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Abstract The cyclic, imido acid containing pentapeptides 
c~clo(Asp-Trp-(NMe)Nle-Asp-Pbe) (cpplNMeNle3]) and cy- 
clo(Asp-Trp-Pro-Asp-Phe) (cpp[Pro31) have been investigated 
by 1H-NMR spectroscopy in D M S O  and by restrained 
molecular dynamics methods. The spectra indicate the existence 
ot at least four cisltrans isomers for cpp[NMeNle 31 and two cisl 
trans isomers for cpp[Pr03]. In addition to the imido peptide 
bonds, cpp[NMeNle~[ shows cis/trans isomerization of the Asp 4- 
Phe 5 and PheS-Asp I peptide bonds whereas only the PheS-Asp 1 
peptide bond isomerizes in the Pro-containing peptide. In 
cpp[Pro 3] all cis bonds are centred in [~VIb turns. Also, 
cpp[NMeNle 3] prefers backbone angles around the cis bonds 
which are rather similar to the angles of a [~VIb turn. The higher 
nmnber of cis/trans isomers and slight deviations in the backbone 
angles of comparable isomers of both peptides are caused by an 
enhanced flexibility of cpp[NMeNle 3] due to the possibility of the 
~--(NMe)Nle rotation. 

h e y  words: Cyclic peptide; cis/trans isomerization; 13 turn; 
N M R ;  Restrained molecular dynamics 

I Introduction 

Conformat ional  investigations of  cyclic peptides are a gen- 
e 'a l  tool for the study of  regular turn structures [1,2]. Regular 
t t rns  are in addition to the a-helix and 13-sheet the third type 
c f  secondary structures observed in proteins, comprising on 
a ¢erage a quarter of  the residues [3]. The study of  cyclic pep- 
tdes  provides insight into backbone angles, intramolecular 
cistances and side chain orientations of  turn structures and, 
r~toreover, into the relationship of  primary structure and re- 
s l l t ing secondary structure. Cyclic peptides are therefore an 
appropriate model  system for the investigation of  regular 
l lrns. Proline is known as a turn-promoting amino acid [4]. 
1 a the trans conformation proline is found frequently in the 
t-1 position of  [3I and [3II turns. An additional important  
1 roperty of  proline is the ability to form a cis peptide bond. 
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• bbreviations: 1D/2D, one- and two-dimensional; DIEA, N-ethyl- 
t iisopropylamine; DQF-COSY, double quantum filtered correlated 
s~ectroscopy; Fmoc, 9-fluorenylmethyloxycarbonyl; HAPyU, 0-(7- 
a tabenzotriazol- l-yl)-l, 1,3,3-tetramethylenuroniumhexafluorophos- 
phate; HFIP, hexafluoroisopropanol; (NMe)Nle, N-methylnorleu- 
erie; NOESY, nuclear Overhauser enhancement spectroscopy; PEM, 
Powell energy minimization; rMD, restrained molecular dynamics; 
ROESY, rotating frame Overhauser spectroscopy; TFA, trifluoroace- 
t~c acid; TOCSY, total correlation spectroscopy; TPPI, time propor- 
tional phase increment 

cis-Proline has been shown to prefer the i+2 position of  [3Via 
and [3VIb turns. In contrast to the [3Via turn the latter turn is 
not  stabilized by a hydrogen bond [5,6]. 

N-methyl amino acids also have, because of  their volumi- 
nous N-methyl group, the ability to induce cis peptide bonds. 
To our knowledge, there are no investigations dealing with the 
conformational  influence of  these amino acids in cyclic pep- 
tides. 

In this work we synthesized and investigated the conforma- 
tions of  the cyclic pentapeptides cyclo(Asp-Trp-(NMe)Nle- 
Asp-Phe) (cpp[NMeNle3]) I and cyclo(Asp-Trp-Pro-Asp-Phe) 
(cpp[Pro3]) | I  by 1H-NMR spectroscopy in D M S O  and r M D  
calculations. The sequences are derived from the naturally 
occurring peptide hormone CCK-4,  Trp-Met-Asp-Phe-NH2. 
Our aim was to compare the influence of  proline and N- 
methylnorleucine on the cis/trans equilibrium and on the pre- 
ferred conformations of  the isomers. 

