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Solution Forms of Antitumor Cyclic Pentapeptides with 3,4-Dichlorinated
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Conformational analysis of antitumor cyclic pentapeptides, astins A (1) and C (3), was made by a combination
of NMR and computational techniques. These results indicated that the backbone conformations of 1 and 3, with
lower activity than astin B (2), were different from that of 2. The backbone conformation together with a cis
3,4-dichlorinated proline residue was considered to play an important role in the antitumor activities of astins.
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On the basis of the existence of many naturally occurring
cyclic peptides with unique structures and biological
activities, we have focused our attention on new cyclic
peptides, with various biological activities, from higher
plants.? As part of this program, we have reported on the
structures of antitumor cyclic pentapeptides, named astins
from the roots of Aster tataricus (Compositae).” The
major cyclic pentapeptides, astins A (1), B (2) and C (3),
contain a 16-membered ring system with a unique 3,4-
dichlorinated proline, an allo threonine, a serine, a p-
phenylalanine and an a-aminobutyric acid. In our previ-
ous papers,*? the solid and solution conformations of
astin B (2), with the highest activity among astins, were
described.

Our continuing research on astins, by spectroscopic
analysis such as nuclear Overhauser effect (NOE) and
temperature effects on the NH chemical shifts in dimethyl
sulfoxide-d, (DMSO-dg), and molecular dynamics simula-
tion, demonstrated that astins A (1) and C (3) with 3,
4-dichlorinated proline residues possessed different solu-
tion conformations from that of astin B (2) in DMSO-d,
solution. In addition, their backbone conformations were
considered to affect the antitumor activities of astins. This
paper deals with conformational analysis of astins A (1)
and C (3) by NMR and computational chemical methods.

Results and Discussion

In order to understand the mechanisms involved in the
actions of cyclic peptides and to study the structure—
activity relationship, it is necessary to have knowledge
of their conformational characteristics. Our previous
examination using X-ray, NMR and molecular dynamics
(MD) simulation indicated that the conformation of astin
B (2) in the solution state was, on the whole, homologous
to that observed in the solid state.*” The conformations
of astins A (1) and C (3), with an a-aminobutyric acid
(Abu) at residue 2 and lower activity than astin B (2),
were examined by the use of NMR and MD simulation,
and were compared with that of astin B (2).

It has been well documented® that changes in tem-
perature have little effect on the chemical shifts of NH
protons which are involved in an intramolecular hydrogen
bond or which are otherwise shielded from the medium.
It has been observed that exposed hydrogens, which are
accessible to the solvent, exhibit a larger temperature
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coefficient (>4 ppb/T) than do intramolecularly hydro-
gen-bonded hydrogens (<3 ppb/T). In such a solvent as
DMSO-d,, the temperature effect on NH chemical shifts
is often used to identify the external or internal NH
orientations.

The temperature dependence of the amide proton
chemical shift of 1 and 3 was recorded in 5° intervals over
the range 300—330K in DMSO-dg, as summarized in
Table 1. The dé/d T of both compounds in DMSO-dg were
quite similar, suggesting that the same amide protons in
1 and 3 are intramolecularly hydrogen bonded in this
solvent. On the other hand, the coefficients in 2 were
slightly different from those in 1 and 3. For compounds
1 and 3, the d§/dT of p-Phe* was 0.5 and 0.0, respectively,
indicating that this proton is indeed involved in a strong
intramolecular hydrogen bond in this solvent. The
coefficient for 2, however, was 2.8 ppb/K, showing that
this NH proton is involved in a weak intramolecular
hydrogen bond. In addition, the coefficients of Ser>-NH

1
alloTh*(Abw") Pro(Ch)"
N—1 N,
Cl
/S
O R,
N H
H H“ﬂ N
R, R,
AstinA(l): H OH Se “OH
B@): OH H
C@3: H H Abu?(alloThr?)
Fig. 1. Structures of Astins A—C

Pro was provisionally numbered as the first amino acid.

Table 1. Temperature Coefficients (—d§/dT x 10°ppm/K) of NH
Chemical Shifts of Astins A, B, and C in DMSO-dg

alloThr? 3 4 Abu®
Compounds (Abu2) Ser B-Phe (alloThr®)
Astin A (1) 3.5 1.7 0.5 5.3
Astin B (2) 3.0 2.2 2.8 4.5
Astin C (3) 3.5 1.3 0.0 5.7
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in 1 and 3 were slightly smaller than that in 2.

