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Abstract

Many fine-scale features of ribosomes have been explained in terms of function, revealing an 

elegant molecular machine optimized for error-correction, speed and control. Here we 

mathematically demonstrate that many less understood, larger-scale features of ribosomes – e.g. 

why a few rRNA molecules dominate the mass and why r-protein is divided into 55–80 small and 

similarly-sized segments – speed up their autocatalytic biogenesis.

Ribosomes are central to life by translating sequences of nucleic acids into sequences of 

amino acids [1]. Their features are therefore typically explained by how they affect 

translation [1]. However, in recent years it has become clear that ribosomes also are 

exceptional as customers of the translation machinery [2–4]. Not only do r-proteins make up 

a large fraction of the total protein content in many cells [5], but the autocatalytic nature of 

ribosome production introduces additional constraints. Specifically, the ribosome doubling 

time places a hard bound on the cell doubling time, since for every additional ribosome to 

share the translation burden there is also one more to make [2, 3]. Even for the smallest and 

fastest ribosomes known it takes at least ~6 min for one ribosome to make a new set of r-

proteins (SI) and typically much longer, not accounting for the substantial time invested in 

the synthesis of ternary complexes [4]. This appears to explain the observed limits on 

bacterial growth given that ribosomes must also spend much of their time making other 

proteins [6–11] and shows that ribosomes are under tremendous selective pressure to 

minimize the time they spend reproducing themselves. Similar principles may also apply to 

some eukaryotes since ribosomes then are larger and slower [1, 12, 13] (SI). In fact, even 

organisms where cell doubling times are far from limited by ribosome doubling times would 

benefit from faster ribosome production, allowing ribosomes to spend more of their time to 

produce the rest of the proteome. This efficiency constraint was recently shown to have 
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broad physiological consequences for cells [3, 4, 11, 14–16] and here we mathematically 

demonstrate that it may also explain many broader features of the ribosome itself (Fig. 1).

Why do ribosomes have so many small r-proteins?

The total time τ it takes one ribosome to elongate a set of r-proteins for a new ribosome is 

proportional to their total length. However, the time that each ribosome on average must 

dedicate to that process also depends on how the total protein mass is divided up into 

individual segments. Specifically, because so many ribosomes produce r-proteins in parallel 

and because each ribosome consists of many r-proteins, complete sets of r-proteins will form 

by chance more quickly than individual ribosomes could elongate that amount of protein on 

their own. For example, if ribosomes consisted of two similarly sized r-proteins, complete 

pairs would start to form τ/2 time units after production initiated, and those newly made 

ribosomes could then share the translation burden. Similarly, if ribosomes contained n 
proteins of equal genomic length, the nascent peptides that cannot contribute to new 

ribosomes would be about n times shorter and mature r-proteins would be released n times 

faster (Fig. 2A). Increasing n thus reduces the fraction of time ϕ ribosomes must spend on 

their own production, according to (SI):

ϕ ≥ n(2τ /(nTgen) − 1), (1)

where Tgen is the cell generation time. This expression asymptotically reaches the previously 

known bound on growth [4, 10, 11] τln(2)/Tgen in the limit of high n, and shows that 

dividing the ribosomal protein content into a large number of small proteins can reduce the 

time to make new ribosomes by as much as 30% (Fig. 2B), but with diminishing returns at 

higher n. Because increasing n also has disadvantages not accounted for above, there should 

be an optimal number, nopt, of r-proteins.

One disadvantage of dividing the ribosomal protein complement into many small segments 

is that the different proteins will not be made in exactly the same numbers in individual 

cells: Even if production rates for all r-proteins were perfectly matched on average, chance 

would inevitably create more of some r-proteins and less of others (Extended data Fig. 1). 