2. Materials and methods 

2.1. Peptide synthesis 
For the preparation of the peptides we synthesized the fully pro- 

tected pentapeptides using conventional Frnoc chemistry on o-chloro- 
trityi resin (Bachem). The peptides were cleaved from resin using 80% 
HFIP in CH2CI 2. The cyclization of the protected peptides was car- 
ried out in 10 -3 M solution of DMF with HAPyU [7] and DIEA. For 
deprotection of the side chains the crude protected peptide was dis- 
solved in 95% TFA. The purities of cyclic peptides were analysed by 
HPLC and mass spectrometry. 

2.2. NMR measurements 
Peptides were first dissolved in H20, the pH adjusted to 2.0, and 

then lyophilized. The samples were redissolved in 0.5 ml DMSO-d6 to 
give a final concentration of 5 mM. 

The ID and 2D NMR spectra were recorded at 298 K on a Bruker 
AMX 600 NMR spectrometer interfaced to an ASPECT computer 
using UXNMR software package [8]. All 1H chemical shifts are re- 
ferred to internal DMSO (2.49 ppm). 3JNr~a coupling constants were 
estimated from 1D 1H spectra, if not mentioned otherwise. All 2D 
experiments have been acquired in the phase-sensitive mode with 
quadrature detection in both dimensions, by use of TPPI. Typically 
512 experiments of 32-80 scans each were performed: relaxation delay 
1.5 s, complex size 2 K, spectra width in F2 and FI 7250 Hz, zero 
filling in FI to 1 K, apodization in both dimensions with squared 
sinebell shifted by rt/2. TOCSY spectra were acquired with a 9 kHz 
MLEV-17 spinlock and 54 ms mixing time. ROESY spectra were 
recorded with a spinlock of 2.5 kHz and a mixing time of 120, 150 
and 180 ms. The mixing times of NOESY experiments were varied in 
the range of 50 to 400 ms. NOESY crosspeaks were integrated by the 
AURELIA software [9]. 

2.3. Molecular dynamics calculations 
The presented peptide structures were generated via in vacuo rMD 

simulations on a CONVEX 210 computer and on an IRIS 4D work- 

0014-5793196l$12.00 © 1996 Federation of European Biochemical Societies. All rights reserved. 
JTl S00 1 4 - 5 7 9 3 ( 9 6 ) 0 0 4 6 9 - 3  



202 H. WeiBhoff et aI./FEBS Letters 387 (1996) 201-207 

War 
t 

War 

i o m e r  

isomer 1.2 F 

isomer 1.3 i ~ W 2 

I I 1 
isomer 1.4 - -  D w 

il I 
2_D4 F 5 

_ _ D  4 

1 

ppm 8.6 8.4 8.2 8.0 7.8 7.6 

Fig. 1. The NH region of the 600 MHz ~H spectra of cpp[NMeNle 3] in DMSO-~ measured at 298 K. W~ denotes peaks due to aromatic Trp 
protons. 

station using the programs XPLOR 3.1 [10] and QUANTA [11]. The 
calculations were carried out by considering 22, 17, 18 and 18 NMR 
derived interproton distances for isomer 1.1, 1.2, 1.3 and 1.4, respec- 
tively, of cpp[NMeNle 3] and 23 and 19 NOE based restraints for 
isomer ILl and 11.2 of cpp[Pro3]. Furthermore vicinal coupling con- 
stants 3Jr~H~ which show only two results of the modified Karplus 
equation by Bystrov [12] were also used as restraints. 

We generated for each isomer 100 structures from complete random 
arrays of atoms followed by a PEM and rMD simulation at 300 K. 
The nonbonded energy cutoff was set to 8 ,~,. 

In order to find starting conformations reflecting as much as pos- 

sible the restraint geometries, we applied another 1000 steps of PEM 
with the weighting factor kNOE = 50 for the NOE and kcDm = 5 for the 
dihedral energy term. The factors of all the other energy terms were 
set to 1 except kvDw -- 0.002. 

