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A B S T R A C T   

Gene circuits allow cells to carry out complex functions such as the precise regulation of biological metabolic 
processes. In this study, we combined, in the yeast S. cerevisiae, genetic regulatory elements with the enzymatic 
reactions of the human CYP2C9 and its redox partner CPR on luciferin substrates and diclofenac. S. cerevisiae 
cells were permeabilized and used as enzyme bags in order to host these metabolic reactions. We engineered 
three different (genetic)-enzymatic basic Boolean gates (YES, NOT, and N-IMPLY). In the YES and N-IMPLY 
gates, human CYP2C9 was expressed under the galactose-inducible GAL1 promoter. The carbon monoxide 
releasing molecule CORM-401 was used as an input in the NOT and N-IMPLY gates to impair CYP2C9 activity 
through inhibition of the Fe+2- heme prosthetic group in the active site of the human enzyme. Our study provides 
a new approach in designing synthetic bio-circuits and optimizing experimental conditions to favor the heter-
ologous expression of human drug metabolic enzymes over their endogenous counterparts. This new approach 
will help study precise metabolic attributes of human P450s.   

1. Introduction 

Despite various morphological and cellular differences maturated 
over a billion years of separate evolution, humans and yeasts share 
several genetic resemblances [1]. Over the last few years, synthetic 
biology has contributed to establish humanized yeasts as important tools 
to study functional expression and characterization of human genes [2]. 
This was achieved through genetic manipulations, which did not affect 
the building blocks of life, of Saccharomyces cerevisiae and Schizo-
saccharomyces pombe cells that have become the chassis for circuits 
hosting human genes [3]. Both yeast species have played vital roles in 
elucidating complex biological processes of human biology and diseases 
such as cancer [4]. Moreover, S. pombe and S. cerevisiae are widely used 
for the expression of drug metabolic enzymes (DMEs) [5]. 

By leveraging our deep understanding of yeast biology and genetic 
resources, we have previously implemented a wide variety of biological 
circuits, especially biosensors, that were based on transcription/trans-
lation regulatory mechanisms in budding yeast [6]. The yeast 
S. cerevisiae represents a commonly used chassis for synthetic gene cir-
cuits because it is a unicellular eukaryotic organism whose genome is 

well annotated and relatively easy to manipulate by using homologous 
recombination [7]. Synthetic gene digital (logic) circuits have become 
the subject of many studies due to their various possible applications, 
such as diagnostics, environmental care, and DNA computing [8]. In 
digital circuits, the inputs and the output take only two values: 0 (small 
concentration of input small molecules; low output signal, e.g., fluo-
rescence) and 1 (large concentration, high signal). Logic behavior is 
reproduced by the action of regulatory factors and chemicals on the 
promoters and the mRNA of biological Boolean gates [9,10]. Inputs for 
genetic circuits are chemicals that are divided into two classes 
depending on their action on transcription and translation: inducers and 
corepressors [11]. Inducers favor protein synthesis since they either 
inactivate repressors or activate activators. Corepressors, in contrast, 
prevent protein production because they activate repressors or inacti-
vate activators. A reporter protein acts as a single output. 

Many human cytochrome P450 enzymes (CYPs or P450s) are 
expressed in the liver, where they carry out the metabolism of xenobi-
otics and endobiotics by converting them into inactive substances that 
are excreted from the body via urine or bile. Thus, P450s are important 
for maintaining homeostasis and metabolising drugs [12]. Human 
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cytochrome P450s have been expressed in S. pombe for long time 
[13–18]. In particular, the permeabilized fission yeast system known as 
enzyme bags is a very efficient platform to scrutinize all human P450s 
against any potential candidate drug in a quick time [13,19]. 

After successfully establishing the Triton X-100-permeabilization- 
based enzyme bags in S. pombe (and applying it to recombinant strains 
expressing human P450s [19]), we set-up a similar Triton X-100-per-
meabilized system in S. cerevisiae. 

A DNA sequence encoding for the 2A peptide from the equine rhinitis 
B virus-1 (EBRV-1) was used to construct two synthetic S. cerevisiae 
bicistronic transcription units (TUs) where either the human CPR or 
CYP2C9 gene was linked to the yeast enhanced green fluorescence 
protein (yEGFP) [20,21]. Strains successfully transformed with the two 
TUs were characterized via fluorescence measurements and then per-
meabilized using 0.3 % concentration of Triton X-100. The functionality 
of the CPR-CYP2C9 system in S. cerevisiae enzyme bag was proven on 
two different kinds of substrates: diclofenac, whose metabolites were 
detected via by LC-MS-MS (liquid chromatography with tandem mass 
spectrometry), and proluciferin substrates that led to the emission of 
bioluminescent signals. 

