arXiv:1503.03928v3 [g-bio.SC] 29 Aug 2016

Spatial organization of bacterial transcription and translation

Michele Castellana," 23 Sophia Hsin-Jung Li,* and Ned S. Wingreen?

1 Joseph Henry Laboratories of Physics, Princeton University, Princeton, NJ 0854/
? Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ 08544
3 Laboratoire Physico-Chimie Curie, Institut Curie, CNRS UMRI168, 75005 Paris, France
4 Department of Molecular Biology, Princeton University, Princeton, NJ 08544

In bacteria such as Escherichia coli, DNA is compacted into a nucleoid near the cell center,
while ribosomes—molecular complexes that translate messenger RNAs (mRNAs) into proteins—are
mainly localized to the poles. We study the impact of this spatial organization using a minimal
reaction-diffusion model for the cellular transcriptional-translational machinery. While genome-wide
mRNA-nucleoid segregation still lacks experimental validation, our model predicts that ~ 90% of
mRNAs are segregated to the poles. In addition, our analysis reveals a “circulation” of ribosomes
driven by the flux of mRNAs, from synthesis in the nucleoid to degradation at the poles. We show
that our results are robust with respect to multiple, biologically relevant factors, such as mRNA
degradation by RNase enzymes, different phases of the cell division cycle and growth rates, and the
existence of non-specific, transient interactions between ribosomes and mRNAs. Finally, we confirm
that the observed nucleoid size stems from a balance between the forces that the chromosome
and mRNAs exert on each other. This suggests a potential global feedback circuit in which gene

expression feeds back on itself via nucleoid compaction.

I. INTRODUCTION

The cytoplasm of many bacterial cells exhibits a strik-
ing spatial organization: rather than filling the entire cell
volume, the DNA forms a condensed structure called a
“nucleoid” that is generally localized near midcell (Fig. 1)
[1, 2]. Moreover, ribosomes—large molecular complexes
that translate messenger RNAs (mRNAs) into proteins—
are observed to be anti-localized from the nucleoid [2].
These observations raise two natural questions: (1) What
physical processes are responsible for this subcellular or-
ganization? (2) How does this internal structure influence
the basic processes of mRNA transcription and protein
translation in the cell?

In the model bacterium FEscherichia coli (E. coli), ~
1.5 mm of supercoiled DNA are compacted into a ~ 1 ym?
nucleoid volume [3], thus forming a dense DNA mesh with
average pore diameter ~ 50nm. As a result, free ribo-
somes, with diameter ~ 20nm, can readily diffuse into
the nucleoid [4], while polysomes, molecular complexes
composed of mRNAs with multiple bound ribosomes and
having an effective diameter 2 50 nm, anti-localize from
the nucleoid due to excluded-volume effects. In vivo mea-
surements of mRNA mobility suggest a typical diffusion
coefficient of D ~ 0.05um?/s, implying that mRNAs
formed in the nucleoid by transcription from DNA can
diffuse out of the nucleoid to the ribosome-rich regions
in a few seconds—a time significantly shorter than the
typical mRNA lifetime of ~ 5min [2, 5]. These observa-
tions suggest that most mRNAs formed in the nucleoid
diffuse out of the nucleoid to the ribosome-rich regions
where ribosomes and mRNAs are colocalized, and where
the bulk of translation occurs.

In recent years, the idea that mRNA localization may
play a functional role in bacteria [6, 7] has inspired a vari-
ety of measurements of mRNA localization. These stud-
ies have provided evidence for multiple, mRNA-specific
localization patterns, such as localization within the cell

cytoplasm [8], to the cell membrane or to the cell poles
[9], and at the nascent septum separating daughter cells
[7]. However, such experiments have proven to be chal-
lenging [10, 11] and limited to specific mRNAs [12, 13].
As a result, genome-wide ribosome-mRNA colocalization
still lacks experimental validation. In this study, we em-
ploy known reaction-diffusion properties of mRNAs; ribo-
somes, and the nucleoid to predict the physical origin and
the extent of overall, genome-wide mRNA localization.

Our approach also describes non-specific, transient in-
teractions between ribosomes and mRNAs. In this re-
gard, recent studies in E. coli [2] and Caulobacter cres-
centus [14] observed an increase of the diffusion coefficient
of non-translating ribosomes under depletion of the pool
of mRNAs, which has been interpreted as evidence for
non-specific, transient bindings between ribosomes and
mRNA molecules in [14]. On the other hand, another
study in E. coli reported that the diffusion coefficient
of non-translating ribosomes is not affected by mRNA
depletion [4]. Here, we show that if transient ribosome-
mRNA interactions are significantly faster than other rel-
evant time scales, the reaction-diffusion equations can be
substantially simplified by treating such interactions as a
local Poisson process. Finally, we consider the opposing
forces exerted by the compressed nucleoid and by polarly
localized mRNAs and confirm that the observed nucleoid
size results from the balance of these dominant forces,
and we present a simple analytical formula for the degree
of nucleoid compaction under different physiological con-
ditions, e.g. for different amounts of DNA and mRNA in
the cell.

II. RESULTS

We describe the coupled dynamics of ribosomes and
mRNAs in an E. coli cell using a minimal, 1D reaction-
diffusion model. We introduce a coordinate x running
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FIG. 1: Schematic of the spatial organization of transcrip-
tion and translation in E. coli. mRNAs (black solid curves)
are transcribed in the nucleoid—the condensed DNA chromo-
some at the cell center (gray solid curve). Ribosomes (red
circles) bind to mRNAs forming polysomes, i.e. mRNAs with
multiple bound ribosomes. Polysomes diffuse preferentially
out of the nucleoid due to excluded-volume effects. Eventu-
ally the mRNA molecules are degraded (black dashed lines).
In our 1D model, the coordinate x runs along the long axis
of the cell and, assuming symmetry, we model only the right
half of the cell (0 <z < ¥).

along the long axis of the cell and, given the approx-
imate left-right symmetry of a typical E. coli cell, we
consider only the right half, from « = 0 at the cell center
to x = £ at the right cell pole (Fig. 1). In vitro mea-
surements of the assembly dynamics of the translation-
initiation complex suggest that the in vivo binding rate of
30S ribosomal subunits to mRNAs is significantly larger
than the unbinding rate, thus implying that the majority
of mRNAs have a 30S subunit bound at the translation-
initiation site [15]. If so, translation is largely governed
by the dynamics of 50S ribosomal subunits, and therefore
we initially consider only the 50S units, which we refer to
simply as “ribosomes”. We further assume that ribosomes
may undergo transient, non-specific binding to mRNAs;
extended versions of our model including the two ribo-
somal subunits and disallowing non-specific ribosome-
mRNA interactions are presented later, and they con-
firm qualitatively the results obtained with the simple
model discussed here—see Supporting Information, sec-
tions S10 and S14, for details. The 1D concentration of
free (F) ribosomes, cp(z), denotes the number of F ri-
bosomes per unit length in an infinitesimal slice of the
cell perpendicular to the x axis. Similarly, py, () is the
1D concentration of mRNAs with m transiently bound
(B) [14] ribosomes and n translating (T) ribosomes. As
shown in section S1, the average number of ribosomes
per mRNA, m 4+ n ~ 12, is well below the maximum to-
tal number of ribosomes, m + n ~ 100, that could be
linearly packed onto a typical mRNA. Thus, we consider
only mRNA species with m < Mpax, 7 < Nmax, Where
Mmax aNd Nmax are some maximal numbers of allowed ri-
bosomes per mRNA, chosen large enough to account for
all typical mRNA species present in the cell. Importantly,
this choice reduces the number of mRNA species present
in our model, thus making it computationally tractable.

The resulting reaction-diffusion equation for the F-

ribosome concentration is
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where only mRNA species with allowed values of 0 < m <
Mmax and 0 < n < nyax are considered. The first term
on the right-hand side (RHS) represents diffusion includ-
ing excluded-volume effects due to the condensed DNA
(Fig. 1). In this term, Dy is the diffusion coefficient for F
ribosomes, which incorporates crowding effects due to ri-
bosomes, mRNAs and other macromolecules, while v (z)
is the fractional volume available to an F ribosome within
the DNA mesh at position x (Fig. S1), see sections S2
and 54 for details. The first term in the second line repre-
sents F ribosomes binding to all possible mRNA species
with m B ribosomes and n T ribosomes, and thus becom-
ing B ribosomes. This term is proportional to the F — B
transition rate k%, and to the total density of mRNA.
In principle, k5, should decrease with the ribosome oc-
cupancy number m + n: however, here m + n is much
smaller than the maximum packing density, thus this ef-
fect is small, see above. The next term in the second line
describes a B ribosome unbinding from an mRNA, where
kS denotes the unbinding rate and the multiplicity fac-
tor m accounts for multiple B ribosomes on the mRNA.
Similarly, the third line represents transitions between F
and T ribosomes, where k7, is assumed independent of
m, n (see above). Since measurements suggest that the
lifetime of the B state is significantly shorter than that of
the T state [14], here the F — B — T transition is incor-
porated into the F — T transition, with an effective rate
k2. Finally, the last line represents B and T ribosomes
being freed from mRNA molecules as these are degraded
at rate 5 [16].

The 1D reaction-diffusion equations for the mRNA
densities are

Opmn(z,t)
ot
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Here D is the average mRNA diffusion coefficient in the
cytoplasm, and v;,, 45, () is the fractional available volume
within the nucleoid for an mRNA with m + n attached
ribosomes (Fig. S1), see section S4 for details. The third
and fourth lines represent binding and unbinding of B
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FIG. 2: DNA fluorescence along the long cell axis for 3 um-
long E. coli cells grown in glucose minimal media. Cells
were stained with SYTOX Orange and imaged at exponen-
tial phase. Fluorescence for a few representative cells (gray),
and resulting average fluorescence over 35 cells with standard
error of the mean (red), both symmetrized and normalized to
unit area. Left inset: nucleoid vs. cell length, where the gray
area includes cells with length with 5% of 3 um. Right inset:
ribosomal protein S2-YFP (green) and nucleoid (red). Scale
bar: 1 pm.

and T ribosomes from mRNAs of species m, n, while
the fifth line represents B ribosomes binding to mRNAs
of species m — 1, n or unbinding from mRNAs of species
m~+1, n. Similarly, the terms in the sixth line represent T
ribosomes binding and unbinding from mRNAs of species
m,n — 1 and m,n + 1. Finally, the last line represents
transcription of initially ribosome-free mRNAs according
to the nucleoid profile a(z), and mRNA degradation at
rate 3.

As transcriptional and translational time scales
(< 1min) are fast compared to cell doubling times
(Z 20min), we focus on steady-state conditions. At
steady state, in Eq. (1) we enforce a constraint
on the total number of ribosomes, 2 fol dz(ce(z) +
St Lo (m 4+ n)pma(@)] = Nigy, and we
set a no-flux boundary condition at the cell pole,
[dee(x)/da ve(x) — co(2) dve(z)/dz]|,_; = 0, see section
S2. Similarly, in Eq. (2) we impose no-flux bound-
ary conditions at the cell pole and at the cell center,
[dpm (@) /d Vit (%) = pron () AV in () /d][o=0,0 = 0,
the latter reflecting the left-right symmetry of the cell.
According to this symmetry, the flux of F ribosomes at
midcell must also vanish, and this follows directly from
the boundary conditions above—see section S5.

We fix the model parameters from experimental data
as follows. We considered E. coli cells in glucose minimal
media with a ~ 1/h growth rate, see section S3, and fo-
cused on the mid-phase of the division cycle by selecting

cells with length within 5% of a typical, medium length
of 2/ = 3 um, compare left inset in Fig. 2. We then
rescaled the resulting DNA fluorescence profiles to a cell
length of 2 /¢, and we estimated the nucleoid profile along
the long cell axis by averaging over multiple cells, see
main panel in Fig. 2 and section S4. The F ribosome dif-
fusion coefficient was taken to be Dy = 0.4 um? /s, while
the diffusion coefficient of mRNAs was set at the aver-
age diffusion coefficient of polysomes, D = 0.05 ym?/s
[2, 4]. These diffusion coefficients were obtained from
measurements of mean square displacements of free and
mRNA-bound ribosomal subunits in living E. coli cells
[2], and thus include the effects of cytoplasmic crowding.
The F-ribosome available volume vp(z) was estimated
from the concentration profiles of free ribosomal subunits
[4], and similarly for the mRNA available-volume profiles
Um+n(2) (section S4). The mRNA degradation rate was
taken to be f = 3 x 1073/s, corresponding to a mean
mRNA lifetime of ~ 5min [5]. The total mRNA pro-

duction rate aior = 2 f(f dx a(z) was obtained from the
total number of mRNAs per cell via the relation oyt /8 =
Nmrna = 5x 103 [17], while the profile of mRNA produc-
tion a(x) was chosen to be proportional to the DNA den-
sity o(z), see section S4 for details. The average time for
a ribosome to complete protein translation is estimated
to be 7. = 40s [18], so we took the T — F transition
rate to be kT = 1/70 = 2.5 x 1072 /s. To set the other
transition rates we used the observation that ~ 80% of
ribosomes are T ribosomes [2|, with non-T ribosomes es-
timated to spend ~90% of their time as B ribosomes and
~10% of their time as F ribosomes, where the 90%:10%
division of non-T ribosomes between B and F ribosomes
is inferred from ribosome diffusion rates in Caulobacter
crescentus [14]. Global equilibrium between T and F ri-
bosomes at steady state requires the F — T transition
rate k7, to satisfy Nepkl, = N; ks, where Ny and N,
are the total number of F and T ribosomes, respectively,
and p ~ 1.7 x 10%/um is the average total mRNA ax-
ial density [17]. Also, in the equilibrium condition above
we neglected the rate SN, at which mRNA-bound T ri-
bosomes are freed by mRNAs that are being degraded,
because this rate is much smaller than Nik%;. According
to the estimate above for the average number of F, T,
and B ribosomes, we have N, /N, = 80%/(20% x 10%),
which yields k%, = 6 x 10~*um/s. The total number
of ribosome in the cell was taken to be Nyoz = 6 x 10%
[2]. As for the the binding-unbinding rates k5, kP; of
the F <> B transition, the equilibrium condition reads
NepkS, = Ngkly where, since the F <+ B transition
occurs on timescales not longer than ~ 1s [14], we ne-
glected the mRNA-decay term SNy < Ngklz. To-
gether with the estimation above for the average num-
ber of F, T, and B ribosomes Np/Ny = 2%/18%, this
equilibrium condition provides an estimate for the ratio
kB, /kBe ~ 5.4x 1073 ym, but it does not specify the indi-
vidual values of kY, kZ;. However, because the timescale
of the F <> B transition is significantly shorter than other
relevant timescales [14], these processes can be treated in
the limit where they are at rapid equilibrium. In this
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FIG. 3: Steady-state mRNA and polysome distributions. To-
tal mRNA density peot(z) (red) and density pm,(z) of mR-
NAs with m transiently bound (B) ribosomes and n trans-
lating (T) ribosomes for 0 < m < Mmax = 8 and 0 < n <
Nmax = 24 (gray). The density po,o(z) of ribosome-free mR-
NAs (green) and the density ps24(z) of mRNAs with the
largest number of T and B ribosomes considered (blue) are
also shown. The profiles pm n(x), po,o(z), and ps24(z) are
normalized to unit area. Inset: distribution of mRNA species,
shown as a heat map of the number Ny, , of mRNAs with m
B ribosomes and n T ribosomes in the right half of the cell.
The maximal number of T ribosomes per mRNA used in our
model, nmax = 24, is indicated.

limit, the problem can be significantly simplified, and
the set of 1 + (Mmax + 1)(Nmax + 1) reaction-diffusion
Eqgs. (1), (2) reduces to a set of nyax +2 equations which
completely characterize the solution cg(z) and pm, ()
for any m and 0 < n < npyay. Importantly, these rapid-
equilibrium equations depend on k3, k2 only through

their ratio—see section S6 for details.

