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SUMMARY

Mercapturic acid derivatives were separated by isocratic elution on a high-
performance liquid chromatography column (Inertsil ODS) and detected electro-
chemically at various applied potentials (+0.60-+0.85 V). The responses of the
electrochemical detector gradually increased with increasing potential but a plateau
value was not obtained for all samples tested. When methanol was employed as a
modifier of the eluents instead of acetonitrile, the response curves (current vs. voltage)
were shifted to higher voltages for all mercapturic acid derivatives. Both the linearity
(r > 0.998) and the reproducibility (coefficient of variation < 3.5%) of the detector
response were consistent. The strength of the detector response depended on the
atomic configuration near the sulphur atom in the mercapturic acid derivatives. The
detection limits of eleven mercapturic acid derivatives at +0.80 V were in the range
0.21 [S-(3-hydroxybutyl)mercapturic acid] to 8.3 pmol [S-(2-O-acetylbutyl)mercap-
turic acid methyl ester].

INTRODUCTION

Baumann and Preusse! and Jaffe? demonstrated in 1879 that certain sulphur-
containing compounds appeared in dog urine after administration of halogenated
aromatic compounds like bromobenzene. These compounds, identified as N-acetyl-
cysteine conjugates, were called mercapturic acids. There have since been a number of
reports concerning the detection of mercapturic acids, many of which involved non-
selective methods®~7. In the simplest assay procedure, the concentration of thiols,
formed by alkaline hydrolysis of the thioether bond, is measured indirectly after their
reaction with dithiobis(nitrobenzoic acid) to form 2-nitrobenzoic acid (yellow dye)®.
This has been used to determine thioether compounds including mercapturic acids in
urine samples®—>. High background values and large variations in individual values
were found in all these studies, however. These were mainly due to high urinary
concentrations of endogenous sulphur-containing compounds such as cysteine and
cystine. Therefore, selective methods allowing a more specific detection of the mer-
capturic acid metabolites are needed. A gas chromatography-mass spectrometry
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(GC-MS) method which includes the derivatization of the COOH group with an
alkylating agent, e.g., diazomethane was recently developed which gave a selective
and sensitive detection for this type of compounds in urine®~!3. Numerous mercap-
turic acids have since been isolated from biological samples by use of this method,
e.g., ethylmercapturic acid'* and 3-oxobutyl- and 3-hydroxybutylmercapturic acid!®
have been identified from rat urine after administration of urethane and tributyl-
phosphate, respectively.

This paper reports attempts to separate and detect some mercapturic acid deriv-
atives by high-performance liquid chromatography (HPLC) and electrochemical de-
tection (ED). The aim of the research was the development of a simple, selective and
sensitive detection method.

EXPERIMENTAL

Materials

S-Ethylmercapturic acid (a in Table T) and S-ethoxycarbonylmercapturic acid
(m) were prepared by the method of Boyland and Nery!'#. Other mercapturic acid
(MA) derivatives (b-1 in Table I) were synthesized according to previous reports'-1€,
Phosphoric acid was of biochemical reagent grade (Wako Pure Chemicals, Osaka,
Japan). Water, acetonitrile and methanol were of HPLC grade (Wako Pure Chem-
icals). All other chemicals were of analytical reagent grade and were used without
further purification.

HPLC and ED

The HPLC-ED system is shown schematically in Fig. 1. A Shimadzu (Kyoto,
Japan) LC-6A high-performance liquid chromatograph equipped with a Rheodyne
injector (Model 7125; Cotati, CA, U.S.A.) was used. The signal from the electro-

TABLE I
STRUCTURES OF MERCAPTURIC ACID DERIVATIVES TESTED
COOR?
R'— S — CH,CH
N NHCOCH3
Derivative R R?
a  S-Ethylmercapturic acid CH,CH, H
b S-Butylmercapturic acid CH,CH,CH,CH, H
¢ S-(3-HydroxybutyD)mercapturic acid CH,CH,CH(OH)CH, H
d S-(2-Oxobutyl)mercapturic acid CH,COCH,CH, H
e S-(3-Hydroxybutyl)mercapturic acid methyl ester CH,CH,CH(OH)CH, CH,
f  S-(3-Oxobutyl)mercapturic acid methyl ester CH,CH,COCH, CH,
g S-(2-Hydroxybutyl)mercapturic acid methyl ester CH,CH(OH)CH,CH, CH,
h  S-(2-Oxobutyl)mercapturic acid methyl ester CH,COCH,CH, CH,
i S-sec.-Butylmercapturic acid methyl ester CH(CH,)CH,CH, CH,
j S-(4-O-Acetylbutyl)mercapturic acid methyl ester CH,CH,CH,CH,0COCH, CH,
k  S-(3-O-Acetylbutylymercapturic acid methyl ester CH,CH,CH(OCOCH,)CH, CH,
1 8-(2-O-Acetylbutyl)mercapturic acid methyl ester CH,CH(OCOCH,)CH,CH, CH,
m S-Ethoxycarbonylic mercapturic acid COOCH,CH, H
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Fig. 1. Schematic diagram of the HPLC-ED system for mercapturic acid derivatives. E = Eluent reser-
voir; P = pump; D = damper; G = guard cell; I = injector; C = analytical column; ECD = coulochem-
ical detector; R = recorder.

