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Abstract	20	

The yeast ribosome is a complex molecular machine built from four rRNAs and over 70 r-proteins. 21	

Ribosome biogenesis involves ordered incorporation of ribosomal proteins, accompanied by and 22	

association and dissociation of other proteins specific to different stages of the process. By model-23	

based analysis of temporal profiles of gene expression in a metabolically regulated system, we 24	

obtained an accurate, high-resolution estimation of the time of expression of genes coding for proteins 25	

involved in ribosome biogenesis. The ribosomal proteins are expressed in a sequence that spans 26	

approximately 25-minutes under metabolically regulated conditions. The genes coding for proteins 27	

incorporated into the mature ribosome are expressed significantly later than those that are not 28	

incorporated, but are otherwise involved in ribosome biogenesis, localization and assembly, rRNA 29	

processing and translational initiation. The relative expression time of proteins localized within 30	

specified neighborhood is significantly correlated with the distance to the centroid of the mature 31	

ribosome: protein localized closer to the center of mass of the entire complex tend to be expressed 32	

earlier than the protein localized further from the center. The timeline of gene expression also agrees 33	

with the known dependencies between recruitment of specific proteins into the mature ribosome. 34	

These findings are consistent in two independent experiments.  We have further identified regulatory 35	

elements correlated with the time of regulation, including a possible dependence of expression time 36	

on the position of the RAP1 binding site within the 5’UTR.       37	

Introduction	38	

The eukaryotic ribosome is an ancient and conserved protein synthesis machine that translates 39	

messenger RNAs into proteins. The yeast ribosome consists of four ribosomal RNAs (rRNAs) and 79 40	

proteins (r-proteins) [1]. The biogenesis and assembly of a ribosome requires 76 different small 41	

nucleolar RNAs, more than 200 assembly factors, in addition to the r-ribosomal proteins [2]. This 42	

regulation of ribosome biogenesis is largely transcriptional. Several transcription factors and 43	

regulatory motifs are involved in the regulation of r-protein expression, including: Rap1/SFP1[3,4,5], 44	

A-rich [6], IFH1/FHL1 [7], Motif213 associated with Rap1 [8], AAAAATTTT [9], and GATGAG [9,10]. 45	
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 46	

It has been shown that the maturation of molecular complexes may be accompanied by just-in-time 47	

expression of their building block proteins, regulated at the transcript level [11,12,13]. According to 48	

this paradigm, the protein components of a macromolecular complex are generally expressed 49	

precisely when they are needed. We have developed and successfully utilized model-based 50	

algorithms for determining the time of expression peak with high resolution and accuracy from 51	

sparsely sampled time course expression data [11,14]. We have demonstrated that the relative times 52	

of expression for components in transcriptional, regulatory, and signaling pathways [11,15], may 53	

correspond to the causal relations between genes. We also noticed that expression levels of 54	

ribosomal protein genes are strongly modulated during the yeast metabolic cycle (YMC). The 55	

expression profiles of ribosomal genes measured in [11] have been reproduced in a recent RNA-Seq 56	

based study of the YMC [16]. We therefore expect that the just-in-time expression paradigm may also 57	

apply to the genes encoding r-proteins incorporated into the mature yeast ribosome. 58	

 59	

Ribosomes are produced in a three-stage process, comprising the assembly of 90S large pre-pre-60	

ribosome particles containing mostly pre-40S subunit related components and a few 60S subunit 61	

components in the nucleolus, pre-60S and pre-40S pre-ribosome particles in the nucleoplasm, and 62	

80S mature ribosome in the cytoplasm [17,18,19]. In this work, we focus on characterizing the 63	

transcriptional timing of the r-proteins and associated proteins involved in ribosome biogenesis, and 64	

the correlation of the expression times with the functional and structural features of these proteins. 65	

The r-proteins in the ribosome show a hierarchical order of assembly [20], a process of assembly 66	

proceeding in a specified succession where the ribosome proteins from different neighborhoods are 67	

incorporated	 orderly. A correlation exists between r-protein locations and assembly order in both the 68	

small subunit (SSU) and large subunit (LSU) of mature ribosomes [21,22]. Since the structure of the 69	

ribosome is associated with the order of assembly, it may be expected that a correlation between 70	

relative positions of r-proteins within the structure and their timeline of expression will also be 71	

observed. 72	

 73	
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We previously demonstrated [11,15] that precise estimation of the time of a gene expression peak 74	

(timing of expression) is possible if the temporal profiles of the genes are produced by a process 75	

common for all the genes in question. In such cases, a model-based approach in gene expression 76	

time estimation will result in a resolution much higher than the resolution of the source data. This can 77	

be achieved because the method optimally uses the available prior information, and the timing is 78	

inferred from many independent measurements, reducing the impact of experimental errors. As a 79	

result, a correlation between the times of gene expression and the order of assembly was suggested 80	

in several macromolecular complexes [11]. The mRNA levels and expression times of may be tightly 81	

controlled during ribosome biogenesis. Their temporal expression profiles for most ribosomal genes 82	

are expected to be similar, however differences may exist that reflect the temporal order of expression. 83	

To investigate the expression timeline of ribosomal and ribosome-associated genes, we use the 84	

expression profiles during the yeast metabolic cycle (YMC). We chose this dataset because in this 85	

system the ribosome production is strongly and reproducibly regulated as a function of time [23,24]. 86	

Such strong modulation is not observed in other time course data like the cell cycle datasets 87	

