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The development of simple, portable, inexpensive, and rapid analytical methods for detect-
ing and monitoring toxic heavy metals are important for the safety and security of humans
and their environment. Herein, we describe the application of phytochelatin (PC) synthase,
which plays a critical role in heavy metal responses in higher plants and green algae, in a
novel fluorescent sensing platform for cadmium (Cd). We first created surface-engineered
yeast cells on which the PC synthase from Arabidopsis (AtPCSI1) was displayed with reten-
tion of enzymatic activity. The general concept for the sensor is based on the Cd level-
dependent synthesis of PC, from glutathiones by AtPCSI-displaying yeast cells, followed by
simple discriminative detection of PC, via sensing of excimer fluorescence of thiol-labeling
pyrene probes. The intensity of excimer fluorescence increased in the presence of Cd up to
1.0 uM in an approximately dose-dependent manner. This novel biosensor achieved a detec-
tion limit of as low as 0.2 uM (22.5 ug/L) for Cd. Although its use may be limited by the
fact that Cu and Pb can induce cross-reaction, the proposed simple biosensor holds promise
as a method useful for cost-effective screening of Cd contamination in environmental and
food samples. The AtPCSI-displaying yeast cells also might be attractive tools for dissection
of the catalytic mechanisms of PCS. © 2013 American Institute of Chemical Engineers Bio-
technol. Prog., 29:1197-1202, 2013
Keywords: cadmium biosensor, cell surface display, phytochelatin synthase, pyrene excimer,
Saccharomyces cerevisiae

Introduction

Cadmium (Cd) is a heavy metal normally found in the
earth’s crust and as an environmental contaminant through
natural occurrence, but its emanation into the environment
has been greatly increased from the adoption of modern
industrial and agricultural anthropogenic processes.l’2 Con-
tamination of the environment by emanated Cd leads to the
subsequent contamination of food, especially plant-derived
food. Consumption of contaminated food from plants
becomes the main source of exposure to Cd for the general
population, in addition to lesser levels of inhalation of conta-
minated ambient air and through drinking water.'? Increas-
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ing lines of evidence suggests that chronic exposure to Cd at
much lower levels than previously anticipated can cause
adverse health effects through the damage of kidneys and
bone, an increase in cancer risks, and disruption of reproduc-
tive functions.*” Therefore, the detection and monitoring of
foods and environmental contamination of Cd, with an aim
to lower human Cd intake, is important for the risk manage-
ment of food security and human health.

Conventional chromatographic and spectroscopic analyti-
cal techniques have recently undergone rapid development
and been applied to food and environmental tests for poten-
tial Cd contamination, as they have for other environmental
pollutants. Although these analytical techniques, such as
graphite furnace atomic absorption spectrometry (GF-AAS)
or inductively coupled plasma mass spectrometry (ICP-MS),
are highly sensitive and selective, they suffer from several
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Figure 1. A schematic illustrating a Cd detection method based
on excimer fluorescence derived from pyrene-labeled
PC, as the product of AtPCS1-displaying yeast cells.

AtPCS1-displaying yeast cells mixed with GSH and the test
sample can produce PC, in a Cd concentration dependent man-
ner. The resulting PC, can be detected by derivatizing it with a
thiol-labeling pyrene reagent, NPM. When the fluorophore is
excited at 345 nm, the pyrene-excimer was monitored at 470
nm for discriminative detection of NPM-PC, from NPM-GST
which emits fluorescence at 370 nm. E, rL-glutamic acid; C, L-
cysteine; G, glycine.

disadvantages including the use of expensive instruments
with high running costs and expert operators, time-
consuming processes, complicated sample preparation and
techniques. Therefore, simple, portable, inexpensive, and
rapid analytical methods for detecting Cd are required for
primary comprehensive and on-site monitoring of Cd con-
tamination for risk management of food and environment.
One ideal way to fulfill these requirements is using biosen-
sors, which most often consist of a biological recognition
element that can detect the target analyte in conjunction with
a transduction element that can sense and transmit recogni-
tion events.**

