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In r ecen t  years ,  great  attention has been a t t rac ted  by macrocyc l ic  compounds forming stable com-  
plexes with Mkali-metal  cations and specif ical ly affecting the t ranspor t  of cations through biological and 
ar t i f ic ia l  membranes .  Among substances of this type a central  position is  occupied by the depsipeptide 
antibiotic valinomycin (Fig. 1), d iscovered  in 1955 by Brockmann et al. [1] and synthesized in 1963 by 
Shemyakin et  al. [2, 3]. 

Valinomyein pos se s se s  the capaci ty for  stimulating in exceptionally low concentrat ions the t ranspor t  
of a lka l i -meta l  cations through mitochondria  [4-7], e ry th rocy tes  [6, 8-10], chloroplasts  [11], and other  bi- 
ological membrane  sys tems  [7, 12], and also through var ious two- layer  [6, 7, 9, 10, 13] and bulk m e m -  
branes [7, 10, 14] and phospholipid mice l les  [6, 7, 15, 16]. An important  feature of the action of valino- 
mycin is  the high select ivi ty  of the cationic permeabi l i ty  induced by it: for  example,  the rat io of the fluxes 
of potass ium and sodium through the membranes  of mitochondria in the p resence  of valinomycin is  10,000:1 
[4]. 

The influence of valinomycin on ionic t r anspor t  through membranes  is  c losely  connected with i ts  ca-  
paci ty  for  se lec t ive ly  forming stable complexes  with potass ium cations. In view of the decisive role  of 
conformational  fac tors  in the functioning of meta l -complexing  macroeyc les  [ 17-19], we have investigated 
the spatial s t ruc ture  of valinomycin under var ious  conditions. The work was pe r fo rmed  with the aid of a 

g-g "?~ "" .a 
. ? g  

Fig. 1. Valinomyein. 

wide select ion of physicoehemieal  and computational methods giving 
independent and mutually supplementary information.  

For  the physicochemieM investigations we used a biosynthetic 
prepara t ion  obtained by MacDonald's improved method [20]. The 
optical ro t a to ry  dispers ion (ORD) curves  were  r eco rded  on a Cary-  
60 spec t ropo la r ime te r  at concentrat ions of the solutions of (0.5-1)" 
10 -3 M at 23-26°C in cel ls  0.01-2 em thick. The values of the mo-  
l ecu la r  rotat ion [~] are  given without cor rec t ion  for  the re f rac t ive  
index of the solvent. 

The IR spec t ra  were  r eco rded  on a UR-10 ins t rument  with LiF 
and NaC1 pr i sms .  In the case  of measu remen t s  in CCl4, the thick-  
ness  of the cel l  was 10 mm at 3500-1600 cm -1 and 0.1 ram at 1600- 
1000 cm -t ,  the concentrat ions of valinomycin being 4 • 10 -4 and 
4 .10  -2 M. On measurement s  in CHC13, the thickness of the cel l  was 
20 ram at 3500-1600 cm -1 and the concentrat ions 0.86 • 10 -4 M. On 
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TABLE 1. Optimum Conforma-  
tions of the Methylamide of N- 
Ace ty l -D-va ly l -L- lac t i c  Acid (1) 

CH(CHa)~ /CH3 

H CH--COO--CH 
~ / D  L \  
N C=O 
I I 
C N 

H3C"" %0 .............. H / \CH3 

TypeofjGeometrical ~arameters 
confor'- 
ma- D-Val L-mac 

239 p - r  67 194 107 200 

r ~  135 118 169 85 223 

r--r~ 128 150 163 113 148 

,----.,b--I 130 280 185 233 219 

l--I  233 221 186 232 213 

Energy 

0 

1,8 

2,5 
2,6 

2,5 

TABLE 2. Optimum Conforma- 
tions of the l e t h y l a m i d e  of N- 
A c e t y l - L - v a l y l - D - ~ -  
hydroxyisovaler ic  Acid (2) 

CH(CH3)2 \ /CH(CH~), 
H CH--COO--CH 
\ / k  D \  
N C=O 
I I 

H.C/C % O .. . . . . .  H/NNcH a 

Type of 
confor- 
ma- 

rion 

b--! 

l--p 

l - - l  

F - - r  

p-/ 

Geometrical 

L-Val 
~a W8 X~ 

119 287 175 

226 244 190 

237 186 196 

123 143 175 

235 58 193 

3arameters I 
D-Hytv Energy 

¢%' ~'~ X I 2572051: 0 
280 138 68 2,4 

250 207 61 2,4 

128 146 6,0 

125 149 170 6,0 

20 

% 

4 

200 220 240 280 280 nm 

Fig. 2. ORD curves  of valinomycin in var ious  solvents: 
1) heptane-d ioxane  (10 : 1); 2) h e p t a n e - e t h a n o l  (3 : 1); 
3) ethanol; 4) acetonitri le;  5) trifluoroethanol; 6) w a t e r -  
tr if luoroethanol (3 • 1). 

measurements  in CCI4-CH3CN (2 : 1), the layer  thickness was 2 mm and the concentrat ion of valinomyein 
(0.5-1) • 10 -3 M; to obtain the complexes with K +, Rb +, and Cs + a th ree -  to sevenfold excess  of the c o r r e -  
sponding thiocyanate was added to the solution. In all eases,  the absorption of the solvents did not exceed 
60%. 

The dipole moment  of valinomycin was measured  in an inst rument  worMng on the beat principle at a 
frequency of 1 1ViHz; calculation was per formed by Hedest rand 's  method [21]. 

The 1H NMR spect ra  were taken on a JNM 4H-100 inst rument  with a working frequency of 100 MHz 
and with stabilization of the resonance conditions with respect  to one sample. Tetramethyls i lane was used 
as internal standard. The chemical  shifts were determined with an accuracy  of ± 0.005 ppm and the s p i n -  
spin coupling constants with an accuracy  of • 0.1 Hz. The tempera ture  was measured  by a copper -con-  
stantan thermocouple with an accuracy  of ± 2°C by means  of the thermal  attachment to the JNM 4H-100 
instrument .  

In measurements  of the \ M R  spect ra  of valinomycin in solutions containing CD3OD , the exchange 
NH--*ND takes place. Consequently, the pa rame te r s ,o f  the signals f rom the Nit groups were determined 
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Fig. 3. NMR spectra of valinomycin and 
i ts  [I~N]-L-Val analog in CCI a, (CD~)2SO, 
and CCla-(CDa)~SO (3 : 1). 

in CHaOH. To measure  the spec t rum of the Cs + complex 
in CDC13 a solution of equimolar  amounts of vaIL~omycin 
and CsCI in CH3OH was evaporated to dryness ,  and the 
residue was dissolved in CDCI 3. The optimum conforma-  
t ions  of the f ragments  of valinomycin were  calculated by 
the method developed previous ly  [22] including the minimi-  
zation of the potential  energy of the sys tem with respec t  
t o t h e  angles (P c~ - N ,  (b C~ - 0 ,  ~" C= - C  ' and Xc~-c~,  using 
the nomencla ture  proposed by Edsall  e t  al. in 1966 [23]. 
Poss ib le  values of ¢ and ~I, (in degrees)  for  the var ious  
forms  of valinomycin were  found by a compar ison  of the 
conformational  char ts  (see Figs.  8-10), the data of Ta-  
bles 1 and 2, and an analysis  of molecu la r  models .  For  
the values se lec ted  in this  way the distance between the 
ends of the dodecadepsipeptide chain was calculated with 
the s tandard p a r a m e t e r s  of the amide and e s t e r  groups 
[24, 25]. The mean coordinates  • and • for  which the 
distances between the ends of the chain do not exceed 2 .~ 
a re  given in the text; possible deviations amount to 10-15 ° . 
The calculation of the dipole moments  f rom the values of 
the coordinates  ~) and • was effected by the success ive  

summation of the vec to r s  of the dipole moments  of the amide and e s t e r  groups along the depsipeptide chain; 
we had de termined  the i r  magnitude and direct ion previous ly  [24, 25]. 

I .  C o n f o r m a t i o n a l  S t a t e s  o f  F r e e  V a l i n o m y c i n  

As can be seen f rom Fig. 2, the ORD curves  of val inomyc'~ measu red  in var ious  solvents differ  sub- 
stantial ly f rom one another.  Thus, the curves  taken in hep tane-d ioxane  (i0 : 1) (curve 1 in Fig. 2) show a 
Cotton effect  at N 220 nm which d isappears  on passing to ethanol or  aeetoni t r i le .  A fu r the r  inc rease  in the 
po la r i ty  of the solvent is  accompanied by a considerable  fall in optical activity.  The resu l t s  obtained show 
the exis tence  of a conformational  equi l ibr ium which is  displaced with a change in the na ture  of the solvent. 

