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We have prev ious ly  pe r fo rmed  the detailed physicochemical  investigation of the depsipoptide antibiotic 
val inomycin (I) [1-3], the main represen ta t ive  of a group of biologically active compounds ("ionophores") 
that fo rm stable complexes with a lka l i -meta l  ions and induce the permeabi l i ty  of biological and ar t i f ic ia l  
membranes  with r e spec t  to these ions. The conformational  s ta tes  of valinomycin in various media and on 
complex format ion  with a lka l i -meta l  cations have been establ ished.  The resu l t s  obtained showed a high 
sensi t iv i ty  of the spatial  s t ruc tu re  of valinomycin to the external  conditions and enabled the causes  of the 
high eff ic iency and the unique K/Na se lec t iv i ty  of complex format ion  to be discovered.  In o rde r  to develop 
these investigations,  it appeared des i rable  to study the influence of a change in the p r i m a r y  s t ruc tu re  of the 
antibiotic on the spatial s t ruc tu re  of the analogs formed,  the stabil i ty of thei r  complexes ,  and the i r  mem-  
brane activity.  The cha rac t e r i s t i c s  found will pe rmi t  a deeper  understanding of the nature of the in te rac -  
tions responsible  for  the functioning of valinomycin.  

The p resen t  paper  gives the resul ts  of an investigation of topochemical  analogs of valinomycin* (II)- 
(VII). 

[ (D-VaI-L-Lac-L-VaI-D-Hylv)3] 

(I), valinomycin 
[ (D-Val- D-Hylv- L-VaI-L-Lac)3] 

(IIL retrovalinornycin 
[ (D-Hylv-L-A!a-L-Hylv-D-Val)a ] 

(lI1), pseudovalinomycin 
[ (D-HyIv-D-VaI-L-Hylv-L-Ala)3 ] 

(IV), pseudoretrovalinomycin 
[ (L-VaI-L-Hylv-D-Val-D-Lach ] 

(V), retroen antiovalinomycin 
[ (L'Hylv'DAIa'D'Hylv'L-Valh ] 

{VI), pseudoenantiovalinom ycin 
[ (L-Hyh-L-VaI-D-Hylv-D-Ala)s ] 

(VII). pseudoretroenantiov alinornycin. • • 

*Analogs obtained by the modification of the initial molecule as a whole: by r eve r s ing  the direct ion of ac-  
ylat ion ( re t ro  analogs),  by replacing amide links by e s t e r  links and e s t e r  links by amide links ( ,pseudo,  
analogs),  by changing the configurations of all the a sy m m et r i c  centers  (enantio analogs),  and also by com-  
bining these modifications [4]. 
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Fig.  1. ORD curves  of r e t rova l inomyc in  (a) and 
pseudoval inomycin  (b): la)  hep t ane -d ioxane  (6 : 1); 
lb) hep t ane -d ioxane  (5:1);  2) ethanol;  3) ace toni t r i le ;  
4) w a t e r - t r i f l u o r o e t h a n o l  (2 : 1). 

It has been shown p rev ious ly  that compounds (II, HI, V, and VI), in con t ras t  to val inomycin ,  do not 
f o r m  complexes  with p o t a s s i u m  ions in ethanolic solutions and have no apprec iab le  effect  on the p e r m e a b i l -  
ity of biological  and ar t i f ic ia l  m e m b r a n e s ,  nor  do they p o s s e s s  an t imicrobia l  act iv i ty  [5]. On the o ther  hand, 
compounds (IV) and (VII) give e x t r e m e l y  s table  p o t a s s i u m  complexes  with a high m e m b r a n e  and an t imic ro -  
bial act iv i ty .  To explain the r ea sons  for  such  different  behav iors  of the analogs mentioned,  we invest igated 
the conformat ional  s ta tes  of compounds (II-IV). The conclusions obtained for  t hem a re ,  na tura l ly ,  val id for  
the cor responding  enan t iomers  (V-VII). During the work  we used the methods and means developed in a 
s tudy of the spat ia l  s t ruc tu re  of va l inomycin  [1-3]. 

