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Abstract

Boolean NOR gates have been widely implemented in Escherichia coli as transcriptional regulatory devices for building complex genetic
circuits. Yet, their portability to other bacterial hosts/chassis is generally hampered by frequent changes in the parameters of the
INPUT/OUTPUT response functions brought about by new genetic and biochemical contexts. Here, we have used the circuit design tool
CELLO for assembling a NOR gate in the soil bacterium and the metabolic engineering platform Pseudomonas putida with components
tailored for E. coli. To this end, we capitalized on the functional parameters of 20 genetic inverters for each host and the resulting
compatibility between NOT pairs. Moreover, we added to the gate library three inducible promoters that are specific to P. putida, thus
expanding cross-platform assembly options. While the number of potential connectable inverters decreased drastically when moving
the library from E. coli to P. putida, the CELLO software was still able to find an effective NOR gate in the new chassis. The automated
generation of the corresponding DNA sequence and in vivo experimental verification accredited that some genetic modules initially
optimized for E. coli can indeed be reused to deliver NOR logic in P. putida as well. Furthermore, the results highlight the value of
creating host-specific collections of well-characterized regulatory inverters for the quick assembly of genetic circuits to meet complex
specifications.
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1. Introduction of the complex digital networks that rule the functioning of elec-

NOR logic gates (Figure 1A) are useful digital devices due to their tronic devices and control systems (1). It is thus not surprising

functional completeness, i.e. any other logic function can be built that recent efforts to develop operational systems for engineering
by combining NOR gates. Therefore, they are the basis of many  Signal processing in bacteria have also attempted the implemen-
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Figure 1. NOR function and NOT logic implementation. Overview of NOR gates and constructs built for measurements. (A) Schematics of a NOR gate
and its truth table. (B) Regulatory inverter backbone in SEVA format. Each gate and sensory module shares the same standardized vector frame. (C)
Genetic devices and the structure of the functional part. The devices share a part containing the yfp cassette and Ptac/lacl expression system inducible

with IPTG.

tation of NOR gates with available regulatory parts (2, 3). The NOR
function gets two inputs and delivers one output, which is ‘1’
if none of the inputs is present and ‘0’ in any other case. The
use of transcriptional repressors to implement logic inverter func-
tions (i.e. NOT) along regulatory cascades, where each regulator
controls the performance of the next (4), is key to implement
such gates. Yet, unlike electronic parts, regulated promoters are
not digital but their response functions are subject to differ-
ent parameters and kinetic ranges, often dependent on context
and environmental conditions (5). This makes the connection
of compatible parts for building more complex devices far from
easy. NOT gates must be compatible to secure that the output of
a gate matches the input of the next; this guarantees that the
signal can be processed along a regulatory cascade. This chal-
lenge was addressed and solved to a large extent in 2016 with
the CELLO software for genetic circuit design automation (3).
The same tool was subsequently optimized for other organisms
(6), including yeast (7). More recently, the CELLO-based genetic
circuitry has been shown to be capable of adaptive cellular com-
putations that can respond to the alterations in the environment
and be tuned dynamically (8). The CELLO platform is based on
the thorough experimental characterization and parameteriza-
tion of a collection of 20 naturally occurring and optimized genetic
inverters in Escherichia coli, i.e. a series of promoters and cognate
repressors. Transcriptional isolation implemented for promoter
units via ribozymes and the choice of strong terminators for the
gates to eliminate intra-circuitry transcriptional read-throughs,
together with observed toxicity levels of gates, are key angles
of the platform. Processing of the rich dataset thereby empow-
ered computational predictions of compatible and incompatible
gates. This in turn enabled the automatic design of two or more
signal-processing control layers in the same cell and the ability
to implement virtually any given function. The practical angle of
this approach is that the CELLO algorithms build a circuit dia-
gram, look for connectable gates and simulate its performance.
Finally, the system translates the desired logic circuit into a spe-
cific DNA sequence than can be synthesized and experimentally
tested (3).