Fundamental  information on the s t ruc tu re  of valinomycin can be obtained f rom the NMR spec t ra  taken 
in var ious  solvents  (Fig. 3, Tables  3 and 4). In the f i r s t  place,  attention is  a t t rac ted  by the cor respondence  
of the number  and nature  of the signals with the s t ruc tura l  formula  of the antibiotic. For  example,  in the 
weak-f ie ld  region the re  are  two doublets f rom the N(1)H and N(7)H res idues  of D- and L-val ine  the assign-  
ment of which proved possible  as the resu l t  of a study of the spec t ra  of the 15N-labeled analog of valino- 
mycin specia l ly  synthesized for this  purpose  [27], in which one L-val ine residue was replaced  by a [i~N]- 
L-val ine  res idue .  In the region of the signals f rom the protons  attached to the C a a toms and those of the 
side chains the groups of signals f rom the res idues  of D- and L-val ine  and L- lac t ic  and D-~-hydroxy i so -  
va le r ic  acids can eas i ly  be seen. The "homogeneity ~ of the NIV[R spee t ra  observed  shows the absence of 
any appreciable  c i s - t r an s  i s o m e r i s m  whatever  of the amide and e s t e r  groups in valinomycin, the energy  
b a r r i e r s  of which are  ex t r eme ly  high (9-20 kca l /mole  [28]) and cor respond  to coa lescence  t empera tu re s  
of 40-I00°C. The nature  of the spec t ra  does not change significantly on cooling [to -95°C in CS2-CDCI 3 
( i  : i)], f rom which i t  follows that at leas t  in nonpolar  solvents the amino and hydroxy acid res idues  of the 
same type in valinomycin a re  equivalent, i .e.  ,the molecule  of the antibiotic pos se s se s  a t h i r d - o r d e r  (C a) 
axis of s y m m e t r y  in cor respondence  with i ts  chemical  formula.  In this respect ,  valinomycin differs  f rom 
the cyclodepsipeptide antibiotics of the enniatin group [29, 30] and the eyelohexapeptide [(L--Ala--Gly)31 
[31] which, although cons t ruc ted  of th ree  chemical ly  identical  f ragments ,  assume a conformation deprived 
of e lements  of symmet ry .  The signals f rom the N(1)H and N(7)H protons  differ  insignificantly with respec t  
to the i r  chemical  shifts in CCI 4 solution (6 7.88 and 7.75 ppm, respect ively) .  However, with the gradual 
addition of (CD3)2SO (up to 20 mole %) the second of them shifts significantly into the weaker - f ie ld  region 
(by 1.09 ppm), while the f i r s t  undergoes a weaker  shift in the upfield direct ion (by 0.41 ppm). The fur ther  
addition of (CD3)2SO (up to 40 mole %) does not affect the re la t ive  posit ions of the signals f rom the NH 
groups with a sti l l  fur ther  inc rease  in the concentrat ion of (CDa)2SO, and also when the solution is  heated, 
they approach one another  again (Fig. 4). It i s  important  that in this p roces s  a symbatic  Change in the 
spin- spin coupling constants of the protons in the N(1)H- C(2)H and N0)H- C(8)H fragments is also observed: 
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Fig. 4. Dependence of the chemical  shifts of the NH protons 
and the 3JNt I_  CH constants on the composition of the CCI 4 -  
(CDa)~SO mixtures  and the tempera ture .  
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Fig. 5. Schematic i l lustrat ion of the equil ibrium of fo rms  
A, B, and C of valinomycin. 
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Fig. 6. IR spec t rum of valinomycin in Cel¢. 

in the region of the ex t r ema  of the chemical  shi f t s the  
differentiation of the NH groups with respec t  to the 
constants 3JNH_ CH* is enhanced [transition f rom 8.5 
and 6.6 Hz in CC14 to 10.1 and 7.6 Hzin  CCI4-(CD3)2SO 
(3 : 1)], and a fu r ther  inc rease  in the concentrat ion of 
(CD3)2SO up to 100% is accompanied by an approach 
of the constants to one another  (8.7 and 8.1 Hz) until 
they coincide complete ly  (8.5 Hz) when the solution is  
heated to 68°C. Analogous SJNH_CH constants (8.6 
Hz) arc  observed in CH3OH-H20 (3 : 1) solution (see 
Table 4). 

The facts  given above pe rmi t  the assumption that the th ree  different  types of conformations (Fig. 5) 
which we have cal led A, B, and C can be rea l i zed  in valinomycin, depending on the na ture  of the solvent: 
in nonpolar  solvents one type dominates (form Awithan  ORD curve of type 1 in Fig. 2), in w~ch  all the NH 
groups form in t ramolecu la r  hydrogen bonds (IMHB) (see the details of the IR spec t ra  below). In solvents 
of medium polar i ty  [CCIa-(CD3)2SO (3 : 1), ethanol, and acetonitri le]  only the th ree  most  stable IJVIHBs 
fo rmed  by the N(1)H groups a re  re ta ined (form B with curves  of types 3 and 4 in Fig. 2). In addition to the 
values of 6NH at 30°C, this is  also convincingly shown by the unusually s t rong dependence of 6N(~) H on the 

t empera tu re  (A6/AT = 11.0 • 10 -3 ppm/deg)  in solution in CC14-(CD~)2SO (3 : 1) and the absence of a tern-  

*In cont ras t  to Figs.  3, 4, 15, and 17, the values of the 3JNH_CH constants are  given in the text with a 
cor rec t ion  for  the e lect ronegat ivi ty  of the substi tuents [26, 32] (see Table 4). 
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TABLE 5. F e a t u r e s  of t h e i r  Spectra  of Valinomycin 
in CHCI 3 Solution* 

338  1206122210 3 080!140100, 
3313 ]24,94] 5.00 4,99 11.95 2.87 4,16 

* A R and A w a re  the in tegra l  in tens i t ies  of the bands 
e x p r e s s e d  in mole  -1- l i t e r ,  cm -2 and calcula ted by 
R a m s a y ' s  method [36] and also by that  of Wilson and 
Wells with the cutting off of the base line [37]; Ai R 
and A TM a r e  the in tegra l  in tens i t ies  of the bands and 
the cor responding  f requencies  cor responding  to one 
NH group and de te rmined  f rom the cor re la t ion  curves  
of the dependences of AiR and A w on uN_ H [33]; n R 
and n w a r e  the mean  number s  of different  groups in 
an equi l ibr ium mix tu re  of f o r m s  A and B of va l ino-  
mycin  de te rmined  by the two methods.  

Fig. 7. The A t and A 2 f o r m s  of val inomyein.  

TABLE 6. Poss ib l e  Conformat ions  of 
F o r m  A of Val inomyein 

Type of 
conformation 

~rient. of CO groups~elative 
ID- Len°r  y' 
I valine valine ~cal~ 
/ I /mole 

(r--b--l--p).____.______~31 IOu~sid¢, Out~ide 

.~ (V2) ' - t -~)~l  II~ide . 

[ (b--l--p--r)31 nside 

i. (/--~-- r ~ ) ~ 1  iOutside Outside 

[ ( l --p--b-- l)31 ]Outside Insi 

1 (P~r--b--~--'~)3l ]Inside 

12,8 

15,0 

25,2 

27,6 

>60 

>40 

>18 

0 

p e r a t u r e  dependence for  6N(t) H (A6/AT = 0.65 • 10 -s 

ppm/deg) .*  Finally,  in po la r  solvents  [(CDa)2SO, 
CH3OH-H20 (3 : 1), CF~CH2OH , CF3CH2OH-H~O(1- 2)], 
pa r t i cu l a r ly  at high t e m p e r a t u r e s ,  f o r m  C containing 
no IMHBs predomina tes .  

F o r e  A of Valinomycin.  I t  i s  des i rab le  to begin 
a considerat ion of fo rm A of val inomycin  with the 
fea tu res  of the IR spec t ra  taken in solutions in non- 
po la r  organic  solvents  (CC14, Fig. 6, and CHCI3, Fig. 
15) which a re  not H-bond donors  or  accep to r s  for  
amide or  e s t e r  groups .?  In the region of the s t r e t ch -  
hag v ibra t ions  of NH groups  (3300-3500 c m  -1) there  
is  a s t rong band f rom NH groups  par t ic ipa t ing  in 
IMHBs (3307-3313 cm -1) and a cons iderab ly  l ess  in-  
tense  band (3388-3395 cm -1) f r o m  p rac t i ca l l y  f ree  NH 
groups.  The separa t ion  of the bands, the calculat ion 
of the i r  in tegral  intensi ty  (A), and the determinat ion 
of the number  of NH groups  cor responding  to each 
band by a method that we have developed [33] show 
that  the ra t io  of the number  of bound and p rac t i ca l ly  
f r ee  NH groups  in CHCI 3 i s  ,~ 5 : 1 (Table 5), which 
co r re sponds  to the p r e s e n c e  of ~ 70% of f o r m  A and 
~ 30% of f o r m  B. A s i m i l a r  ra t io  of f o r m s  A and B i s  
found for  solutions in CC14 (judging f rom the s imi l a r i t y  
of the IR spec t r a  in CHC13 and CCl4). 

