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The extreme toxicity of cyanide and its continued use in various industries have raised concerns over environ-
mental contamination and, therefore, considerable attention has given to develop facile and sensitive methods
of cyanide detection. In this study, we developed highly sensitive and straightforward methods of cyanide detec-
tion using eosin-labeled glutathionylcobalamin (E-GSCbl) containing fluorescent eosin-labeled glutathione (E-
GSH) as the upper axial ligand to the cobalt. E-GSH fluorescence was strongly quenched in E-GSCbl. The E-GSH
ligand of E-GSCbl was replaced specifically by cyanide, showing recovery of the E-GSH fluorescence. This

Keywords:

Glztv:thionylcobalamin profluorescent property of E-GSCbl enabled detection of cyanide in aqueous solutions, yielding a lower detection
Glutathione limit of 10 nM (0.26 pg L™!). Moreover E-GSH exhibited strong luminescence under UV-light that was quenched
Cyanide in E-GSCb], and this allowed naked-eye detection of cyanide at concentrations as low as 100 nM. This study dem-

Eosin onstrates that profluorescent E-GSCbl is a highly sensitive cyanide chemosensor that can detect nanomolar con-
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1. Introduction

Cyanide is acutely toxic to humans in a dose-dependent manner at a
very steep rate. Cells exposed to cyanide exhibit cellular anoxia caused
by inactivation of cytochrome c oxidase and the inhibition of cellular
respiration [1,2]. Despite its extreme toxicity, cyanide continues to be
used in various industries such as gold mining, petrochemical produc-
tion, metal electroplating and steel manufacture, and thus, poses a
threat to the environment [3]. Moreover, a variety of species naturally
produce cyanide for self-defense [4-6]. For example, agriculturally im-
portant plants such as sorghum, cassava and peaches produce cyano-
genic glycosides that can release cyanide upon acid hydrolysis [7]. In
addition, humans may be exposed to cyanide by inhaling smoke in fire
accidents burning biomass and synthetic materials, and such cyanide
exposure needs to be rapidly and accurately analyzed for emergency
treatment. Due to the risks posed by potential cyanide exposure, strict
regulations and guidelines have been issued regarding permissible cya-
nide concentrations in foods and environmental media. In particular, cy-
anide in drinking water must not exceed 70 pg L™! (2.7 uM) (“World
Health Organization, Guidelines for Drinking-Water Quality,” 2008).
Thus, accurate and efficient methods are essential for the detection of
cyanide in environmental media. Various methods have been
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developed for the detection of cyanide [8]. To detect small amounts of
cyanide, however, most current methods available require extensive
work-up procedures as well as expensive and bulky laboratory systems
[6,9].

Vitamin B;; (cyanocobalamin, CNCbl) was shown to be a specific
chemosensor that allowed the straightforward detection of cyanide at
millimolar concentrations [10]. Later, various corrin-based derivatives
were developed with lower detection limits in the micromolar concen-
tration range [11-13]. Recently, we developed methods for the detec-
tion of cyanide using a vitamin B, derivative, glutathionylcobalamin
(GSChl), containing glutathione (GSH) as the upper axial ligand to co-
balt in the center of the corrin ring [14]. GSCbl-based methods of cya-
nide detection involve the replacement of the GSH ligand by cyanide,
generating cyanocobalamin (CNCbl) via dicyanocobalamin (diCNCbl)
intermediate. CNCbl and diCNCbl were measured by a spectrometric
assay and a naked-eye assay, respectively, for the detection of cyanide.
In addition, GSH dissociated from GSCbl was conjugated with
monochlorobimane, which was measured by a fluorometric assay for
the detection of cyanide.

