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ABSTRACT The 12,13-epoxytrichothecenes, a group of
sesquiterpenoid fungal antibiotics, inhibit protein syn-
thesis in edkaryotic cells but do not share a common mode
of action. Trichodermin stahllizes polyribosomes, prevents
their dlsaggregatlon by puromycin, and also prevents the
release of nascent peptides from ribosomes by puromycin.
Nivalenol, T-2 toxin, and verrucarin A cause rapid and al-
most quantltatlve breakdown of polyrlbosomes in H-HeLa
cells, a process which is inhibited by anisomycin, cyclo-
hexlmlde, or trichodermin. Similar effects of trlchodermln,
nivalenel, and verrucarin A are, also observed in yeast
spheroplasts We' oonclqde that nlvalenol T-2 toxin, and
verrucarin A are potent and. hlghlx selective inhibitors of
polypeptide chain initiation in eukaryotes, whereas tri-
chodermin inhibits chain elongation and (or) termination.
Wé have compared the structural formulae of various tri-
chothecenes and suggest that the presence of substituents
on carbon-15 of the common trichothecene ring may be
important in determining the precise modes of action of
this group of compounds.

The 12 13~epoxytrlchothecenes comprise a group of closely-
related ‘sesquiterpenoid antibiotics (toxins) produced by
various fungal genera, namely Fusarium, Trichoderma, Myro-
thectum, and Cephalosporium. These compounds, which have
wide-ranging biological activity against eukaryotic cells, are
toxic to fungl, protozoa, insects, yeasts, plants, and animals
and to various mammalian cell lines in tissue culture (for a
comprehenslve review, see ref. 1). The verrucarins (see Fig. 1a)
are among the most potent cytotoxic substances known. The
primary anatomical lesions in animals treated with trichothe-
cenes include damage to the prgliferating cells of the intestinal
and gastric mucosa, bone marrow, and spleen. Frequently
there is a characteristic lag of several hours before the onset
of visible symptoms of toxicity. Cells in tissue culture develop
abnormal chromosomes in the presence of trichothecenes;
these antibiotics also disrupt the mitotic process.

Trichothecene-producing fungi are responsible for the
spoilage of cereal crops and various fruits and they are prob-
ably of great importance in mycotoxicosis, since there is
'clrcumstantxal evidence implicating trichothecenes in the
poisoning of animals [e.g., moldy corn toxicosis of cattle,
poultry, and pigs; fescue foot disease of cattle; alimentary
toxic aleukia of humans; and stachybotryotoxicosis of hu-
mans and cattle (2)]. ’

In mammalian cells in culture, trichothecenes first inhibit
protein synthesis and then DNA synthesis, whereas synthesis

Abbreviatiens: TMNa, buffer, 10 mm Tris, 15 mM MgCle, and
140 mM NaCl adjusted with HCI to pH 7.6 at 20°; Me,SO, di-
methylsulfoxide.
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of RNA is not severely affected (3—5). Similar effects were ob-
served in protozoan cultures (6). The general conclusion from
the work reported here, namely that the trichothecenes are
inhibitors of eukaryotic protein synthesis, was established
directly by Ueno and colleagues (7) who showed that niva-
lenol (Fig. 1d) inhibits protein synthesis tn vitro in a rabbit-
reticulocyte extract programmed with poly (U). Subsequently,
trichodermin was shown to inhibit 4n vitro polypeptide chain
termination with mammalian ribosomes (refs. 8-10, and W.
Tate and C. T. Caskey, personal communication). By con-
trast, fusarenone X (Fig. le) caused disaggregation of poly-
ribosomes in mouse fibroblasts (12), an effect which was in-
hibited by eycloheximide. Here, we describe the effects of a
number of trichothecenes, singly an in comhination with
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Fic. 1. The structure of various 12,13-epoxytrichothecenes.
(@) Verrucarin A. The verrucarins and roridins differ in the com-
position of R. (b) Trichodermin and T-2 toxin. For trichodermin
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HC (¢) Nivalenol and fusarenone X. For nivalenol R! =
NcH, :
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Fig. 2. Effects of trichothecenes on the synthesis of protein and RNA. Yeast spheroplasts (40-ml sample) prepared as described in
Materials and Methods were mixed with [3H]uridine (50 ug). Samples (0.5-ml) were removed into ice-cold 109, trichloroacetic acid (0.5 ml)
containing 0.25 mg/ml of uridine and 0.5 mg,/ml of leucine at the times indicated. After 14 min incubation, spheroplast samples were mixed
with various drugs (50 ug/ml) and further aliquots removed as illustrated. H-HeLa cells in 35 ml of medium AL (13) were mixed with
[14C]leucine (3 uCi) and aliquots (0.5 ml) removed into trichloroacetic acid after 0, 3, and 5 min of incubation. Samples of cells were then
mixed with various drugs (25 ug/ml) and further aliquots removed as illustrated. All aliquots were processed and counted as described in
Materials and Methods. (a) Uptake of leucine and (b) uptake of uridine by yeast spheroplasts; (¢) uptake of leucine by H-HeLa cells.
@, control; A, T-2 toxin added; O, trichodermin added; O, verrucarin A added; M, cycloheximide added. For both (b) and (c), results
with verrucarin A and trichodermin gave identical plots. (The numbers on the ordinates have been multiplied by 10~3)

