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Abstract

The function of endogenous as well as synthetic genetic circuits is generically coupled to the
physiological state of the cell. For exponentially growing bacteria, a key characteristic of the state
of the cell is the growth rate and thus gene expression is often growth-rate dependent. Here we
review recent results on growth-rate dependent gene expression. We distinguish different types of
growth-rate dependencies by the mechanisms of regulation involved and the presence or absence
of an effect of the gene product on growth. The latter can lead to growth feedback, feedback
mediated by changes of the global state of the cell. Moreover, we discuss how growth rate
dependence can be used as a guide to study the molecular implementation of physiological
regulation.
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Introduction

Many bacteria can grow exponentially with a wide range of growth rates, depending on the
nutrient-content of the growth medium. E. coli for example can grow with doubling times
ranging from 20 minutes to many hours. The study of bacterial growth has played a central
role in the development of modern microbial physiology as well as in the discovery of the
regulation of gene expression [1-3]. It constitutes a rather natural subject of interest for
systems biology [4,5], as cell growth obviously is a systems-level phenomenon that depends
on the coordinated functions of many cellular components [6], and new experimental tools
allow to study growth with unprecedented control over the growth conditions [**7].
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Moreover, bacterial growth provides a model system for studying the coupling between
individual genetic circuits and the global state of the cell. With recent progress in designing
synthetic genetic circuits [8-10] and in quantitative studies of physiological gene regulation
systems [11,*12], it has become clear that genetic circuits are not strictly insulated from
their “host’ cell, but rather are coupled to the physiological state of the cells as a whole. For
example, gene expression requires RNA polymerases and ribosomes, and the concentration
of these macromolecular machineries is dependent on the growth conditions [13,14]. These
observations point towards the limitations of analogies between genetic and electronic
circuits and of metaphors that describe the host cell of a circuit as a ‘chassis’ [15,16], a rigid
framework onto which the circuit is mounted: Changes in gene expression are often desired
in response to changes in the environment, which typically also affect the cell’s
physiological state, e.g., a slow-down of growth. Thus, changes in gene expression occur in
conjunction with adaptation of the physiology of the cell as a whole. For synthetic gene
circuits, such coupling may mostly be an undesired complication [17,18], but for
endogenous systems, the regulatory mechanisms have likely evolved to work in such
conjunction with the global physiological adaptation of the cell.

While the coupling between physiology and gene expression can be expected to be a general
phenomenon, exponentially growing bacteria provide a reasonably simple model system for
its quantitative study, because the global state of a cell can to a large extent be characterized
by the growth rate as a key parameter [19]. In this article, we review different types of
growth-rate dependent gene expression (summarized in Table 1) and discuss the use of
growth-rate dependencies as a physiological guide for studying regulatory mechanisms.

Passive dependence of gene expression on growth-rate

The simplest cases of growth-rate dependence are given by genes, whose products are
neutral with respect to growth and present in low abundance, so that negative effects of
overexpression on growth are negligible. Specifically, constitutively expressed genes can be
used to separate growth-rate dependence from the effects of gene regulation [20,*21]
(Figure 1 and cases 1a, 1b in Table 1). Already in the 1970s, several studies [22,23] showed
that the concentrations of the protein product of several constitutively expressed genes in E.
coli are lower at faster growth. More recently, this dependence was shown to arise from the
combination of the growth-rate dependencies of several cellular parameters, some of which
tend to increase expression at faster growth (transcription rate, gene copy number) and some
of which decrease it (dilution rate, cell volume) [20,*21]. Within a phenomenological top-
down view based on proteome partitioning this reduction can be interpreted as a
consequence of shifting ribosomal activity to making more ribosomal protein and hence
generally away from non-ribosomal proteins [12,24]; see also the discussion below. For
genes controlled by transcriptional regulators, the growth-rate dependence of the regulator
levels also contributes to the growth-rate dependent expression [20]. Some examples are
listed in Table 1 (cases 2a—2d).