We numerically solved Egs. (1), (2) at steady state
in the rapid-equilibrium limit for B ribosomes, by fixing
the maximal number of allowed T ribosomes per mRNA
at nmax = 24, see section S6 for details. The resulting
mRNA profiles and ribosome concentrations are shown
in Figs. 3 and 4, respectively. As shown in Fig. 3, the
total mRNA profile piot(z) = D00 o Dor™s pp(z) is
markedly localized outside the nucleoid region—most of
the mRNAs are segregated from the nucleoid because of
excluded volume. Indeed, the density profiles p, ()
show that the more ribosomes an mRNA has bound,
the more segregated the mRNA is from the nucleoid, see
Fig. S2 for details. Since mRNAs are generated at the
nucleoid, the strong segregation of mRNAs away from
the nucleoid at steady state must result from the ma-
jority of mRNAs being loaded with ribosomes so that
excluded volume biases their diffusion away from the
nucleoid. This conclusion is confirmed in the inset of
Fig. 3, which shows a heat map of the total number
Npn = f(f dxpp, (z) of mRNAs of species m,n. Most
mRNAs are loaded with ~ 10 T ribosomes and ~ 2 B ribo-
somes. These average loading numbers are in agreement
with the experimental estimates above for the ribosome
numbers [2, 17]: The number of T ribosomes per mRNA
is Np/Nmrna ~ (80% Niot)/Nmrna ~ 10, and a similar
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FIG. 4: Steady-state ribosome concentrations and ribosome
fluxes. Top: Concentrations cr(z), cg(z), and cr(x) of trans-
lating (7T), transiently bound (B), and free (F) ribosomes in
the right half of the cell (compare Fig. 1). Bottom: Fluxes
of T, B, and F ribosomes along the cell’s long axis depicted
in the top panel. The arrow length is proportional to local
ribosome flux, and the arrows in the legends correspond to a
flux of 20/s.

estimate yields ~2 B ribosomes per mRNA. In addition,
the inset shows that the chosen value ny.x = 24 is large
enough to encompass all typical mRNA species that are
present.

Since each ribosome has a linear size of ~20nm [19],
the effective size of an mRNA molecule with ~10 bound
ribosomes is significantly larger than the pore size of the
DNA mesh in the nucleoid, which we estimate to be ~
50 nm, see section S4 for details. Thus, the majority of
mRNAs experience strong excluded-volume effects which
push them out of the nucleoid region.

Since mRNAs are created by transcription in the nu-
cleoid but end up segregated away from the nucleoid,
there must be a flux of mRNAs toward the cell poles.
Given that new mRNAs are rapidly loaded with T ri-
bosomes at a rate kT N./(2/) = 6 x 10~*um/s x
1200/3pm ~ 0.24/s, implying full occupation by ~ 10
T ribosomes in ~ 3s, the poleward flux of mRNAs car-
ries with it a poleward flux of ribosomes. Since ribo-
somes are conserved in our model, reflecting the long
half-life of ribosomal components [20], there must be a
compensating flux of F ribosomes from the poles toward
the nucleoid. In Fig. 4 we show the steady-state con-
centration of F ribosomes cr(x), the concentrations of
T and B ribosomes, cr(z) = > 0° > " 0 pm,n (),
cs(@) = > S mppa(z), the flux Jo =
—Dyldep(x)/dx vp(x) — cp(x) dvp(z) /dz] of F ribosomes,
and the fluxes J; and J; of T and B ribosomes, compare
Egs. (S45), (S46). As expected from the observed segre-
gation of mRNAs, the T and B ribosomes are markedly
excluded from the nucleoid, and there is a net poleward
flux of T and B ribosomes. Notably, the effect of ex-
cluded volume in the nucleoid is so strong that mRNAs



and their associated ribosomes flow from a low- to a high-
concentration region. By contrast, F ribosomes are small
enough to freely penetrate the nucleoid, and a flux of F ri-
bosomes is driven by the gradient of these ribosomes from
the poles to the nucleoid. Overall, these results illustrate
and quantify a “circular” flux for the ensemble of T, B,
and F ribosomes, compare Fig. 1: First, multiple F ribo-
somes bind to mRNAs made in the cell nucleoid. Each
mRNA is thus loaded with ~10 T ribosomes and ~2 B
ribosomes to become a polysome. Second, the effects of
excluded volume in the nucleoid result in a net flow of
these polysomes to the cell poles. Once polysomes reach
the poles, they ultimately decay and free their ribosomes.
This “pumping” of T and B ribosomes from the nucleoid
to the poles results in an excess of F ribosomes at the
poles, and thus in a diffusive return flux of F ribosomes
to the nucleoid.

The existence of a steady ribosome circulation implies
that there must be an external source of energy driving
these circular fluxes. There are two possible candidates
within our model: Process (A) is the non-equilibrium
creation and degradation of mRNAs, and Process (B) is
mRNA and F-ribosome binding in the nucleoid and sub-
sequent expulsion from the nucleoid by excluded-volume
effects. Process (A) should be strictly dependent on new
mRNA production, whereas Process (B) should persist
even in the limit where the mRNA production and degra-
dation rates are both low, with the total number of mR-
NAs fixed and equal to Nyrna. Therefore, we varied
the mRNA production and degradation rates together,
keeping the total mRNA number constant: The circula-
tion vanished as the mRNA rates slowed (Fig. S3), thus
identifying Process (A), the flux of new mRNAs from nu-
cleoid to pole, as the driver of ribosome circulation. This
conclusion is confirmed by an analytical estimate for the
poleward flux of T and B ribosomes, which is shown to be
proportional to the mRNA production rate, see section
S8 for details.

Before discussing other implications of our results, it
is worth considering that mRNA transcription takes a
finite amount of time. For the average mRNA length
of ~ 3 x 103 nt discussed in section S1 and an average
mRNA elongation speed of ~ 50nt/s [21], we obtain
a typical transcription time of ~ 1min, during which
nascent mRNAs are bound to DNA while being elon-
gated. We therefore extended our model to include these
nucleoid-bound mRNAs, whose axial densities we denote
by pj, n(2): these mRNAs turn into free mRNAs at a rate
v = 1/(1min), see section S9 for details. Besides confirm-
ing the picture in the model with one mRNA species, this
extended model gives novel insights into the mechanism
of co-transcriptional translation, namely the observation
that ribosomes translate nascent mRNAs while these are
being transcribed in the nucleoid [22]. While it has been
previously hypothesized that most of the ribosomes in the
dense nucleoid region translate co-transcriptionally [2],
our analysis shows that only ~ 34 % of these ribosomes
carry out co-transcriptional translation, while a compa-
rable fraction of ~ 37 % translates post-transcriptionally,
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FIG. 5: Steady-state ribosomal-subunit concentrations and
fluxes for the model including 30S and 508 ribosomal subunits.
Top: Concentrations cros(x), csoss(T), Csosr(T), Chos(z) of
708, transiently bound (B) 308, free (F) 30S subunits, and of
30S subunits bound to the translation-initiation site, respec-
tively. We also show the concentrations csoss(z) and csos r ()
of B and F 50S subunits, respectively. Bottom: Fluxes
J7os(), Jz0s (), Jssw(z) of 70S, B and F 30S subunits, and
flux J3,s(z) of 30S subunits bound to the translation-initiation
site. The fluxes Jsos5(x), Jsosr(x) of B and F 50S subunits
are also shown. Fluxes are represented along the cell’s long
axis depicted in the top panel, the arrow length is propor-
tional to local ribosome flux, and the arrows in the legends
correspond to a flux of 30/s.

mostly on polysomes loaded with a relatively small num-
ber of ribosomes. The extended model also allows us
to address the effects of co-transcriptional translation
on the protein-synthesis rate: introducing the efficiency
e =2kIg> 0 > f(f dzpm n(x)/Niot, 1.€. the av-
erage number of proteins translated per unit time per
ribosome, we find that co-transcriptional translation im-
plies a ~ 3% increase in ribosome efficiency, under the
assumption of B ribosome binding to all transcripts, see
section S9 for details.

We then extended our model to take account of both
ribosomal subunits. During translation initiation, a 30S
subunit binds to the mRNA initiation site first, and then
a 50S subunit binds to the 30S subunit forming a trans-
lating 30S-50S (70S) pair [23]. To model this process
and the spatiotemporal dynamics of the two ribosomal
subunits, we introduce mRNA species with [ B 30S sub-
units, m B 50S subunits, n 70S pairs, and no 30S sub-
unit at the initiation site, and denote their density by
Pi,m,n(,t). Similarly, we denote by p; ,,, ,(z,t) the den-
sity of mRNAs with [ B 30S subunits, m B 50S subunits,
n 708 pairs, and a 30S subunit at the initiation site. As-



suming rapid equilibrium for B 30S and 50S subunits,
we solved the reaction-diffusion equations for the mRNA
densities pimn (), 0], (), and for the concentrations
Caos (T, 1), Csosp(x,t) of free 30S and 50S subunits—see
section S10 for details. The results shown in Figs. 5, S18,
and S7 confirm the picture obtained with the simpler one-
subunit model. In particular, the mRNAs, both with and
without a 30S subunit on the translation-initiation site,
are strongly segregated from the nucleoid, and the larger
I, m, n, the stronger the segregation. In Fig. 5 we show
the concentrations and fluxes of the ribosomal subunits:
the 70S subunits, the B 30S and 50S subunits, and the
30S subunits bound to translation-initiation sites are all
strongly segregated from the nucleoid, compare Fig. 4,
while F 30S and 50S subunits are only slightly excluded
from the nucleoid. Note that the concentrations of F and
B 308 subunits are lower than the corresponding concen-
trations of F and B 50S subunits because for our choice
of parameters the majority of non-translating 30S sub-
units are bound to translation-initiation sites, thus reduc-
ing the number of F and B 30S subunits. The fluxes of
70S, B 30S and 508 subunits, and of 30S subunits bound
to translation-initiation sites are directed toward the cell
poles, while the compensating fluxes of F 30S and 508
subunits are directed toward the cell center.

The two-subunit model was then extended to include
additional, biologically relevant features: In section S11
we incorporated in the model the mechanism of mRNA
degradation by RNase enzymes [16, 24|, see Figs. SO-
S12, and in section S12 we extended the model to cells in
the late phase of their division cycle, see Figs. S14-S16.
We then extended the analysis above for glucose minimal
media to different growth rates: We imaged FE. coli cells
in glycerol minimal and defined rich media, with growth
rates ~ 0.5/h and ~ 2/h, respectively, extracted the nu-
cleoid profiles, and present the resulting model predic-
tions in section S13, compare Figs. S17-S20. Finally, as
the existence of B ribosomes is an open question (2, 4, 14],
in section S14 we considered a version of the model with
two ribosomal subunits and no B subunits. Overall, these
results confirm all the qualitative features of the simpler,
two-subunit model discussed above.

So far, our analysis has shown that the excluded vol-
ume due to DNA localization at midcell segregates the
majority of mRNAs to the cell poles. In what follows,
we will extend this analysis and show that the converse
is also true, i.e. mRNA segregation to the poles causes
nucleoid compaction at midcell. Specifically, in section
S15 we show that mRNAs, like particles in a gas, ex-
ert an entropic force (pressure) on the nucleoid directed
towards the cell center, and that this force can be com-
puted directly from the reaction-diffusion Eqgs. (1) and
(2). On the other hand, the natural tendency of the
compressed DNA polymer to increase its configurational
entropy results in a an effective “spring” force pushing
outward on the mRNAs. Exploiting the condition that
these two forces must balance at mechanical equilibrium,
we self-consistently determined the mRNA and F ribo-
some profiles, as well as the DNA density profile ¢(x),

and the results are shown in Figs. S23 and S24. In par-
ticular, denoting by 2z the width of the nucleoid region
centered at midcell, the resulting value of 22y ~ 1.43 um
matches well the experimentally observed nucleoid size in
Fig. 2. Finally, a simplified version of our analysis pro-
vides a straightforward prediction for the nucleoid width
under different physiological conditions: We assume that
mRNAs are uniformly distributed outside the nucleoid,
which they cannot penetrate, that the nucleoid is con-
fined in a region of width 2x( centered at midcell, and
we neglect the small force exerted by F ribosomes on the
nucleoid (see section S15 for details). As a result, the nu-
cleoid size xy can be determined by solving the following

force-balance equation:
2 2772
NrnRNA f N=¥

71'
2(0 — xo) 6 (27TR2)2/34E8/3,

3)

where ¢ = 200nm is twice the estimated persistence
length of a segment of supercoiled DNA, N = 7.5 x 103
is the total number of such segments in the chromosome
[25], and R = 0.5 pm is the radius of a circular cell slice.
In Fig. S25 we show the predicted nucleoid size for dif-
ferent values of the total number of mRNAs—the larger
the number of mRNAs, the more the nucleoid shrinks to-
wards midcell due to the entropic force exerted by the
polysomes.

III. DISCUSSION

The study of intracellular mRNA localization has at-
tracted growing interest in recent years [10-13]. In eu-
karyotic systems, mRNA localization is a well-established
mechanism for achieving a variety of functions, such as
the targeted expression of proteins to specific regions of
the cell, the control of intracellular signaling, or the par-
tition of mRNAs into daughter cells for cell-fate differen-
tiation [26, 27]. Some functional, mRNA-specific local-
ization patterns has also been observed in bacteria [6]:
Two examples are the membrane localization of mRNAs
which code for proteins transporting lactose into the cell
[9] and mRNA localization at the cell poles, which has
been shown to play a functional role in controlling sugar-
utilization genes [9, 28].

In this study, we analyze the extent of bacterial
genome-wide mRNA localization by means of a minimal
reaction-diffusion model for the transcriptional and trans-
lational machinery in E. coli. The experimental observa-
tion that ribosomes in E. coli are markedly localized to
the cell poles, and thus segregated from the nucleoid lo-
cated at the cell center [2], suggests that the majority
of mRNAs are also likely to be segregated from the nu-
cleoid. While experiments on mRNA localization in E.
coli have proven to be challenging [10, 11], and are limited
to specific mRNAs [12, 13], our model makes a novel pre-
diction for strong, genome-wide mRNA localization away
from the nucleoid, indicating that ~ 90% of mRNAs are
typically located outside the nucleoid, and demonstrating



that the total mRNA profile resembles that of translat-
ing ribosomes (compare Figs. 3, 4). A specific predic-
tion of our model is that mRNA segregation is due to
excluded-volume effects resulting from the condensed nu-
cleoid DNA. Overall, this result provides novel insights
into the mechanisms of mRNA segregation: While other
studies for specific mRNAs raised the possibility that
mRNA segregation may be associated with dynamical re-
arrangements of the nucleoid [29], our analysis indicates
that genome-wide mRNA segregation can arise entirely
from excluded-volume effects. Also, our result that seg-
regation primarily affects mRNAs loaded with multiple
ribosomes is in line with the recent experimental obser-
vation that mRNAs with multiple bound fluorescent pro-
teins localize to the cell poles in live E. coli cells [10].

Our model also reveals a “circulation” of ribosomes
within the cell driven by the flux of newly synthesized
mRNAs from the nucleoid to the poles: mRNA-bound
ribosomes flow from the nucleoid to the cell poles, where
they unbind from mRNAs and then diffuse back to the
nucleoid to bind newly synthesized mRNA molecules.
Using our model, we also analyze the extent of co-
transcriptional translation, namely the observation that
ribosomes translate mRNAs that are being transcribed
in the nucleoid [22]. Although it has been recently
hypothesized that most of the ribosomes in the DNA-
rich region translate co-transcriptionally [2], we find that
only about a third of these ribosomes carry out co-
transcriptional translation, whereas a slightly higher frac-
tion translates post-transcriptionally in polysomes with a
relatively small loading number.

We incorporated in our model the mechanism of mRNA
degradation by RNase enzymes, different phases of the
cell division cycle, different growth rates, and the effect
of non-specific, transient interactions between ribosomes
and mRNAs [2, 4, 14|, showing that our results are stable
with respect to such variety of conditions.

Finally, we extended our analysis to study the conse-
quences of mRNA localization on nucleoid compaction.
Using our calculated ribosome and mRNA densities, we
confirmed that mRNA segregation to the poles quantita-
tively accounts for nucleoid compaction. Physically, the
observed nucleoid size reflects the balance of two com-
peting entropic forces—the compressive force that mR-
NAs (polysomes) at the poles exert on the DNA, and
the expansive force exerted by the DNA on these mR-
NAs. Our detailed analysis supports a simplified ana-
lytical formula (3) that predicts nucleoid size for differ-
ent physiological conditions, compare Fig. S25. Biologi-
cally, the compaction of the nucleoid by mRNAs creates a
potential global feedback circuit: gene expression drives
mRNA levels, which, by compacting the nucleoid, im-
pact transcription-factor access and hence gene expres-
sion [30].

