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I .  INTRODUCTION AND SCOPE 

Extracts of the deadly poisonous Amanita. 
mushroom have been objects of investigation 
or more than a century. These extracts were 
mainly from the green species Amanita phaf- 

Ioides. They were called “amanita toxin” and 
contained a heat-stable toxin fraction. As we 
know today, this fraction is composed of two 
groups of toxic peptides, the amatoxins and the 
phallotoxins, each consisting of several analo- 
gous cyclic peptides. 

Over the three decades stretching from the 
isolation of the first crystalline toxins at the end 
of the 1930’~ , ’ ,~  to the elucidation of their struc- 
tures,’,‘ to today, many of the contours of this 
I.andscape, originally so blurred, have become 
d istinct. Reviews on the history, chemistry, and 
Pharmacology of the toxic peptides have been 
published between 1958 and 1972.5-10 One of 
the most recent essays on poisonous mush- 
rooms appeared in 1975,” concentrating on the 
species of northern America. 

At the center of interest lie the amatoxins, 
which are the sole cause of fatal human rnush- 
room intoxications. These toxic peptides inhibit 
RNA polymerase B and hence protein synthesis 

of mammalian cells, The main component, a- 
amanitin, has been widely used in the past years 
as a potent inhibitor and is a valuable tool in 
molecular biology. 

As for the second group, the phallotoxins, we 
will summarize our knowledge of its interaction 
with actin and try to relate this interaction to 
the many lesions observed in hepatocytes on 
treating with phalloidin, the toxin most widely 
used in this group. The virotoxins, found exclu- 
sively in Amanita virosa, will not be considered 
here, and are currently under investigation in 
our laboratory. Though differing in structure 
from the phallotoxins, their toxic action ap- 
pears to be closely related to the latter. Another 
biologically active peptide to be discussed here 
is antamanide. To date, only a single peptide of 
this type has been found in Amanita phailoides, 
which, nevertheless, has been widely modified 
in its structure due to its availability via synthe- 
sis. The outstanding biological activity of this 
compound is its protecting effect from phallo- 
idin poisoning. 

Phallolysin, a biologically active protein 
component found in some Amanita species, 
will also be discussed. Due to its hemolytic ac- 
tivity, this heat-labile compound “phallin” was 
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the first toxin to be detected in Amanita phal- 
loides by K ~ b e r t ” . ’ ~  and Abel and Ford.I4 Al- 
though it does not contribute to human mush- 
room intoxication, i t  is by far the most potent 
mushroom toxin when parenterally applied. 

I t  is the aim of the present review to charac- 
terize the various biologically active substances 
on the basis of our present understanding and 
to explain, as well as possible, the molecular 
events by which the processes initiated by the 
toxins take their fatal turn. Therefore, we will 
consider only those publications which contrib- 
ute to the understanding of the molecular 
mechanisms of action. Hence, although valua- 
ble in other respects, some papers reporting ex- 
periments with toxin mixtures in crude extracts 
of mushrooms or dealing solely with survival 
rates of laboratory animals under the influence 
of a host of drugs will be disregarded. Likewise, 
a series of clinical and clinicochemical investi- 
gations will not be considered here. Despite 
being of interest with respect to human mush- 
room intoxication, these papers are beyond the 
scope of molecular toxicology or biochemistry. 
For the same reason, the chemistry of the toxins 
will be treated in this review only in as far as it 
is concerned with questions of analysis or struc- 
ture-activity relationships. However, in order 
to be comprehensive, all papers dealing exclu- 
sively with synthetic work will be cited in the 
list of references. 

11. OCCURRENCE, 
CHARACTERIZATION, AND 
ANALYSIS OF THE PEPTIDIC 

TOXINS 

A. Occurrence 
Amatoxins occur in minute amounts in sev- 

eral mushrooms, including edible ones,ls and 
are probably present in all mushroom species. 
The low concentration (1 to 10 ng/g fresh tis- 
sue) can only be detected in bioassays. 

Carpovores which contain high concentra- 
tions of amatoxins (10 to 200 pg/g fresh tissue) 
and which can cause lethal intoxications are 
rather scarce. The green death cap Amanita 
phalloides, found growing all over central Eu- 
rope, was the main object of the authors’ inves- 
tigations. The white “albino” variety, Amanita 
phalloides var. verna, is rarely seen. Neverthe- 
less, this mushroom, known as the “deadly 

agaric,” could well be more dangerous than the  
green one because it may be mistaken more eas- 
ily for the edible white Tricholorna and Agari- 
cus species. Amanita virosa Fr., also white, i.; 
found in some parts of Europe but appears to 
be widely spread in some states of North Amer- 
ica. Tanghe and SimonsL6 have reported the 
occurrence of Amanita phalloides in the eastern 
U.S. Amanita tenuifolia MURR and Amanita 
bisporigera ATK., which have not been ob- 
served in Europe to our knowledge, are re- 
ported to be rich in  toxin^."^'^ Recently, ama- 
toxins have also been found in Arnanita 
o ~ r e a t a ’ ~  and, most interestingly, also in some 
species of Galerina by Tyler et al.;” Galerina 
mycelium has also been reported to produce 
amatoxins under conditions of submerged fer- 
mentation.” Furthermore, amatoxins, in 
amounts sufficient for their detection on  thin 
layer plates, have been found in small Lepiota 
species by Gerault and G i ~ r e . ~ ~ ’  

Using combined chromatographic proce- 
d u r e ~ , ~ ’ . ~ ~  the toxins of various Amanita species 
could be quantitated, also allowing a compari- 
son of analogous species in Europe and north- 
ern America. Toxin contents are listed in Table 
1 .  The table shows that A. phalloides is the  
most toxic species which, apart from rare ex- 
ceptions, contains 2 to 3 mg of amatoxins per  
gram of dry tissue. A. virosa contains 1.2 to 2.6 
mg amatoxins per gram of dry tissue; however, 
some American samples were devoid of ama- 
toxins. One sample of a mushroom with a high 
content of amanitin. not belonging to the spe- 
cies Amanita (Galerina marginata), contained 
0.4 mg a-amanitin per gram of dry tissue.” 
Most recently, the amount of amatoxins in Cal -  
erina autumnalis has been quantitated by John-  
son et This mushroom contains 0.8 to I .5 
mg/g dry weight of u- and /3-amanitin. 

Besides the well-characterized amatoxins 
(eight compounds), phallotoxins (seven corn - 
pounds), and the recently detected virotoxins 
(at least two components), no further notable 
peptidic toxins have been discovered in our lab- 
oratory. The observation of Courtillot and Sta- 
~ O I I , ~ ~  cited in detail in the review by Litten, ‘ 
that amatoxins or phallotoxins can exist in a d -  
ditional forms of high molecular weight 
(>lO.OOO dalton) called “viroisine” or “phal-  
loisine,” could not be confirmed in our  labo- 
ratory. An attempt to isolate phalloisine f r o m  
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A phalloide, A. verna A. virosa A. 
bisp 
orige 

Acidic 
phallotox i n \  

Phalloidin (wiili 
phallisin) 

Phalloin 
Amanin 
p-Amanittn 
o-Amanitin 
pAmanitin 
Amanullin 
Virotoxins 

4.2 3 2 2.6 2.Y 4.3 2.8 1.9 - 

0.9 1.1 1.2 1.3 1.7 1.2 0.5 - 

<o I - 0.3 0 3 0.1 0 .4  - - 
< O . l  - 0 .3  - x x -  - 

1.4 0 .6  <0.I  0.7 1.7 2.3 0.2 (<O.I)^ 
1.0 0.9 <0.1 1 . 1  1.2 1.0 0.3 - 
0 I 0.1 - 0 2 0.1 0.3 10.1 - 
- <0.1 - 0.1 X x - - 
- - - - - - - - 

1.6 0.7 

2.1 2.1 

- 

0.4 

0. I 
X 

2.6 
<O.  I 

X 

- 

- 

- 

0.6 

0.2 
0.6 

<o. I 
- 
- 
- 

X 

“A) 

- 

0.9 

0.4 
X 

1.8 
0.6 

X 

- 

- 

Note- E = I.uf<:prdn. NA = North America, and X = not determined 

* Possihly no1 4 vrrna. hut A .  phalloidey var. vrrn.?. 
a Traces in w i t :  <art.. 
‘ Expresxil 111 wnolcs per gram of dry tissue since thr molecular weight i s  unknown; calculated by using G. of phalloidinsulfone 

A. phalloitles following the method described 
resulted in a preparation consisting of a mixture 
of the well-known low molecular weight tox- 
i n ~ . ~ ~  Seeg!t‘rZh also did not detect any  deriva- 
tives of peptidic toxins in the high molecular 
weight fraction of aqueous extracts of A. phaf- 
loides. The material isolated by the French au- 
thors possibly represents the salts of some 
acidic toxins with a n  unknown basic compound 
of high molecular weight. 

The analysis of the  chromatographic patterns 
of toxins obtained from single specimens of 
various Amanita species a re  useful fo r  chemo- 
taxonomic evaluation: only in A. phaffoides did 
we find the total set of toxins known thus far; 
A. verria generally contains fewer and  some- 
times n o  toxins; a n d  A. virosa is impressive in 
its relatively high content of the neutral toxins 
a-amanitin and phalloidin, bu t  lacks most of 
those toxins with a lower number of hydroxyl 
groups in the side chains. Finally, so far,  viro- 
toxins have only been isolated f rom A. virosa 
and may be useful in characterizing this Aman- 
ita species. 

B. Characterization and Toxicity 
The toxic peptides a re  generally isolated from 

methanolic extracts of the mushrooms; their 
purification was last described in 1974.” Both 
amatoxins and phallotoxins a re  colorless, 
mainly crystalline compounds,  and  soluble in 
water, methanol, and  other polar organic sol- 

vents. They are best characterized by chrornat- 
ographic procedures followed by specific color 
reactions. They may also be characterized by 
amino acid analysis, UV spectra, ORD and CD 
spectra, and  by their toxicity in the white 
mouse. 

Amatoxins as well as phallotoxins are rather 
stable cyclic peptides. There is no enzyme 
known which is capable of degrading them. 
Heating to  100°C fo r  several minutes will not 
destroy them either. O n  the other hand, both 
kinds of toxins, especially the amatoxins, de- 
compose slowly in aqueous solutions if stored 
in open vessels. Rapid decomposition of ama- 
toxins was observed on thin silica layers ex- 
posed for some hours during daylight in the 
open air. 

The naturally occurring amatoxins cause 
death in relatively small doses; only amanullin 
and  proamanullin a re  nontoxic (Table 2 ) .  Sus- 
ceptibility t o  the poison differs among the var- 
ious animal species. In the white mouse, the 
LDso is -0.3 mg/kg body weight and  death oc- 
curs in 2 t o  5 days. Compared with the white 
mouse, the rat is more  resistant (LD,, about 4 
mg/kg body weight), whereas dogs a re  much 
more sensitive, with a n  LDSo of only 0.1 mglkg  
if administered intravenously. The  various ani- 
mal species also differ in their ability to resorb 
the toxin from the gastrointestinal tract. 
Whereas in mice a n d  rats, the poison is re- 
sorbed extremely slowly o r  not a t  all, it causes 
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TABLE 2 

Naturally Ocamhg Amatoxina. Thdr Toxicity (LD-, mg/kg for the White Mouse, i.p.), and 
Concentration (m Causing 50% Inhibition of RNA Polymerase B (or II)( - approximate K,) 

CH 

4 6 

HN-CH - co - NH - cn - co - NH - CH, - co 
I 3  I I 

oc 

I 

H "*C;"' N 

1 1  
oc-CCH - NH - co 

I 
H,C - C O R ~  

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 

Name 

a-Amanitinb 
8-Amanitin 
y-Amanitin 
&-Amanitin 
Amanullin 
Amanullinic acid 
Proamanullin 
Amanin 

I 
CH, 

CH - NH - co - CH, 
I 7 - 
8 

R' R' R' 

OH OH NH, 
OH OH OH 

OH OH OH 
H OH NHI 
H OH OH 
H 
OH H OH 

OH OH NHi 

OH NHz 

R' 

OH 
OH 
OH 
OH 
OH 
OH 
H 
OH 

NH 

I 

I 

I 

6 CH 

co 

- NH 

LDm 

0.3 
0.5 
0.2 
0.3 

>20 
>20 
>20 
0.5 

K, (M) 

0.5 . lo-' 
0.5 . lo-' 
0.5 . 10.' 
0.5 ' 20.' 

10- 
- 

5 . 10-5 
0.5 . lo-' 

- The concentrations of amatoxins expressed in moles per liter (M) times lo' correspond roughly 
to milligrams amatoxin per milliliter. 
Systemic name: cyclic (L-Asparaginyl-4-hydroxy-L-prolyl-( R)-4,5-dihydroxy-L-isoleucyl-6-hy- 
droxy-2-mercapto-L-tryptophylglycyl-L-isoleucylglygyl- L-cysteinyl) cyclic (4 -. @-sulfide-( R)- 
S-oxide. 
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Phallisacin 

death in guinea pigs, cats, and dogs after per- 
oral application of doses of a few milligrams 
per kilogram. Humans are at  least as sensitive 
as dogs and resorb the toxin rather quickly, 
since the consumption of a single mushroom (5  
to 6 mg arnatoxin per 40 g fresh weight) seems 
to be sufficient to kill an adult. 

Recently, the complex symptoms of amanitin 
intoxication have been analyzed in beagle 

Early symptoms are hyperglycemia, 
followed by hypoglycemia, which then caused 
death in most dogs after 1 to 2 days. If compen- 
sated with glucose, the dogs developed an acute 
liver dystrophy, causing death after 2 to 3 days. 
Both of these symptoms were overlayed with se- 
vere hemorrhages in various organs, which was 
the main cause of death in some cases. A late 
symptom of the intoxication was kidney failure 
from which a few dogs died, though not before 
7 days after intoxication. 

The naturally occurring phatlotoxins are less 
toxic than the amatoxins. In the white mouse, 
the LD,, is about 2.5 mg/kg body weight. In 
contrast to the amatoxins, rats are more suscep- 
tible to phallotoxins than mice. Peroral appli- 
cation leading to death of either animal species 
did not occur. Therefore, the phallotoxins do 
not seem to play a role in human mushroom 
intoxication. Death following i.p., s.c., or i.v. 
administration occurs within 2 to 5 hr after 
gross swelling of the liver. By the time of death, 
the liver will have reached threefold its original 
weight by having withdrawn a great deal of pe- 
ripheral blood. Therefore, the main cause of 
death appears to be hemodynamic shock. It is 
noteworthy that swelling of the liver is less se- 
vere if the blood cells are absent. Erythrocytes 
or other kinds of blood cells may well be an 
additional factor in lethal phalloidin intoxica- 
tion. Rats with a portocaval shunt need higher 
doses of phallotoxins but still develop a swell- 
ing of the liver.3s 

In retrospect, antamanide has received a 
name which does not cover its biological activ- 
ity. Antamanide neither protects animals from 
amanitin intoxication nor from treatment with 
total extracts of Amanita mushrooms. On the 
contrary, there is a slight synergistic activity of 
antamanide in amanitin intoxication. However, 
antamanide does protect animals very effec- 
tively against phallotoxins. Protection is ef- 
fected with only 0.15 mol of antamanide for 1 
mol of toxin, provided that antamanide is ap- 

1-0.1 
m P-Amanitin 

plied prior to or together with the toxin. Fol- 
[owing the toxin, much higher doses are needed 
and after 10 min has elapsed, no protecting ef- 
fect can be seen at  all. Antamanide is excreted 
rapidly but displays its antiphalloidin effect for 
at least 2 hr after administration. 

Phallacin 

Phallisin 

Phalloidin I 

C. Analysis of Toxins of Amanita Species 
1. Qualitative Analysis 

Paper chromatography has been of great 
value for the detection of all Amanita toxins. 
The best separation was achieved by a mixture 
of butanone per acetone per water (30:3:5). Fig- 
ure 1 is a diagram of descending paper chro- 
matography showing all those components of 
A. phalloidesidentified to date. 

The same solvent was useful in developing 

dm ~~~~i~ 
I &-Amanit in 

-- 0.3 
a- Amanitin 

I y-Amanit in 

Phalloin Joa6 
f O f m a  nu I I in 

Prophalloin 

t o.8 

1 FRONT 

FIGURE 1 .  Diagrammatic representation of a descending 
paper chromatogram of Amanita phalloides toxins (R, val- 
ues) in butanone-acetone-water (30:3:5 vol). For clarity, the 
amatoxins (right) are arranged separately from the phallo- 
toxins (left). The length of the bars indicates the relative 
amounts, 
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the toxins o n  cellulose thin-layer plates and  also 
permitted a two-dimensional analysis with a 
second Some hundreds of solvent 
mixtures have been tested o n  silica plates by Pa- 
lyza in order t o  find a reliable and rapid method 
of detecting and  estimating the toxins in biolog- 
ical fluids. H e  recommends a mixture of ethy- 
lenglycolmonobutylether per 25% ammonia 
(7:3)37 and  in one of his papers ” gives a n  eval- 
uation of all chromatographic methods used up  
t o  1970. In the author’s laboratory, neutral tox- 
ins o n  silica thin layers a re  usually developed 
with secondary butanol per ethylacetate per 
water (14: 12:5) or chloroform per methanol per 
water (65:25:4). Optimum separation of acidic 
toxins was achieved with secondary butanol per 
3% ammonia  (100:44). 

Several color reagents have been proposed 
for visualization of the toxin spots.38 The  reac- 
tion with cinnamic aldehyde in HCl vapor 
which yields violet and  light-blue colors with 
amatoxins and  phallotoxins, re~pec t ive ly , ’~  is 
most commonly used for the detection of the 
toxins. In the same communication a spot test 
fo r  amatoxins has also been described using old 
newspaper. A drop  of the solution is brought 
o n t o  the paper and contacted either with the va- 
por  of fuming hydrochloric acid or, after 
drying, is spotted with approximately 8 N hy- 
drochloric acid. A blue color will develop 
within several minutes indicating amatoxins in 
a concentration as low as 20 pg/mP. Since the 
concentration of the amatoxins in the mush- 
rooms is ten to one  hundred times that value, a 
discrimination of amanitin-containing mush- 
rooms is feasible by this test. The  reaction is 
most probably due  to the lignin components of 
the  paper. T h e  color reaction with cinnarnic al- 
dehyde per HCI is, of course, also useful for 
the same purpose. This reagent allows the de- 
tection of amatoxins in amounts as low as 0.025 
~ g . ~ ’ T h e  color reaction of phallotoxins is about  
ten times less sensitive. Recently, croconic acid 
(1,2-dihydroxycyclopentene-trione) in HCI va- 
po r  was found to give a wine-red color with 
amatoxins a n d  a yellow color with phallotox- 
ins.41 

2. Quantitative Analysis 
a .  Chromatography and Spectrophotometry 

Isolation and  quantitative analysis of u p  to  
1 1  toxins in a methanolic extract from single 

mushrooms have been achieved by a combina- 
tion of chromatographic procedures: after 
chromatography on  a SephadexB LH-20 col- 
umn,  the toxins were further purified o n  thin 
layer plates, eluted, and  characterized spectro- 
photometrically.22 Using this method, the toxin 
pattern of A .  phafloides could be compared 
with those of A. phalloides var. verna, A.  V I -  

rosa, A. bisporigera, and Galerina rnarginata. 2 1  

T h e  method also proved useful in the detection 
of two new acidic phallotoxins in A. pha/foirle\ 
and  a group of novel toxins in A .  virosa (viro- 
toxins). Recently, the toxins of the Arnanita 
species of the northeastern U.S. have been ana- 
lyzed using a similar method by Yocum and  Si- 
m o n ~ . ~ ’  

The  chromatographic procedures described 
yielded pure toxins in microgram amounts.  
They could easily be quantitated by spectropho- 
tometry using the molar extinction coefficients 
E~~~ = 13.500 for all amatoxins and  E ~ , , ’  - 

10.100 for phallotoxins (all compounds i n  
aqueous solution). The  amatoxins contain 3 o r  
4 mol of water of crystallization: a-amanitin, 
C3,H54N,a0,4S . 4 H 2 0 ,  990 mol wt; 8-amani- 
tin, C39H53N,0,5S . 3 H,O, 973 rnol wt; a n d  y -  
amanitin, C39H54N10013S . 4 H,O, 974 mol wt.  
Neutral phallotoxins crystallize with 5 rnol o f  
w a t e r  of c r y s t a l l i z a t i o n : ’  p h a l l o i d i n ,  
C3,H49Ns0,,S . 5 H 2 0 ,  879 mol wt; phalloin, 
C3,H4,N8Ol0S . 5 HzO,  863 mol wt; and  phal- 
lisin, C35H4,Ne0,2S . 5 H 2 0 ,  895 rnol wt. 
Acidic phallotoxins such as phallacidin, phal- 
lacin, and  phallisacin have been obtained in ly- 
ophilized form only. 

b. Bioassays 
The  most sensitive assays for amatoxins were 

established by making use of either their inhi- 
bition of RNA polymerase or  by binding to im- 
munoglobulins in a radioimmunoassay. With a 
lower sensitivity, phallotoxins could be deter- 
mined using muscle actin as a binding protein. 
None of the bioassays permitted discrimination 
between the different members of a toxin fam- 
ily. On the other hand, the sum of amatoxins 
or phallotoxins could be determined with high 
specificity for there is no cross reaction of ama- 
toxins with actin o r  of phallotoxins with RNA 
polymerase or amanitin-binding imrnunoglob- 
ulins. Inhibition of RNA polymerase activity by 
phalloidin with doses 100 times that of amatox- 
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ins reported earlier had probably been occa- 
sioned by small amounts of amatoxins present 
as impurities in p h a l l ~ i d i n . ~ ~  

Inhibition of RNA polymerase B has been 
used for a quantitative estimation of amatoxins 
in A. vernii by Preston et al.44 and  in Galerina 
autumna1i.s by Johnson et a1.,4s the limit of de- 
tection being around 1 ng/mP. Operating with 
a similar sensitivity, the assay of inhibition of 
RNA polymerase was useful in ou r  s t u d i e ~ ’ ~  in 
detecting amatoxins in several species of car- 
povores generally considered as nontoxic or 
even edible. 

Antibodies against amatoxins have been 
raised by Fiume et al.46 and  in our 1aborato1-y.~~ 
Fiume made use of the high resistance of the 
rat to amatoxins, including the macromolecular 
derivatives of p-amanitin (P-Ama-BSA). Our 
antigen was P-Ama-BSA cross-linked and par- 
tially precipitated with glutaraldehyde, which 
was tolerated to some extent by rabbits. The 
concentration of amanitin-binding globulins 
produced i n  both animal species remained low, 
about 20 pg/mP. Both assays had a limit of de- 
tection of 0.5 ng amatoxins per milliliter. It 
made no difference whether the free amatoxins 
were separated by adsorption onto  c h a r c ~ a l , ~ ’  
or by precipitation of the globulin-bound toxin 
by a m m o n i ~ m s u l f a t e . ~ ~  The assay using char- 
coal is disturbed by components present in bio- 
logical fluids l ike serum, urine, or  mushroom 
sap, which lower the sensitivity of the assay by 
a factor of 50. Biological samples containing 
amatoxins should preferably be purified before 
the assay. 

For the assay of phallotoxins, the charcoal 
technique was successfully applied to a system 
containing 3 x lo-’ M rabbit-muscle actin (in 
0.1 M Kcl) a s  the binding protein. The  limit of 
detection was 160 ng of phallotoxin per millili- 
ter of aqueous ~ ~ I u t i o n . ~ ~  In  this assay, the sen- 
sitivity is limited by the dissociation of F-actin 
polymers i n t o  monomers in highly diluted so- 
lutions. 

111. CHEMISTRY OF THE TOXINS 

Chemical work o n  the Amanita toxins has 
consisted of the elucidation of the structures of 
the amatoxins as well a s  of the phallotoxins; 

chemical modifications of the molecules, in- 
cluding labeling with radioactive isotopes; con- 
jugation of the toxins to molecules of high mo- 
lecular weight; and  attempts to synthesize the 
natural products and artificial analogs. Explo- 
ration of the structures of all the toxic peptides 
in Amanita phalloides and  also of the antitoxic 
peptide antamanide can be regarded as almost 
finished; several compilations have been 
given.’-’” For separate reviews of amatoxins, 
also see References 49 and 50; for phallotoxins, 
Reference 51; and for antamanide, Reference 
52. The  structures of the phallotoxin-like acting 
components of Amanita virosa (virotoxins) a r e  
still under investigation. 

A. Chemistry of the Amatoxins 
1 .  Naturally Occurring Amatoxins* 

The family of amatoxins now consists of 
eight defined members, and in addition, two es- 
ters of 13-amanitin have been The  for- 
mulas of the amatoxins identified a re  repre- 
sented in Table 2 with their respective toxicities 
and  inhibitory capacities towards RNA pol- 
ymerase B (or 11). 

With one exception, all the amatoxins inhibit 
RNA polymerase B (or 11) in minimal concen- 
trations. Only proamanullin (A7)*7 shows a 500 
times lower inhibitory capacity. The  lack of af- 
finity for RNA polymerase B (or 11) is accom- 
panied by loss of in vivo toxicity in A7. Since 
the CD-spectrum of A7 (Figure 2 )  suggests a 
conformation identical to that of the toxic ama- 
toxins, the lack of the hydroxyl group of hy- 
droxyproline, not a different molecular shape, 
must be responsible for the weak affinity of 
proamanullin to RNA polymerase B. 

As for amanullin (AS), its slightly decreased 
affinity for the enzyme cannot sufficiently ex- 
plain its loss of in vivo toxicity. The  rapid dis- 
sociation of the amanullin-enzyme complex is 
able to account for the nontoxicity.” 

2. Chemical Derivatives and Radioactive Label- 
ing: Synthetic Approaches 

Affinity for the polymerase and  the conse- 
quential toxicity can be chemically modified a s  
follows: 

I .  Monocyclic derivatives of amatoxins have 

Numbering of the amino acid residues in the amatoxins will from now on start from the alphabetically first residue (Asn 
= No. I ) .  This corresponds to the numbering in the phallotoxins, but may differ from numbering in previous papers. 
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E .  

2.L I 

8.10-~ 

Vb 
\ 

- -.-+ 
350 
nm 

- 2  

- L  

- 6  

- 0  

FIGURE 2. 
at pH 7 (a) and pH 1 1  (a') and the circular dichroism spectrum at pH 7 (b). 

Ultraviolet absorption spectra of (I- (and /3-, y- )  amanitin in water 

no toxicity. The peptide bond between res- 
idues 3 and 4 can be specifically cleaved by 
the action of trifluoroacetic acid at room 
temperature due to the proximity effect of 
the hydroxyl group in y-position (lactone 
formation). The resulting seco-compounds 
are nontoxic. 
Shortening of the side chain of residue 3 
alters the affinity for the enzyme. Although 
replacement of the &positioned hydroxyl 
group of a-amanitin (Al)  by hydrogen ( y -  
amanitin, A3) has little influence, oxida- 
tion of 6'-methoxy-a-amanitin (toxic) by 
periodate leading to an aldehyde group 
(A9) dramatically reduces the affinity for 
the enzyme and abolishes toxicity. The for- 

2 .  

mation of the aldehyde group is associated 
with a change in the conformation of the 
molecule (CD s p e c t r ~ m ) , ' ~  which causes ;i 
100 times lower affinity for the enzyme. 
Reduction of 0-methylaldoamanitin to 0- 
methyldesmethyl-A-amanitin (A10) restores 
the conformation together with a good deal 
of affinity and toxicity.ss As with O-rneth- 
ylaldoamanitin, a synthetic analog with a 
side chain of only three carbon atoms, 
(A1 l), has a 500  times lower affinity and is 
completely nontoxic (Table 3). The con- 
stants of inhibition and dissociation and 
dissociation rates of some amatoxins vary- 
ing in the side chain at  position 3 are dis- 
cussed under Section VI.A.4.a. 
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TABLE 3 

Chankdy M o d i T i  Anutoxitu. Their Inhibition ConsuDtr (M) for RNA Polymcrue B (or ll)(Approrinutive K, Vdua) .  and Their LD, V d u a  
(mJ4 for b e  White M w u )  

No. 