other antibiotics, on protein synthesis in intact H-HeLa cells
and in yeast spheroplasts to characterize more precisely the
mechanism of their inhibitory activity.

MATERIALS AND METHODS

Growth of H-HeLa Cells. H-HeLa cells were grown in
Medium B containing 109, serum protein (12) at 37° with
orbital shaking in glassware treated with Siliclad (Clay-
Adams, Parsippany, N.J.). For experiments involving the
incorporation of radioactive leucine into nascent proteins,
cells were harvested at 10,000 X g for 5 min in a Sorvall
RC-2B centrifuge and resuspended in a similar medium AL
(13) lacking amino acids and serum. In such cases, experi-
ments were concluded within 45 min of the change of medium.
In all experiments, the H-HeLa cells used were growing ex-
ponentially at densities of 3.5 to 4 X 107 cells per ml.

Sampling of H-HeLa Cells and Preparation of Lysates.
Samples (5 ml or 10 ml, as specified in legends to tables and
figures) were pipetted into an equal volume of frozen, crushed
TMNa buffer (10 mM Tris, 15 mM MgCl, and 140 mM
NaCl adjusted with HCI to pH 7.6 at 20°) which was al-
lowed to thaw slowly at 0°. The cells were collected by cen-
trifugation at 10,000 X g for 5 min at 4° in a Sorvall centri-
fuge with a 55-34 rotor; pellets were resuspended in 0.3 ml
TMNa buffer and Nonidet P40 (Shell Chemical Co., New
York) detergent (0.5% v/v final concentration) was added.
Lysis occurred within 5 min at 0°. Pancreatic ribonuclease
(10 pg/ml, final concentration) was added to those lysates
derived from cell cultures incubated with [3H]leucine (see
legend to Fig. 6 and ref. 14).

Sucrose Density-Gradient Analysis. H-HeLa cell lysates
(0.3 ml) were layered onto 5 ml of 15-309, (w/v) sucrose
gradients made up in TMNa buffer. Centrifugation was at
4° at 35,000 rpm for 40 min (polyribosome experiments) or
45,000 rpm for 75 min (RNase-treated lysates) in the Spinco
ultracentrifuge with an SW50.1 rotor. Absorbance by com-
ponents in the gradients was measured at 254 nm in an Isco
model DUA-2 gradient analyzer pumping at 1 ml/min and
with a chart speed of 20 mm/min. For gradients containing
radioactively labeled nascent proteins, 50 fractions each of
0.1 ml were collected on Whatman 3 MM paper discs after

passage through the flow cell. These were washed twice in 5%,
(w/v) trichloroacetic acid, twice in ethanol:ether (50:50
v/v) and once in ether. Each wash was for 5 min. After the
discs were dried, the radioactivity they retained was esti-
mated by liquid scintillation using a toluene based fluor. To
analyze polyribosomes from spheroplasts of Saccharomyces
cerevistae before or after exposure to a specific drug, the
method of Cannon et al. (15) was employed. Syntheses of
both RNA and protein in spheroplasts were monitored in
a double-labeling experiment using [*H Juridine and [“C]-
leucine (15). Protein synthesis in H-HeLa cells in the absence
or presence of drug was studied by measuring uptake of [1C]-
leucine. Each sample was transferred directly into ice-cold
10% trichloroacetic acid and processed and counted as de-
scribed previously (15).

