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ABSTRACT 

The main types of  models r e l a t e d  to the o r i g i n  of 
b i o l o g i c a l  asymmetry are reviewed and new models are 
proposed. I t  is shown t h a t  in p o l y m e r i z a t i o n  ( in  con- 
t r a s t  to Yamagata's hypo thes i s )  on ly  a temporary am- 
p l i f i c a t i o n  of asymmetry occurs.  Models have been con- 
s t r u c t e d  in which always the same enant iomer  s u r v i v e s ,  
i ndependen t l y  of any f l u c t u a t i o n s  or asymmetr ic i n i -  
t i a l  c o n d i t i o n s .  The re fo re ,  the ques t ion  of the "by 
chance" or the causal o r i g i n  of b i o l o g i c a l  asymmetry 
remains s t i l l  open, a l though w i th  a s l i g h t  p re fe rence  
f o r  a causal o r i g i n .  

i .  ORIGIN OF CHIRALITY: CHANCE OR CAUSALITY ? 

In the a t tempts  to e l u c i d a t e  the o r i g i n  of the asym- 
metry of b iosphere  two bas ic  ques t ions  became obvious~ 

F i r s t ,  whether  the present  asymmetry is r e s u l t  of  
a h i s t o r i c a l  a c c i d e n t ,  or is i t  due to some u n d e r l y i n g  
phys ica l  asymmetry. 

Second, at which stage of  the chemical or b i o l o -  
g i ca l  e v o l u t i o n  the (a lmos t )  p e r f e c t  o p t i c a l  p u r i t y  
was a t t a i n e d .  

A l o t  o f  exper imenta l  and t h e o r e t i c a l  work has 
been done (ma in ly  in the l a s t  two decades) to answer 
these ques t i ons .  
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I t  is commonly accepted t h a t  o p t i c a l l y  pure sys- 
tems are more advantageous than mixed ones: a l l - L  or 
a l l - D  polymers are formed f a s t e r  and are more s tab le  
than mixed polymers ( 1 , 2 ) ,  the gene t i c  code would 
have been more compl i ca ted  i f  the handedness of the 
b u i l d i n g  b locks (e .g .  amino ac ids )  were a lso coded, 
e tc .  Thus i t  seems c l e a r  ~Jhy the organisms became op- 
t i c a l l y  pure. The ques t ion  is the choice between the 
two oppos i te  c h i r a l i t i e s .  

Labo ra to ry  work has been devoted most ly  to the 
search f o r  poss ib l e  asymmetr ic agents.  C i r c u l a r l y  po- 
l a r i z e d  l i g h t  (3 -5)  and weak i n t e r a c t i o n s  (6 -8 )  are 
the most o f t en  assumed sources of ex te rna l  asymmetry, 
a l though a number of  o the r  sources are also suggested 
(9 ) .  Weak i n t e r a c t i o n  is at p resent  the on ly  phys ica l  
agent ,  f o r  which an asymmetr ic e f f e c t  is f i r m l y  es- 
t a b l i s h e d .  I t s  c o n t r i b u t i o n  to the i n t r a -  and i n t e r -  
mo lecu la r  i n t e r a c t i o n s  i s ,  however, very small (Rein 
c la imes t h a t  the i n t r a m o l e c u l a r  e f f e c t  is  not g r e a t e r  
than 10 -13 (10) or even 10 -2o ( I i ) ,  t h e r e f o r e ,  the 
p r imary  e f f e c t  must be e f f i c i e n t l y  a m p l i f i e d  in o rder  
to have any s i g n i f i c a n t  ro le  in chemical e v o l u t i o n ,  
Such a m p l i f i c a t i o n  was looked f o r  in syn thes i s  or de- 
compos i t ion  of  mo lecu les ,  in p o l y m e r i z a t i o n  and c r ys -  
t a l l i z a t i o n ,  and even in o s c i l l a t i n g  r e a c t i o n s .  Most 
of the exper iments  could not demonstrate any asym- 
metry in the p roduc ts .  (For a rev iew of these e x p e r i -  
ments see e.g.  (8,  12)). 

The minuteness of the phys i ca l  asymmetry led a 
number of r esea rche r  to the den ia l  of i t s  impor tance 
in the o r i g i n  of the handedness of the  b i o l o g i c a l  ma- 
t e r i a l s .  They assume t h a t  L-systems are q u i t e  as good as 
D-systems, and the p re fe rence  f o r  one p a r t i c u l a r  han- 
dedness has been decided by mere h i s t o r i c a l  chance. 
This chance might  operate  in severa l  ways. Perhaps 
some step of  the ( p r e b i o l o g i c a l  or b i o l o g i c a l )  evo lu -  
t i o n  is very improbab le ,  and t h e r e f o r e  r a r e ,  event ,  
which occur red  on ly  once on the Earth (13 -16 ) .  This 
event may be the o r g a n i z a t i o n  of the r e p r o d u c t i v e  sys- 
tem, or the p h o t o s y n t h e t i c  appara tus ,  or some o the r  
key s tep.  I t  is a lso p o s s i b l e ,  t ha t  - perhaps f o l l o w -  
ing a p a r t i a l  t e r r i t o r i a l  sepa ra t i on  of  the e n a n t i o -  
mer ic  species - a s i n g l e  ca tas t rophe  des t royed the 
m a j o r i t y  of  one of  the p o p u l a t i o n s ;  the o the r  t h e r e -  
f o re  could e a s i l y  overcome ( I o , 2 4 ) .  A most i n t r i g u i n g  
p o s s i b i l i t y  is the ex i s tence  of  systems w i t h  m u l t i p l e  
steady s t a t e s ,  on ly  the h i g h l y  asymmetr ic ones being 
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s t a b l e .  Then an i n i t i a l  f l u c t u a t i o n  is a m p l i f i e d  u n t i l  
the favoured species becomes dominant (2, 16-24).  I t  
is claimed t h a t  in such m u l t i s t a b l e  systems a s l i g h t  
asymmetry in the " f i t n e s s e s "  of the two competing 
species on ly  s l i g h t l y  mod i f ies  the basins (domains of 
a t t r ac~on )  of  the s t a t i o n a r y  s t a t e s ,  t h e r e f o r e  a ran- 
dom f l u c t u a t i o n  w i l l  o u t f i t  the small d i f f e r e n c e  (24, 
25). 

