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Interdependence of Cell Growth
and Gene Expression:
Origins and Consequences

Matthew Scott,™*+ Carl W. Gunderson,?* Eduard M. Mateescu,* Zhongge Zhang,? Terence Hwa'-*}

In bacteria, the rate of cell proliferation and the level of gene expression are intimately intertwined.
Elucidating these relations is important both for understanding the physiological functions of endogenous
genetic circuits and for designing robust synthetic systems. We describe a phenomenological study that
reveals intrinsic constraints governing the allocation of resources toward protein synthesis and other aspects
of cell growth. A theory incorporating these constraints can accurately predict how cell proliferation and gene
expression affect one another, quantitatively accounting for the effect of translation-inhibiting antibiotics on
gene expression and the effect of gratuitous protein expression on cell growth. The use of such empirical
relations, analogous to phenomenological laws, may facilitate our understanding and manipulation of
complex biological systems before underlying regulatory circuits are elucidated.

ystems biology is as an integrative approach

to connect molecular-level mechanisms to

cell-level behavior (/). Many studies have
characterized the impact of molecular circuits and
networks on cellular physiology (7, 2), but less is
known about the impact of cellular physiology on
the functions of molecular networks (3—5). Endo-
genous and synthetic genetic circuits can be strongly
affected by the physiological states of the organism,
resulting in unpredictable outcomes (4, 6-8). Conse-
quently, both the understanding and implementation
of molecular control are predicated on distinguish-
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ing global physiological constraints from specific
regulatory interactions.

For bacterial cells under steady-state exponen-
tial growth, the rate of cell proliferation (the “growth
rate”) is an important characteristic of the physio-
logical state. It is well known that the macromolec-
ular composition (e.g., the mass fractions of protein,
RNA, and DNA) of bacterial cells under exponen-
tial growth depends on the growth medium pre-
dominantly through the growth rate allowed by
the nutritional content of the medium (9, 70). Such
growth rate dependencies inevitably affect the ex-
pression of individual genes (4, /1) because pro-
tein synthesis is directly dependent on the cell’s
ribosome content. The latter is reflected by the
RNA/protein ratio. In Escherichia coli, most of
the RNA (~85%) is rRNA folded in ribosomes
(10, 11). A predictive understanding of the im-
pact of growth physiology on gene expression
therefore first requires an understanding of the cell’s
allocation of cellular resources to ribosome synthesis

(manifested by the RNA/protein ratio) at different
growth rates.

For exponentially growing E. coli cells (10, 12),
the RNA/protein ratio r is linearly correlated
with the specific growth rate A [ = (In 2)/doubling
time] (Fig. 1A). The correlation is described math-
ematically as

(1)

r=ry+—
Kt

where 7y is the vertical intercept and x; is the
inverse of the slope (table S1). This linear cor-
relation holds for various E. coli strains growing
in medium that supports fast to moderately slow
growth [e.g., 20 min to ~2 hours per doubling
(11)], and it appears to be quite universal; similar
linear correlations have been observed in many
other microbes, including slow-growing unicel-
lular eukaryotes (fig. S1). As suggested long ago
from mass-balance considerations (//) and elab-
orated in (/3), this linear correlation is expected if
the ribosomes are growth-limiting and are en-
gaged in translation at a constant rate, with the
phenomenological parameter , predicted to be
proportional to the rate of protein synthesis. Con-
sistent with the prediction, data on RNA/protein
ratios from slow-translation mutants of E. coli
K-12 (triangles in Fig. 1B) also exhibited linear
correlations with the growth rate A, but with
steeper slopes than the parent strain (circles),
which have smaller k.. Moreover, the correspond-
ing K¢ values correlated linearly with the directly
measured speed of translational elongation (/4)
(Fig. 1B, inset). Consequently, we call «; the “trans-
lational capacity” of the organism.

