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SUMMARY

WERKHEnSER, \V. C., GRINDEY, G. B., MORAN, R. G., AND �\ICHOL, C. A. : Mathe-
matical simulation of the interaction of drugs that inhibit deoxyribonucleic acid bio-
syntherds. Mol. Pharmacol. 9, 320-329 (1973).

A mathematical model was devised which could satisfactorily simulate the effects of com-

binations of inhibitors of DNA biosynthesis on the growth of L121O leukemic cells in vitro.

The model represents an open steady-state system regulated by a network of feedback

controls. i’he behavior of the model was surprisingly insensitive to variations in the values

of its 15 parameters, implying that it was the basic shape of the network which was re-
sponsible for the simulation. The presence of any one (or two) of the inhibitors caused pro-
nounced changes in the concentrations of all the intermediate compounds in the resulting

ne\�. steady state. Thuus, in such a closely regulated systenu, the effects of a perturbation in

one region will not be localized, but will be manifested throughout the entire system. Further-
more, it was predicted that such feedback regulation could head to perplexing experinuenutal

results; for instance, extensive inhibitionu of a pathway within such a network could result in
an increased, decreased, or even unchanged pool size of the product of this pathw-ay. It was

also observed that the inhibitor-induced process of passing from the original steady state to
a new steady state was complex. Concent rat ions of intermediates need not change smoothly
from one state to tlue other, but may overshoot, transiently move in a direction opposite to
the final concentration, or undergo a damped oscillation. Attempts to deduce the effect of an
inhibitor on such a system by consideration of the initial effects therefore may be misleading.

Finally, exl)enimenf s using the nuodel indicated that the intensity of interaction of drugs in

combination, whether antagonistic or synergistic, increased as the degree of inhibition of
the system increased. rrlius a combination which was mildly synergistic when studied at

30 � inhibition became intensely so at 90 % inhibition. This unexpected prediction has

significance in flue evaluation of studies mu combination chuemotiuerapv.

INTROI)UCTION growth of L121O leukemic ct-lls in vitro (4).

A recent report by Gninudey arid Nit�iit)l The patfernus of inufo-ractioni observed were

has described the effects of combinations of
(rants CA-05296 and CA-1104i from the �atiomral

inhibitors of 1)�A brosynuthesis onu the
Cancer Institute. Calculations were performed o)n
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quite unexpected, and all attempts to explainu

them by reference to current coiucepts of

sequential (5) , concu rrent (6) , and corn J)le-

men/any (7) inhibition were unsuccessful (4).

Further efforts led to flue development of a
model uvluich consisted of an open steady-

state system of metabolic inuterconversionus
catalyzed by drug-senusitive Michaelis-Men-
ten enzymes and regulated by feedback in-

hibition. Investigation of this model by

mathematical simulation showed encourag-
ing agreement with experimental data and

yielded provocative predictionus accessible to

experimental confirmation.

DESCRIPTION OF MODEL

The enuzymes involved in the synthuesis of
DNA de novo form a unidirectional network

for its synthesis from the four ribonucleoside

diphosphates. The kinetic behavior of sev-
eral of these enuzynues is modulated by feed-

back activation and inhibition by a variety

of the intermediate compounds withuinu this

system. In order for this network of reactions

to permit a steady flow of deoxyiuucleoside

triphosphates into DN A, it is necessary for

it to approximate an opell steady-state sys-

tem in which nuucleoside diphuosphates pro -

vide a source of deoxvnucleotides at one end

arid the growing DNA polymer acts as a
sinuk at flue other. It seenuis reasonable to)

assume that tue riucleoside diphuosphate
precursors remain at a conustanut concenutra-
tionu, unaffected by evenuts within the net-
work, since the total flux into DNA is co-r-
tainly small compared with the other reac-
tions these compounlds undergo. This brit-f

description of the main features of DNA bio-
synifiuesis is incomplete in manuy aspects;

yet if s conuplexify is already too great to)

warranut attempts to investigate its behavior

mathematically.

To reduce flue complexity of the system
to be simulated, we decided to include onuly
flue enzymes directly affected by the mu-
huihitons previously studied by Gnindey anud

versity of New York at Buffalo. A portion) of this

work has been submitted (by (I. B. G.) to the

Faculty of the State University of New York at

Buffalo in partial fulfillment of the requirements

for the degree of l)octor of Philosophy. Prehimi-

nary accounits of this work have appeared (1-3).