All toxins were dissolved in dimethylsulfoxide (Me.SO) so
that final concentrations of Me,SO in experimental reaction
mixtures were always less than 1% (v/v). In control experi-
ments, Me,SO did not contribute to any of the effects re-
ported here.

Anisomycin and cycloheximide were dissolved (5 mg/ml)
in water. Puromycin dihydrochloride was dissolved (10 mg/
ml) in TMNa buffer. [6,6-*H]Uridine (42.4 Ci/mmol) was
obtained from the New England Nuclear Corp., Boston,
Mass. L-[U-*C]Leucine (342 mCi/mmol) was obtained from
the Radiochemical Center, Amersham, as was L-[4,6-3H]
leucine (58 Ci/mmol). :

RESULTS

Each of the antibiotics used in this study is a potent inhibitor
of protein synthesis both in H-HeLa cells and in yeast sphero-
plasts (Fig. 2). Also, in agreement with others (3-6, 11) we
find that the trichothecenes do not primarily inhibit RNA
synthesis.

The effects of various trichothecenes upon polyribosome
profiles in intact H-HeLa cells and in yeast spheroplasts are
illustrated in Fig. 3a—f. In other experiments (data not given)
polyribosome profiles indistinguishable from controls (Fig.
3a) were obtained from H-HeLa cells following treatment
with anisomyein (200 ug/ml) or cycloheximide (200 ug/ml).
For treatment of yeast spheroplasts with cycloheximide, see
Fig. 4c. The trichothecenes caused rapid and virtually com-
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Fic. 3. Effects of trichothecenes on polyribosomes in vivo.
H-HeLa cells (10 ml) in medium B supplemented with serum pro-
tein were sampled and lysed as described in Materials and
Methods. Polyribosome profiles derived from H-HeLa cells incu-
bated in the absence of antibiotics [control(a)] and from H-HeLa
cells (except where indicated as yeast spheroplasts) incubated
with antibiotics: (b) nivalenol (15 ug/ml) for 1 min, (¢) T-2 toxin
(25 pug/ml) for 15 sec, (d) verrucarin A (25 ug/ml) for 1 min, (e)
verrucarin A (25 ug/ml) for 1 min (yeast spheroplasts), (f) tri-
chodermin (25 ug/ml) for 1 min, (¢) actinomycin D (10 ug/ml) for
7 min, and (k) actinomycin D (10 ug/ml) plus T-2 toxin (25
ug/ml) together for 1 min. [Experimental conditions for using
yeast spheroplasts (e) are described in Materials and Methods.]
In all cases, the position of the 80S ribosome peak is marked with
a vertical arrow and the left side of each tracing represents the
bottom of the gradient. The horizontal arrow under abscissa rep-
resents the diiection of sedimentation of polyribosomes.

plete breakdown of polyribosomes. The exception is trichoder-
min which did not alter the polyribosome profile. When
breakdown occurred, it was essentially complete within 60
sec and was much more rapid than that observed in the pres-
ence of actinomycin D (Fig. 3¢g). Also, when H-HeLa cells
were exposed to T-2 toxin and to actinomyecin D simul-
taneously, polyribosomes were degraded at the rapid rate
characteristic of the effects of T-2 toxin alone (Fig. 3k). In
yeast spheroplasts (data not shown), T-2 toxin induced only

