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In a preceding communication [1], on the basis of the chemical shifts and their dependence on the
temperature and the rate of deuterium exchange for the NH groups of cyclohexapeptides (Fig. 1), it was
shown that the dominating conformation of these compounds is the "pleated-sheet™ with two transannular

) H bonds. Characteristic for this is a rapid dynamic equi-
librium expressed in a migration of the H bonds within the
O @ @ @ © ring (Fig. 2). For a number of compounds it was impos-
sible to identify the dominating structure and to show the
amino acid residues forming the transannular H bonds.

More definite information on the dominating structures and
preferred orientation of the methyl groups of the alanine
residues has been obtained in the present work by consid-

ering the spin—spin coupling constants of the NH—CH pro-
tons of the alanine fragments of the cyclohexapeptides (Ta-

! \/b é\o) @ bles 1 and 2 in [1]) together with the results of an experi-
1 '

mental investigation and a theoretical analysis of similar

cyclopeptide systems.

?}\ The Coupling Constanc INg—cp and the Orientation
of the Methyl Groups of the Alanine Residues. It has been
Q Q (:I ‘g“\ ot established [2~4] that large values of 3JNH—CH (8-10 Hz)
correspond to a trans or cis orientation of the protons in
) 3\? the NH—C®H fragments (& ~60° or ~240° for the L-amino
IA}) ?/ ! f acid residues) and small constants (0~3 Hz) correspond to
R Y the gauche orientation (® ~ 150° or ~300°). However, for
” @ “ the compounds that we have studied, as a rule, intermedi-
ate values of 3JNH—CH are found, which (taking the partic-
<N\ =6l ANsL-tin B =1 ipation of several preferred conformations in the confor-

Fig. 1. Cyclic hexapeptides constructed
from L- and D-alanine and glycine resi~

dues (direction of acylation clockwise). Poland).

* For the preceding communication, see [1].
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TABLE 1. Regions of Permitted Values of &
and ¥ and the Corresponding Calculated Values
of 3Jypi— oy for L-Amino Acid Residues in
Positions 2 and 3 of the "Pleated-Sheet"
Conformation of the Cyclohexapeptides [5]

Type of conformation
Pa-
rameter 1 | n | v it
0, 110130 110—130 ‘ 230—-250 230—-250
o, 130—180 250—310 180330 50110
Sngey | 1,5—4,5 | 1,5-4,5 | 8,5—10,0 | 8,5—10,0
O, 60—130 240—330 230300 30—120
Wy 140—220 140 —220 140—220 140220
ymen | 1,5—11,0 | 0—10,0 2,7--10,0 | 3,0—11,0
8 3
O O
505 of] 4 o]
4 2 3 Oy 1
3 2
A 8 C

Fig. 2. Dynamic equilibrium of the "pleated-
sheet® structures of a cyclohexapeptide (as an
example, cyclo-Ala—Ala—Gly—Gly—Gly—~Gly is
shown), with the migration of the transannular

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 [1], in CF;COOH solutions a some-
what lower (as compared with solutions in DMSO)
differentiation of the NH signals with respect to the
3INH-CH constants is observed (Tables 1 and 2 in
[1]), which reflects the high conformational freedom
of the cyclopeptides in this solvent. For the cyclo~
peptides (3)~(13), (14)-(17), (18) and (19) in (CD3),S0
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 (CD;),SO.

In the ™pleated-sheet™ model of the cyclohexa-
peptides (Fig. 3) 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
(1 and 4), 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.

H bonds. 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(y) and Ala(,)] may assume the pseudoaxial or pseudoequatorial orientation
with respect to the mean plane of the ring (the angle &; or &, 20-60° or 300-340°, respectively). In the
first case one must expect greater values of the 3JNH—CH constants (5.6-10.7 Hz) than in the second case
(0-2.9 Hz); values of 3Jyg—cp 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 [1], the NH groups
of the Ala(y) and Ala(y) 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
SJNH—CH in Table 1. 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 6), structures of types I and II are re-~
alized (@, and &5 110-130°; &3 and &, 50-90° or 260°), and conformations I' and II', 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 II and therefore, as a rule, should not take a substantial
part in the conformational equilibrium (Table 3) [11, 12]. Thus, the alanine residues in positions 2 and 5
of the cyclohexapeptides studied must be characterized by comparatively low 3JNH—CH constants (1.0-4.5
Hz), while for the Ala(3) and Ala(g) residues the range of possible values of 3JNH—CH corresponding to the
permitted regions of & (see Table 3) are considerably broader, although higher values of 3JNH—CH (7.0~
10.5 Hz) are most likely for them.

