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Poisonons Principles of Mushrooms
of the Genus Amanita

)

Four-carbon amines acting on the central nervous
system and cell-destroying cyclic peptides are produced.

The true poisonous mushrooms are

of the genus Amanitn, The best known
" of them, widely spread throughout the
world, except for the i{ropic zones, is
undoubtedly the fy agaric, Amanila
muscarizc (L. ex Fr) Pers. ex Gray;
its toxicity, however, is generally over-
estimmated. Much more capable of in-
citing fatal poisoning is the white mush-
-roam A, verna (Bull, ex Fr.) Pers. ex
Vitt. sensu Fr. 182! non al. (4. virose
Lam, ex Secr.). Amanita tenuifolia (1),

and A, bisporigera Alk, (2) are prob-

ably closely related varieties. In Cen-
tral Europe, the green death-cap A.
phallpides (Vaill. ex ¥Fr.) Secr., the
griine Knollenblitterpilz, is noted for
its roxicity. The more frequently ac-

curring yellow mushroom A. citrina
mappa (Batsch ex

(Schaeffl) Gray [4.
Losch) Quél] definiiely - containg no
peptidic toxins——unlike 4. phalloides in
‘this respect—but it does contain
bufotenine (3-hydroxy-N-dimethylirypt-
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‘émina) iu.'relatively high concentra-

tion (3) and some other indole amines
(). 1t is of some interest that bufotenine
occurs  also in several other plants,

‘and that other components of poison-
‘ous amanitas have been found also in

mushrooms of different Galerina spe-
cies (5). I shall outline the present state
of knowledge of the components of
A. muscarie and give. a summary of
the chemistry and toxicology of the
poisonous peptides of 4. phalloides.
Amanita muscaria (6), the fly agaric,
grows from July until the end of au-
tumn, preferably under fir or birch
trees, as an egg-shaped white cap, With-
in 1 to 2 days the cap spreads and
bursts open the outer shell, the sur-
face then becoming brilliant red with
the residue. which remains as white
gpots: regularly distributed over it. The
white veil protecting the lamellae in
the young mushroom now hangs at the

stem as a cuticular ring. The stem,
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which grows up to 235 centimeters, has
a cup at its bottom. The cap may
reach 25 centimeters in diameler; the
weight of an average mushroom iz 60

‘to 70 grams. Different subspecies of

varying colors, like the native North

American one that is orange yellow,

have been -described.

The name “fly" aparic was derived
from an insect-Xilling property of its
extracts; however, this characteristic is
inconspicuous compared to modern. in- .

secticides and can only be observed un- -
" der special conditions, Wasson {7} in» =

terprets the “fies” as a symbol for the -

demonic. power - of the mushroom, -
which has been used in Siberia as a - -
hallucinogen because of its psychotrop--:
ic principles. The sympioms of intox- .

ication from the use of A. muscaria are
very complex and resemble those of
drugs that act on the ceniral nervous
systern, but with the addition of asso-
clated peripheral phenomena ultmbula— :
bIc {o muscarine. :

Problent of Muscarine

The search for the toxic principle
of Amanita muscaria started over 100
years ago and led Schmiedeberg and
Koppe in 1869 {0 a substance that ex-
cites the parasympathetic nervous. sys-
tem. This substance they named *mus-.
carin” (8, 9. The sensation caused
among pharmacologists by the first
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totally tmpure drug substance was sur-
passed only by the later discovery of
the Vagusstoff, acetylcholine (No. 3),

by Loewi (I0). Incidentally, acetylcho-

line was also isolated from 4. muscaria
by Kobgl et al. in 1957 (9). Attempts

to prepare muscarine (Mo. 1) in the

pure state and to establish its structural
formula were successfully completed
in 1954, with the crystailization of
muscarine chloride and the determina-
tion of its composition as CyH.0s-

N+Cl— by Eugster and Waser (7); in

1957 the same team and the Dutch
group of Kogl and Jellinek (11) settled
the structure of the molecule mainly
by the use of x-ray crystallography.
Accordingly, muscarine (compound 1)
is an oxoheterocyclic quaternary salt, 2-
methyl-3-hydroxy-5-trimethyl-ammoni-
ummethyhtetrahydrofuran chloride with
S-configuration at position-2, R- at
position-3, and §- at position-5 of the
Ting., ' : :
The total synthesis of compound 1,
which suceeeded immediately, disclosed

the whole area. In view of the three

centers of asymmelry, we anticipate
four diastereoisomeric racemates, cormt-
pounds 1 to 4, that is, eight antipodes;
nearly all have been obtained. I do not
intend to enumerate here all the syn-
thetic approaches; the first syntheses of
© (£)-muscarine and of its diastereo-
isomers (12) may stand as examples,
From the furan derivative (No. 7), ob-
tained by condensation of ethylaceto-
acetate with glucose, through a reaction
sequence (shown at lower right), the
important {*)-normuscarone (No. 8)
was prepared. From compound 8, not
only normuscarine and, by quaterniza-

—_ tion, (&)-muscarine were available, but -

... 'also with the use of various reduc-

ing agents the tertiary compounds of

" the salt compounds 2, 3, and 4 be-

came accessible. The racemic muscarine

was resolved into the antipodes with
the (+-)- and (—)-ditoluoyltarirates.

