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Fig. 5. Ultrathin section of C. lipolytica cultivated on glucose 
medium. 

b rane .  P i n o c y t o t i c  vesicles were  f r e q u e n t l y  obse rved  a t  
t h e  ends  of deep  i n v ag i n a t i o n s ,  sugges t ing  t h e  poss ib i l i ty  
of a n  ac t ive  t r a n s l o c a t i o n  of h y d r o c a r b o n s  i n to  t h e  cyto-  
p l a s m  (Figures  2 a n d  3). (3) Y e a s t  cells g rown  o n  h y d r o -  
c a r b o n s  c o n t a i n  more  a b u n d a n t  endop la smic  r e t i c u l u m  
(Figure  2). (4) Cells g r o w n  in  m e d i a  w i t h  h y d r o c a r b o n s  
c o n t a i n  more  f a t  vacuo le s  t h a n  do  cells g rown  in a glucose- 
c o n t a i n i n g  m e d i u m  (Figures  2 a n d  5). (5) Y e a s t  cells g r o w n  
o n  h y d r o c a r b o n s  h a v e  more  m i t o c h o n d r i a  w h i c h  c o n t a i n  
f r e q u e n t l y  a n  i n t r a m i t o c h o n d r i a l  vacuo le  (Figure  4). 
(6) T h e  cell wal l  of these  yeas t s  is t h i n n e r  t h a n  in  cells 
g r o w n  on  glucose (Figures  3 a n d  5). (7) T h e  c y t o p l a s m  of 
cells g rown on  h y d r o c a r b o n s  is more  e l ec t ron -dense  a n d  
c o n t a i n s  more  r ibosomes .  (8) Cells g rown  on  glucose con-  
t a i n  n u m e r o u s  g lycogen g ranu les  (F igure  5) whereas  t h e  
h y d r o c a r b o n  g rown  cells c o n t a i n  less p o l y s acch a r i d e  a n d  
more  f a t  vacuoles .  

O u r  o b s e r v a t i o n s  s u p p o r t  t h e  v iew t h a t  h y d r o c a r b o n s  
p e n e t r a t e  t h r o u g h  t h e  cell wal l  of C. lipolytica, are  con-  
c e n t r a t e d  a t  t h e  surface  of t h e  cy t o p l a s mi c  m e m b r a n e  a n d  
b r ing  a b o u t  n u m e r o u s  morpho log ica l  changes  of t h e  cell. 
T h e  cy t o p l a s mi c  m e m b r a n e  seems to  p l a y  a n  i m p o r t a n t  
role in  t h e  m e t a b o l i s m  of h y d r o c a r b o n s  a n d  in t h e i r  t r a n s -  
p o r t  in to  t h e  cell. T h e  ques t ion  r e m a i n s  w h e t h e r  t h e  h y d r o -  
c a r b o n s  are  oxid ized  a t  t h e  cy t o p l a s mi c  m e m b r a n e  or  
w h e t h e r  t h e y  p e n e t r a t e  b y  p inocy tos i s  in to  t h e  c y t o p l a s m  
to  be  ox id ized  t h e r e  b y  e n z y m e s  assoc ia ted  w i t h  t h e  m e m -  
b r a n e o u s  s y s t e m  of t h e  cy top l a sm.  

T h e  p r inc ipa l  d i f ferences  in  t h e  u l t r a s t r u c t u r e  of y e a s t  
cells g r o w n  on glucose or  on  h y d r o c a r b o n s  can  be  sum-  
mar i zed  in to  8 fea tures ,  s h o w n  s c h e m a t i c a l l y  in  F igu re  1. 
(1) T h e  surface  of t h e  y e a s t  celt wal l  a f t e r  g r o w t h  on  h y d r o -  
c a r b o n s  is covered  w i t h  a t h i n  l aye r  of h y d r o c a r b o n s  which  
p e n e t r a t e  t h r o u g h  t he  cell wal l  to  t h e  cell m e m b r a n e .  T h e  
a c c u m u l a t i o n  of h y d r o c a r b o n s  is especia l ly  m a r k e d  in  
y e a s t  cells g rown on  gas oil wh ich  n e v e r  d i s a p p e a r s  com-  
p le te ly  f rom t h e  g r o w t h  m e d i u m  (Figure  3). T h e  m e c h a -  
n i sm  of p e n e t r a t i o n  could n o t  be  a n a l y z e d  in ful l  de ta i l  b u t  
i t  appea r s  t h a t  u l t r a f ine  pores  are  invo lved .  H y d r o c a r b o n s  
a c c u m u l a t e  on  t h e  sur face  of t h e  c y t o p l a s m i c  m e m b r a n e .  
(2) The  cy top l a smic  m e m b r a n e  of cells g rown  on  h y d r o -  
c a r b o n s  is a lways  t h i c k e r  a n d  c lear ly  v is ib le  a n d  c o n t a i n s  
deep  i n v a g i n a t i o n s  a n d  d ig i t a l  p ro j ec t i ons  wh ich  repre-  
s en t ed  a n  increase  of t he  surface  of t he  c y t o p l a s m i c  m e m -  

