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Abstract: The amatoxines form a class of naturally occurring bicyclic octapeptides responsible for the poisonous
effect of Amanitamushrooms. For the investigation of structdeetivity relationships many derivatives of these
peptides have been synthesized and tested up to now. To examine the particular role of the configuration of the
amino acid in position 3, three new analoguessafeoxo-amaninamide have been synthesized in which residue 3

is replaced by -Ala, p-Ala, or Gly. CD spectra in methanol show large deviations which indicate conformational
differences or isomeric bridging during synthesis. To discriminate both possibilities a detailed NMR analysis was
performed. The conformation of these compounds has been determined in DMSO solution by highfield NMR
spectroscopy, distance geometry, and molecular dynamic calculations. The resulting structures are surprisingly similar
and closely related to theray structure off-amanitin: Conformational differences are only found in the turn region

of Hyp?-Xaa. Hence, the strong differences of the CD spectra rise only from type I/type |l variations gftiinis.

Introduction polymerase, DNA template, and the nascent mMRNA is forhfed.
After the first phosphodiester bond is built the translocation of
Most of the deadly mushroom intoxications are caused by the polymerase along the DNA template, and therefore the
ingestion of Amanita phalloidesor Amanita virosa. These synthesis of MRNA and so protein synthesis is blockéd.
mushrooms contain three different classes of tokihsPhal- To date nine different naturally occurring peptides of the
lotoxins (bicyclic heptapeptides) and virotoxins (monocylic amatoxin family have been isolatéd their chemical structures
heptapeptides) are quick acting substances which cause deathre shown in Table 1. They all exhibit the same bicyclic
of white mice in 2-4 h after parenteral administratiéi. They framework which is important for their activity (see Figure 1).
act on liver cells where they bind strongly to F-acth.This To investigate structureactivity relationships on the inhibi-
results in a weakening of the plasma membrane and leads totory action of these toxins more then 40 different analogues
the appearance of vacuoles filled with blood. As a consequencehave been synthesizéd®® One result is the importance of the
the liver swells and the amount of the circulating blood is thus chemical nature of the side chain in positioA®1° Therefore,
reduced by 66:65%, and the organism dies due to haemody- three new analogues &fdeoxo-amaninamide containing either
namic shock. A third class of toxic peptides are the slowly Ala, b-Ala, or Gly instead of residue 3 have been synthesized
acting amatoxins (bicyclic octapeptides) which exhibitsgtD o evaluate the influence of the chirality at this position.
values up to ten times lower, depending on the animal species, The CD spectra of these three analogues differ dramatically
than the other two kinds of toxins mentioned above. The in the region of 216-260 nm (see Figure 2). TheAla® analog
amatoxins are the peptides responsible for the intoxicating effect(1) Shows negative values in this region, and the curve of the
after ingestion ofA. phalloides They lead to death after~<8 D-Ala® analog p) is always positive, while the spectrum of the
days? Amatoxins bind very selectively to the 140 kDa subunit GIY* analog ) lies in-between. This was interpreted as an

(SB3) of DNA-dependent RNA polymerase B in nuclei of all indication of conformational differences between these com-
eukariontic cell. A very stable ternary complex of toxin, pounds in s_olutlon. _For this class of blcycll_c peptides theoreti-
cally two different diastereomers are possible: a normal form
TTechnische Universitavianchen. and the related iso-form (see Figure 3). The sulfide bridge can
* Universita‘'La Sapienza’. be formed either above (normal) or below the cyclic peptide
ZMax-PIanck Institut fu medizinische Forschung. backbone. In comparison with the CD spectraSafeoxobp-
Deceased November 24, 1995. lle3-amaninamide (numbet in ref 10), where both of these
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S-Deoxo-Xa&amaninamide Analogues

Table 1. Naturally Occurring and Synthetic Amatoxins

J. Am. Chem. Soc., Vol. 118, No. 18, 148%l

compound R R? R3 R4 X
o-amanitin NH OH CH(CHs;)CH(OH)CH,0OH OH SO
p-amanitin OH OH CH(CH)CH(OH)CH.OH OH SO
y-amanitin NH OH CH(CH;)CH(OH)CH; OH SO
€-amanitin OH OH CH(CH)CH(OH)CH; OH SO
amanin OH OH CH(CHCH(OH)CH,OH H SO
amaninamide Nk OH CH(CH;)CH(OH)CHOH H SO
amanullin NH OH CH(CH;)CH,CHjs OH SO
amanullic acid OH OH CH(CEJCH,CH;s OH SO
proamanullin NH H CH(CHs)CHCH;s OH SO
S-deoxo-Al&-amaninamide. NH. OH CHs () OH S
S-deoxop-Alas-amaninamide NH; OH CH;s (d) OH S
S-deoxo-Gly-amaninamid& NH, OH H OH S
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HN—CH—CO—NH—CH—CO—TH
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Figure 1. General structure of the amatoxin-peptides; the different
substituents are listed in Table 1.
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Figure 2. CD spectra of the three analogueS:deoxo-Al&-amani-
namide (solid line),S-deoxop-Alas-amaninamide (dotted line) and
S-deoxo-Gly-amaninamide (dashed line).
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410 Hence, one could draw the conclusion tHagxhibits a
conformation analogous to the normal form ghekxists in the
iso-form. This assumption should be proven by careful con-
formational analysis in solution using NMR spectroscopy.

Experimental Methods

Synthesis. The amino acids, other chemicals, and solvents were of
analytical grade. Analysis by TLC was performed on silica (Merck

Figure 3. Schematic drawing of the two possible isomers for
amatoxins.

