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The environmental degradation of a mixture of domoic acid (DA) and kainic acid (KA) in seawater
with and without added transition metals is reported. The association constants for kainic acid with
FeIII and CuII were determined using 1H nuclear magnetic resonance (NMR; K1,FeIII ) 2.27 × 1012,
K2,FeIII ) 8.99 × 108, K1,CuII ) 1.38 × 1010, and K2,CuII ) 4.35 × 107). The photochemical half-life of
kainic acid has been determined to be significantly longer (40–100 h) than that of domoic acid in
corresponding marine systems (12–34 h). The significance of this finding was highlighted by a
comparison of the quantification of a mixture of kainic and domoic acids during photodegradation by
liquid chromatography–tandem mass spectrometry (LC–MS/MS) techniques and the widely used
competitive enzyme-linked immunosorbent assay (cELISA; Biosense Laboratories) method. The MS-
based analysis showed that approximately 50% of the DA was photodegraded within 15 h. In contrast,
the domoic acid cELISA assay reported that the concentration essentially remained unchanged over
this period. The possibility of interference from naturally occurring kainic acid during cELISA
measurements could lead to the overestimation of total domoic acid, especially if they occur in mixtures
in sunlit waters.
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INTRODUCTION

Kainic acid (KA) and domoic acid (DA; Figure 1) are
neurologically active natural products that belong to the kainoid
family, which are among the toxins associated with red tides.
KA and DA are coproduced by at least three varieties of marine
algae (Digenea simplex, Vidalia obtusiloba, and Chondria
armata) (1, 2). The mode of toxicity for both toxins is through
binding to glutamate receptors in the brain (2–5). DA is 20–30
times more toxic than KA (per mass), but KA can also induce
acute toxicity, with symptoms ranging from seizures to memory
effects (2, 6–8). Human exposure can result from direct ingestion
of the algae and through consumption of tainted seafood (3–5).
Seafood has two main contamination routes (1) uptake of
contaminated particulates by filter feeders, such as shellfish (i.e.,
clams, mussels, etc.), and (2) subsequent trophic transfer that
may lead to human contamination (5, 9–11).

Recent studies of the photostability of domoic acid have
shown that its complexation by FeIII can lead to rapid photo-
degradation in sunlit waters (12–14). Although the environ-

mental persistence of domoic acid has been researched in depth,
the fate of the kainoid family, in general, has not (9, 12, 15–17).
This in conjunction with the knowledge that domoic acid is not
persistent under most environmental conditions raises the
question of the photopersistence of kainic acid (12).

This paper explores the environmental degradation of kainic
acid, with an emphasis on the mechanisms associated with
domoic acid degradation (through transition-metal complexes
or other components of natural waters, such as NO3

-, DOM,
and PO4

3-) (13, 16, 18–23). NO3
-, DOM, and PO4

3- were
selected on the basis of multiple environmental measurements
(13, 16, 18–24), and their ranges make the subsequent experi-
mentation broadly applicable. Liquid chromatography–tandem
mass spectrometry (LC–MS/MS) was used to quantify both KA
and DA. These results were correlated with the commercially
available competitive enzyme-linked immunosorbent assay
(cELISA) for DA.

MATERIALS AND METHODS

Materials. Barnstead E-pure water (18 MΩ cm) was used for all
solutions. Instant Ocean from Aqua Systems, Inc. (for composition,
please see Supplementary Table 1 in the Supporting Information) was
used for simulating seawater after purification by C18 silica to remove
trace phthalates, while freeze-dried Suwanee River natural organic
matter (1R101N) was purchased from the International Humic Sub-
stances Society (for analysis and prep data, please see Supplementary
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Tables 2–5 in the Supporting Information). Domoic and kainic acids
were obtained from EMD Biosciences, Inc. at 95% purity.
Fe2(SO4)3 ·5H2O (97%) and Cu(NO3)2 ·2.5H2O (98%) were purchased
from Aldrich and used as received. Sodium nitrate (99%), sodium
phosphate tribasic (99%), sodium bicarbonate (99%), benzoic acid
(97%), sodium hydroxide (97%), and methanol [high-performance
liquid chromatography (HPLC) grade[ were obtained from Fisher
Scientific. Deuterium oxide (D, 99.9%), sodium deuteroxide [D, 99.5%;
NaOD, 30% (w/w) in D2O], and deuterium chloride [D, 99.5%; DCl,
35% (w/w) in D2O] were obtained from Cambridge Isotope Labora-
tories, Inc. NMR tubes were purchased from VWR and acid-cleaned
before each use.

