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ARTICLE INFO ABSTRACT
Keywords: We designed and constructed a whole-cell biosensor capable of detecting the presence and
Whole-cell biosensor quantity of carbon monoxide (CO) using the CO regulatory transcription factor. This biosensor

Carbon monoxide
Transcription factor
CooA

GUS reporter gene

utilizes CooA, a CO-sensing transcription regulator that activates the expression of carbon
monoxide dehydrogenase (CODH), to detect the presence of CO and respond by triggering the
expression of a GUS reporter protein (p-glucuronidase). The GUS reporter protein is expressed
from a CO-induced CooA-binding promoter (P.o,r) by CooA and enables the effective colorimetric
detection of CO. An Escherichia coli strain used to validate the biosensor showed growth and GUS
activity under anaerobic conditions; this study used the inert gas (Ar) to create anaerobic con-
ditions. The pBRCO biosensor could successfully detect the presence of CO in the headspace.
Moreover, the GUS-specific activity of pBRCO according to the CO strength as partial pressure
followed Michaelis-Menten kinetics (R = 0.98). It was confirmed that the GUS-specific activity of
PBRCO increased linearly up to 30.39 kPa (R?> = 0.98), and thus, a quantitative analysis of CO
concentration (i.e., partial pressure) was possible.

1. Introduction

Carbon monoxide (CO) modulates cellular processes and signaling pathways in biological systems [1]. CO has been demonstrated
to affect cellular functions such as inflammation, cell growth, metabolism regulation, and apoptosis [1,2]. A deeper understanding of
how CO is recognized and consumed within cells is essential for elucidating the mechanisms involved in oxidative stress, inflammation,
and cellular metabolism [3,4]. In addition, CO is a multifunctional molecule with diverse applications in energy conversion, C1
chemistry, and industrial biotechnology [5]. CO is the main component of synthesis gas (syngas), and is recognized as a valuable
resource to be converted to multi-carbon chemicals by either chemical or biological reactions, reducing greenhouse gas emissions and
increasing chemical conversion efficiency [5,6]. In biological CO conversion reactions, microorganisms such as acetogens and
methanogens metabolize CO through the Wood-Ljungdahl Pathway [6,7].
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Some microbes possess transcription factors that recognize specific molecules as analyte and regulate the transcription of related
genes. CooA, a CO-sensing transcription regulator, was initially reported in the phototropic bacterium Rhodospirillum rubrum [8,9].
CooA is a heme-containing protein that binds CO in its heme pocket, causing a conformational change via a hinge that allows it to bind
to DNA and activate the expression of carbon monoxide dehydrogenase (CODH) [10]. The heme group in CooA is unique in that it
contains a histidine residue coordinated to the iron atom, allowing the selective binding of CO to other gases [10]. The CooA protein is
thought to exist in two different states: an inactive form that cannot bind DNA and an active form that can bind DNA and activate the
transcription of CODH [10,11]. Hence, it would be feasible to establish analyte (i.e., CO) detection system based on regulatory
transcription factor (ie., CooA), indicating that the development of a CO-sensing whole-cell biosensor is possible by utilizing
CO-sensing transcriptional regulatory mechanisms and reporter proteins [12]. A CooA-based CO-sensing mechanism allows cells to
recognize and respond to the presence of CO and trigger the expression of a GUS reporter protein (f-glucuronidase) [13,14,15]. As a
visual indicator of CO exposure, CO-sensing whole-cell biosensors have the potential to elucidate intracellular regulatory mechanisms
directly involving CO [16]. This type of biosensor, which incorporates a living cell, provides an accurate representation of a cell’s
complex and dynamic environment and allows investigation of the interplay between CO and cellular processes [13,17]. In particular,
the occurrence of CO sensing and regulation of regulation intensity could be identified. Therefore, the development and validation of a
whole-cell biosensor capable of detecting the presence and concentration of CO are important for advancing our understanding of its
impact on cellular processes and its potential applications in both CO-related biology and bioconversion processes.

