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24 Abstract

25 Inhibition of the synthesis of a ribosomal protein (r-protein) abrogates the assembly of 

26 its cognate subunit, while assembly of the other subunit continues. Ribosomal 

27 components that are not stably incorporated into ribosomal particles due to the 

28 disrupted assembly are rapidly degraded. The 60S protein uL18/L5 is an exception, 

29 because this protein accumulates extra-ribosomally during inhibition of 60S assembly. 

30 Since the r-proteins in each ribosomal subunit are essential only for formation of their 

31 own subunit, it would be predicted that accumulation of extra-ribosomal uL18/5 only 

32 occurs during restriction of 60S assembly, and not during abolition of 40S assembly. 

33 Contrary to this prediction, we report here that repression of 40S r-protein genes does in 

34 fact lead to accumulation of uL18/L5 does outside the ribosome due modified 60S 

35 assembly. Furthermore, the effect varies depending on which 40S ribosomal protein is 

36 repressed. We propose that disruption of early steps in the 40S subunit assembly 

37 changes the kinetics of 60S subunit assembly resulting in a buildup of extra-ribosomal 

38 uL18/L5, even though 60S formation continues. Finally, our results show that 

39 maintenance of the pool of extra-ribosomal uL18/L5 requires continual protein synthesis 

40 showing that extra-ribosomal protein is not stable, but is slowly “consumed” by 

41 incorporation into 60S subunits and/or turnover.

42
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43 Introduction

44 The ribosome biogenesis process is preserved throughout eukaryotic evolution, 

45 although the complexity has evolved from yeast to humans [1, 2]. It begins with RNA 

46 polymerase I transcription of a long 18S-5.8S-25S/28S precursor rRNA and RNA 

47 polymerase III transcription of precursor 5S rRNA [3-6]. The precursor transcripts are 

48 processed into the mature rRNA components concurrently with the incorporation of 

49 ribosomal proteins (r-proteins) into the emerging ribosomal subunits. Ribosomal 

50 proteins are translated in the cytoplasm and chaperoned into the nucle(o)lus where 

51 most of the ribosome formation takes place. Besides the synthesis of the components of 

52 the mature ribosomes, the construction of ribosomes also requires in excess of 250 

53 ribosomal assembly factors, a number of which are important for the assembly of both 

54 the 40S and the 60S ribosomal subunits, while others are specific to the formation of 

55 one the ribosomal subunits [7]. 

56 Assembly of each subunit requires production of a full set of the r-proteins found 

57 in the mature subunit. Significant reduction of the production of just one r-protein or 

58 assembly factor prevents completion of the assembly process. If the perturbation is 

59 limited to protein(s) required for only one or the other subunit, only the assembly of the 

60 cognate subunit is abolished, while the assembly of the other subunit continues (e.g. [8, 

61 9]). The abolishment of the assembly of a ribosomal subunit does not stop the synthesis 

62 of its r-proteins, but proteins that fail to become incorporated into stable ribosomal 

63 particles are rapidly eliminated by proteasomal turnover [8, 10, 11]. 

64 Nevertheless, one 60S protein, uL18, evades rapid degradation and accumulates 

65 in a complex with 5S rRNA outside of the ribosome during repression of the gene for the 
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66 60S r-protein uL5 [12], previously named L11 and L16 [13, 14].  Furthermore, distortion 

67 of cell fate in metazoans has been attributed to r-protein mediated regulation of factors 

68 controlling the growth [15, 16]. It is therefore important to understand the mechanisms 

69 for the build-up of extra-ribosomal r-protein pools. Since the r-proteins in each ribosomal 

70 subunit are essential only for the assembly of their cognate subunit, it would be 

71 expected that interruption of the assembly of one subunit only affects accumulation of 

72 extra-ribosomal r-proteins for that subunit. We tested this expectation by repressing 

73 several 40S r-protein genes and measuring the buildup of extra-ribosomal r-proteins. 

74 Surprisingly, and in contrast to the prediction, extra-ribosomal uL18 accumulates when 

75 the synthesis of either 40S or 60S r-proteins is constrained. Moreover, the amount of 

76 extra-ribosomal uL18 accumulating depends on which 40S r-protein gene is repressed. 