To summarize, while localization of the transcriptional-
translational machinery is a well-known, functional mech-
anism in eukaryotes, the function of such localization in
bacteria is not yet well established. In this regard, our

model provides novel insights into the mechanisms gov-
erning the spatial structure of transcription and transla-
tion in bacteria, and can help guide the molecular manip-
ulation of these functions, with potentially broad appli-
cations in molecular synthetic biology and biotechnology.
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In this section, we will estimate the fraction of available ribosome binding sites on an mRNA chain by making use
of experimental data on mRNA synthesis and degradation in E. coli. To begin with, we estimate the average number



of nucleotides per mRNA, which we quantify as the ratio between the total number of nucleotides synthesized per unit
time, and the total number of mRNAs synthesized per unit time. First, the number of nucleotides synthesized per unit
time is given by the number of active RNA polymerases (RNAPs), i.e. ~ 1000 RNAP /cell, times the chain-elongation
rate at which a single RNAP synthesizes an mRNA, i.e. ~ 50nt/s [1], resulting in a rate of ~ 5 x 10*nt/s. Second,
the total number of mRNAs synthesized per unit time is given by the total number of mRNAs Nrna = 5 x 103
[2] times the mRNA degradation rate 8 = 3 x 1073/s [3], and it is given by ~ 15mRNA/s. The resulting average
number of nucleotides per mRNA is ~ 3 x 103 nt. Given that each ribosome covers ~ 30nt [4], we obtain that there
are on average ~ 3 x 10 nt/(30nt) = 100 available ribosome binding spots per mRNA. Finally, we observe that there
is a total number of Nyt ~ 6 x 10* ribosomes per cell [5], i.e. there are on average Niot/Nmrna ~ 12 ribosomes
per mRNA, which is only ~ 12% of the number of available binding spots per mRNA, thus implying that the vast
majority of the ribosome binding sites are free.

S2 Diffusion equations in the presence of excluded volume

In this section we derive the diffusion equation for a population of F ribosomes, taking into account the effects of
excluded volume due to the nucleoid. The continuum limit of this equation can be derived starting from a discrete
version [6]. We divide the interval 0 < z < ¢, from midcell to the cell pole, into bins of width Az, where x; denotes the
position of bin i: Here, each bin represents a projection on the one-dimensional x axis of a three-dimensional section
of the cell obtained by slicing the cell perpendicularly to its long axis. The master equation for the F ribosome density
in bin 4, ¢p(x;,t), can then be obtained by considering hopping of ribosomes between adjacent bins:

Ocy (x4, t)
ot

where dy is the bare rate at which a ribosome hops from one site to another, and vy(x) is the fraction of available
volume at position z, i.e. the probability that a ribosome finds enough free volume to hop into the DNA mesh at
position z. The continuum limit of Eq. (S1) can be obtained by expanding cp(z,t) and vp(z) around x = x;, which
yields

= dp {[ex (Ti1,1) + co(Tit1, V)]ve (@) — co (@i, ) [ve(@i-1) + ve(Tit1)]} (S1)

Ocy(z,1) 0?cp(z,t) d*vy ()
ot Dy T”F(fb) — cr(z,1) dz2 ) (52)
where Dy = d.Az? is the bare diffusion coefficient. The 1D F ribosome flux at position z is given by
deg(x dvg(z
Jr(z) = —Dp {gi)vF(x) — CF(.T);i):| . (S3)

Note that in the absence of reaction terms, the steady-state solution of Eq. (S1) is
ce(z) = Cup (), (54)

where the constant C' depends on the total number of F ribosomes.

S3 E. coli nucleoid imaging analysis

E. coli strain AFS55 [5] which contains ribosomal protein S2-YFP was inoculated overnight in the media including
MOPS defined rich, glucose and glycerol minimal media (Teknova). Next day the overnight cultures were diluted by
a hundred fold in the same fresh media and grew in 37 °C.

The staining procedure is adopted from a previous publication [7]. Briefly, 100 uL was taken when the OD reached
0.3 and stained with 1 gL 50uM SYTOX Orange (Molecular Probes) for 10 min at 37°C in darkness. Cells were
then washed twice with 1 mL fresh media and resuspended in 1mL fresh media. 1puL of cells were placed on 1%
low-melting agar pad (Calbiochem) made from the same media and imaged with inverted Nikon90i epifluorescent
microscope equipped with a 100 x 1.4NA objective (Nikon) and Hamamazu Orca R2 CCD camera. NIS Elements
software (Nikon) was used to automate image acquisition for phase contrast, YFP and mCherry fluorescent channels.
Segmentation, quantification of fluorescence intensity, and cell-length measurements were further analyzed in MATLAB
using customized programs.



S4 Available-volume profiles

In this section we estimate the available volume for ribosomes, mRNAs, and polysomes inside the nucleoid. To
estimate the DNA pore size inside the nucleoid, we recognize that the E. coli chromosome is characterized by a
branched, plectonemic structure of supercoiled DNA [8]: We denote by L the total length of the plectonemic DNA
polymer, and by V the volume wherein this polymer is confined. For simplicity, suppose that the DNA is arranged to
occupy the edges of a three-dimensional cubic lattice of total volume V. The volume is divided into M cubic pores
each with edge length a, so that V = Ma3. In addition, the DNA length is related to the pore size by L = 3 a M, thus
providing the estimate a = y/3V/L. For an estimated total plectoneme length L = 1.5 mm [8] and a nucleoid volume
V = 1.2 um? [5], the estimated pore size is a ~ 50 nm.

We now provide a rough, dimensional estimate of the available volume for an F ribosome inside the nucleoid.
Continuing to use the simple cubic lattice model for the nucleoid, we estimate the excluded volume inside each cubic
pore of DNA: as the ribosome approaches one of the lattice edges, the excluded volume is given by the edge length a
times the area within the pore from which the center of mass of the ribosome is excluded when it approaches the edge,
i.e. 1/4 of a circle with the ribosome’s radius  ~ 10 nm [9]. Multiplying by the total number of edges (12), we obtain
an estimate for the excluded volume, Vexer = 12 a w12 /4 = 3amr?. We then express the available-volume fraction in
the nucleoid, which we will denote by vi*, in terms of the ratio between the excluded volume and the pore volume as

in Vexcl\ 2 L
vpt = exp (—/@ e ) = exp (—KJTM" V) . (S5)

The numerical correction factor  is introduced to improve our dimensional estimate, and is set by fitting our model
to the experimentally observed concentration profile of freely diffusing ribosomes. If we imagine dividing the cell
into two regions along the axial direction, the nucleoid region (in) and the polar region outside the nucleoid (out),
then according to section S2 the concentration of freely diffusing ribosomes satisfies ¢l /2"t = vit /y2u. Since the
concentration of freely diffusing ribosomes is, roughly speaking, about 10% larger outside the nucleoid than inside
[10], we have vi /vt = it ~ 90%, where v = 1 because there is no DNA in the out region. As a result, we obtain
k= 0.25 in Eq. (S5).

The available-volume fraction for mRNAs loaded with m B ribosomes and n T ribosomes can be estimated along
the same lines. Since the excluded volume for a single ribosome depends on its two-dimensional cross section 71?2
rather than on its volume, we introduce an effective radius 7,4, for an mRNA of species m, n, where 4, is chosen
to reproduce the overall cross section of the mRNA along with its ribosomes:

T2 = T2 + (m + n)mr?, (S6)
and 7, = 20nm is a typical mRNA radius of gyration [11]. The mRNA excluded volume in the nucleoid v is then
determined by replacing r with 7,1, in Eq. (S5).

Finally, the smooth excluded-volume profiles v (z), vpmin(z) shown in Fig. S1 were obtained from v, v, as
follows. First, we introduce a local density of DNA length
1
p(z) (S7)

“ T+ explC(z/l—1/2)]

with ¢ = 20: this density profile is shown in Fig. S1, it was chosen to reproduce the experimental axial DNA
fluorescence in Fig. 2, and normalized to the total DNA length per volume [5] by setting

E/OZ dz p(z) = é (S8)
Second, we replaced L/V in Eq. (S5) with ¢(x), and we obtained
vp(x) = exp[—r rip(z)], (S9)
and similarly
Vmtn(2) = exp[—k 712, 0(2)]. (S10)
Denoting by

vn(2) = exp[—r i ()] (S11)
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FIG. S1: Density of DNA length and available-volume profiles in 1D model of the E. coli transcriptional-translational machinery.
Density of DNA length o(z) normalized to unit area, available-volume profile for free ribosomes vy () = exp[—r 72 ()], and
available-volume profiles for polysomes with m transiently bound and n translating ribosomes vmn () = exp[—K 772,40 0(2)]
for right half of cell (compare Fig. 1), where the arrow indicates the direction of increasing m + n. Here the constant x = 0.25
has been estimated by fitting the observed concentration profile of freely diffusing ribosomes [10], » = 10nm is the ribosome
radius [9], and 7y4n = /T3 + (m + n)72, 7k = 20nm are the polysome effective radius and the mRNA radius of gyration [11],

respectively.

the available volume for a ribosome-free mRNA, Egs. (S6), (S9), (S10) imply that the polysome available volume can
be rewritten as

Vimn () = vr (@) [ve (@) "7 (512)

The factorized form of Eq. (S12) has a simple intuitive interpretation if we recall that available volumes v, ()
represents the probability that an mRNA of species m, n finds enough free volume to hop into the DNA mesh at
position z, compare section S2. In this regard, Eq. (S12) treats the components of an mRNA of species m, n
independently: the hopping probability v,,+,(z) is equal to the product of the hopping probability vy (x) for the bare
mRNA and of the hopping probability vs(z) for each of the m + n ribosomes carried by the mRNA.

S5 Flux of free ribosomes at midcell

In this section we show that at steady state the no-flux boundary conditions at the cell poles for F ribosomes and
at the cell poles and midcell for mRNAs in Egs. (1) and (2) imply that the flux of F ribosomes at midcell is also
zero. This absence of F-ribosome flux at midcell is a necessary physical condition due to the assumptions of ribosome
conservation and cell symmetry in our model.

First, we use Eq. (S3) to rewrite the diffusive term in Eq. (1) at steady state as

d?cy(z)
Dy | ———
{ dx?

vp(x) — cp(2)

d2vp(x):| _ dJi() ($13)

dz? de '’

we then integrate Eq. (1) at steady state with respect to z between z = 0 and = = ¢, and we obtain

4
Je(0) + /0 dx |: — kgncr (x)z Z P () +k<1)3ffz Z M P, (T) = kignCe (:C)Z Z P (@) Jrkgffz Z 1 pm,n(z) (S14)
+8Y D (m+n) pm,n(w)] =0,

where we used Eq. (S13) and the no-flux boundary condition at the cell pole, Ji(¢) = 0, enforced in Eq. (1). We

now consider Eq. (2) at steady state. We rewrite the diffusion term as D& {@md’i;@varn(m) - pm’n(m)dl’%m’b(z)},



multiply both sides by m, sum with respect to m and n, and integrate with respect to x. We obtain

¢ mmdx Mmax
0 = / dx Z |: — :l{i(E;nCF Z m Pm, n kOBff Z m2 Pm.,n (33)
m=1

0 -

Mmax Mmax — 1 Mmax
+ kOBnCF Z mpPm—1, n )+ k Z m(m +1) Pm+1,n(55) - Z mpm,n(x)]
m=0 m=0
mmax -1 Mmax Mmax
= / dxz {k cr(x Z Pmon(T) — kg Z mpmn(T) — B Z mpm,n(z)]7 (S15)
m=0 m=1 m=0

where we wrote explicitly the summation bound in terms of muax, and we obtained the third line by changing
summation variables in the first and second terms in the second line. Multiplying Eq. (2) by n, summing with respect
to m and n, integrating with respect to x and proceeding along the same lines, we obtain

nxnax Mmax Mmax :|

L
/0 dr Y {k Z (@) = k3 > 1 pma(@) = B> 1 pmalx)
m n=1 n=0

Combining Eqgs. (S14), (S15), and (S16), we obtain Jx(0) = 0, i.e. there is no F-ribosome flux at midcell.

(S16)

S6 Rapid equilibrium for transiently bound ribosomes

In this section, we consider the reaction-diffusion processes of ribosomes and mRNAs in the limit that transient
ribosome binding and unbinding is significantly faster than all other relevant processes. As a result, the statistics of
B ribosomes can be described entirely as a local Poisson process, without the need for a separate kinetic equation
for each mRNA species with a different number of B ribosomes. This substantially simplifies the reaction-diffusion
equations, with a major impact on computational tractability.

Let us consider Eq. (2), the reaction-diffusion equation for mRNAs from the main text, at steady state:

d*pmn () e C))

D|Eomal®) (@)~ () Domn®)
- k?nCF(x)pm,n( ) — kg oft M Pm.n(T) — konCe (T) pmn (%) — kog 1 pmn (T)
+k(])3ncl-‘(x)pm—l,n<x) + k?ﬂ(m + 1) pm-‘rl}n(x) + kgncF(x)pm,n—l(x) + kgﬂ (n + 1) pm,n-‘rl(x)
)

+0m,00n0 @(z) = B pmn(z) = 0. (S17)

k?H are both large, we set

k2 = \EB kB, = NKD;, (S18)

on’

In the rapid-equilibrium limit, where k5,

where A > 1 and k2, k2, are of order unity. We now consider Eq. (2) to leading order in A, and we have

k?ff(m + 1)pm+1,n( ) koncF( )Pm,n(x) =0, 0<m < Mpmax — 1, (819)

on’

which implies

Pmn(T) = 1 <k<l>3ncF($)

! B
m! ko

) P0n(@) = Prun(a). (520)

Equation (S20) implies that the distribution of B ribosomes at position z is Poissonian: this is a direct consequence
of the rapid-equilibrium limit, where at any position x binding and unbinding of B ribosomes dominates over all other
processes, such as binding-unbinding of T ribosomes and diffusion.

Now, we sum Eq. (S17) with respect to m = 0,..., Mmax, and we obtain the following conservation equation for
the density of mRNAs at position x

(| d [dpmn()
D— | — 7
Z { dz { dz

AV ()

] @)~ K (o)

Um+n (1') - Pm,n(fc)

m=0

Mmax

R (10 + K (04 1) (@) | + G (o) = 5 > pun(e) = 0. (2



Equations (S20) and (S21) to leading order in A imply the following equation involving only pg »:

S dJm n
Z |:_ d)z(x) + Win,n () | + 6no(z) = 0, (522)
m=0
where we simplified the notation introducing the local flux of mRNAs of species m, n
dpmn () g (2)
=_p (2’ - —_— 2
Jm,n(-r) ( dl‘ 'Uern(x) pm,n(m) dl‘ 9 (S 3)

and defining
Win,n (1) = —kgnCe (2) Pm.n () = kg 1 P () + kguCe (2)Pmn-1(2) + ko (0 +1) Prnt1(2) = Bomn(z).  (S24)
Using Egs. (S12), (S20), and (S23), and setting
P () = pon(z), (S25)

we compute explicitly the first term in Eq. (S22) for large mpmax:

> dJmn(x
3 (z)

) dx
D 3 (2 0) = prn ()2
D mi: { lnlz' " (W)m Zﬁ dci}fcx) )+ <k§i§ﬁ(m)>m dpgggx) ] v () o ()] "
s (B ) (5 o+ 22 } _
DZ;{ exp (’gkﬁ@m) foe ()" [ ,’jﬂ pulayinte) (L2, 0) - o0 242
#2000 a0 5 (o) d“;ff)] } (s26)

The sums with respect to m in the second line of Eq. (S26) are all of the form ) ~_,u™/m!, and we calculated
them explicitly with a change of summation variables in some terms. The sum of wy, ,, in Eq. (S22) can be computed
along the same lines as in Eq. (526). We substitute Eq. (S26) in Eq. (S22), and we obtain the final set of npay + 1
reaction-diffusion equations for p,:

- Cr\T B Cp(X Up (2 (T
Dd{eXp <k0n()vp(x)> [vF(x)]“[k‘m pu()n (@) (d ) (@) — o) 2 )) TLILNG

dz kB; kB,

Vr (T V(T B cp(T
0 g 0o r) = 2 }+exp (’“”) (ke (2)pn () — kg . (2)

HhignCe (2) pn—1(%) + Fogg (n + 1) prs1 () = Bpn(2)] + I 0ax(z) = 0.(827)

Next, we derive the rapid-equilibrium equation for the concentration of F ribosomes starting from the reaction-
diffusion equation (1) in the main text. To achieve this, we introduce the subleading correction to py, ., setting

P () = Do)+ D). (528)
We then substitute Eq. (S28) into Eq. (S17), and we obtain:
K+ D)t 1.0(2) — KE,o (@) pmn (@) =
KB+ 1) [0 11.0(0) + 80100 = Ka6(2) | ) + 5 Apmn(2)] =

ki (m 4+ 1) Apns10(x) — Koy ce (2) Apyn () (529)



where in the third line we observed that the terms of order A cancel out because of Eq. (S20). Importantly, Eq. (S29)
implies that the term in the first line, which represents the current between mRNA species (m,n) and (m+ 1,n), can
be expressed in terms of the combination of subleading corrections to p,, , in the last line.