The enantiomorphs of (%)-muscarine

differ grently in potency, which is al-
most exclusively associated with the
(+)-isomer. This alkaloid exhibits a
highly specific activity at postganglionic
parasympathetic effector sites. Its ef-
fect as measured by the decrease of
.blood pressure of anesthetized cats
{minimum dose of the magnitude of
10—8 gpgram per kilogram of body
weight) or by the reduction of ampli-
tude and rate of the beat of the per-
fused frog heart, is nearly equal to that

of acetylchoiine, the (—)-isomer being

about 1000 times less active. The sams
relation holds for (+)-muscarine, as
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compared with the diastereomeric race-
mates. No muscarine isomers have any
significant nicotine-like action on skele-
tal muscles. The closely related (4)-

. and (—)-muscarone iodides (6) have

even greater activity in the blood-pres-
sure test than acetylcholine, and. they
exhibit strong nicotine-like activity on

-the isolated rectus abdominalis of the

frog. .Certain similarities of the struc-
tures of acetylcholipe (No. 5) and
particularly of ketone (No. 6} point to
analogous mechanism of physiclogical
action, -

Farther Search for Active Principles

To judge from results of numerous
pharmacological experiments and in
view of the extremely low concentra-
tion of muscarine in 4. muscaria

{0.0002 percent of the fresh mush-

room), it must be concluded that the

famous alkaloid cannot possibly be ihe
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peisonous principle. Other mushrooms,
particulacly of the genus fnocybe, con-
tain much larger amounts of muscarine;
for example, Inocybe patouillardi (Bres.)
5. lateraria Ricken contains 0.037 per-
cent. These mushrooms cause musearine
toxicoses which are distinctly different
from the toxic state produced by A.
muscaria. In the latter case there are
" symptams of hallucinogenic and cen-

trally acting substances, The S-hydroxy- -

indole alkaloid, bufotenine, seemed to
-appear in paper chromatograms in my

laboratory (3), an observation not con- |

- firmed by others; but other unidenti-
fied indole bases are said to occur
in A. muscaria. This is of great interest
in conncction: with the psychotropic 4-
hydroxyindole derivatives psilocybin
and psylocin from the Mexican teon-
anacatl (13) (Psilocybe, sp. Stropharia
cubensis), In view of the fact that
atropine and scopolamine in Amanita

musearia of South African and Polish .
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and German specimens (6), it is ap-
parent that the investigation of the
toxic drugs has not yet come to a
satisfactory end.

Chemically rather simple, centrally
active crystalline substances, muscimot
(No. 9), the fly killing ibotenic acid
(No. 10), and the related muscazone
(No. 11) have been discovered in the
fly agaric and in other mushrooms.
Compounds 9 and 10 strengthen the
narcotic power without being narcotics.
Nevertheless, muscimol {No. 9), which
easily results from ibotenic acid (No.
16) by decarboxylation, may bz con-
sidered as an essential principle of
Amaeanita muscaria, merely on account
of the high concentration of 0.03 to
0.1 percent of compound 10 in fresh
tissue. :
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The isoxazole derivatives No. 9 and
No. 10 were isolated in 1960 and

shortly afterward by Eugster and his -

colleagues and by other research groups
independently. These derivatives were
isolated from several mushrooms, and
they were provided with several names.
Consensus in nomenclature has now

been achieved (I4). Muscimol (No. 9}

stands for the former Pyroibotensiure
. and for agarine similarly obtained from

Amanita muscaria by English chemists
(15). Ibotenic acid {No. 10) has also
been isolated from A.
(Vitt.) Quél—which is the equivalent
of 4. solitaria (Fr.) Quél.—and from
A. pantherina. Tricholomic acid {No.
12), a compound with insecticidal prop-
erties obtained from the mushroom
Tricholoma muscarium  Kawamura
(16), is the erythro-2,3-dihydro deriva-
tive of ibotenic acid (No. 10).
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One sequence out of several syntheses
is represented (I7) by the reaction of
compound No, 13, 3-hydroxyl-5-chloro-
methylisoxazol, with ammonia to give
muscimol (No. 9) in good yield. The
same compound with cyanide forms the

