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Abstract The structures of new antitumor bmychc hexapepndes, RA-VI and -VIII from Rub&a cordfloha were 
elucidated by the spectroscoptc and chemical methods A combmauon of two-dtmennonal NMR techniques and 
NOE relanonships showed that the ammo acids consntutmg the p-turn of RA-VI are Ser-2 and D-Tyr-3 and those 
of RA-VIII, Thr-2 and Tvr-3 By the conformanonal analysis of RA-VI m its crvstallme state using the X-ray 
diffractometrtc techmque, RA-Vi was shown to have, m iti sobd state, a type V l&m structure at the residues 
Ser-2 and D-Tvr-3. while other RAs have tvne II O-turns Further. bv 2D-NMR techmaues. temoerature effects 
on NH protonsandNOE experiments, m sohmon of CDCl3 RA-VI &as shown to exist only as conformer A and 
RA-VIII as conformers A, B and C The dtfference between the sohd state and solunon state conformattons of 
RA-VI was also shown by the refinement of the restrained molecular dynamics calculattons using AMBER 
program RA-VIII, havmg a smaller population of conformer A with type 11 g-turn than other RAs, showed a 
reduced biological activity, and the N-methyl denvanve of RA-VIII, whose conformer A content is further 
reduced, gave a further reduced activity, suggestmg that conformer A conmbutes to the actrvtty However, RA- 
VI, extstmg m solutton 100% as conformer A, showed a very low activity and N-methylanon increased the 
activity This shows that the stereochemistry and molecular mobdlty of the aromanc side cham of Tyr-3 over thts 
turn, as eluctdated by the l3C spin lattice relaxanon times, plays a more important role m the anntumor acnvny of 
the compounds of this senes m addmon to the type II p-turn structures 

Introduction 

A senes of btcychc hexapepndes, 

named RAs, I e RA-I, II, Ill, IV, V 

and VII, are potent antitumor 

peptides isolated from Rubra 
cordrfolla and R akane 2, Thetr 

structures,3) phystologtcal 

activtttes4) and the total syntheses of 

RA-VIIS) have been reported 

These related compounds are said to 

mhiblt protem synthesis by bmdmg 

to the eukaryotm 80s nbosome and 

subsequently inhibtttng EFI- 

dependent bmdtng of amtnoacyl- 

tRNA and EF2-dependent 

translocatron of pepttdyl-tRNA 6) 

In the previous paper.11 the 

conformanonal analysis of the mam 

RI Rl 
RA-VI H RA-VIII H 
RA-VI-DtMe Me RA-VIII-DlMe Me 

Figure 1 
Structures of RA-VI, VIII and thclr denvauves. The ammo-actd resldures are shown 
by lhelr convenuonal three-letter abbrevmuons, I e Alaalanme, Tyr=N-methyl-O- 
methyl-lyrosme, D-Ala=D-alanme, D-Tyr=N-methyl-0-methyl-D-tyrosme, Ser=senne, 
Thr=thrconme 
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acnve pnnclple, RA-VII and its N-methylated denvanve (RA-VII-NMe) was conducted by the spectroscopic and 
computational chemical evidences From the results, the most important site for its antltumor activity was 
considered to be around the p-turn structure 

In our further chemical studies on the minor antitumor pnnclples of the plant, we isolated two new blcychc 
hexapeptldes, RA-VI and VIII, having &fferent ammo acid composmons from those of other RAs and different 
backbone conformations The ammo acids constltutrng known RAs are all L-form excepung for D-Ala-l The 
new hexapeptldes isolated this time were found to contain D-Tyrosme at the third ponnon of RA-VI and L- 
Threomne at the second posmon of RA-VIII 

Cychc ohgopeptldes are often used m expenmental studies on the structure-blologlcal acavity relanonshlps, 
because their cyclic structures limit the conformanonal flexlblhty of the peptide backbones As part of our 
program to study the structure-activity relanonshlp of RAs, we have undertaken conformational analysis of these 
newly obtained RA-VI and VIII by the spectroscopic exammatlons RAs are neutral, cychc pephdes consisting of 
six ammo acids which are all hpophlbc ammo acids with three of them being N-methylated ammo acids On the 

basis of detailed and exact knowledge of the structures of RAs m solid and solution under different environmental 
condltlons, the structure-actlvlty relatlonshlps may be assuredly discussed and new denvatlves of these 
compounds with higher actlvlty and less side effect may possibly be designed 

Conformational analysis of RA-VI m crystal form was made by X-ray crystallographic analysis Further, 
studies of conformanons of RA-VI m solunon conducted by 2D-NMR techniques, the temperature effects on NH 
protons, NOE expenments and the refinements of the restramed molecular dynamics calculations are important 
steps for the precise understandmg of the structure-achvlty relaaonshlp of RAs 