[25,26,27,28,29], therefore expression profiles in cell-cycle synchronized cultures could not be used to 88	

infer timinig of ribosomal genes (See Methods and Supplementary Methods). During YMC, cell 89	

metabolism oscillates between an oxidative and a reductive phase [14,16]. The transition from the 90	

oxidative phase to reductive building phase is accompanied by substantial change in the  proteome 91	

and is associated with a peak of increased ribosome production [14,30]. The temporal expression 92	

profiles of ribosomal genes during YMC are indeed similar [14,16], however differences in peak times 93	

between two functional r-protein gene groups are noted [16]. Here, we will precisely quantitate the 94	

differences in their times of expression that may uncover the logic underlying the timeline of 95	

expression of ribosomal genes. To this end, we first construct an empirical model of the temporal 96	

profile of expression of ribosomal proteins in YMC. By comparing this model with the expression 97	

profile of each gene, we estimated the expression times of ribosomal proteins and uncovered the 98	

precise timeline of the transcriptional program of ribosomal proteins.  99	

 100	

Recent advances in structural biology have allowed crystallographic determination of structures of 101	

large macromolecular complexes, including bacterial [31], yeast [1], and human cytosolic ribosomes 102	
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[32], as well as mitochondrial ribosomes of both human and yeast [33,34]. This made it possible to 103	

study the association between ribosome structure and its function and assembly [35]. To investigate 104	

whether the expression timeline of r-protein genes is associated with their ribosome assembly, we 105	

analyzed the timing results in the context of the crystallographic structure of the yeast 80S ribosome 106	

[1]. We studied the relationship between r-protein expression timing and the position of the mass 107	

center of the protein within the yeast 80S ribosome [1]. The rationale is that the r-proteins may have a 108	

spatial constraint for their neighboring r-protein, and that if the precise timeline of ribosomal protein 109	

gene expression is related to the spatial position of the corresponding r-proteins in the mature 110	

ribosome, the time of expression may serve a function in facilitating ribosome biogenesis and 111	

assembly. We compared the differences of expression times and differences of mass center 112	

distances of all defined neighboring pairs of ribosomal proteins and indeed found a significant 113	

correlation (see Results).  114	

 115	

Furthermore, previous models of the molecular mechanisms controlling the time of expression use 116	

gene linear characteristics, such as the position and context of the cis-regulatory elements [8,12]. To 117	

explore the possible mechanism that regulates the precise timing of the r-protein expression, we 118	

searched for regulatory elements whose presence or position is correlated with time expression; such 119	

elements could potentially be involved in controlling a precisely timed sequence of gene expression. 120	

 121	

Finally, to validate the reproducibility of estimated high-resolution precise timing, we further examined 122	

the correlation between the estimated times from YMC data based on different platforms and 123	

sampling, i.e., the microarray [11] used here and the recent RNA-Seq YMC [16]. 124	

 125	

Results	126	

Model-based  timing of expression peaks 127	

We have implemented an algorithm for inferring the precise times of gene expression (see Methods). 128	

Our approach is based on the assumption that the genes have similar temporal expression profiles, 129	

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted July 31, 2017. ; https://doi.org/10.1101/170399doi: bioRxiv preprint 

https://doi.org/10.1101/170399


	

	

6	

	

with individual time-shifts T0
i. The gene-specific profile for gene (i) will then read Yi(t) = Y(t- T0

i), where 130	

Y(·) represents the shape of the general profile common to all genes in the group (see S1 Fig). To 131	

estimate T0
i , for each gene we compute the correlation between the model Yi(t) and the measured 132	

expression timecourse for a range of time-shifts T0
i, and use the point of highest correlation as the 133	

best estimate of the individual time-shift (Fig 1). The advantage of this method is that the expression 134	

time for each gene is inferred from many data points, which greatly improves the accuracy of 135	

estimation and reduces sensitivity to noise [11,15]. On the other hand, the method can only be used 136	

for genes with similar shapes of expression profile, thus potentially restricting the application to a 137	

subset of the genes in question. 138	

 139	

The precise timeline of expression of ribosomal protein genes 140	

To infer the timeline of expression of ribosomal protein genes, we use their expression profiles during 141	

YMC. During YMC, most of the ribosomal genes are strongly regulated and share a specific shape of 142	

temporal expression profile. Our primary dataset is the microarray-based study of [11] that contains 143	

more time-points than the more recent RNA-Seq dataset [16]. Other datasets (including cell-cycle 144	

synchronized cultures) were not considered because in those systems, the ribosomal genes either 145	

are not strongly regulated and correlated, or their regulation is not specific( a high correlation is noted 146	

between the expression profiles of r-protein genes and other unrelated genes, (See S1 File and S2 147	

Fig). Therefore, they do not have this obvious consensus pattern fit to our model.  148	

 149	

187 genes were selected from 320 candidate genes annotated with GO term "ribosome" 150	

(GO:0005840) according to the correlation in YMC expression profiles between these candidate 151	

genes and the 114 RPL/RPS genes (see Methods, S1 Table and S3 Fig).  Some genes associated 152	

with ribosome biogenesis are expressed during YMC in a short burst, which is not strongly correlated 153	

with broad peak characteristics of the r-proteins. The YMC temporal profiles of these genes do not fit 154	

our model, and are not suitable for timing using our approach and thus these genes were excluded 155	

from our following analysis. Therefore, the relative timing of ribosomal gene expression is reliable only 156	

for 187 of the genes associated with ribosome biogenesis. Most of these genes are associated with 157	

the mature ribosome.  158	
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 159	

For each of the 187 ribosomal transcripts defined above, we estimated the time-shift T0
(g) at which the 160	

model best fits the measurement. This quantity is readily interpretable as the time of maximum 161	

expression for each gene.  The estimated timeline of r-protein gene expression spans approximately 162	

