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Abstract The structures of new antitumor bicyclic hexapeptides, RA-VI and -VIII from Rubia cordifohia were
elucidated by the spectroscopic and chemical methods A combination of two-dimentional NMR techmiques and
NOE relatonships showed that the amino acids constituting the B-turn of RA-V1 are Ser-2 and D-Tyr-3 and those
of RA-VIII, Thr-2 and Tyr-3 By the conformational analysis of RA-VI 1n its crystalline state using the X-ray
diffractometric techmque, RA-VI was shown to have, 1n 1ts sohid state, a type V B-turn structure at the residues
Ser-2 and D-Tyr-3, while other RAs have type II -turns Further, by 2D-NMR techmques, temperature effects
on NH protons and NOE experiments, 1n solution of CDCl3, RA-VI was shown to exist only as conformer A and
RA-VIII as conformers A, B and C The difference between the solid state and solution state conformations of
RA-VI was also shown by the refinement of the restrained molecular dynamics calculations using AMBER
program RA-VIII, having a smaller population of conformer A with type II B-turn than other RAs, showed a
reduced brological activity, and the N-methyl derivauive of RA-VIII, whose conformer A content 1§ further
reduced, gave a further reduced activaty, suggesting that conformer A contributes to the acuvity However, RA-
VI, existing 1n solution 100% as conformer A, showed a very low activity and N-methylation increased the
activity This shows that the stereochemistry and molecular mobihity of the aromatic side chamn of Tyr-3 over this
turn, as elucidated by the 13¢ spin lattice relaxation times, plays a more important role 1n the antitumor activity of
the compounds of this series n addition to the type II B-turn structures
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active principle, RA-VII and 1ts N-methylated derivative (RA-VII-NMe) was conducted by the spectroscopic and
computational chemical evidences From the results, the most important site for its antitumor activity was
considered to be around the B-turn structure

In our further chemical studies on the minor antitumor principles of the plant, we 1solated two new bicychc
hexapeptides, RA-VI and VIII, having dafferent amino acid compositions from those of other RAs and different
backbone conformations The amino acids constituting known RAs are all L-form excepting for D-Ala-1 The
new hexapeptides 1solated this tme were found to contain D-Tyrosine at the third positton of RA-VIand L-
Threonine at the second position of RA-VIII

Cychic ohgopeptides are often used 1n experimental studies on the structure-biological activity relationships,
because their cyclic structures limit the conformational flexibility of the peptide backbones As part of our
program to study the structure-activity relattonship of RAs, we have undertaken conformational analysis of these
newly obtained RA-VI and VIII by the spectroscopic examinations RAs are neutral, cyclic peptides consisting of
s1x amino acids which are all lipophilic amino acids with three of them being N-methylated amino acids  On the
basis of detailed and exact knowledge of the structures of RAs 1n solid and solution under different environmental
conditions, the structure-activity relationships may be assuredly discussed and new denvatives of these
compounds with higher activity and less side effect may possibly be designed

Conformational analysis of RA-VIn crystal form was made by X-ray crystallographic analysis Further,
studies of conformations of RA-VIn solution conducted by 2D-NMR techniques, the temperature effects on NH
protons, NOE experniments and the refinements of the restrained molecular dynamics calculations are important
steps for the precise understanding of the structure-activity relationship of RAs

The IH-NMR spectrum of RA-VIII suggested the presence of three stable conformational states (conformers
A, B and C) in CDCI3 and DMSO-dg RA-VIII-NMe, a denivative 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 1n only one stable conformational state (conformer A) in both CDCI3 and DMSO-dg, showed a considerably
reduced activity

In this paper, we report on the structure determination and conformational analysis of the new antitumor
bicyclic hexapeptides, RA-VI and VIII, by spectroscopic (NMR and X-ray analysis) and computational chemical
methods (molecular dynamics and molecular mechanics calculations), and discuss further on the conformation-
biological acuvity relationship of these compounds

Isolation and structure determination of RA-VI and VIII
The crude RA-IIT and V fractions prepared from a CHCI3-MeOH extract of Rubiae Radix (roots of Rubia
cordifolia) 1n the same way as that described 1n literature3b) were subjected to ODS-HPLC column chromato-
graphy From the crude RA-III fraction, pure RA-VI was obtained after recrystallization and from the crude RA-
V fraction, RA-VIII was obtained
RA-VI, showing a molecular 1on peak at m/z 786 1n the MS spectrum, has the molecular formula,
C41H50N6010 according to the high resolution MS spectrum, and was considered to have an exocyclic oxygen
atom as 1n the case of RA-III because 1t gave a dehydration peak at m/z 768 (M*-18) The amino acid analysis of
RA-VI by separation of optical 1somers of Dns derivatives using mixed chelate complex (L-His-Cu(II)) showed
that 1t contained D-Ala L-Ala L-Ser in the rato of 11 1 as n RA-III 7) Therefore, the structural difference
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between RA-VI and RA-III was considered to be in the three N-methyl tyrosine units The 1H and 13C NMR
spectra of RA-VI showed quite different features from those of RA-III In RAs, two or three conformational
states are produced by the 1somenzation about one or more N-methyl amide bonds, which are charactenstic of
other RAs But such plural conformational states were not observed in RA-VI, showing that 1t exists 1n only one
conformational state The presence of NOE between Tyr-5-Ho and Tyr-6-Ha suggests that these two tyrosines
are L-form However, Tyr-3 may be D-form because NOE was not observed between Tyr-3-NMe and Tyr-3-
Ho NOE should be observed, if a type I B-turn structure similar to that in RA-VII 1s present  The complete
structure of RA-VI was determined by the X-ray analysis (See crystal conformation section) to be an epimer of
RA-IIT with D-tyrosine at the third position

