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In a p reced ing  communicat ion  [1], on the basis  of the chemica l  shifts  and the i r  dependence on the 
t e m p e r a t u r e  and the r a t e  of deu te r ium exchange for the NH groups of cyclohexapept ides  (Fig. 15, i t  was  
shown that  the dominating conformat ion  of these  compounds is  the "p l ea t ed - shee t "  with two t r ansa rmula r  

H bonds. Cha rac t e r i s t i c  for  this i s  a rap id  dynamic equi-  
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Fig. 1. Cyclic hexapept ides  cons t ruc ted  
f rom L -  and D-a lanine  and glycine r e s i -  
dues (direct ion of aeylat ion clockwise).  

l ib r ium e x p r e s s e d  in a migra t ion  of the H bonds within the 
r ing (Fig. 2). Fo r  a number  of compounds i t  was i m p o s -  
sible to identify the dominating s t ruc tu re  and to show the 
amino acid res idues  fo rming  the t r ansannu la r  g bonds. 
More  definite informat ion on the dominating s t ruc tu r e s  and 
p r e f e r r e d  orientat ion of the methyl  groups  of the alanine 
res idues  has  been obtained in the p r e sen t  work  by cons id-  
e r ing  the s p i n - s p i n  coupling constants  of the N H - C H  p r o -  
tons of the alanine f r agmen t s  of the eyclohexapept ides  (Ta-  
bles 1 and 2 in [1]) toge ther  with the r e su l t s  of an e x p e r i -  
menta l  invest igat ion and a theore t ica l  ana lys i s  of s i m i l a r  
cyclopeptide sy s t ems .  

The Coupling Constant  5 N H - C H  and the Orientat ion 
of the Methyl Groups .of the Alanine Res idues .  I t  has  been 
es tab l i shed  [2-4] that  l a rge  values  of ~ J N H - C H  (8-10 Hz) 
c o r r e s p o n d  to a t r ans  or  eis  or ientat ion of the protons  in 
the N H - C ~ H  f r a g m e n t s  (~ ,~ 60 ° or  ~ 240 ° fo r  the L -amino  
acid res idues)  and smal l  constants  (0-3 Hz) co r r e spond  to 
the gauche orientat ion (~ ~ 150 ° or  ~300°5. However ,  for  
the compounds that we have studied, as a rule ,  i n t e r m e d i -  
ate values  of 3 J N H - C H  a re  found, which (taking the p a r t i c -  
ipation of s eve ra l  p r e f e r r e d  conformat ions  in the confor -  
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TABLE 1. Regions of Permi t ted  Values of @ 
and • and the Corresponding Calculated Values 
of 3JNH_CH for  L-Amino Acid Residues in 
Posi t ions 2 and 3 of the "Pleated-Sheet" 
Conformation of the Cyclohexapeptides [5] 

Pa- 
ra lTle ter  

qT) 2 

aJNHcH 

d~ 3 
g~3 
3JNHcH 

110--130 
130--180 
1,5--4,5 

60--130 
140--220 
1,5--11,0 

Type of conformation 
I I  I '  

110--130 230-250 
250--310 180--330 
1,5--4,5 8,5--10,0 

240--330 230--300 
140--220 140--220 
0--10,0 2,7--10,0 

II '  

230--250 
50--110 

8,5--10,0 

30--120 
140--220 
3 0-11,0 

1 B 5 

4 3 2 

A B C 

Fig. 2. Dynamic equilibrium of the "pleated- 
sheet" s t ruc tures  of a cyclohexapeptide (as an 
example, c y c l o - A l a - A l a - G l y - G l y - G l y - G l y  is 
shown), with the migrat ion of the t ransannular  
H bonds. 

mational equilibrium into account) considerably 
broadens the field of possible values of the angles 
and complicates conformational analysis. 

It may be observed that in analogy with the 
chemical shifts [i], in CF3COOH solutions a some- 
what lower (as compared with solutions in DMSO) 
differentiation of the NH signals with respect to the 
3JNH_CH constants is observed (Tables 1 and 2 in 
[117, which reflects the high conformational freedom 
of the cyclopeptides in this solvent. For the cyclo- 
peptides (3)-(13), (14)-(17), (18) and (19) in (CDa)2SO 
solutions the formation of an intramolecular H bond 
considerably limits the possibility of internal rota- 
tion, which permits a number of conclusions concern- 
ing the conformation of the molecules. Below we con- 
sider information for solutions in (CD3)2SO. 