Zusammen/assung. D u r c h  L 6 s u n g  y o n  0 ,1% V a n a d i u m -  
oder  N i c k e l - N a p h t h e n a t  in  K o h l en w as s e r s t o f f en  k a n n  de-  
t e n  D u r c h t r i t t  in  die Zelle d e r  Here  Candida lipolytica 
e I e k t r o n e n m i k r o s k o p i s c h  ve r fo lg t  werden .  Die  K o h l en -  
wassers tof fe  d u r c h d r i n g e n  die Zel lwand,  r e i che rn  s ich  a n  
d e r  Z y t o p l a s m a m e m b r a n  a n  u n d  v e r u r s a c h e n  im Ze l l inne rn  
re iche  V e r g n d e r u n g e n .  Diese  beweisen  me i s t en t e i l s  die 
Sch l i i s se laufgabe  d e r  Z y t o p l a s m a m e m b r a n ,  d e n  d i r e k t e n  
K o n t a k t  de r  Koh lenwasse r s to f f e  m i t  d e n  O x y d a t i o n s e n -  
z y m e n  zu v e r m i t t e l n .  
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DI  S P U T A N D U M  

Peptide Antibiotic Biosynthesis: A New Approach 

I t  is now well e s t ab l i shed  t h a t  t h e  b i o s y n t h e s i s  of pep-  
t ide  an t i b io t i c s  is i n d e p e n d e n t  of t h e  r i b o s o m a l  R N A -  
r equ i r i ng  processes  o p e r a t i n g  in p r o t e i n  syn thes i s .  A w e a l t h  
of ev idence  f rom s tud ies  w i t h  t y roc id ines  1, g r a m i c i d i n  
S 2-4, p o l y m y x i n s  5, b a c i t r a c i n  ~-~, a c t i n o m y c i n s  ~-s, a n d  
U-22324 9, t o g e t h e r  w i t h  a r e t r a c t i o n  1° of ear l ie r  c o n t r a -  
i n d i c a t o r y  f ind ings  for  g r a m i c i d i n  S, leaves  no  d o u b t  t h a t  
a p u r e l y  e n z y m a t i c  process  is invo lved .  A r e c e n t  cell-free 
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syn thes i s  of gramicidin  S 1~ affords  an e legant  d e m o n s t r a -  
t ion  of these  facts.  Never theless ,  m u c h  remains  to  be 
revealed  concerning,  for example ,  t he  precise origins of 
t he  D-amino acid res idues  and  the  cyclic s t ruc tu re s  found  
in mos t  pep t ide  ant ibiot ics .  

A process  of pep t ide  e longat ion  by  s tepwise,  enzyme-  
cont ro l led  add i t i on  of amino  acids,  long k n o w n  for gluta-  
th ione  ~=, has  been  d e m o n s t r a t e d  for the  pep t ides  of bac-  
ter ia l  ur idine nucleot ides  ~3, in to  which  D-amino acids  are 
d i rec t ly  incorpora ted .  However ,  for mos t  pep t ide  ant i -  
biotics,  the re  is s t rong  ev idence  aga ins t  such a process.  
Thus  L-ratine,  no t  D-valine, is the  precursor  of t he  D-peni- 
ci l lamine moie ty  of penicil l in ~4-~ and  of the  D-valine 
res idues  in ac t i nomyc in  ~7 and  va l inomyc in  ~s. Similarly,  
t he  D-orni thine ~9,~0 a n d  D-phenyla lan ine  ~,~° in baci t rac in ,  
and  the  n- leucine  in p o l y m y x i n  D *l, are der ived  f rom the  
co r respond ing  L-isomers;  in some cases t he  free D-amino 
acids are inh ib i to ry  ~,.7,~°. I t  has  been  shown  t h a t  inver-  
s ion of t h e  L-amino acid does  n o t  involve  a d e a m i n a t i o n  
s tep,  for e x a m p l e  in penici l l in 2~ and  ac t i nomyc in  2a. Inve r -  
sion of conf igura t ion  in those  amino  acids which  possess  
2 a s y m m e t r i c  cen te r s  occurs  only  a t  t he  x-carbon;  hence,  
t he  occurrence  of D-a l lo-hydroxyprol ine  ** in e t a m y c i n  *~ 
and  of D-allo-isoleucine in cer ta in  ac t inomyc ins  *a. In  t he  
l a t t e r  case L-isoleucine is d e m o n s t r a b l y  the  precusor2L 
For  g ramic id in  S the  ev idence  is ambiguous ,  bu t  recen t  
f indings  ~x ind ica te  t h a t  L-phenyla lanine  is a more  eff ic ient  
p recursor  t h a n  the  D-form. 

