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ABSTRACT 

A simple chemical system in a fixed environment tends to reach a 

state of chemical balance in which ra tes  of reactions and concentrations 

of components in the system do not change with t ime. A sudden change 

in the environment destroys this balance, resulting in transient changes 

in the ra tes  of react ions and concentrations of components within the 

system. Such t rans ien ts  a r e  gradually damp.ed out and the system tends 

to a new stat ionary s tate .  The responses of mathamatical models of a 

number of simple chemical systems to environmental changes, and the 

lifelike appearance of these responses,  a r e  examined. Experimental 

methods of measur ing  such behavior in chemical sys tems and the use 

Ions of this information in determining the network of chemical t ransformat '  

within the sys tem a r e  investigated. The application of these general 

methods to determination of the network of chemical reactions in a living 

plant cell i s  reviewed. The close relationship between the observed 

behavior of the living photosynthesizing plant ce l l  to sudden changes in 

environment and the behavior to be expected on the bas is  of the chemical 

network within the cell  i s  demonstrated. 
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INTRODUCTION 

Very  s imple chemical sys t ems  behave a s  i f  they were alive, and the 

m o r e  complex they become the m o r e  l ifelike their  behavior. It would b e  

interest ing to know whether ve ry  simple living things behave a s  if they 

were  chemical  sys tems.  Behavior i s  the response of a system to a 

change in  i t s  environment, so  we a r e  asking whether the complex network 

of chemical  t ransformations in the living organism when thrown into 

a s ta te  of t empora ry  imbalance by a change in environment will respond 

or behave a s  we would expect on the bas is  of what we know about chemical  

sys  terns.  

We sha l l  examine in this paper  some of the lifelike behavior pa t te rns  

of s imple  chemical sys tems,  the kinds of experiments that provide in-  

format ion  about the network of chemical transformations in more  complex 

chemical  sys t ems ,  how these methods have been applied in the study of 

photosynthetic algae,  and how the network in these algae responds to i t s  

environment.  

EQUILIBRIUM 

Let  us consider a sys t em consisting of a hollow, water-filled sphere ,  

constructed of a rigid water  -permeable membrane ,  which is suspended 

in an environment of water .  Molecules of a chemical A dissolved i n  

the environment collide with the membrane  and--provided their  molecular  

dimensions a r e  sufficiently sma l l -  -they either pass  through the pores  

of the membrane  into the sys t em o r  a r e  reflected back f rom the solid 

m a t e r i a l  of the membrane  into the medium, The number of molecules 

colliding with the membrane  in  a given time interval i s  proportional to 

the number of these molecules  in a given volume of the medium, i. e .  

the ex terna l  concentration of A, called (A ) ,  If the ratio of the pene- 
X 

t ra t ions to total  collisions i s  designated a s  k, then the ra te  a t  which A 

* Now a t  National. Institute of Mental Health, Bethesda, Md. 



enters  the sys tem i s  just k(A ), and the amount of A entering the sys tem 
X 

in a given time period of duration t i s  tk(Ax). At very long t imes the 

amount of A in the sys tem becomes very la rge  according to this equation 

However,  i f  the molecules  of A can pass  through the membrane  into 

the sys t em they can also pass  outward by- the same pathways. The ra t io  

of penetrations to total collisions differs for the inflow and outflow p r o c e s s e s  

if the external  and internal  media differ markedly, but for the purposes of 

the discussion we shall  a s  surne them to be equal so that the flow outward 

i s  k(A.) .  The net ra te  of flow inward i s  the inflow ra te  minus the outflow 
1 

ra te  and in the language of calculus i s  given the symbol d ( ~ ~ ) / d t ,  so that 

Starting with the sys tem and the environment containing no A, le t  us 

examine the behavior of the sys t em v~hen sufficient A i s  introduced into 

the medium to increase  i t s  concentration of A to unity. Assuming a r b i -  

t r a r i l y  that k = 1, we can integrate the differential Eq. /I) to find the 

value of (A.)  a t  any time t .  The calculated curve of (A.) ver sus  t appears  
1 1 

in  F ig .  1. 

The value of (Ai) does not continue to increase  l inezrly -with t ime 

but leve ls  off a t  the value of ( A x )  Under these conditions the inflow and 

outflow proceed a t  the same  ra te  so that there is no fur ther  change in 

(Ai) with t ime.  The sys tem has  responded to the sudden influx in A b y  

increasing the ra te  at which i t  excre tes  A back into the medium. This 

general  type of behavioral response of chemical sys tems in  which the 

sys tem r e s i s t s  change i s  r e f e r r e d  to a s  the operation of LeChate l ie r ' s  

Pr inc ip le .  The system behaves,  in  the sense that i t  responds to i t s  

environment,  only when i t  i s  in a state of imbalance. Its behavior tends 

.to br ing i t  into a state of dynamic equilibrium with the environment in 

which there  is no fur ther  change in either the sys tem o r  the environment 

with t ime.  The sys tem remains  in that s ta te  until &he environment i t -  

self than-0 s - s .  
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F i g .  1 The  r e s p o n s e  of a one-component  s y s t e m  to a sudden i n c r e a s e  
in  the e x t e r n a l  concen t ra t ion  of t h a t  component .  