The lH-NMR spectrum of RA-VIII suggested the presence of three stable conformational states (conformers 
A, B and C) in CDC13 and DMSO-d6 RA-VIII-NMe, a denvatlve of RA-VIII giving a conformer composition 

different from that of RA-VIII, showed a reduced effect on P-388 and KB cells However, RA-VI, suggesting to 
be m only one stable conformational state (conformer A) III both CDC13 and DMSO-d6, showed a considerably 

reduced activity 
In this paper, we report on the structure determmatlon and conformatlonal analysis of the new antitumor 

blcychc hexapeptldes, RA-VI and VIII, by spectroscopic (NMR and X-ray analysis) and computanonal chemical 
methods (molecular dynamics and molecular mechamcs calculanons), and discuss further on the conformatlon- 
blologlcal acnvlty relatlonshlp of these compounds 

Isolation and structure determination of RA-VI and VIII 
The crude RA-III and V fractions prepared from a CHC13-MeOH extract of Rublae Radix (roots of Ruha 

cordfilra) m the same way as that described m hterature3b) were subjected to ODS-HPLC column chromato- 
graphy From the crude RA-III fraction, pure RA-VI was obtamed after recrystallization and from the crude RA- 
V fraction, RA-VIII was obtained 

RA-VI, showing a molecular Ion peak at m/z 786 m the MS spectrum, has the molecular formula, 
QlH50N6010 according to the high resolunon MS spectrum, and was considered to have an exocychc oxygen 

atom as in the case of RA-IIl because it gave a dehydration peak at m/z 768 (M+-18) The ammo acid analysis of 
RA-VI by separation of optlcal isomers of Dns denvatlves using mixed chelate complex (L-HIS-Cu(I1)) showed 
that It contained D-Ala L-Ala L-Ser m the ratio of 1 1 1 as m RA-III 7) Therefore, the structural difference 
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between RA-VI and RA-III was considered to be m the three N-methyl tyrosme umts The lH and l3C NMR 

spectra of RA-VI showed quite different features from those of RA-III In RAs, two or three conformatlonal 

states are produced by the lsomenzation about one or more N-methyl amide bonds, whtch are charactenstlc of 

other RAs But such plural conformatlonal states were not observed m RA-VI, showing that It exists m only one 

conformatlonal state The presence of NOE between Tyr-5-Ha and Tyrd-Ha suggests that these two tyrosmes 

are L-form However, Tyr-3 may be D-form because NOE wds not observed between Tyr-3-NMe and Tyr-3- 

Ha NOE should be observed, If a type II p-turn structure slmdar to that m RA-VII IS present The complete 

structure of RA-VI was determined by the X-ray analyqls (See crystal conformation section) to be an epimer of 

RA-III with D-tyrosme at the thml poslhon 

RA-VIII, C42H52N60l0, which was shown to contam D-Ala L-Ala L-Thr in the ratio of 1 1 1 7, exists, in 

solution, hke other RAs, m three stable conformatlonal states at equlllbnum However, the ratlo of the three 

conformers of RA-VIII at eqmhbnum was dlffexent from those of other RAs 

A relanvely large propomon of mmor conformers of this compound may help to analyze the effect of various 

conformers on the acnvlty The posmon of the new component ammo acid, L-threomne, was detennmed to be at 

the second posmon by the 2D-NMR techmques such as HMBC spectrum (See solution conformation Secuon) 

Crystalline Structure of RA-VI 

The X-ray dlffracuon method was used to determme the exact structure and to obtain detaded mformatlon on 

the confonnatlon of the molecule 

RA-VI crystalhzes from MeOH-AcOEt solution m orthorhomblc crystals of space group FQl212l with lattice 

constants a=14 970(8), b=33 007(20), c=9 413(6)i and Z=4 8) The final R value was 0 083 for the 2556 

reflecnons observed The molecule consists of four L-ammo acids and two D-ammo acids lmked together by 

pepnde hnkages A charactenstlc feature of this molecule 1s that It has, m addmon to the 18-membered pephde 

nng, another ICmembered nng 

formed by the oxldatlve 

couphng of the phenohc oxygen 

of one tyrosme with a carbon 

ortho to the phenohc OH group 

of the adjacent tyrosme The N- 

methyltyrosme residue on the 

ll-membered peptlde ring 

extend outwardly from the nng 

Five of the pephde bonds are m 

tram conformahon and the sixth 

peptlde bond between the 

residues 5 and 6 1s In CIS 

conformation which serves to 

fold the pephde cham to form a 

cyclic structure The CIS 

conformanon and the three 

Table 1 X-ray- and MD-calculated bdckbone dlhedrals m RA-VI and RA-V-pbromobcnzoate 

Residue I)lhedml angle RA-VI RA-V-p-bmmobenzoatc 
MD x-my x-raya) 

D-Ala-1 $ 167 3 137 9(6) 137 8(17) 
w -168 7 -142 2(6) -169 7(13) 

; 
-178 7 -177 4(5) -175 3(15) 

se&(Ak+2)b) -73 7 -115 8(7) -83 l(l9) 
w 1132 90 7(9) 120 9(16) 

: 
-1694 -174 o(5) -178 3(14) 

D-Tyr-3 56 5 
(Tyr-3)b) 

102 3(9) 53 8(23) 
w 43 8 -514(11) 38 5(23) 

17216 -167 9 
Ala-4 

~_____z$_~______“5 5(_ L 
-158 5(12) 

w 162 9(6) 170 5(14) 
179 3 170 8(6) 174 l(l2) 

