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Abstract: Phallotoxins are toxic com-
pounds produced by poisonous mush-
room Amanita phalloides and belong to
the class of bicyclic peptides with a
transannular thioether bridge. Their in-
toxication mechanism in the liver in-
volves a specific binding of the toxins to
F-actin that, consequently, prevents the
depolymerization equilibrium with
G-actin. Even though the conformation-
al features of phallotoxins have been
worked out in solution, the exact mech-
anism of interaction with F-actin is still

unknown. In this study a toxic phalloidin
synthetic derivative, bicyclo(Ala1-d-
Thr2-Cys3-cis-4-hydroxy-Pro4-Ala5-2-
mercapto-Trp6-Ala7)(S-3! 6) has been
synthesized. A substitution at position 7,
with an Ala residue replaces the 4,5-
dihydroxy-Leu present in the natural
phalloidin. This analogue has formed

crystals suitable for X-ray analysis, and
represents the first case for such a class
of compounds. The solid-state structure
as well as the solution conformation
have been evaluated. NMR techniques
have been used to extract interproton
distances as restraints in subsequent
molecular dynamics calculations. Final-
ly, a direct comparison between struc-
tures in solution and in the solid state is
presented.
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Introduction

Amanita phalloides and Amanita verna are mushrooms with
lethal toxicity. They contain the following three main families
of toxic cyclopeptides namely amatoxins, virotoxins, and
phallotoxins.[1] Phallotoxins are bicyclic heptapeptides, char-

acterized by a thioether bridge between cysteine and trypto-
phan side chains and by the presence of uncommon hydroxy-
lated amino acids. Phalloidin, the main component of
phallotoxins, was obtained as a pure crystalline product by
Lynen and Wieland.[2] The other components of the phallo-
toxin family were later isolated and characterized.[3±5] The
general formula and the chemical structure of naturally
occurring phallotoxins are reported in Figure 1 and Table 1,

Figure 1. General formula of phallotoxins. The different substituents are
listed in Table 1.

respectively. Phallotoxins are quick acting poisons, since they
cause death in the treated animals 2 ± 5 hours after intra-
peritoneal injection. Nevertheless, phallotoxins do not seem
to play any role in the lethal mushroom poisoning of humans,
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since these compounds are not absorbed in the gastrointes-
tinal tract.

The toxic effect of phallotoxins is closely related to their
capacity to bind strongly F-actin.[6, 7] Actin, a class of
important ubiquitous proteins of about 43 kDa, exist in an
equilibrium of a monomeric form, G-actin, and a polymeric
one, called F-actin. Phallotoxins accelerate the polymeriza-
tion process with an about 30-fold F-actin increment in the
equilibrium G-actin>F-actin. By conjugation with phallo-
toxins, F-actin filaments are highly stabilized against chemical
and physical depolymerization agents[8, 9] and resistant to heat
denaturation and proteolytic degradation.[10]

Conformational studies carried out on natural phallotoxins
and on active and inactive analogues can afford useful
information on the still unknown molecular mechanism of
the binding to F-actin. The conformation of phallotoxins has
been studied only by NMR techniques[11±15] because so far no
crystal structure of phallotoxins has been obtained. Indeed,
phalloidin and its derivatives crystallize in very thin, asbestos-
like fibers, not suitable for X-ray analysis.

In this paper we report on the crystal and molecular
structure of bicyclo(Ala1-d-Thr2-Cys3-cis-4-hydroxy-Pro4-
Ala5-2-mercapto-Trp6-Ala7)(S-3! 6), namely [Ala7]-phalloi-
din. This toxic synthetic derivative is modified at position 7,
where the l-Ala7 replaces the 4,5-dihydroxy-l-Leu7 residue
present in the natural phalloidin. [Ala7]-phalloidin is about six
times less active than phalloidin in the F-actin binding. The
bioactivity was measured as the ability of the analogue to
displace [3H]-dimethylphalloidin from its binding complex
with F-actin. The solution structure of the analogue obtained
by two-dimensional NMR spectroscopy in [D6]dimethyl
sulfoxide (DMSO) and molecular dynamics calculations are
also described. Solid-state and solution structures will be
shown to be almost identical.

