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Abstract : Conformational analysis of an antitumor cyclic hexapeptide, RA and its analogues isolated from Rubia 
akune amI R.cordifolia was conducted by the spectroscopic and computational chemical methods. A combination 
of different home- and heteronuclear two-dimentional NMR techniques at SOOMHz have en&bled us to perform 
complete assignment of the IH and 13C signals of the two conformers A and B of R&VII in CDC13. The 
structures of the three conformers (A, B and C) in DMSO_d6 were also determined by ZD-NMR techniques, 
temperature tiects on NH protons and NOE experiments. Distances deduced from the NMR measurements were 
used for the refinements by the restrained molecular dynamics calculations using AMBER program. These 
conformational analysis showed that these conformers were caused by geometrical isomerization and that the 
predominant conformer A exhibits a typical type II p-turn structure, which is similar to the crystal structure 
analyzed by the X-ray diffractions. The reduced biological activity of the N-methyl dexivative of RA-VII in 
comparison to RA-VII may be responsible for the mote weakly populated conformer A in solution. Further, the 
presence of a highly strained 14-membered ring was necessary to maintain the typical type II p-turn structure of 
conformer A, and the ring system and turn structure were considered to play an important role in its antitumor 
activity. 

Introduction 

A series of bicyclic hexapeptides, named RAs are potent antitumor compounds isolated from Rubiae Radix 

(roots of Rubia cordifolia and R. akane).2) Their stmctures,~) physiological activitiee) and also total synthesis 

of RA-VI15) have been reported. As shown in Figure 1, the bicyclic hexapeptides of RAs contain both 18 

memhered-ring and 14 membered-ring systems with unique isoditymsine structures and the main active principle, 

RA-VII, contains three N-methyl-O- 

methyl-L-tyrosine, two L-alanine and 

a D-alanine. These compounds are 

noted as new type anticancer agents 

having not only the unique bicyclic 

structure but also the unique action 

primarily to inhibit the protein 

synthesis.@ Various studies of the 

structure-activity relationships7) 

showed that its biological activity is 

reduced when a large substituent is 

introduced to the a-site of Ty-r-6-Q. 

Since Kriek et al.8) reported that 
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Strucure of RAs; The amino-acid tesidures were abbteviati by their conventional 
thee-letter notations, i.e. Akalanine, Tyt=N-methyl-0-methyl-tytosine, D-Ala= 
D-alanine. 
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hexapeptides lacking a diphenyl ether bond were &void of antitumor activity, the 14 membered ring containing an 

ether group seemed to be very important for the biological activity. 

The 1KNMR spectrum of RA-VII suggested the presence of two stable conformational states in CDCl3, i.e. 

conformers A and B, and of three different conformers A, B and C in a polar solvent, for example, in DMSO-d& 

which could also result from isomerixation about one or several of the amide bonds with isomerixation rate slow 

enough to give separate signals 

in the NMR. The ratio of these 

conformers at equilibrium varies 

in different solutions (Table 1). 

Further, the N-mono methylated 

derivative of RA-VII (RA-VII- 

NMe) giving a conformer 

composition different from that 

of RA-VII showed a reduced 

effect against P-388 leukemia. 

Table 1 Percent of the conformen of RA-VII and RA-VII-NM? in various solutions 

CoWO@ solvent confomerA B C 
(%I (%) (96) 

RA-VII cDcl3 88.6 11.4 
DM=& 63.7 31.8 4.5 

309ia 79.2 76.0 20.8 24.0 

RA-VII-NMe cDC13 77.3 21.2 1.6 
DMsW 57.1 25.3 17.6 

3OKi~D20 47.1 64.0 44.4 36.0 8.5 

Conformational analysis of flexible biomolecules9) is quite interesting because many cyclic and linear peptides 

are considered not to be rigid in solution. So, we studied the correlation between the conformations and 

pharmacological properties of such compounds by the analysis of each conformer A, B and C of RA-VII and RA- 

VII-NMe. The combination of 2D-NMR analysis with molecular dynamics and mechanics calculations led US to a 

complete assignment of each conformer and the conformations of complex molecules in solution. Hem we report 

on the conformational analysis of RA series in solid and solution states by spectroscopic (NMR, CD and X-my 

analysis) and computational chemical methods (molecular dynamics and molecular mechanics calculation). 

Crystalline structure of RA-V-p-bromobenzoatelo) 

Figure 2 shows the backbone of this 

cyclic peptide in a stereoscopic view. 

In Figure 3, the e and v-angles are 

summarized in the Ramachandran plot, 

which shows that all (e,v)-values lie in 

the @egion allowed for L-amino acids 

with the exception of the (e,v)-value 

for Tyr-3 which is in the left handed a- 

helix region. D-Ala-l, however, is in 

the (e,v)-space accessible only by D- 

amino acids. As indicated in Figure 2, 

the cyclic peptide can be divided into 

two structurally distinct moieties: one, 

the more characteristic moiety is a 
Figure 2 Stereoscopic view of IU-V-p-bromobenxoate 
Crystal data: C47H51N6010BrC,HsOH2H,0, Monocliic, space group F-2,. 

highly strained 14 membered ring ~2. w27.8741(15). b=9.653(6), &7%(6)A. B=95.77(6)“.V=261ti3. 

