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THE CHEMICAL NATURE OF THE TOXIC SECRETIONS
OF THE BOXFISH (OSTRACION LENTIGINOSUS SCHNEIDER)

By David Bradley Boylan

A thesls submlitted to the Graduate School of the University
of Hawall in partial fulfillment of the requlrements
for the degree of Doctor of Philosophy

ABSTRACT

An interesting metabolite may have come to light when
1t was noted that the secretlons collected from a dlsturdbed

Hawalian boxfish, (Ostracion lentiginosus Schneider) were

extremely toxlc to other reef fish. The toxin hasAbeen
named pahutoxin since pahu 1s the Hawallan name for the
boxfish.

A simple biloassay developed by Thomson using brackish
water mollies as test fish proved useful in devising an
efficient isolation scheme. Initial extraction of the
crude toxipc secretlons with butanol was followed by
chromatography of tho butanol residue on silicic acid and
picric acid-coated anion exchange resin. The resulting

product crystallized from acetone and exhibited an optical
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rotation /o7 %Oo + 3.08° (methanol) and a melting point
of 75° C.

Nuclear magnetic resonance and infrared spectra
demonstrated the presence of a trimethyl quaternary nitro-
gen, a large alliphatic portion, and the presence of one or
more ester functions. Hydrolytlc degradation studies pro-
vided several key products that ailowed the total structure
of pahutoxin to be postulated as choline 3-acetoxypalmi-
tate (I).

Proof of the structure rested in the synthesis of
racemic pahutoxin by a nodifled Reformatsky reaction. The
product, 3-hydroxypalmitic acid, was acetylated with
acetyl chloride and esterified with choline to give a
compound which was spectrally ldentical with natural pahu-
toxin.

By the same synthetic procedure the >-acetoxy esters
of pelargonic (09), lauric (Cy,), myristic (014), and
palmitic (C;g) acids were synthesized and their biologi-
cal activitlies were compared with the activities of nat-
ural pahutoxin. Decrease in aliphatlic chaln length, with
all other structural features unchanged, was accompanied
by a marked decrease in toxlicity and hemolytic ability.
The parallelism of these two activitles suggested that
eilther hemolysis 1s the cause of toxicity to fish or it is
closely related to 1t.
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Intravenous injection of pahutoxin into rats caused
symptoms paralleling those exhlblited by the mushroom
polson muscarine.

Pahutoxin is the only chollne ester of a fatty acid
which has been detected in fish secretions. Evidence of
en exotoxin, simllar to pahutoxin, has been detected in

the cowflish Lactoria fornasini (Linnaeus), but not in the

closely related puffer fish Sphaeroldes rubripes (Temminick
and Schlegel).

0
Il
Cl- CH3
N 0 /
I +
CHz= (CH,) 19 0=CHp=0—0—CHp—0Hp—N —0H;
H CH3



I. INTRODUCTION

Blotoxins have been observed in a great varlety of
marine organisms. However, researches in thls area have
been largely limlted to the zoological and pharmacological
aspects of the toxins and very little l1ls known concerning
their chemical nature. Among the notable recent or cur=-
rent research efforts on the chemistry of marine blotoxins
are clguatera toxin found in the red snapper (Lutjanus

bohar Forskal) or the moray eel (;ymnothorax iavanicus

(Bleeker);1 saxltoxin from the Alaskan butter clam
(Saxidomus giganteus Deshayes) and the California mussel
(Mytilus californiasus Coﬁré.d);2 holothurin from the sea

cucumber (Actinopyga agassizi Selenka);3 nerelstoxin from

a marine annelid (Lumbriconereis heteropoda Marenz);4 and

tetrodotoxin from the puffer fish (Spheroides rubripgs

Torafugu).5 But, even less information is known about the
chemistry of physiologlcally active marine metabolites
such as alarming substances, i.e., compounds communlcaiing

danger,6

sex attrac*ants, and repellent substances or
substances used to repel wouldebe attackerso7
Such a metabolite was suggested when Clark and

8

Gohar~ noted in 1953 that 1t was dangerous to put the Red

Sea boxfish into small aquarium tanks contalning other
fishes, as thls often resulted in the death of many of
the flish lnhabltants of the aquaria.



Brock,9

while collecting reef fish on Oahu, observed
that certaln reef fish when confined with the Hawallian

boxfish (Ostraclon lentiginosus Schneider) died within a

few minutes. Further observatlons led Brock to assume
that the boxflsh when highly exclted secreted a polsonous
substance into the water which kllled other fish in the
viecinity.

In 1962 a bioassay for the boxfish toxin was developed

10

by Thomson™~ using brackish water mollies (Mollienesia

lalipinna Le Seur) which could be collected in abundant
quantities the yeér round. The sensitivity of these fish
to the toxin allowed a semiquantitative estimation of its
concentration, Thomson further found that a crude toxin
could be collected by immersing the distressed boxfish in
distilled water. This toxilc extréct could then be heated
to preciplitate proteins sad deactivate enzymes without an
apprecliable loss in toxiclty.

An investigation of closely related fish in the family
Tetraodontidae revealed that the cowfish (Lactoria
fornasini Linnaeus) under stress secreted a substance
lethal to other fish. However, the puffer fish (Arothron
hispidus Linneaus) gave off a toxic substance whose blo-
logical activity more nearly paralleled that of tetrodo-
toxin than that of boxfish toxin,lo The New Gulnea frog
fish or toad fish, a distant relative belonging to the

1

family Batrochoididas, is reported by Whitelyl to squirt



out a liquid or slime whlch fouls the water killing other
fish. However, the report 1ls vague and the posgsibie rela-
tion between this toxin and the boxfish toxin remains in
doudt, B

Despite the abllity of the boxfish to secrete a sub-
stance extremely lethal %o other fish, several reports
have appeared in the llterature concerning the use of the
boxfish as a seafood. In David Malo's "Hawallan Antiq-
uitles" translated in 1898, he mentioned that the pshu or
boxfish was kapu %o Hawallan women and reserved for male
consumption only.12 Buddle13 reported that the cowflsh
and boxfish are among a group of fish some of which are
eaten or even esteemed by the inhabltants of Singapore.
Other reports suggest that the boxfish and related specles
are qulte polsonous and should be avoided as a food. Such
inconsistencles can probably be attributed to a second
type of polsoning that evolves through the food chain.14
This is supported by Halstead's findings in 1954 that the

voxfish {(Ostrecion cublcus Linnaeus) contained a ciguatera-

type toxin, 12

The blologlical activity and the chemical nature of
the crude toxic secretions of the boxfish paralleled very
closely those of holothurin A isolated from the sesa cucum-
ber,3 and of the steroldal saponin isolated from the star-
fish,l6 These simllarlties prompted Thomson10 to draw the

false conclusion that the boxfish toxin was a steroldal

saponin,



A detalled chemical invesilgation of the pure toxic
component derived from the crude secretlions of the box-

fish (Ostraclon lentiginosus Schneider) appeared therefore

interesting. Synthesls of the toxic principle and of a
series of homologues and examination of their blologlcal
activitles would provlide structure-activity relationships
as well as a basis for elucidation of the mechanism of
biolecgical action. Such studies would enlarge our l:mowl-
edge of the chemistry of marine organisms and contribute
to an expanding field of research.

Moreover, such a pharmacologlically actlive compound
might be of medicinal interest or might even provide a
repellent against marine predators.

Clearly then, full structural elucldatlion of this
toxin coupled with blologlcal studles should provide
valuable new information on the chemlstry and bloleglical

activity of marine organlsms.

Acknowledgments

I wish to thank National Institutes of Health for
supporting this work by a grant GM=10413 to the University
of Hawaiil,

Grateful acknowledgment is also made tc the following

people:
Dr. D. A. Thomson whose studles of the boxfish provided

useful procedures for collection and biological testing of




pshutoxin, Drs. R. E. Moore and A, S. Goldberg for many
fruitful discussions, and the many graduate students and
staff who alded in fish collection; Mr, Lester C. Zukeran
who also particlpated 1n the boxfish roundup; Mr. T. Kosakl
for recording the effects of pahutoxin on living systems
and performing enzyme inhibltion studles; Dr. A. A. Bene-~
dict for his kind assistance with hemolysis studies and the
personnel of the U, S. Flsh and Wildlife Service, Bureau of
Commerclal PFlsheries for thelr supply of whole tuna blood;
Mr. E. A, Pler for recording the mass spectra and Dr. L. H.
Plette for relaying this information.



IT. EXPERIMENTAL SECTION

All melting polnts are uncorrected and were deter-
mined on a Fisher-Johns meltlng polnt apparatus.

Elemental analyses were performed by Berkeley Analyt-
lcal Lahoratory, Berkeley, California.

Ultraviolet (UV) spectra were recorded on a Beckman
DK-2 rauvio recording spectrophotometer.

Infrared (IR) spectra were recorded on a Beckman
DK-2 ratlo recording spectrophotometer.

Infrared (IR) absorption spectra were determined with
a Beckman IR-SIaufomatic recording spectrophotometer elther
in chloroform or carbon tetrachloride solution using
matched cells with 0.4 mm path lengths. Infrared absorp-
tion maxima are designated as strong (s), medium (m),
weak (w), broad (b), and sharp (sh).

Nuclear magnetic resonance (NMR) spectra wer: deter-
mined with a Varian Model A-60 Analytical NMR Spectrecmeter.
The sweep width was 500 ¢.p.s. in all cases, and the
maxima are recorded in delta (é) values;, referring to
tetramethylsilane as §= 0. The center position and
character of all peaks are described and their relative
intensitles are reported in parentheses.

Optical rotation measurements were determined with

the ETL-NPL Automatic Polarimeter Type 143A.



Mass spectrometry data were supplied by Varlan
Asscciates (M66 Prototype).

Adsorbents used in chromatographic separations include
silicic acid (Mallinckrodt - 200 mesh size) prepared
according to a procedure outlined by Wren,17 cellulose
(Brinkman Co.), polyamide powder (Brinkmann Co.), alumina
G (Brinkman Co.), and polyethylene powder (Dow Chemical
Co.). Gel filtration experiments were performed using
Sephadex G-25 (Pharmacia, Uppsala, Sweden). Dowex l-X4
chloride ion exchange resin (Dow Chemical Co.--100 to 200
mesh) was also used,

The presence of a tertlary or quaternary nitrogen
wag determined by testing with Dragendorff's spray re-

agent.l8

A, Procurenment of Toxic Material

Most of the boxfish were collected from Walkiki and
Kaneohe reef areas; however, the presence of a toxin was
confirmed in samples collected on Kaual, Maul, and
Tahitl., Following the method outlined by Thomson,10 the
fish were netted and immedlately placed in a container
with a small amount of distilled water. The water-
soluble toxin discharged by the fish was collected and
the flsh were returned to their environmment. This
process is referred to as milking since the unharmed fish
regenerates the toxin and can be remilked at a later date.

