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ABSTRACT 

January 13, 1954 

While the concept of a biological system as a balanced network of 

chemical transformations is not a new one, experimental-definition C!f 

specific systems has been lacking. This paper defines theoretically and 

experimentally a number of such networks and their behavior and response 

to some limited envirorunental changes. 

To be published in 11 Cancer Research" 

* The work described. in this paper was sponsored by the U.S. Atomic 
Energy Commission. 

** Paper delivered before the Detroit Institute of Cancer Research, 
Sixth Annual Scientific Meeting, .October 26-28, 1953. 
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BEHAVIOR, A BALANCED NETliiDRK OF 

CEEMICAL TRANSFORMATIONS (BIOKINETICS)* 

** D. F. Bradley & M. Calvin 

Department of Chemistry and Radiation LaboratDry, 
University of California~ Berkeley 

A. Definition of Problem. 

It would seem highly improbable that any satisfactory control of cancer 

will precede a thorough understanding of the metabolism of cancer tissue and 

equally improbable that we can gain this understanding without a closer analysis 

of the' metabolic patterns in normal tissue. Any analysis involves the description· 

of the wllole in terms of its components; thus the'ai:uilysis of metabolic behavior' 

and t'hus ultimately of life itself in normal organiSms , involves the de scription 

C>f that behavior in terms of behavior of organs? tissue .components, cells, cell 

fragments, particular cell fragments, enzyme systems?. molecules and atoms. As 

the smallest component which changes when tissue as a whole behaves appears to 

be the molecule, the highest resolution of our analysis will involve the des-

cription of tissue behavior in terms of molecular change. A molecule may change 

either by·moving physically from point to point in space or by reacting chemically 

to form new molecules. Although the importance of the physical state of molecules 

( *) 

(**) 

The work described in this paper was sponsored ·by the U.S. Atomic 
Energy Commission. 
Paper delivered before the Detroit Institute of Cancer Research, 
Sixth Annual Scientific Meeting, :October 26-28, 1953. 
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and diffusion processes as determinants of cellular behavior has been amply de-

mon·strated, we shall consider herein primarily the chemical transformations occurring 

during cellular activity. 

To pinpoint the scope of analysis we may abstract certain dynamic pro-

perties by representing it, the cell, as a two-dimensional surface in space. Each 

molecular species in the cell may then represent a point upon this surface. 

Arrows representing chemical reactions may then be draw. from each of these points, 

representing precursors, to points representing the possible products of each pre= 

c~sor undergoing each possible reaction. When points for every compound and 

arrows for every possible reaction in the cell are represented, the resulting 

network is termed the Precursor-Product Network or more concisely, the net. 

The net is a permanent static structure represent1ng merely the possible reactions 

which may occur. When, however, numbers are t:1-Ssociated with each arrow represent-

ing the actual rate of each possible reaction in some J:n vivo metaqolic state, it 

is said that the 11 flown within the network has been described. Differences in 

tissue bebav~or may thus be described in terms of differences in the flow within 
,• 

a common ne·twork. One is tempted to say that the difference between a good 
/' 

laugh and1 a good cry is just a matter of flow. 

The justification of such a description of behavior in terms of flow 

within a precursor=product network rests, of course, in our ability to determine 

e xperimen~lly the compounds within the network, their possible transformations~ 
\, 

and the rates of these reactions ,in vivo. The experimental techniques which in 

the recent past have provided much pertinent? although frequently misleading, in= 

formation of this nature may be divided into two classes. The first involves the 

investigation of the intact organism in a suitable manner, and the second the 
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examination of isolated fragments of that organism. Of the second class, the 

isolation and characterization of enzymes and coupled enzyme systems_has been 

outstandingly successful in the determination of possible transformations of 

many compounds, i.e., of segments of the precursor-product net. It is not 

possible by such experiments? however, to determine the flow parameters ,in 
,. 

vivo. Of the first class, the historically older technique of observing the varia-

tion of the overt response of the intact organism with changes of external and 

internal environment provided but limited information regarding the molecular 

bases of these responses. The modern methods of molecular analyses, especially 

isotopic tracer analysis, however, now permit the observation of chemical changes 

accompanying these changes in response of the intact organism and thus the 

determination of precursor-product relations .in.'~. Furthermore, in contrast 

to enzymatic studies~ these ku vivo experiments yield quantitative flow para-

meters, i.e. the relative rates of the possible transformations within the net. 

We wish to discuss several types of in vivo experiments with regard to their in-

formation value and limitations. 