In the "pleated-sheet ~ model of the cyclohexa- 
peptides (Fig. 37 it is possible to isolate two groups 
of amino acid residues. In the first of them there 
are two residues located on the "fold" of the sheet 
(i and 47, the CO and NH groups of which form an in- 
tramolecular H bond, and in the second there are 
four residues (2, 3, 5, and 6) which do not participate 
in H bonding and form the "corners ~ of the sheet. 

It can be seen from a consideration of molecu- 
lar models that the methyl groups of the alanine res- 

idues in positions 1 and 4 [Ala(i ) and Ala(4)] may assume the pseudoaxial or pseudoequatorial orientation 
with respect to the mean plane of the ring (the angle @I or ~2 20-60° or 300-340 °, respectively). In the 
first case one must expect greater values of the 3JNH_CI I constants (5.6-10.7 Hz) than in the second case 
(0-2.9 Hz); values of 3JNH_CH in the range from 3.5 to 6.5 Hz indicate a realization of intermediate ori- 
entations of the methyl groups or an equilibrium of the axial and equatorial forms. The NH signals re- 
lating to positions 1 and 4 of the alanine residues were determined on the basis of the information given 
above on intramolecular H bonds. As follows from Tables 1 and 2 in the previous paper [i], the NHgroups 
of the Ala(l ) and Ala(4 ) residues (the signals of which are located in a stronger field and have a smaller 
temperature gradient) are characterized in the majority of cases by high values of 3JNH_CH (6.5-7.9 Hz), 
which show the preferred pseudoaxial orientation of the corresponding methyl groups. 

So far as concerns the conformation of the ten-membered ring stabilized by H bonds, which is de- 
termined by the rotational isomerism of the amino acid residues in positions 2, 3, 5, and 6, as a theoreti- 
cal analysis has shown [5], the condition for the closure of a ten-membered ring is satisfied by the four 
permitted regions of the angles @ and • (I, II, I', and II') given together with the calculated values of 
3JNH-CH in Table i. The results of a consideration of the conformations of the peptide systems in which 
ten-membered rings stabilized by H bonds have been observed experimentally (see Table 2) have shown 
that if there are L-amino acid residues in positions 2 and 3 (5 and 67, structures of types I and II are re- 
alized (@2 and @5 110-130°; ~3 and 4) 6 50-90 ° or 260°7, and conformations I' and If', which are their mirror 
images (from the point of view of the spatial structure of the peptide skeleton) are absent. A calculation 
of the potential energies of linear and cyclic peptide systems also leads to the conclusion that structures 
of types I' and II' have higher energies than I and I-[ and therefore, as a rule, should not take a substantial 
part in the conformational equilibrium (Table 3) [ii, 12]. Thus, the alanine residues in positions 2 and 5 
of the cyclohexapeptides studied must be characterized by comparatively low aJNH_CH constants (1.0-4.5 
Hz), while for the Ala(3 ) and Ala(6 ) residues the range of possible values of 8JNH_CH corresponding to the 
permitted regions of @ (see Table 37 are considerably broader, although higher values of aJNH-CH (7.0- 
10.5 Hz) are most likely for them. 

This conclusion is in good agreement with the observed values of 3JNII_CH and enables spectral as- 
signments to be carried out and the structures of a number of cyclopeptides containing alanine and glyoine 
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TABLE 2. Experimental ly  Established Conformations of Peptide 
Systems with 4 -~ 1 H Bonds 

Literature 
Compound Fragment reference 

BrZGlyProLeuGlyOH 
IGIyq 
[Glyq 

iD-Ala-D-Ala-Glyq 
The same 
Ferrichrome A 
Gramicidin S 

-Pro-Leu- 
Oly(2)-OlY(3 ) - 
OIy(5)-OlY(6 )- 

-D-Ala-D-AIa'I" 
Oly-Oly- 
Ser-Ser- 

D-Phe-Pro-~ 

• d%) ~2(~)  ! %(%) ~a(~o) 

117 151 74 195 
lll 151 86 188 
111 I51 88 184 

--114 --154 --49 --212 

--250 ~ --195 --287 --163 
123 311 262 178 

--125 290 i205 140 

[61 
[12] 
[121 
[81 
[8I 
[7] 

[~O] 

* For  the - G l y - G l y -  f ragment  the conformations with positive and 
negative coordinates • and ~z a re  energet ical ly  equivalent. 
~" The energet ical ly  equivalent conformations of the D- and L-amino  
acid res idues  have values of • and • of opposite signs. 
$ The coordinate ¢ in the L - P r o  res idues  is  fixed at N 120 ° because 
the N - C  a bond forms par t  of a pyrrol idine ring. 

