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ABSTRACT Microbe-mediated transformations of arsenic (As) often require As to be
taken up into cells prior to enzymatic reaction. Despite the importance of these microbial
reactions for As speciation and toxicity, understanding of how As bioavailability and
uptake are regulated by aspects of extracellular water chemistry, notably dissolved organic
matter (DOM), remains limited. Whole-cell biosensors utilizing fluorescent proteins are
increasingly used for high-throughput quantification of the bioavailable fraction of As in
water. Here, we present a mathematical framework for interpreting the time series of bio-
sensor fluorescence as a measure of As uptake kinetics, which we used to evaluate the
effects of different forms of DOM on uptake of trivalent arsenite. We found that thiol-
containing organic compounds significantly inhibited uptake of arsenite into cells, possibly
through the formation of aqueous complexes between arsenite and thiol ligands. While
there was no evidence for competitive interactions between arsenite and low-molecular-
weight neutral molecules (urea, glycine, and glyceraldehyde) for uptake through the aqua-
glyceroporin channel GIpF, which mediates transport of arsenite across cell membranes,
there was evidence that labile DOM fractions may inhibit arsenite uptake through a catab-
olite repression-like mechanism. The observation of significant inhibition of arsenite uptake
at DOM/As ratios commonly encountered in wetland pore waters suggests that DOM
may be an important control on the microbial uptake of arsenite in the environment,
with aspects of DOM quality playing an important role in the extent of inhibition.

IMPORTANCE The speciation and toxicity of arsenic in environments like rice paddy
soils and groundwater aquifers are controlled by microbe-mediated reactions. These
reactions often require As to be taken up into cells prior to enzymatic reaction, but
there is limited understanding of how microbial arsenic uptake is affected by varia-
tions in water chemistry. In this study, we explored the effect of dissolved organic
matter (DOM) quantity and quality on microbial As uptake, with a focus on the role
of thiol functional groups that are well known to form aqueous complexes with ar-
senic. We developed a quantitative framework for interpreting fluorescence time se-
ries from whole-cell biosensors and used this technique to evaluate effects of DOM
on the rates of microbial arsenic uptake. We show that thiol-containing compounds
significantly decrease rates of As uptake into microbial cells at environmentally rele-
vant DOM/As ratios, revealing the importance of DOM quality in regulating arsenic
uptake, and subsequent biotransformation, in the environment.
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biogeochemical cycling of As in aquatic environments like rice paddies and ground-
water aquifers (6-8). In rice paddies, for example, root uptake and the toxicity of As
accumulating in rice grains depend on microbially mediated redox and methylation-
demethylation reactions that control As speciation in the rhizosphere (9-12). Many of
these reactions are mediated by intracellular As metabolism enzymes (8, 13, 14), so the
first step for these reactions is uptake across cellular membranes into cells. Uptake of
arsenate [As(V)] into cells is facilitated by phosphate transporters (15-18), while As(lll)
uptake is regulated by the glycerol facilitator protein GlpF (19-21). GIpF is an aquagly-
ceroporin containing size and charge selectivity filters (22, 23) which regulates the
transport of water and low-molecular-weight (LMW) organic molecules with net neutral
charges, including glycerol, urea, glycine, and glyceraldehyde, across the cytoplasmic
membrane (24-26). Arsenite [As(lll)] (pK,, = 9.2) is primarily uncharged at circumneutral
pH (see Fig. S1 in the supplemental material) (27), which allows it to be taken up through
GIpF channels.

There is growing interest in the effects of different extracellular water chemistries
on As uptake into microbial cells. While phosphate is known to inhibit uptake of As(V)
through a competitive inhibition mechanism (17), the effects of dissolved organic mat-
ter (DOM) quantity and quality on As uptake are not well understood. This is a notable
knowledge gap, since rice paddy soils and other environments with mobilized As are
often characterized by high levels of DOM (28, 29). It is known that glucose can inhibit
uptake of As(Ill) via catabolite repression on GIpF in bacteria (30), but other mecha-
nisms for DOM influence on microbial As uptake have not been thoroughly investi-
gated. For example, As(lll) forms aqueous complexes with DOM (31-34), a process
known to affect bioavailability and biotransformation of other elements, notably, mer-
cury (35-38). While a range of mechanisms of binding of As(lll) to DOM have been dis-
cussed (39, 40), there is growing evidence that thiol functionalities are key binding
sites for As(Ill) (41-44), consistent with well-known interactions between As(lll) and thi-
ols in cysteine residues of proteins (45, 46) and phytochelatins (47). The effects of such
As(ll)-DOM complexation on microbial uptake, and subsequent biotransformation, of
As are not fully understood. It is also not clear whether LMW organic molecules that
are taken up through GIpF transporters can inhibit the uptake of As(lll) through the
same channel.

Two approaches are commonly used to quantify As uptake into bacterial cells. The
first approach uses inductively coupled plasma mass spectrometry (ICP MS) quantifica-
tion of dissolved As with mass balance methods to estimate microbial uptake. Since
both intracellular uptake and biosorption onto cellular membranes or cell debris in the
media remove As from the aqueous phase (48), it can be difficult to distinguish intra-
cellular uptake from other processes using this approach. Rapid extrusion of As(lll) via
efficient ArsB As(lll) efflux pumps (49) can further limit the effectiveness of mass bal-
ance methods. The second approach involves the use of whole-cell biosensors that
express fluorescent proteins (e.g., green fluorescent protein or mCherry) in the pres-
ence of intracellular As (50, 51). In a previous study, we introduced a whole-cell
Escherichia coli biosensor with the mCherry reporter gene downstream of the arsenic-
sensitive arsR transcriptional repressor, which is known to be specific to only As and
antimony (Sb) (52, 53). The ArsR bioreporter circuit is a negative-feedback system, so
evaluating functional relationships between intracellular As(lll) and/or As(lll) uptake
rates and biosensor fluorescence is highly complex (54). Biosensor methods have usu-
ally used endpoint fluorescence measurements to determine As bioavailability (50, 55),
and when fluorescence time series have been used, they have not been explicitly
linked to uptake kinetics (50, 56), with the exception of the work of Berset et al. (54), in
which the fluorescence production was fit to a mechanistic model, whose complexity
might limit its applicability. In this study, we introduced a novel mathematical frame-
work to evaluate microbial As uptake kinetics from fluorescence time series in the
ArsR-based bioreporter circuit, which may allow for novel inferences into processes
controlling As uptake.
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FIG 1 Graphic map of the reporter construct inserted in the pUCP19 vector. The map was obtained using ApE software (https://jorgensen.biology.utah
.edu/wayned/ape/) after annotating fragments with the pLannotate web-based service (96). Intracellular As(lll) binds to ArsR and induces the expression of
arsR and the subsequent mCherry reporter gene. Any potential inhibitors reduce fluorescence indicating less As(lll) uptake.