B. The Network of Chemical Transformations from Studies of Intact Organisms. 

Acetate and heptanoate metabolism in pantothenic acid-deficient rats. -

Perhaps one of the simplest experiments to conceive and execute is the injection 

of a particular compound into the organism, i.e. into the network, and observa-

uon of the rate at which it is excreted. The observation is, of course, simpli-

fied by ~being the compound with a stable, or _preferably radioactive~ isotope so 

as to discriminate between material excreted from other sources within the net-

work. One typical example of such an experiment is the observation of the rate 

of c14o2 evolution by normal and pantothenic acid-deficient rats which had been 

injected with c14-labeled acetate or heptanoate (11). 
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When control rats (grown on normal vitamin diets) were injected with 7= 

labeled heptanoate and the c14o2 evolved followed by an ionization chamber j the 

differential and integrated rate curves have the average appearance shown in 

Figure 1. The general shape of the curve is consistent with many possible series 

of reactions such as, for example, a slow activation of heptanoate to labeled 

acetyl GoA a-ssociated with the rising portion of the rate curve~ the dilution of 

this acetyl GoA with the natural unlabeled acetyl GoA from carbohydrate and 

fat oxidation, and the eventual flushing of this reservoir of labeled material 

by the citric acid cycle o::cidation pathway to co2 , associated with the falling 

portion of the rate curve. With deficient rats (fed on pantothenic acid-deficient 

diets) the rate curves have the same shape, but a higher maximum rate, consistent 

with the mechanism described if it is assumed that the natural-unlabeled con-

centration; of acetyl GoA in these rats is smaller than in the normals, thus 

dilution the labeled acetyl GoA to a lesser degree. Such an assumption is, of 

course, highly probable since pantothenic acid is an integral element of ce-

enzyme A. 

Somewhat inore information may be obtained by repeating these experi-

ments with different internal environments of the rats. When~ for example, a 

quantity of coenzyme A is injected in the control rats prior to the heptanoate 

injection, the maximum rate of c14o2 evolution decreases~ consistent with a 

larger unlabeled pool of acetyl GoA produced from the added GoA. When 

GoA is added to the deficient rats the maximum rate is also lo-wer, again 

consistent with a lower unlabeled CoA pool. The lower value of respire~ cl4o
2 

' in the integrated rate curve suggests that the reason for the striking decrease 

in maximum rate in these animals lies in the trapping of label in some stable 
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form other than acetyl GoA. If CoA were limiting the rate of fat synthesis and 

fat degradation as suggested by Klein and Lipmann (12), then its sudden admin­

istration to the deficient rats (low in fat) might suddenly stimulate fat synthesis 

from all sources of acetyl GoA including labeled heptanoate. This assumption 

was tested by analyzing the livers of control and pantothenic acid-deficient 

rats fed methyl-labeled acetate, which gave rate curves.,!ipproximating the hep= 

tanoate curves. As demonstrated in Table 1, the incorporation of label into 

fatty acid material is. greatly accelerated in deficient rats injected with 

CoA. The over-all metabolic network consistent with these data appears in 

Figure 2. 

Table 1 

Distribution of Radioactivity in the Livers of Normal and Pantothenic 

Acid-Deficient Rats after Injection of C14H3COONa with and without 

Coenzyme A 

PAD Rats Cl4H3COONa Only c14H
3
C00Na + 6 mg. GoA 

-'-
Av. of Three Av. of Four ' -

% Injected Dose % Injected Dose 

Protein 2.80• 3.89 

Fatty acid 1.04 6.83 

Normal Rats Av. of Three Av. of Two 

Protein 2.7 2.24 

Fatty acid 1.4 1.1'5 



Although the mechanism cannot be considered as unique and itself was 

based on reactions first identified through enzymatic studies~ the~~ ob­

servations -have provided information as to the quantitative interactions of these 

possible transformations in the intact organism. 

'Thioctic acid stimulation of the Hill reaction. = Rather than observe 

the rate of excretion of some compound injected into the intact organism w 

may measure the effect which this compound has upon the uptake or excretion 

of some other molecular species. We may, for example, add the py:rUvic oxidase 

coenzyme, thioctic acid, to a plant system and observe its effect upon the 

rate of carbon dioxide fixation or oxygen evolution in photosynthesis. If 

we wish to test the proposal of Calvin and Barltrop (5) that thioctic acid is 

the quantum conversion agent in photosynthesis, such an experiment is of little 

value since the possible effects of thioctic acid upon the dark reactions of carbon 

oxidation-reduction may well obscure its effects upon the photochemical ~e= 

actions. However, the effect of thioctic acid upon the Hill Reaction (9, 10) 

in which the light reactions are experimentally separated from carbon reduction 

may provide a test of the proposal. 