The p robab le  exp lana t ion  for these  obse rva t ions  is t h a t  
invers ion of an L-amino acid is p receded  by  i ts  incorpora-  
t ion  in to  a b io syn the t i c  in t e rmed ia te .  In  cons ider ing  pos-  
sible s t ruc tu res  for such i n t e rmed ia t e s  it seems p e r t i n e n t  
t h a t  t h e y  are  general ly  des t ined  for incorpora t ion  in to  
p e p t i d e s  which are  cyclic. Possible  modes  of cons t ruc t ion  
of such  cyc lopep t ides  include r ing-closure of a comple t ed  
acyclic p e p t i d e  or a process  of r ing-expans ion  via inser- 
t ion react ions .  The fo rmer  scheme  presupposes  t h a t  ant i -  
b io t ic -produc ing  o rgan i sms  can cons t ra in  pep t i de  cha ins  
in t he  requi red  con fo rma t ion  for r ing-closure.  This  seems 
unlikely in view of t he  wide var ia t ions  in ring-size en- 
coun te red  in these  compounds .  

A plausible  a l t e rna t ive  is p rov ided  by  the  following 
h y p o t h e s i s :  (a) D-amino acids in an t ib io t ics  are fo rmed 
f rom L-amino acids a f te r  incorpora t ion  of t he  l a t t e r  in to  
s te reochemica l ly  labile in t e rmed ia tes .  (b) Such inter-  
med ia t e s  are  cyclic d ipept ides ,  i.e. d ike top ipe raz ines  
(DKP ' s ) .  (c) D K P  in t e rmed ia t e s  undergo  r ing-expans ion  
via  condensa t ion  wi th  o the r  D K P ' s  and /o r  incorpora t ion  
of a m i n o  acid or h y d r o x y  acid res idues  according  to  t he  
' inser t ion  pr inc ip le '  2s,~a. 

The following key s tages  in t he  chemical  syn thes i s  of 
se r ra t amol ide  ao i l lus t ra te  t he  inser t ion  pr inciple  (Dia- 
g ram 1). SHEMXrAKIN and  ANTONOV have  sugges ted  t h a t  
re la ted  reac t ions  m a y  p lay  a role in t he  b iosyn thes i s  of 
depsipept ides*a.  The  successful  inser t ion  of amino  acids a~ 
in to  pep t ides  suggests  wider  app l i ca t ion  of t he  inser t ion  
idea to  cyc lopep t ides  in general .  As a fu r the r  ex tens ion  of 
t h e  pos tu la te ,  i t  is here  p roposed  t h a t  inser t ion  of d ike t -  
op iperaz ines  in to  pep t ides  m a y  be involved  in cyclo- 
p e p t i d e  biogenesis,  t h o u g h  such react ions  have  as ye t  no 
syn the t i c  paral lel .  

Condensa t ion  of t w o  D K P ' s ,  as i l lus t ra ted ,  would  re- 
quire  pr ior  ac t iva t ion ,  e.g. by  acy la t ion  by  an enzyme,  
and  can be conceived as a t r a n s - p e p t i d a t i o n  proceeding  
via  o r tho -amide  i n t e rmed ia t e s  of the  kind discussed by  
WRENCH a~ (Diagram 2). I n t e r v e n t i o n  of such smal l - r ing 
s t ruc tu res  m a y  accoun t  for the  presence  of D-amino acid 
res idues  in ant ibiot ics ,  since D K P ' s  have  long been  known  
to  epimer ize  readi ly  33. In  par t icu la r ,  i t  is energet ica l ly  
favorable  for a c i s - d i s u b s t i t u t e d  D K P  (derived f rom 2 
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L-amino acids) to  isomerize to  the  t h e r m o d y n a m i c a l l y  
more  s table  t r ans  (L-D)-form. For  example ,  base  t r ea t -  
m e n t  of cyclo-[L-phenylalanyt-L-prolyll affords  cyclo-[D- 
phenyla lanyl -L-proly l ]  34. F o r m a t i o n  of t h e  l a t t e r  D K P  3s 
u p o n  incuba t ion  of L-phenyla lanine  and  L-proline w i t h  a 
cell-free e x t r a c t  of B. brevis Nagano  (which p roduces  
gramic id in  S con ta in ing  the  D-phe-L-pro sequence)  shows 
t h a t  s imilar  t r a n s f o r m a t ions  can be ef fec ted  by  enzymes .  
Dur ing  b iosynthes is ,  specific amino  acid res idues  could 
undergo  invers ion a t  the  D K P  s tage  or in more  complex  
i n t e rmed ia t e s  still con ta in ing  D K P - l i k e  s t ruc tu ra l  fea- 
tures .  This  conclusion receives suppo r t  f rom some experi-  
m e n t a l  obse rva t ions  and  f rom the  d i s t r ibu t ion  p a t t e r n  of 
D-amino acids in an t ib io t ics  (see below). 

