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The in te res t  in the study of the spat ial  s t ruc tu re  of ant ibiot ics  of the cyclodepsipept ide group (enniat-  
ins [1], beauver ic in  [2], va l inomycin  [3], etc.) is  due to the i r  specif ic  influence on the t r anspo r t  of ions of 
the alkal i  me t a l s  through ar t i f ic ia l  and biological  m e m b r a n e s  [4, 5]. 

In a preceding  p a p e r  [1 ] in which the r e su l t s  of a study of the conformat ions  of the m e m b r a n e - a c t i v e  
antibiotic enniatin B (Fig. 1) were  given, we showed that  for  this compound the re  is a conformat ional  equil ib-  
r i u m  of two f o r m s  which shifts  with a change in the po la r i ty  of the m e d i u m  [4]. One of the f o r m s  (P), which 
is dominating in po la r  solvents  and is also found in complexes  of the enniatin ahHbiot ics  with a l k a l i - m e t a l  
ions [6-8], has  a t h i r d - o r d e r  axis  of s y m m e t r y  and is  c h a r a c t e r i z e d  by a pseudoequator ia l  or ienta t ion of 
the la te ra l  i sopropyl  groups;  the e s t e r  and N-methy lamide  carbonyl  groups  in it a re  or iented on different  
s ides of the mean  plane of the r ing with the fo rmat ion  of an opening with a d i a m e t e r  of 3.4 A in the cen te r  
of the molecule .  The second f o r m  (N) is dominating in nonpolar  solvents .  The r e su l t s  of m e a s u r e m e n t s  of 
the NMR spec t r a  at low t e m p e r a t u r e s  show the nonequivalence of all  the  amino acid and hydroxy acid r e s -  
idues.  Having analyzed mo lecu l a r  models  in the light of the r e su l t s  of a calculat ion of the conformat ional  
pa t t e rns  of the amino acid and hydr0xy acid f r a g m e n t s  of the antibiotic (Fig: 2), for  the "nonpolar" f o r m  
we p roposed  a compact  conformat ion  with no e lements  of s y m m e t r y  in which the values  of the angles  • and 
~I, were  s i m i l a r  for  all the hydroxy acid f r a g m e n t s  and the cor responding  p a r a m e t e r s  for  the amino acid 
r e s idues  differed substant ia l ly  f r o m  one another .  The dipole moment  calcula ted for  this conformat ion  
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Fig.  1. St ructura l  f o rmu la s  of the cyc lodeps i -  
pept ides :  R is  the side chain. Enniatin A, 
CH(CH3)C2Hs. Enniatin B, CH(CH3)2, Enniatin 
C, CH2CH(CH3) 2. Beauver ic in ,  CH2C6Hs. 6 i  and 
~i  a re  the angles  of rotat ion around the C ~ -  
N(C ~-- O') and C ~ -  C' bonds; wi is the angle of 
ro ta t ion  around the C'.-,.N and C':-..O' pa r t i a l  
mult iple  bonds. 

p roved  to be c lose  to the exper imen ta l  value.  However ,  
the avai lable  data were  insufficient  to cons ider  the con-  
fo rmat ion  as defini t ively proved.  

The a im of the p re sen t  invest igat ion,  which is a 
logical  development  of our  work  on the theore t ica l  con-  
format ional  ana lys is  of the cyclodepsipept ides ,  is the 
development  of a genera l  approach  to the analys is  of 
the spat ial  s t ruc tu re  of the cycl ic  hexadeps ipept ides  
and a fu r the r  study based  upon it of the conformat ional  
s ta tes  of enniatin ant ibiot ics .  