By means of S. cerevisiae enzyme bags, we managed to design and 
engineer basic Boolean gates—such as NOT, YES, and N-IMPLY—in a 
novel way that exploits metabolic reactions—involving human 
CYP2C9—either alone or together with the control of gene expression. 
The former were referred to as enzymatic Boolean gates, the latter as 
genetic-enzymatic ones. In a genetic-enzymatic YES gate, CYP2C9 was 
expressed under the inducible GAL1 promoter (pGAL1), whereas in the 
enzymatic NOT gate, CYP2C9 was constitutively expressed but its ac-
tivity was inhibited by CORM-401 (a carbon monoxide releasing mole-
cule) [22] since CO binds to the central iron in the prosthetic heme 
group of CYP enzymes and impairs their function. The combination of 
these two gates led to the construction of a two-input genetic-enzymatic 
N-IMPLY gate that delivers, as an output, the product of CYP2C9-driven 
metabolism only in the presence of galactose and the absence of 
CORM-401. 

2. Materials and Methods 

2.1. Materials and growth media 

All chemicals used in this study are of analytical grades 99–100%. 
Most of them were bought from Sigma-Aldrich Chemical (Schnelldorf, 
Germany), while other reagents were procured from reliable commer-
cial sources in China. Bacterial competent cells (E. coli DH5α, Life 
Technology-18263–012) were grown in Luria Bertani (LB) plates con-
taining: bacto-tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L, and 
agar 15 g/L. Yeast transformation was done using the lithium-acetate 
protocol [23] that demands to use polyethylene glycol (PEG) solution, 
10% dimethyl sulfoxide (DMSO), salmon sperm DNA (ssDNA) solution 
(Sigma-Aldrich, product number 16–201), and lithium acetate mixture. 
Tris-HCl was bought from AKZ-Biotech (Tianjin, China), Triton X-100 
from Leagene (Beijing, China), white 96-well microtiter plates from 
Nunc (Thermo-fisher scientific, Lagenselbold, Germany). The NADPH 
regeneration system, luciferin H (probe for CYP2C9), and light detection 
reagent (LDR) came from Promega (Madison, USA). CORM-401 
carbonyl[N-(dithiocarboxy-κS,κS’)-N-methylglycine]manga-nite and 
diclofenac were purchased from Sigma-Aldrich (Deisenhofen, Ger-
many). Diclofenac was dissolved in pure methanol as a 10 mM stock 
solution. CORM-401 was dissolved in DMSO and aliquots were stored at 
− 20 ◦C. The compound is stable under these conditions and releases CO 
(2–3 mol CO per mol CORM-401) only in the presence of CO acceptors 
such as heme proteins [24,25]. CORM-401 stock solution was heated at 
37 ◦C just before adding it to a reaction mixture with substrates and it 
was always protected from light. Luc-BE, Luc-2FBE, Luc-3FBE, Luc-CEE, 
Luc-FEE, Luc-EE, Luc-FuBE, Luc-PE, and Luc-CPE were synthesized by 
our collaborative group [17,26–28]. All other chemicals and reagents 

used in this work are of the highest available grade. SDC (synthetic 
defined complete medium) with 2% glucose or 2% galactose was used 
for the growth of yeast cells expressing TUs under pGPD only or 
pGPD/pGAL1 for 18 or 30 h respectively. 

2.2. Plasmid construction 

All integrative plasmids constructed in this work (a complete list and 
description is given in Table S1) are based on the pRSII40X yeast shuttle 
vector collection [29] (available at Addgene-35442, a gift from Steven 
Haase). Touchdown PCR with Q5 High-Fidelity DNA Polymerase 
(NEB-M0491S) was employed to extract DNA sequences from their 
original plasmids. PCR products were eluted from agarose gel using the 
AxyPrep DNA extraction kit (Axigen, AP-GX-250). The pRSII40X vectors 
were cut-open with Acc65I (NEB-R0599S) and SacI (NEB-R3156S). DNA 
parts and cut-open backbone were linked together via the isothermal 
assembly method [30]. E. coli competent cells were transformed with 
our plasmids (30 s heat shock at 42 ◦C) and grown overnight at 37 ◦C in 
LB broth or plates supplied with ampicillin (0.1 mg/mL). Plasmid 
extraction from bacterial cells was carried out by using standard 
methods [31]. All plasmids were sequenced via Sanger method to check 
the correctness of the inserts. The sequences of all parts used in this work 
are given in Table S2. 