1H Nuclear Magnetic Resonance (NMR) Spectroscopy. Proton
NMR (500.211 MHz) spectra were collected on a Varian Inova 500
spectrometer with a 2.621 s acquisition time, 128 scans, 1 s recycle
time, and a pulse width of 45° for 4.2 µs. Line width acquisition was
obtained from unweighted transformed spectra using the standard
deconvolution routine found in VNMR 6.1c software. Presaturation
was used to suppress the dominant resonance of the residual water
signal. Chemical shift referencing was done by assigning a nominal
value of 4.6 ppm to the residual water signal. All spectra were collected
at 25 °C and a digital resolution of 0.38 Hz. Because of possible binding
of internal chemical-shift standards with FeIII, chemical shifts reported
herein and shown in the figures are approximate.

Kainic acid solutions (821 µM) were prepared and spiked with FeIII

or CuII, to yield a 1:1 kainic acid/metal molar ratio. D+ activity was
adjusted to a pD of 1.5 by the addition of 17.5% (w/w) DCl. NMR
spectra were collected at pD increments of 0.2, ranging from 1.5 to
5.9. Additional spectra were collected at pD values of 6.15, 7.00, and
10.40. Kainic acid solution was quantitatively transferred from the NMR
tube to a 5 mL conical-bottom vial between acquisitions, and pD was
adjusted by the addition of concentrated NaOD while stirring. The
solution was returned to the NMR tube, and the spectrum was collected.
This process was repeated for each measurement.

Photodegradation Studies. Solar simulation was performed using
a Suntest XLS+ Solar Simulator manufactured by Atlas Material
Testing Solutions. Irradiation was achieved with the use of a 2200 W
Xe vapor lamp, image broken by a diffuser, irradiating a 922.5 cm2

polished stainless-steel surface. Light intensity was set to 655 W/m2

(300–800 nm) with a coefficient of variation of 7.0% and 4.0 cm2

resolution. Screw top borosilicate vials (2 mL), purchased from
Laboratory Supply Distributors, served as photoreactors. Two 14.0 ×
27.0 cm steel trays were used to hold 92 photoreactors each. Random
distribution of the photoreactors avoided spatial bias from irregularities
in the light field. All experiments were performed at a light intensity
of 655 W/m2 over a sample irradiation time of 15 h. The sample
chamber temperature was controlled by an Atlas Suncool unit. The
black standard temperature was 25–27 °C, with the chamber air
temperature kept at 21 ( 2 °C. Seven reactors containing actinometer
solution were randomly distributed among the set of 78 samples on
each tray (25). All vials were airtight and perpendicular to the light
source. All samples were stored in the dark before and after
irradiation.

LC–MS/MS Analysis. Domoic and kainic acid samples were
analyzed without any further sample treatment with an Agilent 1100
HPLC coupled to a Micromass-Quattro mass spectrometer equipped
with an electrospray ion-spray (ESI) interface. Chromatographic
separation was achieved using an Chromegabond WR C18 5 µm particle
size, 15 cm × 2.1 mm (i.d.) column (ES Industries, West Berin, NJ)

in conjunction with a corresponding Chromegabond WR C18 5 µm
particle size, 1 cm × 3.2 mm (i.d.) guard column. The LC–MS/MS
procedure was as follows: A mixture of 0.1% aqueous formic acid in
DI water (A) and 0.1% formic acid in acetonitrile (B) was used as the
mobile phase. The initial condition was 95:5 A/B for 3 min, followed
by a linear gradient over 13 min, ending at 5:95 A/B. The ratio of A
and B was reset to the initial condition over the following 8 min to
re-establish initial conditions. The flow rate was 200 µL/min, with a
sample injection volume of 50 µL. A 5 min solvent diversion was used
to avoid salt contamination of the ion source. The MS operating
conditions were set to a cone voltage of 30 V, a collision voltage of
16 eV, a source block temperature of 100 °C, and a desolvation
temperature of 350 °C. The mass spectrometer was run in multiple
reaction monitoring mode (MRM), with a dwell time of 0.20 s. Domoic
acid was identified and quantified by analysis of the signal from the
parent mass (312.36 Da) and two daughter masses (266.10 and 161.30
Da), while kainic acid was identified and quantified using the parent
mass of 214.00 Da and two daughter masses of 168.00 and 122.00
Da.

Direct cELISA Analysis. Analysis was performed using cELISA
kits for ASP obtained from Biosense Laboratories, Bergen, Norway.
Domoic acid/kainic acid samples were diluted 1:1 in extraction buffer
(50% methanol in water) and added to activated DA-conjugated protein-
coated plates at a dilution of 1:1 in sample buffer [10% methanol in
phosphate-buffered saline (PBS)/0.05% Tween 20]. Polyclonal bovine
anti-DA antibodies conjugated with a horseradish peroxidase (HRP)
were used as free DA competitors. After 1 h of incubation, the samples
were washed with unbound antibody (PBS/0.05% Tween 20). After
this, a peroxidase substrate was added to react with the bound antibody,
producing a blue product. The reaction was stopped using 0.3 M sulfuric
acid. Samples were measured spectrophotometrically at 450 nm.