cyanomethylisoxazole (No. 14), whose

a-position of the side chair is bromi-
nated with N-bromosuccinimide in the
light. The bromonitrle (No. 15) is
converted to the aminonitrile (No. 16)
with ammonia, and mild hydrolysis
of the amino nitrile leads to ibotenic
acid {No. 10); decarboxylation of com-
pound 10 -gives compound 9. An in-

teresting. photoreaction—cornparable to

a Lossen rearrangement of hydroxamic
acid derivatives—converts the isoxazol

system of compound 10 intc the 2- -

(3H)-oxazolone ring of muscazone (MNo.
17). Tricholomic acid {No. 12) and its
threo-isomer have been synthesized
from erythro- and threo-3-hydtoxyglu-
tamic acid (I8). Both tricholomic acid
(No. 12) and ibotenic acid (No. 10)
were discovered in Japan as a result
of research conducted to elucidate the
fly-killing property of the correspond-
ing mushrooms. However, an acciden-
tal firding, that these substances have
great tastiness, their flavors being about
20 times more intense than that of
sodium glutamate, was reported by the
Japanese investigators. This effect and
an additional synergism in taste with
nucleotide seasonings make the new
compounds - interesting with repard to
their possible use in food formulation.

Amnmm p}mﬂmdes and Related Spcc;es
The deadly pmsonous, green mush-

room Amanita phalloides (Vaill, ex Fr.)
Secr., is sometimes called the “death

“cap™ it erows in Central Europe from

July until the end of October and is

associated with deciduous trees; it grows .
" preferably under beeches in loose forests
* that are not too dry. It develops from

an egg-shaped white state within
1 to 2 days to a height of about 10
to 15 centimeters. The slightly vaulied
cap reaches diameters up to 12 centi-

~ meters; it i3 smooth, more or less deep

olive-green, and often patterned with
darker, radinlly extending, filamentous
streaks, The lamellae are white, the
stem, which sometimes shows pale
greenish cross stripes, . bears at ity
upper part a big white cuff and ends
in a large tuber which is surrounded
b¥ o leafed sheath. The toxic mush-
room has no specific smell or taste,

in conirast to the related -nontoxic
A, citrina (Schaeff.) Gray. This yellow
mushroom s easily discernible by its
odor of raw potato, The white toxic
variety, 4. verna (Bull. ex Fr.) Pers,

ex Vitt., appears during the summer, in
‘deciduous forests; in Europe. iis oc-
currence Is not common, ¥ is the
“destroying angel” or “deadly agaric”
of the North American continent, The
white 4. virosa (Lam. ex Secr.) is now
considered identical to A. verne. 1L
contains the same toxic peptides that
A, phalloides does, The other varieties
in North America (I, 2), 4. tenuifolia
and 4. bisporigera, which are extremely

" rich in toxins, have not yet beem obh- .
served in Europe according fo my

knowledge.

The white or green Amagnita causes
more than 95 percent of fatal mush-
room poisoning. These mushrooms are
mistakenly confused with the- delicious. -
champignon Tricheloma equestre (the
white forms with Agaricus campesiris),
which appears in similar places, bul
which bears from the beginning faintly -

pink, and later darker red, lamellae
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Fig. 1. Descending paper chromuiogram
in a butanone, acetone, water system
(30:3:5) of the idemified ingredients’
of Amanita phalloides., For clarity, the
phallotoxins (left) are arranged separately
from amatoxins (right). Size of spots is a
rough indication of the relalive amounts;
figure in parentheses is the minimum Jethal
dose per kilogram of body wc:ghl. of the
whlte mouse.




and has a typical anise-like smell. The
high percentage of fatalities occurs from
Amanita phalloides and related mush-
rooms because the first symptoms of
intoxication—vomiting and  diarrhen,
which are not caused by the lethal
toxins—do not become apparent until
several hours after ingestion, and dur-
ing this time the deadly toxins have al-
rendy reached the liver. We know with
certainty that the slow-acting amatoxins
cause death by destroying the liver
cells. Their fatal action, however, starts
shortly after the toxins reach the organ
and is irreversible.

The exploration of the poisonous
substances of A. phalioides started at
the beginning of the last century. A
survey was made in 1959 (9) and more
recently (20). In 1937, F. Lynen and
U. Wigland (21} in the Munich Chemi-
cal Laboratories of the Bavarian State
succeeded in isolating a toxic material
in crystalline form which they called

“phalloidin.” Four years later, H. Wie-.