'A suspension of Scenedesmus cells mixed with p-benzoquinone and exposed 

to light evolves a quantity of oxygen corresponding to the reduction of tne oxi­

dant to hydroquinone (13). When the algal suspension is incubated with a small 

quantity of 6,~dithiooctanoic acid aerobically prior to the quinone addition, 

the subsequent rate but not yield of photochemical oxygen evqlution is signi­

ficantly stimulated (3) as seen in Figure J. The rate of oxygen evolution with· 

and without added thioctic acid was studied as a function of external variables 

such as temperature, light intensity, quinone and hydroquinone conditions. The 
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rate stimulation by thioctic acid is sensitive to the physiological state of the 

cells, requires incubation with viable cells in oxygen, is specific with respect 

to the five-m.embe·red ring structure of thioctic acid, and is evident most prominent-

ly when the rate of the control is most highly quinone-limited 0 A kinetic argu-

mnt based on the lat observation suggests that thioctic acid stimulates the Hill 

Reaction by direct reduction of quinone~ i.e. as a hydrogen transport systemo 

Whether the necessary reduced thioctic acid is produced via the action of thioc= 

tic acid as a quantum conversion agent as proposed by Calvin and Barltrop (5) 

and/or by some other mechanism is as yet uncertain. As in the previous illustra= 

tion it is evident that observations of uptake and excretion do not generally 

lead to new mechanisms but act as moderately selective. tests of extant one so 

Primary carboxylation reaction in photosynthesiso - While measurements of 

the over-all rateaf uptake of some molecular species as a function of environ= 

ment are not particularly selective as to the chemical reactions involved in 

the process, the observatiqn of the rate at which the species is taken up by 

the various ·compounds of the precursor-product network may be quite selectiveo 
• 

Rather than place a compound within the net and observe the rate at which it 

, works its way outside· the net, we may place the compound outside and watch it 

work its way into the networko Such an analysis would be quite difficult were it 

not for the availability of radioisotopeso An example of such an experiment 

is the identification of th~ products of short=term photosynthesis ln c14o2' 

and the-quantitative determination of the rates at which labeled carbon is 

incorporated into each of these productso 

Various plant species have been exposed to c14o2 either as gas or as 

HG14o3= and after various periods of photosynthesis killed by immersion in hot 

ethanol=water mixtureso The soluble organic compounds ~ve been extracted and 



=10- UCRL-2443 

concentrated extracts partitioned into discrete compounds by paper chromate-

gaphy. Among the many labeled compounds which have been identified are phos= 

phoglyceric acid (PGA) ~ ribulose diphosphate (RDP) ~ sedoheptulose phosphate~ 

and hexose phosphates. The fraction of the total c14 fixed in each compound 

was determined by counting directly on the chromatograms with a Scott GM tube. 

When these %-of=total-activity vs. time=of-exposure-to=e14o
2 

curves were drawn, 

in early experiments PGA extrapolated to approximately 100% at zero time and 

decreased linearly with time, in the short=te::rm exposures (4 ,6LThis behavior 

is consistent with the kinetic behavior of the primary product in a system which 

incorporates tracer from an exogenous source and transforms it.in a single-

branched series of consecutive reactions in the steady state. By steady-state 
the 

we mean merely that the concentrations of/various chemical species involved in 

the early elements of the process, here~ photosynthesis~ change slowly with 

respect to the time of c14o2 exposure (isotopic changes). It has become apparent 

that the earlier experiments did not closely approximate this requirement. 

Recent developments in the experimental technique of short=term exposures (1) 

• of a few seconds duration have provided us with more nearly steady-state con= 

ditions. When % activity vs. exposure time curves are plotted for these new 

experiments~ PGA extrapolates to approximately 75% and decreases linearly with 

time (Figure 4). No single compound extrapolatss to O% at zero time and 

increases linearly with time as would be consistent with the secondary product 

in a system of reactions which incorporates tracer in the steady state. Thus 

PGA satisfies the criterion of negative slope for the primary carboxylation 

prdduct in photosynthesis, but not the 100% extrapolation criterion. Further-

more, no compound satisfies the O% extrapolation criterion for the secondary 

product while several satisfy the positive slope criterion. 
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One of the assumptions frequently made implicit!,.but seldom explicit in 

experiments and calculations with tracers in intact organisms is that there is 

complete equilibration between the free and enzyn~-bound pools of a compound 

and furthermore that each new molecule mixes completely with all other members of 

its species in the organism or cell before being transformed into another mole-

cule(s). Failure to real~ze this condition may provide an interpretation of the 

75% extrapolation value. for PGA ~ for it would permit tracer to move throughout the 

network more rapidly than we would expect from the total concentrations~ free 

and enzY'me=bound, of the species involved. It is not possible as yet to give a 

general, quantitative formulation of this effect upon incorporation studies for 

the degree of equilibration may vary from enzyme to enzyme and the ratio of free/ 

enzyme-bound pool sizes may also vary from substrate to sub~trate. 