consisting of a diary1 ether, Tyr-5 and R=0.096. 
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Tyr-6, and the other is 18 

membered ring which 

forms an antiparallel g- 

pleated sheet with a type 

II &mm at residues Ala- 

2 and Tyr-3. These 

Table2 Lu@hs(~)ofhydmgenbmdingsofcatwtatedw&rmers AandBofRA-WandRA- 
VIMMe (k Moluxdar dynamics and energy minimization), and X-ray shwture of RA- 
v-P-bromoben7.oatc 

wd=Pbridge x-my C!cmfomwA B 
ACccptor (RA-WI) &4-V&&) 

2.954 2.285 1.984 2.459 2.132 
3.238 2.215 2.213 2.219 2.119 

constituent residues are rarely found in classical type 

II jMurns because there is steric repulsion between the 
1800 r 

-Ala-4 . Tyr_e 
carbonyl moiety of i+l and Side chain of i+2. In 

other words. each Ala-Tyr sequences may form type 

II g-turn if the Tyr residue is D-amino acid 

residue.1 1) Moreover, two weak intramolecular H- 

& 
1 

F-s@ q t -IL-2 
- 0 Tyr-3 

Ala-2 
Tyr-3 

l 
bonds between Ala4NI-I and D-Ala-l-O (NH4+01), 00 

and D-Ala-l-NH and Ala-4-O (NH1404) listed in 

Table 2 adds stability to this &turn fragment. 
w - 

Conformation in solution 

The flexibility of peptides in solution, in general, t 1, 
x-rs: bn ulcl- ry.3) 
-n6mw-2.Tr-3, D-Ala-1 

is somewhat difficult to determine the conformation. C=6==U4bvllAkZ-T 
-1-1-1-1-m- on 1-1-1-1-1 

The NMR provides the most reliable information -1800 
-4 

0” 180° 

about the structure in solution, provided that an Figure 3 Remachandrm plor, d end +I angles cahhted by 

uuambiguous assignment of the molecular consti- X-ray and MD 

tution is possible. So, in the following, we will demonstrate the usefulness of high-field NMR spectroscopy for 

the complete assignments of all C- and all H-signals of conformers A and B (shown in Figure 4) existing in 

CDCl3 solution, by use of the modern two-dimensional techniques. 

Complete assignments of 1~ and I3C NMR signals in conformers A and B 

The assignments of 1~ and 13C-NMR signals of RA-VII and RA-VII-NMe, shown in Table 3 and 4, were 

made by the combination of lH-1H COSY, lH-13C COSY and lH-13C long range COSY (COLOC) spectra. 

For the assignments on the minor component, conformer B, in particular, HOHAHA spectrum was quite useful. 

Bates et al.12) reported the 1H and 13C-NMR spectra of boubatdin, the structure of which was closely related to 

those of RAs, and deduced the structure in solution on the basis of this signal assignments. However, these 

assignments were turned out to be incorrect and it should be revised, in particular, at the point of the 1~ chemical 

shit8 of three alanine residues. The conformational determination was performed on the basis of the results of 

the following experiments. 

Ciskans isomerism about amide bonds; thermodynamic analysis 

It is well known that in such molecules, the rotations about all the bonds except the amide bonds, am too fast 

to give separate signals in the NMR time scale. Each of the three N-methyl amide bonds of the compound may 

produce many cis/trans conformers which interconvert at a rate slow enough to give the separate signals. In the 

lH-NMR spectrum of RA-VII at 3OoC, in an apolar solvent (CDCl3). the presence of two stable conformational 

states (A:B=88.6:11.4) was implied. While, in a polar solvent (DMSO-d6), three conformers (A:B:C= 
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Table 3 1Ii-NMR Chemical Shifts in CDCl3 at 303K (SOOMHz) 

Amino acid RA-VII RAVIINM 
major (A) minor (B) A -- ii major @) minor (E) 

proton 
D-Ala-l Ha 4.36 Jafkb.9 4.38 Jaw.8 4.73 Jafkb.8 4.48 Jafkb.7 4.73 Jaw.9 4.40 Jaw.4 

ifi 6144 l 30 JaN=b.7 6.41 1.26 JaN=7.4 6.71 1.25 JaN=7.0 6.58 1.21 JaN=7.0 8.03 1.16 JaN=b.7 7.67 1.24 JaN=5.4 

Ala-2 Ha 4.85 Jap=b.7 4.82 Jap=b.b 5.09 JafJ=7.2 5.28 Jaf3=6.7 4.34 Jaw.6 4.41 Jag=b.cl 

ii! 6.35 1.35 JaN=8.4 0.99 6.35 JaN=9.9 1.40 0.96 0.54 7.41 JaN=8.4 7.64 1.25 JaN=5.2 

Me-N 3.14 3.07 

TV-3 Ha 3.58 Japk10.9 4.63 Japl=lO.b 3.55 Jap1=9.5 4.57 Ja@l=l0.4 5.33 Jaf31=11.1 3.59 Japl=ll.S 
H~I@~~-R) 3.34 Ja@=5.0 3.02 Jap2=4.6 3.32 Ja+b.2 3.03 Jap2=5.2 3.00 Jap2=3.9 3.26 Ja@2=4.3 
Hg2@ro-s) 3.38 Jf31bZ=14.0 3.02 3.34 JS&=8.6 3.03 Js&=8.6 3.00 JkF8.8 3.37 J@lf32=13.9 

2H6 7.04 J&=8.6 7.09 J&&=8.6 7.05 7.12 7.02 7.04 J8F8.6 
2He 6.83 6.84 6.83 6.84 6.82 6.81 
MtW 2.86 2.96 2.85 2.79 2.85 2.84 
Me0 3.79 3.77 3.78 3.77 3.74 3.77 