Using Eqgs. (523), (S24), (S29) in Eq. (S17), we obtain the following set of equations

[k?HmApmm( ) — koncF( )Apm—l,n(x)]*[kz?ff(m+1)Apm+l,n( ) — koncF( )Apm,n(x)] =
_dJm,n(:r)

A + wmyn(x) + 5m705n,0a(x). (SSO)

Exploiting the recursive structure of Egs. (S30) [12], we solve them iteratively for the quantities k2pm Ap,, ,(z) —
kB co(2)App—1.,(x), and we obtain

A e (T
RNt () — KA (0) A () = — e ) (s31)
Ao —1,m
k(])?)ff(mmax - 1)Apmmax71,n(x) - kc}?ncF(m)Apmmaxfln(x) = _% + Wmmaxfl,n(x)
Add e (T)

—— Y+ wmmax ;M ('T) ’

& A, (z
k?ﬁm Apm,n(z) — k(]?nCF(x)Apm—l,n(x) = |:_p()

p=m

B B £ dJP:

koHApl,n(x)_konCF(I)Apofﬂ(m) = Z —&—wpm(q:) : (832)
p=1

Now, let us compute the RHS of Eq. (1) to leading order in A\. The second and third term on the RHS read

Mmax —1 Mmax Mmax Nmax Nmax Mmax
—k?ncF(x) Z Z P () +kc}>3ff Z Z m P (r) = Z Z —konce () Apm—1,n() + kogm Apm, ()]
m=0 n=0 m=1 n=0 n=0 m=1

Tmax Mmax Mmax dJ 7'n,(x)
n=0 ’mzz:l p=m |:_pd.1? +wp>”(m):|

I + wmn(z)] , (S33)

n=0 m=1

where in the first line we used Eq. (S29), in the second line we used Eqs. (S31), ..., (S32), and in the last line we
rewrote the double sum over m, p as a single sum over m by using the identity

Mmax Mmax Mmax

Z Z ap = Z m A, (S34)

m=1 p=m

which is valid for any sequence a,,. The first term in the last line of Eq. (S33) can be computed for large mpax along



the lines of Eq. (S26):

Mmax Mmax dJm)n(:L') _
D> m =

n=0 m=1
d &= & 1 5 (kB ee(n) ml kB dep(x) 1 EB co(z)\" dpn(z) e
D 22 { [m!m ( KB, AR P TR S o | @b @)

n=0 m=1
oncie (@) " YUnl? _dvg(x
o (fkaHU) pu() (d ) ()] 4 i)+ ) ()] lddfc)) } _

Mmax B ez B cp(x B ce(
*D% 7;) {exp <kon()vp($)> [vg (z)]" [ (1 + kon()’up(@) Fon di )pn(:c)vR(x)vF(m)

ko ko ko
 BBce(w) dpna)

kgff dxr

B eo(z B coo(z vp (2 B co(z e (T
ot @) (14 B, 1)) (o) 25 - B Dy, i 2 >] } (535)

v (2)vp(x)

kois kot
The second term in the last line of Eq. (S33) reads

Mmax Mmax Mmax Mmax

YD mwna(@) ==Y Y mpmale), (S36)

n=0 m=1 n=0 m=1

where we exchanged the sums with respect to n, m, and we observed that the only term in wy, ,, that is nonzero when
summed with respect to m and n is the term proportional to 8, see Eqs. (S24). The remaining terms in the RHS of
Eq. (1) can be computed by using Egs. (S20) and (S25), by which we calculate the exponential sums with respect to
m. Using Egs. (1), (S33), (S35), and (S36), we obtain the final equation for the concentration of F ribosomes in the
rapid-equilibrium limit

2z 2op(x
P {d dxg Lin() = ena) dmg )}
d &% kB cn(z n kB co(x deg(x dvp(x
+D£ ngo {exp (m}{;gff( )vF(x)) [vs ()] (1 + k(])gﬂ‘( )UF(:U)> ( ds(c >vF(x) — cp() da(: )>
kon konCr () (dpp() dve (x) kgnCe (2) dv ()
(o) + S (B (0) — ) P ) ) — 22 e o 2 H

k(])gncp z . Nmax—1 . Mmax Nmax
e (R2500) (—koncF<x> S pula) + R Do mpn(e) +5 Y npno:)) = 0, ($37)
o n=0 n=1 n=0

where the terms in the second and third line represent the diffusive flux of B ribosomes carried by diffusing mRNAs.

Let us now discuss the boundary conditions for the rapid-equilibrium equations: The boundary conditions for Eq.
(S27) are

d[vs () [ve (2)]"]

dpn(z "
Lot = ey L (538)
In Eq. (S37), the no-flux condition boundary condition at the right pole reads
ch(;L') dvp (I) .
[ I vp(z) — cp(2) i ||, 0. (S39)

while the constraint on total ribosome number can be written as

4 OO0  Mmax
2 [ e [cm) 3 mt n)pm,m)]

m=0 n=0

- 2/012 dx [CF($) + exp (l"%;“];];:@) ni (kgfi);ﬂ(x) + n> pn(x)] , (S40)

n=0

Ntot



where in the second line we summed with respect to m by using Eqgs. (S20) and (S25).

Overall, the npyax + 2 reaction-diffusion equations (S27), (S37) and their boundary conditions (S38), (S39), (S40)
completely characterize the solution p,(z), cx(z). Using Egs. (S20) and (S25), we obtain from p,(z) and cg(z) the full
set of mMRNA concentrations py, »(z) for any m and 0 < n < npyax as well as all other physical quantities of interest,
such as the total mRNA concentration

Prot(x) = Z Z Pm.n(T)

= oo (B2 35 0, (s41)

the concentrations of T and B ribosomes

er(z)

[
]
[;
3
s
3
3
&

kB cp(x Sy
= exp ( pae ) Z n pn(x (S42)
off

OO Mmax

CB(z) = Z Z mpm,n(x)

m=0 n=0

_ kg}:oég(x) exp (k kcoéff ) "i ol (S43)
the total mRNA flux
Juma(2) = iz Tmin(2)
— _Dexp (’CBr;;%(JJ‘) UF(x)> 2‘[%@)}“ ll]::BB:fpn(m)vR(x) (dcjlf)vp(x) — co(x) dv;ix))
D 0) = )T pna)one) d”;f)] , (544
and the fluxes of T and B ribosomes
o) = mf; Z -
_ _Dexp (’fégﬁ(%p(x)) annwx)] l ZEH (@) () (dc;iw) oe () — cF(x)du:b(ga:)>
2 ) < pa0) 5 o) d”;ff)] , (549

OO Mmax

Z Z M I n ()

m=0 n=0

~ Dexp (’WUF@)> nix[%(m)}” [ (1 n mw(x)) <dcgff)w(x) 7 cF(z)dng(f)>

B B
koﬁ n=0 kof‘f

Js ()

B B co(x n (T Un B (1 ve (2
:;;pn(m)vR,(x) | Ker(a) (dpdi ) e (@) — pu() 222 d](; )>UF(SC)—kOII()pn(:U)’UR($)TL ddq(j)]. ($46)

B B
koff koﬁ

The solution of the rapid-equilibrium equations allows for computing another important quantity, the ribosome
efficiency, which we define as the average number of proteins translated per unit time per ribosome. We thus estimate
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FIG. S2: Comparison of mRNA species inside versus outside the nucleoid. (A) Heat map of the number of mRNAs of species

m, n inside the nucleoid Nri,‘}," = (f /2 Pm,n(x) in the right half of the cell as a function of the numbers m, n of transiently

bound and translating ribosomes, respectively. (B) Same plot as in the left panel for the number of mRNAs outside the nucleoid
N’fonlf’tn = f;/2 pm,"(x)

the total rate of protein production per cell in our model as the total rate at which T ribosomes fall of mRNAs after
completing translation, i.e.

OO Mmax

¢
Y= Qk(fﬁz Z n/ dzppm n(x)
0

m=0 n=1

MNmax ¥4 B
= 21{:532 n /0 dx exp <k°’}€cé(m)> pn (), (S47)
n=1

off

and we define the ribosome efficiency as € = ¥/Niot.

S7 mRNA species inside versus outside the nucleoid

In Fig. 52 we show the distribution of mRNA species in the nucleoid region and in the polar region as heat maps
for the numbers N Nﬁl‘ft of mRNAs of species m, n for 0 <z < ¢/2 and 1/2 < x < ¢, respectively.

m,n’ n

S8 Estimate of ribosome flux

In this section we present an analytical estimate of the flux of mRNA-bound ribosomes flowing from the nucleoid
region toward one cell pole. The ribosome flux can be estimated by assuming that every newly synthesized mRNA
migrates from the nucleoid to the pole, and carries an average load of ribosomes, yielding an estimated ribosome flux

Jest — ot No 4 Ny

T+B 9

) S48
NmrNA (548)

where aio; = 2 foz dxa(z) ~ 17/s is the total mRNA transcription rate in the nucleoid region, and the second factor is
the average number of ribosomes carried by each mRNA, with N, = 4.8 x 10*, Ny = 1.1 x 10*, Nyrna = 5 x 103.
Equation (S48) predicts a flow of J&, ~ 100/s, in rough agreement with our numerical result Jo 5 = Jr + J5 ~ 30/s
for the flux of T and B ribosomes at the nucleoid edge shown in Fig. 4. The factor of ~ 3 discrepancy is not due
to our estimate of the mRNA flux J&Skya = atot/2 ~ 8.5/s, which agrees reasonably well with the numerical result
JmRNA ~ 7/s at the edge of the nucleoid. Rather, the difference is due to the fact that mRNAs with fewer ribosomes

diffuse faster due to the strong dependence of the available volume factor vy, , on m + n, which means that most of
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FIG. S3: Fluxes of translating (T), transiently bound (B) and free (F) ribosomes along the cell’s long axis: The arrow length is
proportional to local ribosome flux, and the arrows in the legend correspond to a flux of 20/s. The fluxes are shown for different
values of mRNA degradation rate 3, where 8 and the total mRNA production rate aiot are varied together, keeping the total
mRNA number constant.

the diffusive flux of mRNAs is due to polysomes with a number of ribosomes substantially smaller than average. Thus
our use of the average ribosome loading (Ny + N)/Nmrna in Eq. (S48) substantially overestimates the ribosome flux
carried by mRNAs. However, the estimate J&%, in Eq. (S48) does correctly capture the full numerical result that
the ribosome flux is proportional to the total mRNA production rate ayq, see Fig. S3. This proportionality leads us
to conclude that ribosome circulation is driven by the flux of new mRNAs from the nucleoid to the poles, and not
by binding of mature mRNAs and F ribosomes in the nucleoid with subsequent expulsion from the nucleoid due to

excluded-volume effects as discussed in the main text.

S9 Model including nucleoid-bound mRNAs

In this section, we extend our model to include the fact that mRNAs remain bound to the nucleoid while being
transcribed. We introduce an additional set of nucleoid-bound mRNA species with m B ribosomes and n T ribosomes,
whose densities we denote by p;,, ,,(7,t). The reaction-diffusion equations for the nucleoid-bound mRNA densities are

op* (x,t
O0nlB 0 k8 )5 1) = K (0.1) — o @, 0)p5 0 (0.8) = K 1 .
R0 010 0)% K (1) () Ko 0001020+ K (14 1) 0.

+0m,0 0n,0 () = B Py n (2, 8) = iy (2, 1). (549)

Since the mRNA species py, ,, are bound to the nucleoid, there is no diffusion term. The terms in the first and second
lines on the RHS correspond to ribosome binding and unbinding as in Eq. (2). The first term in the last line represents
mRNA transcription, the second term co-transcriptional degradation [13], while the last term represents unbinding of
an mRNA from the nucleoid at rate . The dynamics of free mRNA species, i.e. mRNAs that are not bound to the
nucleoid, is still described by Eq. (2), where the mRNA-transcription term in the last line is replaced by the source
term v pj, ,(7), which represents a nucleoid-bound mRNA becoming a free mRNA:

Opm,n(z,t) _ D 02 pmn(z,t) AV i (T)
ot Ox? dz?
- kc]?ncF(xa t)pmon(z,t) — k(]?ff M P (T, 1) = KonCe(T,8) pinn (T,1) = kg 1 pmon (7, 1)
+ kc]?nCF(x’ t)pm—1,n(z,1) + kc]?ff (m+1) pms1,n(,t) + konce(@, 1) pmn—1(z,t) + koTH (n+1) prn1 (2, t)
+y p;kn,n(g:? t) - Pm,n (z,1). (S50)

We take the unbinding rate of nucleoid-bound mRNAs to be v = 1/min, i.e. the inverse of the average time for mRNA
transcription, compare section II. Finally, the dynamics of F ribosomes is described by the analog of Eq. (1):

Vg () — Pm,n(xa t)
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Jep(x,t) &cp(z,t) d*vp ()
e = D [T ) e g

Mmax —1 Nmax Mmax Mmax

k wer(z,t) Z Z pmn x,t) +pmn T, t +k Z Z [pm,n(x,t)—l—p;%n(%t)]

m=1 n=0

Mmax nmax71 Mmax Mmax
—kgncr(2,1) Z Z [pmn (2, 1) + p:n,n($7 )] + kog Z Z n[pmn(z,t) + p:n,n(xa t)]
m=0 n=0 m=0 n=1

Mmax Mmax

+8 ) Y (mAn)pma(@,t) + p (1), (S51)

m=0 n=0

We now consider the steady state of the equations above for pp, n, pj, , and ¢y, and we assume that B ribosomes
are in rapid equilibrium with F ribosomes. Proceeding along the lines of section S6, in the rapid-equilibrium limit we
have

B CplX "

(o) = (225 o), (552)
B Cpl\T "

@) = o (225 o), (553)

where p,,(z) = pon(x), and pj,(z) = p (7). In the rapid-equilibrium limit, the densities p,(x) satisfy the following
reaction-diffusion equation

B Cp(T B Cr\T Vel
Dch{ exp (BB, )Y o lk e (S =) %) o0

KB
off
dpgllx@) on(®) = pn(2) dv;ix)  pn(7)0n(7) vptx) dvc?:z(:x)] }

+ <kc])3nCF(z)> *kT 7]{1" kT kT 1 o * -0
e [—Konce (2)pn(x) — Kog 12 pn () + KonCr (%) pn—1(2) + ko (0 +1) py1(2) = Bpn (@) +ypp(2)] = 0,

while p? () satisfies the following equation involving only reaction terms

kEnCF(IL’) _1.T * _1.T * T * T * o *
€Xp [ koncF(I)pn(x) off Tlpn(l') + koncF(I)pn—l(z) + koff (n + 1) Pn+1($) (B + V)pn(x)] (855)

ot
+a(z) =0
Finally, the rapid-equilibrium reaction-diffusion equation for ¢g(x) reads
d%cq ()
Dy { In2 ve(x) — de } (S56)

o kB cx(x) n kB cn(x) dep(x) dvF
+D Z {e p( o F(x)) [ve(2)] (1 + WUF(CE) W”F(x) dx
kB kB ce(x) (dpn(z) dug () kB ce(z) dvF

Bpulele) + 22 () 0) — ) 2 ) ) = B2 o

k(])gncF (x) - TMmax—1 Mmax
exXp kB - koncF(x) Z [pn(x) + pn + koff Z + pn( )]
off n=0

Mmax

+5Z nlpn(z) + pj(x )]} = 0.