The objective of this research was to explore the effects of DOM on microbial As(lll)
uptake, with a specific focus on the effects of As(lll) complexation with thiol ligands,
using the kinetics-based interpretation of biosensor fluorescence data. We developed
mathematical equations to relate fluorescence time series to As uptake rates. Using
this approach for interpreting fluorescence time series, we evaluated the effect of LMW
organic molecules and thiol-containing molecules, including a thiol-rich DOM, on As
uptake kinetics.

RESULTS

Model development. The principle for the biosensor is that binding of intracellular
As(lll) to the ArsR As(lll)-responsive DNA binding transcriptional repressor allows for
induction of the ars promoter (arsRp) and expression of the downstream mCherry gene
(Fig. 1). Because induction of the ars promoter also leads to expression of the arsR
gene, this is a negative-feedback system. In this study, we developed and tested a phe-
nomenological model describing the rate of change of biosensor fluorescence (i.e.,
dFgey/dt, where Fgp is biosensor fluorescence) as a function of intracellular As concen-
trations and used this model to determine and compare As uptake kinetics using the
time series of biosensor fluorescence data. A more comprehensive mechanistic model
for regulation of fluorescent protein dynamics in As-sensitive bioreporters has been
described previously (54) and provides useful insights into the complex dynamics of
the negative-feedback system governing fluorescent protein production. However, this
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FIG 2 lllustration of the determination of As(lll) uptake rates based on biosensor fluorescence time series
data. (a) Measured fluorescence intensities (circles) and ODy,, (triangles) during a representative biosensor
assay. The linear regression line (black dashed line) was fit to the measured fluorescence data. (b) dFgq(t)/
dt (circles) and In(N(t)) (triangles) over time. The linear regression line (red dashed line) was fit to N(t) data
converted from measured ODy,, data through a calibration curve based on a serial dilution assay. The
black dashed line represents the slope of the regression line (44.1 RFU h™") in panel a.

earlier model does not account for cell growth and has a very large number of fit pa-
rameters which are difficult to estimate with experimental data. These factors make
the parameterization and application of this model a challenge under realistic condi-
tions. Our more parsimonious model is advantageous because it can be parameterized
with a relatively small number of measurements, reducing the chances of overfitting
and making the model easier to apply.

A complete derivation of our model is described in Materials and Methods. The der-
ivation results in the following equation describing the cellular As uptake rate:

1 dF P P
u(t) = UW ;tFU \/%\/E_ALVPN = ‘{‘(t)\/g\/ﬁ—éerN (1)

where w(t) is the net As(lll) uptake rate per cell at time t (moles per mole per hour), Fpey
is the measured fluorescence intensity (relative fluorescence units [RFU]), P, is the average
plasmid copy number per cell (moles per mole), vy is fluorescence per molar concentration
of mCherry protein (RFU per milliliter per mole), B is the rate of transcription/translation of
ArsR per ars promoter (per hour), and r is the first-order growth rate (per hour). '(¢) is then
introduced as a lumped parameter for Wdf;{“ , that is proportional to the uptake rate for
convenience (vRFU mL mol™ T h™ 7). Equation 1 shows that the log value of the slope of
Freu(t) normalized by cell number can be used for determining variations in the As(lll) uptake
rate w(t), if all other variables are equal. In some cases the first-order growth rate r was
shown to vary between experimental conditions, and in these cases r is estimated by fitting
cell numbers converted from optical density at 600 nm (ODy) (Fig. 2; see also Fig. S2 in the
supplemental material) to determine its impact on w(t). Py and B are constants that can be
estimated from previous studies (Table 1). The constant y converts the molar concentration
of mCherry to measurable RFU.

The constant vy is not available in our study since it requires quantification of
mCherry protein, which is beyond the scope of this work. However, using measured
values of dFge,/dt and N(t) at 5 h, and r (Fig. 2) from biosensor measurements, w(t) from
different conditions can be compared on a semiquantitative basis, enabling evaluation
of effects of inhibitors since ywill be constant across all conditions. For dFgq,/dt at 5 h,
the slope of Fge, over 5 h was used since Fge linearly increases over the first 5 h. To
smooth the data, Frey(t) and N(t) measurements were fit with a linear and exponential
model, respectively, using the fitnIm function in MATLAB (MathWorks Inc., Natick, MA).
In each case, the curve with the highest r? value (r> > 0.99) was selected (Fig. 2a).

Validation of plate reader-based fluorescence data with microscopy. Quantitative
analysis of fluorescence micrographs was used to evaluate the distribution of single-
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TABLE 1 Parameters used for determining As uptake kinetics from biosensor fluorescence

Applied and Environmental Microbiology

Parameter Range of values Description

Py 0-60 mol mol~' Expected to be less than the previously reported copy no. of pUC19 vector in E. coli NEB 10-beta
(60 mol mol~") (98) due to its extended length by insertion of gene construct

B 43.2-504h7" Total transcription/translation rate estimated by using parameters from the work of Berset et al.

1
(54); B= 7 where k,, and k, are transcription and translation rates, respectively. k,, of

—
km Ky

arsR and mCherry under the control of the same promoter are equal to 0.015s~". k, of arsR

and gfp were 0.073 s~ ' and 0.184 s, respectively. k, of mCherry was assumably equal to k,, of

gfp based on the previous report (99).

Frru 0-1,000 RFU Measured
r 0.082-0.155h™" Measured
N(t) 0.43 x 107"°-1.29 x 107" molmL™"  Converted from measured OD,,, through a calibration curve (Fig. S3)

cell fluorescence intensities and to assess whether attenuation of fluorescence by DOM
could impact fluorescence measurements by the plate reader. Unexpectedly, 50 to
60% of cells were fluorescent below the limit of quantification (LOQ) for all As(lll) con-
centrations (LOQ, <100 RFU [Fig. 3a]). Peaks in the distribution of fluorescence inten-
sities at 20 h shifted to higher values as the As(lll) concentration increased. The mean
fluorescence intensities were 78.88, 149.63, 160.75, and 186.25 RFU for 400, 800, 1,600,
and 3,200 nM As(lll), respectively. Microscopy-based mean fluorescence intensities
were strongly correlated with plate reader-based As(lll) uptake rates at the same As(lll)
concentrations (r = 0.98 [Fig. 3c]).

