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ABSTRACT: Organophosphate (OP) pesticides cause hundreds of

illnesses and deaths annually. Unfortunately, exposures are often  electrochemical /7 ‘ : Y
detected by monitoring degradation products in blood and urine, )/ 0.9 pesticide bioelectrochemical
with few effective methods for detection and remediation at the L & degradation detection
point of dispersal. We have developed an innovative strategy to i
remediate these compounds: an engineered microbial technology for P ' Q =
the targeted detection and destruction of OP pesticides. This system ‘ ;yn‘;ﬁ’:'e"ez;‘i B ) §
is based upon microbial electrochemistry using two engineered ® " E.coli ! g
strains. The strains are combined such that the first microbe (E. coli) ,\ ‘ : J'engineered e
/,

degrades the pesticide, while the second (S. oneidensis) generates el \_ S oneidensis
current in response to the degradation product without requiring """
external electrochemical stimulus or labels. This cellular technology

is unique in that the E. coli serves only as an inert scaffold for

enzymes to degrade OPs, circumventing a fundamental requirement of coculture design: maintaining the viability of two microbial
strains simultaneously. With this platform, we can detect OP degradation products at submicromolar levels, outperforming reported
colorimetric and fluorescence sensors. Importantly, this approach affords a modular, adaptable strategy that can be expanded to
additional environmental contaminants.

H INTRODUCTION However, OPH can be challenging to work with due to its
tendency to aggregate.'°”'® Polymer encapsulation has been

The organophosphate (OP) pesticides parathion and paraoxon
gonopcep (OP)p P v used to improve protein stability and delivery'®™>" but still

cause thousands of illnesses and deaths annually, as they have

the same mechanism of action as the nerve gas sarin.' " Such requires challenging protein isolation and purification prior to
compounds disrupt the native neurotransmitter acetylcho- deployment.

line™® and impact the parasympathetic nerve system, which can Significant effort has been devoted to whole cell-based
be deadly‘1_4 Slmllar compounds were employed as Chemical remediation, including the application Of microbes that
weapons during World War II in the form of sarin, cyclosarin, natively express OPH*>™*” and E. coli®*™*" engineered to
and soman. OP chemical warfare agents (CWAs) have express it."” However, these engineered cells must be viable
continued to be used as recently as 2017." However, the and therefore require a bioreactor for remediation, which can
main application of OPs is not as CWAs but as insecticides and be challenging to maintain. Though these cell-based methods
pesticides.” "™ In fact, OPs are the most widely used have provided a solid foundation for OP remediation, they
pesticides in industrialized countries, causing environmental remain limited due to the necessity of maintaining viable cells,
contaminl%tion and posing significant danger following the energetic cost to cells of expressing the proteins, and the
exposure. - Annually, there are an estimated three million regulatory limits on the distribution of living GMOs.
exposures to OPs, causing 300000 fatalities.''~"* The Just as with OP degradation, many physical and chemical
continued danger of these pesticides necessitates vigilance methods exist to detect OPs, including mass spectrometry.***

and affordable, easy-to-use technologies for detection and
remediation, especially in low-resource settings.

Although physical and chemical decontamination strategies
have been developed for the capture or degradation of OPs,"
enzymatic methods are popular due to their substrate
promiscuity, ability to directly degrade these compounds,
and ready incorporation into genetically modified organisms
(GMOs). Organophosphate hydrolases (OPHs) are exten-
sively used because of their compatibility with recombinant
expression and with incorporation into biomaterials."”' "

However, these methods are challenging to implement at the
point-of-exposure due to their high cost and significant

Received: August 2, 2021
Published: September 21, 2021

© 2021 The Authors. Published b
Ameericl;n %ﬁemﬁcaissgciety https://doi.org/10.1021/acscentsci.1c00931

W ACS PUblicationS 1718 ACS Cent. Sci. 2021, 7, 1718-1727


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amruta+A.+Karbelkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erin+E.+Reynolds"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rachel+Ahlmark"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariel+L.+Furst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.1c00931&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acscii/7/10?ref=pdf
https://pubs.acs.org/toc/acscii/7/10?ref=pdf
https://pubs.acs.org/toc/acscii/7/10?ref=pdf
https://pubs.acs.org/toc/acscii/7/10?ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscentsci.1c00931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

paraoxon paraoxon— parathion

organophosphate
NO,  hydrolase (OPH)
enzymatic
@ @ @ degradation °2"—©—OH
E—— ]
0-P=0 o-p=s p-nltrophenol
malaoxon
S 0
0-P=0 P
/
/6
by |
2009 200 uM
3 1501 150 uM
=
% e
5 100 uM
2 1004
€
= 75 uM
50 uM
50
1 25 uM
0 5 uM
0 20 40 60 80 100 120
Time (mins)

c)

