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BIOLOGY AND COMPLEXITY: SOM€ PHYSICAL FACETS 

On 3 September,  1985, a Symposium on t h e  theme "Biology and Complexity" was 
held in Budapest on the  occasion of t h e  22nd General  Assembly of the  
International Union of Biological Sciences. I t s  purpose was to  bring together 
physical and l i f e  sc ient is ts  interested in t h e  possibilities afforded by physical 
approaches and inathemat ical  modelling in biology. Upon request  of t h e  Editors, a 
r epor t  featuring two papers presented a t  this Symposium, both based on siinilar 
y e t  complementary approaches, is presented here. 

In Our view, an  essential  f e a t u r e  of t h e  complexity underlying biological 
organization is t h e  ability to  regulate  and cor re la te  t h e  various act ivi t ies  in both 
space and t ime  according to  t h e  systern's pas t  history and to  t h e  environmental 
conditions; to  s t o r e  past  experience a s  well a s  to  g e n e r a t e  or exchange 
information; and to  evolve toward new forms and functions. 

Our main object ive  in t h e  two following complementary papers is to approach t h e  
problem of biological complexity f rom t h e  standpoint of t h e  Physical Sciences. 
More specifically w e  would l ike t o  show t h a t  t h e  ideas and methods of 
Thermodynamics and Stat is t ical  Physics on t h e  one side, and of the  Mathemat ical  
Theory of Dynamical Systems on t h e  other  side, can provide new insights in 
understanding some of t h e  multiple f a c e t s  of biological compiexity, be  i t  a t  the  
molecular or a t  t h e  rnacroscopic level. 

A t  this point t h e  reader  rnight rightly demand a definition of Complexity. We 
believe t h a t  Complexity is one of these  elusive notions which a r e  be t t e r  
understood a f t e r  analyzing a wide-series of concre te  situations. We can however, 
immediately warn t h e  reader  not t o  identify Complexity with t h e  "compiicûtion 
limit" arising f rom t h e  pract ical  impossibility to  ca r ry  on a full description when 
an  excessively large number of degrees  of f reedom is involved. Rather ,  the  
reader  will become aware  t h a t  organized cornplexity of a system is intimately 
re la ted with t h e  possibility t o  display a rich space- t ime correlation spectrum 
superimposed t o  noise, in much t h e  s a m e  way as, s î y ,  sound waves a r e  
superimposed t o  random molecular motion. The  ability to  ex t rac t  these 
correlations implies t h a t  s ta t is t ical  laws a r e  a t  work, and i t  is for this reason t h a t  
an  approach based on t h e  concepts  and tools of Sta t is t ical  Physics and 
Therrnodynamics is appropriate. Moreover, an important  f e a t u r e  underlying 
organized complexity is t h e  possibility t o  use these  correlations to  build up new, 
unexpected modes of behavior associated with abrupt  transitions. 
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TOWARDS A COMMON LANGUAGE 

FROM MOLECULAR BIOLOGY TO BIOSPHERIC ECOLOGY? 

Francesco di C a s t r i  

It i s  a  usual f r u s t r a t i o n  t o  come back from a la rge  congress where a 
va r i e t y  o f  s c i e n t i f i c  themes have been covered, w i th  t he  f ee l i ng  o f  
having been af fec ted by a  "Tower o f  Babel syndrome". Hopefully, one 
can be i n  the lucky pos i t i on  o f  having wel l  understood something o f  
about a  quarter o f  the  contr ibut ions.  

This i s  p a r t i c u l a r l y  t r u e  i n  the f i e l d  o f  biology, whose expansion 
has experienced a centr i fuga1 movement w i th  a  number o f  d i sc ip l ines  
t h a t  have become more and more segregated, t o  such an extent t h a t  
they have almost compl e t e l y  1  os t  t he i  r i ntercomnunicati ng power. 

No doubt, t h i s  problem i s  o f  pa r t i cu l a r  concern f o r  an In ternat iona l  
Union o f  B io log ica l  Sciences (IUBS). How t o  keep a un i t a r y  l o g i c  
between and among such diverse comnissions and soc ie t ies  as those 
covered by 1  UBS ' umbrel 1  a? 

Even w i  t h i n  a  s ing le  b i o l og i ca l  d i s c i  p l  ine, f o r  instance, zoology, 
botany o r  ecology, t h i s  problem i s  so acute t h a t  d i f f e r e n t  so lu t ions 
have had t o  be envisaged: the simple discont inuat ion o f  the 
Congresses o f  Zoology, the  subdiv is ion o f  t he  Congresses o f  Botany 
i n t o  numerous speci a l  i zed  workshops held i n  d i f f e r e n t  locations, o r  
the  holding o f  dozens o f  simultaneous workshops, as f o r  the  Congress 
o f  Ecology held i n  Syracuse (USA) l a s t  year. 

It was therefore a  most pleasant f e e l i n g  -during the l a s t  General 
Assembly o f  IUBS i n  Budapest- t o  have l i s tened  t o  a  group o f  
d i s t i ngu i  shed phys ic is ts  debating prec ise ly  on complexi t i e s  and t o  
have eas i l y  understood t h e i r  l u c i d  presentations, being f r e e  t o  any 
possible extent o f  the  a l  1  too  usual d i s c i  p l  i na r y  s c i e n t i f i c  jargon. 
It was even more g r a t i f y i n g  t o  r e a l i z e  how many convergent po in ts  are 
apparent i n  the evo lu t ion o f  t h e i r  th ink ing  when compared w i th  what 
i s  ac tua l l y  happening i n  a  number o f  Our own b io log ica l  f i e l d s .  

It was not a  r ea l  surpr ise sensu s t r i c t o ,  since t he  works of 
Prigogine, Careri, N i co l i s  and others are wel l  known t o  most 
b i  01 ogi sts.  The exci tement was, rather,  i n  recogni z i  ng how important 



i t would be f o r  the  "Unity o f  Biology" -so eloquently advocated by 
Prof. Straub (1985) a t  the  same Assembly- t o  estab l ish more regular 
and more i n-depth re la t ions  on these top ics between b i o l  ogi  s t s  and 
physicists. 

Complexity i s  obviously inherent -CO the very essence o f  l i f e .  Indeed, 
we -the ecologists-  c la im t h a t  we deal w i th  the highest leve ls  o f  
complexity, which may be t r u e  ad l i t t e r a m  when approaching the study 
o f  an ecosystem w i th  h u n d r e d s f s p e c i e s  and several orders o f  
magni tude o f  i ndividual  s, genes, molecul es, inc lud ing f u r t h e m r e  the  
physical envi ronment; even more, ar; present, when we caut iousl  y 
explore unknown f i e l d s  f o r  unders-canding the funct ioning o f  the 
overal 1 b i  osphere. 

As a benchmark i n  r e a l i z i n g  how many o f  the sttitements i n  the 
a r t i c l e s  o f  Careri and N i co l i s  could be in terpreted as represeniing a 
rea l  epi  stemological convergence o r  a t  1 east good analogies w i  t h  
s im i la r  aspects a t  . b io log ica l  leve ls  o f  integrat ion, 1 wi11 
provocatively take ecology, perhaps the most complex, more l i k e l y  the 
most theoret ica l  l y  confused branch o f  b i o l  ogy. 

It has t o  be underlined t h a t  ecology i n  many countries needs 
-probably more than any other b io log ica l  d isc ip l ine -  a k ind o f  
un i ta ry  l og i c  t o  conc i l i a t e  i t s  numerous subdiscipl ines w i th  a ra ther  
c o n f l i c t i n g  behavior, and -even more- needs t o  be strongly inserted 
in, and wel1 recognized by, the molecular biology and the 
underpi nni ng chemi ca l  and physi ca l  sciences. 

Figure 1 and i t s  long legend attempts t o  f am i l i a r i ze  those involved 
i n  lower leve ls  o f  in tegra t ion  w i th  the  main branches o f  ecology. 
Rebuilding an ecology shows s t i l l  a main b i f u r ca t i on  between an 
energy-budget ecology, where f lows o f  energy and cyc l ing  o f  matter 
are expressed a t  d i f f e r e n t  scales o f  space, and an evolut ionary 
ecology, approaching changes deal i n g  w i  t h  genetic information a t  
i ncreasi ng t ime scal es. This unfortunate b i fu rca t ion  i s o f ten  a 
source o f  s t e r i l e  and f r a t r i c i d e  f i g h t s  o f  schools, whi le much closer 
in teract ions a t  every leve l  are needed towards the goal o f  providing 
ecology w i th  a coherent theory. 

I n  any event, the l e f t  h ierarch ica l  axis covers i n  par t i cu la r  
problems o f  b io log ica l  d ive rs i t y ,  and the r i g h t  one those o f  
b io log ica l  product iv i ty ;  they are l i k e l y  t o  be the tm, key issues f o r  
a self-supporting biosphere. Again, there i s  here a great gap i n  Our 
knowledge: t o  what extent the b io log ica l  d i v e r s i t y  i s  supportive o f  
tne p roduc t i v i t y  o f  the biosphere, and t o  what extent changes i n  
producti v i  ty undermi ne b i  o log ica l  d ive rs i  t y ?  



I n  order t o  avoid being involved i n  a quarrel  on the r e l a t i v e  
importance o f  each one o f  these ecological subdiscipl ines, 1 want t o  
stress again t ha t  they are l i nked  by h ierarch ica l  scales o f  time and 
space (see also Salthe, 1985); there i s  not a special mer i t  or  
s c i e n t i f i c  value t o  be placed a t  the  top o r  bottom o f  the axes. A 
k ind o f  "zooming up and down" e f f e c t  i s  needed t o  perceive the 
relevance and constraints o f  a given problem a t  higher levels,  and t o  
search f o r  explanatory mechanisms down a t  lower leve ls  (see f o r  
instance Jarvi  s and McNaughton, 1986). 

Af ter  t h i s  long ecological "intermezzo", l e t  us go back t o  the 
o r i g i na l  question on the convergences o r  analogies between the two 
a r t i c l e s  o f  Careri and N i co l i s  based on the methods o f  Thermodynamics 
and S t a t i s t i c a l  Physics and o f  the Mathematical Theory o f  Dynamical 
Systems, and some o f  the recent trends o f  what may be perceived as 
the  most faraway d i sc i p l i ne  or  b io log ica l  1 evel o f  i ntegration: 
ecol ogy and the b i  osphere. 