Tand and R. Hallermayer (22) obtained
an even more toxic component and
named it “amanitin.” Both these toxins
are represeniatives of two families of
poisonous peptides. My collaborators
and I have resolved amanitin into a
neuiral (s-amanitin) and an acidic (8-
amanitin) toxin; and added to the poi-
sonous substances - already discovered
y-amanitin, §-amanitin, e-amanitin, and
amanio. This group is called the family
of amatoxins, The phallotoxins include

phalloidin, phalloin, phallacidin, phal-

lisin, and phallin B, The chromatogram
“of a varjety of substances, including

the nontoxic amanullin, are schematlcal- :

ly represented in Fig. 1.
Paper chromatography “has proved

" very useful for analysis of crude mush- -

Toom extracts and of the various frac-
tions obtained during isolation work.
After numerous experiments, a mixture
of butanone, acetone, and .- water
(30:3:5 by volume) was found to
allow separation of nearly all of the
phytotoxins {Fig. 1). The solvent miz-
ture has been modified by addition of

some n-butanol by Block et al (23).

In thin-layer analysis on silica gel G,

mixtures of bufanone and methanol”

{1: 1) or of n-butanal, acelic acid, and
water (4:1:1) were successful (2).
The amatpxins (except amanin) give
an immediate violet color with cinnamic
gldehyde in an atmosphere of hydro-
chloric acid gas; the phallotoxins and
amanin slowly give a weaker blue
color. With diazotized sulfanilic acid
{Pauly reagent), the first group forms

an intense red compound, whereas the
phallotoxins give only a weak yellow
color. The much greater sensitivity of

" the amanitins to color reagents may

be the reason why the spot of phal-
loidin has not been abserved in mush-
room analyses of other laboratories.
Here a column chromatographic separa-

tion combined with ultraviolet spec-

troscopy of the eluent seems indis-
pensable (24). In the poisonous species
there are about 10 milligrams of phal-
loidin, 8 milliprams of @-amanitin, 5
milligrams of g-amanitin, and 0.5 milli-
grams of -amanitin per 100 grams of
fresh tissue (correspoading to about 5
grams of dry weight). Similar values
for o~ and B-amanitiz have been re-
ported by Tyler et al. for A. phalloides
and A. verna, but a higher content
(up to 5 milligrams per gram of dry
material) in A. bisporigera (2). Since
the lethal dose of the amanitins is
lower than 0.1 milligram per kilogram
of body weight for human beings, it
is conceivable that the toxin content
of one mushroom welghing 50 grams
(about 7 milligrams of amanitins) may
be sufficient to kill a man.

In cases of poisoning, a prominent
feature is always the long period of
latency between ingestion and the ap-

pearance of the first symptoms. Usnal-

ly not until 10 to 24 hours have elapsed
do abrupt violent emesis and diarrhea
begin, and the illness sometimes culmi-
nates in rapid death, with cholera-like
manifestations. These gastrointestinal
signs have nothing o do with- the toxic
peptides. If this phase is overcome, a

transient and false remission takes place

and gradually more pronounced signs
of injury to parenchymatous organs

appear, chiefly the liver, A hemolytic

apent which is precipitated by organic
solvents and is very labile on heating,

was obtained from Amanita phalloides

as early as 1891 by Kobert and was

called “phallin.” This substance js pre-

sumably also destroyed in the gastroin-
testinal tract and therefore is scarcely
respousible for lethal poisoning.

Chemistry of the Toxic Peptides .

Chemically, the toxins have some
characteristics in common. All of them
are cyclopeptides (with a molecular
weight of about 1000) composed of
only a few amino acids, some of which
do not occur in proteins, Each cyclo-
peptide contains a gamma-hydroxylated

‘amino acid and a sulfur atom derived

300
Wavelength {mu)
Quahtauvc ultraviolet absorption

250

Fig.

_spectra in water of amanin (curve 1) and

phalloidin (curve '7)

from a cysteine tesidue which is con-
pected to the indol nucleus of a
tryptophan side chain, thus dividing
the cycle into two rings. In the uitra-
violet range, they exhibit intensive ab-
sorption maxima near 300 nanometers
{Figs. 2 and 3). One of the diiferences
between the two families lies in the:
Tapidity and mode of their toxic action.
The phallotoxins act quickly and, at
higher doses, . death in animals oc-
curs within 1 to 2 hours. In contrast,
the action of the amatoxins is delayed

260 300 340 my

Fig. 3. Quulitative ultraviolet spectra in’

‘water of e-amanilin in neutral solution - -
{curve 1), and afler addition of a few
drops of very diluted Na©H {curve 2).
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so that with very high doses it is not
possible to reduce the time required for
lethal action to less than 15 hours.
The relative toxicity is, however, just

the opposite,: e-amanitin_ being 10 to
20 times more toxic than phalloidin

and therefore the major poisonous con-
stituent of deadly amanita.

