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Abstract : probational studies of ~ud~tell~n A were pcrformcd by a 

combination of bigb field NMR and computatiouai chemical evidences to elucidate a 

relatiouship between the structures and their tyrosiuase inhibitory activities in a 

series of cyclii puptides, pseudostellarins, and to establish a pharmacophore model. 

~~~~~of~~A~~by~-and~ 

turn structures, fmed by trans-annular hydrogen bonds between Gly and Lcu. 

Introduction 

Recently, a mnnber of nstumlly occur&g cyclic peptkk~ with unique strum and biological 

activities have been isoWed. In our invest&&n of biive cyclic peptides from higher plants,2) 
. we have isolated several cyclic pcptides, called pseudostellarins, from the roots of m 

licteropIay& (Caryophyllaccae), sbowing potent tyrosinase and melanin-production inhibitory 

activities3) Tbougir these pseud&eikuins have diffemnt number of different amino acids in different 

~e~t~eachother,they~the~enzyme~~~adivityaatyrosinase. 

Cyclic oligopeptides are often experimental models for the studies on the structure-biological 
* 

sctivity relationships, because their cydic stmc&es limit the m flexibility of the peptide 

backbones.41 In order to elucidate tIm mechanisms involved in the action of these cyclic peptides, 

detailed knowledge of their conformational c&We&&s is requfmd. Tberefom, first, we undertook 

conformational analysis of these cydic peptides by the spcctrosaq?ic examinations. Pseudostellarins 

are neutral, cyclic peptides consisting of five to nine lipopbilic amino acids comainmg proline and 
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aromatic residues?) On the basis of detailed and exact knowledge of the structures of 

pseudostellarins in solution under different environmental conditions, the structure-activity 

reIationsItips may be assuredly dkcumed. 

0 f these pacudosteIIarins, pscudost&lrin 

A, cyclo[Qly-Pro-5r-leu-Ala], is a cyclic 

pcnfapcptide, shown in Fig. 1, with reduced 

molecular flexibility and the number of 

constitutedamInoacIdskIcssthanthoscinthe 

other pscudosteIIarins. Therefore, conforma- 

tionaI analysis of pseudosteIkrin A in solution 

conducted by the 2D-NMRtc&tiqucs, 

temperature effects on the NH protons, NOE 

experiments and the refinements of the 

restrained mokcular dynamics calculations is 

most important step for the precise 

understanding of the structum -activity 

GI y’ 

N 
H 
N --If4 

HO 0 Pro2 

Fig. 1 Structure of Pseudostellarin A (l), Gly was 
provkiooaIIy numbered as the first amino acid. 

relationship of tyrosinasc Inhibitory cyclic pcptidcs. We are also interested in predicting the 

conformation of the cyclic peptide in a binding site. in this paper, we describe the conformational 

analysis of pscudosteIIarin A (1) by a combination of high field NMR and computational chemical 

methods with tIk aim of developing a pharmacophorc model of two&asc inhibitors cvclic nentides. 

Results rod disemssion 

Complete as&mmts of IH and 1% NMR sIgnak in DMS0-Q 

Precise knowIcdgc of the conformation of 1 in a poIar solvent such as DMS73-Q k csscntiaI for 

thestudksoftkc struc&e-activity r&&msh& and for the design of new derivatives with hiier 

activity. The compktc assignments of the signals in various NMR measurements may provide 

reliabkInfonnationaboutthtdynamicshuchtns In sohrtion. ‘Dtc &gnments of 1~ and %-NMR 

signals of 1, shown in Table 1, wtre made by the combination of IH-1~ COSY, HMQ6) and 

HMB&) spectra. In spite of the presence of a proline residue, the pr escncc of a single stable 

~~in~-Qwassuggcstedbytbe~~~wiIl~vedshprpslgaalsandthc 

I3c chemical shifts @ 29.0s and 24.16) of 8 and Y positions in Pro residue suggested that t$c 

gVXS4l~Uf~prelineamidt~waS~~dto~.’) 
