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While the concept of a biclogical system as a balanced network of
chemical transformations is not a new one, experimental -definition of
specific gystems has been lacking. This paper defines theoreiically and

experimentally a number of such networks and their behavior and response

to some limited environmental changes.
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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 ﬁhe’meﬁabolic patterns in normal tissue. Any analysis involves the description:
of the whole in terms of its components; thus the”ahélysis of metabolic behavior,
andvﬁhus ultimately of 1life itself in normal organisms, involves the description
of 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-
monstrafed; we shall consider herein primarily_the chemical transformations oceurring
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 thén represent a point upon this surface.

Arrows representing chemical reactions may then be drawn from each of these points,
representing precursors, to points representing thé possible products of each pre-
cursor undergoing each possible reaction. When points for every compound and
arrows for every possiblé reaction in the cell are represented, the resulting

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

Ths neﬁ i? a permanent static structure representing ﬁérely ihe possible reactions
which may;oecur, When, however, numbers are ass&ciated with eaéh arrcw represent-
ing the actual rate of each possible reaction in some in vivo metabolic stéte, it
is said that the "flow" within the network has been described. Differences in
tissue behavior may thus be described in terms of differences in the flow within
a common Qpﬁ@ork. One is tempted to say that the difference between a good
laugh and{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
experimentflly the compounds within the network, their possible transformations,
and the raies 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 nét° It is not
possible by such experiments, however, to determine the flow parametérs ;g A
vivo. Of the first class, the historically older technique of obséréigg the varia-
tion of the overt response of the intact organism with changéé‘of external and
internal environment provided but limited infdrmation regarding the moleculgr
bages 6f these responses, Thé modern methods of molecular analyses, especially
isotopic tracer analysis, however, now permit the obsérvatién of chemical chénges
accompanying these changes in response of the intact orgénism and thus thev
determination of precursor-product relations in vivo. Furthermore, in cbntraét

to enzymatic studies, these in vivo experiments yield quantitative flow péra¥
meters, i.e, the relative rates of the possible transformations within the»ﬁet.
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 Organj.smso

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. int§ the network; and observa-
'ﬁqn of the rate at which it is excreted. The observation is, of ééﬁrse,vsimpli-
fied by labeing the compound with a stable, or preferably radioactive; iso£ope'so
as to discriminate between material excreted from other sources within'thé nefé
work. One typical exémple of such an'experiment is thé observation of the fété
of 61402 evolution by normal and pantothehic écidmaeficiént réts which had been

injected with 614=1abeled acetate or heptancate (11).
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When contrel rats (grown on normal vitemin diets) were injected with 7-
labeled heptancate and the 01402 evolved followed by an ionization chamber, the
differential and integrated rate curves have the average appearance shown in
Figure 1. The general shape of thevcurve is consistent with many possible series
of reactions such as, for example, a slow activation of heptancate to labeled
acetyl CoA associated with the rising portion of the rate cufve3 the dilution.of
this acetyl CoA with the natural unlabeled acetyl CoA from carbohydrate and
fat oxidation, and the eventual flushing of this reservoir of labeled material
by the citric acid cycle o;idation pathway to COp, 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 CoA in these rats is smaller than in the gormals,‘thué
dilution the 1abeled acetyl CoA tb a lesser degree, Such an assumption is, pf
course , highly probable since pantothenic acid is an integral element of co-
enzyme A.

| Somewhat mpre information may be cobtained by repeating these experi-
meﬁts with different internal environmenﬁé of the rats., When, for example, a
quantity of coenzyme A is injected in the control rats prior to the heptancate

c4o

injection, the maximum rate of > evolution decreases, consistent with a
larger unlabeled pool of acetyl CoA pioduced from the added CoA, When

CoA is added to the deficient rats the maximum rate is also lower, again
consistent with a lower unlabeled CoA pool. The lower valuezof respire§'01402