For both free and nucleoid-bound mRNAs, we enforce no-flux boundary conditions at the cell pole and at the cell



13

center
R =0 (557)
O e (558)
x=0,0

For ribosome concentrations, we impose the no-flux boundary condition at the cell pole, Eq. (S39), and a constraint
on the total number of ribosomes

Y 00 Mmax
Niot = 2/0 dx {cF(w) + Z Z (m +n)[pmn(z) + p;’n(m)]}

m=0 n=0
= 2/06 dx {CF(:E) + exp (W) ?i? </€3,3r}:)BFH($) + n) [pn(z) + p;(x)]} . (S59)

Finally, the ribosome efficiency reads

OC Mmax

¥/
25533 7w / 02 () + ()]

m=0 n=1

by

k? cr(7)

2k§ﬁ§ o drexp (kﬂ) (@) + (@) (S60)

We solved numerically Eqgs. (S54), (S55), and (S56) for p,, pi and cp, by fixing the maximal number of allowed T
ribosomes per mRNA at ny.x = 24. The resulting mRNA profiles and ribosome concentrations are shown in Figs. S4
and S5, respectively. The results confirm the qualitative behavior of the model with only free mRNAs, see Figs. 3 and
4. The plots of pyot(z) and piyi(z) = S0 Somme pr () in Fig. S4 show that the large majority, i.e. ~ 83%, of
mRNAs are free, while the remaining ~ 17 % of mRNAs are bound to the nucleoid, where the latter fraction constitutes
also an estimate for the percentage of mRNAs that are degraded co-transcriptionally [13]. Free mRNAs are strongly
segregated from the nucleoid, while nucleoid-bound mRNAs, are by construction localized in the nucleoid region. For
free mRNAs, the larger m, n, the stronger the segregation away from the nucleoid, and the overall free polysome
distribution is still peaked around ~ 10 T ribosomes and ~2 B ribosomes per mRNA as in Fig. 3. For nucleoid-bound
mRNAs; the vast majority of mRNAs have low m, n, with the distribution peaked at m ~ 1 and n ~ 3 — 4, reflecting
the somewhat lower concentration of F ribosomes in the nucleoid (Fig. S5) and, more importantly, the limited time
for T ribosomes to bind before the mRNAs become free. The localization pattern of these typical bound mRNAs
matches the profile of the nucleoid, i.e. the profile of mRNA production. By contrast, the spatial distributions of the
few bound mRNA species with large m,n are strongly peaked at the edge of the nucleoid, reflecting the higher density
of free ribosomes outside versus inside the nucleoid.

Figure S5 shows the steady-state concentrations, ¢y (z) and c¢g(z), of T and B ribosomes loaded on free mRNAs,
given by Egs. (S42) and (S43), the concentration of F ribosomes cp(z), as well as the fluxes J.(z), Js(z) given by Eqs.
(S45), (S46), and Jgx(z). The figure also shows the concentrations of T and B ribosomes loaded on nucleoid-bound
mRNAs, ci(z) =Y S npk, o (2) and ¢ (x) = Yo SO mp, . (@), respectively. While T and B ribosomes
loaded on free mRNAs are strongly excluded from the nucleoid, F ribosomes can penetrate the nucleoid region. In
addition, the concentration profiles above provide an estimate of the fractions of ribosomes in the nucleoid region that
translate mRNAs co-transcriptionally and post-transcriptionally. The number of ribosomes that translate co- and post-

transcriptionally is Ngo =2 0°_ S "™ n fOZ/Q dzpy, () ~ 3.6 % 10% and Npost =23 g > ommax OZ/Z Az P n(x) ~

n=1

3.9 x 103, respectively, while the total number of ribosomes in the nucleoid region Nj, ~ 1.1 x 10* can be obtained
by replacing ¢ with £/2 in the expression (S59) for the total number of ribosomes in the cell. Thus, N¢,/Nin ~ 34 %
of ribosomes carry out co-transcriptional translation in the DNA-rich region, while a fraction of Npest/Nin ~ 37 %
translates post-transcriptionally. As shown in Fig. S4A, the larger the loading number of a free mRNA, the stronger
its nucleoid segregation: it follows that such post-transcriptional translation in the nucleoid occurs mostly on free
mRNAs loaded with a relatively small number of ribosomes, which could be either newly transcribed mRNAs that
did not have time to diffuse out of the nucleoid, or old mRNAs with small loading number which penetrated into the
nucleoid. Figure S5 also shows that there is a net poleward flux of T and B ribosomes loaded on free mRNAs and a
net flux of F ribosomes toward the cell center, in agreement with the model with only free mRNAs. Finally, T and B
ribosomes loaded on nucleoid-bound mRNAs are localized approximately uniformly throughout the nucleoid region.
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FIG. S4: Steady-state mRNA and polysome distributions for the extended model including both free and nucleoid-bound
mRNAs, where we fixed the maximal number of allowed translating (T) ribosomes per mRNA at n < nmax = 24, and we show
mRNA species with m < 8 transiently bound (B) ribosomes. (A) mRNA and polysome distribution for free mRNAs. Total
mRNA density ptot () (red) and density pm,n(x) of mRNAs with m B ribosomes and n T ribosomes (gray). The density po,o(x)
of ribosome-free mRNAs (green) and the density ps24(x) of mRNAs with the largest number of B, T ribosomes considered
(blue) are also shown. The profiles pp (), po,o(z), and ps24(x) are normalized to unit area. Inset: distribution of mRNA
species, shown as a heat map of the number N, , = foe dzpm,n(z) of mRNAs with m B ribosomes and n T ribosomes in the
right half of the cell. The maximal number of allowed T ribosomes per mRNA, nmax = 24, is also marked. (B) Same as panel

A for nucleoid-bound mRNAs, with N, ,, = fol dzpp, n(T) .
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FIG. S5: Steady-state ribosome concentrations and ribosome fluxes for the extended model including both free and nucleoid-
bound mRNAs. (A) Concentrations and fluxes for translating (T) and transiently bound (B) ribosomes loaded on free mRNAs,
and for free (F) ribosomes. On the top, we show the concentrations cr(z), cg(z), and cr(x) of T, B, and F ribosomes, for
the right half of the cell. Bottom: Fluxes of T, B, and F ribosomes along the cell’s long axis depicted in the top panel,
where the arrow length is proportional to local ribosome flux, and the arrows in the legends correspond to a flux of 30/s. (B)
Concentrations ct.(x), ci(x) of T and B ribosomes loaded on nucleoid-bound mRNAs.

We next make use of the model with nucleoid-bound mRNAs to study the contribution of co-transcriptional trans-
lation to ribosome efficiency. To do so, we remove co-transcriptional translation by fiat in our model by eliminating
binding of T ribosomes to nucleoid-bound mRNAs, but still allowing rapid-equilibrium binding and unbinding of B
ribosomes to these mRNAs. First, without co-transcriptional translation the first four terms on the left-hand side
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(LHS) of Eq. (S55) vanish: as a result, one has

B
exp () 51 @) = B 0a)/ (94 9). (s61)
off

Substituting this in the reaction-diffusion equation (S54) for p,(z), we recover the intuitive result that the reaction-
diffusion equations and boundary conditions for the two mRNA species with no co-transcriptional translation are
equivalent to those for free mRNAs only, Eq. (S27), with a reduced rate of mRNA production, a(z) — a(z)v/(8+7),
accounting for the decay of some mRNAs before transcription is complete. Second, in the absence of co-transcriptional
translation the terms proportional to p* in the reaction-diffusion equation (S56) vanish, and the reaction-diffusion
equation for ¢ also reduces to Eq. (S37) for the model with free mRNAs only. Finally, let us consider the boundary
conditions of Eq. (S56) in the absence of co-transcriptional translation: While the no-flux condition at the cell pole,
Eq. (S39), still holds, the constraint (S59) on the total number of ribosomes should be modified to take account of
the fact that there are no T ribosomes on nucleoid-bound mRNAs:

mOnO

4 B Mmax B B Mmax
k k k kB
2/ dx{CF(xHeXp <I<:CB(Z)> 2 (kCB(x)”) p"(x)+cﬁwexp( kcé > Z }
0 off off off off

Ntot =

n=0 —
_ ¢ kc]?n OZ({I?) kc]?nCF(x) o k(})?)nCF(ir)
=2 [ foto (10 ) o (B52) 3 (B2 )] o

where in the second line we used Egs. (S52) and (S53), and in the third line we substituted Eq. (S61). The constraint
(S62) for the total ribosome number and its analog (S40) for the model with no nucleoid-bound mRNAs differ by the
term proportional to a(x): intuitively, this term represents the total number of B ribosomes carried by mRNAs that
are being transcribed in the nucleoid.

We will now estimate the ribosome efficiency, thus quantifying the change in efficiency due to the loss of co-
transcriptional translation. Without co-transcriptional translation, ribosomes are not allowed to translate nucleoid-
bound mRNAs, thus the expression for the total rate of protein production ¥ is given by Eq. (547), and the ribosome
efficiency is given by € = /Nt = 1.88 x 1072 /s, which is ~3% smaller than the efficiency ¢ = 1.94 x 1072/s in the
case with co-transcriptional translation. This loss of efficiency is mostly due to the fact that nucleoid-bound mRNAs
carry B ribosomes: indeed, compared to the case with co-transcriptional translation, this additional fraction of B
ribosomes implies a reduced pool of F ribosomes, thus decreasing the F — T rate, and consequently the ribosome
efficiency.

S10 Model including 30S and 50S ribosomal subunits

In this section, we extend our model to include the fact that each bacterial ribosome is composed of a 30S and a 50S
subunit. In section S10 A we introduce the reaction-diffusion equations for the two-subunit model, whose parameters
will be discussed in section S10B. In section S10 C we discuss the rapid-equilibrium approximation for B 30S and 50S
subunits, and in section S10D we present the numerical solution of the resulting reaction-diffusion equations.

A. Reaction-diffusion equations

The reaction-diffusion equations for the mRNA densities are
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In both Egs. (S63) and (S64), the terms in the first line represent mRNA diffusion, where v {yqn, v] ,, ., are
the available-volume profiles for mRNAs without or with a 30S subunit occupying the translation-initiation site,
respectively. The second, third, fourth, and fifth line represent binding and unbinding of 30S and 50S subunits at
rates k‘ggs, k3OS and krsos, k5OS respectively, compare Eq. (2). The terms in the sixth line represent unbinding of
70S pairs [14] at rate k7OS The first two terms in the seventh line represent a 30S subunit binding and unbinding
the mRNA translation- 1n1t1ation site at rates k305, k(/)?fos respectively, while the third term represents a 50S subunit
binding to the 30S subunit on the initiation site at rate &2 and forming a T 70S pair. Finally, the terms in the last
line of Eq. (S63) represent mRNA transcription and degradation, and the term in the last line of Eq. (S64) represents
mRNA degradation. The reaction-diffusion equation for the concentration of free 30S subunits reads

Vg (l‘) — Cs30s F(x7 t)

ot - 0x2 dx?

Imax—1 Mmax Mmax Imax Mmax Mmax

7k§rolsc3OSF(x t Z pi, m,n $ t + pl ,m, n(x t)] + kg?fs l [pl7m7n(x’ t) + p;,m,n(xﬂ t)]
=0 m=0 n=0 =1 m=0 n=0
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x Mmax

Mma m
D> nlat)
m=0

n=0
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ko ease (@) 3 Y D (@) TS Y
=0 m=0 n=0 =0
Imax Mmax Mmax
B D A+ 1) prmm (@, t) + (4 n+1)p] ()] (S65)
=0 m=0 n=0

In Eq. (S65), only mRNA species with allowed values of 0 < I < lpax, 0 < m < Mpax, and 0 < n < nypax are
considered. The terms in the second line represent 30S subunits transiently binding and unbinding mRNAs, compare
Eq. (1). The third line represents unbinding of a 30S subunit coming from a 70S pair, while the two terms in
the fourth line represent a 30S subunit binding and unbinding the initiation site, respectively. Finally, the last line
represent 30S subunits being freed from mRNA molecules as these are degraded. The reaction-diffusion equation for
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the concentration of free 50S subunits reads

Ocsos F(xa t)

ot
&% x,t) d?ve(z
Dy |: 52;;2 Up(T) — Csosr (T, 1) d;g ):|
Imax Mmax—1 Nmax Imax Mmax Mmax
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The terms in the second line represent 50S subunits transiently binding and unbinding mRNAs. In the third line, the
first term represents unbinding of a 50S subunit coming from a 70S pair, and the second term represents a 50S subunit
binding the 30S subunit on the initiation site. Finally, the term in the fourth line represents 50S subunits being freed
from degraded mRNAs.

We consider Eqgs. (S63)-(S66) at steady state, and in Eqgs. (S63), (S64) we set a no-flux boundary condition at the
cell pole and at the cell center:

dpi,mn(x) dViymyn () _
)= ) = (67)
dp; m n(x) 7 12 dvl/+m+n (ﬂf)
T @)~ ) || =0 (568)
In Egs. (S65), (S66), we set no-flux boundary conditions at the cell pole
de. x dv (z
[30;;()%(33) — C0sr () ;g(c )] . = 0, (S69)
des T dvp (T
[(E;()vp(x) _CSUSF(x)cIEQI(c)} _ = 0, (S70)

and we enforce a constraint on the total number of 30S and 50S ribosomal subunits

¥/ max Mmax Mmax
2/ d:c{cgosp Y+ S [+ n)prmn(a )+(z+n+1)pgmw(x)]} = Nuos tot (S71)
0

=0 m=0 n=0

¢ Imax Mmax Nmax
2 [ d{ CEDID I MU ENE >+p;,m,n<x>]} — Nuwor (s72)
0

=0 m=0 n=0

B. Model parameters

The model parameters in Eqgs. (S63)-(S72) are fixed as follows: The diffusion coefficients D, Dy, the degradation
rate 8, and the ribosomal available volume vp(z) are taken to be the same as in the model with one ribosomal unit,
see section II. Assuming for simplicity a radius of 10nm for both the 30S and 50S subunits, the available volume
Ulpm—n () is given by Eq. (S12). It follows that the available volume for mRNAs with an additional 30S subunit at
the initiation site is vl’+m+n(m) = Vipmtnt1(z). We fixed N3pstor and Nsosiot from the total number of ribosomes
and from the 30S:508 stoichiometric ratio, which can be estimated as follows: First, every 30S or 50S subunit includes
one 16S or one 23S ribosomal RNA (rRNA), respectively. As a result, the 30S:50S ratio can be estimated from the
stoichiometry of 16S- and 23S-rRNA transcript abundances, which is found to be close to 1:1 [15]. Second, the 1:1
ratio above is generally supported by studies of the abundance of ribosomal proteins in the two subunits. Third, the
experimental observation that ~ 80% of 30S ribosomal subunits are engaged in translation [5], with similar results
for 50S subunits [16], implies that the great majority of ribosomes must come as pairs of 30S and 50S subunits, thus
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confirming a 30S:508 ratio close to 1:1. We thus assume a 1:1 ratio of 30S:50S subunits. Consequently, for a total
ribosome number of Ny = 6 x 10% [5], we obtain N3pstot = Ns0stot = Niot- The transient-binding rates kg’gs, kg’?fs,
k395, k298 will be assumed to be significantly faster than any other relevant time scale, and they will be treated in
the rapld equilibrium limit as in section S6. In section S10C, we will show that in this limit the reaction-diffusion
equations depend only on the ratio between the binding and the unbinding rates, which can be computed along the
lines of section II, providing the estimate k305 /k395 ~ k3os/k:§?fs ~ 5.4 x 1072 ym. The binding constant k.35 of 30S
subunits on the initiation site is estimated as follows: An in vitro kinetic analysis of the assembly of the 30S initiation
complex quantified the binding rate of 30S subunits to a single mRNA as k;p ¢;p, i.e. the rate is proportional to the
three-dimensional 30S concentration c,p, and to an associated rate constant k;,. The value of k,, was estimated from
the slope of the 30S-subunit binding rate as a function of the three-dimensional 30S concentration, and was found to
be kyp ~ 0.1 um3 /s [17]. The 30S binding rate in our one-dimensional model is then obtained by dividing ks, by the
area of the two-dimensional cell slice perpendicular to the cell axis: k'3% = k,, /(7 R?) = 0.13 um/s, where R = 0.5 ym
is the radius of a circular cell slice. The unbinding rate of 305 subunlts from the initiation site k/3° = 2/s is taken
from the same in vitro kinetic analysis [17]. The rate of unbinding of 70S pairs can be estimated along the same lines
as kX in the model for one ribosomal unit in section II, yielding ¥’} = kL;. Finally, the binding rate of 50S subunits
to 30S subunits on the initiation site can be obtained from the other parameters by imposing the conservation of the
total number of 30S and 50S subunits:

k7OSN7os leOSN wos v + k/SOS€p/ _ 07 (873)
k2 Neos — k2" Noosep” = 0, (S74)

where Nyos e, Nyosr, and N,os are the total number of F 30S and 508 subunits and 70S pairs, and p, p/ are the average
total axial densities of mRNAs without or with a 30S subunit on the initiation site, respectively. Equation (S73)
imposes the balance between the overall binding and unbinding rates of 30S subunits in the cell: The first term in the
LHS represents the total rate at which 30S subunits in a 70S pair unbind from mRNAs, while the second and the third
term are the total rates at which 30S subunits bind and unbind from the translation-initiation site, respectively. Note
that the rates of binding and unbinding of transiently bound 30S subunits do not appear in Eq. (S73) because the sum
of these rates is zero. Denoting by N;,er the number of 30S subunits bound to the translation-initiation site, in Eq.
(S73) we omitted the rate 5(Nyos + Nos) at which 70S subunits and 30S subunits bound to the translation-initiation
site are freed by mRNAs that are degraded, because this rate is significantly smaller than k735 N.s. Equation (S74)
represents the balance between the total binding and unbinding rates of 50S subunits. Similarly to Eq. (S73), we
omitted the term BN, < szofSNmS associated with mRNA decay. The rate ké)?los at which 50S subunits bind to
3OS subunits on the translation-initiation site is then determined as follows: We set Niosr = Niosr = = 2% Niot and

Nyos = 80 % Niot, [5, 16] we use the fact that the mRNA densities p and p’ are related by the constraint on the total
mRNA number 5+ p/ = Nyrna/(2£), and we solve Eqs. (S73) and (S74) for 5, p/, and k.2%S.