Method of Calculat ion.  The fo rmu la s  of enniat ins 
A, B, and C and of beauver ie in ,  and also the symbols  
used,  a re  shown in Fig. 1. The calculat ion of the con- 
fo rmat ions  was p e r f o r m e d  by searching  for  the min i -  
m u m  potential  energy  in the light of the nonvalence in-  
t e rac t ions  of the a toms ,  the e las t ic i ty  of the va lence  
angles ,  the e l ec t ros t a t i c  in te rac t ions ,  and the tors iona l  
energy.  As the potential  descr ib ing  the nonvalence in-  
t e rac t ions  we se lec ted  Ki ta igorodsk i i ' s  function [9, 10] 
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Fig. 2. Conformational  pa t t e rns  of the methyl  e s t e r  of N-acetyt-- 
N - m e t h y l - L - v a l i n e  (a) and of the d imethylamide of O - a c e t y l - D -  
hydroxy i sova le r i c  acid (b). 

with a published set  of van der  Waals radi i  (K1) [11]. The potential  functions of the other  types  of i n t e r a c -  
t ions were  taken f rom the l i t e r a tu re  [12, 13]. The cha rges  on the a toms were  se lec ted  in such a way that 
the dipole momen t s  of the t r ans  and cis  amide and e s t e r  groups  calculated f r o m  them agreed  with the ex-  
pe r imen ta l  va lues  of ~ of the cor responding  l a c t ams  and laetones  [14, 15]. The following cha rges  were  ob- 
tained for  an amino acid res idue  (in e lec t ron  units): - 0 . 280  (O), +0.040 (C'), +0.380 (HC°~R),-0.230 (N), 
+0.150 (Me); and for  a hydroxy acid res idue:  - 0 . 4 1 5  (O), +0.275 (C'), +0.270 (HCaR), -0 .190  (O'). The 
cha rges  on H (C a) and R (C a) were  taken as +0.05. With these charges ,  the dipole moment  of the trai ls  
amide group is  3.7 D and f o r m s  an angle of 38 ° with the C ' - N  bond, while for  the cis configuration of this 
group the momen t  is 3.8 D and is d i rec ted  at an angle of 41°; in the t rans  and cis e s t e r  g roups ,  the dipole 
momen t s  a re ,  r e spec t ive ly ,  1.8 and 4.2 D and have d i rec t ions  (with r e spec t  to the C ' - O '  bond) of 54 and 
78 °. The values  of the dipole m om en t s  of the opt imal  f o r m s  of enniatin were  de te rmined  by the vec tor ia l  
combinat ion of the momen t s  of the amide and e s t e r  groups .  

One of the bonds of the r ing (C~ -C~) can be r e p r e s e n t e d  in the fo rm of a res i l ien t  spr ing drawing 
together  the ends of the molecule .  At the function ensur ing the c losure  of the r ing we used the Scott poten-  
t ial  as  modified by ou r se lves  [12]. 

U~ng = a ( r  -- r0)2 + b (2:-- cos~, --  cos%) + C(1 --  cos ~), 

where  r 0 is  the equi l ibr ium length of the C ~ - C g  bond; r is the dis tance between the C~ and Cg a toms;  and 
~l ,  ~2, and fi a re  the deviat ions of the N 6 - C ~ - C  6' and the C 1 - C 6 ' - O  1' angles and of the angle of rotat ion 
oJ 6 f r o m  the i r  equi l ibr ium values .  

The b a r r i e r s  to rotat ion around the C':=.  N and C'.-:: O'  bonds were  chosen as  14 and 9 k c a l / m o l e ,  r e -  
spec t ive ly  [16, 17]. The p a r a m e t e r s  a, b, and c a re  given smal l  va lues  at the beginning of the i te ra t ion  p r o -  
t e s s  (< 102) and at the end were  inc reased  to values  of the o rde r  of 106, which ensured a m o r e  effect ive 
sea rch  for  a local  min imum.  

As the v a r i a b l e s  we took the five p a i r s  of dihedral  angles ¢ and ~ (the sixth pa i r  is  dependent),  the 
six angles w, and the N - C a - C  ' va lence  angle,  which is  equal to the O ' - C o ~ - C  T angle. In the f i r s t  stage of 
minimizat ion ,  only the angles ¢ and ~ were  var ied .  Close to the potential  energy  min imum,  all 17 va r i ab l e s  
were  changed. The va lues  of the fixed va lence  angles for  the amide and e s t e r  groups  were  obtained f r o m  
the calculat ion of N-methy lace tamide  [18] and methyl  ace ta te :  C ~ - C ' - N  = 118 °, C ' - N - C  °~ = 123 °, C a -  
C' -O '  = I17 °, C ' - O ' - C  a = 114 ° , C ~ - C ' - O  = 119 ° , and C ' -N-Me = 121 ° . The angle H - C a - R  = I07 °. The 
lengths of the bonds were taken from the literature [19]. The trans configuration of the methylamide and 
ester groups, which is characteristic of enniatin B and its analogs and its complexes with alkali-metal ca- 
tions [1, 8], was assumed for calculation. For the ester bonds the trans form is preferable even for the 
highly strained cyclotetradepsipeptides [19, 20 ]. 