Ala-4 Ha 
%I 

4.75 Jabb.9 4.59 Jafkb.9 4.80 Jap=b.8 4.74 Japb.9 4.38 Jap=7.5 4.77 Jap=7.4 
6.71 1.11 JaN=7.6 6.68 1.18 JaNs7.4 0.98 6.73 JaN=8.3 6.57 1.20 JaN=8.3 8.62 1.18 JaN=5.3 6.88 0.94 JaN=8.2 

Tyr-5 Ha 5.41 Japl=ll.f 5.41 Jaf31=11.3 5.45 Jabl=11.3 5.40 Jaf3k11.5 5.35 Jabl=aB2 5.77 Japl=apZ 
Hgl(pro-S) 3.67 Jap=3.0 3.69 Jap3.0 3.70 Jafl2=2.8 3.72 Jaf32=3.0 2.39 =7.7 _____ =7.6 

HfcWpro-R) 2.64 Jf31S2=11.4 2.73 JfS1~2=11.4 2.62 JBlf3~~1.3 2.73 JBlfGl1.5 2.90 Jbl@z=14.0 ----- Jh7.3 
Hs1 7.26 J6162=2.2 7.26 JSlS2=2.3 7.26 J6182=2.2 7.27 J61S2=2.2 7.29 Jk7.2 7.28 J~c=7.3 

Hs2 7.42 JSl~k8.4 7.45 J61~k8.4 7.40 JSlek8.4 7.44 JSlel=8.4 7.29 J~(=7.2 7.28 

HER 6.87 J62&2=8.4 6.89 J62dk8.4 6.86 J62&2=8.4 6.89 J62Ck8.4 7.11 7.20 

HER 7.20 J~1&2=2.4 7.24 J&l&2=2.4 7.20 J&1&2=2.2 7.26 J~le2=2.2 7.11 7.20 

gN 3.13 3.11 3.07 3.06 2.92 7.11 2.97 7.20 

TV-6 Ha 4.54 Jagl=l2.0 4.60 Jafil=12.0 4.58 Jaal=l2.0 4.66 Jaftl=12.0 4.80 Jab1=7.9 4.83 Jaf31=8.3 

H~l@ro-~) 3.10 Jap3.5 3.10 Jap2=3.5 3.13 Jap2=3.8 3.09 Jafl2d.l 2.77 Jap2=7.3 2.90 Jap2=8.3 

HBz@ro-S) 2.95 Jflle2=18.0 2.95 Jb182=18.0 2.91 JfilB2=2.0 3.01 J~l~2=15.5 1.88 J@p2=13.3 2.37 J~lf32=15.6 

Hsl 6.57 J6162=2.0 6.57 JSlS2=2.0 6.57 J6162=2.0 6.59 JS162=2.0 6.45 JSlS2=2.0 6.47 JSlKk2.0 

H62 4.34 JSlak8.3 4.34 J81&1=8.3 4.33 JSl&l=8.4 4.39 JSl~k8.4 6.58 JSlel=8.2 6.67 JSl&l=8.2 

HER 6.79 6.80 6.79 6.79 6.55 6.67 
MeN 2.69 2.68 2.74 2.69 3.03 3.06 
Me0 3.93 3.94 3.93 3.94 3.64 3.72 
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Table 4 13C-NMR Chemical Shifts in CDCl3 at 303K (125MHz) 

Ammo acid RA-VII RAVIINMe 
major (A) minor (B) A -B - major (D) minor @) 

Carbon 
D-Ala-1 Ca 47.87 47.64 45.85 46.74 49.29 48.77 

CP 20.67 20.82 18.90 18.85 19.75 19.48 
Cc=o 172.23 171.86 172.40 171.17 172.88 172.66 

Ala-2 Ca 44.56 43.67 48.80 48.68 43.88 45.80 
%=o 1:;::: 171.86 16.10 30.94 14.33 30.72 14.47 173.08 16.98 173.00 15.87 

CN 30.94 30.72 

Tyr-3 Ca 68.37 62.14 68.10 61.51 62.63 68.81 
CP 32.68 33.62 32.64 34.49 33.54 33.06 
CY 130.73 130.73 130.85 130.85 129.94 130.81 
CS 130.24 129.82 130.26 129.75 130.38 130.34 
CE 114.07 114.35 113.99 114.30 114.46 114.00 

& ;g.g 

39:76 55.26 

158.69 168.17 158.36 168.34 158.65 169.09 158.70 167.75 158.39 169.87 

E 29.86 55.32 39.46 55.24 29.58 55.24 29.19 55.36 40.54 55.26 

Ala-4 Ca 46.43 46.75 46.12 45.41 47.34 46.74 
%I l:E 171.32 16.10 171.74 18.32 170.43 17.77 172.18 17.76 172.60 18.03 

Tyr-5 Ca 54.26 54.72 54.69 55.24 53.98 51.09 
CP 36.99 36.59 36.90 36.50 35.43 36.64 
Cr 135.16 135.10 135.52 135.30 136.44 136.54 
ail 132.79 132.79 132.70 132.70 128.49 128.71 
cs2 130.98 130.84 130.94 13.94 128.49 128.71 
CEl 124.24 124.30 124.11 124.27 128.91 128.91 