Initial Rate (uM/min)
S

0 -
EJ 51)0 1(I)O 1I50 2IOO
[paraoxon] (uM)

d

) 2.51

2.0 4
<
£

2 15-
Q
T
14

£ 1.0
£

0.5

T T T T T '
0.000 0.002 0.004 0.006 0.008 0.010

Cell density (OD,

SOU)

Figure 1. Degradation of organophosphates (OPs) by engineered E. coli. (a) Schematic representation of paraoxon degradation to p-nitrophenol
(p-NP) by organophosphate hydrolase (OPH)-expressing E. coli and structures of OPs analyzed in this study, namely, paraoxon, paraoxon-methyl,
parathion, and malaoxon. (b) Production of p-NP over time by OPH-expressing E. coli at different paraoxon concentrations, ranging from $ to 200
uM. (c) Effect of paraoxon concentration on the initial rate of p-NP production, fitted with Michaelis—Menten equation (red). (d) Effect of OPH-

expressing E. coli cell concentration (expressed in terms of ODy,) on the initial rate of p-NP production, fitted with a linear regression line, R

0.99 (black). Error bars represent SD for n = 3 biological replicates.

instrumentation requirements. Thus, the majority of effort
devoted to sensing these compounds has focused on the
development of biosensors with optical or electrochemical
readout. Most often, detection is accomplished through the
biological degradation of OPs followed by monitoring of the
degradation products.”>***7>% These strategies are aided by
the fact that the paraoxon and parathion degrade to p-
nitrophenol (p-NP), which is both UV absorbent and
electroactive. However, relying on the direct detection of p-
NP poses challenges for detection in complex matrices, as
naturally-occurring phenols can confound signals.

To increase the specificity of detection, biosensors employ-
ing specific recognition elements are advantageous. Engineered
microbes offer a promising platform for such sensing because
they can metabolize a broad range of chemicals, adopt
emergent abilities, tolerate genetic modifications through
recombinant DNA methods, and serve as a source of
enzymes.”* Because of their tolerance for nonideal environ-
mental conditions and ability to serve as a sensor for both the
toxicity and the bioavailability of targets, microbial biosensors
are often used for environmental monitoring.>
challenge with microbial biosensors is that they generally rely
on visual readout (colorimetric,*® >73% or bio-

One main

fluorescent,””
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luminescent”™), making quantitative measurements at the
point-of-contamination challenging.

Here, we report an engineered dual species technology for
the targeted detection and destruction of parathion-type OPs.
This technology is based on electrochemical signals generated
by electroactive microbes in response to OP degradation
products. Electroactive microbes generate current through
extracellular electron transfer (EET) by supplying their
metabolic electrons to an external electron acceptor, such as
a poised electrode. S. oneidensis and similar microbes use
multiheme cytochrome protein conduits spanning from the
inner to the outer membrane and diffusible redox mediators to
directly or indirectly perform EET.**~% The first microbe in
our technology, E. coli, degrades the pesticide, while the second
(S. oneidensis) generates current in response to the degradation
product without external electrochemical stimulus or labels.
This cell mixture is unique in that enzymes displayed on E. coli
function even when the cells are Iyophilized,64 enabling the
cells to serve only as an inert scaffold and circumventing a core
challenge in coculture design: maintaining the viability of two
microbial strains simultaneously. Using this engineered micro-
bial system, we have demonstrated the detection of OP
degradation products at submicromolar levels, outperforming
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Figure 2. Detection of organophosphate (OP) degradation product, p-nitrophenol (p-NP) by engineered S. oneidensis. (a) Scheme depicting the
genetic circuit engineered in S. oneidensis in which p-NP binds to the transcription factor DmpR, inducing the expression of green fluorescent
protein (GFP). (b) GFP fluorescence in S. oneidensis cultures with and without the inducer, p-NP (left). Scheme depicting an electrochemical
bioreactor setup containing carbon cloth working electrode, Pt counter electrode, and AgCl/Ag reference electrode (right). (c) GFP fluorescence
normalized to ODyq, produced by engineered S. oneidensis in response to different concentrations of p-NP (red) and paraoxon (light red), and by
wild-type S. oneidensis cells with different p-NP concentrations (gray) after 24 h induction. (d) Scheme depicting genetic circuit engineered in .
oneidensis in which p-NP binds to DmpR, inducing the expression of CymA, a critical extracellular electron transfer protein in S. oneidensis. (e)
Representative chronoamperometry plots indicating the change in current density over time in bioreactors containing engineered S. oneidensis cells
with 20 uM p-NP (dark green), cells with 20 M paraoxon (teal), cells without any inducer (light green), and 20 M p-NP without cells (gray). (f)
Total charge produced by the cells in 24 h during chronoamperometry experiments under varying conditions. Error bars represent SD for n = 3
biological replicates.

