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Abstract: Synthetic derivatives of phal-
loidin have been investigated in solution
by circular dichroism (CD) and NMR
spectroscopy. They differ from natural
phalloidin (PHD), bicyclo(Ala1-d-Thr2-
Cys3-cis-4-hydroxy-Pro4-Ala5-2-mercap-
to-Trp6-(OH)2Leu7)(S-3! 6), in that
they are modified at positions 2, 3, and
7. Among these synthetic analogues,
structural differences and varying de-
grees of atropisomerism are found. By
comparing the respective molecular
models obtained by restrained molecu-
lar dynamics (RMD) simulations based
on experimental NMR data, structural

features that may be responsible for the
different biological behavior become
apparent. Our results indicate that the
structural changes that result from an
inversion of chirality of residue 3 lead to
a complete loss of toxicity. Conversely,
toxicity is less affected by the structural
changes that stem from an inversion of
chirality of residue 2. Moreover, unlike

the other phallotoxins, when the thio-
ether unit bridges to the opposite face of
the main peptide ring, in contrast to the
situation in other phallotoxins, large
structural changes are observed as well
as a total loss of activity. Molecular
models of the synthetic phalloidin ana-
logues have been used to investigate the
necessary structural requirements for
the interaction with F-actin. To this
end, the F-actin/PHD model of M.
Lorenz et al. was employed; docking
experiments of our molecular models in
the PHD binding site are presented.
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Introduction

Amatoxins and phallotoxins are two families of toxic bicyclic
peptides isolated from the very dangerous mushroom Ama-
nita phalloides.[1]

Amatoxins, the slow acting Amanita toxins, are bicyclic
octapeptides; the strong 1:1 complexes that they form with
RNA Polymerase B blocks protein synthesis, especially in
liver and kidneys cells, leading to the fatal necrosis of these
organs. The amatoxins are only responsible for the death of
patients after ingestion.

Phallotoxins are bicyclic heptapeptides. The main common
feature is a transannular thioether bridge between the side
chains of their tryptophan and cysteine residues (Figure 1).
They are also characterized by the presence of some unusual
hydroxylated amino acids.

Figure 1. Chemical structure of phalloidin.
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The quick-acting phallotoxins lead to death in experimental
animals within 2 ± 5 hours after injection, but not after
ingestion. Phallotoxins, which are rapidly adsorbed by hepa-
tocytes in vivo as well as in vitro, cause a severe swelling of the
liver due to accumulation of blood and hemorrages.[2] The
molecular mechanism of action of phallotoxins stems from
their strong affinity towards F-actin.[3, 4] They prevent the
depolymerization of F-actin into G-actin, so that the physio-
logical equilibrium G-actin>F-actin is significantly shifted to
the right, depleting cells of G-actin to an intolerable extent.
Phallotoxins also stabilize the F-actin filaments against
chemical and physical influences.[5±7]

Due to their bicyclic nature, phallotoxins are fairly rigid
molecules, characterized by very specific spectroscopic prop-
erties that correspond directly to their toxicities. The 2-indolyl
thioether moiety, the dissymmetric chromophoric system
responsible for the UV spectrum with lmax� 292 nm and for
the characteristic strongly positive Cotton effects in the CD
spectrum at around 300 and 240 nm, is positively helical, as
demonstrated by the X-ray structure of a related peptide
model[8] and recently confirmed by an X-ray analysis of a
synthetic bioactive phallotoxin analogue.[9] Any variation
from the typical UV and CD spectra exhibited by bioactive
phallotoxins is always associated with a notable or even total
loss of toxicity.

The three-dimensional structure of phallotoxins has been
defined in solution by two-dimensional NMR spectroscopy
and molecular dynamics studies,[10±14] and recently in the solid
state, by X-ray analysis of a synthetic analogue.[9]

Retaining the necessary bicyclic structure, the influence of
the side chain on the affinity towards F-actin has been
analyzed by carrying out structure ± activity relationship
(SAR) studies on both semisynthetic and totally synthetic
analogues.[15±18] These studies have shown that the Cys3, 4-cis-
hydroxy-Pro4 (Hyp4), Ala5, and Trp6 residues are essential for
toxicity. Only a minor contribution is made by the Ala1 side
chain, which can be varied or even omitted without any
significant consequences. The side chain of the residue in the
7-position, a differently hydroxylated leucine in the natural
toxins, is the least important for binding to F-actin and can be
suitably modified to give biochemically fluorescent analogues
useful as sensitive tools for visualizing F-actin in biological
tissue.[19, 20] On the other hand, the side chain of the residue in
the 2-position, a d-Thr or a b-hydroxy-Asp in the natural
products, is essential for actin binding. A d-configuration and
a length of at least two carbon atoms for the side chain of this
residue are necessary for toxicity;[21, 22] however, the presence
of hydroxyl or carboxylic groups has hitherto been considered
as unnecessary.

A detailed review of the structure ± activity relationships
(SAR) of the numerous phallotoxin analogues prepared to
date reveals that structural modifications, even those con-
cerning the less sensitive positions, invariably lead to some
degree of loss of the affinity towards F-actin.