In t h i s  c o n t r i b u t i o n  we review the main types of 
models r e l a t e d  to the o r i g i n  of  b i o l o g i c a l  asymmetry. 
A number of  new models is also presented which show 
tha t  t h i s  ques t ion  cannot be decided on the basis of 
formal models. A real r e s o l u t i o n  of  the dilemma re- 
qu i res  a more prec ise  r e c o n s t r u c t i o n  of the e v o l u t i o n -  
ary t i m e t a b l e  in order  to see which models remain 
compat ib le  wi th  the actua l  events.  

S ing le  events are not taken i n to  account in the 
models. There fo re  we are conf ined to the phys ica l  a- 
symmetry: does i t  have any p o s s i b i l i t y  to grow up in 
sp i t e  of  f l u c t u a t i o n a l  or random d is tu rbances  ? 

Not on ly  models y i e l d i n g  a p e r f e c t  o p t i c a l  p u r i t y  
w i l l  be cons idered but also those in which one species 
gains a r e l a t i v e  predominance, as the o p t i c a l  p u r i t y  
might evolve in a long sequence of r eac t i ons  each of 
them s h i f t i n g  somewhat the r a t i o  of the enant iomers.  

2. CLASSIFICATION OF THE MODELS 

The models developed in the study of o p t i c a l  p u r i t y  
may be c l s s i f i e d  accord ing to several  c r i t e r i a .  Some 
of these c r i t e r i a  w i l l  be l i s t e d  in t h i s  paragraph. 

2.1.  Complexi ty  of the r e a c t i o n  system. 

The simplest  models do not con ta in  any reac t i ons  of 
h igher  order  nor chains of r e a c t i o n s .  

More complex are the models desc r i b i ng  po lymer i -  
za t i on  and/or  c r y s t a l l i z a t i o n ,  w i th  long i t e r a t i v e  
sequence of r e a c t i o n  steps.  

A q u a l i t a t i v e l y  d i f f e r e n t  leve l  of comp lex i t y  is 
reached in systems wi th  a u t o c a t a l y t i c  steps of d i f -  
f e r e n t  o rder .  Ins tead of an a u t o c a t a l y t i c  r e a c t i o n  
s e l f i n s t r u c t i n g  cyc les  may be i nvo l ved ,  where the 
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cyc le  as a whole is reproduced a u t o c a t a l y t i c a l l y  (26) .  

One aspect  of the comp lex i t y  of the system is the 
growth ra te  of the compounds of i n t e r e s t :  i t  may be of 
l i n e a r ,  e x p o n e n t i a l ,  or h y p e r b o l i c  type ( the l a t t e r  
conr respond ing  to a u t o c a t a l y s i s  of second or h igher  
degree) (27) .  

2 .2 .  I n t e r a c t i o n  between the enant iomers 

The enan t i omer i c  ob jec t s  may have no i n f l u e n c e  on each 
o the r  at a l l ,  thus behaving as independent  compe t i t o r s  
(27) .  The s imp les t  poss ib l e  e f f e c t  of one enant iomer 
on the o the r  is through racem iza t i on  or o the r  para-  
s i t i c  r e a c t i o n s  induc ing  the t r a n s f o r m a t i o n  of the en- 
ant iomers  i n t o  each o t h e r .  More pronounced i n t e r a c t i o n  
of the enant iomers may be through the c o n s t r a i n t s  im- 
posed on the whole system ( 2 7 , 2 8 ) ,  or through d i r e c t  
c o l l i s i o n  (e .g .  f i g h t  in the b i o l o g i c a l  phase of evo- 
l u t i o n ) .  This type of i n t e r a c t i o n s  is c a l l e d  he te ro -  
c h i r a l  coope ra t i ve  i n t e r a c t i o n  by Morozov (25) .  

2.3.  C o n s t r a i n t s  

In the m a j o r i t y  of models the number of enant iomers is 
a l lowed to grow u n l i m i t e d .  Since in any real  system 
the re  are l i m i t s  f o r  g rowth ,  d i f f e r e n t  c o n s t r a i n t s  are 
i nvo lved  in the models. Eigen and Schuster  (27) i n -  
v e s t i g a t e d  the case of the c o n s t r a i n t  of cons tan t  
o v e r a l l  o r g a n i z a t i o n ( w h e n  the q u a n t i t i y  of b u i l d i n g  
b locks in the system remains c o n s t a n t ) ,  and b r i e f l y  
ment ioned the c o n s t r a i n t  of cons tan t  f l u x e s .  There 
may be, however, o the r  r e a l i s t i c  c o n s t r a i n t s  too ,  e.g.  
the number of  b u i l d i n g  blocks may be l i m i t e d ,  and the 
system does not n e c e s s a r i l y  use a l l  of them (28) .  

2.4.  I d e a l i t y  

In an idea l  system the enant iomers are not d i r e c t l y  
t rans fo rmed i n t o  each o the r  ( 25 ,29 ) .  T h e r e f o r e ,  the 
models t h a t  aim to desc r i be  chemical e v o l u t i o n  are 
bound to be non- idea l  as racem iza t i on  should always 
be taken i n t o  account ,  

2.5.  Unde r l y i ng  phys ica l  asymmetry 

Some models t r y  to exp la in  the appearance of  handed- 
ness rega rd less  of  any basic phys ica l  asymmetry. These 
models, w i t h  symmetr ic r a t e  constants  f o r  both enan- -  
t i o m e r s ,  are c a l l e d  " f r e e "  by Morozov et a l .  (25) .  
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They r e f e r  e x c l u s i v e l y  to the hypo thes is  of by chance 
o r i g i n .  In the models i n c l u d i n g  phys ica l  asymmetry, 
( " p e r t u r b e d "  models of Morozov) ,  some ra te  cons tan ts  
are asymmetr ic .  This type of models is a p p r o p r i a t e  f o r  
s imu l taneous study of the e f f e c t  of both the phys ica l  
asymmetry and the i n i t i a l  c o n d i t i o n s  or f l u c t u a t i o n s .  