To assess whether the nonfluorescing cells observed in Fig. 3 could be due to inac-
tive cells in the late stationary or death phase of the E. coli culture at 20 h, time series
measurements were obtained with the biosensor incubated with a fixed As(lll) concen-
tration (3,200 nM). Peaks in the fluorescence intensity distribution shifted to higher val-
ues as time increased. The ratio of nonfluorescent cells remained similar (50.8 to
58.0%) (Fig. S3), however, indicating that the lack of fluorescence in some cells was not
due to the presence of inactive cells in the late stationary or death phase. The mean
fluorescence intensities (expressed as RFU) were also obtained: 36.0 = 8.7, 66.5 * 5.2,
113.6 = 9.9,161.9 £ 9.5, and 205.7 = 40.8 at 0, 2, 5, 10, and 20 h, respectively (Fig. S4),
confirming a linear growth in fluorescence over the first 5 h of the assay.

Effects of thiols on As(lll) uptake into cells. As a demonstration of the utility of
this kinetic biosensor approach, we applied this method to determine the effects of or-
ganic molecules on rates of As(lll) uptake into cells. Arsenic speciation analysis via
high-performance liquid chromatography (HPLC)-ICP MS demonstrated that As was
stable in its trivalent oxidation state in the presence of the model thiol compound glu-
tathione (GSH) and the sulfur-rich Upper Mississippi natural organic matter (MNOM)
(Fig. S5), even though the assay was performed aerobically. The terms ‘P(t) and r, key
factors in describing the As(lll) uptake rate u (equation 1), were calculated from fluo-
rescence and ODg,, measurements. Calculated P(t) and r are summarized in Fig. 4 and
Table S1. The growth rate r did not change significantly in any experiment with GSH
and oxidized glutathione (GSSG), indicating that the W(t) term by itself is sufficient to
describe variations in As(lll) uptake rates in the presence of GSH or GSSG. YW(t)
increased with greater As(lll) concentrations, confirming that As(lll) uptake rates
depend on As(lll) concentrations in the media. The quantity ‘P'(t) was also sensitive to
the GSH/As(Ill) ratio, and for a given As(lll) concentration, P'(t) decreased as the molar
GSH/As(II) ratios increased from 3:1 to 3,000:1 (Fig. 4a). The largest decreases in ‘P(t)
occurred with the highest fixed As(lll) concentration, 3,200 nM, with statistically signifi-
cant decreases, 30.0% * 4.4% and 34.7% =+ 5.2%, relative to the no-GHS (—GSH) con-
trol for the 300:1 and 3,000:1 GSH/As(Ill) ratios, respectively (Fig. 5a and Table S1). Note
that the GSH/As ratio is fixed for each condition, so the higher As concentration does
not imply a lower GSH/As(Ill) ratio. Importantly, GSSG at 300:1 and 3,000:1 GSSG/As(Ill)
ratios and an As(lll) concentration of 3,200 nM had no effect on ‘¥(t) (brown and blue
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FIG 3 (a) Histograms of cell ratio (percentage of counted cells) versus fluorescence intensities measured by Image) software at four
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different As(ll) concentrations. (b) Microscopic image of biosensor cells incubated with As(lll) and quantification of fluorescence associated
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FIG 4 Concentration-dependent P(t) at 5 h in the presence of reduced L-glutathione (GSH) (a), Upper Mississippi natural
organic matter (MNOM), expressed as the thiol concentration (b), glycine (c), urea (d), and L-glyceraldehyde (e). Oxidized
L-glutathione at different ratios [brown cross, GSSG/As(lll) = 300:1; blue cross, GSSG/As(lll) = 3,000:1] was also tested with
the GSH experiment. Fixed thiol/As(lll) ratios were used for panels a and b, while fixed concentrations of organics were
used for panels ¢ to e. No inhibitor compounds were included in the control experiments. Each point represents the
mean and standard deviation of four independently grown biological replicates. W(t) varied among different experiments
due to variability in the biological reporting system.

crosses in Fig. 4a, respectively). GSSG is formed when GSH is oxidized and a disulfide
bond is formed between the two S atoms. This finding therefore suggests that the
reduced thiol moiety, and not some other functionality of the GSH molecule, was nec-
essary for the observed inhibition. Glutamic acid and glycine, the amino acids that

FIG 3 Legend (Continued)
with individual cells. (c) Cross-analysis between mean fluorescence intensities measured with a plate reader and microscope. A bin of 0
to 100 RFU includes cells of fluorescence intensities less than the detection limit (<100 RFU) and was filtered out before calculating the
mean microscope fluorescence intensity. Numbers in panel b (¥) are measured values of each fluorescent cell by ImageJ software.
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FIG 5 Matrix of statistically significant differences in ¥(t) and r under different experimental conditions with GSH (a) and MNOM (b). Each cell provides a
pairwise comparison between a different thiol/As ratio. Solid color blocks represent treatments for which there is a significant decrease in W(t) only
(P = 0.05). Hatched color blocks represent significant decrease in W(t) and increase in r through multiple comparisons using Bonferroni-Holm method

(P = 0.025 for comparison of ¥(t); P = 0.05 for comparison of r) (97).

along with cysteine make up GSH, showed no inhibitory effects on As(lll) uptake (Fig. 4c
and Fig. S6, respectively), further demonstrating that the thiol group caused the observed
inhibition.

The thiol binding site density in MNOM was determined to be 0.49 umol of thiol/
mg of C (Fig. S7), allowing the MNOM/As ratios to be expressed in terms of molar thiol/
As ratios (Fig. 4b). A systematic decrease in ‘P'(t) by MNOM was observed at thiol/As
ratios of 13 and above, indicating inhibitory effects of MNOM on w(t) (Fig. 4b and Table
S2). MNOM exhibited a larger effect than GSH when normalized by thiol concentration,
with statistically significant decreases in W(t) of 27.3% = 2.5%, 324% = 3.9%,
40.4% * 6.4%, and 76.7% * 14.2% at the 130:1 ratio with initial As(lll) concentrations
of 200, 400, 800, and 1,600 nM, respectively, relative to the control (Fig. 4b and Table S2).
MNOM had a negligible effect on r at the ratios of 0.13:1 and 1.3:1, but r increased at
higher thiol/As(lll) ratios that corresponded to greater dissolved organic carbon (DOC) con-
centrations. Following equation 1, increases in r imply additional decreases in w(t) beyond
changes observed in ¥(t). Figure 5 shows pairwise comparisons of statistically significant
decreases in W(t) and increases in r between different thiol/As ratios. This provides a semi-
quantitative comparison between effects of different thiol/As(lll) ratios on As(lll) uptake,
since decreasing W(t) and increasing r both imply inhibited uptake kinetics. For MNOM,
decreases in W(t) correspond to either increases in r or no change in r (i.e., there is no case
where r decreases) (Fig. 5b), so MNOM has an unambiguous inhibitory effect on As(lll)
uptake.