DMSO, dimethyl sulfoxide; HpiL-3a-hydroxy-1,2,3,3a,8,8a-hexahy-
dropyrrolo-(2,3b)-indole-2-carboxylic acid; HOBt, hydroxybenzotria-
zole; MA, mixed anhydride; NMMN-methylmorpholine; TLC, thin
layer chromatography; TFA, trifluoroacetic acid; THF, tetrahydrofurane.
Ddz-Hyp-p-Ala-OtBu (2.1). To the solution of 1.28 g (5 mmol)
of Ddz-Hyp-OH in 50 mL of CHCI, were added at-10 °C under
stirring 0.68 g (5 mmol) of iBCCI and 0.68 g (6.7 mmol) of NMM.
After 10 min the solution of 0.725 g (5 mmol) of BFAla-OtBu in 20
mL of CH,Cl, was added, and the reaction mixture wastkgm at
room temperature, washed with aqueous NaklG@lution, 0.5 M
KHSQO,, and water, dried over N8O, and evaporated to give 2.15 g
(89% yield) of pure title compoundR: = 0.7 in ethyl acetate.
Ddz-Asn-Hyp-p-Ala-OtBu (2.2). The solution of 2.15 g (4.48
mmol) of Ddz-Hype-Ala-OtBu (2.1) in a mixture of 3.42 mL of TFA
and 150 mL of CHCIl, was stirred at room temperature for 20 min
then extracted with aqueous NaH&end water and dried over ha
SQs. This solution was mixed with a solution of 1.58 g (4.48 mmol)
of Ddz-Asn-OH and 1.20 g (8.96 mmol) of HOBt in 20 mL of DMF,
cooled to 0°C, and combined with a solution of 0.920 g (4.48 mmol)
of DCCl in 20 mL of DMF. After stirring fa 1 h at 0°C and overnight
at room temperature, the solvent was evaporated in vacuo, and the
residue was dissolved in ethyl acetate. The solution, cleared from
dicyclohexylurea and worked up as described in the previous paragraph,
gave a residue which was chromatographed on a Sephadex LH 20
column (5 cmx 250 cm) in methanol as eluent, yielding 0.82 g (30%)
of 2.2 R = 0.25 in ethyl acetate.
Boc-Hpi-Gly-lle-Gly-Cys(STrt)-Asn-Hyp- p-Ala-OtBu (2.3). The
solution of 0.82 g (1.38 mmol) d.2in a mixture of 1.05 mL of TFA
and 40 mL of CHCI, was stirred at room temperature for 20 min and
neutralized with NMM. This precooled solution was added after 8
min to a MA solution prepared at10 °C from 1.23 g (1.38 mmol) of
Boc-Hpi-Gly-lle-Gly-Cys(STrt)-OH in 30 mL of THF with 0.168 g
(1.38 mmol) of iBCCl and 0.168 g (1.66 mmol) of NMM. After 3 h
stirring at room temperature the reaction mixture was worked up as
described for analogous cases. Pepfidewas obtained by chroma-

60 F 254) using the solvent mixtures indicated for each substance. tography with methanol in a 2.5 cm 250 cm column of Sephadex
Detection of the substances on TLC plates was feasible as dark spotd-H 20. Fractions (25 mL) 3540 afforded 0.98 g (57% yield) of title

on illumination with UV. The inhibitory capacities were tested with
an enzyme preparation from embryosfosophila melanogasten
the laboratory of E.K.F. Bautz, Heidelberg.

Abbreviations. iBCCI, isobutyloxycarbonylchloride; Boctert-
butyloxycarbonyl; DCCI, dicyclohexylcarbodiimide; Ddz,a-di-
methyl-3,5-dimethoxybenzyloxycarbonyl; DMF, dimethylformamide;

compound. R = 0.5 in ethyl acetatemethanol 9:1.
2-Mercapto-L-tryptophylglycyl- L-isoleucylglycyl+ -cysteinyl+ -as-

paraginyl-trans-hydroxy-L-prolyl- b-alanine Cyclic (1—5) Sulfide

(2.4). The solution of 0.98 g (0.78 mmol) of octapeptids3 in 250

mL of TFA was kept at room temperaturerf8 h and evaporated in

vacuo. The residue was washed thoroughly with diethyl ether and
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chromatographed on a Sephadex LH 20 column (5xch50 cm) in
aqueous 0.004 N NM¥DH as eluent. Fractions (30 mL) 320 afforded
0.3 g (46% vyield) of seco-thioeth@rd. R; = 0.3 inn-butanot-acetic
acid—water 4:1:1.

Cyclic(L-asparaginyl+trans-hydroxy-L-prolyl- p-alanyl-L-trypto-
phylglycyl-L-isoleucylglycyl+-cysteinyl) (4—8) Sulfide (2). The
solution of 0.3 g (0.42 mmol) a2.4in 80 mL of THF and 150 mL of
DMF was treated at-10 °C under stirring with 34 mg of TFA and 5
min later with 41 mg of iBBCI. After 10 min stirring at the same
temperature, the precooled solution of 100 mg of NMM in 240 mL of
THF and 450 mL of DMF was added. After stangith h at 0°C and
overnight at room temperature, the solution was evaporated in vacu

and the residue was chromatographed on a silica gel column (2.5 cm

x 50 cm) in CHC}—CHzOH—H,0 (65:25:4) as eluent. The residue
obtained from fractions (15 mL) 2535 was further purified by HPLC
in a CH{CN—H,0 gradient yielding 80 mg (23%) of title compound.
R = 0.8 in CHCk—CH3zOH—H,0 65:25:4.

Mass spectrum measurement (FAB) of (MH)* exhibited a mass
of 813 as expected.

Ddz-Hyp-Gly-OtBu (3.1). To the solution of 1.6 g (4 mmol) of
Ddz-Hyp-OH in 30 mL of CHCI, were added at-10 °C under stirring
0.544 g (4 mmol) of iIBCCl and 0.544 g (5.4 mmol) of NMM. After
10 min the solution of 0.52 g (4 mmol) of H-Gly-OtBu in 20 mL of
CH.Cl, was added. Afte3 h stirring at room temperature the reaction
mixture, worked up as usual, gave 1.6 g (85% yieldpdf R = 0.6
in ethyl acetate.

