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COGITATIONES 

Secondary  Metabol i sm:  an Explanat ion in 
T e r m s  of  I n d u c e d  E n z y m e  M e c h a n i s m s  

The phenomena of secondary metabolism arc well- 
known in microorganisms, from bacteria to higher fungi, 
but  less clearly defined in higher plants - with which, 
therefore, this contribution is not directly concerned. 
Most of the 'natural  products '  with which chemists have 
concerned themselves are secondary metabolites; they 
include antibiotics and other physiologically active com- 
pounds and have considerable technical importance as 
well as theoretical interest. Secondary metabolites have 
seldom any direct recognizable function; they exist in 
enormous var ie ty  but  have very restricted taxonomic 
distribution. In  recent years the general outlines of their 
biogenesis has become clear and in many eases our knowl- 
edge of this aspect is very detailed; this aspect can be 
summarized in saying tha t  they arise from key inter- 
mediates of general metabolism by a range of unique 
reactions, the products then being diversified by the inter- 
play of further transformations. This biogenetic picture 
is generalized and idealized in the Figure. 

In general, the secondary metabolites of microorganisms 
are not produced at  all times during the development of 
the organism; in particular, the processes of growth and 
of secondary metaboli te production can frequently be 
distinguished. By 'growth'  in this context, is meant the 
balanced replication of cell material, ,as for example in 
the multiplication of single ceils. The present evidence 
indicates tha t  these contrasting activities involve physio- 
logically different cell states, and there have been many 
studies of this 'metabolic phasing', of which those of 
BECKER are perhaps the most general t. The fact that these 
cellular phases are successive does not mean that  in a cell 
populat ion the transitions are simultaneous, and indeed 
under practical circumstances there may be considerable 
overlapping (as shown for typical industrial fermentations 
by  BECKER l) ; however, laboratory conditions can usually 
be devised in which overlapping is considerably reduced. 
For filamentous organisms, this usually requires strict 
control of the culture inoculum and the avoidance of 
myeelial aggregates in which micro-environment is diver- 
sifted. 
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Idealized scheme of biogenesis of secoudary metabolites. Broken 
lines represent general metabolism, iu which I is a key iuternlediate; 
the special reaction A leads to secondary metabolites, initially to 
product (1), which is then further metabolized by reactions a-f, 
interplay of which can lead to a selection of the further products '2-16. 
Note that the reactions a-f need not have high substrate specificity; 
if they do, this will somewhat restrict the range of products obtained. 
All the products belong to one biogenetic class, determined by the 

reaction A. 

When these conditions are fulfilled, and when 'growth '  
is measured by some more appropriate parameter  than 
the dry weight, which frequently continues to increase 
when cell replication has stopped, the phases of balanced 
growth and of secondary metabolism cam be investigated. 
In a wide variety of cases it has been fouml tha t  the phase 
of balanced growth is limited by the exhaustion of some 
particular nutrient comlmnent, such as nitrogen or phos- 
phate. The most dot:riled study so far is that  of Bot~uow 
et al. on Gibberella/ufikuroi I. but other notable cases arc 
alkaloid production by Claviceps purp .rea  =, anthra-  
quinone fi)rmation by Peni¢illium islandicum 4, fat syn- 
thesis in yeasts, etc. ; mere multiplication of examples is 
superfluous. The conditions which terminate bithmced 
growth are, of course, significantly similar to those which 
initiate spore formation and analogous processes, whose 
relatkmship to secondary metalmlism h:m frequently heen 
remarked. 

Our own work has been mostly concerned with meta- 
bolic ptuL~ing in Penicill ium urticae, which in its secon- 
dary metabolism produces a range of compounds derived 
from 6-methylsalicyli¢ acid (6-MSA), We have distin- 
guished here i a 'trol)hophase'6 with l)alanced ul)take of 
nitrogen and phosl)hate, nucleic acid synthesis, etc., and 
an 'idiophase'V marked by carlton ~L~similation slid sect)n- 
dltry metabolite production. Respin)metric stutlies s,~ 
showed rapid carbon metabolism (glucose breakdown and 
tricarL~)xylic acid cycle oxidation) in tile trophophase, 
and markedly slower metabolism in tile itliophime. T h e r e  
were also qualita'tivo differences, notably that  glucose 
wits mainly oxidized by ' the hexose monophosphate l)aXh - 
way in the trnpholflmsc, and by glycolysis in the idle- 
phase: a simihtr finding f~)r P.  chry~ogenum is already 
recorded t. The capacity to synthesize 6-MSA, atttl also to 
metabolize it, arc i(lioph;L~e chantcteristic~s and cannot be 
demonstrated in the normal trophophase. 