The conformations of 1 and 3, which were considered
to be different from that of 2 by the above temperature
coefficients, were deduced from detailed analysis of NOE
data in DMSO-d,. NOE relationships similar to those in
2 were observed in the phase sensitive nuclear Overhauser
and exchange spectroscopy (NOESY) spectra,” except
that NOEs between Ser®-H, and Ser>-NH, and between
Ser3-NH and Abu?-Ho were observed in 1 and 3 (Fig. 2).
The above NOE relationship was not observed in 2,
because Ser3-NH was related to the formation of a
strong intramolecular hydrogen bond with alloT hr2-OH.

The allowed dihedral angles were calculated from the

Fig. 2. Some Important NOE Enhancements of Astin C

The arrows show the NOE relationships confirmed by phase sensitive NOESY
experiments in DMSO-d,; at 303K, and dashed lines show three intramolecular
hydrogen bondings.

Table 2. Backbone Dihedrals (¢) in Astins A (1) and C (3), Calculated
from Vicinal NH-C,H Coupling Constants (Hz)

Astin A (1) Astin C (3)
Residues
Hz ¢ angle? Hz ¢ angle?
Abu? 8.9 —93, 213 9.0 —94, 214
Ser3? 46 —68, —172,17, 103 42 —65, —175, 14, 106
B-Phe* 6.5 79, —161, 30, 90 6.6 —79, —161, 31,89

alloThr3(Abu®) 62 —77, —163, 28,92 5.1 =71, —169, 20, 100

a) Calculated using the Karplus-Bystrov equation: 3Jyy =9.4cos?|60—¢|
—1.1cos|60—¢[+0.4.
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vicinal NH-C,H coupling constants obtained by 'H-NMR
spectra, according to the Karplus type equation proposed
by Bystrov et al.®’ The J values and the corresponding
calculated dihedral angles, ¢, are shown in Table 2. The
corresponding dihedral angles of 1 and 3 have similar
values.

In order to characterize the conformational features of
astins A and C, restrained molecular dynamics simulation
of astin C (3) using structural constraints derived from
the NMR data was conducted to define the conforma-
tion in the same solvent as the NMR experiments. The
simulated annealing calculation method,” which we have
already reported relating to several cyclic peptides such
as surfactin,’® astin B* and pseudostellarin A,'" was
applied to analyzing this problem. The starting coordinates
were derived from the X-ray structure of astin B.> The
distance constraints derived from the NOE experiments
were classified into two ranges, 1.8—2.5 and 1.8—3.5 Z\,
corresponding to strong and medium NOEs, respectively.
No hydrogen bonding restraints and no solvent were used.
The J-derived ¢ angles were not included in the constraints
due to the fact that a coupling constant can correspond
to four dihedral angles and the coupling constant could
be the result of motional averaging. Each system was
equilibrated for 5400 fs with a thermal bath at 500K, and
thereafter successively for 900 fs with a thermal bath 10K
lower in temperature, until a final temperature of 50K
was obtained. This temperature was chosen after several
trial and error tests, judging from the arrival at equilib-
rium between possible conformers. Twenty cycles were
performed, and each frozen conformation was sampled
from the minimum temperature at 50 K.

Calculated low energy conformers were analyzed in
detail and 10 of these conformations have an averaged
backbone atom root mean square deviation (RMSD),
0.112 (0.047). A snapshot with the lowest energy was
selected as a relevant conformation (Fig. 3). The direc-
tions of the amide bond between residues 2 and 3 in 2
and 3 were different from each other, and a superposi-
tion of the energy minimized conformers of 2 and 3 is
depicted in Fig. 4. The lowest energy conformation of 3

Fig. 4. A Stereo View of a Superposition of the Energy Minimized Conformers of Astins B and C (RMSD=0.62 A for the Best Fit of Each

C, Carbon)
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Table 3. The Calculated Backbone Dihedrals for the Ten Lowest
Energy Conformers in Astin C by MD Calculations

Residue Dihedral angles (S.T.D.) of astin C

Pro(C12)1 —76.6 ( 7.7)
—8.5(15.8)
—176.6 ( 1.2)
—89.3 (17.3)
62.1 ( 3.5)
—~176.6 ( 1.1)
67.9 ( 2.7)
—558( 1.4)
178.1 ( 0.9)
—128.8 ( 5.1)
L 46.1 ( 2.2)
b) 80.0 ( 3.0)
—173.8 ( 2.0)

—67.6 ( 4.1)

142.1 ( 2.5)

1.3(23)

Abuy?