A9 

R 

CHO - ."< 
CH 1 

X R' Compound 

(R)O OCH, 0-Methylaldoamanitine 

K. (M) 

lo-' 

A10 

A l l  

A12 

A14 

A15 ( R )  

A16 to21 
,415 (s) 

Azz 

CH, OH 

CH, 

- CH,-CH,OH 

(R) 0 OCH, O-Methyl-dchydroxymethyl-u-un~~ 2 . 10.' 

- H Dinor-S-deoxo-amanin amide 5 ' lo-' 

- c", CHCH,oH 
.CH, 

H 

H 
H 

OCH, 

OCH, 
OCH, 
ox 

3.0 

- 

10-0 0.5-1 

lo-' 0.5 
lo" III>10 
lo-' 0.5-1.0 A21 

nontoxic 

c 
W 
4 
m 

e 
W W 
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3 .  

4. 

5. 

Oxygen a t  the sulfur bridge affects the bi- 
ological activity of the amatoxins in a way 
similar t o  that in pha l lo tox in~ . ‘~  6’-Meth- 
oxy-a-amanitin (A15 [R], Table 3) was 
deoxygenated by treating with Raney 
nickel.57 T h e  equally toxic 6’-methoxy-S- 
deoxo-a-amanitin (A14) could be reoxi- 
dized by peracetic acid to yield the two ex- 
pected diastereomeric sulfoxides A15 (R) 
and  A15 (3. The (R)-isomer of A15 was 
identical to the starting material. The  (3- 
isomer showed no  toxicity up to a dose of 
10 mg/kg and  had a K, ten times smaller 
than that of the (R)-form.” The  (R) and  (3 
forms also differed widely in their C D  spec- 
t ~ a . ’ ~  On further oxidation, both diaster- 
eomers yielded the same sulfone (-SO2-), 
which had the same toxicity as the starting 
material. In summary, for  maintaining tox- 
icity of amatoxins, the bridging sulfur 
a tom can either be free or oxidized to  the 
(R)-sulfoxide or the sulfone. Oxygen in (3- 
configuration yields a sulfoxide which is 
nontoxic due  to a changed conformation. 
The  carboxylic group of amatoxins may be 
free (A2, A4) or amidated ( A l ,  A3). Ester- 
ification with diazomethane forming a 
methylester does not influence toxicity. 
T h e  phenolic hydroxy group in the 6’-posi- 
tion is not essential for toxicity as shown 
by the  naturally occurring amanin (A8). 
Repfacement of O H  by hydrogen could be 
achieved by catalytic hydrogenation of the 
toxic 1-phenyl-5-tetrazolylether of a-aman- 
i t i r ~ . ’ ~  The  formation of various ethers at 
the phenolic hydroxyl group in 6’-position 
generally has little influence on toxicity and  
binding to  RNA polymerase B (or Ta-  
ble 3 also includes some 6‘-alkoxy and  6’- 
aryloxy compounds synthesized in ou r  lab- 
ora tory  (A16 to A19). 

Radioactive labels have been incorporated into 
the amatoxins to date in the form of four dif- 
ferent compounds: 

I .  6’-O-[14C] (or ’H) methyl-a-amanitin6’ was 
obtained by reacting the sodium salt of a -  
amanitin,  obtained from a-amanitin and  
sodium methylate in dimethylformamide, 
with labeled methyliodide. 

2. (1)-y-[’HI dehydroxymethyl-6’-O-methyl- 
a-amanitin.* This is obtained by reductioti 
of 6’-O-methylaldoamanitin (A9, Table 3 )  
in methanolic solution with [’HI NaBH, .  

3.  6’-[’H]-amanin (A8-JH). Catalytic [’HI-hy- 
drogenation of 6’-( 1 -phenyl-5-tetramly- 
1oxy)-fi-amanitin (A22) gave the 6’-tritiated 
amanin.62 The  compound was used for c o v -  
alently labeling the amatoxin-binding site 
of calf thymus RNA polynierase B (or 11) 
as described under Section VI.A.4.6. 
Most recently, Morris et al.392 reported the 
(‘251]-iodination of a-amanitin.  The  corn- 
pound was characterized as 7’-iodo-a- 
amanitin by proton magnetic resonance. 

4. 

a. Synthetic Approaches 
Also included in Table 3 a re  four totally syn- 

thetic amatoxin-like compounds  (A 1 1,  A 12, 
A13 [d, and A13 [R].6’ T h e  bicyclic skeleton 
of the natural amatoxins has been synthesized 
in all of them. O n e  of the compounds,  dinoi- 
S-deoxoamanin-arnide (A I I ) ,  lacks the 6‘OH- 
group as well a s  the sulfoxide oxygen, both 
being nonessential for biological activity. Thu \ ,  
the lack of the two carbon a toms in the Gde 
chain of residue 3 is responsible for the low af- 
finity of A l l  to RNA polymerase B (or I I ) ( K ,  
= 5 x lo-’ M); again, this demonstrates the im- 
portance of a minimal number  of carbon atoms 
in the side chain of position 3. T h e  other prod- 
ucts of synthesis were 6‘-dehydroxy-S-deoxoa- 
manullin (A12) a n d  its two sulfoxides A13 ( R ) ,  
corresponding to  natural A5 a n d  the nonna- 
tural isomer A13 (8. The  only difference be- 
tween A13 ( R )  a n d  A5 is the lack of the OH 
group in the 6’ position. Indeed, A13 ( R )  has a 
K, comparable with that of AS. It is also com- 
parable with the mother compound A12. 

3. Chiroptical Data 
Measurement of optical rotatory dispersiou 

(ORD) and of circular dichroism (CD)  has been 
very useful in structural and  synthetic work in 
the amatoxin field.s4 T h e  C D  spectrum of u -  

amanitin together with its UV spectrum is 
shown in Figure 2 .  

In water, all biologically active amatoxins 
such as a- ,  p-, a n d  y-amanitine, as well as the 
nontoxic amanullin, exhibit almost identical 
C D  spectra. At least three positive Cotton ef -  

New nomenclature; former name: (’H)-O-methyl-demethyl-y-amanitin 
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fects, at 305, 285, and  255 nm, a n d  one negative 
Cotton effect at  about  232 nm originate from 
the aromatic part of the molecule, the 2-sulfox- 
ido-6-hydroxy-indole moiety. A strongly nega- 
tive Cotton effect at 220 nm a n d  another posi- 
tive one  a t  205 nm are  attributed to amide 
chromophores. However, the nontoxic 0- 
methyl-aldo-amanitin (A9) lacks the negative 
Cotton efl'cct at 220 nm and shows higher ellip- 
ticity at 205 nm. This points to a conforma- 
tional difference possibly caused by t h e  hydro- 
gen bond accepting property of the aldehyde 
group. The C D  spectrum of the  nontoxic (9- 
sulfoxide A15 (9 differs fundamentally from 
that of the toxic one  by showing a negative Cot- 
ton effect centered a round 305 nm and  a sec- 
ond ,  strongly negative one  a t  about 250 nm, 
clearly indicating a basic change in the molecu- 
lar structure. According to the results from CD,  
the nontouicity of amanullin is not due  to a 
changed conformation. Though less strongly, 
the compound is able to bind to RNA polymer- 
ase B (or I I ) ,  as d o  the toxic amapeptides (Table 
2). Attempts at understanding its lack of toxic- 
ity have considered the dissociation rate con- 
stants of the toxin.enzyme complex. 

7-- 

The O R D  curves of amanin, a natural sulf- 
oxide of the amatoxin series (AX, Table 2), and 
of an acetylderivative of y-amanitin exhibit pos- 
itive Cotton effects around 300 nm (Figure 3 ,  
Curves b and c). They closely resemble the 
ORD curve of the toxic diastereomeric sulfox- 
ide (Curve a )  obtained by oxidation of phallo- 
idin (P21, Table 5). All these curves a re  very 
similar to the O R D  curve of a synthetically pre- 
pared sulfoxide of 2-ethylthio-r.-tryptophan, 
whose structure was proven by X-ray analysis 
to be the  (R)-diastereomer (Structure l ) ."  This 
allowed the assignment of (R)-configuration to 

H 
4 

HO,C ----- 
4 

"*N 

I 

I 
I 

I 
I H 

CH2 H,C - 

STRUCTURE 1 
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FIGURE 4. 
Yocum.) 

Crystals of p-amanitin obtained from ethanol. (Courtesy o f  R .  R .  

the amatoxins and to the toxic sulfoxide of 
phalloidin. X-Ray analysis was also used for 
the structural analysis of the lactone-hydrob- 
romide of the  hydroxylated isoleucine6s of po- 
sition 3 of a-amanitin, which is ( 2 S ,  3 R ,  4R)-2-  
amino-3-methyl-4,5-dihydroxyvaleric acid 
(Structure 2 ) .  

CO, H 
I 

1 
I 
I 

H,N- C - H  

H,C- C -H 

HO- C - H  

CH,OH 

STRUCTURE 2 

Both of these stereochemical properties have 
been confirmed together with all other molecu- 
lar features elucidated, by a recent X-ray struc- 
tural analysis of 13-amanitin (Figure 4) from the 
laboratory of Lipscomb et a1."6 (Figure 5 ) .  The 
recent structure analysis of 13-amanitin in crys- 
tals was used to  decide a few ambiguities in the 
nuclear magnetic resonance studies of a-aman- 
itin dissolved in dimethylsulfoxide. According 
t o  this work by Tonelli et al.,393 the conforma- 
tions of amatoxins are very similar in the solid 
state and  in solution. 

FIGURE 5. 
ray analysis." 

Structure of 0-amanitin as determined by X-  

4. Conjugation of Amatoxins to High iV1olecii- 
lar Weight Compounds 

As early as 1959, 13-amanitin was conjugated 
to bovine serum albumin after activation of the 
acidic toxin as a th i~pheny les t e r .~ '  In 1969, 
Cessi and  Fiume6a 6 9  used the carbodiirnide 
method for coupling the toxin to the protein. 
Recently in ou r  laboratory,  amatoxin5 have 
been conjugated to macromolecular com- 
pounds, either by a n  azolinkage'" or  as amide5 
via N-hydroxysuccinimidesters of 0-amanit in. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



December 1978 197 

The carrier molecules included albumin, y-glob- 
ulins, polylysine, and dextranes.” On the aver- 
age, one t o  three toxin molecules could be at- 
tached per protein molecule. 

Unexpectedly, the protein-conjugated ama- 
toxins were more toxic than p-amanitin 
itself.68 ’’ Toxicity was increased six to ten 
times, depending on the coupling method. Ad- 
ditional coupling of a P-amanitin-albumin con- 
jugate with fluorescein-isothiocyanate in- 
creased the toxicity three to four times 
further.’’ Generally, the conjugates obtained 
with carbodiimide were the most toxic ones, be- 
cause by this reaction, 6‘-amatoxinesters were 
also formed with the protein, which can be 
cleaved inside the cell to release the free toxin. 
Furthermore, carbodiimides can effect cross- 
linking of proteins, therefore increasing their 
molecular weight. In contrast to this, activation 
of the carboxyl group of 8-amanitin forms ex- 
clusively arnide bonds with the protein. Ama- 
toxins conjugated to  albumin still inhibit RNA 
polymerase B (or 11) although in many-fold 
higher concentrations than in the unbound 
state.73 

B. Chemistry of the Phallotoxins 
1. Naturally Occurring Phallotoxins 

The family of phallotoxins is now comprised 
of seven defined members. Since the last re- 
view,’” in addition to the four known phallo- 
toxins, three further components have been dis- 
covered in the mushrooms: phallacin (PS), 
phallisacin (P7),4’ and prophalloin (P3). 74 The 
formulas of the identified phallotoxins are 
quoted in Table 4 together with their LDso val- 
ues for the white mouse. All the natural phal- 
lotoxins are toxic with LDS0 values ranging 
from 1.5 to 4.5 mg/kg, except prophalloin 
(P3). which is nonlethal even in doses up to 1 0 0  
mg/kg body weight. The nontoxicity of P3 is 
consistent with a previous observation on a syn- 
thetically prepared Pros-analog of norphalloin 
(P16), which also showed no toxicity due to the 
absence of the allepositioned OH group at the 
pyrrolidine ring. All natural toxins exhibit typ- 
ical ORD7s and CD spectra in water, as repro- 
duced in Figure 6. This suggests a similar con- 
formation for all toxins, including the nontoxic 
compounds (P3). 

A molecular model of phalloin obtained by 

TABLE 4 

Naturally Occurring Phallotoxins, Their Toxicity (LDse, mg/kg for the White Mouse, i.p.) 
and Their Relative Affinity (A) to Rabbit Muscle Actin (phalloidin = I )  

5 6 7 H, f R ’  

No. 

PI 
P2 
P3 
P4 
PS 
P6 
P7 

8 

H, C-CH--0-NH-CH- CO-NH-CH-CH2- C-CH, 

NH OH 
I I 1 I 

I 
NH 
I 

-. I 
1 CH-R3 

HN- CO-CH-NH-CO 
RS 

Name 

Phalloidin’ 
Phalloin 
Prophalloin 
Phallisin 
Phallacin 
Phallacidin 
Phallisacin 

I 
HO-CH 

I 
R‘ 

R’ R’ R’ 

R’ 

a-OH 2.0 1.00 
a-OH 1.5  0.74 
H > I 0 0  0.01 
a-OH 2.5 0.55 
a-OH 1.5 0.44 
a-OH 1.5 0.91 
a-OH 4.5 0.50 

* Systemic name: cyclic (L-Alanyl-D-threonyl-L-cysteinyl-cis4-hydroxy-L-prolyl-L-alanyl-2- 
mercapto-L-tryptophyI-4,5-dihydroxyleucyl) cyclic (3 -. 6)-sulf ide. 
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0 
n - 
a - . 
B 

5 

L 

3 

2 

1 

FIGURE 6. 
(M)  x lo-' (b), and circular dichroism spectrum ( @ l o  x 10.' (c) of phalloidin in water. 

Ultraviolet absorption spectrum (c) x (a), optical rotatory dispersion spectrum 

'H nuclear magnetic resonance analysis and 
from approximate potential energy calculations 
by Pate1 et al.76 is shown in Figure 7. This 
model agrees rather well with the suggestion 
that RS, CH3 and the whole indole part form 
the binding sites of phallotoxins to actin. 

Table 4 also informs us that the two d-OH 
groups in residue number 1 are not essential for 
the toxicity, that the alkyl group R3 in number 
1 can be methyl or isopropyl, and that methyl 
in residue 2 is replaceable b y  carboxyl without 
affecting the toxicity of the molecule (R4). Fur- 
ther information on the structure-activity rela- 
tionship has been obtained from derivatives ob- 
tained both via chemical reactions and total 
synthesis. 

2. Derivatives of Phaflotoxins 
The derivatives in Table 5 have been obtained 

by transformation of natural phallotoxins or by 
synthesis.1° In phallotoxins, as with amatoxins, 
opening one ring of the bicyclic system removes 
the toxicity. Cleavage of the weakest peptide 
bond between residue 7 and 1 (lactone forma- 

FIGURE 7. Molecular model of phalloidin as derived 
from nuclear magnetic resonance data and minimum en- 
ergy Heticity of indolylthioether moiety 
modified according to NMR results of J .  Dabrowski (un- 
published). 

tion) or elimination of the sulfur bridge by hy- 
drogenation with Raney nickel leads to mono- 
cyclic secophallotoxins or dethiophallotoxins, 
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respectively. Both derivatives are nontoxic by 
conformational changes as indicated by their 
CD spectra (Figure 8). 

The contributions to the toxicity of the dif- 
ferent side chains in the intact molecule and of 
other features introduced by synthesis are sum- 
marized in Table 5. The important residues 
have been numbered R' to R7 in the schematic 
formula. 
R1 - Shortening of the side chain of residue 

7 does not alter the affinity. Oxidation of phal- 
loidin (P l )  by KIO, leads to a ketone (keto- 
phalloidin, P8) of equal toxicity; reduction of 
P8 by sodium borohydride yields demethyl- 
phalloin (P9), which also has the same toxicity. 
P8 was the starting material for several trans- 
formations, among others, norphalloin (PlO), 
a phallotoxin with a norvaline side 
Without any oxygen at  the side chain of 7, this 
compound turned out to be even a little more 
toxic than PI .  Similarly, Leu7-phalloidin (P11) 
has full 
R2 - The methyl group in position 5 is essen- 

tial for toxicity; Glys-norphalloin (P12) is not 

R3 - The albpositioned hydroxy group (cis 
to carboxyl) of residue number 4 is also essen- 
tial for toxicity: Pro4-norphalloin (P 16) and 
Hyp4-norphalloin with translocated OH are not 

This is in line with the lack of toxicity 
in naturally occurring prophalloin (P3) and in 
the synthetic triacetyl-phalloidin (P27).75 
R4 - The hydroxy group of the D-threonine 

residue makes only a small contribution to bio- 
logical activity; the analog with D-a-aminobu- 
tyric acid instead of D-Thr (P17) is toxic.'' The 
methyl group in R4 may also be replaced, e.g., 
by carboxyl (P5 to 7), without loss of toxicity 
of the molecule. However, voluminous residues 
at the carhoxylic group lower toxicity: phalla- 
cidin- amide (P18), - methylamide (P19), and - 
dimethylamide (P20) exhibit decreasing toxici- 
ties. 41 

RS - From the various natural compounds, 
we learn that R5 can consist of a methyl group 
or an isopropyl group (P5 to 7). Synthetically 
obtained Leu'-phalloidin (P13) was equally 
toxic;81 however, Phe'-phalloidin (P 14), with a 
more bulky side chain, had very little toxicity if 
any. Gly'-phalloidin (P15) had a reduced tox- 
icity. 
R' - The hydrogen atom a t  the indole nitro- 

a +w4 

.6.0 

,3.0 

FIGURE 8. 
seco-phalloidin (b), and dethiophalloidin (c) in water. 

Circular dichroism spectra of phalloidin (a), 

gen may be substituted only by a chain of two 
carbon atoms; otherwise toxicity will be lost. 
Nnd-Methylphalloidin (P23) is as toxic as the 
parent compound, whereas the Nnd-ethyl (P24) 
and Nnd-carbarnoylmethyl compounds (P25) 
exhibit a decreased toxicity. Pd-Propylphallo- 
idin (P26) is nontoxic as a result of a changed 
conformation. 75 

R' - Two sulfoxides of phalloidin have been 
obtained by oxidation of the thioether by pera- 
cetic acid.56 The diastereomers separated by 
chromatography differed strikingly. The (9- 
diastereomer of the sulfoxides (P21 [SJ) is non 
toxic, whereas the (R)-diastereomer (P21 [RI) is 
as toxic as phalloidin. The ORD spectra of the 
two diastereomers show inverse curves (Figure 
3, Curves a and d), thus indicating the SO 
group as an inherently dissymmetric chromop- 
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hore. The absolute configuration was found by 
comparing their chiroptical behavior with a 
model sulfoxide of tryphophan, whose struc- 
ture has been analyzed by X-ray d i f f r a ~ t i o n . ~ ~  
On  further oxidation, both sulfoxides yielded 
the identical sulfone (P22). which has full tox- 
icity. As with the amatoxins, in a toxic phallo- 
peptide, the sulfur atom is either a sulfide, a 
sulfoxide with ( R )  configuration, or  a sulfone. 
The sulfoxide with (.!$)-configuration is non- 
toxic. 

3. Synthesis of Phallotoxins, Radioactive La- 
beling 

Proof of the correct formula of the phallo- 
toxins was first obtained by the synthesis of 
norphalloin (P Several analogs have since 
been prepared using corresponding synthetic 
 pathway^.^^.^^ Most recently, the total synthesis 
of phalloin (P2) was achieved by Munekata et 

by a similar synthetic technique, Leu' 
phalloidin (P 1 1) has also been obtained. 

Besides the laborious de n o v o  synthesis o f  
toxin derivatives, a second route to analogs 
substituted in position 1 has been worked out .  
Secophalloidin, the product of the acidic cleav- 
age of phalloidin (PI) at the peptide bond be- 
tween y ,  d-dihydroxy-leucine and 1 -ahnine, can 
be recyclized yielding the toxin by the mixed an- 
hydride method,83 The seco-compound was 
subjected to an Edman degradation procedure, 
which shortened the peptide chain by the 1- 
alanine. Glycine, L-leucine, or L-phenylalanine 
was introduced a t  the terminal amino group of 
the new secocompound. On cyclization, the 
modified seco-compounds yielded the phallo- 
toxins P13, P14, and P15." 

a. Introduction o f  Radioactive Atoms 
For radioactive labeling, one of the methods 

described below is used starting either from nat- 
ural toxins or derivatives of natural toxins. 

1. A 3SS-containing dithiolane was formed 

H * H / CH, 

i I 'r N H  U ' *  
I H,C-SII 

H,C - CH 

STRUCTURE 3 

from ketophalloidin (P8)(Structure 3).84 
Hydrogenation of ketophalloidin (P8) by 
3H-containing NaBH, yielded [3H] deme- 
thylphalloin (P9).85 
Methylation o f  the indole-N of phalloidin 
by "C-methyliodide resulted in Nind-14C- 
rnethylphall~idin.'~ 

2 .  

3. 

All labeled toxins had a toxicity similar to that 
of phalloidin. 

which the toxin, lacking a free carboxylic 
group, was bound by esterification of its hy-  
droxyl groups with carboxyls of the protein."' 
The latter kind of covalent bond is more prone 
to hydrolysis leading to the occurrence of free 
phalloidin inside cells after phagocytosis. 

Biological activity of phallotoxins bound to 
albumin can only be expected after release of 
the toxin inside the cell since phallotoxins at- 
tached to albumin bind to muscle actin only 
slightly, i f  at all. 

4. Conjugation of Phallotoxins to  Bovine 
Serum A lbumin  (and to Sepharose) 

Phallacidin (P6) was covalently bound to bo- 
IV. ANTAMANIDE 

vine serum albumin by its carboxylic group to 
give a conjugate in which up to five molecules 
of the toxin were bound to one molecule of pro- 
tein, mainly by arnide bonds between carboxyl 
and r-amino groups of lysine residues.a6 An- 
other procedure, coupling of phalloidin (P 1) to 
bovine serum albumin by means of a water-sol- 
uble carbodiimide, gave a conjugate with a ra- 
tio of 2.3 equivalents of toxin per protein in 

Antarnanidea* is a cyclic decapeptide isolated 
in our laboratory from Amanita phalloidrs 
mushrooms by tracing back the antagonistic ef-  
fect against phalloidin of one lipophilic fraction 
of the mushroom Use of 0.5 to 1.0 
mg of the crystalline substance prevents death 
in white mice from the lethal doses of 5 mg 
phalloidin per kilogram of body weight. 
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Administration must be made intravenously, 
intraperitoneally, or subcutaneously; there is 
no effect following a peroral application. The 
rapid excretion of antamanide with the bilego re- 
quires that antamanide not be administered ear- 
lier than 2 hr before application of phalloidin. 
Highest activity is achieved by administration 
immediately before or together with the toxin. 
A small protective effect was observed by ap- 
plication up to 10 min after poisoning, which 
disappeared, however, when antamanide was 
administered any later than 10 min after the 
toxin. 

A. Biological Action 
Concerning the mechanism of the antitoxic 

activity, i t  is clear that antamanide does not 
compete with the phallotoxins for one and the 
same receptor site. This was ruled out by the 
following experiments. High doses of phallo- 
idin applied prior to a [14C]-labeled derivative 
of antamanide did not reduce the amount of 
antamanide incorporated into a mouse liver.” 
However, in reverse, the uptake of phalloidin 
in rat livers was distinctly reduced, in vivo as 

well as during perfusion, if antamanide was 
present. Therefore, we must assume that anta- 
manide strengthens some unknown membrane 
structure against the attack by phalloidin. A 
similar retarding effect of antamanide has been 
observed on the uptake of dyestuffs by the per- 
fused liver, as described by Jahn.9’ For exam- 
ple, mice were injected i.p. with 5 mg of anta- 
manide per kilogram of body weight 10 to 20 
min prior to i.v. application of 20 mg/kg indo- 
cyanine green (a) or 50 mg/kg bromsulphalein 
(b). In the antamanide-treated animals, the up- 
take and thereafter the elimination of the dyes 
was heavily retarded as followed by their con- 
centration in the serum: (a) 55 * 9 ng/ml (con- 
trol 20 f 2) and (b) 113 * 30 ng/ml (control < 
10). 

B. Structure and Chemical Synthesis of Anta- 
manide and of Several Analogs 

The cyclic decapeptide antamanide contains 
the four L-amino acids alanine, valine, proline. 
and phenylalanine in a ratio of 1:1:4:4. They 
are arranged as in Structure 4. 

9 1  10 

H H  ? 
CH, 0 CH 
I l l  1 1  

\8 +CO-NH-C--0-NH-C- C-NH-CdCO-N2 
N H  H H 

H H H 
7N -CO- C-NH-CO-C - N-CO-C -NH-CO 

6 1  5 1  H 4 1  
CH, CH3 

I 
CH, 
I 

‘6 H S  ‘6 H S  

STRUCTURE 4 

The first synthesis of antamanide was achieved 
in 1969 by cyclization of linear peptides, e.g., 
H-Phe6-(Pro7,8)1-(Pheg, 10)l-Va11-(Pro’.3)l-Ala4- 
PheS-OH obtained by conventional methods of 
peptide synthesis.92 Shortly thereafter, peptide 
synthesis on a solid phase was applied, resulting 
in a similar linear decapeptide, which was like- 
wise cyclized to a n t a ~ n a n i d e . ~ ~  Later, many an- 
alogs were synthesized, reviewed in Reference 
52 or described in References 94 to 96. Much 
of the chemical effort was put in to investigate 
the structure-activity relations of antamanides 
against the background of the ion-complexing 

capacities of these compounds. In general, pep- 
tide synthesis on solid supports has proved ex- 
tremely helpful in the authors’ laboratory for 
the synthesis of this kind of cyclopeptides. An- 
other great convenience was the ready crystalli- 
zation of antamanide and most analogs. This 
also allowed cyclization of the appropriate pep- 
tides from not entirely purified linear precursor 
peptides. 

I .  Molecular Features Essential for Antitoxic 
Activity 

Our knowledge of the amino acid residues re- 
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garded as crucial for antitoxic activity includes 
information from a wealth of antamanide ana- 
logs. Two dozen of these compounds have been 
selected for Figure 9. 

Among the analogs of antitoxic activity re- 
duced to zero are those in which one of the pro- 

lines has been omitted or replaced by glycine 
(Numbers 8, 18). Supposedly, the four prolines 
function as a framework which enables the 
molecule to accept a conformation suitable for  
complexing ions and/or fits a possible acceptor 
site on hepatocytes. Other features essential for 

No. Amino Acids in Position % Antitoxic Activity 

1 2 3 4 5  6 7 8 9 1 0  
1 - Val - Pro - Pro - Ala - Phe - Phe - Pro - Pro - Phe - Phe - 100 - 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

- Ile 100 1-1 

- Leu 100 - 
- GIU 100 - 
-GyrO,H 35 - 
- Abu 25 - 
- Ala 10 I 

x -or - x  0 1  

Val 60 - 
Phe - Val 35 m 
Abu 60 - 
ASP 60 - 
GJV 25 - 

Tvr 100 - 
Tvr 100 - 
Cha 100 - Cha 30 - 

X - o r - X  01 

Tvr 30 - 
Cha Cha 60 - 

Tyr - 10 

Tvr Tyr - 10 

Cha Cha - 5 1  

Tyr - Tyr Tyr - Tyr - 0 I 

Cha - Cha Cha - Cha - 0 1  

Abu = L-a-aminobutyric acid 

Cha = L-cyclohexylalanine 

X = Amino acid other than proline 

FIGURE 9. 
on antarnanide (No.  I = 100%). 