Phallofoxins

The group of phallotoxins consists
of at least five members (Fig. 1), whose
common cyclic heptapeptide skeleton is
shown in formula 17. )

.. After these toxins are heated with
6N hydrochloric acid, six different
amino acids are liberated, and in the
process the thioether bridge is split
into ' L-g-oxindolyl-3-alanine (No. 18)

" and L-cysteine (No. 19) (“nucleophilic”

hydrolysis at the g-carbon).

The characteristic ultraviolet spec-

trum of phallotoxing (Fig. 2) is due
to the thioether of tryptophan, Com-
pounds of this type can be synthesized
by coupling g-substituted indoles with

NH—CH-CO H-EH-COH
HzC.I—’E', '\j HC
5 l N l - om
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CO—(I:H X T109,6 brs,
T A — (19)
(m Inuney-m HO,C-CH~CH,~SH
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NH-CH-CO
H?_Cw (IBJ.
]
CO-CH-CHy ~ ;

(20)

. genolytically,

sulfenyl chlorides, The 2-thioether ob-
tained from p-indolylacetic acid and
methylsulfenyl chlonide, CHLSCl, is
identical te phalloidin in the spectrum
(curve 2) of Fig. 2. Curve 1 represents
amanin, which is also a derivative of
tryptophan, but—as a sulfoxide—it be-
longs to the family of amatoxins.
When treated with Raney-nickel in

boiling methanol, the thioether bridge

of the phalloioxins is opened hydro-
thus
dethio compounds (No. 20}. The only
amino acids commaon to all of the five
phallotoxins are L-alanine and the cou-
pling product, called tryptathionine, of L-

- cysteine and L-tryptophan. Other amino

acids present in the different toxins
are: L-allohydroxyproline (Neo. 21) in

~nearly all of them (No. 17, a to d)

except in phallin B (17e) which con-
tzum mstead prnlme, b- threomne (No
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L-valine,

23) in phallacidin® (No. 17d); and
phenylalanine in phallin B (No. 172).
In all toxic amanita peptides, includ-
ing the amnafoxins, a y-hydroxylated
amino acid occurs. The y-hydroxy group

“in. the side chaln causes a selective

and mild splitting of the peptide bond
(30 to 80 percent triffluoroacetic acid ™
at 20°C, 2 hours) by ils neighboring
group effect through y-lactone forma-
tion. The seco- compounds (No. 27} ob-
tainad by such a partial hydrolysis are
totally nontoxic like the dethio com-.
pounds (No. 20). ,
Froma hydrolyzate of phallo:dm
{17a) the y-lactone-hydrochloride of one -
diastercoisomer of +,8-dihydroxyleu-
cine has heen isolated, to which we
ascribed the erythro structure (No, 24),
Thizs does not permit a. conclusion to
the native configuration; during hydrol-
ysis of the peptide, an inversion at the
y-carbon might have occurred, Under
the same conditions, phalloin (17b)
vields the lactone of y-hydroxyleucine
(25). This compound, among other
aminolaciones, was also discovered re-
cently in hydrolyzates of gelatin (25),
In phallisin {No. 17¢} a trihydroxylated
amino  acid, ' y.§,8"-trihydroxyleucine-
lactone (No. 26) could be disclosed as -
a result of periodate oxidation: aspartic
acid was formed from the open acid
of compound 27 by an excesswe glycol-
splitting reaction (26). .
So it appears that all phallotoxms
contain y-hydroxyamino acids derived
from L-leucine. As io the function of
the y-hydroxy group as a prerequisite

of toxicity, several experiments have -
" been conducted to remove or to sub- -
stitute this group in the intact molecule.” -
The following sequence of reactions.

-:' gave the decision: phalloidin (No. 17a)

was oxidized by periodate to give the
still toxic “ketophalloidin (No, 28). The -
toxic properlies of compound 28 can
still be referred to a hydroxyl group in -
compound 29, which may be formed
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by enzymatic hydrogenation of the car-

bonyl of structure 28 in the liver. -

Therefore, a dithiolane (No. 30} was
" prepared from compound 28 (27) which

and, varying among the members, L-
vy-hydroxyisoleucine as lactome (No.
33) from y-amanitin (No. 32¢) and

-y,8-dihydroxyisolencine (No. 34) from

was again toxic., Finally, the sulfur

atoms of compound 30 could be sub-
stituted by hydrogen without attacking
the thioether bridge by means of
Raney-nickel catalyst (28). The result-
ing morphalloin (Mo, 32) proved as toxic
as phalleidin, thus eliminating the pres-
ence of a y-hydroxyl group as a re-
quirement for toxicity of the phailo-
toxins.