Le t  us f i r s t  cons ider  compounds (1I) and (HI). The i r  ORD curves  a re  given in Fig. 1, the i r  I R s p e c t r a  
in Fig. 2, and the i r  NMR s p e c t r a  in Figs .  3-5 and in Tables  1 and 2. The ORD curves  of these  analogs in 
all  solvents  differ  subs tan t ia l ly  in intensity,  fo rm,  and posit ion of the e x t r e m a  f r o m  the cor responding  
cu rves  fo r  va l inomycin  (see Figs .  1 and 8a), which shows conformat ional  r e a r r a n g e m e n t s  accompanying the 
changes in the p r i m a r y  s t ruc tu re  of the antibiotic.  In the IR spec t r a  of compounds (II) and (HI) taken inCC14 
and CHC13, attention is a t t r ac t ed  by the cons iderab ly  g r e a t e r  intensity,  as compa red  with val inomycin,  of 
the bands of f ree  NH groups (3400-3450 c m  -1) and the higher  f requency of the band of the bound NH groups 
[3334 and 3376 c m  -1 in (II) and 3330 c m  -1 in (III) as c o m p a r e d  with 3313 c m  -1 in va l inomycin  (D]. It follows 
f r o m  this that ,  in con t ras t  to va l inomycin ,  compounds (II) and (III) in nonpolar  solvents  l ack  conformat ions  
with s t rong  in t r amolecu l a r  hydrogen bonds (intrattBs) and f o r m s  with f ree  NH groups or  NH groups forming 
weak in t raHBs predomina te .*  The l a t t e r  a re  eas i ly  des t royed  on the addition of polar  so lvents ,  as can be 
seen  f r o m  the e x t r e m e l y  pronounced dependence of the chemica l  shif ts  of all  the NH signals  on the compos i -  
tion of the med ium [concentrat ion of (CD3)2SO in CDC13, see  Fig. 4]. The high values of AS//~T for  solutions 
in (CD3)2SO (6.0" 10 -3 to 9.2- 10 -3 ppm/deg ,  see Fig. 5) also show the absence  of intraHBs under these con-  

dit ions.  

The d i f fe rences  noted between val inomycin  and the analogs (YI) and (III) a r e  not unexpected,  s ince on 
using such pr inc ip les  of the t r a n s f o r m a t i o n  of poptides and depsipept ides  as the r e v e r s a l  of the direct ion of 
acyla t ion or  the r e p l a c e m e n t  of CONH--*COO by CO0 -*CONH the s y s t e m  of intraI-IBs is unavoidably affected 
which, na tura l ly ,  is r e f l ec t ed  in the conformat ional  c h a r a c t e r i s t i c s  and p r o p e r t i e s  of the analogs fo rmed .  

*The cons iderab ly  s t r o n g e r  magnet ic  shield of the NH protons  of analogs (II) and (II1) (5 =6.35-6.87 ppm) as 
c o m p a r e d  with va l inomycin  (5 =7.78 and 7.88 p p m  [3]) and of p seudore t rova l inomyc in  (5 =7.75 and 7 .78ppm,  
see Table 1), is a lso  apparen t ly  explained by the i r  feeble par t ic ipa t ion  in hydrogen bonds. 
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TABLE i. Chemical Shifts (6, ppm) of the Signals of the Protons 
of Compounds (If, HI, and IV) and also of the K + Complex of (IV) in 
CDCI s (340(3) and of the NH Signals in (CI:02SO (40°C) 

Compound 

Retrovalinomy- 
cin (II) 

Pseudoval- 

i nomvcin 
II I ) -  

Pseudore~roval. 
inomvcin 
( i v )  - 

I< + complex of 
pseudore~ro- 
valinomycin 

Fragment 

5 

5,00 

4,91: 
4,96 

5,01: 
5,14 

4,57 
4,57 

4,961 - 

- 4,58 

4,37 

- 4,25 

== 
i 

~,H~ CH(CH~h 

. ~ - -o 

~0,94 1,50~2,26 

~0,94 1,43 ~2,24 

~0,94 1,39 ~2,30 

~0,96 1,42~2,21 

4,45; 
4,54 
4,47 

4,03 

3,78 

6,79 

7,75 

8,18 

-- 6,49; 8,11; 
6,87 7,95 

I~ 01 6,35 8,04 
or 

8,04 8.01 
8,07 7,78 7,94 

8,16 -- 
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Fig. 2. IR spec t ra  of valinomycin (A), r e t r o -  
valinomycin (B) and pseudovalinomycin (C) in 
CCI~ (a) and CHC1 s (b). 

For  example,  if in the initial peptide (A) a CO group forms an in t raHBwithanNH group located at a definite 
distance in the direct ion of acylation, in the re t ro  i somer  (B) the conditions for  the formation of an intraHB 
between the same groups change. In par t icu lar ,  the distance between them along the chain increases .  Al-  
though under these conditions the possibi l i ty appears of the formation of an intraHB having s imi la r  geomet-  
r i c  pa ramete r s  with an NH group which, in the initial compound (A), was located the same number  of amino-  
acid res idues  away con t ra ry  to the direct ion of acylation, in the general  case (different R,s) this new intraI-1-B 
is nonequivalent to the initial one because of the different surroundings.  So far  as concerns substitutions 
of the type COO~-CONH, in spite of the s te reoelec t ronie  s imi la r i ty  of amide and es t e r  groups,  which is ex- 
p re s sed  in the c loseness  of their  valence angles,  the lengths of the bonds, and the distribution of the charges  
on the atoms (see, for  example,  [7]), there are  also substantial  differences between these two groups:  the 
main one is the absence f r o m  es t e r  groups of hydrogen atoms capable of acting as e lec t ron acceptors  for  
the formation of H bonds. Consequently,  in the substitutions CONH --.CO0 the H bends in which the NH 
groups part icipate are  des t royed and, converse ly ,  in the substitutions COO--*CONH the possibi l i ty of the fo r -  
mation of new H bonds appears .  It follows f r o m  what has been said that conformational  analysis  has an im-  
portant  place in investigations of the proper t ies  of biologically active peptides and their  topochemical  ana- 
logs.  This hypothesis has been conf i rmed completely in the course  of the present  work. 
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Fig. 3. NMR s p e c t r a  of r e t rova l inomyc in  ('/.1) (a), and 
pseudoval inomycin  (HI) (b) in CDC1 s (340(3). In the top 
p a r t  of this f igure ,  and a lso  in Figs.  3t), 11, and 12, a re  
given the INDOR spec t r a ,  which show sp in -sp in  coupling 
of the protons  of the N H - C H  groups .  