RA-VIII, C42H52N6010, which was shown to contain D-Ala L-Ala L-Thrintheratioof 111 7) exasts, 1n
solution, like other RAs, 1n three stable conformational states at equilibrium However, the ratio of the three
conformers of RA-VIII at equilibrium was different from those of other RAs
A relanvely large proportion of minor conformers of this compound may help to analyze the effect of various
conformers on the activity  The position of the new component amino acid, L-threonine, was determined to be at
the second position by the 2D-NMR techniques such as HMBC spectrum (See solution conformation Section)

Crystalline Structure of RA-VI

The X-ray diffraction method was used to determine the exact structure and to obtain detailed information on
the conformation of the molecule

RA-VI crystallizes from MeOH-AcOEt solution 1n orthorhombic crystals of space group P21212] with lattice
constants a=14 970(8), b=33 007(20), c=9 413(6)A and Z=4 8) The final R value was 0 083 for the 2556
reflections observed The molecule consists of four L-amino acids and two D-amino acids linked together by
peptide inkages A characteristic feature of this molecule 1s that 1t has, 1n addition to the 18-membered peptide

ning, another 14-membered g Typle 1 X-ray- and MD-calculated backbone dihedrals n RA-VI and RA-V-p-bromobenzoate
formed by the oxidative

Residue Dihedral angle RA-VI RA-V-p-bromobenzoate
coupling of the phenolic oxygen MD X-ray X-rayd
of one tyrosine with a carbon

D-Ala-1 1673 137 9(6 137 8(1
ortho to the phenollc OH group 3, -168 7 .142 2%5 -169 751;;
of the adjacent tyrosine The N- 5 o 1787 177465) =175 X(13)
methyltyrosine residue on the o AAE2) 3, 1 Zg; ";3 —?8; 133 ;82
18-membered peptide ring o -1694 =174 %(5) -178 3(14)

D-Tyr-3 1] 56 S 102 3(9) 53 8(23)
extend outwardly from the ring (Tyr-3)b) v 438 -514(11) 38 5(23)
Fuve of the peptide bonds are 1n o =1796 172 8(6) =167 9(13)

Ala4 [} -1611 -75 5(10) -158 5(12)
trans conformation and the sixth v 156 5 162 9(6) 170 5(14)

[0) 1793 170 8(6) 174 1(12)
peptide bond between the Tors b 1155 TIE9®) 136014
residues 5 and 6 1s in cis v 909 111 3(9) 101 7(17)
conformation which serves to Tyr 6 % ,wig 8(1) 888; 9:%8__5’))
fold the peptide chain to form a v 1331 161 (6) 1632(13)
0] 1659 171 6(5) 171 4(13)

cyclic structure  The ciS 3) Data given m reference 1
conformation and the three b) Ala-2 and Tyr-3 in parenthes:s are those of RA-V-p-bromobenzoate



7010

H IToKAWA et al

Figure 2  Stereoscopic view with each atom numbered of the crystal structure of RA-VI by PLUTO drawing

Table 2 Lengths (3.) of hydrogen bonding 1n X-ray

structure of RA-VI 180° At
[V lo Tyr-Q ° .Ala~4

From To _ Symmetry Lengths gZ) Ty-5 ©Q

N1 021 ) 2972(11) 1 se2® ©ser2

HN1 021 () 199(11) 4 g0

N2 o1 (u1) 2 865(10) },yr 5

HN2 01 () 181(11) -1 - Tyr-3

021 oww (ur) 2709(12) o

HO21 ow () 202(11) ]

ow 04 o 2772(12) o°

O1w 018 1) 2 809(18)

Symmetry code h D-Tyr:3

@® X, ¥, 2 v 4 )

() 1/2-x, -y, 1/2+z

() 1/2-x, -y, -1/2+2 L

W=H0, S=AcOEt
dimentional molecular form are probably retained by the | ® Xersy, BV Ser-2-D-Tyr$) ®
additional 14-membered ring produced by the oxidauve _S_lM_D_IBE_('S:x_ZlD_leLS__l_'_PE:\iIIO_
coupling -180° o o® 180°

The solid state conformation of the molecule with Figure 3 Ramachandran plot of RA-VI, @ and y angles

each atom numbered 15 shown 1n Figure 2 by a PLUTO calculated by X-ray and MD

stereoscopic drawing 9) The torsion angles along the peptide chain of RA-VI in comparison with those of RA-