Xichol (4). Enuzvnues of the “salvage” path-

ways were not considered, since the expeni-

nuental data to be simulated were oh)tainued
iii flit- absence of aru exogenuous source of

j)urinues or pynimidines. Feedback paths were

introduced as necessary, both to mainutaimu

stability of flue system anud to adjust the
nutodel to mimic flue expenimemufal data. leed-

back inhibition uva.s considered to be of a
sinuple competitive type as would occur in

the limitinug case of a K-type Monod-Wy-
nuamu-Chanugeux model of allostenic interac-

tionu (8) for art enzyme with only one sub-

unit.
The drugs whose actionu us.a-� to he simu-

lated are shownu in i’ah)le 1, to)gethien with
citations to the relevamut literature on tiueir
sites of action. On this basis, IQ-12 us�a-� repre-
senuted as a huonucompefitive inluihitor of
nibomuucleoside diphuosphate reducta.se;

FUdH, as a competitive inuhuii)itor of tiuymi-
dvlate svnthefase; and ara-A amid ara-C, as
inuiuibitors of DNA polymerase competitive

with dATP anud dCTP, respectively. The
metabolic act ivation required in flue case of

flue latter three compounds was riot in-

cluded in the model. The case of MTX is

more complex. mu its role as an inuhuil)itor of
diluydrofolate reduefase, its presence re-

sults in depletionu of the tetrahydrofolate

1)0015 which provide flue second substrate
for fluvmidvlafe synitiuetase. The effect of
thus reductionu mu cofactor conucentrationu on
the enuzynue velocity is qualitatively similar
to that predicted for ant inihibitor that is

Iuoni(-ompefitive with respect to flue first

substrate, dUMP. MTX was therefore
repro-sented as a noncompetitive inuhuibitor o)f

this enuzyme. Since the interaction of Mi’X
anud ara-C was unuchuanuged in flue pro-se-nice of

deoxyadenuosinue, a conidit ion which reverses

flue purimue-inuhibitony effect of Mi’X (4), it
was felt justified to ignore this actionu of this

drug in flue- conistructiomu of flue modo-].
Thut- final model is shuo�vn ir� Fig. 1 and the

symbols are described in Table 2. No pro-

visionu �s’as nuado- to) inicludo- guaninie niu(-leo-

2 The abbreviations used mire: IQ-1, 1-formyhiso-

quinoline thiosemit-arhazone; F’Udli, 5-fluorode.
oxyuridine; ara-A, 9-�1-1)-arabinoftiranosyladenine;

ara-C, 1 4t-D-arabinofurario)svl(-vtosine; i\ITX,

mnet hot rexate.
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FIG. 1. Simplified physical model used in con-

struction of mathematical iiiodel
The symbols are defined in Table 2. Metabolic

conversions are designated by thin lines; feedback

inhibition by intermediates, by heavy lines.

tido-s in the model, since nuone of flue drtngs

emplowed has a direct effect upon thuem in

vivo. Thue- svnufhesis of the inutermediafes
C, 7’, A, arid U is ne-gulafed by feedback mu-
hihifionu upon flue first enzyme in their bio-
synthetic pathways. In addition, U also) iii-

huibits the synfhlesis of A. In this open system

the co)nicentrationus of substrates RC, R U,

amid HA are conisfant anud the product, 1), is
irreversibly nemovt-d from flue system. The
inhil)itor fin is defined as a strict noncom-

petifive inuluihifor of E5� , , and E,�4
Un arid (‘c are nomniconupefifive amid competi-

tive iniluibitors of � . Cc and Ac are in-

mu terms of specific conuce-nut nation, i.e., molar

concentration divided either by Michaeis
conustanut (Km) or by inluibitionu conistant

(K1) (21). Thue five feedback constants are

defined as flue ratio K,, K1, where Km ap-

plies to the conupoumid as a substrate amid K1
applies to flue compoinnid as a feedback in-
hibitor. E5�, E11� , arid E��1 were assumed

to luave constant maximal velocities with
respo-ct to each substrate-, since lit) rate law
descnibinlg the effector-depenidemut specih city
o)f ribonuucleoside diphiospluaf e reduct ase
luas yet beenu put forward. In denivinug an

equafionu for DNA polymenase (Er), it was

assumed that, durinug the insertion of a
single niucleotide residue, the enuzyme dis-

plays siml)le Michat-lis-Memuf enu kinetics
withu respect to flue appropriate deoxynuu-
c�lt�)si(I( triphosphiate- amid thuat the product,