RESULTS AND DISCUSSION

Kainic acid has no appreciable absorbance in the solar
spectrum and, therefore, does not undergo direct photolysis (0.96
µM kainic acid with 32 ppt salinity; see Supplementary Figure 1
in the Supporting Information). However, it was subject to
indirect photodegradation, i.e., photodegradation resulting from
the reaction with photogenerated transients from FeIII, DOM,
NO3

-, etc. (Figure 2). The apparent loss was first-order in kainic
acid (as indicated by analysis of ln([KA]t/[KA]o versus time).
The observed rate constant (kobs) was obtained by a linear least-
squares analysis of the relationship between [KA]t/[KA]o and
time for all experimental conditions tested (Table 1). Half-lives
for kainic acid ranged from 40 to 100 h. Shorter half-lives
correspond to higher concentrations of added FeIII. Specula-
tively, these results can be explained by analogy to the

Figure 1. Structures of domoic and kainic acids.

Figure 2. Plot of kainic acid degradation over time, r2 ) 0.98 (0.96 µM
kainic acid, 32 ppt salinity, 5 mg/L DOM, 17.5 µM NO3

-, 4 µM FeIII, and
2 µM PO4

3-). The t1/2 of kainic acid under the above conditions is
approximately 71 h.
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photodegradation of domoic acid in the presence of FeIII, where
a signficant fraction of domoic acid loss was through the
photolysis of a DA/FeIII complex.

The possibility of such a complex was explored through the
application of a 1H NMR titration technique similar to that used
to characterize the DA–FeIII complex (12). The NMR spectrum
of kainic acid (see Supplementary Figure 2 in the Supporting
Information) in the presence or absence of metal (FeIII or CuII)
was obtained at varying pD values (pD 1.5–12.0). The analytical
observation for the experiment was the line width at half-height
for the 1H NMR spectrum of kainic acid at 1.8 ppm (a singlet
derived from the methyl group R to the pyrrolidine ring; see
Supplementary Figure 2 in the Supporting Information). At low
pD (1.5), line widths were the same for spectra taken with and
without metal, indicating that kainic acid and the metal were
not associated (Figures 3 and 4) (26). Line widths broadened
rapidly as pD increased in both the FeIII and CuII samples but
remained essentially unchanged in the sample with kainic acid
alone. At low pD, metal concentrations were not high enough
to cause line broadening (a through space effect), with line
broadening at higher pD values a consequence of complexation.
The titration curve obtained from plotting line width versus pD
demonstrated two inflection points at pD 3.38 and 5.50 for the
FeIII–KA complex and pD 4.50 and 6.00 for the CuII–KA
complex, suggesting that the resulting complexes have a 2:1
stoichiometry (KA/metal). This behavior is consistent with that
of other natural and artificial amino acids with pH-dependent
K′ [e.g., glutamic acid and ethylenediaminetetraacetic acid
(EDTA)] that complex metals strongly in the deprotonated form
but only very weakly in acidic environments (27, 28). Associa-
tion constants, K, for the KA/FeIII complex were estimated on
the basis of the assumption that kainic acid, similar to other
amino acids, complexes metals most effectively in the fully
deprotonated (Y3-) form (27). On the basis of the position of
the inflection point, measured pKa values were as follows: pKa1

) 1.96, pKa2 ) 6.02, and pKa3 ) 10.80 (see Supplementary
Figure 3 in the Supporting Information) and the initial concen-

trations of FeIII and kainic acid were as follows: the estimated
value of K1 was 2.27 × 1012 and the estimated value of K2 was
8.99 × 108. The estimated stability constants for the KA/CuII

complex are K1 ) 1.38 × 1010 and K2 ) 4.35 × 107. The
binding constants reported here were corrected for competitive
binding of the metal to OH-, Cl-, and SO4

3-/NO3
-, which

were present in the titrated solution and also corrected for pH
(see Supplementary Calculation 1 in the Supporting Information)
(29–32). These results indicate that, under the conditions of our
photodegradation experiments, essentially all kainic acid was
bound to a transition metal.