All structures were submitted to a subsequent rMD protocol in 
conjunction with a simulated annealing procedure for a more efficient 
mapping of the energy surface. We first carried out 8000 steps (size 1 
fs) of rMD simulation at a constant temperature of 1000 K. The force 
constants were the same as mentioned above except for the energy 
terms that reflect the angle and improper values, which were set to 
kANG = 0.4 kcal/(mol rad 2) and kiMp = 0.1 kcal/(mol rad2), respectively. 

Table 1 
Comparison of the experimental (NOESY) and calculated (rMD) backbone interproton distances of the isomers 1.1 and 1.2 of cpp[NMeNle 3] 
and the main isomer ILl of cpp[Pro a] 

Isomer 1.1 1.2 ILl 

Proton pair r N°E r MD Proton pair r N°E r MD r N°E r MD 
(A) (A) (A) (A) (A) (A) 

AspINH PheSNH 2.26 2.17 Asp4NH Xaa3N * ~ 2.95 2.84 2.61 2.57 
AsplNH Asp4NH 3.51 3.65 Asp4NH Trp2NH 3.69 3.95 3.98 4.02 
AspaNH Trp~NH 2.73 2.99 Asp4NH PheSNH 2.56 2.34 2.53 2.44 
Trp2NH Asp4NH 3.01 3.12 PheSNH Trp2NH 3.83 4.21 3.78 4.02 
NIe3NMe Asp4NH 2.51 2.85 AsplNH Trp2NH overlay 2.34 2.31 2.45 

AsplNH AsplHcx 3.05 2.85 Asp4NH Asp4H~ 2.68 2.99 2.76 2.99 
AsplNH PheSHa 3.07 3.43 Asp4NH Xaa3Hc~ 3.25 3.22 n.d. 3.39 
Trp2NH Trp2Hc~ 2.93 2.97 PheSNH Phe5Hc~ 2.77 2.99 2.68 2.97 
Trp2NH AsplHa 3.77 3.61 PheSNH Asp4Ha 3.51 3.60 3.43 3.60 
Trp~NH Nle3Ha 3.16 3.12 Phe~NH AsplH~x 3.62 3.75 3.64 3.92 
NIe3NMe NleaHa n.d. b 3.44 AsplNH AsplHc~ 2.90 2.97 3.10 2.93 
Asp4NH Asp4Ha 2.93 2.99 Trp2NH Trp2Ha 2.71 2.99 3.03 2.98 
Asp4NH Nle3Hot 2.85 3.03 Trp2NH AsplHa 3.35 3.58 3.22 3.56 
PheSNH PheSHa 2.72 2.99 Xaa3N * Xaa3H~x n.d. 3.45 n.d. 3.63 
PheSNH Asp4Ha 3.77 3.60 Xaa3N * Trp2Ha n.d. 3.89 3.89 4.20 

Trp2H~x Nle3Hcx 2.08 1.81 PheSHa AsplHa 1.95 1.72 1.88 1.70 
Asp4Hc~ Phe~Ha 2.08 1.77 Trp2Ha Xaa3H~x 1.82 1.65 1.85 2.02 

Amino acids overlaid in Fig. 3 are arranged in the same row. 
~Xaa 3 represents amino acids (NMe)Nle 3 in isomer 1.2 or Pro 3 in isomer II.l;  N* denotes 
b n.d., not determined. 

NMe for (NMe)Nle or HS* for Pro. 
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F g. 2. H ~ H a  region of a 600 MHz ROESY spectrum of cpp[NMeNle 3] in DMSO-d6 measured at 298 K. The spectrum was recorded with a 
mixing time of 180 ms and a spin lock power of 2.5 kHz. Pure NOEs are lettered with Arabic numerals (dashed lines), chemical exchange 
p,~aks (EP) with Roman numerals and 'relayed' peaks (RP) are lettered with characters. Unlettered peaks are due to a fifth minor populated 
is~)mer which could not be analysed. I EP NleZ(I.3)/Nle3(I.1), II EP Nlea(I.2)/Nle3(I.3), III EP Aspl(I.3)/Aspl(I.2), IV EP Aspl(I.3)/Aspl(I.4), V 
ED Aspl(I.3)/Aspl(I.1), VI EP Aspa(l.2)/Asp4(l.3), VII EP PheS(I.2)/Phe~(I.3), VIII EP Trp2(I.2)/Trp2(I.3), 1 NOE Trp2(I.1)/ Nlea(l.1), 2 NOE 
T'p2(I.3)/Nlea(I.3), 3 NOE Asp4(I.1)/Phe~(I.1), 4 NOE PheS(I.2)/Aspl(I,2), 5 NOE Trp2(I.2)/ Nlea(I.2), x RP Trp2(l.3)/ Nle3(I.2), y RP 
PheS(I.2)/Aspl(I.3), z RP Trp2(I.2)/Nle3(I.3). 