The foamy mucous substance was heated in order to denature



enzymes responsible for rapld hydrolyslis of pahutoxin.
The samples were then stored in a refrigerator to limit
further decomposition,

After becoming famlllar with the chemical nature of
the toxin, 1t was posaible to develop a superior method.
The crude secretlons were extracted immediately with
l-butanol., Since the toxin was easlly extracted into
butanol, possible hydrolytic decomposition was reduced to
a mlnimum,

Toxicity studies using brackish water mollles

(Mollienesia latipinna Le Seur) as test fishlo provided

a semiquantitative method for the determination of toxic
fractions., These fish were chosen for biologlcal testing
since they were qulte sensitlve to pahutoxin and could be

easlily collected in local brackish water streams.

B. Isolation of Pahutoxin
1. Methods of detectlng toxic fractions

The fish bloassay mentioned previously provided a
fast and simple method of tracing pahutoxin. The frac-
tions were taken to dryness under vacuum and a known
amount of residue was dissclved in 1C ml of fresh water.
Four fish, brackish water mollies of pre-adult size, were
placed in solution and the time of death noted. By re-
peating this test on different concentrations of residue
1t was possible to get a semiquantitative estimation of

the relative amount of toxin in each sample {Table II).



Yhen 1t was noted that toxic fractions always gave
a strongly positive Dragendorff color reaction, the blo-
assay was replaced with the Dragendorff test.

2, Polyethylene column chromatography

The toxlc secretlons from six boxfish were heated
to denature enzymes, filtered, and tested fsr toxlicity to
brackish water mollies (1.45 mg/ml - Death 7 min).

A slurry of 500’g of polyethylene powder and
methanol was poured into a large glass column, packed by
applying vacuum to the collection flasks (24" d), and
washed exhaustively with water to remove ali'traces of
methanol from the column. The cold aqueous secretions
were filtered through the column, followed by 4 1 of cold
distilled water wash solution. Successive wash solutlions
of 3 1 portions of 25/75, 50/50, 75/25, and 100/0 methanol/
water (V/V) were collected and evaporated to dryness in a
rotary evaporator under reduced pressure. Only the
residue of the 75 per cent methanol/water fraction, a
vhite solid weighing 435.6 mg, proved to be toxic
(0.106 mg/ml - Death 8 min). Comparison of the toxicity
data of the crude toxic secretions and that of the
processed residue demonsirated that polyethylene chroma-
tography effected a 15-f0ld purification of pahutoxin. Re=
examination of a small portion of thils fraction on poly-
ethylene uslng the same elution scheme showed a subsequent
lose in toxicity, thus indiceting the necessity of per-
forming this step as fast as possible.
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3. Polyamide column chromatography

Prelimlinary studies suggested polyamide (pre-
washed with 2-propanol and chloroform to remove im-
purities) as a useful adsorbent. A chloroform slurry of
100 g polyamide was poured into a sulteble glass column
and allowed to settile. The adsorbent was packed and washed
with chloroform using reduced pressure to increase the
flow ra2te, Half of the previously obtained toxic residue,
217 mg dissolved in chloroform, was applled to the poly~-
amide column., Gradlient elution was performed using
chloroform and chlorcform/2-propanol mixtures. At approx-
imately 75-90 per cent 2-propanol/chloroform toxic frac-
tions appeared (0.026 mg/ml - Death 9 min). A careful
analysis of the'weights of individual fractions indicated
that, although the polyamide was carefully prrewashed, a
small amount of impurities was washing off the column.
Thin-layer chromatographic analysis ol diffsrent fractlons
on alumina using a 75 per cent methanol/2-propanol developing
solvent showed the following resulis:

Fractions 1 - 18 showed only UV active material
and were non=-toxic.

Practions 26 - 28 showed two Dragendorff-positive
spots accompanied by UV active material and were slightly
toxic.

Fractions 31 - 39, the most toxic fractions, con-
tained only one UV-active spot and one Dragendorff-positive

spot.



4, (Cellulose column chromatography

The toxlc secretlens of ten fish were processed on
polyethylene. The 75/25 methanol/water fractlion was
evaporated until only an aqueous solution remained. Ex-
traction of this solution with butanol gave a strongly
toxlc butanol residue (0.1 mg/ml - Death 7 min) and a non-
toxic aqueous residue. This procedure eliminated the
necesslty of removing water, a step responsible for
hydrolytlc decomposition,

Cellulose chromatography of this fractlon using a
hexane/2-propanol elution scheme proved to be more useful

than the previous nylon chromatography. Toxlc Dragendorff

11

positive fractions were eluted with 90 per cent 2-propanocl/

hexane. The semipure toxic residues (0.026 mg/ml - Death
4<6 min), weilghing 25 mg, could be precipltated from ethyl
acetate., Strong absorption in the 3000 em™t range of the
IR suggested that the toxln was fatty in nature and
Indicated that possibly greater purification could be
accomplished using silicic acid as an adsorbent,

5. Modified isolation technlques and silleclec acid
chromatography

The fact that pahutoxln was easlly extracted from

aqueous solutions into butanol suggested that immediate
extraction of crude toxic secretlons would reduce
hydrolytic degradation to a minimum. This would remove

the need to heat toxlc secretions and perhaps make
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polyethylene chromatcgraphy, a step known to cause loss
in toxlclty, unnecessary.

Extractlon of the secretions of twenty fish
(2 mg/ml - Death 7 min) with butanol gave an organic
residue of 831 mg (0.1 mg/ml - Death 7 min). Toxicity
tests lndicated that butanol extractlon of the crude secre-
tion provided more than a 20-fold increase in purification
making polyethylene treatment unnecessary.

Thirty-two gram of silicic acid was prepared
according to the method described by Wwren.l?T A chloroform
slurry of the adsorbent was poured into an appropriate
column and allowed to settle. After washing with chloro-
form, the butanol residue (831 mg) was dissolved in
chloroform and introduced onto the column. A gradual
elutlion scheme using 2.5 per cent, 5 per cent, 10 per
cent, and 12 to 15 per cent methanol/chloroform (V/V) as
eluent solutions, accompllshed the desired separation.

The toxlic Dragendorff-positive fraction, eluted with 12
to 15 per cent methanol/chloroform, contained 284 mg of a
semi-crystalline substance that could be reprecipltated
from hot acetone. However, repeated chromatography and
reprecipitation would not yleld a crystalline product.

6. Crystalline pahutoxin

Attempts to form a crystalline plcrate by the
addition of plcric acld to a 95 per cent ethanol solution
of the toxin falled. If pahutoxin contailned a quaternary
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nitrogen, then i1t should be possible to make a plcrate
using the plcrate form of Dowex l-X4 anion exchange.
Replacement of the chloride form of the anion ex-
change tesln with the plcrate anion was attempted. Since
pleric acld i1s highly lonized in solutlion, passing such a
solutlon through the lon exchange should convert the
chloride form to the pilcrate form. The amount of plicric
acld retalned on the column suggested that this was the
case. Pahutoxin was then passed through the lon exchange
resin and the appearance of a green eluate indicated that
the plecrate had been formed. However, trituration of the
so0lid residue with anhydrous ether dlssolved the yellow-
green pleric acid impurity, leaving a white residue that
recrystallized in long needles from acetone. The NMR
spectrum demonstrated the absence of the plcrate anlon and
proved ldentical to that of the amorphous pahutoxin.
Chloride anion exchange treatment, dliethyl ether
trlituration or addition of small amounts of water to the
crystallizing solvent did not render a crystalline toxin.
Although the reason was not clear, the plcric acid-coated
anion exchange treatment was ilncorporated into the ilsola-

tion scheme of pshutoxin (Flgure 1).



Crude Toxic Secretion of the Boxfish (Ostracion lentiginosus Schneider)

Butanol|lExtraction

|

Agqueous Residue (Nontoxic) Butanol Residue (Toxic)

Silicic Acld Chromatography

Semipure Toxin
(90% 2-propanol/Chloroform)

Pilcric Acld-=Coated Anion Exchange Resin

Toxlc Materlal Crystallized from Acetone

Flg, 1. Scheme Leading to Isolatlon of Crystalline Pahutoxin

A
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C. Characterization of Pahutoxin
1. Physical and chemlcal properties
a) Crystallization and solubility

Pahutoxin crystallized in fine whlte needles
from acetone. The crystalline material was very soluble
in water, alcohol, chloroform, hot acetone, and hot ethyl
acetate, and was slightly soluble in benzene and ether.

b) Halide test
" A halide test with silver nitrate in dilute
nitric acid gave a whilte precipltate whlch dissolved in
excess ammonium hydroxide and reappeared with an excess
of nitric acid.
c¢) Sodium fusion

Sodium fuslon tests indicated the presence of
chlorine and nitrogeﬁ.

d) Functional group analyses

A hydroxamic acid test was posltive (deep
purple). A ninhydrin test was negative.

Pahutoxin gave strongly positive Dragendorff
and sillcotungstic acid tests indicating tertiary or
quaternary nitrogen. Also weakly positive Mayers and
plcric acid tests were observed018

e) Stability to pH changes
| Ten-milligram saemples of pahutoxin were dig-
solved in 10 ml solutions of ph 8.9, 7.8, 4.5 and allowed

to stand at room temperature for 2% days. The resulting
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solution, when tested with brackish water mollies, indi-

cated the following results.

