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Abstract4

Heterologous gene activation causes non-physiological burden on cellular resources that cells5

are unable to adjust to. Here, we introduce a feedforward controller that increases ribosome level6

upon activation of a gene of interest (GOI) to compensate for such a burden. The controller7

achieves this by activating a modified SpoT enzyme with sole hydrolysis activity, which lowers8

ppGpp level and thus de-represses ribosomes. Without the controller, activation of the GOI9

decreased growth rate by more than 50%. With the controller, we could activate the GOI to the10

same level without a growth rate decrease. A cell strain armed with the controller in co-culture11

enabled persistent population-level activation of a GOI, which could not be achieved by a strain12

devoid of the controller. The feedforward controller is a tunable, modular, and portable tool13

that for the first time allows dynamic gene activation without growth rate defects for bacterial14

synthetic biology applications.15
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Introduction16

In bacterial synthetic genetic circuits, genes work in orchestration to accomplish a variety of functions,17

from monitoring stress level and releasing drugs in the gut [1, 2, 3, 4], to sensing environmental18

pollutants in soil or water [5, 6, 7, 8, 9, 10]. In these circuits, genes become dynamically activated and19

repressed, depending on the environment and on the circuit’s state. When a gene of interest (GOI)20

is activated, cellular resources that the cell would otherwise devote to growth are used by the GOI’s21

expression. This burden on cellular resources decreases growth rate and leads to physiological changes22

with poorly predictable outcomes that generally hinder the intended performance of the engineered23

cell [11, 12, 13, 14, 15, 16, 17]. Decreased growth rate upon a GOI activation has especially severe24

consequences when engineered bacteria are in co-culture with other strains. In fact, co-existence of25

multiple strains in co-culture is contingent on tightly matching growth rates, wherein small growth26

rate differences between the strains typically lead to extinction of the slower growing strain [18, 19, 20].27

Therefore, growth rate reduction of an engineered bacterial strain upon a GOI activation, by leading28

to this strain’s extinction in co-culture, also leads to loss of the population-level expression of the29

GOI.30

To mitigate the consequences of gene expression burden, researchers have devised methods that31

make synthetic gene expression robust to changes in the availability of cellular resources [21, 22, 23,32

24, 25]. Complementary approaches have also used orthogonal ribosomes for heterologous expression33

through synthetic rRNAs [26]. However, none of these tools can control growth rate. The problem34

of controlling growth rate has been addressed by a feedback controller that senses gene expression35

burden and reduces the GOI’s expression to low levels such that growth rate is not affected [27].36

While this approach is ideal to maximize protein yield in batch-production, it is not suitable when37

the GOI needs to be dynamically activated to a specific and possibly high level as in biosensors and38

genetic logic gates [28, 29].39

Here, we introduce a feedforward controller that allows the activation of a GOI to any desired level40

while keeping growth rate constant. The controller co-expresses SpoTH, a modified version of SpoT41

with only hydrolysis activity, with the GOI. When the GOI is activated, SpoTH is also expressed and42

catalyzes the hydrolysis of ppGpp, thereby de-repressing ribosomal rRNA and increasing ribosome43

level [30, 31, 32]. To achieve sufficient de-repression of the rRNA in any bacterial strain, we induce44

the expression of RelA+, a variant of RelA protein that exhibits constitutive ppGpp synthesis activity45

[33, 34]. RelA+ expression results in elevated levels of ppGpp, which are then hydrolyzed by SpoTH.46

When the SpoTH ribosome binding site (RBS) is properly tuned, SpoTH activation increases ribosome47

levels to a point that exactly compensates for the growth rate burden caused by the GOI’s activation.48

The controller achieves this compensation in multiple strains, at different nominal growth rates, and49

also in co-culture.50

Results51

Growth rate actuation via SpoTH in strains with elevated ppGpp levels52

During balanced exponential growth, ppGpp is the primary regulator of rRNA [30, 31, 32] and there53

is an inverse relationship between basal ppGpp levels and both rRNA transcription, the rate-limiting54

step in ribosome production, and growth rate [30, 35, 36, 37, 38]. The RelA/SpoT Homologue (RSH)55

proteins are responsible for catalyzing the synthesis and hydrolysis of ppGpp as shown in Fig. 1-a [39,56

40, 41]. In particular, the SpoT enzyme is bifunctional with both synthesis and hydrolysis capabilities,57
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with the latter dominating in exponential growth [42], while the RelA enzyme is monofunctional with58

sole synthesis activity. To actuate growth rate, we exogenously express a modified version of SpoT59

(Supplementary note 1) with only hydrolysis activity (SpoTH). Activation of SpoTH catalyzes the60

hydrolysis of ppGpp [43], which upregulates both ribosome production and growth rate (Fig. 1-a).61

The growth rate response as SpoTH level is varied depends on the level of basal ppGpp (Fig. 1-b and62

mathematical model in Supplementary notes 2 and 3).63

We experimentally characterized the ability of SpoTH expression to actuate growth rate in three64

different strains carrying mutations in the SpoT gene, resulting in different basal levels of ppGpp.65

Specifically, we tested the CF944 (spoT202 allele), CF945 (spoT203 allele), and CF946 (spoT20466

allele) strains, where the basal ppGpp levels are lowest for CF944 and highest for CF946 [35, 44, 45, 31].67

Alongside these strains, we also characterized the growth rate response to SpoTH expression in the68

wild-type MG1655 strain (WT). The genetic circuit used to express SpoTH in these strains is shown in69

Fig. 2-a,b. For CF945 and CF946, activation of the SpoTH gene increased growth rate by up to 80%70

and 60%, respectively (Fig. 2-c). For MG1655 and CF944, which have lower basal level of ppGpp,71

we were unable to positively actuate growth rate as the SpoTH gene was activated. Free ribosome72

concentration, indirectly measured through a GFP monitor (Supplementary note 4), increases when73

SpoTH is expressed. Specifically, GFP production rate increases for MG1655, CF944, CF945, and74

CF946, by 22%, 45%, 90%, and 65%, respectively, when SpoTH is expressed (SI Fig. 7). Strain75

CF945 provides the most growth rate and free ribosome level actuation and thus it is the strain we76

proceed with.77

For a fixed strain, an additional method to tune basal ppGpp level is via the growth medium78

composition, specifically through the carbon source [32, 36, 46, 47, 48]. Consequently, we also tested79

four common carbon sources: glucose, glycerol, fructose, and lactose. The nominal growth rate80

without SpoTH expression was ∼ 0.35 hr−1, ∼ 0.32 hr−1, ∼ 0.2 hr−1, and ∼ 0.12 hr−1 and can be81

increased by up to ∼ 45%, ∼ 50%, ∼ 85%, and ∼ 75% by expressing SpoTH with glucose, fructose,82

glycerol, and lactose, respectively (Fig. 2-d,e). GFP production rate increases by ∼ 55%, ∼ 60%,83

∼ 100%, and ∼ 150% when expressing SpoTH with glucose, fructose, glycerol, and lactose as the84

carbon sources, respectively (SI Fig. 7).85

These data indicate that there is a tradeoff between nominal growth rate and the relative growth86

rate increase that can be achieved by SpoTH expression (Fig. 2-e). This tradeoff occurs because the87

extent to which growth rate can be increased is directly tied to the amount of ppGpp available to88

be hydrolyzed. That is, high basal ppGpp, yielding lower basal growth rate, allows for larger growth89

rate increase upon SpoTH expression (SI Fig. 19 and Supplementary note 3).90

Feedforward control of ribosomes in the CF945 strain91

The feedforward ribosome controller co-expresses SpoTH with the red fluorescent protein (RFP) GOI92

(Fig. 3-a). We refer to this system as the closed loop (CL) system. The open loop (OL) system is93

a configuration where SpoTH is missing (Fig. 3-b). Addition of AHL activates the RFP gene, which94

sequesters ribosomes and negatively affects growth rate (upper branch in Fig. 3-c). In the CL system,95

however, addition of AHL also increases SpoTH expression (lower branch in Fig. 3-c), which increases96

ribosome level and growth rate, thereby compensating for the growth rate reduction caused by RFP97

gene activation. The mathematical model predicts that if the ribosome binding site (RBS) of SpoTH98

is appropriately tuned, then the availability of ribosomes increases exactly to match the demand by99

RFP gene activation (Fig. 3-d and Supplementary notes 2 and 3). Therefore, we designed four SpoTH100

RBS’s for the CL system with varying strengths (Supplementary note 4).101
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In fructose, the OL system growth rate drops by over 25% when activating the RFP gene, while for102

the CL system with RBS 2, the growth rate remains nearly constant when the RFP gene is activated103

to the same level (Fig. 3-e). In glycerol, the OL system growth rate drops by over 45% when activating104

the RFP gene, while for the CL system with RBS 1, the growth rate drops at most by 10% when we105

activate the RFP gene to the same level (Fig. 3-f). Finally, in lactose, the OL system growth rate106

drops by over 55% upon RFP gene activation, while for the CL system with RBS 2, the growth rate107

remains nearly constant for the same RFP gene activation (Fig. 3-g). The growth rate versus RFP108

production rate for other tested CL system’s RBS values is shown in SI Fig. 8. In lactose, cells have109

the lowest nominal growth rate and the largest actuation of GFP production rate when SpoTH is110

activated (SI Fig. 7). Consequently, for lactose, the CL system allows also GFP production rate to111

stay approximately constant when the RFP gene is activated, which is not possible in the OL system112

(SI Fig. 9).113

We also considered a control genetic construct, where we replaced SpoTH with a nonfunctional114

heterologous protein CJB (cjBlue H197S [49]) (SI Fig. 10). This control construct allows to verify that115

the CL system outperforms the OL system due to the growth rate actuation by SpoTH expression and116

not because of the configuration change that the RFP mRNA undergoes when RFP is coexpressed117

with a second gene. This is confirmed since expressing RFP in this control circuit yields even lower118

growth rates than those of the OL system (SI Fig. 10). This is expected since CJB expression119

sequesters ribosomes adding to the burden of activating the RFP gene.120

Taken together, these data indicate that the feedforward controller can be easily tuned across121

different nominal growth rates, which we achieved here by different carbon sources, to ensure no122

growth rate decrease upon the GOI’s activation.123

Feedforward control of ribosomes in common bacterial strain124

To extend the feedforward controller to common bacteria, we introduced an inducible RelA+ gene125

expression cassette to elevate the ppGpp level in any strain of interest (Fig. 4-a,b). The E. coli126

RelA+ variant, containing the N-terminal 455 residues of wild type RelA protein, has constitutive127

ppGpp-synthesizing activity [33, 34]. The genetic construct used to express RelA+ and SpoTH is128

shown in Fig. 4-a,b. Increased levels of RelA+ in MG1655 (WT), TOP10, and NEB strains lead to129

increased level of ppGpp and hence to lower growth rate (Fig. 4-c). RelA+ expression also lowers130

GFP production rate consistent with down-regulation of free ribosome concentration (SI Fig. 11 and131

Supplementary note 4). For a level of RelA+ expression that halves the nominal strain growth rate,132

SpoTH gene activation upregulates growth rate close to the level with no RelA+ for all three strains133

(compare growth rate for maximal aTc in Fig. 4-d to that for no SAL in Fig. 4-c). Accordingly,134

the GFP production rate is also halved with RelA+ expression and upregulated back to nearly the135

value with no RelA+ expression through SpoTH gene activation (SI Fig. 11). We conclude that, with136

constitutive RelA+ expression, SpoTH gene activation allows to increase growth rate in common137

laboratory strains, thereby enabling transportability of the feedforward controller.138

We next evaluated the ability of the feedforward controller to keep growth rate constant as the139

RFP gene is activated in a TOP10 strain (Fig. 5-a,b). To this end, we established three OL systems140

at different nominal growth rates by transforming the OL system circuit of Fig. 3-a in CF944, CF945,141

and CF946. We then evaluated three genetically identical CL systems all using RBS 2 (Fig. 5-a),142

each with nominal growth rate matching that of the corresponding OL system, which we obtained143

by adjusting the RelA+ expression level (insets of Fig. 5-c,d,e). This way, both OL and CL systems144

have matching growth rates before the RFP gene is activated.145
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When the RFP gene is activated, the growth rate of the OL system drops by 20%, 55%, and 40%146

in the CF944, CF945, and CF946 strains, respectively (Fig. 5-c,d,e). In contrast, the growth rates of147

the associated CL systems, only drop by 5%, 7%, and 15%, respectively, when the RFP gene is148

activated to the same level (Fig. 5-c,d,e). The RBS of the CL system in Fig. 5-e, can be further tuned149

to prevent a growth rate drop as the RFP gene is activated (Supplementary note 6). The growth rate150

versus RFP production rate for all CL RBS values tested is shown in SI Fig. 12. The GFP production151

rate versus the RFP production rate data corresponding to Fig. 5-c,d,e also demonstrates that for152

sufficiently low nominal growth rates, the SpoTH RBS can be tuned in the CL system to keep GFP153

production rate constant as the RFP gene is progressively activated (SI Fig. 13).154

Taken together, these data show that RelA+ expression sets the nominal desired growth rate for155

the CL system in a strain of interest, and that the SpoTH co-activation with the GOI maintains this156

pre-set nominal growth rate as the GOI is activated.157

Feedforward controller for persistent GOI expression in co-culture158

Engineered bacteria that dynamically express a GOI are often deployed in environments where other159

microbes are already present. Examples include engineered bacteria delivering biotheaputics in the gut160

microbiome or acting as biosensors for water contaminants [4, 7]. If the activation of the GOI leads to161

growth rate defects, then environmental faster growing organisms will overtake the population, leading162

to loss of the GOI population-level expression [18, 20]. This, in turn, hinders the sensing or drug163

delivery functionality of the engineered cell strain. Similarly, in engineered consortia, where multiple164

strains are programmed to each accomplish a different but complementary function, the different165

strains’ growth rates should remain sufficiently close to one another despite dynamic activation of166

genes [17, 50, 51]. Here, we tackle this problem by employing the feedforward controller to activate167

the GOI such that the strain’s growth rate does not change upon GOI activation.168

