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Up to the p re sen t  t ime,  to study the spat ial  s t ruc tu re  of peptides in solutions use has been made 
main ly  of IR and NMR spec t roscopy ,  optical r o t a r y  d ispers ion ,  c i r cu l a r  d ichro ism,  dipole moments ,  and 
theore t ica l  conformat ional  ana lys is  [1-6]. The methods mentioned give fa i r ly  complete  informat ion on the 
p r e f e r r e d  conformat ions  of the main  poptide chain, but, as a rule ,  the question of the mutual posi t ions of 
the side chains of the individual amino acid res idues  which a re ,  in a number  of ca ses ,  respons ib le  for the 
appearance  of the biological function, r e m a i n s  open. In the p re sen t  paper ,  we propose  a new approach to 
the study of the conformat ional  s ta tes  of poptides which is  based on the use of e lec t ron  spin resonance  
(spin-label method).  

The ESR s pec t r a  of sp in- labeled  pro te ins  and nucleic acids [7-10], under definite conditions, re f lec t  
the mobi l i ty  of the groupings containing the f ree  radica l ,  thei r  s t e r i c  screening,  and their  access ib i l i ty  
for  interact ion with ions of pa ramagne t ie  meta l s .  This enables  the method to be used for  the invest igat ion 
of m i c r o r e l i e f  and conformat ional  mobil i ty  in b iopolymers .  

The ESR s p e c t r a  change their  shape substant ial ly when the spins of the rad ica l  f r agments  in teract .  
Consequently, when s eve ra l  spin labels  a re  introduced into the molecu les  of the subs tances  under inves t i -  
gation, the spec t r a l  p a r a m e t e r s  prove  to be e x t r e m e l y  sensi t ive to the d is tances  between the groups b e a r -  
ing the f ree  rad ica l s .  Here ,  interact ion may  take place by two mechan i sms :  exchange,  and d ipo le -d ipo le .  
The f i r s t  m e c h a n i s m  is  rea l i zed  in solutions in the d i rec t  coll is ion of radical  iminoxyl f r agmen t s  and is 
shown in the appearance  of additional l ines in the ESR spec t rum [11]. D ipo le -d ipo le  in teract ion appea r s  
in i t s  pu res t  f o r m  in the ESR spec t ra  of po lyrad ica l s  in solid m a t r i c e s .  The prepara t ion  of cal ibrat ion 
ESR spec t r a  of solid solutions of b i radica ls  with a known dis tance between the iminoxyl  groups has been 
descr ibed  in the l i t e ra tu re  [12, 13]. Thus, the invest igat ion of the ESR spec t r a  of peptides bear ing two or  
more  spin labels  in the side chains in solutions and in solid m a t r i c e s  would, in pr inciple ,  enable the d i s -  
tances  between these  groups to be evaluated.  The value obtained depends on the conformat ion of the pep-  
tide chain between the cor responding  amino acid res idues ,  which p e r m i t s  definite conclusions to be drawn 
concerning the spat ial  s t ruc tu re  of the peptide molecule  as  a whole. 

As the substance  for  tes t ing  the p roposed  approach,  we selected the cycl ic  decapept ide gramieidin  S 
(I) (Fig. 1), which is,  at the p re sen t  t ime,  one of the biologically act ive peptides that has been studied in 
m o s t  detail  f rom the conformational  point of view [14, 16]. The mono-  and biradical  der iva t ives  (VD and 
(VII) were  p r e p a r e d  for the investigation.  Commerc ia l  gramicidin  S (I), containing cons iderable  amounts 
of prol ine,  phenylalanine, ornithine,  valine,  and leucine as impur i t i es ,  was conver ted  by t r ea tmen t  with 
N-( te r t -bu ty loxycarbonyl )succ in imide  [17] into the N,N-d i - t e r t -bu ty loxycarbonyl  (di-BOC) der iva t ive  (II), 
which was readi ly  separa ted  f r o m  by-produc ts  of the reac t ion  by passage  through ion-exchange r e s ins  and 
by rec rys ta l l i za t ion .  The el iminat ion of the BOC group by the action of t r i f luoroaee t ic  acid (4 h) and the 
t r ea tmen t  of the gramic id in  S fo rmed  (I) with the spin- label ing chloride (VIII) [18] led to the biradical  (VII). 

M. M. Shemyakin Insti tute of the Chemis t ry  of Natural  Compounds, Academy of Sciences of the USSR. 
Branch of the Insti tute of Chemical  Phys ics ,  Academy of Sciences of the USSR. Trans la ted  f rom Khimiya 
Pr i rodnykh Soedinenii, No. 1, pp. 91-98, J a n u a r y - F e b r u a r y ,  1973. Original a r t i c le  submit ted May 17, 1972. 

