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ABSTRACT - The solution conformation of rhlzonln A in different 
solvents has been studied by NMR spectroscopy. The complete 
assignment of the 1H and 13C resonances ln chloroform as well as 
the 1H resonances In methanol and dimethyl sulphoxlde were achieved 
by the application of various two-dimensional NMR techniques. The 
spectroscopic evidence indicated that the malor conformer of rhlzonin 
A ln chloroform and methanol contains all trans amide bonds. The 
backbone conformation and the orlentatlon of the FurAla B side chain 
of this conformer correspond closely with those of the crystalline 
state, as determined by X-ray crystallography. 

Rhizonin A c&J, a cyclic heptapeptlde isolated from the fungus Rhizopus 

microsporus van Tiegheml, is a potent non-specific hepatotoxln in rats.2 

Rhlzopus species have been ldentlfled as a cause of spollage In fruit and 

vegetables and as contaminants in grain sorghum. The production of this mycotoxln 

1s of particular concern because of the use of Rhizopus species as enzymatic 

sources for the production of fermented foods, such as tempeh, in Far Eastern 

countrles.2 The structure of rhlzonln A (1) was determined by the appllcatlon 

of mass spectrometry, NMR spectroscopy and amino acid analysis, and was confirmed 

by X-ray crystallography.' The molecule contains three N-methyl amino acids as 

Leu 3 

N-Me FurAla A 
GdNxiy N-Me Ala 

Val I 

, 
Val II CH3 C”3-y ” 

/ Ile 
C"3 

1 
2337 



2338 M. POTGETER et al. 

well as two pairs of like amino acids with opposite a-carbon stereochemistry, i.e. 

&-valine (Val I) and Q-valine (Val II), as well as tj-methyl-3-(3-furyl)-L_alanine 

&Me FurAla A) and tj-methyl-3-(3-furyl)-D_alanine @-Me FurAla B). 

The comparison of the conformation of a biologically active cyclic peptide 

in the crystalline state with its conformations in a variety of solution 

environments can be used for mapping of the peptide backbone in terms of its 

relative mobility. This is valuable information for the extrapolation of 

available experimental data for the isolated peptide to the unknown situation of 

complexation with a receptor, because it provides a qualitative indication of the 

energy required for conformational change in different regions of the 

molecule.3*4 

AS a first step in the investigation of the structure-activity relationship 

of rhizonin A, a detailed study of the conformation of the metabolite in different 

solvents, as well as in crystalline state, was carried out. Some preliminary 

results of this study were published,s and we now present a detailed report of 

the results obtained. 

NMR spectroscopy has become the most powerful technique for the study of 

the solution conformation of peptides and proteins.3*4.6 Analysis of the 

solution conformation of rhizonin A has as a prerequisite the complete assignment 

of the 1H and 13c NMR spectra of the molecule, and we first want to report the 

assignments of the lH NMR spectra of rhizonin A in chloroform, methanol and 

dimethyl sulphoxide (DMSO) (Table 1) as well as the assignment of the 13C NMR 

spectrum in chloroform (Table 2). 

Rhizonin A exists according to IH and 13C NMR spectral data 

predominantly (>9:1) as one conformer in chloroform-d. Results obtained in a 

(lH,lH) COSY experiment' enabled us to assign the 'H NMR signals 

originating from isolated spin systems, i.e. from the protons of the individual 

amino acid residues. However, the COSY experiment failed to distinguish between 

the three methyl resonances (one at 6" 1.03 and two at 6" 0.90 p.p.m.) which 

are correlated with the multiplet at 6" 1.83 p.p.m. (Hy-Leu and HB-Ile), and 

between the signals arising from the three N-methyl groups or from the pairs of 

like amino acids, The assignment of the 13C NMR spectrum enabled us to assign 

these signals unambigiously. 

The resonances of the protonated carbon atoms of rhizonin A were assigned 

by means of a (13C,lH) COSY experiment*,g optimized for 'J CH - However, 

overlap prevented distinction between the three carbon resonances associated with 

the methyl proton doublets at 6" 0.90 and 0.89 p.p.m., . u. the carbon signals 

at 6~ 14.5, 19.3 and 23.7 p.p.m. In order to assign these resonances as well as 

those frdm the carbonyl and fury1 quarternary carbon atoms, a (13C,lH) COSY 

experiment was performed with a mixing time of 45 ms9 to detect long range 
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Table 1 . 1~ NMR data for rhizonln A in CDC13. CD3OH(OD) and DHSO-den 

AMINO ACID COCl3 CD,OH(OO) OMSO-ds 
RESIDUE PROTON 6(ppm) J(Hz) G(ppm) JtHz) 6tppm) J(Hr) 

E-Me C&N 
Fur-C-Ala A 

H-Cc, 

HI-'+ 

Hz-C6 

HA-Fur 

HB-Fur 

Hc-Fur 

C-Leu NH 

H-Co 

HI-CB 

"t-C6 

N-Me-C-Ala' CHJN 

H-Cu 

CH$8) 

N-Me 
Fur-C-Ala Bc CHJN 

H-Ca 

HI-CB 

"2-Q 

HA-Fur 

HB-Fur 

HE-Fur 

p-Ile NH 

H-C, 

H-C6 

CH3(Y) 

HI-'% 

H2-h 

CH3(6) 

2 91 5 

3 62 dd 

3 29 ddd 

3 11 dd 

6 23 dd 

7 32 t 

7 16 dd 

7 47 d 95 

5 24 ddd 11 8,9.5,2 

1 41 dt b 

1 23 dt 12 3.2.0 

10.5.3 9 

15 2,3 9,D. 