Standing Period at

PH Room Temperature Toxlclty
8.9 2% days Nontoxic
7.8 (sea water) 2% days Nontoxic
4,5 2% days Toxic

Conductometric and potentiometric titration of
pahutoxin was studied in an cttempt to detect titratable
functional groups. Titration with 0.1 N sodium hydroxide
gave no smooth titration curve but did indicate that there
was a slow uptake of base.

f) Melting points

Pahutoxin melted between 74-75° C. Repeated
recrystallizations from acetone did not change the melting
point range.

g) Optical rotation

The readings were taken in 0,1 dm cell wlth =a
0.9 ml capacity. A total of ten reference and ten sample
readings were taken. A sample of 0.04593 g of crystalline
pahutoxin dissolved in 2 ml of anhydrous methanol gave

ol= +0,007, or [ot7 gz = +3,05,
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h) Elemental analysis
Anal. calecd. for
CopHypNO5C1:  C, 60.55; H, 9.67; N, 3.19.
022H44N0501: ¢, 60.27; H, 10.04; N, 3.19.
CppHypN0,C1l: G, 62.85; H, 10.00; N, 3.33.
CopHyyN0,01:  C, 61.33; H, 9.77; N, 3.32,
Found: ¢, 61.73; H, 9.92; N, 3.24
1) Ultraviolet absorption spectrum
| In methanol only strong end absorption was ob-
served.
j) Infrared absorption spectrum
The IR spectrum of 20.3 mg of crystallline pahu=-
toxin in 2 ml of chloroform showed the following major
absorption bands (Figure 2): 3320 cm™ (b,m), 2950 (sh,s),
2850 (sh,s), 2450 (b,w), 1730 (s), 1620 (w), 1470 (b,m),
1375 (m), 1250 (b,s), 1220 {w), 1162 (b,w), 1130 (w),
1090 (w), 1045 (w), 1025 (w), 957 (w).
k) Nuclear magnetic resonance spectrum
- The NMR spec%fﬁm of 38 mg of pahutoxin dissolved
in 7 ml of deuteriochloroform showed the following signals
(Figure 3): 0.9 d - triplet (3), 1.35 (24), 2.1 (3),
2,6 <« doublet (2), 3.6 =singlet (9), 4.2 (2), 4.6 (2),
5.2 (1).
1) Hydrolytic degradation studies

| Basic hydrolysis of Pahutoxin at elevated

temperature. To insure complete hydrolysls of the toxin
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313 mg was added to an excess of 1 N sodium blcarbonate
solution and hydrolyzed at 50° C. for 7 hr. The resulting
hydrolysate was no longer toxlc to brackish water molliles.
The solutlon was acldified and extracted with butanol. The
butanol residue (331.3 mg) was triturated with hexane and
separated Into hexane~soluble and hexane~insoluble frac-
tions.

(1) Hexane-soluble fractlon

The hexane soluble residue consisted of
145 mg of a colorless oll that gave a negative Dragendorff
test. The IR spectrum of this hydrolysis product showed
the followlng bands:

3300-3000 cm™! (b,m), 2950 (sh,s), 2850 (sh,s),
2650 (w), 1725 (b,s), 1650 (m), 1475 (m),
1420 (m), 1280 (m), 1230 (w).

The NMR spectrum of thls 01l showed the
following signals (Figure 5):

0.85 4 - triplet (3), 1.25 (22), 2.1 (2), 5.5 =
triplet (%), 5.8 - triplet (%), 6.85 - triplet (%),
T.l-triplet (3).

Esteriflcation of this compound in 2 N
methanolic sulforic acid resulted in a colorless oill whose
IR spectrum is shown in Figure 4. An NMR spectrum of this
product in CCl, revealed the following signals: O°85<§ =
triplet (3), 1.25 (22), 2.1 (2), 3.6 (3), 5.5 =
triplet (%), 5.8 = triplet (%), 6.7 - triplet (%),

7.0 = triplet (%).
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Hydrogenation of 50 mg of this ester in
15 ml of ethanol was accomplished using 6 mg of Pt0, X Hx0
a3 a catalyst and hydrogen at a pressure slightly above
atmospheric pressure. After 2 hr, the reaction mixture
was flltered and taken to dryness under vacuum. An NMR
spectrum of tae colorless oll reslidue showed the followlng
signals: 0.85d - triplet (3), 1.25 (26), 2.15 (2),
3.6 (3).

- The NMR spectirum was compared with authentic
methyl hexadecancate synthesized by treatlng hexadecanolc
acid (chromatographic standard-Mann Research Laboratories)
with 2 N methanolic sulfuric acid. |

(2) Hexane insoluble fraction

"~ The hexane insoluble portion proved to be a
complex mixture of compounds and had to be chromatographed
on silicic acld using an hexane/ether elution scheme.

Although chromatographic separations were

not complete, the IR analysis of different fractions pro-
vided evidence for the presence of trace amounits of
previously unidentified compounds. One compound in
particular showed two strong IR absorption bands, one at
1740 cn~l and one at 1710 cm"'l° However, lack of meterial
prohiblted detailed spectral studies,

Dilute basic hydrolysis of pahutoxlin at room

temperature, Hydrolysls of 236 mg of crystalline pzhu-

toxin with 20 ml of 0.1 N sodium bicarbonate was performed
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at room temperature for 24 hr. The basic hydrolysate was
extracted with butanol to gilve a butanol fractlion (B) and
an aqueous fraction. The aqueous fractlion was acldlified
and re-extracted with butanol.

(1) Aqueous portion (A)

The aqueous portion (A) was taken to dryness
(32 mg) and the residue was triturated with anhydrous
2~propanol., The 2=-propanol residue (28.5 mg) gave a
strongly poslitlive Dragendorff test, indicating the presence
of a polar hydrolysis product containing a téftiary or
quaternary nitrogen. Long white needles which crystalllized
from an acetone-2=-propanol solutlon gave a strongly posi-
tive Dragendorff test and were very hygroscoplc. An IR
absorption spectrum of the sample ln a KBr pellet showed
the following absorptiomns: 3400 to 3200 cn~t (b,s),

3020 (sh,w), 2900 (b,w), 1475 (m), 1400 (m), 1348 (w),
1135 (w), 1092 (m), 1005 (w), 955 to 950 (b,s), 870 (w).

An NMR absorptlion spectrum of the sample
in Do0 showed the followlng absorptlion slgnals:
3.25 J - singlet (9), 3.55 (2), 4.1 (2).

The above NMR end IR spectral data were
identical with those of an authentic sample of choline
chloride (Eastman).

(2) Butanol fraction (B)
The butanol extract (B) was taken to dry-

ness in a vacuum rotary evaporator. The residue, after
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being triturated with hexane to remove stopcock grease,
welghed 100.7 mg and gave a strongly positive Dragendorff
test. However, attempts to crystallize thls from numerous
solvenis falled. The residue was dissolved in 80 per cent
ethanol and added to an excess of picrlic acld. After
refrigeratlon for 2 days a small amount of yellow pre-
cipitate formed that could be recrystallized from 75 per
cent ethanol. This material with a melting point at 100° -
102° ¢ was dried under vacuum for 24 hr at 50° ¢.

Anal. Calcd. for Co7HyuNuOg:

C, 57.03; H, T.74; N, 9.84. TFound: C, 57.34; H, T.7L;
N, 9.86.

The pilcrate was converted to the chlorlde,
designated (DB-3) by passing 1ts solution through a
Dowex 1-X4 chloride anlion exchange column., The eluting
solvent mixture was acetone-metnanol-water (6:2:1). An
IR spectrum of DB-3 shpwed the followirng absorption
pattern: 3360 cm™* (b,m), 2950 (sh,s), 2850 (sh,s),

1730 (s), 1650 (m), 1470 (b,m), 1375 (m), 1240 (b,s),
1177 (b,m), 1130 (w), 1030 (w), 957 ().

Methanolysis of the chloride in refluxing
2N methanolic sulfuric acid was followed by hexane ex-
traction, The hexane residue, a small amount of color-
less o0ll, gave a negative Dragendorff test. The IR
spectrum of thls ~ompound ian carbon tetrachloride showed

the following absorption bands (Figure 4):
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2950 em™% (sh,s), 2850 (sh,m), 1725 (sh,s), 1660 (m),
1470 (m), 1440 (m), 1410 (2), 1320 (b,w), 1270 (m),
1200 (m), 1177 (m), 1130 (w).

Acldic methanolysls of pahutoxin at elevated

temperatures. Pahutoxin (100 mg) was placed in 2 N

methanolic sulfuric acid for 3 hr at 60° C. The acidic
me thanol solution was then extracted with hexane. After
washing with methanol, the hexane fraction was taken to
dryness, The resulting white crystalline solid, m.p. 46~
48° g, accounted for over half of the expected product.
An IR spectrum of thls material in carbon tetrachloride
showed the following absorption bands (Figure 6-B):
3550 cm™t (w), 2930 (sh,s), 2850 (sh,s), 1725 (sh,s),
1470 (sh,m), 1440 (sh,m), 1400 (w), 1330 (w), 1200 (sh,s),
1178 (sh,s), 1130 (w), 1000 (w).

The NMR spectrum showed the followlng signals
(Figure 7): 0.98d triplet (3), 1.38 (24), 2.3-doublet (2),
3.5 (1), 3.T-singlet (3), 3.8-multiplet (1).

Basic Hydrolysis of pahutoxin at room tempera-

ture. A 1N sodlum bicarbonate hydrolysis of pahutoxin
(400 mg) was conducted overnight at room temperature. The
hydrolysate was neutrallzed with 1N sulfuric acid and ex-
tracted with butane. The butanol residue (356 mg) was
chromatographed on silicic acid using a hexane/diethyl
ether elution scheme. The first fraction (156 mg) eluted
with 1 per cent diethyl ether/hexane gave an IR and NMR
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identical with that of DB2. A%t 17 per cent diethyl ethyl/
hexane, a colorless oil residue (78 mg) was eluted which
partially crystallized on cooling. This residue subllimed
at 95° ¢ (pump pressure) to give a white crystalline
compound,'m.p. 449459 @,

Anal. Calcd for CygHs,0y:
c, 68.78; H, 10.86.

Pound: ¢, 68.74; H, 10.75.

The IR spectrum showed the following
absorption bands (Figure 7-A): 2930 em™1 (sh,s),
2850 (sh,s), 1740 (sh,s), 1715 (sh,s), 1460-1400 (w),
1375 (w), 1235 (b,s).

' The NMR spectrum gave the following slgnals

(Figure 8): 0.98d -triplet (3), 1.3 (24), 2.1-singlet (3),
2,64~doublet (2), 5.25 multiplet (1).

Acld hydrolysis of pahutoxin for detection

of volatlile products. Pshutoxin (100 mg) was added to a

solution of 1 ml of trifluoro-acetic acid in 5 ml of
deuterium oxide and heated to 60° ¢ for 12 hr in a
molsture~tight distillation system. The volatlles were
distllled and analyzed directly by NMR. The only
volatile compound detected gave a singlet at 2.18 that

grew in intensity when acetic acld was added.
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D. Synthesls of Pahutoxin and Homologues.

Several schemes for the synthesls of pahutoxin were
investigated,

1. The first scheme involved conversion of 3-~liodo-
hexadecanoic acild to 3-acetoxyhexadecanoic acid. Since
this was a preliminary investigation to determine the worth
of such a reactlion scheme, none of the synthetic products
were purified. All reported ylelds are approximate and
have been determined from NMR spectral evidence.

2-Bromohexadecanolec acld. Filve gram of Eastman

Kodak grade palmitic acid (20 mmoles) and 12 ml carbon
tetrachloride were added to 0.5 ml df phosphorus trichloride
and heated to reflux. The solution was then allowed to

cool and a2 small amount of red phosphorus was added.

Bromine 1.5 ml was introduced slowly and a gentle reflux

was malntalned for 12 hr.lg

The volatiles were removed
under vacuum and the residue was dlssolved in butanol,
washed with water and concentrated in vacuum. The re-
sul ting product, a yellowlsh solid, was not further
purified.