Enzymes are one of the recognition elements widely used
for biosensors in which the target analyte is quantitated
through the detection of the consumption or production of a
species accompanied by an enzymatic reaction, or the detec-
tion of enzymatic activation or inhibition.® Phytochelatin (PC)
synthase (PCS, EC 2.3.2.15) is an enzyme whose gene was
first identified in plants and is known to exist in higher plants,
and some algae, fungi, and invertebrates.''™'® PCS, a unique
enzyme that requires heavy metals as an activating factor, cat-
alyzes the biosynthesis of PCs, (y-Glu-Cys),-Gly polymers,
from tripeptide glutathione (GSH; y-Glu-Cys-Gly) and related
thiols. PCs are cysteine-rich small peptides that accumulate
under conditions of toxic levels of heavy metals.''™'* They
can form complexes with heavy metals, such as Cd, and
hence play a role in their detoxification.''™* Previous studies
have shown that the PCS activity of recombinant PCS
enzymes or crude extracts of plant cells increases in a Cd
concentration-dependent manner.'*'® Given these properties
of PCS, we speculated that PCS had the potential to be a rec-
ognition element of an activation-based enzyme Cd biosensor
by detecting an increase in PC levels as the product of PCS.
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Yeast cell surface engineering, the technology for display-
ing proteins including enzymes or peptides on living yeast
cells as fusion proteins with cell surface proteins, has been
widely used for the molecular breeding of whole-cell bioca-
talysts.'”'® Yeast is useful as a host for cell surface engi-
neering because it possesses typical eukaryotic-specific post-
translational modification mechanisms, such as those for pro-
tein folding and glycosylation, and large proteins can be dis-
played."”?” A variety of functional enzymes, such as
cellulases and lipases, have been successfully displayed on
the yeast cell surface.”’* The display of enzymes on the
yeast cell surface has two main potential merits relative to
the use of the enzyme itself. First, immobilization on the cell
surface offer proteins a physical support that is expected to
improve their stability while often, natural proteins are too
unstable to be used as a biosensor recognition element. Sec-
ond, ease of preparation must be achievable because the dis-
played biocatalysts can be obtained only by culturing the
yeast cells.

Herein, we describe a proof-of-concept study of a novel
activation-based biosensor for detecting Cd in aqueous media
based on the whole-cell biocatalyst, PCS-displaying yeast
cells. The detection principle of the biosensor is shown in
Figure 1. First, PC synthesis is allowed to proceed by mixing
the recognition elements, PCS1-displaying yeast cells and
Cd in an aqueous sample in the presence of GSH. Then, the
thiols in the assay solution including GSH and PCs were
derivatized with a maleimide-pyrene derivative, N-(1-pyre-
nyl)maleimide (NPM), and NPM-labeled PCs were discrimi-
natively detected through excimer fluorescence.

Materials and Methods

Strains and media

Escherichia coli JM109 [recAl endAl gyrA96 thi
hsdR17(rg mg ") supE44 relAl A(lac-proAB)/F (traD36
proAB lacl? lacZAM15)] was used as a host for cloning, and
was grown in Luria-Bertani medium (1% [w/v] tryptone,
0.5% [w/v] yeast extract, 1% [w/v] sodium chloride) con-
taining 50 wg/mL ampicillin. Saccharomyces cerevisiae
strain BY4741/sed1A (MATa, his3A1, leu2AO, met15A0,
ura3A0, YDRO77w::KanMX4), which was obtained from
EUROSCARF (Frankfurt, Germany), was used for the
expression of AtPCS1 on the surface of yeast cells. Trans-
formed BY4741/sed1A cells were grown in synthetic dex-
trose (SD) medium with casamino acids (0.67% [w/v] yeast
nitrogen base without amino acids, 2% glucose, 2% casa-
mino acids, 0.003% vrL-histidine, 0.003% L-methionine,
0.003% L-leucine), or yeast peptone dextrose (YPD) medium
(1% [w/v] yeast extract, 2% [w/v] glucose, and 2% [w/V]
peptone) supplemented with or without 100 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH
7.8). For the plate medium, 2% (w/v) agar was added.

Expression of AtPCSI on the surface of yeast cells

The plasmid for cell surface display of the Arabidopsis
thaliana PCSI (At5g44070) gene was constructed as follows.
The full-length open reading frame (ORF) of AtPCSI was
amplified from the pET8c-AtPCS1 plasmid** by PCR using
the forward primer 5-GGAAGATCTTCCATGGCTATGGC-3
(Bg/II site is underlined) and the reverse primer 5'-CCGC
TCGAGCGGCTAATAGGCAGG-3' (Xhol site is under-
lined). The PCR product was subcoloned into the pGEM-T
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Figure 2. Creation of AtPCS1-displaying yeast cells.

(A) Map of the pULDI-AtPCS1 plasmid used for creating
AtPCS1-displaying yeast cells. The AtPCSI gene was intro-
duced into the pULDI vector 2° and transformed into yeast
cells (BY4741/sedlA). (B) Differential interference contrast
(DIC) and fluorescence micrographs of AtPCS1-displaying and
wild-type yeast cells after immunofluorescent labeling of the
FLAG tag. The scale bar is 10 um.