These constants are of the same order as those obtained for
the association of FeIII and domoic acid, which may co-occur
with kainic acid in some marine algae (12, 13). Accordingly, a
series of competitive photodegradation experiments were per-
formed to test the relationship between the magnitude of K and
the photodegradation rate of either acid. Domoic acid quickly
photodegraded over the time period of the experiment and under
the conditions tested (Table 2). It was found that domoic acid
half-lives ranged from 12 to 34 h, depending upon the
experimental conditions. A comparison of half-lives of KA in
the presence of DA showed that half-lives for KA in mixed
solutions are ∼4 times longer than when KA is photodegraded
alone (5.00 mg/L DOM, 2 µM FeIII, 17.50 µM NO3

-, and 2.00

Table 1. Rates of Kainic Acid Photolysis under Relevant Environmental
Conditionsa

run
DOM
(mg/L)

FeIII

(µM)
NO3

-

(µM)
PO4

3-

(µM)
kobs × 10-2

(h-1) t1/2 (h)
coefficient of

variation

1 0.00 2.00 17.50 2.00 1.04 67.82 0.15
2 2.50 1.00 8.75 3.00 0.72 104.28 0.37
3 2.50 1.00 8.75 1.00 1.14 68.12 0.44
4 2.50 1.00 26.25 3.00 1.24 58.87 0.29
5 2.50 1.00 26.25 1.00 1.49 47.29 0.17
6 2.50 3.00 8.75 1.00 1.10 63.34 0.03
7 2.50 3.00 8.75 3.00 1.19 59.49 0.16
8 2.50 3.00 26.25 3.00 1.08 64.85 0.10
9 2.50 3.00 26.25 1.00 0.96 76.65 0.32
10 5.00 0.00 17.50 2.00 0.97 80.64 0.44
11 5.00 2.00 0.00 2.00 1.44 48.14 0.01
12 5.00 2.00 17.50 2.00 1.32 53.85 0.18
13 5.00 2.00 17.50 4.00 0.85 82.44 0.14
14 5.00 2.00 17.50 0.00 1.20 65.47 0.44
15 5.00 2.00 35.00 2.00 1.05 65.90 0.05
16 5.00 4.00 17.50 2.00 1.06 66.75 0.19
17 7.50 1.00 8.75 1.00 1.72 40.23 0.02
18 7.50 1.00 8.75 3.00 1.03 74.98 0.42
19 7.50 1.00 26.25 3.00 0.98 72.10 0.16
20 7.50 1.00 26.25 1.00 1.09 64.62 0.14
21 7.50 3.00 8.75 3.00 1.02 59.48 0.20
22 7.50 3.00 8.75 1.00 1.52 46.93 0.21
23 7.50 3.00 26.25 3.00 1.14 66.81 0.39
24 7.50 3.00 26.25 1.00 1.12 63.09 0.19
25 10.00 2.00 17.50 2.00 1.19 59.48 0.17

a All samples contain 0.96 µM kainic acid along with 32 ppt salinity.

Figure 3. (a) As pD increased, the line width of the singlet at 1.8 ppm
increased in the presence of FeIII, implying the formation of a complex.
[Kainic acid] ) 821 µM; [FeIII] ) 821 µM; and DCl and NaOD were
used for pD adjustment. (b) As pD increases, the line width of the singlet
at 1.8 ppm remains the same for KA alone. (c) First derivative plot for
inflection point assignment.

Figure 4. (a) As pD increased, the line width of the singlet at 1.8 ppm
increased in the presence of CuII, implying the formation of a complex.
[Kainic acid] ) 821 µM; [CuII] ) 821 µM; and DCl and NaOD were
used for pD adjustment. (b) As pD increases, the line width of the singlet
at 1.8 ppm remains the same for KA alone. (c) First derivative plot for
inflection point assignment.
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µM PO4
3-). The implication is that these acid–metal complexes

may become labile after photoreduction of the FeIII, allowing
catalytic cycling of FeIII.

In addition to monitoring the molecular composition of the
photodegraded mixture by LC–MS/MS techniques, the toxicity
of the resulting mixture was assayed using a cELISA assay
(BioSense Laboratories) designed to measure the domoic acid
response alone. The response was plotted (ln([x]t/[x]0) versus
time) to determine the rate (kobs) of domoic acid photodegra-
dation in the presence of kainic acid (Figure 5). When this result
was indexed against the predicted kobs for these conditions (on
the basis of a multifactorial model, incorporating the effects of
FeIII, DOM, PO4

3-, and NO3
-) (12), the cELISA routinely

underpredicted the rate of domoic acid loss relative to the MS-
based method. Although the degree of underprediction varied
with experimental conditions, the difference between the two
analytical methods was consistently significant to the 99% level
of confidence. There was no correlation between the degree of
underprediction and the rate of reaction, indicating that under-
prediction was a function of kainic acid–assay interactions and
not attributable to possible photoproducts (3, 4, 7). This
interaction was tested by exposing the assay to both prepared
standards of kainic and domoic acids and measuring the
response. A comparison of the apparent concentrations yielded
a 1:1 ratio of domoic acid/kainic acid (Figure 6; see Supple-
mentary Table 6 in the Supporting Information). Together, these
results indicated that (1) the cELISA was approximately as

sensitive to kainic acid as domoic acid, (2) the cELISA kits
overestimate domoic acid in the presence of kainic acid, and
(3) photoproducts did not elicit a response from the assay.
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