2.6.  E v o l u t i o n a r y  t im ing  

L o g i c a l l y  severa l  stages of e v o l u t i o n  should be d i s -  
t i n g u i s h e d  (26 ) :  

p r e b i o t i c  " chemica l "  phase, 
phase of  s e l f o r g a n i z a t i o n  to r e p l i c a t i n g  " i n d i v i d u a l s "  
e v o l u t i o n  of i n d i v i d u a l  spec ies ,  

These phases are t e m p o r a l l y  not n e c e s s a r i l y  separa ted .  

The o p t i c a l l y  pure s ta te  might in p r i n c i p l e  be 
se lec ted  at any of these s tages.  There fo re  the models 
to be d iscussed r e f e r  also to d i f f e r e n t  e v o l u t i o n a r y  
env i ronments ,  Spontaneous f o rma t i on  of d i f f e r e n t  sub- 
stances is ma in ly  c h a r a c t e r i s t i c  of the chemical phase. 
A u t o c a t a l y t i c  growth may r e f e r  to a l l  phases: chemical 
as wel l  as p u r e l y  b i o l o g i c a l ,  P o l y m e r i z a t i o n  is thought  
to bear s i g n i f i c a n c e  in the f i r s t  and e s p e c i a l l y  in the 
second phase. Racemizat ion r e f e r s  on ly  to the p r e b i o -  
l o g i c a l  e v o l u t i o n ,  w h i l e  sexual behav iour  (30) c l e a r l y  
is r e l a t e d  to the t h i r d  phase. 

In a l l  of  these phases the re  are models which ac- 
count f o r  the a m p l i f i c a t i o n  of asymmetry. There fo re  
these models at the present  are not s u i t a b l e  even f o r  
an approx imate  e v o l u t i o n a r y  t i m i n g .  

3o MATHEMATICAL MODELS 

In the f o l l o w i n g  p r e s e n t a t i o n  we proceed from the 
s i m p l e s t  models to the more compl i ca ted  ones. The ad- 
vantages and l i m i t a t i o n s  of the va r ious  models w i l l  be 
shown. (Our scope is l i m i t e d  to the d i scuss ion  of  the 
main types of the r e l e v a n t  models, not the enumerat ion 
of each of them.)  

The enant iomers and t h e i r  c o n c e n t r a t i o n s  are de- 
noted by the same symbol (L and D). A l though the models 
may deal w i t h  chemical r e a c t i o n s  or w i t h  changes of 
p o p u l a t i o n  s i z e s ,  we always r e f e r  to L and D as to con- 
c e n t r a t i o n s ,  
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In perturbat ion models some analogous rate constants 
are d i f f e r e n t  f o r  the L and the D s p e c i e s .  Th is  w i l l  be 
i n d i c a t e d  by the s u b s c r i p t s  L and D. The genera l  con- 
v e n t i o n  is  t h a t  i f  t h e r e  is an asymmetry c in the r a t e  
c o n s t a n t s ,  then k L = k ( l + c  ) and k D = k ( l - c  ) .  ( U s u a l l y  ~ >0 
is assumed.)  The r e s u l t i n g  asymmetry in c o n c e n t r a t i o n s  
is  L-D 

3 .1 .  Monomers 

The s i m p l e s t m o d e l s  t r e a t  the f o r m a t i o n  of  the e n a n t i o -  
mers in a s i n g l e  s t e p ,  f rom a p r e c u r s o r  p r e s e n t  in 
g r e a t  excess ,  and t h e i r  d e s t r u c t i o n .  The system of d i f -  
f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  such a model is  as f o l -  
lows:  , 

L = v L - kD O - r ( L - D )  
(1) 

D = v D - kDD + r ( L - D )  

The f o r m a t i o n  of  complex mo lecu les  f rom the p r i m o r d i a l  
a thmosphere caused by r a d i o a c t i v i t y ,  l i g h t n i n g ,  u l t r a -  
v i o l e t  l i g h t ,  e t c .  m igh t  show s i m i l a r  b e h a v i o u r .  

In these models ( e i t h e r  w i t h  or w i t h o u t  d e s t r u c -  
t i o n ,  as w e l l  as i m p l y i n g  r a c e m i z a t i o n  or no t )  asym- 
met ry  is  never  a m p l i f i e d  ( 2 9 ) .  Even i f  s t a r t i n g  w i t h  
unequal i n i t i a l  c o n c e n t r a t i o n s  the asymmetry tends to 
a l i m i t i n g  va lue  which does not  exceed the sum of  the 
asymmet r ies  of  the r a t e  c o n s t a n t s , ] C v ]  + ] ~ k I .  

p ro -  For the case of  6 - p a r t i c l e s  K e s z t h e l y i  31)1 
posed a c t u a l  va lues  o f  v and k (equal  to I01 s- and 
5 . 1 0 - 1 9 s - I ,  r e s p . )  Using i d e a l  system (no r a c e m i z a t i o n )  
he c a l c u l a t e d  the t ime necessary  f o r  the c o n c e n t r a t i o n  
d i f f e r e n c e  to g row,  s t a r t i n g  f rom ze, r o ,  above the l e v e l  
o f  s t a t i s t i c a l  f l u c t u a t i o n s .  Th is  t ime  proved to be 
r e l a t i v i l y  short (around 10 4 years),  even for  
smal l  asymmet r ies  in the r a t e  c o n s t a n t s .  In the non- 
i dea l  sys tem,  however ,  r a c e m i z a t i o n  makes the process 
slowdown and the asymmetry can never exceed the s t a -  
t i s t i c a l  f l u c t u a t i o n s ,  un less  