Easy Vector (Promega) and verified by DNA sequencing.
The DNA fragment containing the ORF of AtPCS1 was
introduced into the pULDI plasmid®® using the Bg/II and
Xhol sites. The resulting plasmid was named as pULDI-
AtPCS1 (Figure 2).

S. cerevisiae strain BY4741/sed1A was transformed with
pULDI or pULDI1-AtPCS1 using a Frozen-EZ yeast trans-
formation II kit (Zymo Research). Transformed cells were
selected by plating and incubating at 30°C for 2 days on an
SD medium plate. A single colony was inoculated into YPD
medium supplemented with 100 mM HEPES (pH 7.8) at
30°C for 48 h, and the resulting cells were used for the sub-
sequent analyses.

Immunofluorescence staining

Yeast cells harvested by centrifugation were rinsed with
phosphate-buffered saline (PBS; pH 7.4), and resuspended in
PBS (pH 7.4) containing 1% bovine serum albumin (BSA)
for 30 min at room temperature. Mouse anti-Flag M2 mono-
clonal antibody (Sigma-Aldrich) was used as the primary
antibody at a dilution rate of 1:300. A mixture of cells and
antibody was incubated for 1.5 h at room temperature. Cells
were washed with PBS and then reacted with Alexa Fluor
488-conjugated goat anti-mouse IgG antibody (Molecular
Probes Inc., OR, USA) at a dilution of 1:300 for 1.5 h at
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room temperature. After washing with PBS, cells were
examined with a confocal laser scanning microscope (TCS
SP5; Leica).

Reaction for the synthesis of PC

Cultivated yeast cells were harvested by centrifugation
(800g, 5 min, 4°C), washed, and resuspended in 200 mM
Tris-HCI (pH 8.0) to an ODgoy = 600. After centrifugation
(18,500g, 5 min, 4°C) of 1.7 mL of the resuspended cells,
1.4 mL of the supernatant was removed, and the pellet was
resuspended in the residual supernatant. The typical reaction
mixture for PC synthesis consisted of 30 uL of the resus-
pended cells, 40 mM Tris-HCI (pH 8.0), 10 mM GSH, 600
UM  tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
and 145 uL of heavy metal solutions in a total volume of
250 pL. The reaction mixture was incubated at 37°C with
gentle rotation. The metal salts used were CdCl,-2.5H,0,
chlz, Pbclz, chlz, NaHASO4, CUC12'2H20, MDC12'2H20,
CaCl,-2H,0, FeCl,, and MgCl,-6H,0.

PC analysis using HPLC

For the HPLC analysis of PC, the reaction mixture was
centrifuged (18,500g, 15 min, 4°C), and the supernatant was
mixed with an equal volume of 3.6 N HCI to stop the PC-
synthesis reaction. After centrifugation (18,500g, 15 min,
4°C), PC; levels in the supernatant were measured using a
modified HPLC post-column system (LaChrome, Hitachi,
Japan).?® A reverse-phase column (Inertsil ODS-P; 5 ym par-
ticle size, 250 X 4.6 mm” id, GL Sciences, Japan) was equi-
librated with 5 mM sodium 1-octanesulfonate solution
containing 0.02% trifluoroacetic acid (TFA). PC, was eluted
with a gradient using a 30% acetonitrile solution containing
0.02% TFA at a flow rate of 1.5 mL/min, according to a
program established previously.”> Separated thiols were
mixed with 75.7 uM 5'-dithiobis(2-nitrobenzoic acid)
(DTNB) in 50 mM phosphate buffer containing 10% acetoni-
trile at 50°C for derivatization and detected by absorbance at
412 nm. The PC, used as standards were obtained from
AnaSpec (Fremont, CA).

PC analysis using NPM

Detection of PC, using NPM was conducted as follows.
The reaction mixture for PC synthesis was centrifuged
(18,500g, 5 min, 4°C), and 40 ulL. of the supernatant was
mixed with 60 uL of NPM solution (5 mM NPM, 100 mM
Tris-HCI, pH 8.0). The derivatization of thiols with NPM
was allowed to take place at 30°C for 5 min. The solution
was diluted 20-fold with 200 mM Tris-HCI (pH 8.0), and the
fluorescent intensity at 470 nm was measured with an excita-
tion at 370 nm using a SpectraMax M5e Microplate Reader
(Molecular Devices).

Results and Discussion

Creation of surface-engineered PCS-displaying yeast cells

To create PCS-displaying yeast cells, an Arabidopsis thali-
ana PCS (AtPCSI; At5g44070) gene was introduced into an
expression vector for yeast cell surface display, pULDl.zO
The pULDI is a plasmid for the expression of the recombi-
nant fusion protein with a glucoamylase secretion signal
sequence, a FLAG tag, and an «-agglutinin cell-wall



1200

20 40 60 80 100
Cd (uM)

Figure 3. Effect of Cd concentration on the activity of yeast
cell surface-displayed AtPCS1.