Choice of Zero Approximations. The results of conformational analysis of peptide [21] and depsi- 
peptide [20] compounds show that variations in the substituents on the C c~ atoms changing the thermodynamic 
parameters of the optimum conformations do not lead to qualitatively new spatial forms of the molecules. 
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The grea tes t  conformational  f r eedom is possessed  by compounds consist ing of Gly and Glyco res idues .  
The i r  rep lacement  by other  res idues  causes  a shift in the conformational  equi l ibr ium within the l imits  of 
the fo rms  permi t ted  for  the corresponding Gly and Glyco der iva t ives .  This  ru le ,  which has been checked 
for  a la rge  number  of peptide and depsipeptide compounds, enables the solution of the conformational  p rob-  
lem for  the enniatins to be simplified and to be reduced to the calculat ion of the model of the molecule  
( L - M e A l a - D -  Lae) 3. 

This molecule is highly labile,  and the re fo re  its investigation gives an idea of the maximum con- 
fo rmat iona lposs ib i l i t i es  of the enniatins.  The choice of the model (L-  M e A l a - D -  Lac) 3 for  calculat ion does 
not contradict  known exper imenta l  facts .  Thus,  enniatins A, B, and C, with differing side chains, have 
s imi la r  optical ro t a to ry  d ispers ion  and c i r cu l a r  d ichro ism curves  in solution in heptane or  t r i f luoroethanol ,  
which shows that the r ings have s imi la r  conformational  s t ruc tu re s  [4-7]. 

In the invest igat ion of der iva t ives  of the cycl ic  te t radepsipept ides  [20] we establ ished that the most  
suitable Conformations of the r ing have low energ ies  of the nonvalence in terac t ions  between neighboring 
peptide and e s t e r  groups and the in termedia te  side chain. Because of the local nature  of these in teract ions ,  
the select ion of p r e f e r r e d  cycl ic  fo rms  out of all those possible fo r (Gly-Glyco}2was  made on the basis  of 
the s te r ic  pa t te rns  of the corresponding l inea r  depsipeptide f ragments .  It is obvious that this approach is 
comple te ly  just if ied also for  r ings containing a l a rg e r  number  of links. F igure  2 gives the conformational  
pa t te rns  of the l inear  molecules  modelling the amino acid and hydroxy acid f ragments  of enniatin B with 
the t rans  configurations of the A c - L - M e V a l - O M e  (A) and A c - D - H y I v - N M e  2 (B} amide and e s t e r  bonds 
[1]. 

The potential  surface  of A has energe t ica l ly  s imi la r  minima in each of the four  quadrants  (k, l ,  m, n). 
In the case  of compound B, the region of lowest energy  (p, cO is found in quadrant IV. The minima r and s 
in quadrants  I and III a re  severa l  k c a l / m o l e  higher;  they are  also less  p re fe rab le  f rom the point of view of 
entropy;  the region II is forbidden. Thus,  the amino acid res idues  possess  cons iderably  g r e a t e r  conforma-  
tional poss ibi l i t ies  than the hydroxy acid res idues .  This gives grounds for  assuming that the conformations 
of the hexadepsipeptide r ings with low energ ies  of the nonvalence in teract ions  in all the local  sect ions of the 
r ing are  de termined  p r i m a r i l y  by the conformational  s ta tes  of the hydroxy acid res idues .  In the enniatins,  
the most  energe t ica l ly  favorable  f o rms  a re  probably those in which the maximum number  of hydroxy acid 
res idues  a re  located onthe conformational  char t  of B in quadrant IV. 