15 2,lO 5 

16,Ol 

17 

15.07 

183m - 

1 03 d 6.4 

090d 69 

311s - 

437q 73 

1 13 d 7.3 

299s - 

5 55 dd 12 3. 4 5 5 40 dd 12 2, 4 5 

3 38 ddd 15 9.4 5.1 2 3 28 dd 15 0.4 5 

2 76 dd 15 9.12 3 2 83 dd 15 8.12 2 

6 21 dd 1 8.0 8 6 27 dd 1 9.0.7 

728t 17 737t 17 

7 19 dd 1 5.0.8 7 33 br s - 

749d 92 

440t 92 

183m - 

09Od 68 

144m - 

104m - 

0.78 t 7 4 

2.98s - x 2.92 
Y: 2 70 

3 91 dd 10 4. 4 1 X 388 
Y: 4 36 

.9 3 21 dd 15 D,3 9 X' 3.08 
Y* 2 82 

3 11 dd 15 0,lO 4 x 297 
Y 2.59 

6 37 dd 1 7.0 8 X 649 
Y 643 

743t 17 X' 7.53 
Y. 7.53 

7 26 br s - X 7.32 
Y’ 7 38 

762d 94 X’ 7 07 d 94 
Y 731 d a5 

2 5.22 ddd 11 0.9 4,2 3 X 5.05 ddd 11 2.9.7.22 
Y 471 ddd b 

1.50 m - X' 1 51 m 
Y 1.57 m - 

1.26 ddd 13 8,ll 1.2 7 X' 1 06 m - 

1.86 m - 

1.02 d 6.5 

0.95 d 6 7 

312s - 

4.02 q 3 

1.13 d 7 3 

306s - 

743d 94 

4 53 dd 9 4,7 3 

166m - 

095d 67 

1.53 m - 

1Im - 

0.85 t 7.3 

s - 

id 10 1, 4.0 
dd b 
dd 15 1.4 0 
dd 14.8.7 7 
dd b 
dd 14 8.6 7 
m 
m - 
t 13 
t 1.3 
S 

s - 

Y*127m - 
X 178m - 
Y 157m - 
X’ 0 92 d 6.6 
Y’ 0 85 d 6.4 
X 0.87 d b 
Y 0.83 d b 

x 301s - 
Y.299S - 
x*473q 75 
Y’472q 72 
X 1 06 d 7.5 
Y 105d 72 

x 294s - 
Y’ 2.94 s - 

X’ 5.26 dd 12 1,3.9 
Y 5 26 dd 11 9. 3.9 
X 3.13 dd 15.4,3 9 
Y 3 14 dd 15 5.3 9 
X' 2 72 dd 15.4.12.1 
Y- 2 69 dd 15 5,ll 9 
X*626m - 
Y 626m - 
X’749rn - 
Y 749m - 
x 739s - 
Y 739s - 

X 7.16 d 9 3 
Y 744d 95 

X 4 55 dd 9 3.7 4 
Y’ 4 90 br d 9 3.1 2 
x 17111 - 
Y 195m - 
X’O85d 64 
Y*O89d 69 
X 1.51 m - 
Y 154m - 
X 0.98 m - 
Y. 1.05m 
X:DEDt 74 
Y* 0 92 t 74 
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Table 1. (continued) 

AMINO ACID CDC13 CD]OH(OD) DMSO-da 
RESIDUE PROTON 6(ppm) J(Hz) &(ppm) J(Hz) b(ppm) J(Hr) 

_D-Val IId NH 6 10 4 0 8 42d 4.1 X 0.34 d 5 3 
7.11 d Y* 7.06 d 5.0 

H-Ca 3 21 dd 0.0,4.0 3 35 dd 9 0,4 7 X 3.40 dd 0 3.5.3 
Y. 3 90 dd 5 0.3 6 

H-C6 1 96 ds 0.0,6 7 1 99 ds 9.0.6.7 X* 1 94 m Y* 2.21 ds 6 ;,3.6 
CHs(Y1) 1.00 d 6.0 1.00 d 6.7 X 0 94 d 6.9 

Y 0.99 d 69 
CHl(Y2) 0 97 d 6.7 1 02 d 6.7 X 092d 

Y* 0.09 d f: 

C-Val Id NH 559d 90 673d 103 X 6.94 d 10 2 
Y*057d 96 

H-Ca 4.55 t 9.0 4.53 t 10 2 X 4.36 t 9 9 
Y*425t 96 

H-C6 2 12 ds 9 6.6 7 2.12 ds 10 0.6 6 X 2.03 ds 9.9.6 6 
Y.197m - 

CH] (~1) 093d 67 0.95 d 6 6 X. 0.05 d 6.6 
Y'O73d 60 

CHs(Y 2) 0.09 d 6.7 009d 6.6 X 0.76 d 6.6 
Y' 0.55 d 6.5 

a Abbreviations used FurAla = 3-(J-furylalanlne), LeU = leUCine, 
Ala = alanine, Ile * Isoleucine, Val - Valine 
ds = doublet of septets 

a Not resolved 
C All the assignments for conformers X and Y in ONSO-da may be interchanged 
d Val I and Val II of conformer Y in ONSO-da may be interchanged 

(13C,1H) couplings. The correlations observed for the ring carbon atoms are 

shown In Figure la. The i-methyl proton resonances were correlated to both the 

ad]acent carbonyl and cl-carbon atoms, thereby distlngulshlng between the N-methyl 

groups as well as ldentlfylng the carbonyl groups of the respective amide bonds. 

