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Abstract

The rare diarrhetic shellfish toxin, dinophysistoxin-2 (DTX-2), was isolated from the digestive glands of mussels (Mytilus
edulis). This was achieved by chromatography on silica and Sephadex LH-20 followed by reversed-phase solid phase
extraction and semi-preparative high-performance liquid chromatography (HPLC) with an Ultremex C,, column. Using
I-bromoacetylpyrene (BAP), as a precolumn derivatisation reagent, the diarrhetic shellfish toxins, okadaic acid (OA),
dinophysistoxin-1 (DTX-1) and DTX-2, were determined by HPLC with fluorimetric detection. Derivatisation using BAP
was compared with 9-anthryldiazomethane (ADAM) and, although the latter exhibited a four-fold better sensitivity, the BAP
method gave fewer artefact peaks from reagent decomposition. The limits of detection of OA and DTX-2 were 0.4 ng
on-column using BAP, which permits this method to be used for the regulatory control of these toxins in shellfish.
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1. Introduction

Severe gastrointestinal disturbance can result from
the ingestion of shellfish that are contaminated with
toxins that originate from marine microalgae.
Bivalve molluscs are particularly susceptible when
feeding on toxigenic dinoflagellates such as Di-
nophysis and Prorocentrum spp. [1]. The syndrome
is called diarrhetic shellfish poisoning (DSP) and it
has occurred with increasing frequency in recent
years. The polyether carboxylic acids, okadaic acid
(OA) and dinophysistoxin-1 (DTX-1) (Fig. 1) have
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been identified as the toxins responsible for most
outbreaks of DSP and this topic has been the subject
of a recent review [2]. These compounds exert their
bioactivity by the potent inhibition of protein phos-
phatases, PP1 and PP2A [3]. It is this activity that
has led to the use of OA as a valuable reagent for

Fig. 1. Structures of diarrhetic shellfish toxins. Okadaic acid (OA),
R,=H, R,=H, R,=CH,;; dinophysistoxin-1 (DTX-1), R,=H,
R,=CH,, R,=CH,; dinophysistoxin-2 (DTX-2), R ,=H, R,=
CH,, R,=H; dinophysistoxin-3 (DTX-3), R,=acyl.
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biochemical cellular studies and it is now commer-
cially available. However, an isomer of OA,
dinophysistoxin-2 (DTX-2), was recently identified
[4] in mussels (Mytulis edulis), cultivated in Ireland,
where it continues to be the predominant toxin {5].
Bioassays, with live rodents, are used by most
regulatory authorities to screen for diarrhetic toxicity
in shellfish but internationally agreed limits for
individual toxins will depend on toxicity evaluations.
The new toxin, DTX-2, was recently detected in
dinoflagellates in Spain [6] and in shellfish from
Portugal [7]. In this paper, we describe the isolation
of this toxin from shellfish for use as a reference
standard and for toxicity evaluations.

Fluorimetric HPLC analysis [8] of the 9-anth-
rylmethyl derivatives of the acidic diarrhetic toxins
has become an established method and this proto-
col was recently subjected to critical examination
[9]. The derivatising reagent, 9-anth-
rylmethyldiazomethane (ADAM, Fig. 2a), is some-
what unstable and this may give rise to interferences
from artefact peaks in HPLC. A number of other
derivatising reagents have been proposed for the
determination of OA in shellfish, including N-(9-
acridinyl)-bromoacetamide [10], 1-bromo-
acetylpyrene (BAP, Fig. 2b) [(11], 1-pyrenyl-
diazomethane (PDAM) [12], 4-bromomethyl-7-
methoxycoumarin (Br-Mmc) [13] and 2,3-(anth-
racenedicarboximido)ethyl  trifluoromethanesulpho-
nate (AE-OTf) [14]. Difficulties arise with each of
these methods in determining trace analytes in the
presence of large reagent peaks and artefacts. The
application of column switching procedures with
several of these reagents has recently been employed
to aid automation [14,15]. In this paper, the applica-
tion of BAP for the simultaneous determination of
OA, DTX-1 and DTX-2 in shellfish is reported and
compared with the ADAM method.

&

Fig. 2. (a) 9-anthryldiazomethane (ADAM) and (b) 1-bromo-
acetylpyrene (BAP).