Results and Discussion

Synthesis : The synthesis of [Ala7]-phalloidin has been carried
out by the classical method in solution by adopting the
Savige ± Fontana approach to establish the cross-link thioeth-
er bridge. This method is based on the use of the oxidation
derivative of tryptophan-l-3a-hydroxy-1,2,3,3a,8,8a-hexahy-
dropyrrolo[2,3-b]indole-2-carboxylic acid (Hpi).[16] Under
acidic conditions, this compound forms a 2-thioindolyl ether
bond with thiol groups.[17, 18] This method has already been

applied to the synthesis of amatoxin and phallotoxin ana-
logues.[19±21]

The linear heptapetide precursor is equipped solely with
acid-labile protecting groups. The N- and C-terminal Hpi and
alanine residues are protected with the tert-butyloxycarbonyl
(Boc) groups and as tert-butylester (OtBu), respectively, while
the triphenylmethyl (Trt) and tert-butyl ether (tBu) groups
have been chosen to protect the side chains of the cysteine and
threonine residues. On treatment with trifluoroacetic acid
(TFA) all of the groups mentioned above are split off with the
simultaneous formation of the sulfur bridge to give the
monocyclic thioether peptide, which thereafter can be cy-
clized to the final phalloidin analogue. Detailed synthesis
information is available as Supporting Information.

The CD spectrum of [Ala7]-phalloidin corresponds to that
of phalloidin with positive Cotton effects around 240 and
300 nm.[22]

The mass spectrum measurement (FAB) of [MÿH]� shows
a mass of 715 a.m.u. as expected.

X-ray analysis : The molecular model of [Ala7]-phalloidin, as
derived from the solid-state analysis, is shown in Figure 2. All
amino acid residues are in the l-configuration, with the

Figure 2. Stereodrawing of the molecular model of [Ala7]-phalloidin as
obtained from X-ray analysis as viewed almost along the a axis (top) and
almost along the b axis (bottom). The intramolecular hydrogen bonds are
indicated as dashed lines.

exception of the d-Thr2. The geometrical parameters for all
residues are close to the expected values.[23, 24] The molecule
presents all peptide bonds in a trans-configuration, with
values ranging between 168 ± 1808 and with an average value
of 1718. The large macrocyclic heptapeptide ring of 21 atoms
is ªbentº at the bridging points. The bridging segment of five
atoms (containing the indole ring and the thioether group)
participates in two rings, a 15-membered ring (ring 1) and an
18-membered ring (ring 2). Ring 1 contains the backbone of
residues 4 and 5, while ring 2 contains the backbone of the
residues 1, 2, and 7. The planes of the two rings form dihedral
angles of about 90.0(5)8. The indole ring lies approximately in
the plane of ring 1, containing the cis-4-hydroxy-4-proline

Table 1. Naturally occurring phallotoxins.

Compound R1 R2 R3 R4 R5 R6

phalloin CH3 CH3 OH OH CH3 CH3

phalloidin CH3 CH3 OH OH CH2OH CH3

phallisin CH3 CH3 OH OH CH2OH CH2OH
prophalloin CH3 CH3 OH H CH3 CH3

phallacin CH(CH3)2 OH COOH OH CH3 CH3

phallacidin CH(CH3)2 OH COOH OH CH2OH CH3

phallisacin CH(CH3)2 OH COOH OH CH2OH CH2OH
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(Hyp4)-Ala5 residues and giving rise to an overall distorted
ªTº shape of the molecule.

All potential donor groups NH and OH are involved in
hydrogen bonds except the Cys3-NH. Details on intra- and
intermolecular hydrogen bonds of the [Ala7]-phalloidin
crystal structure are listed in Table 2. The backbone con-
formation of [Ala7]-phalloidin is stabilized in the solid state by
the following hydrogen bonds:
i) an intramolecular 4! 1 hydrogen bond, between the Trp6-

NH and the Cys3-CO, with a type I b-turn formation;
ii) an intramolecular 5! 1 hydrogen bond between the Ala7-

NH and the Cys3-CO, with the formation of a a-turn of
type Ia;[25]

iii) an intramolecular 3! 1 hydrogen bond, between the Ala1-
NH and the Trp6-CO, with an equatorial g-turn formation;

iv) an intramolecular 3! 1 hydrogen bond, between the d-
Thr2-NH and the Ala7-CO, leading to an axial g-turn;

v) an intramolecular hydrogen bond between the Ala5-NH
and the Hyp4-Og

4.
In Table 3 the solid state torsion angles for [Ala7]-phalloidin

are summarized. All values for the f and y angles fall within
the allowed regions of the Ramachandran map.