We report herein on a research project based on the total
synthesis of new analogues of the natural phalloidin (PHD),
bicyclo(Ala1-d-Thr2-Cys3-cis-4-hydroxy-Pro4-Ala5-2-mercap-
to-Trp6-(OH)2Leu7)(S-3! 6), a representative phallotoxin
(Figure 1), in order to accurately investigate the structural

and conformational features known to affect the SAR for this
important class of natural biopeptides. Leaving the essential
bicyclic structure and the necessary side chains unchanged, we
turned our attention to the absolute configuration of the
residues in positions 2 and 3, to that of the more versatile side
chain of residue 7, and to the not yet fully elucidated role of
the side chain of the residue in the 2-position. The new
analogues and their affinities towards F-actin are listed in
Table 1. Bioactivity was measured as the ability of the
analogues to displace [3H]demethylphalloidin from its bound
complex with F-actin. Among this series, only those analogues
showing a pronounced difference in their affinities towards
F-actin with respect to natural phalloidin (specifically 1 h,
corresponding to [d-Cys3,Ala7]-phalloidin, and 1 f and 1' f,
corresponding to the two atropisomers of [Thr2,Ala7]-phallo-
idin) were selected for conformational analysis in solution.

Results

Synthesis : The new phalloidin analogues were synthesized by
using the Savige ± Fontana reaction to establish the 2-thio-
indolyl ether bond through reaction of l-3a-hydroxy-
1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole-2-carboxylic acid
(Hpi)[23] with thiol groups under acidic conditions.[24, 25] This
strategy has previously been used to good effect in the total
synthesis of analogues of both amatoxins[26, 27] and phallotox-
ins.[22] The requisite Hpi heptapeptide precursors for cycliza-
tion (3 a ± 3 h), bearing acid-labile protecting groups, were
synthesized by the classical solution method. As depicted in
Scheme 1, on treatment with trifluoroacetic acid (TFA), the
protecting groups were cleaved and the thiol reacted intra-
molecularly with Hpi, to form the monocyclic thioethers (2 a ±
2 h). The subsequent final cyclization reactions afforded the
bicyclic analogues (1 a ± 1 j). Only the general procedure for
achieving the cyclization reactions is described. Detailed data
on the products and their synthesis (Scheme 1) are reported in
Tables 2 and 3, respectively.

CD analysis : In general, the thioether bridge constitutes the
dissymmetric chromophoric system responsible for the char-
acteristic strongly positive Cotton effects around 300 nm and
240 nm in the CD spectra of phallotoxins.[1]

Table 1. Phalloidin analogues discussed in this paper and their affinity to
F-actin.

Residue 7 Residue 2 Residue 3 Affinity to F-actin
(times less than
phalloidin)

1a Ser (Bol) d-Abu l-Cys 10
1b Ala d-Abu l-Cys 10
1c Abu d-Abu l-Cys 10
1d Leu d-Abu l-Cys 5.5
1e[a] Ala d-Thr l-Cys 6.2
1 f[b] Ala l-Thr l-Cys > 100
1' f[b] Ala l-Thr l-Cys < 100
1g Leu d-Thr l-Cys 1.5
1h Ala d-Thr d-Cys > 100
1 i Ser d-Abu l-Cys 10
1j Ser (caprylyl ester) d-Abu l-Cys 10

[a] See ref. [9]. [b] Compounds 1 f and 1' f are atropisomers.
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Scheme 1. Synthesis of phalloidin analogues. X and Y correspond to
residues 7 and 2, respectively, see Table 1.

The CD spectrum of analogue 1 h (Figure 2) shows a
positive Cotton effect, specifically, a positive maximum at
around 250 nm and two positive maxima at around 292 and
300 nm. This Cotton effect indicates that the value of the
indolyl thioether angle is positive (P helical).[8] Analogously,
the CD spectrum of analogue 1' f (Figure 2) also shows a
positive Cotton effect and P helipticity.

In contrast, the CD spectrum of analogue 1 f (Figure 2) is
the mirror image of that of the natural phalloidin. Thus, it has
negative minima at around 250, 292, and 300 nm. This Cotton
effect indicates that the indolyl thioether angle is negative (M
helical).[8]

Figure 2. CD spectra of natural phalloidin (PHD) and of the analogues 1h,
1 f, and 1' f in CH3OH.

NMR spectroscopic analysis : For each peptide, proton
resonances were assigned with the aid of TOCSY,[28] DQF-
COSY,[29, 30] ROESY,[31, 32] and NOESY[33, 34] spectra, while
aliphatic and aromatic carbon resonances were assigned by
means of HMQC experiments.[35, 36]

All proton spin systems were assigned by following the
standard procedure proposed by Wüthrich.[37] Proton chem-
ical shifts of analogues 1 h, 1 f, and 1' f are reported in Table 4.
Prochiral protons were stereospecifically assigned on the basis
of the intra-residue NOE effects, such as Hb$NH or Hb$
Ha, and the 3J(Ha,Hb) coupling constants obtained from either
one-dimensional or DQF-COSY spectra.