GSCbl-based methods are straightforward and highly specific for the
detection of cyanide, but detection sensitivities (lower detection limits
= 1.0-20 uM (26-520 pg L™1)) were insufficiently high to detect
nanomolar concentrations of cyanide. Moreover cyanide toxicity was
shown to be accumulative, when long-term exposure occurs by admin-
istration of cyanide at low concentrations [15,16]. In the present study,
we developed highly sensitive and straightforward methods for the de-
tection of cyanide using profluorescent eosin-labeled GSCbl (E-GSCbl)
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containing fluorescent eosin-labeled GSH (E-GSH) the upper axial li-
gand to the cobalt (Scheme 1). The fluorescence of E-GSH was strongly
quenched in E-GSCbl. The E-GSH ligand of E-GSCbl was replaced specif-
ically by cyanide, showing recovery of the E-GSH fluorescent, which en-
abled fluorescence turn-on detection of cyanide at nanomolar
concentrations (Scheme 2). In addition, E-GSH exhibited strong lumi-
nescence under UV-light, which was also quenched in E-GSCbl, and
this allowed straightforward naked-eye detection of cyanide. These re-
sults demonstrate that profluorescent E-GSCbl is a highly sensitive
chemosensor that is able to detect nanomolar concentrations of
cyanide.

2. Materials and methods
2.1. Materials

Chemicals of analytical grade were purchased from Sigma Aldrich,
unless otherwise indicated. Potassium cyanide (KCN) solution was
freshly prepared in 20 mM NaOH and neutralized before use and a cya-
nide standard from Sigma was used to control the quality of determina-
tion methods. Stock solutions (500 mM) of I, F~, Br", I, SCN~, S*7, 503",
S,0%", HSO3, NO3, HCO3, PO3™ or SOZ™ were prepared by dissolving
proper amounts of sodium salts in distilled and deionized water.

2.2. Synthesis of eosin-labeled glutathione and glutathionylcobalamin

Eosin-labeled glutathione disulfide (Di-E-GSSG) was prepared, as
described previously [17], and concentrations of Di-E-GSSG were deter-
mined by using the extinction coefficient of €523 nm = 112mM ' cm ™.
Eosin-labeled glutathione (E-GSH) was prepared by reducing Di-E-
GSSG with 40-fold molar excess dithiothreitol (DTT). E-GSH was precip-
itated by adding 10-volume of ice-chilled acetonitrile (CAN) and
centrifuging to remove excess DTT. E-GSH concentrations were deter-
mined by using an extinction coefficient of €519 nm = 88 mM ™' cm™
[18].

Eosin-labeled glutathionylcobalamin (E-GSCbl) was synthesized by
following a patented method (US patent number 7,030,105) with
some modifications, as previously described [19]. Briefly,
aquacobalamin (OH,Cbl) was mixed with E-GSH at a molar ratio of
1:1.5 and the generation of E-GSCbl was followed by recording changes
in the absorption spectrum. After incubation for 2 h in the dark at room
temperature, E-GSCbl was precipitated by adding 10-volume of ice-
chilled ACN and excess E-GSH was removed by centrifugation. E-
GSCbl precipitates were dissolved in appropriate buffer and E-GSCbl
concentrations were determined by using the extinction coefficient of
€372 nm = 14 mM! cm™ [20].
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2.3. HPLC analysis

Cobalamins were analyzed by HPLC as previously described [21]. A
reaction mixture contained 50 uM E-GSCbl and 200 pM KCN in 50 mM
Tris/HCl pH 7.5. After 2 h incubation in the dark at room temperature,
the reaction mixture was loaded on an ODS-3 V C;g reversed phase col-
umn (250 x 4.6 mm, 5 pm, GL Sciences) equilibrated with solvent A
(0.1% (v/v) trifluoroacetic acid/H,0). The column was then washed
with solvent A for 5 min and eluted with a linear gradient from 0 to
40% solvent B (0.1% (v/v) trifluoroacetic acid/acetonitrile) over 40 min
at a flow rate of 1 mL min™?, eluent was monitored at 255 nm. Standard
cobalamins OH,Cbl, CNCbl and E-GSCbl were eluted at retention times
of 17.9 min, 21.2 min and 23.0 min, respectively. The retention time of
the cobalamin product obtained in the reaction of E-GSCbl with KCN
was compared with the retention times of standard cobalamins.