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

in maximum rate in these animals lies in the trapping of label in some stable
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form other than acetyl CcA. If CoA were limiting the rate of fat synthesis and
fat degradation as suggested by Klein and Lipmann (12), then its éudden admin-
istration to the deficient rats (low in fat) might suddenly stimulate fat synthesis
from all sources éf acetyl CoA including labeled heptanocate. This assumption
was tested by analyzing the livers of control and pantothenic acid-deficient
rats fed methyl-labeled acetate, which gave rate curves.approximating the hep-
tanocate curves. As demonstrated in Table 1, the incorpotation of 1abél inte
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 ILivers of Normal and Pantothenic

Acid-Deficient Rats after Injection of 014H3000Na with and without

Coenzyme A
' 14 14
PAD Rats C™*H3C00Na Only C4HCOONa + 6 mg. Col
Av. of Three Av, of Four
% Injected Dose % Injected Dose
Protein 2.80 v 3.89
Fatty acid 1.04 6.83
—— 1
Normal Rats Av, of Three Av, of Two
Protein 2.7 2.24
Fatty acid 1.4 1.15
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Although the mechanism cannot be considered as unique and itself wés
based on reactions first identified through enzymatic studies, the ;g_viﬁo ob~-
servations have provided information as to the quantitative interactions of these

possible transformations in the intact organism,

Thioctic acid stimmlation of the Hi;;ﬁreact;ggg_s Rather than observe
the rate of excfetioﬁ of some compound injegted ihto the intact organism we
may measure the effect which this compound haé upon the uptaké or excretion
of some other molecular species. We may, forvexample, add the pyruvic oxidase
coenzyme , thioctic acid, to a plant system and observe its effect ﬁpon the
rate of carbon dioxide fixation or cxygen evolution in photosynth;asis° It
we wish to test the proposal of Calvin and Barltrop (5) that thioctic écid is
the quantum convergion agent in-photosynthesis, such an experiment is of little
value since the poséible effects of thioctic acid upon the dark reactions of carbon
oxidation-reduction may well obscure its effects upcn the photochemical re-
actions. However, the effect of thioctic acid upen 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 célls mixed with p-benzequinone and exposed
to light evolves a quantity of oxygen corresponding to the reduction of the oxi-
dant to hydroquinone (13). When the algal sﬁspension is incubated with a small
quantity of 6,8;dithiooctanoic acid aerobical;y p;ior to the!quipone addition,
the subsequent rate but nét yieldAof photochemical oxygen evqlutioﬁ is signi~
ficantly stimulated (3) as seen in Figure 3., 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 hydroquinohe 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-membered ring structure of thioctic.acid, and is evident most prominent- -
ly when the rate of the control is most highly quinone-limited. A kinetic argu-
ent based on the lad observation suggests that thioctic acid stimulates the Hill
Reaction by direct reduction of quinone, i.e. as a hydrogen transport system.
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 cobservations of uptake and exerétion do not generally
lead to new mechanisms but act as moderately selective. tests of extant omes.,

carboxylation reaction in photosynthesis. - While measurements of

the overmall‘rateof uptake of some molecular species as a function of environ-
ment are not particularly selective as to the chemical reactions involved iﬁ
the process, the observation of the rate at which the species is taken up by
the various'GOmpounds of the precursor-product network may be quite selectiveo
o

Rather than place a compound within the net and observe the rate at which it
. works its way outgide the net, we may place the compound outside and wétéh it
- work its way into the network. Such an analysis would be quite difficultrwere it
not for the availability of radioisotopes. An example of such an experiment
‘is the identification of the products of short-~term photoéynthesis‘in 01402,
~and the’éuantitative determination of the rates at which labeled carbon is
incorporated into each of these products.