Ddz-Asn-Hyp-Gly-OtBu (3.2). The solution of 1.6 g (3.43 mmol)
of Ddz-Hyp-Gly-OtBu in a mixture of 2.6 mL of TFA and 100 mL of
CH.CI, was stirred at room temperature for 20 min, neutralized with
NMM, and mixed at 0°C with a solution of 1.2 g (3.43 mmol) of
Ddz-Asn-OH, 0.926 g (6.86 mmol) HOBt and 0.7 g (3.43 mmol) DCCI
in 40 mL of DMF. After stirrirg 1 h at 0°C and overnight at room

Schmitt et al.

CD Spectra. Circular dichroism (CD) measurements were carried
out in methanolic solutions on a Jasco J-600 instrument with appropriate
quartz cell.

NMR Measurements. Proton and carbon spectra have been
recorded on a Bruker AMX-500 at 500 MHz. Data were processed
on a Bruker X32 workstation using the Uxnmr program. All spectra
were recorded at a temperature of 300 K, except for the temperature
coefficients, which were measured for the amide proton resonances by
variation of the temperature from 300 to 325 K. The sample
concentration ofl was 20 mM in DMSO#ds, that of compoun@® was
15 mM, and that o3 was 5 mM. All samples were vacuum-sealed

o after three freezethaw—pump cycles. The spectra were calibrated

relative to DMSOds (*H: 2.49 ppm,3C: 39.5 ppm) as internal
standard.

The z-filtered TOCSY specttal?for 1 and 2 were recorded with
4096 data points ity and 512 data points ita with a relaxation delay
of 1 s and a spinlock mixing time of 80 ms using a 10 kHz DIPSI
sequence (64 scans). The spectrur ofas recorded under the same
conditions, but with 43@; increments and 128 scans per increment.
For processing a/2 shifted squared sine bell was used prior to Fourier
transformation in both dimensions.

P.E. COSY specttdwere recorded with 8192 data pointstirand
512 int; with a relaxation delayfol s using a 37 read pulse and 16,
23, and 64 scans for compoufd?, and3, respectively. For the one-
dimensional reference spectra 16 384 data points were acquired using
the same number of scans as in the 2D spectra and a delay ©§4.5
before acquisition. Am/2 shifted squared sine bell apodization was
applied in both dimensions before phase-sensitive Fourier transformation
(TPPI).

For the carbon assignment HMQC spettr®¥ using a BIRD
sequence fol?CH presaturatiot'®8 and GARP-decoupling during
acquisition with 2048 data points ia and 512 { and2) or 256 @)
increments irt; were recorded with a relaxation delay of 192 ms and

temperature, the reaction mixture, worked up as described in the 16 (1), 32 () or 96 @) scans. The signal after the BIRD sequence
previous paragraphs, gave a residue which was chromatographed on avas minimized with a delay of 198 ms. Additionally HMQC-TOCSY

Sephadex LH 20 column (5 cm 250 cm) in methanol yielding 1 g
(50%) of 3.2 R = 0.2 in ethyl acetate.
Boc-Hpi-Gly-lle-Gly-Cys(STrt)-Asn-Hyp-Gly-OtBu (3.3). The
solution d 1 g (1.7 mmol) of3.2in mixture of 1.3 mL of TFA and 50
mL of CH,Cl, was stirred for 20 min at room temperature, neutralized
with NMM, and added after 8 min to a MA solution prepared-t0
°C from 1.5 g (1.7 mmol) Boc-Hpi-Gly-lle-Gly-Cys(STrt)-OH in 30
mL of THF with 0.23 g (1.7 mmol) of iBCCl and 0.23 @.8 mmol)
of NMM. After 3 h stirring at room temperature the reaction mixture,
worked up as usual, gave a residue which was chromatographed on
Sephadex LH 20 column (5 cm 250 cm) in methanol. Fractions
(30 mL) 98-105 afforded 0.93 g (47% yield) of title compoun& =
0.4 in ethyl acetatemethanol 9:1.
2-Mercapto-L-tryptophylglycyl- L-isoleucylglycyl -cysteinyl4-as-
paraginyl-trans-hydroxy-L-prolylglycine Cyclic (1—5) Sulfide (3.4).
The solution of 0.93 g (0.75 mmol) of octapepti@e in 250 mL of
TFA was kept 3 h atroom temperature, and the residue of the

evaporation was washed with diethyl ether and chromatographed on a

Sephadex LH 20 column (5 cnx 150 cm) in 0.004 N NHOH.
Fractions (30 mL) 3545 yielded 0.38 g (63%) 03.4 R = 0.25in
n-butanot-acetic acig-water 4:1:1.
Cyclic(L-asparaginyl4rans-hydroxy-L-prolylglycyl- L-tryptophylg-
lycyl-L-isoleucylglycyli -cysteinyl) (4—8) Sulfide (3). To the stirred
solution of 0.38 g (0.47 mmol) d.4in 125 mL of THF and 250 mL
of DMF were added at-10 °C 54 mg of TFA and 5 min later 64 mg
of iBCCI. After 10 min stirring at—10 °C the precooled solution of
100 mg of NMM in 300 mL of THF and 600 mL of DMF was added.
After stirring 1 h at 0°C and overnight at room temperature, the

reaction, worked up as previously described, gave a residue which was

chromatographed on a silica gel column (2.5 30 cm) in CHC}—
CH;OH—H,0 65:25:4. The residue obtained from fractions (7 mL)
20—32 was further purified by HPLC in a GEBN—H,O gradient
yielding 90 mg (24%) of title compoundR: = 0.7 in CHC—CHs-
OH—-H,0 65:25:4.