Tyr-5 
: 

-1153 -1169(8) -1369(14) 
w 909 1113(9) 1017(17) 

TF-6 : 
53 -33) 18(25) 

-1016 -86 qlo) -916(17) 
Y 133 1 161 2(6) 163 2(13) 
0 165 9 171 6(5) 1714(13) 

a) Data given m reference 1 
b) Ala-2 and Tyr-3 m parenlhesls are lhose of RA-V-pbromobcnx0le 
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Figure 2 Staeoscoplc view with each atom numbered of the crystal structure of RA-VI by PLUTO dmwmg 

Table 2 Lengths (A) of hydrogen bondmg m X-ray 
smsture of RA-VI 

From To 
Nl 021 

Symmetry 
(II) 

Lenp;ths (ii1 
2 972(11) 

HNl 021 &j 199(11) 
N2 

0”: 
(m) 2 865(10) 

HN2 (4 181(11) 
021 OlW (111) 2 709(12) 
HO21 OlW (111) 202(11) 
OlW (0 2 772(12) 
OlW % (1) 2 80908) 
Symmetry code 

E) 
x. Y, 2 
1/2-x, -y. l/2+2 

(4 lf22-x, -y. -l/2+2 
W=H20, S=AcOEt 

chmentmnal molecular form are probably retained by the 
addmonal 1Cmembered nng produced by the oxldanve 

The solid state conformation of the molecule with 
each atom numbered 1s shown m Figure 2 by a PLUTO 

_. 

e x-my. PV (.%I-2-D-Tyr 

0 MD, @I (Sa-2-D-Tyr-: 
,-,-a-1-1- 

Tyr-3 
0 

D-Tyr-3 
0 

1 0 
D-Ala-l o 

-n-,-1-,--,- n 
-180” 

-+ 
o- 1W 

Figure 3 Ramachandran plot of RA-VI, Q, and w angles 
calculated by X-ray and MD 

stereoscopic drawmg 9) The torsion angles along the peptlde cham of RA-VI m comparison with those of RA- 
V-p-bmmobenzoate and the lengths of hydrogen bondmgs are listed m Tables 1 and 2, respechvely The $ and w 

value8 are plotted on a Ramachandran plot m Figure 3 
It can be seen from the Figure, the residues 2 and 3 form one turn of the cycbc structure and the residues 5 and 

6 another turn The amide bond between the residues 5 and 6 1s CIS, as shown by the w angle value, -1 00 It 1s 

mtercstmg that CIS configuraaon occurs at the methyl-substituted amule bond The cls an&z bond 1s unusual for 



New antttumor bicyclrc hexapeptrdes 
7011 

pephde umts,l0) though it 1s 1x1 some cases observed, especially m pep& lmkages mvolvmg the muno mtrogen 

atoms of prolme, hydroxyprohn and the other ammo actd restdues whose amino hydrogen atom is replaced by a 
methyl group lO,ll) 

The o angle for crs amtdo bond does not deviate much from Oo In the case of trans amu% bonds, the w 

angles fall m the range 180~100, and the devtattons from the uleal value are of the same order ofmagrutude as m 
the CIS bonds 

The most ngmficant point to be noted IS that the I$ and w values at the residues 2, 3 and 4 of RA-VI are 

drfferent from those of RA-V-p-bromobenzoate, probably because of the solvent, 1-e ethyl acetate cocrystalhzed 
wtth the peptnle and that the Tyr-3 side chain 1s not bent over the backbone Instead of a type II kturn observed 
m other RAs, type V p-turn 1s formed at the residues 2 and 3 probably due to D-form Tyr-3 

Although the lengths and angles obtamed agreed wtth the proposed chemical structure and generally wrth those 
found m other pepttdes, some srgmticant devtauons were observed m the angles of the bonds mvolvmg CIS amide 
group The angles Ca-C-N and C-N-Ca (C’ ts a carbonyl carbon atom) were stgmficantly larger, while O-C- 

N and C-N-C (N-methyl) were smaller than those mvolvmg trans amide groups This may be caused by the 
repulstve forces between the two a-carbon atoms which are CIS to each other Indeed, the distance between the 

two Ca atoms across the CIS amtde bonds were found to be C5-C6=3 018A 

Another point to be noted xs the absence of mtramolecular hydrogen bondmg wrthm the pepttde ring (See Table 
2) It was shown that transannular hydrogen bonds am not necessanly essenhal to the conformauonal stab@ of 
the cyclic pepbde nngs 

Although the X-ray analysts of single crystals gtves the most reliable three dtmentlonal structural form, It 

provides mformatlon only about Its solid-state conformanon The solid state structure 1s often determmed by 
mtermolecular hydrogen bonds, whereas the conformatton m solutton IS determmed mamly by mtramolecular 
hydrogen bonds Hence, the results of an X-ray analysts must be used with care when the results am used for the 
conformational structure in soluuon 