reported absorbance and fluorescence sensors.”> Our approach for OP degradation and potentially increasing the length of
affords a modular, adaptable strategy through dual microbial their storage life®’ —both important for an optimal deployable
engineering to control electron transfer in one organism with technology. Extrapolating from previous INPNC E. coli
molecules generated from contaminant degradation by expression, we estimate approximately 50 000 enzymes to be
another. expressed per lyophilized cell using our induction conditions.”*

The degradation of paraoxon by Iyophilized OPH-E. coli was
Hl RESULTS confirmed by monitoring the OP degradation product, p-NP,

using a colorimetric assay (Figure 1).°° Under alkaline
conditions, p-NP forms a phenolate ion, which is yellow in
color and has a maximum absorbance at 400 nm.®® The

Degradation of Organophosphates Using Engi-
neered E. coli. We have used the surface of E. coli as a
platform to display organophosphate hydrolase (OPH) for OP i ; X
degradation. The OPH used in this study i is a phosphotriester- absorbance values obtained from the colorimetric assay were
ase obtained from Pseudomonas diminuta.’® Also known as converted to p-NP concentrations with the help of a standard
parathion hydrolase, the enzyme specifically degrades synthetic curve. We can therefore quantify paraoxon degradation
or trlesters and phosphorofluoridates with high catalytic through the production of p-NP at a fixed cell density
efficiency.®® With its ability to efficiently degrade these toxic (ODggo 0.02) (Figure 1b). At each paraoxon concentration,

compounds, this OPH has been widely used for remediation rapid initial p-NP production followed by equilibration was
purposes.'”'">* Using our previously-reported strategy observed. From these data, enzyme kinetic parameters were
employing the INPNC ice- nucleatlon sequence, OPH was determined by fitting the Michaelis—Menten equation (Figure
displayed on the cell surface.®* The ice-nucleation sequence 1c). The Michaelis constant (Ky;) of paraoxon for the enzyme
circumvents the cytotoxic effects of the more common surface was calculated to be 197.9 + 81.7 uM, which is slightly higher
expression tag, OmpA.”” Moreover, the cells are lyophilized than the reported affinity of paraoxon for purified OPH.*® This
following OPH expression, making their viability unnecessary is hypothesized to be due to restricted substrate diffusion to

1720 https://doi.org/10.1021/acscentsci.1c00931

ACS Cent. Sci. 2021, 7, 1718-1727


https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00931?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

the enzymes that are confined on the cells rather than free in
solution.”” To determine the effect of enzyme concentration
on substrate turnover, a fixed concentration of paraoxon was
added to varying concentrations of lyophilized OPH-E. coli
(Figure S1). As anticipated, the initial reaction rate of
paraoxon degradation is directly proportional to the cell
concentration, and therefore, the OPH enzymes expressed on
the E. coli cell surface (Figure 1d). These results indicate that
the OPH enzymes on the surface of E. coli retain their
biologically-relevant conformation even following lyophiliza-
tion. The degradation of paraoxon, therefore, does not require
viable E. coli to proceed.

To evaluate the generalizability of this biomaterial for OP
remediation, we tested additional organophosphates. Parathion
is another especially common OP pesticide, but it contains a
phosphorus—sulfur bond in place of the phosphorus—oxygen
bond found in paraoxon. We evaluated the ability of our OPH-
E. coli to degrade parathion and observed similar results to
paraoxon degradation (Figure S2a, c). The catalytic efficiency
(Vea/Kpp) is 0.079 + 0.13 min™' for paraoxon and 0.104
min~' + 0.013 for parathion. Previous reports suggest that
paraoxon slightléy outperforms parathion as a substrate for the
OPH enzyme,*® though our analysis does not show a
significant difference between the two. We further evaluated
the degradation of paraoxon-methyl, which differs from
paraoxon in the substituents on the phosphate. Under the
same experimental conditions, very slow rates of p-NP
production were observed, and the rate did not reach
equilibrium even after 2 h. Upon reducing the concentration
of the solvent methanol from 0.1% to 0.01%, significantly
enhanced degradation rates for paraoxon-methyl were
observed (Figure S2b, d), indicating enzyme inhibition by
methanol. Polar solvents have been suggested to competitively
inhibit the OPH active site.”’ Taken in total, our results
demonstrate that the OPH expressed on E. coli can degrade a
variety of OPs, albeit with differing efficiencies.