Structure and antitoxic activity of several analogs of antamanide. Antitoxic activities expressed in percent based 
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the biological activity include the amino acids 
in Position 1 and 10. Shortening of the hydro- 
phobic side chain in Position 1 (Number 7 in 
Figure 9) or replacing phenylalanine 10 by 
amino acids even as similar to phenylalanine as 
tyrosine (Number 21 in Figure 9) or cyclohexy- 
lalanine (Number 23) severely reduced the pro- 
tective capacity of antamanide. Less important 
than phenylalanine 10 is the phenylalanine in 
Position 9. Finally, phenylalanines 5 and 6 can 
be replaced by tyrosine without affecting the 
biological activities. In these two derivatives, 
the phenolic hydroxyl groups in Position 5 and 
6 could be used to  form additional derivatives. 
Etherification, e.g., by 2-iodoacetic acid, 
yielded the carboxymethyl derivatives of two 
analogs which exhibited 100% of the biological 
activity. Being easily soluble in water, as am- 
monium o r  sodium salts, these greatly facili- 
tated application during in vivo s tudie~ .~ '  

In summary, we conclude from Figure 9 that 
the two pairs of prolines (2, 3 and 7, 8) and the 
side chains of Positions 1 and 10 are the fea- 
tures most essential for the antitoxic activity of 
antamanide. 

C. Ion-Binding Properties 
Antamanide forms complexes with alkali 

metal ions. This has been shown in 19709' in 
Shemyakin's and in our own laboratories by 
mass spectrometry (occurrence of an ion anta- 
manide + Na+), IR spectroscopy (increase of 
carbonyl absorption a t  1630 cm-' in the pres- 
ence of Na'), potential measurements with ion- 
specific glass electrodes, vapor pressure osrno- 
rnetry, ORD spectroscopy, and by measure- 
ment of the electrical conductivity, which de- 
creases in ethanolic NaCl solutions when 
antamanide is added. Since then, the investiga- 
tions have been extended to complexes includ- 
ing metal ions other than sodium as well as to 
a series of antamanide Comprehen- 
sive surveys on this topic have been given by 
Ivanov'O" and by Ovchinnikov et al. lo l . lo f  Most 
importantly, Ca" ions form the strongest com- 
plexes;'03 for example, in acetonitrile-water 
(96:4), a solvent suitable for complexation stud- 
ies of antamanides, the association constant of 
(AA)2 . Ca'* is 1 . 10' M' (cf., AA * Na+, 3 . 

Each complex formation induces a confor- 
mational change in the cyclopeptide. This has 

104 MI; AA . K+, 2.9 . 102 M I ) .  

been established by CD spectroscopy. In non- 
polar solvents, like 1,4-dioxane, antamanide 
and most of the antarnanide-like cyclic peptides 
exhibit a strong negative dichroic absorption 
centered around 230 nm. On complexation of 
ions, this negative Cotton effect becomes posi- 
tive, indicating a conformational change. This 
effect was used spectrometrically to determine 
the equilibrium association constants of the 
cornplexe~. '~~  As in the case of valinomycin,lOO 
the stability of the complexes decreased with in- 
creasing concentration of water, probably due 
to solvation of the amide bonds involved in the 
metal chelate. In Table 6, a series of association 
constants (K,,) is given for several antamanide 
analogs with Na' and Ca++ ions in two different 
solvents; for comparison, the antitoxic activi- 
ties of the compounds have also been compiled. 
Clearly, in the solvents used, all analogs with 
biological activity form strong complexes with 
Na+ and Ca" very similar to antamanide itself, 
whereas some of the less- or nonprotecting an- 
alogs are weak complexones. There exists no 
potent antitoxic analog with an association con- 
stant less than 103/M. It is possible that Ca++ 
ions, specifically bound in the cell membrane 
by phospholipids or proteins, might be the tar- 
get for antamanide. Io3 However, there are sev- 
eral analogs with poor biological activity which 
possess about the same complexing capacity as 
antamanide or its highly antitoxic analogs. 
Therefore, the Na' or Ca++ complexing capac- 
ity, if a t  all, can only be one of the prerequisites 
necessary for the biological activity. Other fea- 
tures of the molecule will similarly contribute 
to biological activity. These features involve the 
structural properties of the peptide backbone as 
well as those of some side chains. This is 
strongly suggested by the fact that the enan- 
tiomorphic all-D-antamanide, which has an 
identical complexing capacity to antamanide, 
exhibits only partial biological activity. 94 Iva- 
nov'O0 has put forward the suggestion of a 
"sandwich"-like complexation of antamanides 
with a phospholipid-bound cation (Na' or Ca'+) 
combined with a more or less specific fit of the 
cyclic peptide due to the nature of the side 
chains. However, as mentioned above, it is not 
necessary to assume that complexation partici- 
pates in the protecting effect by antamanides; 
the correct topology of the molecule seems to 
be mainly responsible for the membrane stabi- 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



206 Critical Reviews in Biochemistry 

TABLE 6 

Association constants K A  (MI) of Na' and Ca" Complexes in Two Solvents, and Antitoxic Activ- 
ity of Antamanide and Some of I t s  Analogs 

Antamanide (AA) 
analogs 

Antamanide 
[Leu']-AA 

[Tyr9]-AA 
[Tyr '"I-AA 
[Cha4, Cha'Ol-AA 
[Cha4,  Cha', Cha'. 

[Phe', Val']-AA 
[Ala'l-AA 

[Val6, Ala9]-AA 

[Abu'I-AA 

Cha"']-AA 

[Gly', Gly'l-AA 

lizing property, whereas the 

In 96% 
ethanol 

K A  (Na') 

2.4 x 103 

I .o x 103 
I .5 x 103 
- 
- 
- 

2 x  103 

- 
1 . 5 X  10' 
1 .o x 10' 
2.5 x 1 0 4  

cation-binding 
ability contributes less or simply represents a 
less important side effect of certain cyclic de- 
capeptides which by chance exhibit a suitable 
cavity and therefore give rise to complexation. 

The rate constants for complex formation 
(k,) of Na' and Ca++ with antamanide were de- 
termined using the temperature-jump relaxa- 
tion technique.Io4 The values are lower by or- 
ders of magnitude (kl  - 105/M/sec) than those 
for similar complexones like monactin, valino- 
mycin, and crown ethers (k, - lo7 to 10'). 

D. Molecular Shapes of Antamanides 
I .  Uncomplexed Antamanides 

As deduced from CD curves, the molecule of 
antamanide can adopt different conformations 
depending on the nature of solvent or the pres- 
ence of complexed metal cations. In earlier 
studies, a conformation was proposed for an- 
tamanide in nonpolar solvents resembling that 
of valinomycin under similar conditions, 
namely, a bracelet like all- trans structure with 
a maximal of six internal hydrogen bridges. Io5 

In a more recent NMR study, Patel and Tonelli 
suggested the existence of two cis acyl-proline 
peptide bonds, which, however, could not be 
attributed unambiguously to  one of the two 
possibilities X-Pro or Pro-Pro, respect- 
ively. 106.107 A recent X-ray analysis of the bio- 
logically active C-2 symmetrical analog [Phe', 

In 4% H,O containing 
acetonitrile 

K A  (Na') K, (Ca++) 

1 . 1  x 103 1.8 x 10' 
- - 
- - 

3.6 x 103 
2.7 x 1 0 3  
3.8 x 103 

7.5 x 103 
8.4 x 103 
8.4 x 103 

- - 

Antitoxic activity 
(dose in mg/kg, which 

protects the white 
mouse against 5 mg/ 

kg phalloidin) 

0.5 
0.5 
2 .5  
2.0 
5.0 

10-20 
>20.0 

I .5 
15.0 

>2O.O 
>10.0 

Val6]-antamanide, crystallized from methylace- 
tateln-hexane, revealed the conformation 
shown in Figure 1 0 . ' O 8  

The elongated relatively planar ring contains 
two cispro-Pro peptide bonds. In addition to 
this, the structure has some other unusual fea- 
tures. Only two intramolecular hydrogen bonds 
of the rare 5 - 1 (10 - 6) type are formed, 
whereas the four remaining NH groups are hy- 
drogen-bonded to an array of three water mol- 
ecules. Antamanide retains one to two mole- 
cules of water even after drying in vacuo over 
Pzo5 at 60°C for 1 week. In fact, the structure 
can be considered an H,O-complex of anta- 
manide. 

A second crystal species of [Phe', Va6]-anta- 
manide containing 12 water molecules per 
cyclic peptide has ben obtained by chance from 
a solution containing calcium nitrate (with 
some molecules of crystal water), acetone, and 
acetonitrile. ' 09  Its conformation was identical 
to the trihydrate considered above, and the 
packing was very similar in both crystals with 
continous channels for the solvent molecules 
but with n-hexane/methylacetate in the pre- 
vious study108 and water in this case. These 
water molecules were hydrogen-bonded to the 
peptide molecules and to each other to form an 
uninterrupted column of polar atoms. Since the 
structure of water surrounding protein mole- 
cules is presently of prime interest, an analysis 
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W 

FIGURE 10. Diagram of uncornplexed (Phe', Val6) antamanide. The peptide 
backbone is drawn boldfaced and the c' atoms are numbered 1 to 10. The three 
water molecules intimately associated with antamanide are labeled W, and W2. Hy- 
drogen bonds are indicated by thin lines. 

of the water structure in smaller peptides like 
antamanide may give further insights into the 
relationship of water to macromolecular pep- 
tides and to membrane constituents and pre- 
sumably into the mechanism of the membrane- 
tightening action of antamanides. 

In polar media like organic solvents with high 
amounts of water, antamanide and (Phe4, 
Va16]-antamanide exhibit CD spectra different 
from the hydrates in nonpolar solvents and sim- 
ilar to those of the metal complexes. This sup- 
ports the argument, deduced also from nuclear 
magnetic resonance, spectroscopic and ultra- 
sonic measurements in various solvents, sug- 
gesting the existence of at least three different 
conformations of antamanide. 106.11D 

2. Metal Complexes 
Several attempts have been made to derive 

the conformation in solution from IR, ORD, 
and NMR data for the metal complexes of an- 
tamanide. I L L  Recently the structures in crystals 
of Li-antamanide+llz,llJ and Na-[Phe4 Val6]- 
antamanide' have been elucidated by X-ray 
analysis (Figure 1 1).112.114 The structures of 
both complexes agree in several features, 
namely, in the similar molecular shape of the 
peptide backbones, two ckPro-Pro  peptide 
bonds, and two 4 - 1 type intramolecular hy- 
drogen bonds in identical positions. One fea- 

FIGURE 11. Diagram of the lithium antamanide.CH,CN 
complex. The peptide backbone is drawn boldfaced; the 
numbers refer to the C' atoms in the ten residues. Five-co- 
ordinated Li' is represented by the black dot. One of the 
ligands is acetonitrile (solvent). 

ture not predictable from spectroscopic data is 
the pentacoordination of the central ion. I t  is 
coordinated by four carbonyl oxygen atoms, 
two of which also participate in internal hydro- 
gen bonds. The fifth ligand is provided by the 
nitrogen of a molecule of acetonitrile, which 
was the solvent of crystallization. The Na+ com- 
plex of [Phe', Va16]-antamanide also resolved 
by X-ray crystallography was found to be isos- 
t r u c t u r a l  w i th  t h e  L i * - a n t a m a n i d e  
~ o r n p l e x . ~ ~ ' ~ ~ ~ '  By the introchction of the larger 
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Na+-ion instead of Li+ in the upper cavity of the 
complex, the two internal hydrogen bonds are 
considerably lengthened but not broken, and it 
seems unlikely that the cavity can expand fur- 
ther. This would explain the preference of the 
antamanides for Na’ over K + .  The close similar- 
ity of the X-ray data of the complexes and the 
data of the various spectroscopical measure- 
ments strongly suggests that the conformations 
of the complexes in solid phase and in solution 
are highly comparable. A detailed ‘T-NMR in- 
vestigation by Pook et al.Ils is also entirely con- 
sistent with the conformations obtained from 
the crystalline alkali metal complexes. 

V. PHALLOLYSIN 

A. Historical 
In 1891, KobertI2 detected a hemolytic activ- 

ity in mushrooms of the species Amanita phal- 
loides, which he named phallin. He described it 
as unstable in alcohol, acids, and at tempera- 
tures > 65°C. Since phallin effected lysis of red 
cells in dilutions as high as 1 : 125,000, there can 
be no doubt that Kobert had detected one of 
the lytic proteins present in most of the Aman- 
itaceae. However, i t  remains uncertain whether 
the mushroom sample he investigated was in 
fact from Amanita phalloides since he de- 
scribed his “proteid” phallin as also causing 
hemolysis in bovine erythrocytes. Later on 
these cells proved to be completely stable to 
treatment with hemolysin of Amanita phal- 
loides. On the other hand, bovine red cells are 
sensitive to the hemolysin of Amanita rubes- 
cens, and most probably, Kobert had examined 
extracts of the latter species. A few years later, 
this work was carried on by Abel and Ford.14 
These authors extracted tissue from Amanita 
phalloides and achieved a partial purification. 
They separated the Amanita hemolysin from 
the toxic peptides by various precipitation 
steps. Their hemolytic fraction was rich in sac- 
charide material as indicated by Fehlings’ re- 
agent, orcinol, and the reduction of Ag ions. 
This strengthened their opinion even more that 
the hemolysin was a “glucoside” rather than a 
“toxalbumin”, more so, since some agents 
known to precipitate proteins failed to do so 
with the hemolysin. Today we know that the 
hemolytic substance, called phallolysin, is in- 

deed a protein but cannot be precipitated by tri- 
chloroacetic acid. Interest in this mushroom 
toxin decreased quickly when i t  became evident 
that phallolysin could not possibly contribute 
to human intoxication because of its lability 
during cooking and because i t  would be inacti- 
vated by contact with the acids of the gastric 
juice if ingested in a crude state. It wasn’t until 
1967 that phallolysin was “rediscovered” by 
Fiume,’l6 who used a partially purified fraction 
of phallolysin in cytolytic studies. 

B. Occurrence and Isolation 
As already mentioned, hemolytic activity is 

not only present in Amanita phalloides but also 
in other Amanita species (Table 7). 

According to Seeger and co-workers,”’ 
hemolytic activity is strongest in Amanita phal- 
loides. Other species of Amanila contain less, 
or in some cases, no hemolytic activity at all. 
Hemolytic activities have also been found in 
many other species than Amanitaceae. In  all 
species. it is noteworthy that the hemolytic ac- 
tivity was greater if the samples were collected 
later in the year. In all cases, the course of he- 
molysis induced by other extracts was similar to 
that described for Amanita phalloides. 

So far, a thorough purification of hemolytic 
substances has only been achieved for Amanita 
phaffoides. The earliest procedures wasted large 
amounts of the material and were inferior to 
later preparations. The most efficient purifica- 
tion steps are precipitation with 40% arnmo- 
nium ~ u l f a t e , ‘ ~ ~ * ~ ~ ‘  ion-exchange chromatogra- 
phy on DEAE-cellulose,L’y~’2’ and gel 
chromatography on Biogel P30.11y-’z1 The high- 
est purities obtained were 3000 to 5000 H.U/  
mg protein, and the highest overall yields were 
6 to 22%.11y.L20 There is agreement that the sta- 
bility of phallolysin decreases with increasing 
purity. 

Hemolysin from species other than Amanita 
phalloides must vary in some way, because they 
differ in their hemolytic activities with respect 
to human and bovine red cells. Of these, only 
the hemolytic component of Amanita rubescens 
has been somewhat characterized. In contrast 
to phallolysin, it is stable at  p H  3 to 6, lyses 
bovine erythrocytes, and has a higher molecular 
weight (52,000). Its molecular weight is similar 
to that of one subunit of volvatoxin, which has 
been described by Lin et a1.L22 
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TABLE 7 

Hemolytic Activities in Amanitaceaeand in Some Other Genera or Species of Mushrooms”’,”’ 

Amanitaceae Amanita phalloides 
Amanita verna 
Arnanita virosa 
Arnanita panterina 
Arnanita citrina 
Arnanita rubescens 
Arnanita rnuscaria 

S t . Amans) Quel 

Fr.) V .  Hoehn 

Fr.) Fay 

Fr.) Kumrner 

Fr.) Sing & Smith 

Boletaceae Xerocornus chrysenteron (Bull. ex 

Tricholomataceae Oudernansiella mucida (Schrad. ex 

Agaricaceae Agrocybe semiorbicularis (Bull. ex 

Strophariaceae Hypholorna fasciculare(H uds. ex 

Kuehneromyces rnutabilis(Schff. ex 

H.U.(S)g- I 
fresh tissue‘ 

41 6-770 
45-345 
- 
- 

0-205 
28-500 
0-280 
20-250 

40-500 

67-200 

0-200 

0-200 

- 
- 
- 
- 
- 
- 

Agglutination 
Agglutination 

- 

- 

- 

Agglutination 

* H.U.(S) = hemolytic units according to Seeger.”’ 

C. Physical and Chemical Properties of Phal- 
lolysin 

Unlike all other biologically active compo- 
nents of Arnanita phalloides, phallolysin is not 
an oligopeptide but has a molecular weight of 
around 30,000 dalton as determined by gel per- 
meation.”-’ The toxin is undoubtedly a protein 
though as yet i t  is uncertain whether polysac- 
charides are covalently attached to  it. Abel and 
Ford have already described phallolysin as a 
“glucoside” because sugar-containing material 
was closely associated with it. Most of the po- 
lysaccharidc material can be separated by chro- 
matographic procedures or by concanavalin A 
precipitation. I Z o  One of our first preparations 
contained 25% neutral sugars, which can now 
be reduced to a few percent by further purifi- 

Seeger e t  a1.Iz1 report a residual 
amount of 1% glycosides, and it is still unclear 
whether this is covalently bound to  the protein. 

Nevertheless, i t  is certain that the protein is 
tightly associated with polysaccharide material 
in the mushroom extracts, and there are indi- 
cations that the sugar component has a stabiliz- 
ing effect. Furthermore, the affinity of phallo- 
lysin for polysaccharides was a help in 
understanding the molecular mechanism of its 
activity. 

From electrofocusing studies, Faulstich and 
Weckauf’’‘ were able to state that phallolysin 
consists of two protein species differing slightly 
in their isoelectric points. The major band, (A), 
and the minor one, (B), have PI values of 7.8 
and 8.2, respectively. Recently, SeegerIz3 attrib- 
uted about 70% of the total hemolytic activity 
to phallolysin (A) and detected a small amount 
of a third hemolytic compound ( C ) ,  with PI = 
6.9. It was present in only some samples of 
Amanita phalloides. 

Most of the hemolytic activity was destroyed 
when phallolysin solutions were heated to more 
than 65°C for 5 min.12.14.120.123 Phallolysin is 
sensitive to acidic conditions but less to an al- 
kaline medium. When incubated for 24 hr, it 
was found to be stable in, the pH range of  5 .5  
to 9.0. Phallolysin also withstands treatment 
with all proteases and g l y c o s i d a ~ e s , ~ ~ ~ ~ ‘ ~ ~  and 
there is evidence that resistance to proteases 
was not occasioned by inhibition of these en- 
zymes by the phallolysin itself. l Z 3  Phallolysin is 
irreversibly denatured by sodium dodecylsul- 
fonate and also by 8 Murea.”3 

D. Cytotoxicity 
Red cells have been used for all assays of the 

cytolytic activity of phallolysin. Hemolytic 
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units (HU) have been defined by Seeger'23 and 
Faulstich et al.''" According to Seeger,123 one 
HU is that amount of phallolysin which com- 
pletely (100%) lyses a 1070 suspension of rabbit 
red cells in 2 hr at 37°C [HU(S)J. According to 
Faulstich and Weckauf-Bloching,'"" I HU is the 
amount of phallolysin which lyses a 1.3% sus- 
pension of human red cells by 50% in 45 min 
a t  22°C [HU(F)]. There has been no direct 
match of the two units as yet, but from lethal 
doses, we estimate that 1 HU(S) 2.5 HU(F). 

I .  Susceptibility o f  Cells In Vitro 
In 1967, Fiume116 stated for the first time that 

phallolysin exhibited cytopathogenic activity 
not only on erythrocytes, but also o n  other 
mammalian cells. In in vitro tests, he found 
that KB-cells and human amnion cells are de- 
tached from glass walls by the toxin. He did not 
check the vitality of the cells, but from our ex- 
periments, we must assume that they had suf- 
fered cytolysis. Villa and A g o ~ t o n i ' ~ ~ ~ ' ~ ~  inves- 
tigated Ehrlich-ascites tumor cells and Yoshida 
ascites A H  130 cells of rats. These cells were 
also sensitive; although there is no doubt that 
the active component in these studies was phal- 
lolysin, it is difficult to evaluate or compare the 
results with others because only crude extracts 
of Amanita phalloides were used. 

Extended studies on various mammalian cells 
were done by Faulstich et al.'" and Seeger and 
Lehmann.Ix8 The results are compiled in Table 
8. 

The most sensitive cells were the hepatocytes, 
followed by red and white blood cells, which 
were equally affected by phallolysin. The low- 
est sensitivity was found in hamster peritoneal 
cells. Most interesting was the fact that among 
these cells, part of the population was totally 
resistant, even to a large excess of the toxin. 
Assuming that the cell culture was homoge- 
nous, we must consider that there is less sensi- 
tivity to phallolysin during certain phases of the 
reproduction cycle of these cells. A similar be- 
havior but with a much smaller proportion of 
resistant cells was also found with P,>-ascites 
cells. In some preparations of human amnion 
cells, there was varied sensitivity, whereas in 
others, the cell population was homogeneous. 
Tumor cells found to have a higher sensitivity 
than the corresponding normal cell were not re- 
ported. 

2. Toxicity and Antitumor Activity In Vivo 
As judged by the rapid lysis of erythrocytes 

by phallolysin, the protein is highly toxic when 
applied parenterally.'20~'29 For instance, toxicity 
in the white mouse is higher than that of 0- 

TABLE 8 

Sensitivity of Various Mammalian Cells Against Phallolysin 

Onset of 50% % Cells 
Incubation cytolysis Cytolysis resistent to 

Cell type time (min) (H. U. /m f (H.U./rnf) excess doses 

Erythrocytes 
Human, A,. A,, B. 0 
Mouse 
Rabbit 
Rat 
Beagle dogs 
Bovine. sheep 
EBV-transformed lymphocytes 

Hela cells 
Hela cells 
Isolated hepatocytcs 
Human amnion cells 
Hamster peritoneal cells 
Pu-ucites cells (mouse sarcoma). 

and normal lymphocytes 

15 
- 
- 
- 
- 
- 
15 

I5 
120 

IS 
IS 
IS 

120 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0' 

20-55 
4 

Ref. 

125 
130' 
130' 
130' 
130' 
130' 
125 

125 
128 
125 
12s 
125 
128 

H.U.0 = hemolytic units defined from Reference 120; H.U.(S) = hemolytic units defined from Reference 123. 
In some preparations. approximately SOTO of the cells were 2.7 times less sensitive than the rest of the cells. 
Estimated w H . U . 0  from Reference 130. 
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amanitin. The LD,, in the white mouse is 580 
HU(F)  = 200 HU(S) per kilogram of body 
weight corresponding to 120 pg of protein, as- 
suming usc of the purest protein prepared so 
far.  This is only 60% of the dose of a-amanitin 
expressed i n  &kg body weight or a s  little a s  
2% of the dose of a-amanitin when calculated 
on molar amounts.  In addition to  this, the sen- 
sitivity of mammals increases with body size. 
For example, the LD,, of  the rat is 200 HU(F) 
= 85 HU(S) ,  corresponding to 50 pg protein. 
For the rahbit, the LD,, is even lower than 100 
HU(F)  o r  less than 25 pg of phallolysin. This 
low dose is unexpected since the red cells of the 
rabbit were reported13o to be less sensitive than 
those of the mouse. 

In most cases, death occurred by acute he- 
molysis o n l y  a few minutes after the i.v. appli- 
cation. Wiih very high doses of the toxin, he- 
molysis arid the following liberation of high 
amounts ol' K' ions caused cardiac arrest o r  kid- 
ney damage. From experiments with the iso- 
lated guinea pig heart, a direct attack on heart 
cells must also be considered."' In  this context, 
i t  may be o f  some interest that volvatoxinl" 
had been described as a cardiotoxin before the 
cytolytic properties of this fungal protein be- 
came obvious. Since some rabbits died with 
convulsions only a few minutes after applica- 
tion and  with o n l y  a small degree of hemolysis, 
neurotoxic effects cannot be excluded. When 
phallolysin was administered i.p., only 20% of 
the i.v. toxicity was found; in this case, the an-  
imals clearly died in pain. As expected, there 
was no  sigri of toxicity following oral  applica- 
tion of thc toxin. '*0~12Y 

Some contradictory results were reported 
from attempts to prove anti tumor activity of 
phallolysin in  vivo.  Villa and  Agostoni claimed 
that Yoshida and Ehrlich ascites cells did not 
develop after inoculation into phallolysin- 
treated rats. They even postulated that rats 
treated in this way were insensitive to a second 
inoculation 2 weeks later, probably via active 
immunization. On the other hand ,  Seeger and  
Lehmann"" demonstrated only a retarded 
growth of sarcoma P,, in mice when phallolysin 
was administered simultaneously. None of 
these animals were saved. The  simplest expla- 
nation is that the number  of inoculated cells 
had been decreased through direct lysis by phal- 
lolysin, thus retarding the first phase of prolif- 
eration significantly. This explanation is sup- 

ported by the fact that  repeated treatment with 
phallolysin in the days following the inocula- 
tion did not enhance the effect of the single 
phallolysin treatment. 

E. Mechanism of Action of Phallolysin 
Lysis of cells by phallolysin is a rather slow 

reaction by comparison with the instant dam- 
age of membranes caused by melittin1z4 or dig- 
itonin.I3' The  rate of lysis strongly depends on 
temperature; at  20°C, 1 HU(S) has the same ef- 
fect as 10 HU(S) have at 10°C. The  optimum 
temperature for the activity is 20°C rather than 
37"C, at which lysis is 1.7 times slower. 4n ad- 
dition to this and in contrast to the saponins, 
phallolysin is n o  longer bound by the cell ghosts 
after lysis. However, there are contradictory 
data with respect to the amount of phallolysin 
released after the reaction for instance with red 
cells. Seeger et al. reported that the full amount 
of toxin was available after the reaction, while 
in our hands, only - 50% of the toxin was re- 
covered in the supernatant of destroyed 
A release of toxin after lysis is consistent with 
the observation that hemolysis is achieved with 
extremely small amounts of the toxin, provided 
the time of incubation is long enough. 

It became obvious from many experiments 
that neither protease activity, phospholipase, 
nor sphingomyelinase can be attributed to phal- 
lolysin. Likewise, Seeger et al.130 established 
that phallolysin is neither a detergent capable 
of releasing phospholipids from membranes. A 
cholesterol-binding capacity like that of sa- 
ponin could also be ruled out.  Some conclu- 
sions about the structures which are involved in 
the mechanism of lysis could be drawn from ex- 
periments in which hemolysis could be inhibited 
by various additives. Seeger et a I . * ' O  reported 
that bivalent cations inhibit the process as mea- 
sured by the time required for 50% hemolysis. 
The reaction times were prolonged to 1.6 times 
or > 2.7 times, respectively, of that of the con- 
trols by 1 m M C a "  o r  Zn." Mg" ions were less 
effective. Faulstich and  W e c k a ~ f l ~ ~  reported a n  
inhibition of the lysis by phosphate ions. A 
slight inhibition was also demonstrated with 
ghosts of red cells. T h e  inhibiting compound in 
these membrane preparations was probably the 
so-called MN-glycoprotein, which after the iso- 
lation from red cell ghosts, was an  effective in- 
hibitor. 