@1975 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. I0011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher [or $15.00. 

82 



~"._~ L-Orn " ~  
,,,, " ~ .  

I = , i " 

,...~_ ~ .. . _~  i ~..~\ 

. . 

I H N  

Z.  R=I~=-H; ILR,,.R;-,.~.OCOC(GHa)a; =,R=H:R~-'OCOC(CH~),; 
Iv. P~"-OGOG{CH=)s, R.----[IOCI~; V. R-~='-t~OP.,Ha; 

~l=,.t ~ .. ,. ; . .  , S • Vl. R=-i~GH s, {]Ha I . -  CH " "1 ,,, - %  ..c~-r,,-CH...a e.P.;,;..C_~ ,C,~;CU,' 
,-.,.-ca , - o  q_= ~,..c,. ,,-o 

CH a . CH~ ' 

ct ~Ha 
N r,..a,-o,a f~-o ~O-CH 
"c.-.' c~-~-c.=. - - .~ c., 'CH,~;C% 

VIII 1X 

Fig.  i .  Gramic id in  S and some of i t s  der iva t ives .  

The b r ie fe r  action of CFsCOOH (10 rain) fo rmed  the mono-BOC der iva t ive  (HI), which was acetyla ted with 
the N-hydroxysucc in imide  e s t e r  of acet ic  acid, again t r ea ted  with CFsCOOH , and caused  to r eac t  with the 
chlor ide (VIII), giving the monoradica l  der iva t ive  (VD. 

The ESR s p e c t r a  of compounds (VD and (VII) in 96% ethanol,  and a lso  that  of (VII) in ch loroform,  at 
va r ious  t e m p e r a t u r e s  a r e  given in Fig.  2. As was to be expected,  the spec t rum of the der iva t ive  (VD at 
59°C (Fig. 2a, cu rve  2) shows the rapid  anisot ropic  rotat ion of the rad ica l  f r agmen t  around the N - O  bond 
(anisotropie rota t ion is  shown by the fact  that  the lef t -hand component  of the spec t rum is  s t ronger  than the 
cen t ra l  component) [19]. A t - 1 9 6 ° C ,  compound (VII) shows an ESR spec t rum which coincides comple te ly  
with the spec t rum of a f rozen ethanolic solution of the iminoxyl radical  (IX) (see Fig.  2d). 

In spec t r a  of solutions of the b i radieaI  der iva t ive  (VII) (see Fig. 2b, c), in addition to the three  main 
l ines there  a r e  two additional ones showing the p r e sence  of exchange interact ion between the unpaired 
spins,  which a p p e a r s  in the in t r amo[ecu la r  col l is ions  of rad ica l  f ragments .  The resu l t s  of a compar i son  
of the in tens i t ies  of the additional peaks  lead to the conclusion that  in ethanolic solution the f requency of 
the col l is ions of the r ad i ca l s  (i.e. the i r  approach to a dis tance of 6/~) is  cons iderably  higher than in chlo-  
ro fo rm.  The evaluation of the f requency of exchange in te rac t ions  is  usual ly made by means  of the fo rmula  

~T2-~ 1 2 :-= --~- a % 

where  AT~ 1 is  the width of the additional line, and a is  the hfs constant [11]. 

Since between the width of the line AT~ 1 and i ts  ampli tude h the re la t ion AT~ "1"~ 1/~fh exis ts ,  and h 
can be m e a s u r e d  m o r e  accu ra t e ly  than the line width, f rom the Arrhen ius  re la t ion  ln~fh=f(1/T t) i t  is  pos -  
sible to de te rmine  the act ivat ion energy  E of the t rans i t ion  of compound (VII) into the conformat ion with 
approx imated  rad ica l  f r agment s .  F o r  an ethanolie solution of sp in- labe led  gramie id in  S (VII) in the 30- 
62°C region the points lie sa t i s fac to r i ly  on an Arrhen ius  s t ra igh t  line with E = 5-6 kca l /mo le .  For  chlo-  
ro form,  the Arrhen ius  re la t ionship  is  sa t i s f ied  in the 43-55°C range,  giving a value of E of 12-13 kca l /mole .  
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Fig. 2. ESR spec t rum of a solution of spin-  
labeled grarnicidin S (VI) in ethanol at  32°C 
(1) and 59°C (2) (a); of (VII) in ethanol at  
20°C (1), 33°C (2), and 62°C (3) (b); of (VII) 
in ch lo ro fo rm at  20°C (1), 43°C (2), and 
55°C (3) (c); and of (VII) at  T= 7TK in e th-  
anol (1) and in ch lo ro fo rm (2) [the dashed 
line shows the spec t rum of the rad ica l  (IX) 
in ethanol] (d). 