For t h i s  comparison, 1 am quoting almost t e x t u a l l y  -as a f lo r i l eg ium-  
some o f  the statements o f  Careri and N ico l i s  t ha t  could apply t o  both 
thermodynamics and ecology. F i r s t  o f  a l l ,  i n  both cases time and 
h i s to r y  should be considered as an in tegra l  par t  shaping the  
funct ional  and s t ruc tu ra l  a t t r i bu tes  o f  the system under study; a 
system i s  a h i s t o r i c a l  object, and t ime i s  a cor re la to r  o f  events. 
Secondly, a l 1  events are i n te r l i nked  along scales o f  space and time, 
so t ha t  emergent propert ies (o r  unexpected behavior) from one t o  
another leve l  become a k ind o f  supervenience. Thirdly, s tochast ic i  sm 
o r  chaos and determinism are intermingled features t h a t  depend on the  
i n i t i a l  stage, and on d i f f e r e n t  scales o f  space and time; f o r  
instance, a chaot ic behavior may have a determin is t ic  o r i g i n  (see 
also Dubois e t  a l  ., 1987), o r  a long-range connect iv i ty  may have 
devel oped s t o m c a l  1 y. F i  na1 ly, given the non-1 i neari t y  o f  the 
funct ions and the existence o f  chaotic a t t ractors ,  there w i l l  be 
mu1 t i p l i c i  t y  o f  "solut ions" and 1 i m i  ted predictabi  1 i ty. 

The aspects re la ted  t o  the "at t ractors" ,  e i t he r  as "a universal po in t  
o f  equi 1 i b r i  um" or  as chaotic and non-equi 1 i b r i  um attractors,  al  so 
show many analogies w i th  ecology, when concepts such as those o f  
r es i  1 ience, succession and climax, pest outbreaks, ecotone and patch 
dynamics, d i  sturbance regimes are evoked. I n  addit ion, the paramount 
importance a t  given t ime scales o f  ra re  (episodic) events seems t o  be 
equal ly important i n  thermodynamics and ecology, a t  leas t  when an 
evolut ionary approach i s  adopted. 
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FIGURE 1. A w r l d  of ecological subdisciplines (the flhaise-like'l 
middle-upper part of the  figure) put concomitarrtly in to  action by 
strengthening their  d t i l e v e l  interactions. 

During the  l a s t  25 years or  so, a previous almost unitary ecology 
-&il1 not theoretically settled- has been disrupted and segregated 
into multiple subdisciplinary parcels. They have often been kept 
fighting among themselves, and i n  too many cases, been losing ground 
regarding the i r  foundations on a gmd systematic biology, a s  ml1 a s  
on the f l m i s h i n g  biologies placed a t  lover integration leveLs and 
thermodynamics . 
Spli t t ing up ha. occurred ei ther  by level of integration (e.g., a 
popilation and an ecosystem appt-oach claiming the  uniqueness of the i r  
flag: redudionisn for  the f i r s t ,  holisn for  the l a t t e r ) ,  either in  
accordance with the* m a i n  goals (e.g., the  exchange of genetic 
information on the  one side, of energy and matter on the  other). 

A s  a result,  ecology as a h l e  has l o s t  sc ient i f ic  coherence and 
creûibility. It has becorne marginalized i n  same unmtries (di Castri, 
1984), or  is dr i f t ing  towards the  conditions of a soft science 
-closer to the  social  sciences realm ( d i  Castri and Hadley, 1985); a 
strong but u d l y  badly formulated social demand - f o l 1 4  
uncritically- is partly responsible for  this si tuat ion (d i  Castri and 
Hadley, 1986). 

The above statanents are admittedly overgeneralizations. There have 
been several unifying attempts based on principles taken f m  the  
Information Theory, energetics, analogical extrapolations of econanic 
la-, the  General System Theory, and -0perational1y- system analysis 
and modelling. Each attempt has had only a partial success a s  
llunifyerfl; too often the  llfolloversll have undertaken an isolated 
uescalationll away f m  the original unifying prposes. 

Cunversely, there seans t o  be a t  preserxt a centripetal movement of 
coalescence dong a few hierarchical axes, bath in ecology (O'Neill 
et al., 1986) and in the  so-related evolution (Eldredge, 1986). 

The flconstructionlf of Figure 1 is still an arbitrary one; some 
subdisciplines, particularly ecophysiology and landscape ecology, 
could stand as w e l l  a t  the  left d. Tfie desirable trend is towards 
the  fusion i n  only one hierarchical axk, unifyed by a progressive 
strength of linkages and interactions. A t  tha t  t h ,  hopefully, a 
coherent theory will be boni for  ecology, which d d  acquire the 
s ta tus  of a hard science, indeed not so distant fran the highly 
ref reshing lloldw natural history . 



It i s  ce r t a i n l y  not possible t o  be involved here i n  a  theoret ica l  
debate on whether and t o  what extent these aspects are r e a l l y  
epi stem01 ogical  l y  convergent o r  on ly  anal ogi ca l  l y  appeal i ng. The 
important po in t  i s  t h a t  there i s ,  i n  my view, a  c lear  e u r i s t i c  value 
i n  pursuing these comparisons on the evo lu t ion o f  convergent concepts 
i n  physics and i n  d i f f e r e n t  d isc ip l ines  o f  the b io log ica l  world. At 
least, some o f  the  obnoxious " re l ig ious  wars" because o f  concepts and 
approaches t ha t  are erroneously consi dered as antagoni s t i  c  -but are 
o f ten on ly  opposite faces o f  the same medal- w i l l  lose t h e i r  "raison 
d'être".  This would be the  case o f  some t r a d i t i o n a l  ecological 
controversies o f  s tochast ic i  sm (and chaos) versus determi n i  Sm, 
reduct i  oni sm vs ho1 i sm, non-1 i neari  t y  vs 1  i neari  ty,  non-equi 1  i b r i  um 
vs e q u i l i b r i i  etc.  1  also f u l l y  ag reëw i t h  Careri and N i co l i s  on 
m e i r  statement t h a t  s imp l i c i  t y  and complexity do not  increase 
-necessari l y -  along successive in tegra t ion  l eve l  s, and t ha t  the gap 
between both may become very narrow. 

1  am not  op t im i s t i c  enough t o  bel ieve t ha t  t o t a l l y  un i f y ing  
p r inc ip les  w i l l  ever be found. However, one can perceive the need and 
the ways t o  reach a t  l eas t  a  "low-denominator comnon 1 anguage", which 
may be able t o  make the fundamental p r inc ip les  o f  each other 's  
th ink ing  i n  i n t e r d i  sc i  p l  i na ry  endeavors understandabl e  ( somethi ng 
li ke the present days' s c i e n t i f i c  congresses, where ske le ta l  Engl i sh 
may be good enough t o  comnunicate the essence o f  the  worldwide 
research ) . 
A rudimentary comnon language i s ,  a t  the very least ,  badly needed, 
when b io log ica l  d i v e r s i t y  from the molecular t o  the biospheric leve l  
may be a problem o f  surv iva l  , and where some pred ic tab i  1  i t y  on the 
e f f ec t s  o f  man-induced global changes can on ly  be achieved through 
methods and techniques sca l ing down and up from remote sensing t o  
physiology, from tropospheric chemistry t o  elementary processes o f  
photosynthesis and decornposition a t  the organismic l eve l  (as i n  the 
" In ternat iona l  Geosphere and Biosphere P r o g r a m "  on Global Change, 
newly launched by ICSU); a t  a  moment too, when some understanding o f  
long-term fu tu re  trends can on ly  be grasped by looking deeper and 
deeper i nto  the remote geol ogi ca l  and evol u t i  onary past , 

Accordingly, 1 s incere ly  hope t ha t  publ ishing t h i s  Special Issue o f  
Biology In ternat iona l  w i  11 not  remain an i sol ated i n i t i a t i v e ,  and 
t h a t  IUBS w i l l  take a strong lead i n  fos te r ing  these exchanges among 
d i  s c i  p l  i nes concerned w i  t h  "compl ex i  t y "  issues a t  d i  f f e r e n t  
h ierarch ica l  levels.  This would not  only be a most s t imulat ing avenue 
towards the "necessary utopia" o f  a  comnon language, b u t  a u n i t y  o f  
biology. After a l  1, an i n t eg ra t i ng  focus o f  b io logy -a t  l eas t  as "an 
a t t r ac to rM-  i s  a lso the "raison d 'ê t re"  o f  a  s c i e n t i f i c  union l i k e  
IUBS. 
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BIOLOGY A N D  COMPLEXITY: 

SOME PHYSICAL FACETS A T  THE MOLECULAR SCALE 

Giorgio Carer i  

In t roduct ion 

I n  this paper 1 shall consider one biological  macromolecule i n  i t s  bath i n  the 
autonomous description leve l  o f  s ta t is t ica l  physics(l). Biologists agree tha t  the 
molecular leve l  is the lowest integrat ion leve l  o f  the biological  ladder (2); 
consequently we should expect this leve l  to  be the simplest for  an approach frorn 
the viewpoint o f  physics. As we  shall see, a biological macromolecule is such a 
smal l  body tha t  spontaneous f luctuat ions are to  be expected near 
thermodynamical equilibrium. B u t  the relevant biological  question to  answer w i l l  
be  whether f luctuat ions can achieve a r o l e  i n  the funct ional order of  the l i v ing  
cell. To this end, we  shall f i r s t  explore the possibil i ty o f  cross-correlating the 
f luctuat ions o f  d i f fe ren t  parts of  the same macromolecule, b u t  the intr insic 
compl icat ion o f  rea l  biological  macromolecules w i l l  ru le  out  fur ther  analysis i n  
this direction. However, the study o f  a simple model system, such as hydrated 
enzyme powders, where subsequent events can be conveniently separated, w i l l  
show the presence o f  an abrupt and unexpected onset o f  the cata ly t ic  act iv i ty.  
This relevant biochemical event w i l l  be described as a cooperative transi t ion i n  
the f rame o f  the percolat ion model, a physical model where one focuses on the 
connect iv i ty process between par ts  of  the same complex system, thus bypassing 
the complications arising f r om macromolecular structure. Generalizing this 
result, we shall out l ine a physical approach where s tat is t ica l  spaceftime events 
and their  correlat ions are the relevant ent i t ies to  be considered fo r  a bet ter  
description of  the structure/funct ion binomium. 

SPONTANEOUS FLUCTUATIONS A N D  CORRELATED EVENTS 

Although globular proteins have long been considered "floppy bodies", meaninq 
systems capable o f  displaying a large set o f  conformational f luctuations, the 
description o f  these f luctuat ions and o f  their  biological  signif icance is a 
comparat ively recent  acquistion. Individual globular proteins are smal l  systerns 
tha t  consist o f  re la t ive ly  few atoms, and physics can o f fe r  qu i te  general 
expressions for  the mean square f luctuat ions o f  a smal l  system (the 
macromolecule) i n  thermal  equi l ibr ium w i t h  i t s  bath ( the  solvent). Because of the 
smal l  size o f  a single macromolecule, transient f luctuat ions are inevitable, even 
a t  thermodynamic equilibrium. This is not  a unique property o f  globular proteins, 
bu t  here the occurrence o f  these large f luctuat ions can have pert inent 
impl icat ions upon their  functions, f o r  instance as enzymes. Thus the f i t t i ng  



procedure  is t o  o f fe r  a deta i led  description of how t h e  macromolecular  s t r u c t u r e  
c a n  use  t h e s e  random processes fo r  a speci f ic  ca t a ly t i c  action. To  th is  end, w e  
mus t  f i r s t  consider t h e  t i m e  s c a l e  of these  spontaneous processes. 