The NMR spectrum of thils crude product showed a
triplet at 4.2 CJ(°6==57)9 a strong signal at 1038C;(28=29)9
and 2 triplet at 0.9 4 (3). This evidence suggested a

¥ield of 2-bromohexadecanolc acld in the vicinliy of

70 per cent,
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2=Hexadecenolc acld., The crude 2-bromohexadec-

anoic acid product was added to 150 ml of anhydrous tert.-
butyl alcohocl containing 16 g (0.16 mmole) sodium itert.-
butoxide. The solution was stirred for 3 hr at reflux
temperature. After neutralization with 6 N sulfuric acid
and removal of tert.-butyl alcohol, the aqueous solution
was extracted with l-butanol. The organic layer was
washed with water and concentrated under vacuum. The re-
sulting light yellow semi-solld showed NMR signals at:
0.98 4, 1.38, 2.28 (3), 5.4 (1/3), 5.58 (1/2), 5.83 (1/2),
6.8 (1/2), 7.1 (1/2). All but the signal at 5.58 were
identical wlith signals shown in Flgure 5. Based on NMR
evidence the reaction yleld was estimated at 85 per cent
or 2.8 g (11 mmoles) of 2~hexadecenoic acid.

3=-Iodohexadecanoic acld. To 2.5 g of crude

2-hexadecenoic acid (approximately 1.3 g or 6 mmoles of
pure 2-hexadecenoic acid) was added 15 ml chloroform and
20 nl acetic acid. The solution was then treated with an

excess of hydrogen 1odide,2o’21

The reactlon mixture was
allowed to stand for 12 hr and was refluxed for 1 hr to
remove excess hydrogen iodide. The solvent was removed
by vacuum distillation and the remalining residue was
poured into cold water. The precipltate, approximately
3.4 g, was a light pink solid and gave the followlng NMR
spectrum: 0.98 d-triplet; 1.35; 2,2 (2); 3.l-doublet;

4.3 (1) multiplet.



> _Acetoxyhexadecanolic acid. Several methods were

attempted for the synthesls of 3-~acetoxyhexadecanoic acid.

The first method involved reaction of crude 3-
lodohexadecanoic acid (100 mg) with a solution of sodium
acetate saturated acetic acid at 60° ¢ for 2 hr. The
reaction gave a major product whose NMR spectrum was
ldentical with that shown in Figure 5.

Stirring 300 mg of crude 3-iodohexadecanoic acid

33

with sllver acetate in acetlc acid for 12 hr at room temper=-

ature gave a complex mixture of products that could be
partially separated on silicic acid using a hexane/
diethylether elution scheme. The major component gave an
NMR spectrum ldentical with that of Figure 5. Other minor
components detected were starting materlial, a compound
with an IR absorption at 1820 cm'l, the desired compound
with two IR absorptions at 1740 and 1710 em'l, and several
unidentified compounds.

Crude 3-iodohexadecanoic acid (300 mg) stirred
with an excess of sllver acetate in acetone for 16 hr
gave 2 reaction products. The major product showed a
strong absorption in the IR at 1820 em™L; the minor

component was the desired product as indicated by IR

spectrum containing strong absorption at 1740 and 1710 em=L,

Reaction of the crude product (124 mg) with 121 mg (1.179

mmoles) of acetic anhydride and one drop of concentrated

sulfuric acid at 90° ¢ for 1 hrc2 resulted in the
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disappearance of the IR 1820 cn~! band in the IR spectrum
end enhancement of the 1740 and 1710 cm™  bands of the
deslred product. Chromatography of the crude product
(149.5 mg) on silicic acid using a hexane/ether elution
scheme resulted in 40 mg of pure white residue and showed
an IR spectrum identical with that shown in Filgure 6-A.
2, The most useful method of synthesis was the appli~
catlon of a modified Reformatsky reaction,24
Tetradecanal. Tetradecanol 30 g (0.1l4 moles) was
oxldized by 66.6 g lead tetraamcetate (0.15 moles) in
700 ml of anhydrous pyridine to tetradecanal.>> The
initial dark brown solution turned colorless after 12 hr
of stirring. The solvent was removed under vacuum. The
s0lid residue was triturated with hot hexane and the
hexane solution was cooled in an ice bath. The unreacted
tetradecanol crystallized from soluiion leaving relatively
pure tetradecanal dissolved in hexane. Removal of hexane
ylelded 20 g (0.094 moles) of pure aldehyde. The NMR
spectrum of this solld white residue showed the followlng
signals: 0.98 J-triplet (3), 1.3 (22), 2.2 (2), 9.2-
triplet (1).

3mHydroxyhexadecanoic acld., Tetradecanal 20 g

(0.094 moles) and ethyl bromoacetate (32 ml, 0.284 moles)
were dissolved in 100 ml anhydrous benzZene and placed in
a separatory funnel. Zinc (16 g, 0.415 moles) was placed

in a 3-necked round bottom flask equipped with a mechanical
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stirrer and a downward condenser. The zinc was covered
wilth anhydrous benzene and the benzene was distilled to
remove all traces of water in the system. The round bottom
flask was then equipped with a reflux condenser containing
a calcium chlorlde drylng tube. A sma2ll amount of pre-
dried nitrogen was contlnuously passed through the system
to prevent accumulatlon of moisture through system leaks.
Ten milliliter of the solutlon of reagents was
introduced to the flask and the contents were heated in
order to initiate the reaction. The remainder of the re-
actants was added at such a rate so as to malntaln a gentle
reflux. After 4 hr of additional refluxing the mixture
was cooled and poured into cold 10 per cent sulfuric acid.
The product was extracted with ether and washed with 10 per
cent sodium blcarbonate. After removal of the solvent,
the resldue was hydrolyzed wlth 10 per cent ethanollc
potagssium hydroxide at 50o ¢ for 3 hr. Acidification of
the hydrolysls mixture, extraction with ether and
crystallization of the ether residue from carbon tetra-
chlorlde gave 5.56 g of white crystalline solld mp 183.50 Co
The NMEk spectrum of thls product showed the follow=-

ing signals: 0,98d —triplet (3), 1.3 (24), 2.35 (2),
4,0 (1), 3.5 (1). | |

' 3-Acetoxyhexadecanoic acid. Acetylation of 5.56 g
of 3=-hydroxyhexadecanoic acid (20.5 mmoles) with 6,8 ml of
acetyl chloride (80 mmoles) was accomplished after 24 hr
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of stirring at room temperature. The reaction residue was
washed with water and dried under vacuum. Chromatography
of the reaction products on silicic acid using a hexane/
ether elution scheme gave 4.0 g of crystalline white
compound m.p. 45°-46° ¢, The IR and NMR spectra of this
reslidue were identical with those of the natural hydrol-
ys8is product shown in Figures 6-A and 8,

Choline 3-acetoxyhexadecanoate. To 0.72 ml of

-thionyl chloride (10 mmoles), 1.5 g of 3-acetoxyhexadec=-
anoic scid (4.8 mmoles) in 10 m1 of chloroform (passed
through woelm alumina).was added slowly with stirring.
After 1 hr the excess thlonyl chloride was removed under
vacuum and the resulting acid chloride was added to 1.4 g
(13.4 mmoles) of anhydrous powdered choline. The contents
were stirred for 12 hr and the residue was triturated with
diethyl ether to remove unreacted 3-acetoxyhexadecanoic
acid.

The insoluble residue was triturated with hot
acetone and the acetone soluble residue was chromato-~
graphed on silicic acid using a chloroform/methanol elution
schéme° The choline 3-acetoxyhexadecanoate fraction was
detected using the Dragendorff test. The residue,
accounting for over & 50 per cent conversion in this re-
action, was passed through picric acid coated Dowex l=X4
chloride anion exchange resin using anhydrous ethanol as

a solvent. The product, a yellowish solid, was tritursted
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with anhydrous ether. The whlte residue crystalllzed in
long colorless needles from acetone and melted at 60°-61° ¢.

Crystalline material for analysis was dried under
vacuum for 8 hr at 35° C and sealed in a vacuum ampule.,

Anal. Calcd. for CpsHigNOuCl: C, 63.30;

H, 10.55; N, 3.21.
Co3HygNO5Cl: G, 60.78;
H, 10.58; N, 3.01
Found: ¢, 60.64, 60.65; H, 10.40, 10.49;
N, 3.13, 3.18.

Crystalline natural pahutoxin was processed under
ldentical condltions and submitted for combustion analysis.

Anal. Caled, for CpsHyyNOLCl: C, 6133; H, 9.77;

N, 3.11.
Found: C, 61.81, 61.65; H, 9.89, 9.95;
N, 3.29, 3.20.

The NMR and IR spectra of choline 3-acetoxy-
hexadecanoate were ldentical with those of natural pahu-~
toxin showvn in Figures 2 and 3.

Mass spectral data of choline 3-acetoxyhexadecanoate
and natural pahutoxin showed a majorlty of fragments below
n/e 100 with major peaks at m/e 58 and 7l. Small but
detectable peaks appearing at m/e 237, 281, 325 were not
accompanied by resolved metastable peaks, Peaks at m/e

660 and 580 in the natural toxin were absent in the
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synthetic product and a peak at 405 m/e in the synthetic
product was absent in the natural pahutoxin spectrum.

Synthesls of homologues. Choline esters of

3=acetoxynonanolc, dodecanoic and tetradecanoclc aclds were
synthesized by the same route. Data concerning the ilnter-
mediates and products snythesized are summarized in

Table I.

E. Blologlcal Testing of Pahutoxin and Synthetlc Homologues
1. Toxiclty to fish
Toxiclty studles were conducted using brackish

water mollies (Mollienesia latipinna Le Seur) as test

fish.lo This fish was chosen because 1t is reasonably
sensitive to pahutoxin, ls readily avallable ln local
brackish water streams, and can survive equally well in
fresh and salt water, Although the test fish were not
welghed or measured prlor to testing, the slze was kept
reasonably constant (pre-adults). Slight variations in
slze seemed to have less effect on the time of death than
did individual fish resistance to the toxin. For this
reason & minimum of four fish were tested for each con-
centration of toxdin,

Pure crystalline toxin was dried In a desiccator
containing caleclum chloride for one week., A sample was
welghed accurately and dissolved iIn a specific volume of
fresh water using a volumetric flask., Allguots were then

taken from this sample and diluted with fresh water in



Table I. Synthetlc Homologues of Pahutoxin

Reformatsky products: Potassium hydroxide Acetylation Esterificatlon products:
ethyl esters of - hydrolysis products: products: choline esters of -
1) 3-hydroxynonanoic 3=hydroxynonanoic 3-acetoxynonanoic 3-acetoxynonanolc
acid aclid acid acid
a) b.p. 100-102° ¢ erystallized IR- 2 carbonyl a) reaction yield
(1=2 mm) from anhydrous peaks-1740 cm~L1 calcd. by NMR -
ether/hexane 1710 75%
b) yield caled. by b) product purified on
NMR - 75% silicic acid:
sol. in chloroform;
¢) NMR (neat soln.) Dragendorff positive;
4,4=%,9 (&), crystallized from
2,4=-doublet (2), anhydrous ether/
1.3=9.0 (16) acetone,

¢) NMR (deuteriochlorc-
form)=0.9 triplet
(3), 1.35 (10)
2.1=-ginglet 23;,
2.,6=doublet (2
3.6 (9), 4.2 522
4,6 (2), 5.2 (1

6¢



Table I.