:f’ 125.91 158.25 125.91 158.25 125.93 158.14 126.00 158.25 128.91 127.10 128.91 126.88 
Cc=0 169.33 169.78 168.89 169.48 168.11 171.54 
CN 30.52 30.65 30.56 30.08 31.35 30.17 

v-6 Ca 57.39 57.86 57.10 57.66 61.80 61.44 
CP 35.52 35.70 35.68 35.58 34.54 34.54 
CT 128.18 128.46 128.21 128.38 129.20 129.29 
CSl 120.92 120.92 121.04 121.00 120.62 120.56 
cs2 113.42 113.59 113.32 113.43 115.48 115.69 
CEl 112.35 112.35 112.23 112.23 111.23 111.37 
CE2 153.15 153.15 153.07 153.07 145.69 145.93 

z&o %;1 

E 56.18 29:28 

146.54 170.62 146.52 170.78 146.52 169.98 145.82 168.98 146.02 171.54 

29.28 56.18 56.12 29.54 29.44 56.12 29.06 55.86 29.64 55.96 
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63.7:31.8:4.5) were suggested to be present in an equilibrium state (See Figure 4). It has been shown that the 

conversion energy between cis/trans isomers about a peptide bond is about 18 kcaVmoll3). When dissolved in a 

solvent at low temperatures, it was known to retain its crystalline structure in solution before it isomer&d. We 

dissolved the crystalline of KA-VII from MeOH in CDCl3 which had been cooled to -6ooC and measm-ed the 

NMK spectrum to correlate the information obtained with the X-ray diffraction data. At -2oOC. the main 

populated conformer A was only detectable as shown in Figure 4. Then, the signals corresponding to those of 

the minor conformer B appeared upon warming the solution to PC. 

The thermodynamic parameters of the conversion between the two conformers were detetmined by the NMB 

measurements of the conversion rate from conformer A to B. The rate was slow enough to enable the 

determination to be made by the usual 

kinetic method following time-courses at 

5oC. The ratios between conformers A 

and B were determined at intervals of 5 

degrees from 00 to 3ooC. The rate of the 

conversion from A to B at 5oC was 

calculated by the usual first order 

approach to equilibrium to give the half- 

life period to be about 7 minutes. From 

the rate constant at 5oC, the free energy - 

of activation G# was calculated to be 19.6 

b) 

kcal/mol at 5oC by Eyring equation.14) 
lrs”- 

I.,)‘,‘,’ ~,.I.~~.,,~~. 
The values of enthalpy Ho (6.07 

1.5 I.0 1.5 1.0 

kcal/mol) and the entropy So (0.017 Figure 4 M&y1 pmton region of ‘H-NMR spectra in RA-W (5OOMHz) 

kcal/mol K) were also calculated by the a) Confmmer A is only detectable at -20°C in CDCI,. 

rates of populations A and B at each b) Conformer A and B are shown at 30oC in CDQ. 

temperature. 
c) l%ree conformers A, B and C at equilibrium state at 3@C in DMSO&. 

NOE enhancements 

The relationship of NOE enhancements in both conformers A and B of KA-VII are shown in Figure 5. The 

presence of a type II B-turn in conformer A involving Ala-2 and Tyr-3 was suggested by the enhancement of Ala- 

2-Ha and Tyr-3-Ha caused by irradiation of Tyr-3-NCH3. In the case of a type I b-turn, detectable NOES 

between the above protons are not to be expected. In conformer B, on the other hand. the NOE enhancement 

between the a-protons of the adjacent ammo-acid residues was observed for Ala-2 and Tyr-3, indicating the 

peptide bond was cis. Likewise, the N-methyl amide bond between Tyr-5 and Tyr-6 was considered to be a cis 

bond by the NOE enhancements observed between Tyr-5-Ha and Tyr-6-Ha in both conformers. The NOE 

enhancements between the Tyr-5-NCH3 protons and Ala-4-CH3/Ala-4-Ha supported to maintain trams in the 

remaining N-methyl amide bond between Ala-4 and Tyr-5 in both conformers. 

The evidences independently provided by one- and two-dimensional NOE measurements in conformer B 

showed that in conformer B, the peptide bond between Ala-2 and Tyr-3 takes &-conformation which is the sole 

difference between conformers A and B. Further, the cross peak between the Tyr-3-m, one of the aromatic 
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protons, and Ala-2-CIi3 in NOESY spectrum suggested that the aromatic side chain, which was considered not to 

rotate freely, is over the N-methyl ankle bond 

In the case of RA-VII-NMe, the similar 

NOE relationships to those of RA-VII 

were observed, except for the presence of 

stronger NOE enhancement between Ala- 

2-NCH3 and Ala-2-CH3 in conformer A 

than that in conformer B. Therefore, 

selective methylation of RA-VII is 

considered to cause steric repulsion 

between Ala-2-NCH3 and Ala-2-CH3 in 

conformer A. 

Hydrogen bonding 

The involvement of NH groups in 

the intramolecular hydrogen bonding was 

confiied on the basis of various data, 

such as, (1) the temperature effect on the 

NH chemical shifts in DMSO-d6, (2) 

solvent effect on the NH chemical shifts 

in CDCl3-DMSO-d6 mixtures and (3) 

rate of hydrogen-deuterium exchange. 

A B 

Figure 5 NOE enhancemems ia conformers A and B of RA-VII 

The arrows show the NOE relationship confiimed by lD-NOE 
aad NOISY experiments in CDC13 at 303K. 