The d-Thr2 side chain has c1,1 and c1,2 values close to 608 (g�

conformation) andÿ608 (gÿ conformation), respectively. This
corresponds to one of the stable conformations for this
residue in a d-configuration.[24]

The Hyp4 residue, characterized by positive c1 and c3 values
and negative c2 and c4 values, adopts a Csg-endo-type
conformation.[26]

The indole ring of the Trp6 presents structural parameters
similar to those found in nonbridging indole structures and in

the isolated amino acid.[27, 28] The Trp6 side chain has c1, c2,1,
and c2,2 values of ÿ38.88, 120.18 and ÿ56.18, respectively. This
conformation is slightly different from the more common
observation of ÿ608 and 908 in proteins and 608 and 908 in
small molecules.[28] This deviation from the minimum energy
conformations is very likely owing to the bridging effect. By
analogy, the Cys3 side chain (the other side of the bridge) is
forced into the uncommon conformational c1 angle of 28.68.[29]

The molecules in the solid state are held together by a
network of hydrogen bonds, as described in Table 2. All
distances of the type N-H ´ ´ ´ O and O-H ´ ´ ´ O are within
expected values.[30] In the crystal the molecules are held
together by Og

2-H ´ ´ ´ Og
4 and Ne

6 ± H ´ ´ ´ O2 intermolecular
hyrogen bonds, with the formation of rows of symmetry
related molecules aligned along the a direction. These rows
are linked together along the c direction by one intermolec-
ular hydrogen bond between the Hyp4-Og

4-H and the Ala5-
CO. The structure is further stabilized by van der Waals
contacts.

Detailed structural parameters are available as Supporting
Information.

NMR analysis : Proton resonances were assigned with the aid
of TOCSY,[31] DQF-COSY,[32, 33] ROESY[34, 35] and NO-
ESY[36, 37] spectra, and aliphatic and aromatic carbon reso-
nances by HMQC experiments.[38±40]

All proton spin systems were identified in the TOCSY
spectrum at a mixing time of 70 ms. d-Thr2 and Hyp4 residues
were easily identified from their coupling patterns. The
sequential assignment of the Cys3 and Trp6 AMX systems
and of the three alanine spin systems was achieved by
exploitation of the interresidue Ha(i)$NH(i� 1), NH(i)$
NH (i�1) NOE effects and Ha(i)$Hd(i�1) NOE in the case
of Cys3ÿHyp4.[41] Table 4 shows the complete assignment of
the proton resonances. Prochiral protons were stereospecifi-
cally assigned from the intraresidue NOE effects such as
Hb$NH or Hb$Ha and the 3J(Ha,Hb) coupling constants,
obtained from either 1H 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 conformational analysis of [Ala7]-phalloidin is based
on the 3J(H,H) coupling constants, the temperature depend-
ence of the NH protons and ROE effects. Most 3J(NH,Ha)
couplings were taken directly from the 1H NMR spectrum.
Cys3 and Ala5 3J(NH,Ha) were measured from the DQF-
COSY spectrum since both NH resonances overlap with the

Table 2. Intra- and intermolecular hydrogen bonds of [Ala7]-phalloidin
crystal structure.

Donor Ac- Distance [�] Angle [8]
ceptor H ´ ´ ´ O D ´ ´ ´ A D-H ´ ´ ´ A N ´ ´ ´ O�C'

Intramolecular
N1 O6 2.03 2.831(4) 154.9 89.1(2)
N2 O7 2.23 2.970(4) 144.7 93.1(2)
N5 Og

4 2.48 3.074(4) 126.1 99.4(2)
N6 O3 2.24 3.020(4) 150.3 121.5(2)
N7 O3 2.39 2.907(4) 119.4 176.3(2)