Despite some shortcomings, CELLO has enabled the construc-
tion of genetic circuits of unprecedented complexity and ratio-
nally designed performance (9, 10). One question is whether
the same gates and their associated parameters—that facilitate
automated circuit design in E. coli—can be directly reused in
other hosts and chassis, in particular in platforms of interest for
industrial and environmental synthetic biology. One of such plat-
forms is the Gram-negative soil bacterium Pseudomonas putida, one
strain of which (the P. putida KT2440) has emerged as a chas-
sis of choice for a suite of biotechnological applications (11-13).
P. putida KT2440 is naturally pre-evolved not only with a remark-
able metabolic flexibility but also with an outstanding tolerance
to many of the typical physicochemical stresses that frame indus-
trial processes (11, 14, 15). In a first attempt to capitalize on the
CELLO platform in this strain, the 20 NOT gates available for
E. coli were recreated in standardized low-copy number vectors
(16). The INPUT (isopropy! thiogalactopyranoside, IPTG)/OUTPUT
(vellow fluorescence protein, YFP) response functions of each
separate construct were then determined in P. putida and the
results between the two hosts compared (16). Not surprisingly,
most gates behaved very differently in each biological recipient,
both qualitatively and quantitatively. The outcome of such an
exercise puts numbers to the question about the portability of
genetic devices, not just between E. coli and P. putida but among
species. Is thus reusability of genetic devices (even of their sim-
plest building blocks) between hosts impossible? In this work,
we have addressed this question by exploring the portability of
the inverters formerly developed as part of the CELLO platform
of E. coli for building an effective NOR gate in P. putida. To this
end, we built on the formalisms for scoring gate compatibility
developed by (3) and (5). These are based on the fact that the inter-
play between host’s genetic and biochemical context do change
expression levels of a given gate, its dynamic range and even
its logic function. In order to tackle this issue, the upper and
lower input/output thresholds of all inverters available in a library
were scored in the host of interest. Such metrics enabled the
identification of combinations that can then be converted by the
CELLO system in composed gates and materialized as specific



DNA sequences. We show below the efficacy of this approach
for the automated design of a functional NOR gate in P. putida.
Moreover, the data below will assist in implementing CELLO or
CELLO-like approaches in hosts other than E. coli.

2. Materials and methods

2.1 Host strain, inverter library and devices for
upstream inputs

Reference strain P. putida KT2440 is described in detail in (14, 17).
A compilation of constructs bearing a suite of promoter/repressor
pairs borne by broad host range plasmids can be found in (16).
The subset of such a collection used in this work corresponds to
those bearing the genetic inverters separately cloned in low-copy
number vectors pSEVA221 as well as three additional plasmids of
reference for quantifying autofluorescence and promoter activity
(3, 16). In addition, three plasmids encoding promoters inducible
in P putida were added to the collection as devices for parameteri-
zation of the upstream inputs available for gate and circuit design
in this bacterium (Supplementary Figure S1). Plasmids were
constructed based on pAN1718 (Ptac/Lacl), pAN1719 (Ptet/TetR)
and pAN1720 (PBAD/AraC) sensor measurement plasmids (3).
Forward (5'-cctagattaattaaaacaccccttgtattactgtttatgtaage-3’) and
reverse (5'-gtctaaactagt cgtccggegtagaggate-3’) primers were used
to amplify the sensory parts of above-mentioned plasmids along
with the introduction of Pacl and Spel restriction sites. PCR
products were then digested and cloned into pSEVA221 in Pacl
and Spel sites yielding pSEVA221::1718, pSEVA221::1719 and
PSEVA221::1720 sensor measurement plasmids. The complete list
of DNA constructs used in this study is compiled in Supplemen-
tary Table S1. Their DNA sequences can be found in the plasmid
sequence files of the Supplementary Information. All constructs
are available through the Standard European Vector Architecture
(SEVA) repository of the CNB-CSIC (http://seva-plasmids.com/).