2.3. Yeast strain construction 

Each of our new plasmids was placed into the genome of the 
S. cerevisiae strain byMM584, i.e., CEN.PK2–1C (MATa; his3D1; leu2- 
3_112; ura3− 52; trp1− 289; MAL2-8c; SUC2), Euroscarf-30000A 
(Johann Wolfgang Goethe University, Frankfurt am Main, Germany). 
Yeast transformation was performed as described [23]. Plasmids (about 
5 μg) were linearized at the corresponding auxotrophic marker with a 
proper restriction enzyme. Transformed cells were grown for about 48 h 
at 30 ◦C on plates (glucose 2%, agar 2%) containing a synthetic selective 
medium. All synthetic yeast strains realized in this work are listed in 
Table S3. 

2.4. Flow cytometry 

Yeast cells containing the bi-cistronic sequences “hCPR-ERBV-1 2A- 
yEGFP” and “hCYP2C9-ERBV-1 2A-yEGFP” under pGPD were initially 
grown for 18 h in SDC supplied with 2% glucose at 30 ◦C and 240 RPM. 
Then, cell cultures were 1:100 diluted in SDC before fluorescence 
measurements. Yeast cells containing the bi-cistronic sequences “hCPR- 
ERBV-1 2A-yEGFP” under pGPD and “hCYP2C9-ERBV-1 2A-yEGFP” 
under pGAL1 were grown, first, for 30 h in SDC (supplied with 2% 
glucose) at 30 ◦C and 240 RPM. Then, these cell cultures were 1:100 
diluted (and induced) in SDC supplemented with 2% galactose. Cells 
grew for about 28 h at 30 ◦C and 240 RPM before fluorescence mea-
surements. Green fluorescence was measured using a BD FACSVerse 
Flow Cytometer (blue laser 488 nm and emission filter 527/32 nm). The 
FACS (fluorescence activated cell sorting) machine setup was checked at 
the beginning and end of each experiment using fluorescent beads (BD 
FACSuite CS&T Research Beads 650621). Measurements were consid-
ered as reliable only when the relative difference between the initial and 
final values of the peaks of the beads was not higher than 5%. Each strain 
was measured at least in three independent experiments (i.e., the cells 
were cultured on different days). Thirty-thousand events were collected 
during each experiment. Data were analyzed using the flowcore R-Bio-
conductor package [32]. The background fluorescence, i.e., the fluo-
rescence associated with the strain byMM584 (the chassis of our circuits 
that did not contain any fluorescence source) was subtracted from the 
mean fluorescence value of each engineered strain. Standard deviations 
were calculated on these mean values. 
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2.5. Biotransformation with enzyme bags 

Budding yeast cells were streaked on SD-(selective auxotrophic 
marker) plates and incubated for 2 days at 30 ◦C. A single yeast colony 
was then transferred to 10 mL SDC solution and cultured for 18 h at 
30 ◦C and 240 RPM. After counting the cell in a Neubauer improved 
hemocytometer counting chamber, for each activity assay 5 x 107 cells 
(stationary growth phase) were transferred to 1.5 mL Eppendorf tubes, 
pelleted, and incubated for 1 h in 1 mL of 0.3% Triton X-100 Tris-KCl 
buffer (200 mM KCl, 100 mM Tris-HCl, pH 7.4) at 30 ◦C and 240 
RPM. Cells were washed three times with 1 mL NH4HCO3 buffer (50 
mM, pH 7.4) and then resuspended in 200 μL reaction buffer containing 
diclofenac (100 μM), NADPH regeneration system (100 μM), and 
NH4HCO3 buffer (50 mM, pH 7.4). Afterward, samples were incubated 
for 24 h at 37 ◦C and 230 RPM. For LC-MS-MS analysis, samples were 
centrifuged at maximum speed for 2 min, the supernatant was collected, 
and the final liquid was stored at − 20 ◦C until it was analyzed. 

2.6. Bioluminescence detection 

A concentrated CYP reaction mixture (containing a four-fold 
concentrated substrate and potassium phosphate buffer) was added to 
the cell pellets after the permeabilization and washing process. CYP 
reactions were started by adding the two-fold concentrated NADPH 
regeneration system. Samples were incubated for 3 h at 37 ◦C and 1000 
RPM. After centrifugation at maximum speed for 2 min, the superna-
tants were transferred to the white microtiter plates and an equal 
amount of reconstituted luciferin detection reagent was added to each 
well. Plates were then incubated at room temperature for 20 min and 
luminescence was recorded on a Magellan infinite 200Pro microplate 
reader (Tecan; Männedorf, Switzerland). For the luciferin substrates 
screening, the specific reaction conditions and substrate concentrations 
were given in the instructions of the manufacturer (Promega). All 
measurements were done at least three times in triplicates. 