2)

(continued)

3~-hydroxydodecanoic
acid

a) b.p. 143 G.
(1-2 mm)

b) yield calecd. by
NMR 78%

c) NMR (neat soln.)-
4,4-%,9 (4),
2,4-doublet (2),
103"’900 (22)

3-hydroxydodecanoic
acid

crystallized
from hexane

>=acetoxynonanoic
acld

IR- 2 carbonyl
peaks-1740 cm~1
1710

3-acetoxydodecanolc
acld

a) product purified by
siliclc acid: sol., in
chloroform; Dragen-
dorff positive;
crystallized from
acetone

b) NMR (deuteriochloro-~
form)= 0.9 ~-triplet
(3), 1.35 (16)
2.i-singlet 535,
2.6=-doublet (2)
3.6 59), 4.2 §2§
4.6 (2), 5.2 (1

3)

S=hydroxytetra-
deczanolc acld

a) b.p., 163° ¢
(1=2 mm)

b) yleld calecd, by
NMR 66%

c) NMR (neat soln.)
4,.4-3,9 (4),
2.4=doublet (2),
193"’009 (26)

3-hydroxytetra-
decanolc acid

crystallized
from hexane

3=-acetoxytetra-
decanoic acld

IR~ 2 carbonyl

peaks-1740 cm~l

1710,

3-acetoxytetradecanolic
acid

a) product purified by
slliclic acid
chromatography:
chloroform soln.;
Dragendorff positive;
precipltated from
acetone,

b) ¥MR (deuterlochloro-
fom)- 009 (3)!
1.35 (20), 2.l-singlet (3),
2.6=doublet (2)
3.6 (9), 4.2 §25,
4,6 (2), 5.2 (1). ©



order to obtain desired concentrations. Bracklsh water
mollies were submerged in 5 ml volumes of various con-
centrations of pahutoxin and the toxlc effects were noted
(TableII). The inverse of survival time, or averaged
individual death times in minutes, was plotted agalnst the
corresponding concentration in mg/ml (Figure .9). In
order to make the graph more significant, the range of
survival times averaged for each concentration of toxin
was indicated by an extension from each point.

Using the above procedure, samples of synthetlic
pahutoxin and homologues were also tested for toxiclty to
fish (TableIl) and their ilnverse survival times were
plotted against concentration (Figure 9).

2. Hemolytlic test25 |

Red blood cells from blg eye tuna blood were
washed with a modified Alsevier's buffer solution con-
sisting of glucose (10.5 g), cltric acid monohydrate
(0.55 g), sodium citrate dihydrate (8.00 g), and sodium
chloride (4.20 g) in one liter of water. The cell sus-
penslons were centrifuged and rewashed until the wash
solutlon was colorless. If more than four washings were
required, the blood was discarded and a new sample ob-
tained. These washed cells were diluted with Alsevier's
buffer until total hemolysis of 1 ml of this suspension
diluted to 8 ml with 0.1 N sodium bicarbonate solution

gave an optical density reading of 0,68 at the 541 mp wave
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Table II. Toxicity of Pahutoxin and Synthetic
Homologues Toward Fish.

Av. Tox. 1s average death time in minutes
of four fish (Molllienesia lalipinna Le Seur).

1 1s the reciprocal of the average
Av. Tox. death time.

1
Natural Pshutoxin Concentration Av. Tox. Av. Tox.
(mg/ml)
0.0056 60 0.017
0.0060 14 0.072
0.0090 13 0.077
0,012 11 0,089
0.015 10 0.096
0.018 8.5 0.12
0.048 5.0 0.20
Synthetic Toxin 0.0038 0.0 0,00
0.0050 4] 0.024
Choline 3~acetoxy- 0.010 12 0.083
hexadecanoate 0.021 7.0 0.14
0.068 5.0 0.20
0.24 4.3 0.22
Choline 3-acetoxy- 0.017 24 0.041
tetradecanoate 0.024 17 0,058
0,034 13 0.074
0.042 12 0.081
0.051 8.0 0.12
0.080 5.6 0.17
0.1l2 5.0 0.20
0.25 4,7 0.21
Choline 3-acetoxy- . 0.050 0.0 0,013
dedecanoate 0,10 80 0.068
0.15 14 0,084
0,20 12 0,11
0.25 8.0
Choline 3-acetoxy- 0.24 0.0 0.00

nonanoate 1.2 33 0,030



Figure 9.

(MIN.)

RECIPROCAL OF DEATH TIME

[\
N

.20

A

& NATURAL PAHUTOXIN

@ F-ACETOXY CHOLINE HEXADECANOATE
(SYNTHETIC PAHUTOXIN)

® B-ACETOXY CHOLINE TETRADECANOATE
B F-ACETOXY CHOLINE DODECANOATE

e
I'd
e

{ ¥

I i L i L
.06 .07 08 09 IO .1l d2 13 14 U5 U6 7 18

CONCENTRATION (MS4.)

th

Reciprocal of Death Time (Min~"1) Versus Concentration (Mg/Ml)

Each point corresponds to the reciprocal of the average death time in minutes of four or more

£ish submerged in a specific concentratien of texin.

‘“The concentration range in the inset 1s

expanded to include signifiecant toxiclity values for 3-acetoxycholine dodecanoate. The recipro-
cal of death time is plotted to allow a direct comparison of the toxicitiy versus concentration
rurve (A} with hemolveis versus cencentration curve (B), Figure 10.



length of a Beckman DB double beam spectrophotometer. This
standard suspension was placed in ice water and used as
soon as possible.

Samples of pahutoxin and synthetic homologues were
welghed accurately and diluted with Alsevier's buffer to a
known volume. Allquots of these samples were diluted to
specific volumes in order to obtain accurate concentra-
tions. To each 7 ml sample 1 ml of standard red cell
suspension was added, and the resulting suspension was
allowed to stand for 10 min, followed by centrifuging for
3 min at 2,000 rpm. Allowing more than 10 min for the
reaction or more than 3 min for centrifuging resulted
in peptization of the ghost cell walls causlng useless
colloidal suspensions. All optical denslitles were measured
with a double beam Beckman DB Spectrophotometer at the
541 m wave length, using the centrifuged solution from an
ldentical portion of unhemolyzed blood cells as the refer-
ence solution. The observed optlical density over the
optical density of a totally hemolyzed identical blood
sample was reported as the per cent hemolysis or the per
cent lysis (Table II). These hemolytic values were

plotted against concéntration in mg/ml (Figure 10).
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Table III. Hemolytic Ablility of Pahutoxin and Synthetic
Homologues Toward Blg Eye Tuna Red Blood Cells

% Lysis 1s & measure of the ability of the
toxin to hemolyze or rupture red blocd cells.

Natural Pahutoxin Concentration % Lysis
(mg/ml)
0.0030 5.0
0.0050 8.0
0.0060 10
0.0080 28
0.0090 40
0.010 46
0.011 65
0.015 72
0.020 82
0.022 96
0.025 97
0.036 100
0.048 100
0.15 100

Synthetlic Toxin

Choline 3-acetoxyhexa-

decanoate 0.004 6.0
0.006 10
0.009 29
0.010 35
0.013 55
0.016 72
0.020 88
0.025 97
0.035 100
0,040 100

0.180 100




Table III (continued)

Choline 3-acetoxytetra-
decanoate

00015
0.020
0.025
0.030
0.040
0,055
0.062
0,071
0.075
0,080
0,090
0.100
0.120

Choline 3-acetoxydo-
decanocate

0.100
0.150
0,250
0.300
0.35%0
0.450
0. 500
0,600

)

L ]
QOOOOO

L ]

QOO\\NE)IUH"O
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P, Pharmacology of Pahutoxin

The effect of pahutoxin on the anesthetlized rat was
determined using the Grass Polygraph Model 5D. Intravenous
administration of boxfish toxin through the Jugular vein
caused blood pressure and resplratlon responses as shown
in Figure 11.

Pahutoxin (200 yg/gm mouse welght) was injected

intraperitoneally and the symptoms were recorded.
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A

Figure 11,

Effect 0% Pahutoxin on an Anegtheglized Rat:

A. Respiration Response
B. Blood Pressure Response

Pahutoxin was injected intravejiously through the
jugular vein and gigns were recorded by the
Grass Polygraph Model 5 D. Scale indicates seconds,

&b



ITI. DISCUSSION OF RESULTS

A. Isolation and Purification

During the search for sultable isolation methods it
became evident that pahutoxin was relatively unstable. A
useful isolatlon scheme, therefore, needed to be gentle,
efficient, and fast. The inltial isolation scheme did not
meet these requirements and had to be modified drastically,

The final extractlon and purification process required
only one day for conversion of the crude toxic aqueous
secretions to the final crystalline product. ILoss of
toxiclty, caused by enzymatic or chemlcal hydrolysis of
crude aqueous extracts, was reduced to a minimum by
immedliate butanol extraction. The butanol resldue was
chromatographed on silicic acld to yleld a semipure toxic
principle which could be preclipltated from hot acetone,
A pass of this toxin through a pleric acld-coated anion
exchange resin yielded a yellow solid which, after being
washed with ether, crystallized 1n long colorless needles
from hot acetone. From IR and NMR spectra 1t was evident
that this crystalline material was ldentical with the
previously obtained amorphous pahutoxin. This picrlc acild
coated anion exchange treatment can not be rationallzed,
since passing the toxin through uncoated anlon exchange

resin, additlon of pleric acid to pahutoxin, addition of
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small amounts of water, and other posslible modifications
did not provide crystalline material., However, since this
method provlided a means of obtalning crystalline toxin it
was incorporated into the lsolation scheme (Figure 1).

By this procedure 1t was possible to isolate as much as

60 mg of crystalline toxin from one adult boxfish.

B. Pahutoxin

Pahutoxin gave a strongly positive Dragendorff test
which indicated the presence of a tertlary or quatermary
nitrogen. A positive silver nlirate test for lonic halides
further suggested that the nitrogenous portion of the
molecule was quaternary in nature.