Temperature dependence of NH chemical shifts 

In such a solvent as DMSO&, the temperature effect on NH chemical shifts is often used to identify the 

external or internal NH orientations. 15) The temperature coefficients (WdT) of RA-VII and RA-VII-NMe given 

in Table 5 clearly show that Ala-4-NH is strongly shielded from the solvent, which is characteristic of a proton 

forming a strong hydrogen bond. It was reported that values >-3x10-3 ppmPC usually suggest solvent-shielded 

and presumably hydrogen-bonded 

NH groups, whereas values Table 5 Effect of temperatures on the NH chemical shifts of RA-VII and RA-VII-NMe. 

<-4X10W3 ppmPC are for 

exposed groups. 16) The 

intermediate dS/dT value for 

Ala-l-NH does not lead to 

definitive conclusions. 

However, the fact that in the 

case of N-methylation of RA- 

VII, only Ala-2-NH was 

predominantly methylated, 

show that D-Ala-l-NH is 

shielded from the solvent. On 

Conformers 

A 
B 
C 

RA-w 
A 

B 
A 

B 
C 

RA-VII- 
NMe A 

B 

solvent 

DM=dtj 
DW0-Q 
DWOQ 

cDC13 

cDc13 

DMsoQ 
DW0-Q 
DM=& 

cDC13 
cDC13 

-ASlAT (lo3 oom/Ki 
D-Ala-l Ala-2 Ala-4 

6.0 4.1 0.0 
4.3 4.0 0.0 
3.1 4.0 0.7 

1.1 8.9 0.0 
1.1 10.0 0.9 

4.8 --___ -0.8 
4.8 _____ -1.3 
3.5 -___ -1.0 

0.6 -__ 0.0 
0.3 -_ 0.3 
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the other hand, Ala-2-NH has a ds/dT value characteristic of solvent-exposed NH groups. The temperature 

coefficients in CDC13 listed in Table 5 .follow a pattern similar to that in DMSO&. However, a detailed 

interpretation of d8/dT values in non-hydrogen bonding solvents like CDC13 should be approached carefully 

because of the association effects, 17) and we will not elaborate on these results elsewhere. 

Solvent effect on NH chemical shifts in CDC13-DMSO-de mixtures 

In the solvent titration experiment. Ala-4-NH showed very slight downfiild shifts when the concentration of a 

strongly solvating solvent, e.g. DMSO-d6 was increased. This suggests that the proton is involved in the 

hydrogen bonding to support the hypothesis of the presence of a g-turn. On the other hand, the pronounced 

solvent effect on the Ala-2-NH proton chemical shift shows the complete exposure to the solvent of the Ala-2X-I 

proton. The slope corresponding to three amide protons was 

represented in Figure 6. 

Rates of hydrogen-deuterium (H-D) exchange 

A hydrogen-deutetium (H-D) exchange experiment in 

DMSO+D20 mixtures showed that the exchange half-life 

times (tl/2) for Ala-4-NH, Ala-l-NH and Ala-2-NH were 

>2days, 6hr and 13min, respectively. These results 

suggest that Ala-4-NH is involved in a strong 

intramolecular hydrogen bond, while Ala-l-NH in a weaker 

hydrogen bond. It must also be considered that these NH 

groups ate sterically shielded by solvent. 

s o 

’ 

7.0 - 

Side chain conformation 

The populations of the side chain rotamers were quantita- 

tively assayed by means of homonuclear coupling 
6.0 I 

0 10 40 50 
constants. The aromatic ring of Tyr-3 shields the Tyr-3- okt?o-+ K3&s 4b 

NCH3 hydrogens and the calculated shielding effect closely Figure 6 Effect of the concentration of DMSO-4 on 

agrees that obtained from the 1H NMR spectrum. 
the NH proton chemical shifts of RA-VII 

The vicinal couplings in the side chain of the Tyr-3 residue in RA-VII, were observed at 10.9 and 5.OHz in 

conformer A and at 10.6 and 4.6Hz in conformer B, as given in Table 3. Using the treatment of Pachler,l*) we 

calculated the relative populations of the three side-chain rotamers (Pig.7), the results being shown in Table 6. 

Rotamer I, with x1-600 was the major component as predicted by the calculation as shown later. 

In this conformation, the tyrosine side chain is close to the Tyr-3-NCH3 moiety and this methyl protons are 

expected to be strongly shielded by the aromatic 

ring of Tyr-3. Calculations, using the atomic 

coordinates of the calculated structure (See MD 

and energy minimization section) and the ring- 

-HN$u -HN&lh -HNHN;A 

HA 

current model of Johnson and Bovey,l9) showed co- co- - co- 

that in rotamer I, the distance of the Tyr-3-NCH3 I II uI 

hydrogens from the center of the aromatic ring Figure 7 Rotamers about the Ca - Ca bond axis for Tyr-3 



Antitumor cyclic hexapeptides 
2765 

were 3.76A in conformer 

A and 3.87.& in 
Table6 lH-NMR pamme&s for Tyr-3 side chain in conformers A and B of RA-VII 

andthe%ofroatmersinCDC13. 
conformer B, and that couptiag wusumts (Hz) Rotamer poputatioas (%) 

such hydrogens should 
JAR JAX JRx I n m 

Confomm A 14.0 10.9 5.0 15.7 21.9 2.4 
experience shielding of ConbnuaB a) _- 10.6 4.6 73.0 18.3 8.7 

0.46 and 0.19ppm. a) Notdetermined 

respectively. Since this shielding was observed in 76% and 7346, respectively of rotamers I, the resultant 

shielding effects are 0.35 and 0.14ppm. respectively. The chemical shifts of Tyr-5-NCH3 hydrogens which was 

free from anisotropic effect were 3.13 in conformer A and 3.1 lppm in conformer B, in EA-VII. Therefore, 

because of this shielding effect, the chemical shit of the Tyr-3-NCH3 hydmgens would be 2.78 and 2.97ppm, 

respectively. As shown in Table 3, these signals appeared at 2.86 and 2.96ppm, respectively, which confied 

the assignments were cormct and that their actual positions wem very close to that predicted by the calculation. 