E-GSH released from E-GSCbl by cyanide replacement was identified
by HPLC analysis with some modifications [19,21]. Briefly, reaction mix-
tures contained 50 uM E-GSCbl and 200 uM KCN (5200 pg L™!) in 50 mM
Tris/HCl pH 7.5. After 2 h incubation in the dark at room temperature,
reaction mixtures amino groups of glutathione were derivatised with
2,3-dinitrofluorobenzene flowing the reaction of free thiols with
monoiodoacetic acid and injected on a on a Bondclone NH, column
(300 mm x 3.9 mm, 10 um, Phenomenex) equilibrated with solvent C
(80% (v/v) methanol/water). The column was washed with 60% solvent
D (a mixture of 400 mL of solvent A with a 100 mL solution of 272 g so-
dium acetate trihydrate, 122 mL water and 373 mL glacial acetic acid)
for 5 min and eluted with a gradient of 60-100% solvent D over
40 min at a flow rate of 1 mL min~! with eluent monitoring at
255 nm. E-GSCbl and E-GSH were eluted at retention times of
11.6 min and 13.5 min, respectively. The retention time of E-GSH prod-
uct generated in the reaction of E-GSCbl with KCN was compared with
the retention time of the E-GSH standard.

2.4. Spectrophotometric assays

Spectrophotometric assays contained 10 pM E-GSCbl in 50 mM Tris/
HCI pH 9.0 and initiated by the addition of the indicated concentrations
of KCN. Reactions were followed under dark conditions for 2 h at room
temperature by recording absorption spectra using a Cary 100 UV-Vis
spectrophotometer (Varian). CNCbl generation was calculated by plot-
ting A361 nm versus KCN concentrations by simple linear regression
analysis (Ae361 nm = 14.2 mM™! cm™") [14]. The detection limit of
the spectrophotometric assay was determined according to IUPAC rec-
ommendation [22]: lower limit of detection = 3SD/s, SD is the standard
deviation of the blank measurements (n > 7), s is the slope of the titra-
tion curve.

Scheme 1. Chemical structures of eosin-labeled glutathionylcobalamin and glutathione. R is the upper axial ligand and DMB (5,6-dimethylbenzimidazole) is the lower axial ligand to the
cobalt in cobalamin (left). Eosin-labeled glutathionylcobalamin (E-GSCbl) contains eosin-labeled glutathione (E-GSH) is the upper axial ligand (right).
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Scheme 2. Proposed mechanism for the reaction between E-GSCbl and cyanide. The replacement of the E-GSH ligand of E-GSCbl (left) is initiated by the nucleophilic attack of CN", forming

the diCNCbl intermediate (middle) and generating the CNCbl product (right).

The influence of pH on the generations of diCNCbl and CNCbl was ex-
amined in the range of pH = 5.0-11.0 using different buffers (100 mM
Na citrate pH 5.0, 100 mM MES pH 6.0, 100 mM Tris/HCl pH 7.0 and 8.0,
100 mM CHES pH 9.0 and 10.0, 100 mM NaHCOs; pH 11.0, and 50 mM
Na,HPON,4 pH 12.0). Generation of diCNCbl and CNCbl was followed
at 580 nm and 361 nm, respectively. Maximum levels of diCNCbl and
CNCbl were measured by taking AA580 nm at 10 min (A580 nm at
10 min - A580 nm at 0 min) and AA361 nm at 120 min (A361 nm at
120 min - A361 nm at 0 min), respectively.

2.5. Fluorometric assays

Fluorometric assays contained 0.5 pM or 10 uM E-GSCbl in 50 mM
Tris/HCl pH 9.0 and initiated by the addition of the indicated concentra-
tions of KCN. After 1 h incubation in the dark at room temperature, the
fluorescence of E-GSH released from E-GSCbl was measured at the exci-
tation/emission wavelength of 500 nm/540 nm using a fluorescence
spectrometer LS-55 (Perkin Elmer). Concentrations of E-GSH generated
in reaction mixtures were determined using a standard curve obtained
with synthesized E-GSH. The plot of E-GSH versus KCN concentrations
was analyzed by simple linear regression analysis and the detection
limit was calculated according to IUPAC recommendation [22]: lower
limit of detection = 3SDb/s, SDb is the standard deviation of the blank
measurements (n > 7), s is the slope of the standard curve.

