared in the absence ofiodoacetamide; (E, G) acidic and basic proteins of 60s subunits prepared in the presence of iodoacetamide; (F, H) acidic and basic proteins of60S subunits prepared in the absence of iodoacetamide
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 2 Comparison ofthe activities of ribosomal subunits isoluted in the presence (+) and absence I-) of' iodoacetuinide Polyphenylalanine synthesis was carried out in v i m as in the legend to Table1and was measured after 45 min. Control reaction mixtures without ribosomes incorporated a total of 35 counts/min. Incorporation by 40 S (+) + 60 S (+) corresponds to polymerisation of3.8 

	phenylalanine residues per ribosome	
	Expt Subunits	Amount	[' 4C]Phenylalanine
				incorporation
			AZbOnm units	counts/min
	1.	40 S (+)	0.3	210
	2.	60 S (+)	0.6	780
	3.	40 S (+) + 60 S (+)	0.3 0.6 +	11 360
	4.	40 S (-)	0.3	50
	5.	60 S (-)	0.6	80
	6.	40 S (-) + 60 S (-)	0.3 0.6 +	360
	7.	40 S (-) + 60 S (+)	0.3 0.6 +	1000
	8.	40 S (+) + 60 S (-)	0.3 0.6 +	5 500

Table 4 .

 4 Molecular kceights of' ribosomal proteins qf T. thermophila Molecular weights were estimated, as described in Materials and Methods, by SDS/Polyacrylamide gcl clcctrophoresis

	40s subunit		6 0 s subunit	
	Protein	Mr	Protein	M,
	s 1	71 000	L1	45 000
	s 2	48 000	L2	56000
	s 3	48 000	L 3	56000
	s 4 ss	40 000 48000	L 4 L5	45000 41 000
	S6	43 000	L6	39 000
	s 7	40 000	L7	2.5000
	S 8	21 500	L8	25000
	s 9 s 10	24000 20 000	L9 L 10	22000 1 5000
	s11	19000	L11	21 500
	s 1 2	21 SO0	L12	24 500
	S13	28000	L13	2s 000
	S14	17 SO0	L14	22 SO0
	SIS	17 000	L15	19500
	S 16	17 SO0	L16	15000
	S17	14000	L17	21 500
	518	17 500	L18	20 000
	S19 s 20	18000 18 500	L 19 L 20	17 SO0 14 500
	s21 s 22	1s 500 1 7000	L21 L 22	17000 22 500
	S 23	12000	L 23	1 8 000
	S 24	18000	L 23'	17500
	s 2 s	16 000	L 24	1s SO0
	S 26	17 SO0	L 2s	21 000
	S 27	17 SO0	L 26	17 500
	S28	17 000	L 27	1 6 000
	S 29	8 SO0	L 28	17500
	s30	16 000	L 29	1 6 000
	S31	9 SO0	L30	1 7 500
			L31	1s 500
			L 32	17000
			L33	17 000
			L 34	I S SO0
			L3S	17 SO0
			L 36	1 5 000
			L 37	1 5 000
			L38	15 SO0
			L39	I0 000
			L 40	1 I SO0
	spot S6 which contained traces of S7 and the 60s spot labellcd
	L23/L23' which was resolved in third dimension gels into two
	components L23 and L23', ncithcr of which had the third-
	dimension mobility of any of the spots neighbouring L23/L23'
	in two-dimensional gels, i.e. L18, L21, L22, L25, L26, L27.
	Resolution of spot L23/L23' into two components during
	electrophoresis according to Kaltschmidt and Wittmann can be
	achieved by increasing the duration of second-dimension
	electrophoresis. L23 and L23' are resolved during electro-
	phoresis according to Zinker and Warner, but in this case L23'
	which has the same molecular weight (Table	

Table 4

 4 

lists the molecular weigths of the proteins present in the 71 numbered spots in

Fig. 4 B and D. 
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