77 We interpret these results to mean that disruption of the assembly of the 40S subunit 

78 can affect the kinetics of assembly of the 60S subunit. Furthermore, we show that 

79 buildup of extra-ribosomal uL18 does not require formation of the complex of uL18, uL5, 

80 5S rRNA and the Rrs1 and Rpf2 assembly factors, which is an intermediate in the 

81 normal 60S subunit assembly.

82

83 Materials and methods

84 Nomenclature for r-proteins. 

85 We use the 2014 universal nomenclature [13]. In the figures, the classic protein names 

86 are also indicated after a slash. 

87
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88 Strains and growth conditions. 

89 All strains are derived from BY4741. In each strain one r-protein gene encoding eS4, 

90 eS6, uS17, eS19, eS31, eL40, or eL43, was expressed exclusively from the Gal1/10 

91 promoter. These strains are referred to as Pgal-xx where xx is the protein expressed 

92 from the galactose promoter (Table S1). In the experiment in Fig 1B described below, 

93 Pgal-eL43 was transformed with a second plasmid carrying a gene for uL18-FLAG 

94 expressed from the constitutive RpS28 promoter (Philipp Milkereit, personal 

95 communication). 

96 Cells were grown at 30°C with shaking in YEP-galactose media. At OD600 of 1.0 

97 (about 2x107 cells per ml), the culture was shifted to YPD (glucose) media for 6-21 

98 hours. All strains had a doubling time of 1.5-2.0 hours in galactose. After the shift, 

99 growth of the Pgal-xx strains gradually decreased [9]. Cells were harvested at 8000 rpm 

100 for 10 minutes and washed once with 10 mL ice cold RNase free water and stored at -

101 20°C until further use. Procedures for lysis and sucrose gradient centrifugation were 

102 described previously [9].

103

104 Western analysis and antisera. 

105 Western blots [9] were probed with rabbit polyclonal antisera prepared for our laboratory 

106 by Covance (Princeton, New Jersey, USA) using synthetic peptides with the sequence 

107 of 20–22 N-terminal amino acids of uS4, uL4, uL5, and uL18 as antigens. Monoclonal 

108 anti-FLAG antibody was purchased from Thermo-Fisher (catalogue number MA1-

109 91878). 
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110 As described in Results, western blots probed anti-uL18 revealed a band co-

111 migrating in electrophoresis with the ribosomal uL18 band in fractions close to the top of 

112 sucrose gradients loaded with extracts of specific strains shifted to glucose medium. To 

113 determine if this band indeed represents uL18 we analyzed Pgal-uL18 13.5 hours after 

114 shifting the culture to glucose medium. In this experiment, we saw no band co-migrating 

115 with the ribosomal uL18 band at the top of the gradient, consistent with the fact the 

116 uL18 synthesis was abolished and confirming that the band at the top of the gradient, 

117 which co-migrates in gel electrophoresis and is stained with our anti-uL18, in fact is 

118 uL18 (Fig 1A). However, our anti-uL18 also reacted with a second band at the top of the 

119 sucrose gradients (marked with asterisk in all figures). To determine if this band is 

120 related to uL18, we transformed Pgal-eL43 with a second plasmid constitutively 

121 expressing FLAG-tagged uL18 (see above) in addition to the native uL18 chromosomal 

122 gene. After the shift from galactose to glucose medium, a single band of FLAG-tagged 

123 uL18, comigrating with the FLAG-uL18 band in the ribosomal fractions, appeared at the 

124 top of the gradient (Fig 1B), but no band corresponding asterisked band in blots stained 

125 with anti-uL18 was seen. Furthermore, the asterisked band was present after repressing 

126 uL18 synthesis in Pgal-uL18 (Fig 1A). Based on the experiments in Fig 1, we conclude 

127 that the band marked with asterisk in the blots stained with anti-uL18 is not related to 

128 uL18, but must represent an unspecific protein that cross-reacts with our uL18 

129 antiserum. This is supported by the presence of the asterisked band after shifting the 

130 parent strain to glucose medium (Fig 2C).