While direct comparison between MNOM and GSH is hindered by the fact that the
thiol/As ratios are somewhat different, the significant effect on ¥(t) at MNOM-thiol/As
ratios as low as 13:1, coupled with an extent of inhibition at a MNOM-thiol/As ratio of
130:1 comparable to that at a GSH:As ratio of 3,000:1, indicates that MNOM is more
effective at inhibiting As uptake than GSH. An additional feature of the MNOM beyond
the thiol ligands may thus play a role in the observed inhibition.

The effects of MNOM on inhibiting As(lll) uptake were confirmed with single-cell flu-
orescence microscopy, where measurements with 400 nM As(lll) in the presence of
83.2 mg of C/L of MNOM showed that fluorescence intensity was decreased by 45.8%
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compared to that for a control without MNOM (Fig. S8). The fact that this effect was
seen in microscopic imaging, in which only a thin layer of cell suspension was placed
onto a slide, indicates that the decrease in measured fluorescence was not due to fluo-
rescence absorption by DOM. This conclusion was also supported by a follow-up analy-
sis in which the biosensor was exposed to 3,200 nM As for 20 h without MNOM before
being diluted 1:1 in 800 mg of C/L of MNOM for plate reader fluorescence measure-
ment (Fig. S9). Measured endpoint fluorescence of the MNOM-diluted biosensor
(859.3 *+ 37.6 RFU) was similar to the sum of that from biosensor diluted 1:1 in a 0.1 M
NaCl solution (438.8 = 13.8 RFU) and background autofluorescence from MNOM itself
(441.0 = 7.1 RFU). Note that in our kinetic assay, autofluorescence of the MNOM is
background subtracted and has been shown not to change as a function of time (Fig.
S10). We also tested whether there were pH-dependent effects of thiols on uptake
rates by performing experiments at pHs 6.8 and 7.8, and we found that changing pH
did not significantly impact the results (Table S3). This was expected since neither As
(I (pK, = 9.2) nor thiols (pK, = 9.7) (Table S4) experience a change in speciation across
this pH range.

Effects of small organic molecules on As(lll) uptake. The effects of glycine, urea,
and glyceraldehyde on ¥(t) and r were repeatedly tested to evaluate potential compe-
tition between neutral, small organic molecules and As(lll) for uptake through GIpF
channels (26, 27). None of the organic molecules exhibited significant inhibitory effects
on P(t), and r was only increased in two cases of As(lll) in the presence of glycine (Fig. 4c
to e and Table S5). Because r increased, we cannot completely rule out an inhibitory
effect of glycine on As(lll) uptake, but the lack of any impact on W(t) suggests that any
change would have been relatively small.

Comparing the kinetics-based approach with fluorescence endpoint analysis.
Biosensor studies have traditionally used endpoint fluorescence measurements to deter-
mine differences in As bioavailability (57, 58). In this study, we compared the results of
ODgyo-normalized endpoint fluorescence measurements (Fgey [5 hl/ODgo,) with our
kinetics-based analysis [\¥(t) at 5 h] of the fluorescence time series from a representative
experiment with As(lll) and MNOM. We did this to evaluate the sensitivities of different
approaches for interpreting biosensor fluorescence data and effects of inhibitory sub-
stances on As(lll) uptake. Both approaches showed increases in As bioavailability as the
initial As(lll) concentration increased and diminished As bioavailability as the thiol/As ra-
tio increased (Fig. 6). The two methods were similarly effective at distinguishing statisti-
cally significant differences in As uptake at different thiol/As ratios. This finding serves to
validate the use of endpoint fluorescence measurements, since the endpoint measure-
ments are for the most part comparable with our results which were derived from a rig-
orous mathematical framework for interpreting biosensor fluorescence in the context of
the negative-feedback ArsR-based bioreporter system.

DISCUSSION

The As biosensor literature is currently divided between experimental investigations
that correlate endpoint fluorescence measurements to As uptake and those that use
synthetic biology kinetic modeling of the ArsR negative-feedback circuit. The latter
approaches account explicitly for the detailed mechanism of translation and transcrip-
tion, but rely on a large number of fit parameters that can limit the practical applica-
tion of these models. Here, we provide a middle ground with a model framework for
using frequently measured variables (Fge, and r) along with a small number of parame-
ters (Table 1) to enable analysis of As uptake kinetics and how they are affected by
DOM quantity and quality. A limitation to our approach is that since we do not know
the value of y (the RFU per molar concentration of mCherry protein), the expression for
As(lll) uptake w (equation 1) cannot be fully quantified. Instead, we use relative
changes in W(t) and r to determine semiquantitative changes in u, assuming that y is
constant. This approach provides unambiguous, novel evidence for inhibited cellular
uptake of As(lll) in the presence of GSH and MNOM. Future work to quantify y could
enable a fully quantitative evaluation of As(lll) uptake kinetics using this framework.
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FIG 6 Bar graphs of end points at 5 h from biosensor experiments with different ratios of MNOM to As(lll) (a)
and Y(t) at 5 h from the same experiments (b). The key is expressed as the molar ratio of MNOM-associated
thiols to As. A letter over each bar indicates significant difference (P = 0.05) within a group of different MNOM/
As ratios at the same As(lll) concentration.

A potential impediment to performing the biosensor assay in the presence of DOM
in 96-well plates is that fluorescence emitted by cells could be attenuated by DOM
before being detected by the plate reader. Fluorescence microscopy of As(lll) in the
presence of MNOM, involving a very thin layer of medium, was consistent with out-
comes from the plate reader (Fig. S8), indicating that attenuation of biosensor fluores-
cence did not significantly affect the data. This conclusion was further supported by
testing the fluorescence of the biosensor exposed to As(lll) for 20 h before being added
to MNOM and noting that there was negligible change in the measured fluorescence
once MNOM autofluorescence was accounted for (Fig. S9).