2.2 Design of a NOR gate with CELLO software

For designing a NOR gate with the CELLOCAD software, a user
constraints file (UCF) specific for P. putida was uploaded to http://
cellocad.org (CAD files in Supplementary Information). The
format of this file (PseudomonasputidaKT2440.UCFjson) was
kept the same as the one that CELLO has for E. coli (EcolC1G1T1.
UCEjson). The gate response functions were updated based on
experimental results generated for each inverter and reference
promoter in P. putida. In order for the software to automatically
generate DNA designs of effective NOR gates, we entered through
a Verilog interface the sequences of the characterized promoters.
The program was then run and the platform returned the out-
put files as a package (CAD files in Supplementary Information)
that includes the simulation values, the circuit and output plas-
mid maps and all related data to CELLO’s calculations. In this
study, we merged the circuit and output plasmids in a single broad
host range SEVA format plasmid. In addition, we cloned the syn-
thetic DNA sequences in plasmid vectors with low (pSEVA221)
and medium (pSEVA231) copy numbers in P. putida via cloning at
Pacl and Spel restriction enzyme recognition sites. The synthe-
sized sequence can be found in Supplementary Information as a
GenBank file.

2.3 Culture conditions

Growth of P. putida KT2440 strain transformed with plasmids bear-
ing the genetic inverters, the constructs of reference and the DNA
encoding the automatically designed NOR gate were handled as
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explained in (16) and (5). In brief, cultures of each of the transfor-
mants under examination were grown overnight in M9 minimal
medium with citrate as the sole carbon source for synchroniz-
ing the cells’ growth states. These were then diluted ~600-fold
for the inoculation of 96-well plates filled with 200 ul of the same
medium and inducers to the following concentrations: 1mM IPTG
for Ptac/Lacl, 100ng/ml anhydrotetracycline (aTc) for Ptet/TetR
and 20mM arabinose for PBAD/AraC. Plates were then grown at
30°C to late exponential stage, transferred to a cold platform at
4°C for stopping growth and the samples taken for fluorescence
cytometry analyses as described in (16).

3. Results and discussion

The starting point of this work is the collection of 20 genetic invert-
ers (derived from 12 unique repressors with several ribosomal
binding sequences) shaped by transcriptional repressors and tar-
get promoters, assembled in a broad host range standardized
vector frame (16; Figure 1B). This enabled precise determination
of the parameters of the INPUT/OUTPUT response function when
placed in P. putida and their comparison with those reported for
E. coli in the context of the CELLO platform (16). The rationale
for the identification of inverters amenable to combinations in a
higher-order logic gate is sketched in Supplementary Figure S2.
Given that the dose-response curves of the genetic inverters are
not digital, the critical issue is the management of thresholds
for interpreting their input and output levels as Boolean signals.
In practical terms, thresholds (either higher or lower) are the
sectors of the response function of the NOT gates below which
the output is not directly amenable to digital logic. Such thresh-
olds divide the continuous-valued input and output ranges into
regions. Expression levels that lie in the upper and lower sec-
tors can be operationally interpreted as either digital ON or OFF
states, respectively. Yet, these regions are separated by an inter-
mediate set of values (the ‘ambiguous region’) within which the
logic values of inputs and outputs are unclear (Supplementary
Figure S2). The purpose of such a region is to clearly separate the
ON and OFF states such that intermediate values cannot (within
a given confidence level) lead to the misinterpretation of YES or
NO signals leading to circuit failure. The optimum size of the
ambiguous region, which defines the steepness of the digital-like
behavior of the gate thresholding region, is therefore related to the
signal-to-background ratio at both ON and OFF expression levels.
If the ratio changes when the gate at stake is placed in different
hosts (or contexts at large), such thresholds need to be redefined
accordingly.