Specifically, we compare the performance of the OL strain expressing inducible RFP (GOI) to169

that of the CL strain armed with the feedfroward controller, when co-cultured with a “competitor170

strain” that constitutively expresses blue fluorescent protein (BFP) (Fig. 6-a,b,c). The performance171

metric that we use for this comparison is the temporal population-level expression of RFP after its172

activation, that is, the intensity of RFP normalized by the OD of the co-culture. When grown in173

isolation and post induction of RFP, the growth rates of the OL and CL strains are initially close to174

each other and to that of the competitor strain. However, as time progresses, the growth rate of the175

OL strain drops to about 50% of its original value while that of the CL strain maintains the initial176

growth rate over time (Fig. 6-d).177

As a consequence, when OL and competitor strains are in co-culture and the GOI is activated,178

the population-level intensity of BFP increases, while that of RFP ultimately decreases (Fig. 6-e).179

This dynamic change in the population-level intensity of RFP and BFP can be attributed to the180

competitor strain overtaking the population due to its higher growth rate (compare blue line to dark181

gray bars in Fig. 6-d). To further verify that this population-level dynamic change was not due to a182

dynamic change of the expression level of BFP and RFP, we tracked the same biological replicates as183

in Fig. 6 in monoculture, which showed constant BFP and RFP intensity throughout the time course184

(SI Fig. 14). When the CL and competitor strains are in co-culture and the GOI is activated, the185

population-level intensity of BFP and RFP settle to a constant level (Fig. 6-f), consistent with the186

adaptation of the growth rate of the CL strain to its initial value post induction of the GOI (Fig. 6-d,187

light gray bars). Therefore, we conclude that the CL strain, by preventing a steady decrease in growth188

rate upon activation of the GOI, also allows persistent GOI population level expression.189

5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 24, 2022. ; https://doi.org/10.1101/2021.02.11.430724doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.11.430724
http://creativecommons.org/licenses/by-nc-nd/4.0/


Discussion190

The alarmone ppGpp has been referred to as the “CEO of the cell”, whose job is to optimally regulate191

resources for growth based on environmental conditions and current translational activity [52]. In this192

paper, we exploited the inverse relationship between ppGpp level and rRNA transcription rate during193

exponential growth [35, 36, 37, 38] and the hydrolysis of ppGpp by SpoT [42] to engineer an actuator194

that upregulates growth rate (Fig. 1). Specifically, the actuator exogenously expresses a modified195

version of spoT with only hydrolysis activity (SpoTH) and, in strains with elevated basal ppGpp196

level, activation of the SpoTH gene uprelgulates ribosomes (Fig. 2). We demonstrated the ability to197

actuate growth rate first in strains with elevated basal ppGpp level and by tuning the carbon source in198

the growth media (Fig. 2). Other methods such as tuning the amino acid concentration in the media199

could also be considered [35]. We then made the actuator portable to common laboratory strains by200

artificially raising ppGpp’s level through expression of the RelA+ enzyme (Fig. 4 and Fig. 5).201

We employed the actuator to create a feedforward controller of ribosome level that compensates202

for the burden on cellular resources observed in the form of growth rate defects due to activating a203

GOI (Fig. 3 and Fig. 5). The controller co-expresses SpoTH with the GOI (RFP); therefore, when204

the GOI is activated, SpoTH is also activated, which increases ribosome availability. This increase205

in ribosome availability, when the SpoTH RBS is well tuned, exactly compensates for the GOI’s206

resource demand, leading to no change in growth rate (Fig. 3). The feedforward controller can be207

implemented for any GOI by co-expressing SpoTH with it and by tuning the SpoTH RBS based on208

the GOI’s ribosome load on the cell; hence, this design is tunable and modular.209

For sufficiently low growth rates (high levels of ppGpp), the feedforward controller can also be210

tuned to keep the production rate of any constitutively expressed protein constant as the GOI is211

activated (SI Fig. 9 and SI Fig. 13). However, the SpoTH RBS that keeps growth rate constant is not212

the same as the one that keeps protein production rate constant. For a protein whose decay rate is213

dominated by degradation, the steady state concentration per-cell is approximately given by the ratio214

between the production rate and the degradation rate [53]. Therefore, the SpoTH RBS that keeps215

protein’s production rate constant as a GOI is activated, also keeps the protein’s concentration per-cell216

constant. In future applications, the feedforward controller may be used synergistically with previously217

engineered controllers that maintain concentration per cell constant once a resource competitor (GOI)218

is activated, but cannot maintain growth rate constant [21, 22, 23, 25, 24]. In fact, the concurrent219

implementation of the SpoTH feedforward controller with these controllers will both maintain constant220

growth rate and for any protein of interest and a constant concentration per-cell, when a GOI is221

activated.222

The SpoTH actuator can also mitigate the growth defects caused by activation of a toxic protein,223

such as dCas9 [54, 55]. With the SpoTH actuator, we could reach without growth defects a dCas9224

production rate that would otherwise cause a 40% decrease in growth rate without SpoTH expression225

(Supplementary Notes 7). We estimate that this production rate is at least four times higher than226

that reachable without growth defects without SpoTH expression (Supplementary Notes 7). These227

results have direct applications to CRISPRi-based genetic circuits where dCas9 should be at high228

concentrations to minimize the effects of its sequestration by multiple sgRNAs [56, 57, 58]. However,229

dCas9 toxicity limits its concentration to ranges where sequestration effects are prominent [56].230

Persistent population-level expression of a GOI in a strain that shares the environment with231

competing organisms is hampered by growth rate imbalances that follow the GOI activation [4, 20].232

We applied the feedforward controller to achieve persistent population-level expression of RFP (GOI)233

in a strain co-cultured with a competitor strain (Fig. 6). In applications, we can use the RelA+234

6

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 24, 2022. ; https://doi.org/10.1101/2021.02.11.430724doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.11.430724
http://creativecommons.org/licenses/by-nc-nd/4.0/


inducible expression cassette to set the strain’s nominal growth rate to a desired level chosen to235

match the growth rate of other competitor strain(s), thereby achieving co-existence. The feedforward236

controller co-expressing SpoTH with the GOI then guarantees that this desired growth rate does not237

drop as the GOI is dynamically activated, thereby enabling persistent population-level expression of238

the GOI. This tool will thus be critical in future multi-strain systems that implement division of labor239

by running different genetic circuits with distinct, yet complementary, functionalities in the different240

strains [50, 51]. Population controllers have been implemented to promote coexistence in multi-strain241

systems. However, these controllers require the growth rates of each strain to be sufficiently close242

to one another [20]. In these systems, GOI activation in one strain may lower growth rate beyond243

the co-existence limits, at which point co-existence is lost despite the population controller. Our244

feedforward controller can be used synergistically with population controllers to ensure co-existence245

in multi-strain systems when expression of a GOI is dynamically modulated in each of the strains.246

Our understanding of ppGpp, and especially of its role in exponential growth, is constantly evolving247

[52], so as we gain more insight on this pathway, we may uncover opportunities to further optimize248

the SpoTH actuator. For example, other enzymes like Mesh1 [59, 60] and SpoT E319Q [61] have249

been shown to catalyze the hydrolysis of ppGpp and can, in principle, serve in alternative actuator250

designs in place of SpoTH. Overall, this work provides an example of how we can exploit endogenous251

cell growth regulation pathways for engineering biology applications.252

The feedforward controller is a tunable, modular, and portable tool that allows dynamic modu-253

lation of a GOI to possibly high-levels without substantially affecting growth rate. It will thus be a254

tool useful for all those applications where engineered bacteria need to co-exist with environmental255

species or with other engineered strains, while running circuits in which genes become dynamically256

activated.257
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Figure 1: Growth rate actuation via SpoTH and RelA+. (a) Diagram of the circuit describing
how SpoTH and RelA+ expression affect ribosomes and growth rate. The nucleotide ppGpp negatively
regulates ribosome production and growth rate in E. coli during exponential growth. The synthesis
of ppGpp is catalyzed from GTP/GDP by both RelA and SpoT, while the hydrolysis of ppGpp is
catalyzed by SpoT only [39, 40, 41]. A modified version of SpoT with only hydrolysis activity (SpoTH)
catalyzes the hydrolysis of ppGpp [43]. A modified version of RelA containing the N-terminal 455
residues of RelA (RelA+) catalyzes the synthesis of ppGpp [33, 34, 60]. Both SpoTH and RelA+
are expressed by a synthetic genetic circuit and are under the control of inducible promoters. (b)
Growth rate as a function of SpoTH level for varying ppGpp concentration. SpoTH gene activation
to low levels increases growth rate when the amount of ppGpp is sufficiently high. RelA+ expression
increases ppGpp levels and thus decreases growth rate. See Supplementary notes 2 and 3 for a
mathematical model.
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Figure 2: SpoTH gene activation increases growth rate. (a) P_GFP_SpoTH plasmid used
to activate the SpoTH gene via the inducible pTet promoter. (b) Circuit describing how SpoTH
induction via aTc affects ribosomes and growth rate. Addition of aTc increases SpoTH concentration,
which lowers ppGpp concentration and consequently upregulates both free ribosome concentration
and growth rate [35]. (c) The growth rate as SpoTH is increased in the wild-type MG1655, CF944,
CF945, and CF946 strains [35] growing in glycerol as the sole carbon source. (d) Growth rate
normalized by the growth rate at aTc = 0 nM, as SpoTH is expressed in CF945 growing in lactose,
glycerol, fructose, or glucose as the sole carbon source. The maximum normalized growth rate for
each carbon source is marked by open squares. (e) The maximum normalized growth rate versus the
growth rate at aTc = 0 nM for each carbon source. Data are shown as the mean ± one standard
deviation (N=4, two biological replicates each with two technical replicates). Individual experimental
values are presented as gray dots. The complete experimental protocol is provided in the Materials
and Methods section. Plasmid description, plasmid map, and essential DNA sequences are provided
in SI section Plasmid maps and DNA sequences.
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Figure 3: Feedforward ribosome controller compensates for burden caused by a GOI
(RFP) activation at different nominal growth rates. (a) CL system’s genetic construct
(P_IFFL_x) co-expresses RFP and SpoTH via the AHL inducible Plux promoter. The SpoTH RBS
is used as a tuning parameter (Supplementary note 5). (b) OL system’s genetic construct (P_OL)
expresses RFP using the AHL inducible Plux promoter. (c) Circuit diagram illustrating how AHL
induction affects ribosomes and growth rate for the open loop (OL) or closed loop (CL) systems. In
the OL system, SpoTH is not present, so there is only the upper path from AHL to ribosomes. In the
CL system, AHL also activates SpoTH expression and hence upregulates ribosome concentration and
growth rate. Dashed edges represent sequestration of free ribosomes by a protein’s expression. (d)
Expected growth rate as the RFP gene is activated for the ideal case, the OL, and the CL systems.
(e-g) Growth rate normalized by the growth rate at 0 nM AHL (nominal growth rate) versus the
RFP production rate for the OL and CL systems, using fructose (e), glycerol (f), and lactose (g) as
the carbon source. The inset shows the nominal growth rate with no AHL induction. Data for all the
RBS’s of the CL system tested, AHL induction concentrations used, and GFP production data are
shown in SI Fig. 8 and SI Fig. 9. Data are shown as the mean ± one standard deviation (N=3, three
biological replicates). Individual experimental values are presented as gray dots. All experiments
were performed in the CF945 strain. The complete experimental protocol is provided in the Materials
and Methods section. Plasmid description, plasmid map, and essential DNA sequences are provided
in SI section Plasmid maps and DNA sequences.
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Figure 4: RelA+ expression allows to transport the ribosome controller to a desired
bacterial strain. (a) P_GFP_SpoTH_RelA+ construct expresses SpoTH via the inducible pTet
promoter and RelA+ via the inducible Psal promoter. Plasmid description, plasmid map, and essential
DNA sequences are provided in SI section Plasmid maps and DNA sequences. (b) Circuit diagram
depicting the effect of RelA+ induction and SpoTH induction on ribosomes and growth rate. Addition
of SAL increases RelA+ concentration and thus upregulates ppGpp concentration [60]. Addition of
aTc increases SpoTH concentration, which lowers ppGpp concentration and consequently upregulates
both free ribosome concentration and growth rate [35]. (c) Growth rate versus RelA+ induction
(SAL) in the TOP10, NEB, and wild-type MG1655, strains growing in glycerol as the sole carbon
source. The SAL inductions are [0, 5, 10, 40, 75, 150, 250, 375, 750, 1000 ] µM for the NEB and
TOP10 strains and [0, 10, 20, 30, 50, 100, 175, 250, 375, 500, 750, 1000 ] µM for MG1655 strain.
(d) Growth rate versus SpoTH induction (aTc) for a fixed RelA+ induction in TOP10, NEB, and
wild-type MG1655 strains growing in glycerol as the sole carbon source. The aTc inductions are [0,
20, 30, 40, 45, 50, 60, 70, 80, 90] nM for TOP10, [0, 20, 30, 40, 50, 60, 70, 80, 90, 100] nM for NEB,
and [0, 40, 80, 120, 160, 200, 240, 280, 320, 360] nM for MG1655. Data are shown as the mean ± one
standard deviation (N=3, three biological replicates). Individual experimental values are presented
as gray dots. The complete experimental protocol is provided in the Materials and Methods section.
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Figure 5: Feedforward ribosome controller compensates for burden caused by activation
of the RFP gene in a common laboratory strain and across different nominal growth
rates. (a) CL system’s genetic construct (P_IFFL_RelA_2) co-expresses RFP and SpoTH via the
AHL inducible Plux promoter. The SpoTH RBS is fixed to RBS 2 (Supplementary note 5). RelA+
is expressed using the SAL inducible Psal promoter. (b) Circuit diagram depicting the effect of
activating RFP (AHL input) on ribosomes and growth rate for the open loop (OL) or closed loop
(CL) systems. In the OL system, SpoTH is not present, so there is only the upper path from AHL
to growth rate. In the CL system, AHL also activates SpoTH production and hence upregulates
ribosome concentration and growth rate. Dashed edges represent sequestration of free ribosomes by
a protein’s expression. RelA+ activation via SAL sets the basal level of ppGpp and thus the nominal
growth rate [60]. (c-e) Growth rate normalized by the growth rate at 0 nM AHL (nominal growth
rate shown in the inset) versus the RFP production rate for the OL in CF944 (c), CF945, (d), and
CF946 (e) and CL systems in TOP10. For the CL system, RelA+ expression is set to match the
growth rate of the OL strain. The inset shows the nominal growth rate with no AHL induction.
Data for all RBS’s of the CL system tested, AHL induction concentrations used, and GFP production
data are shown in SI Fig. 12 and SI Fig. 13. Data are shown as the mean ± one standard deviation
(N=3, three biological replicates). Individual experimental values are presented as gray dots. All
experiments were performed with glycerol as the sole carbon source. The complete experimental
protocol is provided in the Materials and Methods section. Plasmid description, plasmid map, and
essential DNA sequences are provided in SI section Plasmid maps and DNA sequences.
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Figure 6: Feedforward controller promotes persistent GOI expression in a co-culture with
a competitor strain. (a) The OL strain consists of P_OL in CF945. This strain expresses RFP
using the AHL inducible Plux promoter. (b) The CL strain consists of P_IFFL_2 in CF945. This
strain co-expresses RFP and SpoTH using the AHL inducible Plux promoter. (c) The competitor
strain has P_BFP in TOP10. This strain constitutively expresses BFP. (d) Temporal responses of
growth rate for the OL and CL strains grown in isolation post activation of the RFP gene (GOI)
through AHL induction. The growth rate of the competitor strain grown in isolation is shown with
a blue line (see SI Fig. 14 for raw data). (e)-(f) Temporal responses of RFP (red) and BFP (blue)
fluorescence normalized by the total OD of the co-culture (ODtotal) for the OL and competitor strains
co-culture in (e), and for the CL and competitor strains co-culture in (f). AHL+ denotes media
containing the AHL inducer at 27.5 nM concentration. The growth rate and fluorescence of each
strain for all biological replicates was simultaneously tracked in isolation (SI Fig. 14). Data are shown
as the mean ± one standard deviation (N=3, three biological replicates). Individual experimental
values are presented as black dots. All experiments were performed in media with glycerol as the
sole carbon source. The complete experimental protocol is provided in the Materials and Methods
section. Plasmid description, plasmid map, and essential DNA sequences are provided in SI section
Plasmid maps and DNA sequences.