Elemental analysls of pahutoxin, recrystalllzed to a
constant melting point and constant optical rotation, gave
results from which nc unequivocal empirical formula could
be derived. The analytical data seemed to fit best an ap-
proximate composition of 023H44N0501. However, this
formula did not agree wlth structural Information from
other sources,

The NMR spectrum of pshutoxin (Figure 3) proved to be
quite useful, The strong signal at 3,66 (9) and the two
signals at 4,24 (2) and 4,68 (2) suggested the presence
of a choline moiety, A strong signal at 1.358 (24) and
a triplet at 0.94 (3) indicated the presence of a normal
allphatic chain of thirteen carbons. The other signals

provided no initial clues to the structure.
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The IR absorption spectrum (Figure 4) further con-
firmed our conclusions. Absorption at 3320 en™t bend
suggested a large saturated aliphatic portlon, and the
1730 cm"1 and 1250 cm~l bands showed that one or more
carbonyl groups were incorporated in the molecule as ester
functions.

Conductometric and pH titratlon studles lndicated
that hydrolysis of pahutoxin occurred under weakly baslc
conditions and suggested that hydrolytic studles would be
useful.

The first hydrolysls scheme which was lnvestigated in-
volved a stringent basiec hydrolysls slnce such a process
should yleld simple, easily identiflable hydrolysis frag-
ments. Hydrolysis of pahutoxin in 1 N sodium bicarbonate
was carried out at 50° ¢ for 3 hr. The butanol extract of
the acidified hydrolysate gave a hexane-soluble o0ll residue
designated as DB~2 and a hexane-insoluble residue. The
hexane=soluble portion accounted for more than half of the
total hydrolysate. The IR spectrum of DB-2 showed strong
absorption in the 2900 em~t reglon which suggested a large
aliphatic portion'and a broad carbonyl absorption at
1725 em™t which when coupled with the absence of a strong
absorption in the 1200 em™t region indicated a carboxylic
acid group. The presence of an absorption at 1650 cxnm1
suggested a carbon-carbon double bond.

The NMR spectrum of DB-2 (Figure 5) further supported
the IR assignments. A strongvl.BS d (22) signal and a
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triplet at O.85<§ (3) indicated a normal twelve-carbon
chain. Four triplets at 5.5, 5.8, 6.85 and 7.1 each
integrating for (1/2 H) suggested a double band conjugated
to a carbonyl function. Resonance between the carbonyl
group and the double bond would cause the carbon atom

beta to the carbonyl group to become sufficlently electro-
positive to move the signal of a hydrogen attached to i%
down-field from a normal olefinic posltlon. Comparison of
the NMR spectrum with that of crotonic ac1d26 confirmed
thls assignment.

Esterification of this compound in (DB-2) 2 N methanolic
sulfuric acid resulted in a colorless oll whose IR spectrum
1s shown in Figure 4. The presence of a strong absorption
in the 1200 cm™! region and the sharpness of the 1730 cm™t
carbonyl band indicated that the methyl ester had formed.
The signal at 3.65 (3) in the NMR provided further evi-
dence for the methyl ester.

Hydrogenation of 50 mg of this ester gave a solcrless
01l whose NMR showed signals at 0.85 d (3) and 1.3 5.(26)
indicating 2 normal fourteen-carbon chain, at 3.6 0 (3)
indicating a methyl ester, and at 2.5 & (2) indicating
the lack of substitution on the carbon alpha to the carbonyl.
This spectrum was identical with that of methyl hexadec-
anoate which was synthesized from hexadecanolc acid.

The structure cof DB-2, therefore, was 2=hexadecenoic

acid (I).
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CH3z—(CHy) 1 o==CH == CH~C—0H
I

Investigation of the hexane~insoluble products of this
baslc hydrolysis reaction provided IR evidence for other
compounds in trace amounts., Of particular interest was a
compound contalning two carbonyl absorptlons, one at
1740 cm™! and the other at 1710 cm™!., However, the small
quantlties present prohiblted a detalled spectral study.

A milder hydrclytic scheme was suggested since it was
desirable to learn more about the ester linkages in pahu-
toxin., When pshutoxin was pl .c | in a solution of 0.1 N
sodium bicarbonate and allowed .0 stand at room tempera-
ture for 24 hours, the resulting hydrolysate could be
separated into two fractions, an aqueous portion (A) and
a butanol extract (B).

A Dragendorff-positive, non-toxic substance was iso-
lated from fraction (A) and was crystallized from 2-
propancl, The IR and NMR spectra were identical with
those of an authentic sample of choline chloride.

Fractlion B also gave a positive Dragendorff test.
However, atiempts to crvstallize this compound from
numerous solvents failed., A yellow pilcrate precipitated
in small yleld from 80 per cent ethanol and was re-

erystallized from 75 per cent ethanol m.p. 100-102° ¢,
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Elemental analysis suggested a fo;mula of CQ7H44N409
which corresponds to a parent comﬁound of composition
Co1HypNOLCL.

A corresponding chloride, designated as DB~3, was pro=-
duced by passing the plcrate through a Dowex 1-X4 chloride
anlion exchange resin; 1t had an IR absorption spectrum
mich like that of pahutoxin (Figure 2). However, the
appearance of a sharp peak at 1650 cn~! and loss of the
1220 cm™t shoulder suggested a slight modification in
structure. PFurther hydrolysls of DB=3 iIn refluxing 2 N
methanolic sulfuric acld was followed by hexane extraction
of the hydrolysate, The hexane residue, a colorless oil,
gave an IR spectrum identlcal with that of the methyl
ester of DB-2 (Figure 4). This hydrolysis product was
therefore assigned the structure of methyl 2~hexadecenoate.
Since choline was the only other loglcal hydrolysls product
of this reaction, DB-2 was assigned the structure choline
2-hexadecenoate (II).

Cl- CH3

0

CHz==(CH,)  o=—=CH == CH-c»omcriemcH2—§—0H3
CH

3
IT

Infrared speciral analysis and combustion data of DB=2

supported the assigned structure.
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It became evident that baslc hydrolysis of pahutoxin
generally resulted in an unsaturated hydrolysis product.
Therefcre, acldlc hydrolysls was lnvestigated with the
hope of isolating products that would provide more informa-
tion concerning the base labile portion of pahutoxin. The
methanolysis of pahutoxin in 2 N methanollc sulfuric acid
for 3 hr followed by hexane extractlion gave a hexane residue.
This residue, a white crystalline compound melting at
46-48° ¢, accounted for a large portion of the expected
hydrolysate. The IR spectrum (Figure 6) showed hydroxyl
absorption at 3550 cm'l, and absorption bands at 1730 and
1200 cm™t indicating the presence of a methyl ester. The
NMR spectrum (Figure 7) showed a singlet at 3.64 (3)
indicating a methyl ester, a multlplet at approximately
3.5c§ assigned to the carbon bearing the hydroxyl group
and the hydroxyl hydrogen, and a doublet at 2,34 (2)
indicating the carbon alpha to the carbonyl group contained
two hydrogens split by only one hydrogen on the beta carbon.
Prom this evidence it was concluded that the hydroxy
subsitituent had to be positioned on the beta carbon atom.
The aliphstic signals at 0,94 (3) end 1.3d (24) indi-
cated the presence of 2 normal thirfésn-carbon chain. The
only structure which fitted this information was 3-hydroxy-
hexadecanoic acid (III). This structure was proven through

synthesis.



Tn an earlier hydrolysis experiment (1N sodium bi-
carbonate at elevated temperature) a compound with two
carbonyl functlions was detected in trace amounts. Since
1t was deslirable to 1solate more of this compound a
milder hydrolytic scheme was attempted. Pahutoxin was
hydrolyzed in 1 N sodium blcarbonate at room temperature
for 24 hr., After neutralization and extraction with
butanol, the butanol residue was chromatographed on
silicic acld using a hexane/diethyl ether elution scheme.
The residue of the 11l per cent diethyl ether/hexane eluate
amounted to over 35 per cent of the butanol resldue and
its IR and NMR spectra were identical with those of
2-hexadecenoic acid. The 17 per cent dliethyl ether/
hexane eluate residue amounted to about 22 per cent of
the butanol residue and appeared as a colorless oil,
Sublimation of thls oll gave a white crystalline compound
(mop. 44=45°) whose elemental aralysis agreed with an
empirical formula of 018H3404° The IR spectrum (Figure 8)
demonstrated two carbonyl peaks at 1740 and 1720 em~te
The absorption at 1235 em™t suggested that at least one
of these carbonyls was present as an ester. If this product

was a precursor of the previously identified fragments,




then it must have a itwo-carbon, carbonyl-containing
functional group in a position that is easily ellminated
in base to glve 2-hexadecenolc acid or hydrolyzed in acid
to glve 2-hydroxyhexadecanoilc acld. The loglcal compound
which has these requirements would be 3-acetoxyhexadecanolc

acld (IV).

0
d—on
3 0

il

H
IV

Comparison of the NMR spectrum ¢f this hydrolysis product
(Figure 9) with that of methyl 3-acetoxybutyrat327 strongly
supported thls structural assignment.

Further evidence supporting this structure (IV) was
obtained with a hydrolysis scheme whlch was devised to
enable detection of volatile hydrolysis products. Pahu-
toxin was hydrolyzed in a strongly acidlc deuteriated tri-
fluoroacetic, deuterium oxide medium. The NMR of the
distillate showed only one peak at 2°lé which increased
in infensity as acetic acld was added. This provided
conclusive evidence that acetic acld was the only volatile
hydrolysis product.

The above degradative evidence indicated that pahu-

toxin was choline 3-acetoxyhexadecanoate (V).
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But, since the postulated structure (V) suggested a
molecular formula of CoztyeN0,CL and combustion data
suggested a formula of 023H44N05Cl,* positive ldentifica-
tlon was sought through synthesis.

C. Synthesls and Structure of Pahutoxin

The flrst synthetlic scheme which was investigated
concerned the conversion of 3-lodohexadecanoic acid to
3-acetoxyhexadecanolc acid., Since this was a preliminary
Investigation to determine the worth of such a reaction,
the crude products were not purified and, therefore, only
approximate ylelds could be estimated by NMR spectral
evidence,

Synthesls of 2-bromohexadecanolc acld was accomplished
using hexadecanoic acid, bromine, and phosphorus trichlor-
lde. An NMR specitrum of the yeliow=brown product showed a
triplet at 0,94 (3) indicating a Serminal sliphatic
methyl group, strong absorption at 1038<S (26) indicating

¥Although these formula differ by HpO--while pahutoxin

1s hygroscopic-=we have no evidence for a single molecule
of water,
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an aliphatic thirteen-carbon chain and a triplet at 4,24
(.6=.7) indicating that the carbon alpha to the carbonyl
group contained b»romine and hydrogen. The ratio of the
4.2<§ integrated signal, accounting for one hydrogen in
the 2-bromohexadecancic acid, to the 0.98 5 Integrated
signal, accounting for three terminal methyl hydrogens on
both the product and the unreacted hexadecanolic acid, was
0.7 to 3.0, This indicated & ratio of 7 molecules of
25bromohexadecanoic aclid to 10 molecules of reaction
product and unreacted material indicating an approximate
reaction yleld of 70 per cent.