In contrast only three of the amide protons were correlated to adlacent carbonyl 

groups and none to the adjacent a-carbon atoms. In a supplementary selective 

population lnverslon (SPI) experimentlO lrradlatlon of the fourth amide proton 

resonance ( 6" 5.59 p.p.m.1 effected an intensity change at only the carbonyl 

resonance at 6c 170.9 p.p m. The ambiguity regarding a distlnctlon between the 

two vallne units prevented assignment of this carbonyl to either Val II or Ile. 

The correlation between the methyl proton signals at 6" 1.03 p p.m. and 

the carbon resonances at 6~ 30.9 p.p.m. (C, -Leu) and & 23.5 p.p.m.(Cy 

-Leu) enabled the assignment of the proton resonances at 6" 1.03 and one of 

the methyl groups at 6" 0 90 p.p m to the g-methyl groups of the leucine 

residue and the second 6H 0.90 p.p.m. resonance to the Y-methyl group of 

lsoleuclne. Distinction between the two sets of signals originating from the 

FurAla residues was also accomplished. For example, correlation of the 

furylalanyl a-proton signal (6~ 5 55 p.p.m ) with the carbonyl resonance (6c 

169.1 p.p.m.1 which was also correlated to NH-Ile at 6" 7.49 p.p.m , identlfled 

the prOtOn and carbon spin Systems associated with Ho-FurAla at 5, 5.55 p.p.m. 
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as those of FurAla B. In a complementary result the FurAla a-proton resonance at 

6" 3.62 p.p.m. as well as NH-Leu at 6, 7.47 p.p.m. were correlated to the 

carbonyl resonance at 6, 167.9 p.p.m., thereby identifying it as the 

carbonyl carbon atom of FurAla A. 

None of the a-protons of the consecutive unzts Val I, Val II and Ile was 

correlated to adlacent carbons in the inltlal long-range (13C,lH) COSY 

experiment (Fig la). This observation plus the fact that the amide protons were 

correlated only to adlacent carbonyl groups prevented dlstlnctlon between the two 

valine units. An explanation was found in the expected magnitudes of the coupling 

constants under conslderatlon. Two-bond heteronuclear couplings, Ej-C,-CO, have 

been estimated to be 4-7 Hz" and three-bond H-C, -N-CO couplings are angular 

dependent, with only a small range of dihedral angles associated with coupling 

constants that would be large enough to be detected under the experimental 

conditions used. An increase of the mixing time to 80 msg in a second 

("C,IH) COSY experrment led to the detection of five additional correlations 

of a-protons to adjacent carbonyl groups (Fig lb). Thus both H,-FurAla A (6, 

3.63 p.p.m.) and one of the valine a-protons which resonate at 6~ 4 55 p.p.m. 

were correlated to the carbonyl carbon of Val I ( 6c 169.9 p.p.m.), thereby 

unambiguously identifying the proton and carbon resonances of Val I. The 

correlation of NH-Val I ( 6,, 5.59 p p m.) with the carbonyl resonance at 6c 

170.9 p p.m allocated this carbon resonance to Val II. This assignment is 

supported by the correlation observed between H,-Ile (6” 4.40 p.p.m.) and the 

resonance at 6, 171.4 p p.m , which must therefore be the carbonyl carbon atom 

of Ile. The complete assignment of the 13C NMR spectrum of rhizonin A in 

chloroform-d is given In Table 2 

H 

a b 

Figure 1 Long-range heteronuclear shift correlations observed for the ring 

carbons of rhlzonln A, (a) mixing time 45 ms, (b) mixing time 80 

ills. 
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Table 2 I3C NMR data of rhizomn A in CDCIJ 

AMINO ACID CARBON 
RESIDUE ,,.,":a ) 

lJCH AMINO ACID CARBON 
(Hz, RESIDUE (P zrl ) 

N-Me 
E-Ala 

N-Me Fur- CH]N 39 9 Q 
C-Ala A co 167.9 S 

CO 66 9 D 
Cf3 22.9 T 

CA-FUr 110.6 D 
CB-Fur 142.7 D 
Cc-Fur 139 a D 
CD-Fur 121 7 s 

L-Leu co 
Ccl 
C6 
CY 
C61 

Cb2 

174 5 s 
47 6 D 
38.9 T 
23 5 D 
20 7 p 
23.7 Q 

CH,N 
co 
C, 
C6 

30.7 Q 
174 9 s 
50 6 D 
12 9 q 

138 9 

131 9 
131 5 
171 6 
201 5 
199.7 

N-Me Fur 
Q-Ala 6 

D-11@ 
140.3 
128.2 
130 3 
125 2 
126 6 

138.5 

144 9 
129.3 

D-Val II 

C-Val I 

CH,N 
co 

;a 
C,tFur 
Co-Fur 
Cc-Fur 
CD-Fur 

co 
CC% 
C0 
Y-Me 

CY 

% 

co 

CCI 

3 

CY1 Y2 

co 

I; 