F o r  any s ingle  process, s t a t i s t i ca l  physics show t h a t  t h e  se l f -corre la t ion  function 
is  an  exponential  law with t h e  s a m e  t i m e  cons tan t  a s  t h e  re laxat ion response  of 
t h e  systern. Therefore ,  each  of t h e  re laxat ion processes observed in a 
macromolecule  i s  r ep resen ta t ive  of one  c lass  of spontaneous  f luctuat ions  around 
equilibriurn, the i r  ampl i tude  being dis t r ibuted along a Gaussian c u r v e  and thei r  
decay being governed by t h e  s a m e  t i m e  constant .  To  identify o n e  such c lass  of 
f luc tuat ions  wi thout  necessari ly specifying t h e  molecular process  involved, w e  
shall  use  t h e  t e r m  "s ta t i s t ica l  t i m e  event" throughout th is  paper,  because  t h e  only 
r equ i remen t  f o r  i t s  opera t ional  definit ion is t h e  measuremen t  of t i m e  (3). In 
o t h e r  words, w e  rnean t h a t  t h e r e  is a c lass  of spontaneous f luctuat ions  which 
pers is t  inside th is  t i m e  interval ,  s o  t h a t  d i f f e ren t  f luc tuat ions  c a n  i n t e r a c t  and 
eventual ly  become  cross-correlated within th is  time. In Table.1,  w e  l ist  a number  
of t i m e  even t s  observed in globular prote ins  and enzymes. 

T a b l e  1. T i m e  e v e n t s  in globular p ro te ins  and enzymes  ( f rom Ref. 3) 

Detcrminants Time (WC) 

Protein surface 
Bound watcr relaxation 
Side-chains rouiional wrrelation 
Proton tnnsfer mct ion of ionirnble side chains 

Protein conformation 
Local motion 
Isomerization process 
Folding-unlolding transition 

Enzyme subitrate complcx in solution 
Encountcr rate 
Estimated lifetime of the transition state in covalent rcactions 
Change in meul  ion coordination sphere in mciallocnzyma 
Enzyme-substrate l m 1  conformational motion 
Covalent enzyme-substrnte intcrmcdiate liretirne 
Enzyme-substratc complcx conformational isomcrization 
Enzyme-suùstnte complex unfolding transition 

diffusion wntrolled 
10-'0 

10-6-10-9 
10-9 

10-2-10-4 
10-z-10-4 
10.2-1 

T h e  f i r s t  evidence  t h a t  rapid s t ruc tu ra l  f luc tuat ions  a r e  present  in a l a rge  number 
of globular prote ins  and enzymes c o m e s  frorn experirnents on fluorescence- 
quenching, performed in 1973 by Lakowicz and Weber (4 ) .  Almost 
contemporaneously 1 suggested ( 5 )  t h a t  t h e  abil i ty t o  t ime-corre la te  these  
f luc tuat ions  could b e  a n  essent ia l  kinetic proper ty  of t h e  macromolecule  if i t  is t o  
work a s  a n  enzyme. Since  then,  t h e  notion of t h e  enzyme  a s  a f luc tuat ing unit  has  
gained credit .  i t s  experirnental  and theore t ica l  basis has  been progressively 
s t rengthened (6)  (7). 



In order  t o  proceed in our  physical description of biomacromolecules near  
equilibrium in the i r  t he rma l  bath,  w e  shall  f i r s t  t a k e  a c loser  look a t  t h e  
in terconnect ion be tween  t h r e e  major physical conce  ts, namely "events", 
' ' s tat ist ical  macrovariables", and "s ta t i s t ica l  correlat ions" 8). L e t  us  begin with a 
proper definit ion of a s t a t i s t i ca l  macrovar iable  Y. By th is  w e  mean a 
rnacroscopic s t a t i s t i ca l  var iable  t h a t  is necessary fo r  describing function a t  a 
molecular  level. Examples  of t h e s e  macro-variables a r e  t h e  a v e r a g e  cha rge  on 
speci f ic  residues a t  t h e  a c t i v e  s i t e  of a n  enzyme; t h e  concentra t ion of a par t icular  
ligand; and s o  on. Clear ly ,  Y quant i t ies  a r e  themselves  funct ions  of severa l  
microscopie quantities: fo r  instance,  t h e  ave rage  c h a r g e  on a n  ac t ive-s i te  res idue  
is a function of t h e  cha rges  and dis tances  of nearby a toms,  and s o  forth. N o t e  
t h a t  t hese  Y macro-variables a r e  of a truly s t a t i s t i ca l  nature,  because  t h e  srnall 
s i z e  of t h e  sys t em necessari ly implies a ce r t a in  number  of f luctuations.  

Even t s  c a n  now b e  defined a s  t h e  measurable  change A Y of t h e  Y macro-  
variables. Of course  such a measuremen t  is in p r a c t i c e  possible only if ampl i tude  
and dura t ion c a n  b e  ca lcula ted  using avai lable  experirnental  techniques; th is  
means  t h a t  t h e  energy mus t  b e  well  above  a v e r a g e  the rma l  energy. O n e  such 
typical  e v e n t  is t h e  t rans i t ion  over  a free-energy barrier ,  t h e  measurable  quant i ty  
being t h e  r a t e  of chemica l  species  produced during t h e  barr ier  transition. A s  a 
rule, only r a r e  l a r g e  ampl i tude  f luctuat ions  c a n  b e  considered a s  measurab le  
events. 

O n c e  a set of r e l evan t  macro-variables i s  identif ied,  the i r  cross-correlat ion c a n  
b e  mathemat ica l ly  expressed a s  t h e  non-vanishing a v e r a g e  of these  quan t i t i e s  
over  a dura t ion time. I t  s t ands  t o  reason t h a t  in order  t o  b e  cross-correlated,  
macrovar iables  mus t  display c lose  values of self-correlat ion tirne, s o  t h a t  s o m e  
fo rm of coupling c a n  become  e f f e c t i v e  among them. T h e  notion of "corre la ted  
events" then emerges  in a s imple  and d i r e c t  way. A s  a m a t t e r  of f ac t ,  l a rge  
ampl i tude  f luctuat ions  of t h e  macro-variables c a n  b e  described a s  r e l evan t  
spontaneous  even t s  t h a t  c a n  become  cross-correlated if the i r  duration is  similar  
and if t he i r  coupling is  sufficiently strong. Thus i t  becomes  qu i t e  evident  t h a t  
when too many such e v e n t s  become  cross-correlated,  t h e  complexity l imi t  within 
th is  description level  may b e  reached.  

O t h e r  descriptions may b e  necessary when a biological macromolecule  is only a 
p a r t  of a l a rge r  body, f o r  in s t ance  when i t  i s  a subunit  of a l a rge r  macromolecule,  
or  e lse  when seve ra l  macromolecules  a r e  irnbedded in a common matr ix ,  a s  in 
membranes.  I t  is o f t en  found t h a t  t h e s e  l a rge  sys t ems  exhibit  unexpected 
behavior t h a t  canno t  b e  d i rec t ly  ext rapola ted  f r o m  t h e  description of smal ler  
systems. T h e  coherence  observed in dissipative cyc les  o u t  of equilibrium, a s  in 
glycolysis, is a good example  of th is  s t a t e  of affairs .  I t  will b e  considered in t h e  
cornpanion paper  by Nicolis. 



THE FLUCTUATING ENZYME 

Nature  has solved the problem o f  rapidly and fa i th fu l l y  generating signi f icant 
biochemical events i n  a thermal  bath, thanks t o  the f lex ib i l i t y  o f  a few globular 
proteins, the enzymes. These are composed o f  chains o f  s t ra t ig ica l ly  arranged 
atoms, which permi t  the best sequence o f  cer ta in  in ternal  events. For  our 
purposes here, we  shall cal1 " internal events" those relevant occurences tha t  take 
place inside the macromolecule, whi le  we shall cal1 "global event" the f ina l  and 
permanent change observable i n  the react ion products. The enzyme is  essentially 
a catalyst; t o  an observer it appears as a generator o f  events, because almost no 
events would be  observed i n  the  same t i m e  scale wi thout  it. 

Biochemists describe enzyme act ion as a sequence o f  steps tha t  compose the 
react ion pathway which transforms the substrate. As  shown i n  Fig. 1, the f i r s t  
in ternal  event is to  l ink the substrate to  a s ter ic  convenient site; next, ce r ta in  
changes i n  the conf igurat ion o f  the macromolecule must occur t o  opt imize the 
ac t i ve  s i te  where the transi t ion s tate must be bu i l t  and then overcome. This 
opt imizat ion impl ies the cor rec t  or ientat ion o f  the ac t i ve  groups and the 
format ion o f  s ter ic  barr iers t o  create the transi t ion s tate o f  lowest f ree energy. 
The f lex ib le  nature o f  the prote in  s t ructure under thermal  ag i ta t ion allows the 
temporal sequence of in ternal  events, whereas the cooperat ive nature o f  the 
interact ions gives r ise to  t ha t  par t icu lar  order o f  atoms tha t  characterizes the 
transi t ion state. 

Some aspects o f  enzyme act ion are t ru ly  general; they w i l l  be the focus of  Our 
concern hereafter. For  instance, physics a im  t o  describe how f ree  energy is 
exchanged f r o m  the thermal  bath t o  the act ive s i te  i n  order t o  overcorne free- 
energy barriers, and since such barr iers operate i n  a t i m e  sequence, physics hope 
t o  understand how this planned sequence o f  in ternal  events can be achieved in  a 
thermal  bath. This impl ies tha t  an enzyme should be described no t  only by i t s  
spat ial  bu t  also by i t s  temporal structure, the two  merging together i n  the space- 
t i m é  f luctuat ion spectrum o f  the macromolecule (8). This ambitious programme 
has no t  been achieved as yet. Since the s t ructura l  aspects o f  enzymes have been 
widely considered i n  l i terature, only some o f  the temporal aspects w i l l  be 
considered below. 