Occurrence  of D K P ' s  in na ture ,  pa r t i cu la r ly  in fungi  
and  in Streptomyces s t ra ins  86, is widespread .  For  example ,  
a v a r i a n t  of S. noursei produces  a n u m b e r  of DIZP's ,  in- 
c luding cyclo- [L-phenylalanyl-L-leucyl]  3~, a n d  pha lamyc in ,  
an  an t ib io t i c  p e p t i d e  con ta in ing  these  2 amino  acids  3s. 
However ,  i n v o l v e m e n t  of D K P ' s  in p e p t i d e  an t ib io t ic  
b iosyn thes i s  has  n o t  been  p o s t u l a t e d  h i the r to .  

The  following examples  i l lus t ra te  t h e  above  concepts .  
Cyclodepsipeptides. The  possible  role of h y d r o x y  acid  

inser t ion  reac t ions  in t he  b iosyn thes i s  of deps ipep t ides  a9 
has  been  po in t ed  ou t  b y  SHEMYAKIN a n d  ANTONOV ~9. 
The  s imple  case of angolide 49 is i l lus t ra t ive  of t he  pr in-  
ciples ou t l ined  above.  Ep imer i za t ion  of L-isoleucine D K P ,  
followed b y  h y d r o x y  acid inser t ion  is a p robab le  b iosyn-  
t he t i c  rou te  (Diagram 3). 

Diagram 3 
HeCHEt MeCHEt 

HN'~ 0 H N / ~ O  
O~.N H - -  O~..~Nt t 

HeCHEt Hei;HEt 

0 MeCH[t MeCfl[t 
~ J  O H I O  

MezCH-~"N/'~ O OH = MCzCH-~N~O~/--CHMez 
----HO 0 ME~CH[I O.~-CtlM~ ,0~EtH~00 

Pngotide 

pept ides ,  and  the  qu inoxal ine  an t ib io t ics  such as echino-  
mycin.  The h y d r o x y  acid c o m p o n e n t  is a serine or th reo-  
n ine  res idue which  could be inco rpo ra t ed  by  inser t ion  
in to  D K P - d e r i v e d  precursors .  F r o m  s tudies  by  KATz and  
WEISSBACH, t h e  b iosyn thes i s  of a c t i nomyc ins  44 appea r s  
to  invo lve  ox ida t ive  d imer iza t ion  45 of a 3 -hydroxy-4-  
m e t h y l - a n t h r a n i l o y l - p e n t a p e p t i d e  lactone.  This  in ter -  
med ia t e  could be c o n s t r u c t e d  f rom 3 f r a g m e n t s  as illus- 
t r a t e d  (Diagram 5). This  scheme  is suppo r t ed  by  the  

Diagram 4 

r 
L_Va[J ---~ LL_V~IA 

Diagram 5 

~'~jCONHCHCOzH ~ 0  o~NH 0 
CH(T "NH z O ~  NH 

C~( T "N~z 

H 0 CONH,GHCO-'----~H~~O [0] 
F il I - " -  [ ~J--~tinomycinD 

• J,~ ')..~, CHSCH--O-~-~...L/N~-j~ INCH z 
CN~ "~( N. z u" - (  I u . /  ,,L c,3 

The above scheme is not intended to represent the precise sequence 
of the various stages, e.g. N-methylation, or to imply that 4-methyl- 
3-hydroxyanthranilie acid, whieh has been implicated as a pre- 
cursor 46, is necessarily present in the form shown throughout. An 
alternative pathway involving pro-val and meval-sar DKP's is ex- 
cluded because sarcosine is known to replace proline in certain 
actinomycins 47 and the inversion of L-valine would not then be 
explained. 