13Ckhemical shift of Tyr3 and structure of conformer C in solution 

The 13C chemical shifts of polypeptides exhibit considerable effect of conformations such as a-helix and g- 

sheet forms20) on 13C chemical shifts. It appears that such conformational effect on 13C shifts are mainly 

caused by the different local conformation of individual amino acid residues having different dihedral angles (t$ 

and w) and different intra- or intermolecular hydrogen bondings.21) 

The significant lowerfield shift of Tyr-3-G in conformer A, compared with the corresponding shift in minor 

conformer B, agrees with those observed in a-helix type peptides22) and supports the proposed type II ~-turn in 

the residues between Ala-2 and Tyr-3. 

On the other hand, the chemical shift of Tyr-3-Ca in conformer C, appearing in DMSO-d6 was almost the 

same as that of conformer B. This fact suggested that in conformer C, conformation isomer&d about Ala-2 and 

Tyr-3 amide bond also dominated. Then, NOE enhancement between Tyr-S-NCH3 and Tyr-5-R in the NOESY 

spectrum indicated the isomer&anon to cis of Ala-4 - Tyr-5 amide bond, and therefore, the three N-methyl amide 

bonds were shown to be in cis orientation. This was also supported by the lower field shift (61.57) of Ala-4 

CH3 caused by the deshielding effect of aromatic ring in Tyr-5. 

Solution structure and activity of RA-VII-H 
Hydrogenolysis of RA-VII with pto;! gave RA-VII-H having 

no diphenyl ether bond and no antitumor activity. Two stable 

conformers, named conformers D and E were observed in 

CDC13 in a ratio of 66.7 : 33.3. Complete assignments of the 

lH- and l3C-signals by the homo and heteronuclear ZD-NMR 

techniques as shown in Tables 3 and 4, NOE enhancements and 

temperature effect on the NH chemical shifts suggested that the 

backbone amide bonds of minor conformer E has the same 

geometrical conformation as that of conformer A. In the major 

conformer D, however, all the three N-methyl amide bonds were 

GCH, 

Figure 8 Structure of M-VII-H given by 
hydrogenolysis of RA-VII 
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found to take more stable cis geometry. The lack of activity may be considered to be due to these conformational 

changes. 

Molecular mobility (Tl) 

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

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

relaxation time) correlate directly with the 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, l3C-lH dipolar interaction with 

directly bonded hydrogens.23) 

The experimental data on 

conformers A and B are 9)) 

given in Figme 9. These data 

provide us with information 

H;.;*cG H~&+-$$o% 

about the rotational motion of &_ m 
0 3 

the backbone of RA-VII 

molecule and about the 

internal rotations of the side 

chains. All the a carbons 

gave very similar NT1 

values, indicating 

the O$l?$ NSF 

OCH,’ za3 OCH, ’ 
rigidness. of the backbone. 1144 3144 

The NT1 value of the g Conformer A Confanxr B 

carbon of the Tyr-3 residue Figure 9 NT1 values in milkseconds of the carbon atoms in conformers A and B of RA-VII 

wexe similar to the NT1 
(N=number of attached protons, Tl=longitudinaI relaxation time). 

values of the b-carbons of Tyr-5 and 6. Further, the ortho and meta carbon atoms, which are influenced by the 

tyrosyl ring rotation, also gave NT1 values similar to those of the corresponding carbons of Tyr-5 and 6 in the 

rigid 14-membered ring. This supports the finding that the rotation about Tyr-3 residue caused little increase in 

the mobility, which agrees with the results of the measurement of anisotropic effect of the aromatic ring in Tyr-3, 

as described above. Interestingly, the NT1 value of the methyl group in Ala-4 has three-fold over the other 

alanine residues, indicating that the mobility was increased when the orientation of the Ca-Me bond vector was 

changed. In this respect, the Ala-4 residue seems to rotate more rapidly than the other alanine residues having 

usual NT1 values, which however involved in complicating interpmtation. 

Aromatic side chain Cotton effects 

Useful information about the conformational rigidity of the peptide bonds can be obtained from the circular 

dicbroism which is influenced by the relative orientation of chromophores and neighboring groups.24) The CD 

spectra of a CHC13 solution of RA-VII (l.Omg/ml) at 2oOC and -2oOC are given in Figure 10. For the CD plots 

at -2oOC, the crystals from MeOH were dissolved at a temperature below -2oOC so that the solution structure 

retained the X-ray structure. The CD plots displayed a weak positive Cotton effect at 267nm (A~=+7.26) and a 
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strong negative Cotton effect at 235nm (AE=z!.~o). This spectrum is indicative of a rigid peptide backbone.25) 

The weak positive curve at about 27Omn became negative at +2fPC!. 