Materials and Methods258

259

Bacterial strain and growth. The bacterial strain used for genetic circuit construction was E.260
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coli NEB10B (NEB, C3019I) and LB broth Lennox was the growth medium used during construction.261

Characterization was performed using the CF944, CF495 , and CF946 [35], MG1655 (CGSC, 6300),262

and TOP10 strains. Characterization experiments were done using M9 minimal medium supplemented263

with 0.2% casamino acids,1 mM thiamine hydrochloride, ampicillin (100 µg/mL), and either 0.4%264

glucose, 0.4% fructose, 0.4% glycerol, or 2 g/L lactose (the specific carbon source used for each265

experiment is specified in the figure caption).266

Microplate photometer protocol. This protocol was used to generate the data in all figures in267

the main text except that of the co-culture experiment (Fig 6). Cultures were prepared by streaking268

cells from a 15 % glycerol stock stored at −80◦C onto a LB (Lennox) agar plate containing 100269

µg/mL ampicillin and incubated at 37◦C. Isolated colonies were picked and grown in 2 ml of growth270

medium in culture tubes (VWR, 60818-667) for 12-24 hours at 30◦C and 220 rpm in an orbital271

shaker. Cultures were then diluted to an OD at 600 nm (OD600nm) of 0.0075 and grown for an272

additional 6 hours in culture tubes to ensure exponential growth before induction. Cultures were273

then induced and plated onto 96 well-plate (Falcon, 351172). The 96-well plate was incubated at274

30◦C in a Synergy MX (Biotek, Winooski, VT) microplate reader in static condition and was shaken275

at a fast speed for 3 s right before OD and fluorescence measurements. Sampling interval was 5276

minutes. Excitation and emission wavelengths to monitor GFP fluorescence are 485 (bandwidth = 20277

nm) and 513 nm (bandwidth = 20 nm), respectively and the Sensitivity = 80. Excitation and emission278

wavelengths to monitor RFP fluorescence are 584 (bandwidth = 13.5 nm) and 619 nm (bandwidth =279

13.5 nm), respectively and the Sensitivity = 100. Sampling continued until bacterial cultures entered280

the stationary.281

Microplate photometer protocol for co-culture experiment. This protocol was used to282

generate the data for the co-culture experiment (Fig 6). Cultures were prepared by streaking cells283

from a 15 % glycerol stock stored at −80◦C onto a LB (Lennox) agar plate containing 100 µg/mL284

ampicillin and incubated at 37◦C. Isolated colonies were picked and grown in 2 ml of growth medium285

in culture tubes (VWR, 60818-667) for 12-24 hours at 30◦C and 220 rpm in an orbital shaker. Cultures286

were then diluted to an OD at 600 nm (OD600nm) of 0.0075 for the OL and CL strain and 0.0045 for287

the competitor strain. After four hours the competitor strain was induced with 550 µM SAL and288

after six hours the OL and CL strains were induced with 27.5 nM AHL. The cultures were then plated289

onto 96 well-plate (Falcon, 351172) and grown until the optical density was above OD600nm = 0.02290

and were then mixed to bring the optical density of the co-culture to OD600nm = 0.02. The biological291

replicate of each culture was simultaneously tracked in isolation (mono-culutre). The cultures were292

then grown until one of the co-cultures reached OD600nm = 0.2 and then all cultures were diluted to293

OD600nm = 0.035, this dilution process was repeated three times (see SI Fig. 15 for growth curves). The294

96-well plate was incubated at 30◦C in a Synergy MX (Biotek, Winooski, VT) microplate reader in295

static condition and was shaken at a fast speed for 3 s right before OD and fluorescence measurements.296

Sampling interval was 5 minutes. Excitation and emission wavelengths to monitor BFP fluorescence297

are 400 (bandwidth = 9 nm) and 460 nm (bandwidth = 9 nm), respectively and the Sensitivity =298

80. Excitation and emission wavelengths to monitor GFP fluorescence are 485 (bandwidth = 9 nm)299

and 513 nm (bandwidth = 9 nm), respectively and the Sensitivity = 80. Excitation and emission300

wavelengths to monitor RFP fluorescence are 584 (bandwidth = 13.5 nm) and 619 nm (bandwidth =301

13.5 nm), respectively and the Sensitivity = 100.302

Calculating growth rate and protein production rates. The media background OD (0.08303

OD600nm ), GFP (100 A.U), and BFP (2,800 A.U) were subtracted from the data prior to any calcu-304

lations. To ensure the data analyzed was coming from cells in exponential growth, only OD values305

(adjusted for background) of OD600nm = 0.06 and OD600nm = 0.14 were considered except for exper-306
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iments done in lactose where the range was OD600nm = 0.06 and OD600nm = 0.1, since cells growing307

in lactose entered stationary phase at lower OD values.308

To dampen noise before differentiating, the data was then filtered using a moving average filter.309

Given a signal with n measurements y = [y1, y2, . . . , yn+1] sampled at a constant period ∆t, we apply310

the moving average filter as follow:311

dj =
2∑

r=−2

yj+r
5 , ∀j ∈ [3, 4, . . . , n− 1],

where d = [d1, d2, . . . , dn+1] is our filtered signal with boundary points identical to those of y (d1 =312

y1 and d2 = y2).313

The growth rate is calculated from the filtered OD signal by performing linear regression (in a314

least-squares sense) on the log of the signal and taking the slope of the fit. The temporal growth rate315

data from Fig. 6-d was calculated by partitioning the OD versus time data (SI Fig. 15) into the time316

intervals shown in Fig. 6-d and then calculating the growth rate of each individual partition per the317

above method.318

The RFP and GFP production rates were calculated in a similar manner as [62]. Denoting GFP(ti)319

and RFP(ti) as the filtered GFP and RFP signal measured by the plate reader at time ti, the GFP320

production rate (αGFP(ti)) and RFP production rate (αRFP(ti)) are given by321

αGFP(ti) = GFP(ti+1)−GFP(ti−1)
2(ti+1 − ti−1)OD(ti)

, αRFP(ti) = RFP(ti+1)− RFP(ti−1)
2(ti+1 − ti−1)OD(ti)

,

where OD(ti) is the filtered OD level.322

Genetic circuit construction.323

The genetic circuit construction was based on Gibson assembly [63]. DNA fragments to be assembled324

were amplified by PCR using Phusion High-Fidelity PCRMaster Mix with GC Buffer (NEB, M0532S),325

purified with gel electrophoresis and Zymo clean Gel DNA Recovery Kit (Zymo Research,D4002),326

quantified with the nanophotometer (Implen, P330), and assembled withGibson assembly protocol327

using NEBuilder HiFi DNA Assembly Master Mix(NEB, E2621S). Assembled DNA was transformed328

into competent cells prepared by the CCMB80 buffer (TekNova, C3132). Plasmid DNA was prepared329

by the plasmid miniprep-classic kit (Zymo Research, D4015). DNA sequencing used Quintarabio DNA330

basic sequencing service. Primers and gBlocks were obtained from Integrated DNA Technologies. The331

list of constructs and essential DNA sequences can be found in SI section Plasmid maps and DNA332

sequences333
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Supplementary Information545

In the first section of the SI we provide supplementary experimental results. Then, we provide a546

detailed mathematical derivation of the SpoTH actuator model. Finally, we provide the plasmid547

maps of the constructs used in this study along with DNA sequence of nonstandard parts and end548

with supplementary notes.549

Additional experimental data550

The GFP production rate data as SpoTH is expressed corresponding to Fig. 2 in the main text, is551

shown in Fig. 7. The RFP production rate vs growth rate data for all the CL RBS values tested for552

the experiment corresponding to Fig. 3 in the main text, is shown in Fig. 8. The GFP production553

rate data as the GOI is activated corresponding to Fig. 3 in the main text, is shown in Fig. 9. For554

the feedforward controller from Fig. 3-a in the main text, we replaced SpoTH with a nonfunctional555

heterologous protein CJB (cjBlue H197S [49]) and call this the control system. The growth rate and556

GFP production rate data as RFP is activated for the OL system and the control system is shown in557

Fig. 10. The GFP production rate data as RelA+ and SpoTH are expressed corresponding to Fig. 5558

in the main text, is shown in Fig. 11. The RFP production rate vs growth rate data for all the CL559

RBS values tested for the experiment corresponding to Fig. 6 in the main text, is shown in Fig. 12.560

The GFP production rate data as the GOI is activated corresponding to Fig. 6 in the main text, is561

shown in Fig. 13. The fluorescence per-cell and growth rate of the same biological replicates as in562

Fig. 6 were simultaneously tracked individually in a mono-culture (Fig. 14). The growth curves for563