The most potent inhibitor discovered so far 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



212 Critical Reviews in Biochemistry 

is wheat-germ agglutinin, which is known to 
bind to acetyl glucosamine. Since acetylglucos- 
amine is also part of the MN-glycoprotein from 
red-cell ghosts, we suggest that a glycoprotein 
or glycolipid containing this amino sugar might 
be involved a t  least in the binding of phallolysin 
to cell membranes, i f  not in the lysis process 
itself. Further support for this idea is given by 
presently running experiments which show that 
oligomers of acetylglucosamine, obtained by 
acid hydrolysis of chitin, are potent inhibitors 
of phallolysin.124 The fact that exceptionally 
high concentrations of agglutinins can also 
cause lysis of cells beside agglutination suggests 
that both agglutination and lysis of cells are re- 
lated processes, both depending on saccharide- 
containing membrane components. 

Recently, Petzinger and Seeger13' published 
pictures showing pseudopods or protrusions 
formed during the lysis of isolated hepatocytes 
which are very similar to those generated by 
phalloidin. In contrast to the protrusions in- 
duced by phalloidin, those occasioned by phal- 
lolysin burst and expel cytoplasmic material. It 
appears unlikely that these pictures describe the 
general mechanism of phallolysin-induced 
damage to cell membranes. The protrusions ob- 
served are more likely to be a response specific 
for hepatocytes to various poisons and treat- 
ments, since they can also be brought about in 
other ways, e.g., oxygen deficiency. 

VI. TOXIC AMANITA PEPTIDES AND 
BIOLOGICAL SYSTEMS 

A. Molecular Toxicity of Amatoxins 
The molecular mechanism of the toxicity of 

amatoxins is the inhibition of RNA synthesis in 
cell nuclei. This finding followed from the ob- 
servation of Fiume and Stirpe in 1966 of a sig- 
nificant decrease in the amount of RNA in the 
cell nuclei of mouse liver 1 hr after administra- 
tion of ~ - a r n a n i t i n l ~ ~  due to the blockage of an 
RNA polymerase.134.'35 The further develop- 
ment of this new field of toxicological enzymol- 
ogy has been amply described in several re- 
views.49.50. 136.137 Hence, this chapter will be 
introduced by a brief summary merely outlining 
the major events from the beginning in 1966 un- 
til 1973. 

&-Amanitin inhibits in vitro the DNA-de- 
pendent ribonucleoside triphosphate, RNA nu- 

cleotidyltrans ferase (EC 2.7.7.6), here shortly 
RNA polymerase, solubiiized from isolated rat- 
liver nuclei. Evidence that the toxin interacts 
with the enzyme and not with DNA was first 
given in 1970 by Novello et aI.l3* and later con- 
firmed by Jacob et a1.139.140 

At the same time, Roeder and Rutterl4I suc- 
ceeded in separating three distinct RNA poly- 
merases, called I ,  11, and 111, from sea-urchin 
embryos and two polymerases I and 11 (later 
also a third one) from rat liver. The enzymes 
were separated on a DEAE sephadex column 
eluted with an ammonium sulfate gradient. 
They suggested that enzyme I was localized in 
the nucleolus and enzyme I1 in the nucleo- 
plasm. 

Shortly thereafter, Lindell et al.,'" using the 
enzymes from both sea urchin and rat liver, 
demonstrated that only enzyme I1 is inhibited 
by a-amanitin and by doses as low as 5 to 10 
ng/ml . Simultaneously, the corresponding en- 
zyme from calf thymus, called RNA polymer- 
ase B, was likewise shown to  be sensitive to the 
drug by Kedinger et al. whereas the polymer- 
ase eluting ahead, form A, was insensitive. The 
authors also suggested that interaction of the 
drug with the enzyme causes inhibition of elon- 
gation of the polyribonucleotide chain. 

RNA polymerase from Escherichia coli was 
found to be completely insensitive to a-amani- 
tin. A 1:l complex was deduced for rat liver 
polymerase by Seifart and Sekeris"' from the 
evidence that maximal inhibition is caused by a 
ratio of 30 ng toxin to 60 pg of protein. This 
was confirmed by Chambon et a1.145 

Radioactive labeling of y-amanitin by etheri- 
fication of its phenolic hydroxyl group with 
I4C-methyliodide was performed by Wieland 
and Govindan.61 The labeled amatoxin was first 
used in binding experiments by Meilhac et al."6 
In 1971, Kedinger et al.I4' found that the aman- 
itin-sensitive RNA polymerase from calf thy- 
mus could be separated into two isoenzymes, 
both of which were equally inhibited by ama- 
toxins. 

An RNA polymerase isolated by low-salt ex- 
traction from calf thymus and bovine lympho- 
sarcoma (RNAPr) was found by Furth and 

to possess a lower sensitivity to a- 
amanitin. This RNA polymerase activity seems 
closely related to  RNA polymerase "C," which 
is also sensitive to high concentrations of Q- 

amanitin as described by Seifart et al."' 
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1. In vitro Inhibition of RNA Polymerases by 
Amatoxins 
a. Terminology 

The terminology of the DNA-dependent 
RNA polyrnerases is confusing because the 
three types of enzymes known to date were dif- 
ferently named by two laboratories: Roeder 
and RutterI4' designated the enzymes I ,  11, and 
111 according to their sequence of elution in an 
ammonium salt gradient. This terminology has 
not been adopted by Chambon's group on the 
basis that future experiments might reveal new 
RNA polymerases. Therefore, Kedinger et al. 143 

proposed to differentiate the three polymerases 
according to their sensitivity to a-amanitin: A 
is the completely insensitive form and B is the 
highly sensitive one, inhibited by to lo-' M 
a-amanitin. The third form, C ,  is likewise sen- 
sitive to a-amanitin, but at much higher con- 
centrations ( to M) of the toxin.14' 

This situation became more complicated 
when isoenzymes of all forms were detected. In 
addition to this, one RNA polymerase fraction 
of yeast was described which was eluted accord- 
ing to form I (or A) but showed sensitivity to 
high concentrations of a-amanitin,". '" while 
form I11 (or C) from yeast, like that from Bom- 
byx muri, proved virtually resistant to  inhibi- 
tion by the toxin.lS2 

A certain confusion also arose with the RNA 

polymerases of type C (or 111) due to varying 
reports on solubility, localization (cytoplasm, 
nucleus), and divergencies in catalytic proper- 
ties. The physical and biochemical nature of all 
these enzymes, (see References 153 and 154) in- 
cluding RNAP,,L55 allows them to be treated as 
one family. 

It is beyond the scope of this review to bal- 
ance the advantages of the I ,  11, etc. terminol- 
ogy against those of the A, B,  and C nornencla- 
ture. The three types of DNA-dependent RNA 
polymerases will therefore be designated here as 
A (or I), B (or 11), and C (or 111). 

b. Sensitivity of Several RNA Polymerases 
from Different Origins to Amatoxins 

DNA-dependent RNA polymerases of the 
three types have been obtained from different 
origins. In Table 9, a series of these enzymes 
has been listed together with their sensitivities 
to a-amanitin. It is evident from Table 9 that 
RNA polymerases of type B (or 11) are by far 
the most sensitive ones, although there are dif- 
ferences of three orders of magnitude depend- 
ing on the source. Generally, the more highly 
developed eukaryotes are more susceptible to 
the toxin. The RNA polymerases of type C (or 
111) require higher concentrations for inhibition 
apart from four organisms (Table 9) which 
are insensitive. Enzymes of type A (or I) 

TABLE 9 

Concentrations of a-Amanitin (ng/mf) Causing 50% Inhibition of the Activity of RNA Polymerases from Different Origins 
(Reliability of Most Values f 20%) 

RNA polymerase form 

Cell species 

Various mammalian cells 
Xenopus laevis 

Drosophila melanoga~ter '~~ 
Bombyx m o r P  
Tetrahymena p,yriforrni~'~~ 
Saccharomyces cerevisiae 
Physarum polycephalum161 
Mucor r o u x P  
Blastocfadiella ernersonii'" 
Zea maiYb4 
Wheat germ165 

C (or 111) A (or I) B (or 11) 

Not inhibited 
Not detecta- 

ble 
- 
- 
- 

3 x 1 0 5  
Not present 

Not inhibited 
- 

- 
- 

10' 
5 x 10' 156 

3 x 10' 
1-5 x 10' 
5 x 10' 

5 x  10' 
5 x 10'' 
0.5 x 10" 
10' 
-2.5 x 10' 

10.7 160 

Not detectable 
Not inhibited at lo4 

Not inhibited 
Not inhibited at 5 x IW 

Not inhibited at 2.5 x lo3 

- 

- 

- 
- 

Extrapolation from concentrations causing >50% inhibition. 
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FIGURE 12. Inhibition curves of the different RNA pol- 
ymerases A (or I) ,  I3 (or 11). and C (or 111) of vertebrates 
(V) and yeast (Y)  by a-amanitine. 

are totally insensitive with the exception of A 
(or I) enzymes from yeast which are inhibited 
by high concentrations of a-amanitin (Figure 
12). It is obvious from the table that enzymes 
of type C (or 111) are only inhibited in species 
where enzymes B (or 11) are inhibited by con- 
centrations of 1 to 5 ng/ml,  however, not in 
those species where enzymes B (or 11) are less 
sensitive to a-amanitin (inhibition at concentra- 
tions of 100 to  1000 ng/ml).  

RNA polymerase from E. cofi, like other 
bacterial enzymes, is completely insensitive to 
amatoxins. This is also true for RNA polymer- 
ase from mitochondria.166-168 Only one labora- 
tory1“’ reports a 50% inhibition of mitochon- 
drial polymerase with 20 pg a-amanitin per 
milliliter. This is the very concentration at  
which RNA polymerase C (or 111) is inhibited 
by 50%. The RNA polymerase of plastids has 
been reported to be resistant to the toxin up to 
100 pg/ml.170.17L However, since a small inhi- 
bition (< 18%) has been consistently seen a t  
high concentrations of the drug, the authors 
concluded that nuclei from both peas and spin- 
ach may contain a small component of a pol- 
ymerase which resembles the animal enzyme B 
(or 11). 172 

It may be mentioned here that the activity of 
RNA polymerases A (or I )  and B (or 11) in iso- 
lated rat liver nuclei, as well as in E. coli, is 
inhibited by relatively high amounts of patulin. 
Patulin is a mycotoxin from Byssochfamys ni- 
vea and from several strains of Penicillium and 
Aspergiffus. The mechanism seems to involve 
an alteration of the enzymes and concerns the 
initiation step only. 173 

c. RNA Polymerase B (or ZZ) from Various Eu- 
karyotic Cells 

Nucleoplasmic RNA polymerases B (or 11) 
have not only been found in the species com- 
piled in Table 9, but have also been detected in ,  
or isolated from a variety of other cells. Most 
of them are listed in Table 10. 

2. In vivo Effect o f  Amatoxins on R N A  Synthe- 
sis 

As early as 1954, Wieland and Dose observed 
that the blood proteins of mice and rats were 
diminished after amanitin poisoning. They con- 
cluded that a-amanitin might interfere with 
protein synthesis in the liver.”” However, the 
mechanism of protein synthesis was not under- 
stood a t  that time, and it  took a further 10 years 
until Fiume and Laschizn8 got back on the track 
again when carrying out  morphological studies 
of nuclei from mouse livers and kidneys poi- 
soned by amanitin. Parallel to the work on 
morphological changes, Fiume and Stirpe in-  
vestigated the RNA content of the poisoned nu- 
clei, which was found to  be much lower than in 

When the incorporation of [14C]-or- 
otate into the RNA of mouse livers was mea- 
sured, the incorporation rate was found to be 
reduced to 25% of that of the ~ o n t r o l . ’ ~ ~ ’ ’ ~  
Most recently, Romen et aLJ9* continued the 
morphological studies. They investigated the 
sequence of the nuclear and nucleolar changes 
by actinomycin D and a-amanitin. According 
to this study, amanitin starts to condensate the 
nuclear chromatin, an  event which conse- 
quently causes a fragmentation of the nucleo- 
lus. Following, segregation and degranulation 
of the nucleolus occurs only 30 to 90 min after 
the fragmentation. Contrary to this, nucleolar 
lesions take place with actinomycin D in one 
step and can be directly correlated to an inter- 
action of this drug with the nucleolar chroma- 
tin. 

After in vitro assays had established that 
RNA polymerase B (or 11) was exclusively in- 
hibited by amanitin, the in vivo reduction of 
RNA synthesis was also attributed exclusively 
to the inhibition of enzymes B (or 11). However, 
detailed in vivo analysis of the effect of a-  
amanitin in rats by Jacob et al.1J9109 demon- 
strated that within 1 hr the incorporation of 
[ 1 4 C ] - ~ r ~ t a t e  into nucleoplasmic RNA (precur- 
sors of rnRNA) as well as  into nucleolar RNA 
(precursors of rRNA) was inhibited to an 
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TABLE 10 

RNA Polymerasa B (or 11) in Various Eukaryotic Cells 

Source Ref. 

Mammalian cells 
Rat live1 

Calf thynius 
Sea urchin 
Humair placenta 

Mouse liver 
Mouse myeloma cells 
Beef brain nuclei 
K B  cell 
Hela cells 

Chick liver 
Chick oviduct 

Chinese hamster ovaries 

Frogs, anura, insects 
Xenopuc laevis 
Rana pipiens (oocytes) 
Calliphora erythrocephala (larvae) 
Drosophila melanogaster 

Bombyx rnori 

Lower eukaryotes 
Sacchartrmyces cerevisiae ( = yeast) 

Physarum polycephalum (slime mold) 

Blastocladiella emersonii(aquatic fungus) 
Dictyosrelium discoideum (amoeba) 
Acera bularia 
Achlya (algae) 
Rhizopus 
Allomyces 
Tetra hymena pyriformis (protozoa) 

Higher plants 
Maize leaves 
Sugar beet, potato tuber 
Parsley (callus cells) 
Wheat germ 

Cauliflower (inflorescences) 

138 
141 
144 
145 
141 
I74 
175 
176 
I77 
178 
I79 
179 
180 
181 
181 
182 
183 

156, 184 
185 
186 
187 
I88 
189 
190 
152 

191 
192 
193 
160 
161 
194 
195 
163 
197 
198 
199 
200 
20 I 
159 

164 
202 
203 
204 
205 
206 

equally high extent. The suppression of nucleo- 
lar RNA synthesis was reported to  be overcome 
after 2 to 3 hr. Niessing et a1."' also found an 

almost total halt to the incorporation of labeled 
orotate into all high-molecular RNA species of 
rat livers 1 hr after in vivo administration of a-  
amanitin. Compared to the high molecular 
weight precursors, the synthesis of low-molec- 
ular RNA (4 to  10 S) was less impaired. But 
here, 5 hr after intoxication, a 120-min pulse 
experiment revealed that incorporation into ri- 
bosomal RNA (extracted from the cytoplasma) 
was still inhibited by nearly 40%. However, the 
amount of RNA polymerase A (or I )  recovered 
from liver nuclei of a-amanitin- (or cyclohex- 
imide-) treated rats did not differ from that of 
the controls; a part of this enzyme was found 
dislocated from the nucleoli to the extranucleo- 
lar space of the nuclei.21' 

The inhibition of precursor rRNA synthesis 
in rat liver was measured by Tata2I2 as still 70% 
4 hr after in vivo amanitin intoxication, 
whereas the ability of isolated nuclei to incor- 
porate f3H]-ATP into rRNA precursor was not 
influenced at  any time. This confirmed earlier 
as well as contemporary results from other lab- 

The in vivo effect of a-amanitin on the syn- 
thesis of the ribosomal RNA precursor 45 S 
RNA has also been studied in animals other 
than rats. A detailed analysis in mice by Had- 
jiolov et al.17s has demonstrated that it is the 
early stage of processing 45s RNA to 32s and 
21s RNA which is impeded by poisoning with 
a-amanitin. This is followed by a cessation of 
pre-rRNA production for at  least 3 hr. In these 
experiments, the labeling of 4 s  and 5s RNA 
was also inhibited by 50%. In larvae of Caffi- 
phora, 45s RNA synthesis is also blocked sev- 
eral hours after administration of a-a~nani t in* '~ 
and in adult Aedes Aegyti 24 hr after addition 
of the In the ovaries of Dysdercus, as 
in mouse liver, not only RNA polymerase B (or 
11) but also the maturation of pre-rRNA is af- 
fected by the poison.216 Gel electrophoresis of 
[3H]-uridine-labeled ribonucleic acids after 
varying incubation times with 5pg a-amanitin 
per milliliter of nutrition medium clearly 
showed an accumulation of labeled 36s RNA 
species within 20 min, whereas the lower molec- 
ular weight-species, 28s and 18S, were entirely 
absent. Inhibition of mRNA synthesis by the 
drug causing failure of a specific nuclease is 
thought to be responsible for this effect. 

In contrast to  the effects in whole animals, 
in cultured chick embryo fibroblast cells, a- 

oratories. 134.135.209.213 
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amanitin (20 pg/ml) causes immediate inhibi- 
tion of RNA polymerase B (or 11) activity, but 
does not inhibit polymerase A (or I)  activity of 
incorporation of [jHJ-uridine into ribosomal 
RNA for several The nucleolar RNA 
synthesis is not affected by a-amanitin in cells 
of Chironornus salivary glands 21x-221 and in 
oocytes of Triturus.222 

In general, it is reasonable to assume that the 
in vivo effects observed are, without exception, 
consequences of the interaction of amatoxins 
with B (or 11) enzymes only. Enzymes A (or I) 
are probably not directly inhibited by amatox- 
ins. Rather, they are hampered in their function 
by their dependence on some component 
formed by enzymes B (or 11). This scheme is 
capable of explaining both the reduced synthe- 
sis of  ribosomal RNA precursors as well as the 
slow rate of their maturation in the presence of 
amatoxins. 

Following this idea, some of the effects of 
amatoxins in vivo would be secondary in nature 
in that they were brought about by the lack of 
mediating substances whose synthesis depends 
on a functioning RNA polymerase B (or 11). 
The suggestion is supported by some observa- 
tions recently described. The inhibition of en- 
zymes A (or I) is delayed, or less pronounced, 
in cultured cells,1s3 which generally possess a re- 
duced metabolism compared to that of liver 
cells in vivo. It has also been reported that in 
vivo applications to rats of cycloheximide, an 
inhibitor of protein synthesis, leads to a rapid 
decrease of RNA polymerase A (or I) activity 
in isolated n u ~ l e i . ~ ~ ~ ~ ’ ~ ~  Further support for a 
regulation of rRNA transcription in vivo by 
RNA polymerase B (or 11) activity was given by 
L i r ~ d e I I ~ ~ ~  in experiments on mouse liver nuclei 
with actinomycin D together with a-amanitin. 
In summary, these results indicate that the ac- 
tivity of enzymes A (or I) depends on cyto- 
plasmic components and translation processes. 
Moreover, the results with cycloheximide sug- 
gest that the mediating substances in question 
are proteins rather than nucleic acids. 

Assuming that the above theory is correct, 
the speed with which the transcription by en- 
zyme A (or I) is affected would depend on the 
half-lives of the proteins which link these two 
polymerase systems. Thus, in some cases, the 
suppression of nucleolar RNA polymerase ac- 
tivity only becomes evident several hours after 

amanitin administration, as in Chinese hamster 
ovary cells183 or insect l a ~ v a e . ” ~  In others, 
where the half-lives of mediator proteins must 
be short, as in rat and mouse livers, there is an 
almost synchronous decrease of both polymer- 
ase activities. Indeed, in rat uteri there are in- 
dications of the formation of short-lived R N A  
and/or protein factors which can activate syn- 
thesis of rRNA after hormone induction.”’ In  
line with this result, a polypeptide with a rapid 
turnover has been postulated by Lampert and 
FeigelsonZz6 which has been proposed to regu- 
late ribosomal RNA synthesis. They found that 
in liver nuclei isolated from rats 3 hr  after 
administration of cycloheximide, the transcrip- 
tion resistant to a-amanitin was normal when 
assayed with an exogenous template as poly 
d(A-T) but strongly reduced with endogenous 
DNA. Since the total number of polymerase A 
(or I )  molecules remained unchanged after cy- 
cloheximide, the authors suggest that treatment 
with this substance inhibits the synthesis of a 
rapidly turning over polypeptide which deter- 
mines the proportion of polymerase A (or I )  
molecules which transcribe the endogenous 
DNA template. 

3. Subunit Composition of Arnatoxin-sensitive 
and -Insensitive R N A  Polymerases 

On SDS gel electrophoresis, all the RNA po- 
lymerases of form B (or 11) exhibit very similar 
patterns consisting of a t  least five bands. For 
example, one of the isoenzymes from calf thy- 
mus (CT form B 11) is composed of protomers 
of 180,OOO. 140,000,34,000,25,000, and 16,500 
d a l t ~ n , ’ ~ ~  and according to a more recent anal- 
ysis, 180,000, 145,000, 36,000, 25,000, 20,000. 
18,500, 16,000, 15,000, 12,000and 11,000.165 In 
this polymerase, the subunit of 140,000, called 
SB3, has been identified by radioactive affinity 
labeling as the amatoxin-binding part, so one 
would expect to meet with an analogous protein 
of about 140,000 dalton in each of the RNA 
polymerases sensitive to low concentrations of 
a-amanitin. This proves to  be true. From table 
1 1 ,  in which only the subunits heavier than 
100,000 dalton are registered, it is apparent that 
at  least all the vertebrate B (or 11) enzymes pos- 
sess one subunit with a molecular weight of 
about 140,000 dalton. All the B (or 11) heavy 
subunits differ distinctly from those of RNA 
polymerase A (or I). Since the A (or I) enzyme 
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TABLE 11 

Subunits (mol wt > 100,OOO dalton) of RNA Polymerases from Various Eukaryotes (in Thousand Dalton) 

Origin 

Rat liver 

Calf thymus 

Mouse myeloma 

Xenopus laevis 
HeLa, KB cells 
Human placenta 
Hen liver, oviduct 

Tadpole liver 
Bombyx mori 
Drosophila mefanogaster 
Saccharomyces cerevisiae 
Physarum polycephalum 
Mucor rouxii 
Dictyostelium 
Zea mais 
Wheat germ 
Parsley 

RNA polymerases form 
A (or I) B (or 11) C (or 111) 

170 126 214 140 
180 140 

197 126 214 140 
180 140 

195 117 240 140 155 138 
205 140 

I 70 

220 (170) 140 
200 (180) 150 
214 (180) 140 

180 140 
190 170 150' 

155 138 

155 136 
114 131 

185 137 170 145 I60 128 
185 135 175 145 
210 125 185 140 170 145 

(190) 170 150 
200 160 
220 I40 
200 180 140 

Ref. 

136 

136 

227 

227 
179 
174 
181 

228 
227 
190,191 
160,229 
1 94 
162 
196 
230 
205 
23 1 

The molecular weight of this subunit is rather 140,000 for i t  proved similar to the corresponding 
subunit from rat liver enzyme. 

from yeast shows a certain sensitivity to a- 
amanitin,''o one might expect to find a subunit 
corresponding to the amatoxin-binding one. 
There is a divergency from the general subunit 
pattern of forms A (or I) insofar as the molec- 
ular weight of the second heavy subunit 
(137,000) is distinctly greater than that of the 
corresponding subunits in the other A (or I) en- 
zymes. The second subunits of many C (or 111) 
polymerases (also amanitin-sensitive) have cor- 
responding molecular weights. 

It is not yet sure whether RNA polymerase A 
(or I) from yeast is the only one sensitive to high 
concentrations of amatoxins since not all of the 
enzymes of type A (or I) investigated to date 
have been assayed with doses as high as 0.1 to 
1.0 mg/ml of the drug. RNA polymerases C 
(or 111), which are less sensitive than the B (or 
11) type to the toxin, show patterns of subunits 
different from A (or I) as well as from B (or 
11). In mouse myeloma enzymes where all the 
three classes have been compared by coelectro- 
phoresis (Table 11) of their it is ap- 
parent that the subunit of 138,000 dalton in en- 

zymes C (or 111) differs from that of 140,000 
dalton present in enzymes B (or 11); neverthe- 
less, one might speculate that the subunit of 
135,000 to 145,000 dalton might be the receptor 
of amatoxins for the type C (or 111) enzymes 
also, particularly since the corresponding sub- 
unit of RNA polymerase C (or 111) from yeast, 
which lacks amatoxin sensitivity, is definitely 
smaller. 

4 .  Analysis of Amatoxin Binding to RNA Po- 
lymerases 
a. Binding to RNA Polymerase B (or II) 

The binding of amatoxins to RNA polymer- 
ases B (or 11) is very tight. The first evidence 
for this was obtained using O-[*'C]methyl-y- 
amanitin, which on ultracentrifugation through 
a glycerol gradient, migrated together with the 
enzymes. Similarly, on electrophoresis in po- 
lyacrylamide gels using enzymes from calf thy- 
mus and from rat liver, the labeled toxin was 
associated with the fraction of RNA polymer- 
ases B (or I,)."' 

This strong interaction of the toxin with the 
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RNA polymerases B (or 11) has been confirmed 
and quantitated by Sperti et al.233 by equilib- 
rium dialysis. They stated a dissociation con- 
stant, K,, of 3.6 x M at 4°C for 
0 1 14C] meth yi-y-amanit in. A more detailed 
study of the toxin complex was performed by 
Cochet -Mei lhac  and  ChambonS3 using 
O[3H]methyldemethyl-y-amanitin and RNA 
polymerase B (or 11) from calf thymus. They 
found evidence for a 1 : 1  complex, and with a 
special filter technique, they established a KO of 
6.6 x lo-'" M for the above toxin at  20°C and 
of 6.4 x 10-9 M a t  37°C. A similar value (4.4 X 

M) was obtained for the inhibition con- 
stant K i  in an  enzyme assay at  37"C, thus indi- 
cating that binding of the toxin is closely related 
to inhibition of RNA polymerase activity. 

The inhibition is of a noncompetitive type. 
Amatoxins affect neither the binding of DNA 
nor that of the nucleoside triphosphates. RNA 
release is not influenced by amatoxins either. In 
fact, amatoxins most probably block the for- 

mation of phospho-diester bonds in the initia- 
tion step as well as in the elongation steps. 

The toxin-enzyme interaction depends on 
temperature and salt concentration (Table 12). 
Interaction was stronger at 5°C (K,, = 1.7 x 

M and became weaker at 37°C (K, = 6.4 
x M). The complex was strengthened by a 
factor of 3 by 1 M(NH&S04,  while dimethyl- 
sulfoxide (3010) weakened it by a factor of 2. 