Out of the 362 possible combinations of genetic inverters of the
CELLO collection in E. coli, 162 of them turn out to be compatible
upon the application of a specific set of rules to the experimental
data available for this host (3). This high number of compatible
gates is not surprising as all the parts that compose the invert-
ers were optimized for E. coli. But how do these gates behave in
P. putida? In order to inspect the portability of the same invert-
ers and their fitting in the new host, each of the genetic devices
(Figure 1C) were recloned in broad host range vectors, passed to
the new Gram-negative host and their input-output (IPTG-YFP)
response functions parameterized experimentally (16). To this
end, raw fluorescence cytometry data were converted to relative
promoter units (RPU) as indicated in (16). Adoption of such stan-
dardized units enabled a faithful assessment of the dynamic range
of each negatively regulated promoter. Furthermore, overlaying
the resulting data on Hill equations (3, 16) exposed the separate
response functions of each genetic device in P. putida.
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Figure 2. Pair compatibility and scoring comparison of 20 genetic inverters in E. coli and P. putida. The organization of each of the constructs tested is
sketched and the parameters described in detail in (3) for E. coli and (16) for P. putida. Compatibility and scoring matrices given for E. coli and P. putida,
X-axes for input gates and Y-axes for output gates. Binary color code in compatibility matrices shows pair compatibilities (dark blue compatible, light
blue incompatible). Number of compatible gates in E. coli is much greater than P. putida equivalent. Adapted scoring system (5) shows how far gates
are from being (in)compatible pairs. Heatmap score >0 indicates compatible and <0 indicates not compatible. Magnitude of color code indicates how
(in)compatible they are (note that nonworking inverters are not scored and included as white squares in the scoring graphs for representative

purposes).

These analyses immediately qualified the functionality of the
individual NOT gates and permitted their pairwise comparison
and categorization. With this wealth of data in hand, we set out
to determine gate compatibilities. For this, we adopted the scor-
ing system originally developed in (3) and (5), which attempts to
identify candidate pairs that are most likely to work when con-
nected in vivo. When such restrictive criteria were used to grade
gate performance in P. putida (Figure 2), only five combinations
received the highest compatibility scores (Figure 2, bottom-left).
Specifically, the software identified the inverter called SrpR-S1
(3, 5) as the one with the highest compatibility score with several
others. While the number of effective gates in P. putida was much
lower than those identified earlier for E. coli (5), it was sufficient
for testing prima facie the general applicability of the CELLO frame-
work for automated design of composed gates such as NOR in a
host other than E. coli. To this end, we had to generate additional
experimental data on promoters inducible with chemical effec-
tors that could become the inputs of the NOR gate in the new
host. For this, we recreated in broad host range vector pSEVA221
the inserts of control plasmids pSEVA221::11718, pSEVA221::1719
and pSEVA221::1720 (Supplementary Figure S1 and Supplemen-
tary Table S1) and determined their ON/OFF values as described in
(3). Specifically, we measured constructs with Ptac/Lacl, Ptet/TetR
and PBAD/AraC modules (inducible by IPTG, aTc and arabi-
nose, respectively). Data on these promoters (Supplementary
Table S2) increased the number and ranges of transcriptional

outputs and thus expanded the available design space in
P. putida.

The experimental data on each inverter generated in P. putida
(16) with low-copy backbone and the results of the characteriza-
tion of these three promoters thereof were entered in the Cel-
loCAD software (3). The system was then asked to generate a
NOR gate and the software returned predictions of viable NOR
gates, which were simulated with the CelloCAD tool as well. The
one shown in Figure 3 (a combination of the aforementioned
SrpR-S1inverter with the Lacl/Ptac and AraC/PBAD-inducible pro-
moters) was chosen for actual implementation as a DNA seg-
ment. The chemically synthesized ~2-kb fragment (CAD files of
Supplementary Information) was subsequently cloned in low-
copy number pSEVA221 and medium-copy number pSEVA231 vec-
tors (containing constitutively expressed regulator proteins Lacl,
TetR and AraC), resulting in plasmids pSEVA221:NOR-SrpR_S1
and pSEVA231:NOR-SrpR_S1, respectively (plasmid sequence files
of Supplementary Information). These were electroporated in
P. putida KT2440 and the transformants grown and treated with
either 1mM IPTG or 20 mM arabinose, as indicated in the “Materi-
als and Methods” section. The results are shown in Figure 4. Note
that despite the limited design space that results from impos-
ing strict compatibility rules, the automated design works well
regardless of the copy number of the vector where the synthetic
sequence was inserted. The range of values observed experi-
mentally in pSEVA221 (low copy) corresponds more closely to
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Figure 3. Implementation of a NOR gate with DNA parts and sequences
delivered by the CELLO software. (A) Schematic representation showing
IPTG and L-arabinose inducible circuit. In the implementation of NOR
gate, a NOT gate (SrpR) is regulated with two inducible systems
(Ptac/Lacl and Ptet/PBAD). (B) Truth table for two-input NOR gate system
for given inducers. (C) Simulation indicates in silico values received from
CelloCAD software based on the P. putida experimental data inputted.
For ON/OFF states of inputs, simulated outputs are shown.

