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As has been shown previously [1-3], the macrocyclic cyclodepsipeptides (CDPs), which increase the 
cationic permeabili ty of artificial and biological membranes,  form complexes with alkali-metal ions. Such 
compounds include, in part icular,  the antibiotic valinomycin (compound 1, Table 1), which has found wide use 
in the study of various biochemical processes  connected with the transport  of ions through membranes. The 
functioning of valinomycin in membranes is determined to a considerable extent by conformational factors 
[1-3]. In a detailed physicochemical investigation of valinomycin in solutions, the presence of a complex 
conformational equilibrium in it which is displaced as a function of the properties of the medium and the 
presence of alkali-metal ions was established [3, 4]. In developing these investigations, it was desirable to 
continue work begun previously on the influence of structural  features of the analogs of valinomycin on their  
conformation and, as a consequence, on their  capacity for complex formation [2, 3], and also their mem- 
brane and biological activities [5, 6]. The present paper considers the question of the stability of the com- 
plexes of 41 analogs of valinomycin with potassium and sodium ions, and also the question of the antimicro- 
bial activity of these analogs. 

The stability constants of the complexes and the free energies of complex formation of the analogs of 
valinomycin (compounds 2-42) derived from them can be judged f rom the figures of Table 1, and their  anti- 
microbial activities can be seen f rom Table 2. 

We have investigated rings having 12 members (compounds 2-5), 24 members (compounds 6 and 7), 
48 members (compound 8), and 36 members (compounds 9-42). The lat ter  differ f rom val!nomycin by the 
fact that individual amide bonds in them were replaced by es te r  bends (compound 9), and N-methylamide 
and es ter  bonds were replaced by amide bonds (compounds 10 and 11 and compounds 12-15, respectively).  
In addition, compounds with a changed configuration of the individual hydroxy- and amino-acid residues 
(compounds 16-22) and with changed side chains of these residues (compounds 23-24), and also analogs of 
the meso compound 32 differing in the configuration of the valine and a-hydroxyisovaler ic  acid residues 
(35-42) were studied. Not one of the analogs considered, apart from 14 and 15, reacted with sodium ions in 
a manner detectable by the conductometric method. 

As shown previously [2, 5], and as follows f rom Tables 1 and 2, for the formation by a compound of 
stable complexes with alkali-metal ions, and also for their  display of antimicrobial activity a large role is 
played by the size of the CDPs. Compounds forming the most stable complexes with K + and exerting the 
strongest antimicrobial action have a 36-membered ring (for example, compounds 13-15, 23, 26). CDPs 
with 12- and 24-membered rings (compounds 2-7) have neither the capacity for forming stable complexes 
with potassion ions nor antibiotic activity. A CDP with a 48-membered ring (compound 8) shows a feeble 
complex-forming capacity and possesses no antimicrobial action. Among the 36-membered analogs of 
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T A B L E  1. S t a b i l i t y  C o n s t a n t s  of  the  K + C o m p l e x e s  of V a l i n o m y c i n  
A n a l o g s  a n d  t he  F r e e  E n e r g i e s  of T h e i r  F o r m a t i o n *  