2.7. LC-MS-MS analysis 

For the analysis of diclofenac and its metabolite, all samples went 
through the LC/MS system that consisted of a Q Exactive HF Hybrid 
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher; Waltham, MA, 
USA) attached to an Ultimate 3000 RSLC nano system equipped with a 
reverse phase Agilent Zorbex sb-C18 (4.6 × 150 mm) The phase was 
100% water (phase A) and 100% Methanol (phase B), and ran at a 
constant flow of 0.5 mL/min for 35 min. The gradient used was 0–1 min 
(90% A: 10% B), 2–6 min (30% B), 7–11 min again (50% B), and 12–16 
min (70% B), 17–21 min (90% B), 21–26 (90% B), 27–35 min (90% B). 
The MS was operated in negative electrospray ionization mode at a 
capillary voltage of 3800 V. An auxiliary gas flow rate of 12 (arbitrary 
units) and a sheath gas flow rate of 45 (arbitrary units) with a capillary 
temperature of 250 ◦C were used. The final concentration of diclofenac 
was 100 μM and an injection volume of 20 μL was used. 

2.8. Statistical analysis 

Data from each experiment was obtained in three replicas. A com-
parison of the mean value of features (e.g., fluorescence) associated with 
the engineered strains and controls was carried out using two-sided 
Welch’s t-test via IBM SPSS Statistics 26.0, whereas graphs were 
drawn with GraphPad Prism 6. 

3. Results and discussion 

The enzymatic Boolean gates that we implemented in S. cerevisiae are 
based on the action of the system CPR-CYP2C9 (from human cells) on 
different substrates. CPR-CYP2C9 metabolizes the substrate into a 
product that always represents the gate output. Input are chemicals that 

modulate the activity of CPR-CYP2C9. A genetic-enzymatic logic gate 
demands the control of the expression—either at the transcription or 
translation level—of at least one between CPR and CYP2C9. In our cir-
cuits, we used the inducible GAL1 promoter to trigger the production of 
CYP2C9 in the presence of galactose. Overall, we managed to build a 
small collection of basic Boolean gates just by integrating two plasmids 
for the synthesis of the human CPR and CYP2C9 in the genome of 
S. cerevisiae cells (see Fig. S1). 

3.1. Establishing S. cerevisiae enzyme-bag system and its validation on 
Luc-2FBE and diclofenac substrate 

After engineering S. cerevisiae strains to behave as enzymatic or 
genetic-enzymatic logic circuits, we extended to the budding yeast the 
permeabilized enzyme-bag cell system that was previously developed in 
S. pombe [19] (see Fig. 1). The strain byMM1961, which expresses both 
CPR and CYP2C9, was treated as described in “Biotransformation with 
enzyme bags” (see Materials and Methods). However, permeabilization 
was carried out with different concentrations of Triton X-100 (0–0.3%) 
in Tris-KCl buffer. 

Relative bioluminescence values were measured in triplicates for 
every Triton X-100 percentage. Our results showed that biolumines-
cence values gradually increased with ascending concentrations of 
Triton X-100 (see Fig. 2A). A second evaluation was carried out by using 
diclofenac as a CYP2C9 substrate. Also in this case, the intensity of 4′- 
hydroxydilofenac metabolic product gradually increased with growing 
Triton X-100 percentages (see Fig. 2B). 

3.2. Assessing CPR and CYP2C9 expression via fluorescence 
measurements 

In order to avoid false positives and evaluate if the plasmids carrying 
the human CYP2C9 or its redox partner (CPR) had been integrated in a 
single or multiple copies, we combined the expression of each of these 
two proteins with that of the yeast enhanced green fluorescent protein 
(yEGFP) by using 2A peptide sequences. More precisely, both CYP2C9 
and CPR were placed in the first position of a bi-cistronic cassette up-
stream of the EBRV-1 2A peptide sequence and yEGFP. EBRV-1 was 
previously reported to have a high cleavage efficiency in eukaryotic cells 
[21]. The two bi-cistronic sequences were flanked, initially, by the 
strong yeast constitutive GPD promoter (pGPD) and the CYC1 termi-
nator (CYC1t). They were assembled into integrative S. cerevisiae-E. coli 
shuttle vectors from the pRSII40X collection [29] (see Figs. S2–S3). By 
measuring green fluorescence via FACS experiments, we determined if 
the plasmid integration had been successful and how many copies of 
CPR (first integration) and CYP2C9 (second integration) were expressed. 