The protonated carbons were identified in the HMQC
spectrum from the chemical shifts of the directly bound
protons. Carbon chemical shifts are available as Supporting
Information.

The 3J(NH,Ha) coupling constants and the experimental F

values derived from the Karplus-type equation of Bystrov[38]

are given in Table 5.
Also included in the same table are the temperature

dependences of the amide proton signals, as obtained from
one-dimensional spectra recorded between 298 and 310 K.
Relatively small temperature coefficients can be noted for the
Ala1 NH (ÿ2.3 ppb Kÿ1) and d-Thr2 NH (ÿ2.0 ppb Kÿ1) of
analogue 1 h, for the Ala5 NH (ÿ1.1 ppb Kÿ1) of analogue 1 f,
and for the Trp6 NH (ÿ1.5 ppb Kÿ1), Ala1 NH (ÿ2.3 ppb Kÿ1),
and Ala5 NH (ÿ2.3 ppb Kÿ1) of analogue 1' f. These data
indicate that these protons are likely to be involved in
hydrogen bonding.

Structure refinement by molecular dynamics calculations :
The conformational analysis of the three phalloidin analogues

Table 2. Conditions for converting Boc-Hpi-heptapeptides (3a ± 3 h) into
monocyclic thioethers (2a ± 2h).

Weight of Dissolved Yield [g] Yield [%] Rf
[a]

starting linear in TFA [mL]
heptapeptides [g]

2a 0.850 300 0.420 73 0.45
2b 1.300 400 0.500 60 0.50
2c 0.650 250 0.240 60 0.50
2d 0.700 250 0.130 30 0.45
2e 1.200 450 0.410 22 0.45
2 f 0.900 500 0.240 40 0.45
2g 0.560 250 0.310 76 0.50
2h 0.800 300 0.250 20 0.45

[a] Rf in n-butanol/acetic acid/water (4:1:1).

Table 3. Conditions for converting monocyclic thioether peptides (2 a ± 2h) into bicyclic thioether peptides (phalloidin analogues 1a ± 1h)

Weight of Dissolved HBPyU DIEA Yield Yield Rf
[a] FAB MS

secopeptides [g] in DMF [mL] [g] [g] [mg] [%] [MÿH]�

1a 0.420 500 0.220 0.193 38 11 0.50 805
1b 0.570 450 0.215 0.190 20 5.7 0.35 699
1c 0.193 230 0.112 0.100 35 19 0.40 713
1d 0.120 120 0.075 0.060 38 32 0.75 741
1e[b] 0.410 480 0.240 0.280 48 12 0.30 715
1 f 0.230 300 0.175 0.150 40[c] 16 0.30 715
1g 0.280 300 0.200 0.180 32 12 0.40 757
1h 0.250 300 0.180 0.155 25 11 0.30 715

[a] Rf in chloroform/methanol/water (65:25:4). [b] See ref. [9]. [c] Composed of two atropisomers (1 f, 1' f) in an 80:20 ratio.
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is based on the 3J(H,H) coupling constants, the temperature
dependence of the NH proton signals, and, in particular, on
the ROE effects.

Inter-proton distances computed from cross-relaxation rate
values evaluated from the ROESY spectra (sR) were used in
energy minimization (EM) and restrained molecular dynam-
ics (RMD) simulations, these being more reliable for a
correlation time (tc) in the nanosecond range.[39] Inter-proton
distances are available as Supporting Information.

Bicyclic analogues show different atropisomerism accord-
ing to whether the thioether bridge is up (U) or down (D)
when the peptide chain is followed in a clockwise manner. The
thioether bridge in the X-ray structure of analogue 1 e, the
only solid-state structure of a phallotoxin so far available and
chosen as a starting model for structure calculations, is of the
U-type.[9] Consequently, this orientation was initially assumed
in the starting model for the three analogues. For analogues
1 h and 1' f, a very good agreement between the experimental
data and the conformational parameters of the molecular
model was observed for the U-type structures. In contrast, for
analogue 1 f, agreement with the experimental data was only
obtained starting from a D-type model.

Molecular model of 1 h : The molecular model of peptide 1 h,
averaged over the last 50 ps of vacuum RMD calculations, is
shown in Figure 3. This model has a U-type structure and a
positive value for the indolyl thioether angle (56.38) according
to CD data. Moreover, the model has all peptide bonds other
than the Cys3ÿHyp4 bond in a trans configuration.

Figure 3. Stereo drawing of the average molecular model of 1h. The
intramolecular H-bonds are indicated as dashed lines.

The backbone dihedral angles (Table 6) are in good agree-
ment with the experimental F values reported in Table 5. The
occurrence of a type I b-turn in the Trp6-Ala7-Ala1-d-Thr2

segment would seem to be indicated by dihedral angles in
accord with those regularly found in such turns.[40] The
experimental NHÿNH distances between Ala1 and d-Thr2

(2.8 �) and Ala1 and Ala7 (3.1 �) are also consistent with
the presence of a type I b-turn. Moreover, the turn appears to
be stabilized by a hydrogen bond between the Trp6 CO and
the d-Thr2 NH, thereby accounting for the small Dd/DT value
of the d-Thr2 NH proton signal (Table 5).