Amatoxins

"The group of amatoxins has at least

. toxic activity. The identification of the -

a~ Or B-amanitin (No. 32, 2 and b)
and from amanin (No. 32d), Thus the
hydroxylated amino acids of amatoxins
are derived from iseleucine.
Amanullin (No. 32e} is {otally non-
toxic. It contains no y-hydroxylated side

chain, but rather a second molecule of

isoleucine (28az). In contrast to the
phallotoxins, the presence of 4 p-hydroxy
group is apparently a prerequisite for

natural y-hydroxyisoleucine with one of

the eight possible diastereoisomeric anti- -

podes as compound 33 has been made

~very recently chiefly by nuclear mag-

six. members, whose common cyclic

octapeptide skeleton is shown in formu-
la No. 32. The minor compounds §-
and e-amanitins have been isolated in
a pure state, but their exact structure
has not yet been elaborated. To this
group also belong the *“outsiders”

supposed that the corresponding y-, §-

“dihydroxyamine acid of q-amanitin has

amanin (No, 32d} and amanullin (No.

32e). The former differs from A-amani-
tin (No. 32b) only in its lacking of a
phenclic hydroxyl group in position-6
of the indole nucleus. Therefore, the
color reactions of amanin resemble
these of the phallotoxins, but the toxi-
cological (slow) action is that of the
amatoxins.

e-Amanitin (No. 32a} is the amide
of the carboxylic acid g-amanitin (No.
32b). During acid hydrolysis the amino
acids not concerned in the thioether

bridge are liberated in the original .

state:
acid,

. glycine (2 moles),

L-hydroxyproline, . L-isoleucine

L-aspartic -

an analogous structure (Mo, 34). Like-
wise the phallotoxins (No, 27), also
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.. On the Mechahishs of Toxic Action .
netic resonance spectroscopy (29). It is R R ST

nontoxic seconmatoxins, are formed by
treatment with trifluorodcetic acid at
room temperature. Similarly, the dethio
compounds (No. 33) obtnined with
Raney-nickel in the amanitin series are
also nontoxic. -

The chromophoric part of the ama-
“toxins until very recently was supposed
to consist of a similar 2-thicether of
}zm indole, the sole difference from phal-
lotoxins being a hydroxyl in the 6-
position. This phenolic group ecauses
a shift of the ultraviolet maximum to
longer wavelengths (302 mpy) as com-

. pared with phallotoxins, and an addi- ..

-tional bathochromic shift after the addi-
tion of a little alkali as a comsequence

of phenate ion formation (Fig. 3).

From oxidation and reduction experi-

ments with model thioethers, H. Faul-. .
- stich arrived at a sulfoxide structure

of the amatoxins (30).

Accordingly, on acid hydrolysis the
thicether bridge is broken in a way
different from that in phallotoxins. Here
a predominantly “electrophilic™ hydroly-
sis is abserved, one which results in

6-hydroxytryptophan (No. 36) and
cysteinesulfinic acid (Ne.  37). The
latter compound manifests itself as

cysteic acid (No. 38), a product of
-disproportionation. The tryptophan de-
rivative {No. 36) is very labile to acids
and can he detected only in traces.
Amanin® (Mo. 32d), which has an

unsubstituted tryptophan moigty like--

phalloidin, is also-a sulfoxide and is
hydrolyzed in an analogous way, and _
tryptophan and cysteic acid are formed.. -

The_ ﬁfst'poi'n;t of attack of both the -
toxins is the liver {31). There are, how

ever, considerable differences in toxici- -

ties and in modes of action. Phalloidin .-
has a marked affinity 1o the microsomal

" . fraction of the liver cell. This has been
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shown by perfusing an isolated rat liver
with radioaciive toxin, and homogeniz-

ing, and fractionating the homogenate -~
by centrifugation. Only the microsome

fraction retuined a constant activity af-
ter several washings (32). This resull
corresponds well to that of von der
Decken et af. (33), who found that in-
corporation of amino acids inte the

~ protein of the Hver microsome fraction

~was inhibited when the animals were

. poisoned with, phallo:dm 1 to 2 hours
. .befare. :

Here, and in its olher eﬂ’ects on liver

metabolism, phalloidin acts enly if it o
- has  been

administered to the Int'lpt.




incorporation of *H-uridine and 3H- 4. V. E. Tyler, Jr. and D, Groger, Planta Aed.
C P 12, 387 (1964).

thymidine into the nucleic acids of hu- 5. For a shori specification of toxic Galerina,

man tumor cells of the KB-Eagle line, see R. G. Benedict, V. E. Tyler, Jr., L. R.

nor the replication of viruses, nor the

animal. This fact led the Swedish. group
(33), and recently Fiume (34), to the
idea that phalloidin is net toxic in
itself, but is converted into.a toxic
compound by drug-metabolizing en-
zymes of the liver. Newborn rats en-