The first TU (pGPD-CPR-EBRV-1-yEGFP-CYC1t) was integrated in 
the URA3 marker. We selected two strains: byMM1959 (the TU was 
double-integrated) and byMM1960 (single integration). These two 
strains showed a statistically significant difference between their fluo-
rescence levels (and in comparison, with the negative control strain 
byMM584—the bare chassis). The second TU (pGPD-CYP2C9-EBRV-1- 
yEGFP-CYC1t) was integrated only into byMM1959, which resulted in 
the formation of a third strain (byMM1961) that carried 3 TUs overall, 
with three copies of yEGFP, two of CPR, and one of CYP2C9 (see Fig. 2C). 
byMM1961 hosts a fully enzymatic circuit that mimics a NOT gate (in 
the presence of the CORM-401 inhibitor of CYP2C9). 

In order to build genetic-enzymatic logic circuits responding to two 
inputs, we first constructed a new integrative plasmid where the human 
CYP2C9 and the yEGFP were placed downstream of the galactose- 
inducible GAL1 promoter. The new plasmid (carrying pGAL1-CYP2C9- 
EBRV-1-yEGFP-CYC1t, see Fig. S4) was integrated into byMM1959, 
which gave rise to the strain byMM2017. Like byMM1961, three copies 
of yEGFP are present inside the genome of byMM2017. In the presence of 
glucose, pGAL1 is inactive and the fluorescence level from byMM2017 is 
expected to be close to that corresponding to byMM1959. When 
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byMM2017 is cultured in SDC medium supplied with 2% galactose, all 
three copies of yEGFP are transcribed to reach a final fluorescence level 
that shall not be far from that of byMM1961(see Fig. 2C). 

3.3. Functional characterization of S. cerevisiae enzyme bags on ten 
luciferin substrates and diclofenac 

We tested the activity of the human CYP2C9 on ten different luciferin 
substrates (see Table S4). Except for Luc-H (from Promega), these sub-
strates were previously synthesized in-house (and used in S. pombe 
enzyme bags containing various human P450s) [17,26,27]. S. cerevisiae 
strain byMM1961—and its control byMM1959 (expressing only human 
CPR)—were employed to analyze the biotransformation of the 
above-mentioned luciferin substrates. In most of these substrates, 
luciferin is modified by a moiety that is attached to the 6′-carbon via an 
ether linkage [33]. Upon O-dealkylation, the 6′-hydroxy group is freed, 
and the product can react with luciferase. In addition, certain luciferins 
contain carboxyl esters instead of a carboxylic acid functional group. In 
this case, after 6′-hydroxylation or O-dealkylation, a further 
de-esterification step is required to generate luciferin. Finally, aromatic 
hydroxylation of a luciferin by a CYP enzyme can also provide the 
6′-hydroxy group to a substrate that lacks it (as in the case of Luc-H). In 
the biotransformation of all luciferin substrates, we followed a proced-
ure similar to that adopted in fission yeast [28]. We maintained pH 7.4 
throughout all steps (permeabilization, washing, and incubation) of the 
biotransformation (fission yeast required pH 7.8). Moreover, the incu-
bation time was set to 18 h (as compared to 36 h with fission yeast). 

Strain byMM1961 showed significant activities against six substrates 
as compared to the control group (see Fig. 3). The highest activity of 
CYP2C9 was observed with Luc-2FBE. A remarkable activity was 
detected also against Luc-3FBE and Luc-BE (from which both Luc-2FBE 
and Luc-3FBE are derived [34]). A lower (but statistically significant) 
activity was associated with Luc-CEE and Luc-FEE. The presence of a 
chlorine group in luciferin CEE and a fluorine one in luciferin FEE might 
cause various interactions that involve the active site of the human 
CYP2C9, which could explain the activities that we have measured. It 
should also be noted that the activity of the human CYP2C9 against 
luciferin CEE in S. cerevisiae was close to that reported by Promega [35], 

whereas no activity was found in S. pombe [27,35,36]. Finally, we 
observed also a rather high activity against Luc-H, although much lower 
than that previously reported in S. pombe cells [36,37] (see Fig. S6). 

Non-null bioluminescence values detected on the control strain can 
be attributed to the interaction of the human (and endogenous) CPR 
with S. cerevisiae P450s. Currently, there are five known functional CYP 
families in budding yeasts, whereas additional six CYP groups—referred 
to as "orphan CYPs" since their functions were not identified yet—have 
been documented [38]. CYP51 and CYP61 are involved in the biosyn-
thesis of ergosterol, a fundamental component of the fungal cell mem-
brane [39]. CYP56 [40–42], which catalyzes the reaction to join two 
N-formyl tyrosine molecules to establish an N,N′-bisformyl dityrosine, is 
a component of the outer spore wall layer of S. cerevisiae. Various P450s, 
which have not been characterized so far, are also present in phylum 
Ascomycota (to which S. cerevisae belongs) [43]. Strain byMM1959 
showed different bioluminescence values towards each different prolu-
ciferin substrate, which indicates a potential substrate specificity to-
wards endogenous P450s. Other possible factors that can play a role in 
the metabolism of proluciferins and xenobiotics in S. cerevisae are 
endogenous enzymes, post translation modifications, and coupling ef-
ficiency of CPRs [44]. 