As can be seen in Figure 3, the Ala5 methyl group lies in the
anisotropy area of the Trp6 indole system, a result which is in
agreement with the high-field shift of the Ala5 methyl
resonance (Table 4).

Molecular model of 1 f : The molecular model of analogue 1 f
(Figure 4) shows a D-type structure and a negative value of
the indolyl thioether angle (ÿ74.28), in agreement with CD
data. Again, this model has all peptide bonds other than the
Cys3ÿHyp4 bond in a trans configuration. A type VIa b-turn in
the Thr2-Cys3-Hyp4-Ala5 segment can be assumed from
dihedral angles in accordance with those regularly found in

Table 4. Proton chemical shifts (d) of the phalloidin analogues 1 h, 1 f, and 1' f in
[D6]DMSO at 298 K.

Peptide Residue NH Ha Hb Hg others

1h Ala1 7.61 4.44 1.15
d-Thr2 7.33 4.38 4.01 1.02
d-Cys3 8.43 4.78 2.98 proÿS

3.45 proÿR

Hyp4 4.44 2.00; 2.16 4.10 Hd 3.10; 3.48
Ala5 8.08 3.90 0.74
Trp6 7.69 5.34 3.20 proÿS H'4 7.71; H'5 6.90; H'6 7.05;

3.34 proÿR H'7 7.20; NHind 11.11
Ala7 8.06 3.98 1.30

1 f Ala1 8.67 4.36 1.24
Thr2 6.90 4.26 3.61 1.09
Cys3 9.35 3.28 2.79;3.58
Hyp4 3.22 1.75;2.03 4.11 OgH 4.73; Hd 3.34
Ala5 7.94 4.26 1.11
Trp6 5.90 4.17 3.03;3.26 H'4 7.71; H'5 6.90; H'6 7.05;

H'7 7.20; NHind 11.11
Ala7 8.15 4.05 1.29

1'f Ala1 7.70 4.39 1.42
Thr2 8.05 3.78 4.25 1.12
Cys3 8.01 4.93 3.38;3.67
Hyp4 4.17 1.86;2.37 4.42 OgH 5.68; Hd 3.68; 3.93
Ala5 7.99 3.83 0.74
Trp6 7.34 4.73 3.42 H'4 7.62; H'5 7.03; H'6 7.19;

H'7 7.31; NHind 11.28
Ala7 8.18 3.94 1.43

Table 5. Summary of various parameters for amino acid residues of the
phalloidin analogues 1 h, 1 f, and 1' f : 3J(NH,Ha) in [D6]DMSO at 298 K; F

angles calculated using the Karplus equation; temperature dependence of
the NH chemical shifts in ÿDd/DT.

Peptide Residue 3J(HN,Ha)
[Hz]

FKarplus [8] ÿDd/DT
[ppb Kÿ1]

1h Ala1 8.5 ÿ 140, ÿ100 2.3
d-Thr2 8.0 150, 90 2.0
d-Cys3 10.0 120 3.2
Ala5 7.0 ÿ 160, ÿ80, 60 4.2
Trp6 9.7 ÿ 120 3.2
Ala7 5.0 ÿ 165, ÿ60, 20, 100 5.

1f Ala1 9.6 ÿ 120 2.3
Thr2 7.1 ÿ 160, ÿ80 ÿ 3.2
Cys3 2.0 ÿ 30, ÿ10, 130, 150 3.2
Ala5 9.8 ÿ 120 1.1
Trp6 7.5 ÿ 150, ÿ70 ÿ 1.3
Ala7 6.7 ÿ 160, ÿ80, 50, 70 4.1

1'f Ala1 7.6 ÿ 150, ÿ90 2.3
Thr2 6.8 ÿ 160, ÿ80 3.5
Cys3 8.8 ÿ 140, 100 2.6
Ala5 6.2 ÿ 160, ÿ70, 40, 80 2.3
Trp6 9.0 ÿ 130, ÿ110 1.5
Ala7 6.2 ÿ 160, ÿ70, 40, 80 3.5
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Figure 4. Stereo drawing of the average molecular model of 1 f. The
intramolecular H-bonds are indicated as dashed lines.

such turns.[40] The turn is stabilized by a hydrogen bond
between the Thr2 CO and the Ala5 NH, as indicated by the
small Dd/DT value of the Ala5 NH proton signal (Table 5).

As can be seen in Figure 4, the Trp indole ring is oriented
towards the Hyp4 and Trp6 residues, thereby accounting for
the high-field shifts of the Hyp4 Ha and Trp6 NH resonances
(Table 4).

Molecular model of 1' f : The molecular model of 1' f, averaged
over the last 50 ps of RMD calculations, is shown in Figure 5.

Figure 5. Stereo drawing of the average molecular model of 1' f. The
intramolecular H-bonds are indicated as dashed lines.