those predicted by the CELLO system. However, in all other
respects, the performance of the pSEVA231 constructs is a bet-
ter fit to the predictions. This is because the greater variance
in the RPU measurements of the gate in pSEVA221 reduces the
margin of error in the threshold values. Presumably, this dif-
ference arises because measurements of cells with higher copy
numbers involve the averaging of a greater number of individual
fluorescence signals. Higher copy numbers in pSEVA231 mea-
surements may therefore make these measurements less sen-
sitive to fluctuations in individual plasmid copy performance
and explained the lower variance observed in pSEVA231 exper-
iments. A sidelight of the construct sketched in Figure 4 (full
sequence in the CAD file of Supplementary Information) is that
the PBAD promoter is placed with no problem downstream of
Ptac. Due to the different parameters of the corresponding indi-
vidual gates in each host, this arrangement is viable and effec-
tive in P. putida but predicted nonfunctional in E. coli due to
a roadblocking phenomenon (3). This detail exemplifies how
P. putida-specific parameters and the intracellular milieu change
the design space in a distinct way that is different from that in
E. coli.

In conclusion, we accredit that the conceptual and technical
tools of the CELLO system, initially envisioned for implementa-
tion in E. coli, can be expanded to other hosts as such, provided
that the parameters associated with each inverter result in a
reasonable design space for the assembly of genetic devices of
growing complexity. In some instances, the behavior of existing
gates in a host of choice may suffice for some circuit-building
projects, while in others, a suite of host-dedicated inverters and
default regulated promoter may need to be constructed. In the
case study presented above, a very limited number of gate pairs
and RPU ranges were identified as adequate for building a NOR
gate, but this may vary in other hosts. An intermediate possibil-
ity is adjusting thresholds through a parameter that can be called
threshold multiplier. This is an arbitrary variable that sets the value
of the upper and lower thresholds, thereby determining the size
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Figure 4. Experimental characterization of automatically designed NOR
gate in P. putida. (A) and (C) are flow cytometer distribution as
representative of an actual experiment of NOR gate implementation in P.
putida for low-copy and medium-copy numbers. For each measure 30k
events were collected and auto-gating was applied (covering at least
>50% of the events). Results are average of three experimental repeats
from three different days. (B) and (D) are YFP values in RPU in low- and
medium-copy numbers for 4 combinations of two-input logical
operation of the NOR gate. 1 stands for ON and 0 stands for OFF state of
the output.

of the ambiguous region for any given NOT gate (Supplementary
Figure S2) and thus enabling the expansion of gate compatibil-
ity. An analysis of how thresholding might affect the size of the
design space in E. coli DH5« and P. putida KT2440 is shown in
Supplementary Figure S3. A critical consideration is the absolute
difference between high and low expression levels. If they are not
clearly distant, additional criteria need to be adopted for adjust-
ing the skewness of the ambiguous region to a practical range.
To this end, the multiplier can be given separate upper and lower
values, thereby enabling asymmetric thresholding. As shown in
Supplementary Figure S3, the adoption of asymmetric thresholds
expands in silico the number of compatible NOT gate pairs in P.
putida from 5 to 14. We expect these considerations to expand the
usefulness of the CELLO platform and facilitate the genetic circuit
design in a wider variety of bacteria of industrial and environmen-
tal interest. One exciting area of potential application involves the
in situ bioremediation of chemical pollution, whereby engineered
strains should process a number of endogenous and exogenous
cues for adapting the expression of biodegradation activities to
site-specific circumstances (13, 18).

Supplementary data
Supplementary data are available at SYNBIO online.
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