Fluorescent Detection of the Organophosphate
Degradation Product p-NP by Engineered S. oneidensis.
Electrochemical sensors to detect OP pesticides most often
rely on the direct detection of p-NP. However, off-target
phenols that are common in environmental matrices can have
similar electrochemical properties, causing false positive results.
To enhance the specificity and sensitivity of our biosensing
system, we engineered the electroactive microbe S. oneidensis
such that the expression of EET machinery, and hence current
production, is triggered by p-NP. A phenol-responsive
transcription factor, DmpR (dimethyl phenol regulator) from
Pseudomonas spp. CF600, is known to undergo a conforma-
tional change upon interaction with a phenol such as p-NP,
activating the DmpR promoter, Pdmp.71 To determine whether
DmpR responds to p-NP, we initially placed the induction of
green fluorescent protein (GFP) under the control of Pgrmp in
both S. oneidensis and E. coli (Figure 2a), as GFP fluorescence
facilitated high-throughput analysis. In the engineered S.
oneidensis, a S54-fold increase in fluorescence was observed
with 200 yM p-NP, with fluorescence observed at p-NP
concentrations as low as 6.25 uM (Figure 2b,c). Further, gene
expression was found to be logarithmic, showing a sharp
increase in fluorescence at 6.25 uM p-NP, which nearly levels
off at concentrations higher than 50 #M. No such increase in
the fluorescence was observed for wildtype (WT) S. oneidensis
following the addition of paraoxon. E. coli similarly displayed a
logarithmic increase in GFP expression upon a p-NP

1721

concentration increase from 6.25 to S0 uM (Figure S3).
This response was significantly higher than for WT E. coli
treated with p-NP or GFP-expressing cells treated with
paraoxon. These results confirm that the transcription factor,
DmpR, in the engineered cells is responsive to the inducer p-
NP. Further, this response is specific to the OP degradation
product, not to the OP itself.

To confirm the specificity of DmpR for p-NP and not off-
target phenols found in natural systems, we performed a GFP
assay on off-target compounds. By exposing the engineered p-
NP-responsive S. oneidensis to different concentrations of three
environmentally-relevant off-target compounds (dopamine,
hydroquinone, and 4-methylcatechol), the specificity of this
transcription factor was confirmed. Compared to the
normalized GFP fluorescence emissions of p-NP, the off-target
compounds produced very low fluorescence, providing further
evidence for the specificity of the sensor and its viability for
field deployment (Figure S4).

Electrochemical Detection of p-NP by Engineered S.
oneidensis. We next evaluated whether p-NP-activated DmpR
can elicit an electrochemical response in S. oneidensis. Here, we
placed expression of an inner membrane-bound EET protein,
CymA, under control of Py,,. CymA is a tetraheme quinol
dehydrogenase responsible for directing metabolic electron flux
to the extracellular space through the MtrABC conduit.*’
CymA was selected over other Mtr proteins (MtrB and MtrC),
as we observed highest induction and minimal leakiness in the
IPTG-inducible knockout strains that were used to construct
the p-NP-inducible strains. Constitutively-expressed DmpR
activates Py, in the presence of p-NP, leading to the
expression of CymA (Figure 2d), which “completes the
circuit” and enables EET in S. oneidensis. We validated this
response by introducing the engineered cells to a three-
electrode bioreactor consisting of a carbon cloth working
electrode poised at +400 mV vs silver chloride/silver (AgCl/
Ag) (Figure 2c). Cells were provided with lactate as an
electron donor and carbon source, and the poised carbon cloth
electrode is expected to function as an electron acceptor only
in the presence of p-NP. The reactor headspace was open to
the atmosphere to allow O, diffusion for cells to use as an
alternate electron acceptor in the absence of p-NP.”” §.
oneidensis can respire electrodes under low O, tension,
indicatin§ that the presence of O, does not hinder EET by
the cells.”> A continuous increase in anodic current, indicating
electron transfer from cells to the electrode, was observed only
following addition of p-NP to the bioreactor. Cells alone, p-NP
alone, and cells with paraoxon did not yield a considerable
current (Figure 2e, SS). At 20 uM p-NP, the cells generated a
total charge of 1.32 + 0.48 mA-h in 24 h; the cells without p-
NP added or with paraoxon added generated only 0.072 +
0.006 mA-h charge and 0.21 + 0.02 mA-h charge in the same
amount of time, respectively (Figure 2f). The small current
observed in the presence of paraoxon is likely due to low levels
of its nonenzymatic degradation. Taken together, these results
confirm that p-NP specifically leads to CymA expression,
allowing the cells to perform EET to an external electrode.
Overall, our fluorescence and electrochemical measurements
indicate that the transcription factor DmpR is activated by the
OP degradation product p-NP, which in turn induces the
expression of target proteins (either GFP or CymA).