L e t  us s ta r t  by t ry ing t o  increase the precision of  our not ion regarding the 
s tat is t ica l  t ime  event relevant f o r  catalysis (6 ) .  According t o  the p ic tu re  of the 
f luctuat ing enzyme, the react ion coordinate ought t o  be  a funct ion o f  only a few 
stat is t ica l  macrovariables, the high-amplitude spontaneous f luctuat ions which 
should create biological  function. Therefore, we must f i r s t  consider the 
relationship between the t i m e  scale o f  the ra re  event ac t i ve  towards catalysis 
versus the t ime  scale o f  the spontaneous f luctuat ions of  the macrovari;i!)les 
involved, 



Fig. 1. Çequence of Events in Enzyme Action (from Ref.8) 

SEQUENCE OF EVENTS IN ENZYME A C n O N  

In the simplest ure of an enzyme E that must ataiyze the 
dissociation rcaction of i chernicd bond of i substratc S, the enzyme 
.crion is split into three x p u i t e  rteps: 
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and accordingly we must ident i fy  the main classes o f  these relevant 
macrovariables as a funct ion o f  the t ime-data considered above. I f  this class i s  
re levant  for  catalysis it must provide the ac t i ve  fluctuation; namely, the high- 
ampl i tude f luctuat ion that  occurs rare ly  and wel l  away f r om the mean value o f  
the Gaussian curve. I n  Our picture, this ac t i ve  f luctuat ion is the bott leneck for 
catalysis. We bel ieve tha t  a free-energy increase o f  one order o f  magnitude above 
the average thermal energy (say, up t o  5 Kcal/mole) should be considered 
suff ic ient,  because this increase must be lower  than the ne t  f ree  energy of  
s t ructure stabi l izat ion o f  a globular protein, which i s  the order of  10 Kcal/mole. 
Therefore, act ive f luctuat ions towards catalysis must occur w i t h  a probabi l i ty 
factor  around 10-5, and i f  we  take 10-3 as a representative value for the enzyme 
turnover, we  ant ic ipate tha t  some ac t i ve  f luctuat ions must or iginate f r om that  
par t  o f  the frequency spectrum which is centered around 10-8s. Iri th is est imate 
we  have used the canonical ensemble expression which relates the probabi l i ty P of  
a free-energy change A G between one subsystem and i t s  bath associated w i t h  a 
f luctuat ion 

where T is the temperature o f  the thermal  bath, and K is the Bal tzman constant. 
Incidentally, i n  s tat is t ica l  physics, f r o m  this general expression one can easily 
der ive the Gaussian distr ibut ion we have mentioned above. 

A t  th is  stage we should combine the two  main points: on the one hand, the free- 
energy transducing property o f  the enzyme between the thermal  bath and the 
ac t i ve  s i te  and, on the other, the value o f  the common-t ime constant o f  the 
spontaneous f luctuat ions involved i n  the transducing processes. This w i l l  help us 
ident i fy  the specif ic classes o f  f luctuat ing macrovariables which are relevant for  
catalysis. Expressed i n  d i f f  erent and more  concrete terms, we should ident i fy 
some specif ic process occurring on the macromolecule surface and others 
occurr ing a t  the ac t i ve  site. There is reason t o  assume these processes can 
couple, because both have a t ime constant close to  10-8 sec. This search was 
perforrried some t i m e  ago(3), and among suitable candidates which could account 
fo r  processes occurr ing a t  the prote in  surface, we  have already pointed out the 
proton-transfer reactions on bound water, the charge f luctuat ions of  the ionic 
medium and the side-chain motions. 

Once this set o f  relevant macrovariables is identif ied, we should proceed to 
calculate their  s ta t is t ica l  cross-correlations, i n  order to  derive the natura l  laws 
which describe the behavior o f  this macromolecule. Such is the f ina l  a i m  of  this 
description level, and it is obviously quite remote  because of  the non-linear 
coupling which probably exists among the macrovariables themselves. A t  this 
point, d i f fe ren t  coupling regirnes may occur, according t o  the degree of  
displacement o f  the system f rom thermodynamic equilibrium. I n  practice, the 
enzyme w i l l  use the reg ime tha t  f i t s  best i n  the overal l  course o f  the funct ional 
order. There i s  no preconceived scheme according to  which every enzyme rnust 



work; rather, i n  each instance, nature has evolved the best way to  achieve i t s  
goal, based upon the laws o f  s ta t is t ica l  physics. 

Close t o  equi l ibr ium we  Say tha t  the Y macrovariables are cross-correlated i f  
non-vanishing s tat ic  coupling terms are present when the entropy i s  expanded, so 
tha t  the probabi l i ty distr ibut ion is no longer the product o f  two  independent 
Gaussian curves. We may expect this type o f  s ta t ic  coupling t o  be widespread i n  
nature, as i n  al loster ic enzymes where the f ree  energy f o r  l igand A-binding is a 
d i rec t  funct ion o f  l igand B-binding. This phenomenon can be  formal ly expressed 
by introducing an appropriate coupling term: A GAB. The cooperative ef fects  
arising f r o m  mul t ip le  binding a t  equil ibriurn are we l l  known, and we do not  need to  
dwel l  upon them here. 

For  smal l  displacements f r o m  equilibrium, t rue  k inet ic  coupling may develop, and 
it may be  treated i n  the f rame o f  l inear irreversible thermodynamics by means of  
the Onsager phenomenological theory. I n  this approach, we  can express the l inear 
coupling between the t ime  derivatives o f  the s tat is t ica l  macrovariables (f luxes y) 
and the generalized forces X, thanks t o  the  Fourier components o f  the t ime  
f luctuat ions o f  the  macrovariables; the per t inent  expressions have already been 
quoted (5) ,  so we  shall no t  repeat them here. 

L e t  us stress again that  in the  case o f  enzyme catalysis, this also implies a 
coupling between the t ime  changes o f  the appropriate macrovariables, creat ing a 
new t ime  property tha t  may we l l  character ize enzymes. No t i ce  also that  this 
theory operates i n  the  rea lm of  detailed balance pr inciple (see the paper by 
Nico l is  i n  this issue), an assumption which is l ike ly  t o  be  fu l f i l l ed  fo r  enzymes that  
operate reversibly around equilibrium. Fo r  al1 these reasons, 1 have suggested 
tha t  the  abi l i ty  t o  t ime-correlate the f luctuat ions o f  cer ta in  relevant 
conformational variables could be the character ist ic kinetic property which allows 
a macromolecule t o  work as an enzyme. This property may be iven an elegant 
analyt ical  expression i n  terms o f  the inverse Onsager mat r i x  (53(7), bu t  for the 
t ime  being i t s  experimental  detect ion possibil i t ies are severely l im i t ed  by the 
d i f f icu l ty  of measuring the relevant variables i n  a suitable manner. This is 
because i n  a rea l  rnacromolecule these relevant variables a re  so t ight ly  coupled 
among themselves tha t  the macromolecule appears to  the observer as a unit. I n  
other words, the above considerations show that  the compl icat ion l i m i t  is soon 
reached a t  this description level. 

A MODEL SYSTEM: HYDRATED LYSOZYME POWDERS 

To par t ia l ly  c ircumvent the compl icat ion l i m i t  problem encountered a t  the end of 
the previous section, we shall hereafter consider a rea l  experimental system 
where the environmental conditions can be control led i n  order to  separate 
relevant biochemical events o f  increasing complexity. 



Over the  past years we have studied i n  deta i l  several thermodynamic and dynamic 
properties o f  the  hydrat ion o f  Lysozyme powders, because here hydrat ion can be  
varied by adding water t o  dry macromolecules u n t i l  a d i lu te  solution i s  obtained. 
The advantage o f  this system is tha t  several measurements can be  made a t  al1 
system compositions, using d i f fe ren t  techniques. This makes it possible t o  study 
the subsequent events induced by hydrat ion i n  a series o f  increasing complexity. 

Lysozyme is  a comparat ively simple enzyme. Today, almost everything i s  known 
about i t s  hydrated powders, thanks t o  I.R. spectroscopy, E.P.R. relaxation, heat 
capacity and other thermodynamic and dynamic roperties, and especially the B enzyme ac t i v i t y  towards appropriate substrates ( 1. We may summarize these 
data by saying that  the hydration-stepwise process consists o f  three well-defined 
stages: 1) f r o m  O t o  about 60 H20 molecules/macromolecule, dominated by the  
in teract ion o f  water  w i t h  the charged group o f  the  protein; 2) f r o m  60 t o  about 
220 H20 molecules/macromolecule, where some major changes i n  surface water  
arrangements take place; 3) f r o m  220 t o  about 300 or more Hz0 
molecules/macrornolecule, where the enzymatic ac t i v i t y  starts and grows w i t h  
increasing hydration, together w i t h  the condensation o f  water molecules ont0 
weakly in teract ing unf i l led patches o f  surface where the  molecules are i n  rap id 
motion. I t  is impor tant  t o  note tha t  no s t ructura l  transit ions i n  the absorbed 
water or i n  the prote in  i t se l f  have been detected in the  range f r o m  60 t o  220 Hz0 
rnolecules/macromolecules (or hydrat ion h included between 0.07 and 0.25 g 
H 2 0 / g  dry  weight). 

Since the water molecules carry  a strong dipole moment, we have recent ly 
investigated the dehydration process o f  Lysozyme powders, using a dielectr ic 
technique a t  Megahertz frequencies (10). When the d ie lect r ic  losses were 
measured in H 2 0 -  or D 2 0 -  isopiestic hydrated samples, the  relaxat ion showed a 
strong isotope effect,  indicat ing t ha t  the in fer red conduct iv i ty was mainly 
protonic. Moreover, the  combination o f  p H  dependence and an ef fect  produced by 
complexation w i t h  a substrate indicates the existence o f  a proton conduction that  
involves ionizable side-chain groups o f  the  protein surface, part icular ly o f  the 
ac t i ve  s i te  o f  the  enzyme. 

More  recently, the  hydrat ion dependence o f  the capacitance was analyzed (11) i n  
the  low hydrat ion l i m i t  region, t o  careful ly detect  the  onset o f  dielectr ic 
properties i n  order t o  describe this process i n  the frarnework o f  the percolat ion 
model. This general physical model has been proven applicable t o  a broad range 
o f  processes where spatially random processes and topological disorder are o f  
v i t a l  importance, part icular ly to  study the e lect r ica l  conduct iv i ty o f  a network o f  
conducting and non-conducting elements (12)(13). One o f  the most appealing 
aspects o f  the percolat ion transi t ion is the  presence o f  a threshold, where a long- 
range connect iv i ty among the elements o f  the system suddenly appears a t  a 



c r i t i ca l  concentrat ion o f  carriers. 

I n  nat ive Lysozyme powders the d ie lect r ic  capaticance displayed a sharp increase 
a t  a wa te r  content  threshold h, = 0.150 0.016 g/g, fol lowed by saturation a t  
increased hydration. Çince t hehyd ra t i on  o f  one macrolayer is hm = 0.38* 10% 
g/g, the experimental  volume ra t ion  fo r  surface percolat ion is 0.40 10%, a value 
very close to  the 0.45 0.03 predicted by theory (12). No t i ce  tha t  for  three- 
dimensional networks, regardless o f  their  structure, the conduction threshold 
predicted by theory i s  0.16 * 0.02, and this rules ou t  connect iv i ty through the 
prote in  interior, where water molecules are known t o  be  very sparse. Moreover, 
the threshold hc was found to  be constant f r om p H  3 to  p H  8, indicat ing tha t  the 
loca l  geography of  water clusters about ionizable sites o f  the prote in  surface is 
no t  o f  prirnary importance. Thus only the number o f  water rnolecules act ing as 
interconnected conduct iv i ty sites is relevant; and as a mat te r  o f  fact, the same 
threshold i s  found for  both H 2 0 -  and D20 -  hydrated samples. 