CY 1 

CY2 

30 4 Q 138 1 
169 1 S 
55 a D 137 5 
23 0 T 130 0 
110 3 D 172 9 
142 5 D 201 5 
139 2 D 199 5 
120 3 s 

171 4 s 
56.5 D 140.1 
37 9 D 128 9 
14 5 q 126 2 
24 8 T 124 8 
10 a Q 125.2 

170 9 s 
63 1 D 135 2 
28.7 D 129 6 
19 5 Q 124 7 
19 0 q 127.6 

169.9 S 
54 5 0 138 i 
30 1 D 132 5 
18 2 Q 129.1 
19 3 Q 129 2 

Rhizonln A exists as a ca. 3:l mixture of conformers an methanol. Analysis 

of the most abundant conformer by IH NMR spectroscopy (see Table 1) revealed 

excellent agreement of coupling constants and chemical shafts with the mayor 

conformer In the chloroform solution. A single exception was the vlcinal coupling 

constant observed for H,-Ile, which reflects a modiflcatlon In the side chain 

conformation around the C, -CD bond. Complete assignment of the proton NMR 

spectrum necessitated the use of both methanol-d, and methanol-d4 as solvents 

All the amide resonances were observed ln the methanol-d,. but solvent overlap 

obscured the region 6" 4.6-4.9 p p.m , which was therefore analyzed in methanol- 

d4 Assignment of resonances was based on a (IH,IH) COSY experiment In 

methanol-d, and the use of a solvent gradlent of chloroform-methanol mixtures. 

With the exceptron of the amide protons, all other proton resonances were 

virtually unaffected by changes in solvent composition. Both NH-Val I and NH-Val 

II signals experienced large 

chloroform solution, whereas 

NH-Ile was unaffected. 

In DMSO-d6 rhlzonln 

downfield shifts upon addltron of methanol to the 

the NH-Leu resonances shifted slowly downfleld and 

A exists as two conformers In comparable 

concentrations This was evidenced by the presence of eight amide proton doublets 

In the region 6,, 6.9-8.6 p.p.m and five N-Me singlets (6” 2.7-3.0 p.p.m.) of 

which one has an intensity twice those of the other peaks. This meant that the 

complete analysis of the IH NMR spectrum involved not only the assignment of a 

hundred and thirty protons to the resonances observed, but also the 
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dlfferentlatlon between those of each conformer A C~H,~H) COSY experiment 

proved useful only for the ldentlflcatlon of different spin systems. However, a 

solvent study using a gradlent of chloroform-DMSO mixtures, enabled us to 

dlstlnguish between the resonances of the two conformers (conformers X and Y) 

This distinction was possible only because of the close similarity between 

conformer X in DMSO and the chloroform conformer The initial additions of DMSO 

to a chloroform solution of rhizonln A were done in small aliquots in order to 

carefully follow the chemical shift changes expected upon strong association of 

DMSO with dlpolar regions of the rhlzonin A molecule Mayor changes In chemical 

shift were observed for only the valine amide resonances of conformer X, which 

were shifted downfield [b&(CDC13->DMSO Val I) = -1.35 p.p.m and AS (CDC~J->DMSO 

Val II)=-2 16 p.p.m.1, whereas small upfleld shifts were observed for the other 

amide proton signals [ 86(CDC11->DMSO)=+O 40 p.p.m for Leu(X) and +0.33 p p.m. 

for Ile(x)l. The only differences between conformer X and the predominant 

conformer In chloroform are the modified C,-Cg side chain conformation of Ile 

similar to the sltuatlon in methanol, and variations In the NH-H,, proton-proton 

coupling contants of Val II, which represent minor conformations1 changes in this 

part of the rhlzonln A backbone. 

A notable feature of the 1~ NMR spectrum in DMSO was the fact that the i- 

Me Ala and N-Me FurAla B residues for conformer X and Y had virtually identical 

cnemical shifts and coupling constants, and extensive overlap prevented 

distinction between the individual conformers for this part of the molecule 

CRYSTALLINE STATE CONFORMATION - Before dlscusslng the conformations of 

rhizonin A in the different solvents, we first want to discuss the crystal 

conformation as derived from a X-ray crystallographic analysis of rhlzonin A.l 

Crystals obtained from ethyl acetate-hexane were orthorhomblc, of the space group 

-12121, and the structure was refined to a final Rw factor of 0.094. The 

perspective drawing of the molecule with implied stereochemistry 1s shown In 

Figure 2 All amide bonds are trans with a O-9 o deviation from planarity In 

this conformation NH-Leu is directed towards the ring cavity and the cavity 1s 

also crowded somewhat by the methyl group of lsoleuclne 

Analysis of the intramolecular N.. 0 distances suggests that the molecule 

may contain two intramolecular hydrogen bonds, the first between the lsoleuclne 

amide proton (NH-Ile) and the leucine carbonyl group to form a type 11 b-loop 

(N .O = 3 209 A), and the second between the leucine amide proton (NH-Leu) and 

the carbonyl group of valine I to form an inverse v-loop (N .O = 3 055A) l2 In 

order to evaluate the potential (j-loop the associated torsion angles for rhlzonln 