chemical detector was recorded on a C-R6A Chromatopac (Shimadzu). An analytical
column, Inertsil ODS (150 mm X% 4.6 mm 1.D., 5 um) (Gaskuro Kogyo, Tokyo,
Japan), was maintained at 40°C in a column oven (Gaskuro Kogyo). The electro-
chemical cell (Model 5010) of a coulometric detector (Model 5100A; ESA, Bedford,
MA, U.S.A)) was placed after the analytical column. The guard cell (Model 5020) of
the detector was placed between the pump and the injector. In a separate experiment,
a Shimadzu SPD-6A UV spectrophotometer equipped with an 8-ul flow cell was used
for the detection of the eluates from the column at 210 nm. All the eluents used as
mobile phases were degassed with an ultrasonicator prior to use. The flow-rate of the
eluent was 1.0 mi/min.

Sample preparation

A 4 mM stock solution of each mercapturic acid derivative in methanol was
prepared. The various concentrations (1.0-10 uM) of MA derivatives were prepared
by dilution in water. A fixed volume of the mixed solution was injected into the HPLC
column,

RESULTS AND DISCUSSION

HPLC separation of mercapturic acid (MA) derivatives

HPLC separation of MA derivatives was performed on a reversed-phase col-
umn before ED. The effect of both the acetonitrile concentration and pH in the
eluents on the separation was investigated by isocratic elution on an Inertsil ODS
column. Since the MA derivatives tested have hydrophilic COOH and OH groups,
many peaks corresponding to the MA derivatives (a—i) were eluted near the void
volume in neutral and alkaline solutions (pH 4-8), and complete separation was
difficult (data not shown). The separation was gradually improved with decreasing
pH (4 to 2), and was efficient at pH 2.2 with 0.15 A H3PO,. The capacity factor, k’, of
each compound, however, increased as the concentration of acetonitrile decreased
(Table II). Effective separation was achieved by isocratic elution with CH;CN-0.15
M H;PO, (15:85) (eluent I). However, 31 min were required for the elution of the
hydrophobic MA methyl esters, e.g., i and 1. To overcome this disadvantage, the
separation was also attempted with various concentrations of methanol in 0.15 M
H3PO,. At the same modifier concentrations, elutions with solvents containing meth-
anol were slower than those with acetonitrile. A complete separation in a short time
was impossible by isocratic elution in all eluents containing methanol. Although
complete separation in a relatively short time may be provided by gradient or step-
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TABLE II
CAPACITY FACTORS, k', OF MERCAPTURIC ACID DERIVATIVES UNDER VARIOUS CONDITIONS

ND =

Not determined; UV detection at 210 nm; k' = 1—1,/t, = 2.0 min. The void volume of the column was

measured with acetone as a marker, eluted with 100% methanol.

Eluents: I CH,CN-0.15 M H,PO, (15:85); I CH,CN-0.15 M H,PO, (13:87); Il CH,CN-0.15 M H,PO, (10:90); IV
CH,CN-0.15 M H,PO, (8:92); V CH,CN-0.15 M H,PO, (20:80); VI CH,CN-0.15 M H,PO, (18:82); VII
CH,CN-0.15 M H,PO, (17:83); VIII CH,OH-0.15 M H,PO, (20:80); IX CH,OH-0.15 M H,PO,(18:82); X
CH,OH-0.15 M H,PO, (33:67); XI CH,OH-0.15 M H,PO, (35:65); XIl CH,0H-0.15 M H,PO, (40:60); XIII
CH,OH-0.15 M H,PO, (45:55); XIV CH,O0H-0.15 M H,PO, (50:50).