Solution forms of RA-VI and VIII 
Complete assignments of IH and 1% NMR signals 
Accoxdrng to the NMR spectrum of RA-VI, RA-VI exists m a smgle stable conformahonal state in not only 

apolar solvents such as CDC13 but also polar solvents such as DMSO&, which IS considered to be due to the 

lack of repulston between the carbonyl carbon at Ser-2 and the aromatic stde cham at D-Tyr-3. The other RAs 

mcludmg RA-VIII apparently exist m two or three conformdttonal states m solutton 
The complete asstgnments of the stgnals m vanous NMR measurements may provide more reliable 

mformatton about the dynamic structures In solutton The asstgnments of 1H and 13C-NMR signals of RA-VI 
and VIII, shown m Table 3, were made by the combmatton of lH-1~ COSY, lH-13C COSY and HMBC 
spectra The HMBC,l2) which provtdes lo-13C long-range couplmgs, was proved to be extremely valuable for 
the assignment For the assignments of the stgnals of the minor component, conformer B of RA-VIII, 
HOHAHAl3) spectrum was quite useful 

The conformatronal determmatton of RA-VI and VIII m solutton was made on the basts of the results of the 
following expenments 
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Table 3 lH and 1%NMR Chemical Shifts in CDCl3 at 303K (IH: SOOMHz, 1%: 125MHz) 

Amino acid RA-VI 

mw (A) mmor (B) major (A) mmor @) 
proton carbon 

D-Ala-l Ha 4 34 9 Jap=6 4 48 Jap=6 Jafk7 9 4 47 0 Ca 48 48 47 85 47 76 
HP 129 JaN=6 9 1 33 JaN=7 0 136 JaN=6 8 Cg 2081 2105 21 13 
I-IN 642 640 645 Cc=o 17240 172.27 172 58 

Ser-2 Ha 5 10 Jafil=2 8 4 45 Jag=1 Jap=O 5 4 23 0 Co: 48 40 5134 50.88 
mr-2) W1 3 84 Ja!32= ** 4 08 J+6 4 3 54 J&+=6 4 CB 62 24 66 14 67 05 

HP 3 65 JfUe2=11 8 CU 19 32 17 90 
Hu1 120 JaN=7 9 081 JaN=7 9 CC=0 173 26 172 86 172 70 
HN 7 37 JaN=9 9 671 656 
HOH 3 96 

TF-3 Ha 5 54 Jaf31=10 8 3 63 Jc@1=10 8 4 61 Ja~1=11 1 ca 57 39 68 55 62 27 
H@i(p-R) 2 82 Jap2=5 5 3 34 Jap2=5 0 ** Jc@2=3 9 cb 32 08 32 77 33 67 
HBz(~o-s) 3 50 J~lB2=15 5 3 39 Ji3lp2=14 1 ** JplgZ=** cy 128 82 130 43 130 43 

2Hs 7 12 J6e=8 6 7 06 J6~=8 6 7 11 J6~=86 CS 129 42 130 11 129 99 
2He 6 82 6 85 6 85 114 02 11422 114 30 
hkN 312 298 299 

g 
158 47 158 51 158 85 

lueo 3 78 3 80 3 78 Cc=0 16875 167 56 168 11 

El 31 55 32 19 4031 55 30 29 55 67 36 
Ala-4 Ha 4 70 Jc+7 0 4 73 Jc+6 7 “4 54 Jafk7 1 Ca 45 85 4624 46 14 

HP 122 JaN=7 9 1 10 JaN=7 4 119JaN=73 Cg 18 12 18 60 18.24 
HN 6 36 6 72 661 Cc=0 171 66 171 63 17174 

TV-5 Ha 530Ja~l=ll6 5 41 Japl=ll 4 ---? 42 Jc@l=lO 8 ca 53 15 55 39 54 95 
Hgl@ro-s) 3 60 Jat32=3 7 3 68 Jap2=3 0 3 70 Jae2=3 0 cg 36 61 37 01 36 58 
HBl(pro-R) 2 74 JBli32=11 6 2 63 JfUpZ=ll I 275 JplfI2=113 cp 134 39 135 15 135 08 

HSI 7 27 J6162=2 2 7 27 J6162=2 2 7 27 J6182=2 2 CSl 132 93 132 78 132 78 
Hs2 7 44 J81~1=8 4 7 40 J61el=8 4 7 46 J61~1=8 4 C&2 130 80 130 92 130 87 
HEI 6 91 JS2~2=8 4 6 87 J82~2=8 4 6 89 JS2~2=8 4 CEt 124 50 124 27 124 39 
HEZ 7 24 JElEL?=2 4 7 21 JElE2=2 4 7 24 J~le2=2 4 t?z2 125 97 125 93 125 93 
MeN 3 22 3 12 3 11 &I ::E 158 28 158 44 

169 30 169 86 
CN 30135 30 52 30 67 

- Tyr-6 Ha 442 Ja@l=ll 6 457 Japl=l24 466 JaP1=11 7 Ca 57 74 57 41 57 92 
H~I(PR) 3 09 Jab2=4 o ** Jap2=4 2 ** Jap2=4 0 Cg 35 19 35 49 35 80 
HBz(pro-s) 3 01 Jf31&2=20 0 ** J~l~Z=** ** Jplf32=** CT 128 20 128 16 128 61 