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P has been well dowmated in the. iiteratuxe that effects in tempem have little effect on the 

chtlnicai shifts of the proteus involved in h@amolea&~ hy or which are otherwise 

shielded from the medium.81 The temperature effecti on the chemical shift of amide hydrogen 

signais was reaxded in ten intervals over the range 300 - 330K in DMSO-ds, as summarkd in 

Table 2. This result Wcated that the NH pmtons in Glyl and Le& were strongly shielded fmm the 

solvent, whereas those in wand Aid were exp(mxl to the solvent. Particularly, the NH proton hi 

Cl yl was involved in a strq i~l~1~ hydrogen boudii, and the presence of tram+ammlar 

hydrogen bonds between Glyl and Lcu4 residues was implied. This suggests the presence of a Y - 

turn which features a seven-membered ring fot-med rio a hydrogen bond between the above two 

residues. The coeffzcients were almost identical with those which am characteristic of the r -turn 
given in the IiteratumP) 

Table 1. 1~ and 136: NMR Signal Ass@neuts of PseadosteIMn A (1) in DMSOQ. 

1H NMR 13cNhfR 

assigument SH (int. mult, J(Hz)) SC k %: 
Gly’ L&Xl4 

a 3.47 (IH, dd, 4.2, 15.2) 41.89 a 3.90 (lH, 
4.01 (lH, dd, 4.8, 15.2) B 1.43 (lH, 

dt, 7.5,lS.O) 
m) 

;X$;; 
. 

NH 7.83 (lH, t, 4.9) 1.62 (lH, m) 
W 167.62 Y 1.31 (la m) 24.38 

Pro2 8 0.77 3H, d, 6.5) 22.01 

; 
4.04 (lH, m) 

m} %g . 
0.85 

i HI, 
3H, d, 6.6 22.43 

1.51 (XH, NH 7.91 d, 7.2 f 
2.03 (lH, m) w 171.50 

7 1.83 
8 

(2H, m) 24.16 
3.52 (lH, m) 46.40 
3.78 (lH, m) 

; 

170,399 

Tyr3 Alas 
4.40 (IH, ddd,7.~,8.9,9.2) 55.23 4.07 48.6-o 

B 2.71 (lH, 
2.81 (lH, 

dd, g.9, 13. 3 36.74 ; 
(iH, 

1.25 
m) 

dd, 7.0, 13.5 
(3H, d, 7.0) 16.51 

NH 8.52 
;: 6.93 

(2H, d, 8.4) 
127.26 129.80 

(lH, d, 7.6) 
c~ 172.58 

; 6.63 (2H, d, 8.4) 155.76 114.77 

NH 7.22 (lH, d, 9.2) 
W 170.328) 

a] &sigmnent may be intex&anged. 

I?seudost&rin A -1.46 3.69 1.17 6.85 
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vicinalanlpling 

Three-bond couplings gave very useful information for the determination of the backbone 

amformation, because they can directly be converted into dihedral anglesvia ICarphrs-type equations. 

l’hc dihedral angles, 0 in 1, estimated from the vicinal NH-CaH coupling constants via Rarplus type 

equation proposed by ~onxe~,lO) are shown in Table 4. These dihedral angles resemble those 

c&ulamdbycncrgymmhmmdons(SccMDandcnergyminimixationscction). 

Furthermore, the populations of the side chain rotamers were quantitatively assayed by means of 

homonuclear coupling constants. ‘Ihough the assignment of each I-It3 proton in the side chain of the 

‘Iyr3 was ambiguous, the viclnal coupling constants of 8.9 and 7.0 Hx were observed (Table 1). 

Using the treatment of Pachltr,ll) we calculated the relative populations of the three side-chain 

rotamets (Fig. 2), the results being shown in Table 3. Thus, the populations of rotamers I and II are 

almost the same in preference to rotamcr 

III. A different explanation of these 

predominant rotamers is provided by the Tl 

relaxation times of the carbon resonances in 

Ty? (See molecular mobility section) and 

also supported by ROE enhancements as 

shown below. 