D, is a random fninuer of A, C, and 7�. With
these assumptions, tlue velocity of a single
step is given by Eq. 1. Sinuce the time to syn-

(1)

thuesize flue-polymer is the sum of flue times

required to introduce each precursor, Eq. 2
gives the differential equation repr-senitimig

this process.

(2)(it �/V�,�(1 + 1/C) + 1/TTPT(1 + 1/T)± 11/v�(1 ± 1/A) (1D
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T.�BLE 1

Primary sites of action for drugs employed by Grindey and Nichol (4)

Drug Primary site of action Assumed type of inhibition References

IQ-1 llibonucleoside diphosphate reductase

MTX I )ihydrofolate reductase [5,6,7,8-tat rahydrofolate:

Nil) (P) oxidoreductase, EC 1.5.1 .3}
Thvmnidylate synthetase

I)NA polynuerase

I)NA polymerase

ERC (_�� _____
Rn ‘i-�

hibitors of E� , competitive- wit IiC amid ;1, re-

spectively.

In formulating a mathienuatical nuodel

based on tluis rudimentary physical model,

� have made the simplest assunuptionus

possible. All enzymes were assumed to) op-
erate according to a simple Micluaelis-Menu-
tent formulatiomu, arid flue concentrationus of

all substrates anutl inhibitors are represented

Vp�. , anud V�1 art- the nuaxinuuai veloci-
ties of flue steps inutroducinug C, 7’, anud A, re-

spt-ctivtly, arid the divisor 3 is a statistical
factor which recognize-s that imucorl)orafioni
of each conuponent comprises only one-thuird

of the over-all reaction. Figtrne 2 shows flue
systo-nuu of algebraic etiuatiomis which describe
flue propt-rties of flit- inudividual enizvmes of
the nuodo-l. Figur- 3 preso-nits flue svstenu of



For definitions (of

Symbol

LRC , ER�. , ERA

�

1W

RU

RA
D

U

C

T
A

Rn
Un

Uc

Cc

Ac
Kcc
Ktt

Kaa
KUU

Kua

VRc , TTRrJ , TTRA

VTS , VPC , , hA

�‘RC , 1’R( , , l’TA , P

VRC

[i.� (I+C’Kcc)][l+RnJ

dT.�
� TS�”P
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TABLE 2

Symbols used in model

t lie symbols, see the text.

Counterpart

Ribonucleoside diphosphate reductase
Thymidviate svnit bet ase

l)NA polymerase

CDP
UDP
ADP
I)NA

(lUMP

(ICTP
dTTP
dATP
IQ-1
MTX

FUdB. 5’-momiophosphate

Ara-C 5’-triphosphate

Ama-A 5’-triphosphate
Parameter describing feedback of C upon its own synthesis

Parameter describing feedback of T upon its own synthesis

Parameter describing feedbmtck of A upon its own synthesis

Paranueter (lescribunog feedback of U upon its own synthesis

Parameter descrih)ing feedback of U upon synthesis of A

Individual nuaxinnial velocities

Individual maximal velocities

\elocities of individual reactions

Steady-state velocity

For definitions of the svmnibols, see the text.

VRU
[i �.j(I .UKuu+TKtt)][I +RnJ

1/ VRA

RA [i + �(I+U.Kuo+AKoa)][I.Rn]

VTS� VTS

[i +j�j(I+Uc)][i+Un]

3
Vp

FIG. 2. Equations representing individual en-

zymes of matheni atical model

Each reaction step is considered to be catalyzed
by a Michaehis-Menten enzyme with no back reac-

tion. Drugs inhibit by either a strictly competitive

(Uc, Cc, Ac) or noncompetitive (Rn, Un) mech-

anism. Feedback control results from competitive

inhibition of the reactions by intermediates (see

Fig. 1).

