PHYSICAL REVIEW LETTERS 125, 028103 (2020)

Editors' Suggestion Featured in Physics

Ribosome Composition Maximizes Cellular Growth Rates in E. coli

Sarah Kostinski

" and Shlomi Reuveni

1.2,%

'School of Chemistry, Center for the Physics & Chemistry of Living Systems, Tel Aviv University, 6997801 Tel Aviv, Israel
2Sackler Center for Computational Molecular & Materials Science, Ratner Institute for Single Molecule Chemistry,
Tel Aviv University, 6997801 Tel Aviv, Israel

® (Received 24 December 2019; accepted 14 May 2020; published 8 July 2020)

Bacterial ribosomes are composed of one-third protein and two-thirds RNA by mass. The predominance
of RNA is often attributed to a primordial RNA world, but why exactly two-thirds remains a long-standing
mystery. Here we present a quantitative analysis, based on the kinetics of ribosome self-replication,
demonstrating that the 1:2 protein-to-RNA mass ratio uniquely maximizes cellular growth rates in E. coli.
A previously unrecognized growth law, and an invariant of bacterial growth, also follow from our analysis.
The growth law reveals that the ratio between the number of ribosomes and the number of polymerases
making ribosomal RNA is proportional to the cellular doubling time. The invariant is conserved across
growth conditions and specifies how key microscopic parameters in the cell, such as transcription and
translation rates, are coupled to cellular physiology. Quantitative predictions from the growth law and
invariant are shown to be in excellent agreement with E. coli data despite having no fitting parameters. Our
analysis can be readily extended to other bacteria once data become available.
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Why does the bacterial ribosome feature a 1:2 protein-
to-RNA mass ratio [1]? Ribosomes synthesize all proteins
in the cell, including their own and those of their RNA-
synthesizers [2]. Cellular growth is limited by ribosome
self-replication since cells can only double as fast as their
ribosomes [3,4]. The limit imposed by ribosomal-protein
(r-protein) production was previously used to explain the
proportionality between growth rates and r-protein frac-
tions in bacteria [5-9] and yeast [10]. The same limit was
also used to explain central features of the ribosome [11]. In
particular, it was shown that a protein-poor, i.e., RNA-rich,
ribosome allows cells to grow faster. However, the pro-
duction of ribosomal-RNA (rRNA) may also limit cellular
growth, which leads to a trade-off. Here we show that
accounting for this trade-off explains the exact protein-to-
RNA mass ratio in the ribosome.

Two autocatalytic loops are required to describe ribo-
some self-replication (Fig. 1): One generates r-protein,
while the other generates rRNA. In the former, ribosomes
directly synthesize the r-proteins required for their own
making. In the other autocatalytic loop, rRNA is generated
by RNA polymerases (RNAPs), whose proteins are syn-
thesized by ribosomes. Here we obtain two bounds on the
cellular growth rate based on r-protein and rRNA produc-
tion. We show that maximization of cellular growth rates in
E. coli, subject to these bounds, is uniquely attained
when RNA constitutes two-thirds the ribosome mass.
Furthermore, we demonstrate that E. coli in fact achieves
the maximal growth rates permitted by these bounds, which
allows them to be recast as simple quantitative laws with
strong predictive power.
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The autocatalytic process of r-protein production (right
loop, Fig. 1) is described by [12]
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FIG. 1. Autocatalytic production of the ribosome. Bacterial
ribosomes are composed of two-thirds RNA (gray) and one-third
protein (blue) by mass. r-protein is synthesized directly by
ribosomes, as illustrated by the blue autocatalytic loop on the
right. rRNA is synthesized by RNA polymerases, symbolized by
the top left gray arrow. RNA polymerases, in turn, are made of
protein that is synthesized by ribosomes (bottom left blue arrow).
These autocatalytic processes impose counteracting bounds on
cellular growth. In E. coli they are mutually satisfied when
protein constitutes one-third the ribosome mass, thereby maxi-
mizing growth rates in various conditions.
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Material [12]), and k., the average translation rate (peptide
chain elongation rate). Taking all r-proteins to be assembled
into ribosomes as in a best-case scenario, we approximate
Niipo = r-protein/ N5 where N4 is the number of amino
acids per ribosome, and solve Eq. (1) for the doubling rate
of r-protein [12]. To sustain balanced growth, cells must on
average double their ribosomes before division, leading to

an upper bound on the cellular growth rate

ln(2) < kdbod’:i_g(rmm ?i%éve (2)
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with T, standing for the cellular doubling time.