The choice of the angles ~, and ~I, for  the three  hydroxy acid res idues  p r ede t e rmines  the geome t ry  of 
the amino acid res idues  to a considerable  extent.  An analysis  of molecu la r  models  shows that with not v e r y  
large  deviations of the C a a toms f rom the plane of fixation of the angles ~ and ~I,, the three  hydroxy acid 
res idues  de te rmine  the range of forbidden values for  all the pa i r s  of angles • and ~ of the amino acid r e s -  
idues,  i .e . ,  t he i r  quadrants  on the conformational  char t  (I). Thus,  with given values  of ~l ,  ~'l; ~3, ~I'3; and 
~'5, 'I'5 fo r  the hydroxy acid res idues ,  the angles of the amino acid res idues  ~2, 'I'2; 4~4, q4; and ¢s, ~I's will 
be found, respec t ive ly ,  in the quadrants  corresponding to the coordinates  ~I,1~3, ,I,3~ ~, and ,I,54, t. 

Thus, in the select ion for  the minimizat ion of the zero  approximations we assume that,  in the f i r s t  
place,  the cycl ic  hexadepsipeptides have low energies  of the nonvalence in teract ions  in all local sect ions of 
the ring,  in the second place that the s t ruc tu re  of the ring is de termined  p r imar i l y  by the conformational  
s ta tes  of the hydroxy acid res idues ,  and, in the third place,  that the posit ions of the hydroxy acid and amino 
acid res idues  in this cycl ic  sys tem are  interdependent .  

F o r  a c l ea r  idea of the fo rms  selected it is des i rable  to introduce the following symbols .  Let  us ex-  
p r e s s  the angles • and ,I, in the range f rom 0 to 180 ° by the symbol ( f ), and in the range f rom 180 to 360 ° 
by ( ~ ) . Then quadrant I is de termined  by two a r rows  d i rec ted  upwards ( f t ) ,  II by (t~) , I I I  by(  ~ ~ ), 
and IV by(  4 f ). The fixation of the hydroxy acid res idues  in definite quadrants means  the select ion of 
th ree  pa i r s  of a r rows .  When a r ranged  according to the numbering adopted (see Fig. 1), they s imultaneously 
de te rmine  • and ~I, quadrants  of the amino acid res idues .  For  example,  the a r rangement  of all the hydroxy 
acid res idues  in quadrant IV cor responds  to the set ( ~ t ¢ ~ $ t ) and in quadrants  I, III, and IV to the set 
(* t ~ ~ 4 f ) .  In each set ,  the pa i r s  of a r r o w s 2  and 3 , 4 a n d 5 ,  a n d 6 a n d l  ref lec t  the state of three  amino 

acid res idues .  In addition, the a r rows  show the predominant  d i rec t ion of the C-~O bonds re la t ive  to the 
mean plane of the r ing.  

The initial types of conformat ions  for  minimizat ion in the symbols adopted have the following form:  
P (~, 1" ~, 1" ~ ~), N~(~, -!, ~, 1" ~, T) ,N2(~ ~" $ ~ ~, ?),N3(~ ~" ~ ,~ ~ ~)~N+(~, ~" t t ~ ~), N~(~ ~ J~ ~ 4 ~).The 
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T A B L E  1. O p t i m u m  C o n f o r m a t i o n s  of 
L -  M e A l a -  D -  Hylv) 3 

¢, .~, deg 

+, 
% 
~2 
093 

t 
% 
+5 

Uto t (~=1) 
(kcal/mole) (s=4) 

(~=10) 
(D) 

p I N, 

Conformations 

N, ] N~ N~ 

if 298 
235 

?7 225 
51 277 
54 332 
~4 62 
77 60 
51 257 
54 318 
~4 79 
77 49 

351 291 

125 
108 
84 

306 
306 
38 
67 

264 
304 
111 
113 
14 

269 
71 
52 

272 
334 
212 
253 
125 
122 
88 
47 

320 

282 
89 
31 

120 
107 
48 
85 

293 

N5 

3,9 0 

0 2,~ 
0 i 4,8 

7,15 2,5 

7,2 

5,5 
5,9 
8~8 

268 
310 
239 
259 
308 
202 
243 
266 

301 319 
222 61 
246 120 
332 204 

4.4 10;9 34,6 

3,0 12,0 { 31,0 
9 , 5  13,0 32,5 
3,8Ci 4,20 7,25 

Note.  The  l a b e l l i n g  of  the  a n g l e s  ¢ ,  ~ c o r r e s p o n d s  
to the  n o m e n c l a t u r e  in  the l i t e r a t u r e  [23]. 