. Various plant species have been exposed to 01402 either ag gas or as

HGJ4O3= and after various periods of photosynthesis killed by immesrsion in hot

ethanol-water mixtures. The soluble organic compounds have been extracted and
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concentrated extrgcts partitioned into discrete compounds by paper chromato-
graphy. Among the many labeled compounds which have been identified are phos-
phoglyceric acid (PGA), ribulese diphosphate (RDP), sedoheptulose phosphate,
and hexose phosphates. The fraction of the tetal 614 fixed in each compound
was determined by counting directly on the chromatograms with a Scott GM tube.

When these #~of-total-activity vs. timemof-exposure~t0=0140 gurves were drawn,

2
in early experiments PGA‘extrapolated to approximately 100% at zero time and
decreased linearly with time, in the short-term exposures (4,6).This 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

we mean merely that the concentrations of/sgiious chemical species involved in
the early elements of the process, here, photosynthesis, change slowly with
regpect to the time of 01402 exposure (isoﬁopi@ changes). It has become apparent
that the earlier experiments did n&t closely approximate this requirement.

Recent developments in the experimental technique of short-term expesures (1)

of a few seconds duration bave 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 extrapclatas to 0% at zero time and
increases linearly with tiﬁe as would be congistent with the seccndary product
in a gystem 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% extrapclation criterion. Further-

more , no compound satisfies the 0% extrapolation criterion for the secondary

product while several satisfy the positive slope criterion.
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One of the assumptions’frequently made implicity but seldom expllCIt‘ln
experiments and calculations w1th tracers in intact organisms is that there is
complete equilibration between the free and enzyme~bound pools of a compound |
and furthermore that each new molecule mixes completely w1th all other members of
its species in the organism or cell before being transformed into another mole-
cule(s). Failure to realize this condition may prov1de an 1nterpretation of the
75% extrapolation value for PGA, for it would permit tracer to move throughout the
network more rapidly then we would expect from the total concentrations5 free
and enzyme-bound, of the species involved It is not poss;ble 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/
enzymenbound pool sizes may also vary ‘from substrate to substrate

As illustration of the effects to be expected may be seen, howeverg‘
:from a Slmpllfled model Figure 5, whioh represents a linear system of reactions
which 1ncorporate tracer into A from an exogenous source at a constant rate,
and eventually excretes it through C. | o

‘ The system is assumed to be at steadywstate w1th respect to ooncentra—
tion of A, B, and C but not to their respective spec1fic actiViyies of 614
and the rates of formation and consumption of A, B and C are equal to unity°
The enzymembound pools A, B and C are in relatively slow equilibrium with
nine=fold greater free pools Al B“, and Ct, the relative rates of eq,u:t.ll_:l.bra---=
tion being 1/10, 1/5 and unity, respectively, the dotted,arrows representing
the complete equilibration modellusually'assnmedo This model was solved :
with the mechanical differential analyzer at the vnivérsity of Qaliforniafs
Radiatien Iaboratory, for the % aetiVity 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 criterimn leads to entirély errdheous conclﬁsiené, i.e. that C is the
primary and B and A are seemdary products. Hoﬁever, C does not meet the 100%
extrap@létion criterion for primary, and B and A do not meet the % extrapolation
criterion for secondary products, which is precisely the condition met with in the
curves of Figure 4. While we do not wish to suggest that PGA is a tertiafy pro-
duct, on the basis of these calculations it seems quite pfobable that whenever

a new PGA molecule is fofmed on an enzyme surface it reacts immediately tov

form the next molecule in tne network approximately 25% of the time and disso-
ciates to free PGA about 75% of the time, & mechanism consistent with the 75%

extrapolation value of PGA as well as its negative slope.