"I ae second step consists of a 10 ps rMD simulation under the same 
c~,nditions as in step 1, except that the asymptote of the NOE energy 
term was linearly increased from 0.1 to 1.0. We used this scaling in 
o~der to find more conformations that reflect better the NOE re- 
slraints. In the third step the system was hyperbolically cooled in 50 
s~eps from 1000 K to 100 K. During cooling kvDw was linearly in- 
creased from 0.002 to 1.0. This step yields conformations which agree 
x~ ell with all experimental restraints. In the last step, the 10 structures 

ith the lowest energies were used for an additional rMD sim,'ation 
~hich consists of 90000 integration steps (size 1 fs) at 30t K. All 

eighting factors of force constants were set to 1.0 and the Coulomb 
energy term with a dielectrical constant of e=48 for DMSO was em- 
p!oyed. The first 30 ps were used to equilibrate the system and the 
following 60 ps served for the analysis of the trajectory. All structures 

ere finally relaxed with a 20 000 step PEM (including Coulomb in- 
teraction). 

3 Results 

3 1. Resonance assignment and isomer analysis 
The occurrence of  more than 20 N H  resonances in the 1D 

proton spectrum of cpp[NMeNle 3] is very unusual for a pen- 
tapeptide with only four NH-containing amino acids (Fig. 1). 
Employing the exchange peaks in the R O E S Y  spectra the first 

suspicion of  an impurity could be ruled out by identifying five 
different isomers in slow conformational  exchange on the 
N M R  time scale. The strong Ha-Ha ROEs (Fig. 2) proved 
that the multi tude of  resonance signals is caused by a complex 
cisltrans equilibrium. Only four of  the five isomers are in a 
populat ion sufficient for conformational  analysis. The 1H- 
N M R  spectrum of  cpp[Pro 3] shows only two different sets 
of  resonance lines, reflecting a less complex equilibrium of 
isomers. 

Chemical shift assignments for both peptides were per- 
formed by the combined use of  D Q F - C O S Y  and ROESY 
experiments [13]. A great difficulty in assignment of  
cpp[NMeNle 3] arises from the existence of  'relayed' peaks 
(Fig. 2), which suggest R O E  connectivities between protons 
of  different isomers. These peaks (negative in ROESY spectra) 
arise from ROE transfer combined with conformational  ex- 
change between two isomers within the spinlock time of  the 
experiment. Therefore, the best way to assign the spin systems 
to the different isomers was the consequent utilization of  the 
positive exchange peaks. 

Employing the Hc~-Hct NOEs  the cis/trans isomerism of 
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Table 2 
3JNna coupling constants, dihedral angles calculated from coupling constants and 
rMD structures of isomers of cpp[NMeNle 3] and cpp[Pro 3] 

H. WeiBhoff et al./FEBS Letters 387 (1996) 201-207 

backbone dihedral angles obtained from the lowest energy 

Isomer Amino acid NMR 3JNHa Calculated~ ~ 0 rMD ~ cis/trans Turn type 

cpp[NMeNle 3] 
1.1 Asp 1 5.3 -72  -72  -67  trans 

Trp 2 7.0 -158 -146 81 trans [3VIb; i+1 
(NMe)Nle 3 -128 19 cis [3VIb; i+2 
Asp 4 9.5 -142 -129 85 trans ~VIb; i+1 
Phe 5 10.6 -110 -104 -11 cis [3VIb; i+2 

L2 Asp I 10.8 -114 -94  -33 cis ~VIb; i+2 
Trp 2 10.6 b -110 -114 121 trans [3VIb; i+1 
(NMe)Nle z - -94  9 cis ~VIb; i+2 
Asp 4 10.0 - 102 - 115 - 61 trans 
Phe 5 8.0 -153 -139 85 trans [~VIb; i+1 