Cochet-Meilhac and Chambon also deter- 
mined the dissociation rate constants k, and the 
association rate constants k ,  of the enzyme US- 
ing various amatoxins (Table 13). They ob- 
tained ratios kJk,  which were equal to the 
equilibrium constant Ku as obtained by the 
equilibrium experiments. The half time of dis- 
sociation of the complexes can be calculated 
from the k2 value, which for [3H]O-methyl-de- 
methyl-y-amanitin at  20" and 37°C is I .6 hr and 
7 min, respectively. Furthermore, by relating 
the rate constants to the structural features of 
the toxins, evidence for  the molecular binding 

TABLE 12 

Equilibrium Dissociation Constants (KD), Dissociation Rate Constants (k,), Half-life Times (t 1/), and 
Association Rate Constants (k,) of Calf Thymus RNA Polymerases B (or 11) Complexes with Two Ama- 
toxins at Various Temperatures5' 

T ("C) KD (M) ki (s-') t'/2 (h) k,(M's- ' )  

1.7 x 10-10 4.5x 10-6 43 3.2 x 10' 

10 2.2 x 10-10 1.2 x lo-' 15.5 5.4 x 1 0 4  
M 3.9 x 10-10 1.2 x 10-4 I .6 1.4 x 10' 
37 6.4 x 1 0 - 9  1.8 x 10-3 0.11 I .9 x 10' 

6'-O-Methyl-demethyl-y-aman- 5 
itin (AIO) 

6'-O-Methyl-y-amanitin (A3- 10 - 7.7 x 10- 25 - 

20 7.2 x 4.0 x lo-' 5 - 
37 2.6 x 10-9 5 .  I x lo-' 0.38 - 

OMe) 

TABLE I3 

Inhibition Constants (K,) and Dissociation Rate Constants (kl) of Various Calf Thymus RNA Polymerase 
B- (or 11)-amatoxin Complexes at 37°C'' 

No. 
(Tables kl ( M - ' s - ' )  
293) Toxin and side chain in Position 3 K, (M) ki (s-') calculated 

A1 o-Amanitin-CH(CH ,)-CH(0H)-CH,OH 3.1 x 10-9 I .2  x 10-4 4 x  1 0 4  
A3 y-Amanitin-CH(CH,)-CH(OH)-CH, 4.3 x 10-9 4 x  10-4 - 
A10 0-Methyl-demethyl-y-amanitin-CH(CH,)- 10.0 X 9.8 x 10.' 9.8 x 10' 

CHiOH 
A5 Amanullin-CH(CH,)-CH,-CH, 9.1 x 1 4 . 4 ~  1 5 . 8 ~  lo4 
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mechanism could be gained. From Table 13, it 
is evident that changes in the side chain in po- 
sition 3 are reflected by the values of the kinetic 
constants and  by those of K,. For maximal 
binding, four carbon atoms and  a t  least one  hy- 
droxyl group is necessary (Al ,  A3). The  lack of 
one methyl group (AIO) or of the hydroxyl 
group (A5) leads to  weaker binding, i.e., a n  in- 
creased Kl,. This means that the binding in- 
volves both hydrogen bonding as well a s  hydro- 
phobic interaction. The  rate of dissociation 
seems to  be predominantly determined by hy- 
drogen bonding, as the loss of a methyl group 
accelerate? the dissociation about twofold (A10 
against A3), while the loss of hydroxyl (AS) in- 
creases the rate of dissociation by a factor of 
about four. Most interestingly, the  in vivo tox- 
icity is reduced for O-methyl-demethyl-y-arnan- 
itin (A10) and is absent for amanullin (A5), 
thus indicating that the in vivo toxicity is pre- 
dominantly determined by the dissociation rate 
constant k , .  For further data on the influence 
of the side chain in Position 8, see Table 3 .  

b. The Amatoxin-binding Site of RNA Pol- 
ymerase B (or II) from Calf Thymus 

Using a radioactively labeled amatoxin, ['HI- 
6'-amanin, Brodner and  Wieland were able to 
determine the binding site of RNA polymerase 
B (or 11) from calf thymus.234 The  labeled toxin 
binds t o  the enzyme as strongly a s  a-amanitin, 
which enabled one to  monitor the enzyme dur- 
ing chromatographic procedures by following 
the radioactivity. When a pure enzyme prepa- 
ration had  been obtained, as proved by the cor- 
rect SDS gel electrophoresis pattern, the ama- 
toxin was covalently fixed to  the protein via its 
carboxylic group using the water soluble 1- 
ethyl-3-(dimethylaminopropyl) carbodiimide. 
Gel electrophoresis, in the presence of SDS, of 
the affinity labeled RNA polymerase exhibited 
a pattern very similar t o  that of the  unpoisoned 
enzyme, showing the following high molecular 
weight subunits distinctly: SBI, SB2, SB3, and 
an additional one, possibly SBO previously 
found in rat-liver enzyme B.IJ6 T h e  radioactiv- 
i ty  profile had its main peak coincidental with 
the 550 nrn absorption peak of subunit B3 
(SB3) o n  a stained parallel gel. T h u s  B3, to 
which a molecular weight of 140,000 is attrib- 
uted, is most probably the binding site for all 
amatoxins to all RNA polymerases of B (or 11) 
class. 

c. A n  Additional Protein with Amatoxin Affin- 
ity 

During the isolation of the ['Hlamanin-RNA 
polymerase complex as described above, a pro- 
tein with a strong amatoxin-binding property 
was observed eluting from a phosphocellulose 
column at 0.23 -M- ammonium-chloride before 
the enzyme (0.39 h4).'jS The novel amatoxin- 
binding protein (ABP) coprecipitates with ['HI- 
amanin using ammonium sulfate and  is not dis- 
sociated from the toxin during chrornato- 
graphic separations. Both observations indicate 
a high affinity of this protein t o  amatoxins, 
being comparable to that of polymerase B (or 
11). By SDS gel electrophoresis, it has been 
characterized as being composed probably of 
two subunits of 100,000 and 10,000 to 15,000 
dalton, different from any of the subunits of 
RNA polymerases B (or 11) and C (or 111). A 
possible function for ABP in the cell has not 
yet been revealed. 

d. Binding to RNA Polymerases C (or III) 
As yet, no binding studies have been made 

on the RNA polymerases form C (or 111) which 
show a considerably lower affinity for amatox- 
ins. 

5. RNA Polymerases from Mutant Cell Lines 
Resistant to Amatoxins 
a. Mutated Enzymes 

Mutant cell lines resistant to a-amanitin have 
been selected from Chinese hamster ovary 
(CHO),236 BHK-T6 hamster cells,237 rat myob- 
lasts,23* mouse myeloma MOPC 104E,239 as 
well as from short-term cultures of human dip- 
loid fibroblast e ~ p l a n t s . ~ ~ ~  At least some of 
these mutants contain a n  altered form of DNA- 
dependent RNA polymerase B (or 11) as  indi- 
cated by its insensitivity to  a-amanitin. 

In CHO cells, where detailed experiments 
have been the drug sensitivity o f  
the different lines varied widely but could be 
correlated well to the sensitivity of polymerase 
B (or 11) activity in each of the mutant cell lines. 
The polymerases were separated by chromatog- 
raphy on DEAE Sephadex of extracts prepared 
by sonication. 

In Figure 13,  the sensitivities to a-amanitin 
of RNA polymerases B (or 11) f rom wild-type 
and  from three mutants together with one type 
hybrid cell a re  presented. The  most sensitive en- 
zyme (50% inhibition at about 4 ng/mP) stems 
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,001 01 01 1 10 100 

a-  Amani t in  C o n c e n t r a t i o n  vg/ml 

FIGURE 13. Sensitivity of wild-type and mutant RNA 
polymerases B (or 11) from Chinese hamster ovary cell lines 
to u-amanitin. (a) Parent cell line (A22C), (b) Ama 39, (c) 
Ama 6, (d) Ama 1 ,  and (e) Ama 6 x Ama 1 hybrid. (From 
Ingles, C. J . .  Guialis. A., Lam, J. ,  and Siminovitch, L. ,  1. 
B i d .  Chem., 25 1,2729. 1976. With permission.) 

from the parental cells, the next, requiring a 
two- to threefold higher concentration, comes 
from the mutant Ama 39 (selected at  0.75 c(g 
a-amanitin per milliliter medium). The enzyme 
next in sensitivity shows 50% inhibition at  an 
eight- to tenfold higher concentration of the 
drug than the wild-type enzyme and comes 
from the mutant Ama 6 (selected at 1 .O pg/mP). 
The most resistant enzyme (over 800 times 
more) was isolated from Ama 1, one of the first 
mutants described.236 Ama 6 x Ama 1 hybrid 
cells contain both of the respective polymerases 
as seen by the biphasic shape of the inhibition 
curve (Figure 13). The monophasic inhibition 
curves of the mutant activities indicate that 
CHO cells appear to be functionally hemizy- 
gous for this gene and that the mutant cells pos- 
sess only the mutant form of the enzyme. 

In contrast to CHO cells, the inhibition of 
polymerase B (or 11) from the rat myoblast mu- 
tantzJ8.’42 Ama 102 was biphasic. In these cells 
as well as in human diploid  fibroblast^,"^ both 
sensitive and resistant forms of RNA polymer- 
ase are present. 

In order to explain that only about 30% of 
the total RNA polymerase B aetivity extracted 
from Ama 102 cells (and also from another cell 
line L6) showed a reduced sensitivity towards 
u-amanitin, one may suggest that the chromo- 

some set of each cell contains three to four al- 
leles of the gene coding for the a-amanitin- 
binding polymerase subunit, one of which is 
mutated. In the human fibroblast cell lines, the 
corresponding number of alleles is most likely 
two, although a strictly biphasic inhibition 
curve could not be seen because the difference 
in a-amanitin sensitivity was too small between 
mutant and wild-type enzymes. However, such 
a biphasic curve has been observed for a mouse 
myeloma cell line MOPC 104 E AmaR.IJY In  this 
case, the ratio of resistant to sensitive polymer- 
ase activity is 1 : 1, again suggesting the existence 
of one wild-type and one mutated allele. 

It was demonstrated with CHO cells that the 
resistance of mutant cells is due to a lower af- 
finity of their B (or 11) enzymes to amatoxins. 
The binding of amatoxin to wild-type and mu- 
tant enzymes from mouse myeloma cells was 
directly determined by Wulf and BautzZJY using 
[3H]O-methyl-demethyl-y-arnanitin as origi- 
nally described by Cochet-Meilhac and Cham- 
b ~ n . ~ ~  A 100-fold lower affinity was found for 
the resistant enzyme. In another the 
equilibrium dissociation constant KD for the pa- 
rental CHO polymerase was 3.8 x lo-” M; the 
values for the enzymes from resistant mutants 
Ama 39 and Ama 6 were 8.5 x lo-” and 29 x 

M, respectively, i.e., 2.2 and 7.6 times less 
sensitive. An enzyme more than 600 times less 
sensitive than that of the wild-type has been iso- 
lated from Ama 1. This mutant survived in the 
presence of 6 pg a-amanitin per milliliter (con- 
ditions where the wild-type cells are killed com- 
pletely). Half maximum inhibition was 
achieved with 2.4 x lo3 ng/ml while the corre- 
sponding concentration for the wild-type was 
only 3.9 ng/ml. On SDS gel electrophoresis, 
the mutant and wild-type enzymes separated 
into subunits comparable with those of calf- 
thymus RNA polymerase B (or 11) isoenzymcs. 
Since both enzymes showed the same marked 
preference for denatured DNA template, which 
is characteristic for polymerases B (or 11), and 
since they were equally inhibited by anti-RNA 
polymerase B (or 11) serum, it can be concluded 
that Ama 1 cells possess a mutated form of the 
enzyme. The mutation probably involves struc- 
tural changes in the gene coding for the ama- 
toxin-binding subunit SB3 of RNA polymerase 
B (or 11). However, one cannot exclude the pos- 
sibility that mutations concerning the primary 
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structure of other subunits could induce a n  al- 
teration in subunit SB3 causing a diminished af- 
finity for the toxin. A thorough understanding 
of the mechanism that is regulating the sensitiv- 
ity of RNA polymerase B (or 11) will require the 
elucidation of the amino-acid sequence of the 
polypeptide chains of all subunits of both the 
mutant and  the wild-type enzyme. 

b. Regulation of RNA Polymerase Activity 
Some mutant cell lines cannot maintain their 

resistance for long if the toxin is withdrawn 
from the culture medium. From a resistant mu- 
tant rat myoblast cell line (Ama  102) grown for 
many generations in the absence of a-amanitin, 
a RNA polymerase B (or 11) was purified of 
which only 30% was resistant to 0.1 pg /ml  a- 
a m a r ~ i t i n . ~ ~ ~  When these cells were grown in the 
presence of a-amanitin (3 pg/mP) for  4 days, 
the polymerase B (or 11) activity became com- 
pletely resistant, representing a threefold in- 
crease in resistance. A detailed investigation of 
the time course of this activation revealed that 
the enzyme resistance was reached within 24 hr 
of culturing the cells in 3pg/mf a-amanitin 
and then remained constant. On removal of the 
drug, resistance dropped back to 30% within 10 
to 40 hr. The  authors suggested that the synthe- 
sis of RNA polymerase B (or 11) in rat  myob- 
lasts is regulated autogeneously, the enzyme 
possibly acting a s  its own repressor (and, cor- 
respondingly, a-amanitin being the derepres- 
sor). 

In order t o  detect a n  increased enzyme syn- 
thesis, levels of total and  resistant R N A  poly- 
merase were assessed both enzymatically and 
immunologically in mutant CHO hybrid cells 
which also manifest this regulation. The  cells 
were grown in either the presence or absence of 
3 pg/mP a-amanitin for 48 hr.244a.244ip 

The  results indicate that the total enzyme ac- 
tivity remained constant (3540 to 3590 cpm of 
['HI U M P  incorporated), while the amanitin- 
resistant activity, which was 20% (1030 cprn) of 
the total activity in cells grown in absence of 
the toxin, increased to  95% (3340 cpm) in its 
presence. A corresponding change in the total 
enzyme mass could not be immunologically de- 
tected (320 to 390 ng of enzyme in both cell 

The  presence of such low levels of (sensitive) 
wild-type enzyme in cells grown with a-amani- 

types). 

tin could be due  to a rapid degradation of the 
amanitin-bound enzyme, e.g., through proteo- 
lysis. Alternatively, i t  is conceivable that a- 
amanitin interferes in the synthesis of the wild- 
type polymerase B (or 11) by combining with its 
toxin-binding subunit SB3 during, o r  shortly 
after, translation, thus preventing the assembly 
of the different subunits. However, a rather 
trivial error should be experimentally excluded, 
namely, that only those RNA polymerase mol- 
ecules which a re  actively synthesizing RNA are 
recovered in the extraction 

6. Transcription o f  Cellular Genes as Revealed 
by the Use o f  Amatoxins  
a. Transcriptional Role in Mammalian Cells 

a-Amanitin has been utilized in studies of the 
function of RNA polymerase in order to selec- 
tively inhibit specific RNA polymerases in in- 
tact cells and in isolated nuclei and nucleoli. Ex- 
tended periods of exposure to a-amanitin are 
necessary with intact isolated cells, since they 
are not freely permeable to the drug. However, 
studies of RNA polymerase function in isolated 
nuclei have been unambiguous, as nuclei are 
easily permeable to the toxin, and  endogenous 
RNA polymerase activities show the same sen- 
sitivities to a-amanitin as d o  the purified en- 
zymes. Furthermore, isolated nuclei synthesize 
defined RNA species that appear similar to 
those synthesized in intact cells. 

The role of RNA polymerases A (or I ) ,  which 
are located in the nucleoli, as producers of the  
precursor of ribosomal 18s and 28s RNAs has 
been clearly recognized by differential inhibi- 
tion. As  early as 1970, Blatti et a1.z46 showed 
that the RNA synthesized in isolated nuclei 
from rat liver in the presence of a-amanitin had 
a high content of guanylic acid and cytidylic 
acid similar to D N A  and characteristic of ribo- 
somal RNA. As further proof,  the RNA syn- 
thesized in this system as well as that of isolated 
nuclei from Xenopus laevis under analogous 
conditionsz4' was specifically hybridized to ri- 
bosomal DNA. These and  later results summa- 
rized in Reference 227 also rule out a direct in- 
volvement of RNA polymerases C (or 111) in the 
synthesis of the large rRNAs. 

RNA polymerases B (or 11) are located in the' 
nucleoplasm. This localization was made visible 
by Moore and  RingertzZ4' by autoradiography 
in human fibroblasts fixed with ethanol-ace- 
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I 

A B 

FIGURE 14. Autoradiographs of human fibroblasts grown in culture and tested for enzymatic incorporation of (’H) 
UTP at  0.4 Marnmonium sulfate. (A) Without 5.0 p g h f  o-amanitin and (B) with 5.0 pg/mf a-amanitin. (From Moore, 
C. P. M. and Ringertz, R., Exp. CellRes., 76,223, 1973. With permission.) 

tone a t  4°C.  A s  seen in Figure 14, in absence 
of the toxin, the whole nucleus (nucleolus and 
nucleoplasm) has incorporated [’HI U T P  into 
RNAs, while after 10 min preincubation with 5 
ng/mP a-amanitin,  only the nucleolus remained 
active. The  high sensitivity of RNA polymer- 
ases B (or 11) t o  small amounts of amatoxins 
enabled several laboratories referred to in Ref- 
erence 227 t o  show that the products of nucleo- 
plasmic RNA synthesis consist of heterogenous 
nuclear RNAs (hnRNA), the precursors of 
mRNAs. 

RNA polymerase C (or 111) is also present in 
the cell nucleus. As Weinmann and R ~ e d e r ’ ‘ ~  
have shown, isolated nuclei and  nucleoli from 
mouse myeloma cells ( M O P C  315) continue to 
synthesize R N A  when incubated with the trit- 
ium-labeled nucleoside triphosphates. Only 
when using nuclei were newly synthesized 4.5s 
R N A  (precursor to 4s RNA,  i.e., tRNA) and  
5s rRNA species detected by electrophoretic 
analysis (Figure 15). The  synthesis of these 
products was completely inhibited by high 
amounts  (400 pg/mP) of a-amanitin. Since the 
inhibition curve of the synthesis of low molec- 
ular RNAs was identical to that of solubilized 
RNA polymerase C (or III)(SO% inhibition a t  

approximately 30 pg a-amanitin per milliter), i t  
follows that the genes for pre-4S RNA and 5 s  
rRNA are transcribed by R N A  polymerase C 
(or 111). Polymerase(s) C (or 111) catalyzing low 
molecular weight RNA synthesis in He La nu- 
clei has (have) also been recognized by Udvardy 
and S e i f a ~ t , ~ ~ O  who using better resolving gels, 
found four low molecular R N A  species, whose 
synthesis was inhibited by high concentrations 
of a-amanitin. 

b. Transcriptional Role in Yeast 
Yeast RNA polymerases also show a differ- 

ential sensitivity towards inhibition by a-aman- 
itin.Is0 However, the corresponding yeast en- 
zyme species A (or I) and  C (or 111) show a 
pattern of a-amanitin sensitivity which is the re- 
verse of that of the  vertebrate enzymes. Yeast 
polymerase A (or I )  can be completely inhibited 
by very high concentrations of the drug, 
whereas yeast polymerase C (or 111) is practi- 
cally insensitive (see Figure 12). Thus, one  
could not predict whether the polymerases 
which were chromatographically and substruc- 
turally analogous (Table 1 1 )  would show anal- 
ogous transcriptional behavior. SchultzZs1 stud- 
ied RNA synthesis in isolated yeast nuclei using 
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FIGURE 15.. Effect of increasing concentrations of u-amanitin (as indicated in 
each panel) on the synthesis of low molecular weight RNA released from mouse 
myeloma cell nuclei. RNA synthesis is analyzed after incorporation of ('H) UTP 
by SDS-polyacrylamide gel electrophoresis. (From Weinmann, R .  and Roeder, R. 
G. ,  Proc. Natl. Acad. Sci. U.S.A.,7I, 1790, 1974.) 

the differential a-amanitin sensitivities of the 
three classes of RNA polymerases and examin- 
ing the RNA products formed in the presence 
of increasing concentrations of a-amanitin by 
gel electrophoresis. 

In yeast as in HeLa cells, among the RNA 
species of low molecular weight (less than 5 . 8  
S) apart from precursor rRNA (pre-4S, 4.5s) 
and 5 s  rRNA, two additional RNA species 
were present, probably a second precursor 
(-5.4 S) and fRNAs (4 S). In addition, a large 
amount of RNA was found heterogenous in 
size and ranging from 7 S to greater than 25 S 

(heterodisperse RNA). The synthesis of all four 
classes of low molecular weight RNA is unaf- 
fected by a-amanitin in concentrations suffi- 
cient to inhibit more than 85% of the polymer- 
ase I activity.lS0 Therefore, in yeast as well as 
in vertebrates, it is RNA polymerase C (or 111) 
which is responsible for the formation of the 
low-molecular RNA species. 

The heterodisperse RNAs whose production 
is reduced to about 65% in the presence of a 
high concentration of a-amanitin seem to be 
products of RNA polymerase A (or I) and C 
(or 111). In yeast, the latter enzyme also appar- 
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ently catalyses the synthesis of intermediate and 
high molecular weight RNAs. 

By analogy, the role of yeast RNA polymer- 
ase I1 is surely that of transcribing genes for 
hnRNA. 

7. Amatoxins in Virus Research 
Amatoxins have been widely used in virus re- 

search as a means of indicating whether viral 
growth requires a cellular function, which ulti- 
mately depends on RNA polymerase B (or 11) 
activity. The following presentation does not 
claim to be a complete survey of the literature 
published in this field but rather a discussion of 
the matter via several typical examples. 

a. Riboviruses 
As early as 1966, Fiume et al.*'* reported that 

replication of some riboviruses (polio type 2, 
parainfluenza type 3) is not influenced by a- 
amanitin. Since then it has been confirmed that: 
this toxin does not affect the growth of most 
riboviruses, as a matter of fact, the replication 
of the ribovirus genome is carried out by virus- 
coded (virus specific) RNA-dependent RNA 
polymerases, which are amatoxin resistant. 
Nevertheless, inhibition of growth of myxo vi- 
ruses and of oncorna viruses by a-amanitin has 
been observed. The multiplication of the influ- 
enza virus in chick fibroblasts is inhibited by 
a-amanitin (50 pg/ml) only when the toxin is 
present in the early This early step 
is susceptible even to actinomycin D. Since the 
inhibition by amanitin did not occur in Chinese 
hamster ovary cells resistant to amatoxins, a 
host-cell-specific RNA (perhaps a primer) 
seems to be necessary in the early stages of viral 
RNA replication (most probably for the onset. 
of synthesis of RNA complementary to virion 
R"4).2ss~256 

The only other RNA viruses showing depen- 
dence on amanitin are the RNA tumor viruses. 
As early as 1971, Zanetti et al.2s7 found that the 
replication of Rous sarcoma virus in chicken- 
embryo fibroblasts could be inhibited by 0.5 pg 
of a-amanitin per milliliter to an extent depend- 
ing on time and duration of application of the 
drug. The effect of the toxin could not be ob- 
served before 24 hr, suggesting that the event 
inhibited by the toxin was not an early one. The 
first step in oncornavirus replication, the re- 
verse transcription of viral RNA into proviral 

DNA, is indeed insensitive to a-amanitin. Sub- 
sequently, more detailed assays in isolated nu- 
cleiZS8.259 and in whole cellsZ6O indicated tha t  a- 
amanitin inhibits the viral RNA synthesis which 
takes place on the proviral DNA. Hence, this 
phase is most probably carried out by host 
RNA polymerase B (or 11). 

b. Deoxyriboviruses 
The DNA of deoxyriboviruses which multi- 

ply entirely in the cytoplasm of infected cells 
(pox viruses, iridoviruses) is transcribed into 
RNA by virion associated DNA-dependent 
RNA polymerases, which are insensitive to 
amatoxins.26',262 

The most studied iridovirus, frog virus 3 
(FV3), causes a strong early inhibition of host 
cell RNA synthesis. By using a-amanitin as a 
discriminating agent,263 Campadelli-Fiume et 
al. found that RNA polymerase B (or 11) is the 
enzyme activity impaired,264 and later determi- 
nations employing a radioactively labeled ama- 
toxin revealed that the diminished synthesis of 
RNA in infected cells results from a reduced 
content of active RNA polymerase B (or 

The replication of those deoxyriboviruses 
which multiply in the cell nucleus is sensitive to 
amatoxins. The drug has been mainly applied 
in cell-free systems, i.e., in isolated nuclei, in 
order to find out whether virus genome tran- 
scription is mediated by host cell polymerase B 
(or 11) or by virus-coded polymerases according 
to the general, but not entirely validated, as- 
sumption that only the host enzyme is suscepti- 
ble to amatoxins. Rather conclusive evidence 
that host polymerase B (or 11) is the enzyme re- 
sponsible for transcription of Herpes simplex 
virus DNA is found in the observation that in 
whole HEp-2 cells, synthesis of RNAs for a- 
(3-, and y-polypeptides could be inhibited by /.I- 
amanitin (which enters more rapidly after treat- 
ing cells with DEAE-dextrane for a short 
time)267 and, furthermore, that genome tran- 
scription was entirely unaffected by amanitin in 
mutant cells which possess an amatoxin-resist- 
ant RNA polymerase B (or 11)26* (see Reference 
269). 

The DNA of adenovirus is also transcribed 
in the cell nucleus by the host RNA polymer- 
ases. Ledinko's observation in 197lZ7O that a 
relatively low concentration of a-amanitin (0.25 

II ) .165 .266  
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pg/mf, a dose which did not affect cells) was 
able to reduce adenovirus 12 yield by 84% in 3 
days in human embryonic kidney cultures sug- 
gested that RNA polymerase B (or 11) played a 
key role. During the following years, numerous 
additional papers appeared on this 
In addition, participation of RNA polymerase 
C (or 111) in the replication process of adenovi- 
rus has been reported by Price and PenmanJg6 
and confirmed by the observation of a biphasic 
inhibition curve of a-amanitin- poisoned RNA 
polymerase activity in nuclei isolated from in- 
fected cells. Inflection points were found at  
about 0.02 pg toxin per milliliter (50% inhibi- 
tion of polymerase B [or 111) and 20 pg/ml 
(50% inhibition of form C [or III]).z7z 

8. Effects o f  Amatoxins on Various Cell Spe- 
cies 
a. Uptake by Diffusion 

In in vivo toxicity experiments, generally, 
doses of 0. I to 0.4 mg a-amanitin per kilogram 
body weight can be considered as absolutely le- 
thal. Only the rat needs a dose > 2 mg/kg body 
weight. Therefore, concentrations of 0.2 pg to 
approximately 0.8 pg/ml are sufficient to cause 
nuclear lesions in hepatocytes of the various an- 
imals within 30 min.273 For rats, which appar- 
ently do not reabsorb the poison in the kidney 
tubules7* and hence excrete it rapidly, the actual 
liver-damaging concentration is most probably 
also below 1 pg/ml. Some cell species culti- 
vated in vitro exhibit a similar sensitivity; 
Chinese hamster ovary cells,z36~z4L rat myoblast 
cellsz38 and human diploid fibroblastsz4" have 
been cultivated in the presence of 0.2 to 3.0 pg 
a-amanitin per milliliter for several days or 
weeks in order to obtain resistant mutants, con- 
ditions under which the Ama+ parent cells 
would scarcely survive. Inhibition of mouse ova 
developing to blastocysts in cultures has been 
reported to occur with 0.1 to 1 .O pg a-amanitin 
per milliliter.397 

Comparable concentrations of the toxin also 
have been stated to  inhibit the growth of cul- 
tures of Epstein-Barr virus-transformed lym- 
phocytes in the authors' l abora t~ry .~"  Here, 
several natural as well as chemically modified 
amatoxins have been investigated. After 48 hr, 
a 50% inhibition of growth was observed with 
3 x lo-' M a-amanitin (approximately 3 pg/ 
ml). This relatively high concentration suggests 

that the toxin penetrates rather slowly into 
these cells. Penetration was easy into hepato- 
cytes in situ; already after 30 min perfusion of 
a rat liver, the concentration of the toxin inside 
the cells was determined to be as high as in the 
medium. Lipophilic amatoxins like y-amanitin 
or amanullin penetrate more easily into cul- 
tured lymphocytes than a-amanitin. This is in- 
dicated by an inhibition capacity which is 1.5 
and 3 times, respectively, higher. Similarly, 
some lipophilic ethers of a-amanitin (A17, A18 
in Table 3) proved to be three to four times 
more potent inhibitors of growth than the 
mother compound (Al). On the other hand, the 
cationic aminohexylether (A1 9) was completely 
ineffective up to a concentration of M. 
This indicates that growth-inhibiting capacity 
does in fact strongly depend on the rate of pen- 
etration. 

Macromolecular derivatives of amatoxins 
like /3-amanitin-bovine serum a l b ~ m i n ~ ~ . ~ ~  or /3- 
amanitin-y-globulins did not have an  inhibitory 
effect on  the lymphocyte cultures. Phallotoxins 
did not affect the cells, even in concentrations 
as high as M. 