dU �‘ �, dA...� v
RU TS � RA P

V = � = VRU VRAVTS �1P

FiG. 3. 1)iffercn hal equations and steady-stale

coo, (lit(0)1) s repr(’.selo tiii g one I/i cowl i(Ul mo(lel

differential equatiorus whose so )lut n )Ii dc-

scribes the transicnut behavior of flue iiuodel
in approacluinug a steady state. In flue steady

state the concentrations of the inutermedi-

ates C, U, 77, amid A are constant, inuplyinug
fluat each differential equation is to be set

equal to zero. This has flue conusequemice that
the velocities of all flue enzymes in f lie flue)(lel

are identical in the steady state, as shownu at
the bottom of Fig. 3. Imuserfionu of this steady-

state velocity, v, in flue equations of Fig. 2

pernuitti-d their simulfanueous so)lut u an by
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the nua.ximum neighihorluood algorithnu o

Mareiuardt (22). Solufioni of flue simul-
faneous differential equations of l’ig. 3, for

investigation of the franusi(-nut behavior of flue
model, was performed witlu flue use of flue
digital simulation language ?vIIMIC.

SIMULATION OF EFFECTS OF

I)RUG COMBINATIONS

lor thue basic model thue 15 paranuieten’s

(seveni maxinual velocities, five feedback mu-
hibition constants, and the specific conucen-

trafionis of the three prime substrates) were

all arbitrarily assigned the value unuity. This
choice, flu- validity of which will be dis-
cusso-d below, made it possible to solve flue
system of nuonilimuear algebraic equations of

I�ig. 2 amialytically.

The strategy unsed in sinuulatiiig the cell

culture experiments of Grindey anud Nichol

(4) cant be described as follows. The innuinu-

luihited steady-state velocity, v, and the
nuormal conucenutnationus of the four muter-
mediates, C, U, 77, and A, are obtained by

solving fhu(- set of equations (Fig. 2) with the
conco-nitrafionis of exogenous inhibitors set to
zero). Since Gnindey and Nichuol chuose 30 %
inhibition as the level of t-ffect mu their ex-

pe-rinuents, flit- vt-lo)cify, v, is set to) .50 � of
tin- steady-state value and, for each inhibi-

tor, the e-quafions are solved for the niew
valu-s of t hue eonicenf rat ions of intermediates

and for flue conucenufnafionu of drug corre-
sponudinig to fluis level of effect (ED50).

T study flue o-ffect of combinationis of two

drugs, the velocity was o)nce againu set to onue-
half the steady-state value, flue comie�o-nifra-
fio)nu of era- inuhibifor was set to a fraction of

ifs ED51, , arid flue equations � solved for
the coinico-nitrations o)f flue second inhibitor

amid flit- vanie)us inferm(-diate compounds.
The result mug data were used to conustruct
isobols3 corresponding to) those presented by

The isobol is an effective condensation of the

dose-response curves obtained mistudies of the in-

hibitory effects of pairs of drugs (6). A suitable
level of effect (50w inhibition of growth in this

instance) is selected and the concentrations of the

two inhibitors, both singly and in combination,

which result in this end point are read froni the
dose-response curves. The isobol is then (()n

structed by plotting the concentration of one drug

against the corresponding concentration of the

Gninudey arid Niche! (4). The results are pre-
sented in 1�ig. 4, whuere flue poinuts represent
flue experinuenital data (4) and the lines show
the behavior of the mathematical model. The
oiver-all agreeme-nut is good and suggests that

thuis nuodel does mu sonic sense mimic actual

evenuts in the intact cell. Certain compari-

sons enupluasize flue significance of that agree-
ment. When MTX was sturdied mu combina-
fionu with eithue-r ara-C or ana-A, strong aru-

tagoiuism occurred. Whieiu I�UdR was com-

bimued with arnu-C, flue inuteraetioni � also
antagonistic. However, wlueni 1”UdI� was
combimued with nra-A, onuly additive or

slightly antagonist ic interactions wero- seelu

mu both the actual arid sinuulated (-xperi-
nuenuts. Since bothu arabinuoside-s inuluibit flue

same enuzynue, this finding was unexpo-cted
anud illustrate-s flue fidelity of the nuodelinug.
A similar illustrationu is provided by thue mild

anutagonism withu IQ-1 and ?sITX anud thue
mild synergisnu with IQ-1 amid l’UdR seenu in

boflu types of expeninuents.