Translation can be inhibited in a graded
manner by exposing cells to sublethal doses of
a translation-inhibiting antibiotic. The RNA/pro-
tein ratios obtained for wild-type cells grown in
medium with a fixed nutrient source and various
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amounts of chloramphenicol (Fig. 1B, light blue A

circles) were consistent with data obtained for the
isogenic translational mutants grown in medium
with the same nutrient but no antibiotic (light
blue triangles). Surprisingly, these data revealed
another linear correlation between r and A (Fig.
1B, dashed line), given by

A

Kll

7= Fmax — (2)
where 7., 18 the vertical intercept and «,, is the
inverse slope. Such a linear correlation was ob-
tained for cells grown with each of the six nu-
trient sources studied (Fig. 2A and table S3). The
correlation described by Eq. 2 has been observed
in cells subjected to numerous other means of
imposing translational limitation (fig. S2).

From Fig. 2A and the best-fit values of the
parameters 7, and x;, (table S4), we observed
that the parameter «,, exhibited a strong, positive
correlation with the growth rate of cells in drug-
free medium (fig. S3A). Thus, «,, reflects the nu-
trient quality and is referred to as the “nutritional
capacity” of the organism in a medium [see eq.
S18 in (/3) for a molecular interpretation of ).
In contrast, the vertical intercept 7., depended
only weakly on the composition of the growth
medium (fig. S3B). Qualitatively, the increase of
the RNA/protein ratio » with increasing degree
of translational inhibition can be seen as a com-
pensation for the reduced translational capacity,
implemented possibly through the relief of re-
pression of rRNA synthesis by the alarmone
ppGpp (15), in response to the buildup of intra-
cellular amino acid pools resulting from slow
translation. Because 7, 1S the (extrapolated) max-
imal RNA/protein ratio as translation capacity is
reduced toward zero, its weak dependence on
the quality of the nutrients suggests a common

02 04 06 08 1 1.2
Growth rate A (hour-1)

o
'S

ug R-protein / ug total protein ¢,

Fig. 1. Correlation of the RNA/protein ratio r with
growth rate A for various strains of E. coli. (A) Com-
parison among E. coli strains grown in minimal
medium: Strain B/r [(10), squares], 15t-bar [(12),
diamonds], and EQ2 (this work, solid circles). The
growth rate is modulated by changing the quality of
nutrients as indicated in the key at lower left. The
fraction of total protein devoted to ribosome-
affiliated proteins (¢g) is given by the RNA/protein
ratio as og = p - r (table S1). (B) The RNA/protein
ratio for a family of translational mutants SmR
(triangles) and SmP (inverted triangles) and their
parent strain Xac (circles) (27), grown with various
nutrients (see key at lower left) (table S2). Trans-
lational inhibition of the parent Xac strain via
exposure to sublethal doses of chloramphenicol

(circled numbers; see legend table) gave RNA/protein ratios similar to those of the mutant
strains grown in medium with the same nutrient but without chloramphenicol (light blue
symbols). Dashed line is a fit to Eq. 2. Inset: Linear correlation of «; values obtained for the
Xac, SmR, and SmP strains (table S2) with the measured translation rate of the respective

strains (14) (r* = 0.99).
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Fig. 2. Effect of translational inhibition. (A) RNA/protein ratio for strain EQ2 grown in different media,
each with various levels of chloramphenicol (see key at lower right) (table S3). Solid lines were obtained

from fitting data of the same color to Eq. 2. The black line describes the data in the absence of

chloramphenicol (as in Fig. 1A). (B) Translational inhibition results in an increased synthesis of R-class

proteins (cyan), effectively decreasing the fraction allocable to the P-class (magenta). (C) Mass fraction of

constitutively expressed B-galactosidase (strain EQ3) plotted as a function of growth rate. The lines were

fit according to Eq. 4. The growth rate dependence of constitutive gene expression due to nutrient

limitation found in (4) is also well described by the theory (fig. S50).
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limit in the allocation of cellular resources toward
ribosome synthesis.