An additional bound on the cellular growth rate can be
obtained from the autocatalytic production of rRNA (left
loop, Fig. 1). Describing the synthesis of rRNA requires
two differential equations: one for rRNA production by
RNAPs, and another for the production of RNAP protein by
ribosomes. The latter is given by [12]

dRNAP-protein

— RNAP ractive
dt - kﬁb0¢ribo fribo Niibo, (3)
where ¢RNAP is the time fraction an active ribosome spends

synthesizing RNAP protein, and all other variables are
defined as in Eq. (1). A similar expression can be written
for the rate of rRNA production

drRNA .
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where Ngnap is the number of RNAPs in the cell, of which
a fraction [ are actively synthesizing RNA.
Furthermore, because RNA comes in different types
(mRNA, tRNA, and rRNA), we let ¢iray denote the time
fraction active RNAPs dedicate to rRNA synthesis at an
average transcription rate kgyap-

As before, we consider a best-case scenario in which
Niipo = TRNA/N™Y and Npyap = RNAP-protein/ N s p.
where N?i‘f)%' is the number of nucleotides required per
ribosome and Nii,p 1S the number of amino acids per
RNAP. Substituting these relations into Egs. (3) and (4), the
latter can be solved for the doubling rate of rRNA [12] and

provide an additional bound on the cellular growth rate

(5)
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Equations (2) and (5) show that every amino acid and
nucleotide added to the ribosome further limits cellular
growth. Protein and RNA should thus be used sparingly in
the ribosome. However, the asymmetric role played by
N™ and N3 in the bounds suggests that one may be
preferred to the other as building material.
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FIG. 2. Upper bounds imposed on cellular growth rate by
r-protein and rRNA production for two hypothetical cases (blue
and orange). The bounds from Eq. (5) monotonically increase
with ribosome protein mass fraction, while the bounds from
Eqg. (2) monotonically decrease. Accessible cellular growth rates
lie in the shaded regions below the bounds. The intersection of
similarly colored curves corresponds to the joint optimization of
r-protein and rRNA production and gives the maximal accessible
growth rate. The ribosome composition corresponding to this
maximal growth rate can, in principle, be either RNA-rich (blue)
or protein-rich (orange).

On one hand, protein and RNA take on distinctive roles
in the ribosome; for example, it is rRNA that catalyzes the
formation of peptide bonds [16]. On the other hand, protein
and RNA can be used interchangeably to some extent, as
illustrated by mitochondrial ribosomes where protein
replaced some structural RNA elements [17-19]. A delicate
balance then emerges: Protein-heavy ribosomes lead to
slow-growing cells as a consequence of Eq. (2), and
likewise for RNA-heavy ribosomes by Eq. (5). These
two limiting cases suggest an intermediate ribosome
composition that is optimal for growth.

To better illustrate the trade-off implied by Eqgs. (2) and
(5), we rewrite these inequalities in terms of the mass
fraction of protein in the ribosome [12]. We then consider
two hypothetical scenarios representing, e.g., two kinds of
growth media, and plot their bounds for parameter values
chosen randomly from experimentally measured ranges
(Fig. 2, and Supplemental Material [12]). This exercise
demonstrates that while the maximal allowed growth rate is
indeed attained at some intermediate ribosome composi-
tion, the optimal composition generally depends on the
parameter values in Egs. (2) and (5).

To determine whether real organisms have a ribosome
composition optimized for self-replication, we examine the
bounds of Eqs. (2) and (5) for E. coli. For this organism, all
parameters are publicly available from measurements in six
different growth conditions [6,20] (Supplemental Material,
Table S1 [12]). To outline their numerical values, ribosome
activity f%Ue remains approximately constant at 85%
across growth conditions, while translation rate k,, ranges
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FIG. 3. rRNA processing in E. coli. Ribosomes in E. coli have
4566 nucleotides from three rRNA molecules: the 23S (2904 nts),
16S (1542 nts), and 5S (120 nts). To produce them, an RNA
polymerase transcribes the DNA rrn operon into a precursor
rRNA of approximately 5400 nts [22]. This pre-rRNA encodes
for three rRNA molecules (totaling 4566 nts) and at least one
tRNA molecule (82 nts), along with ~700 flanking nucleotides
[12]. The flanking nucleotides are cleaved and trimmed by
various ribonucleases in the cell, yielding the 23S, 16S, and
5S rRNAs which go into mature ribosomes.