Dehydrohalogenation of this erude 2-bromohexadecanoic

seld with sodium tert.-hutoxi

s
3

de in tert.-hutyl a2lecohol re-
sulted in a yellow semli-solid whose NMR spectrum, excepi
for a signal at 5.4-6 y was ldentlcal with that shown in
Figure 5 and was assigned the structure 2-hexadecenoic
acid. The 5.49 slgnal was assigned to the olifinilc
hydrogens on a double bend not conjugated with the
carbonyl group (probably the hexadecenolc acid). The
ratlo of the integrated signals at 5.58 & (1), 5.83 (1),
6.8 (1), and 7.1 (1) to the integrated signal at
5.4 d (2/3) was 6 to 1 indicating a reactlon yield of
2-hexadeceﬁoic acid of approximately 85 per cent or an
overall yleld of about 60 per cent.

Addition of hydrogen iodide to crude 2<hexadecenoilc

acid gave complete conversion to a saturated product. The



61

NMR spectrum of thls product showed no olefinic hydrogen
signals but did show a muliiplet ot 4.38(5 (1) that was
assligned to one hydrogen on a carbon bearing lodine and a
doublet at 3.685(2)‘thét could only be explained by two
hydrogens on carbon alpha to the carbonyl group with an
iodo-methylene group in the beta position.

Conversion of 2-lodohexaderanolc acid to 2-acetoxy-
hexadecanolc acld proved to be the most difficult reaction
of this synthetic sequence. Slnce the hydrogen on the
carbon next to the carbonyl group was acldic, a method had
to be devised which minimized beta elimination. For this
reason varlous reactlon conditlons were investigated.

The first method concerned an attempted displacement
of the lodo group with sodlum aceiate 1ln acetic acld at
60° C. The major product was shown by NMR to be 2-
hexadecenoic acid (Figure 5).

The reactlion condlitions were changed so as to favor
more an SN reaction. 3-Iodohexadecanoic acid was stirred
in a silver acetate~acetic acld so_ution at room tempera=
ture for 12 hours. Chromatography of the reaction resldue
on silicic acid using a hexane/diethyl ether elution
scheme effected partial separation of several producis.
The majcr product had an NMR spectrum identical with that
of 2-hexadecenoic acid (Figure 5). Other minor components
detected were starting material, a compound with an IR

1

carbonyl absorpilon at 1820 cm™—, tentatively assigned to
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the beta~lactone structure of 3~hydroxyhexadecanolc acid,
and a very small amount of a double carbonyl compound with
strong absorption at 1740 en™t and 1719 suggesting that
the desired 3-acetoxyhexadecanolc acld had formed.

The solvent was changed from acetlc acld to acetone
for it was thought that a less polar reaction medium would
suppress beta elilmination. Sllver acetate, and 5-iodohexa-
decanolc acld were stirred in acetone for 12 hours.
Infrared analysis of the reactlion product indicated that
both the 3-acetoxyhexadecanoic acid and the beta-lactone
had formed in good yleld. Although the beta-lactone was
ldentified as the deslred major product, it could easlily be
converted to the 3-acetoxyhexadecanolc acld by reactlon
wlth acetic anhydride in the presence of a sulfurlc acid
catalyst.

Since this reaction scheme was tedious and since the
products were difficu?t to purify, other methods of
synthesls of 3-acetoxyhexadecanoic acild were investigated.

A modified Reformztsky reaction was the key to a
simple synthesis of 3-acetoxyhexadecaﬁoic-acld. All of
the reactants could be obtained commerclally or synthesized
easily. If the apparatus was scrupulously dried, ylelds
in excess of 70 per cent could be realized. Tetradecanal,
syntheslzed from lead teira-acetaie oxidation of teira-
decanol in pyridine, reacted with ethyl bromoacetate in the

presence of zinc to give a white compound which upon
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hydrolysis with 10 per cent ethanollc potassium hydroxide,
could be crystallized from carbon tetrachloride, m.p.
183,5° ¢. The NMR spectrum of this compound showed
signals at 0.9<; (3) and a 1.3:! (24) indicating a normal
thirteen-carbon aliphatic chain, and a doublet at 2.35c§
indicating that two hydrogens on the carbon alpha to the
carbonyl group were sSplit by one hydrogen on the beta
carbon atom. The multiplet at 4.0c{ can then be ex-
Plained by a hydroxyl group occupying the beta position.
These data indicated that the desired 3-hydroxyhexadecanolc
acld had formed. PFurthermore, the NMR spectrum of the
methyl ester of thls compound, formed by reacting the

acld with 2 N methanollc sulfuric acid, was identical with
that of the acldic methanolysis product of natural pahu-
toxin (Figure 7).

Acetylation'of 3-hydroxyhexadecanolc aclid with acetyl
chloride gave a quantlitative conversion to 3~acetoxyhexa-
decanoic acid., This was ascertained when the IR and NMR
spectra were found to be identical with those of the
natural degradation product (Figures 6-A and 8),

Pormation of the acld chlorlide of 3-acetoxyhexadecanocic
acild followed by esterification with anhydrous choline chlo-=
ride gave a Dragendorff-poslitive compound which could be
precipitated from hot acetone. Silicle acid chromatography

fellowed by passling an anhydrous ethanol solution of the
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Dragendorff positive fraction through a plcric acid coated
Dowex chlorlde anion exchange resin gave a colorless resi-
due which crystalllized from anhydrous acetone m.p. 60-61° ¢.
Combustion analysis of thls crystalline compound, dried in
vacuum at 350 for 8 hours, most nearly fitted an empirical
formula of 023H48N0501. If the elements corresponding to

a molecule of water are subtracted from this formula, the
resulting 023H46N0401 formuls is that of choline 3-acetoxy=~
hexadecanoate.

Crysialline natural pahutoxin was prepared for analysis
in exactly the same manner. A calculated empirical formula
of 023H44N0501 best fitted the analitical data, while the
known structure of pahutoxin requlired a compositlion of
CoszHygNOuCl. This was consistent wlth earlier combustlon
data. The low hydrogen and high oxygen values in this
formula cannot be rationallized since the IR and NMR
spectra of pahutoxin are ldentical with those of choline
3-acetoxyhexadecanocate. Since the synthetic product was a
racemate, the optical rotatlon and melting points could
not be compared.

Mass spectral data did, however, suggest a possible
answer to the problem. Both pahutoxin and choline
3-ccetoxyhexadecancate were submitted for mass spectiral
determination. The majority of the fragmeuts observed
were below an m/e of 100 with major peaks at m/e 58

+ CH
assigned to the fragment (CHp = N:CHg)g and m/e T1
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+,CH3
N o Small but detectabl
*cﬁg) ©

assigned to (.CHQ-—CH2-
fragments appeared at m/e 237, 281, 325 in both spectra,
however, these could not be assigned since their corres=-
ponding metastable peaks were not resolved. The presence
of peaks as high as m/e 660 and 580 in the spectrum of
natural toxin, accompanied by the absence of such peaks

In the spectrum of synthetic toxin suggested the presence
of subtle lmpurities even though natural pshutoxin was
crystalline. The appearance of a 405 mass peak found only
In the spectrum of the synthetic toxin can be rationalized
by the presence of a subtle impurlty or an unlikely re-
combination peak. Over all, however, a majority of peaks
were present in both spectra. No molecular lon wes
observed 1n either case. This was not surprising since
pahutoxin is a quaternary nitrogen cation and must elimi-
nate methyl chloride or a similar fragment before it be-
comes volatile enough to enter the vacuum chamber of the
mass spectrometer. The largest expected molecular welght
fragment--provided no recomblination fragmentation pattern
occurs--would be m/e 385 if this excited fragment were
stable enough to show a mass peak.

The structure of pahutoxin is quite unique among known
fish toxins. It bears some resemblance to the structure
of a glycolipid isolated from the soft tissues of a
Japanese oyster. The fatty acid moiety of this glycolipid
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was choline 14 methyl-4-pentadecenoate (VI).36

R-

0 CH,

CH Il /
3 NCH~ (CH,,) q=~CH == CH— (CHo ) y—=C—=0==CH,—CH .—N—CH
cad o)g—CH == 2)o o=CH, 3

3
CHy
VI

Pahutoxin 1s also distantly related structurally to

———

urocanylcholine or murexine (VII) which was isolated from

the hypobranchial body of the mollusk Murex trunculus and

other related species.37 However, there i1s a marked 4dif-

ference between blologlcal activity of these compounds and

of pahutoxin.

~OH
NH
/. Scw 0 CH
cE |l - +
\N _AC—CH == CH—C~—0~~CHy—CH,—N—CH
CH
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D. Bilological Activity of Pahutoxin and of Synthetic
Homologues

It had been shown previously that crude pahutoxin was
extremely toxic to fish and possessed strong hemolytic
atllity toward blg eye tuna bloodolo A major objective
of this investigation was to establish a correlation between
structural modification of the length of the aliphatic chaln
and biological activity. For this reason synthetic pahu=

toxin or choline 3-acetoxyhexadecancate and the choline
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esters of 3-acetoxynonanolc, dodecanolc, and tetra=-
decanolc acids were synthesized and their biological
activities compared with those of natural pahutoxin.
Toxicity studies using brackish water mollies
(Mollienesia latipinna Le Seur) as test fish showed

Interesting results. The data are summarized in Tablell.
Reclprocals of time--to death (measured in minutes) were
plotted against concentration of pahutoxin and synthetlc
homologues (Figure 11).

Inspection of Flgure 11 shows conclusively that
natural pahutoxin and synthetlc pahutoxin or choline
3-acetoxyhexadecanoate exhibited the same toxic activity.
This provldes additlonal evidence that the two compounds
are ldentlical., The minlmum lethal concentratlion of pahu=-
toxin which 1s reaquired to kill a representatlve popula-
tion In approximately one hour using 50 ml test solutlions

was 1.76 X 10"4

mg/ml or 0.176 ppm.

" The blologlical data also showed that a decrease in
chaln length from Ci6 to 012’ all other structural features
remalning constant, was accompanied by a marked decrease
in toxic activity. Choline 3-acetoxynonanoate was found
to be non~toxic at concentrations as high as 1 mg/ml.