Interestingly, microscopy revealed that roughly 60% of the cells had fluorescence
intensities below the limit of quantification (LOQ, <100 RFU), and there was a broad
distribution in fluorescence intensities from cells in the same assay. The distribution in
fluorescence intensities may be due to the highly variable copy number of pUCP19,
mCherry-bearing plasmids in E. coli cells (59). From the time series microscopy of the
biosensor incubated with As(lll), the ratios of cells with fluorescence less than the LOQ
were similar (50.8 to 58.0%) from the exponential phase to stationary phase (Fig. S3).
Note that all cells were grown with ampicillin, and microscopy showed that all cells
had similar morphologies, so contamination of the culture is highly unlikely. The pres-
ence of a considerable fraction of cells with fluorescence less than the LOQ suggests
that the arsRBC operon may display bistability. Bistable responses have been character-
ized for several inducible promoters, for example, for the lac operon in E. coli and for
the galactose gene regulatory network in Saccharomyces cerevisiae, but to the best of
our knowledge, they have not been previously observed for the arsRBC operon.
Several mechanisms that can cause bistable regulation have been identified (60), such
as positive-autoregulation and negative-feedback loops, and future research will be
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devoted to identifying the specific mechanism responsible for the observed bistability
of ArsR-regulated promoter arsRp expression.

To further explore the phenomenon of cells with fluorescence less than the LOQ,
cells from a biosensor overnight culture were grown on an LB agar plate containing
3,200 nM As and 120 pug/mL of ampicillin and examined by microscopy. All of the colo-
nies exhibited fluorescence (Fig. S11a). However, when a colony was streaked onto a
glass slide, a significant fraction of cells had fluorescence less than the LOQ (Fig. S11b).
This indicates that the subpopulation with zero to minimal fluorescence evolved from
an ancestor with fluorescence capabilities, which is corroborated by the absence of clo-
nal nonfluorescent and fluorescent sectors that would be observed in the colonies if
the lack of fluorescence was transmitted vertically between cells (61). Plasmids were
extracted from colonies on the LB agar plate with high (>3,000 RFU) and low (<1,500
RFU) fluorescence and sequenced using full-length plasmid sequencing (www
.plasmidsaurus.com), a technique that allows detection of cells harboring multiple, dif-
ferent plasmids. All plasmids extracted from colonies had the same length consistent
with the sum of pUCP19 and the construct containing arsR and mCherry (Fig. $12), rul-
ing out the possibility that a conspicuous subpopulation of cells had lost the mCherry
gene or other components of the engineered plasmid. Additionally, because all experi-
ments were performed by adding ampicillin to the medium, there was less chance of
loss of the plasmid at cell division. The presence of cells with fluorescence less than
the LOQ therefore seems to be phenotypic rather than genotypic, and the underlying
mechanism is currently unknown. While the observations of cells with minimal fluores-
cence is interesting, it does not negatively impact the quantitative interpretation of fluo-
rescence data since the mean of the fluorescence distribution increased with increasing
As(lll) concentrations and was strongly correlated with total fluorescence measured with
the plate reader (Fig. 3).

A key finding of this study is that thiol-containing compounds significantly decreased
As(lll) uptake rates (Fig. 4a and b). GSH and the thiol-containing environmental isolate
MNOM significantly inhibited As uptake, while oxidized glutathione (GSSG), glutamic acid,
and glycine had no systematic effect on uptake, indicating that the thiol moiety in GSH
and not another feature of the GSH molecule caused the inhibition (Fig. 4 and Fig. S6).
Similarly, the fact that LMW, neutral organic molecules did not inhibit uptake suggests
that small neutral molecules which could be present in the MNOM environmental isolate
were not the drivers of inhibited uptake.

Arsenite is known to complex with model LMW thiols like GSH and dithiothreitol
(44) and with thiol-enriched humic acids (42). Phytochelatins bind As(lll) through thiol
moieties (62), and more recently, organosulfur groups in peat NOM have been shown
to sequester As(lll) (43). Our group recently showed that the organic S content of DOM
was a good predictor of As(lll)-DOM complexation, and this was hypothesized to be
related to higher thiol site densities in S-rich DOM like MNOM (63). Here, we suggest
that diminished As uptake in the presence of thiol ligands is due to formation of aque-
ous As(lll)-thiol complexes with lower bioavailability than unbound As(lll). Greater inhi-
bition at higher DOM-thiol/As ratios is similar to well-known findings for mercury (64).
Decreased uptake of thiol-bound As through GlpF channels will likely be impacted by
the larger size of the complex than for unbound As(lll), as well as the charge of the
complex. The As(GS); complex, with a net charge of —3, is thought to be the most sta-
ble complex as long as GSH is not limiting (44). It is highly probable that a net negative
charge will be conferred to the As-thiol complexes formed with MNOM because most
aquatic organic matter has a net negative charge at circumneutral pH (65). Because
GIpF is permeable only to uncharged species, the significant decrease in As uptake in
the presence of GSH and MNOM may be partly attributed to the exclusion of charged
solutes by GIpF (66).

As(lll) uptake was significantly inhibited by GSH at molar thiol/As(lll) ratios at
3,000:1 (Fig. 5a and Table S1), with the differences most apparent at As concentrations
of 1,600 nM and 3,200 nM. These findings are broadly consistent with equilibrium
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modeling of As(lll)-GSH complexation (Fig. S13), using stability constants provided in
the work of Spuches et al. (44). The modeling shows that significant As(lll)-GSH com-
plexation is expected at the 3,000:1 ratio and not the 300:1 ratio, consistent with our
experimental biosensor findings. The modeling also shows that roughly 90% of As(lll)
would be bound to GSH at a GSH/As(Ill) ratio of 3,000:1 when the As(lll),, is 3,200 nM,
leaving approximately a 320 nM concentration of the As(lll) unbound. Biosensor data
show that the P(t) term for this condition is similar to the W(t) term for the —GSH con-
trol with 400 nM As(lll), all of which would have been unbound. This comparison shows
good agreement between the semiquantitative interpretation of biosensor data for
inhibited uptake and the As(lll)-GSH complexation modeling for fraction of unbound,
and presumably bioavailable, As(lll).