Ck > 2r+k (2)  
/ k ( 2 V + 2 r + k )  

( f o r  the case when on l y  the  d e c o m p o s i t i o n  is  asymmet r i c  
( 3 2 ) ) .  
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With K e s z t h e l y i ' s  da ta  t h i s  means t h a t  f o r  ek<5 lO -15 
the asymmetry  w i l l  never  exceed the n o i s e .  For i a r g e r  

I s at  any g i ven  r a c e m i z a t i o n  r a t e  the c o n c e n t r a t i o n  
s h i f t  r eaches  m t imes  the l e v e l  o f  s t a t i s t i c a l  f l u c t u -  
a t i o n s  in  T y e a r s  i f  and o n l y  i f  s > Z o (Zo/m vs. r i s  
shown in F ig .  1 . )  

0 

I 

-2 

-3 

-4 

5 

-6 

~7 

-8 

-9 

/ T=IO~ 

/ T:107 

/ / /T:1o~ 

I0 Ip p 10 10 I0 10 (year) 

15 -IA 13 -12 -11 -lO 9 -8 -7 Igr 

F i g u r e  1. Dependence o f  the m in ima l  
r e q u i r e d  asymmetry  in the decompos i -  
t i o n  r a t e s  on r ,  f o r  s e v e r a l  v a l u e s  
o f  T. 

At any r a t e ,  such sys tems may at  the bes t  p r e s e r v e  the 
p h y s i c a l  asymmet ry ,  but  never  a m p l i f y  i t .  

3 . 2 .  P o l y m e r i z a t i o n  

Yamagata (33)  was the  f i r s t  to p o i n t  ou t  t h a t  a s i g -  
n i f i c a n t  a m p l i f i c a t i o n  o f  asymmetry  may, in  p r i n c i p l e  
at: l e a s t ,  be a t t a i n e d  t h r o u g h  a ve ry  long  sequence o f  
c o n s e c u t i v e  r e a c t i o n s ,  each o f  them hav ing  a smal l  p re -  
f e r e n c e  t o w a r d  one o f  the  e n a n t i o m e r s .  He c l a i m s  t h a t  
i f  in  each s t e p  o f  the  s e q u e n c e  §  § § § D § . . . .  
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t h e r e  is a r e l a t i v e  d i f f e r e n c e  e in the r a t e  c o n s t a n t s  
of  the L and D m o l e c u l e s ,  then the asymmetry of  the 
n th  p r o d u c t  w i l l  be 

( I + ~ )  n (I  _ _ ) ~  

( I + ~ )  n + ( 1 ' ~ )  ~ (3) 

wh ich  ( f o r  smal l  E ) may be in the o r d e r  of  no. 

The most a p p e a l i n g  p o s s i b i l i t y  f o r  such long reac -  
t i o n  sequences is p o l y m e r i z a t i o n ,  C o n s i d e r i n g  e .g .  DNAs 
w i t h  n=lO , t h i s  indeed may g ive  a remarkab le  a m p l i f i -  
c a t i o n ,  ( A n o t h e r  p o s s i b @ i t y  is c r y s t a l l i z a t i o n  (34) 
w i t h  even g r e a t e r  number o f  s t e p s ,  but  i t s  r e l a t i o n  to 
b i o l o g y  is  less  o b v i o u s , )  

To check Yamagata 's  h y p o t h e s i s ,  we c o n s t r u c t e d  a 
few s imp le  models.  One of  them w i l l  be o u t l i n e d  here 
(a d e t a i l e d  d e s c r i p t i o n  w i l l  be p u b l i s h e d  e l sewhere  
( 3 5 ) ) .  

Let  us c o n s i d e r  the s y n t h e s i s  of  a l i n e a r  p o l y -  
mer in the presence of  a g r e a t  excess of  monomers. 
Suppose the f o r m a t i o n  of  the d imers be c h a r a c t e r i z e d  by 
r a t e  c o n s t a n t  ko, whereas the r a t e  c o n s t a n t  of  a d d i t i o n  
of  each subsequent  monomer to a cha in  be k, i ndepen-  
d e n t l y  of  the cha in  l e n g t h .  Then, d e n o t i n g  the c o n c e n t -  
r a t i o n  of  the rimer t h rough  a - l ,  the system is  d e s c r i -  
bed by the f o l l o w i n g  set  o f  d i f f e r e n t i a l  e q u a t i o n s :  

a I = ko-ka I 

a 2 = k a l - k a  2 (4) 

a n = k a n _ l - k a  n 

( c o n s t a n t  c o n c e n t r a t i o n  of  the monomer is  i n c l u d e d  in 
k and ko ) .  
Then s t a r t i n g  f rom zero i n i t i a l  v a l u e s ,  an(O)=O, the 
s o l u t i o n  of  e q u a t i o n  (4)  is  the f o l l o w i n g :  

( k t ) J  ko - kt s 
a n = ~--e j=n j [  (5)  
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I t  is easy to  see,  t h a t  a 
tends to k o / k .  

m o n o t o n i c a l l y  i nc reases  and 
n 

Equa t ion  (4) may be put s e p a r a t e l y  f o r  the L and 
f o r  the D m o l e c u l e s .  I f  t h e r e  is  a r e l a t i v e  d i f f e r e n c e  

both in k o and k , ~ t h e n  the asymmetry in the ~ th  
p r o d u c t ,  

L D 
an - an , is a monoton ic  f u n c t i o n  of t ime .  

L D a + a 
n n 

At t=o i t  equa ls  to  the va lue  g iven by Yamagata (see 
Equ. ( 3 ) ) ,  and m o n o t o n i c a l l y  decreases t h e r e a f t e r ,  
app roach ing  ze ro .  