STEADY STATE 

Let  us extend our sys tem to include a second freely diffusible chem.ica1 

B, f o r m e d  by a very slow rear rangement  of the atoms in the molecule A ,  

and a catalyst  whose sole  function i s  to accelerate  the conversion of A to 

Be The ra t e  a t  which A i s  converted into B in the system depends on the 

na tu re  of the catalyst ,  the tempera ture ,  the composition of the solvent, 

and  o ther  things; but with a sufficient amount of catalyst  twice a s  many 

molecules  of A will produce twice a s  many molecules of B in a given 

t ime,  so  that the ra te  of formation of B f rom A i s  proportional to (Ai) o r  

equal  to kl(Ai): 

The ne t  r a t e  of formation of A. with t ime i s  the inflow rate  k(Ax), minus 
1 

the outflow ra te  k(Ai), minus the r a t e  of conversion of A to B, k (A. ) ;  i. e .  1 1  

Correspondingly,  the net r a t e  of formation of B. i s  just i ts  ra te  of for  - 
1 

mat ion  f r o m  A., k (A.),  plus the r a t e  of inflow, kZ(Rx),  minus the ra te  
1 1 1  

of outflow, k (B.) ;  i. e .  , 
2 1 

How does this sys tem init ially containing neither A nor B behave 

when the concentrations of A and B in the environment a r e  suddenly r a i sed  

to unit concentration? Choosing a r b i t r a r y  initial conditions of (A.)  = 
1 

(Bi) = 0 and (A ) = ( B  ) = k = k = k- =I, we can integrate the differential 
X X 1 L 

equations ( 2 )  and (3)  to find (A.)  and (B.)  a s  functions of t ime.  As shown 
1 1 

in  F ig .  2, (Ai) and (Ri) r i s e  to stationary levels that differ f r o m  their 

ex te rna l  concentrations,  In this state the net ra te  of inflow of A i s  k ( A  - i 
k(A.)  = 0.5, and the net r a t e  of outflow of B i s  k (B.)  - k ( B  ) = 0.5, bu.t 

1 2 1 2 x 
the changes in concentration of A and B a r e  negligible, so that there  i s  

no change in  the r a t e  of conversion of A to B with t ime.  The condition 

in  which a sys tem i s  maintained in a nonequilibrium state maintained b y  

changes in the e n ~ i ~ o i ~ n i e i l t  i s  caE.ed the steady state .  



Fig.  2 .  Response of a two-component sys tem to a sudden increase  in 
the externa l  concentrations of the components. 
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The process  that maintains the system in an  "alive" state in the sense  

of a nonequilibrium s ta te  i s  the conversion of A to B within the sys tem.  

There  a r e  a t  leas t  four conditions which the reaction must  satisfy i f  the 

sys t em i s  to exploit the environment in this way: the chemical natures  o f  

A and B must  be such a s  to permi t  the conversion to proceed spontaneo3~sly; 

the r a t e  a t  which this conversion proceeds mus t  be slow in the environment 

s o  that A will be p resen t  in the environment for the system to utilize; the 

reac t ion  may be acce lera ted  by suitable catalysts;  the system must  be 

open to i t s  environment s o  that i t  can absorb A f rom i t  and excrete  B into 

i t .  This  behavior corresponds to that of living sys tems,  which a r e  e s sen -  

t ially complex sys tems of catalysts that maintain themselves in  nonequi- 

l ib r ium states  by the directed,  stepwise utilization of the natural  tendency 

of foodstuffs to r eac t  with the oxygen of the a i r .  

In both equilibrium and steady s ta tes ,  the concentrations of com- 

ponents in the sys tem do not change with t ime, i .  e . ,  

Substituting these conditior~s into the differential equation (I) ,  we find 

k(Ax) = k(Ai)9 and therefore (Ax) = (Ai). 

s o  that, a s  we saw in F ig .  1, in the equilibrium case the composition of 

the f inal  state i s  completely determined by the composition of the en-  

vironment .  Substituting the equilibrium o r  steady-state condition into 

the Eq.  (2 )  and ( 3 ) ,  we find 

In the steady s tate ,  therefore,  the internal composition i s  in pa r t  de ter  - 
mined by the external  conditions (A ) and (I3 ), but a l so  by the interna.1 

X X 

p a r a m e t e r  k the r a t e  constant for the conversion of A to B. Since the 1' 
numer ica l  value of this constant depends on the amount and kind of calxilyst 

in  the system, the sys t em-  -by controlling the supply of catalyst-  -has  ar, 

e lement  of control over i t s  internal steady s tate .  This corresponds to 

the behavior of living sys tems,  which regulate their  milieu by regulating 

the supply of protein catalysts .  