2.6. Naked-eye detection under UV-light

Reaction mixtures contained 1.0 uM E-GSCbl and the indicated con-
centrations of KCN in 50 mM Tris/HCI pH 9.0. After 1 h incubation in the
dark at room temperature, reaction mixtures were exposed to UV-light
and luminances were recorded using a Gel Doc XR system (Bio-Rad).

3. Results
3.1. Syntheses of E-GSH and E-GSCbl

Glutathione disulfide (GSSG) was labeled with eosin (2/,4",5",7'-
tetrabromofluorescein) at the amino groups of the glutamate residues,
as previously described [17]. Eosin-labeled GSSG was reduced using di-
thiothreitol to produce eosin-labeled glutathione (E-GSH), as described

A B

in the materials and methods. Next, eosin-labeled
glutathionylcobalamin (E-GSCbl) was synthesized by reacting E-GSH
with aquocobalamin (OH,Cbl). The addition of E-GSH to OH,Cbl in-
duced changes in the absorption spectrum showing the decrease at
351 nm with concomitant increases at 372 nm and 570 nm (Fig. 1A
and B). Clear isosbestic points were detected at 340 nm, 365 nm and
528 nm (Fig. 1B). Subtracted spectra for the reaction of E-GSH with
OH,Cbl (the last spectrum - spectra obtained at different incubation
times) showed absorption differences similar with those between au-
thentic GSCbl and OH,Cbl, except in the region around 500 nm because
of interference by the strong E-GSH absorption (Fig. 1B and C).

3.2. Replacement of the E-GSH ligand of E-GSCbl by cyanide, generating
CNCbl via diCNCbl intermediate

The reaction between E-GSCbl and cyanide was examined by UV-
absorption spectroscopy (Fig. 2). The addition of KCN to E-GSCbl in-
duced immediate changes in the absorption spectrum developing the
absorption peak at 368 nm and a shoulder around 580 nm for a reaction
intermediate (Fig. 2A and C). Further incubation produced gradual
changes in the absorption spectrum of the intermediate showing a
shift of the absorption peak from 368 nm to 361 nm and a concomitant
absorption decrease at 580 nm (Fig. 2B and C). The difference in the ab-
sorption spectrum between E-GSCbl and the reaction intermediate
showed peaks at 368 nm and 580 nm characteristic of diCNCbl
(Fig. 2D, Sub A = intermediate — E-GSCbl). Moreover, the difference in
the absorption spectrum between the final product and the reaction in-
termediate showed peaks at 361 nm and 550 nm characteristic of CNCbl
(Fig. 2D, Sub B = final product - intermediate). The generation of CNCbl
in the reaction of E-GSCbl with cyanide was confirmed by HPLC analysis
(Fig. 3A). These results indicated that the upper axial ligand, E-GSH, of
E-GSCbl was replaced by cyanide, generating CNCbI via diCNCbl inter-
mediate (Scheme 2).

3.3. Induction of the replacement of the E-GSH ligand by the nucleophilic at-
tack of cyanide anion

The reaction between E-GSCbl and KCN (molar ratio of E-GSCbl/KCN
= 0.8) was examined at different pH. Generation of diCNCb], the reac-
tion intermediate, was followed at 580 nm. The absorption at 580 nm