The t ime courses of  the a 's and t h e i r  asymmetries 
are shown in F ig .  2 . ,  f o r  ~=0.~1 and severa l  va lues  
of  ~. 

~ G n 

n = 10 n =50 l~l n=lO0 

0.10, 

0.05 

001 

0 

\ ,  

10 20 30 40 50 60 70 80 90 100 110 120 
time 

F i g u r e  2. Time course of  p o l y m e r i z a t i o n  and 
the asymmetry of  the mth p r o d u c t s .  (m=lO, 50 
and 100) .  ko=k=1 , ~=0.01.  
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I t  is apparent from Fig. 2. (and also from Equ. 
(5) )  t ha t  the asymmetry in the k '~ causes a r e t a r d a -  
t i o n  of a D r e l a t i v e  to a L, i . e .  a n at t ime t is the 
same as a R at t ime I+E t'_I-~TE 

Thus i f  aL ( t )  goes through a maximum (which is 
the case in some models) ,  the asymmetry changes i t s  
sign in the v i c i n i t y  of t h i s  maximum (and, g e n e r a l l y ,  
around each extremum) of the f u n c t i o n .  

Hence, i t  seems j u s t i f i e d  t ha t  asymmetry may in -  
deed be a m p l i f i e d  t e m p o r a r i l y  in r e a c t i o n  cha ins ,  but 
la rge  a m p l i f i c a t i o n  occurs on ly  at the beginning of  
the process,  when the q u a n t i t y  of  products of i n t e r e s t  
is n e g l i g i b l e .  At the l a t e r ,  more conso l i da ted  phases 
of  the r e a c t i o n  the a m p l i f i c a t i o n  decreases,  and even 
may change s ign.  

I t  is i n t e r e s t i n g  to note ,  however, t h a t  one of 
the most conv inc ing  demonst ra t ions  of the e f f e c t  of 
phys ica l  asymmetry is the se r ies  of  c r y s t a l l i z a t i o n  
exper iments by Kov~cs (36 ) ,  which would be most e a s i l y  
exp la ined  on the basis of  Yamagata's hypo thes is .  Pro- 
bab ly ,  the exper iment does not  a l low to neg lec t  the 
decrease of the c o n c e n t r a t i o n  of the monomers, and, 
more g e n e r a l l y ,  such a s i m p l i f i e d  t r ea tmen t .  

3 .3 .  A u t o c a t a l y s i s ,  w i t h o u t  h e t e r o c h i r a l  i n t e r a c t i o n  

This type of models assumes the a u t o c a t a l y t i c  forma- 
t i o n  of the enant iomers from a symmetric p recurso r .  

The s implestexample is the s o - c a l l e d  Jordan-Kuhn 
scheme (16) :  

L = kLL- r (L -D ) 

D = kDD+r(L-D ) 
(6) 

In the idea l  system (w i th  r=O) both c o n c e n t r a t i o n s  in -  
crease e x p o n e n t i a l l y .  I f  there  is an asymmetry e>O in 
the ra te  cons tan t s ,  the asymmetry of  the c o n c e n t r a t i o n  
w i l l  m o n o t o n i c a l l y  increase and tends a s y m p t o t i c a l l y  
to u n i t y .  That i s ,  in sp i t e  of the i n f i n i t e l y  la rge 
pool of the handicapped enant iomer ,  i t s  r e l a t i v e  abun- 
dance tends to zero.  
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In a system i n v o l v i n g  a lso  r a c e m i z a t i o n ,  any i n i -  
t i a l  asymmetry van ishes  i f  kL=k D. I f  t h e r e  is  a d i f -  
f e r e n c e ,  c in the r a t e  c o n s t a n t s ,  the c o n c e n t r a t i o n  
asymmetry tends to 

n = (7) 
r / r 2 2 

Th is  asymmetry may, w i t h  a p p r o p r i a t e  r a t e  c o n s t a n t s ,  
s i g n i f i c a n t l y  exceed the o r i g i n a l  asymmetry (E .g .  
f o r ~ = l O  -13 and r/k=lO - 6 ,  q w i l l  be 5.10 -m. 

I f  t h e r e  is a second o r d e r  a u t o c a t a l y t i c  r e a c t i o n ,  
the system of  d i f f e r e n t i a l  e q u a t i o n s  becomes (20,  25)"  

2 
L = kLL 

D = kDD2 
(s) 

In t h i s  system both c o n c e n t r a t i o n s  have s i n g u -  
l a r i t i e s  in f i n i t e  t i m e ,  i . e .  the c o n c e n t r a t i o n  reaches 
i n f i n i t y  at  t ime  ( k L L o ) - I  and ( k D D o ) - l ,  r e s p e c t i v e l y .  
Thus, i ~ ,  e . g . ,  kLLo > kDD o then as t ime approaches 
( k L L o ) -  , L becomes i n f i n i t e l y  l a r g e  whereas 0 remain 
f i n i t e ,  t h e r e f o r e  the asymmetry tends to u n i t y .  I f  
the r a t e  c o n s t a n t s  are e q u a l ,  on l y  a d i f f e r e n c e  in 
the i n i t i a l  c o n c e n t r a t i o n s  may lead to a p e r f e c t l y  a- 
symmet r i c  f i n a l  s t a t e ,  whereas in the case of  pe r -  
t u r b e d  sys tems,  the e f f e c t  o f  the d i f f e r e n c e  in the 
r a t e  c o n s t a n t s  may be ba lanced or even reve rsed  by the 
d i f f e r e n c e  in the i n i t i a l  va lues .  Th is  l a t t e r  d i f f e r -  
ence may r e s u l t  f rom f l u c t u a t i o n s ,  or f rom some c a t a s -  
t r o p h i c  even t ,  e t c .  