The termination of balanced growth is fairly easy to 
umlerstand ; it is leas easy to see how this leads to the ini- 
tiation of secondary metabolic processes, On this question, 
our work with P. urticae Rives indications of general si R- 
nificanee. The end t)f the trt)phophtL,~e is marked by a 
sharp decline in respiration, from its peak wdue to a 
temlx)rary minimum, which also coincides with a sharp 
decline in nitrogen anti phosphate uptake. At the same 
time, the withdrawal of intermediates of the triearLx)xylic 
acid cycle for synthetic reactions, hitherto m:tximal, falls 
sharply to a very low level. The respirometric evidence 
for these events is typified in the Table. Thus the transi- 
tion fn)m trophoph~L~e to idiophase is marked by a 
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m e t a b o l i c  c a t a s t r o p h e .  HAWKER a n d  HEPDEN h a v e  ob-  
se rved  a v e r y  s imi la r  s i t u a t i o n  a t  t h e  onse t  of s po r u l a t i on  
in Rhizopus sexuatis lo. T h e  e v e n t s  obse rved  i m p l y  equa l ly  
s u d d e n  a c c u m u l a t i o n s  of a v a r i e t y  of m e t a b o l i c  in te r -  
media tes ,  w h i c h  are n o r m a l l y  p r e s en t  a t  low c o n c e n t r a -  
t ions :  i t  is precise ly  a c c u m u l a t i o n s  of th i s  k ind  which  can  
lead, b y  the  i nduced  f o r m a t i o n  of new enzymes ,  to  t he  
open ing  of new s y n t h e t i c  p a t h w a y s  which  will re l ieve t he  
pressure  of key  m e t a b o l i c  i n t e r m e d i a t e s .  S u c h  new syn-  
t h e t i c  p a t h w a y s  are  i n  f a c t  w h a t  we obse rve  a n d  t h e y  con-  
s t i t u t e  t he  basis  of s e c o n d a r y  m e t a b o l i t e  fo rma t ion .  

I n  P. urticae t h e  new r eac t i on  el ici ted in  th i s  response  
is t he  syn thes i s  of 6 -MSA f rom aeety l -  a n d  m a l o n y l -  
C o A n ;  t i le r e l e v a n t  s t imu lus  would  be  a n  a c c u m u l a t i o n  
of ace ty l -CoA or, more  p robab ly ,  of malonyl -CoA.  D u r i n g  
t he  t r o p h o p h a s e ,  as a n  i n t e r m e d i a t e  in  f a t t y  acid syn-  
thesis ,  ma lony l -CoA is p r e s e n t  b u t  p r o b a b l y  in  l imi t ing  
a m o u n t s ;  t h e  s u d d e n  a c c u m u l a t i o n  of t r i c a r b o x y t i c  acid 
cycle  i n t e r m e d i a t e s  would  m a r k e d l y  s t i m u l a t e  m a l o n y l -  
CoA syn thes i s  ~ a n d  ra ise  t h e  c o n c e n t r a t i o n  of  th i s  in te r -  
med ia te .  Resp i rome t r i c  s tud ies  of P. islandicum, in w h i c h  
the  a n t h r a q u i n o n e  p i g m e n t s  are  aga in  ma lony l -CoA deri-  
va t ives ,  r equ i re  a s imi la r  i n t e r p r e t a t i o n  ~a. T he  case of 
Gibberella/ujihuroi is s o m e w h a t  d i f fe ren t ;  here  s e c o n d a r y  
m e t a b o l i t e s  in t h e  id iophase  are cha r ac t e r i s t i c  i sopreno id  
de r iva t ives ,  f o r m e d  f rom m e v a l o n i c  acid wh ich  d u r i n g  
b a l a n c e d  g r o w t h  is a l m o s t  c e r t a i n l y  t h e  l im i t i ng  p recurso r  
in  t h e  syn thes i s  of ergosterol .  A d d i t i o n  of e x t r a  meva lo -  
n a t e  to  the  c u l t u r e  m e d i u m  elici ts  t h e  s ame  response  as 
would  be  p red ic ted ,  on  t h e  p r e s e n t  a r g u m e n t ,  for  a n  endo-  
genous  a c c u m u l a t i o n  of m e v a l o n a t e  a t  t h e  t e r m i n a t i o n  of 
b a l a n c e d  growth ,  viz. acce le ra t ion  a n d  ear l ier  i n i t i a t i o n  of 
t h e  s e c o n d a r y  s y n t h e t i c  p a t h w a y  ~4 

I n  P. urticae t h e  syn thes i s  of 6 -MSA co r r e sponds  to  
r eac t ion  A of t h e  Figure .  T he  r eac t i ons  c o r r e s p o n d i n g  to  
a-[ t h e n  c o n v e r t  6 -MSA in to  a v a r i e t y  of o t h e r  me tabo l i t e s ,  
as s h o w n  for  e x a m p l e  b y  BASSETT a n d  TANENBAUM ~5. 
These  f u r t h e r  ~:eactions c a n n o t  be  d e m o n s t r a t e d  d u r i n g  

Typical respirometric results with developing P. urticae 

Tropho- Trans- Idle- 
phase ition phase 

Total CO 2 output 12-17 3.3-4.3 5.5 
(/zl/min/rng) 

14CO~ from U-14C-glucose 4.9-9.4 1.4-2.9 1.9-3.7 
(units/min/mg) 

~4COz from 1-1*C-acetate 9.9 1.5 ~.6 2.9 
(units/rain/rag) 