Donor Ac- Distance [�] Angle [8] Symmetry
ceptor H ´ ´ ´ O D ´ ´ ´ A D-H ´ ´ ´ A N ´ ´ ´ O�C' operation

Intermolecular
Og

2 Og
4 2.34 2.725(4) 109.3 124.8(2) ÿ 1�2�x, 1�2ÿ y, 1ÿ z

Og
4 O5 1.86 2.661(3) 164.6 145.5(2) 1ÿ x, 1�2�y, 1�2ÿ z

Ne
6 O2 2.08 2.915(4) 164.8 108.5(2) 1�2�x, 1�2ÿ y, 1ÿ z

Table 3. Torsion angles in degrees of [Ala7]-phalloidin as obtained from X-ray analysis.[a]

Residue f y w c 1 c 1,1 c 1,2 c 2 c 2,1 c 2,2 c 3 c 4

Ala1 ÿ 86.5(4) 75.5(4) 168.6(3)
d-Thr2 121.3(3) ÿ 7.4(4) ÿ 170.5(3) 61.6(4) ÿ 60.7(4)
Cys3 ÿ 169.5(3) 152.7(3) ÿ 171.0(3) 28.6(4)
Hyp4 ÿ 64.2(4) ÿ 35.6(4) ÿ 179.5(3) 19.4(4) ÿ 35.0(4) 36.4(4) ÿ 25.8(4)
Ala5 ÿ 72.4(4) ÿ 19.9(5) ÿ 168.3(3)
Trp6 ÿ 111.3(4) ÿ 13.8(4) ÿ 168.0(3) ÿ 38.8(4) 120.1(4) ÿ 56.1(4)
Ala7 71.2(4) ÿ 59.5(4) ÿ 173.1(3)

[a] Ca
3 -Cb

3-Sg
3-Cd2

6 : 112.3(3); Cd1
6 -Cg

6-Cd2
6 -Sg2

3 : ÿ 169.8(3); Cb
6-Cg

6-Cd2
6 -Sg

3 : 13.3(5); Cb
3-Sg

3-Cd2
6 -Cg2

6 : ÿ 120.3(3); Cb
3-Sg

3-Cd2
6 -Ne

6 : 71.0(3).
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Trp6ÿH'7 signal. The other 3J coupling constants were also
measured from the DQF-COSY spectrum and are collected in
Table 5.

The temperature dependence of the NH and OgH protons
(for d-Thr2 and Hyp4) were obtained from 1H NMR spectra
recorded between 298 and 310 K (Table 6). Owing to overlap

of the Cys3-NH and Ala5-NH resonances, relative temper-
ature coefficients were estimated from TOCSY spectra in the
same temperature range. As shown in Table 6, relatively small
temperature coefficients can be noted for Cys3-NH
(ÿ0.93 ppb Kÿ1) and Trp6-NH (ÿ3.4 ppb Kÿ1) and also for d-
Thr2ÿOgH (ÿ2.5 ppb Kÿ1). These data indicate that these
protons can be involved in hydrogen bonding.

Structure refinement by molecular dynamic calculations :
Interproton distances computed by cross-relaxation rate
values evaluated from ROESY spectra (sR) were used in
energy minimization (EM)
and molecular dynamic (MD)
simulations, as they are more
reliable for a correlation time
(tc) in the nanosecond
range.[42] Interproton distances
are available as Supporting
Information.

The molecular model aver-
aged over the last 50 ps of
restrained vacuum MD calcu-
lations, namely A7PHV, is
shown in Figure 3.

Figure 3. A stereoview of the backbone superposition of the average
molecular models: A7PHV (black line) and A7PHW (grey line).

The experimental NMR data are well represented in the
calculations. The backbone dihedral angles, averaged over the
last 50 ps of the restrained MD calculations (Table 7) are in
good agreement with the experimental f values, derived from
the Karplus-type equation of Bystrov[43] (data available as
Supporting Information). It should be noted that the occur-
rence of a type I b-turn in the Cys3-Hyp4-Ala5-Trp6 segment is
indicated by the dihedral angles (f Hyp4�ÿ45.9, y Hyp4�
ÿ33.4, f Ala5�ÿ71.0, y Ala5�ÿ24.6) which are in accord
with those regularly found in such turns.[44] The experimental
distances Ala5NHÿTrp6NH (2.4 �) and Ala5NHÿHyp4Ha

(3.2 �) are, also, in good agreement with the type I b-turn
hypothesis. The turn also appears to be stabilized by a
hydrogen bond between the Cys3CO and the Trp6NH, and
explains the small Dd/DT value of the Trp6NH proton
(Table 6).