In this study, we developed a whole-cell biosensor based on a CO-sensing transcriptional regulatory mechanism that cooperates
with reporter proteins. CO has various effects on biological metabolism; however, identifying CO-sensing mechanisms using living
cells is useful for several reasons [18]. First, it provides insights into how microorganisms sense and respond to CO, including the genes
and pathways involved in CO utilization. This knowledge may inform the development of more efficient and effective CO-utilizing
microorganisms [19]. Second, identifying CO-sensing transcriptional regulatory mechanisms is crucial for developing CO-sensing
biosensors with potential applications in industrial biotechnology, environmental monitoring, and human health [13]. Finally, by
understanding how microorganisms sense and respond to CO, it is possible to develop more effective strategies for using CO as a
renewable energy source by controlling and optimizing CO utilization in microorganisms [20]. As far as we know, there is not any
study reported using the CO-sensing transcriptional regulator in microbial whole-cell.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Rhodospirillum rubrum KCTC1372 was grown anaerobically at 30 °C with shaking (200 rpm) in R. rubrum no-light CO (RRNCO)
medium supplemented with 15 mM fructose as the carbon and energy source [21].

E. coli DH5a was grown under aerobic or anaerobic conditions in Luria-Bertani (LB) medium (Becton, Dickinson, and Company,
USA). CO partial pressures (0, 5.07, 10.13, 20.26, 30.39, 50.65, 70.91, and 101.3 kPa) was added to the anaerobic LB to form the
substrate. Erythromycin (300 pg/mL) was added to screen for transformants [14,22].

2.2. Plasmid construction

PELMKO and pECPH2::uidA were used to confirm negative and positive GUS activities, respectively (Table 1) [14]. pPELMKO was
constructed by modifying pECas9 [14]. To construct pECas9V2, multiple cloning sites (MCS), F-MCS_pECas9, and R-MCS_pECas9,
were annealed via sequential reaction at 95 °C for 5 min and then at 25 °C for 1 h. The assembled fragment was then introduced into
pECas9 through the Spel site. To construct pELMKO, the pIP404 replicon, pMB1 replicon, and em® from pECas9V2 were amplified

Table 1

Information on plasmids and primers.
Plasmids Relevant characteristics Source
pECPH2:uidA pIP404 ori, pIP404 rep, em~, pMB ori, H2, uidA [14]
pECas9 pIP404 ori, pIP404 rep, em®, pMB ori, H2, Cas9 [14]
pECas9v2 pIP404 ori, pIP404 rep, em®, pMB ori, H2, Cas9, MCS This study
pELMKO pIP404 ori, pIP404 rep, em®, pMB ori, MCS This study
PBRCO pIP404 ori, pIP404 rep, em®, pMB ori, H2, c00A, Poor, UidA This study
Primers Sequences (5’—3’) Source
F-MCS_pECas9 CTA GTA TCG ATC GTC TAG ACT CGA GAT GCA TCC CGG GCC TGC AGG ACC GGT TTA ATT AAG GGC CCG TCG AC This study
R-MCS_pECas9 CTA GGT CGA CGG GCC CTT AAT TAA ACC GGT CCT GCA GGC CCG GGA TGC ATC TCG AGT CTA GAC GAT CGA TA This study
F_pELMKO GTC GGA TCC CAA AAA AAT TTCCAATAAT This study
R_pELMKO TTT GGA TCC GGC GAG GAA AAA ATA AGA G This study
KP001 AAG GGC CCG GCA TCC GTT TAA AGT This study
KP002 CCT TAA TTA AGA GCG CGG GTA GGC CTG This study
KP003 AAG GGC CCA ATC CTT TTG CCA TTT ACA AAA CC This study
KP004 GGT TAA TTA ACC CAC TCT AAG CCA CAA ACA CGC C This study

*Underlined: priming sequences. Non-underlined: 5-overhang with/without restriction enzyme recognition sites. MCS: multiple cloning site.
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using the primers F_ pELMKO and R_pELMKO, and the amplified fragment was assembled using the BamHI site.

The biosensor in which the H2 promoter, cooA, P.yr, and uidA were introduced for CO sensing was named pBRCO [9,14,23] The
co0A and P.,or sequences were also found in R. rubrum. pBRCO was constructed by modifying the pECPH2:uidA plasmid. The cooA
sequence combined with the H2 and P.,,r sequences were ordered as synthetic double-stranded DNA fragments (gBlocks, Integrated
DNA Technologies, Coralville, Iowa, USA). The gBlocks were amplified using KP001 and KP002, and the amplified fragment was
assembled using the Apal and Pacl sites. The uidA gene was amplified using KP003 and KP004, and the amplified fragment was
assembled using the Nhel and Pacl sites.