Relation of photogynthesis to respiration, ~ Hhen tracer incorporation

experiments such as those deseribed above‘are carried éut in alternative en-
vironmental states of the organism, the difference in the rate of incorporation
inté nétwérkjsegments may be sensitiﬁe indicators of the‘preeursoruproduct re-
latigns, For 01432 incorporation in plants two such alterna%ive state;’@re

light and dark. When 0140 incorperaticn is carried out in strong light'repren

2
sentative compounds of tle citric acid cyclevsuch as glutemic and citric acid
become labeled but slowly. However, when the light is turned off label
incorporated in the light rapidly enters these compounds (Figure 6) {7) |
suggesting that light in some way blocked the pathwaj in the network between
the photosyntheﬁic and respiratory segments. One compound, pyruvic acid, is
closely related to both segments, being a dephosphorylafion product of PGA

and entering the citric acid cycle by oxidative decarboxylation to acetyl CoA,
The oxidized form of é~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 increases, favoring pyruvate oxidation and incorporation of label into
the citric acid segment.

. = A particularly sensi-

tiﬁé experimeﬁtal iechnique for the determination of precursor-product relations
involves the cbservation of the concentrations of the species within the net-
work. Such an analysis in itself does not. determine the felatedness Qf th;
species analyzed for, and further can determine only.the total éoncen@ration

of a species which may have. several isclated pools-forfseparateAfﬁncgions with-
in the network. Recently a tracer technique has been developed which avoidé
these difficulties. When a plant system, for example, is exposed to a constant
e Xogenous source of GlAOz for a time of the order ofﬂlﬁ minutes, the uptake pro-
ceeds‘at a constant rate and the tracer in manyvdf 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 fhe tracer 'must pass
through them before entering storage pools of carbohydrate and cther metabolic
network segments not closely related to photosynthesis, If this were true aﬁd
the COp fixation rate were comparable to the reservoir or pool sizes of the
intermediate we should expect to. see -them rapidly reach the specific activity
of the incoming 61462 and , further; if the poocl sizes are themselves in the
steady-state, that the total activity in each intermediate should reach a
saturation value and thereafter remain constant. ~If they all possess the-

séme specific activity, the total activity in each compound is directly pro-

pertional to its poel size or concentration. While the determination of pool
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sizges ;g‘zixg_possesseé intrinsic interest, from one such determinatien 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
infermation. -
Figure 7 illustrates the information value of this new ﬁechnique (7).

A Sceredesmus suspension was exposed for 30 minutes to a consfant partial

pressufe of 01402 under controlled light and temperature conditians. Aliquots
of the suspension were killed in boiling 80% ethancl after frequent intervals,
The water and alcohol-soluble compounds wefe separated and identified by paper
chromatography in conjunctien with radicautography. The activity in each com-
pound isoclated was measured with a Scott GM tube directly on the chromatogram,
While storage products such as sucrose contlnue to 1ncorporate tracer
with increasing exposures to 01402, phosphoglyeeric 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 éf their concentration. As was pointed out above, these
concentration measurements in themselves say that these compounds are inpimately
asgoclated with the photogynthetic network segment but not how they are related
to each other, |
thn 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 depéndent'upon the reducing
agents than its consumption. The constant steady-state concentration qf PGA

suggests either that both its formation and consumption require a reduction
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process or that neither do. If PGA rs consumed by reductlon to tricse phos=-

phate as it most probableg some reduetlen reactlen(s) must be rnvolved in the

formation of PGA,
This general technique is not limited to changes in a single variable

A srmllar experlment was carrled out wlth GG partlal pressure as the variable

2.
rather than llght (14), cf Flgure 8 Scenedegmug were exposed to 1% 002
(Tabeled) for L5 mlnutes and the concentratlons of many 1ntermed1ates measured
as a function of exposure tlme The rlbulose dlphosphate and phosphoglyeerle ‘
acid as in the previcus experlmept reached_act1v1tybsaturetren repldlyovThe GO2
pressure was reduced to 00003% much rpre rapidly than the rate of change_of

the pool sizes and the new pool 31ze redetermlned The. decrease in PGA level
1ndlcates that 1ts rate of formatlon has been decreased relatlve to 1ts rate

of conumption. This is, of course, what would be expected iﬁ’PQA were the pro-
duet of the primary cerboxylation reaction° The dpcrease ip'ribﬁlose diphos-
phate coneentretionkindieates that its ratelof\conegmption iS'rere highly GOZ,
dependent than its formamien rate, The four observations discueeed in these

two experiments utilize only a small fraetieﬁ of the deta which were obtained
‘but, are themselyes consistent with eimeehapismuin‘whieh ribulose diphesphate
is earboxylated to form PGA (l)