25 minutes. The median estimated accuracy of timing of a gene is 1.3 minutes, which allows resolving 163	

the differences between individual genes (fig 2). The timing results provided in S1 Table. The timing 164	

results are more precise for genes with higher correlation between the model (the consensus profile) 165	

and the measured expression profile (S4 Fig).      166	

By comparing the expression times of the r-proteins in the mature ribosome structure with all proteins 167	

involved in ribosome biogenesis, we found that the r-proteins, incorporated into small (RPLs) and 168	

large subunits (RPLs), are typically expressed significantly later (P=1.02e-8, rank-sum test, one-tailed) 169	

than other timed proteins, most of which are not incorporated into the ribosome, see Fig. 3A (this set 170	

also contains stalk proteins). GO term enrichment analysis show that most of the proteins not 171	

incorporated into LSU or SSU are enriched in ribosome rRNA processing, assembly, and localization, 172	

gene expression and translational initiation (see S2 Table). This is consistent with the general role of 173	

the structural r-proteins in the last step of assembly [16], while not incorporated proteins generally 174	

function in early stage ribosome biogenesis. We further compared the expression times of ribosomal 175	

small subunit protein genes (RPSs) and large subunit protein genes (RPLs), The average expression 176	

times of small and large subunit transcripts are 78.8 and 79.4 min, respectively and show no 177	

significant difference (Fig 3B, P = 0.81, Wilcoxon rank sum test, one tailed, P = 0.26; t-test). The 178	

results is consistent with the fact that the biogenesis of the small and large subunits of the ribosome is 179	

simultaneous [36]. Also, when we compare the expression of the RPLs and genes encoding 180	

components of ribosomal stalk (RPP0, RPPA1, RPPA2, RPPB1, and RPPB2), we did not observe 181	

significant difference of the two group genes in expression times (P=057, Wilcoxon rank sum test, one 182	

tailed; P=0.73, t-test). This result does not indicate either that the stalk needs to be completed before 183	

LSU or vice versa, and is consistent with independent assembly of the ribosomal stalk and the 184	

ribosomal large subunit, although the stalk is finally attached to the ribosomal large subunit in the 185	

mature ribosome [37]. 186	

 187	
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Relation between expression timeline and the causal dependency 188	

between ribosomal proteins.  189	

Causal dependencies between recruitment of r-proteins during biogenesis of the mature ribosome 190	

have been reported in the literature. Depletion of the yeast ribosomal proteins RPL16 (L16) or 191	

RPS14B (rp59), disrupts ribosome assembly, and several ribosomal proteins are rapidly degraded in 192	

the absence of RPL16 or RPS14B [38].  These reports suggest that RPL16 and RPS14B may be 193	

used in ribosome biogenesis before the other proteins. Our expression timing results point to 194	

expression of  RPS14B before its target genes. All 13 genes dependent on RPS14B (YJL191W) are 195	

expressed after RPS14B with P-value <1.0e-16 (binomial test) (see Table 1). It is therefore possible 196	

that the timeline of expression of these genes agrees with their timeline of incorporation in the 197	

ribosome. The same genes were also reported as dependent on RPL16, however 12 of them are 198	

localized in SSU, while RPL16 is a component of the LSU, so a direct causation is less likely since 199	

SSU and LSU are thought to be independent in biogenesis [36]. Indeed, only two pairs with consistent 200	

dependency relationships were observed (see Table 1B). One interpretation is that association 201	

between time lines and dependency relationship may be limited to dependencies between pairs of  202	

proteins that have neighboring localizations within the structure, or at least are localized within the 203	

same ribosomal subunit (here small ribosomal subunit).  204	

 205	

 In yeast, RPS3, RPS10, RPS15, RPS16, RPS19, RPS20, RPS28, and RPS29 depend on RPS5 in 206	

small subunit head structure assembly [20,21], and RPS15 depends on RPS7. According to the just-207	

in-time expression paradigm, we expect RPS5 and RPS7 expressed no later than the dependent 208	

proteins. Indeed, out of those nine causal dependencies, no pair showed significantly earlier 209	

expression for the dependent r-proteins, while in four cases the downstream protein was expressed 210	

significantly later than the upstream one. A likelihood calculation yields L=0.0046 for the actual timing, 211	

while a reversed timing would provide L= 1.02e-28. Therefore the odds of concordance with timing 212	

are 4.46e25 to 1 (Table 1).  213	

 214	
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Table 1. Time of gene expression peaks is significantly associated with the recruitment order as 215	

reported in [38] and [20] in ribosome maturation. The order of five pairs of r-proteins of small ribosome 216	

subunit in assembly from [20] were analyzed. 12 r-proteins were analyzed that dependent on RPS14 217	

and RPL16 from [38]. R-proteins dependent on RPS7 and RPS5 [20,21] were also analyzed.  218	

A: Timing data support dependence within RPS 

RPS14B 70.68±1.61 

Analyzed r-proteins dependent on RPS14B  

system	name standard name Peak time 
Difference in 

Z-score 

Consistent with 

recruitment order 

YFR032C-A RPL29 80.25±1.17 4.81 Yes 

YOR096W RPS7A 81.09±1.07 5.38 Yes 

YNL096C RPS7B 75.54±2.29 1.74 Yes 

YOR293W RPS10A 81.24±1.36 5.01 Yes 

YMR230W RPS10B 76.29±0.95 3 Yes 

YJR145C RPS4A 76.17±1.08 2.83 Yes 

YNL178W RPS3 83.22±1.40 5.89 Yes 

YGL123W RPS2 87.48±1.43 7.81 Yes 

YML026C RPS18B 74.76±1.08 2.1 Yes 

YPR132W RPS23B 81.3±1.27 5.17 Yes 

YKR057W RPS21A 74.25±1.11 1.83 Yes 

YJL136C RPS21B 78.87±1.14 4.15 Yes 

  	   

B: Dependence between RPS and RPL is not supported by timing results 

RPL16A 80.345±1.06 (80.49±1.47 for RPL16B) 

Analyzed r-proteins dependent on RPL16A 

Standard name System name Peak time 
Difference in 

Z-score 

Consistent with 

recruitment order* 
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YFR032C-A RPL29 80.25±1.17 -0.06 Inconclusive 