MNOM caused significant inhibition starting at lower thiol/As ratios of 13:1 and above
(Fig. 5b). The reasons for inhibition at this relatively low thiol/As ratio are not clear, but
findings by Abu-Ali et al. (63) of significant As(Ill)-MNOM complexation at thiol/As ratios
as low as 37:1 suggest that thiols in MNOM may have a higher affinity for As(lll) than
GSH. The literature shows a wide range of stability constants for complexation between
model thiol compounds and As(lll) (44). Dissolved thiol concentrations can reach 30 uM
in DOM-rich waters (67, 68), leading to thiol/As ratios with a characteristic range of
~10:1 to 40:1 based on the range of As concentrations typically observed in soil-water
systems (28, 69). In this study, MNOM-thiol concentrations of 10.0 or 20.0 M (equivalent
to 20.4 and 40.8 mg of C/L) were associated with substantial inhibition of uptake of 800
or 1,600 nM As(lll), indicating that DOM may significantly diminish As(lll) bioavailability
at environmentally relevant DOM/As ratios. We acknowledge that the thiol binding site
density for MNOM of 0.49 umol of thiol/mg of C, determined via monobromo(trimethy-
lammonio)-bimane (gBBr) fluorescence spectroscopy (67), is relatively high compared to
estimates with other aquatic DOM (64, 70-72). The estimated thiol density represents
roughly 30% of the total organic S content of the MNOM, based on the S/C ratio pro-
vided by the International Humic Substances Society (IHSS) of 1.64 wmol of S/mg of C.
This thiol fraction is similar to, though slightly higher than, the range of thiol percentages
reported for aquatic organic matter by Skyllberg et al. (73).

Our results with LMW neutral molecules (Fig. 4c to e) showed that there was no sys-
tematic evidence of an important role for competitive inhibition of uptake through
GIpF channels. This is consistent with knowledge of GIpF as a passive transporter (26,
74, 75), with prior studies of As(lll) uptake in the presence of antimonite (pK, = 11.8)
also showing a lack of competitive interactions (19). Importantly, organic matter may
also lead to decreased uptake of As(lll) through a catabolite repression mechanism, in
which the GIpF uptake site density is decreased due to downregulation of glpF in the
presence of high levels of labile carbon substrates. In our study, MNOM was shown to
inhibit As(lll) uptake to a greater extent than GSH when normalized by the thiol site
density. While this may be due in part to differences in binding affinities, there is also a
possible role for a separate inhibitory mechanism like catabolite repression. ODg4, Was
higher in the MNOM experiment than for the control (Table S2), indicating the likely
presence of labile carbon in the MNOM pool. GSH did not affect ODg,,, suggesting that
catabolite repression did not contribute to the inhibited uptake observed in the pres-
ence of GSH (Table S1) (76). It is also possible that the Fe content of MNOM of 1.31 ug
of Fe/mg of C (Table S6) may lead to formation of ternary DOM-Fe-As(lll) complexes as
another mechanism for DOM-As(lIl) complexation (77). For MNOM, the potential for
catabolite repression and ternary complexation in addition to complexation via direct
binding between thiols and As highlights the multiple mechanisms through which
complex DOM pools may inhibit microbial As(lll) uptake.

In this study, E. coli was used as a model organism to examine bacterial As(lll)
uptake, and it is common for physiological insights gained from E. coli to be general-
ized to other bacteria (78, 79). While we acknowledge that the aerobic conditions of
the assay are not ideal for characterizing dynamics of As(lll), this was required for
growth of the biosensor construct, and similar experimental conditions are frequently
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described in the biosensor literature (50, 54, 56). We confirmed with HPLC-ICP MS anal-
ysis that As was stable in its trivalent oxidation state throughout the assay (Fig. S14).
New insights from this work on factors regulating microbial uptake of As may thus
have generalizable implications for management of arsenic-contaminated sites. For
example, reduction of As(V) to As(lll) via intracellular ArsC may affect As adsorption to
soil minerals or engineered adsorbents (80), and production of methylated As species
via intracellular ArsM can affect ratios of methylated to inorganic As in rice grains,
impacting toxicity (81). Changes to As speciation affecting uptake through bacterial
GIpF could also impact phytoremediation efforts, since the aquaporin channels through
which plants take up As(lll) are in the same protein family as GlpF (82-84).

Conclusions. We developed a new mathematical framework for determining
kinetics of cellular uptake of As using biosensor fluorescence data, and we applied this
method to show that thiol-containing organic molecules, including an S-rich environ-
mental organic matter isolate, significantly inhibit microbial As(lll) uptake at environ-
mentally relevant DOM/As ratios. LMW neutral molecules did not inhibit As(lll) uptake.
The inhibition of As(lll) uptake in the presence of thiol ligands is hypothesized to be
due to formation of aqueous As-thiol complexes with net negative charges and/or mo-
lecular weights that prevent their transport across cell membranes. In more complex
DOM pools containing labile C, catabolite repression may also impact As(lll) uptake,
and research is under way to disentangle inhibitory mechanisms involving restricted
transport due to As(lll)-DOM complexation versus effects on the GlpF uptake site den-
sity due to catabolite repression. These biosensor results provide novel insights into As
(Il)-DOM interactions in the environment and how these interactions may regulate mi-
crobial As(lll) uptake and downstream As biotransformation processes.

MATERIALS AND METHODS

Mathematical model development. Our phenomenological model is based on the observation
that fluorescence intensities increased linearly over the first 5 h of the assay at all As(lll) concentrations
investigated (Fig. 2 and Fig. S2). It was further supported by the fact that the half-life of mCherry protein
is on the order of 24 h (85, 86), so the effects of mCherry decay during the initial 5 h can be neglected.
Expression of the arsR gene occurs when the first ArsR binding site (ABS) on the plasmid is left unoccu-
pied, due to binding between As(lll) and ArsR in the cytoplasm (Fig. 1). Accounting for population
growth and DNA replication, the total number of operators ABS; in the population satisfies the equation

dAjtsT = rABS; = rABSN(t) = 2rPy N(f) )
where r and N(t) are the cells’ growth rate (per hour) and the cell number at time t (moles per milliliter),
respectively. N(t) was determined from OD,,, measurements. Measured OD,, was converted to cell num-
ber per volume and biomass per volume through a calibration curve obtained using a serial dilution assay
(Fig. S15) (87). ABS, is the average number of ABSs per cell (moles per mole), which is approximately twice
the average plasmid copy numbers per cell (P,; moles per mole) since there are two ABSs per plasmid.

