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Supplementary Figure 1 | The behavior of the utility metric with different parameters in hypothetical 
Hill curves. (A) The utility metric was simulated in Matlab over a range of Bmax, C, and n values. Bmax 
ranged from 1000 to 30256.5. C ranged from 100.2 to 1000.7. n ranged from .5 to 1.5. (B) Hill equations with 
shifted basal and maximum gene expression, Kd, and n were simulated in Matlab and (C) their utility values 
were calculated. The red and blue functions differ in the Hill coefficient, n. The red and green functions differ in 
their C and bmax values but have the same output fold-induction and same utility. The black function is shifted 
vertically relative to the red function, giving the same difference between bmax and C, but a lower output fold-
induction and utility. The yellow function is shifted to lower Kd  relative to the red function, and the purple 
function is shifted to a higher Kd  relative to the red function, but all three functions have the same utility. 
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bmax! 1000! 1000! 3000! 1500! 1000! 1000!
C! 50! 50! 150! 550! 50! 50!
Kd! 0.005! 0.005! 0.005! 0.005! 0.05! 0.003!
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Input!Range!

243! 11.49!
!

243! 243! 243! 243!

Utility! 5103! 241.29! 5103! 906.39! 5103! 5103!



 

Supplementary Figure 2 | Sensitivities for different H2O2-sensing circuits. (A) The sensitivity of the circuits 
in Fig. 1A was calculated from the Hill equations plotted in Fig. 1B. (B) The sensitivity of the circuits in Fig. 
1D and 1E was calculated from the Hill equations plotted in Fig. 1F. The sensitivity was calculated as in (1): 

𝑆(𝑥) =

𝜕𝑦
𝑦
𝜕𝑥
𝑥
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Supplementary Figure 3 | Genomic soxR circuit for paraquat sensing. (A) The genomic soxR circuit. SoxR 
is expressed from the genome and negatively regulates its own expression (2). mCherry expression is controlled 
by the pLsoxS promoter on a HCP. (B) The empirical paraquat-mCherry transfer function for the genomic soxR 
circuit. The line is a Hill function fit. The errors (s.e.m.) are derived from three biological replicates and flow 
cytometry experiments, each involving 30,000 events. Source data are provided as a Source Data file.  



 

Supplementary Figure 4 | Normalized mCherry expression for the IPTG-controlled paraquat sensing 
circuit in Figure 2E. mCherry expression across a range of paraquat levels was normalized to mCherry 
expression at zero paraquat for the circuits and data in Figs. 2E and 2F. Lower IPTG concentrations increased 
the output fold-induction and input dynamic range. 
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Supplementary Figure 5 | Sensitivities for different paraquat-sensing circuits. (A) Sensitivities of the 
circuits in Figs. 2A, 2B, and Supplementary Fig. 3A, calculated from the Hill curves plotted in Fig. 2C or 
Supplementary Fig. 3B. (B) Sensitivities of the circuits in Fig. 2E, calculated from the Hill curves plotted in Fig. 
2F.  
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Supplementary Figure 6 | Raw mCherry error for the first iteration of the dual-sensor circuit (Fig. 3A) 
based on the data in Fig. 3B. The data shown is the mean of the raw error calculated from each experimental 
replicate and is thus different from that shown in Supplementary Note 2. The lowest concentrations of paraquat 
and H2O2 tested were zero, but are plotted as non-zero numbers so as to be shown on the logarithmic axes. 

  



 