As illustration of the effects to be expected may be seen, however, 

from a simplified model, Figure 5, which represents a linear system of reactions 

which incorporate tracer into A from an exogenous source at a constant rate, 

and eventually excretes it through C. 

The system is assumed to be at steady~state with respect to concentra­

tion of A, B, and C but not to their respective specific a~tiviyies of c14, 

and the ratEs of formation and consumption of A, B and C are equal to unity. 

The enzyme-bound pools A, Band Care in relatively slow equilibrium with 

nine-fold greater free pools Au ~ B v, and C v , the relative rates of equilibra­

tion being 1/10, 1/5 and unity, respectiveiy, the dotted arrows representing 

the complete equilibration model usually assumed. This model was solved 

with the mechanical differential analyzer at the University of California's 

Radiation Laboratory, for the % activity vs. exposure time curves. While in times 

less than 1 unit both the slope and extrapolation criteria are met for primary, 
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secondary and tertiary products, at times of. two units and longer the use of 

the slope criterion leads to entirely erroneous conclusions, i.e. that C is the 

primary and B and A are seamdary products. However, C does not meet the 100% 

extrapolation criterion for primary, and B and A do not meet the % extrapoJa tion 

criterion for secondary products, which is pre~isely the condition met with in the 

curves of Figure 4. While we do not wish to suggest that PGA is a tertiary pro-

duct, on the basis of these calculations it seems quite probable that whenever 

a new PG~ molecule is formed on an enzyme surface it reacts immediately to 

form the next molecule in tne network approximately 25% of the time and disso-

ciates to .free PGA about 75% of the time, a mechanism consistent with the 75% 

extrapolation value of PGA as vrell as its negative slope. 

Relation o.f photosynthesis to respiration. - When tracer incorporation 

experiments such as those described above are carried out in alternative en-

vironmental states of the organism, the difference in the rate of incorporation 
. . 

into network segments may be sensitive indicators of the precursor-product re-

lations. For c14o2 incorporation in plants two such alternative states ~re 

light and ~ark. When c14o2 incorporation is carried out in strong light repre­

sentative compounds of tle citric acid cycle such as glutamic and cftric acid 

become labeled but slowly. However, when the light is turned o.ff label 

incorporated in the light rapidly enters these compounds (Figure 6) (7) 

suggesting that light in some way blocked the pathway in the network between 

the photosynthetic and respiratory segments. One compound, pyruvic acid, is 

closely related to both segments, being a dephosphorylation product of PGA 

and entering the citric acid cycle by oxidative decarboxylation to acetyl GoA. 

The oxidized .form of 6-thioctic acid is a coenzyme .for this decarboxylation and 

Calvin and Massini (7) proposed that light in some way kept the 6-thioctic acid 

in the reduced .form, thus preventing the incorporation of radioactive pyruvate 
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into the citric. acid cycle. In subsequent dark periods the oxidized/reduced 

ratio iricrease:s, favoring pyruvate oxidation and incorporation of label into 

the citric acid segment. 

Steady=state concentrations in photosynthesi~ - A particularly sensi­

tive experimental technique for the determination of precursor-product relations 

involves the observation of the concentrations of .the species with.tn the net­

worko Such an analysis in itself' does not determine the relatedness of the 

species analyzed for, and further can determine only, the total concentl'ation 

of a species which may have several isolated pools for ·separate functions with~ 

in the network, Recently a tracer technique has been developed which avoids 

these difficulties. When a plant· system~ for example~ is exposed to a constant 

exogenous source of c14o2 for a time of the order of 15 minutes, the uptake pro-

ceeds at a constant rate and the trace·r. in many of the compounds increases 

with exposure time. Several compounds which incorporate tracer very early in 

the exposure , however , reach a maximum level of tracer which does not change 

as the exposure· time. is increased (7). Their early labeling suggests that these 

compounds are intermediates in carbon reduction and that the tracer must pass 

through them before entering storage pools of carbohydrate and other metabolic 

network segments not closely related to photosynthesis. If this were true and 

the C02 fixation rate were compara,ble to the reservoir or pool sizes of the 

intermediate we should expec·t to see them rapidly reach the specific activity 

of the incoming c14o2 and~- further~ :if. the pool sizes are themselves in the 

steady-state, that the total activity in each intermediate should reach a 

saturation value and therea.fter.remain constanto ·If they all possess the· 

same specific activity, the total activity in each compound is directly pro­

portional to its pool size or concentrationo While the determination of pool 
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sizes in viyo possesses intrinsic interest, from one such determination no 

conclusions may be drawn as to the active network. Several determinations in 

alternative steady-states of the plant system do provide, however, the necessary 

in!' ormation. 