Hsl 6 57 J6162=1 9 6 58 J6182=1 8 6 58 JSl82=1 9 CSl 120 63 120 97 120.97 
H62 4 33 J61~1=8 4 4 35 J61el=8 3 4 38 J61~1=8 3 cS2 113 72 11344 113 52 
HEI 6 79 6 80 680 CEl 112 36 112 35 112 35 
MeN 2 63 2 69 268 CE2 153 10 153 13 153 13 
Mea 394 3 93 3 94 z=o :z ZT 146 56 146 56 

170 75 170 48 
29 03 29 32 29 39 
56 12 56 18 56 18 

** not determined ln the present expenment 
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NOE enhancements 
The relanonshlp m the NOE enhancements of RA-VI and the two conformers A and B of RA-VIII are shown 

m Figure 4 In the field of studies on the pepnde structure-actlvlty relationships, the occurrence of p-turns m 

pepude have come to attract more attention From extenqlve studies on peptldes by NMR, p-turns have been 

shown to be produced by the stabdlzatlon of a 4+1 type hydrogen bond In solid state, RA-VI takes a type V j3- 

turn conformation whtch 1s not stablhzed by 491 hydrogen bond The conformation of type V noted by Lewis et 

al 14) 1s such that a 7-membered nng (mcludmg H) IS formed by a hydrogen bond (In the case of the 4+1 

hydrogen bond, a lo-membered nng 1s formed ) If a type II p-turn occurs m RA-VI, NOE 1s expected to be 

observed between Ser-ZHa and D-Tyr-3-NCH3, whose p-turn IS stablhzed by 431 hydrogen bond 

The intensity of the Ser-2-Ha signal 1q mcreased when N-methylated proton at D-Tyr-3 1s saturated In this 

case, it 1s difficult to dlstmgmsh between type II dnd type V p-turns simply by the NOE enhancement observed 

between Ser-2-Ha and D-Tyr-3-NCH3 However, the NOE observed between D-Tyr-3-NCH3 and Ala+NH 

provides an evidence m favor of the proposed type II p-turn m solution On the other hand, the NOE relatlonshlp 

of two conformers A and B m RA-VIII shown m Figure 4 1s slmdar to that of RA-VII described m the previous 

paper l) In the mam component, conformer A, the NOES between Thr-2-Ha and Tyr-3-NCH3, and Tyr-3- 

NCH3 and Tyr-3-Ha showed the presence of a type 11 p-turn at the residues 2 and 3, whereas, m the mmor 

component, conformer B, the mtenslve NOE enhancement between Thr-ZHa and Tyr-3-Ha suggested that the 

N-methylated amide bond between Thr-2 and Tyr-3 has a cls-trans lsomenzed conformation The N-methyl 

amide bond between Tyr-5 and Tyr-6 was considered to be a CIS bond by the NOE enhancements between Tyr-5- 

Ha and Tyr-6-Ha m both RA-VI and VIII The NOE enhancements between the Tyr-5-NCH3 protons and Ala- 

4-CH3/Ala-4-Ha showed that trans configuration 1s mamtamed m the N-methyl amide bond between Ala-4 and 

Tyr-5 m both compounds Further, the cross peak between the Tyr-3-H& one of the aromatic protons, and Thr- 

2-HP in the phase sensitive NOESY (NOESYPH)lS) spectrum suggested that the Tyr-3 aromatic side cham, 

which IS considered not to rotate freely, IS over the N-methyl amtde bond 

A 

RA-Vl 
Rgure 4 NOE enhancements m conformers A and B of RA-VI 
NOE and NOESYPH expenments m CDC13 at 303K The values( i 

d VIII The arrows show the NOE relatmnslups confiied by 1D 
) m RA-VI mdlcate the distances. which were obtamed by energy 

cakutaoons (See quenched molecular dynanucs secuon), between the hydroga bondmgs and between the pmtons(the carbons for 
methyl groups) n4ated to NOE enhancements NOE enhancements of RA-VI-IhMe showed the slmdar relation&up to RA-VI about 
backbone conformatlon 
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Hydrogen bonding 
The first step m the procedures of the detennmatlon of the secondary structure of pepades III solunon by NMR 

IS to dlstmguuh the NH protons exposed to the solvent or shlelded from the solvent eltber stencally or 
through hydrogen bondmg The most common Table 4 Effect of temperatures on the NH chcmlcal qhltts of RA-VI, 

procedure for that purpose IS to determme the 
temperature effects on the NH protons’@ the 
NH protons exposed to solvents ~111 show a 
lllgber temperature dependence 

The temperature coefficients (dS/dT) of RA- 

VI and VIII gtven m Table 4 clearly show that 
Ala-4-NH 1s strongly shlelded from the solvent, 
whereas Ser-2-NH, Thr-2-NH and D-Ala-l- 