Ges,

Hrady, T.. J. Weber, J. Bacterlol. 91, 1380
(1966). . = ,
H a3} 4. C. H. Eugster, "Uber den Fliegenpilx,™ Publ. .
reproduction of ba_Ct?na’ It.IS su.ggEStEd Naturforseh, Ges. Zitrich, 31 December 1966,
that RINA synthesis is not impaired, at = - 7. V. R. Wassen ag_dHR. G. (\;rm;m M;Iz.rh-
. R ; = - s, Russia an istory antheon, ew

dure highly toxic doses of the sub- least in these systems (38)., Mouse Iiver fl"gr’; 1957, vots. 1 and 2 o,
stance without being killed. Apparent- cells, however, showed a clear response =~ &, gggg). Eugster, Advances Org. Chem. 2, 427
lv o toxic effect is absent as long as 10 p-amanitin in their reduced ability 9. S. Wilkinson, Quart, RE, (Lundm,, 15, 153

' . izin - o i wrate  1C-orotic. acid 1 (igs1y. .
the sysfem of drug metabolizing en- to Incorpo : Gf: acid into 10, B i and A Namm Avch
zZymes is very rudimentary. If these RNA, and an effect in vitro has been Physiol. 214, 678, 689 (1926).

’ Y r H 11. F. X&el, C. AL Snlemlnk H. Schoulan F. Jel
enzymes are damaged by carbon tetra- -~ found after all by the Jtalian patholo- " linck, Rec. Trav. Chim. 76, 109, 112 (1957);
chloride or other liver poisons (35), = &ists. o-Amanitin added to normal F. Iollinek, Acta Cryst. 10, 277 (1957). i
toxicity of phalloidin is reduced, too. ~mouse liver nuclei inhibited the RNA 12 C M. Bupster, Helv Chie. dcta 40, 24

. . (1957); . ¥, Riifliger, R. Denss, E,
In spite of all of these observations, polymerase reaction activaled by man- | Girod, ibid. 41, 205, 583, 705 (1958).
H . H H . 13, A, Hofm:mn, Indion 7. Pharm., 25, 243
there has been no consistent evidence ganous ion and ammonium sulfate. T 11963y, - :

C. I Eugster and T, Takemoto, Helv. Chim.
Acta 50, 126 (1%67). o
. K. Bowden, A. C. Drysdale, G. A, Mopey,
Nature 206, 1359 (1965); Tetrahedion Letl,

for a toxification in liver up to now.
Further insight into the mechanism
of the toxic action was obtained by

(39) by about 80 percent at. 10—7 M.
molar concentration {43). T
Accordingly, as in the case of phal-

. . e . > 1965, 727 (1965),
electron microscopy (36). This methed loidin and also with the amanitins, an 16, T, Takempto and T. Nakajima, Yakugakn
cenfirmed that only the cells of liver Imsight into the mechanism of action Zasshi 84, 1183, 1186 (1954); Chem. Abstr.

. © 62, BiZic {1943). -
-on a molecular basis has not yet been- 17. A. R, Gogneux, F. Hifliger, C. H. Bugster,

achieved. One might expect that this Tetrahedron Eeif. "1968, 20077 (1965); A. R.

are changzd by phalioidin, The earliest
ultrastructural changes—observable 15

R o 3 . - Gagneux,. F, Tlifliger, R, Meier, C, H.
minutes after injection of phalloidin— - would also be of general interest in Bugster, ibid,, p. I081; H. Gith, A, L.

' . ., . Gagneux, C. F. Eugster, H., Schmid, Helv,
are dilatation of the endoplasmic reticu-

cell physiology.
‘Mushrooms of the genus Amanita 18,
contain nmumerous biclogically active 14
substances. Muscarine, exciting- the Rev. 11, BT (1959}
. 20. Th, Wieland, Fortschr. Chem, Org. Nuturstofje -
parasympathetic nervous system, has 28,

Chim. Acta 50, 137 (1567,

H. Iwaspki, T. Knmiva, O, Oka, J. UWeyanagi,
Chem, Plharm, Bull, {Tokyo) 13, 753 (1965}
. Th. Wieland ond O, Wléland, Pharmacol,

© lum, which occasionally forms very
large vacuoles, swelling of mitochon-
dria, and deposition of fat droplets.,
The alterations of the reficulum offer

) 214 (1967); Pure App!. Chdm, 9, 145
i ; H been is : nita ; (1964). -

a p]a}mble exp.ian_atmn o_f the re‘duce.d en 1so}ateq from 4.4ma ita muscaria P w Wistand, Ann. Chem. 533

protein synthesis in the liver of intoxi- (fy agaric), its chemical structure hav- 93 (1938},

cated animals {33) and are also con- ing been established and synthesized 22 g-l ugaze)lnnd and R.. H—;ilermaycr. ibid. ats

" sistent with the observation of a .pre-
ferred adsorption of radioactive toxin
by the microsomal elements of hver

mainly by Swiss workers. It is pre- 23,
sumably not the poisenous principle.
Research in Swiss, Tapanese, and British

8, S, Block, Tt, 1.. Stephens, A. Barrclo W._

. A, Murrill, Science 121, 505 (1955).
247 Th, ~Wieland, H. Schicfcr U, Gebert, Na-' -
rirwissenschaften 83, 59 (1956). !