In other words, we  p ic tu re  the percolat ive path as a proton transfer along a 
random bu t  continuous thread o f  hydrogen-bonded water molecules absorbed on the 
prote in  surface, the water  molecules act ing as valves i n  the proton f low along 
these f luctuat ing threads. The long s tat is t ica l  path of  interconnected water 
molecules thus acts as a "short-cut" t o  bypass the  local  cornplex details o f  the 
prote in  surface. Final ly,  since the percolat ion theory is size-independent, we rnay 
expect tha t  the percolat ion threshold w i l l  be simi lar f o r  al1 proteins which display 
sirnilar adsorption isotherms. 

For  lysozyme-saccharide complexes a higher value of  the percolat ion threshold, 
near 0.25 g/g, has been found, suggesting tha t  the presence o f  a " foreign body", 
where the water bridges may no t  be favorable fo r  proton transfer, rnust a f f ec t  the 
long-range conduct iv i ty on the  prote in  surface. This hydrat ion level, Hc = 0.25, is 
so close t o  the c r i t i ca l  leve l  fo r  the onset o f  enzymatic ac t i v i t y  i n  Lysozyme 
powders(9) tha t  it suggests protonic percolat ion i s  involved i n  Lysozyme catalysis. 
A t  least three concurrent factors are required fo r  Lysozyme catalysis, that  is t o  
Say, Asp 52 and Gln 35 residues must dissociate w i t h  one H20 molecule. Coupling 
arnong these processes seerns to  be  assisted by a percolat ion o f  protons along 
random threads o f  water  rnolecules on the surface o f  protein. We can see in  this 
concrete example how a new description level, the one of fered by the percolat ion 
model, can be  more useful  than the one used i n  the Onsager regirne near 
equilibrium, where no threshold can be  predicted for  the enzymatic ac t i v i t y  and 
no microscopic p ic ture can be of fered fo r  k inet ic  coupling arnonq the 
rnacrovariables, because o f  the compl icat ion l im i t s  soon reached i n  this systern. 

LONG-RANGE CONNECTNITY IN PROTEINS AND IN MEMBRANES 

The relevance o f  s t ructura l  transit ions for  biological  funct ion is we l l  known and 



needs no t  be recal led here. The percolat ive transi t ion we considered above 
re f lec ts  a change i n  a process, the onset o f  a long-range connect iv i ty developed 
stochastically. i n  a randomly-structured system o f  many elements. I n  the 
par t icu lar  case o f  Lysozyme powders considered above, a 2% change i n  the 
surface water content shi f ts the system f r om a non-conductive to  a proton- 
conductive mode. The threshold fo r  this process, the proton conduction, is 
discontinuous, whereas the physical or chemical s t ructure o f  the system is not. 
The event which suddenly occurs is a large-scale one, because i t  requires a long- 
path proton movement over a non-uniform surface. We may wonder i f  percolat ive 
transit ions can be  relevant i n  other biological  systems a t  a higher integrat ion 
level  than the one o f  a simple enzyme. To  this end, l e t  us consider the possible 
importance o f  percolat ive conduction i n  membrane transport(14). 

Percolat ion theory su ests three points tha t  are relevant for rnechanisrns o f  99 membrane conduction( ). A)  Conduction i s  possible when channels are f i l l ed  only 
par t ly  w i t h  water o f  conducting elements ( for a three-dimensional channel, even 
16% may suffice); 6) Conduction can be turned on or o f f  by adding or subtract ing 
a few conducting elements, w i t h  no need for  change i n  prote in  or membrane 
conformation. Thus simple chemical events such as the ionizat ion o f  a surface 
group or binding o f  a l igand should be able t o  swi tch conduction s tate and serve as 
gates, wi thout  involving a conformational change. C) Percolat ion theory focuses 
on the randomness o f  the arrangement o f  conducting elements. A membrane 
channel could incorporate this aspect of percolation, t o  bypass the  need fo r  a high 
leve l  o f  s t ructure extending over the f u l l  thickness o f  the membrane on i t s  
hydrocarbon core. The requirement fo r  unique structure would i n  this view be 
l im i t ed  t o  the gate region, and the dimension o f  the ac t i ve  s i te  would be reduced 
t o  one more common i n  other biochemical processes, such as enzyme reactions. 

I n  Our opinion, we may extend the above considerations to  other biological  
processes where a large-scale process can occur if we per fo rm the appropriate 
corre la t ion o f  many smaller-scale events (8). For  instance, we may describe the 
conductive reg ime o f  hydrated Lysozyme powders as a series o f  correlated single- 
proton transfers along a random thread o f  water molecules. Since each single- 
proton transfer can be  considered a small-scale event caused by a local  
f luctuation, the large-scale event results f r o m  the correlat ion of  a great rnany o f  
these small-scale events. Actually, a simi lar process is observed i n  laser physics, 
where several microscopic events ( the transit ions among atomic states) become 
cooperatively t ime-correlated t o  produce one macroscopic event ( the  building of  
the electromagnetic field). 

CONCLUOING REMARKÇ 

L i f e  exists only insofar as i t  evolves i n  time, as a never-resting stream of events. 
Thus it may be appropriate to  approach organized complexi ty by the serial order 
o f  events which a re  relevant to  the organism. F r o m  this viewpoint, for instance, 



even a biological membrane  can  b e  described a s  an appropr ia te  corre la tor  of 
events,  a s  shown in Fig. 2. In addition, t h e  presence of several  hierarchically- 
superimposed levels of integration in t h e  organism must  require  t h a t  sorne events  
occurring a t  one  level  b e  corre la ted among themselves, t o  produce one even t  
significant a t  t h e  next  higher level of integration. This is the  molecular 
physicists's outlook regarding t h e  phenomenon of biological emergence  (15), once  
t h e  functional order  of a living ce11 is identified in t h e  ensemble of corre la t ions  
among t h e  significant biophysical events. 

Fig. 2. Correla t ion of  Even t s  in Biological Membranes  (Ref. 8) 

A schematic example of events e, correlated in a compartment a enclosed 
within a biological membrane m. The input of the molecules A. B. D, E is 
supportcd by active transport through the membrane and can be repraented 
as the simple events e,. e,. e,. q. Because of the local spatial correlation 
arnong these primary events, secondary events are next formcd: the q type 

directly on the membrane helped by the eruyma attached there, or the e, type 
in the internai liquid phase. The final product E then l a v a  the compartment, 
whereas the intermcdiary product C cannot gct out. 
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SELF ORGANIZATION IN  NONEQUILIBRIUM SYSTEMS 
AND 

BIOLOGICAL COMPLEXITY 

G. Nicolis 

INTRODUCTION 

In their  vast  majority, natural  objects a r e  composed of a l a rge  number of strongly 
interacting subunits. Until  no t  long ago "elementary" par t ic les  were  thought to  be 
the  ul t imate  building blocks of t h e  universe. They a r e  now known t o  have a rich 
interna1 s t ruc tu re  and t o  be  subjected to  a variety of dynamical processes, 
including processes responsible for  a f in i te  l i fe  t i m e  and u l t ima te  decay. Closer 
t o  t h e  preoccupations of this essay and of the  companion paper by G. Carer i ,  t h e  
genet ic  material ,  the  immune system, the  mammalian brain or the  en t i re  
biosphere for  t h a t  mat te r ,  owe their  specificity t o  the  f a c t  t h a t  their behavior 
transcends t h e  individual subunit and presents, under appropriate conditions, a 
concer ted charac te r  encompassing t h e  system a s  a whole. 

A t  the  basis of t h e  specificity and coherence of such composi te  systems is the  
f a c t  t h a t  a given object  a t  a cer ta in  level of organization i s  an extremely limited 
sample  of t h e  tremendous number of possibilities afforded by simple combinations 
of i t s  const i tu t ive  parts. Moreover, a t  each level of organization new collective 
properties a r e  generally appearing and impose new constraints,  conditioning t h e  
fu tu re  course of events. This remarkable  selectivity,  which is perceived by t h e  
observer a s  organized complexity, implies in turn t h a t  t irne and history a r e  
integral  pa r t s  of t h e  system's s t ruc tu re  and function. In his beautiful book L e  jeu 
des  possibles (1) François  Jacob  expresses this idea in a particularly forceful 
manner, by s ta t ing t h a t  the  genet ic  system and t h e  immune system a r e  two forms 
of memories registering respectively the  past  of t h e  species  and of the  individual, 
while t h e  nervous system invents and shapes t h e  future. 

In this essay w e  show t h a t  complexity, concer ted behavior and t h e  acquisition of 
historical dimension can  also be  typical properties of a wide class of qu i t e  
ordinary physico-chemical systems. We will s e e  t h a t  for  such systems t h e  gap 
between "simple" and "complex" is very narrow and can be bridged under 
appropr ia te  environmental conditions. We hope t h a t  this realization will provide 
useful insights in some of the  multiple f a c e t s  of biological order. 

The  level of description at  which the  phenomena t h a t  w e  will analyze a r e  
manifested in supermolecular. In other  words, w e  will s e e  t h a t  a s  a result  of 
cooperativity a t  t h e  molecular level on the  one side (see  paper by G. Careri), and 
intermolecular communication on t h e  other  side, supermolecular assemblies may 



exhibi t  a var iety o f  new dynamical behaviors extending over macroscopic space- 
and t i m e  scales. 

OPEN SYSTEMS 

We consider a system embedded i n  an environment w i t h  which i t  cornmunicates 
through the exchange o f  cer ta in  properties, which we cal1 f luxes (Fig. 1). As a 
result  o f  these exchanges the variables describing the instantaneous s tate ( X i  1 ,  
Vary i n  t i m e  and a t ta in  values which are typically, d i f fe ren t  f r om those 
character iz ing the s tate of the  environment.  Xi, e 1 .  I n  a physico-chemical 
systern 1 X i  1 may denote temperature, f l ow velocity, chemical composition, 
e lect r ic  polarization, and so forth. In a biological  system they may describe the 
concentrat ion o f  various ef fectors  such as substrates or products of  an enzymatic 
react ion pathway, the density o f  cells i n  a nut r ient  medium or the e lect r ic  
potent ia l  across the membrane o f  a neuron. One rnay l ikewise apply the p ic ture 
o f  Fig. 1 t o  problems arising outside the domain o f  s t r i c t  appl icabi l i ty o f  Physical 
Sciences. Thus, i n  an animal or human society i X i  1 may represent the 
populations o f  individuals exert ing d i f fe ren t  kinds o f  activ.ities, the  amount o f  
food available, and so forth. 

FIG. 

Environment 

Shematic view o f  system, 

Whatever the detailed in terpretat ion of X i  m igh t  be, the  evolut ion can o f ten  be 
cast i n  the fol lowing general f o r m  (2) 



i n  which Fi denotes the r a t e  law and 1 1, ... , 1, a set o f  parameters present i n  
the problern, which can be modif ied by the  external world. We cal1 these 
quanti t ies con t ro l  parameters. 