Mass spectrum measurement (FAB) of {iM)* exhibited a mass
of 799 as expected.

a

spectrd® using a 10 kHz MLEV-17 spinlo& with a mixing time of
80 ms were acquired with 16 scans for compotrahd 64 scans for
2. The firstt; increment used was calculated according tdN@-
180°[*H]-1.28-90°[*3C])/2 to obtain a phase correction of T8&ero
order) and—360 (first order) int;.2* The spectra were processed by
Fourier transformation after the application oft& shifted squared
sine bell apodization.

The HMBC spectr& were recorded with 4096 data pointstirand
384 points int; with a relaxation delayfol s and a 60 ms delay for
the evolution of the long-range coupling with 160gnd2) and 224
scans 8). To increase the resolution ia, the carbonyl resonances
were folded back! The firstt; increment was calculated according to
(4-INO—180°['H]-1.28-90°[*3C])/2 for a proper phasing of folded and
nonfolded resonances.

HETLOC spectr& 25 for 1 and2 were recorded with 192 respec-
tively 256 scans, 4096 points tpand 512 point irt; using a relaxation
delay d 1 s and a delay of 198 ms for minimization of signals from

(11) Titman, J. J.; Neuhaus, D.; Keeler,JJ.Magn. Reson1989 85,
11-131.
(12) Titman, J. J.; Keeler, J. Magn. Reson199Q 89, 640-646.
(13) Mueller, L.J. Magn. Resonl987 72, 191-196.
(14) Mueller, L.J. Am. Chem. Sod.979 101, 4481-4484.
(15) Bendall, M. R.; Pegg, D. T.; Doddrell, D. M. Magn. Resori1983
52, 81-117.
(16) Bax, A.; Griffey, R. H.; Hawkins, B. LJ. Magn. Resonl983 55,
301—-315.
(17) Bax, A.; Subramanian, S. Magn. Reson1986 67, 565-569.
(18) Byrd, R. A.; Summers, M. F.; Zon, G.; Spellmeyer Fouts, C.;
Marzilli, L. G. J. Am. Chem. S0d.986 108 504—505.
(29) Lerner, A.; Bax, AJ. Magn. Reson1986 69, 375-380.
(20) Bax, A.; Davis, D. GJ. Magn. Resonl985 65, 355-360.
(21) Schmieder, P.; Kessler, Magn. Reson. Chen199], 29, 375-
380.
(22) Bax, A.; Summers, M. FJ. Am. Chem. Sod986 108 2093~
2094.
(23) Kurz, M.; Schmieder, P.; Kessler, Angew. Chem., Int. Ed. Engl.
1991, 30, 1329-1330.
(24) Schmieder, P.; Kurz, M.; Kessler, Bl.Biomol. NMR1991, 1, 403~
420.
(25) Wollborn, U.; Leibfritz, D.J. Magn. Reson1992 98, 142-146.
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Figure 4. Formation of the first ring of analogk—3 by the Savige-Fontana reaction and cyclization to yield the bicyclic octapeptides.

the BIRD sequence. The mixing time of the 10 kHz MLEV-17 spinlock
used was 40 ms. The complementary spectruBweés recorded with
300t; increments and 656 scans.

For the determination of protetproton distances NOESY specfra

next 5 ps at 200 K. The trajectory used for analysis was calculated
for 180 ps at 300 K, and a structure was stored every 1000 fs.

The test calculations were performed in vacuo with the Gromos
program using NOEs and coupling constants as restréiws € 2000
with a mixing time of 200 ms, a relaxation delay b s and 4096 kJ/(moknn?), k; = 0.25 kJ/mol). The starting structures were manually
respectively 512 data points ipandt; have been recorded. In addition  built using the Biopolymer module of the Insightll program (BIO-
NOESY and ROESY spectra with shorter mixing times were recorded SYM).3* These structures were optimized by molecular dynamic
to ensure the lack of spin diffusion. The spectra were processed by calculations for 2 ps at 1000 K, 2 ps at 500 K, and finally for 5 ps at
applying an/2 shifted squared sinebell in both dimensions and zero 300 K. The trajectories were then recorded for 50 ps at a temperature
filling to 1024 complex points int; before phase-sensitive Fourier — of 300 K.
transformation. The integral intensities were measured using the
integral subroutine within the Uxnmr software. The resulting crosspeak Resylts
volumes were transformed into distances using the isolated two-spin

approximation with reference to the Hypl#,H?-crosspeak which was
set to a distance of 178 pm.

Structure Calculations. A Silicon Graphics Indy with R4400

The synthesis of the amanitin analogs followed the route
described in ref 10. As depicted in Figure 4 the respective
N-terminal |-Hpi-octapeptide is subjected to the indole-2-

processor was used for all calculations. The distance geometry thipether forming Savige-Fontana reaction, and the monocyclic
calculations were carried out using a modified version of the Disgeo tryptophan octapeptide so obtained is converted to the bicyclic
program?’28 For each compound 100 structures were embedded intodamatoxin analog by internal peptide bond formation. The

the four-dimensional Cartesian space. These structures were minimize Synthesis of analog has already been published (numbein
for 400 steps with the steepest descent algorithm followed by 5 ps rgf 35) g y P

distance driven dynamics (DDB¥°at 300 K using NOEs and chiral

volumes as restraints and 4 ps DDD with a weak coupling to a  The assignment of all proton and carbon shifts was performed
temperature bath of 1 K. After projection into the three-dimensional following a standard strategy previously descriBgd? Se-
space 100 steps of steepest descent minimization using chiral volumescluential assignment was carried out using heteronuclear long
as restraints were performed to relax steric strain. Finally a distance range couplings from HMBC experiments. Proton chemical
and angle driven dynamic calculation (DADDYvas carried outfor 5 gpifts are listed in Table 2; carbon chemical shifts are available
ps atl‘."‘ temEeKrat“_re o’LgOé) r3<Jand s‘lj_bseq”e”t'y with gwr?akl terrperatureas supporting information. For all of the three compounds only
coupling @ 1 K using s3J-coupling constants and chiral volumes - S -