RA-VI-DIMe and VIII, -A&AT (lo3 pprn/K) 
Conformers Solvent D-Ala-l SLY-2 Ala-4 

(-IhI-2) 
RA-VI A DMSO-Q 50 31 10 

A cDC13 27 167 10 
RA-VI- A DMSOd6 5 0 --- 17 

DlMe A cDC13 2 0 --- 03 
RA-VIII A DMSO-Q 53 63 0 

B DMSO-Q 43 27 -10 
A cDc13 08 62 0 
B CM313 03 70 -21 

NH are exposed to the solvent as shown by the temperature effects D-Ala-l-NH showed a higher temperature 
dependence m DMSOd6 than m CDClg whde Ser-2-NH and Thr-2-NH showed a higher value III CDC13 than m 
DMS(M6. The strong mtramolecular hydrogen bondmg between Ala-4-NH and D-Ala-l-CO IS considered to be 
necessary to stabilize the type II p-turn structure which m formed by Ser-2 and D-Tyr-3, or m-2 and Tyr-3 in 

RA-VI or R&VIII, respecuvely 

Molecular mobility (Tl) and side chain conformation 
The molecular moblhty of molecules IS closely related to their energy levels It does, of course, affect the 

conformattonal structure and accordmgly, affect the structure-btologlcal actlvlty relations Therefore, It 1s 

Important to know the exact molecular moblhty One of the most effechve techmques for the measurment of the 
molecular mobtltty IS NMR spectroscopy The effect of *3C-spm-lattice relaxauon times (Tl) of protonated 
carbons of peptldes on the dynamic propertles in solution was studed, because the l3C relaxatton of such 
carbons IS mamly dominated by the 13C-1H dlpolar mteractlon wtth the dnzct bonded hydrogens l7) The 
expernnental data of the conformer As of RA-Ill and VIII, and RA-VI are given m Figure 5 

246 252 

RA-III RA-VIII RA-VI 

Fqpre 5 NT1 values (N umes Tl values m whch N=numbcr of attached protons and Tl=longltadmat relaxauon tune). 
of RA-III (mam conformer A), RA-VIII (mam conformer A) aad RA-VI 
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The dynamic properties of the protonated backbone carbons of the three compounds, RA-III. VIII and VI were 

very sumlar to those of RA-VII In the case of RA-VI, the NT1 values of the a and fi carbons of the D-Tyr-3 

residue are slmllar to the NT1 values of the correspondmg carbons of Tyr-5 and Tyr-6 However, flexlbllity 1s 

certamly observed m the side. chain of D-Tyr-3 and not m those of Tyr-5 and Tyrd In RA-VI, the NT1 values of 

the ortho and meta carbon atoms, which are influenced by the tyrosyl nng rotanon, are, however, twice the NT1 

values of the corresponding carbons of the Tyr-5 and 6 residues m the rigid 14-membered nng Furthermore, the 

same results were obtained with the NTI values of the Tyr-3-OCH3 carbons the -0CH3 NT1 value of more 

freely moving Tyr-3 of RA-VI was higher than those of RA-III and VIII The NT1 value of Tyr-3-OCH3 

increases m the order of RA-III, RA-VIII and RA-VI This 1s m accord with the fact that the moblllty due to 

rotauon about Tyr-3 increases m this order the anIsotropic effect of aromatic nng of D-Tyr-3 decreases m this 

order However, the NT1 value of Tyr-3-NCH3 of RA-VIII, showing mtermedlary mob&y of Tyr-3, IS quite 

large This may be due to the much increased fluctuation of the p-turn mvolvmg Thr-2 and Tyr-3 The Tyr-3 

mobility of RAs was considered to closely related to their bIologica acnvmes (See conformaaonal-actmty 

relationship section) Further, the fact that the NT1 values of Ala-4-CH3 are very high compared Mth other 

alamne residues, 2-3 times, which 1s charactensnc of RAs, may mean that It 1s not fixed m one rotamer D-Tyr-3 

m RA-VI has a moblhty higher than that of RA-VIII and extends mto a slightly &ffexent du-ecnon to produce more 

influence on the 1~ and 13C signals around there When compared with the 1H-NMR data of RA-VIII, the N- 

methyl signal of D-Tyr-3 of RA-VI IS down field shifted to 3 12ppm due to the lack of amsotroprc effect of the 

aromatic nng of D-Tyr-3, while the a proton signal of D-Tyr-3 showed the normal chemical shift value of 

5 54ppm l*) In the 13C-NMR spectrum, the chemical shift of D-Tyr-3-NCH3 and that of D-Tyr-3-Ca showed 

high field shifted to 31 32 and 57 39ppm, respectively, whose values are normal chemical shift 18) These 

changes m chemical shifts, are considered to be mainly caused by the lack of stenc repulsion between the 

carbonyl moiety of Ser-2 and the side chain of D-Tyr-3, and also by the lack of amsotroptc effect of the aromatic 

nng m D-Tyr-3 

Conformational analysrs by quenched molecular dynamicslg) 

We applied computational procedures usmg the NMR data to the elucidation of the solution conformation of 

RA-VI and further to the &closure of the difference between the conformation m the solid and solution states. 