The growth rate dependence is affected by the position of a gene on the chromosome, which
determines the timing of its replication. In rapid growth, genes close to the origin of
replication are amplified relative to genes close to the replication terminus [13,25]. A recent
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study has tested and confirmed these position-dependent effects for constitutive and
repressed genes at different chromosomal positions (with some additional effects for specific
positions and for close proximity of the repressor gene and its target) [*26]. For genes on
plasmids, the growth-rate dependence is affected by the plasmid copy number, which in turn
depends on the growth-rate dependencies of parameters of its replication control system
[27]. The copy number of some plasmids changes strongly as a function of growth rate [28],
resulting in strongly growth-rate dependent expression of plasmid-encoded genes [20].

Several groups have explored the coupling between gene regulation and global adaptation
further by considering dynamic changes in gene expression during growth transitions
[29,*%30,*31]. In contrast to steady state exponential growth, no mechanistic description of
the change of microscopic parameters (such as transcription and translation rates, which are
modulated by the RNA polymerase and ribosome content of the cell) is currently available
for growth transitions and thus it is not straightforward to attribute changes in reporter
activity directly to specific molecular mechanisms. However the global effects can still be
addressed by comparing the dynamics of the gene of interest to that of a constitutively
expressed reference gene. This approach has recently been used to study the slow-down of
growth of E. coli cells during exhaustion of glucose in the growth medium, where a
surprisingly large part of the changes in expression of genes related to carbon metabolism
could be attributed to global effects rather than to specific regulation [*30]. Another recent
study characterized the ‘promoter activity’ (change in reporter fluorescence) as a function of
steady-state growth rate and used these dependencies in a model for the dynamics of gene
expression during a growth transitions [*31]. Good correspondence with measured data was
found for several constitutive promoters and for growth on several different media. We note
that this approach requires that the state of a cell during a growth transition can (at least
approximately) be described by a continuum of quasi-steady states of growth.

Even though the growth rate is a key parameter of the physiological state of the cell, it is not
the only such parameter. Different modes of growth modulation can lead to different growth
rate dependencies [*12]. All studies discussed so far modulated growth by changing the
nutrients in the growth medium, the most common experimental situation. In that case, the
concentration of constitutively expressed proteins decreases with increasing growth rate
(case 1la in Table 1). For growth modulation by antibiotics targeting the ribosomes, different
growth rate dependencies have been observed and, in that case, constitutive expression leads
to a protein concentration that increases with increasing growth rate (case 1b in Table 1)
[*12]. For growth-rate dependencies based on growth-related regulators (discussed below),
different modes of growth-rate dependence are obtained for different types of limiting
nutrients, e.g., carbon vs. nitrogen.

Growth-mediated feedback

If the product of a gene has a (positive or negative) effect on growth, growth provides a
feedback mechanism for the expression of that gene [20]. Whether the feedback is positive
or negative depends on the functional form of the growth rate dependence of gene
expression (determined by the regulation of that gene) and on the mode of growth-
limitation. The effect on growth may be gene-specific (e.g., because the gene product is

Curr Opin Biotechnol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Klumpp and Hwa

Page 4

toxic or because it is required to process a limiting nutrient) or generic (e.g., growth
suppression by overexpression), see cases 3a—3d in Table 1.

Positive feedback is obtained for constitutive expression of a toxic protein in nutrient-
limited growth (Table 1, case 3a): An increase in the concentration of the toxic protein leads
to a reduction in growth rate, which in turn result in a further increase of the toxin
concentration (provided that the toxin’s effect modulates growth in similar fashion as
nutrient depletion). Bistability arises if positive feedback is sufficiently cooperative and is
reflected in bimodal distributions of gene expression levels [32,33]. For growth-mediated
feedback, the two subpopulations also exhibit different growth rates. Such feedback may, for
example, be induced by expressions of toxins from chromosomal toxin-antitoxin systems.
The resulting coexistence of rapidly growing and slow-growing cells is observed in bacterial
persistence, phenotypic tolerance to antibiotics [34], where toxin-antitoxin systems indeed
play a key role [*35]. Another instance of generic growth feedback arises for antibiotic
resistance genes in growth modulated by translation-targeting antibiotics: Increased
expression of such a gene reduces the antibiotic level in the cell, thus enhancing growth,
which in turn increases the concentration of the gene product (Table 1, case 3c)[*36].