a 0 

9' ,I 

,N 0 / /  . . . .  N 
O' 0 : ~  

b 0 ~ _ ~  

• 6 ~ ° ' ~  o 

F i g .  3. C o n f o r m a t i o n  (P) of enn i a t i n  B 
in a p o l a r  m e d i u m  (a) and (N1) of  e n n i -  
a t in  B in a n o n p o l a r  m e d i u m  (b). 

z e r o  a p p r o x i m a t i o n s  s e l e c t e d  thus  c o r r e s p o n d  to f o r m s  of the 
c y c l o h e x a d e p s i p e p t i d e s  in which  t h r e e  (P),  two (Nl, N~), o r  one 
(N~-N 5) h y d r o x y  ac id  r e s i d u e s  a r e  p r e s e n t  in  the m o s t  f a v o r -  
ab le  c o n f o r m a t i o n  (p, q). The  f o r m  N ~ ( f  f f f ~ ~), in wh ich  
t h e r e  a r e  two h y d r o x y  ac id  r e s i d u e s  wi th  a c o n f o r m a t i o n  of 
type  r (quadran t  I), was  not  s t ud i e d  in d e t a i l  s i n c e  even wi th  
one h y d r o x y  ac id  r e s i d u e  in the c o n f o r m a t i o n  the c o r r e s p o n d -  
ing f o r m  of  the c y c l o h e x a d e p s i p e p t i d e  (N 2) p o s s e s s e s  an e x -  
t r e m e l y  h igh  e n e r g y  (Tab le  1). The  f o r m  P c o r r e s p o n d s  to  the  
e x p e r i m e n t a l l y  found c o n f o r m a t i o n  of  enn ia t in  B tha t  i s  d o m i -  
nant  i n p o l a r  s o l v e n t s  and in c o m p l e x e s  [1, 8], wh i l e  the  f o r m s  
NI-N 5 have  no e l e m e n t s  of s y m m e t r y  and,  in a l l  p r o b a b i l i t y ,  r e -  
l a t e  to the  c o n f o r m a t i o n s  of enn ia t in  B c h a r a c t e r i s t i c  fo r  non -  
p o l a r  s o l v e n t s .  B e s i d e s  t h o s e  l i s t e d ,  s e v e r a l  z e r o  a p p r o x i m a -  
t i ons  w e r e  a l so  t a k e n  in which  the m u t u a l  d e p e n d e n c e  of  the  
c o n f o r m a t i o n a l  s t a t e s  of the  h y d r o x y  ac id  and amino  ac id  r e s -  
i d u e s  in  the r i n g  w a s  not t aken  into accoun t .  In p a r t i c u l a r ,  the 

s t r u c t u r e  wi th  the t h r e e  h y d r o x y  ac id  r e s i d u e s  in q u a d r a n t  IV and the amino  ac id  r e s i d u e s  in q u a d r a n t s  I 
and III that  h a s  been  p r o p o s e d  fo r  enn ia t in  B in a n o n p o l a r  m e d i u m  [1] w a s  c o n s i d e r e d .  

R e s u l t s  and D i s c u s s i o n .  The  c a l c u l a t i o n  c o n f i r m e d  the c o r r e c t n e s s  of the  a p p r o a c h  d e s c r i b e d  above .  
The o p t i m u m  c o n f o r m a t i o n s  of the  m o l e c u l e  ( L -  M e A l a -  D -  Lac) 3 do a c t u a l l y  c o r r e s p o n d  to the  P and N 1- N 0 
a p p r o x i m a t i o n s  s e l e c t e d  fo r  m i n i m i z a t i o n .  At the s a m e  t i m e ,  the  c a l c u l a t i o n  of  o t h e r  a p p r o x i m a t i o n s  d id  
not  l e a d  to s a t i s f a c t o r y  r e s u l t s ;  in the m i n i m i z a t i o n  p r o c e s s  the v a l u e s  of t h e i r  g e o m e t r i c a l  p a r a m e t e r s  
w e r e  t r a n s f o r m e d  into  s t r u c t u r e s  of the  N1-N 6 t y p e s .  