H O . . . . . . . . .  H 
t t i 

--N--CHRa--co-- (N H--CNR-CO)n--NH -CHR1-C--(NH -CHR-CO)nN--CHRS-CO 

A 
H . . . . . . . . . .  O 
I 1 

--CO-CHR3--N - (CO--CHR--NH)n -C-CHR I -NH--(CO- CHR--NH)n - C O -  
B 

H 
I 

-- CHRS--N-- 

By analogy with va l tnomycin ,  for  compounds (]I) and (II1) in pyr idine it is poss ib le  t o / m a g i n e  the f o r -  
mat /on of a c losed  s y s t e m  of in t raHBs of the 4--~1 type f o r m e d  by the amide  CO and NH groups and s t ab i -  
l iz ing six condensed t e n - m e m b e r e d  r ings  ( so-ca l led  , b r a c e l e t "  [1-3] or  "cyl indr ica l"  [8] conformation);  the 
f r agmen t s  of such  s t r u c t u r e s  a re  shown in Fig. 6. However ,  while in va l inomycin  the t e n - m e m b e r e d  r ings  
a re  fo rmed  by amino-  and hydroxy-ac id  r e s idues  with different  configurat ions (D-Val and L - L a c ,  L-Val  and 
D-Hylv) ,  in the analogs (ID and (II1) res idues  of the s ame  configurat ion are  included in the r ing [D-Val and 
D-HyIv,  L -Va l  and L - L a c  in 0I); D-Val and D-HyIv,  L - A l a  and L-HyIv  in (liB]. As will be shown below, 
th is ,  at  f i r s t  s ight ,  insignif icant  d i f ference leads  to a m a r k e d / n c r e a s e  in the ene rgy  of the s y s t e m  which 
comple te ly  des tab i l izes  the b r a c e l e t  type of conformat ion  in compounds gl)  and gI1). 

F o r m a l l y ,  eight va r i an t s  of b r ace l e t  conformat ions  a re  poss ib le  for  the analogs cons idered  (Tables 
4 and 5), these  being analogous to those cons idered  p rev ious ly  [3] for  va l inomycin .  In an evaluat ion of the 
re la t ive  ene rg ie s  of these  f o r m s  we made use of the calcula t ion f igures  [9] for  a s e r i e s  of compounds mod-  
eling the amino-  and hydroxy-ac id  r e s idues  of the va l inomycin  depsipept ides  (Fig. 7, Table 3). It  can be 
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TABLE 2. Vieinal Spin-Spin Coupling Constants  (3j, Hz*) of the 
Pro tons  of Compounds (II, HI, and IV) and also of the K + Complex  
of (IV) in CDC13 (34°C) and of the Pro tons  in the N H - C H  F r a g m e n t s  
in (CD3)2SO (40°C) 

Compound 

Retrovalinomycin (II) 

Pseudovalinomycin (III) 

Pseudoretrovalinomycin 
(w) 

K + complex of pseudo- 
retrovalinomycin 
(Iv) 

+ 
7,5 

7,0 

7,0 

7,8 

u+ i 
+I Mt 

+l  = 

3,1 4,0; 
5,7 

5,0; 4,8 
5,0 

3.2; 9,8 
3,8 10,8 3,6; 
3,6 

Fragments 
CH3 

-NH-~H-- 

or 
16,4 

(7,2) 6,4 (7,0) 6,6 (7,0) 

4,8 (5,2j -- 

CH(CrJah 
- N H - [ C H  _ 

0 

7,5 (8,2) 8,8 (9,6); 
8,7 (9,5) 9,0 (Off) 
7,4 (8,1) 6,4 (7,0) 

7,9 (8,6) 
7,6 (8,3) 7,1 (7,7) 

4,3 ( 4 , 7 )  - -  

*In pa ren theses  a re  given the values  of 3JNH_C H co r r ec t ed  fo r  the 
e lec t ronega t iv i ty  of the subst i tuents  [6]. 