Since there are one ABS upstream and one downstream of arsR, expression of the mCherry gene
occurs only when both ABSs on the plasmid are unbound (Fig. 1). We can estimate the probability that a
given operator is unbound as p = ABS /ABS;, where ABS, is the number of operators unbound by ArsR.
The translation/transcription rate of arsR is then assumed to be proportional to half the number of
unbound operators, as the other half of ArsR may bind to the downstream operator, thus

dArsRt
dt

ABS; B
= — P AB
5P =5 ABS (3)

= BPxpN(t)

where ArsR;, B, and P, are the total number of ArsR protein (moles per milliliter), the rate of transcrip-
tion/translation of arsR per ars promoter (per hour), and the average number of plasmids per cell (moles
per mole), respectively. ABS,/2 is the number of operator pairs. We neglect the chromosomal arsR gene
because arsR copies in plasmids are assumed to outnumber those in chromosomal genes. Likewise, the
translation/transcription rate of the mCherry gene is assumed to be proportional to the number of
unbound pairs of operators, that is,

dmCherry
dt

ABSy , B ABS]

j— 2 — _—
= BPyN(t)p" = B 2 P T 2 aBs:

(4)

where B is here the rate of transcription/translation of mCherry per ars promoter (per hour). The transla-
tion rate of arsR and mCherry could be different (54), but B values of arsR and mCherry were assumed to
be the similar, in the range of 43.2 to 50.4 h™' (Table 1) for development of a simpler mathematical
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framework. The experimental observation that the total fluorescence intensities (proportional to
mCherry concentrations) showed a linear increase with time implies that

dmCh ABS;
% B gABSi = a = constant ©)

2«
ABS, = ,/FABST (6)

Differentiating equation 5 with respect to time gives

It follows that

d ABS} , ABS, dABS, _ ABS] dABS; 0 @
dtABSy T ABS; dt ABS. dt

Rearranging and substituting equation 2 gives

dABS, _ ABS,
dt  ABSy

2 rABSt = rABS, (8)

The repressor ArsR has a high binding affinity for As(lll), as even concentrations on the order of 107'* M
can derepress the operator and express downstream genes (53, 88). Thus, we assume that As(lll) that enters
the cell immediately binds an ArsR, which could have been either bound or unbound to the operator. To be
consistent with the rates described above, the rate of increase of bound operators (dABS,/dt) must be related
to the difference between the rate of ArsR translated and the net rate of As(lll) uptake into cells:

dABS, _ dABSr _ dABS, 1 (dArsRT 3 dAsc>
dt dt a2

dt dt ©
where the factor 1/2 is from the assumption that the repression of one ABS requires an ArsR dimer
which dissociates and derepresses the operator when the dimer binds to two As(lll) molecules. The
assumption is based on previous reports that ArsR needs to be dimerized for its binding to ABS (89) and
an ArsR dimer has two As(lll) binding sites which have same affinities to As(lll) (54, 90). We derived the
net uptake of As(lll) per cell at time t [«(t); moles per mole per hour] by combining equations 2, 3, and 8
as follows:

_ dAsc _ [dmCherry dmCherry 1 _
u(t)N(t) = prat W/TﬁPNN(t) + 2r1/TEPNN(t) 4r Py N(t) (10)

See the supplemental material for additional details on how the equations were combined to give equa-
tion 10. Since mCherry is the total number of moles of mCherry proteins, equation 10 can be expressed as

[ 1 dFgpu [Py 2\
w(t) = N@ ﬁ<ﬁ+ﬁ) 4r Py 11)

using Fgey =ymCherry where yis RFU per molar concentration of mCherry protein.

The parameter r was determined using experimentally measured values (0.082 to 0.127 h™" [Table 1]),
and the parameter B was obtained using translation and transcription rate estimates (Table 1) from the
work of Berset et al. (54) (43.2 to 50.4 h™" [Table 1]). Using these values, it can be inferred that v/ is signif-

i .
icantly larger than Nk therefore,

1 dFpey [P Py
w(t) ’/W T 7\/E — 4rPy = ¥(1) 7\/3 — 4rPy (12)

where P(t) is introduced as a lumped parameter for ﬁdf;{u for the convenience of the readers.

Sensitivity analysis. A sensitivity analysis was performed to compare the sensitivity of the net As(lll)
uptake rate w(t) to changes in ¥(t) or r. For each analysis, W(t) or r was increased by 10% and the change
of w(t) was calculated to obtain the relative sensitivity function (RSF), that is,

_Au() ()
RSFof ¥ (t) = o X 70 (13)
EEVIONS
RSF of r = —,u(t) A (14)

RSFs were calculated and shown in Fig. S16 with the assumption that the constant yis in the range
of 10" to 10'® RFU mL mol~', determined by dividing measured fluorescence intensities of biosensor (0
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to 1,000 RFU [Table 1]) by the cell number (0.43 x 107" to 1.29 x 107" mol mL™" [Table 1]) and the
previously reported translation rate of the reporter gene (662.4 h™' [54]) and duration of experiments
(5 to 20 h). This sensitivity analysis demonstrated that w(t) is at least an order of magnitude more sensi-
tive to \(t) than r in the assumed range (Fig. S16).

Biosensor growth media and arsenic uptake assay. A whole-cell E. coli biosensor was used to
quantify uptake kinetics of As(lll) into cells (91). The plasmid pUCP19 shuttle vector engineered to con-
tain As-sensing and reporting genes (arsR and mCherry) was transformed into E. coli NEB 10-beta (New
England Biolabs) (Fig. 1), a derivative of DH10B. Notably, the reporter construct was designed to contain
two ArsR binding sites upstream of the arsR and mCherry genes to reduce the background expression of
mCherry. Details on the construction of the whole-cell E. coli biosensor are available in reference 15. For
each experiment, the E. coli biosensor was thawed from a cryostock and plated onto an LB plate contain-
ing 120 wg/mL of ampicillin. The LB plate was incubated overnight at 37°C. Experiments were performed
with biological quadruplicates, with four independent colonies inoculated into different autoclaved nar-
row-mouthed Pyrex 125-mL flasks containing 100 mL of growth medium with 120 ng/mL of ampicillin
at pH 7.8 (15). A complete description of the growth media is available in the supplemental material.
Culture flasks were incubated on an orbital shaker at 37°C and 200 rpm.

As(lll) uptake kinetics were determined by exposing the biosensor to As(lll) over a concentration range of
200 to 3,200 nM and measuring fluorescence intensities at 20-min intervals for 20 h at 37°C. Growth media
with 120 wg/mL of ampicillin, As(lll), and inhibitory compounds (e.g., thiols; small organic molecules; sum-
marized in Table S4) were preincubated for 2 to 3 h inside an anaerobic chamber (Coy Laboratory Products),
and then 400 uL of the precultured biosensor was added. A total of 200 uL was plated in each well of a
Corning 96-well plate for fluorescence measurements. Each condition was tested with four biological repli-
cates. Controls without As(lll), without inhibitory compounds, or without cells were measured in parallel.