-J#& -HN#& :$A* 

co- co- - co- 
t 11 n1 

Fig. 2 Rotamers about the Co - Cl3 bond axis for Tyr3 

Table 3.lH-NMR paramctcrs for Iyr3 side chain of 1 and the % of rotamcrs in DMSO-Q. 

I 
Rotamer ylations (%) 

III 

13.5 8.9a) 7.08) 
a,b) Each value may be interchanged. 

57.5b) 40. lb) 2.4 

ROE enhancements 

The relationship of ROE enhancements in 1 observed by ROESY spectruml2) is indicated by 

arrows in Fig. 3. ‘Dvo important correlations were the ROEs between Tyr3-Ha and Tyr3-NH, and 

between Tyr3-NH and P&-Ha. These interactions are possible only when the peptide bond 

between Pro2 and Tyr3 takes type II B-turn conformation. Other important correlations observed in 

the ROESY spectrum were those between Alas-Ha and Glyl-NH, and between Leu4-Ha and Ald- 

NH, implying the presence of a Y -turn conformation formed by the three residues, Leu4, Alas and 

Glyl. These conformations may be stabilized by the formation of two intramolecular hydrogen 

bonds between Glyl and Leu4, as mentioned above. Other ROE correlations observed between Glyl 

and Pro2 residues, and between Tyr3 and Leu4 residues also supported the above proposed 

conformation. 
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Fig. 3 Some important ROE relationships of 
pseudostellarin A (1). 

1352 

m3 

280 

HO 

Fig. 4 NT1 values in milliseconds of the 
carbon atoms of 1 (N=number of attached 
protons, Tl=longitudinal relaxation time). 

Information about the structural flexibility of this compound can be experimentally obtained from 

the Tl relaxation timea of the carbon resonances. The NT1 values (N=number of attached protons, 

ll=longkudmal rehuation time) correlate directly with tbe molecular mobility. This is due to the fact 

that the 13C relaxation of these carbons is mainly dominated by the single relaxation mechanism, that 

is, 13CJH dipolar imemction with directly bonded hydrogens.13) 

The experimental data are given in Fig. 4. These data provide us with information about the 

rotational motion of the backbone of 1 and about the internal rotations of the side chains. All the a 

carbons gave very similar NT1 valuea, indicating the rigidness of the backbone. Interestingly, the 

NT1 value of the p carbon of Tyr3 was similar to that of the acarbon, and was smaller than that of 

methylene carbon of PI&. However, tbe ortho and meta carbon atoms, which are influenced by the 

tyrosyl ring rotation, gave larger value than those in fixed tyrosyl rings.4) These facts about the 

tyrosyl ring rotation were alao supported by the strong ROE correlations between Ha and Ho of the 

‘I@ residue. 

Molecular dynamica and energy mmimixation 

For the purpose of predicting and analyzing complicated conformational features of these cyclic 

peptides, it is mcemary to use a computational method which can give us a result being independent 

on starting structure. We have already reported that it might be possible to uae molecular dynamics 

techniques as a tool to test simulated annealing. 1~1~) The method, applied to a broad class of 

problems, was also useful for the studies of conformational problems.15) The starting geometries of 
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pseudosteIIarin A for the simuIation 

were modeled by mohrcular modeling 

software SYBYL.16) I II or d c r to 

discriminate between the conforma- 

tionaI energy of the pentapeptide ring 

and that of the TyP side chain, the 

following cakulation was made with a 

hypotheticaI compound in which Tyr3 

was replaced by Ala. Conformation 

of the ‘ly? side chain was simulated 

separately as described below. The 

distance constraints derived from the 

ROE experiments were used to show 

that its solution structure is consistent 

with the experimental data. Each 

system was equiIibrated for 5400 fs 

Table 4. The calculated backbone dihedrals in 1 by 
vicinal NH-CuH coupling constants (a) and energy 
caIcuIations (b). 