YOR096W RPS7A 81.09±1.07 0.50 Inconclusive 

YNL096C RPS7B 75.54±2.29 -1.90 No 

YOR293W RPS10A 81.24±1.36 0.52 Inconclusive 

YMR230W RPS10B 76.29±0.95 -2.86 No 

YJR145C RPS4A 76.17±1.08 -2.76 No 

YNL178W RPS3 83.22±1.40 1.65 Yes 

YGL123W RPS2 87.48±1.43 4.02 Yes 

YML026C RPS18B 74.76±1.08 -3.70 No 

YPR132W RPS23B 81.3±1.27 0.58 Inconclusive 

YKR057W RPS21A 74.25±1.11 -3.98 No 

YJL136C RPS21B 78.87±1.14 -0.94 Inconclusive 

C: Timing data consistent with dependence within RPS 

RPS5 79.05±1.01 

Analyzed r-proteins dependent on RPS5  

standard name system name Peak time 
Difference in Z-

score 

Consistent with 

assembly order 

YHL015W RPS3 83.22±1.40 2.42 Yes 

YOR293W RPS10A 81.24±1.36 1.29 Inconclusive 

	YNL178W RPS15 82.74±1.23 2.32 Yes 

YDL083C RPS16B 80.73±1.41 0.97 Inconclusive 

	YOL040C RPS20 89.88±1.58 5.78 Yes 

YDL061C RPS29B 79.47±1.00 0.30 Inconclusive 

YNL302C RPS19B 76.80±1.43 -1.29 Inconclusive 

YLR264W RPS28B 77.70±1.39 -0.79 Inconclusive 
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RPS7, 75.54±2.29 

Analyzed r-proteins dependent on RPS7 

YOL040C RPS15 82.74±1.23 2.77 Yes 

                           219	

 220	

Time of gene expression is correlated with relative position within 221	

the structure 222	

Our analysis suggests that expression timing is relevant to the functions of the r-proteins in global 223	

ribosome assembly and biogenesis at least for proteins within the same ribosomal subunit. An 224	

association therefore likely exists between the expression times and distributions of r-proteins in the 225	

mature ribosome. This association could be relevant to functions and sequential association of the r-226	

proteins in the ribosome assembly. To test this, we measured the correlation between difference in 227	

mass center distance and difference in time of expression for pairs of ribosomal proteins in the same 228	

neighborhood. Our rationale is that the assembly order is determined by spatial constraints. A 229	

significant correlation may indicate that at least some of ribosomal proteins, if not all of them, follow 230	

the just-in-time expression to facilitate the assembly process. 231	

 232	

Specifically, we obtained the  atom coordinates of the 53 timed ribosomal proteins within the mature 233	

ribosome from the x-ray crystal structure of yeast ribosome [1]. We defined the radial coordinate of 234	

each protein as the distance of the mass center of the protein to the mass center of the whole 235	

ribosome structure. We considered all pairs of timed ribosomal proteins with an upper limit on the 236	

angle θ between the axes connecting the two mass centers of each protein and the whole ribosome 237	

center.  238	

 239	

For each pair, we noted the difference in radial coordinates (dr) and in expression times (dt). To 240	

characterize the dependence between radial coordinate and expression time, we computed the 241	

correlation between these two values over all pairs of neighboring ribosomal proteins. We found that 242	

the magnitude and significance of correlation depends on the maximum angle θmax. For small angles 243	

there are too few pairs within a narrow cone for a statistically significant relation, for the widest angles 244	
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the large distances between proteins influence the statistic result. We tested a range of practical 245	

apertures from θmax=20° to θmax=90° (using the center of mass of the respective subunit in the 246	

calculation). For small and large subunits, the Pearson correlation coefficient are most significant 247	

(0.36 and 0.32 with P=8.69e-6 and P=0.0039, respectively) at angle thresholds of 54 and 42 degrees 248	

(Fig 4). The result is similar for Kendall τ correlation coefficient (Kcc) and Spearman correlation 249	

coefficient (Scc). For the small subunit, the significant angle threshold of Pcc, Kcc and Scc are the 250	

same and range from 36 to 90 degrees (Table 2 and S3 Table). For the large subunit, the Pcc is 251	

significant for angles from 37 to 48 degrees; Kcc and Scc are significant between 41 and 44 degrees, 252	

as shown in Fig 4 and Table 2. Our results show that the correlation is significant for both small and 253	

large ribosome subunits, with more significance for SSU. The expression times of r-proteins in the 254	

interface and the solvent-exposed surface of the small and large subunits of the ribosome (LSU) are 255	

respectively color-annotated with heatmap in the ribosome structure, and shown in Fig 5(A, B) and 256	

Fig 5(C, D), where the early expressed r-proteins are denoted by purple, while the late ones are color-257	

coded green. 258	

 259	

 260	

Table 2. Correlation coefficients between protein mass center and timing at the most significant angle 261	

threshold between observed protein pairs. Information on the examined angle thresholds can be 262	

found in S3 Table.  263	

Ribosomal 

subunit 

#Protein 

pairs 
Types of correlation Angle threshold 

Correlation 

coefficients 
P-value 

Large 82 Pearson 42 0.32 0.0039 

Kendal 42 0.17 0.02 

Spearman 42 0.25 0.02 

Small 108 Pearson 54 0.40 1.53×10-5 

Kendal 54 0.26 8.71×10-5 

Spearman 54 0.39 3.71×10-5 

 264	

 265	
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Lack of significant correlation of the timing with linear position 266	

along the rRNA 267	

Reports suggest that early stages of ribosome assembly are co-transcriptional with rRNA [39], which 268	

may indicate that r-proteins associated with 5’ RNA may be incorporated earlier than those associated 269	

with 3’ RNA, as observed in bacteria [40]. Our result shows no significant correlation of the timing with 270	

linear position along the rRNA (see supplementary materials and S5 Fig for more details) and thus 271	

does not indicate that co-transcriptionally recruited proteins are expressed in the same general order 272	

in which they are used. Note however, that the ribosomal genes with reliable timing are mostly those 273	

associated with the mature ribosome, and many of them may not be expressed co-transcriptionally 274	

with the rRNAs. Conversely, many pre-ribosomal proteins that are presumably co-transcriptional have 275	

their mRNA expressed in a short burst and therefore their expression time during YMC could not be 276	

assessed using our model. 277	

 278	

Regulatory sequence elements 279	

The presented results are consistent with the proposition that the time of ribosomal gene expression 280	

may be important for ribosome biogenesis. It is therefore expected that a regulatory mechanism may 281	

exist that controls the time of expression. It has been argued that in yeast, the expression profiles of 282	

genes are highly determined by the regulatory elements in the promoters [8]. One can therefore 283	

expect that the expression times may also depend on the regulatory motifs. We characterized the 284	

regulatory elements in the 5’ regions adjacent to the 187 ribosomal genes using the MEME motif 285	

identification software [41]. The significant motifs present in 30 or more of the 187 genes are 286	

summarized in Table 3. Most of the enriched motifs were previously reported in r-protein gene 287	

expression regulation, such as the RAP1/SFP, A-rich, DAT1 motif (nonalternating oligo(A).oligo(T) 288	

tracts, i.e., A.T tracts), NHP6A motif (AT rich high-mobility motif, NHP6A is homologous to human 289	