Supplementary Figure 7 | Relative mCherry error for the first iteration of the dual-sensor circuit (Fig. 
3A) based on the data in Fig. 3B. The data shown is the mean of the relative error calculated from each 
experimental replicate and is thus different from that shown in Supplementary Note 2. The lowest 
concentrations of paraquat and H2O2 tested were zero, but are plotted as non-zero numbers so as to be shown on 
the logarithmic axes. 
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Supplementary Figure 8 | Relative mCherry error for the dual-sensor circuit with the analog 
compensation circuit (Fig. 3C) based on the data in Fig. 3D. Crosstalk is reduced at high concentrations of 
paraquat, but is higher at low concentrations of paraquat compared to the initial dual-sensing strain 
(Supplementary Fig. 7). The data shown are the mean of the relative error calculated from each experimental 
replicate. The lowest concentrations of paraquat and H2O2 tested were zero, but are plotted as non-zero numbers 
so as to be shown on the logarithmic axes. 
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Supplementary Figure 9 | The dual-sensor circuit with the variable-analog compensation circuit without 
TEVp. (A) The dual-sensor circuit with the variable-analog compensation circuit without pLsoxS-TEVp. 
mCherry expressed from oxySp is targeted for degradation due to the LAA degradation signal. (B) The 
mCherry output from the circuit in (A) in terms of fold-change relative to minimum fluorescence. Because 
oxySp-derived mCherry is rapidly degraded, the mCherry output looks similar to the first iteration of the dual-
ROS sensing circuit (Fig. 3B). The data are derived from three biological replicates and flow cytometry 
experiments, each involving 30,000 events. The lowest concentrations of paraquat and H2O2 tested were zero, 
but are plotted as non-zero numbers so as to be shown on the logarithmic axes. Source data are provided as a 
Source Data file. 
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Supplementary Figure 10 | The dual-sensor circuit with the variable-analog compensation circuit without 
pLsoxS-mCherry. (A) In order to characterize the effect of the variable-analog compensation circuit on 
mCherry expression independently from the SoxR-based system, we removed the pLsoxS-mCherry operon so 
that mCherry was only expressed from the oxySp promoter. (B) The mCherry output in terms of fold-change 
relative to minimum fluorescence. The “compensation” function of the variable-analog compensation circuit 
resembles the raw mCherry error for the dual-sensor circuit (Supplementary Fig. 6).  The lowest concentrations 
of paraquat and H2O2 tested were zero, but are plotted as non-zero numbers so as to be shown on the logarithmic 
axes. (C) The mCherry output from Supplementary Fig. 10B in terms of fold-change of mCherry expression 
versus paraquat concentration at different concentrations of H2O2. The errors (s.e.m.) are derived from three 
biological replicates and flow cytometry experiments, each involving 30,000 events. Source data are provided 
as a Source Data file. 
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Supplementary Figure  11 | Relative mCherry error for the dual-sensor circuit with the variable-analog 
compensation circuit (Fig. 3E) based on the data in Fig. 3F. Crosstalk is lower at high paraquat levels and is 
reduced at low paraquat compared to the initial dual-sensor circuit in Supplementary Fig. 7. The data shown is 
the mean of the relative error calculated from each experimental replicate. The lowest concentrations of 
paraquat and H2O2 tested were zero, but are plotted as non-zero numbers so as to be shown on the logarithmic 
axes. 
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Supplementary Figure 12 | Abstraction of dual-sensor strains. (A) The first iteration of the dual-sensor 
circuit in Fig. 3A. The sfGFP output is dependent upon H2O2 input concentration and the mCherry output is 
dependent upon paraquat input concentration. (B) The dual-sensor circuit with the analog compensation circuit. 
The sfGFP output is dependent upon H2O2 input concentration. The total mCherry output is the sum of mCherry 
resulting from the H2O2-sensing circuit and the paraquat-sensing circuit. (C) The dual-sensor circuit with the 
variable-analog compensation circuit. The sfGFP output is dependent upon H2O2 input concentration. The total 
mCherry output is the sum of mCherry resulting from the H2O2-sensing circuit and the paraquat-sensing circuit, 
where the paraquat-sensing circuit can adjust the amount of mCherry resulting from the H2O2-sensing circuit by 
adjusting the mCherry degradation rate. We describe this scenario as being conceptually analogous to a 
potentiometer whose output can be regulated by a paraquat circuit. 

  



 

 

Supplementary Figure 13 | Growth of the dual-sensor strain in the presence of combinations of high 
concentrations of ROS. The dual-sensor strain (Fig. 3A) was exposed to different combinations of high 
concentrations of paraquat and H2O2, and growth was assayed every 30 minutes up to 3 hours by measuring the 
optical density of the culture at 600 nM. 1.08 mM H2O2 repressed cell growth to a negligible rate in the 
presence of paraquat. The mean and error (s.d.) shown are calculated from replicates (n=8) derived from the 
same parent culture. Source data are provided as a Source Data file. 
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Supplementary Figure 14 | Incoherent feedforward loop in crosstalk compensation. H2O2 represses 
mCherry expression when paraquat is present via unknown crosstalk mechanisms (dashed line) and activates 
mCherry expression via a transcriptional connection through OxyR. The net result is that the effect of H2O2 on 
mCherry expression is little.  
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Supplementary Figure 15 | Plasmid maps used in this study. 
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Supplementary Table 1 | List of plasmids used in experiments 