Com- ~tab. comt. ~:ree energy of 
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[(D.VaI.L.Lac.L.VaI.D,Hylv)3 1 [9] 
l(D.Val.L.Hylv.L.Vai.D,Hylv ) I [6] 
I(D.VaI.L.Lac_L.VaI_L.Lac) I [6] 
[(D. VaI-L. Lac-L.Val-L. H) Iv) I [6] 
I(L.VaI.L.Hylv_L.VaI.L.Hylv ) I [6] 
I(D. VaI-L. Hylv-L, Val- D.HyIv): l [6] 
I(D.VaI-L.Lac-L.VaI-D.HyIv)= I [10] 
[(D.VaI-L.Lac-L.VaI-D.Hylv)~ I [6] 
I(D.VaI-L. Lac-L.Hylv- D. Hylv)(A)=IT [If] 
[(D.VaI-L. Lac-L.N-MeVaI-D. Hylv)(A): ] [II] 
[(D .N-MeVaI-L. Lac-L. N-MeVal- D .Hylv)31 [12] 
[(D. Val-L. Lac-L. Val-D. Val)(AT~ 1 [11] 
I~-D.VaI_L.VaI.L.VaI_D.HyIv)(A): 1 [II] 
[ (D. Val-L. Ala-L. Val-D.l-iylv, (A~-, I [111 
I(D. Val-L. Ala-L. Val-D .Hylv)2(A)l [111 
I(L. VaI-L. Lac-L.VaI-D.HyIvH-A~-~ I [61 
[(D .Val-L. Lac-D .Val-D. Hylv),A~ I [61 
[(-D.VaI-L.Lac-D.VaI-D.Hylv)3 I [6] 
[iL. Val-L. Lac-L. Val-D .HyIv)31 [6] 
[(D. Val-D. Lac-L. Val-D Hyi~-~-Af., l [61 
[iD.Val-L. Lac-L.Val-L.Hylv) (A): ] [6] 
I (D. Val-L. Lac-L. VaI-L. Hylv)~l [6] 
[(D. A,a-L. Lac-L.Val-D. Hylv)(A~ 1 [6] 
[ (D-.~.Ia-L. Lac-L.Val-D.  H ~ ( A )  I [ l l  l 
I (D. Ala-L. Lac-L. VaI-D .Hyh,)T l I l l ]  
l(D. VaI-L. Lac-L. AIa-D. Hyl,.:j (A~ I [111 
IiD~Val-L. Lac-L. Aia-D. Hylv)-~A)I [111 
[(D.VaI-L. Lac-L. Ala-D.Hylv)~ -I Ill] 
I(D. Leu-L. Lac-L.Leu-D. Hyl-)(A).I [11] 
1 (D. Ala-L. Lac-L. A!a-D .Hy h)iA)-~-I [6] 
I(D-~VaI-L.Hylv-L, Vai-D.Hyh) (A)~ I [6] 
I {-D. VaI-L. HyIv-L. Val-D. Hylv)-jI [5] 
I (D. Val-L. Lac-L. VaI-D" Lac)a I [11] 
[~D.A!a-L.Hyh,-L AIa-D.HyT~-~)3 ] [13] 
I i~. Val- L. Hy Iv-EVa i- D. H~'~-~:,I:I: [13] 
[iL. Val-L. Hylv-L ~Val- D. Hylv):(B)I [13] 

I (L.VaI-L.Hylv-L.VaI- D.Hylv)- 
I (D.VaI-L.HyIv-D.VaI-D. Hyiv)~  l [131 

I(L.VaI.L.Hylv.D V a I - D . H , I , , ~  I [13] 
I(D.VaI-L.Hylv-L,Vat-L. Hyiv)--~., I [13] 
t (D. Val.L. H]Iv-L.VaI-L.Hylv):_,(B)-l [13] 
[(-D.VaI-L. H :Iv-L,VaI-L.HyIv)- 
-(D.VaI-D.Hylv-L.VaI-D. H ] I v ~ i l  [13] 

[(D.VaI-D.Hylv-L.VaI-L.H~)-(B)~: ] [13] 