It may be appreprlate to. pornt eut that eorrelatlens in ths ehanges of

steady-state ceneentratrens of several eempounds may lead to errcneous conclu-
sions as to the relatedness cf these compoundeo Steadymstate eoneentratlons in
a reaction network depend both upon the séructure of the network ltself and the
flow parameters wlthrn it. The’ehangeHof:a_51nglevf;ew parameter, i.e. the rate
of a sinéle reection, will ultimately reedjust.the flow andvhence the concen-

trations in every part of the network. Therefore, the 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.

= Trangient concentration changes betwsen 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 formetion is ultimately de-
pendent upon some reduction step, the direct é;rboxylation reaction is nét it-
self reductive. This would be consistent with a carboxylkbtien of ribulose di-
phosphate to form two PGA's £oll®wed by reduction of PGA to triose., The sharp
decrease in ribulose diphosphate (Figure 7) suggests that its formation is
very cleoge te 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 CO, 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 éarboxylation 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 two, 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 %echnigues, -

The illustrative experiments which we have discussed provide numeriecal values

of concentrations, activities; rates, etc., but as yet the interpretation of

these numbers has been qualitative rather than quantitative. For this reason
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ﬁucﬁ of the informatién value of the data remains unused, making our ednclusions:
both less séund and alsc less precise’ than is warranted by the information im-
plicit in the experimental resultso‘For eXampie, while Wwe have fféiueﬂtly
shown logical éonsistencj betwsen 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'thé qualitative
character of the data and differ only quantitatively. In many cases in whiéh
it is presently impossible to demonstraté even the logical considency 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
consequence of the proposed system. FérfthiSCSame reason it is frequently =~
impossible ‘to demenstrate the relationship between several different sets of
hdependent experimental results such as Incorporation rates,‘steady%state
pool sizes; and the degradation data of labeled molecules.

" To deduce such quantitative QQnséquencds requires the description of
' the sysem in mathematical terms. Te attempt this formulation for an entire or-
ganism or metabdic network is at present obvicusly both theoretically and’
practically impossible, Not only is the number of reacting species beyond our
present computing capabilities, but the laws of their interaction are not as
yet themselves precisely formulated. However, an approximate formulation of
a biological system may be set up, which in general becomes easier to treat
the more we abstract from the real systemd-Th@re-éré 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 reactionsy integral order reaction rates, ne-

glected isotope effects; diffusion-free or diffusion-limited reactions, ~
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single rate-limiting processes, etc. .One of the simplesf systems to construct
possesses a single equation for each element or compound within the.network,
with the entire net synthesized bj addition of the single-éompound equations,
As is quite evident from the bio-mathematical models ffequently found

I the literature, the systems which can be treated with commonly available
computation methods aré hopelessly artificial from the biological point of

view, There are valid reasons for considering them, hé&everz in the first
place they help to develop an intuitive feeling for kimtic data énd'aid in the
gqualitative interpretation of data° In additioh they provide at least oné
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 variat?ons in parameters which correspond to experi-
mntal quantities which we can neither con?rol nor measﬁre acéurately, such ag
enzyme-substrate binding constants or diffusion rates,»it may be agsumed 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

mgst 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 experiments or new conditions under which previous experiments

should be carried out, and it is this function which is mest 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
-3