Human CYP2C9 catalyzes the metabolism of diclofenac to 4′- 
hydroxydiclofenac [45,46] (see Fig. S7). The LC-MS-MS analysis on 
byMM1961 (constitutive expression of human CYP2C9) showed 
4′-hydroxydiclofenac at a retention time of 17.37 min. The mass peak 
(LC-QE-MS, [M − H]-) of the 4′-hydroxydiclofenac product [46,47] 
(C14H11Cl2NO3) from the permeabilized S. cerevisiae cells corresponded 
to [M − H]- = 310.0028 Da (see Figs. S8–S9). The negative control 
byMM1959 did not show any product peak. The corresponding extrac-
ted ion chromatogram (LC-QE-MS, [M − H]-) and full mass scan are 
shown in Figs. S10–S11. Moreover, the diclofenac (substrate) peak 
(LC-QE-MS, [M − H]-) eluted out at 23.33 min [48–50] and extracted ion 
chromatogram (LC-QE-MS, [M − H]-) of diclofenac [51–53] are shown 
in Figs. S12–S13. 

Fig. 1. Schematic representation of recombinant expression of human CRP and CYP2C9 in S. cerevisiae together with the enzyme bag-catalyzed biotransformation of 
luminogenic substrates by the same human CPR-CYP2C9 system. The enzyme-bag method makes use of permeabilized buddying yeast cells that were exposed to 
Triton X-100. 
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3.4. Use of a CORM (CO-releasing molecule) for inhibiting human 
CYP2C9 activity. Construction of enzymatic NOT gates 

CO-releasing molecules (CORMs) such as CORM-401 are of consid-
erable interest for basic research and drug development [54,55]. CO 
from CORM-401 is recognized as a signaling molecule in various cellular 
processes [56,57] and CORM-401 has previously been used as an in-
hibitor of CYP1A2 [22,58]. Regulation of CYP-dependent metabolism of 
xenobiotics via repression of CYPs by CORM-401 has been examined too 
[22]. 

CORM-401 is a chelating compound in which a variable number of 
CO molecules are trapped inside. It is used to deliver carbon monoxide 
directly and at low concentrations at target sites [22]. In our experi-
mental setting, these CO molecules can bind to the Fe+2 in the heme of 
CYP2C9 (see Fig. S14), thereby inactivating it. We have tested 
CORM-401 against two luciferin substrates (Luc-2FBE and Luc-3FBE) 
and diclofenac to realize three enzymatic NOT gates based on the 
strain byMM1961. A NOT gate takes a single binary input and returns 
“0” as an output when the input is equal to “1”, and “1” when the input is 
“0” (see Fig. 4A). To check the functionality of the NOT gates, strain 

Fig. 2. Enzyme bags and fluorescence expression in S. cerevisiae. (A-B) Validation of the enzyme-bag system in S. cerevisiae. Strain byMM1961 was permeabilized 
with increasing concentrations of Triton X-100. (A) Relative light units (R.L.U.) and (B) 4′-hydroxydilofenac intensity as a function of Triton X-100 solution per-
centage. Both signals grew by increasing the amount of Triton X-100 in the cell permeabilization process. The two substrates luciferin 2FBE and diclofenac were used 
at a concentration of 150 μM and 100 μM, respectively. Bioluminescence was measured in three independent experiments. The non-zero bioluminescence signal in 
the absence of Triton X-100 is caused by a partial permeabilization of byMM1961 since Luc-2FBE was dissolved in DMSO (see Fig. S5). The product 4′-hydrox-
ydiclofenac was not detected without Triton X-100. (C) Fluorescence expressed by yeast strains engineered with bicistronic sequences and their controls. The 
fluorescence reached by byMM1959 is about 1.80-fold higher than that corresponding to byMM1960, which indicates that a double integration of the TU carrying 
CPR has taken place. The positive control byMM103 (pGPD-yEGFP-CYC1t) returns roughly as much fluorescence as byMM1961, whose genome contains three copies 
of yEGFP. Compared to byMM1960, byMM103 fluorescence is 2.91-fold higher. Therefore, the presence of the ERBV-1 2A peptide sequence reduces by ~2/3 the 
fluorescence driven by pGPD. In the presence of galactose, byMM2017 fluorescence level becomes 1.83-fold higher than that in the presence of glucose, which 
confirms that the new integrative plasmid has been inserted into the yeast genome. CYCP2C9 activity is expected to resemble byMM224 fluorescence-expression 
pattern: very high upon induction with galactose and negligible in glucose-containing media (** p-value <0.01; *** p-value <0.001; **** p-value <0.0001; two- 
sided Welch’s t-test). Fluorescence intensity is expressed in arbitrary units (A. U.). 
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byMM1961 was grown in SDC media for 18 h. Biotransformations of 
three substrates (Luc-2FBE, Luc-3FBE, and diclofenac) were performed 
as described above. Our results show that the three NOT gates performed 