The assembly of complete ribosomes is then limited by the r-protein that by chance is 

present in the lowest number, creating a wasteful surplus pool of all other r-proteins and 

thereby reducing efficiency. Because each r-protein runs the risk of being under-produced, 

this surplus should increase with n. However, for the types of distributions often observed 

for gene expression, the average surplus is an exceedingly damped function of n, closely 

following ln(n) (SI). Combining this diminishing disadvantage with the diminishing returns 

of shorter nascent peptides in Eq. (1) produces no effective upper limit on n : all n > nopt are 

virtually equally optimal (SI), even without expression control. E. coli cells also reduce this 

problem by negative feedback loops [17, 18] that prevent surplus accumulation, and by 

expressing the r-proteins in operons such that terminating ribosomes skip directly to the next 

start site [20], possibly ensuring that r-proteins in the same operon are expressed in almost 

identical numbers [17–19].
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However, there is another countervailing selective force that limits n for a given total 

ribosome mass: For every additional r-protein one more translation initiation is required, 

sequestering ribosomes from the elongation process and creating another form of overhead 

(Fig. 2A). With τoh as the overhead time during which a ribosome is occupied making 

ribosomal proteins without actually elongating, and again τ as the time it takes a ribosome to 

elongate another set of r-proteins

nopt = A τ /τoℎ, (2)

where A ≃ 1 (SI). The square root reflects the fact that nopt minimizes the total idleness due 

to the length of nascent peptides which decreases as ~1/n, and due to ribosome sequestration 

from initiation which increases as nτoh/τ (Fig. 2C).

The exact initiation penalties – the times that ribosomes are sequestered to initiate 

translation – are not known in vivo. However, we only need to know how those times 

increase with n, and only relative to elongation rates. An estimate can then be determined in 

E. coli from an observed average spacing of about 15 codons [21] between initiating 

ribosomes. However, this may greatly exaggerate the relevant initiation penalty for several 

reasons. First, the previous ribosome must move away some distance from the initiation site 

before the next one can bind, but during that time the latter is free to bind other transcripts. 

In fact, if mRNA levels are abundant the previous ribosome can on average move away a 

longer distance before another ribosome binds the same transcript, increasing the spacing 

without decreasing efficiency. Second, the total time ribosomes must search the cytoplasm 

for mRNAs to produce n r-proteins should be roughly independent of n: producing twice as 

many r-proteins with half the size requires twice as many initiations, but also doubles the 

total concentration of the target mRNA for a given total investment in mRNA and thus 

approximately halves the time it takes each diffusing ribosome to find an r-protein mRNA. 

Thus, only the time the ribosome spends bound to the mRNA without elongating would be 

relevant here. Finally, as noted above most r-proteins in E. coli do not require typical 

initiations because terminating ribosomes continue directly to the next start site [20] in the 

operon. The relevant penalty due to initiation should thus be a small fraction of the time it 

takes to elongate 15 codons, possibly as low as one or two codon equivalents.

Due to the square root effect, initiation penalties in the broad range of 1–5 codons 

approximately predict 40 ≤ nopt ≤ 85 (Fig. 2D) – closely consistent with the 56 r-proteins 

observed in nature for E. coli even though the first-principles derivation is agnostic to the 

typical size of proteins or any structural properties. Formulated in terms of size, this means 

that r-proteins should be about 2–4 times smaller than average proteins. Indeed, the average 

r-protein length in E. coli is only ~130 amino acids compared to ~315 amino acids over the 

genome [22]. This is ~6.5 standard deviations below average, given that there are 56 r-

proteins, and the probability of observing such low averages when drawing genes randomly 

from the genome is <10−17 (Extended data Fig. 2). Similar principles are observed across 

organisms (Fig. 2E, Extended data Fig. 2, SI) but not generally in multiprotein complexes 

(Fig. 2F).
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Why are ribosomal proteins so similar in length?

The efficiency argument above also has direct consequences for how similar in length 

ribosomal proteins should be in order to maximize the efficiency of their own production. 

For example, if 99% of the ribosomal protein mass was in a single r-protein, it would not 

help to divide the rest into small pieces even if that would reduce the average length. 

