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Summary: The first laser Raman spectra of the ionophorous antibiotic non- 
aetin and its corrplexes with Na +, K ÷, Rb +, Cs +, and NH 4 + are reported. 
Changes in the Raman spectra indicate that the crystalline conformation of 
nonactin differs appreciably from those which it assumes in solution. In the 
alkali ion complexes, the frequency of the ester carbonyl stretch varies with 
the unhydrated radius R, approxirr~tely as 1/R. The frequency of this mode in 
the nonactin-NH4 + complex is significantly higher than would be expected for 
an alkali ion of the same radius. Other spectral changes attendant on complex- 
ation are discussed. 

S e v e r a l  m a e r o c y c l i c  an t ib io t i c s  a r e  known to f ac i l i t a t e  s e l e c t i v e  ion t r a n s -  

po r t  in b io log ica l  and mode l  s y s t e m s  1. B e c a u s e  of t he i r  u t i l i ty  as  m o d e l s  of 

s e l e c t i v i t y  in b io log ica l  m e m b r a n e s ,  t hese  an t ib io t ics  have  been  i n t ens ive ly  

i nves t i ga t ed  by  a v a r i e t y  of t echn iques .  The ac t ins  a r e  of p a r t i c u l a r  i n t e r e s t  

b e c a u s e  t he i r  i n t e rna l  c av i t i e s  a r e  su f f i c i en t ly  f l ex ib le  to a c c o m m o d a t e  ions 

of d i f f e ren t  r a d i i  2' 3. C o m p l e x a t i o n  is  none the l e s s  s e l e c t i v e ;  f o r  examp le ,  

Li  + is not a p p r e c i a b l y  c o m p l e x e d  by nonact in ,  while  the Na +, K +, Rb +, and 

Cs + c o m p l e x e s  have  f o r m a t i o n  cons t an t s  (in methanol )  of 240, 3800, 3400, 

and 900 l i t e r s  m o l e  -1 r e s p e c t i v e l y  4. 

Uncorrplexed nonact in ,  shown in Fig .  l a ,  conta ins  a l t e r n a t i n g  e s t e r  l ink-  

5 
ages  and t e t r a h y d r o f u r a n  r i n g s  . The  ana logs  monac t in ,  d inact in ,  t r i nac t in ,  

and t e t r a n a c t i n  have  i n c r e a s i n g  n u m b e r s  of the a s t e r i s k e d  m e t h y l  g roups  

(Fig. la)  r e p l a c e d  with ethyl  g roups .  The  o r ig in  of the b io log ica l  ac t iv i ty  of 

nonac t in  and i ts  ab i l i ty  to e x t r a c t  s a l t s  of monova len t  ca t ions  and l ipid so luble  

anions  (e. g . ,  p i c r a t e )  into o rgan ic  so lven t s  is s u g g e s t e d  by the X - r a y  c r y s -  

t a l l o g r a p h i c  s t r u c t u r e  of the nonac t i n -K  + complex  6 (Fig.  lb) .  The  e s t e r  and 

"Work  s u p p o r t e d  in p a r t  by  the R e s e a r c h  C o r p o r a t i o n ,  the Nat iona l  Sc ience  
Foundat ion ,  the Nat iona l  H e a r t  and Lung Ins t i tu te  (HL 14322-03; R.W. Mann,  
P r i n c i p a l  I nves t i ga t o r ) ,  and a Nat iona l  Ins t i tu t e s  of Hea l th  B i o m e d i c a l  
Sc iences  Suppor t  Gran t  (NIH-5-505-RR07047-08)  to MIT.  
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F i g u r e  1. 
(a) C h e m i c a l  s t r u c t u r e  of nonact in .  Inrnonact in,  d inact in ,  t r i nac t in ,  and 
t e t r a n a c t i n  one,  two, t h r e e ,  and four  of the a s t e r i s k e d  m e t h y l  g roups ,  r e s -  
pec t i ve ly ,  a r e  r e p l a c e d  with e thyl  g roups . .  
(b) X - r a y  c r y s t a l l o g r a p h i c  s t r u c t u r e  of the nonac t i n -K  + c o m p l e x  ( a f t e r  
Ref.  6). 
(c) S impl i f i ed  s c h e m a t i c  d rawing  of the coord ina t ion  of a ca t ion  to the e s t e r  
c a r b o n y l  g r o u p s  of nonact in ,  e m p h a s i z i n g  the t e t r a h e d r a l  s y m m e t r y  of the 
e s t e r  c a r b o n y l  g roups .  