correctly, as bioluminescence values corresponding to the absence of 
CORM-401 (input = 0) were statistically significantly higher than those 
detected in the presence of CORM-401 (input = 1). Moreover, the 

Fig. 3. Activity of the human CYP2C9 (hCYP2C9) on ten luminogenic substrates via S. cerevisiae enzyme bags. For each measurement, 150 μM of luminogenic 
substrate (only 100 μM of Luc-H) were used. byMM1959 was checked in parallel as a control strain. Mean activity levels, calculated on at least three independent 
experiments, are expressed in relative light units—R.L.U. (***: p-value <0.001; ****: p-value <0.0001; ns: no significant difference; two-sided Welch’s t-test). 

Fig. 4. Enzymatic NOT gates based on the CPR-CYP2C9 system. (A) In the presence of a substrate S—here represented inside an enzymatic reaction pool [60]— 
CPR-CYP2C9 catalizes the synthesis of a product that corresponds to the output signal of the gate. The only input is CORM-401 (200 μM in the presence of Luc-2FBE 
and Luc-3FBE, 500 μM in the presence of diclofenac). Black arrows indicate fluxes of (macro-)molecules towards and from the enzymatic reaction pool. The red 
hammer-like line means inhibition of CYP2C9 activity. (B) NOT gate performance (***: p-value <0.001; two-sided Welch’s t-test). We also checked the inhibitory 
action of CORM-401 on byMM1959 that returned a moderate bioluminescence in the presence of the two luciferin substrates. Results are shown in Fig. S16. 
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ON/OFF ratio (i.e., the quotient between “1” and “0” output values) 
reached 4.78 for Luc-2FBE, 2.23 for Luc-3FBE (both above the working 
threshold of 2 [59]) and infinite for diclofenac (see Fig. 4B). Indeed, 500 
μM CORM-401 completely repressed CYP2C9-CPR activity on 100 μM 
diclofenac (see Fig. S15). 

3.5. A genetic-enzymatic YES Boolean gate sensing galactose 

YES (or buffer) gates are devices that produce a logic output identical 
to the only input they take. A common way to implement genetic YES 
gates requires exploiting the interaction between repressor proteins and 
their corresponding inducers. For instance, the DNA-binding state of 
TetR and LacI can be changed by tetracycline and IPTG, respectively. In 
the absence of their inducers (the gate input), these two repressors bind 
their operator(s) placed between the TATA box and the TSS (transcrip-
tion start site) of a synthetic promoter and repress fluorescence 
expression, i.e., the gate output is 0. In contrast, upon forming a complex 
with the corresponding input chemical, both TetR and LacI are no longer 
able to bind the DNA. Hence, a fluorescence signal is produced, i.e., the 
output is 121. 

In this study, we have established a novel genetic-enzymatic YES 
gate by expressing the human CYP2C9 under the inducible promoter 
pGAL1, i.e., a genetic switch. The circuit output, bioluminescence, is due 
to the enzymatic interaction between CYP2C9 and a luciferin substrate 
(see Fig. 5A). In order to maximize the gate performance and have a “0” 
output signal as low as possible, we considered, as substrates for our 
gate, the three ones that showed the smallest activity with byMM1959, i. 
e., in the absence of the human CYP2C9. These were Luc-H, Luc-FEE, 
and Luc-CEE (see Fig. 3). Initially, we selected Luc-H and varied its 
concentration to find a value that could guarantee a high output signal 
when CYP2C9 expression was driven by pGAL1 (strain byMM2017). 

From the titration curve in Fig. 5B, we selected 100 μM as the substrate 
concentration. Afterward, we measured bioluminescence in the pres-
ence and absence of this amount of the selected luminogenic substrates. 
Luc-H led to the most performant YES gate, whose ON/OFF ratio cor-
responded to 76.98 (see Fig. 5C). 