TAB LE '3. 
Hydrogen Bonds Corresponding to the Potential Energy Minima 

Compound 

Ac-GIy-OIyNHCH~ 

AcAlaAIaNHCH~ 

iOlYq 
1A I a_....~q 

Calculated Conformations of Peptide Systems with 4--~ 1 

Fragment Lit. 
O~(ePs) IIa'2(W") ~a (qb6) Ilra(W~) ref. 

13o 14o 110 159 / 
128 276 250 210 
141 I27 79 218 

130 138 120 146 
132 [ 294 230 t 216 

220 138 [ 129 
2381  230 I 215¢ 
2 , 3 0 1 2 9 0  2308_2250 152* j I210~130 110 I 200--220[ 2% 00 20o#20} 
120 I 

-Gly-Oly- 

i 

-Ala-Ala- 

-Gly-Gly- 
-Ala-Ala- 

[11] 

[121 
[91 

* The hydrogen bond is formed by the acetyl C = O group and by the 
methylamide NH group. 
t This conformation corresponds  to a considerably higher energy 
than the other conformations given. 
Sin this conformation, hydrogen bonds of the 4 -~ 1 and 3--- 1 types 
exist  simultaneously.  

oc Oo ®~ ~ . - b o n d  

Fig. 3. P r e f e r r e d  conformation 
of the "pleated-sheet"  s t ruc ture  of 
the cyelohexapeptide (13). 

res idues  to be refined. The major i ty  of the ass ignments  a re  based 
on the fact that in the alanine residues that do not par t ic ipate  in in-  
t r amolecu la r  H bonds, as a rule,  i t  is  possible to distinguish the 
signals relating to the Ala(2 ) and Ala(5), Ala(s ) and Ala(6 ) res idues :  
in the f i r s t  case,  the 3JNH_CH constants a re  lower (5.4-6.8 Hz) 
than in the second case  (6.8-8.9 Hz). At the same t ime,  it mus t  be 
observed that the difference mentioned is not v e r y  great  and in 
some cases  this considerably complicates  the interpretat ion of the 
spectra .  The averaging of the 3JNtI_CH constants is apparently 
explained by the following factors :  1) for  the cyclohexapeptides 
there  is  an equilibrium of fo rms  A, B, and C (see Fig. 2) connected 
with the migrat ion of the H bonds, and 2) in each of the fo rms  A, B, 
and C in its turn an equil ibrium of several  conformers  exists in 
which the methyl groups of the Ala(i ) and Ala(4 ) res idues  occupy 
different orientations.  
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3 4 

~,~.:( a, b) 
5 6 

7,4 (b) 

6,1 (b, c) 7~ 4 (c) 
7 ~ 9 

~ 6 , 8  ~ ( a X 7 ,  3) ~ ' 6 . 6  (a) S.2 

K8 6,8 
10 11 

7d 8,4 (~) 4,8:~(6,4) ~ , .  

t~. 13 ~4 

~ig .  4. Pos i t i ons  of the t ransa rmu la r  H bonds 
in the dominating "p lea ted-shee t"  s t ruc tu res  
of the cyclohexapeptides (3)-(14) and the 
3JNI_I_CH values of the alanine res idues .  