Val inomycin ,  cyclo-Tris (L-tactyl-L-valyl-D-~-hydroxy- 
va lery l -n-va ly l )  41, is a more  complex  example  of  a l ter -  
n a t i n g  L- and  D-amino acid res idues  in te r spe rsed  w i t h  
h y d r o x y  acid residues.  Such a s t ruc tu re  could be  fo rmed  
b y  t r imer iza t ion  of cyclo-~I)-valyl-L-valyl] a n d  s u b s e q u e n t  
h y d r o x y  acid inser t ion,  or  by  some o t h e r  sequence  of 
these  react ions .  S t r ik ing  suppo r t  for such  a scheme  (Dia- 
g ram 4) is t he  obse rva t ion  is t h a t  L-valine-C z* is incor- 
p o r a t e d  exac t ly  equal ly  in to  the  D- and  L-valine res idues  
of t he  an t ib io t ic  - a d i rec t  consequence  of the  i n v o l v e m e n t  
of a symmet r i ca l  p recursor  such as L-valine D K P .  Like-  
wise, spor idesmol ide  I ** can be envisaged as a condensa-  
t ion  p r o d u c t  of 2 ep imer ized  D K P ' s  and  2 h y d r o x y  acid 
res idues;  L-valine is k n o w n  48 to  be the  p recursor  of b o t h  
the  L- and  D-valine res idues  in the  ant ib io t ic .  The  N-  
m e t h y l  amino  acids which  occur  in th i s  and  several  o the r  
an t ib io t i c s  neve r  possess  t he  D-conf igurat ion;  hence  the  
enn ia t ins  39 con ta in  no D-amino acids.  

Peptide lactones. This  group  of an t ib io t ics  includes  t he  
ac t inomyc ins ,  e t a m y c i n  a n d  re la ted  3-hydroxy-p ico l inoyl  

a4 H. OTT, A. J. FREY and A. HOFMANN, Tetrahedron t9, 1675 (1963). 
a5 K. KURAHASHI, Abstract, 5th Int. Congr. Biochem., Moscow 

(Pergamon Press, Oxford 1961), p. 37. 
~ A. S. KHOK~LOV and G. B. LOSHRIN, Tetrahedron Lett. 188I 

(1963). - R. BROWN, C. KELLEY and S. E. WXBERLEY, J. org. 
Chem. 30, 277 (1965). 

~7 C. KELLEY and R. BROWN, Experientia 22, 721 (1966). 
as C. KELLEY and R. BROWN, Chem. Abstr. 64, 1901 (1966). 
a9 D. W. RUSSELL, Q. Rev. chem• Soc. 20, 559 (1966). 
as C. G. MACDONALD and J. S. SHANNON, Tetrahedron Lett. 3113 

(1964). 
41 M. M. SHEMYAKIN, E. I. VINOGRADOVA, M. Y. FEIGINA and 

N. A. ALDANOVA, Tetrahedron Lett. 351 (1963). 
43 D. W. RUSSELL, J. chem. Soc. 753 (1962). 
4s G. W. BUTLER, D. W. RUSSELL and R. T. J. CLARKE, Biochim. 

biophys. Acta 58, 507 (1962). 
44 E. KATZ, in Antibiotics (Eds. D. GOTTLIEB and P. D. SHAW; 

Springer-Verlag, New York 1967), vol. 2, p. 276. 
43 E. KATZ and H. WEZSSBACH, J. biol. Chem. 237, 882 (1962). 
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exac t ly  equal  incorpora t ion  of L-valine-C 14 into  the  D- 
val ine  and L-N-methy lva l ine  residues 7, recall ing the  case 
of va l inomycin .  

I t  is assumed t h a t  D K P ' s  conta in ing  sarcosine do not  
epimerize,  since there  is no dr ive  to rel ieve steric s t rain of 
the  type  present  in D K P ' s  possessing 2 (cis) side-chains.  

The  case of e t amyc in  z5 is s t r ik ingly  analogous,  a l though  
here  3 precursor  D K P ' s  are  invo lved  (Diagram 6). 

The  inser t ion scheme ** requires  t h a t  the  ini t ial  acyla t ion  
t akes  place a t  t he  n i t rogen a t o m  of a p r imary  amino  acid. 
I t  is therefore  n o t e w o r t h y  t h a t  despi te  t he  p reva lence  of 
secondary  amino  acids in t he  pep t ide  lac tone ant ibiot ics ,  
t he  serine or  th reon ine  residue is invar iab ly  located ad ja-  
cen t  to  a p r ima ry  amino  acid. 

The  examples  discussed thus  far  i l lus t ra te  t he  pr inciple  
tha t ,  wi th  the  except ion  of those  amino  acids (e.g. threo-  
nine) which are incorpora ted  singly, equal  numbers  of 
D- and L-amino acids are found,  p rov ided  sarcosine and /or  
glycine are  considered as 'D ' -amino acids. 