2 200 000 8.6 
<50 <2.3 
<50 <2.3 
<50 <2.3 
<50 <2.3 
<50 <2.3 
<50 <:2.3 

50--100 2,3--2.7 
2500 4.7 

<50. <2.3 
<50 <2.3 

5200 5.1 
100 000 6.9 
300 000 7.5 
220 000 7.3 

11 000 5.5 
4.t00 5 

<50 <2.3 
<50 <2.3 
75 000 6.7 

100--150 2.7 
<50 <2.3 

2 000 000 ~.6 
8S 000 6.8 

150 3.0 
3 000 000 8.9 

200 000 7.3 
20 80O 5.9 

130 000 7.0 
I00 000 6.9 
400 000 7.7 
370 000 7.6 

2 300 000 8.7 
220 0o0 7.3 

1 000 000 ,",. 3 

11 000 5.5 

l0 000 5.5 
l0 000 5.5 
1 500 4.4 

<50 <2.3 

180 3.3 
<50 <2.3 

* The  s t a b i l i t y  c o n s t a n t s  of  the  c o m p l e x e s  of  the  c y c l o d e p s i p e p t i d e s  
w i t h  Na+  a n d  K + w e r e  d e t e r m i n e d  b y  the  c o n d u c t o m e t r i c  m e t h o d  [7]. 
The  s t a b i l i t y  c o n s t a n t s  of t he  Na + c o m p l e x e s  of  c o m p o u n d s  1 -42  a r e  
l o w e r  t h a n  50 l i t e r s / m o l e  (with the  e x c e p t i o n  of c o m p o u n d  14, f o r  
w h i c h  K N a + = 1 0 0  l i t e r s / m o l e ,  ~ f  =2 .7  k c a l / m o l e ,  a n d  c o m p o u n d  15, 
w h i c h  h a s  K N a + = 6 0 0  l i t e r s / m o l e ,  & f = 3 . 8  k c a l / m o l e  [8]}. 
? A = ( D .  V a l - L .  L a c - L .  V a l - D .  HyIv}. 

B = (D. V a l - L .  H y I v - L .  V a l - D .  HyIv) .  
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T A B L E  2. A n t t m i c r o b t a l  A c t i v i t y  of  the V a l i n o m y c i n  Ana logs  
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1 I >50 0.1-0.2 

3 >50 

5 >50 
6 - >50 >50 
7 > 50 > 50 
8 > 50 > 50 
9 >50 >50 

10 >50 >50 
11 >25 >50 >;0 

I~ >50 0.5--0.7 
14 2 4"54 0. I 
15 -- 2 
16 >50 2 

>50 
18 >50 
19 >50 >50 
20 >50 >50 

21 >5g 05>50_ 22 > 50 > 50 
23 >50 0. --0.2 
24 >50 051 0.7 
25 > 50 18 
26 >50 I--0.5 

>50 
28 >50 1 .5 
29 > 50 
30 > 50 2 
31 >50 >50 
32 > 25 > 25 
335 > 25 2 
34 > 50 > 50 
35 > 25 > 25 
36 > 25 > 25 
37 > 25 > 25 
3~ > 25 > 25 
39 > 25 > 25 
40 >L5 >25 
41 > 25 > 25 
42 > 25 > 25 
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>5O 
>5O 
>5O 
>5O 
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>50 
>50 
>5O 
>50 
1--2 
D.4 
2--0 
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1--2 
1--2 
>5O 
>50 
>50 
>5O 
>5O 
).4 
5-1 
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).2 
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~.5 
--2 
1.5 
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>25 
>25 
>50 
>25 
>25 
>25 
>25 
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>25 
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Staph.  a u r e u s  mutan t  UV-3  was  ob ta ined  f r o m  P r o f .  
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lO--12"t 
4 
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4.5 
4.5 
;:50 
>50 
>50 
>50 
> 5O 
0.3 
1.5 
37 

0.3--0.5 
1.5--2 
4.5 
3--4 
3--4 
>50 
>25 
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>25 
> 25 
":, 25 
>25 
>25 
> 25 
> 25 
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Gauze  of  the ins t i tu te  f o r  the S e a r c h  fo r  New An t ib io t i c s  

A c a d e m y  of M e d i c a l  S c i e n c e s  of  the  USSR. In the op in -  

ion of  A m e r i c a n  w o r k e r s  [14], th is  c u l t u r e  is a C o r y n e b a c t e -  

r i .um sp.  
t i n  th is  c a s e ,  not  s u p p r e s s i o n  but r e t a r d a t i o n  of the g r o w t h  

of  the m i c r o b e s  was  found. 