Another self-determining feature of the steady state i s  seen in the 

fact  that the initial concentrations do not enter into the expressions fo r  the 

final s ta tes .  This means  that the same balanced state i s  reached what- 

ever  the initial state of the system. This i s  ahown graphically in Fig. 3 , in  

which (A. )  is initially 2.0 rather  than0 units a s  in the previous example, 
1 

while a l l  the other parameters  a r e  held the same.  The initial conditions 

influence only the transient concentration changes in reaching the s teady 

state .  

NETWORK STRUCTURE 

Let us include in our system a third component, C, which cannot 

permeate the membrane  for reasons of i ts  s ize,  shape, o r  electr ical  

charge. A number of different networks can be constructed f rom three 

components which differ a s  to the p recurso r s  and products of each com- 

ponent. Let  us examine the kinds of experiments that might be car r ied  

out to determine the p recurso r  -product relations for each component, 

i. e . ,  the s t ruc tu re  of the network of chemical transformations.  

We shall  d iscuss  only those experiments which observe and m e a s u r e  

the intact sys tem,  and shall  only mention in passing two powerful  methods 

that provide much information about network s tructure through observation 
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Fig.  3.  Response  of a two-component system to a sudden shift  in the 
e x t e r n a l  concentrations of the components. 



of p a r t s  of the fragmented system. One,such method is  to look at  the corn- 

ponents f rom the point of view of their  chemical s t ruc ture  and make p r e  - 
dictions a s  to which component will t ransform into which other component. 

Another method i s  based on the fact that there i s  a catalyst  fo r  nearly 

eve ry  react ion proceeding in a living sys tem,  These protein catalysts, 

o r  enzymes,  m a y  be isolated f rom the organism. individually so that the 

specif ic  react ion which each catalyzes can be studied in detail .  If an 

enzyme i s  found that catalyzes the conversion of A to B, another that 

catalyzes the conversion of B to C,  then i t  i s  assumed that the network 

element  A-JR -+C i s  operative in the organism. The cur rent  biochemical 

l i t e r a tu re  i s  crowded with papers  reporting the isolation of new enzymes 

that catalyze new reactions,  and such work has contributed mightily to 

our  understanding of the networks in living sys tems 

Measurements  on the intact sys tem may  be roughly divided into four  

c l a s ses ,  a s  indicated in Table I. In general,  information about the network 

Table I 

Classes  of measurements  on intact sys tems 

?deasurements  Steady Stzte Transient  - - -.- 

The ra te  of change of 
Externa l  Inflow and outflow r a t e s  inflow and outflow ra tes  

f rom one steady state to 
armtfier . 

The ra te  of change of - 
Internal Concentrations of the concentrations of 

components. components f rom one 
steady s tate  to another.  

can be obtained only by observing the behavior of the system, i. e . ,  the 

response  of the sys tem to a change in the environment,  When the system 

i s  in  a s tate  of imbalance the pathway by which i t  re turns  to a steady s ta te  

i s  a v e r y  sensit ive indicator of i t s  network. 

INFLOW AND OUTFLOW RATES IN THE STEADY STATE 

Let  us consider a r ea l  sys tem of three components which we think 

may have one of the five networks modeled above. Can we distinguish 

them by measur ing  the s teady-state  ra te  a t  which A flows into the sys tem 

and R flows out of i t ?  W e  can bes t  answer this question by calculating the 



steady-state  flow ra te  of A (which i s  equal to the flow ra t e  of B in the 

steady s ta te )  for the five model sys tems,  using the methods i l lustrated I'>r 

the two-component sys tem.  The five models fall into two groups (I1 and V, 

and I, 111, and I ), which differ in their  response to varying (Bx) (Table 11). 
v 

Measurement  of the dependence of steady-state flow ra t e s  of the r ea l  

sys tem on (Bx) will thus discr iminate  between the two groups.  However, 

since this method does not determine the numerical values of the ra te  

constants i t  cannot discriminate between models within the same group. 

Fur the r  information may be gained by al ter ing one o r  m o r e  r a t e  

constants by the addition of chemicals which either st imulate o r  inhibit 

the catalytic activity of a given enzyme. If, for example,  a chemical i s  

Table I1 -- ----..- -.-- 
Steady-State Flow Rates 

I 
I 

Model Inflow Rate of A 
" - -  

I 
-- 

k2 I1 

added to the sys tem that i s  known to completely inhibit the react ion B+ C 

the effect i s  comparable to reducing k to zero  in Models I, 11, and V ,  3 
As can be seen in Table 11, k appears  only in  the s teady-state  flow ra te  

3 
of Model 11, and in such a form that when kg = 0 the flow r a t e  no longer 

depends upon (B  ). This method would distinguish between the two mode l s  x 



whose flow r a t e s  depend upon ( B  ) ,  Inhibitors of other reactions may  
X 

be used in the same way to eliminate possibilities, but the method in 

general  i s  l imited to discrimination solely on the basis  of the form of 

the dependence of flow ra te  upon experiment21 variables .  