GFP Fluorescence Response of Engineered Cocul-
tures to Organophosphates. After independently confirm-
ing OP degradation activity by lyophilized OPH-E. coli and p-

https://doi.org/10.1021/acscentsci.1c00931
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NP detection by engineered S. oneidensis in each monoculture,
we assessed the activity of the two microbes together in the
presence of OPs. For initial validation, we added lyophilized
OPH-E. coli to DmpR-driven, GFP-expressing S. oneidensis.
GFP fluorescence was monitored over time in the presence of
paraoxon (Figure 3a). We observed an increase in GFP
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Figure 3. GFP fluorescence response of engineered cocultures to
OPs. (a) Scheme depicting the degradation of paraoxon by OPH-
expressing E. coli to produce p-NP, which is detected by engineered S.
oneidensis, causing GFP expression in cells. (b) GFP fluorescence
normalized to ODgy, produced over time by engineered cocultures in
the presence of different initial concentrations of paraoxon, ranging
from 0 to 150 #M and coculture with wild-type E. coli containing S0
UM paraoxon (gray). Error bars represent SD for n = 3 replicates.

fluorescence for cell mixtures with an initial paraoxon
concentration of S, 50, and 150 yM (Figure 3b), and the
magnitude of the fluorescence was dependent on the initial OP
concentration. From the time of inoculation to 24 h, a 55-fold
increase in fluorescence was observed for cocultures with 150
UM paraoxon added; a 35-fold increase was observed with 50
UM paraoxon, and a 2.5-fold increase was observed with S yuM
paraoxon. Minimal fluorescence was observed in cocultures
containing lyophilized WT E. coli in place of OPH-expressing
E. coli. Similar degradation and detection efficiencies were
observed in a dual E. coli system (OPH-E. coli and DmpR
driven GFP expressing E. coli) (Figure S6). These results,
combined with monoculture experiments, suggest that OPH-E.
coli-mediated paraoxon degradation activates DmpR in
engineered S. oneidensis, leading to an increase in GFP
fluorescence over time. Furthermore, our results indicate that
GFP induction by p-NP in engineered S. oneidensis is
concentration dependent, enabling a quantitative measure of
OP concentration.

Based on the initial success of the mixture, we investigated
whether other OPs (paraoxon-methyl, parathion, and malaox-
on) generate a GFP response in our lyophilized OPH-E. coli
and engineered S. oneidensis combination. We found similar
degradation and detection efficiencies with paraoxon-methyl,
parathion, and paraoxon (Figure S7a,b). At 150 yM initial OP
concentration, the mixtures with parathion generated a 58-fold

1722

increase in fluorescence, and those with paraoxon-methyl
generated a 48-fold increase within 24 h of inoculation. These
results confirm that OPs that generate a p-NP degradation
product elicit GFP expression in our engineered S. oneidensis.
As a negative control, we evaluated malaoxon, which does not
yield a phenolic degradation product. As predicted, GFP
expression was not observed in our cell mixtures with
malaoxon, further validating the specificity of the response
(Figure S7c). Overall, our results confirm that the increase in
fluorescence in OPH-E. coli/S. oneidensis mixtures is due to the
degradation of OPs to p-NP, leading to GFP expression in S.
oneidensis. Furthermore, this system functions for any OP
substrate that is hydrolyzed to p-NP.