t e t r a h y d r o f u r a n  oxygens  each  occupy  t e t r a h e d r a l l y  s y m m e t r i c  pos i t ions  

a round  the K + ion (Fig.  l c ) .  The  nonac t in  m o l e c u l e ,  shaped  s o m e w h a t  l ike  

the s e a m  of a tennis  ba l l ,  s u r r o u n d s  the cat ion,  p rov id ing  an e x t e r i o r  of l i po -  

phi l ic  a lky l  g roups .  P r o t o n  NMR s tud ies  7 ind ica te  that  th is  t e t r a h e d r a l  

s y m m e t r y  is m a i n t a i n e d  in ace tone  so lu t ions  of the Na +, K +, and Cs + c o m -  

p l exes  of nonact in .  

L a s e r  R a m a n  s p e c t r o s c o p y  has  r e c e n t l y  b e e n  appl ied  to the s tudy  of the 

c o m p l e x e d  8 and u n c o m p l e x e d  9'  10 c o n f o r m a t i o n s  of v a l i n o m y c i n  and o the r  

an t ib io t i c s .  We h e r e  r e p o r t  the f i r s t  R a m a n  s p e c t r a  of nonac t in  and i ts  

Na +, K +, Rb +, Cs +, and NH4 + c o m p l e x e s  in 15:1 M / M  (4:1 v /v )  me thano l :  
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F i g u r e  Z. R a m a n  s p e c t r a  of uncomplexed  nonae t in  (a) in the sol id  s t a t e ,  
(b) in 15:1 M / M  CH.IOI-I:CHCI~ so lu t ion  (dotted i n s e r t  inc ludes  background  
c o r r e c t i o n )  and nonaTctin corrpYexed with (c) Na + , (d) K +, (e) Cs +, and 
(f) NH4  +. A r r o w  ind ica tes  Ca-c) 100 c o u n t s / s e c o n d , ( d - f )  300 c o u n t s / s e c o n d .  
L a s e r  l ines  used  w e r e  (a ,b)  5145i ,  (c-e)  4 8 8 0 i ,  if) 457,9 ~ at  p o w e r s  of 
(a) 100 mW, (b) lZ0 roW, (c) 100 roW, (d) lZ0 roW, (e) 140 roW, and (f)80 mW. 
N u m b e r s  indica te  peak  f r e q u e n c i e s  a f t e r  c o r r e c t i o n  fo r  background .  Spec t r a l  
r eg ions  o b s c u r e d  by so lven t  peaks  ind ica ted  by S. 

c h l o r o f o r m  so lu t ions .  The s o l v e n t  was chosen  to i n c r e a s e  the so lub i l i ty  of 

the nonac t in  complex ;  with 0 .5M sa l t ,  0.01 M n o n a c t i n - c o m p l e x  so lu t ions  

w e r e  r e a d i l y  obtained.  The uncomplexed  nonac t in  was no t i ceab ly  l e s s  so luble .  
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Raman spectra were measured using a Spectra Physics Model 164 Ar + 

laser and SPEX Ramalog 4 double grating monochromator system described 

previously I0. Figure 2 presents spectra of the 400-600 cm -I 800-I000 cm -I 

and 1650-1800 cm -I regions• which are free of solvent peaks. 

The Raman spectrum of uneomplexed nonaetin in solution (Fig. 2b) differs 

considerably from that obtained in the solid state (Fig. 2a), which suggests 

that the conformation of crystalline uneomplexed nonactin differs significantly 

from the conformation(s) occurring in more biologically relevant environ- 

m ents. We find no Raman spectroscopic evidence for the formation of a 

nonactin-Li + complex in 0.5 M LiCI or LiNO 3. This is co nsistent with exper- 

imental findings in other solvents I. The addition of water (1:5 v/v) had little 

effect on the spectra of the Li + solutions. Hence the spectral changes ob- 

served in solutions of the other alkali salts do not arise from changes in the 

ionic strength of the solution. 