V-p-bromobenzoate and the lengths of hydrogen bondings are histed in Tables 1 and 2, respectively The ¢ and y
values are plotted on a Ramachandran plot 1n Figure 3

It can be seen from the Figure, the residues 2 and 3 form one tm of the cychc structure and the residues 5 and

6 another turn  The amide bond between the residues 5 and 6 1s c1s, as shown by the @ angle value, -1 00 Itis

interesting that c1s configuration occurs at the methyl-substituted amide bond. The c1s amide bond 1s unusual for
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peptide umits,10) though 1t 1s 1n some cases observed, especially 1 peptde linkages nvolving the immo mitrogen
atoms of proline, hydroxyprohn and the other amino acid residues whose 1mino hydrogen atom 1s replaced by a
methyl group 10.11)

The o angle for cis amido bond does not deviate much from 0° In the case of trans amido bonds, the @
angles fall in the range 180£109, and the deviations from the 1deal value are of the same order of magnitude as in
the c1s bonds

The most significant point to be noted 1s that the ¢ and y values at the residues 2, 3 and 4 of RA-VI are
different from those of RA-V-p-bromobenzoate, probably because of the solvent, 1.e ethyl acetate cocrystalhzed
with the peptide and that the Tyr-3 side chain 1s not bent over the backbone Instead of a type IT B-turn observed
1n other RAs, type V B-turn 1s formed at the residues 2 and 3 probably due to D-form Tyr-3

Although the lengths and angles obtamned agreed with the proposed chemical structure and generally with those
found 1n other peptides, some significant deviations were observed 1n the angles of the bonds mvolving c1s amide
group The angles Ca-C'-N and C'-N-Ca (C' 1s a carbonyl carbon atom) were significantly larger, while O-C'-
N and C'-N-C (N-methyl) were smaller than those involving trans amide groups This may be caused by the
repulsive forces between the two a-carbon atoms which are cis to each other Indeed, the distance between the
two Cot atoms across the c1s amide bonds were found to be C5-C6=3 018A

Another point to be noted is the absence of intramolecular hydrogen bonding wathin the peptide ring (See Table
2) Tt was shown that transannular hydrogen bonds are not necessanly essential to the conformational stability of
the cyclic peptide nings

Although the X-ray analysis of single crystals gives the most rehable three dimentional structural form, 1t
provides information only about 1ts solid-state conformation The solid state structure 1s often determined by
intermolecular hydrogen bonds, whereas the conformation 1 solution 1s determined mainly by intramolecular
hydrogen bonds Hence, the results of an X-ray analysis must be used with care when the results are used for the
conformatonal structure 1n solution

Solution forms of RA-VI and VIII

Complete assignments of 1H and 13C NMR signals

According to the NMR spectrum of RA-V], RA-VI exists 1n a single stable conformational state 1in not only
apolar solvents such as CDCI3 but also polar solvents such as DMSO-dg, which 1s considered to be due to the
lack of repulsion between the carbonyl carbon at Ser-2 and the aromatic side chain at D-Tyr-3. The other RAs
including RA-VIII apparently exist in two or three conformational states in solution

The complete assignments of the signals in various NMR measurements may provide more rehable

information about the dynamic structures 1n solution The assignments of 1H and 13C-NMR signals of RA-VI
and VIII, shown 1n Table 3, were made by the combination of IH-1H COSY, 1H-13C COSY and HMBC
spectra The HMBC,12) which provides 1H-1 3Clon g-range couplings, was proved to be extremely valuable for
the assignment For the assignments of the signals of the minor component, conformer B of RA-VIII,
HOHAHA 13) spectrum was quite useful

The conformational determination of RA-VI and VI 1n solution was made on the basis of the results of the
following experiments
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Table 3 1H and 13C-NMR Chemical Shifts in CDCI3 at 303K (1H: 500MHz, 13C: 125MHz)