ROE distance restraints correlate globally with the ex-
ception of the Ala7NHÿTrp6Ha distance (3.2 � instead of the
experimental 2.5 �). All other calculated distances are
strikingly similar within the limits of the estimated deviations.

As seen from 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).

In order to check the stability of this structure, the average
model A7PHV has been minimized using EM with the
conjugate gradients algorithm and then it has been incorpo-
rated in a box of 300 water molecules. A MD calculation in
water was then performed at 300 K for 110 ps. The trajectory
from 60 ps to 110 ps has been used for statistical analysis.

The molecular model averaged over the last 50 ps of
unrestrained MD calculations in water, namely A7PHW,
shown in Figure 3, is very close to A7PHV calculated with
restrained MD in vacuo. The root-mean-square-deviation

Table 4. 1H NMR shifts of [Ala7]-phalloidin in [D6]DMSO at 298 K.

Xxx NH Ha Hb Hg others

Ala1 7.32 4.47 1.21
d-Thr2 8.50 3.96 4.24 1.06 OH 4.77
Cys3 7.69 4.73 3.51pro-R

3.22pro-S

Hyp4 4.14 2.29 4.33 OHg 5.47
1.18 Hd 3.51, 3.76

Ala5 7.70 3.90 0.79
Trp6 7.26 4.81 3.11pro-R H'4 7.70, H'5 6.98, H'6 7.10

3.32pro-S H'7 7.23, NHind 11.20
Ala7 8.48 3.87 1.15

Table 5. Vicinal coupling constants [Hz] of [Ala7]-phalloidin.

3J [Hz] Ala1 d-Thr2 Cys3 Hyp4 Ala5 Trp6 Ala7

NH,Ha 7.1 7.6 7.5 7.3 9.7 5.1
Ha,Hbpro-R 6.5 2.9 6.0 5.8[a] 7.3 6.0 6.5
Ha,Hbpro-S 7.2 8.4[a] 11.0

[a] Stereospecific assignment is ambiguous.

Table 6. Temperature dependence of the NH chemical shifts Dd/DT
[ppb Kÿ1] of [Ala7]-phalloidin in [D6]DMSO.

Ala1 d-Thr2 Cys3 Ala5 Trp6 Ala7

ÿDd/DT 4.0 6.6 0.93 3.7 3.4 6.2

Table 7. Backbone angles [8] averaged during the last 50 ps MD calculations (A7PHV� average structure from
rMD in vacuum, A7PHW average structure from MD in water). The values in parentheses are the RMSD in
degrees.

Residue A7PHV A7PHW
f y w f y w

Ala1 ÿ 118.0 61.8 169.6 ÿ 119.6 (�23.3) 130.1 (�17.7) 164.0 (�40.5)
d-Thr2 97.8 ÿ 34.9 ÿ 170.6 102.7 (�16.6) ÿ 86.8 (�11.1) ÿ 167.0 (�19.8)
Cys3 ÿ 95.9 127.2 175.3 ÿ 70.7 (�11.2) 135.1 (�13.6) 166.3 (�30.6)
Hyp4 ÿ 45.9 ÿ 33.4 ÿ 169.3 ÿ 50.4 (�9.7) ÿ 40.9 (�12.4) ÿ 169.4 (�36.2)
Ala5 ÿ 71.0 ÿ 24.6 169.6 ÿ 80.4 (�22.9) ÿ 7.1 (�34.3) 170.9 (�3.8)
Trp6 ÿ 100.5 ÿ 22.4 ÿ 166.6 ÿ 106.7 (�16.6) ÿ 84.4 (�34.2) ÿ 169.8 (�9.3)
Ala7 65.0 2.9 ÿ 165.1 ÿ 135.3 (�60.6) ÿ 70.5 (�17.3) 167.6 (�5.0)
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(RMSD) between the A7PHW and A7PHV models is 0.68 �
for the backbone, including the oxygens and the thioether
bridge.