as restraints. For the following molecular dynamic simulations a one single ponform_auon |_n DMSO solution was detected.
modified version of the Gromos softwdfewas used, to permit Hencg, no cistrans |somer|zgt|on O(?CUI'S under measurement
additionally the inclusion of coupling constants as restraints. The conditions. The proton chemical shifts of the three analogues
structure of each compound with the lowest total error resulting from are quite similar and each exhibits good dispersion. Other than
the DG calculations was chosen as a starting structure. It was placedthe signals from residue 3 only few differences in proton shifts
in a truncated octahedroa & b = ¢ = 3.43415 (), 3.42954 2) and can be detected. The resonance of Adf in 1 is shifted 0.2
3.28463 nm 8)) and soaked with 143 to 164 DMSO molecules. The ppm downfield with respect té and3. Also thef-protons of
system was relaxed by using a maximum of 2000 steps with the steepesiasnt in compoundl are shifted about 0.4 ppm downfield
descent algorithm and a force constant for the NOEs of 2000 k3{mol  g|ative to2. TheseB-protons are separated by 0.3 ppmiin
nn?). In the first step only the solvent was relaxed while the peptide and2, but they are degenerated3n A further downfield shift

was held fixed. In the second step the whole system was relaxed. TheOf ab;)ut 0.7 ppm relative 2 and3 is detected for thé-amide

dynamic simulations were performed using the Shake algofftiuith . .
a stepsize of 1 fs. The temperature relaxation time was 10 fs, the protons of Asfin compoundL. The separation of thé-protons

nonbonded interactions were updated every 10 steps with a cutoff Of Trp“.in 1 is smaller than in2 and 3. These comparisons
distance of 0.8 nm. The upper and lower bounds for NOEs are set to give a first hint, that the structural difference between these three

plus and minus 10% of the experimentally determined distances. Forceanalogues should occur in the region of residueg.1

constants for NOEs and coupling constants were set to 2000 kJ/(mol The homonuclea?Jyn 1o coupling constants were in most
nm¥) and 0.25 kJ/mol, respectively. For equilibration the first 5 ps cases extracted from the 1D proton spectra recorded with 16 384
were calculated with a strong temperature coupling at 100 K and the data points. Only those of THHN and Cy&-HN in compound

1, of Cy$-HN in 2 and of Gly>-HN as well as that of GRHN

in 3 have been determined from the related P.E. COSY
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Table 2. Proton Chemical Shifts [ppm] for the Three
SDeoxoamaninamide Analogues in DMS1-

Schmitt et al.

Table 3. Vicinal Coupling Constants Defining the Backbone
¢-Angle as Determined in DMS@s at 300 K in [Hz]

residue proton 1 2 3 residue 1 2 3
Asnt HN 8.40 8.17 8.22 Asnt 3\]HN,er =39 3\]HN,Ha =4.8 3\]HN,er =4.6
H« 4.76 4.87 4.84 BJHN,C =27 3JHN.C' =18 3\]HN,C =31
HAL 3.17 2.70 2.73 3JHN,<;/; =19
HA2 2.85 2.47 2.72 _
H1 8.03 721 125 HYP* Dnocia =4.3
HNo2 7.38 6.86 7.04 Xaad 3\]HN,H(1 =8.9 3\]HN,H(1 =8.6 3\]HN,HuproR =70
Hy2 He 4.29 4.48 4.42 3JHN,cﬁ =10 3JHN,(:/3 =14 3\]HN,HuprOS= 5.8
P HAL 220 2.06 211 3hacii=2.9 3Jhoproscie = 4.4
H#2 1.89 1.90 1.90 Trp* e = 9.1 3JhnHe = 9.6 3JhnHo = 9.8
Hr 4.39 4.45 4.44 g =11 SN = 1.2 3Juncs = 0.3
HoH 5.25 5.31 5.29 hecia= 1.4
Hot 3.81 3.64 3.69 Glv5 3 — 3 - 3 —
y *JHN, Hopros = 7.7 JHN, Hopros = 6.8 JHN,Hopros = 6.5
Hoz 3.73 3.63 3.69 3\]HN,H(xpr0R =438 3JHN,Hapr0R =25 3\]HN,H(1pr0R =27
Xaa? HN 8.27 8.90 8.84 8une =3.1 3hoprosci-1 = 5.4 3Junc =17
He 4.31 4.36 3.89 () 3Jhaprosci-i =45 3Jngprorcit = 5.1 noprorci-1 = 5.0
H? 1.35 1.28 3.66 (Ff) Jnaprorci-1 = 3.8
Trp? HN 7.83 8.10 8.03 lle® 3Junpa = 5.2 3JhNHo = 5.7 3Jhnpa = 5.5
He 4.93 4.83 4.92 Jhncp = 1.3
1
://32 gg? g;:lg ggg G|y7 3‘]HN,Ho.proS: 7.8 3JHN,Hapn:tS: 6.9 3\]HN,HuproS: 7.4
HNeL 11'24 11’ 21 1'1 29 3\]HN,Hupr0R =47 3JHN,Hupr0R =47 3\]HN,HaproR =4.9
Hes 7'54 7 '51 7 5'1 3JHuprosci-1 =29 3JH(1proSC‘i-l =33 3JHaproR,ci-1 =5.8
HZ2 7.24 725 725 3\]HuproRCi-1 =57 3JHaproR,C‘i-1 =5.6
Hz3 7.00 7.02 7.02 Cy$  Vunma=97 3o = 9.2 Do = 9.4
HeH 7.10 7.11 7.11 *Jhn,cp = 0.3 3Jhn,cp ~0 Sduncs = 1.0
Glys HN 8.15 7.70 7.79 g =41 e =10 Jime =~0
Hod 4.08 394  3.98 Jrocia = 45
Ho2 3.44 3.54 3.51 b | | ; he |
Table 4. Vicinal Coupling Constants Defining theAngle as
lle® H 851 858 854 Determined in DMSGgs at 300 K in [Hz]
HA 1.58 1.65 1.63 residue 1 2 3
1,1
o s e AT Drappror=47  urgror =63
Hyr2(Me) 077 080 080 JHu,HﬂproS: 4.2 JHa,HﬂproS: 4.1
Ho 0.81 0.82 0.82 Jonpor=7.5  Nenpor=4.5
W7 N ’ ’ ’ BJC',HﬂpI'OSNO 3\JC’,H/)’proSz 5.4
Gly Eul ggg 28451 28161 Hyp?  Jhgrppror= 7.3 3Jniwhppror = 7.6 e Hppror = 7.3
He2 3'41 3'49 3'45 JHu,H/)’proS: 115 JH&,HﬂproS: 10.1 JHa,HﬁproS: 10.9
. . . 3 — ~ 3 =~
Jc' HpproR 0 'Jc Hppror 0
CyS8 HN 7.80 7.54 7.60 3JC’,H/)’prDS: 4.5 3JC’,HﬁpTOS: 5.4
H* 4.64 4.62 4.63 3JH/5proR,Hy ~9 3JH/iproRHy =8.0
Hﬂ1 3.18 3.33 3.28 SJH/SprOSHy =3.6 SJHﬁpmsHy =3.7
H#2 2.81 2.96 2.93 33y Hopros = 3.2
JHy,H(SproR ~9
crosspeak according to the method of Kim and Prestef§ard.  TrP* jJHmHﬂpmSi 13‘-10 zJHa,Hﬂprosi 12‘-17 zJHa,Hﬁprosi 137-0
The heteronucleatJyn,cs couplings were measured from the 3j”f1vHﬁpf°R=_366 stf‘vH/’p"’R:_SSs e ppror = 5.
HETLOC experimentd* Following the procedure proposed by JE:ZE::Z: 9.0 © HpproR = &+
Titman and Keelet!1?the heteronucleayn,c and3Jue,c i-1 e 3 T 9.0 5. . —95 3 . =83
are calculated via the traces of HMBC and z-filtered TOCSY HooHp = = HooHp = = HooHp = =
CYSB 3\Jch,H[)’proR =10.8 3\JHot,HﬁproR =8.6 3JHon,HﬂproR =94