C. Rapid equilibrium for transiently bound 30S and 50S subunits

In this section we will derive the reaction-diffusion equations assuming that B 30S and 50S subunits are in rapid
equilibrium with their F' counterparts. We present only the main steps of the derivation, which follows along the lines
of the rapid-equilibrium approximation for the model with one ribosomal subunit discussed in section S6.

In the rapid-equilibrium limit, we set

K3 = NE3S, K3 = K3, (S75)
N N e L (S76)

where A > 1 and the boldface binding-unbinding rates are of order unity.

To leading order in A, we obtain

[k?)os(l + Dpis1,mn () — kggSCSOSF(m)Pl,m n(2)] = [kSOSlPl,m,n(x) - kggSCSOSF(x)Plfl,m,n(x)]
[k5os(m + 1)Pl,m+1,n($) - kggscsoSF(x)Pl,m,n( )] U‘;E)ff m pPim, n(T) — kggSCSOSF(x)Pl,m—l,n@)] = 0. (S77)

The four terms in the LHS of Eq. (S77) represent the mRNA current between species (I,m) and the four species
(I+1,m), I—1,m), (I,m+1) and (I, m — 1), thus implying that the sum of the four currents is zero. Note that this
condition does not necessarily imply that each current vanishes. Indeed, there could be solutions p; ., , («) involving net
nonequilibrium currents between pairs of mRNA species, that would still satisfy the current-balance condition (S77).
However, if we assume that the 30S and 50S transient binding and unbinding is a purely spontaneous, equilibrium
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process that is not coupled to any external drive or energy source, all the individual currents between mRNA species
must vanish

kBOS(Z + Dpr1,mn(®) — kg’gSCSOSF(x)Pl,m,n(x) = 0, [ <lmax — 1, (S78)

kSOS(m + 1)pimt1n(z) — k(‘;’gscwsp(x)pl,m’n(:r) 0, m < Mpmax — 1. (S79)

Equations (S78) and (S79) can now be solved along the lines of Eq. (S19) for one ribosomal unit, and their solution
is analogous to Eq. (520), providing the following leading-order expression for pj m, »(2):

1 (ksOSC’SOSF('T))l (k5OSC%OSF(x))m
R R £0,0,n(%) = Prm,n(@). (S80)
Tml \ ™ k30 s

PLimn(T) =

Proceeding along the same lines, we obtain the leading-order expression for p;,mvn(ac):
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Next, we derive the reaction-diffusion equations for

pn('r) = p0,0,n(x) (SSQ)

and for
p{n(x) = pE),O,n (l‘) (883)

Proceeding along the lines of Egs. (521)-(S27), we introduce the local fluxes of mRNAs
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We sum Egs. (S63) and (S64) with respect to I = 0,...,lmax and m = 0,...,Mmpax, and we obtain the following
reaction-diffusion equations to leading order in A

l m
o = dJ m,n
Sy { l()+wl7m,n(x)] + 0p0a(z) = 0, (S88)
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Proceeding along the lines of Egs. (S26) and (S27), we rewrite Eq. (S88) as a reaction-diffusion equations for p, (x):
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Similarly, Eq. (S89) implies the following reaction-diffusion equations for p), (x):
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kms(n + 1)/’;1-1-1(73) + k:,iOSCBUSF(x)Pn( ) — k/?,os In( ) — %EOSCSOSF(@P;(Z‘) - BP;(QC)] = 0.

We now derive the rapid-equilibrium reaction-diffusion equation for the ribosome concentration csosy(z): We intro-
duce the subleading corrections to pjm,» and p;’m’n, setting

1
pl,m,n(‘r) = pl,m,n(x) + XApl,m,n(az)v (892)

1

We rewrite the steady-state reaction-diffusion equations (S63) for p; m »(z) as follows:
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where in the first two lines we collected all the terms involving fast processes related to B 30S and 50S subunits, and
in the last two lines we collected all the remaining terms describing slow processes, such as diffusion and unbinding of
70S pairs. Also, in the first line we used Eq. (S92), and we observed that the terms to leading order in A cancel out
because of Eq. (S80). To derive the reaction-diffusion for c;osr(2), we sum Eq. (S94) with respect tom =0, ..., Mpax,
and we obtain to leading order in A:

& 3OSZAP30S( ) — kggscsosF(if)AP?gsl,n(x)] - [kgos(l + 1)AP?-?-§ n(T) — kggscsosF( )APSOS( )=

Y[ ddmn
> {—l’ddgc(“"”) + Wi ()| 4 81,000 00(2), (S95)
m=0
where
o398z Z Apmnl (S96)

and the superscript ‘30S’ refers to the fact that Ap3os is the total subleading density of mRNAs with [ 30S subunits,
i.e. it results from a sum over all contributions of 508 subunits in the RHS of Eq. (S96). Intuitively, by summing Eq.
(S94) with respect to m, we averaged out the contribution of 50S subunits, thus obtaining the overall current between
mRNA species with [ 30S subunits and species with [ — 1 and [ + 1 30S subunits, compare the two terms in the LHS
of Eq. (895), respectively. Given that the contribution of 50S subunits has been averaged out, Eq. (S95) now has
the same form as Eq. (S30) for a single ribosomal unit, and it can thus be solved iteratively along the lines of Egs.
(S31)-(S32): the result is

kg’%slApi%S(x) - kggSC%SF(x) ?Osl n( Z Z |: p’m »(2) Fwpmn(@)], 1< < lpax (S97)
p=l m=0

Importantly, to derive the reaction-diffusion equation for c;,sr(x), it is not necessary to determine all the currents
between mRNA species (I, m) and species (I+1,m), (I —1,m), (I, m+1) and (I,m — 1) that appear in Eq. (S77): the
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average current in Eq. (S97) is all we need. Indeed, let us consider the second line of Eq. (S65): the terms involving
Plm.n can be rewritten in terms of the current in Eq. (S97) as follows:

Imax—1 Mmax Mmax Imax Mmax Mmax
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S 30 | @) -

Imax  Mmax Mmax
S 130 > | )] (599

where in the second line we used Eqgs. (S80) and (S92) and we observed that the terms of order A cancel out, in the
third line we used Eq. (S96), in the fourth line we used Eq. (S97), and in the fifth line we used the identity (S34).
Similarly, the terms in the second line of Eq. (S65) involving pj ,, ,, read:
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We now compute explicitly the RHS of Eqgs. (S98) and (S99) for large lmax, Mmax along the lines of Eqgs. (S35) and
(S36), we substitute the result in Eq. (S65), and we obtain the final reaction-diffusion equation for the concentration
of F 30S subunits
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In Eq. (S100), the terms in the second, third, and fourth lines represent the diffusive flux of B 30S subunits carried
by diffusing mRNAs with no 30S subunits on the initiation site, and the terms in the fifth, sixth and seventh lines
represent the diffusive flux of B 30S subunits carried by mRNAs with a 30S unit at the initiation site.
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The reaction-diffusion equation for the concentration of F 50S subunits can be obtained along the same lines as Eq.
(5100), and it reads

UF(x) - CsosF($>d;};gx):| (8101)
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The boundary conditions for Eqgs. (590), (S91), (S100) and (S101) are obtained from Eqgs. (S67)-(S72) and from
the leading-order expressions (S80) and (S81) for the mRNA densities. The boundary conditions for Egs. (S90) and
(S91) read

[df’;f”m(xnvp(x)}n—pn@s)W} L, oY (5102)
! (o v () [vp (2)]7 !
R e T | I (s109)

The no-flux boundary conditions for Egs. (S100) and (S101) are given by Eqgs. (S69) and (S70), while the constraints
(ST1), (S72) on the total number of 30S and 50S ribosomal subunits read

¢ 30S 508 Tmax 30S
k k k
2/ dm{cgosp(ﬁc) +eXp< onCs00 () 4 Jon cSOSF(m)) > [(0“ Coosr(7) +n> pn(T)
0

30S 50S 30S
k off koff koﬂ

n=0

308
+ (’“oncﬁm(@ +n+ 1> p;(w)} } = Nuostot, (5104)

k3OS
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¥4 30S 50S Tmax 508
koo T k2-Pc T k2Pc T
2/ dx{cms,F(fL') +exp< = k;%S:gF( ) + == k;%SsF( )> Z (m‘k;?)SSF() +n> [pn(a:) —l—p;(w)]} = Nsostot- (SlO5)
0 off off n=0 off

Overall, Egs. (569), (S70), (S90), (S91), (S100), (S101) and (S102)—(S105) characterize the steady-state behavior of
the reaction-diffusion model with two ribosomal subunits in the rapid-equilibrium limit. Compared to the model with
a single ribosomal subunit discussed in section II, this two-submit model provides a more realistic characterization of
the transcriptional-translational process, describing explicitly the assembly and disassembly of 70S pairs on mRNA
molecules. More realistic models describing the internal degrees of freedom of ribosomes and mRNAs could be obtained
with full molecular-dynamics simulations, rather than with reaction-diffusion equations for local concentrations. Even
if they are likely to be limited to a single ribosome and mRNA molecule, such molecular-dynamics simulations may be
useful for describing several interesting features of the transcriptional-translational machinery on a microscopic level,
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such as recycling of ribosomes which translate mRNA molecules forming loops, where initiation and termination sites
are in close proximity [18].

Proceeding along the lines of section S6, all physical quantities of interest can be expressed in terms of py,, p,, Csos s
Csosr Dy using Egs. (S80)-(S83). Some of these quantities are the total mRNA densities

oo OO  Mmax

ptot Z Z Z Pl,m, n (8106)

=0 m=0 n=0

oo OO Mmax

ptot Z Z Z pl ,m n (8107)

=0 m=0 n=0

the concentration of 70S subunits

o0 OO Mmax

Cros (T Z Z Z n[pi,m,n(T) + pl m, n( )IE (S108)

=0 m=0 n=0

the concentrations of B 30S and 50S subunits

o OO Mmax

CBUSB ZZ lelmn +pl’mn( )] (8109)

=0 m=0 n=0

oo OO  Mmax

csosB Z Z Z plmn +plmn( )] (Sl].O)

=0 m=0 n=0

and the concentration of 30S subunits bound to the translation-initiation site ¢}, (z) = pto.(z). Other quantities are
the fluxes of F 30S and 50S subunits, that we denote by Jyosr(2) and Jsosr(x), and that are obtained from Eq. (S3)
by replacing ¢y with c¢;0sr and csosr, respectively, the flux of 70S subunits

oo OO Mmax

Jros(2) = > Jimn (@) + T ()], (S111)
=0 m=0 n=0

the fluxes of B 30S and 50S subunits

oo OO Mmax

J3OSB Z Z Zl Jl mn +Jlmn( )] (8112)

=0 m=0 n=0

o0 OO Mmax

SOSB ZZ Z Jlmn +Jlmn< )] (Sll3)

=0 m=0 n=0

and the flux of 30S subunits bound to the translation-initiation site

o0 OO Mmax

=0 m=0 n=0

D. Results

We numerically solved Egs. (S90), (S91), (S100), and (S101) by fixing the maximal number of allowed translating
70S pairs per mRNA at ngna.x = 24, and the results are shown in Figs. 5, S18, and S7. In addition to the features
of these results discussed in section II, here we observe that the total mRNA distributions in Fig. S18 have a dip at
2 /€ ~ 0.4. This minimum is due to the fact that the total mRNA profile is the superposition of two peaks: One peak in
the nucleoid region due to mRNAs that are being transcribed and are nearly free of ribosomal subunits, and one peak
at the cell poles due to mRNAs loaded with multiple subunits, which are strongly excluded from the nucleoid. In Fig.
S18, there is an average number of ~ 14 subunits, i.e. 30S, 50S and 70S pairs, per mRNA, implying excluded-volume
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FIG. S6: Steady-state mRNA distributions for the model including 30S and 50S ribosomal subunits, where we fixed the maximal
number of allowed translating (T') 30S-50S (70S) pairs per mRNA at n < nmax = 24, and we show mRNA species with ! < 4 and
m < 4 transiently bound (B) 30S and 50S subunits, respectively. (A) mRNA profiles for mRNAs with no 30S subunit bound
to the translation-initiation site. Total mRNA density piot(z) (red) and density pim,n(x) of mRNAs with [ B 30S subunits,
m B 508 subunits, and n 70S pairs (gray), where we show only the curves with I, m and n even for greater clarity. The
density po,0,0(x) of ribosome-free mRNAs (green) and the density p4,4,24(x) of mRNAs with the largest number of B, T subunits

considered (blue) are also shown. The profiles p; m.n (), p0,0,0(z), and pa,4,24(z) are normalized to unit area. (B) Same as panel
A for mRNAs with a 30S subunit bound to the initiation site.
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FIG. S7: Polysome distributions for the model including 30S and 50S ribosomal subunits, where we fixed the maximal number
of allowed translating (T) 30S-50S (70S) pairs per mRNA at n < nmax = 24, and we show mRNA species with [ < 4 and m <4
transiently bound (B) 30S and 50S subunits, respectively. (A) distribution of mRNA species with no 30S subunit bound to the

translation-initiation site, shown as a heat map of the number Nj ., » = foe dzpi,mn(x) of mRNAs with [ B 30S subunits, m
B 50S subunits, and n T 70S pairs in the right half of the cell. The diameter of each dot is proportional to Ni ., where the

largest dot in the plot corresponds to Njm,n ~ 1. (B) Same as panel A for the number N, , = f(f dx ] m n(x) of mMRNAs with
a 30S subunit bound to the initiation site, where the largest dot in the plot corresponds to Ny, ,, ~ 20.

effects strong enough that the second peak shrinks toward the cell poles, thus leaving a dip between the cell center
and the poles—see also section S14.

We estimate the total translation rate in our model with two subunits as

oo OO Mmax

¢
IRV SIS / Az (D1 (2) + P ()] (5115)

=0 m=0 n=1

and the translation efficiency as ¢ = X/Nspst0t = 1.94 x 1072 /s, which is practically identical to the efficiency
€ = 1.94 x 1072 /s for the model with a single ribosomal unit discussed in section II.