Fur ther ,  in the region of the s t re tch ing  v i b r a -  
t ions of the carbonyl  groups the re  i s  a s y m m e t r i c a l  

* A s  has  been shown by U r r y  and Obnishi [34, 35], the chemical  shif ts  of the s ignals  of peptide NH groups 
par t ic ipa t ing  in IMHBs depend on the t e m p e r a t u r e  m o r e  feebly than the s ignals  of solvated NH groups.  
? The IR spec t r a  of vaI inomycin in CCI 4 at  20-25°C do not depend on the concentrat ion in the range f rom 
4.1- 10 -2 to 4.0 • 10 -4 M, which shows the absence  of i n t e rmolecu la r  associat ion;  these  r e su l t s  a re  con-  
t i m e d  by m e a s u r e m e n t s  of the m o l e c u l a r  weight by the t h e r m o e l e c t r i c  method in va r ious  solvents  ove r  a 
wide range  of concentra t ions .  
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Fig. 8. Conformational  char t  of the 
methyl  e s t e r  of N-ace ty I -L-va l ine .  
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Fig.  10. Conformat iona l  char t  
of the methylamide  of O-ace ty l -  
D-~ -hydroxy i sova l e  r ic  acid. 

band at 1755-175 7 cm -1 cor responding  to e s t e r  carbonyl  groups not 
par t i c ipa t ing  in the format ion of IMHBs. In the region of amide c a r -  
bonyl groups the re  is  a s t rong amide  1 /band (1540 cm -1 in CC14), 
which shows the t r ans  configuration of the amide bonds, a s t rong 
amide I band at 1661 cm- l ,  and a cons iderably  weaker  band ove r l ap -  
ping it at ~ 1675 cm -1. The ra t io  of the in tensi t ies  of the two l a t t e r  
bands co r re sponds  approx imate ly  to the rat io  of the intensi t ies  of 
the bands of the bound and f ree  NIt groups in the 3300-3400 cm -1 r e -  
gion. Consequently, all the LMHBs of val inomycin a r e  fo rmed  by the 
CO and NH groups  of the amide  l inks of the antibiotic.  

A conformational  analys is  of the val inomycin molecule* shows 
that the re  i s  only one poss ib i l i ty  for  the format ion  of six IMHBs in 
fo rm A sat isfying the facts  given above; this i s  shown schemat ica l ly  
in Fig. 5. In the conformation obtained in this  way, the depsipeptide 
chain of the val inomycin molecule  cons is t s  of a c losed sy s t em of six 
condensed t e n - m e m b e r e d  r ings  s tabi l ized by IMHBs of the 4 --~ i t  
type and fo rming  a "b race le t "  with a d i ame te r  of ~ 8 A and a height 

of ~ 4  A. Under these  conditions, two different  s t r uc tu r e s  of this type a re  poss ib le  (A l and A2, Fig. 7), dif-  
fer ing  by the ch i ra l i ty  of the cycl ic  s y s t e m  and the orientat ion of the side chains.  Conformat ions  of type 
A 1 differ  mos t  s imply  f rom A 2 in the following way: i f  the lact ic  acid res idues  a r e  a r r anged  in the top pa r t  
of the bracele t ,  in the A 1 conformat ions  acylat ion takes  place  clockwise and in the A 2 conformat ions  ant i -  
clockwise.  In the A 1 and A 2 f o r m s  the posi t ions  of the amide bonds and of the a s y m m e t r i c  carbon a toms 
a re  fixed, and the carbonyl  groups of the e s t e r  bonds can be or iented " inside" the b race le t  (i .e. , in the di-  
rect ion of the axis of synnnetry)  or  "outside" i t  (i .e..in the direct ion away f rom the axis  of symmet ry ) .  In 
accordance  with t h i s ,  within the l imi t s  of each of f o r m s  A i and A2,four types  of conformat ions  a re  poss ib le  
which differ  by the mutual  orientat ion of the e s t e r  carbonyl  groups; these  a r e  l i s ted  in Table  6. 

To es tabl i sh  which of the eight conformat ions  l i s ted is  actual ly  rea l i zed  in solution, the i r  re la t ive  
energ ies  mus t  be evaluated. F o r  this purpose ,  we have made a theore t ica l  ana lys is  and have calculated the 
opt imum conformat ions  of the two pro tec ted  didepsipept ides A c - D - V a I - L - L a c - N H M e  (1) and A c - L - V a l - D -  
HyIv-NHMe (2) containing IMHBs of the 4--* 1 type and modeling the mos t  impor tan t  s t ruc tu ra l  e lements  of 
f o r m s  A and B of val inomycin - the i r  t e n - m e m b e r e d  r ings  s tabi l ized by TMHBSo 

*In the analys is ,  the t r ans  configuration of the e s t e r  bonds was adopted since cis  e s t e r  bonds a r e  rea l i zed  
only in s t ra ined  l a c t ams  having l e s s  than 11 a toms  in the r ing [38]. 
? Fo r  the nomenc la tu re  of IMHBs in pept ides ,  see  [49]. 
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For  this  we used the resu l t s  of a calculation of the conformational  char ts  of Ac-L-Val -OMe,  Ao-L-  
Lac-NH~Ie, and Ac-D-HyIv-NHMe, modeling the amino acid and hydroxy acid f ragments  of valinomycin 
(the char t  for  Ao-D-VaI-OMe is symmet r i ca l  with the char t  for  the L i s o m e r  re la t ive  to the center  of the 
chart ,  ~ =~I,=180 °) [39]. 

As can be seen f rom Figs. 8-10, on the char ts  of the f ragments  there  a re  four main energy  minima 
located in regions r ,  b, p, and Z; the additional minima n and s on the chart  of Ac -L-Lac -OMe are  close to 
the b and l regions.  In accordance with this,  for  the var ious conformational  types of depsipeptide f rag-  

ments  with 4 --~ 1 IMHBs we have adopted the symbols p -- r, b -- l, r - -  b, l - - 7  , etc.*; analogous symbols 
a re  also used for  the var ious  fo rms  of valinomycin.  

The re la t ive  energ ies  of the optimum forms  of the didepsipeptide (1) and (25 and the values of @ and 
~I, corresponding to them that were  found in the course  of calculation a re  given in Tables  1 and 2. It  has 
been shown that the p a r a m e t e r s  of the individual amino acid and hydroxy acid res idues  in the optimum con- 
format ions  (1) and (2) co r respond  to the energet ica l ly  most  favorable regions of the corresponding confor-  
mational char ts ;  the most  favorable in all cases  is  the gauche orientation of the protons  in the Cat t -CflH 
f ragments  of the a -hydroxy i sova le r i c  acid res idues  and the t r ans  orientat ion of the analogous protons of 

valine. Calculation also showed that the l - - p  form for  (15 and the 'r--]~ form for  (2) have no local minima 
in view of the high energy of the p region for  Ac-L-Lac -OMe and the b region for Ae-D-HyIv-OMe. 

The energy  of the IMHBs of the optimum s t ruc tu res  obtained is  between 3.8 and 4.0 kca l /mo le ,  and 
the i r  length (N...O distance) is  2.9-2.8 i .  The formation of a 4--* 1 IMHB places  substantial  l imitations on 
the region of pe rmi t t ed  coordinates  ~ and ~I, of the didepsipeptides. For  example,  compara t ive ly  small  de- 
viations of ¢1 f rom the optimum values (105 > ~l> 2555 makes  the formation of an IMHB impossible .  F u r -  
t he rmore ,  in the region pe rmi t t ed  f rom the point of view of the retention of the IMHB the var ia t ion of 
"and ~I, within the l imits  of the potential  depress ions  of the amino acid and hydroxy acid f ragments  does not 
lead to a sharp increase  in the potential  energy  of the system.  

The f igures  given in Tables  1 and 2 pe rmi t  an evaluation of the energies  of the var ious  conformations 
possible  for  fo rm A of valinomycin on the assumption that the c losure  of the dodecadepsipeptide ring changes 
the geometr ica l  p a r a m e t e r s  and re la t ive  energies  of the didepsipeptide f ragments  f rom the i r  optimum val-  
ues only insignificantly.  This assumption is  based on the dominating role  of shor t - range  in terac t ions  in 
the formation of the spatial s t ruc ture  of the cyclodepsipeptides which we have shown for  the case of a l a rge  
number  of compounds [24, 30, 40]. The resu l t s  given in Table 6 show that the most  favorable conformation 

f rom the point of view of the energy of the individual f ragments  is  [ ( p -  r--  b--/)~l belonging to type A~. 

Following this,  and considerably  in fe r io r  in energy,  a re  the conformations [(r~b--l--p)a] and [ (b-- l - - l - -p)3 1 
(type A1). On the basis of the theore t ica l  analysis,  the other  conformations must  be rega rded  as unlikely, 
since they possess  far  higher  energies .  

The choice between the th ree  conformations mentioned was made by an analysis  of the 3JNH_CH con- 
stants measu red  f rom the NMR spect ra  and the i r  cor respondence  with the calculated f igures.  Since in 
CC14 and CHC13 solutions, containing, according to the IR spectra ,  ~30% of fo rm B and ~ 70% of form A 
(see above), SJN(i) H -  C(25 H = 8.5-8.8 Hz and aJN(~) H_  C(8) H = 6.6 Hz and in form B a JN(i)H_C(z5 H = 10.1 Hz 

and ~JN(7) H_  C(85 H = 7.6 Hz [measurements  in C C14-(CDa)2SO (3 : 15], i t  is  easy  to see that in  the pure fo rm 

A the f ragment  N(i)tt-C(2)K cor responds  to aJ= 7.8-8.2 Hz and the fragment  N(75H-C(8)H cor responds  to 

*The  f i r s t  and second l e t t e r s  show the regions of the real izat ion of the p a r a m e t e r s  ~ and • of the amino 
acid and hydroxy acid fragments;  the brace  placed above denotes an IMHB. 
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Fig. 11. Conformation of val inomycin in nonpolar  so l -  
vents: a) side view; b) view along the C~ axis.  
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Fig. 12. Conformation of val inomycin in solvents  of 
medium polari ty:  a) side view; b) view along the C s 
axis.  