In both A7PHW and A7PHV molecular models a type I b-
turn occurs in the Cys3-Hyp4-Ala5-Trp6 segment as indicated
from the f- and y-dihedral angles (Table 7). This region, with
the sulfide bridge essential for the toxicity of the molecule,
appears very rigid throughout the MD simulation, whilst
larger flexibility is observed in the other part of the molecule
(Ala7 to d-Thr2) known to be nonessential for toxicity.

Altogether these results demonstrate that the average
structure calculated in vacuo with NMR restraints remains
essentially constant even when water molecules are added
into the calculations.

Comparison of solid state (X-ray)/solution (NMR) structures :
The RMSD between the rMD average structure (A7PHV)
and the X-ray structure for the backbone is 0.72 �, inclusive
of the oxygens and the thioether bridge (Figure 4). This shows

Figure 4. A stereoview of the backbone superposition of the [Ala7]-
phalloidin solid state structure (grey line) with the A7PHV rMD average
molecular model (black line).

that the solution structure is quite close to that observed in the
crystal state. A type I b-turn between the Cys3-CO and the
Trp6-NH in the 15-membered ring 1 is present in both
structures. The main difference is in the 18-membered ring 2
where the two consecutive g-turns observed in the solid-state
structure are not found in solution. This is very likely owing to
the larger flexibility of the wider ring 2. In all cases the indole
moiety points toward the Hyp4ÿAla5 segment.

The superposition of [Ala7]-phalloidin and phalloidin[13]

rMD average molecular models (Figure 5) underlines sim-
ilarities and differences between the two structures. The

Figure 5. A stereoview of the backbone superposition of average molec-
ular models: [Ala7]-phalloidin (A7PHV, black line) and phalloidin[13] (grey
line).

RMSD is 0.41 � for the backbone atoms. In particular both
structures present the same orientation of the indole ring and
the occurrence of a type I b-turn between the Trp6-HN and
the Cys3-CO. On the contrary the conformations of the Trp6-
Xxx7 residues (Xxx�Leu in phalloidin and Ala in [Ala7]-
phalloidin) are substantially different.

Conclusion

In this study [Ala7]-phalloidin, a toxic phalloidin synthetic
derivative, has been investigated in the solid state by X-ray
diffraction and in solution by NMR and MD methods.

The X-ray structure (at atomic resolution) represents as yet
the first phallotoxin structure reported in the literature. First
of all, the atropoisomerism of [Ala7]-phalloidin can be
unequivocally determined from the solid-state structure. By
examination of the peptide chain clockwise, the sulfide bridge
is above the main peptide ring.

The comparison of the solid state with the solution
structures shows many similarities mainly in the Cys3-Hyp4-
Ala5-Trp6 segment, where a type I b-turn occurs. In the X-ray
structure, however, the Cys3-Hyp4-Ala5-Trp6 b-turn is also
included in a a-turn (Cys3ÿAla7), and, two consecutive g-turns
around the Ala7 and the Ala1 residues are observed. These
structural motifs are not present in solution.

The Trp6 indole ring orientation in the thioether bridge is
the same in both solid state and solution structures, and points
towards the Hyp4ÿAla5 segment.

These findings indicate the relevance of the environment in
the determination of the molecular conformations. The
intramolecular hydrogen-bonding network, that stabilizes
the molecular crystal structure, is partially destroyed in
solution by the solvent. Noteworthy the [Ala7]-phalloidin
molecular model from the NMR data measured in DMSO is
very similar to the natural phalloidin solution structure
(RMSD 0.41 �) determined by Kessler and Wein.[13] In the
same solvent both molecules show a very rigid region
(Cys3ÿTrp6) with the sulfide bridge and a more flexible part
(Ala7ÿd-Thr2).

On these grounds we propose that the [Ala7]-phalloidin
structure represents a reliable reference scaffold for the
phallotoxin family.

