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INTRODUCTION

This Interagency Agreement for Collaborative Research on
Seafood Toxins has contributed substantially to advances that are
important to both the food safety mission of the U.S. Food and
Drug Administration and to the medical defense against biological
warfare mission of the Department of Defense. Significant
progress has been made in all areas of the Scope of Work., These
are summarized in the Workscope Accomplishments. Collaborative
studies with DOD have continued following the termination of this
formal agreement. We gratefully acknowledge the support and
encouragement of Colonel David L. Bunner, M.D., and Robert W,
Wannemacher, Jr., Ph.D., of the U.S. Army Medical Research
Institute of Infectious Diseases.

The following individuals participated in the described studies
(NPIB = FDA Natural Products and Instrumentation Branch)

Samuel W. Page, Ph.D. (Project Director) (NPIB)
Sherwood Hall, Ph.D. (Principle Investigator) (NPIB)

Robert Dickey, Ph.D. (FDA Fisheries Research Branch, Dauphin Island, 2
Mohamed N. Gomaa (NPIB)

James Hungerford, Ph.D. (FDA Seafood Products Laboratory, Seattle, WA)
Ellen W. King (NPIB)

Roger Mann, Ph.D. (Virginia Institute of Marine Science)

Edward Moczydlowski, Ph.D. (Yale University School of Medicine)
Edward P. Ragelis, Ph.D. (NPIB)

Julia Rainer (Virginia Institute of Marine Science)

Gary R. Strichartz, Ph.D. (Harvard Medical School)

John J. Sullivan, Ph.D. (FDA Seafood Products Laboratory, Seattle, WA’
Mark Tamplin, Ph.D. (FDA Fisheries Research Branch, Dauphin Island, Al

George C. Yang, Ph.D. (NPIB)




WORKSCOPE ACCOMPLISHMENTS

L Determination of Pur' f Paralytic Shelifish Poisons (PSP) Reference
Standards

A Nuclear Magnetic Resonance Spectroscopic Studies

Nuclear magnetic resonance (NMR)spectroscopic studies have beenr carried out on 12
of the PSP toxin standards and on domoic acid. These studies have included proton,
carbon-13, and nitrogen-15 NMR spectral measurements.  Extensive studies of the
changes in the molecular structures of saxitcxin and neosaxitoxin with variations in pH
were also carried out.

The NMR studies of the saxitoxins included efforts 1o quamify the toxins, both to
determine epimer ratios of the 11-hydroxysulfate toxizs and to determine the absolute
concentrations of some of the synthetic sadioxin derivatives produced for
pharmacological characterization.  Notwithstanding the intrinsic difficuities of NMR
quantitation, these efforts were fairly successful, establishing concentrations or
concentration ratios within better than 10% accuracy

The preparation of a manuscript describing these studies is in
progress. The description of the NMR spectroscopic techniques
are given in Appendix A.

B. Optical Rotation Studies

Opticas roration was used as a measure of toxin purity in the classical studies o
saxitoxin punificauon and has becn neglected since, given the availability of more
sophisticated  techniques.  This technique was evaluated during the present studies and
found 1o be onc of the beuter techniques for evaluating the absolute purity of saxitoxin.
The optical rotations of pure saxitoxin preparations agreed well with the previously
reported value, [a)** = 130°.

The listctang factor {n such determinations turne aout to he the accuracy
with which the dry veight of (he sax{toxia can e deteratned. The
purificacion of saxitoxin now (nvolves repeated chromatagraphi{c sceps vhich
provides 4 purified product, which ts a glassvy salid. The purity of this
product 3ust Se (adependentlv Jeterained. If cthe final saxitoxin
preparacion were 2 crystalline soltd, rather than a amorphous solid, {ts
purtity and ease of manipulation would de significantly enhanced. There are
two published aczounts in which saxitoxia has Beea crvatallired: as che
ethyl hesixetal dihvdrochlocride and as the di-p-brosobenzenesulfonic acld
salts. The lactter approach has been evaluaced aad fauand to de less than
tdeal for the purposes of purifilcaction or characterization decause of the
saall 9ize of che resulting crystals and their relattvely high solubilicy.
ODue to the Nhigh solubtlicy, these =ryscals caa cnly be obdtatned froe highly
concentrated solutions, 30 considerable difficulties vere encountered {(n
resoving !apuricties present in the mother liquors. Current and futurve
effores will focus on optimizing these approaches and on the seacch for