~J= 6.2 Hz. In addition, i t  follows f rom a theore t ica l  conformat ional  analys is  that the coordinate  ¢1 for  the 
f r a g m e n t - D - V a l - L - L a c - o f f o r m A  2 can change within the range f rom 180 to 255 ° (® 60-135 °) and for the 
f ragment  - L - V a I - D - H y I v -  between 105 and 180 ° (O 135-60°). According to the s t e r eeehemiea l  dependence 
of the 3JNH-CH constant  that we have given p rev ious ly  [26, 32], the ranges  of dihedral angles given c o r -  
respond to constants  of 0-6 Hz, i .e . ,on the basis  of the resu l t s  of NMR spec t roscopy  the c o n f o r m e r s  of 
f o r m  A 2 a re  not dominating in solutions of nonpolar  solvents .  Conformations of type As, to which c o r r e -  
spond ~ p - V a l  105_180 ° and # L - V a l  180_255 o, i .e . ,O=0_60 o and 3 JNH-CH 0-9 g z  (3JNH_CH 7-9 Hz c o r -  
responding to the opt imum values of ~1), on the e ther  hand, a r e  in full ag reemen t  with the exper imenta l  
values  of 3JNH-CH.  

Consequently, the s t ruc tu re  mos t  suitable f rom the point of view of s h o r t - r a n g e  energ ies  is  not in 
fact  r ea l i zed  in solutions of nonpolar  solvents .  The reason  for  this cons is t s  in the appearance  in a cycl ic  

s t ruc tu re  of type [(p--r-- b--l)~] ef additional destabil izing in terac t ions  which mus t  in the f i r s t  p lace  in-  

clude the e l ec t ros ta t i c  repulsion of the six carbonyl  groups turned to the inside of the molecule .  In addi-  
tion, a definite role  is  apparent ly  played by the s t e r i c  in teract ion of the i sopropyl  groups of the valine r e s -  
idues which, in all the c o n f o r m e r s  of type A~, a re  d i rec ted  towards  the axis  of s y m m e t r y .  

Of the two remain ing  conformat ions ,  [ (r-~b --l--P')3] and [ ~ b - l  - i-]~)~ .], the second mus t  be r e -  

garded as l ess  l ikely because of destabi l izat ion (s imi lar  to the case  of [ (p '~ r - -  b~/')81) by the e l e c t r o -  

s ta t ic  in te rac t ions  of the th ree  carbonyl  groups or iented towards  the inside.  In addition, the format ion of 

the cyclic  s t ruc tu re  of val inomyein in the conformation [ (b- -  i-- l--P)3] requ i res  a more  substant ia l  de-  .__ 
elat ion of the coordinates  ¢ and ~I, f rom the opt imum values than in the case  of the conformat ion  

i (~ - -  b - z  '-L p)'3 .] 
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a) side view; b) view along the C 3 axis.  

Thus,  the dominating conformat ion of val inomycin in nonpolar  solvents  i s  a s t ruc tu re  of the type 

[ ( r - - /~ - - l - -  P)3 I with six e s t e r  carbonyl  groups d i rec ted  outwards,  which is  c h a r a c t e r i z e d  by the following 

coordina tes  • and ,I,: 

D-Val L-Lac L-Val D-Hytv 

cp 140 80 205 280 
110 220 250 150. 

In addition to this ,  the poss ib i l i ty  of the rea l iza t ion in smal l  amounts  of the conformat ion [ (b--  l ' - -  l - -  P)3 l 

which we have d iscussed  p rev ious ly  [17, 41] on the basis  of an analys is  of mo lecu la r  models ,  cannot be 
excluded. 

D-Val L-Lac L-Val D-Hylv 

qb 145 235 205 250 
tit 305 220 255 150 

The or ienta t ion of the l a te ra l  i sopropyl  groups with r e spec t  to the main depsipeptide chain was de- 
t e rmined  f r o m  the SJC~H_Cfl  H constants .  I t  was found that  in CC14 solutions the amino acid res idues  have 
the t r a n s  or ientat ion of the C~H and CfiH pro tons  [3JC(z)H_C(13)H=3ffC(8)H_C(15)H=10.0 Hz] and the hy-  

droxy acids have the gauche orientat ion [aJC(ll)H_C(16)H=2.9 Hz]. This  conclusion co r r e sponds  to the r e -  

sults  of the calculat ion of the opt imum conformat ions  of the individual f r agments  of val inomycin (see T a -  
bles  1 and 2). The conformat ion of val inomycin found i s  shown in Fig. 11. 

The dipole momen t  of the conformat ion  [ ( r ~ - - / ' - -  p)~ ] i s  0-0.7 D. The exper imenta l  value of the 

dipole momen t  (3.5 D in CC14) is  in good a g r e e m e n t  with the p r e sence  of ~ 70% of fo rm A and ~30% of f o r m  
B, which p o s s e s s e s  a high dipole momen t  (7-9 D, see below), in the equi l ibr ium mixture .  

F o r m  B of Valinomycin.  F o r m  B, s tabi l ized by only th ree  IMHBs between the CO groups  of the l ac -  
tic acid r e s idues  and the D-val inomycin  NH groups,  p o s s e s s e s  a f r e e r  s t ruc ture ,  which it  has  been poss ib le  
to de te rmine  by the s imul taneous  use  of NMR spec t roscopy  and theore t ica l  conformat ional  ana lys is .  I t  can 

be seen f rom Table  2 that  the N(7)H-C(8)H f ragment  in fo rm B mus t  adopt the gauche conformat ion ( b--  /) 

form) or the c i s  conformat ion ( form ' l - -  'p or  ' l - - ' l  ). 

The 3JN(7)H_C(8) H constants  of 7.6 Hz found for  f o r m  B (see above) show the rea l iza t ion  of the s e c -  

ond possibi l i ty ,  s ince the gauche r o t a m e t e r s  of the N H - C H  f ragments  a re  c h a r a c t e r i z e d  by low 3JNH_CH 
constants  (<6 Hz). On the bas i s  of the 3JN(I)H_C(2) H constant  of 10.1 Hz, in the D-val ine  res idues  the NH 

and Ca l l  pro tons  have the t r a n s  orientat ion,  which co r re sponds  to ¢~ ~300 °, i .e ; , the  Z and p conformat ions .  
The rea l iza t ion  of any of these  f o r m s  was also to be expected on the basis  of the ca lcula ted  f igures ,  s ince 
the deepest  and widest  potential  depress ions  in the cor responding  conformat ional  char t  co r r e spond  to them 
(see Fig. 8). So far  as concerns  the L - l ac t i c  acid res idue ,  for  it  no a p r i o r i  choice can be made  between 
the b, r, n, and s conformat ions .  Conformational  analys is  shows that among all the poss ib le  combinat ions 
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Fig. 14. ORD curves  of complexes  of val inomycin with a I -  
ka l i -me ta l  cations: 1) ethanol + KC1; 9.) ethanol + RbC1; 
3) e thanoI+CsCI;  4) t r i f iuoroethanoI+KC1; 5 )ace ton i t r i l e+  
CI~I-IzsSO3K; 6) hep t ane -e thano l  (3 : 1) +KCI; 7) ch lo ro-  
f o r m - a c e t e n i t r i l e  (1: 1); 8) c h l o r o f o r m - a c e t o n i t r i l e  
(1 : 1) + 5-20 equiv, of KSCN; 9) c h l o r o f o r m - a c e t o n i t r i l e  
(1 : 1) + 5 equiv, of NaSCN; 10) e h l o r o f o r m - a c e t o n i t r i l e  
(1 : 1) + 9.0 equiv, of NaSCN. 
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of the pe rmi t t ed  f o r m s  of the individual f r ag -  
ments  l i s ted above the cycl izat ion condition is  
sa t i s f ied  by only two s t ruc tu r e s  of fo rm B, which 
a r e  shown in Figs.  12 and 13, and belong to the 

types  [ (p - - r - - l - - lh  I and [ ( l--b-- l--p)~ l: 

D-Val L-Lac L-Val D-Hylv 

{ ¢ 300 125 230 250 
pr l l Ye" 50 170 190 210 

~p 300 120 230 280 
lb l p t ~ 265 300 246 140 

According to an analys is  of the f r agmen t s  of 
val inomycin,  the two f o r m s  have equal energ ies ,  

but in the f i r s t  case  the c losure  of the cycl ic  s t ruc tu re  r equ i re s  a somewhat  g r e a t e r  deviation of the co-  
ordinates  • and • f rom the opt imum values  than for  the second form.  Moreover ,  attention is  a t t r ac ted  by 
the substant ia l ly  differing dipole momen t s  of these  two forms:  1.5-3.5 D for  the f i r s t  and 7-9 D for  the 
second. Of these,  only the second value sa t i s f i e s  the dipole moment  of 3.5 D found exper imenta l ly  for  a 
solution of val in0mycin in CC14 (equil ibrium mix ture  of N 70% of fo rm A and ~ 30% of f o r m  B), i f  the smal l  
dipole momen t  of f o r m  A (0-0.7 D) is  taken into account.  I t  was poss ib le  to make  a final choice between 

s t ruc tu re s  [ ( p - r - - l - -  l)~l and i ( / - - b - - l - -  Ph I by compar ing  the fea tu res  of the i r  conformat ions  with the 