The simplest model connecting ribosome abun-
dance to gene expression assumes that the total
protein content of the cell (called the proteome) is
composed of two classes: ribosome-affiliated
“class R” proteins (with mass fraction ¢r), and
“others” (with mass fraction 1 — ¢r) (9, /6). But
the maximum allocation to the R-class proteins
as derived from the value of 7., OR™ =p -
rmax = 0.55, is well below 1 [see (/3) for the
conversion factor p]. This suggests that the “other”
proteins can be further subdivided minimally into
two classes (Fig. 2B): “class Q" of mass fraction
¢q, which is not affected translational inhibition,
and the remainder, “class P” of mass fraction
¢p, with op — 0 as¢g — O™ (/7). Because ¢p +
0¢ + 0r = 1, we must have 0p™ = 1 — ¢q, with

Op = 0p" —0p =P * (Fmax — 7) 3)

representing an important constraint between ¢p
and ¢r. Together with Eq. 2, the model predicts

op = p - A/x, 4)

which describes a linear relation between the
abundance of the P-class proteins and the growth
rate A for a fixed nutritional capacity x,. The
growth rate independence of protein abundance
may be maintained through negative autoreg-
ulation (4) (fig. S4). Unregulated (or “constitu-
tively expressed”) proteins belong instead to the
P-class and can be used to test the prediction of
Eq. 4: Expression of B-galactosidase driven by a
constitutive promoter (¢, mass of B-galactosidase
per total protein mass) in cells grown under dif-
ferent degrees of chloramphenicol inhibition in-
deed correlated linearly with A for each nutrient
source studied (Fig. 2C), and the slopes of these
correlations (colored lines) agree quantitatively
with the nutritional capacity «,, (fig. S5, A and B)
as predicted by Eq. 4.

Although the correlations (Eqgs. 2 and 4) were
revealed by growth with antibiotics, their forms
do not pertain specifically to translational inhibi-
tion. Equation 4 may be interpreted as a manifes-
tation of P-class proteins providing the nutrients
needed for growth [egs. S15 to S18 in (/3)], just
as Eq. 1 is areflection of R-class proteins provid-
ing the protein synthesis needed for growth (Fig. 3A).
For different combinations of the nutritional and
translational capacities (i, k), efficient resource
allocation requires that the abundance of P- and
R-class proteins be adjusted so that the rate of
nutrient influx provided by P (via import or bio-
synthesis) matches the rate of protein synthesis
achievable by R (Fig. 3B), while simultaneously
satisfying the constraint of Eq. 3 (Fig. 3C). We
can derive the resulting allocation mathemati-
cally by postulating that A, ¢g (or 7), and ¢p are
analytical functions of the variables x; and «,
that respectively capture all molecular details
of translation and nutrition (analogous to state
variables in thermodynamics). The mathematics
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is identical to the description of an electric circuit
with two resistors (fig. S6), with Egs. 1 and 4
being analogous to Ohm’s law. Solving these equa-
tions simultaneously leads to the Michaelis-Menten
relation known empirically for the dependence
of cell growth on nutrient level (/8)

Kn

M, n) = Ao(ir) - o x
t n

(5)

The value of the maximal growth rate A.(i,) =
K¢ * (Fmax — 7o) = 2.85 hour™ (based on the av-
erage max) corresponds well to the doubling
time of ~20 min for typical E. coli strains in rich
media. Moreover, Eq. 5 quantitatively accounts
for the correlation observed between growth rate
A and nutritional capacity «;, (fig. S3A).

This theory can be inverted to predict the ef-
fect of protein expression on cell growth. Unneces-
sary protein expression leads to diminished
growth (79). Understanding the origin of this
growth inhibition is of value in efforts to increase
the yield of heterologous protein in bacteria (20)
and to understand the fitness benefit of gene
regulation (27, 22). Aside from protein-specific
toxicity, several general causes of growth inhibi-
tion have been suggested, including diversion of
metabolites (23), competition among sigma
factors for RNA polymerases (24), and competi-
tion among mRNA for ribosomes (79, 25).

