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Experimental proTeOn and proTeOff characterization 

PROTEON and PROTEOFF expression 

Under the control of a LacI repressible T7 promoter, PROTEON and PROTEOFF expression is 

IPTG inducible. Cells cultured with 0, 0.1, 0.5 and 1 mM IPTG showed increasing cytosolic 

protein levels with increasing IPTG, as shown in Supporting Figure 2a. Even at high levels, 

PROTEON is efficiently translated, stable, and soluble in E. coli. As PROTEOFF differs from 

PROTEON by a single amino acid, the same is assumed for PROTEOFF protein. 

PROTEON and PROTEOFF activation 

proTeOn activity is aTc inducible in E. coli.  In the absence of aTc, PROTEON is inactive and GFP 

is expressed at a low basal level. Upon the addition of aTc, PROTEON is activated through a 

conformational change; it binds the synthetic promoter and upregulates GFP expression. With 

10 and 200 ng/ml aTc, GFP is upregulated 10 and 30 - fold respectively by Western blot. 

Meanwhile, the total cytosolic transactivator levels modestly decrease in the presence of aTc, 

as shown in Supporting Figure 2b.  This decrease can be attributed to the increased demand for 

the cell’s transcription and translation machinery with active PROTEON upregulating GFP. 



proTeOn and proTeOff phenotype analysis 

proTeOn and proTeOff induction and phenotype analysis by flow cytometry was investigated 

over 20 hours post-induction. Induction experiments were repeated and the behaviors 

compared across replicates.  

The general behavior observed across replicates for proTeOn is in good agreement with the 

specific results presented in the Results and Discussion. Overall, proTeOn upregulates target 

genes by one hour post-aTc treatment and achieves 15-fold upregulation through long times. 

Steady state expression levels are reached by 5 hours and 10 hours post-treatment with low 

and high (10 and 200 ng/ml) aTc respectively. Expression is generally maintained at 10 and 15-

fold above uninduced controls through long times with low and high aTc levels.  

When expressed in the presence of aTc, PROTEON achieves target gene upregulation within 2 

hours. Overall, steady state is achieved by 5 hours after the transactivator’s initial expression, 

with target protein levels 10-fold over the uninduced controls. proTeOn’s behavior is presented 

in Supplementary Figure 3a. 

proTeOff upregulates target gene expression in the absence of aTc. With high (200 ng/ml) aTc, 

expression is reduced to half that of the untreated samples by 2 hours. In general, with low (10 

ng/ml) aTc, this reduction may not be realized until 20 hours post-treatment. Low, steady state 

expression is achieved by 5 hours post-treatment with high aTc and maintained through long 

times. Minimum target gene expression levels of one-half and one-fifth that of the untreated 

samples are observed with low and high aTc respectively.  



When expressed in the absence of aTc, transcription upregulation by proTeOff is observed 

within one hour after PROTEOFF expression is induced. In low and high aTc, reduced proTeOff 

activity is observed across all times. In general, steady state activity is achieved by 5 hour after 

PROTEOFF expression is induced.  Overall, proTeOff activity is one-fourth that of untreated 

samples for both 10 and 200 ng/ml aTc through long times. proTeOff’s behavior is shown in 

Supplementary Figure 3b. 

proTeOn and proTeOff stochastic models 

Model delineation  

Small biological systems, either natural or synthetic, are subject to stochasticity (1-4). The 

behavior of such systems has been accurately described using detailed stochastic modeling (5-

13). Each step of biology’s central dogma, including transcription, translation, degradation, 

dimerization, repression and induction are represented by biochemical reactions. The reaction 

network that portrays the behavior of both of our synthetic systems is outlined in Supporting 

Figure 4a. 