Fic. 5. Effects of antibiotics on blocking the puromycin-
induced degradation of polyribosomes. The experiment was car-
ried out as described for Fig. 3. Prior to sampling, H-HeLa cells
were incubated with antibiotics: () anisomycin (250 ug/ml) for 1
min then puromyein (50 ug/ml) for 1 min, (b) cycloheximide (250
ug/ml for 1 min then puromyecin (50 ug/ml) for 1 min, and (c)
trichodermin (25 ug/ml) for 1 min then puromyecin (50 ug/ml)
for 1 min. Tredtment with puromycin alone (not shown) caused
disappearance of all polyribosomal material.

slow breakdown of polyribosomes (half-life of 10~15 min).
This relatively slow effect may result from impermeability
of the yeast cell to T-2 toxin; cell-free systems from yeast are
extremely sensitive to the toxin (D. Schindler, personal com-
munication). Over 509, of the polyribosomes disappeared
after treatment with nivalenol, T-2 toxin, or verrucarin A
(Fig. 3a—). This point is of considerable significance (see
below) as is the fact (data not given) that when trichothecene
concentrations were increased there was no qualitative or
quantitative change in polyribosome patterns (e.g., from 1
to 100 ug/ml in the case of T-2 toxin added to H-HeLa cells,
and from 25 to 100 ug/ml for verrucarin A acting on yeast
spheroplasts).

To discriminate between the various possible modes of
action of trichothecenes, we studied their effects, in combina-
tion with other antibiotics of known action, on polyribosome
profiles. As shown in Fig. 4a and b, pretreatment of H-HeLa
cells with anisomycin prevented breakdown of polyribosomes
when verrucarin A or T-2 toxin was added subsequently.
Similarly (Fig. 4c and d), pretreatment of yeast spheroplasts
with cycloheximide prevented the breakdown of polyribo-

(b) ANISOMYCIN + ﬂ

(o) ANISOMYCIN +
T-2 TOXIN

VERRUCARIN A

0.041 0.041 0.15

(c) CYCLOHE XIMIDE
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P

Fic. 4. Effects of other antibiotics on trichothecene-induced breakdown of polyribosomes #n vivo. The experiment was carried out as
described in the legend to Fig. 3. Prior to sampling, H-HeLa cells or yeast spheroplasts were incubated with antibiotics: (a) anisomycin
(250 pg/ml) for 3 min then verrucarin A (25 ug/ml) for 1 min (H-HeLa cells), (b) anisomyein (250 ug/ml) for 3 min then T-2 toxin (25
pg/ml) for 1 min (H-HeLa cells) (¢) cycloheximide (25 ug/ml) for 3 min (yeast spheroplasts) (d) cycloheximide (25 ug/ml) for 2 min then
verrucarin A (25 ug/ml) for 1 min (yeast spheroplasts), and (e) trichodermin (25 ug/ml for 3 min then T-2 toxin (25 ug/ml) for 1 min

(H-HeLa cells).
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TasLe 1. Effects of anisomycin, cycloheximide, and
trichodermin on the release of nascent peptides from
ribosomes of H-HeLa cells by puromycin in vivo

% Nascent
Treatment peptides on ribosomes

Anisomycin 100
Anisomycin then puromycin 97
Cycloheximide 100
Cycloheximide then puromycin 89
Trichodermin 100
Trichodermin then puromycin 97
Controls: No drug added 100

Puromycin alone 13

H-HeLa cells in medium AL(13) were incubated at 37° with
[3H]leucine to label nascent peptides (as in Fig. 6) before protein
synthesis was stopped by the addition of anisomycin (250 ug/ml,
final concentration), cycloheximide (250 ug/ml), or trichodermin
(25 ug/ml). Two minutes after adding the antibiotic, aliquots (5
ml) were removed and puromycin (50 ug/ml) was added to the
remaining cells. After 1-min incubation, further samples were
taken. All samples were lysed, treated with ribonuclease, and
analyzed as described for Fig. 6 and in Materials and Methods.
The progress of puromycin-induced peptide release was followed
by comparing the ratio of total *H in nascent peptides on ribo-
somes: total absorbance of ribosomal material in each sucrose
gradient. Values of this ratio obtained from control lysates in the
presence of a given drug (not treated with puromycin) were nor-
malized to 100%. The amount of ribosomal material present in a
given gradient was estimated from the area under the Ay nm

peak.

somes in the presence of verrucarin A. Both anisomycin and
cycloheximide are known inhibitors of peptide chain elonga-
tion (for a review, see ref. 16). Similar results were obtained
when nivalenol was added after pretreatment with anisomycin
(data not shown). In other experiments (Fig. 4e), trichodermin
resembled anisomycin in preventing disaggregation of poly-
ribosomes in the presence of other trichothecenes.