We performed the quenched molecular dynamics calculanons startmg with the X-ray structure Three distance 

constrnnts about hydrogen bondmgs denved from the NMR expenments were used to show that this solution 

structure of RA-VI 1s conqlstent with the expenmental data mcluclmg NOE relatlonstup (See Figure 4) The 

program used for the MD calculanons and the analysis of RA-VI were obtamed from the AMBER 3 0 Rev A 

program package 20) All calculanons were performed on IRIS 4-D computer The resultmg structures were 

characterized m terms of relative energies and conformational propemes The startmg structure wth a type V j3- 

turn used m the calculation leads to an Immediate fhp of the amide bond to take the type II p-turn conformanon 
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FIgore 6 Stereo drawmgs of low-energy Lonformers of RA-VI by quenched MD calculauons Left startmg conformauon 
(12 75kcal/mol) wuh type V p-turn between Ser-2 and D-Tyr-3 given by X-my analysis Rtght the lowest energy conformation 
(IO 75kcaI/mol) wuh type II p-turn after quenched MD calculation 

Conformatlonal-activity relationship 
The percent con- 

former compo- 
SItions of these 
compounds and 
their cytotoxlc 
actlvines are hsted 
m Table 5 and 6, 
respectively 

Table 5 Percent of various conformers m RA-III, VI, VII, VIII and theu denvauves m CDCl3 
and DMSO-Q 

Compounds Conformers A 
(CDz13) 

C A 
@MS& 

C 

RA-In 74 4 25 6 77 6 224 
RA-III-Ddvle 62 9 37 1 45 3 34 5 202 
RA-VI 100 100 
RA-VI-DIMe 100 100 
RA-VII 88 6 114 63 I 318 45 
RA-VII-NMe II 3 212 16 57 1 25 3 176 

EZ-DIM~ 70 39 6 7 262 53 5 2; 63 37 2 4 404 296 ;222 

RA-VIII with type II p-turn contamrng less 
Table 6 

percentage of conformer A showed a lower btologxal 
Cytotox~ acu~~t~es of RA-III, VI, VII. VIII and their 
denvauves on P388 and KB cells (IC50 pglml) 

activity than RA-III, which IS an epimer of RA-VI Com~nds 
Further, the reduced actlvmes of the methyl denvatlves 

RA-III 
RA_IU_DIMe 

KB P388 
4 0x10-3 12x10-2 
5 4x10-2 5 9x10-2 

of RA-III, VII, and VIII when compared with those of RA-VI 12 35 

RA-III, VII and VIII suggest that the reductions were ~~~~D’Me 03 5 5x10-2 
1 8x10e3 14x10-3 

caused by the reduced percentage of confomer A RA_vI_me 2 3x10-3 16~10.~ 
present However, RA-VI with type II p-turn m RA-VIII 6 7x10-2 3 1x10-2 

solutton showed a consIderably reduced actlvlty m RA-VIII-I>IMe 10x10-’ 4 7x10-2 

compartson with RA-III Ttus finclmg suggests the Importance of the aromatic side cham of Tyr-3 locatmg over 
the p-turn Furthermore, m t/us regard, the molecular moblhty elucidated by the Tl values of the aromatx s&z 

cham 1s considered to be closely correlated wnh the bdogcal acnvlty In the case of the methyl denvattve of RA- 
VI with hydrophobic methyl funcnon around the p-turn, the effect of temperatures on the NH chemical shifts 

(Table 4) and NOE enhancements whxh show the sumldr relation to those of RA-VI (Figure 4) suggest to take 
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the homologous conformatlon to RA-VI In qolutlon and the smkmg aspect IS that the cytotoxlc act~vlty 1s more 

emphancally seen than that of RA-VI In our previous paper, 3c) by usmg a QSAR approach, it was found that 

some hydrophoblclty was needed for RA denvatlves from the vlewpomts of both antitumor acavlty and toxlclty 

Petrosla et al 21) reported that neither 0-desmethylbouvardm nor bouvardm catechol with hydmphlhc function 

such as hydroxyl group over the p-turn produced by mlcroblal transformation of bouvardm was active These 

results suggest that some hydrophobic function IS needed around the p-turn for the compound to show antitumor 

acnvny Then, on the basis of this fact that RA-VI-DIMe showed the increased bIologIca activity in comparison 

to RA-VI, the reduced biologlcdl acuvlty of RA-VII-NMe,l) when compared to that of RA-VII, was consldered 

to be caused by the change m the proportions of the conformers A and B On the other hand, Boger et a122) 

reported that synthetic cycle-(D-Ala-Ala-N-Me-Tyr(OCH3)-Ala) havmg a conformatlonally constrained 12- 

membered cychc tetrapepude, which includes the first four ammo acids of the l&membered nng ammo acids of 

RAs showed the activity This agrees with our results th‘tt assert the Importance of conformatlonal ng&ty around 

the p-turn 

On the basis of the above results, we may \ummanze the confomauonal-blologlcal actlvlty relatlonshlp of these 

compounds as follows the typical type II p-turn smicture and the aromatlc side cham of Tyr-3 over this turn were 

consldered to play a very Important role m It\ dntltumor actlvlty 

Conclusion 

Thus study showed the structures and conformatIon\ of the new antltumor blcychc hexapeptldes, RA-VI and 