the mono-cultures and co-cultures corresponding to Fig. 6 in the main text are shown in Fig. 15.564
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Figure 7: SpoTH expression increases GFP production rate. (a) The P_GFP_SpoTH plasmid used to
express SpoTH via the inducible pTet promoter. Plasmid description, plasmid map, and essential DNA sequences are
provided in SI section Plasmid maps and DNA sequences. (b) Addition of aTc increases SpoTH concentration, which
lowers ppGpp concentration and consequently upregulates both free ribosome concentration and growth rate [35]. Here
the constitutive GFP production rate serves as a proxy for free ribosomes (Supplementary note 4). (c) The GFP
production rate while increasing SpoTH in the wild-type MG1655, CF944, CF945, and CF946 strains [35] growing in
glycerol as the sole carbon source. (d) The GFP production rate normalized by the GFP production rate at aTc = 0
nM, as SpoTH is expressed in CF945 growing in lactose, glycerol, fructose, or glucose as the sole carbon source. The
max normalized GFP production rate for each carbon source is marked by open squares. (e) The max normalized GFP
production rate versus the GFP production rate at aTc = 0 nM for each carbon source. Data are shown as the mean
± one standard deviation (N=4, two biological replicates each with two technical replicates). Individual experimental
values are presented as red dots. The complete experimental protocol is provided in the Materials and Methods section.
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Figure 8: Feedforward ribosome controller compensates for burden caused by a GOI (RFP) activation.
The unnormalized growth rate versus RFP production rate for all the tested RBS for the CL system corresponding to
Fig. 3-e,f,g in the main text. (a)-(c) Growth rate versus the RFP production rate for the OL and CL systems, using
fructose (e), glycerol (f), and lactose (g) as the carbon source. Data are shown as the mean ± one standard deviation
(N=3, three biological replicates). All experiments were performed in the CF945 strain. Individual experimental values
are presented as black dots. The complete experimental protocol is provided in the Materials and Methods section.
Plasmid description, plasmid map, and essential DNA sequences are provided in SI section Plasmid maps and DNA
sequences.
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Figure 9: Feedforward controller compensates for GFP production rate defect caused by a GOI (RFP)
activation at low growth rates. (a) Diagram depicting the effect of expressing RFP (via AHL) on ribosomes and
growth rate for the open loop (OL) or closed loop (CL) systems. In the OL system, SpoTH is not present, so there
is only the upper path from AHL to ribosomes. In the CL system, AHL also activates SpoTH expression and hence
upregulates ribosome concentration and growth rate. Dashed edges represent sequestration of free ribosomes by a
protein’s mRNA. Here the constitutive GFP production rate serves as a proxy for free ribosomes (Supplementary Note
4). (b-d) The GFP production rate normalized by the GFP production rate at 0 nM AHL versus the RFP production
rate for the control, OL, and CL systems, using fructose (e) glycerol (f), and lactose (g) as the carbon source. Data
are shown as the mean ± one standard deviation (N=3, three biological replicates). All experiments were performed
in the CF945 strain. Individual experimental values are presented as black dots. The complete experimental protocol
is provided in the Materials and Methods section. Plasmid description, plasmid map, and essential DNA sequences are
provided in SI section Plasmid maps and DNA sequences.
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Figure 10: Replacing SpoTH with CJB in Feedforward controller creates more burden on growth
rate and GFP production rate than the OL system. (a) OL system’s genetic construct (P_OL) used to
express RFP using the AHL (TX input) inducible Plux promoter (b) The control genetic construct (P_Control) used
to simultaneously express RFP and CJB. The CJB protein is a nonfunctional heterologous protein. (c)/(d) Growth
rate/GFP production rate versus the RFP production rate for the control and OL systems. Data are shown as the mean
± one standard deviation (N=4, two biological replicates each with two technical replicates). Individual experimental
values are presented as a black dots. All experiments were performed in the CF945 strain in media with glycerol as the
sole carbon source. The complete experimental protocol is provided in the Materials and Methods section.
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Figure 11: Expression of RelA+ allows to transport the SpoTH actuator to common laboratory strains.
(a) The P_GFP_SpoTH_RelA+ plasmid used to express SpoTH via the inducible pTet promoter and RelA+ via the
inducible Psal promoter. Plasmid description, plasmid map, and essential DNA sequences are provided in SI section
Plasmid maps and DNA sequences. (b) Addition of SAL increases RelA+ concentration and thus upregulates ppGpp
concentration [60]. Addition of aTc increases SpoTH concentration, which lowers ppGpp concentration and consequently
upregulates both free ribosome concentration and growth rate [35]. Here the constitutive GFP production rate serves
as a proxy for free ribosomes (Supplementary Note 4). (c) GFP production rate versus RelA+ induction (SAL) in the
TOP10, NEB, and wild-type MG1655, strains growing in glycerol as the sole carbon source. (d) GFP production rate
versus SpoTH expression (atc) for a fixed RelA+ expression in TOP10, NEB, and wild-type MG1655 strains growing
in glycerol as the sole carbon source. Data are shown as the mean ± one standard deviation (N=3, three biological
replicates). All experiments were performed with glycerol as the sole carbon source. Individual experimental values
are presented as a red dots. The complete experimental protocol is provided in the Materials and Methods section.
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Figure 12: Feedforward ribosome controller compensates for burden caused by a GOI (RFP) activation
in common bacterial strain. The unnormalized growth rate versus RFP production rate for all the tested RBS for
the CL system corresponding to Fig. 6-c,d,e in the main text. (a)-(c) Growth rate versus the RFP production rate for
the OL in CF944 (c), CF945, (d), and CF946 (e) and CL systems in TOP10. For the CL system, RelA+ expression
is set to match the growth rate of the OL strain. All experiments were performed with glycerol as the sole carbon
source. Data are shown as the mean ± one standard deviation (N=3, three biological replicates). All experiments were
performed in the CF945 strain. Individual experimental values are presented as black dots. The complete experimental
protocol is provided in the Materials and Methods section. Plasmid description, plasmid map, and essential DNA
sequences are provided in SI section Plasmid maps and DNA sequences.
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Figure 13: Feedforward controller compensates for GFP production defects caused by activation of
RFP in TOP10 strain at low growth rates. (a) Diagram depicting the effect of activating RFP (AHL input)
on ribosomes and growth rate for the open loop (OL) or closed loop (CL) systems. In the OL system, SpoTH is not
present, so there is only the upper path from AHL to growth rate. In the CL system, the TX input also activates SpoTH
production and hence upregulates ribosome concentration and growth rate. Dashed edges represent sequestration of
free ribosomes by a protein mRNA. RelA+ activation via SAL sets the basal level of ppGpp and thus the setpoint
growth rate [60]. Here the constitutive GFP production rate serves as a proxy for free ribosomes (Supplementary Note
4). (c-e) GFP production rate normalized by the GFP production rate at 0 nM AHL versus the RFP production rate
for the OL in CF944 (c), CF945, (d), and CF946 (e) and CL systems (for RBS with best performance) in TOP10. For
the CL system, RelA+ expression is set to match the growth rate of the OL strain. Data are shown as the mean ± one
standard deviation (N=3, three biological replicates). All experiments were performed with glycerol as the sole carbon
source. Individual experimental values are presented as black dots. The complete experimental protocol is provided in
the Materials and Methods section. Plasmid description, plasmid map, and essential DNA sequences are provided in
SI section Plasmid maps and DNA sequences.
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Figure 14: RFP and BFP expressed persistently in isolation. (a) The OL strain consists of P_OL in CF945.
(b) The iFFL strain consists of P_IFFL_2 in CF945. (c) The competitor strain has P_BFP in TOP10. (d) The
growth rates for each strain with AHL (AHL+, 27.5 nM) grown in isolation (mono-culture). The growth rates were
calculated by averaging the growth rates of the last two batches in Fig. 15-a,b for each biological replicate. (e) The
temporal response of mean RFP per OD values for the OL and CL strain with AHL (27.5 nM). (f) The temporal
response of mean BFP per OD values for the competitor strain. Data are shown as the mean ± one standard deviation
(N=3, three biological replicates). Individual experimental values are presented as a black dots. All experiments were
performed in media with glycerol as the sole carbon source. Individual experimental values are presented as black dots.
The complete experimental protocol is provided in the Materials and Methods section. Plasmid description, plasmid
map, and essential DNA sequences are provided in SI section Plasmid maps and DNA sequences.
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Figure 15: Co-culture experiment growth curves. (a) The optical density versus time for the OL and CL
strain growing in mono-culture with AHL induction. (b) The optical density versus time for competitor strain growing
in mono-culture. (c) The optical density versus time for the co-cultures of OL and competitor strain and the CL
and competitor strain growing in co-culture with AHL induction. Data are shown as the mean ± one standard
deviation (N=3, three biological replicates). Individual experimental values are presented as dots. All experiments
were performed in media with glycerol as the sole carbon source. Individual experimental values are presented as black
dots. The complete experimental protocol is provided in the Materials and Methods section. Plasmid description,
plasmid map, and essential DNA sequences are provided in SI section Plasmid maps and DNA sequences.

Derivation of the SpoTH actuator mathematical model565

Following the deterministic modeling framework in [64] and previously applied in [13, 15], we derive566

a model of the SpoTH actuator. We model SpoTH mRNA being translated by ribosomes to produce567

the SpoTH protein, which catalyzes the hydrolysis of ppGpp. We model ppGpp inhibiting ribosome568

production and thus modifying the total ribosomal budget. The resulting dimensional model contains569

many free parameters, by nondimensionalizing the equations, we can reduce our governing equation570

to contain only two dimensionless parameters. Finally, we modify the equations to account for the571

expression of a heterologous protein.572
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This modeling framework is not meant to be comprehensive, but rather contain sufficient fidelity573

to make mathematically precise the physical processes discussed in the main text. The mathematical574

model is meant to complement the physical intuition provided in the main text used to explain the575

experimental data.576

SpoTH expression and ppGpp hydrolysis and synthesis577

We model SpoTH mRNA (ms) binding to free ribosomes (R) to produce the translation initiation578

complex cs, which is then translated to produce the SpoTH protein S with elongation rate constant579

κs. The mRNA decays with rate constants δs and the protein dilutes with rate constant γs. The580

corresponding chemical reactions are:581

∅ αs−→ ms, ms
δs−→ ∅, ms + R as



ds

cs
κs−→ ms + R + Ps, S γs−→ ∅, (1)

where αs is the production rate constant of the mRNA, as and ds are the association and dissoci-
ation rate constant, respectively, between ribosomes and mRNA. Levering reaction rate equations,
consequently, the concentration of each species satisfies:

dms

dt
=αs − asRms + (ds + κs)cs − δsms,

dcs
dt

=asRms − (ds + κs)cs (2)
dS

dt
=κscs − γsS.

The steady state of (2) is given by582

ms = αs
δs
, cs = ms

Ks

R, S = κs
γs
cs, (3)

where Ks = ds+κs
as

. From (3), the concentration of SpoTH S is proportional to cs (the number of583

ribosomes translating SpoTH mRNA).584

We model RelA (A) and endogenous SpoT (S0) catalyzing the synthesis of ppGpp (G) (as in Fig. 1585

in the main text) from GTP/GDP (GP), with rates s1 and s2, respectively. We model endogenous586

SpoT and SpoTH catalyzing the hydrolysis of ppGpp to GTP/GDP (GP) with rates h1 and h2,587

respectively. For simplicity, we model these processes using a one-step reaction model [64], that is,588

A + GP
s1−→ G + A, S0 + GP

s2−→ G + S0, S0 + G h1−→ GP + S0, S + G h2−→ GP + S. (4)

The concentration of ppGpp satisfies:589

dG

dt
= αG − γG0G− h2GS, (5)

where αG = s1AGP + s2S0GP is the effective production rate and γG0 = h1S0 is the basal decay rate.590

The steady state of (5) is given by591

G = G0

1 + S/Kgs

, (6)

where Kgs = γG0/h2 and G0 = αG/γG0 . The quantity G0 corresponds to the basal ppGpp in the592

cell (G(S = 0) = G0). The quantity G0 is varied experimentally via chromosolmal mutation (e.g.,593

spot203 ), media carbon source, and RelA+ expression (Fig. 2 and Fig. 5 in the main text).594
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Actuating the ribosomal budget in the cell595

The concentration of total ribosomes in the cell (RT ), known as the ribosomal budget [13], is composed596

of free ribosomes, the portion of ribosomes translating endogenous mRNAs (ce), and the portion of597

ribosomes translating SpoTH mRNA, that is,598

RT = R + cs + ce. (7)

The total ribosome concentration obeys599

dRT

dt
= αr − γrRT , (8)

where αr is the ribosome production rate, γr is the ribosome decay rate. If αr and γr are assumed600

time invariant and RT (0) = αr
γr
, then RT (t) = αr

γr
,∀t ≥ 0. A temporally constant ribosome budget is601

consistent with the modeling framework of [13, 15, 22]. However, in this work αr is not constant and602

is the term that links ribosome and ppGpp concentration.603

Ribosome production (αr) is set by rRNA production (this the rate-limiting step) [30, 65]. rRNA604

is expressed from seven rRNA operons (rrn operons) [66] each driven by two tandem promoters605

P1 and P2. Most rRNA transcription arises from the P1 promoter and it is the main “knob” for606

ribosome tuning except at very low growth rates where P2 regulation dominates [67]. During balanced607

exponential growth, ppGpp is the primary regulator of rRNA[30, 31, 32] by destabilizing the open608

RNAP-P1 promoter complex [68, 69]. Therefore, there is an inverse relationship between basal ppGpp609

levels and rRNA transcription [35, 36, 37, 38]. A simple model to capture this process (previously610

used in [11]), is given by611

αr = α∗
r

1 + (G/KG)2 , (9)

where KG is the effective dissociation constant between ppGpp and the P1 promoter and α∗
r is the612

ribosome production rate in the absence of ppGpp (αr(G = 0)). The hill coefficient of 2 in (9) is613

consistent with the findings of [66]. Taking the steady state of (8) and levering (3), (6), and (9), we614

have that615

RT = R∗
T

1 + (G/KG)2 = R∗
T

1 + ( G0
KG

( 1
1+cs κs

Kgsγs

))2 ,

where R∗
T = α∗

r/γr.616

Rewriting (7), we have at steady state that617

R∗
T

1 + ( G0
KG

( 1
1+cs κs

Kgsγs

))2 = R + cs + ce, (10)

making explicit the relationship between basal ppGpp concentration (G0) and the total ribosomal618

budget and how increasing SpoTH expression (increasing cs) both increases the total ribosomal budget619

(LHS) but also sequesters ribosomes (RHS) via translation demand.620

By adding and subtracting 1
1+(G0/KG)2 to the LHS of (7) and dividing both sides by R∗

T , we can621

rewrite of (7) as622

1
1 + (G0/KG)2 +

[ 1
1 + ( G0

KG
( 1

1+cs κs
Kgsγs

))2 −
1

1 + (G0/KG)2

]
= R + ce

R∗
T

+ cs
R∗
T

. (11)
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Modeling ce requires knowing the concentration of the mRNA-ribosome complex for every mRNA623

expressed by an endogenous gene and thus it is difficult to write an explicit expression. Instead of624

modeling ce explicitly, we keep it as a general function of R. We assume that the concentration of625

ce(R) monotonically increases with free ribosomes, that is, dce
dR

> 0. This assumptions is reasonable626

since a steady state complex concentration is proportional to the concentrations of the reacting species627

[53] (also (3)). Next, we define the following variable that serves as a proxy for free ribosomes:628

z(R) = R + ce(R).