TABLE 3. Relat ive Energ ie s  of the Opt imum con-  
fo rmat ions  of Model Compounds,  kca l /mo le  [9] 

Compound 

Ac-L-Lac-NHMe 
Ac-L-Hyh'-NHMe 
Ac-L-Ala-OM-' 
Ac-L-VaI-OMe 

0 
0. t 

0 

Conformation 

[ l b 

4,5 0. I 
8 
1,2 0.2 
1,9 0.1 

5,9 
14 
1,0 
1.9 

seen  f r o m  Tables  4 and 5 that f r o m  the point of view of the s h o r t - r a n g e  in terac t ion  ene rgy  conformat ions  

of type A1, [(r --  b - l  - p)31 are  the mos t  sui table for  compounds (II) and (Ill).* Af te r  these ,  cons iderab ly  

in fe r io r  f r o m  the ene rgy  point of view, come the A 2 conformat ions  l ( p - r - - - b -  i)3 ] and, for  compound (II) 

a lso  A 1 [ (b-- l - - / -~) :+] ;  the remain ing  s t ruc tu r e s  have ve ry  high energ ies  and a re  the re fo re  unlikely. An 

ana lys i s  of molecu la r  models  shows that in the conformat ions  of type A 1 of compounds 0I) and (n-I) all  12 
side chains a re  or iented  in the d i rec t ion  of the axis of s y m m e t r y ,  which leads to se r ious  s t e r i c  hindrance,  
to a weakening of the in t raHBs,  and to a sha rp  inc rease  in the ene rgy  of the s y s t e m .  So f a r  as concerns  the 

f o r m  A2, [(p--r--b--/)3], in which all the e s t e r  carbonyl  groups  a re  or iented  within the molecule  as has 

been shown for  the case  of val inomycin ,  in the absence  of cations such conformat ions  a re  des tabi l ized  as 
the r e su l t  of the t r ansannu la r  e l ec t ro s t a t i c  in te rac t ion  of the negat ively  charged  oxygen a toms .  Thus,  s t e r i c  
o r  e l ec t ros t a t i c  in teract ions  make the fo rmat ion  of the b r ace l e t  s y s t e m  of intraHBs imposs ib le  for  c o m -  
pounds (It) and (III) in solut ions.  

A compar i son  of the A2, "all  intra"  s t ruc tu re  of val inomycin  [3] and of the analogs (II) and 01-I) 
(Tables 4 and 5) shows that  the l a t t e r  a r e  l e s s  s table  because  of s t e r i c  interact ions by 9-12 kca l /mo le ,  i .e . ,  
by a magnitude exceeding the f r ee  ene rgy  of fo rmat ion  of the K + complex  of val inomycin  in ethanol (8.6 
k c a l / m o l e  [2]). This explains the incapabil i ty of the analogs (II) and 0ID for  complexing p o t a s s i u m  ions. 

The r e l a t ive ly  (in compar i son  with val inomyein) high optical  act iv i ty  (see Figs .  1 and 8) and s imi l a r i t y  
of the ORD curves  (isolated e x t r e m a  at 230-240, ~215 ,  and 205 nm,  see Fig. 1) p e r m i t  the assumpt ion  that 

*S t ruc tu res  A 1 and A 2 have been desc r ibed  in the p rev ious  pape r  [3]; the l e t t e r s  b, Z, p, and r show the r e -  
gion of rea l iza t ion  of the conformat ional  p a r a m e t e r s  ¢ and ~t [10] cor responding  to the amino-  and hydroxy-  
acid f r agmen t s  (see Fig. 7); the b racke t  at the top denotes an [ntraHB. 
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Fig. 4. Dependence of the chemica l  shif ts  (8) of the NH signals  on the composi t ion of 
CDCls-(CDs)2SO mix tu re s :  1) valine NH groups  of r e t rova l inomycin ;  2) alanine NH 
groups  of pseudoval inomycin:  3) valine NH groups  of pseudoval inomycin.  

Fig. 5. Dependence of the chemical  shif ts  (8) of the NH signals  on the t e m p e r a t u r e  in 
(CDs)~SO: 1, 2) r e t rova l inomycin ;  3, 4) pseudoval inomycin.  