As to the f l u c t u a t i o n s ,  t h e i r  s tanda rd  d e v i a t i o n  
is  u s u a l l y  assumed to be equal to the square r o o t  o f  
the number of  mo lecu les  (see e . g . . M o r o z o v  (25)  whose 
r e a s o n i n g  is used h e r e a f t e r ) ~  Let the average number 
of  L and D mo lecu les  be NI = ND = N. I f  the f l u c t u a -  
t ions in the i n i t i a l  state are d is t r ibu ted according 
to a c e r t a i n  f u n c t i o n  f ( x )  then the p r o b a b i l i t y ,  t h a t  
kLL o < kDD o r ,  which is  the same, t h a t  kLN L < kDN D, 
is equa l  ~o 
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CO 

Pr {q=+ l }  = f f ( x ) d x  
-a/-N 

(g) 

Th is  i s ,  at the same t i m e ,  the p r o b a b i l i t y  o f  the f i n a l  
asymmetry be ing equal to + i .  The complementary  p r o b a b i -  
l i t y  o f  a f i n a l  s t a t e  wi th asymmetry ~=-1 w i l l  be 

f f ( x ) d x  (10) 
- - c o  

The p r o b a b i l i t y  o f  q=+1 s u b s t a n t i a l l y  exceeds1 /2  
on l y  i f  c /N is  l a r g e  enough. I f ,  e . g . ,  f ( x )  is  a 
Gaussian normal d i s t r i b u t i o n ,  then the p r o b a b i l i t y  

2 InN Pr {n=+1}  = e r f ( E  /-#) e x c e e d s l / 2 + s  on ly  i f  z > - -  , 
g 

which at  ~=lO -13 is  f u l f i l l e d  f o r  N > lO 28 q u i t e  a 
l a r g e  number of  mo lecu les  to s t a r t  w i t h .  Th is  means, 
t h a t  a l t h o u g h  the system a lways reaches a c o m p l e t e l y  
asymmet r i c  s t a t e ,  the d i r e c t i o n  of  asymmetry is  not  
very  much i n f l u e n c e d  by the asymmetry of  the r a t e  con- 
s t a n t s .  

Th is  model is i n s t r u c t i v e  in t h a t  i t  c l e a r l y  
shows the drawbacks i n h e r e n t  in the models w i t h  un- 
l i m i t e d  g r o w t h ,  At some f i n i t e  moment in t ime a l l  the 
a v a i l a b l e  r esou rces  are exhausted by the two e n a n t i o -  
mers and we are l e f t  w i t h o u t  any h i n t  as to the sub- 
sequent  e v o l u t i o n  o f  the system which can no more obey 
the p r e v i o u s l y  used e q u a t i o n s .  

3 .4 .  Models w i t h  h e t e r o c h i r a l  i n t e r a c t i o n s :  The r o l e  
of  the i n i t i a l  c o n c e n t r a t i o n s  

In these models t h e r e  is  d i r e c t  i n t e r a c t i o n  between 
the e n a n t i o m e r s .  Th is  i n t e r a c t i o n  is  m o s t l y  t h o u g h t  
of in terms of mutual antagonism, leading to the 
e l i m i n a t i o n  of  both enan t i omers  f rom the system. 

The i n v e s t i g a t i o n  of  these models s t a r t e d  w i t h  the 
paper by Frank (17)  d e s c r i b i n g  what he c a l l e d  " s p e c i f i c  
mutual  a n t a g o n i s m " "  

L = ( k -k2D)L  (11)  

= ( k - k 2 L ) D  
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Al though t h i s  model seems to be more adequate f o r  
the d e s c r i p t i o n  of the c o - e v o l u t i o n  of two competing 
b i o l o g i c a l  p o p u l a t i o n s ,  i t  may also be i n t e r p r e t e d  as 
a chemical r e a c t i o n  system in which both enant iomers 
are a u t o c a t a l y t i c a l l y  syn thes i zed  from a cons tan t  pre-  
cu rso r  pool .  In t h i s  system the symmetr ic s t a t i o n a r y  
s t a t e  L=D=k/k is uns tab le  One of the forms grows 
e x p o n e n t i a l l y ~  The asymmetry, o b v i o u s l y ,  tends to •  
I t  depends s o l e l y  on the i n i t i a l  c o n d i t i o n s ,  which 
form dies out and which s u r v i v e s .  

This model was t h o r o u g h l y  r e i n v e s t i g a t e d  by Hoch- 
st im (24 ) ,  and l a te r  by Morozov et a l .  (25) .  They have 
shown t h a t  even i f  there  is a d i f f e r e n c e  in the ra tes  
of s y n t h e s i s ,  i . e .  k L r k D, t h i s  asymmetry has prac-  
t i c a l l y  no i n f l u e n c e  on the chances of the favoured 
enant iomer .  I f  we were to s t a r t  the system from the 
i d e a l l y  racemic s t a t e ,  the more r a p i d l y  syn thes i zed  
enant iomer  would be the w inner ,  I f ,  however, one takes 
i n to  account the f l u c t u a t i o n s  around the racemic s ta te ,  
the s u r v i v i n g  species w i l l  be determined by the d i r e c -  
t i o n  of  the i n i t i a l  f l u c t u a t i o n  a lone.  

This r e s u l t  is one of the main arguments aga ins t  
any r o l e  of the phys ica l  asymmetry in the o r i g i n  of 
handedness. 

I f  in the f r ee  system (kL=kD=k) r acem iza t i on  is 
also taken i n t o  account ,  i . e .  

m _~ 

D = 

the behav 

k - k 2 D ) L - r ( L - D  ) 

k - k 2 L ) D + r ( L - D ) ,  
(12) 

our of  the system changes d r a m a t i c a l l y  (29) .  

The q u a l i t a t i v e  phase p o r t r a i t  of the system f o r  
d i f f e r e n t  r acem iza t i on  ra tes  is shown in Fig.  3. 