2.3. GUS activity assay

E. coli DH5a transformants were cultured in 10 mL LB medium. Cells were centrifuged (15,520xg) for 5 min at 4 °C and then
resuspended in 400 pL of sodium phosphate buffer (50 mM, pH 7.0) [15] To produce permeabilized cells, 25 pL of an acetone-toluene
(9:1 v/v) solution was added, and the mixture was incubated at 37 °C for 40 min. For the quantitative GUS activity assay using 4-nitro-
phenyl B-d-glucuronide (4-NPG), 200 pL of a GUS buffer (50 mM sodium phosphate (pH 7.0), 10 mM f-mercaptoethanol, 1 mM EDTA,
0.1% Triton X-100), and 20 pL of GUS substrate (10 mg/mL of 4-NPG in 50 mM sodium phosphate) were added to 50 pL of a cell
suspension [14,15]. The mixture was incubated at 37 °C, and the reaction was stopped by adding 200 pL of a stop buffer (200 mM
NayCOs3); then, 200 pL of the mixture was added to a 96-well plate (SPL Life Sciences, Republic of Korea) [14,15]. Absorbance was
measured at 405 nm using a microplate reader (Epoch, BioTek, USA) at 10-min intervals for up to 30 min [14,15]. One unit (U) was
defined as 1 pmol of 4-NPG (g405 = 18 mM ' em™H per minute [14].

3. Results and discussion
3.1. Construction of CO-sensing whole-cell biosensors using the GUS reporter gene

We presented the design and construction of a whole-cell biosensor capable of detecting the presence and level of CO using
colorimetric analysis (Fig. 1). The proposed biosensor is based on utilizing CooA, a dimeric CO-sensing transcription factor and
activator of R. rubrum, as the core component. CooA is a CODH transcription factor and a key enzyme involved in CO metabolism. As
CO induces CooA, it binds to a specific DNA transcription factor binding site (TFBS) in the P.,,r region and activates the transcriptional
levels of downstream genes [8]. To enhance the sensitivity of the cellular biosensing system, a reporter protein coupled with the
identified promoter P.,,r was inserted into the biosensor to express activated CooA (Fig. 1A) [8]. The GUS reporter protein was chosen
because it has been extensively utilized in various assays and has been demonstrated to retain its activity even in anaerobic and CO-rich
environments [14]. Moreover, it also enables the effective colorimetric detection of CO, even in autofluorescent strains [14,15]. In
addition, GUS protein expression can be evaluated qualitatively and quantitatively through colorimetric analysis and introduced into
the biosensor (Fig. 1A and B).

As mentioned, we used the transcription factor CooA, the cooF promoter (P.,r), and the GUS reporter protein to construct a
genetically regulated whole-cell-based biosensor system that exhibited a CO-sensing transcriptional regulation mechanism and named
it pBRCO. The pECPH2::uidA vector was used as the backbone for introducing CooA, P.,r, and the GUS reporter protein. Here, the
previously obtained H2 promoter was introduced for the constitutive expression of CooA, whereas P.,or was introduced to express the
GUS reporter protein, ensuring that their individual transcription and protein expression did not interfere with each other [14]. The
DNA-binding motif of TFBS was introduced into P,r, enabling CooA to bind to P ,r using CO as a substrate and activate its tran-
scription. Conversely, pBRCO exhibited low GUS activity in the absence of CO. The presence of CO substrates and their transcriptional
regulation were confirmed through qualitative and quantitative assays of GUS activity (Fig. 1C).
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Fig. 1. Schematic of the CO-sensing whole-cell biosensor. (A) CO-sensing mechanism of the biosensor pBRCO. CO regulates GUS activity through
CooA in the intracellular environment. (B) CO-sensing and GUS regulation. The presence of CO affects the resulting form of CooA and the expression
of GUS reporter protein. (C) The presence of CO leads to increased GUS activity and yellow coloration when 4-NPG is used as a substrate. The
strength of the color reaction corresponds to the expression level of the GUS reporter protein. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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3.2. Optimizing the culture conditions to evaluate the CO-sensing whole-cell biosensor