better acid sale,



C. X-Ray Crystallographic Structure Deterazinations

The crystal structures of saxitoxia, €2, and C4 had Seen previously
deterained and have provided fmportant insights fato the detatled stcuyccure
2f the toxins. However, the resolution obtained {n the previous C2 X-~ray
ccvstallographic analysis was of poor quality. In addition, aone of these
previous studles defined the orlentation of the ll-alpha-hydroxyl
substityenc. This {nformatf{on is of considerable l(aportance to the
ynderstaadiag of the cheafstry 3aand pharmacology of the saxitoxins. After
several efforcts, crvstals of saxitoxi{a Ci (aa tl-alnha-hydroxysulfate) and
C3 suitable for an X-ray crystallograzhlc scructure deterainacion were
obtained, [a colladoratioa with the Naval Research Laboratory, the crystal
structures for Cl and C) wvere deceruined for the firsc time. [a addicion,
a higher quality structure for C2 was odc2ined. These data sets, {n
conluactiyn with the NMR daca, vill be of great ilmportance ia our
contiauiag efforts to sodel the active coaforaations of the saxitoxins and
their lnteractioas wvith the sndiuw channel bindiag stte. Compucer-
generated crystal structures for Cl aad C2 are given ia Appendiz 3.

2. Investigations of the Modes of Actions of the Individual PSP Toxins

Collaborative studies of the molecular basis for the action of the PSP toxins were carried
out with Dr. Gary R. Strichartz at Harvard Medical School and with Dr. E. Moczydlowski
at the School of Medicine at Yale University.

The efforts to characterize the interaction between saxitoxin and its binding site and 10
develop a suitable non-exchangeable radiolabelled saxitoxin derivative have focused on
the synthesis of taxitoxin derivatives and the study of their pharmacology.

Alpha-saxitoxinol was produced using literature methods and was found 10 have intrinsic
activity using the bilayer technique. This lays to rest the uncerainty regarding previous
experiments which emploved binding or electrophysiological methods that could not
distinguish betwcen intrinsic toxicity at low level and contamination of a non-toxin
derivative with traces of an active toxin.

Acetyl decarbumovlsautorin . was svathesized and found to be active using both binding
and single channcl 1cchniques.  This derivative is formally equivalent to the replacement
of the terminal -NH; of the carbamate side chain with a -CH,. This result suggests that,
not withstanding the importance of the 21-sullo group, hydrogen bonds to the terminal
ritrogen are not essental for binding.

Dccarbamoyl neosaxitoxin was synthesized and, quite to our surprise, revealed little
dctectable  activity 1n either the binding or single channel assays.  This is quite
interesting, since it lies far outside the envelope of additive effecis of the two functional
modifications taken separately.  These results suggest that there is an intramolecular
interaction that 1s negatively synergistic with respect 1o binding.




3. Development Svaluation of Rapld and Sensitive Analytical Methods for the
Detection, Quantitation, and Confirmation of Seafood Toxins

An HPLC method for the PSP toxins was extensively evaluated, including a extramural
contract with the State of Massachusetts, Theobold Smith Research Institute. In
addition, a mass spectrometric procedure and a radioimmunoassay for PSP were also
evaluzted. The Hokama stick test for ciguatera toxin was also evaluated.

q, Initiate Studies on the Accumulation and Release of PSP Torins by
Administering Microencapsulated, Radiolabelled Toxins to Bivalves under
Defined Conditions

This work was done in collaboration with an extramural contractor.

5. Provide PSP Reference Standards to DOA for Evaluation of Analytical
Methods.

The following standards have been delivered 1w DOA:

saxitoxin: 829 mg
neosaxioxin: 43 mg
Bl 37 mg
B2: 1 mg
ClL 18.5 mg
C 15.8 mg
6. Establish Culturing Facility for Dinoflagelistes to Produce Clguatoxin-related

Compounds to Be Used for Structure Elucidatio~ snd for Cevelopment of
Analytical Methodology.