in solvents  of modera te  po la r i ty  (such as ethanol) s i m i l a r  conformat ions  p redomina te  in the case  of r e t r o -  
va l inomycin  (II) and pseudoval inomycin  (III) [more accura te ly :  r e t rova l inomyc in  (II) and pseudoenant ioval in-  
omycin  (VI), taking into account the opposi te  signs of the Cotton effects  in the curves  of the analogs (II) and 
(IH)], the p a r a m e t e r s  of these  conformat ions ,  in view of the absence  of in t raHBs,  being de te rmined  by non- 
valence and e l ec t ros t a t i c  in terac t ions .  A cons iderable  propor t ion  of the c o n f o r m e r s  of this type apparent ly  
also ex i s t s  in nonpolar  solvents  [judging f r o m  the re tent ion of the usual f o r m  of the ORD curves  and also 
f r o m  the high values of the dipole moments  (7.9 and 8.8 D, respec t ive ly)  of compounds (ID and (HI) in ch loro-  
form] .  The c o m p a r a t i v e l y  low values of the sp in-sp in  coupling constants  of the C ~ H - C f l H  protons of the 
valine res idues  of compounds (H) and (HI) (4.0, 4.8, and 5.7 Hz, see  Table 2 *) show the p re fe ren t ia l  f o r m a -  
tion of the gauche r o t a m e r s ,  the fo rmat ion  of which, as has been repor ted  p rev ious ly  [3], is connected with 
s t e r i c  hindrance in the region of the valine isopropyl  groups .  Together  with the high optical  act ivi ty,  this 
r e su l t  f o r m s  one more  a rgument  in favor  of the exis tence  of specif ic  f o r m s  of compounds (H) and (HI) in 
solut ions,  s ince in unordered  conformat ions  the appearance  of these  interact ions is unlikely. The values of 
the constants  SJNHCH in CDC13 and (CDs)2SO [8.2-9.8 Hz for  (II) and 7.0-8.6 Hz fo r  (HI), see Table 2] agree  
with the fo rma t ion  in the L - a m i n o - a c i d  res idues  of the mos t  favorable  conformat ions  of type b or  r (¢ - 130 
t o - 8 0  °) (Fig. 7a, c) and in the D r e s idues ,  r e spec t ive ly ,  l o r  p (@ 80 to 130 °) (Fig. 7b). Since compounds 
(H) and (I1D p o s s e s s  no biological  act ivi ty ,  no more  detai led analys is  of the i r  s t r u c t u r e s  was pe r fo rmed .  

So fa r  as concerns  pseudore t rova l inomyc in  (IV), in spite of the fa i r ly  complex t r ans fo rma t ions  of the 
initial molecule  of va l inomycin ,  this compound proved  to be more  s i m i l a r  in its p rope r t i e s  to val inomycin 
than compounds (II) and (IT[). As can be seen  in Fig. 6, in o rde r  to pass  f r o m  val inomycin to p seudo re t ro -  
val inomycin  it is suff icient  m e r e l y  for  the methyl groups  of the L - l ac t i c  acid res idues  and the isopropyl  
groups  of the L-va l ine  r e s idues  to change places  (3 L - L a c  --*3 L-HyIv,  3 L-Val  --*3 L-Ala) .  If the monotypi-  
cal nature  of the conformat ional  maps  of the cor responding  model compounds is cons idered  (Fig. 7a and c, 
d and e), the f a r - r e a c h i n g  s i m i l a r i t y  of the behavior  of va l inomycin  and its analog (IV) and, in the f i r s t  
p lace ,  the s tabi l i ty  of the K + complexes ,  and also the high m e m b r a n e  and an t imicrobia l  act ivi ty ,  become 
unders tandable .  

*In the text ,  the values  of the constants  SJNH_C H taking into account the co r rec t ions  for  the e lec t ronega t iv l ty  
of the subst i tuents  a re  given.  
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Fig. 6. F r a g m e n t s  of the b race le t  s y s t e m  of val inomyein  (a), r e t r o -  
va l inomycin  (b), pseudoval inomycin  (c) and pseudore t rova l inomyc in  
(d). 
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Fig. 7. Conformat ional  maps  of der iva t ives  of amino-ac id  
(a-c) and hydroxy-ac id  (d-f) der iva t ives  modeling f r agmen t s  
of compounds (]/-IV): a) A c - L - V a l - O M e ;  b) Ac-D-Va l -OMe;  
c) A c - L - A l a - O M e ;  d ) A c - L - H y I v - N H M e ; e )  Ac-D-HyIv-NHMe~ 
f) A c - L - L a c - N H M e .  

The conformat ional  s ta tes  of pseudore t rova l inomyc in  (IV) and its K + complex  were  invest igated by 
means  of ORD curves  (see Fig. 8) and IR {Fig. 9) and NM_R (Figs. 10-12, Tables  1 and 2) spec t r a .  As in the 
case  of val inomycin ,  the spat ia l  s t ruc tu re  of the analog (IV) is e x t r e m e l y  sens i t ive  to the surrounding m e -  
dium and changes m arked l y  on pass ing  f r o m  nonpolar  to po la r  solvents  {judging, for  example ,  f r o m  the ORD 
curves ) .  The IR s p e c t r a  of the analog (IV) in CC14 and CHC13 a re  e x t r e m e l y  s i m i l a r  to the spec t r a  of va -  
l inomycin  taken under the s ame  conditions (compare  Figs .  2 and 9) and show the predominance  of b r ace l e t  
conformat ions .  The SJNH_C H constants  found f r o m  the NMR s p e c t r a  (7.0 and 8.3 Hz, Table 2) show an 
or ienta t ion  in te rmedia te  between the cis and the gauche or ienta t ions  of the N H - C a H  f r agmen t s ,  i . e . ,  the 
rea l iza t ion  of the f o r m  A 1 (see [3]); as a lso  in val inomycin ,  it must  be ass igned  the energe t i ca l ly  mos t  f a -  