Amino acid RA-VI RA-VIII - RA-VI RA-VIII
major (A) minor (B) major (A) manor (B)
proton carbon _
D-Ala-1 Ha 434 JaB=69 448 Jap=69 447 Jap=710 Ca 48 48 47 85 4776
Hp 129 JaN=6 9 133 JaN=70 136JaN=68 CB 20 81 2105 2113
HN 642 640 645 Cc=0 17240 172.27 172 58
Ser-2 Ha 510 JaBl=28 445 Jap=1 5 423 Jap=00 Ca 48 40 5134 50.88
(Thr-2) Hp1 3 84 JaB2=** 408 Jpy=64 354 J8y=64 CB 6224 66 14 67 05
Hp2  365Ip1p2=118 Cy 1932 1790
Hy1 120 JaN=79 081JaN=79 Cc=0 17326 172 86 17270
BN 737 JaN=9 9 671 656
HoH 396
Tyr-3 Ha 554 Jop1=108 363 Jop1=108 461 Japl=111 Ca 57 39 68 55 6227
Hp1(pro-R) 2 82 Jap2=5 5 334 Jap2=50 *» Jap2=39 CB 3208 3277 3367
Hp2(pro-S) 350 Jp1p2=155 339 JBip2=141 ** JBIP2=++ Cy 128 82 13043 13043
2H5 712 J8e=86 706 Joe=8 6 71118e=86 C5 129 42 13011 12999
2He 682 685 685 Ce 114 02 11422 114 30
MeN 312 298 299 Cg 158 47 158 51 158 85
Meo 378 380 378 Cc=0 16875 167 56 168 11
CN 3132 40 31 29 67
Co 5519 5530 5536
Ala4 Ha 470 Jap=170 473 Jap=67 454Jap=71 Ca 45 85 46 24 46 14
Hp 122 JaN=79 110 JaN=7 4 119JaN=73 Cp 1812 18 60 18.24
HN 636 672 661 Cc=0 17166 17163 17174
Tyr-5 Hao 530 Japl=116 541 Japl=114 542 Jup1=108 Co 5315 5539 54 95
HB1(pro-S) 3 60 Jup2=37 368 Jap2=3 0 370 Jap2=30 Cp 36 61 3701 3658
Hp2(pro-R) 2 74 JB1P2=116 263 JB1P2=111 275 JB1p2=113 Cp 134 39 13515 13508
Hs1 727 361562=2 2 727 18182=22 727 J8182=22 Cé81 13293 13278 13278
Hs2 7 44 J51e1=8 4 740 J81c1=8 4 746 J5te1=84 Cs2 13080 13092 130 87
Hel 691 J52e2=8 4 687 J82e2=8 4 689 J52e2=84 Cel 124 50 124 27 124 39
He2 724 Je1e2=2 4 721 Jele2=2 4 724 Jele2=24 Ce2 125 97 12593 12593
MeN 322 312 in Cg 158.32 158 28 158 44
Cc=o 170.42 169 30 169 86
CN 30.35 3052 3067
Tyr-6 Ho 442 JoBl=116 457 Japl=124 466 Japi=117 Ca 5774 57 41 5792
Hp1(pro-R) 3 09 Jap2=4 0 ** Jop2=42 **  Jap2=40 Cp 3519 3549 3580
HB2(pro-5) 3 01 Jp12=200  ** JRI1P2=»+ * JB1B2=++ Cy 128 20 128 16 128 61
Hst 657 J8182=19 658 15152=18 658 J5152=19 C81 120 63 12097 120.97
Hs2 433 J51el=8 4 435 J81£1=8 3 438 Js1s1=83 Cs2 11372 113 44 11352
Hel 679 6 80 680 Ce1 112 36 11235 112 35
MeN 263 269 268 Ce2 15310 15313 15313
Meo 394 393 394 C¢ 146 38 146 56 146 56
Cc=0 17057 17075 170 48
CN 29 03 29 32 29 39
Co 56 12 56 18 56 18

** not determined in the present experiment
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NOE enhancements

The relationship 1n the NOE enhancements of RA-VI and the two conformers A and B of RA-VIII are shown
n Figure 4 In the field of studies on the peptide structure-activity relationships, the occurrence of B-turns 1n
peptide have come to attract more attention From extensive studies on peptides by NMR, B-turns have been
shown to be produced by the stabilization of a 4+1 type hydrogen bond In solid state, RA-VI takes a type V B-
turn conformation which 1s not stabilized by 41 hydrogen bond The conformation of type V noted by Lews et
al 14) 15 such that a 7-membered ring (including H) 15 formed by a hydrogen bond (1n the case of the 4s1
hydrogen bond, a 10-membered ning 1s formed ) If a type II B-turn occurs 1n RA-VI, NOE 1s expected to be
observed between Ser-2-Ha and D-Tyr-3-NCH3, whose B-turn 1s stabihzed by 4+1 hydrogen bond

The 1ntensity of the Ser-2-Ha signal 1s increased when N-methylated proton at D-Tyr-3 1s saturated In this
case, 1t 1s dafficult to distinguish between type I and type V B-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-4-NH
provides an evidence tn favor of the proposed type II B-turn 1n solution On the other hand, the NOE relationship
of two conformers A and B in RA-VIII shown 1n Figure 4 1s similar to that of RA-VII descnibed 1n the previous
paper 1) 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 II B-turn at the residues 2 and 3, whereas, 1n the mmnor
component, conformer B, the intensive NOE enhancement between Thr-2-Ha and Tyr-3-Ha suggested that the
N-methylated amide bond between Thr-2 and Tyr-3 has a cis-trans 1somenzed conformation The N-methyl
amide bond between Tyr-5 and Tyr-6 was considered to be a c1s bond by the NOE enhancements between Tyr-5-
Ho and Tyr-6-Hew in 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 maintained in the N-methyl amide bond between Ala-4 and
Tyr-5 n both compounds Further, the cross peak between the Tyr-3-H3, one of the aromatic protons, and Thr-
2-HB 1n the phase sensitive NOESY (NOESYPH)13) spectrum suggested that the Tyr-3 aromatic side chain,
which 1s considered not to rotate freely, 1s over the N-methyl amide bond