A culturing facility for tropical dinoflagellates has been established by Dr. Robert Dickey
at the FDA Dwision of Contaminants Chemistry, Fisheries Research Branch Facility,
Dauphin [sland, AL. The progress of these studies is given in Appendix C.

7. Organize a Workshop on Dinofiagellate Toxins with Emphasis on Analytical
Methodology.

A vorkshop "VYaturs! Toxlas froe Aquatic and Xariae tavicooments” vas held
27-30 Auguset 1987 at the Msrtae B3tological Laboratory st Yoads Hole,
Massachusetts, The proceedings of this coafersace vere published by the
American Chemtcal Soclety 1o March 1990, S$ix coples of this dook vers

delivered to DOA om 26 Aprtl 1990.



8. Provide Consultation

Consultative senvices have been provided on request. In addition, field samples from
several episodes of human toxicoses related to marine toxins were provided to DOA.



APPENDIX A
Characterizatian of PSP Taxins by Nuclear Magnetic Resonance Spectroscopy

EXPERIMENTAL
NMR spectra of STX and NEO were recorded in 5% D,0/95% H,0 at various pH
values on a Varian Associates ViKR-400 spectrameter for the following nuclei:

1H(400 MHz), 13c(100 MHz), and 1°N(40.6 MHz).

Proton spectra, described by 1344 data points (real part), were obtained at
400 MHz using presaturation delay times of 10 sec. Pulse widths of 10 us
were employed, which correspord to tip angles of 22° with 5-mm sample tubes.
A 10-dB attenuator was used to prevent receiver overload under these signal
acquisition conditions. Spectral widths of 1400 Hz were employed,
corresponding to acquisition times of ca. 0.5 sec. Chemical shifts are

reported relative to the water signal at 4.6 ppm.

Proton-decoupled 13C spectra, described by 32,768 data points (real part),
were obtained with broad-band irradiation at 400 MHz. Pulse widths of 7 us
were employed, which correspond to tip angles of 35° with 5-mm sample tubes.
Siectral widths of 20 kHz were used, correspording to acquisition times of
. 0.82 sec. Data were subjectad to a 1-Hz line broadening, and chemical

snifts are reported relative to the C-12 resonance at 99 ppm.

Proton-decoupled I5F spectra, described by 32,768 data

points (real part), were obtained with STX with broad-

band irradtation at 400 MHz, Pulse widths of 10 pms were
employed, which correspond to tip angles of 3% with S5-mm sample
tubes, Spectral widths of 6 kHz were used, corresponding to




axpuisition times of ca. 2.73 sec. STX data were subjected to a 0.4-Hz line
broadening. Proton-decoupled 15N spectra, described by 16,192 data points
(real part), were obtained for N0 with gated (nOe-suppressed) kroad-band
irradiation at 400 MHz. Pulse widths of 24 us were amployed, which
correspord to tip angles of 90° with 5-mm sample tubes. Spectral widths of
8 rHz were vsed, corresponding to acquisition times of ca. 1 sec. A pulse
recycle time of 11 sec. was erployed, and the NBO data were subjected to a
1-Hz line broadening. A 2.% M 19,Cl solution was used as an external
standard for both compounds, and chemical shifts are reported relative to the

15NH,* rescnance at 24.93 pem.

STX/NED

154 1R is well suited to address the question of deprotonation order, upon -
basification, of the quanidinium ¢roups of STX a:d NEO because it provides a
direct probe of the nitrogen atams which are involved in these processes.
Crucial to the interprctation of pH-15N chemical shifts profile data are, of
course, assigrments of resonances of the nitrogen nuclei which camprise these
©ws quanidinium groups, viz, nitrogens 1,3,15 and 7,9,16. These assigrments
were rade at pH 3 and 7 by means of 13¢-13y chemical shift correlation
esperiments. These assigrments were then extended to other pH values by

cloerving interrities and multiplicities of the nitrogen signals in question.