Figure 7 illustrates the information value of this new technique (7). 

A SceJiedesmus suspension was exposed for 30 minutes to a constant partial 

pressure of c14.o2 under controlled light and temperature conditions. Aliquots 

of the suspension were killed in boiling 80% ethanol after frequent intervals. 

The water and alcohol=soluble compounds were separated and identified by paper 

chromatography in conjunction with radioautography. The activity in each co~ 

pound isolated was measured with a Scott GM tube directly on the chromatogram. 
,_ 

While storage products such as sucrose continue to inc0rporate tracer 

with increasing eXposures to c14o2 , phosphoglyceric acid (PGA), hexose mono­

phosphate (HMP) and ribulose diphosphate (DiP) reach a nearly constant level 

of activity after 5 minutes. Thus the activity in these compounds appears to 

be a direct measUre of their concentration. As was pointed out above, these 

concentration measurements in themselves say that these compounds are intimately 

associated w~th the photosynthetic network segment but not how they are related 

to each other. 

When the supply of carbon-reducing agents is decreased by turning off the 

light, these concentrations change to new steady-state values and it is from 

these changes that we may infer at least part of the precursor-product relations. 

For example, the concentration of ribulose diphosphate decreases sharply in the 

dark suggesting that its formation is more highly dependent upon the reducing 

agents than its consumption. The constant steady-state concentration of PGA 

suggests either that both its formation and consumption require a reduction 
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process or that neither do. If PGA is consumed by reduction to triose phos-

phate as it most probable~ some reduction reaction(s) must be involved in the 

formation of PGA. 

This general techniq~e is not limited to cha.J;lges in a single variable. 

A siJn:il~r experiment was carr~ed out with C0
2 

Pfirt,ial pre~s~r~ as the variable 

rather t_han light (14), cf. Figure 8. s,cenedesmus ~re exposed to 1% C02 

(labeled) for 45 minutes and the concentrations of many inte:rniediates measured . . . . . . 

as a function of exposure time. The ribulose diphosphate and phosphoglyceric 
. ~ . . . 

acia as in the previous experiment reached activity-saturation rapidly. The CO . . . . 2 

pressure was reduced to O.OOJ% much more rapidly than the rate of change of 
' :' '.l . . 

the pool s·izes and the new pool size redetermined. The decrease in PGA level . 

indicates that its rate of formation haS been decreased relative to its rate 

of conumption. This is, of course, what would be expected i:f" PGA were the pro~ 
. ' . ' . 

duct of the primary carboxylation reaction. The increase ip ribulose diphos­

phate concentration _indicates that its rate of. consumption is· more highly co
2

-

dependent than its formation rate. The four observations discussed in these 

two experiments utilize only a s~ll fraction of the data which were obtained 

but are themselves consistent with a mechanism in which ribulose diphosphate 

is carboxylated to ~arm PGA (1) • 

It may be appropri~te to. point. out that C?J:'!elations in the changes of 

steady~state concentrations of several compounds may lead to erroneous conclu-

sions as to the relatedness of these comp?unds., Steady-state concentrations in 

a reaction network depend both upon the s6rucrture of the network itself and the 

flow parameters within it. The change of. a single flow parameter, i.e. the rate 

of a single reaction, will ultimately readjust _the flow and hence i;.he concen­

trations in every part of the netw_?;r.k. Theref()re, t}le observation of changes 
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in steady-state concentrations does not allow us to tell how closely related 

two compounds are within the network. 

7 Transient concentration changes between alternative steady states. -

Transient concentration changes are more sensitive determinants of the related­

ness of two compounds. For example, the steady-state pool size of PGA (Figure 7) 

remains unchanged when the light is turned off but between the two states there 

is a marked increase, suggesting that while its form8.tion is ultimately de­

pendent upon some reduction step, the direct carboxylation reaction is not it­

self reductive. This wGuld be consistent with a carboxyltion of ribulose di= 

phosphate to form two PGA 1s followed by ~eduction of PGA to triose. The sharp 

decrease in ribulose diphosphate (Figure 7) suggests that its formation is 

very cloee to a reduction reaction. As the RDP pool size decreases the rate 

of its carboxylation apparently also decreases, resulting in a decrease in the 

PGA level to its original value •. 