From the assumption that dce
dR

> 0, it implies that the map z(R) is one-one and thus for every value629

of R there is a unique corresponding value of z and that an increase/decrease in R corresponds to630

an increase/decrease in z. Furthermore, we have that z(0) = 0 since no the complex ce cannot be631

formed without the reactant species R. Therefore, from here on, we refer to z(R) as the modified free632

ribosome concentration.633

Example: if we assume that ce(R) had a form similar to that as cs as given by (3), then, for634

q different endogenous genes expressing mRNA, ce(R) = ∑q
i=1

me,i
Ke,i

R, where for gene i, me,i is the635

endogenous mRNA concentration and Ke,i is the effective dissociation constant of endogenous mRNA636

with ribosomes. In this cases, ce(R) satisfies all of our assumptions and furthermore, z(R) is simply637

proportional to R. However, in all of our analysis we do not explicitly specify ce(R).638

We denote z̄ = z
R∗
T
and c̄s = cs

R∗
T
and express (11) in dimensionless form as639

z̄0 + (1− z̄0)f(c̄s/ε, z̄0) = z̄ + c̄s, (12)

where640

θG = G0/KG, z̄0(θG) = 1
1 + θ2

G

, ε = Kgs

R∗
T

γs
κs
, f(c̄s/ε, z̄0) = (c̄s/ε+ 1)2 − 1

(c̄s/ε+ 1)2 − 1 + 1/z̄0
. (13)

The dimensionless parameter θG is a measure of the basal ppGpp in the cell, z̄0 is the dimensionless641

modified free ribosome concentration when no SpoTH is expressed (c̄s = 0) and we refer to this642

quantity as the nominal modified ribosome level, ε is a measure of the ribosomal cost to express643

sufficient SpoTH to actuate (catalyze the hydrolysis of a sufficient amount of ppGpp). A small ε644

implies that a small c̄s is needed to saturate the f term. Also notice that there is a monotonically645

decreasing relationship between the basal ppGpp θG and the nominal modified ribosome level. Finally,646

a key parameter to determine the qualitative behavior of (12) is given by:647

δ(z̄0, ε) := dz̄

dc̄s

∣∣∣∣∣
c̄s=0

= 2 θ2
G

(1 + θ2
G)2ε

− 1 = 2z̄0(1− z̄0)
ε

− 1, (14)

where δ ∈ (−1,∞). By definition and our assumption that dce
dR

> 0, if δ > 0, it implies that ribosome648

levels increase as a small amount of exogenous SpoT is expressed.649

Appending the model with the expression of an additional heterologous protein650

We model the mRNA of a heterologous protein (my) binding to free ribosomes (R) to produce the651

translation initiation complex cy, which is then translated to produce the protein y with elongation652

rate constant κy. The mRNA decays with rate constants δy and the protein dilutes with rate constant653

γy. The corresponding chemical reactions are:654
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∅ αy−→ my, my
δy−→ ∅, my + R

ay


dy

cy
κy−→ my + R + Py, y γy−→ ∅, (15)

where αy is the production rate constant of the mRNA, ay and dy are the association and dissociation
rate constant, respectively, between ribosomes and mRNA. The concentration of each species satisfies:

dmy

dt
=αy − ayRmy + (dy + κy)cy − δymy,

dcy
dt

=ayRmy − (dy + κy)cy (16)
dy

dt
=κycy − γyPy.

The steady state of (16) is given by655

my = αy
δy
, cy = my

Ky

R, y = κy
γy
cy, (17)

where Ky = dy+κy
ay

. We modify the total ribosome equation (7) to include the ribosomes sequestered656

by the y mRNA, and it reads657

RT = R + cs + ce + cy.

Defining c̄y = cy/R
∗
T , the total ribosome concentration in dimensionless from as in (12), is given by658

z̄0 + (1− z̄0)f(c̄s/ε, z̄0) = z̄ + c̄s + c̄y. (18)

If y and SpoTH are under the same promoter, that is my = ms, then from (3) and (17) we have659

that at steady state660

c̄s = γc̄y,

where γ = Ky/Ks is the SpoTH RBS strength relative to the y RBS strength. We refer to the661

configuration when SpoTH and y are under the same promoter (c̄s = γc̄y), as the closed loop and the662

case when y is expressed in isolation (c̄s = 0 for all c̄y), as the open loop. The qualitative behavior of663

(18) for the open loop and closed loop is shown in Fig. 16. For the close loop, we have can express664

the initial sensitivity of free ribosome as y is expressed as665

dz̄

dc̄y

∣∣∣∣∣
c̄y=0

= γδ − 1. (19)

Thus, we can make the slope zero (free ribosomes are initially not sensitive to the expression of y) if666

we choose the SpoTH RBS strength (relative to the y RBS strength) as667

γ = 1/δ(z̄0, ε). (20)

In Fig. 16 we observe that as γδ → −1, the closed loop performs worst than the open loop (for a668

given c̄y, the corresponding value of z̄ is lower) and the performance gets worst for larger values of γ.669

Plasmid maps and DNA sequences670

The plasmids used in this study and their description are provided in Table 1. The corresponding671

plasmid maps are shown in Fig. 22. The essential DNA sequences are provided in Table 2. The full672

plasmid DNA sequences are uploaded to Addgene (#xxx− xx, will specify once study is finalized).673
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Qualitive behavior of open loop and closed loop systems

Figure 16: The qualitative behavior coexpressing y and SpoTH under the same promoter.
The qualitative behavior of (18) when c̄s = γc̄y (blue line). The open loop (c̄s = 0 for all c̄y) is shown
in orange. The asymptotic behaviors as γδ → −1 and γδ →∞ are shown in dashed lines.

Plasmid Name Plasmid map Comments

P_GFP_SpoTH Fig. 22-a SpoTH cloned using pHX41 [43], see Supplementary Note 3
The rest of the parts are from pHH03C_32 [22]

P_GFP_SpoTH_RFP Fig. 22-b P_GFP_SpoTH with luxR-Plux-RFP added from MBP-1.0 [13]
P_GFP_SpoTH_dCas9 Fig. 22-c P_GFP_SpoTH_RFP with RFP replaced by dCas9 from pdCas9_OP in [58]

P_OL Fig. 22-d P_GFP_SpoTH_RFP with TetR-pTet-SpoTH removed
P_IFFL_1 Fig. 22-e P_OL with RBS 1-SpoTH directly downstream of RFP
P_IFFL_2 Fig. 22-e P_OL with RBS 2-SpoTH directly downstream of RFP
P_IFFL_3 Fig. 22-e P_OL with RBS 3-SpoTH directly downstream of RFP
P_IFFL_4 Fig. 22-e P_OL with RBS 4-SpoTH directly downstream of RFP
P_Control Fig. 22-f P_IFFL_2 but SpoTH replaced by CJB (cjBlue H197S [49])

The CJB DNA is codon optimized for E. coli
P_weak_RFP Fig. 22-d P_OL but changed RFP RBS from B34 to RBS weak (MBP-0.006 in [13])

P_weak_RFP_SpoTH_1 Fig. 22-e P_IFFL_1 but replaced RFP RBS from B34 to RBS weak
P_weak_RFP_SpoTH_2 Fig. 22-e P_IFFL_2 but changed RFP RBS from B34 to RBS weak
P_weak_RFP_SpoTH_3 Fig. 22-e P_IFFL_3 but changed RFP RBS from B34 to RBS weak
P_weak_RFP_SpoTH_4 Fig. 22-e P_IFFL_4 but changed RFP RBS from B34 to RBS weak
P_GFP_SpoTH_RelA+ Fig. 22-g P_GFP_SpoTH but with an inducible RelA+ [60] cassette

P_IFFL_SpoTH_RelA_1 Fig. 22-h P_IFFL_1 with an inducible RelA+ cassette
P_IFFL_SpoTH_RelA_2 Fig. 22-h P_IFFL_2 with an inducible RelA+ cassette
P_IFFL_SpoTH_RelA_3 Fig. 22-h P_IFFL_3 with an inducible RelA+ cassette
P_IFFL_SpoTH_RelA_4 Fig. 22-h P_IFFL_4 with an inducible RelA+ cassette

P_BFP Fig. 22-i inducible RelA+ cassette with constitutive BFP from [70]

Table 1: Description of plasmids used in this study

Part Sequence (5’ to 3’)
B32 TACTAGAGTCACACAGGAAAGTACTAG

B0033 ACTAGAGTCACACAGGACTACTAG

B34 TACTAGAGAAAGAGGAGAAATACTAG

B34t AATTCATTAAAGAGGAGAAAGGTACC

RBS 1 GTTACAGCTTAGCCCGATCCATTT

RBS 2 TGAGCGCCGCCAGGGACCACGC

RBS 3 CTCGACACACCCCCTATTAAAT

RBS 4 CAAACCTCTACCGTAGGATTCGTCATT

RBS weak TCGGCCCTATACGACTCTAAACGTCGATG
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RBS BFP TACGCCGATTCTGCCGGGGGGAATTATA

J23100 TTGACGGCTAGCTCAGTCCTAGGTACAGTGCTAGC

J23114 TTTATGGCTAGCTCAGTCCTAGGTACAATGCTAGC

J23104 TTGACAGCTAGCTCAGTCCTAGGTATTGTGCTAGC

pTet TCCCTATCAGTGATAGAGATTGACATCCCTATCAGTGATAGAGATACTGAGCAC

pLacIQ TGGTGCAAAACCTTTCGCGGTATGGCATGATAGCGCC

Plux ACCTGTAGGATCGTACAGGTTTACGCAAGAAAATGGTTTGTTATAGTCGAATAAA

LuxR ATGAAAAACATAAATGCCGACGACACATACAGAATAATTAATAAAATTAAAGCTTGTAGAAGC
AATAATGATATTAATCAATGCTTATCTGATATGACTAAAATGGTACATTGTGAATATTATTTA
CTCGCGATCATTTATCCTCATTCTATGGTTAAATCTGATATTTCAATCCTAGATAATTACCCTA
AAAAATGGAGGCAATATTATGATGACGCTAATTTAATAAAATATGATCCTATAGTAGATTATT
CTAACTCCAATCATTCACCAATTAATTGGAATATATTTGAAAACAATGCTGTAAATAAAAAATC
TCCAAATGTAATTAAAGAAGCGAAAACATCAGGTCTTATCACTGGGTTTAGTTTCCCTATTCA
TACGGCTAACAATGGCTTCGGAATGCTTAGTTTTGCACATTCAGAAAAAGACAACTATATAGA
TAGTTTATTTTTACATGCGTGTATGAACATACCATTAATTGTTCCTTCTCTAGTTGATAATTAT
CGAAAAATAAATATAGCAAATAATAAATCAAACAACGATTTAACCAAAAGAGAAAAAGAATGT
TTAGCGTGGGCATGCGAAGGAAAAAGCTCTTGGGATATTTCAAAAATATTAGGTTGCAGTGAG
CGTACTGTCACTTTCCATTTAACCAATGCGCAAATGAAACTCAATACAACAAACCGCTGCCAAA
GTATTTCTAAAGCAATTTTAACAGGAGCAATTGATTGCCCATACTTTAAAAATTAATAA

TetR ATGTCCAGATTAGATAAAAGTAAAGTGATTAACAGCGCATTAGAGCTGCTTAATGAGGTCGGA
ATCGAAGGTTTAACAACCCGTAAACTCGCCCAGAAGCTAGGTGTAGAGCAGCCTACATTGTAT
TGGCATGTAAAAAATAAGCGGGCTTTGCTCGACGCCTTAGCCATTGAGATGTTAGATAGGCAC
CATACTCACTTTTGCCCTTTAGAAGGGGAAAGCTGGCAAGATTTTTTACGTAATAACGCTAAA
AGTTTTAGATGTGCTTTACTAAGTCATCGCGATGGAGCAAAAGTACATTTAGGTACACGGCCT
ACAGAAAAACAGTATGAAACTCTCGAAAATCAATTAGCCTTTTTATGCCAACAAGGTTTTTCA
CTAGAGAATGCATTATATGCACTCAGCGCTGTGGGGCATTTTACTTTAGGTTGCGTATTGGAA
GATCAAGAGCATCAAGTCGCTAAAGAAGAAAGGGAAACACCTACTACTGATAGTATGCCGCCA
TTATTACGACAAGCTATCGAATTATTTGATCACCAAGGTGCAGAGCCAGCCTTCTTATTCGGC
CTTGAATTGATCATATGCGGATTAGAAAAACAACTTAAATGTGAAAGTGGGTCCT

GFP ATGCGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGAT
GTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTT
ACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTT
TCGGTTATGGTGTTCAATGCTTTGCGAGATACCCAGATCATATGAAACAGCATGACTTTTTCA
AGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACT
ACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAG
GTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCAC
ACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGAC
ACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCG
ATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCC
CAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGG
CATGGATGAACTATACAAATAATAA

RFP ATGGCTTCCTCCGAAGACGTTATCAAAGAGTTCATGCGTTTCAAAGTTCGTATGGAAGGTTCC
GTTAACGGTCACGAGTTCGAAATCGAAGGTGAAGGTGAAGGTCGTCCGTACGAAGGTACCCAG
ACCGCTAAACTGAAAGTTACCAAAGGTGGTCCGCTGCCGTTCGCTTGGGACATCCTGTCCCCG
CAGTTCCAGTACGGTTCCAAAGCTTACGTTAAACACCCGGCTGACATCCCGGACTACCTGAAA
CTGTCCTTCCCGGAAGGTTTCAAATGGGAACGTGTTATGAACTTCGAAGACGGTGGTGTTGTT
ACCGTTACCCAGGACTCCTCCCTGCAAGACGGTGAGTTCATCTACAAAGTTAAACTGCGTGGT
ACCAACTTCCCGTCCGACGGTCCGGTTATGCAGAAAAAAACCATGGGTTGGGAAGCTTCCACC
GAACGTATGTACCCGGAAGACGGTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAA
GACGGTGGTCACTACGACGCTGAAGTTAAAACCACCTACATGGCTAAAAAACCGGTTCAGCTG
CCGGGTGCTTACAAAACCGACATCAAACTGGACATCACCTCCCACAACGAAGACTACACCATC
GTTGAACAGTACGAACGTGCTGAAGGTCGTCACTCCACCGGTGCTTAATAA