Thus, in solutions of sp in- labeled  gramicidin  S (VII) 
the poss ibi l i ty  exis ts  of col l is ions  between the iminoxyl 
f r agmen t s  of the modif ied ornithine groups,  while in e th-  
anolic solutions the f requency of col l is ions is  higher than 
in ch loroform.  Judging f rom the act ivat ion energ ies ,  the 
difference in the energ ies  of the two con fo rmer s  in chlo-  
r o fo rm  is  g r ea t e r  than in ethanol by 6-8 kca l /mole .*  

The r e su l t s  obtained a r e  in complete  ha rmony  with 
the npleated-sheetn model of gramie id in  S proposed in 
1958 by Hodgkin, Oughton, and Schwyzer [20, 21] and de-  
finit ively proved  in 1970 by means  of spec t ra l  and theo-  
re t ica l  methods [14, 15]. In actual  fact, a cha rac t e r i s t i c  
fea ture  of the s t ruc ture  of the antibiotic in all the sol-  
vents  invest igated is  an except ional ly  r igid conformat ion 
of the main  peptide chain s tabi l ized by four in t ramolecu-  
la r  hydrogen bonds and the location of the side chains of 
the ornithine res idues  on the same  side of the cent ra l  
plane of the ring, ensur ing  their  easy  approach in polar  
solvents  both in the case  of g ramic id in  S (D i t se l f  and in 
that of i ts  der iva t ive  (VID (conformation A, Fig. 3).~ In 
the case  of  nonpolar  solvents  [14], for  example  in chlo- 
r o f o r m  solution, N ,N ' -d iace ty lg ramic id in  S (V) f o r m s  ad-  
ditional hydrogen bonds between the a - N H  groups  of the 
2Orn and YOrn r e s idues  and also between the carbonyl  
groups of the acetylorni thine side chains.  The lower f r e -  
quency of col l is ion of the rad ica l  f r agmen t s  in ch lo ro-  
fo rm than in ethanol that  has  been found f r o m  the ESR 
spec t r a  shows the rea l iza t ion  in compound (VII) in chlo-  
r o f o r m  of analogous H bends between the leucine c a r -  
bonyl groups and the NH groups of the ornithine side 
chains  (conformation C, Fig.  2d). 

The groui:~ngs bearing iminoxyl r ad ica l s  bound to 
them prove  to be fixed a t  a cons iderable  dis tance f rom 
one another,  which excludes the poss ibi l i ty  of col l is ions.  
The conclusion drawn is  conf i rmed  by the above eva lua-  
tion of the di f ference in the act ivat ion b a r r i e r s  in chlo-  
r o f o r m  and in ethanol,  amounting to ~ 8 k c a l / m o l e  and 
approx imate ly  cor responding  to the energy  of two hydro-  
gen bonds of the CO...NH type (see,  for  example ,  [5]). 

Because  of the m a r k e d  res t r i c t ion  of the rotat ion of the iminoxyl f r agmen t s  in f rozen solutions,  the 
ESR spec t r a  of compound (VII) taken at -196°C (see Fig. 2d) have a different  shape f r o m  the spec t r a  taken 
at  38-62°C (Fig. 2b, c). The dif ference between these  spec t r a  and the ESR spec t r a  of the f ree  label (IX) 
(broken line in Fig. 2d) and the spec t rum of the monoradica l  (VI) in ethanol, which coincides with them, 
shows the exis tence of an i o n - d i p o l e  in teract ion between the labels .  The p rac t i ca l ly  indist inguishable spec-  
t r a  of compound (VII) in ch lo ro fo rm and ethanol a re  close to those of b i radica ls  in which the dis tance be-  
tween the iminoxyl  rad ica l s  is 12-14 A [12, 13]. A value of 15 ~ is obtained f rom an e s t ima te  of the d i s -  
tances  by means  of the p a r a m e t e r  dl/d2= 0.72 (ratio of the stuns of the in tensi t ies  of the ex t r eme  peaks to 
the intensi ty  of the cent ra l  peaks) [13]. The value of the inc remen t  of the second momen t  AM 2 = 190 Oe 2 

* We asst tme that  the m e a s u r e d  act ivat ion ene rg ie s  E a re  close to the di f ference in energ ies  between the 
c o n f o r m e r s  with r e m o t e  and c lose  rad ica ls ,  since the depth of the potential  t rough of the approached s tate  
cannot be l a rge  because of s t e r i c  repulsion.  
t This  is shown by the r e su l t s  of Schwyzer et  al., who synthesized ~Cys,TCys-gramicidin S (an analog in 
which the ornithine side chains  --CH2-CHz--CH2--NH2 have been rep laced  by cyste ine  side chains - C H  2-  
StD and demons t ra ted  the ease  of c losure  of a S - S  bridge without a substant ial  change in the conformat ion 
of the cyelodecapept ide [16]. 
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Fig.  3. Conformat ions  of sp in- labe led  g ra In i -  
cidin S (VII) in di f ferent  solvents .  