Finally, we examined the effects of puromycin in H-HeLa
cells treated with anisomyecin, cycloheximide, or trichodermin.
In this system, as in many others, puromycin causes extensive
degradation of polyribosomes as a consequence of stripping
nascent polypeptides from functional ribosomes (see ref. 16).
Anisomyecin, cycloheximide, and trichodermin each prevented
both breakdown of polyribosomes (Fig. 5a—) and release of
nascent peptides from ribosomes (Table 1) in the presence of
puromycin. In the experiments reported in Table 1, the ribo-
nuclease treatment degrades polyribosomes to 80S mono-
somes without displacing the nascent peptides and, by loca-
lizing the 80S monosomes in sucrose density gradients, facili-
tates the estimation of the amount of nascent peptide mate-
rial present per ribosome (see ref. 14). A typical sucrose
gradient profile of an extract of H-HeLa cells treated in this
way is shown in Fig. 6, and the data reported in Table 1 are
derived from a number of such experiments.

DISCUSSION

With the exception of trichodermin, all the trichothecenes
studied here resembled fusarenone X (11) in causing the dis-
aggregation of eukaryotic polyribosomes in vivo (Fig. 3a—f).
The extreme rapidity of this process (essentially complete
within 60 sec) compared with the much slower rate of dis-
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Fic. 6. Sucrose gradient analysis of a H-HeLa cell lysate
treated with ribonuclease. H-HeLa cells in medium AL(13) were
incubated with [*H]leucine (10 uCi/ml, final concentration) for 3
min before samples (5-ml) were removed and lysed as described
in Materials and Methods. Before centrifugation on sucrose density
gradients, lysates were treated with pancreatic ribonuclease (10
ug/ml) for 5 min at 0°.

aggregation observed in the presence of actinomycin D (Fig.
3g) convinces us that these effects cannot be attributed to
inhibition of mRNA synthesis by trichothecenes. This con-
clusion is in agreement with our precursor-incorporation
data (Fig. 2) and with the previous work of others (3-5, 11).
Since disaggregation of polyribosomes induced by tricho-
thecenes was inhibited by antibiotics such as cycloheximide or
anisomycin, which inhibit the elongation of nascent poly-
peptides (16), we conclude that this process involved ‘‘run-
off” of ribosomes from mRNA, i.e., the process involved
protein synthesis.

This interpretation apparently conflicts with results pre-
sented in a recent paper by Carrasco et al. (17). Here, the
authors claim that the trichothecenes (verrucarin A, tri-
chodermin, and fusarenone X) are potent inhibitors of peptide
bond formation, as assayed with human-tonsil ribosomes.
Although it is possible in principle to cause partial (up to 50%
maximum) degradation of polyribosomes with any inhibitor
of polypeptide chain elongation (for a discussion of this point,
see refs. 16 and 18) we do not believe that such considerations
apply here for three reasons. First, we observed more than
50% breakdown of polyribosomes in the presence of tricho-
thecenes (Fig. 3). Second, the amount of polyribosome run-off
did not decrease as the trichothecene concentration was in-
creased. Third, the rate of breakdown of polyribosomes in
the presence of trichothecenes was very much greater than
that induced by actinomyecin D; in general low concentrations
of inhibitors of polypeptide chain elongation cause break-
down to occur at a rate closely resembling that with actino-
mycin D (E. Cundliffe, unpublished data). Accordingly, we
conclude that those trichothecenes which cause breakdown
of polyribosomes do so by inhibiting polypeptide chain initia-
tion in a highly specific fashion.
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The results of Carrasco et al. (17) were obtained using cell-
free systems with isolated ribosome monomers. In the past,
similar systems have given ambiguous results as to the exact
modes of action of antibiotics in bacteria, e.g., lincomycin
and the streptogramins (16). Our results contrast with those
for pactamycin, which preferentially inhibits polypeptide
chain initiation only at carefully selected low concentrations
but which inhibits chain elongation at higher concentrations
(19).