It is difficult to define lethal doses of ama- 
toxins for cultured cells. The killing effect of 
the toxins depends on their concentration as 
well as on the duration of their action. Again, 
this indicates that the rate of permeation into 
the cell is an important factor governing toxic- 
ity. As early as 1966, Fiume et a1.zs2 exposed 
human amnion and KB-Eagle cells to various 
concentrations of a-amanitin. They found sim- 
ilar correlations between concentrations of 
toxin, first appearance of morphological 
changes, and time of complete death of the 
cells. At concentrations of 10 or 20 p g h l ,  the 
first cytopathological effects, fragmentation of 
nucleoli, were already apparent after 6 to 8 
hours, complete death occurring within 3 to 4 
days. At  2 pg/ml, the first effects were not ob- 
served before 1 to 2 days, and all cells were 
killed after 4 to 6 days. A dose of 1 pg a-aman- 
itin per milliliter caused no cytopathological ef- 
fects until after 4 days and never totally killed 
the cells. In a more recent paper,z75 a dozen var- 
ious cell types have been compared (Table 14). 
The toxicity is given in terms of a 25% killing 
rate within 24 hr. 

In order to obtain clear effects of the inhibi- 
tion of RNA polymerase B (or 11) by amatoxins 
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TABLE 14 

Toxicity of a-Amanitin for Different Cell Species 

Cell species 

Macrophages 
HeLa-cells 
KB-cells 
HEp-2-cells 
Neoplastic cells from a methyl-cholan- 

Madin-Darby bovine kidney cell line 
Virus-transformed mouse embryo fibro- 

Virus-transformed human embryo fibro- 

Normal human embryo fibroblasts 
Baby hamster kidney cells 
Green monkey kidney cells 

threne-induced sarcoma in Fisher rats 

blasts 

blasts 

2.5 
3 
5 

10 
5 

10 
5 

2.5 

5 
2.5 

10 

Concentration of toxin given is that at which 25% of 
the cells were killed after 24 hr. 

in C H O  cells, the drug ( 5  pg/ml) had to act on 
continuously growing cell cultures for almost 
10 hr.Ia3 In cultures of chick fibroblasts, a dim- 
inution of RNA polymerase B (or 11) activity to 
30% was seen by Hastie and Mahy within 1 hr 
(to zero after 4.5 hr) with, however, concentra- 
tions as  high as 20 pg/ml of  aman an it in.'^' 
Even higher concentrations (100 pg/ml) were 
used in experiments with chick fibroblasts in 
which the disaggregation of nucleoli and the bi- 
ological activity of the fractions formed was 
studied by P a ~ e l e t z . ~ ~ ~  A similarly high concen- 
tration also inhibited RNA synthesis and pro- 
tein synthesis in rabbit zygotes within several 

Rat hepatoma cells in culture also seem to be 
nearly impermeable to a-amanitin, since there 
was almost no inhibition of a cortisol-induced 
increase of tyrosine amino-transferase activity 
in cells added with the toxin 20 min prior to the 
addition of the In transformed rat 
fibroblasts, inhibition of RNA synthesis did not 
occur a t  a concentration of 2 pg a-amanitin per 
milliliter. However, addition of amphotericin 
B, a membrane-active polyene antibiotic not af- 
fecting cell growth by itself, resulted in an al- 
most complete stop of mRNA In 
cultures of HEp-2 cells, the same antibiotic, by 
itself, caused an inhibition of RNA synthesis to 
30% at  a concentration of 2 pg/ml after 6 hr 
contact, thus frustrating an analogous experi- 

ment with the However, a pronounced 
effect was found when cells were pretreated 
with DEAE dextran (+ glucose) and exposed 
to the acid 8-amanitin. A dose of 10 pg/mP 
caused a 60% inhibition of RNA synthesis after 
only 2 hr incubation. The more lipophilic 0- 
methyl-y-amanitin also seems to penetrate 
slightly better since it caused maximum inhibi- 
tion within 2 hr among other amatoxins tested. 
Destruction of the membranes of human fibro- 
blasts with ethanol-acetone at 4°C facilitated 
the penetration of the toxin which inhibited the 
RNA synthesis almost completely after only 10 
min incubation.248 

Salivary gland cells of Chironomus pallidivit- 
 atu us,^^^ Ch. thummi,220~221 and  Ch .  
tentan918.219 have been incubated with a-aman- 
itin concentrations of 1 to 20 pg/ml for 60 min 
and thereafter analyzed by autoradiography 
and gel electrophoresis of the labeled RNAs. In 
all cases, a retraction of the puffs of the poly- 
tene chromosomes and a strong inhibition of 
3H-incorporation into the bands were noted, 
while the incorporation of 3H into nucleoli re- 
mained intact. This is in agreement with analyt- 
ical data which showed an 80 to 90% reduction 
in the amount of labeled hnRNA.'18 A faint re- 
sidual radioactivity over whole chromosomes 
indicated that aziatoxin-resistant RNA synthe- 
sis was still going on most probably via RNA 
polymerase C (or III), which is much less sen- 
sitive to amatoxins. Similar effects of the auto- 
radiographic pattern of the salivary glands of 
Urosophila hydei were also observed after in- 
jection of 4 to 500 ng a-amanitin into midthird 
instar 1 a r ~ a e . l ~ ~  Isolated nuclei from salivary 
glands of the Diptera Rhynchosciara americana 
still possessing the stage specific morphological, 
pattern of the chromosomes incorporated r3H]- 
UTP in the presence of a-amanitin only into the 
micronucleoli, whereas the drug arrested RNA 
synthesis in DNA puffs.'#' 

In plant cells (callus cells of parsley), the spe- 
cific inhibition by a-amanitin of the synthesis 
of high molecular RNAs (except 32 S) has also 
been found following incubation with 17 pg/ml 
a-amanitin for 8 hr.'03 An inhibition of the 
growth of Avena mesocotyls by amatoxins (and 
phalloidin) has also been described."'' 

Varying sensitivity to a-amanitin in cultured 
chick embryo cells, depending on the cell cycle 
as well as by transformation by Rous sarcoma 
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virus, has been reported by Dinowitz et al.398 
Changes were due neither to the appearance of 
an amanitin resistant polymerase nor to a dif- 
ference in levels of the enzyme. Rather, the al- 
tered sensitivity was attributed to a factor reg- 
ulating the transcription by RNA polymerase B 
(or 11). 

6. Uptake by Pinocytosis 
An enhanced penetration of amatoxins cov- 

alently bound to proteins into cells which read- 
ily take up  proteins has been demonstrated by 
Fiume and Barbanti-Brodan~.’~~~’~~ The conju- 
gate formed from /3-amanitin and bovine serum 
albumin caused death in 50% of mouse perito- 
neal macrophages within 24 hr in the presence 
of 20 ng/mP of the toxin, fixed on 0.8 pg of the 
vehicle, whereas a 50-fold greater concentration 
of free a-amanitin was necessary to achieve the 
same effect. The effect on lymphocytes was 
much less drastic; more than 50% remained vi- 
able after incubation with 100 pg of the conju- 
gate per milliliter (equals 2.6 pg amatoxin). The 
transformation of cells by phythemagglutinin 
was also reduced by the same factor in the pres- 
ence of an equal   on cent ration.'^^ 

The conjugate inhibits RNA polymerase B 
(or 11) in vitro and hence may either be active 
in this manner or by releasing fi-amanitin inside 
the cell as a result of proteolytic degradation of 
the albumin by lysosomal enzymes. The en- 
hanced toxicity of the fi-amanitin-serum albu- 
min conjugate already mentioned was initially 
attributed to a slower rate of glomerular filtra- 
t i ~ n . ’ ” ~  However, more recently, it has been 
shown to be due to a specific uptake by the sin- 
usoidal cells of (mouse) liver.69 Damage and ne- 
crosis of hepatocytes do not occur before the 
sinusoidal cells have been badly damaged or 
have actually disappeared. 

In contrast to mice, rat cells of proximal con- 
voluted tubules of the kidney are not attacked 
by a-amanitin. However, 5 mg/kg of the pro- 
tein-conjugated amanitin, corresponding to ap- 
proximately 150 pg toxin, produced nuclear le- 
sions after 24 to 48 hr comparable to  those 
following normal amatoxin poisoning in liver, 
while injection of 30 mg/kg (0.9 mg) caused 
death of the rats within 24 hr. From these ex- 
periments, Fiume’s group concluded that the 
cells of rat kidney are susceptible to  the action 
of amanitin but that the toxin is unable to pen- 

etrate them unless coupled to albumin and 
forced to enter by p ino~ytos is . ’~~ 

0. Amatoxins in Physiological Research 
a. Induction of Protein (mRNA) Synthesis by 
Hormones 

The mechanism of the hormonal induction of 
de novo synthesis of enzymes in liver has been 
a subject of controversy. Control at  the level of 
transcription, translation from mRNA, or 
transport of mRNA from the nucleus to the cy- 
toplasm are candidates for consideration. 
Through the use of a-amanitin, it has been 
demonstrated in several experiments that the 
hormonal induction consists of an augmented 
synthesis of mRNA. Sekeris et al.lSs showed for 
the first time that the induction of tyrosine 
transaminase in rat liver by cortisol is com- 
pletely inhibited for over 7 hr when adrenalec- 
tomized animals are treated with a-amanitin 
(0.6 mg/kg) followed by cortisol 1 hr later. The 
enzyme activity in the livers of rats subjected to 
cortisol alone rose by threefold within 7 hr, 
whereas it remained constant when a-amanitin 
was present. A similar potent inhibition by a- 
amanitin (1.0 mg/kg body weight) was ob- 
served when tyrosine transaminase (and other 
enzymes) was induced by i.p. injections of di- 
butyryl cyclic AMP. Without application of 
hormones or cyclic AMP, treatment with a- 
amanitin caused a gradual decrease of enzyme 
activity in the liver of rats due to an inhibition 
of synthesis. The data permitted the estimation 
of the half-life of the enzyme as being approxi- 
mately 3 hr . *“6 

The in vivo induction by /3-ecdysone (ecdys- 
terone) of DOPA decarboxylase, an enzyme 
present in the integument of many insects in- 
volved in the sclerotizing process, was also in- 
hibited by the fungal toxin when 1 pg was in- 
jected into the posterior part of ligated larvae 
of Cailiphora erythrocephala 24 hr after pupa- 
tion of the head.’”’ In apparent contrast to lar- 
vae, the induction of DOPA decarboxylase by 
ecdysterone was not inhibited by a-amanitin in 
adult female Aedes aegypti.z88 

Incefy and Kappas observed an in vivo inhib- 
itory effect of a-amanitin on the induction by 
etiocholanone or allylisopropylacetamide of the 
enzyme aminolevulate synthetase in chick-em- 
bryo l i ~ e r . ” ~  A strong inhibitory effect on the 
nucleoplasmic RNA polymerase was also noted 
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in chick embryo liver cells in culture. Here, con- 
comitantly, nearly a 20-fold increase of d-ami- 
nolevulinate synthetase was first induced by al- 
lylisopropylacetamide, which was then 
inhibited by 90% during 19 hr incubation in 
presence of 1 .O p g  a-amanitin per milliliter of 
the medium.z90 As a consequence, the drug also 
stopped prophyrinogenesis. In hepatocyte cell 
cultures where cyclic AMP in the presence of 
hydrocortisone stimulates tyrosine transami- 
nase, a-amanitin of the same concentrationz9* 
and even a t  a tenfold higher 
failed to inhibit the induction due to the hindr- 
ance to permeation through the cytoplasmic 
membrane. 

Another isolated system in which a-amanitin 
caused the inhibition of hormonally induced 
p ro te in  synthes is  was descr ibed  by 
C ~ r r a d i n o . ~ ~ ~  In organ-cultured duodena from 
chick embryos, 1,25-dihydrocalciferol gave rise 
to a de novo synthesis of the intestinal calcium- 
binding protein. Thus, the increment of 4sCa 
uptake induced in controls (137%) was reduced 
to 106% when a-amanitin (0.5 pg/ml) was 
present in the incubation medium. 

These findings indicate that DNA transcrip- 
tion by RNA polymerase B (or ll), i.e., synthe- 
sis of mRNA, is required for the induction of 
enzymes, though an increase in the activity of 
RNA polymerase A (or I) as induced by the 
hormones was also reported. 

@-Amanitin also proved useful for detecting 
how the different RNA polymerases increased, 
e.g., by growth hormone or tri-iodothyronine, 
in livers of hypophysectomized rats. In these 
experiments, each of the hormones caused its 
own pattern of raised polymerase levels.293 

In immature chickens, both forms A (or I) 
and B (or 11) RNA polymerase are also stimu- 
lated by estradiol as measured in isolated ovi- 
duct nuclei as well as by the endogenous pol- 
ymerase activity associated with nuclear 
chromatin. Form B (or 11) represented 90% of 
the endogenous enzymes as specified by the use 
of a-amanitin.*94 

In one case, where hormones inhibit protein 
synthesis, a-amanitin had an synergistic activ- 
ity. Arnstadt and Stohr‘O’ reported that the ca- 
pacity of dexamethasone to block the growth 
of lymphoma cells in culture in phase G, was 
enhanced by a-amanitin. 

b. Indication of Protein Factors Mediating 
Hormonal Induction 

Estradiol causes a marked increase in RNA 
biosynthesis in the uteri of immature rats 2 to 
3 hr after in vivo a d m i n i ~ t r a t i o n ~ ~ ~  as well as an 
increased ability in vitro of uterine nuclei from 
pretreated animals to incorporate nucleoside 
triphosphates into RNA.Z96 The hormone-in- 
duced increase in RNA polymerase activity was 
ascribed to form A (or I) by Raynaud-Jammet 
et a1.2zsn In fact, the increase in transcription 
due to estradiol was observed only in nuclei in- 
cubated in the medium of low-ionic strength 
(where RNA polymerase A works optimally) 
and is maintained in presence of a-amanitin. 
The authors also described that RNA synthesis 
by RNA polymerase A (or I) in a medium of 
high-ionic strength did not increase under the 
influence of estradiol. These results led the au- 
thors to envisage the possible existence of a fac- 
tor activating RNA polymerase A which does 
not operate in a medium of high-ionic strength 
and of which estradiol promotes the activity. 
More recently, the effect of estradiol on the ac- 
tivities of DNA-dependent RNA polymerases in 
nuclei of rat uterus after in vivo administration 
has been reinvestigated systematically in the 
same laboratories.”sb Now, an early increase of 
RNA polymerase A (or I) activity of 50% a t  1 
to 2 hr attaining 100% after 6 hr was stated 
whether measured in low or high-ionic strength 
medium. Enzyme activity measured under high- 
ionic strength conditions mainly reflects the 
number of enzyme molecules engaged in tran- 
scription. RNA polymerase B (or 11) activity, 
measured under low-ionic strength in presence 
of Mn’+, also increased by 70% already within 
2 hr but remained constant during the first 6 hr 
when measured at  high-ionic strength. From 
these results, it is concluded that estradiol 
causes an increase in the number of RNA pol- 
ymerase A (or l) engaged in transcription while 
the number of molecules of RNA polymerase B 
(or 11) remains constant. The early increase of 
its activity observed a t  low-ionic strength would 
reflect the synthesis of longer RNA chains 
either by an increase in template capacity or by 
an activation of RNA polymerase B (or 11) mol- 
ecules already tightly bound to  DNA, or both. 

An enhanced RNA polymerase A (or I) activ- 
ity above that of the controls is maintained for 
2 hr in surviving uteri from estrogen-treated an- 
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imals o n  incubation at  37°C in tissue culture 
medium. The addition of cycloheximide (25 pg/ 
m l )  or of a-amanitin (1 pg/mP) suppresses that 
part of the enzyme activity due to hormonal in- 
duction. Thus, it appears that a protein (half- 
life * 30 min) activating rRNA synthesis may 
be formed which is itself dependent on a short- 
lived mRN A synthesized by an a-amanitin-sen- 
sitive RNA polymerase of the B (or 11) type.297 
A similar protein factor mediating the inhibi- 
tion of rRNA synthesis by a-amanitin in vivo 
has already been discussed. 

a-Amanitin was also used to demonstrate the 
existence of a long-lived intermediate which 
acts as a mediator of triiodothyronine-induced 
enzyme induction in rat liver. This intermediate 
was still active in inducing the synthesis of a- 
glycerophosphate dehydrogenase after 16 hr 
and malic enzyme even after 70 hr.3yy 

c. Further Processes Mediated by  RNA Synthe- 
sis 

The regulation of active Na' transport by 
mineral corticoids is another process mediated 
by the stimulation of DNA-dependent RNA 
synthesis. By making use of the selective inhi- 
bition of RNA polymerase B (or 11) by a-aman- 
itin, Chu and EdelmanZ9* found that aldoster- 
one increased the activity of RNA polymerase 
A (or I) more than that of B (or 11) in the nuclei 
of kidney cells of adrenalectomized rats. 

The masculinizing effect of androgens on 
newborn female rats which becomes apparent 
in the course of life by severe dysfunctions of 
the genital organs has not yet been fully under- 
stood. Since several studies have localized this 
effect to the brain, the antagonistic activity of 
several inhibitors has been studied by Salaman 
and Birkeit.29y Testosterone propionate was in- 
tracerebrally injected in different doses into 4- 
day-old rats. a-Amanitin at  0.1 mg/kg or N-hy- 
droxyurea (5000-fold higher doses) markedty 
inhibited the masculinization which must, ac- 
cording to these results, be dependent on the 
synthesis of a specific RNA in the brain. 

d.  Amatoxins and Memory 
One of the most prominent functions of the 

brain, memory, seems to be dependent on RNA 
synthesis. From studies with drugs known to in- 
fluence R N . 4  and protein synthesis, i t  must be 
concluded that the molecular basis of the con- 

solidation of memory involves the synthesis of 
specific proteins or pep tide^.^" a-Amanitin has 
been used in this context in several experiments 
with rats3'' and mice.3oo After the drug had 
been injected into the cerebral ventricles (intra- 
cerebroventricularly 1i.c.v.l) of the animals, the 
inhibition of RNA polymerase B (or 11) in the 
brain nuclei was tested in vitro. The results 
demonstrate that a-amanitin is more than IOO- 
fold more toxic by i.c.v. application than by the 
usual forms of application in both animal spe- 
cies. Moreover, the i.c.v. lethal doses, LDso for 
rats and mice, 10 and 2 pg/kg body weight, re- 
spectively, reflect the higher sensitivity of the 
mouse as already stated by i.v. or i.p. adminis- 
tration, where the LDso values are 4 mg/kg and 
0.35 mg/kg, respectively. Accordingly, a 40% 
inhibition of brain nuclear RNA polymerase B 
(or 11) is achieved with lower doses in the mouse 
(15 pg/kg) than in the rat (50 pg/kg). A 100% 
inhibition was observed in the mouse with 0.3 
mg/kg within 1 hr of the administration of the 
toxin, whereas a similar effect in the rat re- 
quired 6 hr and a dose as high as 10 mg of a- 
amanitin per kilogram of body weight. 

In rats, i.c.v. administration of a-amanitin 
did not affect the RNA polymerase B (or 11) of 
liver nuclei. Consequently, the toxin does not 
pass the blood-brain barrier.301 In mice, i.c.v. 
administration of 0.3 mg toxin per kilogram of 
body weight inhibited the RNA polymerase B 
(or 11) of the liver by 95% 1 hr after administra- 
tion. Hence, the toxin can pass the blood-brain 
barrier,302 a fact which may well be considered 
one of the factors responsible for the tenfold 
higher sensitivity to a-amanitin of mice than 
rats. 

An exceptionally small amount of RNA po- 
lymerase A (or I )  has been found in the brains 
of both animal species. In  both species, a dis- 
tinct effect on passive avoidance retention was 
observed. Mice treated with a-amanitin 2 hr be- 
fore or immediately after training in an electri- 
cal platform test or in darkness avoidance dem- 
onstrated a retention deficit 4 hr later compared 
with saline-injected controls. The effect was 
seen only at maximal inhibition of brain RNA 
polymerase B (or 11). Furthermore, in an active 
avoidance test, the animals showed a significant 
loss of memory under the influence of the 
drug."" lntraperitoneal administration had no 
effect on any of the reactions. 
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In rats where the toxin does not leave the 
brain, injection of only 0.05 mg/kg (inhibition 
of RNA polymerase B [or 111 to 40%) 6 hr be- 
fore training for a passive avoidance task gave 
rise to an impaired performance on retesting 
even after 7 days.J01 More recent studies by the 
Italian scientistsJoz revealed that in rats i.c.v. 
poisoned with a-amanitin, memory consolida- 
tion is impaired when RNA synthesis in the 
brain has decreased, i.e., after 6 hr, where pro- 
tein synthesis is still normal, which is affected 
only after 12 to 24 hr. 

e. Circadian Rhythm of  RNA Polymerase Ac- 
tivity in Rats 

An influence of light or darkness on the ac- 
tivity of RNA polyrnerases in vivo has been ob- 
served in rat liver by Glasser and Spelsberg us- 
ing a-arnanitin as an analytical The 
shifts of the two principal RNA polymerases 
were complementary; the activity of RNA po- 
lymerase A (or I )  rose during the 12 dark hours 
and fell from noon to the evening, whereas po- 
lymerase 8 (or 11) activity rose with the daylight 
and dropped during the dark hours. The au- 
thors attempted to correlate these findings with 
other biochemical processes which are subject 
to diurnal variations; however, a definite con- 
clusion from these and related phenomena 
could not be drawn. 

B. Molecular Toxicology of Phallotoxins 
I t  is most probable that the phallotoxins play 

no  role in the lethal mushroom poisoning of hu- 
mans. This is suggested by several facts. First, 
all symptoms described for fatal human cases 
are those also observed with experimental in- 
toxications of a-amanitin alone. Second, ama- 
toxins are eightfold more toxic than phallotox- 
ins; however, the amount (by weight) of 
amatoxins in Arnanifa phalfoides mushrooms is 
only half that of phallotoxins, thus, the toxic 
efficiency of amatoxins in mushroom tissue 
must be fourfold that of the phallotoxins. Fi- 
nally, phallotoxins are not resorbed by the gas- 
trointestinal tract, at least not in any of the ex- 
perimental animals investigated so far. 

After parenteral application, phalloidin 
causes a series of lesions in the mammalian 
liver, which have been the object of many stud- 
ies. Despite being under investigation for many 
vears, the molecular mechanism of phalloidin 

action remained undiscovered. Only recently 
have Wieland and co-workersS1 succeeded iri 

identifying the actin of liver cells as a target 
protein of the toxin. Since then, most of the ex- 
periments and deliberations aim at the under- 
standing of those molecular processes in the 
cell, which depend on actin and hence may be 
disturbed by the binding of the toxin to this 
protein. 

1 .  Hepatocytes 
a. Liver Specificity and Rate of Uptake 

Unlike the amatoxins, the phallotoxins pos-  
sess a high specificity for the mammalian liver. 
In rats, for instance, 2 hr after application of 2 
mg of a radioactively labeled phallotoxin, 57'370 
of the radioactivity was found in the liver as 
opposed to  only 9.4% in the skeletal muscle 
and 2.7% in the kidneys.'"" Related on the basis 
of dry weight of the different tissues, the liver 
takes up a n  amount of phallotoxins (supposed 
1 .O) which is distinctly higher than that of skel- 
etal muscle (0.02), spleen (0.06), or lungs 
(0.12); however, the concentration of the toxin 
in the kidney (0.56) is comparable to that in 
liver. The relatively high concentration in thc 
kidney may be a consequence of the excretion 
of the toxin in urine. 

Liver specificity of phallotoxins is closely 
connected with the rapid uptake of the toxins 
by hepatocytes in situ as well as in vitro. In per- 
fused rat livers at 37"C, the organ has taken up 
70 to 90% of the toxin only 10 min after its 
addition to the perfusion medium (Figure 
1 6).304-306 Similarly, in isolated rat hepatocytes, 
the uptake is completed after 30 min.'" This 
differs totally from the uptake of amatoxins 
which are resorbed about 20 times more 
slowly.3o6 The mechanism of the rapid uptake 
of phallotoxins into hepatocytes in situ and in 
vitro is unknown. 

The rate of uptake is strongly temperature 
dependent. For example, perfusion of a rat 
liver at 27°C instead of 37°C lowers the rate of 
uptake by 50%. This suggests that the toxin is 
in fact incorporated by the cells rather than 
bound to the cell surface. This is confirmed by 
experiments where unlabeled phallotoxin did 
not exchange with labeled toxin bound in a per- 
fused rat liver.'06 Though it is well established 
nowadays that phallotoxins bind predomi- 
nantly to  the actin of liver cells, the amount of 
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FIGURE 16. Rates of  uptake at 37°C by the perfused rat liver of (a) ('H)-demeth- 
ylpalloin (P9) without antamanide, (b) ('H)-dernethylphalloin (P9) with antaman- 
ide, (c) nontoxic ('H)-seco-demethylphalloin, and (d) the rate of uptake of  ('H)-O- 
methyl-dehydroxymethyl-a-arnanitin (AIO), for comparison. 

phallotoxins taken up by isolated hepatocytes 
or by perfused rat livers does not seem to be 
determined by the amount of actin present in 
the cells or in the liver Incorporation 
is not limited by saturation but may be as high 
as 350 pg toxin per gram of liver, depending on 
the toxin concentration in the perfusion me- 
dium, whereas the binding capacity of homog- 
enates of liver tissue or hepatocytes was deter- 
mined to be as low as 15 pg toxin per gram of 
tissue. It is uncertain whether the toxin which 
is overincorporated remains free or is adsorbed 
to structures such as intracellular membranes. 

b. Vacuoles in Cells o f  the Perfused Liver 
Morphologically, one of the most prominent 

alterations caused by phallotoxins is swelling of 
the liver caused by the development of vacuoles 
in liver cells (Figure 17). These vacuoles were 
described in vivo in livers of phalloidin-intoxi- 
cated mice as early as 1938,308 shortly after 
phalloidin had first been obtained in the crys- 
talline state.' 

One of the earliest events leading to symp- 
toms of intoxication in perfused rat liver is the 
formation of vacuoIes occurring only 2 min 
after resorption of the toxin.30g We suppose 
that due to the binding of phallotoxins to the 

actin filaments associated with the plasma 
membrane, a structural change in the mem- 
brane is induced. The release of a small amount 
of Ca++ and a change in the light scattering of 
perfused liver lobes observed by Jahn,"' also 2 
min after application of phalloidin to the me- 
dium, may be due to such a transformation of 
the plasma membrane. Concomitantly, the 
plasma membrane seems to relax, permitting 
the formation of vacuoles as a consequence of 
extracellular fluid being pressed into the hepa- 
tocytes. It is reasonable to discuss whether vac- 
uolization of the liver cells by itself is responsi- 
ble for most of the other symptoms described 
for phalloidin intoxication, e.g., swelling of the 
organ, efflux of K+ ions, and release of en- 
zymes. 

Furthermore, it is a reasonable assumption 
that invagination of the plasma membrane and 
penetration of blood components into hepato- 
cytes are the predominant perturbations caus- 
ing death in the rat and mouse. As early as 
1938, Vogt30* observed the two crucial symp- 
toms of fatal phalloidin poisoning: the liver 
weight had increased by up to 125% and red 
cells had penetrated into the dilated interspaces 
of the cells. Twenty years later, Matchinsky and 
Wieland determined the blood content in poi- 
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this difference in behavior to the presence of a 
microfilamentous web surrounding the vacu- 
oles in the pressure-treated cells but not in those 
induced by phalloidin. Evidently, the web of 
microfilaments has a function in the elimina- 
tion of vacuoles. In parallel with this, the pres- 
sure-injured liver, on reducing the pressure, re- 
leases part of the water resorbed from the 
perfusion medium, in contrast with the phallo- 
idin-poisoned liver which does not. 