2. Experimental
2.1. Instrumentation

The HPLC system consisted of a pump (LC-
10AD), column oven (CTO-10A) and an RF-551
fluorescence detector (Shimadzu, Duisberg, Ger-
many) with an autosampler (ISS-100, Perkin Elmer,
Uberlingen, Germany). The analytical HPLC column
used was an Ultremex C,g, Sum, 250X3.2 mm
(Phenomenex, Macclesfield, UK), with a precolumn
(Ultremex C,5, Sum, 30X3.2 mm) and an in-line
filter (3 mmX0.5 um, Rheodyne, Cotati, CA, USA).
An Ultremex C ¢, Spm, 250X 10 mm column with a
precolumn, 60X 10 mm (Phenomenex) were used for
semi-preparative HPLC.

Solvent evaporation under nitrogen was carried
out using a Turbo Vap LV evaporator (Zymark,
Warrington, UK). Sample preparation required the
following equipment: an homogeniser (Ultra-Turrax
T25, Janke and Kunkel, Staufen, Germany), cen-
trifuges (Beckman Model J2-21, High Wycombe,
UK and Easyspin, Sorvall Instruments, Stevenage,
UK), vortex-mixer (Maxi-Mix II, Thermolyne type
37600, Barnstead/Thermolyne, Dubuque, 1A, USA)
and a sonic bath (Sonicor SC-42, Sonicor Instru-
ment, Copiague, NY, USA).

2.2. Software

Chromatographic data handling was performed
using an Axxi-Chrom 717 chromatography data
station (Axxiom Chromatography, Gloucester, UK).
Data were transferred to Microsoft Excel for further
graphical manipulation.

2.3. Diarrhetic shellfish toxins and standard
materials

Okadaic acid (OA) (95%, Sigma, Gillingham,
UK) and dinophysistoxin-1 (DTX-1) (Calbiochem-
Novabiochem, Nottingham, UK) were purchased.
OA was used as the reference standard in this study.
A certified standard lyophilised mussel material
containing diarrhetic toxins (MUS-2, National Re-
search Council, Halifax, Canada) was reconstituted
in methanol immediately prior to use to give a
mixture with 2.5 ug total toxins/ml (2.29 ug of OA
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and 0.21 ug of DTX-1/ml). DTX-2 was isolated
from contaminated mussels as outlined below.

2.4. Chemicals

9-Anthryldiazomethane (ADAM) was purchased
from Serva Feinbiochemica (Heidleberg, Germany).
1-bromoacetylpyrene (BAP) was purchased from
Aldrich (Gillingham, UK) or was synthesised from
pyrene following the method of Spijker et al. [16].
BAP was purified before use by chromatography on
silica (silica gel 60, 70—230 mesh, E. Merck, Darm-
stadt, Germany) with elution using hexane—dichloro-
methane (1:2, v/v), followed by recrystallisation
from dichloromethane—cyclohexane to give pale
yellow needles with a m.p. of 129-130°C. Pyrenacyl
okadaate (Sigma) was used for SPE recovery testing
and deoxycholic acid (Sigma) was used as an
internal standard. Water, methanol, acetonitrile and
chloroform (stabilised with amylene, 50 ppm) were
of HPLC grade (Labscan, Dublin, Ireland).

2.5. Calibrations for diarrhetic toxin analysis

Daily calibrations were performed using OA stan-
dards that were subjected to the same derivatisation
and SPE procedures as described for shellfish analy-
sis and results were based on peak areas. Cali-
brations using both derivatisation methods were
linear for solutions containing 0.05-0.25 ug of OA,
which represents 5-25 ng on-column; ADAM meth-
od (OA, r=0.999; DTX-2, r=0.998), BAP method
(0OA, r=0.996; DTX-2, r=0.996). Concentrations of
DTX-1 and DTX-2 are expressed as OA equivalents
and typical calibration curves for DTX-2 are shown
in Fig. 4. The relative standard deviation for the
determination of OA in the reference material, MUS-
2, was 8% (n=25), using the BAP derivatisation
procedure.

2.6. Preparation of shellfish samples

A regular screening programme for diarrhetic
shellfish toxins was used to identify mussels (Myrilus
edulis) that were contaminated with DTX-2 [17].
The digestive glands (hepatopancreas) were cut from
mussels collected from the south-west coast of
Ireland and stored at —20°C prior to extraction.

Extraction of toxins was carried out following a
modified procedure of Lee et al. [8]. A portion of
homogenised shellfish hepatopancreas equivalent to
6 g was extracted with methanol-water (4:1, v/v)
(12 ml) and, after centrifugation at 3000 rpm (10
min), an aliquot (2.5 ml) of the supernatant was
washed with petroleum spirit (40-60°C), 2X2.5 ml,
by vortex-mixing for 1 min. The upper layer was
discarded each time and water (1 ml) and chloroform
(4 ml) were added to the residual solution which was
vortex-mixed for 2 min. After centrifugation (5 min),
the lower chloroform layer was transferred, using a
pipette, to a volumetric flask (10 ml). The chloro-
form extraction was repeated and the extracts were
combined and made up to 10 ml with chloroform.
An aliquot (0.5 ml) of this chloroform extract was
evaporated under nitrogen and used for derivatisa-
tion.