RA-VI
Figure 4 NOE enhancements 1n conformers A and B of RA-VI and VIIT The arrows show the NOE relationships confirmed by 1D-
NOE and NOESYPH expeniments i CDCI3 at 303K The values(A) in RA-VI indicate the distances, which were obtamed by energy
calculauons (See quenched molecular dynamics section), between the hydrogen bondings and between the protons(the carbons for

methyl groups) related to NOE enhancements NOE enhancements of RA-VI-DiMe showed the similar relationship to RA-VI about
backbone conformation
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Hydrogen bonding

The first step mn the procedures of the determination of the secondary structure of peptides 1n solution by NMR
15 to distingumsh the NH protons exposed to the solvent or shielded from the solvent exther stenically or
through hydrogen bonding The most common  Table 4 Effect of temperatures on the NH chemical shifts of RA-VE,

procedure for that purpose 1s to determine the . RA:VE-DiMe and VIII, -A3/AT (103 ppm/K)

Conf Sol D-Ala-1 Ser-2 Ala-4
temperature effects on the NH protonsm) the omlormers olvent ol (?[rh,_z) -
NH protons exposed to solvents will show a RA-VI ': gg‘g?'% ; (_; 1?5; ig

3
higher temperature dependence RAVE ™A DMSO-dg 50 - 17
The temperature coefficients (d6/dT) of RA- DiMe A CDCl3 20 - 03

RA-VIIT A DMSO-dg 53 63 0
VI and VIII given 1n Table 4 clearly show that B DMSO-dg 43 27 10
Ala-4-NH 1s strongly shelded from the solvent, A CDCl3 08 62 0

B CDCl3 03 70 -27

whereas Ser-2-NH, Thr-2-NH and D-Ala-1-
NH are exposed to the solvent as shown by the temperature effects D-Ala-1-NH showed a higher temperature
dependence in DMSO-dg than in CDCl3, while Ser-2-NH and Thr-2-NH showed a higher value in CDCI3 than n
DMSO-dg. The strong intramolecular hydrogen bonding between Ala-4-NH and D-Ala-1-CO 1s considered to be
necessary to stabilize the type I B-turn structure which in formed by Ser-2 and D-Tyr-3, or Thr-2 and Tyr-3 1n
RA-VI or RA-VIII, respectively

Molecular mobility (T1) and side chain conformation

The molecular mobihity of molecules 1s closely related to their energy levels It does, of course, affect the
conformational structure and accordingly, affect the structure-biological activity relations Therefore, 1t 1s
mportant to know the exact molecular mobihty One of the most effective techmques for the measurment of the
molecular mobility 1s NMR spectroscopy The effect of 13C-spin-lattice relaxation times (T1) of protonated
carbons of peptides on the dynamic properties in solution was stuched, because the 13¢ relaxation of such
carbons 1s mainly dominated by the 13C-1H dipolar interaction with the direct bonded hydrogens 17) The
expenimental data of the conformer As of RA-II and VIII, and RA-VI are given n Figure 5

246 252 367 3N 454 464

N 7 7
367 373
HN, T, 0™ HN_  *%Cy, ¥O0 HN
966 o} HN 22 1371 0 HN 34 939 O HN 204
HSC - {263 239 CH3 H3C - {333 29; CH3 H3C‘ 228 269 CH3
NH O 27 2082 NH O 277
0 N-CH, N—CH, 0 N-CH,
216)-N m 299 2N 244
344 (.:H O %y 298 sof oy, O $as
%56 200 AT 22
bt B3 183 3 255 N 24
=2 o 206 m 7 26
OCH, OCH,
2808 3036
RA-III RA-VIII RA-VI

Figure 5 NT1 values (N umes T1 values in which N=number of attached protons and T1 =longitudinal relaxation ime),
of RA-III (man conformer A), RA-VIII (main conformer A) and RA-V1
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The dynamic properties of the protonated backbone carbons of the three compounds, RA-III, VIII and VI were
very stmilar to those of RA-VII In the case of RA-VI, the NT1 values of the o and B carbons of the D-Tyr-3
residue are similar to the NT1 values of the corresponding carbons of Tyr-5 and Tyr-6 However, flexibility 1s
certainly observed in the side chain of D-Tyr-3 and not in those of Tyr-5 and Tyr-6 In RA-VI, the NT1 values of
the ortho and meta carbon atoms, which are influenced by the tyrosyl ring rotation, are, however, twice the NT1
values of the corresponding carbons of the Tyr-5 and 6 residues 1n the rigid 14-membered nng Furthermore, the
same results were obtatned with the NT1 values of the Tyr-3-OCH3 carbons the -OCH3 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 in the order of RA-III, RA-VHI and RA-VI  This 1s 1n accord with the fact that the mobility due to
rotation about Tyr-3 increases 1n this order the amisotropic effect of aromatic ring of D-Tyr-3 decreases in this
order However, the NT1 value of Tyr-3-NCH3 of RA-VIII, showing intermediary mobility of Tyr-3, 1s quite
large This may be due to the much increased fluctuation of the B-turn involving Thr-2 and Tyr-3 The Tyr-3
mobility of RAs was considered to closely related to their biological activities (See conformatonal-activity
relationship section) Further, the fact that the NT1 values of Ala-4-CH3 are very high compared with other
alanine residues, 2-3 times, which 1s charactenistic of RAs, may mean that 1t 1s not fixed 1n one rotamer D-Tyr-3
1n RA-VI has a mobility higher than that of RA-VIIT and extends 1nto a shghtly different direction to produce more
influence on the 1H and 13C signals around there  When compared wath the IH-NMR data of RA-VIII, the N-
methyl signal of D-Tyr-3 of RA-VI1s down field shifted to 3 12ppm due to the lack of amisotropic effect of the
aromatic ning of D-Tyr-3, while the o proton signal of D-Tyr-3 showed the normal chemical shift value of
5 54ppm 18) In the 13C-NMR spectrum, the chemtcal 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 1n chemical shifts, are considered to be mainly caused by the lack of steric repulsion between the
carbonyl moiety of Ser-2 and the side chain of D-Tyr-3, and also by the lack of amsotropic effect of the aromatic
ning in D-Tyr-3