As for the mechanism of vacuolization, we 
assume that the structural change of the plasma 
membrane produced by phalloidin renders the 
cell surface highly sensitive to even slight vari- 
ations in pressure. Hence, the low presinusoidal 
pressure which is normally withstood by the 
elasticity of the membranes suffices after phal- 
loidin treatment to cause severe damage of he- 
patocytes by imaginations. The extreme sensi- 
tivity of the cells is made manifest by the fact 
that even a by-pass of the liver (portocaval 
shunt) did not save rats from phalloidin death. 
These animals could withstand higher doses of 
phalloidin but died with their livers soaked with 
blood, as is typical of phalloidin into~ication.~’ 

d. Swelling of the Liver and Subsequent Stages 
Swelling of the liver was described in vivo as 

well as during perfusion as one direct conse- 
quence of the vacuolization of hepatocytes. In- 
creases in liver weight between 100 and 200% 
have been reported. In the perfusion experi- 
ments with increased posthepatic pressure, liver 
swelling depends on the perfusion pressure (and 
consequently also on the viscosity of the perfu- 
sion rned i~m) ,”~  but swelling of the phalloidin- 
treated liver was essentially independent of the 
perfusion pressure.319 However, it did become 
more severe when the perfusion medium con- 
tained red cells. It has been suggested that it is 
this factor which accounts for the early death 
of phalloidin-poisoned animals. 

In later stages of the intoxication with phal- 
loidin, Kupffer cells have been reported to be 
affected by vacuoles, too.309~3’2 Another conse- 
quence of vacuolization and liver swelling is the 
rupture of the plasma membranes, as docu- 
mented by electron microscopy.31z As a conse- 
quence, cytoplasmic, lysosomal, and mitochon- 
drial enzymes are released into the perfusion 
medium. These effects will be discussed later. 

e. Protrusions in Isolated Hepatocytes 
Hepatocytes are susceptible to phallotoxins 

not only in vivo or in situ, but also in vitro in 
the form of isolated cells obtained from the or- 
gans by the usual methods, such as treatment 
with c ~ l l a g e n a s e ~ ~ ~  followed by mechanical sep- 
aration. However, isolated hepatocytes develop 
protrusions or pseudopods instead of vacuoles 
(Figure 18).3z*.3z3 Most probably, these protru- 
sions are occasioned by the same structural 
change in the plasma membrane which, under 
the perfusion pressure, produces the vacuoles 
in the hepatocytes in situ. 

The strong correlation between the two cy- 
totic processes is evident from the observation 
that in the late stages of rat-liver perfusions 
with phalloidin, protoplasmic vesicles are also 
found to be constricted from the damaged cells 
in situ.”” The vesicles are found in the sinusoids 
and contain protoplasmic material similar to 
the protrusions of isolated hepatocytes. Fur- 
thermore, isolated hepatocytes from poisoned 
livers already suffering from vacuolization of 
the celis develop pseudopods after being re- 
leased from the The strongest evidence 
for this comes from perfusion experiments with 
an EDTA-containing medium, which loosens 
the tissue so extensively that the cells develop 
protrusions rather than v a c u o k ~ . ~ ~ ~  

As with vacuolization in liver cells, pseudo- 
pods on isolated hepatocytes can also be in- 
duced by other agents. For example, the cyto- 
lytic (g1yco)-protein phallolysin (Section V) 
causes similar protrusions a t  low concentra- 
tions which, however, become d i~ rup ted . ”~  Li- 
kewise, maltreatment of the cells such as 0 2  or 
substrate starvation can cause peudopodic pro- 
t r u s i o n ~ . ~ ~ ~  However, phalloidin-induced pro- 
trusions of hepatocytes develop within 10 min 
in cells kept under optimum living conditions, 
whereas those protrusions occasioned by star- 
vation occur only after 30 min. 

Protrusions in isolated hepatocytes have been 
produced by micromolar phalloidin concentra- 
t i o n ~ . ~ ~ ~  The sensitivity of the cells depended on 
their isolation procedure; use of hyaluronidase 
together with collagenase lowered the sensitiv- 
ity of the cells by a factor of 25 to 200.32z This 
treatment also decreased the vitality of the cells, 
which were reported to die within 2 hr. In our 
hands, the phalloidin-treated hepatocytes, 
though badly deformed in shape, showed no se- 
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FIGURE 18. Isolated rat hepatocytes after phalloidin treatment. (Courtesy of M .  Frimmer.) 

rious alterations in metabolism (respiration, 
glucagon response, etc.).”’ The development of 
phalloidin-induced protrusions can be inhibited 
by phalloidin-specific antagonists and used to 
quantitate antiphalloidinic a c t i ~ i t i e s . ~ ~ ~ ~ ” ~ ~ ~ ~ ~  

Surprisingly, even with extremely high doses 
of the toxin, a certain portion of isolated hepa- 
tocytes resisted the treatment in all populations 
under investigation. So far, there is no expla- 
nation for this phenomenon. A similar obser- 
vation was made by Miller and W i e l a t ~ d , ~ ~ ~  who 
observed single cells in perfused livers which 
had suffered neither vacuolization nor loss of 
glycogen. 

f. Bile Flow, Microvilli 
As early as 1960, Matschinsky et al.J30 ob- 

served that bile flow abruptly ceases shortly 
after the administration of phalloidin to per- 
fused rat livers. The effect was confirmed by 
many other workers, and there is agreement to- 
day that bile secretion stops about 6 min after 
application of the toxin. Nontoxic secophallo- 
idin does not affect the bile flow, and a radio- 
actively labeled analog of this nontoxic deriva- 
tive is excreted rapidly306 (&30% of the amount 

resorbed per hour). Certainly, the cholestasis 
by phalloidin also accounts for the retarded 
clearance of bromosulphalein and bilirubin, as 
reported by Wieland.311 

Morphologically, the bile canaliculi in phal- 
loidin-perfused rat livers appear dilated. Paral- 
lel with this, the microvilli in the bile canaliculi 
disappear. Similar morphological changes were 
also observed in vivo in livers of the white 
m o ~ s e . ” ~  Since disappearance of the microvilli 
in the canaliculi. dilation of the bile ducts, and 
inhibition of bile excretion occur simulta- 
neously, it is reasonable to assume that these 
processes are interdependent or are links of a 
causal chain. Loss of microvilli in the bile ducts 
can also be brought about in rats after contin- 
uous application of sublethal doses of toxin ac- 
cording to Gabbiani et al.331 Once again, the 
bile flow significantly decreased simultaneously 
with the loss of microvilli. 

Together with the microvilli in the bile cana- 
liculi, the microvilli directed towards the Disse 
space also d i~appea r . ”~  As with vacuolization, 
this effect could also be produced without phal- 
lotoxin by congestion of blood in the perfused 
rat liver as soon as 5 sec after raising posthe- 
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patic pressure by ligation. Again, as for vacu- 
oles induced by raised pressure, the effect was 

In isolated hepatocytes, microvilli cover the 
whole surface of the cells. These microvilli are 
also affected by phalloidin, becoming shorter 
and b r~adened .”~  According to Miller and 
Wieland,”‘ the sinusoidal microvilli of the 
mouse liver are less affected than those of the 
rat liver. This difference may perhaps explain 
why the mouse (LD5,, - 2.0 mg/kg) is less sen- 
sitive to phalloidin than the rat (1 .O mglkg). 

LOSS of microvilli in bile ducts and dilation 
of bile canaliculi seem to be interdependent 
processes. Hence, it is reasonable to assume 
that the loss of sinusoidal microvilli and the 
vacuolization of the liver cells of the sinusoids 
are also related processes. Smoothening of mi- 
crovilli possibly relaxes and widens the mem- 
brane, which consequently undergoes invagin- 
ation even with the small pressure gradients 
occurring in vivo or with low perfusion rates. 

g.  Release of Potassium Ions and Enzymes 
In 1967, Frimmer et al.317 found that rat liv- 

ers perfused with phalloidin released K+ ions. 
The efflux was as great as 60 mmol K’ per gram 
of liver, and the K’ ion gradient of the hepato- 
cytes was equilibrated within 1 hr after intoxi- 
cation. Together with cholestasis, K’ efflux was 
the first evidence of phalloidin intoxication at  
that time. 

However, in a careful kinetic study, Jahn3Io 
noticed that the onset of K’ efflux (12 min after 
intoxication) was subsequent to some other ef- 
fects, including Ca’+ efflux (3 min), increase in 
light scattering of peripheral liverlobes (2 to 3 
rnin), increase in O2 consumption (2 to 3 min), 
and swelling (6 min). Therefore, K’ efflux must 
be a secondary effect. This was strongly sup- 
ported by experiments with 4,7-phenanthroline, 
which reverts the K+ efflux but not the under- 
lying lesions caused by the toxin. The phallo- 
idin-intoxicated liver takes back 85% of the K’ 
ions from the medium under the influence of 
this drug. The K+ ions are released again if the 
phenanthroline is washed out. A similar rever- 
sal  of K’ efflux was observed with EDTA. 

Coincidently, Jahn and Frimmer found that 
K+ release from perfused livers could be simi- 
larly affected by pressure, the release being 20 
mmol K+ per gram3I6 to 60 mVal K’ per gram3I9 

depending on the conditions. As with vacuoli- 
zation, the flux of K’ ions was reversed when 
the perfusion pressure was reduced. Since vac- 
uolization can also be induced by pressure, K+ 
efflux is most probably a result of vacuoliza- 
tion. This is in line with the following experi- 
mental data. Firstly, in liver perfusions, the 
pressure-induced K+ efflux is inhibited at pH 
values < 7.0 as is vacuolization; however, the 
uptake of phalloidin is insensitive to pH 
changes. Secondly, K+ release as well as vacu- 
olization, as indicated by uptake of dex t r an~ ,”~  
are strongly temperature dependent; for in- 
stance, when induced by pressure at  8 to 10°C 
instead of 27”C, both effects decrease concom- 
itantly to 25% or lower. Further support for a 
direct relationship between vacuolization and 
K+ release is the fact that isolated hepatocytes, 
which do not suffer vacuolization when sub- 
jected to phalloidin, also release only minimal 
amounts of K’.332 

Perfused rat livers subjected to phalloidin 
also release various enzymes into the perfusion 
medium. The cytoplasmic enzymes prevail 
among these enzymes. For example, glutamate 
pyruvate transaminase is released in larger 
amounts than glutamate dehydrogenase and cy- 
toplasmic malate dehydrogenase more than the 
corresponding mitochondrial enzyme.333 Lyso- 
soma1 enzymes like /3-glucuronidase and acid 
phosphatase are likewise released, but any di- 
rect action of phallotoxins on the lysosomal 
membrane was ruled In rabbits, the in- 
crease of serum glutamate-oxalacetate trans- 
aminase (3150 U/mL) was as high as is usually 
observed under fatal amanitin into~ication.~’ In 
summary, the enzyme release also appears to be 
a secondary effect, probably a direct conse- 
quence of vacuolization. Correspondingly, iso- 
lated hepatocytes under phalloidin treatment 
released no cytoplasmic, mitochondrial, or ly- 
sosomal enzymes.332 

h. Endoplasmic Reticulum and Protein Syntho 
sis 

In 1963, after the first radioactively labeled 
phallotoxin had been prepared, Rehbinder et 
a!.loS studied the distribution of the toxin in dif- 
ferent fractions (600 g, 8,500 g, and 18,000 g) 
obtained by centrifugation of homogenized rat 
livers. Although the highest binding capacity 
was found in the 600-g fraction at  first, during 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



236 Critical Reviews in Biochemistv 

the following washing steps the 8,500-g fraction 
retained relatively the largest amount of radio- 
activity. This fraction was considered to  con- 
tain predominantly microsomes, but morphol- 
ogical evidence or assays of key enzymes were 
not given. 

From this observation, it was concluded that 
the primary site of phalloidin action might be 
the endoplasmic reticulum (ER). It was further 
supposed that the large vacuoles in the paren- 
chymal cells might arise from dilated ER. This 
is certainly not true; however, it may be that 
definite plasma membrane areas in contact with 
the ER are favored by the toxin and hence de- 
velop vacuoles or protrusions, while others do  
not. Some indication for this is also given by a 
comparison of the distribution of pseudopods 
on isolated and phalloidin-treated hepatocytes. 

Apart from the vacuolization effect, the ER 
of hepatocytes, as well as that of endothelial 
cells, is affected during phalloidin intoxication. 
Electron microscopy reveals that the parallel 
stacks of rough endoplasmic reticulum (RER) 
present in normal hepatocytes gradually disap- 
pear. 312.3 l3  RER is decomposed in favor of 
smooth endoplasmic reticulum (SER) as well as 
free  ribosome^."*^^'^^^^^ The SER forms vesicles 
or, in many electron micrographs, surrounds 
m i t o ~ h o n d r i a . ~ ~ ~ . ~ ~ ~  Biochemical evidence for 
the changed structure of ER was given by Hoh- 
mann and F ~ i m m e r , ~ ~ ~  who measured the en- 
zyme constants of glucose-6-phosphatase, a 
typical enzyme of ER. They found that K, was 
unchanged, while V,,, was increased, a result 
pointing towards a different arrangement of the 
enzymes in the membrane after treatment with 
phallotoxins. 

As early as 1960, van der Decken et aLnas 
found a n  inhibition of protein synthesis in slices 
and homogenate fractions of livers after phal- 
Ioidin intoxication. Incorporation of [I4C]-Ieu- 
cine into proteins was inhibited by 10 to 60% 
with to Mof  the toxin. The inhibition 
was observed only if the guinea pigs or mice 
used were intoxicated in vivo or if microsomal 
fractions were preincubated with NADPH. In- 
hibition by phalloidin was stronger in the total 
microsoma1 fraction than in ribosomes alone. 
A final evaluation of these data is difficult since 
NADPH can inhibit protein synthesis on its 
own. However, it is likely that phalloidin can 
affect the synthesis of proteins by modification 

of the ER structure. Gravela et aLn3' reported 
that there was no inhibition of amino acid in- 
corporation with a liver cell-free system. How- 
ever, in isolated rat hepatocytes, there was a 
75% inhibition in the presence of 2 x lo-' M 
pha l l~ id in . '~~  Onset of the inhibition was ob- 
served 30 min after administration of the toxin, 
at exactly the time where the disaggregation of 
polysomes induced by phalloidin had been ob- 
served p rev i~us ly .~~ '  It is difficult to decide 
whether both the polysomal disaggregation and 
the following inhibition of membrane-bound 
protein synthesis are primary effects of phallo- 
idin or only represent secondary or tertiary le- 
sions. 

i. Energy Metabolism 
Another consequence of phalloidin intoxica- 

tion of liver cells in situ is their depletion of 
ATP and gly~ogen.~" Inorganic phosphate and 
glucose, the products of their breakdown, were 
found 5 to 10 times increased in the perfusion 
medium of rat livers.338 The decrease of ATP 
and glycogen began only 30 min after addition 
of the toxin, while it took 40 min after i.p. ap- 
plication in in vivo experiments with mice.339 A 
full depletion of glycogen in perfused livers was 
not observed earlier than 2 hr after intoxica- 
t i ~ n . " ~  Hence, the energy depletion is certainly 
not a primary effect of phalloidin, but rather 
represents a consequence of other lesions like 
vacuolization or loss of K' ions. 

Glycogen depletion has been attributed to an 
inhibited synthesis of glycogen rather than to a 
breakdown of the polymer.311 In 1956, 
reported on an inhibition of oxidative phospho- 
rylation at the level of the cytochromes when 
isolated liver mitochrondria were incubated 
with M phalloidin. However, it is unlikely 
that this effect can account for the ATP and 
glycogen depletion described above. 

j .  Antagonists, Noxae, and Tolerance 
Most of the phalloidin effects discussed here 

can be counteracted by a series of drugs or 
other treatments. There are good reasons for 
distinguishing between such substances. First, 
those which protect the Iiver from the toxins 
without doing remarkable harm to the hepato- 
cytes, such as antamanide and silybine, will be 
called antagonists (Table 15). Secondly, sub- 
stances preventing phalloidin action by produc- 
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TABLE 15 

Approximate Concentrations (mg/100 mf) of Some Protective Agents Against Phalloidin (0.5 
mg/100 mf) in Perfused Rat Liver and With Hepatocytes 

Isolated hepatocytes (50% 
protection from the 

development of Perfused rat liver (50% 
Protective agent inhibition of liver swelling) protrusions) 

Antarnanide 
Carboxymethyl Tyrs anta- 
rnanide 

Silybin hemisuccinate 
Disilybinb 
Thioctic acid 
Rifarnpicin 
Evan's blue 
Ethacrynic acid 

>2 - 
<0.5 2' 

9 - 
1 9 

150 
1.3 

- 
- 

Protective effects qualitatively stated 
Protective effects qualitatively stated 

Phalloidin, 8.0-9.0mg per 100 m l .  
A mixture of oligomers. 

ing lesions which probably impair the process 
of the rapid uptake of the toxin will be dis- 
cussed under Noxae, Section VI.B.1.j. (2). 
Both terms will be distinguished from the in- 
trinsic tolerance against phalloidin, e.g., that 
observed in newborn rats or in animals with re- 
generating livers. 

(1) Antagonists 
Antamanide (Section IV), when administered 

i.p., not perorally, counteracts all effects of 
phalloidin known so far; it reduces the in vivo 
toxicity of phalloidin in that a dose of 0.5 mg/ 
kg body weight protects the white mouse 
against twice the LDso of phalloidin (equals 5 
mg toxin per kilogram). In perfused rat livers, 
pretreatment with antamanide reduces swelling 
caused by phalloidin to 25% of the value with- 
out the antagonist. 10.90.329 Likewise, antaman- 
ide prevents the development of protrusions in 
isolated h e p a t o c y t e ~ . ~ ~ ~  Preliminary results of 
experiments with isolated liver cell membranes 
suggest that antamanide even inhibits the bind- 
ing of the toxin and the enlargement of micro- 
filamentous s t r u c t u r e ~ . ~ ~ '  From experiments 
with radioactively labeled toxins in white 
mice," perfused rat liver,3o6 and isolated hepa- 
tocyte~,~"'  we know that antamanide reduces 
the amount of toxin bound by the tissue. In ad- 
dition, the rate of phalloidin uptake is de- 
creased as well as the binding capacity in per- 
fused rat livers.30s~306 

The simplest explanation for these antago- 
nistic effects, a competition of antamanide with 
phalloidin for one receptor, could be ruled 

Therefore, we assume that antamanide 
strengthens a complex involving a still-un- 
known membrane structure associated with cell 
actin. Since antamanide in nonpolar solvents 
complexes cations selectively (Ca++ > Na' >> K' 
> Mg+'), it is possible that complex formation 
with specifically bound Ca+' ions could be in- 
volved in the membrane stabilization by anta- 
manide. Possibly the small amount of Ca" re- 
leased by phalloidin in the perfused rat l i v e ~ ~ ~ ' ~  
represents the species of Ca++ which is shed by 
phalloidin action and which can be stabilized 
by antamanide. 

Antamanide acts as a protective agent only, 
not as a curative one. Consequently, for full an- 
tamanide protection, the peptide has to be ad- 
ministered before and certainly not later than 
the toxin. When applied 10 min after the toxin, 
protection can be achieved by much higher 
doses but disappears 30 min after application 
of the toxin. These figures reflect fairly well the 
time consumed for the uptake and onset of the 
first phalloidin effects. Therefore, antamanide 
can partly prevent these changes but is not ca- 
pable of reversing them. 

The same seems to be true for a group of bi- 
ologically active components of the milk thistle 
Silybium rnarianurn GAERTN., called sily- 
m a r i r ~ . ~ ~ ~  Silymarin reduces the LD,' of phallo- 
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idin in mice to a LDo when administered in 
doses of 15 mg/kg (body  eight)."^ A dose of 
9 mg of a water-soluble derivative, silybin hem- 
isuccinate, per 100 mf of perfusate reduced the 
swelling of the rat liver to According to 
Weil and F r i m m e ~ , ~ ~ ~  30 mg silymarin per 100 
m l  perfusion medium inhibits the phalloidin- 
induced K+ ion efflux by 100% The protective 
action for these compounds was also absent 
when applied 30 min after the t o ~ i n . ” ~  It ap- 
pears to us that the partial protective capacity 
observed for a short time after application of 
the toxins has been overinterpreted by some au- 
thors as a “curative” effect. A ninefold more 
effective inhibition was given by disilybin, 
probably a mixture of silybin 01igomers .~~~ In 
in vivo experiments with mice, 5 mg/kg disily- 
bin reduced the LD9, to LDo.347 

As with antamanide, the protection by sily- 
marin derivatives in vivo lasts for only a finite 
time due to the excretion of the protecting com- 
pounds in the bile. The maximum protection 
period of disilybin was found to be 26 hr.347 
This period was only 3 hr for antamanide and 
some of its water-soluble derivatives. 

Although the mechanisms of protection ex- 
hibited by silymarin and antamanide seem to 
agree with each other to a large extent, they are 
not fully identical. This is concluded from the 
observation that disilybin protects mice from a 
fatal intoxication by a m a n i t i r ~ , ” ~ ~  whereas an- 
tamanide has no effect in this case. 

In 1971, F loe r~he im~~’  reported that the an- 
tibiotic rifampicin had a highly protective effect 
against phalloidin in vivo. This was confirmed 
by Frimmer et al.329 by registering the develop- 
ment of protrusions in isolated liver cells. The 
100%-protective dose was as low as 100 pg rif- 
ampicin per milliliter, this being comparable 
with the high-protection capacity of a water- 
soluble antamanide. However, in vivo, there is 
no full protection of the white mouse against 5 
mg/kg phalloidin with less than 20 mg of the 
antibiotic per kilogram of body weight.* As for 
the mode of action of this substance, we assume 
that the uptake of the toxin is reduced b y  the 
antibiotic in this case also. 

(2) Noxae 

In the past, an abundance of substances has 
been described which increase the resistance of 

Our own experiments. 

mice, rats, or rabbits to phalloidin. Today, 
most of them are regarded as drugs which dam- 
age or simply cover those surface structures of 
hepatocytes which are responsible for the ex- 
traordinarily rapid uptake of the toxin. For a 
review of these substances, see Frimmer et al.ja9 

Some of the earliest observations in this field 
were made by F l o e r ~ h e i m , ’ ~ ~  who found that 
pretreatment of mice with carbon tetrachloride 
or Na+-cinchophen protects the animals against 
phalloidin. The doses needed to protect against 
LDgs of phalloidin were 200 pg/kg and 400 pg/ 
kg, respectively. Without any doubt, protection 
in these cases was achieved by severe damage 
of hepatocyte structures, which are involved in 
resorption of the toxin or in development of its 
action. Morphological evidence for such lesions 
by carbon tetrachloride and Na+-cinchophen 
has been given by many authors. Kroker and 
FrimrneP reported a decreased binding of 
phalloidin to isolated hepatocytes after treat- 
ment with carbon tetrachloride, but the spec- 
trophotometric method used in these experi- 
ments is not unambiguous. An inhibitory 
mechanism similar to those of carbon tetrachlo- 
ride and Na-cinchophen may also underlie the 
protective activity of choleretica. 351 Deoxycho- 
late (DOC) slows down the uptake of phal- 
lotoxins in perfused rat liver. The 92% uptake 
after 30 min is reduced to,63% by the drug. In 
this case, DOC presumably acts on the plasma 
membrane unspecifically as detergent rather 
than in a specific way by inducing the bile secre- 
tion and so enhancing the elimination of the 
toxin. This is suggested by the amount of toxin 
excreted in the bile which is comparably low 
either with or without DOC (1.3 and 0.7%. re- 
spectively). 

The mechanism of the protective activity of 
other agents, like 4,7-phenanthroline or EDTA, 
requires careful interpretation because they 
may counteract only secondary or tertiary ef- 
fects of phalloidin. For instance, 4,l-phenan- 
throline inhibits the K+ efflux by phalloidin in 
the perfused rat liver. Apart from a protective 
effect, 4,7-phenanthroline also stimulates the 
perfused rat liver to take back 83% of the K’ 
ions released due to the pha l l~ id in .~”  However, 
when 4.7-phenanthroline is washed out, K +  ions 
flow out again, indicating that the lesions in- 
duced by phalloidin still exist. Similar effects 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



December 1978 239 

were reported for EDTA. Possibly, the protec- 
tion of K+ efflux by thioctic acid could also be 
explained in a similar way.351 

Jahn observed that Evan’s blue, although 
causing K’ release by itself, suppressed the K’ 
efflux caused by p h a l l ~ i d i n . ’ ~ ~  The protection 
was not observed when albumin was present in 
the perfusate. it was stated that the dye was 30 
to 40% resorbed in the liver if albumin was ab- 
sent from the perfusate and hence not in com- 
petition with the liver proteins. In this case, the 
occupation of the surface structures which are 
involved in the resorption of the toxin may pro- 
tect the liver from phalloidin. This is supported 
by the observation that Evan’s blue likewise in- 
hibits the uptake of indocyanine green. Simi- 
larly, the protection of isolated hepatocytes 
from phalloidin by t r y p ~ i n ~ ’ ~  may be explained 
by assuming that the cell surface is covered by 
trypsin or that a change in the membrane struc- 
ture is induced by binding the enzyme. After 
washing out the enzyme, the cells again reacted 
to phalloidin by developing the characteristic 
pseudopods. 355 

(3) Tolerance to Phallotoxins 
Tolerance to phalloidin can be achieved by 

prolonged administration of sublethal doses of 
phalloidin. This was first observed in 1938 by 
Vogt,’O* who treated mice with semilethal doses 
at 5-day intervals. Thereafter, the mice survived 
sixfold lethal doses of phalloidin. The effect 
was conf i rmed  by  S z a b a d o ~ ~ ~ ~  a n d  
Floer~heim.~~’  Under the permanent treatment 
with phalloidin, Gabbiani et al.331 observed that 
the hepatocytes of rats developed an hyperpla- 
sia of microfilamentous material. Liver cells 
isolated from these phalloidin-treated animals 
incorporated only 50% of the toxin of normal 
hepa to~ytes .~~’  Accordingly, tolerance to phal- 
loidin in pretreated animals can be explained by 
a slow resorption rate of the toxin being some- 
how connected with the high content of actin 
in these cells. In the same laboratories, an ex- 
tensive development of tight junctions between 
rat hepatocytes was also observed within 2 to 
13 days under daily administrations of 0.5 mg 
phalloidin per kilogram.404 

A natural tolerance to phalloidin was ob- 
served in newborn rats. Rats survive a 
to tenfold”* lethal dose of phalloidin (10 to 29 
mglkg) up to the age of 18 days. According to 

Siess et al.,”’ phalloidin also causes lesions in 
the livers of newborn rats, although to a smaller 
degree. Electron microscopy showed these le- 
sions to be indistinguishable from those in 
adults. It is noteworthy that there were signs of 
repair only in the livers of newborn rats and not 
in adult rats after phalloidin intoxication. The 
tolerance of newborn rats (and mice) is puzzling 
and there is, as yet, no valid explanation. 