We modeled the expression of unnecessary
protein (of mass fraction ¢y) as an additional
(neutral) component of the proteome that effec-
tively causes a reduction of 7y t0 Finax — OU/P
(Fig. 4A). Equation 5 then predicts a linear
reduction of the growth rate,

Moy) = Moy = 0) - [1 = (0u/oc)]  (6)

extrapolating toward zero growth at ¢. = p -
(Pmax — 7o) = 0.48. The prediction quantitatively
described the observed growth defect caused by
inducible expression of -galactosidase (Fig. 4B),
as well as previous results obtained for various
proteins and expression vectors (Fig. 4C) (19, 26),
without any adjustable parameters. These results
suggest that growth reduction is a simple conse-
quence of ribosome allocation subject to the con-
straints of Egs. 1, 3, and 4.

Robust empirical correlations of the RNA/
protein ratio with the growth rate (Figs. 1A and
2A and figs. SI and S2) revealed underlying
constraints of cellular resource allocation and led
to the formulation of a simple growth theory that
provided quantitative predictions and unifying
descriptions of many important but seemingly
unrelated aspects of bacterial physiology. Like
Ohm’s law, which greatly expedited the design of
electrical circuits well before electricity was
understood microscopically, the empirical corre-
lations described here may be viewed as mi-
crobial “growth laws,” the use of which may
facilitate our understanding of the operation and
design of complex biological systems well before
all the underlying regulatory circuits are eluci-
dated at the molecular level.
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Symbiotic Bacterium Modifies

Aphid Body Color

Tsutomu Tsuchida,**t Ryuichi Koga,?t Mitsuyo Horikawa,® Tetsuto Tsunoda,® Takashi Maoka,”
Shogo Matsumoto,* Jean-Christophe Simon,> Takema Fukatsu®*

Color variation within populations of the pea aphid influences relative susceptibility to predators and parasites.
We have discovered that infection with a facultative endosymbiont of the genus Rickettsiella changes the insects’
body color from red to green in natural populations. Approximately 8% of pea aphids collected in Western
Europe carried the Rickettsiella infection. The infection increased amounts of blue-green polycyclic quinones,
whereas it had less of an effect on yellow-red carotenoid pigments. The effect of the endosymbiont on body color
is expected to influence prey-predator interactions, as well as interactions with other endosymbionts.

have color vision, recognizing their en-

vironment, habitat, food, enemies, rivals,
and mates by visual cues. Body color is thus an
ecologically important trait, often involved in spe-
cies recognition, sexual selection, mimicry, apo-
sematism, and crypsis (/, 2). In the pea aphid
Acyrthosiphon pisum, red and green color morphs
are found in the same populations. Early work
has shown that the aphid body color is geneti-
cally determined, with red being dominant over

The world is full of colors, and many animals
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green (3). Ecological studies show that ladybird
beetles tend to consume red aphids on green plants
(4), and parasitoid wasps preferentially attack green
aphids (5). The predation and parasitism pressures
appear to maintain the color variation in natural
aphid populations (/, 4). An unexpected recent
discovery showed that the aphid genome contains
several genes for carotenoid synthesis not found in
animal genomes. The genes are of fungal origin
and appear to have been acquired in the evolu-
tionary history of aphids via ancient lateral
transfer. One of the genes is involved in synthesis
of red color pigments, and the presence or absence
of the gene is responsible for the red or green
coloration of the aphids (6). Here, we report an-
other factor affecting aphid color polymorphism:
a previously unrecognized endosymbiont that
modifies insect body color in natural populations.

While screening pea aphid strains from nat-
ural populations collected in France, we found
several strains of green aphids producing red nymphs.
As the nymphs grew, their body color changed
from reddish to greenish, and the adults became
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