To determine the cultivation conditions for evaluating the CO-sensing whole-cell biosensor pBRCO, we examined the growth and
metabolic inhibition ofE. coli DH5a transformed with the GUS constitutive expression vector pECPH2::uidA under anaerobic condi-
tions with CO. In the absence of genes encoding CooA and P,f, the ability of the GUS reporter protein to show sufficient activity to
transfer CO-induced CooA and P.,.r signals must be confirmed [14,15]. Therefore, the extent of growth and metabolic inhibition
caused by anaerobic and CO conditions was confirmed by comparing the growth rate and GUS-specific activity in pECPH2::uidA--
transformed strains. To confirm the potential effect of nitrogen (N3), anaerobic conditions were established by purging with N or inert
Ar gas (101.3 kPa). Next, CO was fed at strength of 0, 5.07, 10.13, 20.26, 30.39, 50.65, 70.91, and 101.3 kPa in the headspace with an
Ny or Ar balance (Fig. 2) [22].

No significant difference in growth rate was observed between Ny- and Ar-based conditions (Fig. 2A, B, 3A). Although GUS-specific
activity decreased by 9.08% under Ar conditions compared to N2 conditions, no significant difference in growth levels was observed
between the two conditions. Moreover, metabolic inhibition barely occurred under Ar conditions (Fig. 3B). Incubation of the strain
with Ar was thought to have no significant inhibitory effect on GUS activity. Therefore, further reactions for pPBRCO evaluation were
analyzed based on the results obtained under Ar conditions. Although growth inhibition was not confirmed under Ar/CO conditions
(Fig. 3C), GUS-specific activity was inhibited by extent of CO concentration; and a similar pattern was observed under N5 conditions
(Figs. 3D, 4A and 4B). Compared to the no CO group, GUS-specific activity decreased gradually as follows by 6.56% to 24.72% (at 0 to
101.3 kPa) (Fig. 3D). The decrease in GUS-specific activity at 20.26 kPa was 19.18%, which was higher than the 17.74% decrease
observed at 30.39 kPa, but the difference was not significant (p-value 0.3). Furthermore, since GUS-specific activity gradually decreases
under N conditions, it is anticipated that there will be no significant effect under Ar conditions (Fig. 4B). A linear decrease in GUS-
specific activity was detected in the range of 0-30.39 kPa atmospheric CO content. Moreover, the pECPH2::uidA-transformed strains
showed GUS-specific activity at all CO concentration ranges. After exceeding 30.39 kPa of CO partial pressure, GUS-specific activity
decreased due to the CO-induced inhibition of metabolism but showed sufficient activity to be applied to pBRCO.

3.3. Confirming the feasibility of the CO-sensing whole-cell biosensor through GUS-specific activity analysis

After constructing pBRCO, the feasibility of the CO-sensing whole-cell biosensor was demonstrated by analyzing its GUS-specific
activity in response to CO level variation (Fig. 5). Next, transcriptional regulation was confirmed by observing differences in GUS
activity under various CO conditions. We validated the transformation of pBRCO into E. coli DH5« cells, which lack the CO-sensing
mechanism present in CooA and have low GUS activity. The transformed strains were grown under anaerobic conditions pressur-
ized 30.39 kPa CO and then GUS activity was confirmed. The results showed that pBRCO specifically displayed a yellow coloration and
higher GUS-specific activity under CO conditions, whereas no activity was observed in the negative control (pELMKO) (Fig. 5A). In
contrast, the positive control (pECPH2::uidA) displayed constant GUS activity regardless of the CO conditions (Fig. 5A). These results
demonstrate the successful operation of pBRCO and its potential for CO sensing applications.

The operation and effectiveness of pPBRCO were verified by analyzing its GUS-specific activity in response to different CO con-
centrations. Its GUS-specific activity was measured at different CO partial pressures (0, 5.07, 10.13, 20.26, 30.39, 50.65, 70.91, and
101.3 kPa) (Figs. 3 and 4). The positive control (pECPH2::uidA) showed a decrease in GUS-specific activity with an increase in CO
strength. The negative control (pELMKO) showed a similar trend, which was also observed in the N5 condition (Figs. 4C and 5B). In
contrast, pBRCO showed an increase in GUS-specific activity as the CO concentration increased, with a linear increase up to 30.39 kPa
CO pressure (Fig. 5B). Specifically, pBRCO demonstrated a 41.52% increase in GUS-specific activity at 5.07 kPa CO, 64.37% (10.13
kPa), 110.57% (at 20.26 kPa), 148.89% (at 30.39 kPa), 183.54% (at 50.65 kPa), 188.94% (at 70.91 kPa), and 214.25% (at 101.3 kPa),
respectively (Fig. 5B). These results indicate that pPBRCO can quantify CO strength, confirming the viability of the CO-sensing whole-
cell biosensor pBRCO as a tool for detecting CO levels.