2.7. Derivatisation with I-bromoacetylpyrene
(BAP)

Shellfish extract or OA, DTX-1 and DTX-2 stan-
dards (0.050-0.250 wxg) in acetonitrile (0.1 ml),
deoxycholic acid (0.10 wg) (internal standard, in
acetonitrile, 0.1 ml), BAP (0.1% w/v in acetonitrile,
0.5 ml) and diisopropylethylamine (0.04 ml, 5% in
acetonitrile) were mixed, ultrasonicated for 5 min
and heated at 75°C for 20 min, while protected from
light. Solvent was removed under nitrogen and the
residue was reconstituted in chloroform—hexane
(50:50, v/v; 1 ml). This mixture was subjected to
clean-up using silica solid phase extraction (SPE)
(Supelclean LC-Si, 3 ml, Supelco, Poole, UK).
Chloroform, stabilised with amylene, was used in
this procedure and this was adjusted with ethanol to
produce a concentration of 1.2% (v/v). The SPE
cartridge was conditioned with chloroform—hexane
(50:50, v/v; 3 ml) prior to application of the sample.
After washing with the conditioning solvent (5 ml),
followed by chloroform (5 ml), the toxin derivatives
were eluted with chloroform—methanol (95:5, v/v; 5
ml). After evaporation to dryness under nitrogen
(40°C, Turbo Vap LV, Zymark), the residue was
reconstituted in methanol (200 wl). Analysis by
HPLC using a 20-u1 injection gave 5-25 ng of toxin
standards on-column.
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2.8. Derivatisation with 9-anthryldiazomethane
(ADAM)

ADAM solution (0.2%) was prepared by dissolv-
ing ADAM (6 mg) in acetone (50 wl) which was
made up to 3 ml with methanol and filtered (0.45
pm membrane) for immediate use. Standard toxins
and sample extracts were evaporated under nitrogen
and treated with ADAM solution (200 w1), ultrasoni-
cated for 5 min and allowed to stand for 2 h. All
solutions containing ADAM were protected from
light. The SPE procedure was identical to that used
in the BAP method.

2.9. Liguid chromatographic analysis

HPLC analysis of the BAP and ADAM derivatives
of diarrhetic shellfish toxins was carried out using
isocratic solvent mixtures of acetonitrile—methanol-
water (see Fig. 3 and Figs. 5-7 for solvent com-
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Fig. 3. Chromatogram of standard mussel material, MUS-2 (OA,
2.29 pg/ml; DTX-1, 021 wug/ml), extracted and derivatised
using the BAP procedure (see Section 2). Peaks: 1, OA; 2,
DTX-1. HPLC conditions: 5 um Ultremex C,, column (250%3.2
mm); eluent was acetonitrile—methanol-water (80:5:15, v/v).

positions) with a flow-rate of 0.5 ml/min on an
Ultremex C,; column (5 um, 250X3.2 mm, Phe-
nomenex) at 30°C. Fluorimetric detection was used
for both ADAM (A,, 365 nm, A, 412 nm) and BAP
(Ao, 365 nm, A, 418 nm) derivatives.

2.10. Isolation of DTX-2 from shellfish

Mussels (Mytilus edulis) were collected from
south-west Ireland following a bloom of phytoplank-
ton (Dinophysis acuta). The hepatopancreas (550 g)
were homogenised with methanol—water (80:20 v/v;
500 ml) for 15 min. The supernatant was washed
with light petroleum (40-60°C, 2X500 ml) and
extracted with chloroform (2X500 ml). The chloro-
form extracts were combined, dried (MgSO,) and
evaporated. In the following chromatographic steps,
the fractions containing DTX-2 were identified by
the analysis of aliquots by HPLC following de-
rivatisation with ADAM or BAP:

(1) The residue was chromatographed on silica,
100 g (E. Merck) and eluted with ether followed by a
step gradient of methanol-ether. DTX-2 eluted in
fractions with 5-20% methanol—ether and this chro-
matography step was repeated.

(2) Fractions containing DTX-2 were transferred,
using methanol, to a column containing Sephadex
LH-20, 7 g (Pharmacia LKB, Uppsala, Sweden).
DTX-2 eluted in methanol (20 ml) which was
evaporated.