A re la ted exp lana t ion  m a y  account  for the  presence of 
D-serine residues in the  quinoxal ine  ant ib iot ics  such as 
ech inomycin  *8, the  qu inomycins  49, and the  t r iost ins  5°. 
A l though  serine lies outs ide  t he  D K P - d e r i v e d  por t ion  of 
the  molecule,  i t  is a t  one s tage of the  insert ion react ion 
pa r t  of a 6 -membered  ring wherein its inversion migh t  be 
favored  for steric reasons (Diagram 7). 

In  re la t ing the  hexapep t ide  lac tone ant ib iot ics  (sta- 
p h y l o myc in  S 51, os t reogrycin  B 5~', and the  ve rnamyc ins  ~a) 
to  the  scheme shown for ac t inomyc in  and e tamycin ,  the  
presence of an  addi t iona l  L-amino acid is seen, which mus t  
be singly incorpora ted  in such a scheme. The  presence of 
L-4-ketopipecolic acid exclus ive ly  in this  group suggests  
t h a t  th is  m a y  be  t h e  ' ex t r a '  amino  acid. Conce ivably  this  
is a case of h y d r o x y  acid inser t ion (and subsequen t  oxida-  
t ion  to  t he  ke to  c o m p o u n d  af te r  O--~  N-acy l  shift). I t  
appears  t h a t  those  amino  acids possess addi t iona l  func-  
t iona l  groups (OH or N H , )  are  best  a ccommoda t ed  on the  
basis of single inser t ion,  in con t ras t  to  t he  s impler  amino  
acids incorpora ted  v ia  D K P ' s .  Such funct iona l  groups 
could faci l i ta te  inser t ion react ions  and  rea r rangements  
based upon aeyl  shift. 

Antibiotics containing ~,y-diaminobutyric acid. E x t e n -  
siort of t he  above  concepts  to  those  ant ib iot ics  which  con- 
ta in  x, y -d iaminobutyr ic  acid (dab) is feasible. P o l y m y x i n  
B~ ~4 exemplif ies  this  group of substances  (Diagram 8), in 
which the  cyclic por t ion  of the  pept ide  appears  to der ive  
f rom a D K P  'core '  by  inser t ion of L-dab and L-threonine 
residues. P o l y m y x i n s  Bz, Ez and E, ,  and circnlins A and B 
all possess analogous s t ructures  ~. The  D K P  'core '  pro-  
v ides  1 D- and an ad jacen t  L-amino acid in the  final  s truc- 
ture,  the  remain ing  amino  acids all consist ing of L-dab 
and L-threonine.  In  v iew of the  r eady  N, N ' -acy l  migra-  
t ions observed  in this  series, the  b ranch-po in t  m a y  be 
mobi le  dur ing  biosynthesis,  p rov id ing  ano the r  t ype  of 
r ing-expansion process. The  presence of D-dab in poly-  
myx ins  A x and  A,  and of D-serine in the  corresponding (3) 
posi t ion of  po lymyx ins  D~ and  D~ requires  explana t ion .  

Gramicidin S and the tyrocidines. This  group of cyclo- 
pep t ide  ant ib io t ics  con ta in  L-ornithine, a h igher  homolog  
of L-dab, so t h a t  i t  is logical to  seek in the i r  s t ruc tures  
possible D K P - d e r i v e d  moiet ies  which could combine  wi th  
orn i th ine  v ia  inser t ion  react ions  (Diagram 9). Gramic id in  S 
a t  f i rs t  appears  to  p resen t  an obvious  case - 4 D K P ' s  
(2 epimer ized and 2 not) and 2 s ingly-inserted orn i th ine  
residues could combine  in var ious  ways to  form the  cyclic 
decapept ide .  One possibil i ty,  as shown, involves  leucyl-  
va l ine  D K P  and D-phenylalanylprol ine  D K P  as precur-  
sors; t he  l a t t e r  subs tance  has ac tua l ly  been isolated f rom 
cell-f lee ex t rac t s  of B.  brevis nagano incuba ted  wi th  t -  
phenyla lan ine  and L-proline ~a. 