C
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Fig. 1. Generation of E-GSCbl in the reaction of E-GSH with OH,Cbl. (A), absorption spectra for the reaction of 10 uM OH,Cbl with 15 uM eosin-labeled GSH (E-GSH) recorded at every 2 min
of incubation. Arrows indicate the absorption decrease at 351 nm, and the increases at 372 nm and 570 nm. (B), absorption differences obtained by subtracting each spectrum from the last
spectrum in A. (C), absorption spectra for E-GSH and the indicated standard cobalamins. The absorption difference (GSCbl - OH,Cbl) was obtained by subtracting the spectrum of OH,Cbl

from the spectrum of GSCbl.
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Fig. 2. Generation of CNCbl via diCNCbl intermediate in the reaction of E-GSCbl with cyanide. (A), absorption spectra for 25 uM E-GSCbl and immediately after the addition of 1.0 mM KCN.
Arrows indicate the absorption increases at 368 nm and around 580 nm. (B), absorption spectra at every 5 min of reaction incubation after A. Arrows indicate the shift in the absorption
peak from 368 nm to 361 nm and the absorption decrease around 580 nm. (C), absorption changes for the reactions in (A) and (B) at 361 nm (open triangles), 368 nm (closed circles) and
580 nm (open circles). (D), absorption spectra for the indicated cobalamins and absorption differences: Sub A = the spectrum of the reaction intermediate in (A) - the spectrum of E-

GSCbl; Sub B = the spectrum of the product in (B) - the initial spectrum in (B).

increased for 10 min and then decreased with further incubation
(Fig. 4A), indicating the rapid generation of diCNCbl and its conversion
to CNCbl. The maximum levels of diCNCbl were increased in a
sigmoidal-shaped curve by increasing pH (Fig. 4C). The optimum pH
range for the generation of diCNCbl was pH > 9.0. In other experiments,
generation of the reaction product CNCbl was followed at 361 nm for 2 h
(Fig. 4B). Levels of CNCbl production were increased by increasing pH,

A
OH,Cbl
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5‘:’“ E-GSCbl

2 CNCbl

o

172}

Q

<

E-GSCbl
+KCN
10 15 20 25 30

Retention Time (min)

which was plotted in a sigmoidal-shaped curve (Fig. 4D). CNCbl gener-
ation appeared to be optimized in the range of pH > 8.0, but some inter-
ference occurred in the absorption at 361 nm above pH = 9.0, because
of the stability of diCNCbl enhanced at high pH and its incomplete con-
version to CNCbl (Fig. 4D). Considering the pKa of HCN/CN™ = 9.04,
these results indicated that the nucleophilic attack of CN™ induces the
replacement of the E-GSH ligand of E-GSCbl.
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Fig. 3. HPLC analysis for products in the reaction of E-GSCbl with cyanide. (A), comparison of the elution profiles of the indicated standard cobalamins and the cobalamin product generated
in the reaction of 25 pM E-GSCbl with 1 mM KCN. (B), comparison of the elution profiles of E-GSCbl, E-GSH and the product generated in the reaction of 25 uM E-GSCbl with 1 mM KCN.
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Fig. 4. Influence of pH on the reaction of E-GSCbl with cyanide. The reaction of 50 M E-GSCbl with 40 uM KCN at pH = 5.0-12.0 was followed at 580 nm and 361 nm for the generation of
diCNCbl and CNCbl, respectively. Arrows indicate the increases of A580 nm at 10 min incubation and of A361 nm at 120 min incubation by increasing pH of the reaction buffer. Levels of
diCNCbl and CNCbl were plotted against pH in (C, AA580 nm = A580 nm at 10 min - A580 nm at 0 min) and (D, AA361 nm = A361 nm at 120 min - A361 nm at 0 min), respectively.

3.4. Quenching of the fluorescence of E-GSH in E-GSCbl

E-GSH exhibited strong fluorescence at 540 nm upon the excitation
at 500 nm, whereas E-GSCbl exhibited little fluorescence, indicating
quenching of E-GSH fluorescence in E-GSCbl (Fig. 5A). The reaction be-
tween E-GSCbl and dithiothreitol, which is known to cause reductive
dissociation of the upper axial ligand of cobalamins, showed the recov-
ery of E-GSH fluorescence (Fig. 5A). In addition, E-GSH fluorescence was
immediately recovered upon the addition of cyanide to E-GSCbl and the

1000 -

Fluorescence intensity
a
=
o

E-GSChbl
-~

~

520 550 580 610 640 670 700

Emission Wavelength (nm)

replacement of the E-GSH ligand (Fig. 5A and B). HPLC analysis con-
firmed the release of E-GSH from E-GSCbl by cyanide (Fig. 3B).