EFFECTS OF PARAiI ETER VARIATIONS

Thue arbitrary assignument of panamo-ter
values mentionued earlier was cause for con-
cerni al)Otrt the generality of the model. Since

little inufornuat 10)11 is available which could

be used to pro)vido- ro-alistic o-stinuato-s of

thuese parameto-rs, flue o-ffect of inicne-asinug or
decreasing each in turn was used mu an t-ffort
to) assess flue stability of the modt-l. The

equations of Fig. 2 were fhn-rt-fort- pro-
grammed for a digital computer, and the eru-
tire s-f of expo-rimo-nuts was calculaf ed with

each 1)anameter so-f separately to 0.1 antI to

10.0. The 30 experiments yielded 270 inter-

action patterns. In many inusfanco-s the in-
temusity of the- inite-ractiomu was chanuged by

parameter variation, but mi onily 16 cases
was the-no- a chango- mu fht- type of interaction.

In four of these cases it was clean that the

(iuanufitative chanuge in parameter valuo- re-

other drug which results inn the desired level of

effect. For convenience in comparing replicate cx-

periments, (‘oncenitrationis of each drug are plotted
as a fraction of the concentration of that drug re-

quired to yield the desired end point by itself.
Points on the falling dimugonal oonnecting unity oar

the ordinate with unit v our the abscissa indicate

additivitv; points below or above this line repre

sent synergism or antagonism, respectively.
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4

4

FIG. 4. Isobols3 showing interactions of pairs of o/rugs on growth of L1210 as obso’rred in oit,o (4, 23)

(points) and on rate of D.VA synthesis as predicted by the model (solid lines)

sulte-d inn a qualitativo- change mu flue struc-
ture of flue nuodel. In flue remainuinig 12
(4.4 %), no explanation for flit- changed be-
huavior was e-vidennt. Therefore the corre-

sponidenuce of flue nuodel with flue expo-ri-
nuental data appt-ars to be primarily a funic-

tion of tlue structure of flue mode-I and only
secondarily of the 1)arficular parameter val-

ues used to evaluate if. These conuclusionus
are similar to thioso- of Garfinikel (24), who

stated in regard to a model of brainu metabo-
lism that “the bo-huavior of flue mo)del is genu-
erally not very semusifive to changes mu

parameters; a drastic chuaruge mu behavior

usually requires the intro)ductionu of a new

idea.”

VARIATION OF DRUG INTERACTIONS

WITH LEVEL OF EFFECT

An c-rid point of 50 % inhibition of cell

growth was used in the experiments shown

in Fig. 4. Additional calculations were per-
formed with the basic model in which the

end point ranged from 5 to 95 % inhibition.
The re-sults are shown in Table 3, whichu

represents the inuteractionus obtained at sc-v-

eral effect levels. For this purpt)so- t ho- 1s0-

1)0)ls’ illinstnat ing t hut- interact loris an -

placo-d by a nuunubo-r indicating t Ito- (-olnal

fractionu of effectivo- (loses, tIne EI’EI) (st-o

footniote, ‘IaI)lo-3), which ohiaratt-rizes thioir

shapes. In all cast-s it was found that addi-

tive combinat ions we-ne unichanngo-d by vu via-

tionu of level of o-ffeet while the intensity of

citluen syno-ngism or anitagonuism � as iii-

creaso-d with imicr-asinugdegro-o-so)f inhibition.

Thus a mildly synergistic interaction ob-

served mu an o-xpenimenut carried out usinig anu

enud point of 50 #{176}2inhibition would b(- pre-

dicted to) be inito-nis-lysyno-rgistic if uso-d in
aninuals at maximally effective-dosag( - levo-is.

This prediction lends itself to) exporinuuental

verification.