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 expressed as:

a(s;) - Py

dt : Rj

in which 83 = specific activity of compound i

Sp = gpecific activity of precursor p for compound i
‘Ri = pool size of compound i
F; = gross rate of formation of compound i

this equation is modified in thé.case of multiple'precufsors to,

)

in which.aﬁFi = gross synthetic rate of i from precursor P
The eQuatién is further modified when tracer is incorporated into more than
one atom of a molecule, at dlfferent rates for each atom, by setting up a
dlfferentlal 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 apprdximating the c@ncentration
steadyvsta‘teo Although this is frequently experimentally difficult to rgalize,
it is easier to change the experimental condition than ﬁo remove the simplifj—
ing céndition 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; i.e. one into which there is net flow of tracer from
known sources and out of which tracér flows either to known or ﬁnkndwn pro-
ducts. In such a network segment the equations may be solved -~ assuming
proposed precursor-product relations within the segment -~ for the rate et
which tracer is incorporated into each intermediate as a function of exposure
time, B |

As an illustration of the method, we have set up a photosynthetic
cycle model which formerly seemed to waxraht consideration as the true pheto—
synthetic network (cf., Figure 10) (2). The model involves formation of PGA
from a two-carbon fragment, reduction @o trioee, carboxylation of triose and
rapid reduction followed by condensation wiﬁh seeond triose to form hepﬁose,
split of heptose ﬁo éentose and two-carbon acceptor, and split of pentose to
triose and another'twouearbon acceptor. Triese condenses to hexose for net
photosynthesis as the ®three-carbon leakwe The two. two-carbon fragments are
considered to be symmetrical, i.e, symmetrical two-carbon split. The reservoir
sizes of the PGA, triose, sedoheptulose and ribulose diphcsphate were taken
from Calvin and Massini (7) for Seenedesmus; together with the authors! value
of the fixation rate. The ratics of flxatlon rate te reservoir size, i.e. turn-
over rate, are PGA = 8; triose phoephate = 40; sedcheptulose phesphate = 30;
ribulese diphosphete =9, The differehtial equations were integrated by the
eomputlng group of the Radlation Laboratory with the UCRL dlfferentlal analyzer
for the act;v;ty in each atom ag a funetlon of time The appearance curves for
PGA, RDP and SMP are shewn in Flgure 10. From these data the dlstrlbutlon of
aetlv1ty in PGA wasg calculated as a funct lon of time and the resulﬁlng curve

appears in Flgure ll The blaek e;reles represent the degradation data of
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Fager , Rosenberg and Gaffron (8) assuming a- and p-carbons equal as has been
previously observed. As their plant suspension wasg presumably in a different
steadymstate photosynthesis we havé normalized their data by multiplying each
of their time values (in minutes) by a constant, 0.345, to fit the 62% poinﬁ on
the theoretical curve, The other points fit with réaSonable closeness of it to
the theory curve, However, when oﬁe mekes a similar comparison betwegn ﬁhe
degradation data of Bassham, et al. (1) on soy bean sedoheptulése (Figure 12)
and the predicted activiﬁy distribution in sedoheptulose (Figure 13) in Scene=-
g§§gg§3 i$ is immediately apparent that the model does not even qualitatively
describe the existing network.

itvis very doubtful that these particular theoretical degradation
curves are éo sensitive to the chosen parameters‘that a differentkchoice of
flow parameﬁers would result in a satisfactory resoluﬁion of ﬁhe discrepaﬁéy
between'the'prediCtions of the mgdel‘énd the experimentél fa¢t° The‘agreemeht
betweeﬁ PGA and the normalized experimental points thus may"mbrely illustraté :
the faet that cerialn experiments sucﬂ as sedoheptulose degradétich stﬁdies

are more selective with respect to the precursgrmpraduct network than others

i
\

such as PGA degradation.



=22~ UCRL-2443

Summary
' 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‘ig 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-
criptionhof 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 mot 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 chaﬁge of one or more parameters. The tech-
nique is quite old and while being sensitive is not very selectivé 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
precufsornproduct relations but fail to determine the proximity of two com-
pounds. Transient concentration measurements between alternative steadj
stateé provide more information as to this proximity within the network.