Electrochemical Response of Engineered Cocultures
to Organophosphates. To generate an electrochemical
biosensor for OP detection and degradation, we combined S.
oneidensis that expresses the critical EET protein CymA in
response to p-NP with lyophilized OPH-E. coli (Figure 4a).
The electrochemical response of engineered cell mixtures was
measured in three-electrode bioreactors, identical to the
monoculture experiments. An increase in anodic current was
observed only following the addition of paraoxon to the
bioreactor containing both lyophilized OPH-E. coli and
engineered S. oneidensis (Figures 4b and S8). This increase
was significantly higher than the current produced by either
the cell mixture in the absence of paraoxon or the paraoxon
alone, which generated current similar to that of the media
baseline. The slight decrease in current density in the coculture
reactors with paraoxon after 40 h could likely be due to
electron donor depletion and is often observed in S. oneidensis
bioreactors. The mixture with 20 yM paraoxon accumulated a
total charge of 1.64 + 0.18 mA-h in 24 h. In comparison, the
cell mixture alone accumulated only 0.065 + 0.002 mA‘h of
charge (Figure 4c). These results, combined with the
observation that S. oneidensis monocultures produce anodic
current only in the presence of p-NP, indicate that OPH-E.
coli-mediated paraoxon hydrolysis leads to CymA expression in
S. oneidensis, thereby initiating EET to the carbon cloth
electrode. In agreement with our fluorescence experiments, we
observed paraoxon-methyl and parathion yielded an increase in
anodic current with the engineered cell mixtures. On the other
hand, no significant current is observed with malaoxon, which
does not generate p-NP (Figure S9). Comparable with
paraoxon, in 24 h, we observed 1.03 + 0.31 and 1.04 + 0.66
mA-h charge with paraoxon-methyl and parathion, respectively,
but only 0.068 + 0.006 mA-h from malaoxon (Figure 4d),
which is equivalent to the coculture only control. Our results
consistently show that the current response is directly
proportional to the initial concentration of paraoxon (Figure
S10a). The total charge produced by the bioreactors was
calculated at S, 10, and 24 h (Figure 4e). Within S h, 20 uM
paraoxon could be detected with charge accumulation of 0.140
+ 0.02 mA-h. At 24 h, the charge produced by the cell mixture
with S uM paraoxon (0.180 + 0.018 mA-h) was approximately
three times higher and with 1 yM concentration (0.101 =+
0.017 mAh) was 1.7 times higher than the cell only baseline.
By determining the slope (S) and standard deviation of the
intercept (Sy) from the linear fit of the calibration curve
(Figure S10b), the limit of detection of the sensor was
calculated to be 0.15 uM (3.3 X (Sy/S)). Though we did not
explicitly evaluate current generation as a function of p-NP
concentration, we have demonstrated current generation to be
the rate-limiting step for the degradation of paraoxon and
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Figure 4. Electrochemical response of engineered cocultures to organophosphates. (a) Scheme depicting the degradation of paraoxon by OPH-
expressing E. coli to p-NP, which further induces expression of CymA in engineered S. oneidensis, allowing EET from the cells to an external
electrode. (b) Representative chronoamperometry plots indicating the change in current density over time in bioreactors containing engineered
cocultures with 20 M paraoxon (dark blue), S. oneidensis with 20 uM paraoxon (blue), coculture only (light blue) and 20 M paraoxon without
cells (gray). (c) Total charge produced by the cells in 24 h during chronoamperometry experiments under different conditions. (d) Total charge
produced by the engineered cocultures in 24 h during chronoamperometry experiments in the presence of different organophosphates. (e) Total
charge produced by the cocultures over time during chronoamperometry experiments with different initial paraoxon concentrations ranging from 0

to 20 uM. Error bars represent SD for n = 3 replicates.

detection of p-NP. Thus, we expect similar results for the direct
detection of p-NP to those observed with varying paraoxon
concentrations, in which a linear range of detection is observed
between S and 20 uM (Figure S10). Our electrochemical
measurements thus confirm that this technology is sensitive
and specific. Further, it is capable of degradation and detection
of toxic OPs in a single assay.

Bl DISCUSSION

In this study, we have shown that engineered microbial
combinations can both degrade and detect toxic OPs with
incomparable sspeciﬁcity and sensitivity using electrochemical
readout.*>*0* 75305 E_ coli were engineered to express OPH
on the cell surface to degrade organophosphate pesticides to p-
NP, even following E. coli lyophilization. We also engineered
electroactive microbes, S. oneidensis, to express a critical EET
protein, CymaA, in the presence of p-NP. Expression of CymA
completes the electron transfer pathway, allowing the bacteria
to respire external electrodes. After validating the function of
the two engineered microbes individually, our coculture
studies confirm that OPH-expressing E. coli degrade OPs and
that S. oneidensis detect the degradation product and generate
current as a readout in a single assay.

1723

The state-of-the-art for OP remediation and biosensing
relies on assays that either degrade or detect the OPs. Using
our engineered bacterial cell mixture, our electrochemical assay
can perform both functions in a single system. OPH had
previously been used to enzymatically degrade OPs, but these
technologies suffer from OPH instability. Expression of this
enzyme on the E. coli surface circumvents difficulties with
protein handling. Further, our OPH-expressing E. coli are
lyophilized, yet they maintain their enzymatic degradation
activity. This is an important development, as we have
bypassed the need to develop optimal culture conditions for
two microbes to maintain metabolic activity in coculture.
Lyophilization also allows for long-term storage of the enzyme-
modified E. coli,** making them highly suitable for field-based
OP biosensing and remediation.