A were compared with those reported for type II [i-loops in the crystal structures 

of several other cyclic peptldes.12 I3 Reasonably good agreement was found for 

all angles and the values are well wIthIn the range of allowed torsion angles for 
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N Me FurAh A 

N-Me FurAlo B 

VDIII ‘0 

Figure 2 - Perspective drawing of solid state conformation of rhlzonln A 

as determined by X-ray crystallography. 

type II ~-loops according to the corresponding Venkatachalam plot.14 Also, the 

type II' B-loop of iodocyclosporin15 compares favourably with that of rhlzonln A 

in terms of torsion angles obtained (Table 31, the extent of N-methylation In the 

loop, and the sterlc demand of the N-Me Ala and N-Me FurAla B residues. We 

concluded, therefore, that this backbone arrangement of rhlzonln A constitutes a 

legitimate B-loop. 

The sltuatlon for the potential inverse Y-loop ( ui) around the FurAla A 

residue 1s quite different. Typical ofY'-loops is a devlatlon of 14-24O from 

planarity in the amide bonds, which 1s significantly larger than was determined 

for rhlzonln A. In addition, the + and + values of rhlzonln A do not correspond 

with the reference data. A final disqualification of this arrangement of backbone 

atoms as a trueY'-loop IS the fact that the NH-NO angle is 890, which is much 

larger than 30°, the upper limit for hydrogen bonding as postulated by 

Venkatachalam.14 

Table 3 - Comparison between torsloo angles determlned for 
rhizonln A and the corresponding angles from reference dataa. 

Residue 2b Residue 3b N 0 

Type II 8-100~ 02 92 03 93 cat 

Reference -6Z" +14oo + 910 _;z 0 2.86-3 35 
Rhironln A -590 +14oo +11oo 3 21 
Iodocyclosporln +56O -1370 -1120 +554 3 21 

Inverse T-loop (Tl) w 9 V N O(R) 

Reference 160° -860 64O 2 85-2 95 
Rhizonin A 1750 530 470 3 06 

a Average values for torsion angles determfned by X-ray analysis of other 
cyclfc peptides with corresponding 10ops~~ were used as reference data 

b In the case of rhlronin A residue 2 1s &Me-C-Ala and residue 3 N-Me-D- 
FurAla 8, whereas sarcoslne and &he-&-Leu constitute the corresponding units 
of lodocyclosporin Is 
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SOLUTION CONFORMATION - The NMR data obtalned for rhlzonln A In chloroform 

and methanol indicate that a single conformer dominate the equilibrium In these 

solvents, Instead of a set of interconvertlng conformers. Criteria for 

conformatlonal homogeneity in solution include large differences between amide 

temperature gradients and vlcinal coupling constants, as well as large 

differences between the chemical shifts of equivalent protons In like amino acids 

and between vicinal coupling contants of dlastereotoplc protons 3 All these 

requirements are convlnclngly met for the predominant conformers In chloroform and 

methanol as well as for both conformers in DMSO. 

A comparison of the 1~ NMR data for the predominant conformers ln 

chloroform and methanol and conformer X In DMSO (see Table 1) reveals close 

agreement In all aspects except the chemical shifts of the amide protons. These 

values are expected to be sensitive to the solvent environment and do not 

necessarily reflect conformatlonal changes. Differences which are apparent, 

however, are the larger vlcinal coupling constant for NH-Val III'J(DMSO) 5.2 Hz 

as compared to 3J(CDC13)=3J(CD,0H)=4.5 Hz1 lndlcatlve of a small change ln 

the dihedral angle e (HN-C,H), and a change In the coupling pattern of Ha-Ile 

owing to a modlfled side chain conformation in methanol and DMSO. Since no 

slgnlflcant changes In backbone conformation were detected in the different 

solution environments the three sets of NMR data are interpreted collectively 

The backbone conformation of a small cyclic peptlde, such as rhlzonln A, 

depends mainly on the geometry of the amide bonds, and the presence of hydrogen 

bonds between the amide protons and the carbonyl groups. A NOESY16 experiment 

proved to be particularly useful In establishing the geometry of the E-methyl 

amide bonds of rhizonln A in chloroform In all three cases under conslderatron 

nuclear Overhauser effects were observed between the N-methyl protons and the 

a-protons of the preceding residues, thereby establlshlng the trans amide bond 

configuration (Figure 3) It can be concluded, therefore, that rhizonln A exists 

in an all trans configuration in chloroform solution slmllar to the crystalline 

H 

Figure 3 * NOE's observed for rhizonln A In CDCl] In a NOESY experiment 
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state. No n.Q.e.'s was observed in DMSQ, and therefore conclusions concerning the 

geometry of the amlae bonds of conformer Y could not be made. 