(3) An SPE cartridge, Mega Bond-Elut, C,;, 10 g
(Varian, Harbor City, CA, USA), was conditioned
with acetonitrile—water (40:60, v/v; 30 ml) and the
DTX-2 fraction, in the same solvent, was applied to
the cartridge. The SPE column was washed with
acetonitrile—water (40:60, v/v, 30 ml and 60:40,
v/v, 30 ml) and DTX-2 was eluted using acetoni-
trile—water (80:20. v/v; 30 ml).

(4) Semi-preparative HPLC was carried out using
an Ultremex C,; column (250X10 mm, 5 um,
Phenomenex). The mobile phase used was initially
acetonitrile—water (50:50, v/v) for 5 min, increasing
stepwise to 100% acetonitrile over 40 min and with a
solvent flow of 4 ml/min. DTX-2 eluted mainly in
acetonitrile—water (70:30, v/v) and other fractions
containing less pure DTX-2 were re-chromato-
graphed.
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3. Results and discussion

3.1. Optimisation of derivatisation conditions for
BAP

The derivatisation procedure using BAP was
similar to that developed by Dickey et al. [11] for the
determination of OA in shellfish and phytoplankton.
A modified procedure has now been applied to the
simultaneous analysis of the diarrhetic toxins, OA,
DTX-1 and DTX-2 in shellfish. A number of factors
were examined during the optimisation studies of
this derivatisation, including temperature, reaction
time and base concentration. Thus, using reaction
temperatures for derivatisation ranging from 40-
90°C, it was found that although peak areas in-
creased with temperature, artefact peaks from re-
agent decomposition were observed above 75°C. At
this temperature, maximum peak areas were ob-
served after 15 min and remained unchanged for up
to 30 min. The time selected for this protocol was 20
min. Improved derivatisation, resuiting from in-
creased base concentration, was also observed and
5% diisopropylethylamine was found to be optimum,
a considerably higher concentration than that used
previously [11].

3.2. Recovery studies for OA using the BAP
procedure

The first part of this study examined the recoveries
during the SPE stage, using pyrenacyl okadaate
(BAP-0A), the expected product from the deri-
vatisation reaction of OA with BAP. A sample of
mussel hepatopancreas (non-toxic) was subjected to
the usual extraction procedure and aliquots (10X0.5
ml) of the chloroform extract were spiked with
BAP-OA (0.15 ng). After evaporation, five aliquots
were subjected to the SPE procedure and the remain-
ing were made up in methanol (200 ul) but were not
subjected to SPE. Using 20-ul injection volumes, a
comparison of the BAP-OA chromatographic peak
areas for the two sets of samples showed that the
recovery using SPE was 95%5%. Quilliam [9] has
examined the SPE recoveries of the 9-anthrylmethyl
derivatives and showed that inconsistent performance
was related to a variable ethanol content in chloro-
form. Similar vanability in the SPE of pyrenacyl
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Fig. 4. Calibration curves for standard DTX-2 using ADAM and
BAP derivatising reagents.
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Fig. 5. Chromatogram of three diarrhetic shellfish toxin standards,
derivatised using BAP. Peaks: 1, OA (15.2 min, 8 ng); 2, DTX-2
(16.8 min, 13 ng); 3, DTX-1 (23.1 min, 4 ng) and 4, deoxycholic
acid (24.3 min, 10 ng, internal sandard). HPLC conditions: 5 um
Ultremex C,; column (250%3.2 mm); eluent was acetonitrile—
methanol-water (80:5:15, v/v).
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derivatives was overcome by using ethanol-free
chloroform (stabilised with amylene) and adjusting
the ethanol content to an optimised value of 1.2%
(v/v) before use.

To determine the overall recovery of the BAP
analytical procedure, the mussel homogenate con-
taining a certified OA content (MUS-2) was re-
peatedly analysed (n=25) and compared with the
standard OA (n=22). The amount of OA to be
injected was equivalent to 15 ng and the OA content
in MUS-2 was 1.97+0.16 wg/ml, which was 86% of
the target value (2.29 pg/ml). A typical chromato-
gram from the analysis of MUS-2 is shown in Fig. 3.