Dominating "Pleated-Sheet"  St ructures  of the 
Cyclohexapeptides.  In a preceding communication [1], 
on the basis of the values of the chemical  shifts and 
the i r  dependence on the t empera ture ,  dominating 
"plea ted-sheet"  s t ruc tures  with t ransannular  H bonds 
were  establ ished (see Fig. 9 in [1]). However, for  a 
number  of compounds some indeterminacy remained 
in the choice of the posit ions of the H bonds. Thetaking 
into account of the considerat ions given above on the3J  
constants of the N H - C H  fragments  of the , 'pleated 
sheet"  makes i t  possible to assign the signals in the 
NMR spect ra  and to draw some conclusions concerning 
the conformation of the dominating s t ruc tures .  The in -  
formation obtained is  given in Fig. 4. A considerat ion 
of the individual cyclohexapeptides follows. 

a. c y c l o - G l y - A l a - G l y - G l y - G l y - A l a  (4). Since 
in this compound the H bonds a re  formed between the 
glycine res idues  (see Fig. 4), the alanine res idues  oc-  
cupy posit ions 2 and 6. In view of what has been said 
above, the higher  constant (8.9 IIz) must  cor respond to 
the Ala(@ res idue  and the lower one (6.0 Hz) to Ala(2 ) 
(see Fig. 4). 

b. c y c l o - A l a - A l a - G l y - A l a - G l y - G l y  (7). In 
view of the s t ruc tura l  s imilar i ty ,  the analogous pos i -  
tion of the hydrogen bonds, and the close values of the 
two 3JNH_CH constants in relat ion to the cyclopeptide 
(4) cons idered  above [6.0 and 8.9 Hz for  (4), and 6.1 
and 8.7 Hz for  (7)], i t  may be cons idered  that the c o r -  

responding signals in the spectrtun of (7) relate to Ala(z ) and Ala(@, and the third signal with 3JNH_CH= 
6.1 Hz to Ala(5 ) (Fig. 4). 

c. cyclo-Ala-Ala-Ala-Ala-Ala-Gly (13). In the spectrum of compound (13), the NH signals with 
constants of 4.8 and 6.4 Hz relate to the Ala(l ) and Ala(4 ) residues. The NIl signals with constants of 7.1 
and 8.4 Hz must be assigned to the Ala(3 ) and Ala(6 ) residues, and that with a constant of 5.4 Hz to Ala(2 ). 
On this basis, it may be assu~ed thai of the two possible forms (see Fig. 4) the preferred one is that with 
the glycine residue in position 5. In the dominating conformation of compound (13), which is shown in Fig. 
3, the methyl side chain in position 2 must have the pseudoaxial orientation and those in positions 3 and 6 
the pseudoequatorial orientation. These orientations of the side chains are characteristic for the majority 
of alanylglycine cyclohexapeptides. 

d. cyclo-Ala-Ala-Ala-Gly-Gly-Gly (6). For compound (6) it is not possible to perform an anal- 
ogous assignment of the NI-I signals. However, in view of the fact that the NH signal with 3JNI_I_CH = 7.9 
Hz relates to Ala(l ) and also in view of the structural similarity of compounds (4) and (6), it may be as- 
stuned that the smaller constant of 5.5 Hz belongs to the signal from the Ala(2 ) residue and the larger of 
8.6 Hz to Ala(6 ). A comparatively low temperature gradient is possessed by the NH protons (a, c) (2.9 and 
3.3 • 10 -3 ppm/deg, respectively [i]) and by one glycine NH proton (k) (3.3 - 10 -3 ppm/deg [i]). Unfortunately, 
it was not possible to determine the value of A6/AT for the NH(Z) proton of the glycine residue which, in 
all probability, is close to the value for NH (a, c, k). On this basis, it may be concluded that some propor- 
tion of the second structure also takes part in the conformational equilibrium. 

e. cyclo-(Ala-Ala-Gly) 2 (12). By studying the spectra of the specially synthesized deuterated de- 
rivative (see preceding communication), we established that in the dominating conformation of compound 
(12) the alanine residues with 3JNHH_CH = 7.1 Hz are in positions 3 and 6 (see Fig. 4). 

f. cyclo-Gly-Ala-Gly-Gly-Ala-Gly (5). As shown previously [i], one of the two structures illus- 
trated in Fig. 4 is realized. The comparatively low value of 3JNH_CH (6.2 HHz) permits it to be assigned 
to Ala(2 ) and Ala(5 ) and the second of the two structures shown in Fig. 4 to be regarded as the more likely. 
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However, this has not yet been firmly shown if one takes into account the fact that, according to the optical 
rotatory dispersion and circular dichroism curves [13], the conformation of the cyclopeptide (5) differs 
substantially from the conformations of the other cyclopeptides of this group. 