A knowledge of the chemical environment of the amide protons provided 

further useful rnformatlon regarding the conformatzon of the molecule. This was 

achieved by the evaluation of a variety of lndlcators such as amide chemical 

shifts, rates of H/D exchange and the chemical shift dependance of changes In 

temperature, solvent and concentration (Table 4). In DMSO solution the solvent 

exposed amide protons are observed at lower field ( 6” 6,4 - 8,0 

p.p.m.),3.12.17.18 the reason being that the hydrogen bonding to the carbonyl 

group resulted In less deshleldlng of the amide protons than hydrogen bonding to 

the DMSO solvent matrIxI'. The situation is reversed In chloroform where 

solvent exposed amide protons resonate upfield relative to those that are solvent 

shlelaed or hydrogen-bonded. Chemical shift data for methanol solutions are more 

dlfflcult to interpret because of the possibility of carbonyl protonation which 

will result In the aeshleldlng of neIghboring amide protons3. For rhlzonln it 

appears to behave similar to DMSO 

Table 4 NMR data for amide protons In various solvents 

Chloroform 

NH-Leu NH-lle NH-Val I NH-Val II 

Sql%m~~~HZ~ 

A~&T :-lo3 
(ppm/ KP 
D2D exchange 

9.3 7.47 92 7 49 99 5 59 6 52-7 4.6 11 

-4 0 -1.0 +o 9 -7 4 

> 24h > 24h >24h (2 min 

Methanol X Y x Y x Y X Y 

A6/rT 4U%~~~~Hz~ X-d 

7 62 7 58 7.43 7 78 6 73 8.48 8 42 7 86 
93 85 9.3 96 100 97 45 54 
-2.7 -2 5 -0 4 -2 1 -8 4 -7.8 -6.0 -7 2 

(ppm/ Kla 

DMSO X Y X Y x Y X Y 

b(ppm) 
'J(tjNC&(Hz) 
A6/AT x lo3 
(ppm/ KP 

7.07 7 31 7 16 7 44 6 94 8 57 8 34 7 86 
95 102 97 56 
-0 7 -6.4 -3.4 -: : -4.0 

* Obtalned for the temperature range 30-60°C Negative values represent a 
shift to higher fleld. 

Chemical shift conslderatlons indicated that NH-Val II of conformer X (and 

also the predominant conformer in chloroform and methanol) 1s solvent exposed, 

whereas NH-Leu and NH-Ile are solvent shielded and possibly also intramolecularly 

hydrogen-bonded. The conclusion regarding NH-Val II(X) 1s supported by the large 

temperature coefflclents obtained In all three solvents, as well as rts large 

concentration dependence and rapid deuterlum exchange In chloroform. The chemical 
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environments of amide protons in conformer Y are slmllarly deduced: while both 

vallne amide protons are solvent exposed (large temperature dependence associated 

with low-field chemical shifts in DMSO), the solvent and temperature dependencies 

of both NH-Leu(Y) and NH-Ile(Y) indicated their involvement In intramolecular 

hydrogen bonds. The small A~/AT values obtained for NH-Ile are consistent with 

the interpretation that it 1s involved In an intramolecular hydrogen-bond ln 

conformer X. The Leu amide proton, however, seems to be only solvent shielded 

( A6/AT>2~10-~ p.p_m./K) in conformer X and is probably directed towards the 

ring cavity similar to its orlentatlon in the crystal conformation of rhlzonln A 

(Figure 2). 

Several contradlctlons are evident upon inspection of the data for NH-Val 

I(X), 1. its large temperature dependance ln DMSO and MeOH, and high-field 

chemical shift In CDC13 are indicative of solvent exposure, whereas the small 

temperature dependence in chloroform and high-field chemical shift In DMSO suggest 

solvent shleldlng. In order to facilitate the interpretation of these results, 

solvent studies were undertaken in gradients of chloroform/methanol and 

chloroform/DMSO. The results show similar trends in the behaviour of the valine 

amide protons upon addltlon of either methanol or DMSO to a chloroform solution of 

rhlzonln A. The chemical shift of NH-Val I(X) is initially slow to change, but 

becomes strongly solvent dependent when the polar solvent constitutes 25% or more 

of the solvent composition The chemical shift of NH-Val II(X), in turn, is 

strongly affected by the addltlon of small amounts of polar solvents. We have 

concluded that both vallne protons are solvent exposed, although NH-Val I may be 

to a somewhat lesser extent The amide proton involved in the single 

intramolecular hydrogen bond of conformer X has been ldentlfled as NH-Ile and the 

questlon regarding which carbonyl group acts as receptor may be consldered next. 

NH-Ile of conformer X can be associated with either C=O (Leu) ln a type II 

B-turn or with C=O (N-Me Ala) in a v-turn based on the u-carbon stereochemistry of 

the residues involved.12 The results obtained from the NOESY experiment in 

chloroform (see Figure 3) support the first option rather than the second. The 

n.0.e. 's observed between NH (Ile) and N-Me (FurAla B) as well as between N-Me 

(FurAla B) and H, (N-Me Ala) restricts Orurala B to approximately 120° rather 

than 700, which 1s required for a v-loop. Since no difference ln backbone 

conformation could be detected for the mayor conformers In chloroform, methanol 

and conformer X in DMSO, this hydrogen-bond is assumed for all three solvents. 

It is clear that the backbone conformation of conformer X corresponds very 

well with that of the crystal conformation. The solvent shleldlng of NH-Leu (X) 

corresponds with the internal orientation of this group ln the crystalline state. 