Enzymatic activity in the presence of different concentrations
of Cd was plotted for the AtPCS1-displaying yeast cells. The
x-axis shows the Cd concentration of the added sample (145
uL) to 105 ul of the assay solution (total final volume is 250
uL). The PC, level in the assay solution was determined using
HPLC. The relative activity on the y-axis represents the frac-
tion of enzyme activity when 100 uM Cd was added to the
assay solution. The average and SD of three independent
experiments are shown.

attachment domain under the control of the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) promoter. The result-
ing pULD1-AtPCS1 plasmid (Figure 2A) was transformed
into S. cerevisiae strain BY4741/sedlA. The display of
AtPCS1 on the cell surface was examined by immunofluo-
rescent labeling against the FLAG-tag fused to the C-
terminus of AtPCS1. When immunolabeled with mouse anti-
FLAG IgG and Alexa Fluor 488-conjugated goat anti-mouse
IgG, yeast cells transformed with pULD1-AtPCS1 exhibited
fluorescence from the corresponding fluorophore on the cell
surface (Figure 2B). In contrast, no fluorescence was
observed on wild-type yeast cells (Figure 2B), confirming
that AtPCS1 was anchored on the yeast cell surface. In addi-
tion, PC, synthesis was confirmed in the reaction mixture
containing 10 uM CdCl, and 10 mM GSH with AtPCSI1-
displaying yeast cells, but not with yeast cells transformed
with the empty vector (pULD1) using liquid chromatography
tandem mass spectrometry (LC-MS/MS) (data not shown).
These immunofluorescent labeling results and confirmation
of PC synthesis indicated that the AtPCS1 enzyme was suc-
cessfully displayed as the active form on the yeast cell
surface.

Cd-dependent activation of AtPCS1-displaying yeast cells

We next examined the effect of the Cd concentration on
the enzymatic activity of the AtPCSI-displaying yeast cells
to assess their potential as Cd biosensor recognition ele-
ments. The AtPCS1-displaying yeast cells were mixed with
GSH and different concentrations of Cd and incubated at
37°C. The enzymatic activity was quantitated by measuring
the amount of PC, produced during a given time period
using high-performance liquid chromatography (HPLC) anal-
ysis after removing the yeast cells by centrifugation. The
analyses revealed that the catalytic activity of the AtPCS1-
displaying yeast cells for PC, synthesis increased in propor-
tion to the Cd concentration in the range of 1-10 uM (Figure
3). These results prompted us to speculate that the AtPCS1-
displaying yeast cells have the potential to be a Cd biosensor
recognition element through the simple detection of PC,.
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Figure 4. Fluorometric discriminative detection of PC, using
pyrene-excimer fluorescence in the presence of GSH.

The intensity of excimer fluorescence at 470 nm is plotted
against PC, concentration. Different concentrations of PC, (0—
400 uM) were derivatized with NPM in the presence of 10
mM GSH, and the intensity of the excimer fluorescence emis-
sion was monitored. Excitation was at 345 nm. Values are the
average of three independent measurements (SDs were within
5% for all points). The dotted line represents the regression
line.

Fluorometric discriminative detection of PC, from GSH
using a pyrene excimer

Given the potential of the AtPCSI1-displaying yeast cells
as the Cd recognition element of the biosensor, simple and
rapid methods for detecting PC, were necessary as alterna-
tives to conventional chromatographic analytical techniques
such as HPLC or capillary electrophoresis. An approach
using fluorometric or colorimetric labeling of thiols by SH
labeling reagents should be suitable for high-throughput
detection using a microplate reader. We should, however,
take into consideration that the PC synthesis assay solution
contains the substrate, GSH, a monothiol, and PC, a multi-
thiol, thus utilization of any widely used SH labeling
reagents like 5'-dithiobis (2-nitrobenzoic acid) or monobro-
mobimane would not be possible.