. e 25, Th. Wigland and 1, Délting, ibid, p. 526,
(32). la%b%ra?\all';gs hﬂSdIEd to the E[ISCO‘-’B!’Y 26. U. Gebert, H. -Boehringer, Th. Wiclnnd.
The mechanism of the action of the - .0 -Killing and centrally active sub- - Ann Chem. 705, 227 (1967),
ca e e action y & Y -27. Th. Witland ‘and D. Rehbinder, ibid. 610,
amaniting is distinctly different from- stances of the isoxazole type~like -7 145 (1083).
that of the phallotoxins. As already “muscimol,” “ibotenic acid,”:and “iri- 28- Th. Wieland and R. Jeck, ibid, in press.

28a, Th, Wieland and A. Buku ibid., in press. | .
. 29. P. Pfaender and M. IIas:m, privnte communi-. o
- cation. )

30_. H.. Foulstich, Th, Wmlaud Ch. Jochum, A:m.: %

1 mentioned, the evidence of intoxica-
o tion appears considerably later.. Here
-~ the” nuclei are primarily affected, as

- cholomic acid.” The green,‘ dead]y,
_agaric Amanita phalloides and its white

relatives contain two groups of lethal Chen., in presa.:

. .recent electron micrographs of Fiume sulfur-containing cyclopeptides, the 3% f“gg Saen T = see 0. 'Wieland, Cltn,- C’“”"{_:.:
i and Laschi (36) demonstrate. Without - “phallotoxins” and the “amatoxins,” = 32. D. Rehbinder, G. Lofler, O, Wieland, Th. -

Wieland, Z, Physiol, C.‘hem 331, 132 (1963)

whase structures have been determined. 33. A. von der Decken, H, Ldw, T. Holin,.
BHiochem. Z, 33%, S03 (1960),

Among other unusual' amino acids,
" ih inl . . . o 34, L. Fiume, Lance! 1965-I, 1284 (1965).
they contain leucine and isoleucine resi~ 350 G, 1. Floersheim, Bfochem Pharmacol, 13,
dues wich are hydroxylated in -~ and - 1589 (1966).
.. ¥ y . Y 36. L. Filume and R, Laschi, Sperimeniale 115,
8-positions. The phallotoxins act on the

any damage in the endoplasmic reticu-
lum, the nucleoli of liver cells begin
to fragment 15 hours after a-amanitin
is given to rats. Cytoplasmatic lesions
follow the nuclear ones and presumably :
Blophys.

288 (1965).

are a consequence of the nuclear dam- . endoplasmatic reticulum of liver cells, 3 I{;ﬂf‘;‘.‘,‘;“ Jnd (11;55?"'1"’: Blochint.

age. The cytotoxic effects of the amani-  whereas the nucleus is the tarset of = 33. L. Fiume, M, La Placa, M. Punmmi Speri-

. . . . . meniaie 1]6 15 {1966).

tins are not restricted to the liver cel!'s, _the cytopathonemc action of the ama- ,, ¥ K. Taiz tnd C. C. Widnell, Blochen. 7. 93,
- cytological changes are also observed in toxins. . . 604 (1986), :

kidney. Fiume and Stirpe (37) have ob- R o 59575)“""’ and L. Flume, [bid. 103, €1

: . . . . ' References and Noles . . ) .
served that, in mouse live he ' 41, ¥ thank my numerous collaborators who cn-
L liver nuclef, ¢ abled me to do the Amanita work; Dr. W.

RNA content decreases progressively
during the first 24 hours of an intoxica-
tion of the animals with g-nmanitin,
Since the toxin prevents neither the

1, S. S Block, R. L. Stephens, W. A. Murrill,
J. Agr. Foad Chem. 3, 584 (1555).
2, V. E. Tyler, Jr, R, . Benedict,. L. R,

Brady, J. E. Robbers, J. Pharm, Sci. 55,

580 (1966).
3. Th, Wieland, W. Motzel,
Cheny, 581, 10 (1933).

H. Merz, Amn

Konz, Chemische

ance In prepering the raw materials; and
Professor C. H. Eugster, for revlsion of the
nart of the mnunscrmi roncerning A, mus-

T carid,

Fabrlk €. H. Boeh- .
‘ ringer Schn, Topelheim, for invaluable nssist - -