TRANSIENT INFLOW AND OUTFLOW RATES 

The limitation of the method just described resu l t s  from the fac t  

that both the ra te  pa ramete r s  and the s t ructure of the network affect  the 

observed quantity. The time course of the flow ra t e  a s  i t  changes f r o m  

one steady s ta te  to another,  i .  e .  , a s  it  behave^", i s  l e s s  dependent on 

r a t e  p a r a m e t e r s  and m o r e  so on net s t ruc ture ,  

A t rans ien t  flow p rocess  frequently foliowed in biochemical sys t ems  

i s  the excret ion of radioactive atoms injected into the system in the f o r m  

of one of the components, In such experiments i.t i s  customary to a s s u m e  

that a molecule containing a radioactive atom behaves just like a no rmal  

one until the radioactive atom explodes. This i s  not s t r ic t ly  true,  since 

the difference in weight between the radioactive and normal  atoms a f fec t s  

somewhat the r a t e  a t  which the molecule reac ts ,  but in what follov~s we 

shal l  neglect such effects altogether.  

The r a t e  a t  which radioactive atoms in a lnolecuie A a r e  t r a n s f e r r e d  

to molecule B i s  simply the r a t e  a t  which al l  the molecules of A a r e  t r a n s  

fo rmed  into molecules of B t imes  the fraction of the  molecules of A that 

contain radioactive a toms .  Tnis fraction we v~i.11 designate a s  X and 
a 

although, s t r i c t ly  speaking, i t  i s  the mole-fraction activity we will r e f e r  

to i t  as the specific activity.  

The differential  equations for  the t ransfer  of components within the 

sys t em can therefore be t ransformed into the differential equations f o r  

radioactivity t r ans fe r  by multiplying each t e rm for  the rate  of reaction 

of a compound in a par t icu lar  react ion by the specific a,ctivity of that 

component. The se t  of equations for Model III would be, fo r  example, 

These  equations a r e  difficult to integrate in the general  case because 

they involve t e r m s  such a s  k(Ai)X- in which both (A,) and X vary with 
a I a 



t ime and in different ways.  If these differential equations cannot be solved 

then we cannot compare the behavior of the r ea l  sys tem and model s y s t e m s .  

This situation i s  avoided in pract ice by maintaining the real  system in a 

s ta te  that corresponds to a condition of the model system that i s  m o r e  

easi ly  t reated mathematical ly .  Most commonly the concentrations of 

the components a r e  held constant while the specific activities undergo 

t ransient  changes. 

What kinds of information can be obtained about our three-component 

sys tem i f  isotopically labeled component C i s  injected into the system, in 

such a smal l  amount a s  not to dis turb the concentration steady state,  and 

Lhe outflow of radioactive component B i s  measured  a s  a function of t ime ? 

To answer this question we shal l  again examine the differences in 

the behavior of the model sys tems under consideration, In general,  

the fur ther  the component i s  f rom the outlet in the network the longer the 

t ime required to excre te  radioactivity f rom that component, We will 

therefore investigate the two models that differ most  in this respect ,  

Models 111 and IV. The outflow was calculated by a s  signing values of 

unity to (Ax) and ( B  ) and a l l  the r a t e  constants, solving the s teady-state  
X 

equations for the concentrations of the components, and inserting these 

concentrations into the differential  equations for  radioactive flow, with 

the assumptions that init ially a l l  specific activit ies a r e  zero except f o r  

C ,  which i s  unity, and that the environment i s  much l a rge r  than the sys t em.  

The amount of B excre ted  into the medium calculated by numerical in te -  

gration appears  in Fig.  4. 

There  a r e  two principal  differences between the behavior of Model 

I11 and that of Model IV: Model I11 excretes  radioactivity more  slowly 

than Model IV, and the total amount a t  ve ry  long t imes  i s  only 507'0 a s  

g rea t .  The low total excret ion ref lects  the excretion of radioactivity 

a s  A in Model 111, a p r o c e s s  impossible in Model IV in which there is 
X 

no flow f rom C to A. Measurement  of the final yield thus would exper -  

imentally distinguish be tween Models 11, 111, and V, which excrete  

activity a s  Ax, and Models I and IV, in which a l l  of the activity i s  ex-  

c re ted  a s  Bx. This type of measurement  i s  therefore  useful in de te r -  

mining whether a network segment  has  multiple outflow pathways, 



Fig. 4. Excre t ion  of radioactivity injected as labeled component C. 
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Unlortunately the curves for all  the models have s imilar  shapes,  

consisting of an  init ial  r i s e  in activity- -which i s  approximately propor - 
tional to the square of the t ime--a  straight portion, and an asymptotic 

approach to the final value. Models I and IV, which have the same f ina l  

activity, therefore differ only in the fine details,  such a s  how rapidly 

the initial r i s e  and approach to the final value occur ,  These details a r e  

functions of the a s  yet unknown flow pa ramete r s  a s  well a s  of the ne t -  

work s t ruc ture ,  so  that such experiments cannot distinguish between 

models with only a single network outlet. 