Conformational analysis by quenched molecular dynamics! 9)

We applhied computational procedures using the NMR data to the elucidation of the solution conformation of
RA-VI and further to the disclosure of the difference between the conformation 1n the solid and solution states.
We performed the quenched molecular dynamics calculations starting with the X-ray structure Three distance
constraints about hydrogen bondings derived from the NMR expeniments were used to show that this solution
structure of RA-VI 1s consistent with the experimental data including NOE relationship (See Figure 4) The
program used for the MD calculatons and the analysis of RA-VI were obtained from the AMBER 30 Rev A
program package 20) All calculations were performed on IRIS 4-D computer The resulting structures were
characterized in terms of relative energies and conformational properties The starting structure with a type V p-
turn used 1n the calculation leads to an immediate flip of the amide bond to take the type II B-turn conformation
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Figure 6 Stereo drawings of low-energy conformers of RA-VI by quenched MD calculations Left starting conformation
(12 75kcal/mol) with type V B-turn between Ser-2 and D-Tyr-3 given by X-ray analysis Rught. the lowest energy conformation
(10 75kcal/mol) with type II B-tum after quenched MD calculation

Conformational-activity relationship

The percent con-

Table 5 Percent of various conformers i RA-III, VI, VII, VIII and their denivauves in CDCl3

former compo- and DMSO-dg

Compounds Conformers A B C A B C
sitions of these (CDCl3) (DMSO-dg)

RA-III 744 256 776 224
compounds  and iy b ve 629 371 453 345 202
their cytotoxic RA-VI 100 100

RA-VI-DiMe 100 100
activities are listed gy 28 6 114 637 318 45

Tabl RA-VII-NMe 773 212 16 571 253 176

in Table 5 and 6, RA-VII 707 262 31 632 296 72
respectively RA-VIII-DiMe 396 535 69 374 404 222

RA-VIII with type IT B-turn containing less
percentage of conformer A showed a lower biological
activity than RA-III, which 1s an epimer of RA-VI
Further, the reduced activines of the methyl derivatives
of RA-III, VII, and VIII when compared with those of
RA-III, VII and VIII suggest that the reductions were
caused by the reduced percentage of confomer A
present However, RA-VI with type II B-turn 1n
solution showed a considerably reduced activity 1n

Table 6 Cytotoxic activities of RA-III, VI, VII, VIII and their
denvatves on P388 and KB cells (ICsq pg/ml)

Compounds KB P388
RA-II 40x10-3 12x10-2
RA-TI-DiMe 54x10-2 59x10-2
RA-VI 12 35
RA-VI-DiMe 03 5 5x10-2
RA-VII 18x10-3 14x10-3
RA-VII-NMe 23x10-3 16x10°3
RA-VII 6 7x10-2 3 1x10-2
RA-VIII-DiMe 10x10°1 4 7x10-2

comparison with RA-III Ths finding suggests the importance of the aromatic side chain of Tyr-3 locating over
the B-turn Furthermore, 1n this regard, the molecular mob:hity elucidated by the T1 values of the aromatic side

chain 1s considered to be closely correlated wath the biological activity In the case of the methyl denivative of RA-
VI with hydrophobic methyl function around the B-turn, the effect of temperatures on the NH chemical shifts