Specifically, for a given production rate, the probability of finding a ribosome in the process 

of translating a particular r-protein is proportional to its length, as also shown experimentally 

[19], simply because longer r-proteins take proportionally longer time to translate. Thus, on 

average if one of the r-proteins is twice as long as another, it not only has twice as long 

nascent peptides but also occupies twice as many ribosomes, contributing four times more to 

the average length of nascent peptides. The average amino acid length over all r-protein 

nascent peptides in cells is then not simply half of their average genomic codon lengths, 

〈L〉/2, as when the r-proteins have identical lengths, but approximately 〈L2〉/(2〈L〉), i.e., 

proportional to the average square of their genomic codon lengths. Because by definition of 

variances σL
2 = 〈L2〉 − 〈L〉2, the efficiency for a given average length is thus reduced by 

variation in length (Fig. 3A). Specifically, with CVL =σL/〈L〉 for the length distribution of r-

proteins, Eq. (1) generalizes to (SI)

ϕ ≥ n 2τ /nTgen 1 + 1
2

τln(2)
nTgen

2
CV L

2 − 1 . (3)

Inspecting this expression shows that to maximize the efficiency of their own production, the 

r-proteins should not only be short but also of similar lengths (Fig. 3B). Indeed we find that 

for a wide range of organisms, CVL is substantially lower for r-proteins than for the genome 

overall (Fig. 3C), whether or not we account for the fact that the r-proteins also are smaller 

on average (Extended data Fig. 3, SI). For bacteria similar results hold for gram-positives, 

while for gram-negatives the effect is also substantial except for the single large r-protein S1. 

However, S1 is only transiently associated with the ribosome and did not even appear in 

initial crystal structures[24]. It has also been shown to be involved in the selective initial 

binding to some mRNAs[25], and it is not produced in an operon with other r-proteins[17, 

18]. We therefore propose, supported by some biochemical evidence[26], that cells use S1 to 

create specialized ribosome, e.g. with different balances between speed and accuracy. 

Regardless, this single significant exception to the length-variation rule clearly plays a 

different role in ribosomes.

Why are ribosomes so rich in RNA?

Another unusual feature of ribosomes is that so much of their mass is rRNA based [1, 12]. 

This could also be explained by selection to minimize the time each ribosome is occupied in 

self-production. With τpol as the translation time for the proteins of one RNA polymerase, 

each ribosome could produce Tgen/τpol new polymerases each generation Tgen, and each of 

those polymerases could produce rRNA for Tgen/τrRNA new ribosomes per generation where 

τrRNA is the time it takes to make one set of rRNA. The fold difference in the times that 
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ribosomes must spend producing additional RNA polymerase (RNAP) for one set of rRNA 

versus the time to make one set of r-proteins is then (SI)

Ribosome time for rRNA
Ribosome time for r − proteins = [Tgen/τ]ln(2)

[Tgen/τpol][Tgen/τrRNA] . (4)

This ratio is typically very small despite rRNA dominating the ribosome mass, and even 

when accounting for inactive RNA polymerases (SI). For example, numbers for fast growing 

E. coli (Fig. 4A) suggest that the time ribosomes invest in r-protein synthesis could be two 

orders of magnitude higher than for an equivalent mass of rRNA (SI). Considering other 

auxiliary costs – e.g. making the proteins required to synthesize the nucleotides needed for 

the rRNA versus the proteins required to produce the nucleotides, mRNAs, amino acids, 

charged tRNAs, initiation and elongation factors that are needed for r-proteins – further 

supports these conclusions (SI).

The analysis above suggests a great efficiency advantage for using rRNA over protein 

whenever possible, and may thus explain why ribosomes defy the general rule that enzymes 

are mostly made of protein [27] (Fig. 1). That does not mean that the role of rRNA is merely 

to ensure appropriate overall dimensions of the ribosome. However, it does provide a 

fundamental reason for why proteins must be used sparingly in the ribosome, e.g. to increase 

accuracy or speed up translation, whereas rRNA should be used wherever possible without 

compromising function. If even a quarter of the rRNA mass was replaced with r-protein 

without increasing translation rates, many bacteria could not double as fast as they do (Fig. 