HMG1 and HMG2), and CG rich motifs (S4 Table).  290	

 291	
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For every motif, we compared the timing of genes with the motif, and genes without the motif, using 292	

both t-test and Wilcoxon rank sum test. For each motif, we also calculated the correlation between 293	

time of expression and distance between motif in 5’UTR and start of the coding sequence.  294	

 295	

The well-known RAP1 motif that regulates r-protein gene expression is found in the 5’UTR of most 296	

(precisely 109 out of 187) of the timed genes coding for ribosomal and ribosome-associated proteins. 297	

Genes with the RAP1 motif were expressed significantly earlier than genes without this element (P = 298	

5.3E-5, Wilcoxon test). Moreover, a significant Pearson correlation coefficient (r) was observed 299	

between the expression times and the distances of the RAP1 motif from the translational start site in 300	

the 5’UTR (r = 0.29, p-value=0.0011). The Pearson correlation is still significant (P =0.01) when only 301	

the genes coding for proteins previously annotated as structural components of the ribosome are 302	

taken into account (Table 3). Another motif potentially significant for timing of expression is the 303	

[AG]AAAAATTTTC element, corresponding to the DAT1 AT tract motif reported in [9]. The genes with 304	

the [AG]AAAAATTTTC motif were typically expressed earlier than genes without this element, this 305	

difference is very significant in the entire set of 187 timed transcripts (P = 1.0E-6, Wilcoxon rank sum 306	

test)(Table 3). In addition to the positive correlation, a negative correlation was observed between the 307	

motif locations and expression peak times for the GAAAGAAA (A-rich [6]) motif (2nd row in Table 3). 308	

While these observed correlations do not prove that the motifs are directly involved in controlling the 309	

timeline of expression, our results are consistent with the hypothesis that the timing of ribosomal 310	

genes is functional at least in certain conditions and the significant motifs identified here are involved 311	

in the process. 312	

 313	

Specifically, the correlation between expression time and distance from motif to coding sequence may 314	

suggest that a mechanism may be involved that translates the distance to expression time. 315	

Alternatively, delaying expression of a ribosomal gene may be caused by the presence of additional 316	

elements between the RAP1 motif and the 5’ end of the coding sequence, which will have the side 317	

effect of increasing the distance between RAP1 and the coding sequence. In either case, identifying 318	

the mechanism and its underlying biophysical details will require further experimental studies.  319	

 320	
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 321	

Table 3. The significantly correlated regulatory elements potentially involved in regulating the times of 322	

ribosomal gene expression. Top panel: all 187 timed genes; bottom panel: ribosomal genes with 323	

‘RPL’  or ‘RPS’ as the first three characters of their common gene names. Column 1, motif name, logo 324	

and the regular expression defining the motif; column 2, number of genes containing the motif; 325	

column 3 and 4 are average time of expression for genes with and without motif, respectively; column 326	

5, P-value of the t-test (first line) and Wilcoxon rank sum test (second line) on the difference in 327	

expression time between genes with and without motif; column 6, Pearson correlation coefficient 328	

between expression times and distances from motif to coding sequence; column 7, significance of the 329	

correlation between motif location and expression time.  For all the enriched regulatory elements in 330	

the promoters of 187 ribosome related proteins, see S4 Table. 331	

Motif In 188 timed genes 

Motif Name 

Motif logo 

Regular expression 

# 

genes 

Avg time 

with motif 

Avg time 

w/o motif 

P-values 

(t- or rank 

sum) 

between 

times of 

Rps with 

or wihout 

motif 

Time and 

distance 

correlation 

Signifi-

cance of 

correlation 

Rap1/SFP1[3,4,5]  

 

[TA]A[CA]A[CT]CC[GA]TACA[TC][TC

A][TA] 

 

121 78.1±1.0 74.7±2.0 
0.0037 

5.3E-5 
0.29 0.0011 

GAAAGAAA (A-rich [6])  92 77.7±1.4 76.1±1.4 
0.098 

0.10 
-0.28 0.0063 
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 332	
 333	
 334	
 335	

 336	

 

GAAA[AG]AAA 

 

[AG]AAAAATTTTC 

 

[AG]AAAAATTTTC 

41 72.6±1.6 78.1±1.1 
0 

1.0E-6 
0.23 0.19 

TCATC	

 

[TG]CA[TG]CTCATC[TG]C[AT]T[CT] 

17 

 
70.2±2.8 77.6±1.0 

1.6E-4 

4.1E-5 
0.78 

2.49E-4 

 

Motif In timed RP* genes 

  

RAP1[3,4] or SFP1 

 

[TA]A[CA]A[CT]CC[GA]TACA[TC][TC

A][TA] 

109 
78.8±1.