EFFECTS OF INHIBITORS ON CONCENTRATIONS

OF INTERMEDIATES

Recent studies cmi the effects of mo-tabohic

perturbations on flue pool sizes of DNA pre-

cursors have assumed an increasing im-

portanuce in investigationus on the regulation
of DNA biosynthesis. It was therefore of mu-
teresf to examimue flue behavior of flue eon-



TABLE 4
Effects of inhibitors on stea(iy-state con centrations of intermediates

Inhibitor C U .1 and T’

Concentration#{176} Per cent
of control

Concentration Per cent
of control

Concentration Per cent
of control

None 0.94 0.52 0.42

Rn 0.37 39 0.21 40 0.12 29
Un or Uc 3.88 413 3.74 719 0.14 33
Ac or Cc 3.88 413 0.21 40 3.67 874
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cent nafionus of intermediates in the model.
The influenice of ED50 corucenutrations of in-
hibitors of eaclu enzyme in flue basic model

oru the pool sizes of flue four intermediate
compounds is shown mu Table 4. If is ap-

parent that flue presenuce of any onue in-
hibitor can cause flue concenutrationus of all

the intermediates to change significantly,

in some inistances by as muchu as 8-9-fold.

TABLE 3

Enhancement of inhibitor interactions as a function
of effect level

Pair of
inhibitors

Equal fra ction of effect ive dosesa

ED10 ED50 Eli0

Ac + Cc 0.50 0.50 0.50
Ac + Uc 0.50 0.50 0.50

Rn + Cc 0.50 0.40 0.21
Rn + Ac 0.48 0.39 0.21

Rn + Uc 0.49 0.39 0.21
Rn + Un 0.52 0.56 0.58
Un + Ac 0.54 0.66 0.84
Uc + Cc 0.61 0.84 0.97
Un + Cc 0.65 0.91 0.99

An equation describing airy symmetrical iso-

bol can be written (1/PA - 1) (1/F8 - 1) = K,
where bA and Pj� are the fractions of the effective

(loses of drugs A arid B, respectively. The point at
which PA equmuls b8 always lies 015 tine rising diag-

onal of the graph. This point, where equal frac-

tions of the effective doses (EFEI)) of the two

(lrugs give tine desired level of effect, represents a

convenient and characteristic parameter to dc-

scribe tire shape of any isobol. An EFED of 0.5

defines additivity, while values i)etween 0 and 0.5

indicate synergism and values between 0.5 and 1,

airtagonisni. The magnitude of the deviat ion from

0.5 is a measure of the intenusitv of the interaction.

Thus a givenu inuluibifor nuot emily r-duced the
conuce-nutration t)f the product of the inhibited

reaction, as might be expected, but also had

dramatic and unpredictable effects through-
out flue enufire network.4 Examinuafion of flue

pool size changes occurring in the parameter
variation studies cited above emphasized

this unupredictability. For example, lowering
the value of Kuu, the parameter which de-
scribes flue feedback of (� on its own synthe-

sis to 0.3 or 0.1, while holding flue remaining

parameters at unuity, resulted in the conucen-
tration of T being increased by the presence

of Un or Uc, with no appreciable change in
any of thuese drug iruteractions. This unuex-

pected finding of an increase in flue conucen-
trafion of the product of an inhuibifed reac-
fion in these theoretical studies is of j)ar-
ticular interest mu relation to the observation

of Baumunuk and Friedman (26) thuat no-it lien
1\ITX nor FudR, at concentrafionus causing
about 93 % imuhibitioru of deoxycyfidinro- mu-

conporationu into DNA, huad any signuificant
effect on the concentration of TTP.

Since thuo� value of the feedback parameter
Kuu was found to affect the direction of

change of the ijool size of T in the presenuce of
Un or Uc, flue relationushuip betweo-mi Kuu amid
flue concentrafionis of inutermediate-s A and
T was nuore extensively (-xamini(-d. As canu be

s-enu in Fig. 5, flue uninhibited steady-state
pool size of A or 71 was relatively unuaffected
by flue value assigned to fluis feedback

parameter. However, in flue presenuce of an
ED0 of Un, A on 7’ could increase-, decrease,

or, inudeed, remainu constant, depe-nudilug

This prediction has beemi inure t hor’oughly

treated in ref. 25.

#{176}Concentrations are givemu in arbitrary units.