3.5. Anion specificity for the replacement of the E-GSH ligand of E-GSCbl

To examine anion specificity, E-GSCbl was incubated with various
anions (Br~, SCN™, HCO3, PO3", CI", F', I", NO3, S,03%, SO37, %7, S0%,
HSO03) in excess (500-fold molar equivalents). Most of the tested anions
did not induce any significant change in the absorption spectrum of E-

1000
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HWESO © o O o
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Fig. 5. Fluorescence of E-GSH and its quenching in E-GSCbl. Fluorescence spectra (A) were recorded upon the excitation at 500 nm for 1.0 uM E-GSH (short dashed line), 1.0 uM E-GSCbl
(long dashed line), and 1.0 uM E-GSCbl with 0.5 mM DTT or 0.5 mM KCN (solid lines). The fluorescence (B) was followed at the excitation/emission wavelengths of 500 nm/540 nm by
incubation of the reaction of 1.0 uM E-GSCbl with 0.5 mM KCN (closed circles) or without KCN (open circles).
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GSCb], or in the fluorescence spectrum (Fig. 6). Incubation of E-GSCbl
with S27, SO3~ or HSO3 at 500-fold molar equivalents produced changes
in the absorption and fluorescence spectrum of E-GSCbl (supplemen-
tary figure), but did not at low concentrations <50-fold molar
equivalents.

3.6. Spectrometric determination of cyanide

For the spectrometric determination of cyanide, E-GSCbl was reacted
with different concentrations of cyanide and generated CNCbl was mea-
sured at 361 nm (Fig. 7A). The concentration of CNCbl increased in pro-
portion to cyanide concentration (Fig. 7B). Analysis of a plot of [CNCbl]
versus [KCN] and fitting to a first order equation resulted in a linear de-
termination range of 0.8-10 uM (21-260 pg L") (Fig. 7B inset). The
lower detection limit was estimated to be 0.8 uM (21 pg L™!), which
was similar to the result obtained using GSCbl [14]. Spectrophotometric
determinations of cyanide in tap water and pond water were found to
have an accuracy of 290% (Table 1).

3.7. Fluorometric determination of cyanide

Cyanide was also determined by fluorometric assay by measuring
the fluorescence of E-GSH fluorescence after reacting E-GSCbl with dif-
ferent concentrations of cyanide (Fig. 8A). The fluorescence at 520 nm
increased in proportion to cyanide concentration (Fig. 8B). Analysis of
a plot of [E-GSH] versus [cyanide] and fitting to a first order equation re-
sulted in a linear determination range of 0.01-0.75 uM (0.26-19.5

ug L) (Fig. 8B inset). The lower detection limit was estimated to be
0.01 puM (0.26 pg L™1), which was 100-fold lower than the reported
value of GSCbl-based fluorometric assay [14]. Fluorometric determina-
tions of cyanide in tap water and pond water were found to have an ac-
curacy of 295% (Table 1).

3.8. Naked-eye detection of cyanide

E-GSH was strongly luminescent under UV-light and completely
quenched in E-GSCbl, which allowed straightforward detection of cya-
nide by naked-eye (Fig. 9A). The E-GSH luminance was observed after
reacting E-GSCbl with cyanide. This naked-eye assay enabled detection
of cyanide at concentrations as low as 0.1 uM (2.6 pg L™!) in distilled
water, tap water and pond water (Fig. 9B, C and D).