Growth-mediated feedback may function in conjunction with feedback mediated by
transcription factors, effectively making the latter more cooperative [20,37]. This was seen
in an autoregulatory T7 RNA polymerase circuit (Table 1, case 3d), where the effective
cooperativity induced by growth modulation resulted in bistability in a nominally non-
cooperative system [37], as well as in a synthetic positive autoregulation system in yeast
[38]. Effective cooperativity is also induced generically when there are several growth
feedback systems, because they are coupled through the growth modulation. For example, if
one toxin slows down growth, it may enhance expression of other toxins as well. Such toxin
cooperativity has recently been proposed [*39] to explain persister frequencies in strains
with deletions of multiple toxin-antitoxin systems [40].

Once a genetic circuit displays growth bistability, its dynamics couples to the population
dynamics. While the rate at which cells switch between the two phenotypes is determined by
the gene circuit, the percentage of these phenotypes in the population also depends on the
two growth rates [38,41]. For example, the fraction of persister cells in an exponentially
growing population (in steady-state, i.e. after the high persisters levels left over from the
stationary phase have been diluted out) is given by the balance of normal cells outgrowing
the persisters and persister generation by (one-way) phenotype switching [41]. Indeed, this
switching rate was found to be the best predictor of observed persister fractions, when
comparing different E. coli strains [42]. A related effect has been observed for a synthetic
gene circuit in yeast that is turned on as a memory of DNA damage: In this case, cells with
the circuit turned on were found to grow more slowly and thus to be outgrown by the cells
with the circuit off [43].

Growth-rate dependence based on growth-related physiological signals

Finally, growth-rate dependence of gene expression can arise from regulation by growth-
related physiological signals that coordinate expression of certain genes with metabolic
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fluxes. Even though such regulation may be complex, it can lead to surprisingly simple
growth-rate dependencies that can be understood based on the economic rationale
underlying that regulation. Perhaps the best known such case is the linear growth-rate
dependence of ribosomal protein obtained for cells growing in media with different nutrients
(case 4a in Table 1) [*12,19,44,45]. On a microscopic level it depends on the complex
mechanisms controlling ribosome synthesis, with the regulatory nucleotide ppGpp as key
physiological signal that adjusts ribosome synthesis to the availability of amino acids
[46,47]. From a macroscopic viewpoint, this relation reflects the allocation of ribosomes to
making different types of proteins. Specifically, the autocatalytic activity of ribosomes
making ribosomal proteins is a requirement for exponential growth that increases with
increasing growth rate [*12,44,48], but must be balanced with the need for making proteins
that import and process nutrients. Thus, if the ribosomal capacity is saturated (with almost
all ribosomes engaged in translation), the increased ribosome content (proteome fraction) at
rapid growth comes at the expense of a reduced content of other proteins, such as the
constitutively expressed ones. The observation of a second linear relation under translation
inhibition, e.g. by antibiotics, has allowed the development of this idea into a quantitative
and predictive theory [*12,24]. A particular success of that theory was the quantitative
predication of the growth reduction due to overexpression of unnecessary protein (case 3c in
Table 1).