Withdrawal of triearboxylic 85-95 °5 45-95 
acid cycle intermediates (%) 

Methods: Total CO 2 from Warburg respirometry; 14C0~ from radio- 
respirometry; percentage dilution of tricarboxylic acid cycle from 
radiorespirometry with 1-14C - and 2-1*C-acetate. 

t h e  n o r m a l  t r o p h o p h a s e  a n d  a p p e a r  to  ar ise  as  fu r ther  
consequences  of enzymic  induc t ion .  E v e n  in t he  idiophase,  
these  r eac t ions  a p p e a r  successively,  a t  l eas t  in  p a r t ;  in the 
t r o p h o p h a s e ,  t h e y  can  be d e m o n s t r a t e d  pr io r  to  endo- 
genous  6-MSA synthes i s ,  b u t  on ly  a f t e r  a suf f ic ien t ly  pro- 
longed exposure  to  exogenous  6-MSA. The  app l i c a t i on  of 
c o n t i n u o u s  cu l tu re  m e t h o d s  to  P. urticae conf i rms  these 
o b s e r v a t i o n s  in  a s ign i f i can t  way.  If  c o n t i n u o u s  cul ture  
is se t  u p  ear ly  in  t h e  t r o p h o p h a s e ,  a t  a h i g h  d i lu t ion  rate,  
t r o p h o p h a s e  m e t a b o l i s m  is m a i n t a i n e d  indef in i t e ly .  Wi th  
a lower  d i lu t ion  ra t e ,  c o m m e n c i n g  a t  a l a t e r  t ime,  typical  
id iophase  p r o d u c t i o n  of 6 -MSA is obse rved ,  w i t h  little 
f u r t h e r  m e t a b o l i s m ;  if d i l u t ion  is now i n t e r r u p t e d  for a 
few hours ,  t he  ful l  p a t t e r n  of 6-MSA m e t a b o l i t e s  is ob- 
t a ined .  These  o b s e r v a t i o n s  s t r o n g l y  sugges t  t h a t  w h a t  we 
h a v e  t e r m e d  t he  d ivers i fy ing  r eac t i ons  (a-[ of t he  Figure) 
are  m e d i a t e d ,  a t  l eas t  in  pa r t ,  b y  s e q u e n t i a l l y  induced  
enzymes .  Th i s  is, in a n y  case, l ike ly  on  a priori grounds ;  
in t he  p a r t i c u l a r  case of P. urticae t he re  is ev idence  t h a t  
t he  syn thes i s  of  6 -MSA is i n h i b i t e d  b y  6-MSA a t  concen- 
t r a t i o n s  c o m p a r a b l e  to  those  n o r m a l l y  p r e s e n t  in  idle- 
phase  cu l tu re s ;  a n y  such  i n h i b i t i o n  would  nu l l i fy  the 
p r i m a r y  effect  of 6-MSA syn thes i s  ( t h a t  of r e l i ev ing  the 
' m e t a b o l i c  p ressure ' )  were i t  no t  i tself  re l ieved  b y  fur ther  
m e t a b o l i s m  of 6-MSA. 

\%re t h u s  a r r i v e  a t  a genera l ized  h y p o t h e s i s  concerning 
t h e  sequence  of e v e n t s  l ead ing  to  s e c o n d a r y  metabol i sm,  
viz. (1) t e r m i n a t i o n  of b a l a n c e d  growth ,  l ead ing  to  (2) 
s u d d e n  a c c u m u l a t i o n  of m e t a b o l i c  i n t e rmed ia t e s ,  leading 
to (3) i n d u c e d  syn thes i s  of s e c o n d a r y  me tabo l i t e ,  leading 
to (4) i nduced  f u r t h e r  m e t a b o l i s m  d ive r s i fy ing  t he  secon- 
d a r y  me tabo l i t e s .  

W e  hope  to  c o n t i n u e  ou r  i nves t i ga t i ons  of P. urticae 
a long  t h e  l ines sugges ted  b y  t h i s  a p p r o a c h ,  b u t  the 
g e n e r a l i t y  of  t h i s  h y p o t h e s i s  o b v i o u s l y  r equ i r eds  subs tan-  
t i a t i o n  b y  m a n y  o t h e r  ins tances .  

Zusammen/assung. I s t  das  W a c h s t u m  v o n  Penicillium 
urticae u n d  ande re r  Pi lze  im Gle ichgewich t  ges t6r t ,  so 
k o m m t  es zu p l6 tz l icher  A k k u m u l i e r u n g  wich t ige r  meta- 
bol i scher  Z w i s c h e n p r o d u k t e .  Diese induz ie ren  die Bildung 
neue r  sekundXrer  M e t a b o l i t e  s y n t h e t i s i e r e n d e r  Enzyme,  
was  Anlass  zu we i t e re r  E n z y m e n t s t e h u n g  i s t  u n d  die 
D i v e r s i t ~ t  de r  S t o f f w e c h s e l e n d p r o d u k t e  b e s t i m m t .  

j .  D. B u ' L o c K  a n d  A. J. PowEu.  

Chemistry Department, University o/Manchester 
(England), July 27, 196.1. 
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