T a b l e  1 g i v e s  the  v a l u e s  of  the  po t en t i a l  e n e r g y ,  the  d ipo le  m o m e n t s ,  and the v a l u e s  of the a n g l e s  ¢ 
and q of  the  o p t i m u m  c o n f o r m a t i o n s  P - N  5. In  the  c o n f o r m a t i o n s  found the  t r a n s - N - m e t h y l a m i d e  and e s t e r  
g r o u p s  have  a l m o s t  a p l a n a r  s t r u c t u r e ,  the  m a x i m u m  d e v i a t i o n  w not  e x c e e d i n g  2°; the  v a l u e s  of the  N -  
C ( ~ - C  ' and O ' - C a - C  ' a n g l e s  in a l l  the  c o n f o r m a t i o n s  a r e  about  100% 

Of the o p t i m u m  c o n f o r m a t i o n s  c o n s i d e r e d ,  the m o s t  s a t i s f a c t o r y  a r e  P and NI, t h e i r  r e l a t i v e  e n e r g i e s  
be ing  e x t r e m e l y  s e n s i t i v e  to the e l e c t r o s t a t i c  componen t  ( see  T a b l e  1); the  e n e r g y  of the  P f o r m  f a l l s  wi th  
an i n c r e a s e  in the  d i e l e c t r i c  c o n s t a n t  of the  m e d i u m ,  i . e . ,  on p a s s i n g  to a m o r e  p o l a r  so lven t ,  whi le  in the 
N 1 f o r m  the  o p p o s i t e  t e n d e n c y  i s  o b s e r v e d  - i t s  t e n d e n c y  i s  a m i n i m u m  in a n e u t r a l  m e d i u m  (see  [23]). 

The c o n f o r m a t i o n  P (F ig .  3a) c o m p l e t e l y  c o r r e s p o n d s  in i t s  p a r a m e t e r s  to the " p o l a r "  f o r m  of 
enn ia t i n  B found e x p e r i m e n t a l l y :  i t  b e longs  to the C 3 s y m m e t r y  g r o u p ,  and a l l  the h y d r o x y  ac id  r e s i d u e s  
p o s s e s s  c o n f o r m a t i o n s  of  the p,  q type  and the amino  ac id  r e s i d u e s  t h o s e  of  t ype  k. 
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In the N 1 form (Fig. 3b) two hydroxy acid residues assume the p, q conformation and one the s con- 
formation; the conformations of the amino acid residues correspond to the minima k (two) and m (one). The 
N l conformation lacks elements of symmetry.  The carbonyl groups are directed away from the center of 
the molecule. The side chains of the hydroxy acid and amino acid residues approximately retain the pseudo- 
equatorial orientation. The dipole moment of the form (2.55 D) agrees satisfactorily with the moment found 
for enniatin B in CC14 solution (3.35 D) [1]. To a first  approximation the transition of the P form of the en- 
niatin cyclodepsipeptide into the N 1 form can be represented as the result  of the rotation of the N-methyl- 
amide bond located between the C~ and C~ asymmetr ic  atoms; the orientation of the lateral groups changes 
only very  slightly during this process .  

Taking into account the results  of the present work and those of experimental studies [1, 8], we may 
regard the conformation of the Wpolar~ form of enniatin B to be definitively established; a conformation of 
type N 1 is most probable for the "nonpolar" form. 

We are using the above-described approach to the conformational analysis of the cyclodepsipeptides 
to study the spatial s tructure of d ias tereomers  of enniatin B differing from the natural antibiotic in the con- 
figuration of the asymmetr ic  centers .  

C O N C L U S I O N S  

The spatial conformation of the "polar" form of enniatin B has been established. A conformation of 
the N 1 type has been proposed for the ~nonpolar" form. 
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