Now, a very character ist ic feature o f  the vast major i ty  o f  systerns encountered i n  
nature is tha t  the F's are compl icated nonlinear funct ions o f  X's. I n  chemical 
react ions or i n  biology this has to  do w i t h  the abi l i ty  o f  cer ta in  kinds of  rnolecules 
t o  per fo rm autocata ly t ic  and other regulatory functions. And i n  an animal or 
human population, nonl ipeari ty may re f l ec t  the processes o f  communication, 
cornpetition, growth, or in format ion exchange. I n  short, the equations of 
evolut ion o f  al1 these systems should admi t  under cer ta in  conditions several 
solutions, since mu l t ip l i c i t y  o f  solutions is the rnost typ ica l  feature of a non-linear 
equation. Our basic working assurnption w i l l  be tha t  these solutions represent 
d i f fe ren t  modes o f  behavior o f  the underlying system. Their study constitutes the 
pr incipal goal o f  the theory o f  dynamical systems, which today is one o f  the most 
promising branches o f  mathernat ical  and physical sciences. 

Before we proceed t o  the classi f icat ion o f  these States l e t  us discuss b r ie f l y  the 
par t icu lar  regime i n  which properties X i  a t ta in  a constant value throughout the 
systern and equal t o  environrnental value Xi, e. This state, which i s  re fer red to  as 
thermodynamic equilibriurn, is character ized by the property of  detailed balance, 
tha t  is t o  Say, 

Probabi l i ty  o f  a "direct" process = Probabi l i ty o f  a "reverse" process. 

We can easily understand that  i n  such a state any a t t emp t  a t  a diversi f icat ion w i l l  
be  smeared ou t  irnmediately. Equi l ibr ium is therefore a s tate o f  f u l l  homeostasis 
character ized bo th  by uniqueness and by strong s tab i l i ty  properties, and for this 
reason i t  cannot serve as a rnodel fo r  understanding complexity. 

FIG 2 Thrw vie- of the state of equüibrium 
(a) Momtmic sppmech of rtate variable Xi tmards ib f i d  value as t + 

(b) The state of equilibrium Xi,eq ir the extremum of the thermodynamic potential F 
(c)  Equüibriurn ir a univarsal point attractœ in the s>nt&s phage spacs 

Fig. 2 represents three a l ternat ive views o f  equilibrium. I n  (a) a s tate variable X i  
in i t i a l l y  far  frorn i t s  equil ibriurn level  Xi, tends to  it monotonously, perforrning a t  
most a few undulations before the f ina l  decay. I n  the mathemat ica l  l i t e ra tu re  



this property is known as asymptot ic stabil i ty. I t s  physical or igin i s  t o  be sought 
i n  the celebrated second law o f  thermodynamics, according t o  which equi l ibr ium 
is attained i n  an irreversible fashion and corresponds to the extremum o f  a 
quant i ty known as s tate funct ion or thermodynamic potential: maximum o f  
entropy S i n  a system a t  constant energy, or min imum o f  f ree energy F (Fig. 2b) i n  
a system a t  constant temperature. Experiment has shown tha t  al1 physical 
systems containing a large number o f  degrees o f  freedom obey t o  this law. We 
shall re fe r  t o  them subsequently as dissipative dynamical systerns. On the other 
hand cer ta in  simple systems encountered i n  mechanics l i ke  the pendulum or the 
two  body problem remain invariant under t ime  reversa1 and as a result  they 
cannot enjoy the property o f  asymptot ic stabil i ty. The connection between these 
conservative systems and the dissipative dynamical systems is a deep problem o f  
physics which is outside the scope o f  the present paper (3) (4) .  

Fig. 2c represents a s t i l l  d i f fe ren t  view o f  equilibrium, which w i l l  tu rn  out to  be 
the most useful one for  Our subsequent discussion. We embed the evolution o f  the 
system i n  a space spanned by the  s tate variables which w e  ca l l  the phase space. 
A n  instantaneous s tate i s  represented i n  this space by a point  (and vice-versa), 
whereas a succession o f  such States defines a curve, the phase space trajectory. 
As t ime  grows the t ra jectory  o f  a dissipative dynamical system w i l l  tend to  an 
object representative o f  the  reg ime reached by this system when al1 transients 
w i l l  d ie  out. We ca l l  this reg ime the attractor.  According t o  Our previous 
discussion the a t t rac to r  representing equi l ibr ium w i l l  have to  be  unique and to  
describe a time-independent situation. Obviously this w i l l  g ive i n  phase space a 
point  toward which al1 possible histories have t o  converge monotonously. In other 
words, the s tate o f  equi l ibr ium is a universal po int  at tractor.  

We are  now i n  the  posit ion to  define more sharply the goal o f  our approach, as the  
search fo r  new at t ractors  arising when a system is  dr iven away f r o m  i t s  s ta te o f  
equilibrium. We proceed to  this point shortly. We w i l l  close our present 
discussion by a simple example showing how nonequil i lbrium can indeed a f f ec t  
deeply the behavior o f  a system. 

Consider the two  coupled chemical reactions 

He re  the  concentrat ion o f  product X is taken t o  be the only s tate variable, being 
understood tha t  A and B are continuously supplied f r o m  or removed t o  the outside 
thus maintaining f ixed concentrations. A t  equilibrium, detailed balance impl ies 
tha t  



kl a x2 = kp x3 (equilibrium of  forward and backward s t e p s  in t h e  f i rs t  
react ion)  

k3  x = kq b (equilibrium of second react ion)  

T h e s e  re la t ions  f ix  xeq uniquely and impose, in addition, a condit ion on t h e  
concentra t ions  a and b of const i tuents  A and 6: 

On t h e  o the r  hand, in a s ta t ionary  s t a t e  f a r  frorn equilibrium i t  is suff ic ient  to  
cancel  t h e  overall  e f f e c t  of t h e  two forward r eac t ions  by t h a t  of t h e  backward 
reactions,  yielding 

-k2xz + k l  a xg - k3xs + kqb = O ( 4 )  

This is a cubic  equation fo r  x and can  have  up t o  t h r e e  solutions fo r  c e r t a i n  values 
of a and b, unlike t o  wha t  happens in t h e  c a s e  of equilibrium. We can  the re fo re  
say t h a t  nonequilibrium reveals  t h e  potent ia l i t ies  hidden in t h e  nonlinearities, 
which rernain "dormant" a t  or nea r  equilibrium. 

T h e  rnonotonic c h a r a c t e r  of t h e  approach t o  t h e  s t a t e  of equilibrium s t ressed 
ear l ier  in this Sect ion implies t h a t  t h e  evolution laws, eq. (l), should obey in t h e  
neighborhood of equilibrium t o  s o m e  very par t icular  conditions. 
Introducing t h e  deviations of Xi f rom t h e  equilibrium values, Xite 

o n e  c a n  indeed show t h a t  t h e  evolution of { xi ) c a n  b e  c a s t  in t h e  f o r m  

where  F is  a thermodynamic  potent ia l  taking i t s  minimum a t  equilibrium and {ri j)  
a symmet r i c ,  posit ive-definite matrix.  As shown by onsager(5)  th is  symmet ry  can 
b e  t r aced  back t o  t h e  proper ty  of deta i led  balance  or, a l ternat ively ,  to  t h e  
invar iance  of t h e  equilibrium s t a t e  under t i m e  reversal. This r emarkab le  result  
c a n  b e  extended t o  t h e  evolution around nonequilibriurn s teady s t a t e s  maintained 
c lose  to e uilibrium, thanks  t o  t h e  theorem of minimum entropy production due  to  4 prigogine( 1. 



D Y N A M I C A L  SYSTEMS, PHASE SPACE, ATTRACTORS 

The search fo r  a generalized thermodynamic potent ia l  i n  the nonlinear range has 
a t t rac ted  a great deal o f  attention, bu t  these ef for ts  f ina l ly  failed. Typical ly 
therefore, beyond the linear domain o f  i rreversible processes eqs. (6) a re  expected 
to  break down. A f i r s t  consequence i s  that  the steady s tate (point) a t t rac to r  

FIG 5. AU the distance h m  equüirium in increaaed a ystern can (a) evolvs toward a 
state in a non-mnotmic fashim or. (b) evolvs Lmard a paiodlc athactœ rsprmented by a closed 
c w v e  in phase spack 

extrapolat ing the s tate o f  equi l ibr ium as the distance f r om equi l ibr ium is 
increased, can now be approached through damped oscil lations (Fig. 3a). 

This behavior heralds a s t i l l  more interest ing possibility, depicted i n  Fig. 3b, i n  
which the osci l lat ion becomes eventually sustained. Topologically, this implies 
the emergence o f  a new, 1-dimensional attractor i n  phase space, known as limit 
cycle. Çuch at t ractors  should therefore const i tute the natural  models of the 
rhy thmic  behavior observed i n  nature, the most s t r ik ing example o f  which are, 
undoubtedly, biological  rhy thms (7). 

It is remarkable tha t  biological  rhythmic phenomena can nowadays be real ized in  
the laboratory. A beaut i fu l  example is provided by glycolyt ic oscil lations i n  yeast 
cel l - f ree ext racts  (8). There is general agreement tha t  the al loster ic nature of  
phosphofructokinase, one of  the enzymes part ic ipat ing in the react ion chain, and 
the autocata ly t ic  contro l  o f  this enzyme by the product ADP and by AMP are 
responsible fo r  the oscil lations (9). We see here qui te  clear ly how the  co l lect ive 
properties a t  the macromolecular leve l  (stressed i n  G. Careri's contr ibut ion) and 
the nonlinearit ies a t  the supermolecular leve l  (stressed in the present paper) are 
both necessary for  the emergence o f  coherent behavior. 
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ingenious t r i cks  of n a t u r e  allow t h e  reconcil iat ion of these  contradic tory  
tendencies. 

RG. 5. Chaotic attrnctor comtnrtad fmm a modal .ystm imolving üuee variables and a single 
mniinearity of seca~I d v  The horizontai armw indicates the imtabüity of the motion of the 
trajectorim apiraüng away fmm the fixed point at  the origin. The vertical armw indicates the 
reinjsctim of the trajectœim bnck to the vicinity of the arigin. 