Similar studies on synthetlic alkylbenzene sulfonates
indicated that toxicity to fish lncreased with an increase
in aliphatic chain length and leveled off at an alkyl

~O
chain of fourteen carbons.<®
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Since toxicity data reported in the litera*ure are
measured under a variety of conditions, no attempt was
made to compare reported values wlth those of pahutoxin.

Hemolytic results using blg eye tuna blood cell sus-
rensions were reported as per cent lyslis. The data are
summarized in TableITT and are plotted against concentra-
tions of pahutoxin and synthetic homologues (Figure 10).

From this graph 1t is evideant that pahutoxin, natural
and synthetlic, exhiblts the same hemolytic behavior.

A decrease ln the chaln length from C,¢ to Cip resulted
in a marked decrease in hemolytic activity. Choline 3-
acetoxynonanoate was found to be non-hemolytic in concen-
trations greater than 1 mg/ml.

Analogous studles wlth a variety of soaps have shown
that sodium salts of Cy5 to Cyy fatty aclds are hemolytic
with maximum hemolytic abillty occurring between the 014
and Cqg homologues.29 Among a series of choline esters of
fatty aclds studlied, palmitic and stearic esters were
found to be most hemolytic with properties slightly in-
ferior to those of 1ysocithin.3o Because of the varied
eXperimental conditions reported in the literature, no
direct comparison of hemolytic ability could be made among
known hemolytic blotoxins such as holothurin A, digitonin,

31 starfish saponin,32 and pahutoxin.

quillaria saponin,
A surprising correlation seemed to exlst between the

graph showing inverse toxiclity versus concentration
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(Figure 9) and the graph showlng per cent lysis versus
concentration (Figure 10). Not only do toxic activity and
hemolytic ability decrease proportionally as the chain
length decreases, but the two effects occur at approxi-
metely the same concentrations for each homologue. The
striking resemblance of the two curves suggests that elther
hemolysis is the cause of toxlcity to fish or 1is closely
related to 1t.

Many theorles have been proposed concerning the

mechanlsm of action of fish poisons.33

This experiment
was not designed to provide enough information to enable
one to postulate a reactlon mechanlsm, However; it did
provide the baslc structure-activity relationship that will
be useful for future studies in this direction.

It 1s also felt that Information gained through the
blologlical examlination provided additional proof that the

structure of pahutoxin 1s choline 3-acetoxyhexadecanosate,

E. Pharmacolcgy of Pahutoxin

Pahutoxin administered intravenously13 to a rat
(Figure 13) caused a prompt drop in blood pressure with
rapld recovery within two minutes. A slight increase in
respiration amplitude and frequency was also observed.
Repeated doses caused similar effects; however, the blood
pressure remained subnermael indicating only partial re-
covery. Death occurred after approximately 154 g toxin

per gram rat had been injected.



Intraperitoneal injection of 200 Mg of toxin per gram
mouse caused miosis (constriction of the pupills), prostra-
tion, and death in three hours.

These data clearly demonstrate that pahutoxin causes
no immediate nicotinlc action es 1is observed in anti-
cholinesterase toxins, e.g., clguatera toxin, Inhlbltlon
studies further showed that pahutoxin dld not inhiblt
bovine erythrocyte cholinesterase.

The observed results are attributed to a muscarinic
type activity.

The pharmacology of choline 3-acetoxyhexadecanoate
1s an interesting subject for speculatlon since the polar

portion of the molecule

0
-
(J—
g 3 cl-
0
5 | I + CH3
H CH3

would be expected to act as a stlmulant similar to ace-
tylcholine or possibly even exhlblt curare activity such
as dicholinesuccinate,34 where the lipid portlion of the
molecule would be expected to exhibit symptoms much the
same as choline palmitate.35

The experiment performed was clearly of a preliminary

nature and only after detalled pharmacologlcal tests can

the exact mode of action of pahutoxin be determined.



IV. SUMMARY AND CONCLUSION

A slmple bloassay, developed by Thomson, using
brackish water mollies as test fish proved useful in de-
vising an efficlent isolatlon scheme. The following pro-
cedure was developed to limit the loss of toxin and turmed
ocout to be a2 simple process requiring only one day for iso=-
lation of pure toxin. The crude aqueous secretlon was
lmmedlately extracted with butanol in order to precipltate
prqteins and deactivate harmful enzymes. The butanol ex-
tract, after being washed wlith distilled water, was con-
centrated to dryness and applied to a sllicic acid column.
Gradient elution using chloroform and chloroform/methanol,
ylelded a residue which after belng passed through a picric
acld-coated chloride exchange resin could be recrystallized
from anhydrous acetore. Since 1t gave a positive test with
Dragendorff's alkaloid reagent, toxic column fractions
could be detected easily.

Sodium fuslon tests demonstrated the presence of
nitrogen and chlorine and the hydroxamic acid test gave
positive results indicating the presence of an ester group.
Conductometric and pH titrations indicated that a hydrolysis
was taking place and suggested the use of mild hydrolytic
conditions for structural degradatior studles.

The nuclear magnetic resonance spectrum of pahutoxin

using deuteriochloroform as a solvent and tetramethylsllane



as an internal reference gave the most valuable informa-
tion about the structure. A broad singlet at 3.6<§ (9) was
attributed to a trimethyl quaternary nitrogen group and
broad absorption at 4.2c§ and 4.6c§ each Integrating for
two hydrogens raised suspiclions that a cholline molety was
present. A prominent peak at l.35c§ (24) and a triplet

at 1.0 é (3) suggested a simple C13-2lkyl chain., Other
signals included a singlet at 2,18 § (3) assigned to an
acetate group, a doublet at 2,68 (2) indicating the
presence of 2 hydrogens on the carbon alpha to a carbonyl
group, and a multiplet at 5.2 8 (1) that was attributed

to the hydrogen on an acetoxy-methylidyne group beta to the
carbonyl.

Infrared bands at 3320 cm™l, 3000, 1730 (broad) indi-
cated a trimethyl guaternary nitrogen group, a large CHo
molety and more than one carbonyl group; a 1250 cm"l band
was assigned to an ester group. The ultra-violet spectrum
showed only strong end absorption beglnning at 220 my}

Several of the most useful degradation schemes in-
volved hydrolysis using aqueous sodium bicarbonate at room
temperature, and methanolic sulfuric acid at 50° C. Mild
basic hydrolysis yielded several products which were
separated by solvent extractlon and by silicic acid
chromatography and the structures were determined by
spectral methods, Choline, 2=hexadecenoate, isolated as

a plecrate and confirmed by elemental analysis, and
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2-hexadecenolc acid were isolated. Methanolysis of pahu=-
toxin in methanolic sulfuric acid gave methyl 3-hydroxyhexa-
decenoate as a major product. This was ascertainéd by NMR
spectral evlidence and comparison with an authentic
synthetic sample. Deuterlated trifluorocacetic acld
hydrolysis was used to detect any volatile hydrolytic
products since the distillate could be used directly for
NMR analysis. Thls procedure revealed acetic acid as the
only volatile component. Sublimation of a sodium bl-
carbonate hydrolysis residue gave an additional crystallilne
fragment which was ldentlfied as 3-acetoxypalmitic acid.

The total structure postulated for pahutoxin 1is
choline 3-acetoxypalmitate (I).

?I
CH
P cl-
o 0
| I +/CH3
CHx~ ( CH2)12-—?-—CH2-C—O-—CH2-—CH2—-N<CH3

Posltive proof of the above structure rested in the
synthesls of racemic pahntoxin. Several synthetic schecmes
were attempted, but a modifled Reformatsky reactlion gave
the best results.

0 0
i il
CHB—-(CHg)lQ—-G\ + BrznCH,~=C=0CHy—CHy

H



T4

H 0 q 0
| I , EHoH I
o » — anten -ton — b d O R oy Cum— R
OHz—(CHy)y o==0=CHy=-C~—OR CH(CH,) 5 CH,=—C—0H
| NaOH
OH OH

Acetylatlon of 3-hydroxyhexadecanolc acld followed by forma-
tlon of the acld chloride with thionyl chlorlde and esteri-
fication with choline gave a racemic choline ester whose IR
and NMR spectra were ldentical with those of natursl pahu-
toxin.

The synthetlc product gave rlse to a combustlion analysis
which best fitted the formula 023H48N0501 which differs by a
molecule of water from the formula 023H46N04Gl which matches
the composition of choline 2-acetoxyhexadecanocate. However,
natural pahutoxin, prepared for analysis under ldentical
condltlions gave rlse to an analysis that best fitted the
formula 023H44N05Cl.

This discrepancy in combustion analysis was best ex-
plained by mass spectral data. The mass spectra of the
synthetlc and natural pahutoxin exhiblted fragmentatlion
peaks at 58, 71, 281, and 325 with a small inconsistent
population of peaks above 400 mass unlts. The appearance
of pesks at 660 and 580 mass unlts in the natural pahu-
toxin spectrum that wére absentv in the spectrum of the
synthetic analogue suggésted the presence of subtile im-
purities even though natural pahutoxin was a crystalline

compound.



75

Since the synthetlc procedure was not complicated
and the starting materials could be secured easily, we
decided to synthesize a number of homologues in order to
compare thelr blological zactivities with those of pahu-
toxin. The choline esters of 3-acetoxynonanolc (Cg),
-dodecanoic acid (C;,), -tetradecanoic (Cy,), and
-hexadecanolc (016) aclds were synthesized in good
quantities and tested for toxicity to fish and hemolytic
abllity. Results showed that the natural and synthetlc
toxin possessed the same toxicity and hemolytic values
desplte the fact that the synthetic toxin is a racemate
and pahutoxin an optically active compound. These tests
also pointed out that the toxlelty and hemolytlc values
vary markedly with alkyl chaln length from the most
active Cyg acid derlvative to the non-active Cq deriva-
tive. Surprlsingly, these results revealed that toxiclty
concentration curves correlated exactly with hemolysils
concentration curves., This indicated that hemolysls was
the direct cause of toxiclty to fish or was related closély
to the actual cause.

Pahutoxin was also found to cause a typlcal muscarinic
type actlivity when injected intravenously into rats amnd
caused death at a dose of 15 Mg/g.

In counclusion, it should be pointed out that pahu-
toxin is the first fatty choline ester isolated from fish

secretions and can only be compared with a glycolipld
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lsolated from a Japanese oyster whose 1lipid portion is the
choline ester of l4-methyl-4-pentadecenoic acid. It is
distantly reiated choline B-4-imidazolyl acrylate isolated
from a Mediterranean welk,

Evidence of an exotoxlin, similar to pahutoxin, has

been detected in the cowfish, Lactoria fornasinl (Linnaeus),

but not in the closely related puffer fish Sphaeroldes

rubrypes (Temminick and Schlegel). The actual function of
pahutoxin is presumed to be defenslve since the 1lnabillty
of the boxfish to maneuver makes him an easy prey of

predators.,
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