A comparison of the torsion angles, 0, obtained from NMR data11 and those 

obtained by X-ray analysis indicate excellent agreement for the Leu, Ile and Val I 
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residues (Table 5). However, the Karplus-type relatlonshsp between the vlclnal 

coupling constant of NH-Val II and 6 generated four regions of possible torsion 

angles. Inspection of models which accommodated the conformational restraints on 

the peptzde backbone dlscussed so far lndlcates that two of the four posslbilltles 

can be ruled out on the basis of induced sterlc strain, x. $a=170->175o and 

-g5->-105°. Indirect evidence regarding the magnitude of heteronuclear I$,-N-CO 

couplings for the two vallne and the Ile residues obtained from long-range 

(13C,'H) COSY experiments allows the evaluation of the two remaining 

possiblztles. The experimental conditions chosen for smaller couplings did 

produce correlations between H, (Val I) and C=O (Val II) and H, (Ile) and 

C=O(FurAla B), respectively, for which the torsion angles +l(Val I)=-1200 and 

9a(Ile) +120° correspond to a 4 Hz three-bond couplrng.ll The corresponding 

heteronuclear correlation was not observed for H,(Val II) which lndlcates that 

the value of Its 3JcH coupling constant must be smaller than 4Hz. Thrs IS 

only possible for eo(Val 11)=65->70°, the torsion angle in the crystal 

conformation of the molecule 

Table 5. Comparison of torsion angles, 4, obtained from NRR data 
for conformer X and those obtained by X-ray analysis 

Amino Acid 

C-Leu 
0-Ile 
i--v.1 I 

'Jcorr ,Hr a 4, degreesb crystalllne statec 

10.2 -100 - -150 -1350 
10 1 +95 - +150 +124o 
10 8 -105 - -140 -1210 

= .-’ - D-Val II -5.0 +170 - +175 
+65 - +70 + 600 
-15 - -25 
-95 - -105 

a Corrected values to accommodate electronegativlty effectsll 
b Allowed range of values deduced from vlclnal coupling constants, 'J 

reference 11. 
NHCaH' 

c Reference 1. 

Although flexlbillty can be assumed for the side chains of rhlzonln A in 

solution, preferred rotamers are encountered in many cases as indicated by the 

fact that coupling constants which deviate significantly from the mean value of 

~a. 7 Hz for free mobility were obtained and large differences between chemical 

shift and coupling constant values of dlastereotoplc protons were observed. The 

preferred conformations of the FurAla side-chains are of particular interest In 

the interpretation of the NNR data because of the magnetic anisotropy associated 

with fury1 groups. The vlcinal coupling constants of Ha(FurAla B) (J 12.3 and 4.5 

Hz) suggest gauche and antiperiplanar arrangements between the a-proton and the 

two f3-protons of the residue To satisfy this requirement the fury1 group can be 

directed either towards N-Me Ala as In the crystal conformation or towards Ile, a 

posltion where the adjacent carbonyl group will prevent free rotation of the fury1 



Confonnafionalanalysls ofthe cychc peptlde rhlzonln A 2349 

group. H, (FurAla B) is strongly deshlelded relative to srmilar protons In a 

cyclic tetrapeptlde [G(H,-Phe DMSO) 4.34 ppml,lg which can be expected for a- 

protons In the plane of the carbonyl group of the adjacent amino acid.3 I9 The 

orientation of the fury1 group of FurAla B towards N-Me Ala is indicated by the 

n 0.e observed between H,-Fur B and N-Me (FurAla B) (Fig. 3). 

The favoured rotamer of the side-chain of FurAla A in conformer X posltlons 

the fury1 group over the peptlde ring towards the valine residues (Figure 4). 

This 1s Indicated by a number of observations, 1 e. the so far unexplained hlgh- 

field occurence of the NH-Val I resonance in all three solvents despite its known 

solvent exposure, shleldlng of H, -Val II and the vicinal coupling constants of 

H, (FurAla A), which agree with an eclipsed conformation around the C,-CB bond. 

Figure 4 shows the conformation postulated for rhizonin A In chloroform, methanol 

and conformer X in DMSO. 

Figure 4 - Backbone conformation postulated for conformer X of rhlzonln A. 

Since no n.0.e. Is was observed for rhlzonln A in DMSO solution, no deflnlte 

conclusions concerning the geometry of the amide bonds of conformer Y could be 

made. The chemical environments of amide protons In conformer Y are deduced 

similarly to those ln conformer X Both vallne amide protons are solvent exposed 

(large temperature dependence associated with low-field chemical shlfs in DMSO), 

whereas the solvent and temperature dependencies of both NH-Leu(Y) and NH-Ile(Y) 

kndicated their involvement In intramolecular hydrogen bonds. A notable 

characterlstlc of conformers X and Y In DMSO solution is the extensive overlap In 

the NMR signals associated with the N-Me Ala and N-Me FurAla B residues. The 

simllarlty In chemical shifts and coupling patterns of these resonances as well as 

the fact that NH-Ile(Y) is hydrogen bonded, are considered to be convincing 

evidence for the existence of the same ~-loop In both conformers. Differences 

between the backbone conformations of conformers X and Y are observed In the 

vlclnal coupling constants for NH-Leu and NH-Val II Also, the shielding of NH- 

Val I and H, In conformer X caused by the conformation of FurAla A, is absent In 

conformer Y However, lack of data prevented us from maklng further postulations 

concerning the conformation of conformer Y 
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We therefore conclude that the backbone conformation of rhlzonln A In 