4. Discussion

Previously developed GSCbl-based methods are simple and highly
specific for the detection of cyanide by spectrometric, fluorometric,
and naked-eye assays. However these methods are not sensitive enough
to detect nanomolar concentrations of cyanide. In the present study, we
synthesized profluorescent eosin-labeled GSCbl (E-GSCbl) containing
fluorescent eosin-labeled GSH (E-GSH) (Scheme 1). GSH was labeled
with strongly fluorescent eosin and E-GSCbl was synthesized by
reacting E-GSH with OH,Cbl. The reaction of E-GSCbl synthesis showed
changes in the absorption spectrum characteristic for the conversion of
OH,Cbl to E-GSCbl (Fig. 1). Characterization of synthesized E-GSCbl by
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Fig. 7. E-GSCbl-based spectrometric determination of cyanide. (A), absorption spectra for the reaction of 15 pM E-GSCbl with 0-200 uM KCN. The arrow indicates the absorption increase at
361 nm by increasing cyanide concentrations. (B), plots of A361 nm versus KCN concentration and a simple linear regression analysis (solid lines in inset).
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Table 1
Determination of cyanide in water samples by spectrophotometric and fluorometric
assays.

Cyanide Tap water Pond water

(M) Spectrometric Fluorometric Spectrometric Fluorometric
(M) (1M) (M) (uM)

0.25 ND 0.26 £ 0.01 ND 0.26 £ 0.03

0.50 ND 0.50 + 0.02 ND 0.51 4 0.02

2.00 22403 2.00 + 0.08 23+05 2.09 £+ 0.09

5.00 49402 521+ 0.17 55+03 533 +£0.21

ND: not determined, values are the means + SD (n > 10).

the reductive dissociation of the E-GSH ligand and by cyanide replace-
ment indicated that E-GSH formed the upper axial ligand of E-GSCbl
likely via Co—S bond (Fig. 5), as demonstrated for the GSH ligand of
GSCbl [23].

The E-GSH ligand of E-GSCbl was replaced specifically by cyanide,
generating CNCbl via diCNCbI intermediate (Figs. 2 and 3) and this re-
placement reaction was initiated by the nucleophilic attack of CN~
(Fig. 4). These results suggest that the reaction proceeds in a manner
similar to that proposed for the reaction between GSCbl and cyanide
[14]. The reaction intermediate diCNCbl was generated by sequential
displacement of the DMB lower axial ligand and the E-GSH upper axial
ligand by cyanide (Scheme 2). The diCNCbl intermediate was slowly
converted into CNCbl as the cyanide lower axial ligand was replaced
by DMB. Furthermore, the displacement of the E-GSH ligand of E-
GSCbl was highly specific for CN™. Other anions prevalent in environ-
mental media were unreactive, except for S?~, SO3~ and HSO3 (Fig. 6
and supplementary figure). The reaction of E-GSCbl with S?~, SO%™ and
HSOs3 at >50-fold molar equivalents showed generation of unidentified
cobalamin derivatives. However the presence of theses anions at 10-
fold molar equivalents did not alter lower detection limits of the spec-
trometric assay and the fluorometric assay (1.0-1.2 pM and 0.02-0.03
UM, respectively). These anion competition assays indicated interfer-
ence by S, SO3™ and HSO; is likely to be insignificant, although further
studies would be required to reveal the effect of $27,S0% and HSO3 on
the detection of cyanide.