Name Description Figure 

fIM1264 pZA2-pLlacO-oxyR Fig. 1A 

TJF117 pZE1-oxySp-mCherry Fig. 1A 

TJF64 pZE1-katGp-mCherry Fig. 1A 

TJF66 pZE1-ahpCp-mCherry Fig. 1A 

TJF229 pZE1-oxySp-mCherry-proD-oxyR Fig. 1D 

TJF205 pZE1-oxySp-oxyR-mCherry Fig. 1E 

fIM1265 pZA2-pLlacO-soxR Figs. 2A, 2E 

fIM1266 pZE1-pLsoxS-mCherry Figs. 2A, 2E 

JRF145 pZE3-pLsoxS-soxR-mCherry Fig. 2B 

pIM11 pZS2-proD-soxR Figs. 3A, 3C, Supplementary Fig. 9A 

pIM10 pZA4-pLsoxS-mCherry Fig. 3A 

pIM09 pZE1-oxySp-sfGFP-proD-oxyR Figs. 3A, 3C, 3E, Supplementary Figs. 
9A, 10A 

pIM16 pZA4-oxySp-mCherry-pLsoxS-mCherry Fig. 3C 

pIM04 pZS2-pLsoxS-TEVp-proD-soxR Fig. 3E, Supplementary Fig. 10A 

pIM27 pZA4-oxySp-mCherry-TEVrs-LAA-pLsoxS-mCherry Fig. 3E, Supplementary Fig. 9A 

pIM23 pZA4-oxySp-mCherry-TEVrs-LAA Supplementary Fig. 10A 

  



Supplementary Table 2 | List of synthetic parts 

Part Name Description and Source 

pLlacO pLlacO-1 LacI-repressible promoter (3) 

pLsoxS The soxS promoter SoxR-binding site fused to lambda phage promoter -10 and -35 
sequences (4) 

oxySp Promoter for E. coli oxySp RNA (5) 

katGp Promoter for E. coli katG gene (5) 

ahpCp Promoter for E. coli ahpC gene (5) 

proD Strong proD promoter (6) 

RBS0030 Ribosome binding site. BBa_B0030 (7) 

RBS0029 Ribosome binding site. BBa_B0029 (7) 

oxyR oxyR protein-coding sequence (5) 

soxR soxR protein-coding sequence (5) 

TEVp TEV protease protein-coding sequence (8) 

mCherry mCherry fluorescent protein coding sequence. BBa_J06504 (7) 

sfGFP Super-folder green fluorescent protein coding sequence. BBa_I746916 (7) 

TEVrs TEV protease recognition sequence (9) 

LAA LAA degradation tag (7) 

TermT1 Terminator T1 (3) 

TermT0 Terminator T0 (3) 

p15A Medium-copy number origin of replication (3) 

ColE1 High-copy number origin of replication (3) 

pSC101 Low-copy number origin of replication (3) 

ampR Ampicillin-resistance cassette (3) 

kanR Kanamycin-resistance cassette (3) 

specR Spectinomycin-resistance cassette (3) 

cmR Chloramphenicol-resistance cassette (3) 
 

 

  



Supplementary Note 1: Calculating output fold-induction, relative input range, sensitivity, and utility 

1. Calculate best-fitting Hill function from the raw data: 
 
Hill functions are of the form: 

𝑦 =
𝑏)*+ ∗ 𝑥-

𝐾/- + 𝑥-
+ 𝐶 

Where C is the empirical geometric mean (y) at zero input (x = 0), and n, Kd, and bmax are fit to the data. 

 

 

2. Calculate the output fold-induction (FI): 
 

𝐹𝐼 =
(𝑏)*+ + 𝐶)

𝐶  

If the observed maximum gene expression is less than the theoretical maximum gene expression 
(𝑏)*+ + 𝐶), then the observed maximum gene expression (bmax, observed) is used to calculate the output 
fold-induction. In this case, the output fold-induction is: 

𝐹𝐼 =
(𝑏)*+,56789:8/)

𝐶  
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3. Calculate the Input Dynamic Range (10): 

A) In the case where the theoretical bmax is less than the maximum gene expression observed: 

90% of maximum	output (Y90) is calculated as: 
 

𝑌EF = 𝐶 +	 .9 ∗ 𝑏)*+  
 

10% of maximum output (Y10) is calculated as: 
 

𝑌IF = 𝐶 +	 .1 ∗ 𝑏)*+ 	

Y90 and Y10 are interpolated to the X-axis using the Hill function to determine X90 and X10. 