Experimental Section

Synthesis : Amino acids, chemicals, and solvents were of analytical grade.
Analysis by thin-layer chromatography (TLC) was performed on precoated
silica G-60 plates (Merck 60 F254) using the solvent mixtures indicated for
each substance. Spot detection was achieved by the ninhydrin reaction,
iodine vapor staining or by the color reaction with cinnamaldehyde/HCl.
The Kieselgel used for preparative separations was purchased from Merck.
UV spectra were recorded on a Shimadzu UV 2001PC spectrometer. CD
spectra were measured on a Jasco J 600 instrument with appropriate quartz
cells. The crystalline diastereomer of l-3a-hydroxy-1,2,3,3a,8,8a-hexahy-
dropyrrolo[2,3-b]indole-2-carboxylic acid (Hpi) was prepared according to
Savige.[16] All linear peptides as well as monocyclic and bicyclic thioether
peptides gave satisfactory amino acid analyses. The dipeptides H-allo-Hyp-
Ala-OtBu and Z-Ala-Ala-OH have been described elsewere.[19, 45] The
binding affinity to F-actin was tested in the laboratory of Prof. H. Faulstich



FULL PAPER L. Paolillo et al.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0707-1484 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 71484

at the Max Planck Institut für Medizinische Forschung, Ladenburg bei
Heidelberg.

X-ray Diffraction : For crystallization [Ala7]-phalloidin (40 mg) was dis-
solved in a hot mixture of ethanol/water 8:2. Crystals were formed after
slow evaporation of the solvent at room temperature. Preliminary
oscillation and Weissenberg photographs were taken to determine the
crystal symmetry and the preliminary space group. The evaluation of cell
constants was obtained by a least-square procedure on the angular settings
of 25 reflections in the V range 21 ± 258. The crystallographic data are
reported in Table 8. Data were measured on an Enraf ± Nonius CAD-4
diffractometer equipped with graphite monochromated CuKa radiation
(l� 1.5418 �).

The structure was solved by direct methods using the SIR 97 computer
program.[46] Refinement was performed on F 2 (all data) by a full-matrix
least-squares procedure, using SHELXL93.[47] All non-H atoms were
refined with anisotropic displacement parameters

using a weighting Scheme with w� 1/[s2(F 2
o��(0.0739P)2] where P�

(F 2
o�2F 2

c �/3. The positions of the H-atoms were calculated with the
exception of the hydrogen atoms of the OH and NH groups that were
located in subsequent different Fourier analysis. During the refinement all
hydrogen atoms were allowed to reside on their carrying atom, with Uiso set
equal to 1.2 times (or 1.5 times for the methyl groups) the Ueq of the
attached atom. The final unweighted R and wR factors on F 2, calculated on
all data, were 0.044 and 0.117, respectively.

Atomic scattering factors for all atomic species were calculated from
Cromer and Waber tables.[48] The final atomic parameters for all non-
hydrogen atoms are reported in the supplementary material, the number-
ing of the atoms follows the recommendations of the IUPAC-IUB
Commission[49] (Figure 6).

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-147 213.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).

NMR Measurements : [Ala7]-Phalloidin was used as a 4.0� 10ÿ3 m solution
in [D6]DMSO (0.75 mL, Euriso Top, 100 % isotopic purity). Proton spectra
were recorded on a Varian Unity 400 operating at 400 MHz, located at the
ªCentro di Studio di Biocristallografia del C.N.R.º, University of Naples

ªFederico IIº. Carbon spectra were acquired on a Bruker DRX operating
at a carbon frequency of 100.6 MHz, located at the ªCentro Interdiparti-
mentale di Metodologie Chimico-Fisicheº, University of Naples ªFederico
IIº. The spectra were acquired at 298 K. They were calibrated relative to
[D6]DMSO (1H: d� 2.50, 13C: d� 39.5) as an internal standard.

1D NMR spectra were recorded with 16k data points and a spectral width
of 5000 Hz. 2D NMR experiments, such as DQF-COSY, TOCSY, NOESY,
and ROESY spectra were generally recorded with 2048 data points (4096
for the DQF-COSY) in t2 and 256 data points in t1, by the phase-sensitive
States ± Haberkorn method.[50] In both dimensions FIDs were multiplied by
square-shifted sinebell weighting functions and data points were zero-filled
to 1024 in t1 before Fourier transform. A spinlock mixing time (tm) of
80 ms, with a MLEV-17 sequence,[51] was used in the TOCSY spectra, and
they were recorded in the temperature range 298 ± 310 K for monitoring
chemical shift changes with the temperature.