1.3 Asp 1 7.6 -85  -89  -70  trans 
Trp 2 5.9 -165 -155 105 trans [~VIb; i+1 

(NMe)NIe 3 -92  - 19 cis [3VIb; i+2 
Asp 4 7.9 b -87  -77  118 trans 
Phe 5 7.8 79 67 -65  trans y 

1.4 Asp 1 7.2 -83  -86  -42  trans 
Trp 2 8.8 -147 -142 -61 trans 
(NMe)Nle 3 - -72  -37  trans 
Asp 4 8.4 - 150 - 133 -65  trans 
Phe 5 7.5 -84  -98  -53  trans 

ILl 

II.2 

cpp[Pro 3] 
Asp 1 10.5 -108 -83  -33  cis [$VIb; i+2 
Trp 2 10.6 -130 -129 135 trans 13VIb; i+1 
Pro 3 - -80  - 5  cis I]VIb; i+2 
Asp 4 10.2 - 105 - 114 -62  trans 
Phe 5 9.1 -145 -144 97 trans I]VIb; i+1 

Asp a 8.9 -93  - 111 -53  trans 
Trp 2 6.4 -162 -159 118 trans 13VIb; i+1 
Pro 3 - -87  -18  cis 13VIb; i+2 
Asp 4 8.9 -93 -85  -99  trans 
Phe 5 7.6 -85  -50  -59  trans 

~The Karplus equation modified by Bystrov [12] was used for the calculation. We noted only the solutions which are next to the results of the rMD 
in the table. 
b3JNHa coupling constants were determined from peak separation in DQF-COSY maps for Trp 2 1.2 and Asp 4 1.3. 

both peptides was investigated. The most populated isomer 1.1 
of  cpp[NMeNle 3] (40%) shows two cis peptide bonds between 
Trp2-(NMe)Nle  3 and Asp4-Phe 5. Surprisingly, one cis bond 

exists between the two non-imido acids Asp and Phe, which 
usually do not show eisltrans isomerization. A similar situa- 
tion has been found in isomer L2 (13%) where two ¢is bonds 
exist between Trp2-(NMe)Nle  3 and between Phe~-Asp 1. The 
third isomer 1.3 of  cpp[NMeNle 3] (18%) contains only one cis 

peptide bond between Trp 2 and (NMe)Nle 3, whereas the 
fourth isomer 1.4 (25%) has all the amide bonds in the trans 

form. 
A less complex situation has been observed in cpp[Proa], 

characterized by a major isomer (II.1, 80%) with two cis pep- 
tide bonds between Trp~-Pro 3 and PheS-Asp I and a minor 
isomer (II.2, 20%) with a cis bond between Trp2-Pro 3. 

3.2. Conformational analysis 

3.2.1. Isomers containing two cis peptide bonds. The med- 
ium range NOEs  and dihedrals 0 derived from the 3JNna 
coupling constants of  the isomers (Tables 1 and 2) were 
used as inputs for the r M D  calculations. Table 1 shows a 
comparison of  the N O E  derived backbone interproton dis- 

tances for the isomers with two cis amide bonds (isomer 1.1, 
1.2 of  cpp[NMeNle 3] and II.1 of  cpp[ProZ]) and the calculated 
(rMD) interproton distances for the lowest energy conforma- 
tions. 

For  isomer 1.1 of  cpp[NMeNle a] the 10 lowest energy struc- 
tures belong to the same conformational  family and the tra- 
jectories did not reveal any significant fluctuations during the 
dynamic, indicating a stable conformation with all the dis- 
tances within the N O E  derived distance ranges. The residues 
Trp2-(NMe)Nle  3 and Asp4-Phe 5 show a very similar spatial 
arrangement around the two cis peptide bonds (Table 2) with 
the main chain torsion angles close to these of  a 13VIb turn. 
Because of  slight deviation from the ideal turn (0/+1 = -120° ,  
~i+1 = 120 °, ¢i+2 = - 9 0  °, Yi+2 = 0°1150 ° [5,14]) we use the des- 
ignation 13VIb-like turn. Hence, the amino acids around the 
cis peptide bonds occupy the i+1 (Trp 2, Asp 4) and i+2 
((NMe)Nle 3, Phe 5) positions of  two 13VIb-like turns. Neither 
turn is stabilized by a hydrogen bond, which agrees with the 
[3VIb turns found in proteins and cyclic peptides [1,5,6]. Also, 
for isomer 1.2 of  cpp[NMeNle 3] both cis bonds are located in 
the centre of  turns with dihedrals similar to 13VIb turns. A 
comparison such that the (NMe)Nle  3 of  isomer L1 and Asp 1 
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isomer 1.1 isomer 1.2 and II.1 ( 1 4 4  ° isomer 1.2 and II.1 