vorable  conformat ion  of the i(r--'-~--7----p)3] type.  The higher dipole moment  of the analog (IV) in CC14 than 

of va l inomycin  (6.0 D as c o m p a r e d  with 3.5 D [1, 3]) is p robably  due to g r e a t e r  d i f ferences  in the or ienta t ion 
with r e s p e c t  to the axis of s y m m e t r y  of the carbonyl  groups of the alanine and valtne res idues  in the analog 
(IV) than of the L -  and D-val tne carbonyl  groups in val inomycin .  
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TABLE 4. Rela t ive  E n e r g i e s  and S t e r e o e h e m i e a l  
C h a r a c t e r i s t i c s  of the B r a c e l e t  F o r m s  of R e t r o -  
va l tnomye tn  fib 

Type 

At 

Conformation 

[('r-b--i--F)3 ] 

[ (b -- I - - l  -- P)31 

l (r--b-p--r~l  

l(b--l-p--r):q 

[(l--p--r--b)~ l 

[(P--r--r--b)3 l 

l ( i - -p -b- -  I)31 

l (  p - -  r - - b  - -  I)~1 

Orientation of the Orientation 
zstet CO groups of the side 

L-Vat I D-Val groups 

Outwards t Outwards 

Inwards ] , 

Dutwards Inwards 
inwards " . 

3utwards Outwards 

inwards 

Dutwards Inwards 

Ilnwards 

All in- 
wards 

All out- 
wards 

Relative 
energy, 
k c a l /  
mole 

0,3 

13,8 

24,6 

38,1 

71,1 

53,4 

29,4 

11,7 

TABLE 5. Rela t ive  E n e r g i e s  and S t e r e o c h e m i c a l  
C h a r a c t e r i s t i c s  of the B r a c e l e t  F o r m s  of P s e u d o -  
va l i nom yc in  (III) 

Type Conformation 
Orientation of the 
ester CO groups 

L-AIa ] D-Val 

Orientation Relative 
of the eneriy, 
side kcal7 
groups "mole 

A, 

As 

(V -~ - i -  0 s~ 
l (g-L-'_ l_i_'i;)31 
[!r--b--p--r)31 

[(b--l--p--rJa I 

iO--p--i--b}, z 

l {I - -  p - - b  - -  I)3l 

[(p--r--b--I)a 1 

Outwards~utwards 

Inwards I * 

Outwards~nwards 

Inwards 

Outwards Dutwards. 

Inwards , 

)utwards inwards 

nwards 

All in- 
wards 

All out l 
wards 

0 

24,6 

24,3 

48.9 

93.3 

51 

51,6 

9,3 
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Fig .  8. ORD c u r v e s  of va l i nomyc in  ( l a - 4 a a n d  6a), p s e u d o r e t r o -  
va l i nom yc in  ( lb -4b) ,  and t he i r  K + complexes  (5a and 5b): 1) hep-  
t a n e - d i o x a n e  (10 : 1); 2) e thanol ;  3) aee ton i t r i l e ;  4) w a t e r - t e t r a -  
f luoroe thano l  ( 2 :1 ) ;  5) 1- 10 -2 M KC1 in e thanol ;  6) heptane.  
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Fig. 9. IR s p e c t r a  of pseudore t rova l inomyc in  in CC14 (1), CHC13 (2), 
CC14-CH3CN (2 : 1) (3), and of its K + complex in CC14-CH3CN (2 : 1) 
(4). 
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Fig. 10. NMR s p e c t r a  of pseudore t rova l inomycin ' ( a )  in CDC13 
(34°C) and of the K + complex  of p seudore t rova l inomyc in  0o) in 
CDC13. 

The K + complex  of p seudore t rova l inomyc in  s c a r c e l y  differs  f r o m  the va l inomycin  complex  with r e -  
spec t  to the p a r a m e t e r s  ~ and ~ ,  since it r e ta ins  the s y s t e m  of in t raHBs,  the e s t e r  groups in te rac t  with the 
cat ion to the s a m e  extent  [ symmet r i ca l  band of the s t re tch ing  v ibra t ions  of e s t e r  CO groups  at 1741 c m  -~ 
in the IR s p e c t r a  (see Fig.  9)], and the values  of 3JNH_CH (4.7 and 5.2 I-Iz, see  Table 2) a r e  c lose  to the c o r -  
responding constants  found for  the K + complex  of va l inomycin  (5.2-5.6 Hz [1, 3]). 