The first reaction captures the effective rate of aTc penetration into the cell. Reactions 2-9 

model the binding of 2 aTc molecules to one PROTEON or PROTEOFF (PROTET) molecule (14). In 

particular, reactions 2-5 capture the binding and unbinding of aTc to PROTET when the latter is 

free, whereas reactions 6-9 correspond to the same interactions when PROTET is bound to its 

operator site, tetO. Reactions 10-13 represent the binding of PROTET to tetO (14). PROTET can 

bind to tetO either when free (reactions 10, 11) or bound to aTc (reactions 12, 13). Reactions 



14-26 describe gfp transcription (15, 16). gfp transcription occurs in three different ways since 

RNApol can transcribe gfp when tetO is: a) free (reactions 14-18) or b) occupied by 

PROTET:aTc2 (reactions 19-22) or c) occupied by PROTET (reactions 23-26). Three different sets 

of reactions are therefore used to describe transcription. In these 3 sets, the same approach is 

used. The first two reactions (14-15, 19-20, 23-24) capture the binding and unbinding of RNApol 

to pro. The binding of RNApol to pro is followed by the formation of an open complex between 

RNApol and DNA (reactions 16, 21, 25). Subsequently, RNApol releases the pro (reactions 17, 

22, 26), allowing other RNApol to bind, and proceeds transcribing the entire gfp (reaction 18). 

The product of transcription, mRNA(gfp), is thereafter translated into GFP protein. This process 

is coded in reactions 27-29. The time needed for a nucleotide to be transcribed or for a codon 

to be translated is assumed to be exponential distributed. Consequently, the time required for 

the entire process of transcription and translation is considered to be gamma distributed (17). 

Finally, reaction 30 captures the GFP maturation process whereas reactions 31 and 32 

represent the effective rate at which GFP and mRNA(gfp) are degraded. 

The initial conditions regarding the transcription and translation machinery define 100 RNApol 

and 100 ribosomes at t = 0. In addition, the number of synthetic plasmids in each E. coli is set 

equal to 20, inferring that there are 20 tetO and 20 pro sites. The effective amount of PROTET 

that exists in each cell was considered constant (20 molecules) throughout the simulations 

since overnight IPTG treatment led to a constant PROTET concentration. The definition of each 

species as abbreviated in the model is given in Supporting Figure 4b. 



Model parameters 

The conditions of this system (temperature, pH) are assumed to be constant throughout the 

simulations guaranteeing that the kinetic parameters used do not vary over time.  It is 

postulated that the cell is a homogeneous, yet well stirred reactor. The volume of each E. coli 

cell is equal to 10
-15 

L. The volume of the cells increases exponentially over time and is halved 

during cell division. The cell division time was adjusted relative to experimentally observed 

behaviors with changes in intracellular aTc and GFP concentrations. Cell division time increases 

with increasing aTc as it retards cellular processes in higher concentrations (18). In addition, cell 

division time increases with GFP concentration since this increase in protein production taxes 

the cellular machinery. The cell division rates that were used in our simulations are shown in 

Supporting Figure 4c. proTeOn and proTeOff are synthetic systems and many of the associated 

kinetic parameters do not exist in the literature. Thus, most of the parameters have values that 

are close to parameters of similar, either synthetic or naturally occurring, systems and have 

been adjusted to fit the experimental results.   

The penetration rate of aTc into the cell is considered equal to the penetration rate of 

tetracycline (19).  The binding of aTc to PROTET is assumed equal to the binding of aTc to rTetR 

as there is no available data for PROTET (14).  The binding of PROTET, either when free or 

bound to aTc, to the operator site, is considered almost equal to the binding of rTetR to tetO 

(14).  The affinity of RNApol for the pro, when tetO is free, is presumed similar to the affinity of 

RNApol for the tet promoter (15). Further, the affinity of RNApol for the pro when it is occupied 

by PROTET or PROTET:aTc2 was fit, considering RNApol recruitment by LuxRΔN to the 



promoter, so that the results match the experimental phenotypes. The rates of transcription 

and translation do vary significantly throughout the cell population. In our simulations, we 

hypothesize average transcription and translation rates equal to 30 nucleotides and 100 codons 

per second. The GFP maturation rate was adjusted such that the simulation results were in 

agreement with experimental observations. Finally, the GFP degradation rate was adjusted for 

a 10 min protein half life, whereas mRNA degradation was adjusted to give 20 proteins per 

mRNA molecule.   
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Supporting Figures and Legends 