O n e  is t h e  adoption of a fractal geometry, t h a t  is t o  say, t h e  exis tence  of 
a t t r a c t i n g  ob jec t s  of non-integer dimensionality, d ~ ,  which a r e  in t e rmed ia te  
between a su r face  and a volume. And t h e  o ther  is t h e  sensit ivity of the  
t r a j ec to r i e s  on t h e  a t t r a c t o r  t o  smal l  changes  in t h e  init ial  conditions, a s  a result  
of which t w o  nearby init ial  s t a t e s  c a n  diverge, rnomentarily, in an exponential  
fashion. Quant i ta t ive ly  th is  d ivergence  is  rneasured by t h e  Lyapounov exponents,  
a L.  TO b e  speci f ic ,  l e t  do b e  an  init ial  (srnall) separa t ion of two t r a j ec to r i e s  in 
phase  space.  Under  t h e  ac t ion  of t h e  dynamics  th is  d i s t ance  will t a k e  a value d t  
a t  t i m e  t. If dt/do var ies  exponential ly with tirne during th is  interval  the  
expression a= ( l / t) ln(dt/do) will exis t  and b e  finite. More  significant is t h e  lirnit 
of  th is  expression for  l a r g e  t and srnall do, a s  i t  provides t h e  m e a n  r a t e  of this  
exponential  variation. By definition, t h e  Lyapounov exponents  a L a r e  t h e  values 



taken by this l i rn i t ing 0 when dt viewed now as a vector i n  phase space, is 
projected successively along the un i t  vectors of  a coordinate system. There are, 
therefore, as many Lyapounov exponents as phase space dimensions. I f  the mot ion 
i s  unstable and presents sensit iv i ty to  in i t i a l  conditions a t  least one of  them w i l l  
be  positive, indicat ing an exponential r a t e  of  divergence along some direct ion i n  
phase space. This w i l l  be so, i n  particular, for  chaotic attractors. Clearly then, 
chaot ic a t t ractors  provide the archetype o f  natural  phenomena character ized by a 
l i rn i ted predictabi l i ty.  Some impl icat ions of  chaotic dynamics i n  biology are 
discussed la te r  on i n  this paper. 

BIFURCATION AND THE ORIGIN OF COMPLEXITY 

One migh t  be  tempted to  deduce f r om the above discussion, tha t  a given system 
can only be modelled by a part icular type o f  a t t ractor .  This is no t  so, however. 
As a mat te r  o f  fact, the most exci t ing aspect o f  nonequil ibrium phenornena is that  
the same physical system can show a great var ie ty  of  behaviors, each 
corresponding to  a d i f fe ren t  attractor.  The mechanism which is a t  the origin of  
this diversi f icat ion is the instabi l i ty  o f  a "reference" s tate and the subsequent 
b i furcat ion o f  new branches o f  states as the pararneters 1, ...., A m  bu i l t  i n  the  
systern are varied. 

The simplest b i furcat ion i s  depicted i n  Fig. 6. We represent i n  a graph the way a 
state variable o f  the systern X is a f fected by a single contro l  parameter h .  We 
obtain i n  this way a b i furcat ion diagram. 

solutions 

FIG. 6. Bifurcatim diagram ahowing how a state variable X is a f f s t e d  when the cmtrol 
paramete v a r i a  A unique solutim (a), the tharnodp-mmic branch, loses ita stabiiity at IF. At 
thir value of the mtml  parameta nsw brancha of aolutiorr (bl, b2) which are stable in the 
example chossi, are geneatsd 

For  srnall values o f  X only one solution i s  accessible. It is the d i rect  extrapolat ion 
of  equil ibriurn and shares w i t h  it the impor tant  property o f  asymptotic stabi l i ty,  
since i n  this range the systern is capable of  damping interna1 f luctuat ions or 
external disturbances. Fo r  this reason we cal1 this branch of  states the 
thermodynamic branch. B u t  beyond a c r i t i ca l  value, denoted by X i n  Fig. 6, we 



f ind that  the States on this branch become unstable: the e f f ec t  o f  f luctuat ions or 
o f  smal l  external perturbations i s  no longer darnpened. The system acts l i ke  an 
ampl i f ier,  moves away f r om the reference s tate and evolves to  a new regime. The 
two regimes coalesce a t  = ,, but  are d i f ferent ia ted fo r  $: ,. This is the 
phenomenon o f  bifurcation. We can easily understand why this phenomenon should 
be associated w i t h  catastrophical changes and confl icts. Indeed a t  the cruc ia l  
moment o f  t ransi t ion (vic ini ty o f  = c) the systern has to  per form a c r i t i ca l  
choice (Fig. 6, branches ( b l )  or (b2)). Nothing i n  the description perrnits to  the 
observer to  assign beforehand the s tate that  w i l l  be chosen. Only chance w i l l  
decide, through the dynamics o f  fluctuations. The system w i l l  scan the "ground", 
w i l l  make a few attempts, perhaps unsuccessful a t  the beginning, and f inal ly a 
part icular f luctuat ion w i l l  take over. By stabil izing it, the system w i l l  becorne a 
historical object i n  the sense that  i t s  subsequent evolution w i l l  depend on this 
c r i t i ca l  choice. We have thus succeeded i n  formulating, i n  abstract terms, the 
remarkable interplay between chance and constraint, between f luctuat ions and 
irreversibi l i ty,  presiding over the b i r t h  o f  complexi ty and self-organization. 

N o t e  the s imi lar i ty  between these ideas and the notions o f  mutat ion and selection 
farni l iar f r om  biological  evolution. As a mat te r  o f  fact, one can say tha t  
f luctuat ions are the physical counterpart  o f  mutation, whereas the search for  
s tab i l i ty  plays the ro le  o f  selection. Even the very s t ructure o f  a b i furcat ion 
diagram is reminiscent o f  the phylogenetic trees employed abundantly i n  biology! 

Fig. 7 represents a rnechanical analogy o f  the phenornenon. A ba l l  moves i n  a 
val ley (Fig. 6 branch (a)) which a t  a part icular po int  becomes branched and leads 
t o  either o f  two  new valleys (Fig. 6, branches b l  and b2) separated by a hil l .  

Al though it i s  always peri lous t o  draw analogies and extrapolations, it is 
nevertheless thought-provoking to  imagine fo r  a moment that  instead o f  the ba l l  
i n  Fig. 7 one could have a dinosaur s i t t ing there pr ior to  the end of  the secondary 
era, or a group o f  Our ancestors about t o  set t le  on ei ther the ideographic or the 
symbolic wri t ing! 

BIFURCATIONS AND CHAOTIC DYNAMICS IN  BIOLOGY 

The rnodelling o f  biological  regulatory phenomena by mul t ip le  po int  a t t ractors  or 
l i m i t  cycles i n  connection respectively, w i t h  all-or-none transit ions or rhythmic 



behavior is, by now, a classical  sub jec t  which has  been covered extensively by 
rnany authors  (2, 7, 9). In this Sect ion w e  focus  the re fo re  Our a t t en t ion  on t h e  
ro le  of more  cornplex dynamical  phenomena, notably those  giving r i se  to  chao t i c  
a t t r ac to r s ,  in t h e  understanding of t h e  multiple f a c e t s  of biological complexity.  

In a s  rnuch a s  a systern undergoing chaot ic  dynamics is unable t o  mainta in  sharp  
and reproduct ib le  corre la t ions  between t h e  values of i t s  s t a t e  variables a s  t irne 
grows, chaos  should cons t i tu t e  t h e  natura l  mode1 for  t h e  understanding of s t a t e s  
of biological disorder. This viewpoint has  received considerable a t t en t ion  
recently.  Impressive evidence  has  been produced t h a t  pathological  s i tua t ions  
re la ted ,  fo r  instance,  t o  respi ra tory  d iseases  or  t o  arrhythrnias of t h e  cardiac  
muscle  can  b e  analyzed f r o m  a novel point  of view by appealing t o  chao t i c  
dynarnics (13). This al lows one  t o  understand t h e  ro le  of s o m e  key p a r a m e t e r s  in 
t h e  passage f r o m  normal  to  pathological  behavior and t o  develop in this way new 
"dynamical" tools of diagnosis. 

T h e  idea w e  w a n t  t o  develop in t h e  present  Sect ion is different.  We wan t  to  
s t r e s s  tha t ,  in addit ion t o  being involved in pathological  ac t iv i t ies ,  chao t i c  
dynarnics i s  likely t o  play a cons t ruc t ive  r o l e  of t h e  u tmos t  impor tance  in 
biology (4, 149 15). We i l lus t ra te  this  possibility by two  se lec ted  examples. 

A. Cornplexity and Information 

In t h e  In t roductory  p a r t  of t h e  present  essay w e  suggested t h a t  one  of t h e  
cha rac te r i s t i c  f e a t u r e s  of cornplexity and conce r t ed  behavior is t h a t  objec ts  a t  a 
ce r t a in  level  of organization a r e  not  random agrega tes  of the i r  const i tu t ive  pa r t s  
bu t  correspond, instead,  t o  privileged rea l iza t ions  of a n  underlying se lec t ion 
process. In biology, a part icularly d ramat i c  manifes ta t ion  of this  phenornenon is 
t h e  gene t i c  code. On t h e  one  side, t h e  code  is essential ly unpredis table  s ince  the  
global s t r u c t u r e  of t h e  DNA canno t  b e  inferred with ce r t a in ty  f rom t h e  knowledge 
of one  of i t s  parts ,  however large. In f a c t ,  i t  is this  unpredictabil i ty t h a t  al lows 
us t o  speak of information.  Bu t  on t h e  o the r  s ide  with al1 i t s  probabil ist ic 
cha rac te r ,  t h e  code  is st i l l  expressed in t e r m s  of a l imi ted  nurnber of variables,  
f a r  less  numerous  than  al1 possible combinations of a torns  or  e lementary  par t ic les  
t h a t  one  could think of a priori. This compression of t h e  universe, a s  i t  were ,  in a 
single molecule,  enables  one  t o  express biological cornplexity in t h e  syrnbolic 
language of informat ion theory,  in o the r  words, i t  brings ou t  a new level  o f  
description. In th is  subsection w e  show t h a t  in ce r t a in  c lasses  of physico- 
chernical  systerns i t  is Iikewise possible t o  evolve spontaneously t o  s t a t e s  in which 
such concep t s  a s  syrnbols, codes, and information become  t h e  natura l  mode of 
description. 

The  need for  a symbolic representa t ion ar ises  when one  seeks  t o  descr ibe  t h e  
outcorne  of a natura l  phenornenon in a way which is sufficiently compac t  and 



general  t o  allow for  a unified description o f  whole classes of o the r  phenomena 
similar t o  t h e  observed one. In sorne cases  this decription turns ou t  to  b e  
straightforward.  For  instance,  suppose t h a t  we  deal  with a periodic motion. A 
charac te r i s t i c  f e a t u r e  of this type  of behavior is t h a t  two variables, say X and Y, 
keep a fixed phase lag between them. 

VariaMa 

FIG 8. Symbolic description of a dynamical system 
c o n s i n ~ ~ t e d  by monitoring the succcidve cmssings of 
prescribed thrwholds Lx, Ly, ... by the values of the 
stete variables X. Y ... 

If w e  the re fo re  monitor t h e  t imes  of intersection (with prescribed slope), of thei r  
t r a j ec to r i e s  with preassigned levels Lx, Ly, (Fig. 8) w e  will find t h e  repe t i t ive  
sequence 

XY XY .... XY ... (a) 
which may subsequently b e  regarded a s  t h e  syrnbolic description of al1 periodic 
motions. This description brings ou t  clearly two fu r the r  properties: t h e  full 
predictabil i ty of t h e  behavior a s  well a s  t h e  independence of t h e  con ten t  on t h e  
direction of reading. 