In the present study, the E-GSCbl-based spectrometric assay yielded
alower detection limit of 0.8 uM (21 ug L") cyanide (Fig. 7), which was
similar to that reported for the corresponding GSCbl-based assay [14].In
addition, we found the E-GSCbl-based spectrometric assay had an accu-
racy of 290% for the determination of cyanide in tap water and pond
water (Table 1). E-GSH fluorescence was strongly quenched in E-
GSCbl, presumably due to intramolecular energy transfer between the
fluorophore eosin and the nonfluorescent corrin ring, as was previously
demonstrated for profluorescent cobalamin analogs [24]. This
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quenching of E-GSH fluorescence was immediately reversed by reduc-
tive cleavage of a Co—S bond and dissociation of E-GSH from E-GSCbl
by cyanide (Fig. 5). This profluorescent property of E-GSCbl enabled flu-
orometric detection of cyanide. The lower detection limit of the fluo-
rometric assay using E-GSCbl was estimated to be 0.01 pM (0.26
ug L) (Fig. 8), which was 100-fold more sensitive than the correspond-
ing GSCbl-based assay based on dissociation GSH and conjugation with
monochlorobimane (MCB) [14]. This improvement in the detection
sensitivity was attributed to the ~40-fold higher intrinsic fluorescence
of E-GSH as compared with that of the GSH-MCB conjugate under the
same conditions. We included 2 h incubation time in the fluorometric
assay to complete the generation of CNCbl in the reactions of E-GSCbl
with cyanide. However simple cyanide detection could be done in
10 min, although the lower detection limit increased to ~0.4 uM (10.4
ug L) (supplementary fig. 2). Nanomolar concentrations of cyanide
in tap water and pond water were determined with an accuracy of
>95% using the E-GSCbl-based fluorometric assay (Table 1). The strong
luminescence of E-GSH under UV-light and its quenching in E-GSCbl
were used to devise a straightforward method for the detection of cya-
nide by naked-eye. E-GSH luminescence was directly proportional to
cyanide concentration (Fig. 9). This naked-eye assay had an apparent
lower detection limit of 0.1 uM (2.6 pg L™!) for cyanide in water, and
this was 200-fold more sensitive than the corresponding GSCbl-based
assay.

Considering the extensive use of cyanide in various industries, and
the possibility of human exposure to cyanide in fire accidents or the il-
licit use as poison, the detection of cyanide essentially needs a rapid
and sensitive method applicable for field diagnosis. E-GSCbl-based
methods are highly sensitive and, in particular, the fluorometric assay
is one of the most sensitive method to date in our knowledge [9]. Cobal-
amins are light-sensitive to different extent depending of the axial li-
gand to the cobalt, which may cause a problem for filed applications
of E-GSCbl-based assays. The rate of E-GSCbl photodegradation were
determined to be 0.20 uM h™' under room lighting conditions and 0.37
uM h™! under UV exposure (supplementary fig. 3 and 4). These results
indicated that E-GSCbl is sufficiently stable within the analysis time
for the detection of cyanide. E-GSCbl can be devised in a rapid-
portable device format, as previously developed with other cobalamin
derivatives [25-27], although further studies are required. Moreover
the simple process of E-GSCbl synthesis from commercially available
precursors would be an advantage for the application of E-GSCbI-
based methods for the detection of cyanide in field diagnosis.
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Fig. 8. E-GSCbl-based fluorometric determination of cyanide. (A), fluorescence spectra for the reaction of 1.0 M E-GSCbl with 0-5.0 pM KCN. The arrow indicates the fluorescence increase
at 540 nm by increasing concentrations of cyanide. (B), the plot of AF540 nm versus KCN concentration and a simple linear regression analysis (solid lines in inset).
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Fig. 9. E-GSCbl-based naked-eye detection of cyanide. Luminance of solutions was detected under UV-light. Solutions in A contained 1.0 M E-GSH and 1.0 pM E-GSCbl with or without
0.5 mM KCN in dejonized H,O. Solutions contained 1.0 uM E-GSCbl with the indicated concentrations of KCN in deionized H,O (B), tap water (C) and pond water (D).

5. Conclusions

We developed highly sensitive and straightforward methods for the
detection of nanomolar concentrations of cyanide using profluorescent
E-GSCbl. The strong fluorescence of E-GSH and its quenching in E-GSCbl
was used to detect cyanide. The E-GSCbl-based fluorometric assay
yielded a lower detection limit of 0.01 uM (0.26 pg L™!), which, as far
as we aware, is lower than claimed for any other method without a
complex instrumental system. In addition, the luminance of E-GSH
and its quenching in E-GSCbl provide a straightforward naked-eye de-
tection of cyanide at concentrations as low as 0.1 uM (2.6 ug L™"). This
study shows E-GSCbl is a novel chemosensor for the detection of trace
amounts of cyanide.
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