Residue DihedmI angIe pseudo@IIarinA(1) 

MECXZHC~~~~I NMRa) CaIcP) 
CatstmtW) 

4.9 103.3 132.961.6) 

-154.7(2.9) 

-56.4(7.7) 

182.8(0.9) 

9.2 54.1 56.1(2.3) 

32.0(4.1) 

-46.0 

-114.0 

7.2 -152.9 -155.q6.7) 

-164.9(1.7) 

7.6 -89.7 -60.0(0.5) 

w 63.0(0.4) 
b) Averag+ dihedmI angles (STD) for ten lowest energy 
co- 

withathermalbathat900Kandthena&r~~iveIyfor900~wi~at~~bath10Klowtrin 

tempemuueuntilafinaItempemtureof5OKwasobta&d. T%is&mpeWum WZ#SdMXCIl&CXSCved 

txkl- and error tests, judging from the arrival at equitibrium between pussii conformers. Twenty 

cycles are performed, and each freexcd conformation was sampled from the minimum temperature at 

50K. Each low energy conformation was finaIIy minimixed by the use of moIecuIar mechanics 

caIcuIation of AMBER force field.17) A snapshas with the lowest energy was selected as an relevant 

conformation. Ten lowest energy conformations have averaged backbone RMSD (STD), 0.03 A 

(O.Ol), relative to the Iowest energy conformation. After minim&tion of the backbone stmctum, the 

stableoonformerofthesidechainof’I)rt3w88~bythecnngylnapscalcuIatcdbytherotation 

of ~1 and ~2 per 2 degrees. It is clear from the calculated dihedrals for the ten lowest energy 

canformationsshowninTable4awl~RamgEhanQanpIotshowninWg.5tbatthecoPlformatioaof 

thetypeIIWumandy-tumstmctums is fulfilled for that in 1. 

It is obvious from the stereoscopic view of the lowest energy conformation in Fig. 6 and 7 that the 

conformation is satisfied with the characteristic ROE relationship and is fulfilled for soIution 

conformer (TabIe 5 and fig. 3). Then, the distances between GIyl-NH and Leu4X0, and I.&-NH 

and Glyl-CO, involving two intramolecular hydrogen bondinp were 1.883 and 1.934 & 

mspectively, which w tothetempemtumeffectsonNHdremicaIshi8asdes&bedabove. 
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Gl yl-NH 2.481~OJO4) * 

TY++ -NH R&Ha 2213(0.017) 

z: 
W-m 225qo.004) 
,u_m 2.52O(OXIO2) 

Gl yl-NH Leu4-cc.I 
Leu4-NH G&CD 

l.tW(O.003) 
1.934(0.036) 

-180 -120 -60 0 20 t20 180 

* 

Fig. 5 Ram.9chaudran plot caladated by energy minimization 

These fii about the conformation of 1 may be related closely to the mode of action of 

pseudast~~~which probably interacI with specific re&ptor sites. Studies on the conformation 

and the biologicai activity relationship of derived pseudostellarin A and on the precise backbone 

conformationoftheotherprcudosbcllarinsarenowuIlderiuv~tigation. 

ProtonandcarbonNMRspectrawerereuxdedonBruker mrs (AM400 and AM500) 

and processed on a Brukea data &&ion with ,an Aspect 3000 computer. 15 mg sample of 
pseudosteilarin A in a 5mm tube (Wml DMSD& degassed) was used for&e homonuclear and 

heteronuclear measurements. The spectra were recorded at 303K. ROESY experiments were 

acquired with mixing times of 90 msec, since no secundary effects wore observed at this mixing 

time. The value &the &lay to uptimii onchmd correlations in the HMQX+c&um and suppress 

them’ia the H?MBC spectmm was 3.2 msec and the evolution delay for long-range couplings in the 

HMBCspectmmwassetto5Omsec. 

Materials 
The extraction and isolation Procuh~ of 1 from the roots of psertdaslellaricl keteroplryua were 

pe&nmedasdesc&dinourprhousPaper.3) 
. . 