131

132 Fig 1. Analysis of the specificity of anti-uL18/L5. (A) Pgal-uL18/L5 was grown in 
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133 galactose medium and shifted to glucose medium. A lysate prepared after repression of 

134 uL18/L5 gene for 13.5 hours was fractionated on a sucrose gradient. Fractions from the 

135 top of the gradient and the 60S-80S ribosome peaks were analyzed by western blot 

136 stained with anti-uL18/L5. (B) Pgal-eL43/L43 was transformed with a plasmid harboring a 

137 constitutively expressed gene for uL18/L5-FLAG. The culture was grown in galactose 

138 medium and shifted to glucose medium for 16 hours. Lysates prepared from cells before 

139 and after repressing uL43/L43 synthesis were fractionated on sucrose gradient and 

140 aliquots of fractions from the top of the gradient and the 60S-80S peaks were analyzed 

141 for content of FLAG-tagged protein by western blot.

142

143 Statistics. 

144 Pairwise t-test was used.

145
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146 Results

147 Disruption of ribosome assembly

148 To specifically abolish assembly of 60S or 40S subunits we repressed individual r-

149 proteins genes cognate to one or the other ribosomal subunit. This was accomplished 

150 by using yeast strains in which the only gene for a given r-protein is transcribed from the 

151 Gal1/10 promoter. We refer to these strains as Pgal-xx, where xx is the name of the 

152 protein encoded by the gene under galactose control. In galactose medium a full set of 

153 r-proteins is synthesized, but shifting the cells to glucose medium abrogates synthesis 

154 of r-protein xx, which prevents assembly of the cognate ribosomal subunit. 

155

156 Extra-ribosomal uL18 accumulates during repression of 

157 some 40S r-protein genes

158 To measure extra-ribosomal accumulation of uL18 and several other r-proteins upon 

159 repression of specific r-protein genes, we fractionated crude cell extracts on sucrose 

160 gradients and analyzed the sucrose gradient fractions on western blots probed with 

161 antisera specific to the 60S r-proteins uL18, uL5, uL4 and the 40S r-protein uS4. Fig 2A 

162 shows a western blot stained with anti-uL18 of fractions from across a sucrose gradient 

163 loaded with an extract of Pgal-eL43 prepared 6 hours after the shift to glucose medium. 

164 A band co-migrating with the ribosomal uL18 band was observed close to the top of the 

165 sucrose gradient. A second protein marked with an asterisk and moving slightly slower 

166 also appeared. As described in Materials and Methods we confirmed that band that 

167 comigrates with the ribosomal uL18 band indeed represents uL18, while the slightly 
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168 slower moving band is not related to uL18 (Fig 1). In an experiment with Pgal-eL43 

169 expressing FLAG-tagged uL18 a band comigrating with ribosomal FLAG-uL18 was also 

170 seen at the top of the sucrose gradient after the shift from galactose to glucose medium, 

171 but not before the shift (Fig 1A). Furthermore, no uL18 band was seen at the top of the 

172 gradient after shifting the parent strain to glucose medium (Fig 2B). Thus, the 

173 experiment in Fig 2A shows that uL18 accumulates outside ribosomal particles during 

174 repression of uL43 synthesis. This was anticipated, since repression of the 60S r-

175 protein uL5 is known to provoke a buildup of extra-ribosomal uL18 [12].

176

177 Fig 2. Repression of several 40S r-protein genes causes accumulation of extra-

178 ribosomal uL18/L5, but not extra-ribosomal uL5/L11, uL4/L4, or uS4/S9. Whole cell 

179 lysates of glucose cultures of Pgal-eL43/L43, Pgal-eS4/S4, and the parent strain BY4741 

180 were fractionated on sucrose gradients and the indicated fractions were analyzed by 

181 western blots probed with anti-sera for r-proteins uL18/L5, uL4/L4, eS4/S4, and uL5/L11 

182 as indicated at each blot. (A) Pgal-eL43/L43 after 6 hours in glucose medium. (B) The 