The carbon chemical shifts, on which *hese nitrogen shift assigmments
are based, are grouped into three categories for purposes of assigrment and
were identified by the following methods: (i) APT experiments and chemical
shift considerations differentiated carbons 4,11, and 12; (ii) direct
heteronuclear chemical shift correlation (HETCOR)} experiments distinguished
carbons 5,€,10, and 13, and (iii) indirect heterarmuclear shift correlation
(FLOCK) experiments identified carbons 2,8, and 20. To elaborate, the three
quaternary-sp° carbons (4,11, and 12) were easily differentiated because
C-11 appears as a quintet due to deuterium coupling upon exchange of the
labile ll-protons while C-12 has a distinctive geminal-diol resonance near
100 ppm. The protonated carbons were, likewise, readily assigned by HETCOR
experiments because their directly-attached protc s (5,6,10, and 13) are
themselves unambiquously identified by proton chemical shift correlacion
(COSY) experiments: protors 6,133, and 13B camprise a relatively isolated
3-spin system since the dihedral angle between H-5 and H-6 is approximately
50°, and 3JH5H6 is, therefore, essentially zero. H-5 appears as a slightly
brecadened singlet while protons 10A and 10B are observed as an isolated

AB-system.

rseigrent of the three quaternary-spz carbons (2,8, and 20) was more
4:fficult because their chemical shifts are very similar. However, FLOCX
e>yeriments revealed that C-2 is coupled to H-6 amd H-10A. In addition, this

carbon appears as a doublet of doublets in fully-coupled spectra. C-8 is

coupled to H-5 and, correspondingly, i3 observed to be a
doublet under conditions of full coupling. C-20 (s coupled
to both l!3-protons and appears as a triple 1in coupled
carbon spectra, VLike the N spectra, assignments of




this last group of carbons were extended to other pH values by observing
raltiplicities of the carbon resonances in question in fully-coupled

carbon spectra.

Upon establishment of the assigrments of the seven 15N signals over oH ranges
which encorpassed one, or both, pKy values of STX and NEO, the relative
deprctonation order could be determined for the two quanidinium groups of
each toxin. As the pH of an aquecus solution of STX was raised fram 4 to 11,
resorances ascribable to nitrogens 7,9, and 16 were observed to undergo
changes in chemical shift of ca. 4.5,50, and -11 ppm respectively, while
those of the remaining four nitrogens exhibited less change individually
(N=21) or as a group (1,3,15). Signals cdue to the dehydro, 12-keto form of
STX, which predominates over the 12-diol form at higher pH, appeared for
various nitrogens between pH 8.5-9.5. The above pH-chemical shift profile
indicates that the C-8 quanidinium group of STX deprotonates at lower pH
(PKa approx. 8.6) while the C-2 quanidinium group undergoes deprotonation at

considerably higher pH.

The order of depronation for NEO is the reverse of that of STX: nitrogens
1,3, and 15 exhibited changes in chemical shift of ca, 14,-12, and =12 ppm,
respectively, over the range 4-8.5. At the higher pH range 6-11, nitrcgens
7,9, and 16 displayed chemical shift changes of ¢a, 5,43, and -11 ppm,
respectively. The concarted movement of 15N rescnances of first the C-2

quanidinium group and then the C-8 group suggests pKa values
for the two units of 7.2 and 9.25, respectively. As in STX,
the keto-diol equilibrium of NEO shifts in favor of the keto
form at high pH,
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APPENDIX C

OOLIABORATTVE RESFARCH PROGRAM ON SEAFOOD TOXINS
PROGRESS REPCRT ON CIGUATERA AND REIATFD TOUXINS

Finfish which enter the U.S. seafood supply from tropical and subtropical
regions of the warld are known to occasianally harbor natural toxins
which cause a fam of human poisoning referred to as ciguatera. The
respansible toxins ariginate fram unicellular marine algae of the
division Pyrrhophyta (cammonly known as the dinoflagellates) and mare
specifically fram benthic amd epiphytic species of this division.

Dinof lagellates comrise a substantial propartion of the marine food base
in warm-«water oceans and are thus direct ar imdirect dietary camponents
of finfish from these regions. The potential for hman poisoning due to
ciguatera-related taxins is a significant public health amd socioceconcmic
threat. Therefare, it is essential that the respansible toxins are
identified and that effective and practical detection methods are
developed. The aobjective of this project is to determine the mumber and
chemical identity of taxins associated with ciguatera fish poisoning and
to develop methodology fur the detection of these taxins in seafocd.