from 12 to 22 a.a./ sec. Conversely, RNAP activity fahe,
ranges from 13.2% to 31.0% while transcription rate krnap
remains approximately constant at 85 nts/ sec. In balanced

growth, ¢ and GRNAP correspond to their respective
proteome mass fractions (r-protein/total protein) and
(RNAP-protein/total protein), which range between 7.8%—
23.1% and 0.93%—1.66% (Supplemental Material [12]). The
number of amino acids and nucleotides per ribosome are
known from crystallographic data and are given by N =
7536 [3] and Ni{isp = 3498 excluding the 60 factor [21].
Note, however, that including 0 self-consistently, i.e., using
N&&,» =4111 and its corresponding ¢RNAP. does not
change the results which follow (Table S1 [12]). Finally,
note that the number of nucleotides in a mature ribosome,
4566 nts [3], is less than that in its rRNA precursor (Fig. 3).
The fraction of active RNAPs synthesizing the rRNA
precursor and tRNAs ranges from 24% to 86%. Omitting
those RNAPs engaged in the synthesis of unstable flanking
nucleotides and tRNAs, we find that iR 4 ranges from 18%
to 65% (Table S1 [12]).

Using the parameter values described above, we plot the
bounds of Egs. (2) and (5) for E. coli. Shown in Fig. 4(a) are
six pairs of color-coded bounds, corresponding to six differ-
ent growth conditions. In Fig. 4(b) we plot the minimum of
the two bounds for each growth condition, which gives the
envelope of allowed growth rates. The bounds intersect at the
largest growth rate accessible to E. coli in each medium; these
points are highlighted by black-rimmed circles. Remarkably
all maximal growth rates are achieved at a protein mass
fraction of about one-third, thus matching E. coli’s actual

ribosome composition.

More information is gained upon comparing the upper
bounds to real growth rates. For example, consider the
Luria-Bertani growth media, corresponding to the top gray
curve in Fig. 4(b). The bounds predict a maximal possible
growth rate of 2.1 h™!, which is identical to the value
obtained in experiments. An almost perfect match between
theory and experiment is also seen for all other growth
conditions, suggesting that Egs. (2) and (5) can, in fact, be
treated as approximate equalities. Slight rearrangement
then allows us to write Eq. (2) as

fraction of ribosomes making r-protein ~ 7, i,  (6)
where we have identified 1@ "™ as the fraction of
ribosomes that are actively engaged in r-protein synthesis,
and 7.y = Niie /Kiino as the time a ribosome takes to
synthesize a full set of r-proteins (Supplemental Material
[12]). The proportionality between the r-protein proteome
fraction ¢};~", and the cellular growth rate y, is now widely
recognized as a “bacterial growth law,” [23] but Eq. (6)
allows for a clean, intercept-free representation that
matches well with data [Fig. 4(c)].

Similarly, Eq. (5) can also be treated as an equality and
combined with Eq. (6) to give (Supplemental Material [12])

number of RNAPs making rRNA
number of ribosomes

= T/.RNA H» (7)

where 7,xna = Nl‘?i‘f)f)l /krnap is the time an RNAP takes to
synthesize a full set of IRNAs. Note that in E. coli, kxnap 18
constant at 85 nt/sec, which makes 7,zxnya & 1 min inde-
pendent of growth media (Table S1 [12]). Thus, at a growth
rate of, e.g., 1 h=!, E. coli requires just a single rRNA-
making RNAP per sixty ribosomes. More generally, the
number of rRNA-making RNAPs per ribosome is approx-
imately given by the numerical value of the growth rate u
when the latter is measured in min~". Equation (7), which
yields this remarkably simple rule of thumb, is in almost
perfect agreement with available data [Fig. 4(d)].

Having shown that Eqs. (2) and (5) are approximate
equalities, we set their right-hand sides equal to altogether
eliminate growth rate. In doing so we find [12]

x(z)pt o Maa Mgnap ¢:{£(r>0t kribo¢:i_ll>)(r)0t fibo - (8)
1= Xopt  Mpuet Miino ¢5§)AP kRNAP¢;§\IJ\I£P RNAP ’

where xq, is the optimal protein mass fraction found in
bacterial ribosomes, m,, and m,, are the average masses
of a nucleotide and an amino acid, respectively, M ,, and
Mpgnap are the masses of the ribosome and RNAP,
respectively, and all other parameters are defined as before.
Note that x,,; depends on the relative—but not absolute—
masses of the ribosome and RNAP. Furthermore, the ratio
enclosed in square brackets on the right-hand side of Eq. (8)
demonstrates a clean and symmetric separation between
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FIG. 4. Ribosome composition maximizes cellular growth rates in E. coli. (a) The r-protein and rRNA bounds from Egs. (2) and (5) are
plotted as a function of the protein mass fraction of the ribosome, for E. coli in six different growth media. Data are publicly
available [6,20] (Table S1 [12]). (b) The envelopes of allowed growth rates as obtained from the minimum of the two bounds in (a). The
maximal growth rate allowed occurs at the cusp, i.e., where bounds intersect. It can be seen that this always happens at a protein mass
fraction of about one-third which closely resembles that of the bacterial ribosome (dashed black line). (c) The theoretical prediction of
Eq. (6) (solid line) is in excellent agreement with several E. coli datasets [5—7] (symbols, Tables S1-S3 [12]). (d) The theoretical
prediction of Eq. (7) (solid line), is in excellent agreement with data for E. coli grown in six different media (blacked-rimmed circles) [6].
(e) Agreement between the left-hand side (solid black line) and right-hand side (black-rimmed circles) of Eq. (8) is shown for E. coli
data. As expected, invariance with respect to growth conditions is observed.

translation and transcription kinetics. The numerator
contains exclusively translation-associated parameters,
whereas the denominator features exclusively transcription-
associated parameters.