:~ By the m e t h o d  d e s c r i b e d  (see E x p e r i m e n t a l  sec t ion)  f o r  

d e t e r m i n i n g  a n t i m i e r o b i a l  a c t i v i t y  it  was  p o s s i b l e  to de t ec t  

a c t i v i t y  in compound  33, wh ich  was  p r e v i o u s l y  [2, 3, 5] c o n -  

s i d e r e d  to be i n a c t i v e .  

v a l i n o m y c i n ,  compound  9, ob ta ined  by r e p l a c i n g  one of the a m i d e  g r o u p s  by an e s t e r  g r o u p , g i v e s  a f a i r l y  

s t ab l e  c o m p l e x  w i t h  K +, but th i s  ana log  p o s s e s s e s  no a n t i m i c r o b i a l  ac t ion .  H o w e v e r ,  when  one amide  bond 

is  r e p l a c e d  by a N - m e t h y l a m i d e  bond (compound 10), the compound  p r o v e s  to be qui te  incapab le  o f  f o r m i n g  

a K + c o m p l e x  and has no b i o l o g i c a l  a c t i v i t y .  The c o m p l e t e l y  N - m e t h y l a t e d  ana log  (11), of  c o u r s e ,  l i k e w i s e  

is not  a c o m p l e x o n e  f o r  p o t a s s i u m  ions and is b i o l o g i c a l l y  i n a c t i v e .  The v a l i n o m y c i n  ana logs  ob ta ined  by 

r e p l a c i n g  one r e s i d u e  of  D - ~ - h y d r o x y i s o v a l e r i c  a c i d  by a D - v a l i n e  r e s i d u e  (compound 12), by r e p l a c i n g  one 

L - l a c t i c  ac id  r e s i d u e  by a L - v a l i n e  r e s i d u e  (compound 13) o r  a L - a l a n i n e  r e s i d u e  (compound 14), o r  by r e -  
p l ac ing  two L - l a c t i c  a c i d  r e s i d u e s  by two L - a l a n i n e  r e s i d u e s  (compound 15) r e t a i n  t h e i r  c a p a c i t y  f o r  f o r m -  

ing s t ab l e  c o m p l e x e s  w i t h  K + and exh ib i t  a h igh  a n t i m i e r o b i a l  a c t i v i t y  w h i l e ,  as  can  be s e e n  f r o m  Tab le  1, 
in c o n t r a s t  to the o t h e r  a n a l o g s ,  compounds  14 and 15 f o r m  c o m p l e x e s  not  only  wi th  K + but a l s o  wi th  Na + 

and have  a b r o a d e r  s p e c t r u m  of  a n t i m i e r o b i a l  a c t i o n  (see Tab le  2). 

231 



So fa r  as concerns  the influence on the complex- forming  capaci ty and ant imicrobial  action of the con-  
f igurat ion of the amino-  and hydroxy-ac id  r e s idues ,  with a change in the valinomycin molecule (the configura-  
tion of one amino-ac id  residue)  (compounds 16 and 17) the s tabi l i ty  constant of the potass ium complex falls  
by 2-3 o rde r s  of magnitude; the biological act ivi ty falls by a fac to r  of approximate ly  10. Analogs containing 
valine res idues  with only the D or  only the L configuration (compounds 18 and 19) were  complete ly  devoid of 
both these p roper t i e s .  A change in the configurat ion of the hydroxy-ac id  res idues  (compounds 20-22) also 
leads to a considerable  fall  m the s tabi l i ty  of the complexes  of these compounds with K+; the change in the 
configuration of ~ -hydroxy i sova le r i c  acid affects  the s tabi l i ty  of the potass ium complex to a fa r  g r ea t e r  
extent than a change in the configuration of the lact ic  acid. Fo r  example ,  with a change in the configuration 
of one lact ic  acid res idue  (compound 20), the stabil i ty constants  of the complex fall  by only two o rde r s  of 
magnitude, while with a change Lu the configuration of one ~ -hydroxy i sova le r i c  acid res idue (compound 21) 
it fal ls  by 4 o rde r s  of magnitude. With a change in the configuration of all th ree  res idues  of ~ -hydroxy-  
i sovaler ic  acid (compound 22) the compound becomes comple te ly  devoid of complex-forming capacity.  A 
change in the configuration of the hydroxy-ac id  res idues  is r e f l ec ted  to a sti l l  g r e a t e r  extent on the anti-  
microbia l  act ivi ty of the compound: a change in the configurat ion of both lac t ic  acid and ~-hydroxy i sova le r i c  
acid res idues  (compounds 20-22) leads to the complete loss  of antibiotic activity.  