0 
79.6±2.8 

0.60 

0.34 
0.24 0.014 
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Reproducibility of the estimated expression times for the ribosomal 337	

protein genes 338	

To validate the robustness and reproducibility of our analysis, we also inferred expression times for 339	

the recently published expression profiles in YMC examined in a RNA-seq experiment [16]. The 340	

profiles are strongly correlated with the model derived from microarray data (average Pcc=0.785), so 341	

the model could be applied without modifications. The peak times inferred from the two independent 342	

datasets are highly correlated (Pearson coefficient r = 0.62, p-value = 4.2e-20). After removing one 343	

outlier, the correlation reached 0.72 with p-value = 1.42e-28, see Fig 6 (the outlier is YPP1/YGR198W 344	

– a protein identified as possibly interacting with the ribosome based on one copurification study [42], 345	

but its primary function is associated with plasma membrane and endocytosis [43,44]),. Peak times 346	

inferred based on RNA-Seq are provided in supplementary S5 Table. 347	

 348	

 This result validates the reproducibility of the result and constitutes evidence supporting possible 349	

biological significance of the order of expression of ribosomal genes. 350	

 351	

Discussion	352	

Model-based analysis of biological systems often allows discovering features that are not apparent in 353	

the raw data. Here, we applied a new model-based timing algorithm to the expression profiles of 354	

ribosomal genes during Yeast Metabolic Cycle. As a result, we obtained a precise timeline of 355	

expression of 187 genes coding for proteins associated with ribosome or ribosome biogenesis. While 356	

the temporal profiles are similar, these genes are not expressed simultaneously, but rather follow a 357	

specific order that is consistent between two experiments. The inferred timeline of expression of 358	

ribosomal genes spans approximately 25 minutes, which is longer than duration of assembly 359	

previously observed in in-vitro experiments. A possible explanation of the extended timeline is that 360	

during YMC the cells may be finely programmed for preparing for the subsequent steps, and the 361	

longer timeline may facilitate temporal compartmentalization of the subsequent steps of assembly. 362	
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Such compartmentalization, or temporal separation of sequential steps in ribosome biogenesis, may 363	

play a part in facilitating the fidelity and integrity of ribosome biogenesis.   364	

 365	

Through association study of the relative expression time of neighboring r-proteins and their relative 366	

distances to the centroid of the ribosome, we found that for pairs of ribosomal proteins from the same 367	

region of the ribosome, the protein localized closer to the center of mass of the entire complex tends 368	

to be expressed earlier than its neighbors that are more distant from the center of mass of the entire 369	

complex.  A possible explanation of this correlation is that the ordered timeline of this regulation of 370	

neighboring r-proteins may be fine-tuned to facilitate assembly by overcoming spatial constraints 371	

during ribosome biogenesis. This is reminiscent of the principle that the index of amino acid depth in a 372	

protein complex and its buried surface can be used to identify amino acids that are most crucial for in 373	

protein complex formation [45,46]. This hypothesis may extend to the protein level and protein 374	

neighbor pairs in ribosome assembly, where the r-protein with mass center closer to the center of the 375	

ribosome can have greater contribution to the stability of the entire structure and thus it may be 376	

beneficial if it is expressed earlier. Our results may reflect a correlation that may exist also between 377	

relative positions of proteins and their order of assembly.  378	

 379	

Moreover, although many exceptions exist (e.g. early transcription of RPL10, RPL40 and RPL43), in 380	

our cases,  the order of expression is  consistent with the order of incorporation of r-proteins. This 381	

correlation is highly significant especially for the SSU r-proteins. Our observation that the correlation 382	

between the mass centers and expression times is more significant for SSU r-proteins than LSU r-383	

proteins when constrained with the neighborhood, may reflect the different complexity of the SSU and 384	

LSU biogenesis [47]. While it is not known if the phenomenon is specific to the metabolically 385	

synchronized culture during YMC, it is possible that the described correlations are more general, 386	

however they could not be observed in other systems in which the time-dependent regulation of 387	

ribosomal genes is less prominent, nonexistent, or not synchronized between the cells in the sample. 388	

 389	

Ribosomal proteins can play extra-ribosomal roles in gene expression regulation [48,49] through 390	

interacting with proteins from other processes. For example, r-proteins may act as modulators of the 391	
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transcription factor NF-κB activity in gene expression [50,51,52] in mammalian cell lines. Through 392	

direct interaction with MDM2 and subsequent p53 activity increase, specific groups of RPL5, RPL11, 393	

RPL23, etc., integrate the inhibition of cell growth with cell cycle arrest [53]. Many other studies also 394	

found that specific ribosome protein genes are differentially expressed in different tissues [54], 395	

between normal and cancer tissues and metastatic and non-metastatic cell lines [55]. Specialized 396	

ribosomes have been reported [56] that translate specific transcripts under specific conditions, such 397	

custom ribosomes are assembled using different combinations of r-proteins. Also, the properties of 398	

ribosomes within the cytoplasm are different from those associated with the endoplasmic reticulum. It 399	

is likely that the transcriptional regulation of the r-proteins, including the temporal order of their 400	

expression and assembly, may be instrumental in the finer control of the customized biogenesis 401	

process and/or extra-ribosomal functions.  402	

 403	

Furthermore, significant correlation between the distance of several motifs to the translational start 404	

sites and the estimated timelines suggests possible mechanism regulating the timing of the r-protein 405	

expression. These include RAP1 and the TGAAAAATTTT motif, which provide testable hypothesis for 406	

further validation. 407	

 408	

In summary, we have inferred a high-resolution timeline for the r-proteins. We provided evidence in 409	

favor of functional relevance of the differential timing. Finally, we pointed to potential functional 410	

involvements of the fine temporal compartmentalization of the r-protein gene expression, and to a 411	

possible mechanism responsible for regulating the precisely timed expression. 412	

 413	

Materials and Methods 414	

Yeast r-protein gene time-course expression profiles 415	

The YMC dataset of [14,16] has high data quality (See supplementary materials and S6 Table) and is 416	

highly relevant to the task, and therefore, was finally selected as the primary source of expression 417	

data for further analysis. Out of the two YMC timecourses available [14] and [16], we selected the [14] 418	

as it contains a larger number of samples than the latter in total.  419	
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 420	