This model shows a U-type structure and a positive value for
the indolyl thioether angle (131.88), in agreement with CD
data. All peptide bonds are in a trans configuration. Consid-
ering the backbone dihedral angles (Table 6), which are in
good agreement with the experimental F values (Table 5), the
occurrence of a type I b-turn in the Cys3-Hyp4-Ala5-Trp6

segment can be inferred.[40] The experimental NHÿNH
distances between Ala5 and Trp6 (2.6 �) and Ala5 and Hyp4

Ha (3.3 �) are also consistent with the presence of a type I b-
turn. The turn is stabilized by a hydrogen bond between the
Cys3 CO and the Trp6 NH, as is also suggested by the small Dd/
DT value of the Trp6 NH proton signal (Table 5). As can be
seen in Figure 5, the Trp indole ring is oriented towards the
Hyp4-Ala5 segment, thereby accounting for the high-field shift
of the Ala5 methyl resonance (Table 4).

Discussion

Phalloidin is the main representative member of phallotoxins,
a family of toxic bicyclic heptapeptides produced by the
poisonous mushroom Amanita Phalloides. The mechanism of
their toxic effect involves specific binding of the toxin to
F-actin in liver cells.

In this study, a comparative conformational analysis of
phalloidin synthetic derivatives modified at positions 2, 3, and
7 has been carried out by NMR and RMD methods with a
view to elucidating the structural role and the mutual
influence of these residues in the interaction with F-actin.

As reported previously, a d-configuration and a side chain
composed of at least two carbon atoms for residue 2 are
prerequisites for phallotoxin binding to F-actin. The b-
hydroxyl or carboxyl groups present on the side chain of
residue 2 of natural phallotoxins have hitherto been consid-
ered as nonessential for toxicity and have been omitted in
synthetic analogues, in which the native d-Thr2 and d-b-
hydroxy-Asp2 residues have often been replaced by the less
expensive and synthetically simpler d-Abu.[19, 20] However,
our results indicate that the d-Thr2 analogues are about two to
three times more active than their d-Abu2 counterparts (1 e vs
1 b and 1 g vs 1 d ; see Table 1). Our findings also establish the
role of the hydroxyl group, which is capable of hydrogen-bond
formation and thus promotes a further stabilization of the
binding to F-actin.

The role of the side chain of residue 7 has been examined,
focusing on some hitherto uninvestigated structural proper-
ties, such as its length, lipophilic character, the presence of
heteroatoms, and branching. To this end, a series of d-Abu2

analogues was prepared that contain the following residues in
the 7-position: l-Ala, l-Abu, l-Leu, and l-Ser (analogues 1 b,
1 c, 1 d, and 1 i, respectively). The benzyl ether and caprylyl
ester of 1 i (analogues 1 a and 1 j, respectively) were also
prepared and tested. All of these analogues, with the
exception of 1 d, were found to exhibit the same reduced
affinity to F-actin, amounting to about one-tenth of that of
phalloidin itself, thus confirming the high flexibility of this
side chain. Only [d-Abu2,Leu7]-phalloidin (1 d) was found to
exhibit a twofold higher affinity towards F-actin. A branched
side chain seems the sole requisite of the residue in the

Table 6. Backbone angles [8] averaged during the last 50 ps of RMD
calculations of 1h, 1 f, and 1' f molecular models.

Peptide Residue F Y w

1h Ala1 ÿ 115.9 52.9 164.1
d-Thr2 81.9 ÿ 159.9 ÿ 177.5
d-Cys3 118.7 4.51 164.0
Hyp4 ÿ 92.8 6.48 2.99
Ala5 ÿ 129.7 18.6 ÿ 168.3
Trp6 ÿ 119.4 ÿ 177.8 ÿ 168.0
Ala7 ÿ 58.6 ÿ 32.1 ÿ 174.0

1f Ala1 ÿ 175.2 50.1 146.2
Thr2 ÿ 165.0 56.7 ÿ 179.1
Cys3 ÿ 50.1 123.9 178.2
Hyp4 ÿ 66.2 ÿ 14.0 17.4
Ala5 ÿ 92.8 88.0 169.7
Trp6 ÿ 78.6 15.5 ÿ 154.5
Ala7 ÿ 65.2 ÿ 33.4 166.8

1'f Ala1 ÿ 140.9 ÿ 106.1 178.2
Thr2 ÿ 71.6 ÿ 26.7 ÿ 174.1
Cys3 ÿ 119.5 124.0 175.3
Hyp4 ÿ 53.6 ÿ 26.0 ÿ 172.7
Ala5 ÿ 66.6 ÿ 18.0 163.8
Trp6 ÿ 120.2 21.1 ÿ 171.4
Ala7 63.0 7.16 179.2
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7-position for it to positively influence the toxicity of
phallotoxins. Almost complete recovery of the affinity of
PHD towards F-actin is realized by combining the positive
effects of the d-Thr2 and Leu7 residues present in the synthetic
[d-Thr2,Leu7]-phalloidin (1 g). Specifically, 40 % and 60 % of
the recovered bioactivity can be assigned to the b-hydroxyl
group on the side chain of d-Thr2 and to the branched side
chain of Leu7, respectively.

The replacement of d-Thr2 in the [Ala7]-phalloidin (1 e)[9]

by an l-Thr2 residue (analogues 1 f and 1' f) causes a
pronounced loss of toxicity (Table 1). Analogues 1 f and 1' f
correspond to two atropisomers obtained by two subsequent
cyclization reactions of the appropriate linear heptapeptide
precursor. They differ from each other in the helipticity of the
chromophoric 2-indolyl-thioether moiety.