When the C02 partial pressure is reduced (Figure 8) the RDP in-

creases linearly with time with essentially the same slope as the PGA de­

creases, strongly suggesting that the carboxylation reaction involves the trans­

formation of RDP to PGA. The decrease in RDP after reaching a maximum value 

suggests that this compound is ultimately formed from the carboxylation reaction, 

i.e. from PGA, with several reactions and pools in between the twe, at least 

one of which being, as pointed out above, a reduction reaction. The network 

segment consistent with these observations is shown in.Figure 9. 

Quantitative interpretations of data obtained with biokinetic technigues. -

The illustrative experiments which we have discussed provide numerical values 

of concentrations, activities, rates, etc., but as yet the interpretatien of 

these numbers has been qualitative rather than quantitative. For this reason 
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much of the information value of the data remains unused, making our conclusions 

both less sound and also less precise- than is warranted· by the information im­

plicit in the experimental results. For example~ while we have fre.ciuently 

shown logical consistency between a proposed mechanism and ·experimental fact, 

we have been forced to admit ·• the possible and indeed the probable existence 

of alternative mechanisms which are equally consistent with the qualitative 

character of the data. and differ orily quariti ta ti vely ~ In many cases. in which 

it is prese'ntly·impossible to demonstra~ even the logicai consi~ncy of the'·· 
. . 

proposed mechanism and fact because of_ the complexity of the former~ the· 

difficulty lies chiefly in our inability to derive quantitatively the logical· 

conse'quEmce of the proposed system. For this same re_ason it -is frequently 

impossible to demonstrate the relationship between several different sets of 

:hdependent experimental results~ suclt, as incorporation rates, steady~state 

pool sizes~ and the degradation data of labeled' mole.cules. 

To deduce such quantitative consequence's requires the description of 

the sys&m in mathematical ·terms. To attempt this formula:'tion for a.ri entire or-
. . 

ganism or metahiic network is at present obvfously both theoretically and· 

practically impossible. Not only is the number of reactirig species beyond our 

present computing capabilities~ but the laws of. their iri:teraction are not as 

yet themselves precise-ly formulatedo .·However, an approximate f'ormulatioh of 

a biological system may be set up; which in general becomes easier to ·treat 

the more we abstract from the real system. T~re are a number of general 

principles of approximation ·useful in these mathematical systems such as 

the_ aforementioned steady state~ equilibrium, isolated systems~ completely 

reversible or non~reversible reactions~· integral order reaction rates, ne­

glected isotope effects~ diffusion-free or diffusion-limited reactions~ 
0 

• 
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single rate-limiting processes, etc. .One of the simplest systems to construct 

possesses a single equation for each element or compound within the network, 

with the entire net synthesized by addition of the single-compound equations. 

As is quite evident from the bio-mathematical models frequently found 

:b the literature, the systems which can be treated with commonly available 

computation methods are hopelessly artificial from the biological point of 

view. There are valid reasons for considering them~ hoYeverg in the first 

place they help to develop an intuitive feeling for kintic data and·aid in the 

qualitatj,ve interpretation of data. In addition they provide at least one 

crucial test of the proposed models. If it appears upon calculation that the 

behavior of the model corresponding to the biological behavior under observation 

varies radically with minor variations in parameters which correspond to experi= 

®ntal quantities which we can neither control nor measure accurately, such as 
• 

enzyine-substrate binding constants or diffusion rates~ it may be assumed that 

the cellular behavior is equally sensitive to these variations as well as to 

others. not explicitly taken into consideration in the model. If such variations 

are shown to exist then to interpret even the qualitative observations we 

must propose not only a network but specific values for parameters within the 

net, which we cannot Justify experimentally. Finally these calculations serve 

to suggest new exr.eriments or new conditions under which ·previous experiments 

should be carried out, and it is this function which is most useful. 

Theoretical and experimental tracer incorporation curves. - One of 

most convenient mathematical formulations used in tracer work is based upon 

the tracer balance equation~ 

Net rate of incorporation of tracer in compound = (rate of formation of 

compound x specific activity of precursor) - (rate of consumption of compound 
0 

x specific activity of compound). • 
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In the approximation of the concentration steady-state in which the rates of 

formation and consumption are equal for each compound this equation may be 

more concisely expresse~ asg 

= 
dt 

in which si·= specific activity of compound i 

Sp = specific activity of precursor p for compound i 

Ri = pool size of compound i 

F1 = gross rate of formation of compound i 

this equation is modified in the case of multiple precursors to, 

in which apFi = gross synthetic rate of i from precursor p 

The equation is further modified when tracer is incorporated into more than 

one· atom of a molecule? at different rates for each atom, by setting up a 

differential equation of this type for each atom of each molecule. 