BFP ATGAGCGAACTGATCAAAGAGAACATGCACATGAAGCTGTACATGGAGGGTACCGTGGATAAT
CACCACTTTAAGTGTACTTCTGAGGGCGAGGGTAAGCCGTATGAAGGGACTCAAACGATGCGT
ATTAAAGTAGTGGAGGGTGGCCCACTGCCGTTTGCTTTCGATATTCTGGCGACGAGCTTTCTG
TATGGTAGCAAAACGTTTATAAACCACACTCAGGGCATTCCGGATTTCTTTAAACAAAGCTTT
CCGGAAGGTTTTACCTGGGAGCGTGTGACTACGTATGAAGATGGTGGTGTGTTGACTGCTACT
CAAGATACTTCACTGCAGGACGGCTGTCTGATCTATAACGTGAAGATTCGTGGCGTGAACTTT
ACGAGCAATGGGCCGGTAATGCAAAAAAAAACCCTGGGTTGGGAAGCGTTCACGGAAACTCTG
TATCCGGCTGACGGCGGCCTGGAGGGCCGTAACGATATGGCACTGAAGCTGGTTGGTGGCAGC
CACCTGATCGCGAATATCAAAACGACTTATCGCTCTAAAAAACCGGCGAAAAATCTGAAGATG
CCGGGTGTTTATTATGTTGACTATCGTCTGGAACGCATTAAAGAAGCGAATAATGAAACTTAC
GTGGAGCAACACGAGGTTGCAGTGGCGCGCTATTGCGACTTGCCTTCAAAGCTGGGTCACAAA
CTGAATTAA

SpoTH ATGTATCTGTTTGAAAGCCTGAATCAACTGATTCAAACCTACCTGCCGGAAGACCAAATCAAG
CGTCTGCGGCAGGCGTATCTCGTTGCACGTGATGCTCACGAGGGGCAAACACGTTCAAGCGGT
GAACCCTATATCACGCACCCGGTAGCGGTTGCCTGCATTCTGGCCGAGATGAAACTCGACTAT
GAAACGCTGATGGCGGCGCTGCTGCATGACGTGATTGAAGATACTCCCGCCACCTACCAGGAT
ATGGAACAGCTTTTTGGTAAAAGCGTCGCCGAGCTGGTAGAGGGGGTGTCGAAACTTGATAAA
CTCAAGTTCCGCGATAAGAAAGAGGCGCAGGCCGAAAACTTTCGCAAGATGATTATGGCGATG
GTGCAGGATATCCGCGTCATCCTCATCAAACTTGCCGACCGTACCCACAACATGCGCACGCTG
GGCTCACTTCGCCCGGACAAACGTCGCCGCATCGCCCGTGAAACTCTCGAAATTTATAGCCCG
CTGGCGCACCGTTTAGGTATCCACCACATTAAAACCGAACTCGAAGAGCTGGGTTTTGAGGCG
CTGTATCCCAACCGTTATCGCGTAATCAAAGAAGTGGTGAAAGCCGCGCGCCAAAATTCGTCA
GTTGCTGAAAAACCTCAAGCGTAATAA
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CJB ATGCATCATCATCATCATCATGCGTCGAAAATCTCAGACAATGTACGTATTAAACTGTACATG
GAAGGCACCGTCAACAACCATCACTTCATGTGTGAAGCGGAAGGTGAAGGCAAGCCGTACGAA
GGAACCCAGATGGAAAACATTAAAGTCACTAAAGGTGGCCCTCTTCCGTTCTCTTTCGACATT
CTCACGCCGAACTGTCAGTATGGGTCAGTGGCAATCACCAAATATACCAGTGGCATCCCGGAC
TACTTTAAGCAGAGCTTTCCTGAGGGATTCACGTGGGAACGCACGACCATCTATGAAGACGGG
GCCTACCTTACAACCCAACAAGAAACGAAGCTTGACGGCAACTGCCTGGTGTATAACATCAAG
ATTCTGGGTTGCAATTTCCCACCGAACGGCCCGGTGATGCAGAAGAAAACACAGGGATGGGAA
CCCTGTTGCGAGATGCGTTATACACGTGATGGAGTATTGTGTGGGCAGACACTTATGGCGCTC
AAATGTGCAGATGGGAACCACCTCACTTGCCACTTACGCACGACGTACCGCTCCAAAAAAGCG
GCAAAGGCGCTGCAGATGCCGCCGTTCCATTTCAGTGACTCACGCCCTGAGATCGTGAAAGTT
AGCGAGAATGGAACTCTTTTCGAACAGCATGAATCCTCAGTGGCCCGCTATTGCCAAACGTGT
CCTTCCAAACTCGGCCATAACTAATAA

NahR ATGGAACTGCGTGACCTTGATTTAAACCTGCTGGTGGTGTTCAACCAGTTGCTGGTCGACAGA
CGCGTCTCTGTCACTGCGGAGAACCTGGGCCTGACCCAGCCTGCCGTGAGCAATGCGCTGAAA
CGCCTGCGCACCTCGCTACAGGACCCACTCTTCGTGCGCACACATCAGGGAATGGAACCCACA
CCCTATGCCGCGCATCTGGCCGAGCACGTCACTTCGGCCATGCACGCACTGCGCAACGCCCTA
CAGCACCATGAAAGCTTCGATCCGCTGACCAGCGAGCGTACCTTCACCCTGGCCATGACCGAC
ATTGGCGAGATCTACTTCATGCCGCGGCTGATGGATGCGCTGGCTCACCAGGCCCCCAATTGC
GTGATCAGTACGGTGCGCGACAGTTCGATGAGCCTGATGCAGGCCTTGCAGAACGGAACCGTG
GACTTGGCCGTGGGCCTGCTTCCCAATCTGCAAACTGGCTTCTTTCAGCGCCGGCTGCTCCAG
AATCACTACGTGTGCCTATGTCGCAAGGACCATCCAGTCACCCGCGAACCCCTGACTCTGGAG
CGCTTCTGTTCCTACGGCCACGTGCGTGTCATCGCCGCTGGCACCGGCCACGGCGAGGTGGAC
ACGTACATGACACGGGTCGGCATCCGGCGCGACATCCGTCTGGAAGTGCCGCACTTCGCCGCC
GTTGGCCACATCCTCCAGCGCACCGATCTGCTCGCCACTGTGCCGATATGTTTAGCCGACTGC
TGCGTAGAGCCCTTCGGCCTAAGCGCCTTGCCGCACCCAGTCGTCTTGCCTGAAATAGCCATC
AACATGTTCTGGCATGCGAAGTACCACAAGGACCTAGCCAATATTTGGTTGCGGCAACTGATG
TTTGACCTGTTTACGGATTGATAA

RelA+ ATGGTTGCGGTAAGAAGTGCACATATCAATAAGGCTGGTGAATTTGATCCGGAAAAATGGATC
GCAAGTCTGGGTATTACCAGCCAGAAGTCGTGTGAGTGCTTAGCCGAAACCTGGGCGTATTGT
CTGCAACAGACGCAGGGGCATCCGGATGCCAGTCTGTTATTGTGGCGTGGTGTTGAGATGGTG
GAGATCCTCTCGACATTAAGTATGGACATTGACACGCTGCGGGCGGCGCTGCTTTTCCCTCTG
GCGGATGCCAACGTAGTCAGCGAAGATGTGCTGCGTGAGAGCGTCGGTAAGTCGGTCGTTAAC
CTTATTCACGGCGTGCGTGATATGGCGGCGATCCGCCAGCTGAAAGCGACGCACACTGATTCT
GTTTCCTCCGAACAGGTCGATAACGTTCGCCGGATGTTATTGGCGATGGTCGATGATTTTCGC
TGCGTAGTCATCAAACTGGCGGAGCGTATTGCTCATCTGCGCGAAGTAAAAGATGCGCCGGAA
GATGAACGTGTACTGGCGGCAAAAGAGTGTACCAACATCTACGCACCGCTGGCTAACCGTCTC
GGAATCGGACAACTGAAATGGGAACTGGAAGATTACTGCTTCCGTTACCTCCATCCAACCGAA
TACAAACGAATTGCCAAACTGCTGCATGAACGGCGTCTCGACCGCGAACACTACATCGAAGAG
TTCGTTGGTCATCTGCGCGCTGAGATGAAAGCTGAAGGCGTTAAAGCGGAAGTGTATGGTCGT
CCGAAACACATCTACAGCATCTGGCGTAAAATGCAGAAAAAGAACCTCGCCTTTGATGAGCTG
TTTGATGTGCGTGCGGTACGTATTGTCGCCGAGCGTTTACAGGATTGCTATGCCGCACTGGGG
ATAGTGCACACTCACTATCGCCACCTGCCGGATGAGTTTGACGATTACGTCGCTAACCCGAAA
CCAAACGGTTATCAGTCTATTCATACCGTGGTTCTGGGGCCGGGTGGAAAAACCGTTGAGATC
CAAATCCGCACCAAACAGATGCATGAAGATGCAGAGTTGGGTGTTGCTGCGCACTGGAAATAT
AAAGAGGGCGCGGCTGCTGGCGGCGCACGTTCGGGACATGAAGACCGGATTGCCTGGCTGCG
TAAACTGATTGCGTGGCAGGAAGAGATGGCTGATTCCGGCGAAATGCTCGACGAAGTACGTAG
TCAGGTCTTTGACGACCGGGTGTACGTCTTTACGCCGAAAGGTGATGTCGTTGATTTGCCTGC
GGGATCAACGCCGCTGGACTTCGCTTACCACATCCACAGTGATGTCGGACACCGCTGCATCGG
GGCAAAAATTGGCGGGCGCATTGTGCCGTTCACCTACCAGCTG
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dCas9 ATGGATAAGAAATACTCAATAGGCTTAGCTATCGGCACAAATAGCGTCGGATGGGCGGTGATC
ACTGATGAATATAAGGTTCCGTCTAAAAAGTTCAAGGTTCTGGGAAATACAGACCGCCACAGT
ATCAAAAAAAATCTTATAGGGGCTCTTTTATTTGACAGTGGAGAGACAGCGGAAGCGACTCGT
CTCAAACGGACAGCTCGTAGAAGGTATACACGTCGGAAGAATCGTATTTGTTATCTACAGGAG
ATTTTTTCAAATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTT
TTGGTGGAAGAAGACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGAAGTT
GCTTATCATGAGAAATATCCAACTATCTATCATCTGCGAAAAAAATTGGTAGATTCTACTGAT
AAAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTGGTCATTTT
TTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAAACTATTTATCCAGTTGGTA
CAAACCTACAATCAATTATTTGAAGAAAACCCTATTAACGCAAGTGGAGTAGATGCTAAAGCG
ATTCTTTCTGCACGATTGAGTAAATCAAGACGATTAGAAAATCTCATTGCTCAGCTCCCCGGT
GAGAAGAAAAATGGCTTATTTGGGAATCTCATTGCTTTGTCATTGGGTTTGACCCCTAATTTT
AAATCAAATTTTGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGAT
GATTTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTTTGGCAGCTAAG
AATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATACTGAAATAACTAAGGCTC
CCCTATCAGCTTCAATGATTAAACGCTACGATGAACATCATCAAGACTTGACTCTTTTAAAAGC
TTTAGTTCGACAACAACTTCCAGAAAAGTATAAAGAAATCTTTTTTGATCAATCAAAAAACGG
ATATGCAGGTTATATTGATGGGGGAGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAAT
TTTAGAAAAAATGGATGGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCG
CAAGCAACGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATGC
TATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTAAAAGACAATCGTGAGAAGATTGAAAA
AATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATTGGCGCGTGGCAATAGTCGTTTTGC
ATGGATGACTCGGAAGTCTGAAGAAACAATTACCCCATGGAATTTTGAAGAAGTTGTCGATAA
AGGTGCTTCAGCTCAATCATTTATTGAACGCATGACAAACTTTGATAAAAATCTTCCAAATGA
AAAAGTACTACCAAAACATAGTTTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACAAA
GGTCAAATATGTTACTGAAGGAATGCGAAAACCAGCATTTCTTTCAGGTGAACAGAAGAAAGC
CATTGTTGATTTACTCTTCAAAACAAATCGAAAAGTAACCGTTAAGCAATTAAAAGAAGATTA
TTTCAAAAAAATAGAATGTTTTGATAGTGTTGAAATTTCAGGAGTTGAAGATAGATTTAATGC
TTCATTAGGTACCTACCATGATTTGCTAAAAATTATTAAAGATAAAGATTTTTTGGATAATGA
AGAAAATGAAGATATCTTAGAGGATATTGTTTTAACATTGACCTTATTTGAAGATAGGGAGAT
GATTGAGGAAAGACTTAAAACATATGCTCACCTCTTTGATGATAAGGTGATGAAACAGCTTAA
ACGTCGCCGTTATACTGGTTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAA
GCAATCTGGCAAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTAT
GCAGCTGATCCATGATGATAGTTTGACATTTAAAGAAGACATTCAAAAAGCACAAGTGTCTGG
ACAAGGCGATAGTTTACATGAACATATTGCAAATTTAGCTGGTAGCCCTGCTATTAAAAAAGG
TATTTTACAGACTGTAAAAGTTGTTGATGAATTGGTCAAAGTAATGGGGCGGCATAAGCCAGA
AAATATCGTTATTGAAATGGCACGTGAAAATCAGACAACTCAAAAGGGCCAGAAAAATTCGCG
AGAGCGTATGAAACGAATCGAAGAAGGTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCA
TCCTGTTGAAAATACTCAATTGCAAAATGAAAAGCTCTATCTCTATTATCTCCAAAATGGAAG
AGACATGTATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATGCCAT
TGTTCCACAAAGTTTCCTTAAAGACGATTCAATAGACAATAAGGTCTTAACGCGTTCTGATAA
AAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTCAAAAAGATGAAAAACTATTG
GAGACAACTTCTAAACGCCAAGTTAATCACTCAACGTAAGTTTGATAATTTAACGAAAGCTGA
ACGTGGAGGTTTGAGTGAACTTGATAAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCG
CCAAATCACTAAGCATGTGGCACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAA
TGATAAACTTATTCGAGAGGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCG
AAAAGATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACCATCATGCCCATGATGCGTA
TCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATATCCAAAACTTGAATCGGAGTTTGT
CTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATTGCTAAGTCTGAGCAAGAAATAGG
CAAAGCAACCGCAAAATATTTCTTTTACTCTAATATCATGAACTTCTTCAAAACAGAAATTACA
CTTGCAAATGGAGAGATTCGCAAACGCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATT
GTCTGGGATAAAGGGCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAAT
ATTGTCAAGAAAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAAAGA
AATTCGGACAAGCTTATTGCTCGTAAAAAAGACTGGGATCCAAAAAAATATGGTGGTTTTGAT
AGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAAAAAGGGAAATCGAAGAAG
TTAAAATCCGTTAAAGAGTTACTAGGGATCACAATTATGGAAAGAAGTTCCTTTGAAAAAAAT
CCGATTGACTTTTTAGAAGCTAAAGGATATAAGGAAGTTAAAAAAGACTTAATCATTAAACTA
CCTAAATATAGTCTTTTTGAGTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAA
TTACAAAAAGGAAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGT
CATTATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTGTGGAGCAG
CATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTAAGCGTGTTATTTTA
GCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAACAAACATAGAGACAAACCAATACGT
GAACAAGCAGAAAATATTATTCATTTATTTACGTTGACGAATCTTGGAGCTCCCGCTGCTTTT
AAATATTTTGATACAACAATTGATCGTAAACGATATACGTCTACAAAAGAAGTTTTAGATGCC
ACTCTTATCCATCAATCCATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGA
GGTGACTAA