Fluorescence intensities and ODy,,s were measured with an Infinite 200 fluorescence plate reader
(Tecan, Research Triangle Park, NC) or with a Synergy H1 hybrid reader (BioTek, Winooski, VT). The fluo-
rescence intensity from the time zero sample was background subtracted from subsequent samples to
account for DOM autofluorescence or the effects of photon scattering by DOM or other solutes. The ex-
citation wavelength was 560 nm, and fluorescence was measured at 620 nm. In order to ensure that As
(Il did not oxidize to As(V) during biosensor assays, filtered samples of the assay with organic molecules
were analyzed for arsenic speciation using HPLC-ICP MS for the full duration of the experiments (Fig. S5).
For all experiments, significant differences between experimental conditions were assessed using one-
way analysis of variance (ANOVA) with Tukey’s post hoc test using R (92), with differences considered to
be significant when the P value was =0.05.

Validation of fluorescence data from plate reader with microscopy. Fluorescence microscopy was
performed to confirm that fluorescence readings in the plate reader were consistent with fluorescence meas-
ured via microscope at the single-cell level (Fig. S17d) and to account for potential attenuation of biosensor
fluorescence that could be caused by DOM in the plate reader. The arsenic uptake assay in biological repli-
cates was prepared with four different As concentrations (400, 800, 1,600, and 3,200 nM), and the fluores-
cence was measured with a plate reader over 20 h. After the measurements, 5 uL was withdrawn from each
well of a 96-well plate for fluorescence microscopy analysis and placed on a microscope slide. Fluorescence
imaging was performed on a Zeiss Axio Scope A1 fluorescence microscope (Carl Zeiss, Oberkochen,
Germany) with filter set 95 (excitation DBP 475/20 + 585/25; emission DBP 518-25 + 625-30) and objective
EC Plan-Neofluar 40x/0.75 Ph2 M27. For each As concentration, 100 individual cells were randomly selected
in the recorded images and their fluorescence intensity was quantified using ImageJ/Fiji (Fig. 3b). Time series
measurements were also performed with the biosensor strain incubated with 3,200 nM As(lll) for 20 h. Four
replicates were prepared, and at each time point (0, 2, 5, 10, and 20 h), 5 uL of each was withdrawn for fluo-
rescence microscopy analysis. In order to investigate the distribution of cell fluorescence, fluorescence imag-
ing was performed with colonies grown with 3,200 nM As(lll) and 120 pg/mL of ampicillin on LB plates using
an EC Plan-Neofluar 10x/0.3 Ph1 M27 objective. Among all colonies, a single fluorescent colony was picked
randomly and placed on a microscope slide for fluorescence microscopy analysis. Information about the dis-
tribution of fluorescence of biosensor cells is detailed in the supplemental material.

Effects of thiols on As(lll) uptake. Reduced L-glutathione (GSH; Alfa Aesar) was selected as a model
thiol compound to test the effects of thiols on cellular uptake of As(lll). GSH was added at molar GSH/As
(1) ratios of 3:1, 30:1, 300:1, and 3,000:1. The stoichiometric ratios are based on observed 3:1 coordina-
tion between GSH and As(lll) (44) and were selected to span an environmentally relevant range of thiol/
As ratios. Oxidized L-glutathione (GSSG; Alfa Aesar) was tested to evaluate whether the oxidation of thi-
ols to form disulfides affects the interaction between organosulfur compounds and As(lll). Experiments
were also performed with glutamic acid and glycine to evaluate the effects of the amino acids that,
along with cysteine, make up GSH. Upper Mississippi natural organic matter (MNOM; code TR110N;
International Humic Substances Society [IHSS], St. Paul, MN) was selected to test the effects of an aquatic
NOM on As(lll) uptake. MNOM has a relatively high sulfur content (93) and is therefore more likely to
have a higher density of thiol binding sites than other reference materials. The MNOM experiments were
performed with MNOM/As(Ill) ratios of 0.27, 2.7, 27, and 270 mg of C/umol of As(lll). These ratios were
chosen for their environmental relevance to rice paddy environments with moderate As contamination
(69). In order to assess the autofluorescence of MNOM and the E. coli biosensor, both a plate reader and
microscopy were used to assess fluorescence of E. coli only and that of 83.2 mg of C/L of MNOM and
400 nM As(lll) without cells. The potential effect of MNOM on attenuating measurements of biosensor
fluorescence was assessed as follows. Biosensors with 3,200 nM As(lll) were grown for 20 h, and at the
endpoint, twice diluted with 800 mg of C/L of MNOM or 0.1 M NaCl. A total of 800 mg of C/L of MNOM
was also twice diluted with NaCl (0.1 M) solution, and fluorescence intensities were compared.
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Effects of organics on As(lll) uptake at different pHs. The effects of organics, including GSH, GSSG,
and MNOM, on As(lll) uptake were evaluated at pHs 6.8 and 7.8 to examine if different pHs cause differ-
ences in DOM-As(Ill) complexation and result in different As(lll) uptakes. Both growth media and working
media were adjusted to pHs 6.8 and 7.8 for each condition before adding inoculum, and they were
exposed to As(lll) and organics and incubated for 20 h in four replicates. As(lll) and organics were mixed
and incubated on the rotator overnight prior to the exposure to cells, in order to ensure the formation
of As(lll)-thiol complexes.
Effects of small organic molecules on As(lll) uptake. The effects of urea, glycine, and pL-glyceralde-
hyde on As(lll) uptake were tested because these molecules are taken up into cells through GIpF transporters
(19, 21, 26). These organic compounds were purchased from VWR and were prepared in fresh stock solutions
and amended to each array at 1, 10, or 100 M.
Chemical analyses. Arsenic was measured at m/z = 75 using an Agilent 7800 ICP MS with a helium
collision cell and with rhodium as an in-line internal standard. Quality control was performed by periodic
measurement of standards, blanks, and repeat samples. Arsenic speciation analysis was performed using
HPLC-ICP MS (Agilent 1260 Infinity HPLC with an Agilent 7800 ICP MS), with a PRP-X100 anion exchange
column (94, 95). Details of the speciation analysis are in the supplemental material. The dissolved organic car-
bon concentration of the MNOM solution was measured using a Shimadzu TOC-L analyzer (non-purgeable
organic carbon [NPOC] method). The thiol concentration in MNOM was quantified using a monobromo(tri-
methylammonio)-bimane (qBBr) fluorescence spectroscopy method described by Joe-Wong et al. (67).

Data availability. The nucleotide sequence of the reporter construct of biosensor used in the study
is available in the supplemental material. Code used in the interpretation of biosensor fluorescence
data, along with a sample data set, is available on the Reid Lab GitHub page (github.com/reidlab).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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