D i - t e r t -bu ty loxyca rbony lg ramic id in  S (II). 

gives a dis tance of 10 ~ [12]. Thus,  both in ethanol 
and in ch lo ro fo rm the unpaired spins of the rad ica l  
f r agments  a r e  p resen t  a t  a dis tance of 10-15 ~ r e l a -  
t ive to one another .  It follows f rom this that  in con-  
format ion  C (see Fig.  3), which ex is t s  in ch loroform,  
the he te rocyc l ic  nuclei a re  located below the cent ra l  
plane of the ring, since with other  or ienta t ions  of  the 
side chains  of the modified ornithine res idues  the 
dis tance between the labels  exceeds  15 4. In e tha-  
nolic solutions,  where  the exocycl ic  hydrogen bonds 
a r e  unstable,  apparent ly ,  conformat ions  of type B, 
in te rmedia te  between A and C, predomina te  (see 
Fig. 3). 

Thus, the study of spin-labeled derivatives of 
gramicidin S has enabled new information to be ob- 
tained on the eonformational possibilities of the mol- 
ecule of this antibiotic and its analogs. The methods 
used for  the p re sen t  work can be extended to other  
biologically act ive peptides in o rder  to de te rmine  (a) 
the ease  of approach of the labels  to a dis tance of 
~ 6 ~ in solutions,  and (b) the mean dis tance between 
the labe ls  in the predominat ing  conformat ion  of the 
peptide (by means  of s p e c t r a  taken with deep cooling); 
the range  of values  capable  of de terminat ion  is  6- 
20 .~ [12, 13]. The high sensi t iv i ty  of the method and 
the poss ibi l i ty  of pe r fo rming  inves t igat ions  in a wide 
range of solvents  and t e m p e r a t u r e s  a lso  show its 
p romis ing  nature .  

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

All the mel t ing  points a r e  uncor rec ted .  The 
individuality of the compound obtained was checked 
by TLC on Eas tman Kodak, USA, s i l i ca  gel plates .  

To a solution of 1.5 g of c o m m e r c i a l  g ramic id in  S in 10 
ml  of d ry  pyridine was added 1.1 g of N-( te r t -bu ty loxycarbonyl )succ in imide  [17], and the mix tu re  was 
s t i r r e d  at  20°C for  48 h. Then the pyridine was evapora ted  off, and the res idue  was dissolved in 150 ml  of 
e t h a n o l - w a t e r  (2 : 1) and pas sed  success ive ly  through a column (10 x 1.5 cm) containing Dowex-50 x 1 (H + 
form) and Dowex-1 x 1 (OH form).  The eluate was evapora ted ,  and the res idue  was c rys t a l l i zed  f rom aque-  
ous ethanol.  Mp 289-290°C, [ a ] ~ - 1 9 6  ° (c 1; ethanol). 