This conclusion is in good agreement with the observed values of 3JNH—CH and enables spectral as~
signments to be carried out and the structures of a number of cyclopeptides containing alanine and glycine
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TABLE 2. Experimentally Established Conformations of Peptide
Systems with 4— 1 H Bonds

Literature

Compound Fragment Do @) | WoW3) | By(®) | TalWo)| yeference
BrZGlyProLeuGlyOH -Pro-Leu- 117} 151 | 74 195 [6]
1Glye, Gly()-Glyg,- 11| 151 | 8 | 188 [12]
1Glye; Gly)-Glyg)- 111 | 151 ) 88 184 | [12]
[Q_-A]a-D~Ala-GIy4] -D-Ala-D-Alat —114 [—~164 |—49 |—212 [8]
The same Gly-Gly- —250%—195 |—287 |-—163 18}
Ferrichrome A Ser-Ser- 123 311 262 178 [7}
Gramicidin S D-Phe-Pro-t —125 |—290 120% | 140 [10}

* For the —Gly—Gly— fragment the conformations with positive and
negative coordinates & and ¥ are energetically equivalent. -

T The energetically equivalent conformations of the D- and L-amino
acid residues have values of @ and ¥ of opposite signs.

I The coordinate ® in the L~Pro residues is fixed at ~ 120° because
the N—C® bond forms part of a pyrrolidine ring.

TABLE 3. Calculated Conformations of Peptide Systems with 4—1
Hydrogen Bonds Corresponding to the Potential Energy Minima

Lit.
Compound Fragment PP | TAE) | (@) | W) | or
. 130 140 110 159
Ac-Gly-GlyNHCH, -Gly-Gly- 128 276 250 210
141 127 79 | 218
130 138 120 146 b
AcAlaAlaNHCH;, -Ala-Ala- 132 o 230 |2
‘ 238 230 235 | 215¢%
230 110 89 152+
(Gly -Gly-Gly- | 12(1)2_0130 29390300 230~ 250( 200—220] [12]
e AlaAlas —300| 936—210 200220
(Alag, Ala-Ala { 1% 140 70 b0} 9]

* The hydrogen bond is formed by the acetyl C=0 group and by the
methylamide NH group.

¥ This conformation corresponds to a considerably higher energy
than the other conformations given.

IIn this conformation, hydrogen bonds of the 4— 1 and 3— 1 types
exist simultaneously.

residues to be refined. The majority of the assignments are based
on the fact that in the alanine residues that do not participate in in-
tramolecular H bonds, as a rule, it is possible to distinguish the
signals relating to the Ala(y) and Ala(s), Ala(s) and Ala(g) residues:
in the first case, the 3Jyg—cp constants are lower (5.4-6.8 Hz)
than in the second case (6.8~8.9 Hz). At the same time, it must be
observed that the difference mentioned is not very great and in
some cases this considerably complicates the interpretation of the
spectra. The averaging of the SJNH—CH constants is apparently
explained by the following factors: 1) for the cyclohexapeptides
there is an equilibrium of forms A, B, and C (see Fig. 2) connected
with the migration of the H bonds, and 2) in each of the forms A, B,

et Q0 ®~ ==>n.bond

Fig. 3. Preferred conformation and C in its turn an equilibrium of several conformers exists in
of the "pleated-sheet" structure of which the methyl groups of the Ala(y) and Ala(y) residues occupy
the cyclohexapeptide (13). different orientations.
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Dominating "Pleated-Sheet" Structures of the
Cyclohexapeptides. In a preceding communication [1],
on the basis of the values of the chemical shifts and
their dependence on the temperature, dominating
"pleated-sheet® structures with transannular H bonds
were established (see Fig. 9 in [1]). However, for a
number of compounds some indeterminacy remained
in the choice of the positions of the H bonds. Thetaking
into account of the considerations given above on the3J
constants of the NH—CH fragments of the "pleated
sheet" makes it possible to assign the signals in the
NMR spectra and to draw some conclusions concerning
the conformation of the dominating structures. Thein-
formation obtained is given in Fig. 4. A consideration