Diagram 6 

CHsC~I-O ~ / N ~ / N  .--~--~/NCI~s [tarnycin 

6',,, " r, °@ 

Diagram 7 

H 0 FI 0 H O 

~N//"-j 

Diagram 8 

f 
ce~l~gCO-- dsb -- t ier- -dab ~ - ~ 0  - -  deb - -  o-pile--L- leu--daO --OaO - - th r  

i 
I 

oip,e- 
Polymyxin B, 

Diagram 9 

.~.~ -,-leu --~-o-phe -F~pro-+-val--~ 
Off1.., , !  , . t . ..~or/1 ,~val.-.T-, Pro....~g-pne.-~leu... I 

n I I I I 

6ramicidin $ 

46 H. WEISSBACH, B. REDFIELD, B. BEAVEN and E. KATZ, J. biol. 
Chem. 240, 4377 (1965). 

47 A. W. JOHNSO~ and A. B. MAUGER, Bioehem. J. 73, 535 (I959). 
48 W. KELLER-SCHIERLEIN~ M. L. MIHAILOVIC and V. PRELOG, 

Helv. ehim. Acta 42, 305 (1959). 
49 T. YOSHIDA, K. KATAGIRI and S. ~'OKOSAVdA, J. Antibiot., Tokyo 

A 14, 330 (1961). 
50 j .  SHOJI and K. KATAGIRI, J.  Antibiot., Tokyo A 14, 335 (1961). 
51 H. VANDERHAEGHE and G. PARMENTIER, J. Am. chem. Soc. 82, 

4414 (1960). 
s~ F. W. EASTWOOD, B. K. SNELL and A. ToteD, J. chem. Soe. 2286 

(1960). 
~a M. BODANSZKY and M. A. ONDETTI, Antimierob. Ag. Chemother. 

360 (1963). 
54 K. VOGLER, R. O. STUDER, P. LANZ, W. LERGIER and E. B6HNI, 

Helv. chim. Aeta 48, 1161 (1965). 
55 H. PAULUS, in Antibiotics (Eds. D. GOTTLIEB and P. D. SHAW; 

Springer-Verlag, New York 1967), vol. 2, p. 254. 
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Diagram 10 

H H H H 

0 

H H H H 

Never the less ,  i t  is necessa ry  to  i n t e r p r e t  t h e  b iosyn-  
thes i s  of t h i s  g roup  of a n t i b i o t i c s  w i t h  cau t ion ,  for  severa l  
reasons .  T h e r e  ex is t s  a close r e l a t i ons h i p  be t w een  gramic i -  
d in  S a n d  t he  t y roc id i ne s ;  al l  c o n t a i n  w i t h i n  t he  cyclo- 
d e c a p e p t i d e  s t r u c t u r e  t he  sequence  va l -o rn - l eu -n -phe -p ro ,  
sugges t ing  t h a t  th i s  p e n t a p e p t i d e ,  poss ib ly  in  a b o u n d  
form, is i tself  a precursor .  Conce ivab ly  t h e r e  is c o m b i n a -  
t ion  of 2 cyclic p e n t a p e p t i d e s ,  one  of which  in each  case 
possesses t he  a b o v e  sequence  a n d  is in t u r n  der ived  f rom 
L-orn i th ine  a n d  t he  2 a b o v e - m e n t i o n e d  D K P ' s .  However ,  
e x p e r i m e n t a l  s tud ies  on  these  an t i b i o t i c s  do  n o t  en t i r e ly  
s u p p o r t  t he  a b o v e  concepts .  F o r  example ,  cell-free syn-  
thes i s  of n -pheny la l any l -L-p ro ly t -L-va l ine  se a n d  of  a re- 
l a t ed  (bound)  t e t r a p e p t i d e  c o n t a i n i n g  o r n i t h i n e  ~7 h a v e  
b e e n  descr ibed,  t h o u g h  t h e r e  is no  p roof  t h a t  these  pep-  
t ides  are  a c t u a l  p recursors .  T h e  a m b i g u i t i e s  o b s e r v e d  in 
t h e  genesis  of t h e  D-pheny la l an ine  res idue  c o n t r a s t  s t r a n -  
gely w i th  the  ev idence  o b t a i n e d  for  o t h e r  an t ib io t i c s .  
However ,  in  v iew of t h e  conf l ic t ing  d a t a  1° r e p o r t e d  for  
th i s  g roup  of c o m p o u n d s  i t  seems p r e m a t u r e  to  p rec lude  
t he  poss ib i l i ty  of D K P  i n v o l v e m e n t  in t h e i r  b iosyn thes i s .  

Examples o/ D- and L-amino acid alternation. I t  is ap-  
p a r e n t  t h a t  in  those  b i o s yn t he s e s  where  i n t e r v e n t i o n  b y  
h y d r o x y  acids  or  d i a m i n o  acids  is a b s e n t ,  t h e  i n t e r m e d i a c y  
of ep imer ized  D K P ' s  could  lead to  s t r u c t u r e s  possess ing  
a n  a l t e r n a t i n g  sequence  of D- a n d  L-amino  acids.  F u n g i -  
spor in  5s, cycto- bis- ~D- p h e n y l a l a n y l -  L- p h e n y l a l a n y l  - D - 
valyl -L-valyl ] ,  is such  a case, a n d  c a n  be  r ega rded  as a 
c o p o l y m e r  of 2 ep imer ized  D K P ' s .  