INTERNAL STEADY -STATE CONCENTRATIONS 

Difiiculties were  encountered in determining network s t ruc ture  f r o m  

measurements  made  in the environment, because the observed behavior 

was a function of both network s t ructure and flow pa ramete r s .  On the 

other hand the flow pa ramete r s  themselves could not be ascer ta ined  

f r o m  such measuremen t s  even i f  the net were  known, because the observed 

q ~ a r ~ t i t i e s  a r e  involved functions of the flow pa ramete r s  and a r e  fewer 

in number than the pa ramete r s  to be determined. 

The internal  concentrations in the steady s tate ,  however, depend 

in a l e s s  complex manner  upon the flow pa ramete r s ,  as  can be seen in 

the example of the two -component sys tem studied above. If the network 

i s  known, a single determination of the component concentrations provides 

enough information to determine a l l  the flow pa ramete r s .  We shall  di:; - 
cuss  l a t e r  just h o v ~  such measurements  m a y  be made experimentally.  

In general ,  the response of a sys tem to change i s  m o r e  sensit ive 

to s t ruc ture  than to flow; thus we would expect to find out something 

about the network of our  r ea l  system by measuring the change in s teady-  

s ta te  concentrations when a change in the environment occurs .  We 

shall  again examine the behavior of our model  systems to gain ideas 

a s  to the information value of such experiments .  Let us consider a 

steady state in which a l l  the ra te  constants a s  well a s  (Ax) and (Bx) 

a r e  unity, which i s  changed to a new steady s tate  by the addition of an  

inhibitor that reduces  the ra te  constant of the conversion of A to B to 

one-half of i t s  previous value. The s teady-state  concentrations for 

these two conditions appear  in Table 111. 



Table I11 
7 

Steady-state concentrations of components of model systems 

IIP 0.50 0.67 1.50 1.33 0.50 0.6% 

IV 0.50 0.67 1.50 1.33 0.50 0.33 

In drawing conclusions from Table I11 we must  reca l l  that the numerical  

values of the concentrations depend on unknown flow parameters  in the 

r e a l  sys t em,  s o  that our analysis must  depend only on the changes in 

concentrations between two steady s ta tes .  The most  important charac - 
t e r i s t i c  of the data in Table 111 i s  that the concentration of every  p r e -  

c u r s o r  of the inhibited reaction increases  and that of every product of 

the inhibited reaction decreases  af ter  the reaction i s  inhibited. This 

type of measurement  appears  therefore to provide much information, 

s ince - -in principle a t  l eas t -  -we can t r y  different inhibitors and de ter -  

mine  the p r e c u r s o r  and product side of each reaction. 

In Model I1 and Model V component C i s  both a p recur so r  and 

a product of the inhibited reaction. In general ,  cyclic network segments  

such a s  these tend to r e s i s t  external  changes m o r e  effectively than l inea r  

segments  because the steady-state shifts described tend to cancel out 

in components that a r e  both p recur so r s  and products of the disturbed 

react ion.  A s  we shal l  see  l a t e r  on, these cyclic subnetworks a r e  r e -  

sponsible for  the ability of living sys tems to maintain a constant in t e r -  

na l  environment.  

INTERNAL TRANSIENT CONCENTRATIONS 

We have seen that external and steady-state measurements  

of ten cannot separa te  s t ructure and flow factors  of the net. W e  might 



expect, on the other hand, that internal  t ransient  measurements  would 

p e r m i t  the separation of these two aspects  of the net, 

In the section on external  t ransients  the t ime course of radioactivity 

excret ion was calculated. Let us examine the form of the differential 

equations for radioactive flow in Model 111 and Model IV for this process  

a t  t imes  very  shortly a f t e r  the injection of radioactive C. At these short  

t imes  only C has  an  appreciable specific activity, so that the se ts  of dif-  

fe rent ia l  equations for the models reduce to 

Model 111: 

d ( ~ ~ ) ~ ~ / d t  = k3(C.)Xc, d ( ~ ~ ) X ~ / d t  = 0, -d(Ci)X /dt = k3(Ci)Xc; 
1 C 

Model IV: 

d ( ~ ~ ) x ~ / d t  = 0, d ( ~ ~ ) x ~ / d t  = k3(c i )xc ,  d ( c i ) x  c /dt = - k3(c i )xc .  