183 parent strain (BY4741) after 0 and 16 hours in glucose. Image (i) shows a blot probed 

184 with a mixture of antisera for uL4/L4 and uS4/S9. Panel (ii) shows the same blot after it 

185 was probed further with a mixture of antisera for uL18/L5 and uL5/L11. The bands 

186 marked with a blue asterisk in some panels are not related to uL18/L5 (see Material and 

187 Methods). (C) Northern blots of fractions from a sucrose gradient loaded with Pgal-

188 eS4/S4 after 8 hours in glucose medium were probed with anti-sera for uS4/S9, uL4/L4, 

189 uL5/L11, and uL18/L5. 

190
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191 We next asked if abolishment of 40S r-protein genes also triggered extra-

192 ribosomal uL18 accumulation, we analyzed extracts of Pgal-eS4 that had been shifted 

193 from galactose to glucose medium for 8 hours. Unexpectedly, we found a build-up of 

194 extra-ribosomal uL18 at the top of the sucrose gradient. In contrast, no uL4, uL5 or uS4 

195 was found outside in the ribosome peaks (Fig 2C). Additionally, the parent strain 

196 BY4741 did not accumulate extra-ribosomal r-proteins whether grown in galactose or 

197 glucose, as expected since assembly of both subunits proceeds uninterrupted in the 

198 parent whether it grows glucose and galactose medium (Fig 2B). Overall the results in 

199 Fig 2 shows that disruption of 40S assembly can generate a pool of extra-ribosomal 

200 uL18. Extra-ribosomal accumulation of uL18 is thus not specific to interference with 60S 

201 assembly.

202 We then tested if repression of other 40S r-protein genes also cause formation of 

203 extra-ribosomal uL18. Sucrose gradients were loaded with whole-cell extracts after 

204 repressing the genes for uS4, eS6, uS17, eS19, or eS31. Extracts prepared after 

205 repression of the 60S genes for eL40 or eL43 were used as controls. In all cases, we 

206 found uL18 bands at the top of the gradient (Fig 3A), although the strength of the bands 

207 varied. Quantification of uL18 in the top and the ribosome fractions showed that the 

208 fraction of total uL18 found outside ribosomal subunits varied by several fold with the 

209 protein whose synthesis was abolished (Fig 3B). Repression of eS4 synthesis 

210 generated as much extra-ribosomal uL18 as did the repression of the two 60S r-protein 

211 genes. In contrast, the fraction of uL18 found in the extra-ribosomal fractions after 

212 abolishing eS31 synthesis was borderline visible. The extra-ribosomal uL18 in strains 

213 repressed for other 40S proteins was at intermediate levels.
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214

215 Fig 3. Quantification of extra-ribosomal uL18/L5 pool after repression of several 40S 

216 and 60S r-protein genes. Pgal-eS4/S4, -eS6/S6, -uS17/S11, -eS19/S19, -eS31/S31, -

217 eL40/L40, and -eL43/L43 were grown in galactose medium and shifted to glucose 

218 medium. (A) Sucrose gradients were loaded with lysates prepared after the shift and 

219 fractions from the top of the gradient and from the 60S-80S ribosomal peaks were 

220 analyzed on western blots probed with anti-uL18/L5. The proteins whose synthesis is 

221 repressed by the shift to glucose medium is indicated to the left of the western blots. (B) 

222 Quantification of uL18/L5 at the top of the sucrose gradient. The western blots in panel 

223 (A) were quantified using ImageJ and the fraction of the total uL18/L5 (sum of uL18/L5 

224 in both top and ribosome fractions) present at the top of the gradient is shown. The 

225 average of three biological repeats is shown for repression eS4/S4, uS17/S11, 

226 eS31/S31, eL43/L43 genes and the average of two biological replicates is shown for the 

227 repression of the eS6/S6, eS19/S19, eL40/L40 genes. The error bars indicate standard 

228 error of the mean. The data for each gene repression experiment was compared to the 

229 results from the parent strain (BY4741) harvested after a shift to glucose medium by 

230 pairwise t-test. +++ indicates p<0.001, ++ p<0.005, + p<0.01 (C) The bands marked 

231 with a blue asterisk in some panels are not related to uL18/L5 (see Materials and 

232 Methods).

233

234 The differences among strains in the extra-ribosomal uL18 pool size led us to 

235 question whether more extra-ribosomal uL18 would accumulate with longer times of 

236 40S r-protein gene repression. We used the Pgal-eS31 strain to address this question, 
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237 because the accumulation of extra-ribosomal uL18 was barely visible in this strain. 