The 1700-1800 cm -I region contains the conformation-sensitive ester 

earbonyl stretch vibrations 8-II. A sharp doublet (1725, 1733 cm -I) in the 

Raman spectrum of crystalline nonactin may reflect the effects of inter- 

molecular forces in the crystal. In contrast, a single broad line centered at 

-1 . 
1725 em Is found in solution (Fig. 2b). This line broadening may represent 

increased flexibility of the nonactin molecule in solution or perhaps the simul- 

taneous presence of several related conformers as in valinomycin 12. (A 1712, 

1735 cm -I doublet has been reported in recent infrared measurements 3 of non- 

actin in CH3OH; a singlet at 1720 cm -I is observed in CHCI 3. ) 

In 0.5M solutions of KSCN (Fig. 2d), KCI, and CsCI (Fig. 2e), or in 

saturated solutions of RbCl, the broad ester carbonyl band (1725 em -I) of un- 

complexed nonactin (Fig. 2b) is replaced by a single narrow, intense peak. A 

similar spectral change in valinomycin-KSCN solutions demonstrates the 

presence of a single, rather rigid, conformation, that of the valinomycin-K + 

complex. 8 At Na + concentrations of 0.5M or above, a complicated spec- 

tral line centered at 1731 cm -I is observed. Since the line shape is in- 
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F i g u r e  3. Dependence of the e s t e r  ca rbonyl  s t r e t ch  f r equency  o f  nonact in-  
alkal i  cat ion complexes on the unhydra ted  cat ionic  r ad ius  R. The e s t e r  
ca rbony l  s t r e t c h  f r equency  found in the nonact in-NH4 + complex  c o r r e s p o n d s  
to that expected for  an alkali  c a t i o n  of s m a l l e r  rad ius  ( l / R ~  0. 9i-1}. The a r r o w  
indicates  the f r equency  of uncomplexed nonact in  in so lu t ion .  

+ 
dependent of Na concent ra t ion ,  it p r e s u m a b l y  a r i s e s  en t i r e ly  f r o m  

complexed  nonactino The l ow- f r equency  shoulder  m a y  indicate that the 
+ 

Na ion is inequivalent ly  coord ina ted  to the four  e s t e r  ca rbony l  g roups  

in some of the e s t e r  v ibra t ions .  

The e s t e r  ca rbonyl  s t r e t c h  v ibra t ion  f requenc ies  (1725-1735 crn -±) of the 

complexes  of n°nact in  with Na +, K +, Rb +, Cs + (unhydrated rad i i  R=0.95,  1,33,  

1.48,  1.69 i )  exhibit a r e  m a r k a b l e  r e g u l a r i t y :  they a re  a l inear  funct ion of 

I / R  (Fig. 3). This  effect  could a r i s e  f r o m  changes  in the posi t ions  o f  the 

ca rbonyl  g roups  as they coord ina te  ions of different  s i zes .  It is in te res t ing  

to note that Kra sne  and E i sen rmn  13 ca lcula te  the e l ec t ro s t a t i c  in te rac t ion  

energy  of an alkal i  cat ion with the nonact in  ca rbony l  group to be nea r ly  p r o -  

3 por t iona l  to 1/R.  Such a t rend  was not r e p o r t e d  in r ecen t  i n f r a red  s tudies  . 

The 820-890 cm -1 r eg ion  of uncomplexed nonact in  powder  (Fig. 2 a) con-  

tains a p rominen t  doublet at 852, 870 cm -1 which shif ts  to 864, 876 cm -1 in 

solut ion (Fig. Zb). The in tens i ty  ra t io  of the 864 cm -1 peak to that at 

876 cm -1 is a function of solvent;  it is ~ 0 . 3 5  in pure  CHC13 and N I . Z  in 

15:1 M/M CH3OH:CHC13. In 0 . 5 M  Na + solut ion (Fig. 2c) this ra t io  is 

f u r t he r  i n c r e a s e d  to ~ 1 .9 ;  and in 0 . 5 M  K +, Cs +, Rb + (Figs.  2d-e) the 
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876 cm -1 peak  is r e d u c e d  to a b a r e l y  o b s e r v a b l e  shou lde r  on a g r e a t l y  en-  

hanced  864 c m  -1 p e a k .  Th i s  aga in  s u g g e s t s  tha t  c o m p l e x a t i o n  is not corrple te  

in 0. S M Na +, a f ac t  c o n s i s t e n t  with i ts  s m a l l e r  fo rma t ion  cons tan t  4. The  

-1 f r e q u e n c y  of the 864 c m  peak  is independent  of ionic r ad iu s .  