The most abundant isomer [Thr2,Ala7]-phalloidin (1 f), for
which the CD spectrum is the mirror-image of that of
phalloidin, is M helical. Its three-dimensional structure,
established by means of two-dimensional NMR and computa-
tional methods, exhibits significant backbone changes (Fig-
ure 4) compared to the bioactive molecular shape of phallo-
peptides. The molecular model of 1 f is substantially different
from all the others since it has a D-type structure. Moreover,
1 f does not show any affinity towards F-actin. Thus, we
conclude that the ring closure is likely to be very important in
determining the interaction with F-actin.

The less abundant isomer [Thr2,Ala7]-phalloidin (1' f) is
characterized by a CD spectrum similar to that of phalloidin
and, therefore, has the same P helipticity. The conformational
NMR and RMD analyses confirmed the close analogy of its
backbone structure with that of toxic phallopeptides, reveal-
ing a U-type structure with a very rigid region (3 ± 6 residues)
containing the sulfide bridge, and a more flexible part (2 ± 7
residues).

The synthetic [d-Cys3,Ala7]-phalloidin (1 h), in which the
absolute configuration of residue 3 has been changed, proved
to be totally inactive. The CD spectrum of this analogue shows
some similarities but also marked differences when compared
to those of the bioactive phallopeptides. The three-dimen-
sional structure of this molecule, as determined by two-
dimensional NMR and RMD analyses, shows significant
structural modifications of the backbone, mainly due to
isomerism about the Cys3ÿHyp4 peptide bond (trans in natural
PHD[11] and in the active analogues 1 e[9] and 1' f ; cis in 1 h) and
the different position of a type I b-turn (residues 3 ± 6 in
PHD,[11] 1 e,[9] and 1' f ; residues 6 ± 2 in 1 h). Therefore, the
inversion of chirality of residue 3 leads to significant structural
changes of the backbone with a concomitant loss of activity.

Structural requirements in the interaction with F-actin : In
order to elucidate the interactions of our active analogues
with F-actin, we attempted some docking experiments in the
phalloidin binding site of the F-actin model proposed by
Lorenz et al. in 1993[41] by combining the atomic structure of
G-actin[42] and the X-ray fiber diffraction data.[43] The protein
data bank (pdb) coordinates of the F-actin model were kindly
provided by Michael Lorenz of the Max-Planck Institute,
Heidelberg. Attempts at docking were successful with the
molecular models of 1 e[9] and 1' f since these have a close

structural resemblance to the molecular model of natural
phalloidin.[11]

Average molecular models of 1 e and 1' f were introduced by
superposition on the PHD structure present in the original
F-actin model of Lorenz and co-workers, which was rotated by
� 1808 about an axis roughly parallel to the filament axis.
Indeed, this was shown to be the preferred orientation for
PHD within the F-actin binding site by Steinmetz et al. in
1998[44] on the basis of scanning transmission electron micros-
copy (STEM) and of a three-dimensional helical reconstruc-
tion. In this orientation, phalloidin is capable of binding two
or three monomers of the actin helix simultaneously, subject
to structural and biochemical constraints.[44]

The three monomers of the actin helix with the molecular
model of 1 e (in a red ball-and-stick representation), replacing
PHD in its binding site, are shown in Figure 6. F-actin residues
likely to be involved in interactions with our compound are

Figure 6. Ribbon representation of PHD/F-actin trimer (data from M.
Lorenz et al. , 1993)[41] with the molecular model of 1 e (red ball-and-stick)
in the PHD binding site. Actin residues likely to interact with the toxin are
also displayed in a red ball-and-stick representation.

also displayed in a red ball-and-stick representation. As can
be seen from an expansion of the PHD binding site (Fig-
ure 7a), Tyr279 of F-actin monomer 3 (purple) may establish
stacking contacts with Trp6 of 1 e, whilst hydrogen bonds may
be formed between Hyp4 and Thr77, Glu72, Asp179, and Arg177

of monomer 2 (blue) or between d-Thr2 and Ser199 of
monomer 1 (green). Significantly, the mutation of Asp179

and Arg177 into alanine prevents the binding of PHD to
actin,[45] pointing to the crucial role of Hyp4 in the toxin
function.

A further trial was carried out by docking the molecular
model of 1' f within the phalloidin binding site. The molecular
models of 1 e[9] and 1' f show a close similarity (backbone
rmsd� 0.64 �). They both have a U-type structure, with a
positive value of the thioether angle and a trans Cys3ÿHyp4

peptide bond. The main differences stem from the different
orientation of the residue 2 side chain owing to the opposite
chirality of this residue in the two analogues (d-Thr in 1 e ; l-
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Figure 7. Molecular models of a) 1 e (colored ball-and-stick) and b) 1' f
(colored ball-and-stick) within the PHD/F-actin binding site. PHD was
rotated by �1808, in contrast to the original Holmes ± Lorenz model,[41] as
proposed by Steinmetz et al.[44] Actin residues likely to interact with the
toxin are labeled and displayed in red ball-and-stick representation.