It is well established that drug-metabolizing 
enzymes are located in liver cells and that these 
enzymes are not yet developed in newborn rats. 
These two facts prompted the theory that phal- 
lotoxins might not be toxic by themselves but 
only after toxification by microsomal enzymes. 
Indeed, conversion to a toxic metabolite could 
have explained the liver specificity of phalloidin 
as well as the tolerance of newborn 
However, this theory had to be abandoned 
after Puchinger and Wieland extracted more 
than 95% of a radioactively labeled phallotoxin 
unmetabolized from the homogenates of poi- 
soned rats.359 Accordingly, a phenobarbital 
treatment of 11- to 16-day-old rats could not 
induce higher sensitivity of these animals to 
phalloidin.”O Further proof of the fact that the 
toxic activity of phalloidin is independent of the 
metabolizing enzyme system was given recently 
by Guenther and Nebert, who found that 
phalloidin neither induces P4so-dependent en- 
zymes nor requires protein synthesis for its le- 
thal activity in mice.36’ Finally, no metabolites 
of phalloidin could be detected in rat livers, nei- 
ther in the perfusion medium nor in the bile 
after application of low doses of 

Tolerance to phalloidin was also observed by 
Frimmer and S ~ h i s c h k e ~ ~ ’  and Tuchweber et 
al.363 in rats after ectomy of two thirds of the 
liver. Both laboratories agree that the tolerance 
reaches an optimum 3 to 4 days after the oper- 
ation. After the fifth day, tolerance became 
weak362 and disappeared totalIy after 2 
weeks.363 However, there is no agreement as to 
whether or not there are morphological changes 
induced by phalloidin in the cells of the regen- 
erating liver. A further kind of tolerance to 
phallotoxins was recently described by Agostini 
et al.364 for rats with liver carcinoma induced 
by diethylnitrosamine. These rats tolerated ten 
times the lethal dose. Rats pretreated with D- 
galactosamine showed a similar tolerance 
against the toxin.”’ 
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In trying to  make a synopsis of the various 
kinds of tolerance, it is tempting to seek a com- 
mon basis in the fact that most of the less-sen- 
sitive hepatocytes are cells in the proliferating 
state. This is true for the hepatectomized rats 
as well as for the rats with liver carcinoma. This 
may also prove correct for the hepatocytes of 
newborn rats whose livers increase in weight or 
those which just left the state of growth. 

A more general explanation of the effect of 
tolerance should also account for the tolerance 
following phalloidin treatment; Agostini et 
al.364 reported an increase in filamentous mate- 
rial in the carcinoma cells similar to that after 
long-term administration of sublethal doses of 
phalloidin. Thus, it might well be that a phal- 
loidin insensitive cell, proliferating or not, is 
one rich in microfilaments, i.e., cell actin. This 
view is supported by the observation that lym- 
phocytes with a high content of actin, take up 
phalloidin slowly, while HeLa-cells with an ac- 
tin content lower than that of hepatocytes, in- 
corporate the toxin rather rapidly. 

2. Cells Other than Hepatocytes 
The specificity of phallotoxins for hepato- 

cytes is so marked that only a few experiments 
have been done with other cells. 

As a consequence of phalloidin intoxication, 
damage in sinusoidal cells of the rat liver has 
been reported once.3" Here, the endothelial 
cells had developed the typical vacuolization 
(very similar to  that of the surrounding hepa- 
tocytes). 

Specific damage of sinusoidal cells was 
achieved by Barbanti-Brodano et al.87 These 
authors prepared a bovine serum albumin de- 
rivative of phalloidin which was preferentially 
resorbed by sinusoidal cells. It remains open as 
to whether the phallotoxin acts as the protein 
derivative itself or only after release of the toxin 
in the cell. In any case, the vacuoles observed 8 
hr after application represented damage by 
phallotoxins. For endothelial cells, it was also 
observed, more distinctly than in hepatocytes, 
that phalloidin modifies the ER. In these cells, 
vacuoles were formed from the dilated spaces 
of rough endoplasmic cisternae. Furthermore, 
it is important to note that the vacuoles of the 
sinusoidal cells reverted and disappeared after 
24 hr. Again, this indicates that vacuolization 
per se cannot be a lethal lesion. 

The protein-phalIoidin conjugate also caused 
vacuolization in other protein-consuming cells, 
e.g., those of the proximal tubules in the kidney 
and in macro phage^.^^ The RER was dilated in 
tubule cells, forming vesicles of various size. In- 
stead of vacuolization of RER, there was an in- 
crease in the SER in some cases. Macrophages 
in culture were killed by the protein conjugate. 
Although a concentration of 25 pg of free phal- 
loidin per milliliter produced no dead cells, only 
a quarter of this amount, conjugated to 388 pg 
of albumin, was sufficient to  kill all the cells in 
the culture. 

The molar concentrations of phalloidin con- 
jugate needed to kill 25% of the macrophages 
are rather high. Barbanti-Brodano reported a 
concentration as  high as 1.3 x 

Also, with free phalloidin, high concentra- 
tions were necessary to inhibit the growth of 
Epstein-Barr virus-transformed lymphocytes 

M).274 Despite these high concentrations 
necessary for growth inhibition, lymphocytes 
also take up phalloidin at  low concentrations. 
For example, a t  M, phalloidin lymphocytes 
resorb 0.4 pg/IOO mg wet However, to 
suppress the growth of the cells requires a 100- 
fold higher toxin concentration in the medium. 

The rate of phalloidin uptake in lymphocytes 
is very slow compared with hepatocytes and 
HeLa cells.3a7 We related the amount of toxin 
taken up after 30 min by the cell suspensions to 
the binding capacity of the cell ghosts or ho- 
mogenates, which probably represents the 
amount of actin present in the cell. 

It is evident from Table 16 that those cells 
which contain relatively high amounts of bind- 
ing capacity in the homogenate, probably due 
to actin, incorporate the toxins very slowly (26 
and 29% in lymphocytes and pretreated hepa- 
tocytes, respectively), while other cells with a 
low binding capacity in the homogenate incor- 
porate considerably more toxin than could be 
bound by actin present in these cells. These re- 
sults demonstrate that the incorporation of the 
toxin is not paralleled by the amount of actin 
in the cell; on the contrary, a high content of 
actin in a cell apparently inhibits the incorpo- 
ration of phallotoxins. 

Blood platelets are known to be rich in actin; 
this fact prompted some experiments with these 
cells. Behnke365 observed no  increase in the 
number of microfilaments or any change of 
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shape, aggregation, or contraction of platelets; 
thus, neither the morphology nor the function 
of platelets is affected by the toxin. 

3. Isolated Plasma Membranes and Microfila- 
ments 

Up until now, isolated membranes have only 
rarely been used in experiments with phalloidin. 
In those studies performed, the membranes 
were obtained exclusively from rat-liver tissue. 

In 1969, Hegner et al.366 investigated whether 
the K+ efflux from hepatocytes could be due to 
a phalloidin-induced inhibition of cation-de- 
pendent ATPases in the membrane. They 
found that the toxin affected neither the Mg+*- 
dependent nor the Na'/K'-dependent ATPases; 
likewise, the activity of K+-dependent pnitro- 
phenylphosphatase was insensitive to phalio- 
idin. 

Govindan et al.341 isolated rat-liver plasma 
membranes according to Ray367 and found that 
there was a distinct increase of filamentous 
structures which were only occasionally present 
in the controls (Figure 19) in the preparations 
from phalloidin-intoxicated rats. An increase in 
filamantous material also appeared after in vi- 
tro poisoning of plasma membranes obtained 
from healthy animals. The filaments in these 
preparations consisted predominantly of cyto- 
plasmic actin which, when centrifuged, accom- 
panied the membrane particles. It is uncertain 
whether the filaments stick to the membrane 
material or are only randomly associated. In 
SDS-gels of the membrane preparation, the ac- 
tin band is about tenfold that of control prepa- 
r a t i o n ~ . ~ ' ~  The increase was not observed with 
the nontoxic phalloidin oxide (P21 [a) and 
could be inhibited by treating the rats or the 
membrane preparation with antamanide before 
intoxication. Thus, it is evident that the in- 
crease of microfilaments represents a specific 
effect of phalloidin. In subsequent experiments 
with radioactively labeled the centrif- 
ugation procedure was refined with the result 
that the specific binding capacity increased to- 
gether with the amount of filaments observed 
by electron microscopy in one fraction. There 
can be no doubt that the filamentous material 
isolated with the plasma membrane fraction in 
these studies is the microfilamentous material 
later described by Gabbiani et al. as being 
formed in rat liver after prolonged in vivo 

FIGURE 19. Electron micrograph of membrane frag- 
ments of the liver of a phalloidin-poisoned rat. (Courtesy 
of A. M. Lengsfeld.) 

administration of phall~idin. '~' SDS-gel elec- 
trophoresis of liver filaments indicated a strong 
band of molecular weight of approximately 
40,000 dalton, indistinguishable from that of 
rabbit-muscle actin. 

A similar membrane preparation of rat liver 
was used to investigate the binding properties 
of phallotoxins by Lutz et al.370 They found 
that the 3H-demethylphalloin dissociated with a 
K D  of 3 x lo-' M. Despite its high affinity, the 
labeled compound exchanged rapidly and spe- 
cifically with unlabeled toxin (TII1 = 180 sec). 
Antamanide had no effect on the binding of the 
toxin. Recently in our laboratory, the K, of the 
same labeled toxin complexed with muscle actin 
was determined to be 3.6 x lo-' M.'" The simi- 
larity of the two dissociation constants renders 
it likely that the phallotoxin binding site in the 
rat-liver plasma membrane is predominantly 
actin and that this is isolated together with the 
membrane particles. 

4. Phallotoxins and Muscle Actin 
a. Stabilization of Filamentous Actin 

One of the outstanding features of muscle ac- 
tin is that it can exist in a t  least two forms, a 
monomeric form (G-actin) and a polymeric, fi- 
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lamentous form (F-actin). Phallotoxins bind to 
polymeric or oligomeric actin only, thus stabi- 
lizing the filaments. It was this stabilizing effect 
leading to the formation of abundant microfi- 
laments in liver cell preparations of a phalloidin 
poisoned rat which lead to the discovery of the 
target protein. 

Identification of the filaments as actin had 
been hampered by the stabilizing capacity of 
phalloidin; the treatment commonly used to 
identify F-actin, 0.6 M KI,372 failed because 
phalloidin rendered the filaments too stable to 
undergo depolymerisation by chaotropic 
ions.373 However, subsequently, an analogous 
result was obtained for actin isolated from rab- 
bit muscle. Since then, muscle actin. which is 
more easily available than cell actin, has be- 
come the protein of choice for the study of the 
various consequences of phalloidin interaction 
with actins. 

The resistance of phalloidin-complexed actin 
to 0.6 M potassium iodide was quantitated by 
viscosimetric measurements. At  a concentra- 
tion of 3.6 x M, F-actin and its complex 
with phalloidin both exhibit specific viscosities 
q of Q 1.2. On addition of 0.6 Kl,q of a solution 
of F-actin decreased to 0.03 ,374.376 whereas the 
viscosity of the phalloidin-actin complex re- 
mained unchanged. The viscosimetric assay us- 
ing KI proved useful in determining what may 
effect the destabilization of actin filaments, 
e.g., cytochalasin B.376 Furthermore, this assay 
made a correlation between the stabilizing ef- 
fect of various toxins and their in vivo toxicity 
possible. Low and Wieland374 found that the 
neutral toxins (phalloidin) as well as the acidic 
toxins (phallacidin) or toxic derivatives of phal- 
loidin, such as the (R)-configurated sulfoxide, 
could stabilize F-actin against KI. Other non- 
toxic derivatives of phalloidin, e.g., (*-config- 
urated phalloidin-sulfoxide or seco-phalloidin, 
failed to do  so. These data suggest the likeli- 
hood that the in vivo toxicity of phalloidin and 
the stabilization of actin filaments are, a t  least, 
related events. Antamanide did not counteract 
the toxins in this system, indicating that anta- 
manide protection against phallotoxins is on a 
molecular level, more complex or different 
from that of actin. 

A protein capable of depolymerizing actin 
filaments by forming complexes with the mon- 
omers is pancreatic DNAase I.377 The enzyme 

is inhibited by G-actin and this inhibition may 
be significant under physiological  condition^.^" 
In recent experiments, the activity of DNAase 
I was first inhibited by about 36% by G-actin 
and then fully restored by the addition of phal- 
10idin.~” The result confirms the observation of 
Lindberg and Lazarides that only monomeric 
actin binds to DNAase I. Most recently, this 
complex has been obtained in Phal- 
loidin probably destroys the 1 : 1 complex of the 
two proteins by forming a stronger complex 
with the actin polymer. 

Another system for studying the stabilizing 
effect of phallotoxins has been the assay of the 
ATPase activity of actin first detected by Asak- 
u ~ a . ~ ”  This ATPase activity is induced in actin 
filaments under certain conditions or by drugs 
which break or loosen the interaction of actin 
protomers. The subsequent reassembly of the 
filaments is accompanied by the splitting of 
ATP and incorporation of ADP into actin as 
the essential nucleotide. ATPase activity can be 
produced mechanically by sonic vibration as 
well as by acidic pH or by addition of cytochal- 
asin B. 

According to Dancker et al., the ATPase ac- 
tivity induced by sonic vibration can be com- 
pletely inhibited by phalloidin (see Figure 

The ATPase activity ,induced by protons 
with maximum activity at pH 4.7 was also in- 
hibited by the toxin at  pH values between 6 and 
8. At pH values lower than 3.5 and in the ab- 
sence of toxin, the structure of F-actin is SO 
loosened that denaturation occurs (no ATPase 
activity). Phalloidin stabilizes the structure of 
the fragments, thus maintaining the enzymic 
activity even at  low pH values.3B2 

Addition of cytochalasin B decreases the spe- 
cific viscosity q of F-actin solutions by a still 
unknown mechanism. The viscosity drops with 
this alkaloid, although actin is not depolymer- 
ized; in fact, the actin monomers decrease. Ac- 
cording to Low and D a n ~ k e r , ~ ~ ~  cytochalasin B 
affects actin filaments only if the filaments are 
not stabilized by 0.1 MKCl. 

Phalloidin counteracts the drop in viscosity 
of actin solutions caused by cytochalasin B.3’6 
Together with the drop in viscosity, cytochal- 
asin B induces ATPase activity due to an en- 
hanced repair reaction of the filaments. Phal- 
loidin also counteracts this ATPase activity. In 
preparations of liver cell membranes, cytochal- 
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asin B seems to diminish the number of fila- 
ments induced by pha110idin.~’~ 

It is well established that monomeric actin is 
denatured more rapidly than polymeric actin. 
Therefore, it is reasonable to assume that in an 
equilibrium of the two forms, the actin mono- 
mers and terminal protorners will be predomi- 
nantly affected. This is supported by the fact 
that a t  p H  < 3, breaks in the filament occur so 
frequently that denaturation becomes faster 
than the ATP-splitting repair process (see 
above). If this concept is correct, phalloidin 
should also prevent heat denaturation of actin. 
Indeed, deVries et al.385 found that by heating 
actin to 70°C for 3 min, it  is largely denatured 
as estimated by turbidity; under the same con- 
ditions, the presence of 1 equivalent of phallo- 
idin reduced this process to only 20% (Figure 
20). As with the results in viscosimetric stud- 
i e ~ , ” ~  nontoxic seco-phalloidin had no protec- 
tive activity. Toxic phalloidin R-sulfoxide ex- 
erted a full protection whereas the “nontoxic” 
(5)-sulfoxide protected only partially. This is in 
agreement with the fact that the affinity of the 
(9-compound to actin is distinctly lower than 
that of the (R)-diastereomer. 

It could be that not only denaturation but 
also digestion of F-actin by subtilisin need mon- 
omers and filament terminals to start on. This 
was suggested by the finding of deVries and 
Wieland,386 who detected that phalloidin sup- 
presses the proteolysis of actin by subtilisin, 
probably by consolidation of the double helical 
structure. 

Recently, phalloidin has been used to prepare 
columns of Sepharose 4B with trapped actin fil- 
aments for the separation by affinity chroma- 
tography of myosin, heavy meromyosin, and 
heavy meromyosin subfragment 1 by Grand- 
mont-Leblanc, and Gruda.‘03 The columns sta- 
bilized with the toxin did not show any leakage 
of protein even after 2 weeks and remained ac- 
tive for months. 

b. Acceleration of Actin Polymerization 
Dancker et al.37s studying the polymerization 

process of actin by measuring the light scatter- 
ing, found that 1 equivalent of phalloidin in- 
creased the polymerization rate by a factor of 
7 (Figure 21). The polymerization was started 
by addition of Mg++ ions. Even in the presence 
of KI a t  a concentration as high as 0.5 M, a 

% octw 
denotured 

rat io toxin/octm o 0.5 I z 0 0.5 1 2 

FIGURE 20. Protection of rabbit muscle F-actin from 
heat denaturation by phalloidin as followed by light scat- 
tering. (From devries, J .  X.. Schafer, A. J . ,  Faulstich, H . .  
and Wieland, Th., Hoppe Seyfer’s 2. Physioi Chem., 357, 
1139, 1976. With permission.) 

”1 

2 r, 6 
t ( m i n )  

FIGURE 21. Rate of polymerisation of rabbit muscle G- 
actin (3 X 10‘5M) (a) without phalloidin, (b) with O. 1 equiv- 
alents (c) 0.2 equivalents (d) 1.0 equivalents, and (e) 1.7 
equivalents of the toxin. (From Dancker, P . ,  L6w. I . ,  Has- 
selbach, W., and Wieland, Th.. Biochim. Biophys. Acra. 
400.407. 1975. With permission.) 

slow phalloidin-induced polymerization oc- 
curred. The accelerated polymerization can be 
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related to the stabilizing capacity of phallotox- 
ins. It is reasonable to assume that the toxin 
binds not only to actin filaments but also to ol- 
igomers, which are the nuclei of the polymeri- 
zation reaction. According to the model of 
Wegner and Enge1,387 the nuclei are actin tri- 
mers. However, formation of trimers is limited 
by the rapid dissociation of dimers. Hence, the 
strong acceleration effect of phalloidin would 
consist of phallotoxins binding to the smallest 
kind of actin aggregates, the dimers. The stabi- 
lization of actin dimers could efficiently in- 
crease the number of the trimer nuclei and 
thereby the rate of p o l y m e r i ~ a t i o n . ~ ~ ~  

c. Mechanism of Interaction Between Actin and 
PhaUotoxins 

Direct evidence for the interaction of phallo- 
toxins with actin was obtained from difference 
UV (see Figure 22). The differ- 
ence spectrum shows two peaks at  305 and 295 
nm and a shoulder a t  287 nm. As for the ques- 
tion whether the chromophoric system of the 
tryptophan and tyrosine side chains of the pro- 
tein or  that of the tryptophylthioether moiety 
of the toxin are disturbed by this interaction, it 
is evident that at least the absorption band at 
305 nm must be attributed to the toxin. Appar- 
ently, the 300-nm absorption band of the toxin 
(Figure 6) is shifted 5 nm to longer wavelengths 
by interaction of the toxin chromophore with 
lipophilic regions of the protein. A difference 
spectrum was also obtained from the toxic (R)- 
sulfoxide of phalloidin (P21 [ R ] )  as a single 

peak at 300 nm. The long wavelength and the 
altered shape of this spectrum give further sup- 
port that it is the aromatic part of the toxins 
rather than those of the protein which predom- 
inately contributes t o  the difference 

Unexpectedly, the nontoxic (8- 
sulfoxide (P21 [A, Table 5 )  exhibited a similar 
difference spectrum. However, the affinity of 
the (8-sulfoxide is many times lower than that 
of the toxic sulfoxide as shown by a dilution 
series.385 Direct evidence for the low affinity of 
the (8-sulfoxide was given in an exchange ex- 
periment; addition of small amounts of phallo- 
idin to the complex of actin + (3-sulfoxide in- 
stantly turned the difference spectrum of the 
sulfoxide into that of phalloidin with the char- 
acteristic two peaks at 305 nm and 295 nm. In 
a corresponding experiment, the difference 
spectrum of actin + (R)-sulfoxide remained 
unchanged. 

Phallotoxins form 1 : 1 complexes with each 
protomer of polymeric actin. Evidence for this 
ratio first came from the viscosimetric studies 
where full protection of F-actin filaments 
against KI-induced depolymerization was 
achieved only by equimolar amounts of phal- 
l o t o x i n ~ . ~ ~ ~  Likewise, ATPase activity induced 
by sonic vibration was not completely inhibited 
at molar ratios of toxin per actin lower than 0.8 
to 1 .03's In difference spectrophotometry, the 
maximum optical density at 305 nm was almost 
attained with 1 mol toxin per mole of actin. Ad- 
dition of excess toxin, 2 to 6 mol/mol actin, in- 
creased optical density,,, only by 6% .388 Final 

A 0.D 

I 295 305 

.o 1 - 

0- 

I 1 I I 

* 280 300 320 3LO nm 
- .01 

260 

FIGURE 22. Difference ultraviolet spectrum of equimolar amounts (1 x 1O-'M) of rabbit muscle 
actin and phalloidin. (From Wieland. Th., deVries, J .  X., Schafer, A., and Faulstich, H.,  FEBS 
Lett., 54.73. 1975. With permission.) 
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proof for the 1:l complex of phallotoxins and 
actin was recently given by equilibrium dialysis 
experiments. ' 

Although maximal protection of actin fila- 
ments was achieved with equimolar amounts of 
toxin, the protective activity was in many cases 
higher than would be expected from the corre- 
sponding toxin concentration at molar ratios 
< 1. For example, ultrasonic ATPase was inhib- 
ited by 50% with only 0.15 to 0.25 equivalents 
of toxin (Figure 23).375.376 DNAase I activity, 
partially inhibited in the presence of G-actin, 
was totally restored when only 0.26 equivalents 
of toxin were added, based on the actin present 
in the In kinetic studies of actin 
polymerization, a 40% increase in the accelera- 
tion rate was achieved with only 0.1 equivalents 
of toxin. 

This cooperativeness in phalloidin action was 
quantitatively treated by Dancker et a1.375.376 us- 
ing binomial functions. They found that the 
dose-response curve of ATPase inhibition by 
phalloidin obeys the function A = 100 x (1 - 
P)3, where A is the 070 ATPase activity and P is 
the concentration of phalloidin. Hence, a single 
phalloidin molecule can extend its stabilizing 
effect over three actin protomers. We do  not 
know as yet whether the cooperative stabiliza- 
tion involves the two axial neighbors of a pro- 
tomer or one axial neighbor and one equatorial 
one as in the trimer nucleus of polymerization. 
Likewise, it remains open whether cooperativ- 
ity is exerted by an allosteric effect or, at least 
partially, by a bifunctional binding of the toxin 
between protomers. A bifunctional arrange- 
ment of the toxin complex is suggested by some 
structure-activity relations of phallotoxins. 

More detailed information on the complex of 
phallotoxins with muscle actin was obtained by 
the determination of the equilibrium dissocia- 
tion constants. 

By equilibrium dialysis, we determined a K D  

value of 3.6 x M, or lower for 3H-deme- 
t h y l p h a l l ~ i n . ~ ~ ~  At the same concentration, la- 
beled 4sCa++ or ["C] ADP, both of which are 
tightly bound components of the filaments, are 
half dissociated from the toxin-actin complex. 
Since Ca++ and ADP only dissociate from mon- 
omers and not from the polymers, Ca" and 
ADP can be used as markers for the presence 
of G-actin. In conclusion, the dissociation of 
the toxin from the polymers occurs concomi- 

lock 

I L 

0.2 0.4 0s 60 1:o 
Amount of added phalloidin(mol/mol actin) 

FIGURE 23. Inhibition by phalloidin of ATP splitting 
during sonic vibration of 3 x lO-'M rabbit muscle F-actin. 
(From Dancker, P . ,  Lijw, I . ,  Hasselbach, W., and Wie- 
land, Th.. Biochim. Biophys. Acta. 400, 407. 1975. With 
permission.) 

tantly with the depolymerization of the fila- 
mentous form at a protein concentration of 3.6 
x M. 

When the dissociation of 45Ca and ['*C] ADP 
was followed in the absence of the toxin, half 
dissociation was found at  M. This value is 
close to the critical concentration of actin under 
these conditions, i.e., the concentration of F- 
actin, where half of the protein is depolymer- 
ized to monomers or, in other terms, the con- 
centration of monomers which is in equilibrium 
with the filaments. 

According to this, phalloidin may be defined 
as a drug, which in equimolar concentration, 
decreases the critical concentration of actin 
from M to 3.6 x M, i.e., by a factor 
of 30. The presence of 2 equivalents of toxin by 
mass action decreases the concentration of ac- 
tin monomers by a factor of 100. 

Furthermore, the experimental arrangement 
of equilibrium dialysis allowed us to directly 
compare the affinities of various phallotoxins 
by measuring those concentrations of the toxins 
necessary to exchange 50% of bound 3H-deme- 
thylphalloin. For example, for the nontoxic (9- 
sulfoxide P21 (9, we determined that K, = I .2 
x which is more than 300 times higher than 
that for phalloidin; KO of the (R)-sulfoxide, 3.2 
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x M ,  is about 9 times higher than that of 
the mother compound, Ko = 3.6 x lo-* M.389 

In summary, we can assume that the phallo- 
toxin + actin complex, which stabilizes the po- 
lymeric form of the protein, can account for all 
the lesions observed in the liver cells. As for the 
molecular mechanism, we can consider two 
possibilities. First, that the binding of phallo- 
idin to actin filaments changes the affinity of 
the filaments for other cell components. This is 
not the case with the interaction of actin fila- 
ments with myosin since the ATPase activity of 
actomyosin was not influenced by the 
However, viscosimetric studies demonstrated 
that phalloidin-treated actin filaments no 
longer bind to troponin and tropomyo~in.”’~ 
Similarly, the interaction of actin filaments 
with actinin, being essential for the structure of 
microvilli in the plasma membrane could be im- 
paired by the toxin. Disturbed interactions as 
cited above could interfere with regulatory pro- 
cesses in the cell or with structural features of 
the plasma membrane. 

The second mechanism considered here is 
more conclusive than the first. It takes into ac- 
count that the low concentration of actin mon- 
omers in a poisoned cell might become crucial 
by seriously delaying the intracellular translo- 
cation of actin. We assume that a translocation 
of microfilaments in the cell occurs exclusively 
by the de novo formation of microfilaments, 
wherever needed, from a pool of monomers. If 
this assumption is correct, the velocity of the 
nucleation step of the new filament as well as 
that of the following propagation step depend 
on the concentration of monomers (c,). Follow- 
ing a recent suggestion by Wegner and Engel 
for muscle a ~ t i n , ~ * ~  the increase in filamentous 
actin was found to  be dc, = K . (k, c, - k,) . 
c,,, where k, = 5 X lo3 [MI sec-’1 and k, = 3 
x 10, sec-, (rate constants of polymerization 
and depolymerization, respectively). The for- 
mula indicates that the increase of filamentous 
actin is PU [c , ]~-~ .  Since the concentration of 
monomers under physiological conditions is 
lo-‘ M and since this concentration is decreased 
to 3.6 x M i n  the presence of 1 equivalent 
of toxin, the formation of new filamentous ma- 
terial at  places of actin function is decreased by 
a factor >30. This means that cellular processes 
which, for example, might require IS min for 
the synthesis of new microfilaments or fila- 

ments, will last 8 hr or longer in the presence 
of 1 equivalent of phalloidin. 

The equation further illustrates the toxicol- 
ogical significance of excess phalloidin. For ex- 
ample, in the presence of 2 equivalents of toxin, 
the formation of filaments would be decreased 
by a factor >lo0 and the process mentioned 
above would require 25 hr or longer. 

Further experiments are needed to elucidate 
whether proliferating or transformed cells can 
compensate for the lack of monomeric actin by 
de novo synthesis of this protein in a way simi- 
lar to that of hepatocytes poisoned with suble- 
thal doses of phalloidin. 

The actin concentration in liver cells as deter- 
mined by radioactively labeled toxin is 1 mg/g 
liver tissue. It corresponds well with the uptake 
of 20 pg of labeled phallotoxin per gram of liver 
tissue in a perfused rat liver, assuming a 1: l  
complex. Further support for this actin concen- 
tration was given by the in vivo uptake of phal- 
Iotoxin in the mouse which is 25 pg/g liver tis- 
sue, corresponding to about 50% of the LDso 
which is 2.5 mg/kg body weight. Since even a 
slight excess of the toxin in the liver cells can 
delay the mobility of actin with high efficiency, 
a steep dose-response curve of the in vivo tox- 
icity in the mouse would be expected, and in- 
deed, the LD,, for mice w;?s found to be only 3 
mg/kg, whereas LD5, = 2.5 mg/kg. 
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