For l a rge  ra tes  of r acem iza t i on  ( r  > k/2)  the sys- 
tem tends to a symmetr ic s t a t i o n a r y  s ta te  L=D=k/k 2. 
For small r a c e m i z a t i o n  ra tes  ( r  < k /2)  one form grows 
i n f i n i t e l y ,  and the asymmetry tends to • but the 
handicapped enant iomer  does not d isappear  c o m p l e t e l y ,  
r a t h e r  i t  tends to a p o s i t i v e  value r / k  2. In case of 
r=k /2  the asymmetry increases or decreases,  depending 
on the i n i t i a l  c o n c e n t r a t i o n s ,  but i t  cannot reach the 
value of  •  
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D 
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Fig.  3. Q u a l i t a t i v e  phase p o r t r a i t  of Frank 's  model of 
s p e c i f i c  mutual antagonism wi th  racemiza t i on .  

a/ r > k / 2 ,  b/ r = k /2 ,  c/ r < k/2 

More s o p h i s t i c a t e d  models of  t h i s  k ind wi th  iden-  
t i c a l  ra te  cons tan ts  f o r  the m i r r o r ' image  reac t i ons  
were devised by See l ig  and coworkers (21-24) and by 
Decker (18 -20) ,  Some of t h e i r  works avoid the un- 
p leasan t  aspects of the models of u n l i m i t e d  growth. 
For some values of the invo lved  parameters they have 
two a b s o l u t e l y  asymmetric s tab le  s t a t i o n a r y  s t a t e s ,  in 
which the c o n c e n t r a t i o n  of one enant iomer is zero ,  
wh i le  the o ther  has a f i n i t e  va lue,  Such is e.g.  the 
model of Decker (18) .  I f ,  however, racemiza t ion  is 
a lso taken i n t o  account ,  these s t a t i o n a r y  s ta tes  - a l -  
though remain asymmetric -cease to do a b s o l u t e l y  so and 
both enant iomers have non-zero values (29) .  



MATHEMATICAL MODELS FOR THE AMPLIFICATION OF CHIRALITY 15 7 

3,5.  Models w i th  h e t e r o c h i r a l  i n t e r a c t i o n :  The ro le  of  
phys ica l  asymmetry 

I f  in the model of s p e c i f i c  mutual antagonism the 
enant iomers are formed w i t h  cons tan t  ra tes  ( i n s t e a d  of 
being produced a u t o c a t a l y t i c a l l y ) ,  the f o l l o w i n g  sys- 
tem of d i f f e r e n t i a l  equat ions r e s u l t s :  

L = kL-k2LD 

D = kD-k2LD 
(13) 

I f  the ra tes  of f o rma t i on  are equa l ,  the system be- 
haves e x a c t l y  as shown on Fig.  3b. I f ,  however, one of 
the enant iomers is formed more r a p i d l y ,  the concen t ra -  
t i o n  of t h i s  enant iomer  w i l l  grow above any l i m i t ,  
w h i l e  the o the r  van ishes,  The phase p o r t r a i t  o f  the 
system f o r  k L >k D is  shown in Fig.  4. 

F ig .  4. Phase p o r t r a i t  of the model 
of s p e c i f i c  mutual antagonism w i th  
spontaneous f o rma t i on  of  the enan- 
t i omers .  
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In t h i s  sys tem,  however smal l  the d i f f e r e n c e  in the 
r a t e s  migh t  be and however l a r g e  excess o f  the com- 
p e t i n g  enan t i omer  be p r e s e n t  i n i t i a l l y ,  a lways the mo- 
l e c u l e  w i t h  the h i g h e r  s y n t h e s i s  r a t e  w i l l  s u r v i v e ,  
and the o t h e r  d ies  ou t .  I t  is  an example of  the ex- 
t reme a m p l i f i c a t i o n  of  a p h y s i c a l  asymmetry in s p i t e  
of  any f l u c t u a t i o n s  or  o t h e r  d e v i a t i o n s  f rom the sym- 
m e t r i c  s t a r t i n g  c o n d i t i o n s .  

Th is  model s t i l l  c o n t a i n s  the u n a t t r a c t i v e  as- 
sumpt ion of  u n l i m i t e d  g row th .  Th is  d i f f i c u l t y  w i l l  be 
avo ided  in the f o l l o w i n g  model.  

Frank in the same paper which d e s c r i b e s  h is  w i d e -  
l y  c i t e d  model d e a l t  w i t h  above, proposed a lso  ano the r  
model f o r  " u n s p e c i f i c  mutual  an tagon ism"  of  the enan- 
t i o m e r s .  The enan t i omers  are formed a u t o c a t a l y t i c a l l y  
f rom an a p p a r e n t l y  i n f i n i t e  p r e c u r s o r  p o o l ,  and the 
c o l l i s i o n  between the asymmet r i c  mo lecu les  - i r r e s -  
p e c t i v e  whe the r  they  are of the same or o p p o s i t e  c h i -  
r a l i t y  leads to  the e l i m i n a t i o n  of the c o l l i d i n g  
mo lecu les  f rom the system. In the o r i g i n a l  model the 
r a t e  c o n s t a n t s  of  s y n t h e s i s  were taken e q u a l ,  and the 
asymmetry d id  not  change in t i m e .  

I f ,  however ,  the r a t e  c o n s t a n t s  are d i f f e r e n t ,  
the model is  d e s c r i b e d  by the f o l l o w i n g  e q u a t i o n s :  

L = kLL -k2 (L+D)L  

D = kDD-k2(L+D)D 
(14) 

The phase p o r t r a i t  o f  t h i s  system f o r  k L 
in F ig .  5. 