We conclude this section by discussing how our results pertain to in vivo conditions. In this regard, we recall
that all the model parameters discussed in section S10 B have been estimated from in vivo observations, except the
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FIG. S8: Translation-rate increases 0¥ /9N30s tot and X /9 Nsos ot due to the addition of a 30S and a 50S subunit, respectively,

as functions of the unbinding rate k.3°° of 30S subunits from the translation-initiation site. The in vitro value of the unbinding
rate k/3%° = 2/s is marked on the top horizontal axis.

binding-unbinding rates of 30S subunits to the translation-initiation site, £/3%% and k/3°5, which have been estimated
in vitro [17]. First, we note that the higher concentration of solvated molecules present in vivo may significantly
affect the binding-unbinding rates: a relevant example is that of DNA-bound proteins, whose dimeric nature allows
for partial dissociation and thus enhanced exchange in the presence of competing proteins in solution [19-21]. It
is natural to hypothesize that the same mechanism might apply to 30S subunits bound to the translation-initiation
site, resulting in a significant increase in the unbinding rate k’3°S in vivo compared to the in vitro value k'3%S = 2/s
discussed in section S10B. Second, using the in vitro values of k305 and k35 and the solution of Eq. (S73), (S74),
we obtain that the fraction of mRNAs with a 30S subunit bound to the translation-initiation site is p’/(p+ p/) ~ 96 %,
i.e. the vast majority of mRNAs. It follows that the overall translation rate ¥ is mostly limited by the number of
50S subunits rather than by the number of 30S subunits. Indeed, let us consider the quantities 9¥/0Nspstot and
0% /ON50s tot, which represent the translation-rate increase due to the addition of a 30S or a 50S subunit, respectively.
These two translation-rate increases are shown in Fig. S8 as functions of the unbinding rate k/3%. For values of
the unbinding rate close to the in vitro value, we have 93 /0N3os ot <K 0%/IN50stot: in this case, there is a “waste”
of 30S subunits, i.e. the number of 30S subunits could be significantly reduced without significantly affecting the
translation rate. On the other hand, for larger values of k/3°5 > 103 /s, the two translation-rate increases are similar,
i.e. 9X/ON30st0t ~ 0% /ONs0st0t: in this case, the 30S and 50S subunits are co-rate limiting for translation, reflecting
an efficient allocation of cellular resources which is generally expected in vivo [22, 23|. Overall, these observations
provide an example of how our model can be used to relate microscopic parameters such as the binding and unbinding
rates of ribosomal subunits to macroscopic observables such as subunit stoichiometries and ultimately to functional
performance, namely the protein-translation rate.

S11 mRNA degradation by RN Ase enzymes

In this section, we incorporate in the two-subunit model above a more realistic description of mRNA degradation
based on the mechanism of mRNA decay suggested by in vivo studies in E. coli: mRNA degradation is triggered by
RNase enzymes, which target the 5" end of mRNA and compete with ribosomes to bind the transcript and degrade it
[13]. In addition, RNase enzymes have been suggested to localize to the cell membrane [24]: In our one-dimensional
reaction-diffusion model, such a distribution of RNase on the three-dimensional membrane will result in an effective,
one-dimensional distribution of RNase on the long cell axis. To obtain this distribution, we model the cell as a cylinder
with two hemispherical endcaps of radius R, we assume that RNase is uniformly distributed on the membrane, and
we introduce the angle 6 at the hemisphere center between a point on the hemisphere and the long cell axis, see
Fig. S9. Given an angle element dfl, we consider corresponding length element dz along the x axis. We consider
the amount of RNase along the 6 angle, which is proportional to Rdf, and we project it on the length element
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FIG. S9: Modeled distribution of RNase on the cell membrane, and its projection on the long cell axis. RNase is uniformly
distributed on the membrane, and it is represented as an orange layer. The angle element df describes an arc on the cell
membrane (gray) which is then projected on the z axis, where it corresponds to the length element dz (blue).
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FIG. S10: Steady-state mRNA distributions for the model with 30S and 50S ribosomal subunits and spatially dependent
mRNA decay, where we fixed the maximal number of allowed translating (T) 30S-50S (70S) pairs per mRNA at n < nmax = 24,
and we show mRNA species with | < 4 and m < 4 transiently bound (B) 30S and 50S subunits, respectively. (A) mRNA
profiles for mRNAs with no 30S subunit bound to the translation-initiation site. Total mRNA density piot(z) (red) and density
ot,m,n(x) of mMRNAs with [ B 30S subunits, m B 50S subunits, and n 70S pairs (gray),where we show only the curves with [,
m, and n even for greater clarity. The density po,0,0(x) of ribosome-free mRNAs (green) and the density pa4,24(z) of mRNAs
with the largest number of B, T subunits considered (blue) are also shown. The profiles p; m.n(2), po,0,0(z), and p4 a,24(z) are
normalized to unit area. (B) Same as panel A for mRNAs with a 30S subunit bound to the initiation site.

dz. As a result, in the hemispherical region £ — R < z < £ we obtain an effective, one-dimensional RNase density

: RdO __ _ w(Rsin®)? _ ¢—g l—z\ - . .
proportional to L% = 1/,/5(z), where o(z) = =g~ = Z£ (2 — £52) is the ratio between the cell cross section
in the hemispherical endcap and the cross section at midcell. In the central region 0 < x < ¢ — R, the effective RNase
density is constant, reflecting the uniform RNase distribution in the surrounding cylindrical cell membrane. The axial
RNase distribution above will result in an effective, space-dependent mRNA degradation rate S(x), which we will
assume to be proportional to the RNase profile:

B, 0<z</{—R,
B)={ B y_R<u<o, (S116)

where the constant 3, has been chosen so as to obtain an average mRNA decay rate (1/¢) foe dx 8(z) equal to the
uniform rate 3 = 3 x 1073 /s of the model discussed in section II.

In addition, we observe that the hemispherical shape of the cell endcaps results in a reduced cross section of the cell
perpendicular to the long cell axis, and thus in a smaller available volume for both ribosomes and mRNAs at the cell
poles. It follows that in the polar region the available volume will be reduced by an amount equal to o(x), and we set
vp(x) = vp(z)o(x) and vigmin () = Vigmpn(@)o(x).
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FIG. S11: Steady-state ribosomal-subunit concentrations and fluxes for the model with 30S and 50S ribosomal subunits and
spatially dependent mRNA decay. Top: Concentrations cros(), csoss(), Csosr(T), Chos(x) of 70S, transiently bound (B) 308,
free (F) 30S subunits, and of 30S subunits bound to the translation-initiation site, respectively. We also show the concentrations
csoss(2) and csosr () of B and F 50S subunits, respectively. Bottom: Fluxes Jros(2), Jaoss(z), Jsosr(x) of 70S, B and F 30S
subunits, and flux Jj,s(z) of 30S subunits bound to the translation-initiation site. The fluxes Jsos5 (%), Jsosw(z) of B and F
508 subunits are also shown. Fluxes are represented along the cell’s long axis depicted in the top panel, the arrow length is
proportional to local ribosome flux, and the arrows in the legends correspond to a flux of 30/s.

Finally, the hemispherical shape of the cell endcaps modifies the binding rates. Indeed, consider a binding rate
kon and the binder concentration ¢(z) in our one-dimensional model. First, ko, and c(z) can be related to the
three-dimensional binding rate and concentration ks, and c;p(Z) by equating the number of bindings per unit time:
konc(z) = kapcsp(T). Second, the one- and three-dimensional concentrations are related by c(z) = ¢;p (Z)7(Rsin)? =
csp(T)o(z)mR?. Putting everything together, we obtain that the binding rates in the model with hemispherical cell
endcaps are given by ko, = k2, /o(z), where k, = ks /(mR?) is the binding rate for a cylindrical cell used in section
S10B.

The mRNA densities, ribosomal concentrations and fluxes, and polysome distributions for the model above with
spatially dependent mRNA decay are shown in Figs. S10, S11, and S12, respectively, where the maximal number of
allowed 70S pairs per mRNA has been fixed at ny.. = 24.

S12 Results for the late phase of the cell division cycle

In this section we extend the results from the two-subunit model discussed in section S10 to a cell in the late phase
of its division cycle. To achieve this, we manually selected 21 dividing cells with a markedly double-lobed nucleoid,
rescaled their DNA fluorescence profiles to their median cell length of 2¢ ~ 4.35 um, and estimated the nucleoid
profile along the long cell axis by averaging over multiple cells, see Fig. S13. We chose a density of DNA length
o(z) oc 1/{1 + exp[¢(x/l — 2/3)]H{exp[—3(/10(1/2 — x/£)?] + exp[—3¢/10(1/2 + z/£)?]} to reproduce the average
DNA fluorescence profile in Fig. S13, and we adjusted the model parameters as follows in order to describe the late
phase of the cell cycle. The parameters that are intensive with respect to the cell length, such as the binding and
unbinding rates, the diffusion coefficients, and the mRNA decay rate, are taken to be the same as in the model with
2 ¢ = 3 pm, see section S10 B. On the other hand, extensive parameters were obtained by considering the corresponding
parameter values of the model with 2/ = 3 ym, and scaling them linearly with the cell length. As a result, we have
Niostot = Nsostor = 8.7 X 104, Nprna = 7.2 X 103, Nypsr = Nyosr = 2% Niot, and Nyos = 80 % Nyot. The nucleoid
profile a(z) is proportional to ¢(z), and its normalization is chosen to achieve the total number of mRNAs above, i.e.
ot /B = NmrNa- Assuming that both the DNA plectonemic length L and the nucleoid volume V scale linearly with
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FIG. S12: Polysome distributions for the model with 30S and 50S ribosomal subunits and spatially dependent mRNA decay,
where we fixed the maximal number of allowed translating (T) 30S-50S (70S) pairs per mRNA at n < nmax = 24, and we show
mRNA species with | < 4 and m < 4 transiently bound (B) 30S and 50S subunits, respectively. (A) distribution of mRNA
species with no 30S subunit bound to the translation-initiation site, shown as a heat map of the number Nj ,,, n = foé dzpi,mn(x)
of mRNAs with [ B 30S subunits, m B 50S subunits, and n T 70S pairs. The diameter of each dot is proportional to Nj m n,
where the largest dot in the plot corresponds to Nimn ~ 1. (B) Same as panel A for the number N, ,, = foé dap) () Of
mRNAs with a 30S subunit bound to the initiation site, where the largest dot in the plot corresponds to Nj,, ,, ~ 20
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FIG. S13: DNA fluorescence along the long cell axis for F. coli cells in the late phase of the division cycle in glucose minimal
media. Fluorescence for a few representative cells (gray), and resulting average fluorescence over 21 cells in the same phase
of the division cycle with standard error of the mean (red), both normalized to unit area. Inset: Representative cell near late
division phase, with ribosomal protein (green) and nucleoid (red). Scale bar: 1 pm.

the cell length, the normalization of the DNA density (1/¢) foe dx ¢(x) = L/V is the same as for 2/ = 3 ym.

With this choice of parameters, we solved the reaction-diffusion equations for the two-subunit model by fixing the
maximal number of allowed 70S pairs per mRNA at 1, = 28: the resulting mRNA densities, ribosomal concentrations
and fluxes, and polysome distributions are shown in Figs. S14, S15, and S16, respectively.

S13 Results for different growth rates

In this section we extend the results from the two-subunit model discussed in section S10 to cells with different
growth rates. In particular, we consider cells in glycerol minimal and defined rich media, with growth rates ~ 0.56/h
and 2.3/h, respectively, whose DNA fluorescence profiles are shown in Fig. S17. We will thus consider a density of
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FIG. S14: Steady-state mRNA distributions in the model with 30S and 50S ribosomal subunits for a long cell in the late
phase of its division cycle, where we fixed the maximal number of allowed translating (T) 30S-50S (70S) pairs per mRNA at
n < Nmax = 28, and we show mRNA species with [ < 4 and m < 4 transiently bound (B) 30S and 50S subunits, respectively.
(A) mRNA profiles for mRNAs with no 30S subunit bound to the translation-initiation site. Total mRNA density ptot(z) (red)
and density pim,n(z) of mRNAs with [ B 30S subunits, m B 50S subunits, and n 70S pairs (gray), where we show only the
curves with [, m, and n even for greater clarity. The density po,0,0(x) of ribosome-free mRNAs (green) and the density pa 4 2s(x)
of mRNAs with the largest number of B, T subunits considered (blue) are also shown. The profiles p; m,n(2), po,0,0(z), and
pa,4,28(x) are normalized to unit area. (B) Same as panel A for mRNAs with a 30S subunit bound to the initiation site.

DNA length ¢(x) to reproduce the profiles in Fig. S17, and adjust all other parameters to the growth conditions along
the lines of section S12.

In glycerol minimal media, we selected cells in the mid-phase of the cell division cycle as follows. We considered a cell
length 2/ given by g/gmedian glycerol = gglucose/gmedian glucose) where 2gglucose = 3,UJ1’1 is the typinﬂ, medium 1ength of
a cell in the mid-phase of the division cycle in glucose minimal media, see section II. We obtained 2 ¢ ~ 3 um, selected
cells with length within 5% of 2/, rescaled their DNA fluorescence profiles to a cell length of 24, and estimated the
nucleoid profile along the long cell axis by averaging over multiple cells, see Fig. S17A. Given that ¢ is close to fgiucose;
and that Figs. S17A and 2 show that the nucleoid profile in glycerol minimal media is close to that in glucose minimal
media, all model parameters in glycerol minimal media will be close to those in glucose minimal media, and so will be
the model predictions.

Proceeding along the lines of the analysis in glycerol minimal media, for defined rich media we obtained 2 ¢ ~ 3.5 um,
and we chose a density of DNA length ¢(z) oc 1/{1+exp[3/4{(z/l —2/3)]}{exp[—(/5(1/2 — x/€)?] + exp[—(/5(1/2 +
x/0)?]} to reproduce the observed DNA fluorescence profile, compare Fig. S17B. The intensive model parameters
are the same as for 2¢ = 2/gyucose = 3 pm, while we estimated the extensive parameters by scaling them with
respect to the cell length as in section S12. We obtained Nspgtot = Nsostot = 7 X 10*, Nprna = 5.8 x 102,
Niosr = Niosr = 2% Niot, Nros = 80 % Niot- In addition, the normalization of the mRNA-synthesis profile a(z) « ¢(z)

is given by atot = BNmRrNaA, While the normalization of the DNA density (1/¢) foz dx ¢(x) = L/V is the same as for
20 = 2 lg1ucose- With this choice of parameters, we solved the reaction-diffusion equations for the two-subunit model
by fixing the maximal number of allowed 70S pairs per mRNA at npy.x = 28: the resulting mRNA densities, ribosomal
concentrations and fluxes, and polysome distributions are shown in Figs. S18, S19, and S20, respectively.

S14 Model with no transiently bound ribosomes

In this section we disallow both B 30S and B 50S subunits as follows: First, we set k305 /K308 = 505 /k505 =
Second, we solve Egs. (S73) and (S74) by setting Nyos = 98 % Niot, to take account of the increased number of 7OS
pairs due to the absence of B subunits.