NMR spec t ra .  I t  can be seen f rom a considerat ion of mo lecu la r  models  that in the conformat ion [ ( p - - r -  

/ -  l')~ ] the i sopropyl  groups of the L-va l ine  res idues  a r e  or iented  within the molecule  and a re  spat ia l ly  

close,  while in the s t r u c t u r e  [ ( l - b - i - ~  ph ], on the other  hand, the D-val ine  side groups a r e  c lose  (see 

Figs .  12 and 13). Since, in the NMR spec t ra  of fo rm B, spat ia l  hindrance of the D-val ine  i sopropyl  groups  
forced  in CC14-(CD~)zSO (3 : 1) solution to adopt the gauche conformat ion [~Jc(2)H_C(~)H=4.6 Hz] can be 

c l ea r ly  seen, and the pro tons  of the C~H-Cf iH  f r agmen t s  in the L-va l ine  res idues  occupy the t r ans  confor -  
mation that  i s  m o s t  favorable  f rom the point of view of sho r t - r ange  in terac t ions  [~JC(8) H _  C(ts)H = 9.8 Hz], 

a s t ruc tu re  of type [ ( l - -b - - l - -  P)3 ] may  be r ega rded  as p roved  for  f o r m  B. 
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Fig. 16. NMR spec t r a  of val inomycin (E), i t s  K + complex 
(A), and the equi l ibr ium mix tu re s  in CHaCN at  var ious  
m o l a r  r a t ios  of val inomycin and KSCN. B) 1 : 0.73; 
C) 1:0.43;  D) 1 :0 .14.  

In the p roposed  s t ruc tu re  i t  i s  poss ib le  to sepa ra t e  the hydrophobic "nucleus" f o rmed  by the aliphatic 
side groups of the D-val ine  and lact ic  acid res idues  around which the depsipeptide chain with i t s  po la r  
groups is a r ranged .  Under these  c i r cums tances ,  the depsipeptide r ings  s tabi l ized by IMHBs a re  located 
on the p e r i p h e r y  of the molecule ,  impar t ing  to fo rm B an external  s imi l a r i ty  to the "p rope l l e r "  con fo rma-  
tion of the t r i s a l i cy l ides  [42]. 

On the basis  of the NMR spec t r a  of val inomycin in (CDa)2SO solution, U r r y  and Ohnishi [34, 35] p r o -  

posed  a "pore"  s t ruc tu re  for  val inomycin ex terna l ly  r e sembl ing  the [ ( l - - b -  l'--P)8 ]conformat ion but 

sharp ly  differ ing f rom it  by the or ientat ion of the carbonyl  groups and l a te ra l  subst i tuents .  In our opinion, 

this  s t ruc tu re ,  apparent ly  belonging to the [(b--r--rp - 6)a ] type,  i s  unlikely since i t  p o s s e s s e s  an ex t r eme ly  

high energy,  F u r t h e r m o r e ,  a type b conformat ion of the D-val ine  res idues  with i t s  c is  orientat ion of the 
N(DH-C(~)H protons  cont radic ts  the constant  sJN(t)H_C(2)H= 10.1 Hz that  we have found for fo rm B. 

F o r m  C of val inomycin,  containing no IMHBs, poss ib ly  has  no fixed s t ruc tu re  and cons is t s  of an equi- 
l ib r ium mix tu re  of a l a rge  number  of c o n f o r m e r s  of s im i l a r  energ ies .  This is  indicated, in par t i cu la r ,  by 
the cons iderab le  lowering of the in tensi ty  of the Cotton effects  in the ORD curves  of val inomycin on pass ing  
to po la r  solvents  (curves  5 and 6 in Fig. 2). 

On the basis  of the pr inciple  of the m a x i m u m  hydrophobic in teract ions ,  Warner  p roposed  for  val ino-  
mycin  in aqueous solutions a pecu l i a r  conformat ion in which the re  i s  a m a r k e d  separa t ion  of the hydro-  
phobic and polar  p a r t s  of the molecule  [43]. Since no other  nonvalent in te rac t ions  were  taken into account 
(not to mention exper imenta l  resul ts ) ,  W a r n e r ' s  pure ly  speculat ive s t ruc ture  appea r s  unlikely. 

I I .  C o n f o r m a t i o n s  o f  C o m p l e x e s  o f  V a l i n o m y c i n  

w i t h  A l k a l i - M e t a l  C a t i o n s  

An impor tan t  pa r t  of our work cons is t s  of the r e su l t s  of an invest igat ion of complexes  of val inomycin 
with va r ious  a lka l i -me ta l  cat ions,  since the i r  format ion  i s  a n e c e s s a r y  condition for the functioning of 
val inomycin in ar t i f ic ia l  and biological m e m b r a n e s .  As an ins t rument  for  the study of biochemical  p r o c -  
e s se s ,  va l inomycin  is m o s t  f requent ly  used for  the se lec t ive  induction of the po t a s s ium pe rmeab i l i t y  of 
biological  m e m b r a n e s .  Consequently,  we studied the K + complex of val inomycin in mos t  detail.  

K + Complex of Valinomycin.  The ORD curves  of the K + complex differ  substant ia l ly  f rom the cu rves  
of the f ree  antibiotic,  v a r y  only slightly with a change of solvent [CFaCH2OH , CHaCN , EtOH, EtOH-CTHtG 
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Fig. 17. N ~ R  spectrum of the t( + complex of valinomycin in 
CCI4-CH~CN {1 : 1) and the region of the'NH signals of the 
complexes with Na +, K +, and Cs +. 

(1 : 1) (Fig. 14)], and do not depend on the nature  of the anion (F ~, CI-, B r - ,  NOa-, NCS-, C12H25SO3-). It 
follows f rom this that in contras t  to f ree  valinomyein the conformation of the K + complex is  cha rac te r i zed  
by considerable  rigidity. 

In the IR spect ra  of valinomycin taken in CHC1 a solution sa tura ted  with potass ium dodeeyl sulfate, 
the amide I region does not differ  appreciably f rom that in pure  CHCI 3, the band at 3395 cm - i  disappears,  
and the band of the s t re tching vibrat ions of the e s t e r  carbonyl groups shifts in the long-wave direct ion by 
16 cm -1, with a simultaneous contraction (Fig. 15). Similar  IR spect ra  of the K + complex are  obtained in 
CCI4-CH3CN (2: 1) (see Fig. 20). These resu l t s  indicate the absence of conformations of type B wi th three  
IMHBs in a solution of the complex and a shift in the conformational  equil ibrium in the direction of the 
bracele t  conformation of type A in which all the e s t e r  groups take par t  in i on -d ipo le  interact ion with the 
cation. 

The N'MR spec t ra  of the K + complex of valinomycin in CH3OH (CD3OD), CH3CN, and CCI4-CH3CN 
(1 : 1) a re  ex t r eme ly  s imi la r  to one another  and differ  substantially f rom the spect ra  of the f ree  antibiotic 
in the same solvents (Figs. 16 and 17; Table 3). The chemical  shift of the signals f rom the NH protons 
sca rce ly  changes when solutions in CH3OH and CCI~-CH~CN (1: 1) a re  heated, which shows the retention of 
the bracele t  sys tem of IMHBs in these solvents.  The cooling t o - 9 5 ° C  of solutions of the K + complex in 
CS z -  CDCI3-CH3OH (1: 1: 1) does not lead to any appreciable change in the nature  of the spec t ra  (apart  
f rom the normal  equil ibrium broadening of all the signals), which shows the symmet ry  of the complex con- 
formation and the absence of appreciable amounts of any other  conformations apart  f rom the dominating 
one in solution. It i s  important  that the aJN(1)H_C(2) H constants of the K + complex are  the same in all the 

solutions studied and are  prac t ica l ly  independent of the solvent, varying only between 5.2 and 5.6 Hz. Such 
values of the constants cor respond to the gauche orientation of the NH and Cal l  protons.  

A compar ison of the exper imental  resu l t s  with those of the conformational  analysis  of form A (see 
Table 6) leads to the conclusion that in the formation of the complexes the valinomycin must  occupy a con-  

formation of type [(b-- l --  p--  r)3] or  ! ~  r - -b- -  i)~] , since only in these two forms  is  the gauche or ien ta-  

tion of the protons  in all the N H -  CH f ragments  rea l ized  (¢ ~ 120 ° for  the L-val ine  res idues  and ~ 240 ° fo r  
those of D-valine) and all the e s t e r  carbonyl  groups are  oriented within the molecule,  thereby  ensuring 
an effective i on -d ipo l e  interact ion with the cation located in i ts  center .  A comparison of the energies  of 

these two forms  shows that the [(p--  r -  b - / ) ¢ ]  conformation is  more  favorable (by ~ 28 kca l /mole ,  see 

Table 6) than the [( 6-- l --  p--r)~ ] form,  which pe rmi t s  the i( b - - [ - -  p --'r)3} form to be excluded f rom fur -  

ther  considerat ion and the s t ruc ture  shown in Fig. 18 to be regarded  as proved for the K + complex of 
valinomycin in solutions. To it  cor respond  the following coordinates  ¢ and ~: 

D-Val L-Lac L-Val D-Hylv 

(P 240 110 120 255 
60 180 300 200 
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Fig. 18. Conformation of the K + complex of valino- 
mycin: a) side view; b) view along the C 3 axis. 
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Fig. 19. Nature of the conformational  equil ibrium of valino- 
mycin in the p resence  of potass ium salts.  