> k D is  shown 

S t a r t i n g  f rom any i n i t i a l  non -ze ro  c o n c e n t r a t i o n s ,  
the system always tends to the a b s o l u t e l y  asymmet r i c  
s t a t e  in which k 

L L = ~-- and D = O. 
K 2 
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F i g u r e  5. Phase p o r t r a i t  of  the model 
of  u n s p e c i f i c  mutual  an tagon ism 

4. TYPES OF SELECTIVE BEHAVIOUR OF SEVERAL COMPETING 
SPECIES 

The occu r rence  of o p t i c a l  p u r i t y  may be sought  of  as 
a s p e c i a l  case of  s e l e c t i o n  between a l t e r n a t i v e  f ea -  
t u r e s  as w e l l .  Spec ia l  because on the one hand t h e r e  
are on l y  two a l t e r n a t i v e s ,  and on the o t h e r  hand, 
t h e r e  is no or on l y  a very  s l i g h t  d i f f e r e n c e  in the 
f i t n e s s e s  o f  the two a l t e r n a t i v e s .  Moreover ,  t h e r e  
e x i s t s  r a c e m i z a t i o n ,  i .  e. spontaneous i n t e r c o n v e r -  
s ion  of  the enan t i omers  (a t  l e a s t  at  ~ e  l eve l  of  smal l  
m o l e c u l e s ;  in the case of  macromolecu les  and s e l f r e p -  
r o d u c i n g  systems such i n t e r c o n v e r s i o n  does not  seem 
to take  p l a c e ) .  

Eigen ( 2 6 , 2 7 )  t h o r o u g h l y  i n v e s t i g a t e d  d i f f e r e n t  
types  o f  s e l e c t i o n  between s e l f r e p l i c a t i n g  e n t i t i e s .  
I t  was shown t h a t  suppos ing u n l i m i t e d  g rowth  an i n i -  
t i a l  asymmetry w i l l  not  be a m p l i f i e d  in the case of  
l i n e a r  g r o w t h ,  whereas i t  w i l l  tend to u n i t y  i f  
a u t o c a t a l y t i c  processes are i n v o l v e d .  However,  in 
e x p o n e n t i a l l y  g row ing  p o p u l a t i o n s  even the " d e f e a t e d "  
spec ies  w i l l  have an i n f i n i t e l y  g r e a t  p o p u l a t i o n  s i z e ,  
w h i l e  in h y p e r b o l i c  g rowth  ( a u t o c a t a l y s i s  at  l e a s t  of  
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second o rder )  one species grows i n f i n i t e l y  whi le  the 
o ther  remains f i n i t e  in number. 

For the more r e a l i s t i c  case of l i m i t e d  growth they 
s tud ied  main ly  the case of the so c a l l e d  " c o n s t r a i n t  of 
constans o r g a n i z a t i o n "  Under t h i s  c o n s t r a i n t  l i n e a r -  
l y  growing popu la t i ons  c o e x i s t ,  wh i le  among several  ex- 
p o n e n t i a l l y  growing species the f i t t e s t  wins. The out -  
come of he compe t i t i on  between h y p e r b o l i c a l l y  growing 
popu la t i ons  w i l l  be again the s u r v i v a l  of on ly  one 
spec ies ,  but i t  depends on the i n i t i a l  c o n d i t i o n s  which 
of  them is p r e f e r r e d .  The f i t n e s s  here determines on ly  
the s ize of the basin (domain of  a t t r a c t i o n )  of the d i f -  
f e r e n t  pure s t a t i o n a r y  s t a t e s .  

Al though these models have been cons t ruc ted  f o r  
the second stage of e v o l u t i o n  ( s e l f o r g a n i z a t i o n  to rep- 
l i c a t i n g  " i n d i v i d u a l s " ) ,  they e q u a l l y  may be app l ied  
to the chemical e v o l u t i o n .  

Only a few of the models aimed to study the op- 
t i c a l  asymmetry f i t s  i n t o  t h i s  scheme of s e l e c t i o n .  
Another c o n s t r a i n t s  are to be taken i n t o  c o n s i d e r a t i o n ,  
i n t e r a c t i o n  of the enant iomers as wel l  as racemiza t ion  
a lso should be i nc luded .  The a n a l y s i s  of  Eigen and 
Schu~er, n e v e r t h e l e s s ,  is very impor tan t  f o r  us, be- 
cause i t  a lso leads to the c o n c l u s i o n :  We have a g rea t  
number of poss ib le  models f o r  suppor t ing  any of the 
concur r i ng  hypotheses:  

- t h a t  the two forms may c o e x i s t ;  
t h ~ t h e  form wi th  any small " p h y s i c a l "  advan- 
tage wins;  
t h a t  the winner is determined by chance. 

5. CONCLUSIONS 

The e v a l u a t i o n  of d i f f e r e n t  types of models d e s c r i b i n g  
the o r i g i n  of asymmetry does not a l low a choice in 
favour  of  e i t h e r  of the two concur r i ng  hypotheses. In 
some models an unde r l y i ng  phys ica l  asymmetry cannot 
overcome the s t a t i s t i c a l  no ise ,  unless t h i s  asymmetry 
is much h igher  than expected from t h e o r y ,  or the system 
s t a r t s  from an u n r e a l i s t i c  la rge  popu la t i on  of mole- 
cu les .  In o ther  models f l u c t u a t i o n s  and i n i t i a l  cond i -  
t i o n s  do not p lay any r o l e ,  and phys ica l  asymmetry alo 
alone govems the outcome of the process.  

Never the less ,  one is tempted to asc r ibe  g r e a t e r  im- 
por tance to the phys ica l  asymmetry. I t  is conce ivab le  
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t ha t  du r ing  some per iods  of  the e v o l u t i o n a r y  process 
there  was a p re fe rence  f o r  " f l u c t u a t i o n a l  a m p l i f i c a -  
t i o n " ,  wh i l e  in o the r  per iods  f o r  "causal  e f f e c t s " .  
Accord ing to the above c o n s i d e r a t i o n s ,  however, the 
'Lausal pe r i ods "  could produce asymmetry even by reve r -  
s ing the asymmetry reached by f l u c t u a t i o n s ,  wh i le  in 
the " f l u c t u a t i o n a l  pe r i ods "  the leve l  of  asymmetry 
reached c a u s a l l y  had to be f u r t h e r  a m p l i f i e d .  
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