spectra.

P.E. COSY crosspeaks have been used for the
measurement ofJuqHp coupling constants For compound

1 42 coupling constants and f@r39 coupling constants were
determined, whereas only 28 could be extracted for substance
3, due to the lower signal to noise ratio in the related

3JHa.Hﬂpros =3.3
3\JC’,H[)’proR =438
3JC’,HﬂproS: 7.2

3JHot,HﬁproS: 3.7
3\JC’,H/fproR =45
3JC’,HﬁproS: 6.5

3JHoz.H[fproS =3.0
3\]C’,Hﬂpros =53

heteronuclear spectra (see Tables 3 and 4). With these valued every structure only one of the twa-protons fulfilled the
NOE distance constraints. Subsequent calculations were carried

out without pseudoatoms.
A comparison of the temperature coefficients shows major

differences among the examined analogues only for the amide
protons of residue 3 (see Table 5). This amide proton seems
to form an additional hydrogen bond in compouh® The

the homonuclear and the heteronuclear coupling constantsdetermined NOE derived distances, together with the upper and
lower limits used for the calculations, are available as supporting
performed. In the course of the calculations the assignment of information. The NOESY spectra indicate that all peptide bonds

the prochiralo-protons of glycin residues was also possible as gave tr%ns configuration, as no stron§,H* crosspeaks were
etected.

the populations of the side-chain rotamers for Aswvere
calculated using the Pachler equatiéhdn 1 the rotamer with
x1 = +60° is predominant (66%), whereas in compouhthe
population of the rotamers60° and—60° are nearly equivalent.
Due to the degeneration of th&protons in3 no preferred
orientation of the side chain of Asrould be derived. From

diastereotopic assignment of Trgnd Cy§ S-protons was

(40) Kim, Y.; Prestegard, J. H. Magn. Reson1989 84, 9—13.
(41) Pachler, K. G. RSpectrochim. Actd964 20, 581-587.

(42) Llinas M.; Klein, M. P.,J. Am. Chem. S0d.975 97, 4731-4737.
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Table 5. Temperature Coefficients Given in [ppb/K] of the Amide
Protons of All Three Analogues, Determined in the Range of 300
and 325 K

1 2 3
Asn-HN -2.0 -15 -11
Xaa-HN -15 —4.0 -2.8 (A)
Trp*-HN -1.3 -25 -1.6
Gly5-HN -2.0 -0.7 -0.7
lleb-HN -5.1 -4.8 —4.4
Gly”-HN -4.3 -5.0 -45
Cys-HN -1.7 -1.0 -0.8