~lOOMH2) 

All spectra were recohd on a Bmcker AM400 spe&rometer at 100.6MHz using proton broad- 

band decouplii at 303K. The spectra contained 32K data .points over a 24ICH.z frequency range. 
RelaxaEiondatawereobtainedbyusingthe ilwcrsh-recovery 180+900pulse Wquence. Repetition 

time between two acquisitions was 30 s for .pseudo&hrin A (1) in DMSO-Q. The spin-lattice 

alaxation~~wcrrdctnmimd~thtn~~~.~gaarcgresgion~is~~ 
in the Tl routine of the Bruker acquisition aad proc=hg program and given by the exprcsaion 
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Fig. 6 Stereoscopic view of a stable backbone structure (53.382 kcals/mol) of the hypothetical 

compound in which Ty? of 1 is replaced by Ala given by MD and energy minimimtions 

Fig. 7 Stereoscopic view of pseudostellarin A (1) of the lowest energy conformer given by 
energy map 
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Y=A3 t A2*exp(-VII) in which A3 and A2 arc the con&ants representing the delay times between 

the 1800 and go0 pulses. For the calculation ofTl, we used the relative Intensities oftbe 13C siguaIs 

at 12 different values ln an appropriate range. Standard deviations were in the range of Cl.008 to 

0.030s. 

Computer modeling and all calculations were ptfformed by using the molecular-modeling 

software SYBYL ver. 6.03 (Tripes Associates, St. Louis, MO) on an IRIS 4-D work station. Initial 

calculations started with the coordinates modeled by NOE restraint energy minimization using 

AMBER force field. Molecular mechanics and dynamics calculations were performed with the 
AMBER force field.17) The dielectric constant (E) was assumed to be proportional to the interatomic 

distances (r) as &=r. Solvent molecules were not included in the calculations. The NOE relationships 

involved in the &turn structure between Tyr3-IW and Ty&lH and between Pro2-Hd and Ty& 

NH, and those involved in the y-turn structure between Alas-Ha and Gly I-NH and between Leu4- 

Ha and A@-NH, shown in Fig. 3, and two intramolecular hydrogen bandings of Glyl-NH - Let& 

CO and Leu4-NH - Glyl-CO were taken into account in the calculations of the constraint 
minimizations and dynamics with an extra harmonic term of the form E= EK (r-rn&2 for r > rmax 

and E=O.O for r c rmaxaddcd to the force field (K=SOO). In order to discriminate between 

~~o~ati~~ energy of the pentapeptide ring and that of the Tyt3 side chain, calculation was made 

with a hypothetical compound in which Tyr3 was replaced by Ala. A simulation was performed by 

using a time step of 1 fs, and the st~chms were sampled every 90 fs. Each system was equilibrated 

for 5400 fs with a thermal bath at 9OIlK, and thereafter, successively, for 900 fs with a thermal bath 

10 K lower in temperature, until a final temperature of 50 K was obtained. Twenty cycles were 

performed, giving a total simulation time of 126 ps, and each freezed conformation was sampled 

from the m~mum temperature at 50 K The snapshots from the mi~mum temperature at SOK were 

then energy minimized with the AMBER force field. A snapshot with the lowest energy was selected 

as an relevant conformation. After the above calculation, the stable conformer involved in the side 
chain of ‘I@ was obtained by the energy maps calculated by the rotation of 311 and ~2 per 2 degrees 

using a systematic search in SYBYL. Each energy minimization was carried out until the derivatives 

became less than 0.01 kcalmol-ISA-l. 

References and Notes 

1) Cyclic Peptides from Higher Plants. Part lo., Part 9, H. Morita, S. Nagashima, K. Takeya and 

H. Itokawa, Teaaitedron, in press. 
2) H. Itokawa, H. Morita, K. Takeya, N. Tomioka, A. Itai and Y. Iitaka, Tetnzhedron, 1991, 

47,7007; H. Itokawa, H. Morita, K. Takeya, N. Tomioka and A. Itai, Chem. Lett., 1991, 
2217; H. Itokawa, T. Yamamiya, H. Morita and K. Takeya,J. Chem. Sot. Perk& Trans. 1, 
1992,455; H. Morita, T. Yamamiya, K. Takeya and H. Itokawa, Chem. Pharm. Bull., 
1992,40,1352; H. Itokawa and K. Takeya,Heterocycler, 1993,35,1467; K. Takeya, T. 