Supporting Figure 1. proTeOn and proTeOff system vectors 

a. PROTEON and PROTEOFF. Both synthetic proteins, rTetR-LuxRΔN and TetR-LuxRΔN, are 

under the control of a LacI repressible T7 promoter on low-copy plasmid, pT7-FLAG1 

(Sigma).  

b. proTeOn and proTeOff synthetic promoter. The synthetic promoters and GFPmut3 gene 

were synthesized by GENEART on, pMK, a pUC19 derived expression vector that’s 

compatible in E. coli, high copy, and kanamycin resistant. 

Supporting Figure 2. System induciblity 



a. PROTEON expression. Relative to uninduced conditions, PROTEON monomer (43 kD) levels 

are 10-fold higher upon induction with 0.5 mM IPTG and 20-fold higher with 1.0 mM IPTG. 

At 0.1 mM IPTG expression is not induced. 

b. PROTEON activation. In the absence of aTc, PROTEON is inactive and GFP (27 kD) is 

expressed at a low basal level. Upon the addition of 10 and 200 ng/ml aTc, GFP expression 

increases 10 and 30-fold respectively. Total cytosolic transactivator levels modestly 

decrease in the presence of aTc. 

Supporting Figure 3. proTeOn and proTeOff phenotype analysis 

Mean GFP expression was analyzed by flow cytometry 1, 2, 5, 10 and 20 hours post-treatment 

for both experimental set-ups as described. Induction experiments were repeated for all 



inducer concentrations and time points, and the reported trends were observed across the 

replicates 

a. proTeOn. Experiment A: With low and high (10 and 200 ng/ml) aTc concentrations, proTeOn 

upregulates GFP one hour post-induction with aTc. Steady state expression is achieved by 5 

hours and 10 hours with low and high aTc respectively. These steady states are maintained 

through 20 hours. Maximum overexpression is 10 and 15-fold above the uninduced controls 

with low and high aTc concentrations respectively. Experiment B: Upon expression in the 

presence of low and high aTc concentrations, PROTEON significantly upregulates GFP by 2 

hours after PROTEON expression is induced. Overall, steady state is reached by 5 hours and 

maintained through 20 hours. Maximum upregulation is 10-fold above uninduced controls 

with both aTc concentrations. 

b. proTeOff. Experiment A: proTeOff upregulates GFP expression in the absence of aTc. With 

high (200 ng/ml) aTc, expression is reduced to half that of the untreated samples by 2 

hours. In general, with low (10 ng/ml) aTc, this reduced expression may not be realized until 

20 hours post-treatment. Low, steady state expression is achieved by 5 hours with high aTc 

and maintained through 20 hours.  Overall minimum expression is one-half and one-fifth 

that of the untreated sample with low and high aTc concentrations respectively. Experiment 

B: In the absence of aTc, proTeOff activity is observed by one hour after PROTEOFF 

expression is induced. In both aTc concentrations, reduced proTeOff activity is observed 

across all times. Generally, steady state activity is achieved by 5 hours after PROTEOFF 

expression is induced. At steady state, proTeOff activity is one-fourth of untreated samples 

for both aTc concentrations overall and maintained at this low level through 20 hours. 



Supporting Figure 4. proTeOn and proTeOff stochastic simulations 

a. proTeOn and proTeOff reaction network. The biochemical reactions and their kinetic 

constants are provided for all the processes considered by our model. The kinetic constants 

that appear in red differentiate the behavior of the two systems. Values that were fit to 

match the experimental results have a reference denoted with *. Values derived from the 

literature, “i,” and then fit to match the experimental observations, have a reference 

denoted with “ i*.”  

b. Definition of each reaction network species.  

c. Cell division times for proTeOn and proTeOff when 0, 10 and 200 ng/ml aTc are 

administered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 