We further built a YES gate that used diclofenac (100 μM) as a sub-
strate (see Fig. 5D). The LC-MS-MS analysis on byMM2017 grown in SDC 
supplied with 2% galactose showed that 4′ hydroxydiclofenac product at 
a retention time of 16.58 min. The mass peak (LC-QE-MS, [M − H]-) of 
the 4′-hydroxydiclofenac product [46,47] (C14H11Cl2NO3), obtained via 
enzyme bags, corresponded to [M − H]- = 310.0032 Da (see Ta ble 1 and 
Figs. S17–S18). The negative control, i.e., byMM2017 cultured in SDC 
supplemented with 2% glucose did not show any product peak (see 
Figs. S19 and S20). 

3.6. A genetic-enzymatic N-IMPLY gate 

We build a two-input genetic-enzymatic N-IMPLY gate by merging 
the YES and NOT gates described above. In other words, we combined 
the galactose-inducible synthesis of the human CYP2C9 with the 
inhibitory action of CORM-401 on the activity of the enzyme on the Luc- 
H substrate (see Fig. 6A). First, we determined, with a titration curve, 
that 400 μM CORM-401 could completely repress CYP2C9 activity on 
100 μM Luc-H—the yeast strain hosting the circuit was byMM2017 (see 
Fig. 6B). Then, we measured the bioluminescence values for the two 
entries of the truth table characterized by the absence of galactose. The 
four output values in Fig. 6C represented faithfully the gate truth table 
and let us to evaluate the gate performance in term of the ρ-value [9], 
here corresponding to the ratio between the only one “1” output and the 
highest of the three “0” outputs, i.e., the fluorescence intensities asso-
ciated with the “10” and “00” truth table entry, respectively. Since both 

Fig. 5. Genetic-enzymatic galactose-sensing YES gate. (A) Circuit scheme. Only in the presence of galactose, CYP2C9 is expressed and activated by CPR. CYP2C9 
activity on a luciferin substrate produces the output signal (bioluminescence). The green arrow represents activation of transcription from the GAL1 promoter. (B) 
Growing bioluminescence was detected from strain byMM2017 for increasing concentrations of Luc-H. (C) YES gate performance by varying the luminogenic 
substrate. The activity of CYP2C9—on 100 μM of the three luciferin substrates that minimized the background activity from strain byMM1959—is reported in the 
presence and absence of galactose. The ON/OFF ratio in the presence of Luc-CEE is 2.33, whereas it reaches 3.68 with Luc-FEE. (D) YES gate performance on 
diclofenac (**: p_value < 0.01; ****: p-value <0.0001; two-sided Welch’s t-test). 
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fluorescence levels were detected in the absence of CORM-401, the 
N-IMPLY ρ-value turned out to be identical to the ON/OFF ratio of the 
YES gate using Luc-H as a substrate, namely: 76.98. 

4. Conclusion 

Synthetic biology has led to the engineering of genetic/enzymatic 
tools to reprogram microorganisms for the enhanced expression of 
heterogeneous drug metabolic enzymes. Significant progress has been 
made in the creation of chassis organisms, biological circuits, and high- 
throughput screening technologies that helped accelerate the current 
drug discovery cycle. S. cerevisiae, as a chassis, has played a crucial role 
due to its robust applicability, cellular reprogrammability, and excellent 
characterization. 

Here, we have shown a novel way to engineer (genetic)-enzymatic 
Boolean gates in S. cerevisiae based on the human CYP2C9 and its redox 
partner CPR. Yeast cells, first, drive the expression of CYP2C9 and CPR. 
Then, cells are permeabilized as enzyme bags such that CYP2C9 can 
interact with a substrate (luciferin substrate or diclofenac) and release a 
product (bioluminescence or a diclofenac metabolite) that is finally 
measured with a proper machine. Furthermore, enzyme bags allow 
controlling CYP2C9 via the CORM-401 inhibitor, whereas the produc-
tion of CYP2C9 was regulated during the cell-growth, by placing the 
CYP2C9 gene under the galactose-inducible GAL1 promoter. 

In general, our new Boolean gates showed high performance, espe-
cially when CORM-401 was used as an input, due to its extremely strong 
action on CYP2C9. Moreover, logic circuits in S. cerevisiae will be applied 
to drug development. Yeasts that have been engineered as Boolean gates 
respond to specific inputs by releasing a fluorescence/luminescence 
signal. This kind of outputs will help the screening for drugs responsible 
of various cellular responses. 

Logic gates together with an optimized S. cerevisiae chassis can 

facilitate comparative studies on both human P450s metabolism and the 
effects due to their variants. To this aim, we shall expedite the drug 
development processes and identify novel active potential compounds. 
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