Note that while many parameters on the right-hand side
of Eq. (8) have a nontrivial dependence on growth con-
ditions, the left-hand side is fixed since x,, ~0.36 in
E. coli (Supplemental Material [12]). The right-hand side of
Eq. (8) is thus predicted to have a value of ~1/5
irrespective of growth conditions. This prediction is veri-
fied for E. coli in Fig. 4(e). From an experimental point of
view, this allows for indirect measurement of a variety of
cellular parameters. For example, if RNAP activity in the
cell is not known, it can be inferred via measurement of
other parameters in the formula. While ribosome compo-
sition may differ slightly across bacterial species, the
invariance predicted by Eq. (8) is expected to hold even
for bacteria other than E. coli, where x,, denotes the
protein mass fraction of their corresponding ribosome.

Equations (7) and (8), which are in excellent agreement
with E. coli data despite having no fitting parameters,
significantly advance the current body of knowledge on
quantitative bacterial physiology [23-28]. Specifically,
Eq. (7) adds to existing growth laws [23,29-32] by
quantifying the growth-rate dependent coupling between
protein- and rRNA-making molecules in the cell.
Complementing it is Eq. (8) which, to our knowledge, is
the first invariant of bacterial growth to be reported. The
latter reveals that a nontrivial combination of molecular
and cellular parameters remains constant across growth
conditions.

Changing nutrient quality of growth media, as was done
to obtain the data set of Fig. 4, is just one method to
modulate cellular growth. In Ref. [7], for example, the
authors used antibiotic treatment to explore the interplay
between metabolism and autocatalytic production of
r-protein. As antibiotic concentration increased, the growth
rate decreased despite a larger r-protein proteome fraction,
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which seems to come at the expense of metabolic proteins.
The accompanying effect on transcription-associated
parameters is not known; such measurements would
provide additional insight into parameter covariation in
Egs. (7) and (8).

Thus far we have shown that autocatalytic production of
ribosomes couples ribosome composition to certain cellular
parameters. However, to what extent this coupling
impacted the ribosome composition over the course of
evolution is an open question; it could be argued that the
ribosome evolved to its current form irrespective of its
autocatalytic nature. One naturally occurring example that
suggests the contrary is the non-autocatalytic mitochondrial
ribosome in Eukarya [1,17-19,33-35]. The mitochondrial
ribosome is thought to have originated from the bacterial
ribosome, and then evolved to have a protein, rather than
RNA, rich composition. While this suggests that autoca-
talysis significantly impacted ribosome composition, direct
experimental proof is lacking. To that end, we propose a
controlled evolution experiment on synthetic ribosomes in
bacteria.

In E. coli, synthetic ribosomes [36,37] such as stapled
ribosomes and Ribo-T [38—41] were recently implemented
to form an independent (orthogonal) translation system that
is capable of sustaining protein synthesis and cellular
growth. Orthogonal ribosomes could be made nonautoca-
talytic by selecting the set of (nonribosomal) proteins they
synthesize via custom engineering of their anti-Shine-
Dalgarno sequence and corresponding mRNA Shine-
Dalgarno sequence [42]. The nonautocatalytic ribosomes
could then be independently evolved in vivo alongside
wild-type ribosomes. While challenging, such lab-
evolution experiments could determine the extent to which
autocatalytic production impacted ribosome composition.

Finally, it should be stressed that our analysis is not
specific to E. coli and we anticipate other bacteria to obey
the same relations. One such candidate is the bacterium A.
aerogenes, for which the proportionality between r-protein
proteome fractions and cellular growth rates in Eq. (6) was
already verified. In fact, the same relation was also verified
for C. utilis, N. crassa, E. gracilis [7], and S. cerevisiae
[10], suggesting that the relations derived herein could also
be extended to Eukarya. The analysis presented above
would then require modifications to account for the differ-
ent types of RNA polymerases found there. Following these
modifications, we expect that ribosome composition in
higher-level organisms could also be understood from
simple kinetic considerations of cellular growth and self-
replication.
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