Table 6. Dihedral Angles of the Refined Structures of the
SDeoxoamaninamides (Means of a 150 ps MD Trajectory)

residue dihedral 1 2 3
Asnt ¢ —173.3 —162.7 —148.2
P 164.6 150.3 146.3 B
P 59.0 —-107.9 -57.6 (B)
X2 —121.1 138.5 98.6
Hyp? ¢ —66.7 —64.3 —65.1
P 12.0 119.1 109.2
X1 —28.3 —27.9 —27.8
12 41.0 30.1 36.9
X3 —38.9 —35.4 324
Xa 22.4 18.5 15.6
Xad @ —-122.3 104.5 119.9
P 7.0 —18.4 —-30.6
Trp ¢ —1435 -91.0 —85.9
P —38.0 —53.3 —53.6
21 176.2 176.5 174.0
X2 —127.9 —130.4 —115.4 (C)
Gly5 ¢ 142.3 160.6 169.8
WP -176.7 —168.8 —175.0
le® ¢ —-73.0 —73.0 —68.0
Y 117.4 134.9 119.4
A1 —59.2 —55.9 —53.9
x2 159.3 —56.3 157.3 Figure 5. Stereoscopic picture of the conformation®tleoxo-Al&-
Gly’ ¢ 98.8 59.3 65.2 amaninamideX), of S deoxon-Ala3-amaninamidel) and ofS-deoxo-
P 9.2 33.8 16.1 Gly3-amaninamide @) in DMSO.
Cys é —-130.4 —-131.7 —106.6
) —78.4 -79.1 —91.5 The mean distance restraint violation is low (12 pm for
x1 —174.2 167.3 164.8 and2, 14 pm for3) and the resulting dihedral angles (see Table
X2 178.2 —169.2 —178.2 6) fit to the experimentally measured coupling constants. In

All calculated distance limits were incorporated as restraints &/l three structures every proton having a low negative temper-
for structure calculation. The coupling constants (for which ature coefficient is involved in a hydrogen bond. As the
parameters for the Karplus curves exist) were used directly asNformation on hydrogen bond donors was not incorporated into
restraints, following the method introduced by Kim and Prest- the calculations, the fulfillment of thesg data is an additional
egard® and improved by Mierke and KessHr46 Distance proof for the correctness of the determined structures.
geometry calculations on all three analogues converged (RMSD ~ The structure ofl shows a bent backbone and exhibits the
< 100 pm), and the conformations of the 20 structures with hormal form. It has g8ll-turn with lle® in the i+1 position
the lowest total error were very similar. The RMSD value for and on the opposite sideBiturn with Hyp? in thei+1 position.
the backbone atoms dfwas 28 pm, that foR was 52 pm, and The lattergl-turn is stabilized via an additional hyo!rogen Ipond
53 pm for3. These results suggest that the structure can be from the Al-HN to the carboxyl oxygen of the Adside chain.
described by one predominant conformation for every analog Therefore, the orientation of this side-chain is fixed g angle
in solution. Hence, in each case the DG structure with the ©f +60°, which is in accordance with the analysis of the
lowest total error was taken as a starting structure for the Sidechain rotamer populations. The conformation of the peptide
subsequent molecular dynamic simulation in solution using NOE backbone is fixed by additional hydrogen bonds betweert-Asn
values and coupling constants as restraints. Only the last 150H"/Gly>-C' and Gly-HV/Asn!-C'. Figure 6 shows the backbone
ps of the resulting trajectories were analyzed, the first 30 ps Structure ofl to illustrate the hydrogen bonding network.
are neglected for equilibration of the structure at the simulation ~ The conformation of compountias determined in solution
temperature. The averaged and minimized structures for theis nearly identical with the X-ray structure Sfamanitin®’ The

three compounds are shown in Figure 5. RMSD value for the superposition of all backbone atoms is only
- - - 22 pm (Figure 7). There are only minor differences in the side-
38§‘f3) Kim, Y.; Prestegard, FRroteins Struct. Funct. GeneliooQ 8, 377 chain orientations, even the stabilization of fhleturn is the
(44) Mierke, D. F.; Kessler, HBiopolymers1993 33, 1003-1017. same in both structures.
(45) Mierke, D. F.; Kessler, HBiopolymers1992 32, 1277-1282.
(46) Eberstadt, M.; Mierke, D. F.; K&, M.; Kessler, HHely. Chim. (47) Kostansek, E. C.; Lipscomb, W. N.; Yocum, R. R., Thiessen, W.

Acta 1992 75, 2583-2592. E. Biochemistryl978 17, 3790-3795.
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D-Ala®

Figure 6. Stereoscopic picture of the backbone conformation of )
S-deoxo-Al&-amaninamideJ); hydrogen bonds are painted as dashed Hyp \
lines. N - Gly

(3) BI turn

Figure 8. Structures of the turns with Hygn thei+1 position in all
three analogues.

explained by allylic 1,3-straif® Due to the repulsion of the
carbonyl oxygen of Hypin compoundl with the methyl group

of Ala® an orientation of the amide plane with coplanar
arrangement of the oxygen and theproton is favored. As
the chirality at thea-carbon of residue 3 in compourtlis
inverted an opposite orientation of the amide plain is found.

) Compound3 has no side chain in position 3 (Gly). Therefore
Figure 7. Superposition of the structures®tleoxo-Ald-amaninamide ~ None of these two orientations of the amide plain is energetically
(black line) ands-amanitin (gray line). favored. Hence, we suggest tf&interconverts rapidly on the

NMR time scale between the conformationlofjI-turn) and

The conformation of the analogusand3 (see Figure 5)is  that of 2 (Bll-turn). - _ N
quite similar to that .. The RMSD value for the superposition A simple comparison of distances within the normal and the
of all backbone atoms is 22 pm. Both structures show the iSO form to distinguish them is not unambiguous because of
normal form and exhibit also a bent backbone where both halvesconformational differences and easily mislead the interpretation.
are nearly orthogonal to each other. These structures consistience, detailed calculations taking into account the whole

of two BlI-turns, one with 116 in the i+1 and the other one  Network of distances and coupling constants were performed.
with Hyp? in the i+1 position. All three analogues show the structure of the normal form in

solution even though interchange to the iso-form was allowed
during the DG calculations. But the initial assumption, that
might exist in the iso form was disproven via additional test
calculations. As distance geometry calculations are independent
on the starting structure they should lead in every case to the
correct isomer. To test this a distance geometry calculation for

A comparison of the conformations of all three examined
analogues shows that the only difference is found in the structure
of the 8-turn with Hy? in thei+1 position. While the.-Ala3-
analogue has @l-turn, which is stabilized through an additional
hydrogen bond between AN and the carboxyl oxygen of