(NMe)NIe 3 Xaa  3 c i ~ i  , Asp 1 
c i s /  - .  ..... c i s /  

T r p 2 ~  , Asp 4 Trp 2 ~ * Asp 4 Phe 5 , ,, Trp 2 

"\ / cis \ "" \ x .~.~ \ - .  \ cis 

Asp 1 - -  Phe 5 Asp I Phe 5 Asp 4 Xaa 3 

cis 

Fi-,. 3. Schematic presentation of the two cis peptide bonds containing isomers 1.1, 1.2 and II.1 of the both cyclic pentapeptides. A comparison 
of the left and right schemes reveals a close relationship between all these isomers as indicated by the same NOE patterns and the same turn 
st~ uctures. Selected NH-NH NOEs are drawn as arrows. 

ol 1.2 as well as Phe 5 of 1.1 and (NMe)NIe 3 of 1.2 are super- 
in-posed (Fig. 3) shows identical NOE patterns and backbone 
angles indicating the strong conformational relationship of 
these isomers (Table 1). 

The major isomer of cpp[Pro 3] ILl  shows two cis bonds, 
wklich are in the same positions as the cis bonds of isomer 1.2 
ol cpp[NMeNle 3] (Fig. 3). As recently reported for proline- 
containing cyclic model pentapeptides [1] the dihedrals of this 
is<)mer are identical to the values of a [3VIb turn [5] with 
T~p2-Pro 3 and PheS-Asp I in the positions i+1 and i+2. 

3.2.2. Isomers containing one cis peptide bond. Isomer 1.3 
ol cpp[NMeNle 3] is characterized by a cis peptide bond be- 
t~ een Trp z and (NMe)Nle 3. The results of rMD calculations 
(l  able 2) reveal that the backbone angles on Trp 2 and 
(NMe)Nle 3 are similar to these of a [3VIb turn. Isomer II.2 
h;~s the cis bond in the same position as isomer 1.3. It is not 
st~rprising that this isomer shows the [3VIb turn on Trp 2 and 
P,~ o 3 (Table 2). Also for these two isomers a close conforma- 
tional relationship can be concluded as additionally indicated 
bv similar NOE patterns and backbone angles. 

The other three residues Asp 4, Phe 5 and Asp 1 in these iso- 
mers (I.3 and II.2) could theoretically describe three different 
structural elements, a 7 turn on Phe 5, an inverse 7 turn on 
Phe 5 or an arrangement of Asp I and Phe 5 with both amide 
protons oriented to one side of the ring plane. The latter 
st t:uctural feature should be characterized by a strong 
A~plNH-PheSNH NOE. Because of the very similar chemical 
sififts of the AsplNH and PheSNH protons of isomer 1.3, a 
determination of such a NOE was impossible. The analysis of 
t l e  rMD results revealed that y turns with hydrogen bond 
seabilization between AsplNH and Asp4CO as well as confor- 
mations with AsplNH and PheSNH oriented to one side of 
t i e  ring are consistent with the experimental results. 

However, a strong AsplNH-PheSNH NOE proved the 
close contact of these protons in isomer II.2 of cpp[Pro 3] 
and it must be concluded, that the conformation with the 
AsplNH and PheSNH oriented to the same side of the ring 
is preferred. In this conformation no hydrogen bond stabilizes 
the structure. 