With this choice of parameters, we solve the reaction-diffusion equations (590), (S91), (S100), and (S101). Given
that there are no B 30S nor B 50S subunits, the only nonzero mRNA densities and mRNA numbers are those with
l=m=0,1ie poon(T) po0n.(*), Noon and N o, In Fig. S21 we show the resulting mRNA profiles, the total
mRNA densmes and the mRNA numbers, for both mRNAs with and without a 30S subunit bound to the translation-
initiation site, Whlle in Fig. S22 we show the concentrations and fluxes of ribosomal subunits. Overall, these results
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FIG. S15: Steady-state ribosomal-subunit concentrations and fluxes in the model including 30S and 50S ribosomal subunits
for a long cell, in the late phase of its division cycle. Top: Concentrations cros(), csosB(Z), Csos ¥ (), Chos(x) of 70S, transiently
bound (B) 308, free (F) 30S subunits, and of 30S subunits bound to the translation-initiation site, respectively. We also show
the concentrations csoss(x) and csos#(x) of B and F 50S subunits, respectively. Bottom: Fluxes Jros(x), Jaos (), Jsosr(z) of
708, B and F 30S subunits, and flux J5,5(z) of 30S subunits bound to the initiation site. The fluxes Jsosg(z), Jsosr(x) of B
and F 50S subunits are also shown. Fluxes are represented along the cell’s long axis depicted in the top panel, the arrow length
is proportional to local ribosome flux, and the arrows in the legends correspond to a flux of 30/s.
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FIG. S16: Polysome distributions in the model including 30S and 50S ribosomal subunits for a long cell in the late phase
of its division cycle, where we fixed the maximal number of allowed translating (T) 30S-50S (70S) pairs per mRNA at n <
Nmax = 28, and we show mRNA species with [ < 4 and m < 4 transiently bound (B) 30S and 50S subunits, respectively. (A)
distribution of mRNA species with no 30S subunit bound to the translation-initiation site, shown as a heat map of the number
Nimpn = foz dzpi,m,n(x) of mRNAs with [ B 30S subunits, m B 50S subunits, and n T 70S pairs. The diameter of each dot
is proportional to Nim,», where the largest dot in the plot corresponds to Nim,» ~ 2. (B) Same as panel A for the number
Nl = fol dxp],m . (x) of MRNAs with a 30S subunit bound to the initiation site, where the largest dot in the plot corresponds
t0 NJ . ~ 30.
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FIG. S17: DNA fluorescence along the long cell axis for E. coli in glycerol minimal and defined rich media. (A) Glycerol
minimal media: fluorescence for a few representative cells (gray) and resulting average fluorescence over 81 cells with standard
error of the mean (red), both symmetrized and normalized to unit area. Inset: representative cell grown in glycerol minimal
media, with ribosomal protein (green) and nucleoid (red). Scale bar: 1 um. (B) Same as panel A for defined rich media, averaged
over 43 cells.
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FIG. S18: Steady-state mRNA distributions for the model including 30S and 50S ribosomal subunits for cells in defined rich
media with growth rate ~ 2/h, compare Fig. S17B, where we fixed the maximal number of allowed translating (T) 30S-50S
(70S) pairs per mRNA at n < nmax = 28, and we show mRNA species with [ < 4 and m < 4 transiently bound (B) 30S and
50S subunits, respectively. (A) mRNA profiles for mRNAs with no 30S subunit bound to the translation-initiation site. Total
mRNA density piot(x) (red) and density pi,m,n(z) of mRNAs with [ B 30S subunits, m B 50S subunits, and n 70S pairs (gray),
where we show only the curves with [, m, and n even for greater clarity. The density po,0,0(x) of ribosome-free mRNAs (green)
and the density pa,4,28(z) of mRNAs with the largest number of B, T subunits considered (blue) are also shown. The profiles

Plmn (X)), po,0,0(x), and pa,a28(x) are normalized to unit area. (B) Same as panel A for mRNAs with a 30S subunit bound to
the initiation site.

confirm those including B subunits. An important feature distinguishing the existence from the absence of B ribosomes
is the ribosome efficiency: without B ribosomes, this efficiency is ¢ = 2.39 x 1072 /s, which is ~ 23% higher than the
efficiency including B ribosomes, compare Section S10D. Put simply, as the total number of ribosomal subunits is
conserved in this comparison, the inclusion of transient ribosomal binding reduces the number of 30S and 50S subunits
that can form translating 70S pairs, thus lowering the ribosome efficiency. In addition, Fig. S21 shows that there is
an average number of ~ 12 subunits, i.e. 30S and 70S, per mRNA. This average mRNA occupancy is smaller than
that obtained including B subunits in section S10 D: The absence of B ribosomes thus implies that excluded-volume
effects are slightly weaker, and that the dip in the total mRNA profiles in Fig. S18 is no longer present in Fig. S21.
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FIG. S19: Steady-state ribosomal-subunit concentrations and fluxes in the model including 30S and 50S ribosomal subunits
for cells in defined rich media with growth rate ~ 2/hr, compare Fig. S17B. Top: Concentrations cros(x), csos (), csosr (),
Csos () of 708, transiently bound (B) 308S, free (F) 30S subunits, and of 30S subunits bound to the translation-initiation site,
respectively. We also show the concentrations csoss(z) and csosr(z) of B and F 50S subunits, respectively. Bottom: Fluxes
Jr0s (), Jaose (), Jaosw(z) of 70S, B and F 30S subunits, and flux J5,5(x) of 30S subunits bound to the initiation site. The
fluxes Jsoss (), Jsosr(z) of B and F 50S subunits are also shown. Fluxes are represented along the cell’s long axis depicted
in the top panel, the arrow length is proportional to local ribosome flux, and the arrows in the legends correspond to a flux of

30/s.
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FIG. S20: Polysome distributions for the model with 30S and 50S ribosomal subunits for cells in defined rich media with
growth rate ~ 2/h, compare Fig. S17B, where we fixed the maximal number of allowed translating (T) 30S-50S (70S) pairs per
mRNA at n < nmax = 28, and we show mRNA species with [ < 4 and m < 4 transiently bound (B) 30S and 50S subunits,
respectively. (A) distribution of mRNA species with no 30S subunit bound to the translation-initiation site, shown as a heat
map of the number Ni . = foe dzpi,mn(x) of mRNAs with { B 30S subunits, m B 50S subunits, and n T 70S pairs. The
diameter of each dot is proportional to N m, n, where the largest dot in the plot corresponds to Njm,,»n ~ 1. (B) Same as panel
A for the number Nj ,, ,, = f(f dxp} .o (x) of mMRNAs with a 30S subunit bound to the initiation site, where the largest dot in
the plot corresponds to Ny, ,, ~ 20.
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FIG. S21: Steady-state mRNA distributions for the model including 30S and 50S ribosomal subunits, with no transiently bound
(B) 30S and 50S subunits. The maximal allowed number of 70S pairs per mRNA is nmax = 28. (A) mRNA profiles for mRNAs
with no 30S subunit bound to the translation-initiation site. Total mRNA density ptot(x) (red) and density po,o,»(z) of mMRNAs
with n 70S pairs (gray). The density po,0,0(x) of ribosome-free mRNAs (green) and the density po,0,2s(x) of mRNAs with the
largest number of 70S pairs considered (blue) are also shown. The profiles po,0.n (), po,0,0(x), and po,0,28(x) are normalized to
unit area. Inset: distribution No o, = foe dzpo,0,n(x) of mMRNAs with n 70S pairs in the right half of the cell as a function of n.
(B) Same as panel A for mRNAs with a 30S subunit bound to the initiation site.
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FIG. S22: Steady-state ribosomal-subunit concentrations and fluxes for the model including 30S and 50S ribosomal subunits,
with no transiently bound (B) 30S and 50S subunits. Top: Concentrations cros(z), csosr(z) of 70S and free (F) 30S subunits,
concentration cjos(x) of 30S subunits bound to the translation-initiation site, and concentration csosr(z) of F 50S subunits, for
the right half of the cell. Bottom: Fluxes J7os(z), Jsosr(7) of 70S and F 30S subunits, flux Jjs(x) of 30S subunits bound to
the initiation site, and flux Jsosw(x) of F 50S subunits. Fluxes are represented along the cell’s long axis depicted in the top
panel, the arrow length is proportional to local ribosome flux, and the arrows in the legends correspond to a flux of 5/s.

S15 Force balance between nucleoid and polysomes determines nucleoid size

In this section we will calculate the force exerted by polysomes and F ribosomes on the nucleoid as well as the
entropy of compaction of the nucleoid, and the resulting force-balance equation will allow us to determine the nucleoid

size.

For the sake of clarity, let us first focus on F ribosomes. We compute the total force exerted by the nucleoid on F
ribosomes, and the total force by F ribosomes on the nucleoid will necessarily be equal and opposite. To begin, we
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observe that the F-ribosome current (S3) is the sum of two terms which can be interpreted as follows: The first term,

deg ()

JD(Q?) = _DFUF(x) dx )

(S117)

is the current due to the Brownian diffusion of F ribosomes from high- to low-concentration regions, and it is thus
proportional to the concentration gradient, with a space-dependent diffusion coefficient Dpvy(x). The second term,

dvg ()
der

JpNa () = Dreg(x) (5118)
is the current due to the force locally exerted by the nucleoid on F ribosomes; it is proportional to the gradient of
vp(x), thus it represents the tendency of the nucleoid to push ribosomes from regions with lower available volume
to regions with higher available volume. The current Jpna(x) is thus the result of a net force f(x) applied by the
nucleoid on each F ribosome at position z, with the force and the current related by

Jona (@) = p(z) f(z)ee (), (S119)
where the mobility u(x) is related to the Brownian diffusion coefficient Dpvs(z) by the Einstein relation
Dypve(z) = p(z) ks T, (S120)

where kg is Boltzmann’s constant and T is the temperature [25]. From Egs. (S118), (S119), and (S120) we obtain
flx) = 5;3(5) d”gix) Multiplying f(z) by the local F ribosome concentration, integrating with respect to x, and
reversing the sign of the force, we obtain the total force exerted by F ribosomes in the right half of the cell on the

nucleoid, which reads —kg T’ f(f dr Ei; d”g;z) . Finally, the combined force exerted by both F ribosomes and polysomes

on the nucleoid is obtained by incorporating the mRNA concentrations p, ,(x) and available volumes vy, 4y () in the
expression above, and summing over all mRNA species. We obtain

14 Mmax Mmax
Fin —kBT/ dx lCF(m) dve(@) | > 3 Prn.n(@ d”’”*”( >] (S121)
0

ve(z) dx ovar o Upntn (2 dx
— kBT/OZ dz{:g)) dv;iz) + exp <k<l)3r}:)]%(”3)) g L;m) dv;{;z) N <k§r;€igﬁ(x) +n) Uth) dv;a(jx)] pn(m)},

where the subscript ‘in’ denotes a force directed towards the inner part of the cell, and in the second line we used Eqs.
(S20) and (S25), which are valid in the rapid-equilibrium limit, to compute the sum with respect to m. Note that F;,
depends on the DNA profile ¢(z) through the available volumes vy (z) and vy (), compare Egs. (S9) and (S11).

The force exerted by F ribosomes and polysomes results in the compaction of the nucleoid [8, 26]. At mechanical
equilibrium, this force must balance the “spring” force exerted by the compressed nucleoid, which can be estimated
in terms of the entropy of a self-avoiding DNA polymer. We approximate this entropy S by treating the plectonemic
chromosomal DNA as a sequence of N joined segments, each with length &, confined in a volume V', yielding the
confinement dependence of the entropy [27]

£2N2V

S = kB 2 V2/3 ’

(S122)

where £ = 200nm is twice the estimated persistence length of the plectoneme [8], the total number of monomers
N = L/¢ =17.5 x 103 is obtained as the ratio between the total plectoneme length L and the segment length &, and

v = 0.592 (S123)

is the exponent describing the mean end-to-end distance for a self-avoiding polymer [27]. Given that the exponent
(S123) results from a numerical simulation where the polymer is represented as a self-avoiding walk on a cubic lattice
[27], the estimate (S122) applies to self-avoiding polymers whose thickness is comparable to the segment length. It
follows that for a DNA plectoneme the expression (S122) should be, in principle, modified to account for the difference
between the thickness and segment length. However, in what follows we will show that Eq. (S122) quantitatively
reproduces the observed nucleoid size, thus showing that the thickness correction above is negligible.

Proceeding along the lines of Eq. (S7), we assume that the DNA is confined in a cylindrical region at midcell: We
denote the length of this region by 2x¢, and the DNA profile is p(z) o 1/{1+exp[¢(z —x0)/¢]}, where ¢ is normalized
according to the condition (S8) on the total DNA length. The volume V in Eq. (S122) can thus be estimated as
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FIG. S23: Steady-state mRNA and polysome distributions for the model including the force balance between nucleoid and
polysomes. Total mRNA density ptot(z) (red) and density pm,»(x) of mRNAs with m transiently bound (B) ribosomes and n
translating (T) ribosomes for 0 < m < mmax = 8 and 0 < n < nmax = 24 (gray). The density po,o(z) of ribosome-free mRNAs
(green) and the density ps24(x) of mRNAs with the largest number of T and B ribosomes considered (blue) are also shown.
The profiles pm,n(x), po,o(x), and ps24(z) are normalized to unit area. Inset: distribution of mRNA species, shown as a heat
map of the number Ny, , of mRNAs with m B ribosomes and n T ribosomes in the right half of the cell. The maximal number
of T ribosomes per mRNA used in our model, nmax = 24, is indicated.

V = 27 R?zg, and the outward entropic force exerted by the nucleoid on F ribosomes and polysomes in each half of
the cell is obtained from the derivative of the entropy as

1,08
ity A
2 610
2 2 720
_ kBTl 57]\7 , (S124)
6 (27TR2)2/3.7J8/3

]:out =

where the factor 1/2 in the first line results from the fact that we compute the outward force in one half of the cell.

In what follows we will thus use Egs. (S121) and (S124), combine the resulting force-balance equation
-En + fout =0 (8125)

with the reaction-diffusion Egs. (S121) and (S124), and solve self-consistently for p,(z), cx(z), and for the nucleoid
size xg. The results are shown in Figs. S23 and S24, where we show mRNA concentrations and polysome distributions,
the nucleoid profile p(x), the calculated value of /¢ = 0.5, as well as the F ribosome concentrations and fluxes.

Finally, we provide a simple analytical estimate for the nucleoid size as a function of the total number of mRNAs,
and other relevant parameters. Given that the ribosome-to-mRNA ratio is much larger than unity, compare section
11, we assume that mRNAs at the poles are fully excluded from the nucleoid by virtue of having a sufficient number
of bound ribosomes: we thus approximate the nucleoid profile in one half of the cell as a step function with the step
at © = xg, i.e. Vpmyn(z) is equal to zero for 0 < x < xg and to unity for 2o < z < 1. Given that the size of an F
ribosome is significantly smaller than that of a typical polysome, F ribosomes can easily penetrate the nucleoid, thus
the pressure that they exert on the nucleoid is much smaller than the force that polysomes exert on the nucleoid:
Indeed, in Eq. (S121) we denote the contribution to Fj, given by F ribosomes and mRNAs by Fi, v and FinmRNA,
respectively, and for the reference conditions of Figs. 2-4, we have Fi,r/(Finr + FinmrNa) ~ 2 x 1072, We thus
neglect the contribution by F ribosomes in the first line of Eq. (S121), and we obtain

Mmax Mmax ¥4
AV ()
2 : 2 : out m+n
}in —kBT pm’n/o dxidm

m=0 n=0

= kT, (3126)

where in the first line we used the fact that at equilibrium py, n(2)/Vm4n(2) is independent of =, compare section S2,

and we denoted by pi't, the concentration of mRNA species m, n outside the nucleoid, and by

out NmRNA

Piot = 500 — 29) (S127)
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FIG. S24: Nucleoid profile, steady-state ribosome concentrations, and ribosome fluxes for the model including the force balance
between nucleoid and polysomes. Top: DNA density ¢(z) normalized to unit area and concentrations cr(x), cg(x), and cr(z)
of translating (T), transiently bound (B), and free (F) ribosomes in the right half of the cell (compare Fig. 1). The nucleoid
size xo/{ is also marked. Bottom: Fluxes of T, B, and F ribosomes along the cell’s long axis depicted in the top panel. The
arrow length is proportional to local ribosome flux, and the arrows in the legends correspond to a flux of 20/s.
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FIG. S25: Nucleoid size as a function of number of mRNAs, as predicted by force balance between nucleoid and polysomes. We
plot the ratio zo/¢ between the nucleoid width and cell length as a function of the total number of mRNAs in the cell, from the
solution of Eq. (3), which relies on the simplifying assumption that mRNAs cannot penetrate the nucleoid. The mRNA number
Nmrna = 5 x 10% used for our analysis in glucose minimal media and the predicted nucleoid size o /€ 7 0.5 are indicated with

a dot.

the total mRNA concentration outside the nucleoid. Combining Eqs. (S124), (S125), (S126), and (S127) we obtain
Eq. (3), which can be solved numerically for the nucleoid size xy. The resulting values for the nucleoid size z( are
shown in Fig. 525, where we plot x¢/¢ as a function of the total mRNA number Ny,rna keeping all other parameters

in Eq. (3) fixed.
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