4B).

Why are rRNAs so few, large and varying in size?

Considering the principles for r-proteins above, it may seem that rRNA should also be 

produced in small and uniformly sized pieces to maximize the efficiency of ribosome 

production. However, in most organisms, nascent rRNAs already participate in ribosome 

assembly by binding r-proteins during their transcription [28, 29], eliminating the need to 

release the rRNA in smaller pieces. In fact, producing many small rRNAs could greatly 

reduce efficiency because any differences in relative rRNA abundances would also waste the 

r-proteins bound. Because wasting r-protein has almost two orders of magnitude greater 

impact on ribosome efficiency than wasting rRNA, this should completely dominate over 

any gains in efficiency from producing rRNA in small pieces and suggests that cells should 

produce one single large rRNA. In E. coli the entire rRNA mass is indeed produced as a 

single transcript, which is then cut at various stages of assembly, creating three rRNAs for 

the two ribosomal subunits. This elegantly ensures that the rRNAs are made in strict 

stoichiometric proportions and minimizes the waste of r-proteins from binding to surplus 

rRNAs. Similar mechanisms occur broadly, from bacteria to mammalian cells, creating 

rRNAs that on average are very large. Such mechanisms also completely relieve the selective 

pressure for similar lengths identified for r-proteins above. Indeed the rRNAs vary greatly in 

length, much more than the genome-wide mRNAs and consistent with uniformly distributed 

random cuts. Though the theory does not specifically predict that rRNA sizes must be 
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broadly distributed, the principle of minimizing the time for making new ribosomes is thus 

perfectly consistent with the rRNA having the opposite size characteristics of r-proteins.

Why do r-proteins differ between ribosomes?

The efficiency perspective may also explain differences between ribosomes. For example, 

bacterial ribosomes – which are arguably under the most severe selective pressure for fast 

biogenesis, possibly along with archea for which less is known – are the smallest and fastest, 

with the shortest r-proteins and the largest percentage of rRNA mass, as much as 70%. 

Mitochondrial ribosomes – which are predicted to be at the opposite extreme and an 

exception to our theory since they are not present in high abundances and are made by cyto-

ribosomes rather than by self-production – have the largest protein mass, the longest r-

proteins and as little as 20% rRNA mass [1, 30–33] (Extended data Fig. 4). Interestingly, 

phylogenetic studies suggest that mitochondria originated from bacteria [34, 35], and that 

over evolutionary time, the rRNA fraction of the mito-ribosomes were gradually replaced by 

larger r-proteins. Though rRNA still may have originated in a hypothetical pre-protein RNA 

world [27] – the most common explanation for why ribosomes contain so much RNA – it is 

thus not necessary to invoke explanations based on evolutionary frozen accidents: In 

addition to its many specific roles [1], rRNA serves a fundamental purpose in ribosomes by 

providing appropriate dimensions and an assembly backbone at a two orders of magnitude 

lower ribosome sequestration cost than would be possible using protein. When this cost is 

less important, as it is to some extent for higher organisms but particularly for mitochondrial 

ribosomes, it seems that rRNA indeed is replaced by protein.

Cytosolic ribosomes in eukaryotes are between these extremes. Though the theory is 

agnostic about how much proteins vs. RNA they should contain, since that depends on the 

pressure for efficiency versus other functionality, it does make a clear prediction about the 

relative fold changes in the numbers and sizes of r-proteins. Specifically, it does not predict 

higher numbers for greater selective pressures, but rather an optimal number set by the 

relative initiation penalty and the total protein mass, which potentially could be reached by 

any organism since translational efficiency is always important. Though initiation complexes 

can build up slowly for some controlled genes in eukaryotes, elongation is also slower and 

observed distances between translating ribosomes could be as low as a few codons [36], 