The feasibility of quantifying CO concentration through pBRCO was assessed through GUS-specific activity analysis. The GUS-
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formed strain showing the optical density at 600 nm (ODgoo) under Ny conditions. (B) Growth curve of the pECPH2::uidA-transformed strain
showing the optical density at 600 nm (ODggo) under Ar conditions. All measurements were repeated three times.
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specific activity of pBRCO was normalized to the reduction rate of the GUS-specific activity of pECPH2::uidA after subtracting the GUS-
specific activity of pELMKO. The normalized GUS-specific activity of pBRCO was then plotted against same range of CO partial
pressure (0, 5.07, 10.13, 20.26, 30.39, 50.65, 70.91, and 101.3 kPa); a similar pattern was observed under N conditions (Figs. 4D and
5C). The GUS-specific activity of pBRCO followed Michaelis-Menten kinetics with a high degree of correlation (R? = 0.98), and the
activity increased linearly up to 30.39 kPa (R? = 0.98). These findings confirmed that CO sensing using pBRCO could accurately
quantify up to 30.39 kPa of CO partial pressure (Fig. 5C). The concentration of the CO substrate is the gas ratio in the headspace, not
the dissolved state that participates in the actual reaction. Moreover, the GUS specific activity was normalized, so it is difficult to
accurately derive the Michaelis-Menten kinetics parameters. Assuming sufficient CO substrates are provided, saturation is expected to
occur in CooA, which directly senses CO, or in the GUS reporter protein expressed via PgyoF.

In this study, we successfully constructed a CO-sensing whole-cell biosensor, pBRCO, incorporating a CO-sensing transcriptional
regulatory mechanism. Using pBRCO, the presence of CO could be qualitatively and quantitatively determined (Fig. 5D). Furthermore,
by modifying the CooA and P, regions, pBRCO could be used to identify other CO-sensing-related regulatory factors, such as novel
CO-sensing mechanisms that have not yet been discovered, and even riboswitches (Fig. SE). The structural characteristics of this
biosensor containing reporter proteins induced by transcription factors and TFBS can be used to identify transcriptional regulatory
mechanisms by introducing novel transcription factors, binding regions, and inducers.

4. Conclusion

In this study, we successfully constructed a CO-sensing whole-cell biosensor based on the CO-sensing transcription factor CooA in
R. rubrum and the GUS reporter gene. The biosensor pBRCO was designed to exhibit CO-sensing transcriptional regulation by utilizing
the CooA, P,r, and GUS reporter proteins. The GUS reporter protein was selected for its insensitivity to CO and ability to provide
colorimetric data. Growth evaluation of the pECPH2::uidA-transformed strain under anaerobic conditions revealed no significant
difference in growth rate between N3 and Ar-based conditions; however, its GUS-specific activity was lower in an Ar atmosphere than
in N». In addition, it was confirmed that the growth of the strains and quantification of GUS activity were possible at all CO con-
centrations. Verification of pPBRCO was confirmed through its GUS-specific activity. The GUS-specific activity of pBRCO followed
Michaelis-Menten kinetics with a high correlation (R? = 0.98), and the activity increased linearly up to 30.39 kPa of CO partial
pressure (R? = 0.98). These results confirm that CO sensing via pBRCO can be linearly quantified up to 30.39 kPa, indicating that CO
molecules are a limiting factor in such conditions. As we believe that this type of whole-cell biosensor is not affected by the condition
and type of gas phase, it can be operated in several conditions for identify the novel regulatory mechanisms. The biosensor developed
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in this study is a promising tool for advancing our understanding of CO-related biology and bioconversion processes. Based on this
biosensor, we anticipate that it has the potential to be used to identify CO-sensing-related regulation factors and novel CO-sensing
mechanisms. According to the structural characteristics of this biosensor, it can be used to identify novel CO-related transcriptional
regulatory mechanisms.
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