The  450-600 e m  -1 r e g i o n  cf u n c o m p l e x e d n o n a c t i n  powder  (Fig.  2a) con-  

ta ins  a p r o m i n e n t  doublet  at  466, 479 e ra -  1 and a p r o m i n e n t  s ing le t  at 551 crn- 1 

C o m p a r i s o n s  with m o d e l  compounds ,  such  as 2, 5 - d i m e t h y l t e t r a h y d r o f u r a n ,  

sugges t  tha t  these  peaks  r e p r e s e n t  v i b r a t i o n s  of the t e t r a h y d r a f u r a n  r ing .  In 

so lu t ion  (Fig.  2b) th is  r e g i o n  conta ins  a weak,  b r o a d  doublet  n e a r  500, 

522 c m  -1 tha t  is unaf fec ted  by 0.5 M Li  +. C o m p l e x a t i o n  d r a m a t i c a l l y  en-  

hances  the r e l a t i v e  i n t ens i t y  of this  peak  (Figs .  2c -e ) .  The f r e q u e n -  

-1 cy of th is  peak  sh i f t s  downward with i n c r e a s i n g  ionic r a d i u s ,  f r o m  527 cm 

for  the n o n a c t i n - N a  + c o m p l e x  to 518 c m  -1 fo r  the n o n a e t i n - C s  + complex .  In-  

c r e a s i n g  the d i a m e t e r  of the enc losed  a lka l i  ca t ion  m a y  f ac i l i t a t e  i n t e r a c t i o n  

with the t e t r a h y d r o f u r a n  oxygen a t o m s .  

In i s o s t e r i c  c o m p l e x e s ,  the f o r m a t i o n  cons tan t  is expec ted  to be p r o p o r -  

t iona l  to the amoun t  of ca t ion  e x t r a c t e d  into a bulk o rgan ic  p h a s e  13. The  ex -  

t r a c t i o n  of N H ;  by nonac t in  f r o m  w a t e r  into d i c h l o r o m e t h a n e  is f a r  g r e a t e r  

(9000 l i t e r s  m o l e  -1) t han  that  of the a lka l i  ca t ions  Li  +, Na +, K +, Rb +, and Cs + 

(0 .05,  3 .  Z, 190, 90, and 11.5 l i t e r s  m o l e  -1 r e s p e c t i v e l y )  2. Conlolexat ion 

is r e a d i l y  o b s e r v e d  in so lu t ions  of 0 .5  M N H :  with c h a r a c t e r i s t i c  changes  

o c c u r r i n g  i n t h e  1700-1750 c m  -1, 450-600 c m  -1, and 800-950 c m  -1 r e g i o n s  

(Fig.  2f). C o m p l e x a t i o n  of nonac t in  with N H : ,  but not with the a lka l i  ca t ions ,  

is o b s e r v e d  in 0 .05 M sa l t  so lu t ions .  R a m a n  m e a s u r e m e n t s  on the nonac t in  

m o l e c u l e  thus y ie ld  the s a m e  N H ; >  K +,~ R b + ~ C s  +,~ N a + > L i  + s e l e c t i v i t y  i m -  

p l i ed  by  m a c r o s c o p i c  m e a s u r e m e n t s  of sa l t  e x t r a c t i o n  into bulk p h a s e s .  
+ 

The  p r e f e r e n t i a l  c o m p l e x a t i o n  of NH 4 by nonac t in  m a y  a r i s e  f r o m  the 

t e t r a h e d r a l  s y m m e t r y  of the N H ; ,  which m a t c h e s  tha t  of the coord ina t ing  

e s t e r  c a r b o n y l  g roups  (Fig.  l c ) .  Not ice  that  the e s t e r  c a r b o n y l  s t r e t c h  

f r e q u e n c y  of the n o n a c t i n - N H ;  c o m p l e x  l i e s  to the l e f t  of the sol id  l ine in 
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Fig.  3; i t s~frequency c o r r e s p o n d s  to t h a t  expec ted  for  a cons ide rab ly  s m a l l e r  

alkal i  ca t ion ( l / R ~  0 .9~-1) .  F u r t h e r  e x p e r i m e n t a l  and t h e o r e t i c a l  work is 

underway  to d e t e r m i n e  the e f fec ts  of ion shape and s ize  on nonact in  complexa -  

tion. 

Dr.  B a r b a r a  S tea rns  of the Squibb Inst i tute  fo r  Medica l  R e s e a r c h  kindly 
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