320 genes annotated with GO term "ribosome" (GO:0005840) are selected as coding for potential 421	

ribosome assembly related proteins. Correlations in YMC expression profiles between these 422	

candidate genes and the 114 RPL/RPS genes are calculated to assess whether they are related to 423	

the ribosome biogenesis. According to the correlation with the mean of expression profiles of the 114 424	

genes whose common names start with ‘RPL’ or ‘RPS’ (see supplementary methods), 187 of the 320 425	

transcripts were selected, which constitute a group with a distinctly high correlation to r-protein genes 426	

as shown in S3 Fig. The similarity between temporal profile curves was also a prerequisite for the 427	

timing algorithm to produce accurate results. Among the 187 genes, 122 are annotated by the GO 428	

term "structural constituent of ribosome" (GO:0003735). Notably, this list did not contain any 429	

components of the mitochondrial ribosome, which is consistent with the fact that they are not involved 430	

in cytosolic ribosome maturation, and are regulated by separate processes. Therefore, all 187 431	

transcripts were included in the timing analysis.  432	

 433	

Model of common expression profile and precise time estimation  434	

Semi-empirical consensus models are widely used to characterize molecular kinetics in gene 435	

expression, biophysics [11,57,58] and development [15]. Here, we proposed a novel near Gaussian 436	

polynomial model to achieve a high-resolution timeline for the expression of genes encoding the 437	

mature yeast r-proteins. Our approach to timing assumes that the temporal profiles of	 r-protein 438	

expression will generally reflect the rate of ribosome production in time. The temporal profiles of 439	

ribosomal gene expression profiles will all show the same general pattern, with different additional 440	

time-shifts dependent on the time of peak expression. 441	

 442	

Therefore, we first constructed the common temporal profile that corresponds to the output of 443	

ribosomes in the experimental culture. We derived the empirical formula describing the common 444	

shape by comparing the averaged temporal expression profile of the ribosomal genes to a family of 445	

modified approximations to near-Gaussian distributions [59,60]. It was determined by a maximum-446	

likelihood parameterization applied to time-course microarray data. We subsequently used this 447	

consensus profile in the timing analysis by comparing it against the expression profiles of all 448	
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respective r-protein genes with different time-shifts. We adopted the time-shift at which the similarity 449	

was the greatest so as to estimate the most likely time of the expression peak of each gene in 450	

question.  451	

 452	

The YMC dataset includes mRNA measurements from three metabolic cycles. The overall duration is 453	

approximately 900 minutes and thus each cycle has a duration of 300 minutes. To simplify the 454	

problem and reduce the effects of noise, each of the three cycles was aligned and thus merged into 455	

one meta cycle by using the peaks of O2 consumption as timestamps, see [11]. Based on inspection 456	

of the shapes of expression profiles of the ribosomal genes, the following near-Gaussian distribution 457	

function Y(T) was used as the closed-form approximation of the expression profiles of 114 r-protein 458	

genes in YMC data: [ ] 4
43

32

2

exp aTTaeaY NN
TN +--= -  , where TN  represents time variable that is scaled 459	

by a common factor and shifted to match an individual gene’s delay in expression. TN depends on the 460	

wall-clock time T through ( ) 1
)(

0 / aTTT g
N -= , where T0

(g) is the gene-specific time shift of expression 461	

profile, and a1, a2, a3 and a4 are global parameters that need to be optimized. With a target function 462	

derived from a least-squares fit, we used the conjugate gradients [61] optimization method to 463	

minimize the RMS distance between model and expression profile of each r-protein. The resulting 464	

consensus temporal expression profile is: 465	

  466	

[ ] 821.0151.17523.0exp 432

+---= -
NN

T TTeY N  , where ( ) )1858.0*300/()(
0
g

N TTT -= . (1) 467	

 468	

The individual time-shifts of every transcript, T0
(g), reflect the estimated difference between the 469	

expression times of each ribosomal gene in minutes. These time-shifts, computed for the 187 470	

selected gene transcripts, represent the timeline of expression of r-proteins and other proteins in the 471	

final stages of ribosome assembly (see Fig 2), and constitute the main result of this study. The 472	

computer program for computing the T0
(g) is included in the supplementary materials. The average 473	

correlation between the model and the corresponding expression profile is very high and equals 0.78. 474	

Our precision estimation result shows that the timing accuracy is higher for profiles strongly correlated 475	
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with the model, and poor if the profile is not well described by the consensus model (See 476	

supplementary materials and S4Fig). 477	

 478	

Association analysis of the times of expression and order of 479	

recruitment during ribosome assembly  480	

We used the data from [20,21,38] to validate the biological significance of the times of expression of 481	

the r-proteins. When an r-protein was mapped into multiple genes encoding two paralogs, two times 482	

of expression will be obtained. We chose one most consistent with the assembly order in that one 483	

paralogue of an r-protein can probably displace another one in the process assembly. Therefore, our 484	

estimated times of expression can be assessed for consistency with the just-in-time expression. 485	

 486	

Three-dimensional structure of the ribosome  487	

For relating the timing results with the structure of the ribosome, we used the 4.5 ångström resolution 488	

crystallographic structure of the fully ratcheted state published by [1]. We collected the atomic 489	

coordinates from the Protein Data Bank (PDB - http://www.rcsb.org/pdb/) under accession numbers 490	

3O30 and 3O5H. These structures contain four rRNA chains and 53 defined protein chains: 1 18S 491	

rRNA and 20 defined protein chains in the small subunit 3O30 and 3 rRNA (25S, 5S and 5.8S rRNA) 492	

and 33 defined protein chains in the large subunit 3O5H. This structure was used to identify relative 493	

positions of protein mass centers, i.e., relative distances from the centroids (mass centers) of the 494	

ribosomal proteins to the ribosome’s centroid (mass center), as well as contacts between ribosomal 495	

proteins and ribosomal RNA.  496	

 497	

UTR sequence analysis 498	

 499	

Previous studies indicate that the gene linear structure and transcription factor bindings affect gene 500	

expression timing. We collected the sequences of the UTRs (untranslated regions) of 1,000 bp 501	

upstream of the 5’ end of the coding region for each of the 187 co-expressed genes. The regulatory 502	

elements and their positions with respect to the 5’ end of the coding sequence were identified de novo 503	