strongly suggesting that the relative initiation penalty is similar to or lower than in E. coli, 
and likely equivalent to one or two elongation steps. Eq. (2) then predicts that any increase 

in the total ribosome protein mass should be achieved by similar fold changes in the 

numbers and sizes of the r-proteins, or a slightly larger increase in the numbers since the 

initiation penalty seems slightly lower. Indeed, eukaryotic ribosomes achieve a 1.7–1.8 fold 

higher protein content than bacteria by increasing the number of r-proteins by about 1.4 and 

the average length by 1.2–1.3. Though this near-perfect match could be coincidental, given 

the uncertainty in the estimates of initiation penalties, the theory certainly predicts a much 

higher number of r-proteins in eukaryotes given their larger size.
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Outlook

Decades of structure-function analyses have shown how individual parts of the ribosome are 

optimized for translation. Here we expand that approach to consider functionality in a 

broader cellular context, and show how many features that previously were hard to explain – 

the unusually small, numerous and similarly sized r-proteins, and the high rRNA 

complement in a few large molecules – increase overall ribosome efficiency by reducing the 

time that ribosomes are sequestered for their own production. This may e.g. afford cells to 

use fewer ribosomes or ribosomes that trade speed for some other functionality. Rather than 

being mere relics of an evolutionary past, the unusual features of ribosomes thus seem to 

reflect an additional layer of functional optimization acting on collective properties of its 

parts.

Extended Data
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Extended Data Figure 1. 
a. Cartoon of how stochastic gene expression will create temporary shortages of some r-

proteins and surplus pools of others. The number of complete ribosomes assembled is then 

limited by the ribosomal protein in lowest abundance, and the average value of the 

difference between the minimum and the mean, 〈Δ〉, is the mean number of unmatched r-

proteins. b. The relative mean free r-protein pool (from panel A) increases very slowly with 

the number of ribosomal proteins, n. For illustrative purposes we used negative binomial 

distributions with mean μ and different variances σ2 (SI), since this distribution has been 

observed and predicted in many studies of stochastic gene expression. The inset shows a 

curve collapse for 〈Δ〉/σ ln(n). Similar results were obtained for more complete kinetic 

models. c. The fraction of the r-protein mass in the form of nascent peptides or free pools 

due to noisy expression (assuming Poisson noise for simplicity, but with similar results for 

many other noise models). Technically there is an optimal n but the curves around and above 

the optimum are exceedingly shallow meaning that there is no practical upper limit.
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Extended Data Figure 2. 
a. Distribution of the average protein length in 106 random samples of 56 proteins taken 

from E. coli’s genome, and the mark for the mean length of a protein in the bacterial 

ribosome. The probability to generate an average protein length as small as that seen in the 

ribosome is vanishingly small. b. The Chernoff upper bound (SI) on the probability that the 

average length of r-proteins could have arisen at random, i.e., with no size selection, is 

computed for 1424 different organisms. The value for E. coli is 10−17, but vanishingly small 

probabilities are attributed to all organisms we have examined.
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Extended Data Figure 3. 

Cumulative frequency of CV L
2  for randomly generated protein complexes composed of 

varying numbers of proteins (see SI for details). Only complexes in which the average 

protein length is identical ( ± 5 amino acids) to that seen in the ribosomes of E. coli (left) 

and S. cerevisiae (right) entered the statistics. As the number of proteins in a complex 

gradually increases from n = 2 to the number of proteins in the ribosome— n = 55 in E. coli 
(protein S1 was excluded see main text) and n = 79 in S. cerevisiae—the occurrence of 

coefficients of variation as low as those seen for the set of r-proteins becomes extremely 

rare.
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Extended Data Figure 4. 
Bacterial ribosomes contain about 55 r-proteins (blue) that average ~130 amino acids and 

make up 30–35% of the ribosome mass. Eukaryotic ribosomes contain about 80 r-proteins 

that average ~165 amino acids and make up about 45% of the ribosome mass. In both these 

cases ribosomes catalyse their own production. In contrast, in mitochondrial ribosomes 

which do not produce themselves rRNA (gray) is scarcer, and r-proteins are significantly 

larger and could make up as much as 80% of the ribosome mass.