Yamamiya, H. Morita and H. Ito~w~~y~~, 1993,33,613; H. Morita, S. 



12608 H. MOFUTA et al. 

3) 

4) 

5) 
6) 
7) 

8) 

9) 

11) 
12) 

13) 

14) 

15) 
16) 
17) 

I+Ia88shima, K. Takeya and I-I. Itokawa, C&en& Pharm. Bu& 1993,41,992, H, Morita, S. 
Nag&ima, 0. Shirota, K. Takeya and H. Itokawa, Chem Let&, 1993,18n, H. Morita, S. 
Nagashima, K. Takeya and H. Itokawa, Ifeteruqcks, in press.; H. Morita, S. Nagashima, 
K. Takeya, H. Itokawa and Y. Iitaka,J. Chem Sot. Perkin Trans. 2, submitted. 

H. Morita, H. Kobata, K. Takeya and H. Itokawa, Tetrahedkon Let&, 1994,35,3563; H. 

Morita, T. Kayashita, H. Kobata, A Gonda, K. Takeya and H. Itokawa, Te&uh&on , 1994, 

50,6797, H. Morita, T. Kayashita, H. Kobata, A. Gonda, K. Takeya and H. Itokawa, ibid, 

1994, so, 9975. 

H. Morita, K. Kondo, Y. Hitotsuyanagi, K Takeya, H. Itokawa, N. Tomioka, A. Itai and Y. 

Et&a, Tetrahekon, 1991,47,2757. 
A.BaxandS.Sub ramanian,J. Mogn. Reson, 1986,67,565. 
A. Bax and M. F. Summers,J. Am. Chem. Sot., 1986,10&2093. 

D. E. Dotman and F. A. Bovey, J. Org. Chem., 1973,38,2379. 
H. Kessler,Angew. Chem., 1982,94,50!& ibid, ht. Ed., 1982,21, 512. 

M. A. Khaled, D. W. Urry and K. Okamoto, B&hem. Biophys. Res. Commun., 1976, 72, 

162; R. Kishore and P. BaHram,L3iopo~merr, 1985,24,2041; A. F. Spatola, M. K.Anwer, 
A. L. Rockwell and L. M. Gkrasch,J. Am. Chem. Sot., 1986,208,825. 

B. Don&, “Untersuchung der bevorzugten Konfonnationen einiger tryptophan hattiger cyclo- 

Dipeptide in Losung”, Ph. D. Theais, ETH, Zurich (1971). 

K. G. R. Pachler, S’ctrochim Acta, 1964,20,581. 

A. A. Bothner-By, R. L Stephens, J. Lee, C. D. Warren and R. W. Jeanloz, J. Am. Chem. 

Sot., 1984,206, 811. 

A. AIlerkand, D. Dcddrell and R. Komomski, J. Chem. Phys., 1971,55,189. 

H. Morita, K. Matsumoto, K. Takeya and H. Itokawa, them. Fharm. Bull., 1993, 41, 1478; 

H. Itokawa, T. Miyashita, H. Moda, K. Takeya, T. Hirano, M. Homma and K. Oka, ibid., 

1994,42,604; K. Osawa, H. Yasuda, T. Maruyama, H. Morita, K. Takeya and H. Itokawa, 

Phytochemistry, 1994,36,1287. 

S. R. Wilson, W. Cui, J. Mcskowits and K. E. Schmidt, TetrahedronLet& 1988,29,4373. 
Molecular-modeling software SYBn ver. 6.03 (Tripes Associates, St. Louis, MO) 

G. Seibel, U. C. Singh, P. K. Weiner, J. Caldwell, P. Kollman, Univ. San 

Francisco, 19 89. 

(Received in Japan 29 July 1994; accepted 19 September 1994) 