Often, electrochemical OP detection depends upon the
direct sensing of p-NP. Previously, amperometric biosensors
using gold—titanium oxide electrodes modified with horse
radish peroxidase and methylene blue have resulted in
exceptional sensitivity toward the detection of p-NP.”*
However, other phenolic compounds interact with this
platform, which can compromise its specificity. Additionally,
a low-cost 3D paper based electrochemical sensor for p-NP,
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with combined filtration and detection, has been reported.”” As
the detection is based upon physical electrostatic interactions
between the electrode and the analyte, the response is
negatively impacted at more relevant neutral/near-neutral
pH. While the authors demonstrate p-NP specificity among
other contaminants with distinct electrochemical signatures,
the response may become convoluted for compounds with
redox properties similar to p-NP. This can lead to low
specificity and false positives, as other species with similar
electrochemical properties can trigger an electrochemical
response. With our engineered S. oneidensis, the current is
specific to the presence of p-NP, and thus the possibility of
false positives is minimized. EET in the bacteria is “turned-on”
only in its presence. Another clever nanocatalyst-based
electrochemical immunosensor was developed for the ultra-
sensitive detection of p-NP,’® but the sensor fabrication
requires extensive electrode surface modification, labeling, and
the use of antibodies, which impacts the cost and stability of
this platform. In contrast, by using our whole cell-based assay
with lyophilized bacteria, we anticipate that our biosensing
strategy can be used as a cheap and robust system for field
deployment. Overall, our engineered microbes have stream-
lined OP biodegradation and biosensing in a single system.
This technology provides a significant improvement over the
current biosensors in terms of handling, storage, and
specificity.

Our electrochemical cell system enables continuous
monitoring without the need for sampling or sample
processing, as is required for fluorescence-based assays. The
current study provides a proof-of-principle for the two
engineered microbes to simultaneously degrade and detect
dangerous, environmental contaminants. Improving the fitness
of the transcription factor DmpR for enhanced interaction with
p-NP could result in faster p-NP detection and response times
by S. oneidensis. Additionally, since this strategy requires only S.
oneidensis to be viable, the biosensor can easily be deployed for
long-term, autonomous monitoring, merely by varying the
ratio of the two bacteria, without the need for reoptimization.
Overall, we have demonstrated and verified a unique
electrochemical OP biosensing strategy based on engineered
E. coli and S. oneidensis to degrade and detect highly toxic OPs
in a single assay.

With the continued use of OP pesticides despite their
toxicity, technologies to detect and degrade these chemicals are
desperately needed. Our engineered cell mixture combined
with electrochemical readout is the first example of a
technology for specific recognition and destruction of this
class of harmful compounds. Electrochemistry provides high
sensitivity at a low cost, and engineered microbes offer
unparalleled specificity. This work represents a paradigm shift
in sensing and remediation through dual microbial engineering
to control electron transfer in one organism with molecules
generated from degradation by the other. Importantly, we
anticipate this modular assembly to be readily applied to other
classes of harmful contaminants.

B MATERIALS AND METHODS

Strain Engineering. OPH Sequence. The organophos-
phate hydrolase (OPH) sequence used was parathion hydro-
lase from Pseudomonas diminuta (Uniprot ID: POA434). The
sequence was codon-optimized for expression in E. coli and
cloning-relevant restriction sites were removed. The OPH gene
was synthesized by Twist Bioscience (South San Francisco,
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CA) as a fusion with the INPNC ice-nucleation sequence® on
the N-terminus.

OPH-E. coli. The INPNC-OPH fusion was cloned into
plasmid backbone pSKB3, previously described in ref 64.
pSKB3 is a variation of Novagen’s pET-28a vector with the
thrombin site exchanged for a TEV proteolysis site. The vector
(pSKB3) and the insert (INPNC-OPH) were double digested
with Xhol and Ncol for 35 min at 37 °C. Digestion products
were run on a TAE 1.6% agarose gel at 100 V for 30 min.
Desired fragments were gel extracted using the Zymoclean Gel
DNA Recovery Kit (Zymo Research). Purified DNA fragments
were ligated using T4 DNA Ligase (NEB M0202). A 1:3 molar
ratio of vector to insert and 50 ng of vector was used. The
ligation mixture was transformed into chemically-competent
DHSa E. coli and plated on LB-agar kanamycin plates to select
for positive transformants. A single colony was picked from the
agar plate, inoculated in § mL LB-kanamycin, grown in a
shaking incubator (250 rpm) for at least 16 h at 37 °C, and
miniprepped using QIAprep Spin Miniprep Kit (Qiagen). The
plasmid DNA was sequence-verified by sample submission to
Genewiz (Cambridge, MA). Subsequently, the plasmid was
transformed into chemically-competent BL21(DE3) E. coli to
create the surface-expressed OPH-E. coli strain.