VIII RA-VI takes the type V p-turn conformation m sohd state, and the type II p-turn conformation in CDC13 

and DMSO-d6 solutions It seems to indicate thdt D-Tyr-3 IS stereochemlcally constrained to resmct the 

conformational freedom of the peptlde bdckbone In RA-VI Further, the conformatlonal analysis of these 

compounds and their methyl denvatlves gave useful mformatlon dbout the conformational-acfivltyty relationships of 

the compounds of this senes the type II P-turn structure mvolvmg the residues 2 and 3 and the presence of an 

aromatlc side chain over this turn, which does not rotate freely, are considered to play the most Important role in 

theu anntumor acuvlty 

Experimental 

General 

Proton and carbon spectra were recorded on Bruker spectrometers (AM400 and AM500) and processed on a 

Bruker data statlon with an Aspect 3000 computer 5mg samples of RA-VI, VIII and then methyl denvatlves 

each dissolved m 0 5ml CDC13 or DMSO-d6 (degassed) In a 5mm tube were used for the homonuclear 

measurement and 30mg sample m 0 5ml CDC13 or DMSO-d6 (degassed) m a 5mm tube for the heteronuclear 

measurement The spectra were recorded at 303K NOESYPH expenments were made with a mixing nme of 

0 6s 

Isolahon of RA-VI and VIII 

Commercial Rublae Radix (220kg, roots of Rub10 cor&%ba) purchased in Chma was extracted three nmes 

with CHC13-MeOH (1 1,500L) The combined extracts were washed with water and evaporated to dryness m 
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The TV values were L-Ala 10 5, D-Ala 116, L-Ser 7 4, D-Ser 7 lmm (b) solvent, 158CH3CN (5mM L-Pro, 

5mM CH3COONH4,25mM CuSO4 5H20. PH7 0), The tR values were L-Thr 17 8 and D-Thr 22 lmm 

and RA-VIII-BMe 
RA-III, VI and VIII were stmed with mdomethane and FK/A120324) m 1,2&methoxyetbane at room 

temperature for 24hr Each reacnon mixture was filtered and then concentrated to gve RA-III-DlMe, RA-VI- 

I)IMe and RA-VIII-DIMe. respectively The yields were about 100% 

RA-III-DiMe Colorless needles, mp 188-19WC, MS m/z 814 (C43H540lON6, M+. 30) 

RA-VIII-D1Me Colorless needles, mp 178-188C, MS m/z 828 (C44H560lON6, M+. 30) 

RA-VI-DIMe Colorless needles, mp 168-17OoC, MS m/z 814 (C43H540lON6, M+, 20) lH-NMR sppm in 

CDC13 1 20 (3H, d, J=6 9Hz, Ala-l-Ha), 1 26 (3H, d, J=6 7Hz, Ala-4-Ha), 2 66 (3H, s, Tyr&NMe), 3 03 

(3H, s), 3 13 (3H, s, Tyr-3-NMe), 3 22 (3H, s, Tyr-5-NMe), 3 28 (3H, s). 3 78 (3H, s, Tyr-ZOMe), 3 95 

(3H, s, Tyrd-OMe), 4 35 (lH, d, J=l 8Hz, Tyr-6-H&2), 4 45 (lH, dd, J=3 9. 11 6Hz, Tyr-6-Ha), 4 78 (IH, 

m, Ala-l-Ha), 4 81 (lH, m, Ala-CHa), 5 30 (lH, dd, J=3 6, 11 5Hz, Tyr-5-Ha), 5 63 (1H. dd, J=5 1, 

11 4Hz, Tyr-3-Ha), 5 87 (lH, dd, J=6 0, 8 8Hz, Ser-ZHa), 6 31 (lH, d, J=8 6Hz, Ala-l-NH), 6 45 (II-& d, 

J=7 2, Ala-4-NH), 6 58 (lH, dd, J=2 1, 8 2Hz, Tyr-6-H&l), 6 82 (2H, d, J=8 6Hz, Tyr-~-HE). 6 91 (19 dd, 

J=2 4, 8 4Hz, Tyr-5-H&1), 7 14 (2H, d, J=8 6Hz, Tyr-3-H@, 7 14 (lH, m, Tyr-5-H&2), 7 28 (iH, m, Tyr-5- 

H61), 7 43 (lH, dd, J=2 1, 8 4Hz. Tyr-5-H62) 

X-ray analvsls of RA-VI 

Crystal data C4lH5ON6010 H20 C4H802, orthorhomblc, space group P212121, Z=4, a=14 970(8), 

b=33.007(20), c=9 413(6)1, V=46511. Dx=l 275gcm- 3 The intensity data were measured on a Philips 

fourclrcle diffractometer with graptute-monochromated CuKa rachatlon A total of 2556 reflections were 

observed as above the 20(I) level, wItInn the 28 range from 60 through 1u)o The structure was determmed by 

the &rect method usmg the MULTAN program, 25) and the refinement was camed out by the method of block- 

diagonal-matnx least-squared method The final R value was 0083 for the 2556 reflections, assummg 

anisotropic thermal vibranons for 64 atoms dnd lsotroplc thermal vlbranons for 55 hydrogens 
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