Monoradical  Der iva t ive  of Gramie id in  S (VI). Compound (II) (100 mg) was dissolved in 5 ml  of an-  
hydrous  t r i f luoroace t ic  acid; a f te r  10 rain, the solution was evapora ted  at  20°C. The res idue  was t r ea t ed  
with 10 ml  of toluene and the mix tu re  was again evapora ted  in vacuum. The res idual  product  was dissolved 
in 50 ml  of m e t h a n o l - w a t e r  (2 : 1) and pas sed  through a column (10 × 1 cm) of Dowex 50 x 1 (H + form) .  
The column was eluted with 250 ml  of m e t h a n o l - w a t e r  (1 : 1), and the aqueous ethanolic eluate was evap-  
orated.  Compound (II) was i so la ted  f rom the res idue .  The gramic id in  S (D and the monosubst i tu ted de-  
r iva t ive  (III) were  eluted with a 2 N solution of ammonia  in ethanol. The ammoniaca l  eluate was evapo-  
ra ted ,  the res idue  was dissolved in 10 ml of pyridine,  and the solution was t r ea t ed  with 0.5 g of the N-  
hydroxysuccin imide  e s t e r  of acet ic  acid. After  48 h (20°C), the solution was evapora ted ,  the res idue  was 
washed on the f i l te r  with c i t r ic  acid solution and with water ,  and it  was dr ied  in vacuum over  P205. The 
mix tu re  of mono-  and diacetyla ted  de r iva t ives  of gramic id in  S (IV) and (V) was dissolved in 20 ml  of t r i -  
f luoroacet ic  acid and the solution was evapora ted  in vacuum over  4 h (20°C). The res idue  was dried over  
KOH, dissolved in 50 ml  of e t h a n o l - w a t e r  (2 : 1), and chromatographed  on Dowex 50 x 1 (H + form) as de-  
sc r ibed  above. The aqueous ethanolic eluate yielded the diacetyl  der iva t ive  of g ramic id in  S (V) (rap 305- 
306°C, f rom aqueous ethanol); [ a ] ~ - 3 0 2  ° (c 1.5, 70% ethanol), and the ammoniaca l  eluate yielded 12 mg  of 
the e l ec t rophore t i ca l ly  homogeneous [formic a c i d - a c e t i c  a c i d - m e t h a n o l - w a t e r  (1 : 3 : 6 : 10) sys t em,  4 h, 
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500 V, spots revealed with ninhydrin] monoacetyl  derivative of gramicidin S. To a solution of 10 mg of 
the monoacetyl  derivative so obtained in 10 ml of 96% ethanol were added 0.01 ml of t r iethylamine and 10 
mg of the ehloride (VIII). The solution was s t i r red  at 20°C for 60 h and evaporated in vacuum, and the r e s -  
idue was dissolved in methanol and ehromatographed on a column of Sephadex LH-20 (150 x 1 era). The 
fract ion containing the monoradical  derivative (VI) was evaporated, and the residue was reprecipi ta ted 
f rom ethanol with ether.  This gave 9 mg of compound (VI) with mp 241-243°C, showing no reaction with 
ninhydrin, Rf 0.72 in the benzene-d ioxane  (2 : 1) system. 

The Biradical  Derivative of Gramicidin S (VII). Compound (II) (25 rag) was dissolved in 10 ml of t r i -  
f luoroacetic acid, and after 4 h the solution was evaporated in vacuum. The residue was dried over KOH 
and was then dissolved in 10 ml of 96% ethanol and t reated with 0.02 ml of t r iethylamine and 24 mg of the 
chloride (VIII). The solution was s t i r red  at 20°C for 60 h and evaporated, and after working up and ch ro -  
matography as descr ibed for the monoradical  derivative (VI), 10 mg of a chromatographical ly  homogeneous 
compound with mp 279-280°C was obtained which gave no reaction with ninhydrin, Rf 0.6 in the benzene-  
dioxane (2: 1) system. 

The ESR spect ra  were taken on a I~PR-2 spec t rometer .  To measure  the spec t ra  at 30-62°C, the so-  
lution was placed in a cell t he rmos t a t ed  with a mixture of silicone oil and decane (1 : 1); the accuracy  of 
the tempera ture  measuremen t  was 0.5°C. Measurements  at the boiling point of liquid nitrogen were pe r -  
formed in a quartz Dewar vessel .  The concentration of the radical  was determined by comparing the a rea  
under the integral curve of the sample being investigated with the a rea  of a sample having a known concen- 
tration of the radical .  For  the monoradical  derivative of gramicidin S (VD we obtained c r =5.8 • 10 -4 M 
(concentration of f ree  radical),  c 1 = 7 x 10 -4 M [concentration of the monoradical  derivative (VI)], i.e. 
Cr/Cl-~ 1; and for the biradical derivative of (VII), c r = 1.35.10 -4, c2= 7.2.10 -4 M* [coneentration of the 
biradical derivative (VIII)], i.e. Cr/C2 ~- 2. 

The absence of in termolecular  interact ions in all cases  was confirmed by measur ing  the spect ra  at 
several  eoncentrations.  The spect ra  at room tempera ture  were taken for solutions with concentrat ions of 
the gramicidin derivat ives c ~ 10 -3 M, and the spect ra  a t -196°C  in ethanol were taken at c ~ 10 -4 M. 

SUMMARY 

1. A new method has been proposed for studying the conformational states of peptides in solutions 
which is based on a consideration of the ESR spectra of their spin-labeled derivatives. 

2. The synthesis of derivatives of gramicidin S containing one and two iminoxyl radicals in the 2Orn 
and 7Orn side chains has been effected. 

3. On the basis of an analysis  of the ESR spec t ra  of the compounds obtained at -196°C and 30-62°C, 
conformations of the side chains of modified ornithine residues in chloroform and ethanol have been p ro -  
posed. 
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