3.2.3. All-trans isomer. Isomer 1.4 of cpp[NMeNle 3] was 
found to be in an all-trans conformation. This isomer shows a 
large number of NH-NH NOEs and only a few other medium 

range backbone NOEs. The rMD simulation shows the exist- 
ence of only one conformational family. Interestingly, all 4) 
and V angles are negative (Table 2). As a consequence, all 
carbonyl groups are directed to one side of the ring plane 
and the NH protons to the opposite side with a slight orienta- 
tion to the inside of the ring. An analogous structure was 
recently reported for the all-trans peptide c(DWMDF) [15]. 

3.3. Conformational equilibrium of cpp[NMeNle 3] 
Exchange peaks in the ROESY spectra of cpp[NMeNle 3] 

could easy be identified by their 180 ° phase shift compared 
with ROEs. Interestingly, exchange peaks have been found 
between the protons of isomer 1.3 and these of all other iso- 
mers, but not between 1.1 and 1.2, 1.1 and 1.4 or 1.2 and L4. 
The lack of exchange peaks between two isomers indicates the 
absence of a direct conformational transition between these 
isomers within the NMR time scale. In consequence, isomer 
1.3 can be assumed to be in a central position in the cisltrans 
equilibrium (Fig. 4). Therefore, the isomerizations, from 1.1 to 
1.2, from 1.1 to 1.4, from 1.2 to 1.4 and the back isomerizations 
pass probably in a two-step mechanism with isomer 1.3 as 
intermediate. For  example, for the isomerization of isomer 
1.1 to 1.2, first the cis peptide bond between Asp 4 and Phe 5 
isomerizes to trans (isomer 1.3) and in the second step the 
trans peptide bond PheS-Asp I isomerizes to cis. 

The intensity of the exchange peaks is a relative measure of 
the exchange rate and hence of the free activation energy of 
the isornerization. Particularly strong are the exchange peaks 
between isomer 1.2 and 1.3, indicative of a very low energy 
barrier and therefore of a fast cisltrans isomerization of the 
PheS-Asp x peptide bond. 

4. Discussion 

Proline is the amino acid in globular proteins with the high- 
est probability of adopting a cis amide bond [16]. Linear oli- 
gopeptides containing proline exist generally in a cis/trans 
ratio of the Xaa-Pro peptide bond. However, the cis isomer 
is usually the minor form [17,18]. In contrast, the cis isomer is 
often favoured in cyclic peptides and cis proline has been 
shown to occupy preferentially the i+2 position of ~VI turns. 
The decision as to whether a ~VIa or ~VIb turn is formed is 
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isomer 1.1 (40%) isomer 1.3 (18%) isomer 1.2 (13%) 

~ (NMe)N13 

Asp I - ~ " ~ " ~ p h 5  

cis 

ci 

I 

v 

isomer 1.4 (25%) 

Fig. 4. Conformational equilibrium of the four isomers of cpp[NMeNle 3] derived from the existence and absence of exchange peaks between 
the isomers in the ROESY spectra. The figure shows the conformational transition pathway. All cis peptide bonds are indicated. 

complicated by the fact that both turn types are characterized 
by similar backbone angle ranges. The main difference be- 
tween them is the absence of a hydrogen bond between 
CO(t) and NH(i+3) in the [3VIb turn. Two contradictory val- 
ues (001150 °) for the ~t~+2 dihedral angle of the 13Vlb turn exist 
in the literature [5,6,14]. 

From previous investigations of only e-amino acid contain- 
ing cyclic peptides a relation between preferred [3VI turn type 
and ring size may be proposed. Hydrogen stabilization and 
hence 13Via turns were determined around the prolines in 
cyclic hexapeptides (ring size: 18 atoms) with one and two 
cis-prolines [1]. Likewise, disulfide-constrained cyclic penta- 
peptides (ring size: 17 atoms) with a cis-proline also adopt 
13VIa turns [2,19]. In contrast, investigations of cyclic penta- 
peptides (ring size: 15 atoms) containing one or two cis-pro- 
lines showed the existence of ~VIb turns [1]. 

o-amino acid containing cyclic hexapeptides have been 
found to prefer 13VIb turns in solution and in the crystal 
[20-22]. In these peptides proline is followed by a o-amino 
acid and the inverse chirality is probably the cause of the 
conformational preference. Cyclic pentapeptides with a o-ami- 
no acid and cis-proline have also been analysed, however, [~VI 
turns have not been reported [23,24]. 