The equality of A an(i T in this table is a consequence of the particular Parameter values used amid is

miot ilitrinsi( to the model.
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}IG. 5. Effect of rariatio,, of foe(lbac/ parameter

.K�uu on (SO))) ((�1) tra t io,)s of � n ter,,�odiate.’ 7 (a ) (i I) (I

A (b) ii, uninhibited stea(liJ state (7’, A ) , and in the
presence of a 5O� (TF:m,, , AFm),,) or 95�,:( (‘I’F�19

AEDO1) inhibitory concentration of a noncom petit ire

inhibitor of enzyme E�5 (Un)
As Kuu increases, the i nrternniediate U becomes

a more Powerful inhibitor of its own synthesis.

upon flue value of Kun. Whit-n a 95 % degro-e

of inuhuibitiori is comusidereed, a situationu whuich
closely resembles fluat of flue experiments of

Baumuruk arid Friednuanu (26), the chiang-s
in flue pool sizes of A arid 77 are Predicted to

be even more dramatically depemudenut upon

this parameter. It is nuof able that, at eithuo-r
degree of inhibition, there is a corresponudimng

value of Kuu thuat results mu flue same con-

cenutnation of 71 mu control and inuhuibifed

states. A re-examination of the inuteractionus

seen in Fig. 4, using either of these values of

Kuu, showed flue same pattern of initerac-
fionu for all pairs of iniluibif ors.

The value of Kuu whuichu resulted in au
unchanged pool sizo- of 77 at flue 95 % level of
inuhibifionu was now used to calculate flue

effects of inucreasinug Un (anucl luenuce increas-

mug degrees of inluibitionu) cmi the pool sizes

of inutermediafes. As shuowlu mu Fig. 6, flue

comucenutrationu of 71 in flue iruhuibited steady
state is predicted to) be do-creased at any de-

gree e)f iruhuibitionu less thuanu 95 #{182}�, to) be identi-
cal withu control at this level o)f inuhuibitionu
and actually to exceed comitro)l conucenutra-

fionus at more extemusive inihuibifionu. At levels

Fm G. to . Steady-state (0)1)cOi) tration of in terinodi-

at(.� (iS (1 fuiution of ( �i)

Tire 1)001 sizes have beenu niornualized so that tine
liii � nhuii)i t eel steady-st at e content rat ioai is 1 .0. The
j)resente o)f 3.55 units of Un results in an inhibited

stea(IV state iii whi,�ii t he rate oof svunt inesis of prod-

rit�t 1) is inhibited l)V #{182})5(�l)lIt I is l)resent in the

sani(- ((omicent rat ion as in t lie nmninlnihited steady

state (0 ). Not ice that the ordimiates in Fig. Ga
anol 1) (lifTer l)\ a factor of 100.

of inhuibitiomu gr-ato-r thani 95 #{182}(l.’ig. 6), the

p00)1 sizes 0)f (‘ and 7’ art- gro-ater thaunu those
obso-rved in fIn- uniniluibit(-d steady state.
Thuus tho- decreaso-d conico-nitrationiof A (Fig.

Ga) nuust be linnitinig flue rate of svnitho-sis of

flue product 1), amid huenic- flue- flux through

the ovo-r-all steady-stato- systo-m. Inn fao-t,

siuio’o- C is nuo )t linuit mug at any It-v-l o�I inihibi-

tionu, and sinco- innluibifionu is niot (-orn-lated
witlu T, thut- do-gro-o- of inuhuibitioni inn this nuodel

is apparo-nutlv best o-xplainied not by a lack of

availability of flit-Product of tIne inihnibite-d

ro-actit)ni (7’) but rather l)y a s-vo-n-lv ele-
cro-aso-d 1)0)0)1 of ano)thro-r inito-rnut-diato- (A
within this svsto-nu (Fig. Ga). Who-ni flit- tinue

e-o)urs(- of th- ronneo-nitrrut ions of inito-rnuediat-s

\\��j5 exanuinied, it �nus founid that flit- transi-

ents inuduo-o-d by exposuno- to) ani ED95 of drtng
(fl \Vefl (1ualitatiVo-ly tine same as those set-ni

iii Fig. 7 for ruin El)50 dose. ( ‘in innitially
caus(-d a do-cro-aso- inn 7’, hut tine feedback
conutnol ro-sulto-d mu nu no-adjust nuenut of flue
conucerutrationu of inito-rnuo-diatt-s that was far
fr m mit uitively obva us amid o-vt-nit uah lv re-

suited inn sfeady-stato- inihnibitioni because of

ant inusufficienut 1)0)0)1 of A. h’ronu these n-suits

it is apparent tluat flue regulatory controls
built into this mo)do-l runt- responusiblo- for tire
unpre-dictablo- o-ffo-ctsof inuluihitors 0)11 J)o)0)l