All the val inomycin analogs obtaLued by replacing the alkyl rad ica ls  of the amino-  and hydroxy-ac id  
res idues  by re la ted  radica ls  of different  volume (compounds 23-34) f o r m  complexes  with K +. The stabil i ty 
of many of them is of the same o r d e r  as that of the va l inomycm complex (compounds 23, 26 and 33) o r  1-2 
o rde r s  of magnitude lower  (compounds 24, 26-34), and only compound 25, containing three  D-alanine res idues  
in place of th ree  D-valine r e s idues ,  fo rms  a complex with a stabil i ty constant four  o rde r s  of magnitude 
lower  than the valinomycin complex.  A study of the biological act ivi ty of the analogs 23-34 has shown that 
compounds 23, 24, and 26-30, which possess  a high complex- forming  capacity,  also possess  a high anti-  
microbia l  act ivi ty,  while compound 25, forming a potass ium complex of low stabil i ty,  also exhibits a feeble 
ant imicrobia l  activity.  However,  some analogs having a high s tabi l i ty  of the complexes  with K + e i ther  ex-  
hibit no ant imicrobia l  act ivi ty whatever  (compounds 31, 32, and 34) or  they possess  a n a r r o w e r  spec t rum of 
ant imicrobial  action (compound 33). All the analogs of the meso compound 32 differing f rom one another  by 
the configurations of the valLue and ~ -hydroxy i sova le r i c  acid res idues  (compounds 35-42) a re  also devoid of 
ant imicrobia l  act ivi ty.  At the same t ime,  many of them (for example,  compounds 35-38) gave fa i r ly  stable 
complexes  with po tass ium ions the stabil i ty constants of which are  lower  than that of valinomycin (by not 
more  than two o rde r s  of magnitude). 

At the p resen t  t ime there  is much information according to which the biological action of valinomycin 
and other  compounds with a depsipeptide s t ruc tu re  is connected with the increase  caused by them in the 
flows of potass ium ions through biological membranes  (see, fo r  example ,  [15]),and, as has been stated above, 
CDPs that inc rease  the potass ium permeabi l i ty  of membranes  f o r m  stable complexes  with this cation. The 
resu l t s  of the p resen t  work  conf i rm the conclusion which we drew previous ly  [2, 3] that compounds binding 
K + most  ef fect ively  possess  a higher  antibiotic act ivi ty,  as a rule .  At the same t ime,  among the compounds 
of the val inomycin group that f o r m  complexes  with potass ium ions, only some exhibit ant imicrobial  activity 
[2, 3]. This can be explained by the assumption that the rate  of the t r an s f e r  of K + through membranes  s t im-  
ulated by CDPs depends not only on the stabil i ty of the CDP complex but also on a number  of o ther  factors  
such as the su r face -ac t ive  p roper t i e s  of the CDPs or  the i r  complexes ,  the distr ibution coefficient  between 
wate r  and the membrane ,  etc.  F u r t h e r m o r e ,  the capaci ty  of a CDP for  increasing the K + permeabi l i ty  of 
biological membranes  is a n e c e s s a r y ,  but not the only condition for  the exhibition by a compound of anti-  
microbial  act ivi ty,  which also depends upon o ther  fac tors  - in pa r t i cu la r ,  on the nature and concentrat ion of 
the ions in the medium. It must  also be mentioned that many CDPs (for example ,  compounds 32 and 35-38) 
that f o r m  stable complexes with K + possess  only a ve ry  low solubil i ty under the conditions for  determining 
the i r  antibiological act ivi ty and it is not excluded that they may exhibit a biological effect  only at concent ra -  
tions lying beyond the l imits  of the i r  solubil i ty under the given conditions. 