To apply these equations to the analysis of experimental data, the 

latter must be carried out under conditions approximating the concentration 

steady state. Although this is frequently experimentally difficult to realize, 

it is easier to change the experimental condition than to remove the simplify-

ing condition from the mathematical system. Since we do not know the p~ecur­

sors to every molecule in the entire biological system or do not wish to 

investigate them at once, the system of equations is applied to an isolated 
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segment of the network 9 i.e. one into which there is net flow of tracer from 

kno'Wll sources and out of which tracer flows either to known or unknown pro-

ducts. In such a network segment the equations may be .solved -- assuming 

proposed precursor-product relations within the segment -- for the rate at 

which tracer is incorporated into each intermediate as a function of exposure 

time. 

As an illustration of the method, we have set up a photosynthetic 

cycle model which formerly seemed to warrant consideration as the true photo~ 

synthetic network (cf. Fig~e 10) (2). The model involves formation of PGA 

from a two=carbcn fragment? reduction to triose? carboxylation of triose and 

rapid reduction followed by condensation with second triose to form heptose, 

split of heptose to pentose and two~carbon acceptor, and split of pentose to 
. 

triose and another two-carbon acceptor. Triose condenses to hexose for net 

photosynthesis as the wthree~ca.rbon leak1U. The tliio. two-carbon fragments are 

considered to be symmetrical, i.e. ,symmetrical two-carbon split. The reservoir 

sizes of the PGA, triose, sedoheptulose and ribulose d,iphosphate were taken 

from Calvin and I~ssini (7) for Scenedesmus, together with the authorsn value 

of the fixation rate. The ratios of fixation rate to reservoir size, i.e. turn-

over rate, are PGA = 8,; triose phosphate = 40; sedoheptulose phosphate = 30; 

ribulose diphosphate = 7. The differential equations were integrated by the 

computing group of the Radiation Laboratory with the UCRL differential analyzer 

for the activity in each atom as a function of time. The appearance curves for 

PGA, RDP and SMP are shown in Figure 10. From these data the distribution of 

activity in PGA was calculated as a function of time and the resulting curve 

appears in Figure 11. The black circles represent the degradation data of 
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Fager~ Rosenberg and Gaffron (8) assuming a.- and ~~carbons equal as has been 

previously observedo As their plant suspension was presumably in a different 

steady-state photosynthesis we have normalized their data by multiplying each 

of their time values (in minutes) by a constant? Oo.345~ to fit the 6.2.% point on 

the theoretical curveo The other points fit w.ith reasonable closeness of fit to 

the theory curveo However, when one makes a similar comparison betwe~n the 

degradation data of Bassham~ ~ alo (1) on soy be~ eedoheptulose (Figure 1.2.) 

and the predicted activity distribution in sedoheptulose (Figure 13) in Scene­

desmus, it is immediately apparent that the model does not even qualitatively 

describe the existing networko 

It is very doubtful that these particular theoretical degradation 

curves are so sensitive to the chosen parameters that a different choice of 

flow parameters would result in a satisfactory resolution of the discrepancy 

between the predictions of the model and the experimental facto The agreement 

between PGA and the normali~ed experimental points thus may merely illustrate 

the fact that certain experiments such as sedoheptulose degradation studies 

are more selective with respect to the precu:rsor~product network than others 

such as PGA degradationo 
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Stinnnary 

own 
We have attempted to illustrate from our/experience some of the power-

ful methods of biokinetics which facilitate the inference of metabolic path-

ways in vivo. These pathways collectively are termed the precursor-product 

network, and the rates of reactions within this network, the flow. The synthe-

sized network and its flow may ultimately prove to be an extremely useful des-

cription of a biological system not only in correlating past behavior but in 

predicting future biological action under new conditions. 

The biokinetic techniques differ among themselves both in convenience 

and information value. Perhaps mat convenient is the measurement of the rate 

of an incorporation or excretion reaction as a function of either external 

or internal parameters. Different types of information may be obtained by 

observing this rate either in a stationary state or as a transient pro-

cess immediately following the change of one or more parameters. The tech-

nique is quite old and while being sensitive is not very selective as to the 

molecular changes responsible< 

Considerably more information may be obtained if concentrations, or 

pool sizes, of particular intermediates within the organism can be measured. 

Again, these measurements carried out in alternative steady states (tracer 

and concentration) are both sensitive and selective with regard to ultimate 

precursor-product relations but fail to determine the proximity of two com-

pounds. Transient concentration measurements between alternative steady 

states provide more information as to this proximity within the network. 