3.3. Comparison of BAP and ADAM derivatisation
methods

Calibrations using DTX-2, isolated from shellfish,
were linear for solutions containing 0.05-0.25 ug of
DTX-2, which represents 5-25 ng on-column. The
fluorescence response using ADAM was approxi-
mately four times greater than with BAP for DTX-2
(Fig. 4) and other toxins. However, one problem
with ADAM is its instability and the quality of this
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reagent can vary considerably, resulting in artefact
peaks in HPLC. In contrast, the chromatograms
obtained using BAP were consistently good as
shown in Fig. 5 which was obtained for a mixture of
OA, DTX-1 and DTX-2 standards with deoxycholic
acid (internal standard). The average detection limit
for these toxins was 0.4 ng (on-column) using this
reagent. Chromatograms with reagent blanks ex-
hibited clean baselines in the region (10-20 min)
where toxin analytes eluted (see insert, Fig. 7).
Therefore, BAP was the preferred reagent for de-
termining the purity of the diarrhetic shellfish toxins
used as analytical standards.

3.4. Liquid chromatography of toxin derivatives

The amount of toxin injected was 1-25 ng and,
using the protocol for shellfish analysis outlined in
Section 2, this is equivalent to a toxin content of 4.17
mg of mussel hepatopancreas. Typical chromato-
grams from the analysis of contaminated mussels are
shown in Fig. 6. Using ADAM derivatisation to
examine a mussel specimen collected in 1994, both
OA and DTX-2 were present, with the latter toxin

b)
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Fig. 6. Sample chromatograms from contaminated mussels obtained using (a) ADAM derivatisation method; (1) OA (12.5 min, 1.2 ng) and
(2) DTX-2 (13.8 min, 10 ng). (b) BAP derivatisation method; (1) OA (10.7 min, 6.2 ng) and (2) DTX-2 (11.6 min, 11.3 ng). HPLC
conditions: 5 wm Ultremex C, column (250X3.2 mmy); eluents were acetonitrile—methanol—water, (a) 80:8:12 (v/v) and (b) 80:10:10 (v/v).

Shimadzu RF551 detector gain settings were (a) 4 and (b) 16.
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predominating. Acetonitrile—methanol-water
(80:8:12, v/v) separated these isomeric toxins (Fig.
6a) and the retention times were 12.5 min (1.2 ng of
OA) and 13.8 min (10 ng of DTX-2). A mussel
sample, collected in 1995, was extracted and deriva-
tised with BAP to give the chromatogram shown in
Fig. 6b. The pyrenacyl derivatives of OA and DTX-2
were separated using acetonitrile—methanol—water
(80:10:10, v/v) and the retention times were 10.7
min (6.2 ng, OA) and 11.6 min (11.3 ng, DTX-2).
The anthrylmethyl and pyrenacyl derivatives of these
diarrhetic toxins exhibited similar chromatographic
behaviour and a useful application is the confirma-
tion of toxin identity, based on retention times of two
different derivatives.

3.5. Isolation of DTX-2 from mussels

An extensive programme involving the weekly
examination of cultivated mussels (Mytilus edulis)
from south-west Ireland for diarrhetic toxins allowed
the acquisition of sample material containing DTX-2
[17]. HPLC analysis, following derivatisation with
ADAM, revealed DTX-2 as the predominant toxin,
with small amounts of OA. Bivalve shellfish, includ-
ing mussels, scallops and clams, accumulate diar-
rhetic toxins in their digestive glands (hepato-
pancreas) after feeding on certain toxigenic algae
[18]. The isolation of diarrhetic toxins from shellfish
is difficult, due to the low natural abundance of these
compounds, typically less than 1 ug/g of shellfish
meat. Also, the lack of a suitable chromophore
requires the extensive analysis of eluates collected,
using either of the HPLC methods described in
Section 2.

Only the hepatopancreas of mussels (20-25% of
total meat) was used for toxin isolation. After
homogenisation with methanol, extraction with light
petroleum removed most lipids and acylated toxins
(Fig. 1, R,=acyl). OA and DTX-2 were extracted
into chloroform and multiple chromatographic steps
were required to purify the lipophylic toxin, DTX-2
(see Section 2). DTX-2, isolated from mussels, was
95% pure using HPLC analysis of both its 9-anth-
rylmethyl and pyrenacyl (Fig. 7) derivatives. Sam-
ples of DTX-2 have been supplied to a number of
European Biotoxin Reference Laboratories for use as
an analytical standard. Also, an ELISA test (DSP-
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Fig. 7. Chromatogram of DTX-2, isolated from mussels, after
derivatisation using BAP. Inset shows a typical reagent blank
chromatogram. HPLC conditions: 5 pum Ultremex C,, column
(250 3.2 mm); eluent was acetonitrile~methanol-water (80:5:15,
v/v).

Check, Sceti, Tokyo, Japan), which was developed to
determine OA, was recently evaluated and this
showed a 40£5% cross-reactivity with this standard
DTX-2 [19].
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