(Table 4) and NOE enhancements which show the similar relation to those of RA-VI (Figure 4) suggest to take
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the homologous conformation to RA-VI 1n solution and the striking aspect 1s that the cytotoxic activity 1s more
emphatically seen than that of RA-VI In our previous paper,3€) by using a QSAR approach, 1t was found that
some hydrophobicity was needed for RA derivatives from the viewpoints of both antitumor activity and toxicity
Petroski et al 21) reported that neither O-desmethylbouvardin nor bouvardin catechol with hydrophilic function
such as hydroxyl group over the B-turn produced by microbial transformation of bouvardin was active These
results suggest that some hydrophobic function s needed around the B-turn for the compound to show antitumor
activity Then, on the basis of this fact that RA-VI-DiMe showed the increased biological activity in comparison
to RA-VI, the reduced biological acuvity of RA-VII-NMe,!) when compared to that of RA-VII, was considered
to be caused by the change 1n the proportions of the conformers A and B On the other hand, Boger et al22)
reported that synthetic cyclo-(D-Ala-Ala-N-Me-Tyr(OCH3)-Ala) having a conformationally constrained 12-
membered cyclic tetrapeptide, which includes the first four amino acids of the 18-membered ring amino acids of
RAs showed the activity This agrees with our results that assert the importance of conformational ngidity around
the B-turn

On the basis of the above results, we may summarize the confomational-biological activity relationship of these
compounds as follows the typical type 11 B-turn structure and the aromatic side chain of Tyr-3 over this turn were
considered to play a very important role 1n 1ts antitumor activity

Conclusion

This study showed the structures and conformatons of the new antitumor bicychic hexapeptides, RA-VI and
VIII RA-VI takes the type V B-turn conformation in sol:id state, and the type II B-turn conformation 1n CDC13
and DMSO-dg solutions It seems to indicate that D-Tyr-3 1s stereochemically constrained to restrict the
conformational freedom of the pepude backbone in RA-VI Further, the conformational analysis of these
compounds and their methyl denvatives gave useful information about the conformational-activity relationships of
the compounds of this senes the type II B-turn structure involving the residues 2 and 3 and the presence of an
aromatic side chain over this turn, which does not rotate freely, are considered to play the most important role 1n
thewr antitumor activity

Experimental

neral

Proton and carbon spectra were recorded on Bruker spectrometers (AM400 and AM500) and processed on a
Bruker data station with an Aspect 3000 computer 5mg samples of RA-VI, VIII and their methyl derivatives
each dissolved 1in 0 5ml CDCI3 or DMSO-dg (degassed) in a Smm tube were used for the homonuclear
measurement and 30mg sample 1 0 Smt CDCI3 or DMSO-dg (degassed) in a Smm tube for the heteronuclear
measurement The spectra were recorded at 303K NOESYPH experiments were made with a mixing tume of
0 6s
Isolation of RA-VIand VIIT

Commercial Rubiae Radix (220kg, roots of Rubia cordifolia) purchased in China was extracted three fimes
with CHCI3-MeOH (1 1, 500L) The combined extracts were washed with water and evaporated to dryness 1n
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vacuo The obtamned syrup (7kg) was punified 1n the same way as that reported 1n the previous paper3b) to give
crude RA-III and V fracions The crude RA-III fraction was subjected to reversed phase column
chromatography and then recrystallized from MeOH-AcOEt to give RA-VI (150mg) The crude RA-V fraction
was subjected to ODS-HPLC with 65% MeOH 1o give RA-VIII (100mg), which gave a very broad peak when
the eluate was monitered with a UV detector at 254nm  The Rf values were 0 27 for RA-VI and 0 26 for RA-
VIII, when TLC was performed on 0 25mm silica gel plates (60F254, Merck) with CHCI3-MeOH (100 7) The
physical and spectral data for RA-VI and VIII were as follows

RA-VI Colorless needles, mp 219-220°C (from MeOH-AcOEt) MS m/z 786 (M, Caled for C41H50N6010
786 3588, Found 786 3597), 768 (M*-H20) [a]p -118 60 (c 0 68, CHCl3)

RA-VIII Colorless needles, mp 267-269°C (from MeOH) MS m/z 800 (M*, Calcd for C42H52010Ng
800 3745, Found 800 3817) {a] D -159 50 (¢ 0 39, CHCI3)

T 10n tmes (100MH;

All spectra were recorded on a Brucker AM400 spectrometer at 100 6MHz using proton broad-band
decoupling at 303K The spectra contained 32K datum points over a 24KHz frequency range The relaxation
data were obtained by using the inversion-recovery 180-1-90 pulse sequence The repetition times between two
acqusitions were 60s in CDCI3 The spin-lattice relaxation mes were determined from the relaxation data by
using the regression analysis that was incorporated in the T1 routine of the Brucker acquisition and processing
program and given by the expression Y=A3 + A2+#exp(-t/T1), in which A3 and A2 are the constants representing
the delay times between the 1800 and 909 pulses For the calculauon of T1, we used the relative intensiues of the
13¢ signals at 15 different values 1n an appropriate range Standard deviations were 1n the range of 0 005 to
0 059s

h lecul namics calculations

Computer modeling was made with the MOL-GRAPH program system (ver 20) on an IRIS 4-D
workstation The mitial calculanons were started with the whole coordinates for the X-ray structure of RA-VI
The molecular mechamcs and dynamucs calculations were performed with the AMBER 3 0 Rev A package20)
with the distance-dependent dielectric, e=Ry; The data of the measurement of three intramolecular hydrogen
bondings of NH4-O1, NH1-O4 and OH2-O2 were taken into consideration, and the constrained dynamics
trajectories were calculated wath an extra square well potential23) of the form E=E£K(r-rmax)2 for r>rmax and
E=00 for r<rmax added to the force field (K=5kcal/A2, r=imterproton distances, rmax=3 02&(NH1-04),
2 SK(NH4-01)) The relevant solution-phase conformations were predicted by the general method descnbed
below Molecular dynamics calculations were made at 298K for a total of 100psec with the ume step 1fsec and
the structures were sampled every 0 1psec  All the snapshots from the dynamics trajectories were then energy
mimmized A snapshot with the lowest energy was selected as the relevant conformation
Acid hydrolysis of RA-VI and VIII