MA

k'

1 T i 114 V Vi Vil | 477 X X X7 X xmr  xiv

I« = T KL I = S R )

0.61 080 139 204 ND ND ND 160 193 ND ND ND ND ND
1.03 1.33 195 275 ND ND ND 205 233 ND ND ND ND ND
1.11 .44 225 31t ND ND ND 179 213 ND ND ND ND ND
1.44 197 346 498 ND ND ND 341 417 ND ND ND ND ND
1.65 214 346 498 ND ND ND 255 310 ND ND ND ND ND
1.95 263 453 671 ND ND ND 433 530 ND ND ND ND ND
2.53 3.31 533 751 ND ND ND 371 452 ND ND ND ND ND
7.92 11.1 ND ND 387 506 585 ND ND 3539 456 299 194 135
9.27 13.7 ND ND 420 559 6.56 ND ND 454 371 225 143 094
9.78 14.4 ND ND 452 599 7.01 ND ND 472 389 237 150 054
13.0 19.3 ND ND 592 792 9.29 ND ND 611 499 299 194 135
14.5 19.2 ND ND 696 9.02 1039 ND ND 752 629 404 264 180

wise elution, the solvent exchange during an analysis with ED causes a large differ-
ence in background current. Therefore, ED of the MA derivatives was carried out in
three groups (group A: a,cand f; B: d, e, g and h; C: b, i~1) according to the elution
times.

ED of MA derivatives

A coulometric electrochemical cell (Model 5010) attached to a Coulochem
5100A (ESA) has dual series working electrodes made of porous graphite. The guard
cell (Model 5020) placed between the pump and the injector pre-oxidizes the mobile
phase, reducing the background currents at the working electrodes. For example,
with the guard cell operating at +0.85 V, the background current detected with the
second electrode (+0.80 V) dropped to 18.1 uA, a value which was 67.7% of that
obtained with the guard cell off [eluent used, CH3;CN-0.15 M H;PO, (2:8)]. The
guard cell has no effect on the electrochemical oxidation of MA derivatives. However,
the eluent may be oxidized by the cell judging from the rising baseline level at 210 nm
with increasing potential.

The electrochemical responses obtained with each injection of MA derivatives
were plotted against the potential difference applied to the working electrode (second
or down-flow electrode). The potential of the first (or up-flow) electrode was fixed at
+0.60 V, because all the MA derivatives gave no response at this potential. In the
analysis of biological samples, e.g., urine, the use of the first electrode seems to be
advantageous for the removal of endogenous compounds oxidized at potentials lower
than +0.60 V.
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As depicted in Fig. 2, the ED responses increased exponentially with applied
potential, however a current plateau was not obtained at all the points tested (+ 0.64—
0.85 V). Although the use of potentials higher than +0.85 V may result in high
currents, the background current based on the eluents must also increase, as judged
by the results shown in Fig. 3. In addition, the elevated potentials will reduce the
lifetime of the cell and so applied potentials higher than + 0.85 V were not examined
in all the experiments.

When CH;0H-0.15 M H;PO, (18:82) was used as the eluent, the currents at
certain potentials were lower than those in CH;CN-0.15 M H3PO, (10:90), and the
current—voltage (C-V) curves shifted to higher voltages for all MA derivatives tested
(Fig. 2C). The currents for compounds a and ¢ (Fig. 2C) in CH3;0H-0.15 M H;3PO,
(18:82) were almost the same at all voltages, in contrast to the results obtained in
CH;CN-0.15 M H3;PO, (10:90) (Fig. 2A). The background currents were reduced
compared with those in CH3;CN-0.15 M H;PO, (20:80) (Fig. 3). Since the response in
the eluent containing acetonitrile was higher than those in methanol at the same
voltage, acetonitrile was selected as the modifier for ED of MA derivatives in sub-
sequent experiments.

The ED response to various concentrations of MA derivatives injected was also
determined. As shown in Fig. 4, different concentrations gave a linear current passing
through the origin (r > 0.998). The coeflicient of variation (C.V.) of the ED response
at +0.80 V was tested at two different concentrations (50 and 250 pmol) and was
reproducible and lower than 3.5% (Table III).

The C vs. V curves in Fig. 2A and B indicate that the derivatives having COOH
groups (a—) but not d were relatively sensitive to electrochemical oxidation. The
effect of the substituent groups OH and —C = O at the same position was not obvious
from a comparison between compounds e and f or between g and h. The existence of
certain groups adjacent to the sulphur atom reduced the electrochemical responses (g
and h against e and f). Therefore, the ED responses seem to depend on the distance of
the particular group from the sulphur atom. A similar phenomenon was also ob-
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Fig. 2. Current vs. voltage (C vs. V) curves for mercapturic acid derivatives. Compounds a-1 in Table I.
Up-flow potential: +0.60 V. Guard cell potential: +0.85 V. (A) CH,;CN-0.15 M H,PO, (10:90) (eluent
II); (B) CH,CN-0.15 M H,PO, (20:80) (eluent V); (C) CH ;OH-0.15 M H,PO, (18: 82) (eluent IX). Other
HPLC condmons as in Experlmental section.
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Fig. 3. Change of background current with applied potential. @-®, CH,CN-0.15 A H,PO, (20:80)
(eluent V); O-O, CH,0H-0.15 M H,PO, (18:22) (eluent IX). HPLC and ED conditions as in Fig. 2,