Since the three tyrosyl residues, Tyr-5, Tyr-6 and Tyr-3 were 

located quite apart ftom each other in the molecule, the interactions o 

among them might be ignored: only the interactions between the 
n, 

tyrosyl and the amide (Tyr-3 and the N-methyl amide constructed 

by Ala-2 and Tyr-3) need to be taken into consideration. This 40 * 

change of the sign at about 270nm was considered to be caused by 

the interactions between the Tyr-3 absorption bands at 277 and 

227nm and the amide n-n* and x-x* transitions. m- 

Molecular dynamics and energy minimization 

In order to obtain a more detailed structure and conformations -w mm 

which agrees mom closely with the NMR data, we performed the 
Figure 10 CD curves of RA-VII in CHC13 

molecular dynamics calculations starting with X-ray structure and applying the distance constraints obtained from 

the NMR experiments. The final structures obtained after several such calculations were examined for the overall 

energetic favorability and compared with the structure derived from the NMR data. 

The AMBER program system26) was used for the constrained energy minimization and molecular dynamics 

optimization of the structures in the following manner. The starting coordinates of RA-VII were taken from the 

X-my structure of RA-V-p-bromobenzoate with removal conversion of the p-bromobenzoate. After the energy 

minimization, we performed a 100psec restrained MD run. The MD run consisted of OSfs time step at IOOOK 

with a strong coupling to the temperature bath. 27) The amide bond between Tyr-5 and Tyr-6 was fixed in the cis 

geometry, as also found in the solid-state conformation. The similarity of this geometry in solution state was also 

investigated by the intensive NOESY correlations observed between Tyr-5-Ha and Tyr-6-Ha in both 

conformers A and B. The side chain of Tyr-3 is flexible and gives large fluctuation to the total energy 

corresponding to its different conformations. In order to discriminate between conformational energy of the 

hexapeptide ring and conformational energy of the Tyr-3 side chain, calculation was made with a hypothetical 

compound in which Tyr-3 was replaced by alanine (Figure 11: The structure having the type II j3-turn was stabler 

by 2.26kcal than that being the type VI ~-turn.). Conformation of the Tyr-3 side chain was simulated separately 

as described below. 

Structure of conformer A 

It is obvious from the calculated dihedrals (See Table 7) and the Ramachandran plot shown in Figure 3 that the 

conformation of the type II jMtm structure is fulfilled for conformer A, the structure of which involves Ala-2 in 

the i+l and Tyr-3 in the i+2 positions by stabilization of the transannular H-bridge between Ala4NH and Ala-l- 

CO. In conformer A, two NOE enhancements, i.e. one between Ala-2-Ha and Ty-r-3-NCH3 and one between 

Tyr-3-NCH3 and Tyr-3-Ha were observed which gives another evidence for the assumption of the described 

type II g-turn structure. The Ramachandran plots in Figure 3 indicates that the degree of deviations of the MD- 

calculated torsion values from the ideal values are similar for RA-VII and RA-VII-NMe. 
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Structure of conformer B 

The solution structnre of the minor conformer B of RA-VII and that of VII-NMe were not so definitely 

determined as that of conformer A. because no sufficient NOE values were available. None of the B-turns are 

retained in this conformer which can be realized from the Ramachandmn plots in Figure 3 where the values of the 

dihedrak are included. The type II p-turn involving Ala-2 in the i+l and Tyr-3 in the i + 2 position is converted to 

a type VI ~-turn-type strncture28), which is determined by the NOE enhancements between Ala-2-a and Tyr-3- 

Ha indicating a cis peptide bond. A similar type VI &turn determined by an NOE between Ha protons was 

already observed for the weakly populated conformer of VDA 0082% and [Ne-GLeuldidemnin B3@, each cyclic 

hexapeptide. 

Figure 11 Stereoscopic view of two stable backbone structures of the hypothetical compound in which Tyr-3 of 
RA-VII is replaced by ahmine given by MD and energy minimizations 

Figure 12 Stereoscopic view of two stable conformers corresponding to the conformers A and B given by energy maps 
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In conformer B of RA-VII-NMe, the bond distance (3.175A) between the carbon of Ala-2-CH3 and that of 

Ala-2-NCH3 is remote in comparison to that (2.885A) in conformer A. This difference may he. account for the 

mductioninthe%ofconformerAinRA-VII-NMe. 

Side chain conformation 

Afk minimization of backbone 

structure, the stable conformers A 

and B involving in the side chain of 

Tyr-3 were obtained by the energy 

maps calculated by the rotates of xl 

and ~2 per 5 degrees (Figure 

12).31) The conformation of A 

approximately corresponds to that of 

the crystalline and both conformers 

A and B were found to be identical 

to the solution conformations 

analyzed by homonuclear coupling 

constants, calculated populations 

and the shielding effect of Tyr-3 as 

described above (See solution 

conformation). 

Table 7 X-ray- and MD-&dad beckbone dihedmk in BA-Vll and RA-WI-NMe 
Reskkle Lxhedralangle RA-vll RA-Vll-NMe 

confommA B A B x-lap) 

D-Ah-1 @ 168 166 169 155 139 
w -173 -173 -169 -151 -168 

-180 -172 -177 -171 -175 
Ala-2 ; -70 -124 -79 -134 -83 

Y 117 87 123 78 121 

; 
-172 1 -170 4 -178 

m-3 52 -108 53 -117 54 
Y 38 113 38 61 39 

; 
-177 179 -178 166 -168 

Ala-4 -157 -160 -158 -75 -159 
Y 168 177 167 172 170 

r 
-178 173 -178 174 175 

m-5 -127 -118 -126 -113 -137 
Y 104 103 104 103 101 

; 
-8 -8 -8 -8 1 

v-6 -85 -85 -85 -84 -92 
Y 131 137 132 152 162 
0 165 165 164 172 171 

a) The data of X-my difbtomw indicate the angles in FtA-V-p- 

Conclusion 

This study showed that the conformers A and B of RA-VII are uans-cis isomers about the Ala-2-Tyr-3 peptide 

bond. Cis-trans isomerism about the amide bond was the first problem effectively studied by dynamic NMR 

spectroscopy.32) 