Thus, as we have stated previous ly  [3, 5], for  the appearance of complex- forming  capaci ty  and anti-  
microbia l  act ivi ty  by compounds of the val inomycin group,  a 36 -membered  ring is the optimum. 

The rep lacement  in the val inomycin molecule of amide links by e s t e r  or  N-methylamide links de- 
pr ives  the compounds both of complex- forming  capaci ty and of antibiotic activity.  However, the r ep l ace -  
ment of e s t e r  l inks by amide links has li t t le effect  on the exhibition of these p roper t i e s  by the compound. 

A change in the configurat ion of the amino acid res idues  with the retent ion by the compound of its 
complex- forming  capaci ty  and ant imicrobia l  act ivi ty is pe rmiss ib le  in a l imi ted  sect ion of the molecule.  
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However, a change in the configuration of the hydroxy-acid residues deprives the compound of biological 
activity and leads to a pronounced fall or complete loss of the stability of its complex with K +. 

A change in the size of the radicals of the amino- and hydroxy-acid residues of the molecule of the 
antibiotic has little effect on the complex-forming capacity of the compound. So far as concerns the sup- 
pression of the growth of microorganisms a change in the radicals of the amino-acid residues is also little 
reflected in the manifestation of this activity by the compound, while with a change in the radicals of the hy- 
droxy-acidres idues ,  the biological activity falls more considerably. 

The nature of the dependence of the complex-forming capacity and antimicrobial activity on the pr i -  
mary structure in the series  of valinomycin analogs considered is in harmony with the hypothesis of a de- 
cisive importance of conformational factors for its manifestation of these propert ies.  At the present time, 
the conformational states of the valinomycin analogs and their complexes are being studied under various 
conditions, and the results will be reported in special communications. 

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

The investigation was performed with valinomycin obtained by the biosynthetic method in MacDonald's 
improved variant [16]. The synthesis and characteris t ics  of the valinomycin analogs havebeendescrtbed 
previously [6, 10-13]. The stabilities of the complexes of the CDPs with potassium and sodium ions were 
determined by the conductometric method [3, 7] in absolute ethanol at 25°C. The action of the compounds on 
the growth of microorganisms was determined by the method of serial  dilutions of these CDPs in ethanol 
with the subsequent addition of the ethanolic solutions to a culture medium of the following composition: 
10 g of glucose, 5 g of sodium chloride, 5 g of peptone, 30 mg of Hottinger's broth (760 mg-% of amine ni- 
trogen); pH 7.0-7.02. The concentration of the solvent in the culture phase did not exceed 2% and the bac- 
terial  charge was 1000 cel ls /ml  (an exception was formed by M. phlei, the seed material of which was pre-  
pared by O. O. Makeeva's method [17]). 

The measurements of the stability constants of the complexes of the cyclopeptides with potassium and 
sodium ions were performed by N. A. Skobelev. 

S U M M A R Y  

1. The antimicrobial activity of valinomycin and its analogs and also their capacity for forming com- 
plexes with potassium and sodium ions in solution have been investigated. 

2. It has been shown that the capacity of CDPs of the valinomycin ser ies  for  forming complexes with 
potassium ions is a necessary,  but not sufficient, condition for the manifestation of antimicrobial activity 
by these compounds. 
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