These equations suggest that the f i r s t  product of C in the network 

can be determined by measur ing  the r a t e  of increase in activity of the 

var ious components short ly  af ter  the injection of radioactivity. The 

f i r s t  product has  the only activity curve that increases  l inearly with 

t ime f rom ze ro  t ime; none of the products of C--which a r e  in turn also 

products  of this f i r s t  product of C-- increase  in activity until l a t e r  t imes.  

The complete activity-time curves for Model I11 and Model IV appear in 

F ig .  5. 

The equations a l so  suggest that the flow parameter  for this f i r s t  

reac t ion  of C can be determined by dividing the ra te  of increase  of 

activity in A by the total activity in  C (in Model 111), i. e .  , 

This  method is quite general,  since i t  completely separa tes  the net-  

work  s t ruc tu re  f rom the network flow and therefore can be applied to 

sys t ems  with a la rge  number of components, such a s  living cells.  Al-  

though this method for determining initial products does not yield in-  

formation about m o r e  dis tant  t ransformations in the network, the fact  

that we can label  every component with radioactive atoms pe rmi t s ,  in 

principle,  the determination of the initial product of every component 

in  the network, and hence the ent i re  network s t ruc ture .  
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ig. 5. Activity-time curves for components following the injection 
of radioactive component C. 



The success  of this initial-change method depends on the fact  that 

the disturbance that throws the system into imbalance i s  highly localized 

in  the network, and i t  i s  only this a r e a  which responds initially. At 

longer  t imes the imbalance spreads  throughout the network and the entire 

network begins responding to bring the system back into the steady state.  

When the ent i re  network responds the kinetic relationships become too 

involved for analysis .  

There a r e  other types of localized changes that may  be applied to 

the sys tem in pract ice,  such a s  sudden changes in environmental supply 

fac tors ,  inhibitors, s t imulants ,  e tc .  , which would bring about t ransient  

concentration changes. The initial changes observed under these con- 

ditions permi t  the same kind of precursor-product  analysis a s  the radio- 

activity change s descr ibed above. 

NETWORK-STRUCTURE DETERMINATION 
IN MANY -COMPONENT SYSTEMS 

As the number of components in the system increases ,  external  and 

s teady-state  measuremen t s  become l e s s  informative. Transient  internal  

measurements  that r e su l t  i r o m  localized disturbances in the network r e -  

tain their  information value, but many more  experiments a r e  required 

to determine the ent i re  network. 

Often a complex network m a y  operate a s  a set  of independent o r  

quasiindependent subnets,  in which the flow between the subnets i s  either 

negligible o r  of a known value. Such a network of subnets appears  in 

Fig.  6, in which the flow f r o m  E to F i s  either much higher than f rom 

E to H o r  of a known value. In such systems of subnets the methods 

descr ibed can be applied to each subnet individually. 

*GT;: D 

G H I 

Fi g.  6.  A network of subnets.  



NETWORK DETERMINATION IN LIVING SYSTEMS 

The sys t ems  we have been discussing have been internally homogeneous, 

f . e., without concentration gradients within the system. Even the s imples t  

living sys tem i s  remarkably heterogeneous, especially a s  regards  the 

distribution of i t s  catalytic enzymes. The enzymes a r e  not only not uni- 

formly  dis t r ibuted in  the cell but a r e  even grouped into systems that 

catalyze Pang cyclic o r  chain network segments. This resu l t s  in the in- 

homogeneous distribution of the components whose reactions they catalyze.  

Some components a r e  formed and consumed without ever  leaving the 

enzyme- sys t em surface.  The same component may  be formed and con- 

sumed by two different enzyme systems,  giving r i s e  to two pools of the 

component which m a y  o r  b a y  never mix with each other.  

We have a s s u m e d  a surplus of catalysts in our model systems, but 

the s implest  living cell  may have a surplus of some and a deficiency in  

o thers ,  and because of i ts  synthetic capacity constantly a l t e r s  the amounts  

of the enzymes in an  effort  to maintain a constant internal milieu. 

THE PHOTOSYNTHETIC NETWORK IN GREEN PLANTS 

ABthough. i t  was  known a t  the beginning of the nineteenth century 

that green plants  utilized light energy, carbon dioxide, and water to 

synthesize organic  mat te r  and oxygen, the network of chemical t r ans -  

formations involved in this complicated photosynthetic process  long 

eluded inve s t iga tor  s . * 
Measurements  of the inflow and outflow of the reactants and products 

established that the over -all  chemical reaction was essentially 

n COZ + n H,O + light -) (CH2(3A + noZ. 
LI 

that the reac t ion  s tored  light energy a s  chemical energy with high effi- 

ciency, and that  the oxygen evolved was produced from the water in the 

plant r a the r  than f rom the carbon dioxide. This suggested that the over  - 
a l l  reaction in photosynthesis could be broken into two pa r t s :  

(A comprehensive review of investigations in photosynthesis i s  
contained in  Photosynthesis and Related P rocesses ,  I and II, by E .  I. 
Rabinovaitch, Interscience, N .  Y. , 1945 and 1951) 



This suggestion was strengthened by the observation that other ma te r i a l s  

cocld be substituted for CO in the second reaction. Since the two par t ia l  
2 

reactions undoubtedly a r e  complex reactions in themselves i t  seemed 

plau.jible to consider the photosynthetic network a s  consisting of two net-  

works, the light - reaction subnets (I),  and the carbon -dioxide -reducing 

rea ction subnet (II), which a r e  relatively isolated f rom the other meta - 
bolic sys tems in the piant and which have only a single known link between 

each other,  i. e .  , (H) t ransfer .  