However,  in spi te  of the genera l  f ea tu res  ment ioned,  a more  detai led phys icochemica l  invest igat ion 
of the analog (IV} showed a num ber  of s ignif icant  d i f fe rences  between it and val inomycin  which have been 
respons ib le  for  the f ru i t fu lness  of its use in the s tudy of the m e c h a n i s m  of the functioning of cyc lodeps i -  
pept ides  of the va l inomyein  group on m e m b r a n e s  [11]. In p a r t i c u l a r ,  a c h a r a c t e r i s t i c  p r o p e r t y  of val ino-  
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Fig. 11. Dependence of the chemica l  
shif ts  (5) of the NH protons  of va l ino-  
mycin (1, 2 - t h e  L -  and D-val ine  NH 
groups ,  respec t ive ly)  and p s e u d o r e t r o -  
va l inomycin  (3, 4 - the alanine and va-  
l ine NH groups ,  respec t ive ly)  on the 
composi t ion  of mix tu res  of CDC13 and 
(CD3bSO. 
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Fig. 12. Dependence of the chemica l  
shifts  (5) of the s ignals  of the NH protons 
of p seudore t rova l inomye in  on the t e m p e r -  
a ture  in CDC13- (CD3)2SO (85 : 15) [1) Ala, 
2) Val] and in (CD3)2SO [2) Ala, 4) Val]. 

myein  is i ts  capaci ty  for  adopting, over  a wide range 
of conditions, the "p rope l l e r "  conformat ion  (form B) 
s tabi l ized by three  in t raHBs [3]; the conclusion that  
this exis ts  is based to a cons iderable  extent on the 
sha rp  di f ferent ia t ion of the s ignals  f r o m  the protons 
of the NH groups  with r e s p e c t  to thei r  chemica l  shif ts ,  
the t e m p e r a t u r e  dependences of the chemica l  shif ts ,  
and the aJNH_CH constants  in mix tures  of CC14 and (CD3)~SO 
[5] and of CDC1 s -  (CD3)2SO (see Fig. 11). In the case  of the 

a n a l o g  (IV), however ,  the addition of (CD3)2SO to its solution 
in CDC13 leads  only to a gradual  and approx imate ly  uni form 
cleavage of the in t raHBs,  judging f r o m  the c loseness  of the 
values of 6NH , A 5 / A T ,  and 3JNH_C H for the L-Ala  and 
D-Val res idues  in all the solvent  ra t ios  studied (see Figs.  
11 and 12 and Table 2). The absence  of specif ic  con fo rma-  
tions of compound (IV) in solvents  of medium pe la r i ty  is 
also in ha rmony  with the cons iderably  weaker ,  as compared  
with val inomycin,  optical  act iv i ty  of the analog in ethanol 
and ace toni t r i le  (see Fig. 8). Apparent ly ,  for  the r e a l i z a -  
tion of p rope l l e r  conformat ions  in cyclodepsipept ides  of 
the val inomycin  group the p re sence  of lac t ic  acid res idues  
is e ssen t ia l ,  and the i r  r ep l acemen t  by ~ - h y d r o x y i s o v a l e r i c  
acid r e s i d u e s , t h e  voluminous isopropyl  groups of which 
prove  to be or iented  within the molecule ,  leads to s t e r i c  
hindrance and to the destabi l izat ion of the B form.  If it is 
a s sumed  that  the high sur face  act ivi ty  of val inomycin is 
connected with s t ruc tu ra l  f ea tu res  of fo rm B (the p re sence  
of a hydrophobic nucleus surrounded by pola r  groups) ,  the 
reduced  s tabi l i ty  of monolayers  of the analog (IV) at a 
boundary  of separa t ion  between a i r  and wate r  and its lower  
tendency to pene t ra te  into condensed leci thin monolayers  
become understandable .  

It is known [3] that a distinguishing fea ture  of the 
molecu la r  s t ruc tu re  of the K + complex of val inomycin is 
the effect ive screening  of the cent ra l  cation f r o m  in t e rac -  
t ion with the solvent ,  and in this an important  role  is played 
by the valine isopropyl  groups hanging over  the ape r tu re  of 
the "cyl inder"  fo rmed  by the depsipeptide skeleton of the 
antibiotic (Fig. 13). A fundamental ly  different picture  is 
obse rved  for  the K + complex of compound (IV): in the top 
of the complex  above the cation instead of the valine i so-  
propyl  groups the alanine methyl  groups ,  which a re  infer ior  
to them in the i r  shielding capaci ty ,  hang ove r  the ape r tu re .  
As a resu l t  of this ,  the p re requ i s i t e s  a re  c r ea t ed  for  ion- 
dipole in terac t ion  of the cation located  in the cent ra l  cavi ty  
with the solvents .  The energy  of this in teract ion apparent ly  
ensu re s  the inc reased  s tabi l i ty  of the K + complex of the an-  
alog (IV) in compar i son  with val inomycin  in monolayers  and 
solut ions,  and also a tendency to an inc rease  in the d i f fe r -  