As in form A of f ree  valinomycin,  the side chains of the valine res idues  in the K + complex occupy 
the t rans  conformation (3Jc~H_Cfl  H = 10.7-11.0 Hz), and those in the hydroxy acid res idues  occupy the 
gauche conformation (3Jc~ H_  CfiH = 3.6-3.8 Hz). 

A s imi la r  s t ruc tu re  without the p a r a m e t e r s  ~ and • being given* has been proposed for the I( + com-  
plex of valinomyein by Ur ry  and Olmishi [35, 44] on the basis of the small  t empera tu re  gradients  of the 
chemical  shifts of the NH protons in CH3OH solution and the assumption of an interact ion of all the e s t e r  

g r o u p s  with the centra l  cation. The choice between the conformations of types [( b - - l - -  p- -  ;)3] and 

[(P--~-~-- b-- /)3 ] was made as a resul t  of the assumption of the existence of an analogy (even though an ex-  

t r e m e l y  remote  one) between the marginal  sect ions of the antiparal lel  fi s t ruc tures  found in prote ins  [45] 
with the IMHB-stabi l ized f ragments  of the depsipeptide chain of valinomycin. The authors  mentioned also 

cons idered  that the [(p-- r - -  ~-- l)3] s t ruc ture  had been found in an x - r a y  s t ructura l  analysis  of the c r y s -  

tall ine complex val inomycin-  KAuCI 4 [4]. 

Thus, r ega rd les s  of the nature  of the solvent, in the formation of complexes with K + valinomycin oc- 
cupies a r igid conformation in which the e s t e r  carbonyl  groups form a cavity with a d iameter  of 2.7-3.2 i .  
At the same t ime,  while in the absence of cat ions, this  conformation, which is  most  favorable f rom thepoint  
of view of nonvalent in teract ions ,  is  destabilized, as was shown above, by the e lec t ros ta t ic  interact ion of 
the spatial ly adjacent oxygen atoms; in the s t ruc tu re  of the complex the p resence  of the posit ive charge in 
the cen te r  of the cavity not only e l iminates  the e lec t ros ta t ic  repulsion but is  a posit ive stabilizing factor.  

A cha rac te r i s t i c  feature  of complex formation is the effective screening of the centra l  cation by the 
e s t e r  groups,  the IMHB system,  and the overhanging isopropyl  groups of the valine residues~f ; the side 
groups of the hydroxy acid res idues  p ro jec t  f rom the outside of the "bracele t" ,  screening the IMHB sys tem 

• In a review [35], Ur ry  e r roneous ly  ascr ibed  to the N H - C a l l  f ragments  of the K + complex of valinomycin 
a dihedral  angle ® of N30 °, corresponding to ~1~ 150 and ¢3 ~210. 
t The s te r ie  hindrance ar is ing  under these  conditions, which can be well seen f rom a considerat ion of mo-  

lecular  models ,  se rved  as a basis for  the hypothesis of the p r e f e r r e d n a t u r e  ofthe conformation [b--l--p--r)3 l 
expres sed  in our e a r l i e r  papers  [17, 41]. 
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Fig. 20. IR spect ra  of valinomycin (1) and i ts  complexes  with Na + 
(2), K + (3), Rb + (4), and Cs + (5) in CC14-CH3CN (2 : 1). 

Fig. 21. Schematic i l lustrat ion of the com-  
plexes of valinomyein with Na + and Cs +. 

f rom the action of the solvent (see Fig. 18). The l ipo- 
philic nature  of the molecular  surface  of the complex 
cation explains the high solubility of the complex in neu-  
t ra l  organic solvents and, apparently,  is  ex t remely  im-  
portant  for  the functioning of valinomyein in membranes  
(see [17]). 

From a comparison of the conformations of free 
valinomycin and its complex it can be seen that complex 
formation is accompanied by serious conformational re- 
arrangements of the depsipeptide chain. In this respect, 
attention is attracted in the first place by the opposite 

orientation of the ester carbonyl groups in form A of free valinomycin ("all external") and in the complex 
("all internal"). Furthermore, the opposite chiraliries of the system of amide groupings and IMHBs in the 

"nonpolar" conformation of valinomycin [[( r - -  b -  l--  p)3], type A1] and in the complex [ [(p--~---~-- b.--l)~], 

type A 2] must  be noted. The mutual t ransi t ion of these two forms iS not possible without the rupture  of at 
leas t  th ree  IMHBs. Consequently, form B (Fig. 19) is  apparently an in termedia te  stage in the formation of 
the complexes  in nonpolar media.  It is  not excluded that the comparat ively  low ra te  of migrat ion of potas-  
sium between valinomycin molecules , leading to a considerable broadening of the signals of the NMR spec-  
t r a  under the conditions of incomplete complex formation observed by Haynes, Kowalsky, and P r e s s m a n  
[46],is par t ia l ly  connected with the energy b a r r i e r s  of these conformational  r ea r r angemen t s  (see also 
Fig. 16). 

Complexes of Valinomycin with Na +, Rb +, and Cs +. Interes t ing resu l t s  have been obtained in a study 
of the interact ion of valinomycin with sodium, rubidium, and ces ium salts.  We have shown previously  [17, 
18] that valinomycin sca rce ly  inc reases  the ohmic res i s tance  of ethanolic solutions of sodium chloride.  
The absence of complex formation with Na + in ethanol also followed f rom measuremen t s  of the ORD curves,  
since the curves  in ethanol and a 2.1 M solution of NaCl in ethanol (40-fold excess  of salt) do not differ  
significantly. These resu l t s  co r re l a t e  well with the absence of any effect  whatever  in the action of valino- 
mycin on model phospholipid membranes  in the p resence  of sodium salts .  However, it  has recent ly  been 
shown that under definite conditions valinomyein is  capable of inducing the t r an s f e r  of sodium ions into an 
organic phase [7] and the i r  extract ion f rom phospholipid mice l les  [16], which suggested the possible fo r -  
marion of complexes with Na + in nonpolar media.  In actual fact, the ORD curves  of valinomycin in CH3CN- 
CHC13 (1 : 1) containing a 20-fold excess  of sodium thioeyanate undergo a considerable  reduction in intensi ty 
as compared  with the pure solvent and approximate to the curve  of the K + complex, which indicates an in-  
terac t ion with Na + (see Fig. 14). 

The NMR spec t ra  of valinomycin in CCI 4 -  CH3CN (1: 1) sa turated with sodium thiocyanate not only 
enable the formation of an Na + complex to be establ ished f rom the change in the p a r a m e t e r s  of the spec-  
t rum as compared  with f ree  valinomycin but also demonstra te  that the Na + and K + complexes  have s imi la r  
s t ruc tures .  This is  shown in the f i r s t  place by the weak dependence of the chemical  shifts of the NH sig- 
nals on the t empera tu re  (A6/AT = 0 .9 .10 -~ p p m / d e g  for both NH signals), ref lect ing the retention of the 
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TABLE 7. Influence of the Dimensions  of the Cations on the 
Stabili ty of The i r  Complexes  with Valinomycin 

Cation Na + K + l~b + Cs+ 

Radius, 
Desolvation energy [47] (EtOH, 28~C, 

kcal/rnole) 
Stability constant of the complex (K • 10-5 

liter/mole, EtOH, 25"C) [48] 
Free energy of complex.-fo~mation 

(--AF=RTln K, k'cal/mole) 

0,98 

89,0 

<0,001 

<2,7 

1 33 

72,5 

20 

8,6 

1,48 

66,5 

26 

8,8 

1,65 

58,5 

6,5 

7,9 

b race le t  s y s t e m  of IMHBs in the Na + complex.* In addition to this ,  attention is  a t t r ac ted  by the lowering 
of the 3 JNH-CH constants  f rom 8.6 and 8.0 Hz in CCI4-CH3CN (1: 1) to 6.0 Hz when val inomycin r eac t s  
with Na + (see Fig. 17). Since one cannot exclude the poss ib i l i ty  of incomple te  complex format ion  under  
the exper imen ta l  conditions, the t rue  3JNH_CH constants  of the Na + complex may  be sti l l  lower,  i .e . ,  
p r ac t i ca l l y  coincident with the cor responding  constants  of the K + complex in the s ame  solvent  (5.4 and 5.5 
Hz). 