In this study, we exploited the intramolecular excimer-
forming fluorescence derivatization process that results from
the use of a pyrene reagent.”**” Dipyrenylalkanes are known
to form intramolecular excimers which emit fluorescence at
longer wavelengths (450-500 nm) than the pyrene monomer
(350-400 nm). When GSH and PC, were derivatized with
the thiol-reactive pyrene reagent, NPM, the emission spectra
of NPM-labeled GSH and PC, exhibited different wave-
lengths of fluorescence when excited at 345 nm: a peak at
~370 nm and ~470 nm for GSH and PC,, respectively (data
not shown). Therefore, we tested whether the PC, levels
could be quantitatively determined in the presence of a
larger amount of GSH compared with the amount of PC,.
The intensity of the excimer fluorescence (470 nm) from
NPM-labeled PC, was linear (RZ = 0.99) with respect to the
PC, concentrations (0-400 uM) even in the presence of 10
mM GSH (Figure 4). These results indicated that this NPM-
based method would be useful for PC, detection as a trans-
duction element of the proposed biosensor using AtPCS1-
displaying yeast cells.

Performance of the proposed biosensor based on AtPCSI-
displaying yeast cells and pyrene-excimer fluorescence

To characterize the performance of the proposed Cd bio-
sensor, we then constructed a calibration plot for Cd
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Figure 5. Response of the proposed biosensor to Cd and other
metal ions.

Intensity of excimer fluorescence (470 nm) derived from NPM-
labeled PCs produced by AtPCSI-displaying yeast cells in the
presence of different concentrations of Cd (0, 0.2, 0.4, 0.5, 0.6,
0.8, 1.0, 5.0, and 10 uM) (A) or the tested metal ions at the
indicated concentrations (B). (A) The x-axis shows the Cd con-
centration of the added sample. Inset: Enlarged version at low
concentrations of Cd (0-1.0 uM). The average and SD of three
independent experiments are shown. (B) Selectivity of the bio-
sensor for the detection of Cd over other metal ions is shown.
The relative fluorescent intensity on the y-axis represents the
fraction of fluorescent intensity measured when no Cd was
added to the assay solution. The average and SD of at least
three independent experiments are shown.

concentrations. First, AtPCS1-displaying yeast cells were
mixed with different concentrations of CdCl, (0-10 uM;
concentration of the added sample) in the assay solution (40
mM Tris-HCI (pH 8.0), 0.6 uM TCEP, and 10 mM GSH),
and the reaction was allowed to proceed at 37°C for 3 h. A
reducing reagent, TCEP, was used because of its low reactiv-
ity with maleimide compared with the common reducing
agent [fi—mercaptoethanol, which might interfere with the
detection of NPM-labeled PC,. After removing the yeast
cells from the assay solution by centrifugation, NPM was
added to the supernatant, and the excimer fluorescent inten-
sity was measured using a microplate reader. The excimer
fluorescent intensity was approximately linear with respect to
the concentration of Cd between 0 and 1 uM (Figure 5A).
The limit of detection of the sensor, which was defined as
three times the standard deviation, was ~0.2 uM. This detec-
tion limit is well below the national effluent standards for
Cd in Japan (0.89 uM) and the international standard for Cd
in polished rice (3.6 uM) defined by Codex Alimentarius
Commission. However, this detection limit was inferior to
what was normally obtained using conventional instrumental
analytical techniques.
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The selectivity of the proposed biosensor was also investi-
gated by exposing it to other metal ions including Hg,
As(V), Pb, Fe(II), Cu, Mn(Il), and Zn at 1 uM and Ca and
Mg at 1 mM. The biosensor showed no cross-reactivity with
most metal ions with the exception of 1 uM Pb and Cu (Fig-
ure 5). Because both Pb and Cu are heavy metals, which the
national effluent standards are established in Japan, the
cross-reactivity with the corresponding heavy metals might
be acceptable in terms of practicality. Alternatively, a pre-
treatment of the samples with an ion exchange column that
traps Cd selectively might be effective.”® Overall, the pro-
posed Cd biosensor had room for improvement in terms of
its selectivity. Nevertheless, its low cost and proposed simple
and rapid operation should make the proposed biosensor suit-
able for cost-effective preliminary screening of environmen-
tal and food samples suspected of Cd contaminations, before
analysis using highly sensitive and selective but high cost,
time-consuming, and complicated conventional analytical
techniques.

Usefulness of the PCS-displaying yeast cells

In this study, we developed “arming yeasts”'”** which
display PCS enzyme on their cell surfaces, and showed their
potential as the recognition element of Cd biosensors when
used with a simple pyrene-excimer fluorescence detection
method for PC. PCS is one of the most important enzymes
engaged in the response to nonessential heavy metals in vas-
cular plants and some algae, fungi and invertebrates,'! but
its catalytic mechanism is not yet fully understood. The dis-
play of enzymes on the yeast cell surface has become an
attractive tool for functional analysis of enzyme and/or pro-
tein evolution.'”'®2%3 In that sense, the AtPCS1-displaying
yeast cells created in this study might prove to be promising
as a means to obtain a deeper understanding of PCS.
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