The isolation of ciguatera-related taxins from finfish is the preferred
approach to identification amd methods development. However, because of
the difficulty amd inconsistency encountered in abtaining todc fish
specimens, the isolation of taxins from progenitars (dinoflagellates) is
axsidered a viable altermative far identifying the toxins respansikle
for ciquatera. The dinoflagellate species Gambierdiscus todcus Adachi




and Fukuyo, Protocentrum concavum Fukiiyo, P. lima (Fhrenberg) Dodge,
Ostregpsis siamensis Schmidt and 0. lenticularis Pukuyo are the most
stragly implicated sources of ciguatera-related taxins based upon their
distrihutions, natural abundances and characteristics of taxicity. The
faudation of this project is the dinoflagellate culture collection of
Dr. Robert Dickey, which includes miltiple strains (different time and
geographic isolates) of each of the species listed abowve with the
exception of 0. siamensis. Other tadigenic spacies isolated from warm-
water oceans also are included in this collecticn, but these species are

thought to be of lesser significance in the etiology of ciguatera.

Taxins of Gambierdiscus todous

The species Gambierdiscus toxicus is reputed to produce ciguatoxin as

described and structurally characterized from the maray eel (Lycodantis
javanicus; Tachibana et al., 1981 & Mmrata et al., 1989). Murata et al.
1989, also describe cigquatoxdin from G. toxdess cells collected from a
field location as part of a detrital mixture. The latter finding has not
been substantiated using cultured cells. Rather, the literature is
replete with accounts of the absence of cigumataxin-like compourds from
caultured cells. The findings of this project also imdicate a lack of
ciguatadin-like cappounds from cultured G. twicus. However, two lipid-
soluble toxins have been isolated from cultired cells. The quantities of
the two purified fractions were small, 0.40 =3 and 0.15 mg, and complete
structural elucidation was not possible. The toxins were campletely
solubleén[)ﬂ)arﬂmthaml; chlarofam also appeared to be a good
solvent, while acetone and acetonitrile were poor solvents. Proton NMR
(200 Miz, 800 to 6,700 scans in deuteriochiorofarm) imticated that the



two molecules were very similar in structure. Neither appeared to
rescmble polyethers of the brevetaxins, dkadaic acid or ciguataxin class,
hut rather spectral interpretation of the limited data indicated that
they might be fully substituted polycyclic ar hetercaramatic campaunds.
Bromine ar chlarine are presently thought to be likely cardidates far
same of these substituents. The UV spectra suppart in part the faregoing
interpretation. Proton NMR mrovided limited infarmation: both molecules
have two methaxy grogps (singlets at 3.6), 34 protons attached to carbon
bearing oxygen (multiplets from 3.4-3.5), one methyl group (daublet at
1.1) coupled to at least ane protan, and ane mroton which appears in a
strained arrangement (multiplet at 0.9). The mass spectra of the
molecules were not particularly infamative ard carbon NMR wvas
unsuccessful. The accumilation G. todous biomss from cultire in arder
to isola! sufficient purified toxdins to camplete this investigation is

urderway.

Tadns of Protocentrum concavim & P. lima

The discovery of the marine toxin dadaic acid (OA) from a Tahitian
strain of P. lima was notable as the first tomdn to be fuily
characterized from a dinoflagellate implicated as a source of ciguatera-
related toxins Mumrakami et al., 1982). The symptamatological and
physical properties of OA resembled those of the then partially
characterized ciguatamdn molecule from moray eel (Tachibana et al.,
1981), however, the significance of QA in the etiology of ciquatera was
qcrmllyttnx}xttobelimited.




During the last quarter of 1988, OA was isolated and idemtified from
caultured P. cacavum and shartly thereafter confirmed OA production in P.
lim using analytical methodology to be described below. Positive
structiral confirmation of QA from P. concawm was provided by mroton
NMR, and EI, +/-FAB and +/-CI mass spectrometry of the umcrivatized and
the trimethylsilyl and pentafluaro-benzyl derivatized toxin. The
identification of QA fram P. concavum was a first reparting far this
species and also remresents the first and anly ciguatera-related todn to
be structurally characterized from the tropical Atlantic. Positive amd
negative ion FAB spectra of three other campaunxds isclated during the P.
concavum study appear identical to the spectra of GA. Bowewver, hydroxyl
ion negative CI spectra exhibited minar hut distinct differences from
those of the QA GH—/NCI spectrum. Although all famr compourds provided
an intense response at m/z 503 M-H]*, all ot GA showed a tendency to
farm hydroxyl addact ions. Preliminary interpretations of the spectral
data indicate these minor campounds are isaomers or pertahydroxylated
analogues of GA. Effarts to define the struwctural differences of these