A technique well adapted to the identification of compoﬁnds near the
edge of the network, i,e, closely related to incorporation or elimination‘}e-

actions is the observation of the rate at which a tracer is incorporated into
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compounds\with the organism in aliernative steady states. There has been
very 11ttle work carried out (know1ngly, on s;ﬁultaneous tracer and concen-
tratlon tran51ents because of the difficulties in interpretation. The tracer-
transienﬁ, concentraiion—steadybstate e#périmeﬁts are only moderately selec-
tive for compounds neér the center of the4network.

The application of thevtechniques of biokinetics'to problems of the
understandlng of 11fe procesges promises to accelerate our progress and has
in sonme 1nstances described herein partially fulfllled that promise. Enzy-
matic and other in yvitro studies while providing possible pathways and net-
“work precursor=-product segments, cannot of themselves tell what quantitative
relevance the pathways have to metanliém‘;g vivo. When we look with bio-
.kinetic.and tracer methods at the bghaviof of the intact_organism either
at the cellular or molecular level we look of neceséity at only the relevant
pathwaysa.To its cwn disadvantage is the obvious“fact-that since the entire
vasf metabolig.péttern is active thaf many possiﬁle caues could give rise
to the obéerved behavior and it is therefore essentiél that both in vitro
studies in simple systems and in vivo studies continue to supply each other

with ideas and facts.
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Captions to Figures

2 mg, 014H3(CH2)5002Na given i.p. at zero time. The discussion
in the text is made on the hasis of acetate curves which show
similar but less pronounced effects.

Role of acetyl CoA level in labeled acetate metabolism.
Stimulation of the Hill Reaction by 6-thioctic acid, .30 mm.3
Scenedesmugs cells suspended in 2 ml, M/15 phosphate buffer +
M/100 KC1 (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 ( 2500
f.c,) initiated. Control: identical treatment without added 6-
thioctic acid.

1% Scenedegmus by volume exposed to 4% 01402 with 4000 f.c. total
incident light. Cells killed in cold 80% ethanol and the water-
alcohol soluble compounds separated and identified by co-chromato-
graphy in conjunction with fadioautography, 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 pools, the small squares
enzyme=bound -substrate 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 pyrenoidoga suspension pre-aerated

with 0,08% carbon dioxide-in-air with a light intensity of
6 2 . ,
1.6 x 10 ergs/cm. . NaHC;403 added in solution at zerc time.

60sL = 60 seconds exposure in light to HClAO 120sL = 120

;
seconds exposure in light; 60sI~60sD = 60se§onds-exposure to
light followed by 60 seconds'eiposure in darkness before killing
in boiling ethanol, Numbefs = counts/min. x 10™3 on paper-
per cm.,3 cells,

Effect of light and dark on stéady-state concentrations of
photosynthetic intermediates, 1% suspension of Scenedegmus,

1% COy-in-air (014), light intensity 7 x 104 esrgs/cme2

Effect of 002 pressure on steady~state concentrations of selected
photosynthetic intermediates,

Segment of precursor-product net in photosynthesis as deter—
mined by observations of transient and sfeadymstate concentration
changes in yive.

Theoretical appearance curves for activity in selected photo-
synthetic intermediates. Two carboxylation model with 3-carben
"leak" to carbohydrate poocl and symmetrical 2-carben 002
acceptor. In model only carbon skeletons are indicated.

k is specific activity of C1402 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 te Figures, continued

black circles represent the data of Fager, Rosenberg and
Gaffron (cf. text), for Scenedesmus short~-term phetosynthesis

. ~dd
in C 020

Fig. 12 - Experimental degradation curve of sedoheptulose from short-
term photosynthesis in 01402.
Fig, 13 =~ Theoretical degradation curves for sedoheptulose based on

model from Figure 10,
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