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted July 31, 2017. ; https://doi.org/10.1101/170399doi: bioRxiv preprint 

https://doi.org/10.1101/170399


	

	

23	

	

using Meme [41]. The command line input parameter is: meme -p 24 –mod tcm –recomp –nmotifs 16 504	

–minw 6  -maxw 18.  505	

 506	

For evaluating the significance of the differential expression time between genes with different 507	

features in the promoters, we used the Wilcoxon rank sum test throughout the paper. The rationale for 508	

this is that we expect that the order of expression (rather than the absolute time) is more important for 509	

ribosome assembly, therefore a rank-based test would be the most appropriate. 510	

 511	

Reproducibility of the estimated expression times for the ribosomal 512	

protein genes 513	

We also applied our fitted model based on the microarray data of r-protein gene expression profiles 514	

directly to the independent RNA-Seq data [16] more densely sampled but with fewer points. The 515	

Pearson correlation coefficient between the estimated peak times from RNA-Seq data [16] and 516	

microarray data respectively were calculated. A high and significant Pearson correlation coefficient 517	

would indicate the reproducibility of our fitted model, and vice versa. 518	

 519	
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 669	

Fig 1. The logic of the model-based timing of r-protein gene expression. Representative fitted curves 670	
of ribosomal protein gene expression on the YMC microarray dataset showing early to late peak times. 671	
Expression times for individual genes are inferred from position of the best-fit curve. 672	

 673	

 674	

Fig  2. Timeline of expression peaks of r-protein genes during YMC. 675	

	676	
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 677	

Fig 3. Comparison between expression times of small and large subunit r-proteins (A) and between 678	
expression times of r-protein genes and non r-protein genes (B). Panel A: No significant difference 679	
between expression times between two groups, i.e., small and large subunit r-protein genes. Panel B: 680	
Significant differences between expression times of genes encoding r-proteins integrated into mature 681	
ribosome and other r-protein associated genes not integrated into mature ribosome. 682	

 683	

Fig 4. Plot of Pearson, Kendal and Spearman correlation coefficients versus angle thresholds 684	
between the difference in mass center distance (dr) of each pairs of proteins in ribosome small (top 685	
panel) and large (lower panel) subunit structure under a specific angle threshold and the difference of 686	
protein transcription peak timing (dt). PCC, Pearson correlation coefficient; KCC, Kendal correlation 687	
coefficient; SCC, Spearman correlation coefficient. 688	
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 689	

Fig 5. Timeline of transcription peak time of each gene in the mature ribosome structure (PDB code: 690	
3O30 and 3O5H). (A,B) The interface and the solvent-exposed surface of small subunit ribosome, 691	
respectively; (C,D) the interface and the solvent-exposed surface of large subunit ribosome, 692	
respectively. The expression time of ribosomal proteins is color-coded from early (purple) to late 693	
(green). Abbreviations: CP, central protuberance; GAC, GTPase-activation center. 694	

 695	
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 696	

Fig 6. Reproducible estimated expression times of r-protein and associated genes as demonstrated 697	
by high correlation coefficients. 698	

 699	

Supporting Information 700	

All relevant data and methods are within the paper and its supplementary materials, as well as on the 701	

supporting website: http://moment.utmb.edu/ribosome. 702	

Supplementary Tables 703	

S1 Table. Timing of expression of 187 ribosomal proteins and proteins associated with the mature 704	

ribosome. 705	

S2 Table. GO Term enrichment analysis and annotation of the proteins not incorporated into the 706	

mature ribosome proteins. 707	
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S3 Table. The Pearson, Kendal and Spearman correlation coefficients versus angle thresholds 708	

between the difference in mass center of each pair of proteins (dr) under a specific angle threshold 709	

and the difference of protein transcription peak timing (dt) in whole ribosome structure. 710	

S4 Table.  The regulatory elements involved in regulation of ribosomal genes. Column 1, motif logo 711	

and the regular expression defining the motif; column 2, number of genes containing the motif; 712	

column 3 and 4 are averaged times of expression for genes with and without motif, respectively; 713	

column 5, P-value of t-test (top line) and Wilcoxon rank sum test (bottom line) of the difference in 714	

expression time between genes with and without motif; column 6, P-value of t-test and Wilcoxon rank 715	

sum test between motif locations of early (earlier than 75 min) and late (later than 75 min) genes; 716	

column 7, Pearson correlation coefficient between expression times and distances from motif to 717	

coding sequence; Column 8, significance of the correlation between motif location and expression 718	

time. 719	

S5 Table.  RNA-seq based timing of expression of 187 ribosomal proteins and proteins associated 720	

with the mature ribosome. 721	

S6 Table.  Description of the compared 10 datasets. Correlation of expression profiles of ribosomal 722	

genes among themselves and with other genes in different datasets. 723	

Supplementary figures 724	

S1 Fig. The consensus meta-profile (in red) fitted to the expression profiles of 187 ribosomal proteins 725	

and associated genes in the YMC microarray dataset. The meta-profile is used for the down-stream 726	

time shift estimation of each gene’s expression peak by sliding with an increment of one time unit. 727	

S2 Fig. Histogram of the correlations of the expression profiles of 320 genes annotated with GO term 728	

"ribosome" (GO:0005840) with the averaged expression profile over the selected 114 genes encoding 729	

the co-expressed proteins associated with ribosome assembly. The genes with the high correlation as 730	

indicated by the red square were selected in this study. 731	

S3 Fig. The strong modulation of r-protein gene expression observed in yeast metabolic cycle dataset, 732	

compared to other datasets of yeast cell cycles.  733	
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S4 Fig. The timing error depends on the profile quality, where the high correlation leads to less error. 734	

X-axis: correlation (C) between model and data. Y-axis: standard deviation of timing in simulated 735	

profiles in one unit of cycle length (300 min). Points: 5,100 individual simulated profiles.  736	

S5 Fig. Lack of significant correlation with linear position along the rRNA. (a) 25S rRNA (b) 5S rRNA; 737	

(c) 5.8S rRNA; (d) 18S rRNA. 738	
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