p15A TTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGG
CGGTTTTTCGAAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGC
GCAGTCACCAAAACTTGTCCTTTCAGTTTAGCCTTAACCGGCGCATGACTTCAAGACTAACTCC
TCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTC
AAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTCGTGCATACAGTC
CAGCTTGGAGCGAACTGCCTACCCGGAACTGAGTGTCAGGCGTGGAATGAGACAAACGCGGCC
ATAACAGCGGAATGACACCGGTAAACCGAAAGGCAGGAACAGGAGAGCGCACGAGGGAGCCG
CCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTTGAGCGT
CAGATTTCGTGATGCTTGTCAGGGGGGCGGAGCCTATGGAAA

Amp CACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTAC
ATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCA
ATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAA
GAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACA
GAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGT
GATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTT
TTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCC
ATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTA
TTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGAT
AAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCT
GGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCC
CGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATC
GCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAA
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Table 2: Essential DNA sequences used in this study.
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Figure 17: Plasmid maps The plasmid maps were prepared by the Benchling Life Sciences R&D
platform. (a) P_GFP_SpoTH (b) P_FP_SpoTH_RFP (c) P_GFP_SpoTH_dCas9 (d) P_OL
(e) P_IFFL_x (f) P_Control (g) P_GFP_SpoTH_RelA+ (h) P_IFFL_RelA_x (i) P_BFP

Supplementary note 1674

The SpoTH gene sequence was constructed based on the BssHII digestion and re-ligation of the spoT675

gene (pGN19 in [43]), which was shown to only have ppGppasse activity. The digestion and re-ligation676

of spoT using BssHII introduces a frameshift following the 206 codon and consequently a premature677

stop codon after the 217 codon. Therefore, the SpoTH sequence only contains the first 217 condons678

of the product of re-ligating and digesting spoT using BssHII. Finally we modified the initial codon679

of the endogenous spoT gene from TTG to ATG. The full SpoTH sequence is shown in SI Table 2.680
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Supplementary note 2681

Summary of simplified SpoTH actuator model: Here, we provide a simplified mathematical682

model that describes how expressing SpoTH actuates free ribosome concentration. The full model683

derivation and details can be found in Section: Derivation of the SpoTH actuator mathematical model.684

A key component of the model is the total ribosome concentration equation given by685

RT = R + cs + ce, (21)

where RT is the concentration of the total ribosomes in the cell, R is the concentration of free ribo-686

somes, and cs and ce are the concentrations of the mRNA-ribosome complex corresponding to SpoTH687

mRNA and the mRNA corresponding to the cell’s endogenous genes, respectively. The concentration688

of SpoTH is proportional to cs (3) and thus from hereon, we use varying SpoTH expression and varying689

cs interchangeably. Let ce be a general function of free ribosome concentration, that is, ce := ce(R).690

We assume that more endogenous mRNA is translated when R increases, that is, dce
dR

> 0. We define691

z(R) = R + ce(R), (22)

which satisfies z(0) = 0 (in the absence of free ribosomes no endegnous mRNA is translated) and is692

monotonically increasing with R. We rewrite (21) using (22), using a model of how RT depends on693

cs through SpoTH catalyzing ppGpp hydrolysis (see Section: Actuating the ribosomal budget in the694

cell), and using overbars to denote concentrations normalized by the total ribosome concentration695

when there is no ppGpp in the cell, as:696

R̄T = z̄0 + (1− z̄0)f(c̄s/ε, z̄0) = z̄ + c̄s, (23)

where z̄0 ∈ [0, 1] is a proxy of the nominal free ribosome concentration corresponding to no SpoTH697

expression (z̄0 := z̄|c̄s=0), f ∈ [0, 1) is given by f = (c̄s/ε)(c̄s/ε+2)
(c̄s/ε)(c̄s/ε+2)+1/z̄0

and captures how SpoTH698

increases the total ribosome concentration, and ε is a dimensionless parameter that measures how699

effectively SpoTH catalyzes the hydrolysis of ppGpp and how effectively SpoTH-mRNA is translated700

into protein. An additional key quantity is701

δ(z̄0, ε) := dz̄

dc̄s

∣∣∣∣∣
c̄s=0

= 2 z̄0(1− z̄0)
ε

− 1, (24)

which is the slope of z̄ at cs = 0. The qualitative behavior of (23) is shown in Fig. 18 and it has three702

qualitatively different responses. When δ > 0, we obtain a desired actuator profile where z̄ increases703

initially as c̄s increases, as c̄s continues to increase the f term saturates to unity and the right hand704

side c̄s term of (23) dominates and thus the actuator profile peaks and then decreases. As δ → ∞,705

the peak actuation and actuator operational range (as defined in Fig 1-c) both approach the quantity706

(1− z̄0). When δ < 0, z̄ decreases initially as c̄s increases and then it can either continue to decrease707

or it can eventually increase past z̄0, peak, and then decrease again.708

Remark 1. From (24), for a fixed ε such that ε < 0.5, there exists 0 < z̄0,∗(ε) < z̄∗
0(ε) < 1 such that709

for all z̄0 ∈ (z̄0,∗, z̄
∗
0) we have that δ > 0 and for all z̄0 outside this set, δ < 0. In (13) we show that710

z̄0 monotonically decreases with basal ppGpp (θG) and thus for a fixed ε, there is an open interval of711

basal ppGpp values that render the desired actuation profile. This implies that too high or too low712

basal ppGpp can be detrimental in achieving the desired actuator profile.713
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In Fig. 19, we show the normalized actuation (z̄/z̄0) profile for several z̄0 values. We observe that714

for lower z̄0 we have more normalized peak actuation. In the inset we show that the normalized peak715

actuation increases with z̄0 up until z̄0 ≈ 0.1. After this critical value, peak actuation decreases as z̄0716

decreases.717

Desired behavior

slope

OR

Figure 18: Qualitative behavior of actuator. For δ > 0 (24), the actuator profile predicted by (23) has the
desired behavior where z̄ (proxy of free ribosomes) increases as SpoTH is expressed (increasing c̄s), then it peaks and
begins to drop. The asymptotic behavior as δ → ∞ and δ → 0 are depicted by dashed lines. When δ < 0, z̄ initially
decreases as SpoTH is expressed. It can then either continue to decrease or at some point increase, peak, and then
decrease again.

718
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Figure 19: Tradeoff between nominal level and normalized peak actuation. The actuation profile predicted
by (23) for several z̄0. We observe that for lower z̄0, there is higher normalized peak actuation. In the inset we show
that the normalized actuation increases as z̄0 increases up until the critical value of z̄0 ≈ 0.1. After this critical value
normalized peak actuation decreases as z̄0 increases. For this simulation we have ε = 0.13.

719

Simplified model of expressing a heterologous protein: When accounting for the expression720

of a heterologous protein y, the total ribosome concentration equation (21) is modified to721

RT = R + cs + cy + ce, (25)

where cy is the concentration of the mRNA-ribosome complex corresponding to the mRNA of y. The722

protein concentration of y is proportional to cy. The dimensionless total ribosome equation (23) now723

reads724

z̄0 + (1− z̄0)f(c̄s/ε, z̄0) = z̄ + c̄s + c̄y. (26)
In SI Section: Derivation of the SpoTH actuator mathematical model, we show that at steady state,725

the quantities c̄y and c̄s are given by726

c̄y = myR̄/Ky, c̄s = msR̄/Ks, (27)

where my is the y mRNA concentration, Ky is the dissociation constant of free ribosome with y727

mRNA, ms is the SpoTH mRNA concentration, and Ks is the dissociation constant of free ribosome728

with SpoTH mRNA. Each of Ky and Ks can be tuned by changing the ribosome binding site (RBS)729

of the corresponding mRNA. From (27), we have that730

c̄s = ms

my

γc̄y, γ = Ky/Ks, (28)
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where γ is the ratio between the SpoTH RBS strength and the y RBS strength.731

Feedforward controller: We model SpoTH and y as being transcribed from the same promoter,732

which implies ms = my. We refer to the configuration where y and SpoTH are transcriptionally733

coupled this way as the closed loop system and it obeys (26) with c̄s = γc̄y as shown by (28) when734

ms = my. We denote expressing y in the absence of SpoTH as the open loop system and it obeys735

(26) with c̄s = 0 for all values of c̄y. The qualitative behavior of the closed loop system compared to736

the open loop system is shown in SI Fig. 16. We define the ideal relationship between z̄ and c̄y as737

z̄ = z̄0 for all c̄y, as shown in Fig. 20. The initial slope ( dz̄
dc̄y
|c̄y=0) of the closed loop system is given738

by γδ − 1, where δ is given by (24). Thus, if δ > 0, which, from Fig 18, implies that we are in the739

parameter regime such that the actuator has a desired profile, then the SpoTH RBS strength (γ)740

can be chosen such that γ(z̄0, ε) = 1/δ(z̄0, ε) to render an initial flat response of z̄ as c̄y increases. In741

Fig. 20, we show the closed loop system response (blue lines) for γ < 1/δ, γ = 1/δ, and γ > 1/δ and742

the open loop system response (orange). As expected, for γ = 1/δ, the response of z̄ is initially flat743

as c̄y is expressed. The closed loop system achieves higher values of z̄ than the open loop system.744

Furthermore, we observe that the closed loop system achieves higher values of cy than the open loop745

system.746

spoTHy

y

Ideal

Figure 20: Feedforward controller to compensate for the burden on ribosomes caused by heterologous
protein overexpression. Simulation of (26) with c̄s = γc̄y. This corresponds to placing y and SpoTH under same
promoter (closed loop) depicted in blue. The SpoTH RBS (γ) can be tuned to approximate the ideal scenario where
z̄ = z̄0 for all c̄y. We also show the open loop system (y without SpoTH) depicted in orange as given by (26) with
cs = 0. For this simulation we have z̄0 = 0.25 and ε = 0.13. For the closed loop, we have that γ = 0.16, 0.53, 0.9.

747

Supplementary note 3748

The model from Supplementary note 2 relates SpoTH expression to free ribosome concentration (or749

equivalently z), here we propose a model to relate SpoTH expression to the cell growth rate (µ). A750

precise model of growth rate as SpoTH is expressed would require a whole-cell model [71]. However,751

in this work we are interested in the qualitative behavior of growth rate. Thus, we don’t consider an752

explicit model and rather assume that the growth rate is given by753

µ := h(G,R) (29)

with the properties that ∂h
∂G
≤ 0, ∂h

∂R
≥ 0, and that h(G, 0) = 0. The relationship (29) is consistent754

with the interaction diagram from Fig. 1-a in the main text where ppGpp directly downderegulates755

growth genes and thus growth rate ( ∂h
∂G
≤ 0) and free ribosome translates mRNA’s responsible for cell756

growth and thus they upregulate growth rate ( ∂h
∂R
≥ 0). Furthermore, h(G, 0) = 0 implies that cells757

cannot grow when there are no free ribosomes present, which is consistent with physical intuition.758

Growth rate versus the SpoTH gene activation. The change in growth rate as SpoTH is759

expressed, is given by760

dh

dS
= ∂h

∂G

dG

dS
+ ∂h

∂R

dR

dS
, (30)
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per (6) we have that761

dG

dS
= − G0/Kgs

(1 + S/Kgs)2 =⇒ dG

dS
≤ 0 (31)

and dR
dS

is how free ribosome concentration changes as SpoTH is expressed. From (29) and (31) and762

our assumptions on h, we have that the quantities ∂h
∂G

dG
dS

and ∂h
∂R

are positive, implying that:763

• The mapping between growth rate and SpoTH expression is qualitatively similar to that of764

Fig. 18 except that the growth rate peak occurs at a higher SpoTH expression level than the765

peak in free ribosomes. This is consistent with our experimental data where GFP production766

rate peaked (SI Fig. 7) for lower values of SpoTH (aTc) compared to growth rate (Main text767

Fig. 2). The data and (30) is also consistent with the fact that growth rate can increase with768

SpoTH expression while free ribosomes decrease with SpoTH expression. The assumption that769

h(G, 0) = 0 implies that the growth rate indeed reaches a maximum when SpoTH is expressed770

and then approaches zero as the SpoTH mRNA sequesters all the available ribosomes.771

• ppGpp levels can be used to tune the mapping between growth rate and SpoTH expression in772

a similar matter as for free ribosome concentration is tuned (see Remark 1).773

Growth rate in feedforward controller. In a feedforward configuration we have that the774

protein level of the GOI (y) is proportional to that of SpoTH, that is y = θyS (Supplementary note775

2), where θy is a positive constant. Thus, the change in growth rate as the GOI is expressed in the776

feedforward configuration is given by777

dh

dy
= ∂h

∂G

dG

dS

dS

dy
+ ∂h

∂R

dR

dy
= θy

∂h

∂G

dG

dS
+ ∂h

∂R

dR

dy
.