ninor campounds are in progress,

The mass spectral analysis of QA has recently buen expanded to include
new derivative spectra amd MS/MS. The spectra were compiled into a data
set useful far amalysts in identifying and quantifying QA in samples of
biological arigin. The EI and positive CI spectral patterns of the
underivatized are campatible with the tetrabwdraxylated cyclic heptaether
stmcum‘e. High resolution electron captire CI of the pentaflucrvbenzyl
ester derivative confirmed the elemental composition of the carboxylate
anian (C44Hg7013)- Both the positive and nagative FAB spectra oonfirmed




-

the molecular weight of 804 far the underivatized acid, and 818 far the
methyl ester derivative. Significant gualitative and quantitative
spectral changes were abserved both in the simple and the MS/MS spectra
upon addition of ammonium ar alkali metal salts to the matrix, reflecting

the acid's ioncpharic mature.

In related work, a method has developed a method far the derivatization
ard HPLC-fluorametric determination of GA. The GA molecule possesses fow
structural features which absardb in the UV-VIS region and consequently
detection by conventianal! spectrophotametric means are insufficient far
detecting quantities of public health significance. A method far HPIC-
fluorametric determination using 9-anthrylidiazomethane (ADAM) as a
flucrescent derivatizing reagent has been proposed (Iee et al., 1987).
However, the ADAM reagent is unstable in the solid amd solubilized form
ard therefare must be prepared shartly befare each use. The instability
of ADAM rerders it a cumbersame, time-consmming and potentially
umreliable derivatizing reagent far rartine usage. A new flucrescent
labeling reagent, 1-pyrenyldiazamethane (PDAM) was reparted to be stable
as a solid far 5 years at -20°C far at least one week from preparation.
In a recent study, the PDAM reagent was foud to be a stable and useful
tool, readily reactive with OA at 50°C without catalysis, providing a
fluarescent ester, pyrenylmethylokadaate (PMD), easily detectable by
HPLC-f luorametry. This analytical method was developed to determine the
cncentration of QA in laboratory cultures of P. concavum and P. lima.
dcadaic‘acid in extracts of cells was estrified with POAM in methanol-
ethyl acetate (1:1). The fluorescent ester, PMD, was analyzed an a QDS

column using acetonitrile-water (75:25) as eluant. The flumrescence




n@a’semmasmedatanexnitatimmvelaqmof‘MONanienisim
wavelength of 389 mn. 1he identity of the PMD peak wa< confirmed by mass

spectrametry using desception chemical ionization followirg
trimethylsilylation. The standard arve genrrated with pure CA was
linear over a range of 1-200 ng (r=0.9996). Analyses of culture extracts
indicated that the cellular content of QA in P. concavum and P. lim
increased with culture age, exhibiting maxima in late stationary phase of
8.14 pg/cell amd 6.87 pg/cell, respectively. The perfarmance and utility
of the PDAM method for the determination of QA is currently being
campared with a method recently developed by project 15827 utilizing 1~
bramcetylpyrene (BAP) as fluarescent labeling reagent. Preliminary
findings indicate the esterification of QA and amalogues using BAP is
nxe easily controlled because of the need far catalysis, and the product

chramtograms cxrtain fewer extranecus peaks that the ADAM or PDAM

products.

Bicactives fram dinoflagellate-associated bacteria
Bacterial isolatians from dinoflagellate stock cultires and from recent

field ocollections have yielded over 120 strains of bacteria far
taxicolagical and related investigations. The bacteria collection has
been characterized by traditional biochemical and susceptibility patterns
which have resulted in a few typings to gerus. Several of the bacterial
strains have been determined to inhibit the growth of aompeting strains
in culture. The bacterial collection is axrently under evaluation far
Umepreqamoftmdq:nicstzaimardfcrinﬂmtialaffectslpm

dinof lagellate taxigenicity.