When the Ala-2 residue of RA-VII was N-methylated, only the conformation of the amide bond of conformer 

A involved in the type II g-turn changed. However. the biological activity of RA-VII-NMe was considerably 

lower than that of RA-VII.33) The reduction in the 8 of conformer A in RA-VII-NMe may account for the 

reduction of the activity of RA-VII-NMe. The small change in the backbone conformation may be sufficient to 

reduce the receptor binding ability of RA-VII-NMe in comparison to that of RA-VII. However, it is difficult to 

rule out completely the following possibility that structural change between RA-VII and RA-VII-NMe causes the 

reduction of the activity. 

On the other hand, the solution conformation of the reductive hexapeptide lacking the diphenyl ether bond 

@A-VII-H) was suggested to be the mixture of different conformers D and E, whose population of type II lWtrn 

was reversed and also may be responsible for the lack of the activity. 
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Experimental 

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

Bruker data station with au Aspect 3000 computer. The Smg sample of RA-VII. VII-NMe and VII-H in a 5mm 

tube (OSml CDC13 or DMSO&, &gassed) was used for the homonuclcar, and 30mg sample of RA-VII. VII- 

NMe and VII-H in a Smm tube (OSml CDC13 or DMSO& &gassed) for the heteronuclear measutements. The 

spectra were recotded at 303K. 

&?QE 

NOESY experiments were acquired with mixing times of 0.4,0.6 and 0.8s. Structural assessments utilized 

values from the 0.6s experiments, since no secondary effects were observed at this mixing time. 

Tl relaxation times (1OOlvfHx) 

All spectra were recorded on a Brucker AM400 spectrometer at 100.6MHx using proton broad-band 

decoupling at 303K. The spectra contained 32K data points over a 24KHx frequency range. Relaxation data 

were obtained by using the inversion-recovery 180+9Oo pulse sequence. Repetition time between two 

acquisitions was 60s for RA-VII in CDC13. The spin-lattice relaxation times were determined from the relaxation 

data by using a regression analysis that was incorporated in the Tl routine of the Bruker acquisition and 

processing program and given by the expression Y=A3 + AZ*exp(-t/U) in which A3 and A2 are constants and 

represents the delay times between the 1800 and 900 pulses. For the calculation of Tl, we used the relative 

intensities of the 13C signals at 15 different values in an appropriate range, standard deviations were in the range 

of 0.006 to 0.052s. 

Molecular dvnamifs and molecular mechm 

Computer modeling was carried out with the MOL-GRARH program system (ver. 2.0) on an AIRI! 4-D 

workstation. Initial calculations started with coordinates for the X-ray structure of the p-bromobenzoate 

derivative of RA-V. Molecular mechanics and dynamics calculation were performed with the AMBER 3.0 

package34) with a distance-dependent dielectric, E=Rij. Considering the NOE between Ala-2-Ha and Tyr-3-Ha, 

and two intramolecular hydrogen bondings of NH4+01 and NH1+04, constrained minimizations and dynamics 
were calculated with an extra harmonic term of the form E=EK(r-rmax)2 for mrmax and E=O.O for ramax added 

to the force field (NOE: 3.OA>, K=5kcal.Ae2; H-bondings: MA>, K=Skcal+A-2). Relevant solution-phase 

conformations were predicted by a general method described below. In or&r to discriminate between 

conformational energy of the hexapeptide ring and conformational energy of the Tyr-3 side chain, calculation was 

made with a hypothetical compound in which Tyr-3 was replaced by alanine. Molecular dynamics at lOOOK for a 

total of 1OOpsec were calculated with a time step O.Sfsec and structures were sampled every 0.lpse.c. The 

snapshots from the dynamics trajectories were then energy minimized. A snapshot with the lowest energy was 

selected as an relevant conformation. 

CQ 
Circular dichroism was measured with O.lmm cell in CHC13 by JASCO-SOOC spectropolarimeter. The 

absorption cell was thermostated at -2tPC and then increased temperature up to +2ooC. Results am reported as 

Ae values. 

RA-MI-NMe 

RA-VII was stirmd with iodomethane and FWA120335) in 1,Zdimethoxyethane at room temperature for 

1%. The reaction mixture was filtrated and then concentrated to give RA-VII-NMe quantitatively. 
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RA-VII (1OChng) was hydrogenated with pto;! in CHCl3-MeOH-AcOH (2:1:2) solution for 6hr. The reaction 

mixture was puri&d by ODSHPLC (809hMeOH) to give RA-VII-H (22mg). 

K-rav a~&sis of RA V DBr __ _ e 
Crystal data: C47H51N60l~BrC2H50H2H20, monoclinic, space group P21, 2=2. a=27.874(15), 

b=9.653(6). &X758(6$, @95.77(6)0, V=2612A3. A total of 2017 reflections were observed as above the 20 

(I) level within the 28 range from 60 through 900. The structure was determined by the heavy atom method 

coupled with the anomalous dispersion method. The latter was of use for eliminating the pseudo-mirror, 010 

plane through the bromine atom. The refinement was carried out by the method of block-diagonal-matrix least- 

squares. The final R value was 0.096 for 2017 reflections assuming anisotropic thermal vibrations for 69 atoms 

excluding hydrogen. 
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