238 However, comparing lysates prepared after incubation in glucose medium for 8, 9.5 or 

239 17 hours did not reveal an increase in extra-ribosomal uL18 with time, making it unlikely 

240 that the amount of extra-ribosomal uL18 changes with time (Fig 3C). Rather, the results 

241 suggest that the pool of extra-ribosomal uL18 reaches a steady-state level. Together 

242 the results in Fig 3 show that the size of the pool of extra-ribosomal uL18 during 

243 disruption of 40S assembly varies with the 40S gene repressed.

244

245 uL18 accumulates due to interference with subunit assembly, 

246 not degradation of mature subunits

247 We have previously shown that the mature 40S and 60S ribosomal subunits depend on 

248 each other for stability and accumulation [9]. Thus, there are two possible principle 

249 sources of extra-ribosomal L18: modification of 60S assembly and breakdown of mature 

250 60S subunits. To distinguish these possibilities, we investigated if blocking protein 

251 synthesis with cycloheximide changed the amount of extra-ribosomal uL18. If the extra-

252 ribosomal uL18 stems from degradation of preexisting ribosomes, cycloheximide should 

253 not affect the pool of extra-ribosomal uL18, but if the extra-ribosomal uL18 depends on 

254 continual protein synthesis, addition of cycloheximide should reduce the pool of extra-

255 ribosomal uL18. Accordingly, we grew Pgal- eL43 in galactose and shifted it to glucose 

256 medium for 6 hours. At this time approximately 50% of the total uL18 was found at the 

257 top of the gradient (Fig 4A(i)). The culture was then split and cycloheximide (100 µg/ml) 

258 was added to one aliquot, while nothing was added to the other part. After 4 hours of 

259 additional culturing, both aliquots were harvested and analyzed for extra-ribosomal 
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260 uL18. No uL18 band was seen at the top of the gradient after cycloheximide inhibition of 

261 protein synthesis (Fig 4A(ii)), while the level of extra-ribosomal uL18 was unchanged in 

262 the sample without the drug (Fig 4A(iii)). 

263

264 Fig 4. Mechanism of accumulation of extra-ribosomal uL18/L5.  Cultures were grown in 

265 galactose medium and shifted to glucose medium. (A) Cycloheximide decreases the 

266 pool of extra-ribosomal uL18/L5 during repression of a 60S r-protein gene. Six hours 

267 after the shift of Pgal-eL43/L43 from galactose to glucose medium, cycloheximide was 

268 added to an aliquot of the culture (final concentration100 µg/ml), while incubation of 

269 another aliquot was continued without the drug. Both aliquots were harvested at 10 

270 hours after the shift from galactose to glucose. Whole cell extracts were analyzed by 

271 sucrose gradients and western blots. (i) Pgal-eL43/L43 6 hours after the shift of media, 

272 (ii) Pgal-eL43/L43 incubated with cycloheximide added 6 hours after the media shift and 

273 harvested 10 hours after the shift. (iii) Pgal-eL43/L43 incubated for 10 hours in glucose 

274 without cycloheximide. (B) Cycloheximide also decreases the pool of extra-ribosomal 

275 uL18/L5 during inhibition of 40S assembly. Pgal-eS4/S4 was grown in galactose medium 

276 and shifted to glucose medium. After 4 hours in glucose medium, cycloheximide (100 

277 µg/ml) was added and cells were harvested 0, 15 and 45 minutes after the inhibition of 

278 protein synthesis. (C) Inhibition of TOR and repression of rRNA synthesis does not 

279 result in accumulation of extra-ribosomal uL18/L5. Rapamycin was added to Pgal-