Besides proline, N-methyl amino acids are known to induce 

cis/trans isomerization in peptides. N-methyl amino acids are 
often used in synthetic peptides (i) to prevent digestion by 
peptidases, (ii) to induce a steric barrier to ~ torsion angle 
rotation and (iii) to induce cis/trans isomerization [25,26]. 
As yet, little is known about the conformational influence of 
these amino acids in peptides. We compared in this study the 
influence of proline and N-methylnorleucine on the conforma- 
tional equilibria of two cyclic pentapeptides, which differ only 
in the imido acid in position 3. The isomer analysis of 
cpp[NMeNle 3] revealed the existence of five cis/trans isomers, 
whereas only two were found for cpp[Proa]. Two isomers of 
the complex conformational equilibrium of cpp[NMeNle 3] 
(1.2 and 1.3) are very similar to the isomers of cpp[Pro 3] 
(ILl and 11.2) as indicated by identical positions of the cis 
bonds and NOE patterns (Table 1 and Fig. 3). 

The cis bonds of all isomers of both peptides, as well as of 
recently investigated model peptides c(PAAAA) and c(PA- 
PAA) [1], are centred on 13VIb or 13VIb-like turns. The differ- 
ences in the primary structure between all these peptides led to 
propose that the formation of this turn in cyclic pentapeptides 
is essentially independent of the amino acid sequence. Conse- 
quently, the existence of a cis amide bond, induced by an 
amino acid tending to cis/trans isomerization (e.g. proline or 
NMe-amino acid), results in backbone angles similar to these 
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of 13VIb turns. The amino acid sequence is expected to have 
an effect on the number and the relative amounts of the iso- 
mcrs. The backbone angles around cis-(NMe)Nle have been 
found to differ somewhat from the angles of an ideal 13VIb 
turn. The higher torsional angle variability and the larger 
number of isomers in cpp[NMeNle a] lead to the conclusion 
that the conformational flexibility is enhanced in this peptide 
b3 the possibility of the ~-(NMe)Nle rotation. 

Fhree isomers have been analysed with cis peptide bonds 
be~:ween amino acids which usually do not tend to cis/trans 
is, merization. Isomers 1.1, 1.2 of cpp[NMeNle 3] and ILl of 
cpp[Pro a] are characterized by cis bonds between Asp4-Phe 5 
ar, d PheS-Asp 1, respectively. A similar cis bond was described 
fo, c(PAAAA) between Ala 3 and Ala a [1]. However, we did 
n<,t find cis-Asp-Phe and cis-Phe-Asp bonds in crystal struc- 
tu "es of the Brookhaven Protein Data Bank. Probably, Phe- 
A.p and Asp-Phe cis amide bonds require a relatively high 
cc nformational stabilization to compensate the energetically 
di ~criminated cis isomerization. Such high conformational sta- 
bi ization can be achieved by reduction of the ring tension of a 
c 3 =lic peptide through the formation of a cis bond. Cyclic 
ptntapeptides may therefore be a tool for the design of cis 
aHide bonds between any two amino acids. 

Isomer 1.4 of cpp[NMeNle 3] is the only isomer with exclu- 
sively trans peptide bonds. The conformation of this isomer is 
vtry similar to the structure recently reported for the cyclic 
al-trans pentapeptide c(DWMDF) which lacks N-substituted 
aJlino acids [15]. Both structures are characterized by the 
alsence of intramolecular hydrogen bonds. Assuming that 
lx e and Met are isosteric amino acids, cpp[NMeNle 3] and 
cl DWMDF) differ only in the N-methyl group on Nle in 
cl'p[NMeNle3]. Therefore, substitution of the NH proton by 
m,-thyl drastically enhanced the conformational variability of 
t ie  peptide. 

In summary, we have shown that the substitution of proline 
b '  N-methylnorleucine in a cyclic pentapeptide prevents the 
c, nformational preference of 13VIb turns of the cis peptide 
b,,nds, but enhances the conformational variability and leads 
tc deviations from ideal backbone angles. Consequently, the 
fi rmation of 13VIb turns seems to be a property of a c& pep- 
ti,te bond rather than of a proline residue. 
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