Ser3

&

B-Phe*

)

Abu’®
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4) ¢ in B-Phe*=Ce_o-N-C,-C,. b) ¥, in p-Phe*=N-C;~C,~Ceo, Y5 in -
Phe*=C;~C,~Cc-o-N.

had three intramolecular hydrogen bonds between Ser?
and Pro! (Ser®*~NH- - -Pro'~CO 2.17 A), between f-Phe*
and Abu? (B-Phe*-NH- - -Abu?>-CO 1.77A) , and be-
tween Abu? and f-Phe* (Abu>~NH - - - f-Phe*~CO 2.06 &),
which were different from those between Ser’-NH and
alloThr>~OH, between alloThr?>~NH and g-Phe*-CO, and
between B-Phe*~NH and p-Phe*~CO in astin B (2). The
similarity of this geometry in solution was also investigat-
ed by the intensive NOE correlations observed between
Ser*-H, and Ser®-NH, and between Ser>-NH and
Abu?-H, in 3, and also by the temperature coefficients
of the above three NH protons in 3. In addition, it is
clear from the relevant dihedrals provided in Table 3 that
the ¢ angles (Abu2-94, Ser®-106, f-Phe*-161, and alloThr>-
71) roughly correspond with those calculated from the
vicinal NH-C,H coupling constants in the 'H-NMR
spectrum (Table 2) and are fulfilled for the solution
conformation of 3. Furthermore, considering the tempera-
ture coefficients and NOE relationship, the conformation
of astin A (1) in DMSO-d; was also shown to possess a
backbone conformation similar to astin C (3).

These results indicated that 1 and 3, with weaker ac-
tivity than astin B (2), took different backbone confor-
mations from that of 2. Therefore, the backbone con-
formation, together with a cis-3,4-dichloroproline resi-
due of astins, was considered to play an important role
in antitumor activities.

Experimental

All NMR data were recorded on a Bruker AM400 and AMS500 and
processed on a Bruker data station with an Aspect 3000 computer system.
10mg samples of astins A and C in a Smm tube (0.5ml DMSO-dq,
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degassed) were used for the homonuclear and heteronuclear measure-
ments. The spectra were recorded at 303 K. Phase sensitive NOESY
experiments were made with a mixing time of 0.6s.

Materials Roots of Aster tataricus used in this experiment were
purchased from Uchida Wakanyaku Co. in Japan, and a voucher
specimen has been deposited in the herbarium at the Tokyo University
of Pharmacy and Life Science. The extraction and isolation procedures
of astins A, B and C were performed as described in our previous
paper.”

Simulated Annealing Calculation Computer modeling and all calcu-
lations were performed using the molecular-modeling software SYBYL
ver. 6.03 (Tripos Associates, St. Louis, MO) on an IRIS 4-D work
station. Initial calculations were derived from the coordinates of the
crystal structure of astin B analyzed by X-ray crystallography.® The
dielectric constant () was assumed to be proportional to the interatomic
distances (r) as e=r. Solvent molecules were not included in the
calculations. The NOE relationships shown in Fig. 2 were taken into
account in the calculations of the constraint minimizations and dynamics
with an extra harmonic term in the form E=3 K (r—rpy,,)* for r>rq,,
and E=0.0 for r<r,,, added to the force field. A simulation was
performed using a time step of 1fs, and the structures were sampled
every 90fs. Each system was equilibrated for 5400fs with a thermal
bath at SO0K, and thereafter, successively, for 900fs with a thermal
bath 10K lower in temperature, until a final temperature of 50K was
obtained. Twenty cycles were performed, giving a total simulation time
of 126 ps, and each frozen conformation was sampled from the minimum
temperature at 50 K. The snapshots from the minimum temperature at
50 K were then energy minimized with an AMBER force field.'* The
lowest energy conformer was selected as the relevant conformation. Each
energy minimization was carried out until the derivatives became less
than 0.01 kcal-mol~1-A~1,
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