Thr in 1' f). On these grounds, it is not surprising that the same
interactions between the molecular model of 1' f and F-actin
are discernible, with the sole exception of those involving the
l-Thr2 side chain. In fact, as shown in Figure 7b, the l-Thr2

OgH (in pink) points away from Ser199 of monomer 1 (in
green) and, consequently, hydrogen bonds between the toxin
and the F-actin monomer 1 are no longer present. Since 1' f
retains some residual affinity towards F-actin, the wrong
orientation of the side chain of l-Thr2 can be regarded as
being solely responsible for the large, albeit incomplete, loss
of toxicity.

These results cast new light on the interaction mechanism
between phallotoxins and F-actin. Although still tentative,
this model of interaction may prove to be of considerable help
in the rational design of new synthetic peptides of biological
and pharmaceutical interest.

Experimental Section

Synthesis : The purities of all the synthesized peptides were checked by
thin-layer chromatography (TLC) on precoated silica G-60 plates (Merck

60 F254). Solvent mixtures are indicated in the respective sections. Spots
were visualized by means of the ninhydrin reaction, iodine vapor staining,
or the color reaction with cinnamaldehyde/HCl gas. The kieselguhr used
for preparative separations was from Merck. UV spectra were recorded on
a Shimadzu UV-2101 PC spectrophotometer. All peptides gave satisfactory
amino acid analyses.

Monocyclic thioether peptides 2 a ± 2h : A solution of the appropriate tert-
butyloxycarbonyl (Boc) Hpi-heptapeptide 3 a ± 3h (0.56 ± 1.2 g) in TFA
(250 ± 750 mL) was kept at room temperature for 3 h and then concen-
trated. The residue was thoroughly washed with diethyl ether, dissolved in a
little aqueous ammonia (2m), and purified by chromatography on a 2.5�
250 cm column of Sephadex LH 20 eluting with a solution of NH4OH
(2 mL) in water (1 L). The fractions that eluted after 0.7 ± 1 L eluent had
been passed, with a total volume of about 200 mL, were checked by TLC
(pale blue with cinnamaldehyde/HCl) and showed the correct UV and CD
spectra. The combined fractions were concentrated and the residue was
freeze dried. The cyclization conditions, the yields of the cyclization
products, and the Rf values of 2 a ± 2 h are given in Table 2.

Bicyclic thioether peptides 1a ± 1 h : A solution of 2 a ± 2h (0.5 mmol) in
dimethylformamide (DMF; 500 mL) was mixed at room temperature with
O-[benzotriazol-1-yl-N,N,N1,N1-bis(tetramethylene)uronium hexafluoro-
phosphate] (HBPyU; 0.226 g, 0.525 mmol) and N-ethyldiisopropylamine
(DIEA; 0.195 g, 1.5 mmol). After stirring overnight at room temperature,
the solvent was evaporated in a strong vacuum and the residue was purified
by chromatography on a 2.5� 250 cm column of Sephadex LH 20 eluting
with methanol. The fractions containing the expected bicyclic peptides
were freed of methanol in vacuo, and the residue was further purified by
semipreparative high-pressure liquid chromatography (HPLC) with a
water/acetonitrile gradient. The cyclization of monocyclic 2 f gave the two
atropisomers 1 f and 1' f in a ratio of 80:20. A dark blue was seen with
cinnamaldehyde/HCl. All the bicyclic products, other than 1 f and 1h, gave
a CD spectrum corresponding to that of bioactive phallopeptides, showing
positive Cotton effects at around 240 nm and 300 nm. The cyclization
conditions, yields of the cyclization products, Rf values, and molecular
masses of 1 a ± 1h are summarized in Table 3.

Bicyclic peptides 1 i, 1 j : A solution of peptide 1a (30 mg, 0.036 mmol) in
methanol (10 mL) was hydrogenated at room temperature in the presence
of 10% Pd/charcoal catalyst (10 mg). After 24 h, the catalyst was filtered
off, the filtrate was concentrated, and the residue was purified by
chromatography on a 1.5� 30 cm silica gel column with chloroform/
methanol (87:13) as the eluent. Work-up of fractions 25 ± 35 (10 mL)
afforded 1 i (20 mg, 75% yield); Rf� 0.25 (chloroform/methanol, 9:1); FAB
MS: m/z� 715 [MÿH]� .

Dicyclohexylcarbodiimide (DCCI; 5.1 mg, 0.026 mmol), dimethylamino-
pyridine (DMAP; 3.6 mg, 0.03 mmol), and caprylic acid (3.6 mg,
0.026 mmol) were added to a solution of 1 i (18.5 mg, 0.026 mmol) in
CH2Cl2 (3 mL) at 0 8C under stirring. After stirring for 3 days at room
temperature, the reaction mixture was concentrated to dryness in vacuo,
and the residue was washed repeatedly with diethyl ether and purified by
chromatography on a 1.5� 50 cm silica gel column with chloroform/
methanol (87:13) as the eluent. Work-up of fractions 10 ± 12 (10 mL) gave
1j (5 mg, 23% yield); Rf� 0.45 (chloroform/methanol, 9:1); FAB MS:
m/z� 841 [MÿH]� .