Supplementary Material
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Figure 1. 
Many unusual features of ribosomes are not well understood: With the exception of 

mitochondrial ribosomes, most of the mass is in a few RNA molecules that are very large on 

average but vary greatly in size (gray), whereas the proteins (blue) are unusually small, 

numerous and similar to each other in size.

Reuveni et al. Page 13

Nature. Author manuscript; available in PMC 2020 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A. Nascent r-protein peptides cannot participate in translation before their own translation is 

completed. Sub-dividing the protein mass into more and smaller pieces reduces the inactive 

fraction, but also increases the number of translation initiations required. B. The penalty, due 

to finite number of r-proteins, that is incurred on the minimal time fraction (from Eq. 1) that 

ribosomes must spend on their own production. Penalty is plotted as a function of n for 

different values of τ/Tgen (1 Red, 1/2 Blue, 1/4 Yellow, 1/10 Magenta), and is calculated 

relative to τln(2)/Tgen which is the asymptotic value achieved at high n, possibly reducing 

the penalty as much as 1/ln(2)≃1.44 fold. C. The fraction of dedicated r-protein mass that is 

elongationally idle, due to nascent r-protein peptides and ribosomes occupied in initiation, is 

minimized for an optimal number of r-proteins, nopt. D. The nopt from Eq. (2) and panel C 

for E. coli (orange) and S. cerevisiae (blue), in the range of the expected ratios between 

initiation and elongation rates (see main text). The shaded area above the lines would be 

accessible if ribosome could produce slightly less of the larger sub-unit, which only enters at 

the last step of initiation (SI). E. Across organisms, average lengths of proteins in ribosomes 

are 2–3 times smaller than in genomes [22]. F. The average length (amino acids) of proteins 

in S. cerevisiae multi-protein complexes vs. the number of proteins in the complex. Each 

colored circle corresponds to a known complex [23] (area is proportional to total number of 

amino acids). Gray represents the predicted probability density when drawing random genes 

from the genome. Most of the 403 complexes fall within the expected 99 % confidence 

interval, except the ribosome (80S, including both subunits SSU and LSU independently), 

that falls ~7 standard deviations below.
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Figure 3. 
A. Dividing up a long r-protein (e.g. 8oo codons) into two unequal parts (600 and 200 

codons) does not reduce the average length of the nascent peptides as much as dividing it 

into equal parts (400 and 400 codons). B. The minimal time fraction that ribosomes must 

spend on their own production from Eq. 3, normalized by n(2τ/nTgen −1) from Eq. 1 and 

plotted as a function of CV L
2  for different values of τ/nTgen (1/8 red, 1/16 blue, 1/32 yellow) 

to show the percentage penalty that results from CVL > 0. C. Relative frequencies of the 

normalized variance ( CV L
2  from Eq. 3) of protein length distributions in ribosomes and 

genomes, showing substantially lower CV s for the former.
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Figure 4. 
A. Ribosome auto-production occupies ribosome time to make r-proteins and RNA 

polymerases for rRNA production. An RNA polymerase can be translated in half the time 

compared to a set of r-proteins, and in fast-growing E. coli, each polymerase can produce 20 

sets of rRNAs per generation. B. Generation time vs. proteomic fraction of E. coli r-proteins. 

Circles are published experimental data: yellow [4], green [8], and blue[10]. Because most 

proteins in E. coli are stable, the proteomic fraction of r-proteins roughly equals the fraction 

of time, ϕ, ribosomes spend translating r-proteins. The solid line is the bound on generation 

time set by ribosome production, Tgen ≥ τln(2)/ϕ (rearranged Eq. 1 in high n limit). For the 

same ribosome speed, cells with hypothetical ribosomes replacing rRNA mass for r-protein 

(e.g., 150% or 200% the actual amount) could not divide as quickly.
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