crystalllne state corresponds very well with that of the major conformers In 

chloroform and methanol, as well as with conformer X in DMSO. In both conformers 

the molecule contains all trans amide bonds as well as a type II B-turn enveloping 

the &-Ala and D-FurAla B residues. The conformers exlstlng In the polar solvents 

offer the best lndlcatlon of those adopted by rhlzonln A under blologlcal 

condltlons. As a first approxlmatlon it may be assumed that the fi-loop 

encountered in the crystalllne state as well as In both solution conformers ~111 

be conserved. The left hand portion of the molecule is more flexible and under 

biologrcal condltlons conformatlonal variations can probably be expected In this 

region of the peptlde backbone. 

EXPERIMENTAL 

AU. experiments were performed on a Bruker WM-500 spectrometer operating at 
500.13 MHZ for proton and 125.76 MHzo$;r carbon-13. Solutions of rhlzonin A were 
analyzed In a Smm tubes at * The (13C,1H) COSY experiments were 
performed on a 0.25M solution of rhizonln A: 128 experiments on 2K data points 
were transformed zn a matrix of 256 x 2048 poznts using the following experlmentaf 
condltlons spectral. width F1=2000 Hz and F2=22723 Hz, acquisltlon time 0,045s 
and relaxation delay 2s. The different mixing times employed for the respective 
long-range (13c,l~) correlation experiments are discussed in the text. The 
fiH,lH) COSY experiment was performed on a 0.05M solution of rhizonln A; 512 
experiments on 2~ data points were transformed In a matrix of 512 x 2048 points 
using the following experrmental conditions: spectral width F1=1968 5 Hz and 
F2=3937 HZ, acqulsitlon time 0,259 and relaxation delay 4s. 

1 

2. 

3 
4. 

5 

6. 

7 

8. 

9 

10 

11. 
12 
13 

14. 
15. 

16. 

:;I: 

19. 

REFERENCES 

P.S. Steyn, A.A. Tulnman, F R. van Heerden, P H van Rooyen, P.L Wessels, 
and C J Rable, 5. Chem. Sot , Chem. Comm 47 (1983). 
T. Wilson, C J Rable, J.E. Fincham, P.S. Steyn and M.A.A. Schrpper, Food 
Chem. TOXIC. 22, 275 (1984) 
H Kessler, Angew Chem., Int Ed Engl 21 512 (1982). 
H.-R. LOOSll, H. Kessler, H. Oschklnat, H.-P Weber, T J Percher and A. 
Wldmer, Helv Chum. Acta 68, 682 (1985). 
M. Potgieter In 'Mycotoxlns and Phycotoxins' Eds P S Steyn and R. 
Vleggaar Elsevier, Amsterdam, p 205 (1985) 
A Otter, P.G. Scott and G Kotovych, J. Amer Chem Sot. 109, 6995 11987); 
H Kessler, J W Bats, C. Grleslnger, S. Koll, M. Will. and K Wagner, J 
Amer. Chem. Sot. 110, 1033 (1988) 
W.P. Aue, E. Bartholdl and R R. Ernst, J Chem Phvs 64, 2229 (x976), A. 
Bax and R. Freeman, J Magn Reson 44, 542 (1981) 
G. Bodenhausen and R. Freeman, J Ma~n._~~~~_~. -_- 
G. Morrrs, J Mann. Reson 42, 501 (1981) 

24, 471 (1977): A Bax and 

A Bax In 'Topics In Carbon-13 NMR spectroscopy', vol 4, Ed 
John Wiley and Sons, New York, p 197-238 (1984) 

C C Levy, 

K G R Pachler and P L 
(1977). 

WesSelS, J Magn. Res. 12, 337 (1973). Ibid 28, 53 

V.F. Bystrov, Proq. Nucl. Magn. Reson. Spectros. g, 41 (1976) 
J.A. Smith and L.G. Pease, CRC Crlt. Rev Blochem. 13, 315 (1980) 
I L. Karle In 'The Peptides: Analysis, Synthesis, Biology*, Eds E. Gross, 
J Melenhofer, Academic Press Inc , New York, Vol 4, 1 (1981). 
C.M Venkatachalam, Blopolvmers 6, 1425 (1968) 
T J. Pechter, H.-P Weber and A. Ruegger, Helv. Chlm. 
(1976). 

Acta 59, 1480 

J Jeener, R Meler, P 
(1979), A. Kumar, 

Bachman and R R. Ernst, J Chem. Phvs. 7l, 4546 

95, 1 (1980). 
R.R Ernst and K. Wutrlch, Biochem. Biophys. Res. Commun. 

N.J. Mamma, M Hassan and M. Goodman, J. Amer Chem. Sot. 107, 4008 (1985). 
L.M Gzerasch, I.L. Karle, A.L Rockwell and K 
107, 3321 (1985) 

Yenal, J. Amer Chem. Sot 

K. Wutrlch In 'NPlR In Blologlcal Research. Peptzdes and Proteins', North- 
Holland Publlshlng Co., Amsterdam, Chapter 2 (1976) 