. ; ors Y
the Asr side chain, thep-Ala3- and the Gly-analogue both 2 was performed using the same protocol ithout any

show afil-tum (see Figure 8). . . restraints The resulting structures show a ratio of 69:21
The structures o and 3 exhibit the same predominant  petween the normal and the iso form. Hence, if the experimental
conformation in solution but not with the same stability. If one yata could fit the iso form, the simulation should have lead to
compares the temperature coefficients of the amide proton of this jsomer. A further experiment was performed to exclude
residue 3; the value for compoud—4.0 ppb/K) indicates &  the iso form via molecular dynamic simulations in vacuo. As
solvent exposed orientation, whereas the valudfer2.8 ppb/  the two different isomers are not interconvertible modified
K) lies in the border region where both, an internal and an analogues of the three compounds were employed. The two
external orientation are possible and thatTdr-1.5 ppb/K) is residues forming the transannular bridge were replaced by
typical for the internal orientation of the amide protons. The glanine. For each of the thre®deoxo-amaninamides two
Xag-HV/H* and the Xa&H"/Hyp>H* distances show the same  different starting structure were created; one with a backbone
pattern: the sequential NOE distances are 213Pnaifd 228  conformation similar to the normal isomer and the other
pm (3), and the interresidual distances are 281 gjraqd 364/ analogous to the iso form. Apart from the distances to the side
332 pm @). Additionally the Xa&HN/Trp*-HN distance in3 chains of Trg and Cy$ all other restraints were used for these
is 14 pm shorter than iB. The homonuclealJun . couplings  calculations. Since both simulations converged for all three
of residue 3 in the glycin analogue are 7.0 and 5.8 Hz. These compounds to the normal isomer, the existence of the iso form
data, in particular the coupling constants, indicate that thé-Gly in solution can be safely excluded.
analogue is more flexible than theAla3-analogue. This is The region of the CD spectra in-between a wavelength of
shown by the more averaged values for compoBimdich are 210 and 260 nm where deviations are detected is related to the

not compatible with an absolutely fixed peptide plane between ™ 4g) Hoffmann, R. WAngew. Chem., Int. Ed. Engl992 31, 1124
Hyp? and GI¥. These conformational differences can be 1134.
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carbonyls. The initial assumption that these differences may control without any addition. As the side chain in position 3
arise from two isomeric forms can be excluded through the of the three analogues is very short compared to that of the

performed test calculations. As the normal formSedieoxo-

natural amatoxin-peptides, the detected rather small inhibitory

p-lle-amaninamide shows a CD spectrum similar to compound activities could be a result of a side chain which is too short.

1 (I-configuration) the influence of the chirality in this position

can also be denied. Therefore, the detected differences in theéConclusion
CD spectra must arise from the discussed turn structures. The The herein examine®deoxo-amaninamide analogues all

pl-turn in compoundl leads to negative, thgll-turn in 2 to
positive values. The Gfyanalogue shows a higher flexibility

appear in the normal form in solution. The backbone is bent
and both halves are nearly orthogonal to each other. Each

than analogd and2. Hence, the resulting CD spectrum lies compound exhibits twgs-turns with residues 2 and 6 in the
in-between these of the other two as a result of conformational j+1 position. The conformational differences between the

averaging in the turn region with Hy@n the i+1 position.

analogues lie in the structure of the turn with Rypi+1. The

Recent studies have shown that the most frequently occurring zja3-analogue shows @i-turn in this position, which is further

types of$3-turns (type | and type 1) give significantly different
CD spectra: Sl-turns generally give class C CD spectra and
BlI-turns result in class B spectf&° Our interpretation that

stabilized by an additional hydrogen bond to the #sidechain.
Its conformation is identical to that found f@ramanitin in the
crystal structure. Both of the other compounds shoyila

the differences between the CD spectra of the three analogs areurm. However, the GRanalogue seems to exhibit a higher

caused by variations of th&turn structure fits very well to the
results given in ref 50. The red-shift of the maxima of about

flexibility in this region.
Based on the results of conformational analysis we explain

20 nm compared to the spectra shown therein might be a resultihe strong differences of the CD spectra in-between a wave-
of the different solvents. In ref 50 the authors state that an |ength of 210 and 260 nm with the different types of turns with
increase in conformational flexibility leads to a decreased band Hyp2 in thei+1 position. The assumption that these differences

intensity, which corresponds very well to the effect found for
compound3.

Biological tests show that the inhibitory effect of the three
amatoxin analogs on RNA polymerase |l Bfosophila mela-

nogasterembryos was more than 100 times smaller than that

of a-amatoxin. The.-Ala-compound {) showedK; = 1075
(o-amanitin: K; = 1078), comparable to that value obtained by
the same compound with RNA-polymerase of calf thymus (3
x 1079). Surprisingly thep-Ala3-analogue Z) was about 5
times more inhibitoryK; = 5 x 107%) thanl. This effect might

be caused by the methyl ofAla3 group in2, which is more
exposed compared t@. Glycine-analogue3 exhibited no
inhibitory effect, in contrary it seemingly stimulated RNA
formation in 10°® mol solution by 16-20% as compared to the

(49) Hollasi, M.; Majer, Z. S.; Roai, A. Z.; Magyr, A.; Medzihradszky,
K.; Holly, S.; Perczel, A.; Fasman, G. Biopolymersl994 34, 177-185.

(50) Perczel, A.; Hollsi, M.; Foxman, B. M.; Fasman, G. 0. Am.
Chem. Soc1991, 113 9772-9784.

may arise from two isomeric forms can be excluded. fBhe
turn in compoundL leads to negative, and th#l-turn in 2 to
positive values. As a result of conformational averaging the
Gly3-analogue shows a decreased band intensity.
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