The fo rmat ion  of a Na + complex of val inomycin is  also shown in the IR spec t ra  taken in CHsCN-CC14 
(1 : 25 solution. Under these  conditions the mos t  cha r ac t e r i s t i c  regions  a re  those of the s t re tch ing  v i b r a -  
t ions of the e s t e r  C=O and C - O  groups  (Fig. 205. F o r  example ,  in the format ion  of complexes  with K +, 
the band at 1755 c m  -1, both in CC14 and CHC13 solutions,  i s  shif ted in the low-f requency  direct ion to 1739 
cm -1 and the band at 1184 cm -1 in the h igh- f requency  direct ion to 1195 cm -1. The opposite na ture  of these  
shif ts  a g r e e s  well  with the par t ic ipat ion  of the e s t e r  groups in an i o n - d i p o l e  in teract ion in which the length 
of the C = O double bond mus t  i nc r ea se  somewhat  and, in contras t ,  that of the ord inary  C -  O bond mus t  de-  
c r e a s e .  The addition of a 20-fold excess  of NaSCN to a solution of val inomycin is  a lso  accompanied  by a 
shift  in f requency f rom 1184 to 1196 cm -1. The band at 1755 cm - i  not only shifts  by ,~ 9 c m  -1 but also be-  
comes  a s y m m e t r i c a l ,  which shows the nonequivalence of the e s t e r  groups in the Na + complex.  The m o s t  
probable  explanation of this  fact  i s  that  in view of i t s  smal l  s ize  the sodium cation i s  shifted f r o m  the cen-  
t e r  of the in terna l  cavi ty  of val inomycin to i t s  edges,  the reby  c rea t ing  the conditions for  i o n - d i p o l e  i n t e r -  
act ions of different  eff ic iencies  with the d i f ferent  e s t e r  groups (Fig. 215. 

The complexes  of val inomycin with Rb + and Cs + are  e x t r e m e l y  s im i l a r  in s t ruc tu re  to the po ta s s ium 
complex,  as  follows f rom the s imi l a r i t y  of the ORD curves  (see Fig. 145 and the c loseness  of the 3 JNH-CH 
constants  (see  Table  4 and Fig. 17). In addition to this ,  the complexes  with Rb + and Cs + have the i r  indi-  
vidual fea tures ,  which a r e  c l ea r ly  shown in the IR spec t ra  (see Fig. 205 and NMR spec t ra .  Thus, the c o m -  
plex with Rb + exhibits  a smal l  shor t -wave  shift  of the band of the s t re tching v ibra t ions  of the NH groups 
(by 9 cm- l )  and a lowering of i t s  intensity,  which shows an i n c r e a s e  in the O...N distance and a reduction 
in the ene rgy  of the IMHBs.  The tendency to the weakening of the IMHB s y s t e m  with an i nc rea se  in d imen-  
sions of the cation is  shown pa r t i cu l a r l y  c l e a r l y  in the complex of val inomycin with Cs + (Av 23 cm-1),  since 
in this  case  the d imensions  of the cation (d=3.3 /k) a l ready  exceed the "normal  n d imensions  of the in ternal  
cavi ty  of val inomycin  (2.7-3.2 A). Apparent ly,  the weakening of the I1VIHB s y s t e m  also explains the upfield 
d i sp lacement  of the chemica l  shifts  of the NH protons  in the ces ium complex  as compa red  with the po t a s -  
s ium complex  obse rved  by Amer i can  authors  [46] in CHC13 solutions.  

Since the d imensions  of the in ternal  cavi ty  of val inomycin in "eomplexn conformat ion a re  sufficient 
for  the inse r t ion  of Na + and K + into i t  without any s t e r i c  s t ra in  whatever ,  i t  i s  not su rp r i s ing  that the f ree  
e n e r g i e s  of complex  format ion  and the s tabi l i ty  constants  of the complexes  c o r r e l a t e  well with the so lva-  
tion energ ies  of the ions (Table 7). A slight i nc r ea se  in the s tabi l i ty  of the complexes  with Rb + and a de-  
c r e a s e  in the s tabi l i ty  of those with Cs + a r e  explained by the appearance  of s t e r i c  hindrance in the i n t e r -  
action of voluminous cat ions with the fixed octahedral  sy s t em of carbonyl  oxygen a toms.  

Thus, in the course  of the p r e s e n t  invest igat ion We have es tab l i shed  the conformat ional  s ta tes  of 
val inomyein in different  media  and on complex format ion  with a lka l i -me ta l  cations.  Fo r  this  purpose  we 
used a methodological  device not p rev ious ly  used for  the study of peptide sys t ems  and consis t ing of the s imul -  
taneous applicat ion of a broad select ion of phys icochemica l  methods in combination with theore t ica l  con-  
format ional  analys is .  

* The values  of A 6 / A T  in the s ame  solvent  for f r ee  val inomycin a re  4.0 • 10 -3 and 4.2 • 10 -3 p p m / d e g  and 
for  the K + complex 1.5 • 10 -~ and 1.8 • 10 -3 p p m / d e g .  
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Firs t ,  by spectroscopic  methods, the existence of a conformational  equil ibrium was established, i ts  
nature  was determined,  and the system of IMHBs was localized for  each of the dominating forms.  Thenthe  
most  suitable fo rms  of the antibiotic were  determined by calculating the energies  of the various conforma-  
tions of the IMHB-stabil ized f ragments  of valinomycin, the choice between these being made by a compar -  
ison of the dipole moments  and 3JNH_CH constants calculated for them with the experimental  values. 

In nonpolar  solvents,  valinomyein adopts a charac te r i s t i c  "brace le t"  conformation stabil ized by six 
IMHBs of the 4 ~ 1 type with all the e s t e r  carbonyl groups di rected away f rom the cen te r  of the molecule.  
In solvents of medium polari ty,  a "prope l le r"  conformation is  rea l ized  in which three  t en -membered  r ings 
stabi l ized by IMHBs are  grouped around a hydrophobie nucleus. Passage  to polar  solvents leads to the 
breakage of the IMHBs, as a resul t  of which a large number  of forms of s imi la r  energies  begin to pa r t i c i -  
pate in the conformational  equilibrium. 

A distinctive feature  of the complexes of valinomycin with alkal i -metal  cations is the existence of an 
internal  cavity with a d iameter  of 2.7-3.3 A in which the cation is  re ta ined by ion -d ipo le  in teract ions  with 
the oxygen atoms of the inwardly turned carbonyl groups. Under these conditions, the cation is effect ively 
sc reened  f rom interact ion with the solvent and with the anion by the side groups of the amino acid and hy- 
droxy acid res idues  and by the "brace le t"  sys tem of IMHBs. An important  p rope r ty  of the valinomycin 
complexes is the hydrophobic nature of the i r  molecular  surface,  leading to a high solubility of the com-  
plexes in neutra l  organic solvents.  In the complexes  with K +, Rb +, and Cs +, the cation is  located in the 
center  of the cavity, but on reaction with Na +, in view of i ts small  size,  the cation is  displaced f rom the 
center  of the cavity to i ts edges. The inc rease  in the size of the cation on passing f rom K + to Rb + and Cs + 
is accompanied by an increase  in the d iameter  of the internal  cavity through an elongation of the H bonds 
and a lowering of the i r  energy. 

The resu l t s  obtained show the high sensi t ivi ty of the spatial s t ruc ture  of valinomycin to the external  
conditions and enable the causes  of the unique efficiency and specif ici ty of i ts  complex formation to be un- 
derstood. The resul ts  of this work may be regarded  as basic for  a study of the molecular  mechanism of 
the biological action of valinomyein. Fu r the rmore ,  they pe rmi t  the d i rec ted  sea rch  for new analogs of 
valinomyein with given p roper t i e s  to be approached on a qualitatively new level.  

LITERATURE CITED 

i. H. Brockmann and G. Sehmidt-Kastner, Chem. Ber., 88, 57 (1955). 
2. M.M. Shemyakin, N. A. Aldanova, E. I. Vinogradova, and IVL Yu. Feigina, Tetrahedron Lett., 1963, 

1921. 
3. M.M. Shemyakin, N. A. Aldanova, E. I. Vinogradova, and M. Yu. Feigina, Izv. Akad. Nauk SSSR, Ser. 

Khim., 1966, 2143. 

4. B.C. Pressman, Prec. Nat. Aead. Sci., U. S., 53, 1076 (1965). 
5. C. Moore and B. C. Pressman, Biochem. Biophys. Res. Comman., 15, 562 (1964); R. S. Coekrell, 

E. J. Harris, and B. C. Pressman, Bioehem., 5, 2326 (1966); E. J. Harris and B. C. Pressman, Bio- 
chem.,  6, 1360 (1967); M. Fang and H. Rasmussen,  Biochim. Biophys. Acta, 153, 88 (1968); P. Mitchell 
and J. Mayle, European J. Bioehem.,  7, 471 (1969); E. A. Liberman and V. P. Skulachev, Bioehim. 
Biophys. Aeta, 216, 30 (1970). 

6. P . J . F .  Henderson, J. B. MeGivan, and I. B. Chappell, Biochem. J., 111, 521 (1969). 
7. V . T .  Ivanov and A. M. Shkrob, FEBS Left. ,  10, 285 (1970). 
8. E . J .  Ha r r i s  and B. C. P ressman ,  Nature, 216., 918 (1967). 
9. D . C .  Tosteson,  Federat ion P rec . ,  2_.~7, 1269 (1968). 