Steady- s ta te  concentration measurements  of selected compounds 

within the plant did not elucidate the s t ruc ture  of the network, chiefly 

because of the coexistence of seve ra l  independent nonphotosynthetic sub- 

nets  within the plant network a l l  of which contained the same components. 

Essent ial ly  nothing was known about the chemical intermediates in 

pho~osynthes is  p r i o r  to the availability of carbon- 14 and paper chroma-  

tographic methods in the late 1940's. These two tools made possible 

internal  t ransient  measurements  of the single subnet of a plant involved 

in the carbon-dioxide -reducing react ions.  Pm general  the kinds of ex-  

per iment  s per formed were  a s  fo8lows: a suspension of unicellular photo - 
synthetic algae in  water  was illuminated and a i r  bubbled through until a 

12 
steady s tate  in the algae was reached.  At ze ro  t ime the C 0, in the 

14 
L, 

a i r  was replaced with C O2 so  that carbon-14 was flowing into the 

algae and enter ing their  carbon-dioxide -reducing subnet. At various 

t imes  af te r  the carbon-14 was added sma l l  samples  of the algal suspen- 

sion were  t rea ted  with hot ethanol, which immediately stopped a l l  fur ther  

chemical react ions by denaturation of the protein catalysts.  The soluble 

components were  separated f i r s t  f rom the dead cel l  debris  and then f r o m  

each other by paper  chromatography. The amount of carbon-14 in each 

component was  then measured  with a Geiger counter. 

The components that acquired carbon-14 in shor t - t e rm exposures to 
14 

C 0, were  p resumed  to be a p a r t  of the carbon-dioxide-reducing network.  
'A 

These compounds were :  two compounds with three carbon atoms each, 

phosphoglyceric acid and t r iose  phosphate; a four-carbon compound, malic 



acid;  a five-carbon compound, r i b d o s e  diphosphate, a six-carbon compohmd, 

hexose phosphate; and a s e v e n - c a r b o ~  compound, sedoheptulo se  phosphate. 

When the activity in each component was plotted against time only the 

activit ies in phosphoglyceric acid and in mal ic  acid increased linearly 

with t ime,  indicating that they a r e  the f i r s t  products forined from carbon 

dioxide. Subsequent experiment s with iahibitsr  s showed malic  acid to 

be p a r t  of an independent subilet, and it i s  now well established that t h e r e  

i s  only one photcs yzlthetic carbon-dioxidz - reducing subnet input, 

Since phasphoglyceric acid i s  a three-carbon conapound i t s  formation 

must  involve the addition of a carbon dioxide molecule to a two-carbon 

p r e c u r s o r  compomd, Exkensive experiments of the above type failed to 

reveal  the two-carbon p recur so r  in the network, although the fact  that 

the two a toms  in phosphoglyczric acid not formed directly f r o m  carbon 

dioxide became labeled rapidly with carbon-14 showed the two -carbon 

p r e c u r s o r  to be cyclically produced from the phosphoglyceric acid by a 

smal l  number of t ransformations,  
14 

When the algal. cel ls  were  exposed to C 0 for relatively long per iods  
2 

of t ime ( 5  to 10 minutes)  the specific activit ies of a l l  the components in 

the carbon-dioxide-reducing subnet became equal to that of the incoming 
14 

C OZ1 and a steady state with respec t  to specific activity within the n e t  

was reached.  The activity in each compoimd was then direct ly  p r o p s r -  

tional to the concentration of the compound, Measuring steady- state 

concentrations in this way failed to provide network information because 

of the dependence of such values sa flow a s  well a s  on s t ruc ture  f a c t o r s .  

The two -carbon p recur so r  of p'nosphoglyceric a r i d  was finally fou.nd 

by suddenly dropping the cor,centratio;2 of carbon dioxide 113 the environ- 

ment  of a s teady-state  algal suspensior,, The t r a c s i e ~ t  concentration 

changes that followed a r e  shown in Fig.  7 and a r e  taken f rom the Ph .  Do 

Thesis  of D r ,  Alex T .  Wilson (University of California, Berkeley, 1954). 