280 eL43/L43 growing in galactose medium (no shift to glucose) and 4 hours later an 

281 extract was analyzed by sucrose gradient centrifugation and western blots developed 

282 with antisera specific to uL18/L5 and uL4/L4. (D) Repression the genes for the 60S 
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283 ribosomal assembly factors Rrs1 and Rpf2 results in accumulation of extra-ribosomal 

284 uL18/L5. Pgal-Rrs1 and -Rpf2 were grown in galactose medium and shifted to glucose 

285 medium for 16 hours. Whole cell extracts were analyzed by sucrose gradient 

286 centrifugation and western blots developed with antiserum specific to uL18/L5. The 

287 bands marked with a blue asterisk is not related to uL18/L5; see Material and Methods.

288

289 Inhibition of protein synthesis in Pgal-eS4 gave a similar result. Cycloheximide 

290 was administrated for 15 and 45 minutes to a culture four hours after the shift from 

291 galactose to glucose. While no change was seen after 15 minutes, the extra-ribosomal 

292 uL18 level was reduced by about 50% after 45 minutes with cycloheximide (Fig 4B). 

293 Together the experiments in Fig 4A-B show that the extra-ribosomal uL18 is depleted, if 

294 it is not replenished by new synthesis, indicating that extra-ribosomal uL18 is generated 

295 during 60S assembly rather than degradation of mature 60S subunits. 

296 To investigate if extra-ribosomal uL18 also accumulates when rRNA synthesis th 

297 is inhibited by the TOR-targeting drug rapamycin, we grew Pgal-eL43 in galactose 

298 medium (i.e. eL43 synthesis is not interrupted) and added rapamycin for 4 hours at a 

299 final concentration of 0.2 µg/ml. Fig 4C shows that no uL18 is seen at the top of the 

300 gradient after blocking rRNA transcription for 6 hours. This is consistent with the 

301 conclusion that the extra-ribosomal uL18 cannot come from degradation of mature 60S 

302 subunits, but requires continual synthesis of ribosomal components and failing 

303 assembly of ribosomal particles.

304 We further investigated the origin of extra-ribosomal r-proteins by depleting each 

305 of the ribosomal assembly factors Rrs1 and Rpf2 that combine with uL18, uL5, and 5S 
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306 rRNA prior to docking in the precursor 60S particle [17]. Fig 4D shows that depleting 

307 either Rrs1 or Rpf2 increased the pool of extra-ribosomal uL18 in agreement with the 

308 effect of mutating the RRS1 gene [18]. This further supports our conclusion that build-up 

309 of extra-ribosomal uL18 is caused by inhibition of ribosomal assembly rather than 

310 degradation of mature ribosomes. Furthermore, we conclude that accumulation of extra-

311 ribosomal uL18 does not require formation of the complete uL18-uL5-5S rRNA-Rrs1-

312 Rpf2 particle, since depletion of the assembly factors does not prevent the formation of 

313 an extra-ribosomal uL18 pool. This is also supported by the fact extra-ribosomal uL5 

314 does not accumulate proportionally to uL18 during abrogation of eS4 synthesis (Fig 2B).

315

316 Discussion

317 We have shown that the 60S r-protein uL18 accumulates extra-ribosomally during 

318 repression of several 40S r-protein genes (Figs 2 and 3). Although it was known that 

319 uL18 evades rapid degradation and accumulates outside of the ribosome during 

320 abrogation of 60S assembly [12], it was unexpected that extra-ribosomal uL18 also 

321 builds up during inhibition of 40S assembly, because 

322 repression of an r-protein gene specifically halts the assembly of their own subunit, 

323 while assembly of the other subunit continues [9]. We further showed that maintenance 

324 of the pool of extra-ribosomal uL18 requires continual protein synthesis, whether 

325 provoked by disruption of the formation of the 60S or the 40S subunit (Fig 4A-B). Thus, 

326 the extra-ribosomal r-proteins must be a product of failing or distorted ribosomal 

327 assembly rather than degradation of mature 60S subunits. This conclusion is supported 

328 by the fact that uL18 accumulates outside ribosomes in response to depletion of Rrs1 
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329 and Rpf2 (Fig 4D), both of which are involved in the incorporation of uL18 into the 60S 

330 precursor particle [17]. 