ence between the f r ee  energ ies  of complex  fo rma t ion  of the analog (IV) and of val inomycin  with an inc rease  
in the po la r i ty  of the medium.  The a s y m m e t r i c  solvat ion of the cat ion a lso  explains the high optical  act iv i ty  
of the analog (IV) (see Fig. 8). These  facts  pe rmi t  the expecta t ion for  it of a higher,  as compa red  with va -  
l inomycin,  effect ive dipole moment  in monolayers  and a lso  a higher su r face  act ivi ty;  the l a t t e r  hypothesis  
is in ha rmony  with the r e su l t s  of an analys is  of the conductivity of phospholipid two- l aye r  m e m b r a n e s  modi-  
f ied by these  depsipept ides  [11]. 
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Fig. 13. Schematic i l lustrat ion of the K + 
complex of valinomycin (on the left) and of 
pseudore t roval inomycin  (on the right) located 
at the surface of a membrane.  

Thus, we have pe r fo rmed  for  the f i rs t  t ime an analysis  of the relat ionship between s t ruc ture  and func- 
tion in a number  of analogs of a biologically active compound of peptide nature based on a detailed invest iga-  
tion of their  conformational  pa r ame te r s .  The resul ts  obtained show the possibi l i ty of the directed synthesis  
of new valinomycin analogs with given physicochemical  and biological p roper t ies ,  and also the promis ing 
nature of the topochemical  principle of the t ransformat ion  of peptide molecules.  

E X P E R I M E N T A L  

Before the physicochemical  measurements ,  compounds (II-IV) were dried over  1)205 at 0.5 mm Hg and 
50°C for 10 h. The ORD curves  were measured  on a Cary-60  spec t ropo la r ime te r  using solutions with con- 
centrat ions of ~2 • 10 -a M at a t empera tu re  of 23-26°C with a cell thickness of 0.01-1 cm. The IR spec t ra  
were recorded  on a UR-10 instrument.  In measurements  in CC14 the cell thickness was 10 mm and the con-  
centrat ion of the solutions (3-5) • 10 -4 M, in CHC13 20 mm and ~ 1- 10 -4 M, and in CC14-CHsCN (2 : 1) 2 m m  
and (0.5-1) • 10 -3 M. To obtain the K + complex of (IV), a threefold excess  of KNCS was added to the solution. 
The dielectr ic  constants were measured  on a Dipol' instrument  working on the beat principle at a f requency 
of 1 MHz. The dipole moments were calculated by Hedest rand 's  method (see [12]). 

The ~H NM:R spec t ra  were measured  on a Varian HA-100D instrument at concentrat ions of the solution 
of ~ 0.05 M. Tetramethyls i lane was used as internal standard.  The chemical  shifts were determined with 
an accuracy  of ± 0.005 ppm and the spin-spin coupling constants with an accuracy  of :~ 0.1 Hz. The t empera -  
ture was measured  by a c o p p e r - c o n s t a n t a n  thermocouple with an accuracy  of ~: 2~C. The ass ignment  of the 
signals of the protons with appreciable spin-spin  coupling was por formed by the INDOR method (see Figs.  3, 
4, and 10) [13]. To obtain a solution of the K + complex of pseudoret roval inomyein  in CDCI.~, a weighed s a m -  
ple of the cyclodepsipeptide was dissolved in methanol containing two equivalents of KC1, the solution was 
evaporated to dryness ,  and the residue was t rea ted  with CDC13. 

The authors are  grateful to E. N. Meshcheryakova for measur ing the OHD curves ,  to L. B. Senyavina 
for  measur ing the IR spec t ra ,  to E. S. Ef remov for measur ing  the dipole moments ,  and to V. F. Bystrov for 
valuable information. 

S U M M A R Y  

1. By means of physical  methods (IR and NMR spect ra ,  ORD curves ,  dipole moments) and a theore t i -  
cal conformational  analys is ,  a study has been made of the conformational  states of three topochemical  ana-  
logs of val inomycin:  c y c l o - ( D - V a l - D - H y I v - L - V a l - L - L a c )  3 (II), cyc lo - (D-HyIv-L-Ala -L-HyIv-D-Val )3  (III), 
and cyc lo - (D-HyIv -D-Va l -L -HyIv -L-Ala )  3 (IV). 

2. In compounds (II) and (III) s te r ic  interact ions prevent  the format ion of "bracelet"  conformations 
and the format ion of complexes with a lkal i -metal  ions. 

3. In nonpolar media, compound (IV) assumes  a "bracele t"  conformation s imi la r  to that of val inomy- 

cin. 

4. In view of s te r ic  hindrance,  compound (IV) is incapable of adopting the "propel ler"  conformation 
that is cha rac te r i s t i c  for  valinomycin,  which leads to a reduced surface  activity. 

5. The conformation of the depsipepttde chain of the K + complex of compound (IV) is s imi la r  to the 
conformation of the K + complex of valinomycin.  However,  in it the cation is more  feebly shielded f r o m  in- 
terac t ion with the solvent,  which explains the higher stabil i ty and surface  activi ty of the complex. 
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