g. c y c l o - A l a - G l y - A l a - A l a - G l y - G l y  (8). On the basis of the temperature gradients of the chemi- 
cal shifts of the NH protons (Table 3 in [1]), in compound (8) the H bond is formed by the oppositely placed 
alanine and glycine residues (see Fig. 4). 

h. cyclo-(Ala-Gly) 3 (9) and cyclo-(L-Ala) 6 (14). In view of the nature of compounds (9) and (14), all 
three forms A, B, and C with transannular H bonds for them are equally likely. Consequently, the observed 
3JNH_CH constants (7.4 and 7.5 Hz, respectively) are practically equal and are averaged over positions 1, 
2 (5), and 3 (6) of the alanine residues. 

i. c y c l o - A l a - A l a - A l a - A l a - G l y - G l y  (10). The chemical shifts show that in compound (10) the al- 
anine and the glycine residues participate in the H bond. Consequently, two structures are possible for it 
(see Fig. 4). In view of the closeness of the 3JNH_CH constants for the NH (b, c, d) signals and their in- 
termediate value (6.8 Hz), it  is impossible to choose between these structures. 

j. c y c l o - A l a - A l a - A l a - G l y - A l a - G l y  (11). It follows from the high values of A6/AT of the glycine 
protons of compound (11) that positions 1 and 4 in the ring are occupied by alanine residues. Under these 
conditions, several assignments of the 3JNH_CH constants are possible for the given structure that cor- 
respond in equal measure to the analysis that we have performed (see Fig. 4). 

k. c y c l o - A l a - A l a - G l y - G l y - G l y - G l y  (3). Compound (3), in which the Ala(2 ) and Ala(3 ) residues 
are characterized by practically identical SJNH-CH values (6.9 and 7.0 Hz), behaves somewhat unusually. 
The lowest temperature gradient is observed for the NH (k) glycine proton (Table 3 in [1]). For the NH (a) 
proton of the alanine residue and the NH (l) proton of the glycine residue the temperature gradients are 
practically equal. This shows that considerable amounts of forms B and C participate in the conforma- 
tional equilibrium (see Fig. 2), although the equilibrium is also shifted in the direction of the production of 
a form corresponding to the crystalline structure of this compound [8]. It is possible that the mir ror  forms 
I '  and II', to position 2 of which correspond the high values of SJNH_CH (see Table 1), are also present in 
this case. Such a hypothesis is in harmony with the considerably lower intensities of the Cotton effects in 
(3) as compared with the other cyclopeptides [13]. 

Thus, the present work has shown that cyclohexapeptides constructed from L(D)-alanine and glycine 
residues connected with one another by trans amide bonds do not possess a fixed spatial structure in polar 
solvents but take part  in a complex conformational equilibrium. A characteristic feature of them is the 
existence of two transannular IMHBs whose stability in polar solvents is explained by the correspondence 
of the found conformation to the minimum of the potential energy of the nonvalent interactions in the cyclo- 
hexapeptide systems. In solutions of the cyclopeptides studied there is a rapid equilibrium of three differ- 
ent hydrogen-bonded structures. Of the latter, only the dominating one can be isolated in the majority of 
cases. The lateral substituents of the L-alanine residues forming the hydrogen bonds have the pseudoaxial 
orientation with respect to the mean plane of the ring. The fragments of the NH-C(~H residues of Ala(2 ) 
adopt the preferential gauche orientation (~ 110-130°), and Ala(3 ) the trans or cis orientation (~ 50-90 ° or 
230-260°). 

SUMMARY 

1. On the basis of an analysis of the experimental and calculated data on peptide systems containing 
IMHBs of the 4-* 1 type, it  has been shown that positions 2 and 5 in the preferred conformations of the 
cyclohexapeptides must be characterized by low values of the 3JNH_CH constants (1-5 Hz), and positions 3 
and 6 by large values of these constants (7-10.5 Hz). 

2. The positions of the IMHBs in cyclohexapeplides including L-alanine and glycine residues have 
been refined, and the signals of the NH groups in the NMR spectra have been assigned to the individual 
amino acid residues. 

3. In the dominating conformations of the cyclohexapeptides, the lateral methyl groups of the alanine 
residues generally occupy the pseudoaxial orientation in positions 1, 3, 4, and 6 and the pseudoequatorial 
orientation in positions 2 and 5. 
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