DmpR and Pp,,r Sequences. The sequence used for the p-
NP-responsive transcription factor DmpR (dimethyl phenol
regulator) was obtained from Pseudomonas spp. CF600
(Uniprot ID: Q06573). This sequence was modified with
mutations Q1O0R and K117M because these mutations had
been shown to improve the responsiveness of this transcription
factor toward p-NP by 7-fold over the native protein.”' The
promoter sequence recognized by DmpR (PDmPR) was
obtained from the iGEM Registry of Standard Biological
Parts. Pp,,p in our plasmid maps is identical to the Po
promoter sequence including the ribosome binding site BO031
in part BBa_K1031221. DmpR and Pp,,r sequences were
codon-optimized for expression in S. oneidensis and synthesized
by Twist Bioscience (South San Francisco, CA).

Preparation of Lyophilized E. coli. E. coli (engineered or
wild-type) was grown overnight for 18—20 h in S mL LB
supplemented with 50 pg/mL kanamycin at 37 °C and 200
rpm from 25% frozen glycerol stocks (stored at —80 °C). The
preculture was diluted to 0.1 ODyy, in 20 mL Terrific Broth
(TB) supplemented with potassium phosphate buffer (17 mM
KH,PO,, 72 mM K,HPO,), 0.5% glucose, and S0 ug/mL
kanamycin. The culture was incubated at 37 °C and 200 rpm
until ODgy, was approximately 0.8. The culture was induced
using 100 uM IPTG and incubated at 18 °C, 200 rpm for 20 h.
The cells were pelleted by centrifugation at 8942 X g for 3 min.
The supernatant was discarded, and cells were washed twice by
centrifugation and resuspension in a defined media. After the
final wash, cells were diluted in the same defined media with
100 mM trehalose as a cryoprotectant to a final ODg, of 0.1 or
2.0, depending upon the use. The defined media for
resuspension was phosphate citrate buffer (pH 8.0) for
colorimetric assays, phosphate buffered saline (pH 7.4) for
fluorescence assays and M1 minimal media (pH 7.0) for
electrochemical measurements. One mL aliquots of the cell
culture at specific ODg,, were flash frozen with liquid N,,
lyophilized under vacuum and stored at —20 °C until further
use. Before use, the lyophilized cells were reconstituted in
sterile water.

Bioelectrochemical Measurements. Electrochemical
Analysis. The electrochemical measurements were performed
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in a single-chamber, three electrode bioreactor consisting of 1
cm?® PWO06 carbon cloth (Zoltek, St. Louis, MO) as a working
electrode, Pt wire (Sigma-Aldrich) as a counter electrode, and
AgCl/Ag (CH Instruments, Austin, TX, USA) as a reference
electrode. A 90 mL portion of M1 media modified from
previous reports’’ was used for the electrode cultivation of .
oneidensis. The cells were provided with 18 mM sodium lactate
as a carbon and electron source. The media was further
supplemented with vitamins, minerals, and amino acids as
previously reported.”” Riboflavin was, however, excluded from
the vitamin solution to avoid riboflavin-induced electro-
chemical signals. The reactors were sealed with a rubber
stopper with two needles to allow minimal air diffusion.
Chronoamperometry measurements were made using a 16-
channel potentiostat (Biologic, Seyssinet-Pariset, France) or a
4-channel potentiostat (Admiral Instruments, Tempe, AZ).
The working electrode potential was maintained at 0.4 V vs
AgCl/Ag reference electrode, thereby acting as an electron sink
for the bacteria. A baseline current was first obtained at the
applied potential prior to S. oneidensis inoculation. To study
the effect of p-NP on the engineered S. oneidensis strain, the
cells were first inoculated in the bioreactor to a final ODy, of
0.8, followed by an injection of p-NP to a final concentration of
20 uM, at an interval of 1 h. For coculture experiments, after
an hour of S. oneidensis inoculation, 1 mL of lyophilized E. coli
cells in M1 media were resuspended in sterile water and added
to the bioreactor to a final ODy, of 0.02. After another hour,
the OP at the desired final concentration was injected. The
current was measured for 24 h after the p-nitrophenol or OP
injection and normalized to the projected surface area of the
carbon cloth electrode. The total charge produced by p-NP, or
OP was determined by computing the area under the
chronoamperometry curve from their time of introduction in
the bioreactor up to 24 h using OriginLab data analysis
software (Northampton, MA).
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