10. D .C .  Tosteson,  T. E. Andreoli,  M. Tieffenberg,  and P. Cook, J. Gen. Physiol . ,  51, 373 S (1968). 
11. St. I. D. Karl ish and M. Avron, FEBS Lett. ,  1, 21 (1968); N. Shavit, H. Degani, and A. San Pier re ,  

Biochim. Biophys. Acta, 216, 208 (1970). 
12. F . M .  Harold and J. R. Baarda,  J. Bacter io l . ,  94, 53 (1967); C. Levinson, Nature, 216, 74 (1967); 

J. B. Jackson, A. R. Crofts ,  and L. V. van Stedingk, European J. Bioehem.,  6, 41 (1968); J. N. Fain, 
Mol. Pharmaeol . ,  4, 349 (1968); J. F. Kuo and I. K. Dill, Biochem. Biophys. Res.  Commun., 3.._22, 333 
(1968); E. E. Gordon and M. de Hartog, Bioehim. Biophys. Aeta, 1.62, 220 (196'8); H. R. Wyssbrod, 
Biochim. Biophys. Acta, 193, 361 (1969). 

13. A .A.  Lev and E. P. Buzhinskii, Tsitologiya, 9, 102 (1967); T. Andreoli,  M. Tieffenberg,  and D. C. 
Tosteson,  J. Gen. Physiol . ,  50, 2527 (1967); P. Mueller  and D. O. Rudin, Biochem. Biophys. Res.  

234 



Commun., 26,398 (1967); E. A. Liberman and V. P. Topaly, Biochim. Biophys. Acta, 163, 125 (1968); 
V. A. Gotlib, E. P. Buzhinskii, and A. A. Lev, Biofizika, 13, 562 (1968); E. A. Liberman, Biofizika, 
15, 278 (1970); E. A. Liberman, L. A. Pronevich, and V. P. Topali, Biofizika, 1__5,612 (1970). 

14. M. Pinkerton, L. L. Steinrauf, and P. L. Dawkins, Biochem. Biophys. Res. Commun., 35, 512 (1969). 
15. S.M. Johnson and A. D. Bangham, Biochim. Biophys. Aeta, 193, 82 (1969). 
16. L . I .  Barsukov, A. M. Shkrob, and L. D. Bergel'son, Biofizika, 1_.66, No. 6 (1971). 
17. M.M. Shemyakin, Yu. A. Ovchinnikov, V. T. Ivanov, V. K. Antonov, E. I. Vinogradova, A. M. Shkrob, 

G. G. Malenkov, A. V. Evstratov, I. A. Laine, E. I. Melnik, and I. D. Ryabova, J. Membrane Biol., 1, 
402 (1969). 

18. M.M. Shemyakin, Yu. A. Ovchinnikov, V. T. Ivanov, V. K. Antonov, A. M. Shkrob, I. I. Mikhaleva, 
A. V. Evstratov, and G. G. Malenkov, Bioehem. Biophys. Res. Commun., 2__99, 834 (1967). 

19. M.M. Shemyakin, V. K:Antonov, L. D. Bergelson, V. T. Ivanov, G. G. Malenkov, Yu. A. Ovchinnikov, 
and A. M. Shkrob, in: The Molecular Basis of Membrane Function (editor D. C. Tosteson), Prentice 
Hall, Inc., Englewood Cliffs (1969), p. 173. 

20. J .C .  MacDonald and G. P. Slater, Canad. J. Biochem., 4_6, 573 (1968); G. M. Smirnova, I. M.Blinova, 
T. A. Koloditskaya, and A. S. Khokhlov, Anlibiotiki, 5, 387 (1970). 

21. G. Hedestrand, Z. Phys. Chem., B2, 428 (1929). 
22. E .M.  Popov, V. Z. Pletnev, G. M. Lipkind, and S. F. Arkhipova, Khim Prirodn. Soedin., 7, 191 (1971). 
23. J . T .  Edsall, P. J. Flory, J. C. Kendrew, A. M. Liquori, G. Nemethy, G. N. Ramachandran, and H. A. 

Scheraga, J. Mol. Biol., 1_5, 399 (1966); J. Biol. Chem., 241, 1004 (1966); Biopolymers, 4, 121 (1966). 
24. E .M.  Popov and V. Z. Pletnev, Izv. Akad, Nauk SSSR, Ser. Khim., 1970, 991. 
25. E.M. Popov, V. Z. Pletnev, G. M. Lipkind, and S. F. Arkhipova, Izv. Akad. Nauk SSSR, Ser. Khim., 

1971, No. 4. 
26. V . F .  Bystrov, S. L. Portnova, V. I. Tsetlin, V. T. Ivanov, and Yu. A. Ovchinnikov, Tetrahedron, 2__5, 

493 (1969). 
27. V .T .  Ivanov, I. A. Laine, I. D. Ryabova, and Yu. A. Ovchimlikov, Khim. Prirodn. Soedin., 6, 744 

(1970). 
28. J . F .  ~ i e rcy  and S. V. Subrahmanyam, J. Chem. Phys., 4__2, 1475 (1965); S. V. Subrahmanyam and 

J. F. Piercy, J. Acoust. Soc. Amer., 37, 340 (1965); R. E. Diekerson, Nature, 208, 39 (1966); J. F. 
Yan, G. Vanderkooi, and H. A. Scheraga, J. Chem. Phys., 4_.~9, 2713 (1968); J. P. Lowe, Progr. Phys. 
Org. Chem., 6, 1 (1968); G. N. Ramachandran and V. Sasisekharan, Advan. Protein Chem., 23, 283 
(1968); W. E. Stewart and T. H. Siddall 17I, Chem. Rev., 70,517 (1970); O. Buchardt, P. L. Kumler, 
and C. Lohse, Acta Chem. Scand., 23, 1155 (1969); B. Maigret, B. Pullman, and M. Dreyfus, J. Theor. 
Biol., 26, 321 (1970); T. Drakenberg and S. Forsen, J. Phys. Chem., 7__4, 1 (1970); A. S. N. Murthy, 
K. G. Rao, and C. R. Rao, J. Amer. Chem. Soc., 92, 3544 (1970). 

29. Yu. A. Ovchinnikov, V. T. Ivanov, A. V. Evstratov, V. F. Bystrov, N. D. Abdullaev, E. M. Popov, 
G. M. Lipkind, S. F. Arkhipova, E. S. Efremov, and M. M. Shemyakin, Biochem. Biophys. Res. Com- 
mun., 3-7, 668 (1969). 

30. E.M. Popov, V. Z. Pletnev, A. V. Evstratov, V. T. Ivanov, and Yu. A. Ovchinnikov, Khim. Prirodn. 
Soedin., 6, 616 (1970). 

31. S.L. Portnova, T. A. Balashova, V. F. Bystrov, V. V. Shilin, Ya. Bernat, V. T. Ivanov, and Yu. A. 
Ovchinnikov, Khim. Prirodn. Soedin., 7, 323 (1971) [in this issue]. 

32. V . F .  Bystrov, S. L. Portnova, T. A. Balashova, V. I. Tsetlin, V. T. Ivanov, P. V. Kostetskii, and 
Yu. A. Ovchinnikov, Tetrahedron Lett., 1969, 5283. 

33. V.T.  Ivanov, L. B. Senyavina, E. S. Efremov, V. V. Shilin, and Yu. A. Ovchinnikov, Khim. Prirodn. 
Soedin.,_7, 347 (1971). 

34. M. Ohnishi and D. W. Urry, Biochem. Biophys. Res. Commun., 3-6, 194 (1969). 
35. D.W. Urry, Spectroscopic Approaches to Biomolecular Conformation, American Medical Associa- 

tion, Chicago (1970), p. 63. 
36. D.A. Ramsay, J. Amer. Chem. Soc., 74, 72 (1952). 
37. B. Wilson and A. J. Wells, J. Chem. Phys., 1-4, 578 (1946); V. N. Smirnov, Vestn. Mosk. Univ., 1959, 

No. 1, 61. 
38. R. Huisgen and H. Ott, Tetrahedron, 6, 2531 (1959). 
39. E.M. Popov, G. M. Lipkind, V. Z. Pletnev, and S. F. Arkhipova, Khim. Prirodn. Soedin., _7, 184 

(1971). 
40. E.M. Popov, V. Z. Pletnev, S. L. Portnova, P. V. Kostetskii, V. T. Ivanov, and Yu. A. Ovchinnikov, 

Zh. Obshch. Khim., 41, No. 5 (1971). 

235 



41. V .T .  Ivanov, I. A. Laine, N. D. Abdullaev, L. B. Senyavina, E. 1~I. Popov, Yu. A. Ovchinnikov, and 
M. 1g. Shemyakin, Biochem. Biophys. Res. Commun., 34, 803 (1969). 

42. A .P .  Downing, W. D. Ollis, and I. O. Sutherland, J. Chem. Soe., (B), 24 (1970). 
43. D.T.  Warner, J. Amer. Oil Chemists' Sot., 44, 593 (1967). 
44. M. Ohnishi and D. W. Urry, Science, 168, 1091 (1970). 
45. A.J .  Geddes, K. D. Parker, E. D. T. Atkins, and E. J. Beighton, J. Mol. Biol., 32, 343 (1968). 
46. D.H. Haynes, A. Kowalsky, and B. C. Pressman, J. Biol. Chem., 244, 502 (1969). 
47. N.A. Izmailov, DokI. Akad. Nauk SSSR, 149, 1364 (1963). 
48. I .M.  Andreev, G. G. Malenkov, A. M. Shkrob, and M. M. Shemyakin, Molekul. Biol., 5, No. 3 (1971). 
49. Bioehem., 9, 3471 (1970). 

236 