The input concentration for 90% of the maximum output  (X90) is calculated as: 

𝑋EF = 𝐾/ ∗ √9
M   

The input concentration for 10% of the maximum output  (X10) is calculated as: 

𝑋IF = 	
NO
√EM   

The relative input range (RIR) is calculated as: 

𝑅𝐼𝑅 =
𝑋EF
𝑋IF

= √81M  

 

B) In the case where the theoretical bmax is greater than the max gene expression observed: 

90% of maximum output (Y90) is calculated as: 
 

𝑌EF = 𝐶 +	 .9 ∗ (𝑏)*+,56789:8/ − 𝐶) 
 

10% of maximum output (Y10) is calculated as: 
 

𝑌IF = 𝐶 +	 .1 ∗ (𝑏)*+,56789:8/ − 𝐶) 

Y90 and Y10 are interpolated to the X-axis using the Hill function to determine X90 and X10. 

The input concentration for 90% of the maximum output  (X90) is calculated as: 

𝑋EF = 	𝐾/ ∗ S
6TUV,WXYZ[\ZO]^

_`
a ∗6TUVb^]6TUV,WXYZ[\ZO

M   

The input concentration for 10% of the maximum output  (X10) is calculated as: 

𝑋IF = 	𝐾/ ∗ S
6TUV,WXYZ[\ZO]^

IF∗6TUVb^]6TUV,WXYZ[\ZO

M   

The relative input range (RIR) is calculated as: 

𝑅𝐼𝑅 =
𝑋EF
𝑋IF

= c
10 ∗ 𝑏)*+ + 𝐶 − 𝑏)*+,56789:8/
10
9 ∗ 𝑏)*+ + 𝐶 − 𝑏)*+,56789:8/

M  



 

 

 

 

4. Calculate utility by multiplying the relative input dynamic range by the output fold-induction: 

𝑈𝑡𝑖𝑙𝑖𝑡𝑦 = 𝐹𝐼 ∗ 𝑅𝐼𝑅 
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Supplementary Note 2: Calculating errors due to crosstalk between circuits 

1. Calculate the raw error: 
 
In the ideal scenario for the circuits from Fig. 3, mCherry expression should only be controlled by the 
input paraquat concentration. To determine the raw error in mCherry expression, we subtracted the 
mCherry level at every given concentration of paraquat and H2O2 from the mCherry level at the same 
concentration of paraquat but with zero H2O2. 
 
𝑅𝑎𝑤	𝑒𝑟𝑟𝑜𝑟 = 𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	X	 − 𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	`	 

 
 
In the figure above, mCherry expression across a range of paraquat concentrations and zero H2O2 is 
extrapolated and overlaid on top of mCherry expression across the entire range of paraquat and H2O2 
concentrations. The difference between these two mCherry levels is the raw error. The raw error for a 
single experimental replicate for the circuit in Fig. 3A is shown below. The lowest concentrations of 
paraquat and H2O2 tested were zero, but are plotted as non-zero numbers so as to be shown on the 
logarithmic axes. 
 

 
10−6 10−5 10−4 10−3 10−2 10−1

10−2

100

−2

0

2

4

6

8

10

12

14

Paraquat [mM]

H2O2 [mM]

Ra
w 

Er
ro

r m
Ch

er
ry



2. Calculate the absolute error: 
  
The absolute error is calculated by taking the absolute value of the raw error. The absolute error for a 
single experimental replicate for the circuit in Fig. 3A is shown below. The lowest concentrations of 
paraquat and H2O2 tested were zero, but are plotted as non-zero numbers so as to be shown on the 
logarithmic axes. 
 
 
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒	𝑒𝑟𝑟𝑜𝑟 = |𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	X	 − 𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	`	| 
 

 
 
 

3. Calculate the relative error: 
 
The relative error is calculated by normalizing the absolute error to the corresponding mCherry level at 
the same concentration of paraquat but with zero H2O2. The relative error for an experimental replicate 
for the circuit in Fig. 3A is shown below. The lowest concentrations of paraquat and H2O2 tested were 
zero, but are plotted as non-zero numbers so as to be shown on the logarithmic axes. 
 
 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑒𝑟𝑟𝑜𝑟 =
|𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	X	 − 𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	`	|

𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	`	
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4. Sum the relative errors to get the total relative error: 
 
To calculate the total relative error, the relative error at every concentration of paraquat and H2O2 is 
summed. 
 
𝑇𝑜𝑡𝑎𝑙	𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑒𝑟𝑟𝑜𝑟 = 
 

�
|𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	X	 − 𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	`	|

𝐺𝑒𝑛𝑒𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛s*9*tu*vU,			wxyx	`	

s*9*tu*vTUV,			wxyx	TUV

s*9*tu*v`,			wxyx	`

 

 

This procedure for calculating errors has been illustrated for the mCherry output of a single 
experimental replicate of the circuit shown in Fig. 3A. The analogous procedure can be carried out for 
the sfGFP output of the circuits in Fig. 3, thus resulting in the calculations plotted in Fig. 3I. 
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