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. Off-
resonance effects, associated to the low-power spinlock field in ROESY
spectra, were compensated by means of two p/2 hard pulses before and
after the spinlock period.[52] NOE and ROE intensities were evaluated by
integration of cross-peak volumes, by means of the appropriate VARIAN
software.

The transformed 2D spectra were baseline corrected before measuring
cross and diagonal peak volumes. The cross-peak volumes were normalized
with respect to the diagonal peaks. The frequency offset effect in the
rotating frame was also corrected.[52] 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 slope of the build-up curves.[37] The same
procedure was used for both NOESY and ROESY spectra.

Two separate lists of interproton distances from cross-relaxation rate values
evaluated from NOESY (sN) and ROESY (sR) spectra were generated by
Equation (1).

rij� rst (sst/sij)1/6 (1)

As a reference the Hyp4ÿHbb' peak was chosen with the rst interproton
distance of 1.78 �. An independent proof of the accuracy of the calibration
was obtained by considering the cross peak between the Trp6 indole NH
proton and the H'7 proton as standard reference with the rst interproton
distance of 2.82 �.
13C NMR spectra were recorded using a broad-band decoupling with 32k
data points, 458 read pulse, 0.73 s of acquisition time and a relaxation delay
of 3.0 s. The spectral width was 220 ppm.

Carbon assignments were made with the aid of HMQC spectra, using a
BIRD sequence for 12CH presaturation,[53, 54] GARP decoupling during
acquisition with 2048 data points in t2 and 256 increments in t1 (zero-filled
to 512 before Fourier transform), a relaxation delay of 3 s and 128 scans per
spectrum.

Table 8. Crystal data and structure refinement for [Ala7]-phalloidin.

empirical formula C32H42N8O9S
formula weight 714.80
temperature [K] 293(2)
wavelength [�] 1.54178
crystal system, space group orthorhombic, P212121

unit cell dimensions [�] a� 10.468(3)
b� 12.192(4)
c� 27.350(3)

volume [�3] 3491(2)
Z, 1calcd [Mg mÿ3] 4, 1.360
absorption coefficient [mmÿ1] 1.374
F(000) 1512
V range for data collection 3.23 to 69.99
reflections collected/unique 3731/3731
observed reflections [I> 2s(I)] 3378
scan mode wÿ 2V

standard reflections 2
frequency of measurements [min] 60
intensity decay [%] 3
refinement method full-matrix least-squares on F 2

data/restraints/parameters 3731/0/452
goodness-of-fit on F 2 1.040
final R indices [I> 2s(I)] R1� 0.0378, wR2� 0.1109
R indices (all data) R1� 0.0437, wR2� 0.1167
largest diff. peak and hole [eAÿ3] 0.183 and ÿ0.282

Figure 6. Schematic representation of intramolecular hydrogen bonds and
secondary structure elements as observed by X-ray analysis. The dotted
lines represent intramolecular hydrogen bonds.
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Structure calculations : Molecular dynamic simulations were performed on
a Silicon Graphics INDIGO2 Workstation. The INSIGHT/DISCOVER
(Biosym Technologies, San Diego, CA, USA) program with the consistent
valence force field (CVFF)[55] was employed for energy minimizations
(EM) and molecular dynamics (MD). The X-ray structure was taken as the
starting model. This structure was relaxed by 500 steps of restrained
conjugate gradients EM,[56, 57] imposing ROEs data as restraints on
interproton distances.

The restrained molecular dynamics (rMD) simulation was performed in
vacuo at 300 K with 0.5 fs time steps. The motion equation algorithm was of
the leapfrog type.[58] The rMD simulation was carried out for 50 ps in the
equilibration phase and or 160 ps without velocity rescaling; the temper-
ature was kept constant at 300 K.

Interproton distances evaluated from ROE effects were inserted as
restraints with a 10% tolerance during the simulations.[59] Pseudoatoms
were used instead of protons not stereospecifically assigned.[60] Coordinates
and velocities for the systems were dumped into a disk every 1000 steps.
Data recorded during the last 50 ps of the simulation were used for the
statistical analysis.
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