served by comparison of O-acetyl esters (order of response, j> k> 1). Steric hin-
drance also decreased the ED response (i in Fig. 2). On the other hand, S-ethoxycar-
bonylmercapturic acid (m), having both an amide group (NHCOCH;) and an
ethoxycarbonyl group (S—~COOCH,CH,;), showed no response to ED at any poten-
tial (+0.60-0.85 V). The above data suggest that the amide group is not responsible
for the electrochemical oxidation, but the sulphur is oxidized by the electrochemical
cell.
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Fig. 4. Linearity of electrochemical response for various amounts of mercapturic acid derivatives. Up-flow
potential: +0.60 V. Down-flow potential: +0.80 V. Guard cell potential: +0.85 V. (A) and (B)
CH,CN-0.15 M H,PO, (10:90) (eluent IIT); (C) CH,CN-0.15 M H,PO, (20:30) (eluent V); (D)
CH,0H-0.15 M H,PO, (18:82) (eluent IX). Other HPLC conditions as in Experimental section.
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TABLE III
REPRODUCIBILITY OF ED RESPONSE
Eluents as in Table I1. HPLC and ED conditions as in Fig. 4.

CV. (%), n=>3

MA Eluent 50 pmol injected 250 pmol injected
c 111 2.1 0.25
a 1 1.8 0.14
f 111 1.8 0.21
d 111 3.5 0.40
e 1 2.6 0.45
g I 34 1.8
b A% 1.3 1.2
j A% 1.8 1.9
k v 2.1 2.0
1 v 1.4 1.8
i \Y% 3.2 29

Typical chromatograms obtained with both UV detection at 210 nm and ED at
+0.80 V in eluents III and V are depicted in Fig. 5. At 210 nm, similar peak heights
for various MA derivatives were obtained in each chromatogram, whereas the ED
responses at +0.80 V were different for the individual MA derivatives. The detection
limits for the derivatives under the proposed conditions were estimated as 0.21-8.3
pmol, lower than those with UV detection at 210 nm (1.2-3.9 pmol) except for com-
pounds h and | (Table IV). The detection limits may be improved by recycling of the
eluents which may make the baseline more stable, and by a decrease in phosphoric
acid concentration in the eluents in order to reduce the background current.
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Fig. 5. Chromatograms of mercapturic acid derivatives obtained by UV and ED detections. (A)~C) UV
detection at 210 nm (250 pmol each); (D)~(F) ED at +0.80 V (up-flow potential, +0.60 V; guard cell
potential, +0.85 V) (25 pmol each). (A), (B), (D) and (E) CH,CN-0.15 M H,PO, (10:90) (eluent III); (C)
and (F) CH,CN-0.15 M H,PO, (20:80) (eluent V). Other HPLC conditions as in Experimental section.
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TABLE IV
COMPARISON OF DETECTION LIMITS BETWEEN UV AND ED
ND = Not determined. Eluents as in Table II. HPLC and ED conditions as in Fig. 4.

MA Detection limit (S/N = 2) (pmol)
UV (210 nm) ED(+080V)
Ir V Hr vV
c 1.2 ND 0.21 ND
a 1.4 ND 0.31 ND
f 1.8 ND 0.42 ND
d 2.7 ND 1.2 ND
e 33 ND 0.82 ND
g 3.3 ND 1.7 ND
h 3.9 ND 4.0 ND
b ND 2.6 ND 0.47
i ND 29 ND 1.1
k ND 3.1 ND 1.8
i ND 31 ND 24
1 ND 3.6 ND 8.3

Most mercapturic acids have been identified as urinary metabolites originating
from xenobiotic compounds'”. Therefore, the mercapturic acid assay will help to
assess human exposure to harmful chemicals, if there is a quantitative relationship
between the values in urine and the degree of exposure. Generally speaking, when the
urinary MA excretion is extremely low, the assay is difficult due to interference from
endogenous compounds. The proposed method in combination with HPLC and ED
is sensitive enough (Table IV). Furthermore, the method is simple and does not
require the derivatization used in GC methods. Therefore, with a suitable pretreat-
ment, the HPLC-ED method may be useful for the routine analysis of MAs in
biological samples. The application of this method is currently being evaluated and
the results will be reported elsewhere.
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