F u r t h e r  example s  are  g ramic id in s  A - C  59, a closely 
r e l a t ed  series of acycl ic  pep t i de s  wh ich  p r e s e n t  a r e m a r k -  
able  u n b r o k e n  p a t t e r n  of a l t e r n a t i n g  D- a n d  L-amino  acid 
residues,  w i t h  the  ear l ier  s t a t e d  proviso  t h a t  g lyc ine  is 
r ega rded  as 'D'. T h u s  g r a m i c i d i n  A is Formyl -L-va l -g ly -  
L-ala-D-leu-L-ala-D-val-L-val-D-val-L-try-D-leu-L-try-D-leu- 
L - t r y - D - l e u - L - t r y - N H C H , C H , O H ;  t h e  o t h e r  m e m b e r s  dif-  
fer  on ly  in t h e  r e p l a c e m e n t  of a n  L-tI~" b y  L-phe or  L- tyr  
a n d / o r  of N - t e r m i n a l  L-val b y  L-ileu. A s s u m i n g  t h a t  t h e  
C - t e r m i n a l  e t h a n o l a m i n e  is de r ived  r e d u c t i v e l y  f rom gly- 
cine, t h e  b i o s y n t h e t i c  process  could  be  based  u p o n  an  
' a s s e m b l y  l ine '  of ep imer i zed  D K P ' s  u t i l i z ing  a c o n c e r t e d  
or consecu t ive  series of t r a n s p e p t i d a t i o n  reac t ions .  I t  is 
of i n t e r e s t  to  cons ider  w h e t h e r ,  in such  a cha in  of even ts ,  
t h e  f o r m y l a t i o n  of t he  t e r m i n a l  D K P  p lays  a n  i n i t i a t i n g  
or t e r m i n a t i n g  role, or b o t h  (D iag ram 10). T he  in te r -  

m e d i a c y  of D K P ' s  in t h i s  m a n n e r  exp la ins  w h y  glycine  
occupies  a "D' pos i t i on  in t h e  a l t e r n a t i n g  sequence.  

I n  t h e  foregoing  examples ,  D-amino  acid d i s t r i b u t i o n  
ha s  been  co r re l a t ed  w i t h  t h e  poss ible  role of ep imer ized  
D K P ' s  as b i o s y n t h e t i c  precursors .  The  a im  has  b e e n  to  
i l lu s t r a t e  genera l  p r inc ip les  r a t h e r  t h a n  precise  p a t h w a y s  
in t h e  absence  of more  pos i t ive  e x p e r i m e n t a l  evidence .  
F u r t h e r m o r e ,  i t  is n o t  i n t e n d e d  to  exc lude  r e l a t ed  con-  
cep ts  in  wh ich  d i sc re te  D K P ' s  would  no t  be  invo lved .  
Fo r  example ,  a m i n o  acids  could  e n t e r  a n  enzyme-con -  
t ro l l ed  a s s e m b l y  s y s t e m  a n d  pass  t h r o u g h  i n t e r m e d i a t e  
s tages  in  w h i c h  D K P  r ings  are  a lways  b o u n d  to  t h e  en- 
z y m e  or  a re  p a r t  of l a rger  i n t e r m e d i a t e s  in  t h e  t r a n s p e p -  
t i d a t i o n  process.  M e c h a n i s m s  s imi la r  t o  t hose  a l r e a d y  dis-  
cussed  could  t h e n  a c c o u n t  for t h e  D-amino acid  res idues  
a n d  macrocyc l ic  s t r u c t u r e s  o b s e r v e d  in t h e  p e p t i d e  a n t i -  
biot ics .  I t  is i n t e n d e d  to  i n v e s t i g a t e  e x p e r i m e n t a l l y  some  
of t h e  poss ib i l i t ies  d iscussed he re  e°. 

Zusammen[assung. Line  v e r a l l g e m e i n e r n d e  b i o s y n t h e -  
t i sche  Theor ie  f iber die E n t s t e h u n g  yon  D-Aminos / iu ren  
in P e p t i d - A n t i b i o t i k a  wi rd  da rges t e l l t  u n d  zur  B i l d u n g  
v o n  m a k r o z y k l i s c h e n  S t r u k t u r e n  aus  k le ine ren  Ring-  
s y s t e m e n  in  B e z i e h u n g  gese tz t .  
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