Another set of strikingly simple growth-rate dependencies is found for catabolic genes under
carbon- and non-carbon-dependent growth limitation [**49]: a linear decrease or increase
with increasing growth rate, respectively (Table 1, case 4b). These linear dependencies can
again be understood as reflecting a trade-off in resource allocation, this time between
catabolic proteins on the one hand and biosynthetic proteins (anabolic and ribosomal
proteins) on the other hand. Within a quantitative theoretical description [**49], the linear
relations can be interpreted as reflecting Pareto surfaces [50,*51], resulting from the
optimization of competing requirements. The physiological signal underlying these growth-
rate dependencies is another regulatory nucleotide, CAMP (in a complex with the
transcription factor CRP), long known as the effector of catabolite repression [52]. The
central physiological role of cCAMP-CRP as a coordinator of carbon metabolism with
competing metabolic demands has, however, only been identified based on the quantitative
analysis of these growth-rate dependencies [**49]. Moreover, via the specific case of
coordination between carbon and nitrogen metabolism, this analysis also suggested that
feedback by precursors at the interface between carbon and nitrogen metabolism may
provide the molecular implementation of that coordination. This hypothesis was
subsequently confirmed and a-ketoacids (including a-ketoglutarate, which had previously
been shown to control the uptake of both carbon and nitrogen sources [53,54]) were
identified as the physiological trigger for cAMP-CRP regulation [**49], thus playing the
role of the unknown ‘catabolites’ in Magasanik’s original catabolite repression hypothesis
[55]. This discovery of a molecular link that had been elusive for decades provides an
example for how the quantitative study of physiological growth-rate dependencies can guide
the understanding of regulatory strategies and their molecular implementation [**49,56].

In summary, gene expression and cell growth are interrelated in multiple ways. An
understanding of these relations can improve the quantitative understanding and prediction
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of gene circuit behavior and provide guidance towards understanding the economic
principles as well as the molecular implementation of physiological regulation.
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Figure 1. Growth-rate dependence
The global state of a cell, which depends on the growth medium and can often be

characterized by the growth rate, influences the quantitative level of gene expression via
several parameters. As a result, the concentration of a gene product is typically growth-rate
dependent, illustrated here with data for constitutive expression [20].
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Table 1

Types of growth-rate dependencies in gene expression”

Page 11

1. Passive effects due to growth: constituti

ively expressed genes (gene product neutral, low protein abundance)

1a. Constitutive expression in nutrient-
modulated growth [20,23,*26]

=
\ % %
—_ g8
a8
growth rate
1b. Constitutive expression in translation-
modulated growth [*12] . - c
b -
\ £
£E
v
a8
growth rate
2. Passive effects due to growth: Genes regulated by specific transcription factors
2a. Simple repression (nutrient-modulated e
growth) [20,%26] w -—a.
~. .
I b “ 8
1 m— A g
I A £ c
\ 2o
L B g
growth rate
2b. Simple activation (nutrient-modulated .
growth) [20] @ TSI
-~
I \\ '%
1 A - =3
: X 58
c
— — a8
growth rate
2c. Autorepression (nutrient-modulated .
growth) [20] @ g
" g
i L]
prv
2d. Autorepression (translation- : - =
modulated growth) [*12] (. . -~ -
N by g
[} \\ T [—
1 \ =8
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growth rate
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3. Growth feedback (gene product affects growth)

Page 12

3a. Genes with toxic product (nutrient-
like growth modulation) [20]

growth bistability

number of cells

growth rate

3b. High product abundance/
overexpression without specific effects on
growth [*12,57]

growth rate

protein concentration

3c. Constitutively expressed resistance
gene (translation-modulated growth)
[*36]

growth bistability

number of cells

growth rate

3d. Positive autoregulation with growth
feedback (T7 RNA polymerase,
mechanism of growth modulation
unknown) [37]

growth bistability

number of cells

growth rate

4. Genes controlled by growth-related physiological signals (coordination with metabolic fluxes)

4a. Ribosomal protein genes [*12]

translation
limitation

£
E [ =4
(= 2=}
ah ~
fy rlbosomes =5
H : € § / nutrient
e 5i 2 limitation
nutrien amino aci rotem, = o
sources W) pools cell growth powthite
4b. Genes controlled by catabolite l
repression [**49]
I:AMP-CRP
non-carbon
nitrogen £ (e.g. nitrogen)
& . i
source g% limitation
catabolic Protems = = g5 \wbon
25 bl
carbon ¥ amino § protein, £ & limitation
earbion e acid ] 58
source I Pre- e growth rate
cursors pools growth

*
In the schematic circuit diagrams, black arrows indicate specific regulation, dashed blue arrows effects of the global state of the cell. Bold blue

arrows depict nutrient fluxes.
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