CD measurements : CD spectra were recorded with samples in CH3OH at
room temperature by using a Jasco J-715 dichrograph equipped with a Jasco
Dp-501 N data processor. Cylindrical fused-quartz cells of pathlength 1 cm
were employed. Peptide concentrations were of the order of 10ÿ5m. The
molar ellipticities of the peptides in solution ([q]m in deg cm2 dmolÿ1) were
measured in the wavelength (l) range 240 ± 320 nm.

NMR measurements : Sample solutions of peptides 1h, 1 f, and 1' f were
prepared by dissolving each peptide (2.5 mg) in [D6]DMSO (0.75 mL;
Euriso Top, 100 % isotopic purity).
1H NMR spectra were recorded on a Varian Unity 400 instrument
operating at 400 MHz, located at the ªCentro di Studio di Biocristallografia
del C.N.R.º, University of Naples ªFederico IIº. 13C NMR spectra were
acquired on a Bruker DRX instrument operating at a frequency of
100.6 MHz, located at the ªCentro Interdipartimentale di Metodologie
Chimico-Fisicheº, University of Naples ªFederico IIº. The spectra were
acquired at 298 K. They were calibrated with respect to [D6]DMSO (1H:
d� 2.50; 13C: d� 39.5) as an internal standard. One-dimensional NMR
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spectra were recorded with 16 k data points, 32 scans, and a spectral width
of 5000 Hz. Two-dimensional NMR experiments, such as DQF-COSY,
TOCSY, NOESY, and ROESY were generally recorded with 2048 data
points (4096 for DQF-COSY) in t2 and 256 data points in t1, by the phase-
sensitive States ± Haberkorn method. FIDs were multiplied by square-
shifted sinebell weighting functions in both dimensions and data points
were zero-filled to 1024 in t1 prior to Fourier transformation. 3J(NH,Ha)
coupling constants were taken from the 1H NMR spectra and from DQF-
COSY spectra in cases of overlapped resonances. The temperature
dependences of the amide proton signals were obtained from 1H spectra
recorded in the range 298 ± 310 K.

HMQC spectra were acquired with a GARP decoupling during acquisition,
2048 data points in t2 and 256 increments in t1 (zero-filled to 512 prior to
Fourier transform), a relaxation delay of 3 s, and 128 scans per spectrum.

Two series of NOESY and ROESY spectra were acquired with mixing
times of 50, 100, 200, 300, 400 ms and 60, 100, 160, 220 ms, respectively, for
each peptide. Off-resonance effects, associated with the low-power
spinlock field in the ROESY experiments, were compensated by means
of two p/2 hard pulses before and after the spinlock period.[46] NOE and
ROE intensities were evaluated by integration of cross-peak volumes using
the appropriate Varian software.

The transformed two-dimensional spectra were baseline-corrected, and
then cross- and diagonal-peak volumes were measured. The cross-peak
volumes were normalized with respect to the diagonal peaks. A correction
was made for the frequency offset effect in the rotating frame.[46] The
normalized volumes (Ai) give a linear build-up for short mixing time values
up to 0.3 s. The cross-relaxation rates sij were calculated from the slopes of
the build-up curves. The same procedure was used for both the NOESYand
ROESY spectra.

Two separate lists of interproton distances from cross-relaxation rate values
evaluated from NOESY (sN) and ROESY (sR) spectra were generated by
considering the following relationship: rij� rst(sst/sij)1/6.[37] As a reference,
the Hyp4-Hbb' peak was chosen, with the reference rst interproton distance
of 1.78 � for analogue 1 h and the cross-peak between the Trp6 indole NH
proton and the H'7 proton for analogues 1 f and 1' f, with the reference rst

interproton distance of 2.82 �.

Structure calculations : Molecular dynamics simulations were performed on
a Silicon Graphics INDIGO2 workstation. The INSIGHT/DISCOVER
(Biosym Technologies, San Diego, CA, U.S.A.) program with the Con-
sistent Valence Force Field (CVFF)[47] was employed for energy minimi-
zations (EM) and molecular dynamics (MD). The X-ray structure of
analogue 1 e[9] was taken as the starting model and residues were
appropriately changed on the basis of different amino acid sequences.
For each peptide, the initial structure was relaxed over 500 steps of
restrained conjugate gradient EM,[48, 49] imposing ROE data as restraints on
interproton distances. Interproton distances evaluated from ROE effects
were introduced as restraints with a 10% tolerance during the simula-
tions.[50] Pseudoatoms were used instead of those protons that could not be
stereospecifically assigned.[51]

The restrained molecular dynamics (RMD) simulations were performed in
vacuo at 300 K with 0.5 fs time steps. The motion equation algorithm was of
the leapfrog type.[52] The RMD simulations were carried out for 50 ps in the
equilibration phase and for 160 ps without velocity rescaling; the temper-
ature was kept constant at 300 K. Data recorded during the last 50 ps of the
simulation were used for the statistical analyses.
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