A technique well adapted to the identification of compounds near the 

edge of the network, i.e. closely related to incorporation or elimination re-

actions is the observation of the rate at which a tracer is incorporated into 
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compounds with the organism in alternative steady states. There has been 
. . 

very little work carried out (knowingly) on simultaneous tracer and concen-

tration transients because of the difficulties in interpretation. The tracer-

transient, concentration-steady-state experiments are only moderately selec-

tive for compounds near the center of the network. 

The application of the techniques of biokinetics to problems of the 

understanding of life processes promises to accelerate our progress and has 

in some instances described herein partially fulfilled that promise. Enzy-

matic and other in vitro studies while providing possible pathways and net--

work precursor-product segments? cannot of themselves tell what quantitative 

relevance the pathways have to metabolism jg vivo. When we look with bio-

kinetic and tracer methods at the behavior of the intact organism either 

at the cellular or molecular level we look of necessity at only the relevant 

pathways. To its own disadvantage is tha obvious fact that since the entire 

vast metabolic pattern is active that many possible caues could give rise 

to the observed behavior and it is therefore essential that both in vitro 

studies in simple systems and in vivo studies continue to supply each other 

with ideas a.nd factso 
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Captions to :F'igure s 

2 mg. c14H3(cH2)5co2Na given i.p. at zero time. The discussion 

in the text is made on the basis of acetate curves which show 

similar but less pronounced effects. 

Role of acetyl GoA level in labeled acetate metabolism. 

Stimulation of the Hill Reaction by 6-thioctic acid, .30 mm.3 

Scenedesmus cells suspended in 2 ml, M/15 phosphate buffer + 
- . 

M/100 KCl (pH 6.7) incubated with 0.25 mg. 6-thioctic aero-

bically 10 minutes in Warburg manometer; 1.50 mg. quinone added 

aerobically in dark. After 15 minutes dark, illumination ( 2.500 

f.c.) initiated. Controlg identical treatment without added 6-

thioctic acid. 

1~ Scenedesmus by volume exposed to 4% c14o2 with 4000 f.c. total 

incident light. Cells killed in cold 80% ethanol and the water-

alcohol soluble compounds separated and identified by co-chromate-

graphy in conjunction with radioautography. Activity determined 

directly from chromatogram with Scott GM counter. For experi-

mental details cf. reference (1). 

The calculated behavior of a model system in steady state. The 

large squares represent free substrate pqols, the small squares 

enzynre-bound_13:!1Pstrate pools. At zero time the specific acti-

vity of the precursor to A is increased from zero to unity, 

with a constant rate of A formation maintained. Dashed lines 

indicate alternative model in which newly formed molecules 

completely mix with their respective pools before undergoing 

subsequent transformations. 
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Captions to Figures, continued 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 --

Fig. 11 --

Effect of light and dark on the labeling of glutamic and citric 

acid. 200 mm. 3 Chlorella pyrenoidosa suspension pre-aerated 

with 0.08% carbon dioxide-in-air with a light intensity of 
6 2 

1.6 x 10 ergs/em. • NaHc14o3 added in solution at zero time. 

6osL = 6o seconds exposure in light to Hc14o
3

; l20sL = 120 

seconds exposure in light; 60sL-60sD = 60 seconds exposure to 

light followed by 60 seconds exposure in darkness.before killing 

in boiling ethanoL Numbers = counts/min. x 10-3 on paper, 

per em. 3 cells. 

Effect of light and dark on steady-state concentrations of 

photosynthetic intermediates. 1% suspension of Scenedesmus, 

1% co2-in-air (c14), light intensity 7 x 104 ~rgs/cm. 2 • 

Effect of co2 pressure on steady-state concentrations of selected 

photosynthetic intermediates. 

Se'gment of precursor-product net in photosynthesis as deter-

mined by observations of transient and steady-state concentration 

changes in yivo. 

Theoretical appearance curves for activity in selected photo-

synthetic intermediates. Two carboxylation model with 3-carbon 

1uleak11 to carbohydrate pool and symmetrical 2-carbon C02 

acceptor. In model only carbon skeletons are indicated. 

k is specific activity of c14o2 fixed. 

Experimental and theoretical degradation data for PGA. Based 

on model in Figure 10. The open circles are theoretical. The 
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Captions to Figures; continued 

Fig. 12 --

Fig. 13 --

black circles represent the data of Fager, Rosenberg and 

Gaffron (cf. text), for Scenedesmus short-term photosynthesis 

in c14o2• 

Experimental degradation curve of sedoheptulose from short­

term photosynthesis in c14o2. 

Theoretical degradation curves for sedoheptulose based on 

model from Figure 10. 
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Figure 3 
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