L e t  us  now consider another  e x t r e m e  case,  namely random (white) noise. This 
t i m e  t h e  level  crossings of X and Y would b e  distributed randomly and one would 
b e  led t o  a sequence l ike 

XXYXXXY ... YYXYYX ... (b) 
which could b e  generated equally well by a coin tossing. Although this sequence 
remains  independent of t h e  direction of reading, t h e  full predictabil i ty of the  
preceding c a s e  has  now been replaced by full unpredictability, in t h e  following 
sense: if w e  monitor another  pair of whi te  noise variables w e  will find a sequence 
which, typically, will have  nothing to  do with (b)'or be t t e r ,  a sequence which could 
in no way b e  inferred f rom (b). Two elegant  (and re la ted)  ma themat ica l  conce  t s  
allowing t o  express this f e a t u r e  in a compac t  way a r e  a lgor i thmic  complexi ty  8 6 )  
and information (17). Algorithmic complexity measures  t h e  length of the  shor tes t  
description of a given (finite) sequence. In this sense  therefore ,  sequence (b) has 
t h e  maximum possible algorithmic cornplexity, essentially equal t o  i t s  length, 
whereas  sequence (a) has  t h e  minimum possible algorithrnic complexity s ince  a 
single instruction ( the  init ial  s a t e  XY) suff ices  t o  reproduce i t  fully. Çirnilarly, 
information is considered t o  b e  maximum in c a s e  (b), s ince  t h e  real iza t ion of  one 
particular sequence ou t  of t h e  enormous number of randorn sequences amounts  t o  
localizing t h e  sys tem very sharply in t h e  s t a t e  space. I t  is  ze ro  in c a s e  (a), s ince  
t h e  ou tcome could b e  predicted on t h e  basis of t h e  init ial  s t a t e  (XY). 

I t  should b e  c lea r  f rom t h e  above discussion t h a t  t h e  complexity of natural  objects  
should l i e  somewhere  between cases  (a) and (b). Consider once  again t h e  genet ic  



code. As  Schrodinger pu t  i t  so  lucidly, t h e  DNA is  an  "aperiodic crystal": i t  c a n  
the re fo re  no t  b e  of t h e  f o r m  (a). If, on t h e  o the r  hand, al1 random sequences  of 
t h e  four naturally occurring nucleotides (whose number i s  4N for a nucleic acid 
long of N nucleotides) could b e  equally good candidates  fo r  t h e  gene t i c  mater ia l ,  
l i fe  would amount  t o  se lec t ing one  unique even t  o u t  of a tremendously l a rge  
number  of possibilities. T h e  a priori  probability of such a se lec t ion would b e  
complete ly  negligible. ~ h a t -  is needed therefore ,  is a process capable  of 
producing with high probability a complex, information-rich aperiodic sequence  of 
s ta tes .  Moreover, w e  w a n t  this  edi f ice  t o  b e  s t a b l e  (in t h e  sense  of 
reproducibil i ty)  and asymmet r i c  (in t h e  sense  of a well-defined di rec t ion of 
reading, a s  observed in present  day DNA). A sirnilar reasoning c lear ly  holds for  
brain ac t iv i ty ,  t h e  s t r u c t u r e  of a language and, mos t  probably, fo r  music and o the r  
fo rms  of a r t .  

Now, t h e  self-organized s t a t e s  of m a t t e r  allowed by non-equilibrium physics and 
arising through t h e  mechanism of bifurcation reviewed in t h e  previous Sect ions  
provide us  wi th  models of precisely th is  s o r t  of complexity.  Most impor tan t  
among t h e s e  s t a t e s  ranks, fo r  our  p resen t  purposes, chao t i c  dynamics. Indeed, t h e  
instabil i ty of motion associa ted  with chaos  allows t h e  sys t em t o  explore 
continuously i t s  s t a t e  s p a c e  thereby c rea t ing  informat ion and complexity. On t h e  
o the r  hand, being t h e  r e su l t  of a physical mechanism, t h e s e  s t a t e s  a r e  produced 
with probability one: t h e  se lec t ion of a par t icular  sequence  o u t  of a very l a rge  
number of a priori  equiprobable ones  simply does  not  arise. We suggest  the re fo re  
t h a t  dynamical  sys t ems  genera t ing chaos  a c t  a s  ef f ic ient  se l ec to r s  re jec t ing t h e  
vas t  major i ty  of random sequences  and keeping only those  compa t ib le  wi th  the  
underlying r a t e  laws. Equally impor tan t  perhaps, t h e  irreversibil i ty incorporated 
in these  laws gives r i se  t o  a preferred  di rec t ion of reading and allows fo r  t h e  
ex i s t ence  of a t t r a c t o r s  enjoying asympto t i c  s tabi l i ty  and thus  reproducibility. A 
m o r e  deta i led  presenta t ion of these  ideas c a n  b e  found in Ref.  19. 

In conclusion, t h e  insert ion of t h e  symbolic concep t s  of Complexi ty  and 
Informat ion in to  Physics  achieved by chao t i c  dynamics establishes a new link 
be tween  Physica l  Sc ience  on t h e  one  side, and Biological and Cogni t ive  Sciences  
on t h e  o the r  side. 

B. Reconst ruct ion of t h e  Dvnamics  of t h e  E lec t r i ca l  Act iv i tv  of t h e  Brain 

We now turn  t o  a m o r e  c o n c r e t e  example. Çpecifically, w e  show t h a t  
nonequilibrium physics and dynamical  sys t ems  theory allow us t o  l i terally 
r e su r rec t  t h e  dynamics  underlying t h e  highest  levels of biological organization 
f r o m  exper imenta l  d a t a  independent of any modelling. 

T h e  quan t i t a t ive  s tudy of a natura l  sys t em is based on t h e  observation o f  n 
variable,  or  of a l imi ted  s e t  of variables, during a sufficiently long period o f  t i i i ie .  



Figs. 9 and 10 provide some impor tant  examples o f  such t i m e  series pertaining to  
the e lect r ica l  ac t i v i t y  o f  the  brain. I n  9 o f  the EEG o f  a normal  human subject i n  
the stage o f  deep sleep i s  described whereas Fig. 10 corresponds ta  the EEG o f  a 
pat ient  during an epileptic seizure. Bo th  records show an irregular succession o f  
peaks, although 10 looks def in i te ly  more "coherent" than 9. 1s it possible to  
character ize this coherence more  sharply? D o  we deal w i t h  a well-defined 
dynamics or, rather, w i t h  a random course of  events impossible t o  control? 
Matheinat ica l  model l ing alone cannot se t t le  the issue, since fo r  both al ternat ives 
one can produce equations f i t t i n g  the record i n  a reasonably sat isfactory way. A 
new argument is therefore needed. Below, we show how nonlinear physics can 
provide us w i t h  clues t o  these impor tant  questions (20). 

The f i r s t  step is to  embed the dynamics o f  the system under study in phase space. 
This means, i n  particular, tha t  one should go beyond the "one-dimensional" v iew 
af forded by a t i m e  series o f  a single variable, Xo(t). I t  can be shown tha t  a phase 
space satisfying al1 requirements of  dynamical systems theory is the phase space 
generated by Xo(t) and i t s  successive lags Xo(t + T), ..., Xo(t + (n-1) T). I t  suffices 
t o  choose T i n  such a way tha t  these d i f fe ren t  functions are l inearly independent. 

Next, in each o f  the above defined phase spaces ( tha t  i s  to  say, f o r  each choice o f  
value o f  n) one t r ies t o  ident i fy  the nature o f  the set o f  data points, viewed as a 
geometr ica l  object i n  an n-dimensional space. Again, dynamical systems theory 
provides algori thms fo r  accomplishing this. One par t icu lar  quant i ty which can be 
ident i f ied i n  this way is the dimensionality, d~ (n ) ,  o f  Our data set. Once d ~ ( n )  is 
determined one can also obtain in format ion on dynamical properties like, for  
instance, the largest posi t ive Lyapounov exponent O;, if any. 

Finally, d ~ ( n )  and OL are p lo t ted against n fo r  increasing values o f  the embedding 
dimensionality. I f  these dependencies a re  saturated beyond some re la t ive ly  smal l  
n, the system represented by the t i m e  series should be  a determinist ic dynamical 
system possessing an attractor.  The saturat ion values o f  d~ and o L w i l l  be the 
dimensionality and the  largest Lyapounov exponent o f  the  attractor.  The value o f  
n beyond which saturat ion i s  observed provides the min imum number o f  variables 
necessary to  mode1 the behavior represented by the attractor.  I f  on the other 
hand there i s  no saturat ion trend, the  conclusion w i l l  be  tha t  the  system described 
by the t i m e  series evolves i n  a random way. 

Appl ied t o  Figs. 9 and 10 the procedure leads t o  two  str ik ingly d i f fe ren t  
predict ions (21, 22). In both cases a chaot ic a t t rac to r  seems t o  exist. Figs. 11 
and 12 depict  the i r  project ions i n  a two-dimensional phase space. As i t  turns out, 
f o r  Fig. 11 the dimensionality i s  s l ight ly above 4 whereas fo r  Fig. 12 it drops to  a 
value sl ight ly above 2. This provides us w i t h  a quant i ta t ive measure o f  the 





excessive coherence associated to  the pathological s ta te o f  the brain. Moreover, 
as pointed out  a t  the  beginning o f  the present section, chaotic a t t ractors  are 
potent ia l  information-generating devices. We are thus led to  a tantal iz ing p ic ture 
o f  how information, one o f  the most conspicuous at t r ibutes o f  the  human brain, 
can be l inked to, and even emerge f rom i t s  dynamical act iv i ty.  

CONCLUDING REMARKÇ 

The pr incipal idea tha t  we developed i n  the present essay is tha t  the  physics o f  
nonequil ibriurn phenomena and the mathemat ica l  theory o f  dynamical systems 
provide us w i t h  the concepts and tools necessary to  handle cornplexity. We have 
seen tha t  nonequil ibrium at t ractors  const i tu te the natura l  achetypes fo r  a var ie ty  
o f  phenomena which are conspicuously present i n  biological  organization, such as 
regulation, rhythmic act iv i ty,  and in format ion generation or processing. Çimilar 
ideas a re  current ly being applied to  the analysis o f  other complex phenornena 
encountered i n  Our natura l  environrnent, such as atmospheric dynamics ( 2 3 ) ,  
c l imat i c  var iabi l i ty (24, 25), or economic act iv i t ies (26 ) .  

I t  i s  the author's strong convict ion tha t  the existence of  physical archetypes o f  
phenomena tha t  usually one tends t o  ascribe exclusively t o  l i f e  w i l l  have a lasting 
inf luence i n  the atternpt t o  comprehend the mu l t ip le  facets of  biological  
complexity. 
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