331 The fraction of uL18 found outside ribosomal subunits varies with the 40S r-

332 protein whose synthesis is abrogated. In the extremes, abolishment of eS4synthesis 

333 generates a response similar to that seen during repression of two 60S r-protein genes, 

334 while extra-ribosomal uL18 is borderline detectable during abrogation of eS31 synthesis 

335 (Fig 3). This gradient correlates with the abundance of 40S r-proteins in the 90S 

336 ribosomal particle, an early 40S assembly intermediate [19], suggesting that preventing 

337 early steps of pre-40S precursor assembly have the strongest effect on accumulation of 

338 extra-ribosomal uL18. This can be rationalized in the context of our recent finding that 

339 the 40S r-protein eS7 and the 60S r-protein uL4 coprecipitate in immune-purifications of 

340 ribosomal precursor complexes that also contain the ITS1 sequence upstream of the 

341 cleavage site [20]. This suggests that early intermediates in the 40S and 60S subunits 

342 may interact, because they co-assemble on the emerging precursor rRNA before the 

343 pre-rRNA is cleaved between the 18S and 5.8S parts. Moreover, it is known that 

344 approximately 80% of the transcripts in rapidly growing yeast cells are cleaved between 

345 the 18S and 5.8S parts while transcription is still ongoing (“co-transcriptional rRNA 

346 processing”) [21], but the cleavage is prevented by the assembly factor Rrp5 until 

347 Domain 1 of the 60S part of the transcript is completed [22]. Since two 60S r-proteins 

348 (uL4 and uL24) bind to Domain 1, the delay of pre-rRNA cleavage until Domain 1 is 

349 synthesized is compatible with co-assembly of the early 40S and early 60S precursor 

350 particle. 

351 We therefore posit that the simplest explanation for the buildup of extra-
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352 ribosomal uL18 during inhibition of 40S assembly is that the folding of the 60S part of 

353 the early rRNA transcript is influenced by 40S r-proteins that bind to rRNA prior to 

354 separation of the subunit moieties of the emerging rRNA transcript. Even though 40S r-

355 proteins are not required for 60S formation, such changes to early 60S folding may 

356 affect the path used for downstream 60S assembly and thereby change the kinetics of 

357 uptake of newly synthesized 60S proteins into the precursor 60S. Ultimately, this could 

358 change the propensity for accumulation of specific extra-ribosomal 60S proteins.

359 While the primary function of r-proteins is as components of the ribosome, r-

360 proteins also have important extra-ribosomal functions, at least in metazoan cells. Thus, 

361 r-proteins from both ribosomal subunits have been identified as cancer drivers [23]. The 

362 mechanism for r-protein-mediated regulation of growth and cell fate presumably 

363 involves binding of r-proteins to several regulators of growth and the progression of the 

364 cell cycle during distortion of ribosomes biogenesis (“ribosomal or nucleolar stress”) [24-

365 27]. While these functions of extra-ribosomal proteins have been intensely investigated, 

366 little is known about the origin of the extra-ribosomal r-protein pools. Since the major 

367 features of pathways for ribosomal assembly evolutionarily conservation, we suggest 

368 that our analysis in the yeast model organism contributes to understanding the 

369 complexity how ribosome assembly impacts regulation of growth. In fact, interactions 

370 between 40S and 60S incorporation of r-proteins is likely stronger in metazoans than in 

371 yeast, because a larger fraction of pre-rRNA is cleaved into subunit-specific pieces after 

372 completion of transcription (“post-transcriptionally rRNA processing”) in metazoans than 

373 in fast-growing yeast cells. The difference between the ratio of co-transcriptional and 

374 post-transcriptional is evident from Northern blots of rRNA processing intermediates in 
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375 the two types of organisms: full length rRNA precursor transcript is more prevalent 

376 relative to other processing intermediates in mammalian cells (e.g. [28]) than it is in fast-

377 growing yeast cells (e.g. [9]). 

378
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