Solutions of RA-VI and VIII (each contaiming Smg of peptude) in 6NHCI were heated at 1000C for 17h  After
cooling, each solutton was concentrated to dryness The residue was dansylated with 2% NaHCO3 (1ml) and
5mM dansyl chlonde 1n acetone (0 S5ml) at 370C for lhr At the same time, authentic amino acids DL-Ala, D-Ala,
DL-Ser, L-Ser, DL-Thr, L-Thr were also dansylated in the same manner The dansyl amino acids were subjected
to HPLC under the following two conditions column, 4mm 1d x250mm (Nucleosil 5um) flow rate, 0 8ml/min,
detection, 340nm, (a) solvent, 20%CH3CN (5mM L-His, SmM CH3COONH4, 25mM CuSO4 5H20, PH7 0),
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The R values were L-Ala 10 5, D-Ala 11 6, L-Ser 7 4, D-Ser 7 1min (b) solvent, 15%CH3CN (5mM L-Pro,
SmM CH3COONH4, 25mM CuSO4 5H20, PH7 0), The tR values were L-Thr 17 8 and D-Thr 22 Imin

-Il- -VI- -VIII-D1

RA-III, VI and VIII were stired with 1odomethane and FK/A120324) 1n 1,2-dimethoxyethane at room
temperature for 24hr Each reaction mixture was filtered and then concentrated to give RA-III-DiMe, RA-VI-
D1iMe and RA-VIII-DiMe, respectively The yields were about 100%
RA-III-DiMe Colorless needles, mp 188-190°C, MS m/z 814 (C43H54010N6, MT, 30)
RA-VIII-DiMe Colorless needles, mp 178-180°C, MS m/z 828 (C44H56010Ng, M*, 30)
RA-VI-DiMe Colorless needles, mp 168-170°C, MS m/z 814 (C43H54010Ng, M+, 20) 1H-NMR Sppm 1n
CDCI3 120 (3H, d, J=6 9Hz, Ala-1-Ha), 1 26 (3H, d, J=6 THz, Ala-4-Hay), 2 66 (3H, s, Tyr-6-NMe), 3 03
(3H, s), 313 (3H, s, Tyr-3-NMe), 3 22 (3H, s, Tyr-5-NMe), 3 28 (3H, s), 378 (3H, s, Tyr-3-OMe), 3 95
(3H, s, Tyr-6-OMe), 4 35 (1H, d, J=1 8Hz, Tyr-6-H82), 4 45 (1H, dd, J=3 9, 11 6Hz, Tyr-6-Ha), 4 78 (1H,
m, Ala-1-Ha), 4 81 (1H, m, Ala-4-Ha), 530 (1H, dd, J=3 6, 11 5Hz, Tyr-5-Ha), 5 63 (1H, dd, J=51,
11 4Hz, Tyr-3-Ha), 5 87 (1H, dd, J=6 0, 8 8Hz, Ser-2-Ha), 6 31 (1H, d, J=8 6Hz, Ala-1-NH), 6 45 (1H, d,
J=7 2, Ala-4-NH), 6 58 (1H, dd, J=2 1, 8 2Hz, Tyr-6-Hel), 6 82 (2H, d, J=8 6Hz, Tyr-3-He), 6 91 (1H, dd,
J=2 4, 8 4Hz, Tyr-5-Hel), 7 14 (2H, d, J=8 6Hz, Tyr-3-H3), 7 14 (1H, m, Tyr-5-He2), 7 28 (iH, m, Tyr-5-
H®1), 7 43 (1H, dd, J=2 1, 8 4Hz, Tyr-5-H82)
X-ray analysis of RA-VI

Crystal data C41H50Ng010 H20 C4HgO2, orthorhombic, space group P212121, Z=4, a=14 970(8),
b=33.007(20), c=9 413(6);\, V=4651;‘3, Dx=1 275gcm'3 The intensity data were measured on a Philips
fourcircle diffractometer with graphite-monochromated CuKo radiation A total of 2556 reflections were
observed as above the 20(I) level, within the 20 range from 69 through 130° The structure was determined by
the direct method using the MULTAN program,25) and the refinement was carried out by the method of block-
diagonal-matnx least-squared method The final R value was 0 083 for the 2556 reflections, assuming
amsotropic thermal vibrations for 64 atoms and 1sotropic thermal vibrations for 55 hydrogens
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