Trichodermin apparently prevents polypeptide chain
elongation and, since this compound inhibits puromycin-in-
duced release of peptidyl tRNA (the puromycin reaction)
in vivo, it almost certainly inhibits either the peptidyl trans-
ferase reaction or the translocation process (for a discussion,
see refs. 14 and 16). Recent evidence favors inhibition of the
peptidyl transferase reaction (17). This difference in mode of
action between trichodermin and other trichothecenes studied
here is apparent from the data in Fig. 4f which showed that
polyribosome breakdown induced by T-2 toxin was inhibited
by trichodermin.

After examining the structural formulae of the various
toxins studied (Fig. la—c), we suggest that the nature of
substituents on carbon-15 may be particularly significant in
determining their precise modes of action. In trichodermin,
carbon-15 is part of an unsubstituted methyl group, whereas
the other trichothecenes used here have oxygen-containing
substituents on carbon-15. We suggest that the 12,13-epoxy-
trichothecenes probably bind to ribosomes, perhaps cova-
lently via opening of the epoxide ring, and that the presence
or absence of substitutents on C-15 (a prominent position
of the molecule as judged from space-filling models) determines
their precise modes of action. This line of reasoning leads us
to predict that compounds such as trichothecin and tricho-
thecolone (see Fig. 1¢) will resemble trichodermin in mode of
action whereas diacetoxyscirpenol (as trichodermin but R! =
OH, R? = 0-CO-CHj, see Fig. 1b) and HT-2 toxin (as T-2
toxin but R? = OH, see Fig. 1b) will be inhibitors of eukary-
otic polypeptide-chain initiation.

Recently, trichodermin has been shown to effect peptidyl
transferase activity and thus inhibit polypeptide chain termi-
nation (refs. 810, and W. Tate and C. T. Caskey, personal
communication). Although our results could support this
suggestion (see also ref. 17), it should be noted that peptidyl
transferase activity is an integral part of the termination
process and that specific inhibition of the termination event
might be a rare phenomenon. However, this could occur if a
drug were to interact directly with one or other of the peptide
release factors rather than with the ribosome itself. In any
event, the 12,13-epoxytrichothecenes are closely related
chemically and if they all bind to the same ribosomal site(s)
it will be interesting to discover how relatively minor modifica-
tions of the trichothecene molecule can perturb ribosomal
function in different ways.

Note added in proof. The importance of substitution on car-
bon-15 of the epoxytrichothecenes has been confirmed in
subsequent studies in which we have shown that diacetoxy-
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scirpenol and HT-2 toxin resemble T-2 toxin in inhibiting
polypeptide chain initiation, and trichothecin and tricho-
dermol resemble trichodermin in mode of inhibition of
eukaryotic protein synthesis. (Cannon, M., unpublished
observations, Schindler, D., Nature, in press). We wish to
thank Dr. Calvin McLaughlin for providing us with a pre-
print of work describing evidence that trichodermin blocks
the activity of peptidyl transferase required for normal termi-
nation of polypeptide chains in eukaryotic protein synthesis.
(Wei, C.-M, Hansen, B. S., Vaughan, M. H., Jr., and Mc-
Laughlin, C. 8., Proc. Nat. Acad. Sct, in press).

We are extremely grateful to Dr. Frank Strong for discussions
and for providing samples of many of the trichothecenes. Gen-
erous samples of trichodermin and verrucarin A were provided by
Drs. W. O. Godtfredsen and Ch. Tamm. Drs. R. R. Rueckert, T.
Matthews, and K. C. Medappa very kindly instructed us in the
techniques necessary for experimentation with mammalian cells
in culture. This work was supported by grants from the National
Institutes of Health (AI 10076), The Medical Research Council
of Great Britain, and Grant no. IN-35 from the American Cancer
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