From (31), our assumptions on h, and the fact that θy > 0, we have that the mapping between growth778

rate and GOI expression is qualitatively similar to that of Fig. 20 and the SpoTH RBS can be used to779

make growth rate initially flat as the GOI is expressed. However, the SpoTH RBS that makes growth780

rate flat (dh
dy
|y=0 = 0) is one where dR

dy
< 0, that is, free ribosome decrease with GOI expression. This781

is consistent with our experimental data where GFP production rate decreases with GOI expression782

(SI Fig. 9) and growth rate is nearly flat (Main text Fig. 3).783

Supplementary note 4784

Through a simple mathematical model we show that the protein production rate of a constitutive785

protein is a proxy for free ribosome concentration. This is consistent with [14] where the constitutive786

expression of a GFP monitor was used as a proxy for free ribosome levels.787

We model mRNA (m) binding to free ribosomes (R) to produce the translation initiation complex788

c, which is then translated to produce the protein P with elongation rate constant κ. The mRNA789

decays with rate constants δ and the protein dilutes with rate constant γ. The corresponding chemical790

reactions are:791

∅ αm−→ m, m δ−→ ∅, m + R a


d

c κ−→ m + R + P, P γ−→ ∅, (32)

where αm is the production rate constant of the mRNA, a and d are the association and dissociation
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rate constant, respectively, between ribosomes and mRNA. The concentration of each species satisfies:

dm

dt
=αm − aRm+ (d+ κ)c− δm,

dc

dt
=aRm− (d+ κ)c (33)

dP

dt
=κc− γP.

The ribosome-mRNA dynamics can be assumed to be fast relative to γ [72] and thus the quasi-steady792

state [53] of (33) is given by793

m = αm
δ
, c = m

K
R, (34)

where K = d+κ
a
. Thus, the reduced protein concentration dynamics are given by794

dP

dt
= καm

Kδ
R︸ ︷︷ ︸

αP

−γP.

where αP is the protein production rate. If the protein is constitutively expressed, then αm is constant795

and αP is given by a constant (καm
Kδ

) multiplied by R, implying that the protein production rate is a796

proxy for free ribosome concentration.797

Supplementary note 5798

Our modeling framework suggests that we can tune the SpoTH RBS strength in the closed loop genetic799

circuit (express heterologous protein and SpoTH on the same mRNA) to minimize the sensitivity of800

free ribosomes on heterologous protein expression (Fig. 20). Therefore, we created a SpoTH RBS801

library: RBS 1, RBS 2, RBS3, and RBS 4, to test on the closed loop circuit. In this section we802

characterize the relative strength of the library in the configuration where SpoTH is expressed on the803

same mRNA as RFP (placed upstream of SpoTH). We show that the strength of the RBS increases804

in the following order: RBS 1, RBS 2, RBS 3, and RBS 4.805

The RBS strength is dependent on the upstream and downstream sequences of the RBS [73, 74],806

therefore we characterize the SpoTH RBS library with RFP upstream of SpoTH so that the results807

are applicable to the closed loop controller (Fig. 3-d in the main text). However, we decrease the RBS808

strength of RFP by several fold (MBP 0.006 in [13]) such that the amount of ribosomes it sequesters809

are negligible (relative to SpoTH actuation) and thus the change in ribosome concentration when810

expressing the mRNA with both the weak RFP RBS and SpoTH, is identical to SpoTH in isolation.811

The construct used to characterize the SpoTH RBS library is shown in Fig.21-a.812

Increasing the RBS strength implies that for a fixed amount of SpoTH mRNA, more ribosomes813

are recruited to translate the mRNA and thus more SpoTH protein is produced. Therefore, less814

SpoTH mRNA is needed to actuate as the SpoTH RBS strength increases. This implies that when815

expressing SpoTH using the construct shown in Fig.21-a, less AHL is needed to see an actuation of816

GFP production rate and growth rate as the SpoTH RBS increases. The GFP production rate and817

growth rate data are shown in Fig.21-b and Fig.21-c, respectively, when expressing SpoTH using the818

genetic circuit in Fig.21-a with lactose as the carbon source. We observe that for the list: RBS 1,819

RBS 2, RBS 3, and RBS 4, that the amount of AHL needed to actuate the GFP production rate and820

growth rate decreases. Thus, based on our physical intuition, it implies that the RBS strength should821
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have an increasing order of: RBS 1, RBS 2, BS 3, and RBS 4. The same trend is observed in Fig.21-d822

and Fig.21-e when using glycerol as the carbon source.823

Our physical intuition that increasing the SpoTH RBS strength implies that less mRNA is needed824

to see an actuation on free ribosomes, can be made mathematically precise using the actuator model825

(12), which relates free ribosome concentration to SpoTH expression. From the fact that826

c̄s = msR̄/Ks,

where ms is the SpoTH mRNA and KS is inversely proportional to the SpoTH RBS strength, to827

specify c̄s we need to know the value R̄. Therefore, we need to specify specify c̄e(R). We assume828

that c̄e(R) has a form similar to that of c̄s, then for q different endogenous genes expressing mRNA,829

c̄e(R) = ∑q
i=1

me,i
Ke,i

R̄, where for gene i, me,i is the endogenous mRNA concentration and Ke,i is the830

effective dissociation constant of endogenous mRNA with ribosomes. In this cases, c̄e(R) satisfies all831

of the assumptions stated in Section: Derivation of the SpoTH actuator mathematical model. and832

furthermore, R̄ = z̄(R)
1+
∑q

i=1
me,i
Ke,i

. Let m∗
s = ms

1+
∑q

i=1
me,i
Ke,i

and thus (26) now reads:833

z̄0 + (1− z̄0)f(z̄m∗
s/Ks/ε, z̄0) = z̄ + z̄m∗

s/Ks. (35)

The results from simulating (35) are shown in Fig.22. We observe that increasing the RBS strength834

(decrease Ks) the amount of SpoTH mRNA (m∗
s) needed to actuate z̄ decreases.835
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Figure 21: Characterizing the SpoTH RBS library strengths (a) The
P_weak_RFP_SPOTH_x genetic construct used to characterize the SpoTH RBS library.
This construct is identical to Fig. 3-d (P_IFFL_x) in the main text, but with a very weak RFP
RBS strength. The genetic construct P_weak_RFP (identical to P_OL with weak RBS for RFP)
corresponds to “No SpoTH” in the legends. Plasmid description, plasmid map, and essential DNA
sequences are provided in SI section Plasmid maps and DNA sequences. (b) For lactose as the
carbon source, the GFP production rate as SpoTH is expressed (increase AHL) for the RBS library.
(c) For lactose as the carbon source, the growth rate as SpoTH is expressed (increase AHL) for
the RBS library. (d) For glycerol as the carbon source, the GFP production rate as SpoTH is
expressed (increase AHL) for the RBS library. (e) For glycerol as the carbon source, the growth
rate as SpoTH is expressed (increase AHL) for the RBS library. For all data, error bars represent
standard deviation from at least four replicates (two biological replicates each with two technical
replicates). Data are shown as the mean ± one standard deviation (N=4, two biological replicates
each with two technical replicates). All experiments were performed in the CF945 strain. The
complete experimental protocol is provided in the Materials and Methods section.
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Figure 22: SpoTH expression with several RBS strengths The normalized measure of free
ribosome concentration¯̄z/z̄0 predicted by (35) as the normalized SpoTH mRNA m∗

s and SpoTH RBS
strength (1/Ks) are varied. The simulation parameters are ε = 0.13 and z̄0 = 0.125. The "No SpoT"
bars correspond to z̄/z̄0 = 1 for all m∗

s values.

Supplementary note 6836

For Fig. 5-e in the main text, when the RFP is activated, the growth rate for the OL system in CF946837

drops by 40% and that of the associated CL system with SpoTH RBS 2 decreases by 15%. The838

growth rate for CL RBS 3 corresponding to the set up of Fig. 5-e, monotonically increase by 40% as839

RFP is activated (SI Fig. 12) thus implying the existence of a CL RBS with strength between RBS 2840

and RBS 3 such that the growth rate of the CL systems remains constant as RFP is activated (Fig. 20841

and Supplementary Note 3).842

Supplementary note 7843

dCas9 expression is known to be toxic in many bacteria [54, 55]. To this end, we use the SpoTH844

actuator to reduce growth defects due to overexpressing the dCas9 protein. We express SpoTH using845

the inducible pTet promoter and dCas9 using the inducible Plux promoter (Fig. 23-a). To estimate the846

relative production rates of dCas9 between induction values and to assess how much of the burden847

of expressing dCas9 comes from toxicity rather than ribosome sequestration, we replace dCas9 in848

Fig. 23-a with RFP (Fig. 23-b). The induction of dCas9 with no SpoTH expression results in a849

∼ 40% drop in growth rate (Fig. 23-c). For every dCas9 induction level, there is a SpoTH induction850

that results in a growth rate that is near the nominal value when no dCas9 nor SpoTH are expressed851

(colored dots in Fig. 23-c). For AHL = 0.25 nM, growth rate drops by ∼ 8% when expressing dCas9852

and without SpoTH, suggesting that toxicity is already present. However, by expressing SpoTH, even853

for AHL = 2.0 nM, growth rate stays nearly constant (Fig. 23-d). At AHL = 2.0 nM, nearly four times854

more RFP is produced than at AHL = 0.25 nM (Fig. 23-d). The assumption that RFP production855

rate is proportional to that of the dCas9, implies that four times more dCas9 is produced at AHL =856

2.0 nM than at AHL = 0.25 nM. Thus, we conclude that with the appropriate SpoTH expression, we857

can produce four times the amount of dCas9 that would otherwise be toxic to the cell, while keeping858

growth rate constant. Additionally, GFP production rate drops by ∼ 40% when dCas9 is expressed859

and SpoTH, in principle, can be used to keep it constant (Fig. 23-e,f).860

Expressing RFP with the same AHL values as those tested in Fig. 23-c, leads to minimal growth861

defects but also small drops in GFP production rate when compared to expressing dCas9 (Fig. 23-d,f).862

Assuming that changes in GFP production rate are a proxy for changes in free ribosome concentration863
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(Supplementary note 4), the incomparable drop in GFP production rate when expressing RFP rather864

than dCas9 makes it difficult to conclude how much of the burden of expressing dCas9 comes from865

toxicity rather than ribosome sequestration. To this end, we expressed RFP to a level that would866

yield a comparable drop in GFP production (more than 40%) as when dCas9 is expressed to the levels867

in Fig. 23-f, and observed that growth rate only dropped by ∼ 15% (Fig. 24). This indicates that a868

large portion of the observed growth defects when expressing dCas9 are likely due to direct toxicity869

as opposed to being due to ribosome sequestration, consistent with published literature [75, 76, 56].870
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Figure 23: SpoTH actuator rescues growth rate reduction from dCas9 toxicity. (a) P_GFP_SpoTH_dCas9
plasmid used to express SpoTH using the inducible pTet promoter and dCas9 using the inducible Plux promoter.
(b) P_GFP_SpoTH_RFP plasmid used to express SpoTH using the inducible pTet promoter and RFP using the
inducible Plux promoter. (c) Cell growth rate as dCas9 production rate is increased via AHL, for different levels of
SpoTH induction. For each AHL we mark by a circle the aTc level that results in a growth rate closest to the nominal
growth rate when AHL = 0 nM and aTc = 0 nM. (d) Cell growth rate versus pLux promoter activity as measured
in units of RFP production rate for the same AHL induction levels as in (c) when pLux is transcribing RFP (red
line, P_GFP_SpoTH_RFP with no SpoTH induction), dCas9 and with no SpoTH induction (blue line), and dCas9
with SpoTH induction corresponding to the colored circles in (c) (black line). (e) GFP production rate as dCas9
production rate is increased via AHL, for different levels of SpoTH induction. (f) GFP production rate versus pLux
promoter activity as measured in units of RFP production rate for the same AHL induction levels as in (e) when
pLux is transcribing RFP (red line, P_GFP_SpoTH_RFP with no SpoTH induction) and dCas9 and with no SpoTH
induction (blue line). Data are shown as the mean ± one standard deviation (N=4, two biological replicates each with
two technical replicates). Individual experimental values are presented as a red dots. All experiments were performed
in the CF945 strain in media with glycerol as the sole carbon source. Plasmid description, plasmid map, and essential
DNA sequences are provided in SI section Plasmid maps and DNA sequences. The complete experimental protocol is
provided in the Materials and Methods section.
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Figure 24: dCas9 expression places more growth rate burden on the cell than RFP expression due to
toxic effects. dCas9 and RFP are expressed using the P_GFP_SpoTH_dCas9 (blue line) and P_GFP_SpoTH_RFP
(red line) plasmids, respectively (SI Fig. 23). The GFP production rate normalized by GFP production rate when there
is no AHL induction versus the growth rate normalized by growth rate when there is no AHL induction. The inductions
for P_GFP_SpoTH_dCas9 are 0 nM, 0.5 nM, 1.25 nM, and 2 nM AHL and for P_GFP_SpoTH_RFP are 0 nM, 3
nM, 7 nM, 15 nM AHL. Data are shown as the mean ± one standard deviation (N=4, two biological replicates each
with two technical replicates). All experiments were performed in the CF945 strain in media with glycerol as the sole
carbon source. The complete experimental protocol is provided in the Materials and Methods section.
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