As  the react ion between the two-carbon compound and carbon dioxide was  

suddenly stopped, the concentration of the product, phosphoglyceric acid 

(PGAX dropped whereas that of the two -carbon compound increased.  The  

ribulose diphosphate (RI)P)wa s the f i r s t  of many components to r i s e ,  and 

i t  i s  now7 well  established that the first: rezction in pl~otosynthesis i s  the 

react ion of the five -carbon ribulose disphosphate with the one -carbon 

carbon dioxide to fo rm two three  -carbon phosphoglyceric ac ids .  
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F i g .  '7. Transients in the regenerative cycle, 



Since the carbon -dioxide -fixing s ubnet depends upon a.n energy supply 

f r o m  the l ight-reaction subnet it became of i.nterest to determine the c r o s s -  

Pink between the two subnets.  When an illuminated algal system in a r ad io -  

activity- and concentration-steady state was suddenly placed in the dark  

the flow of light-produced reducing agent, (H), was stopped. The con- 

centration of phosphoglyceric aeid suddenly rose ,  a s  i s  shown in F ig ,  8, 

indicating that i t  i s  the p r e c u r s o r  of the reduction reaction. Triose 

phosphates and other sugar  phosphates known to be produced when phos - 
phoglyckric aeid i s  reduced fall rapidly in the dark,  confirming the lo -  

cation of the reduction reaction. The data in Fig.  8 a r e  taken f rom 

"Phosphate Transients  in  Scenedesmus, I' by D. F. Bradley (in p r e s s ) .  

When such t ransients  were  followed for longer t imes and for more  

components i t  was possible to determine network segments m o r e  dis tant-  

By rel.ated to the CO and light inputs. We a r e  only now developing ana-  
2 

lyt ical  tools that ~ e r m i t  us to draw inferences about the network f r o m  the 

genera l  f o r m  o f  t ransient  curves ,  For  example, the l a rge r  the number 

of maxima and minima the c loser  the component i s  to the pr imar i ly  affected 

react ion.  The longer the t ime required for the t ransient  of a compound to 

r each  i t s  f i r s t  maximum o r  minimum the further the compound i s  f r o m  the 

p r imar i ly  disturbed reaction. The smal?.er the f i r s t  maximum o r  minimum 

the fur ther  away i s  the component in the net. 

By use of the techniques descr ibed i t  has been possible to identify 

the e lements  of the carbon-dioxide-fixing subnet in photosynthesis a s  

shown in  Fig.  9 .  

F ig .  9.  Carbon-dioxide -fixing subnet,. 

This  r ep resen t s  only the b a r e  beginning in the ent i re  network determination 

of the intact living plant. The re  a r e  other subnets active which have been 

charac ter ized  chiefly by isolation of enzymes that c a r r y  out the controlEed 



Fig. 8. Response of the photosynthetic network to sudden darkening. 
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combustion of these photosynthetically produced food stuffs. The group 

of subnets with their  interflow a s  known today in the plant i s  shown in 

F ig .  10, which i s  taken f rom the paper by J. A, Bassham and M. Calvin, 

"Photosynthesis:' in Currents  in Biochemistry, edited by D. E. Green, 

Inter -Science. Publ i shers ,  Inc. (in p r e s s )  (University of California 

Radiation Laboratory Report No. UCRL-285 3 ) .  

BEHAVIOR O F  THE PHOTOSYNTHETIC NETWORK 

How does the network of chemical transformations in a living plant 

cell  respond to changes in i ts  environment? At f i r s t  violent t ransient  

changes occur ,  which a r e  just what would be expected from the network 

operative.  Very rapidly,  however (15 seconds),  the balancing mechanisms 

inherent in the network begin to operate;  these t ransients  r e v e r s e  them - 
selves and undergo damped oscillations until a new steady state i s  reached.  

This new steady s ta te  i s  much like the old one even when i t s  sole ene rgy  

source  i s  completely stopped o r  i ts  ma te r i a l  source  i s  reduced 300-fold. 

The model sys t ems  that we have studied do not posess  this high degree  

of independence of the internal  state f r o m  the environment. There w e r e  

indications, however,  even in the simple sys tems studied, that cyclic 

nets  were par t icu lar ly  self-determining, and a l l  the known nets  in plants  

a r e  cyclic in  na ture .  

It thus appears  that when a system i s  thrown into a state of imbalance 

by a change in i t s  environment the system behaves in such a way a s  to 

eliminate the effect of this change and to r e tu rn  to a steady state that i s  

a s  near ly  like the f o r m e r  s tate  a s  i s  ~ o s s i b l e .  The degree to which the 

sys tem can maintain the steady state depends both on the complexity of 

the system and the magnitude of the external  change. When the change 

is so  g rea t  that the network of chemical t ransformations cannot compen- 

sa te ,  the sys t em fa i l s  to r e tu rn  to the steady s ta te ,  and death occur s .  

This W O T ~  was done under the auspices of the U. S o  Atomic Energy 

Commis sion. 
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