‘79@ “’)W a0 B of the individual cyclohexapeptides follows.
R, 16 6(a)8.2
79 (73)(:(,5 5 “(C‘ a. cyclo-Gly—Ala—Gly—Gly—~Gly—Ala (4). Since
o0 “"(b)( in this compound the H bonds are formed between the
glycine residues (see Fig. 4), the alanine residues oc-
@75(3 . b\ - ,&4 4pEA) cupy positions 2 and 6. In view of what has been said
. " 0% o above, the higher constant (8.9 Hz) must correspond to
" &4(1:)4}3 5*4(” 34‘9’ f:j the Ala(g) residue and the lower one (6.0 Hz) to Ala(y)
71 (c ) 7h(d) 5,4<b>4,8)

(see Fig. 4).

b. cyclo-Ala=—Ala—Gly—Ala—Gly—Gly (7). In
view of the structural similarity, the analogous posi-
tion of the hydrogen bonds, and the close values of the
two Iy~ cp constants in relation to the cyclopeptide
(4) considered above [6.0 and 8.9 Hz for (4), and 6.1
and 8.7 Hz for (7], it may be considered that the cor-
responding signals in the spectrum of (7) relate to Ala(y and Ala(g), and the third signal with S INH—-CH=
6.1 Hz to Ala(;) (Fig. 4).

¢. cyclo-Ala—Ala—Ala—Ala—Ala—Gly (18). In the spectrum of compound (13), the NH signals with
constants of 4.8 and 6.4 Hz relate to the Ala(;) and Ala(y) residues. The NH signals with constants of 7.1
and 8.4 Hz must be assigned to the Ala(g) and Ala(g) residues, and that with a constant of 5.4 Hz to Ala(y).
On this basis, it may be assumed that 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 NH signals. However, in view of the fact that the NH signal with 3JNH—CH: 7.9
Hz relates to Ala(y) and also in view of the structural similarity of compounds (4) and (6), it may be as-
sumed that the smaller constant of 5.5 Hz belongs to the signal from the Ala(y) residue and the larger of
8.6 Hz to Ala(g). A comparatively low temperature gradient is possessed by the NH protons (a, ¢) (2.9 and
3.3 - 10~ ppm/deg, respectively [1]) and by one glycine NH proton (k) (3.3 - 1073 ppm/deg [1]). Unfortunately,
it was not possible to determine the value of Ad /AT for the NH{]) proton of the glycine residue which, in
all probability, is close to the value for NH (a, ¢, 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), (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 33N —~cm= 7.1 Hz are in positions 3 and 6 (see Fig. 4).

f. cyclo-Gly—Ala—Gly—Gly—Ala—Gly (5). As shown previously [1], one of the two structures illus-
trated in Fig. 4 is realized. The comparatively low value of 3JNH-—CH (6.2 Hz) permits it to be assigned
to Ala(y) and Ala(;) and the second of the two structures shown in Fig. 4 to be regarded as the more likely.

Fig. 4. Positions of the transannular H bonds
in the dominating "pleated-sheet®” structures
of the cyclohexapeptides (3)-(14) and the
3JNH—CH values of the alanine residues.
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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. cyclo-Ala~Gly—Ala—~Ala—Gly—Gly (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)s (9) and eyclo-(L-Ala)g (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
SJNH—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. cyclo~-Ala—~Ala—Ala—~Ala—Gly—Gly (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 3Jyp—cy constants for the NH (b, ¢, d) signals and their in-
termediate value (6.8 Hz), it is impossible to choose between these structures.

j. eyclo-Ala—Ala—Ala—~Gly~Ala—Gly (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 BJNH—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. cyclo-Ala~Ala—Gly—Gly—Gly—Gly (3). Compound (3), in which the Ala(y) and Ala() residues
are characterized by practically identical *Jyg—cy 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 (I) 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 mirror forms
It and II', to position 2 of which correspond the high values of 3JNH—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(y)
adopt the preferential gauche orientation (& 110-130°), and Ala(y) 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 *Jf—.cqg 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 cyclohexapeptides 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 cccupy the pseudoaxial orientation in positions 1, 3, 4, and 6 and the pseudoequatorial
orientation in positions 2 and 5.
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