size-s of initernu-eliah-s. It would aj)po-ar
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FIG. 7. Changes in pool sizes as a function of time

following i,otroduction of a 5O� inhibitory concen-

tration of Un to a simulated tissue originally in the

normal steady state

dangerous, then, to aftenupt to predict effects
of an inhibitor on the pool sizes mu any regu-
lated system (e.g., cellular metabolism)
merely by considerinug the expected initial
direction of change. Yet this is the intuitive
approaclu one would make mu qualitative

efforts to predict the behavior of such a sys-

tem. If has been suggested by von Berta-
lanuffy (27) that thuis phuenuomenon of “false

start” is a general characteristic of open
systems.

That flue unuexpectedly complex time
cotnrse of cluanges in metabolife concenutna-
tiorus whichu was observed in the model also
occurs inn real systems is shuownu by the equally

complex behavior reported recently by
Smitlu arid Holmes (28) in studies on flue

regulation of a argininue biosynthesis in
Blastocladiella emersonii. These authors
found that, following an instantaneous
change inn flue arginine concentration muthe

medium, the concentrations of the various
arginuine precursor pools initially responded

in a relatively slow manner, followed by a
period of rapid fluctuations leading to the
new steady-state levels. In a similar vein, in

a study on genetic selection, a phenomenon
whiclu parallels DNA synthesis in the inten-
sity of if s regulation, Kirkman (29) conu-

cludes that the “genes. . . are capable of

assuminug irutermediate distributions that
might riot he anticipated from either the rate
of the proco-ss or flue final disfnibufion of flue
genes.”

DISCUSSION

The model used inn these studies 1)ears

little direct resemblance to the actual net-
work of DNA biosynuthesis. Not only have
most of the paths in flue real systenu beenu

eliminated, but the pattern of feedback
regulation is probably quite different . In-
deed, the structure of flue model implies

that dCTP is a regulatory effector of nbc-
ruucleotide reductase, although this is known

not to he true. If is therefore perhaps sur-

prisinug that flue model so well mimics reality.

Since the model is so insensitive to param-
eter variations, it seems probable that the
important feature is its over-all shape or

topology. The presence or absence of par-
ficular reactions on feedback paths would
then be of importance only if the resultant

model had a different fundamental topology.
If is of inuteresf that it was necessary to in-

troduce an asymmetry inn the model iii the

form of the feedback of U on the synthesis
of A. It is probable that another asymmetry

would have worked as well. In fact, the

kinetics of nibonucleoside diphosphafe re-
ducta.se detailed by Brown amid Reicluard

(30) for the Eschei’ichia coli enzyme arid by
Moore and Hurlbert (31) for the Novikoff
hepafoma enzyme both imply multiple

asymmetrical feedback loops mu flue regula-
tion of tluese enzymes.

It seems from this work that flue effects

of combinuafionus of drugs on a tightly regu-
lated, open network of reactioru paths such

as occurs mu the synthuesis of DNA can be ex-
plained by the type of model presented here.
No claim is made that this model represents

the real system in any of ifs details, but if
seems likely that the principles of its con-
struction are reasonuable. This conclusion is

sfrenugthenued by confirmation of the predic-

tion based on the model that a sinugle pertur-
bation of the system can cause 1)rofound

transient amid steady-state changes in the

concenutnafions of all flue intermediates in
such a system (Fig. 7). Indeed, such chanuges
have been experimentally observed inn the

conucenuf rat ions of precursors nuot only of
DNA (32, 33) but also of RNA (34) and

amino acids (28).

An opportunity is provided by a nuodel

such as I luis to perform easily anud quickly
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exp-rimenufs that nuighut ho- diffictnlt arid time-

conusuminig to carry out inn flue laboratory.

When onne of thuese expo-niments leads to a
provocative prediction, flue effort to carry

out the corresponudinug experiment mu flue
laboratory is warranted. The experiment

shown in Table 3 on the inufluence of flue level

of effect on the intensify of drug interaction
provides an illustrationn of this approachu.
Inn fact, simulationis that do nuof lead to new

experiments in the laboratory luave little
value; there should be a continuing inter-
play between model and experiment through-
out flue life of flue model.
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