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Amphibolic Drug Combinations: The Design of Selective Antimetabolite Protocols
Based upon the Kinetic Properties of Multienzyme Systems
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ABSTRACT

Computer simulation of a simple biochemical pathway containing a
divergent branch has been used to study the interaction of two inhibitors
that straddle the branch point. The combined effects of the two sequen
tially acting inhibitors could be synergistic, additive, or antagonistic, de
pending upon the regulation of the pathway. Factors that influenced the
interaction included relative \ â€ž¿�,.,Hand A,,, values for the competing en
zymes, the sink capacity of the system (i.e., the capacity of the system for
eliminating the shared intermediate in relation to its capacity for produc
ing it), the competitive or noncompetitive nature of the second inhibitor,
and the presence or absence of feedback in the system. In certain cases, a
two-fold change in the Vmax value of one of the competing enzymes was

sufficient to change the interaction from synergistic to antagonistic. The
existence of such drug combinations (which this article terms amphibolic
combinations) means that it is possible in principle to identify binary drug
combinations that will be synergistic against a tumor cell but antagonistic
against normal cells. Identification of amphibolic drug combinations
should be a means of designing more selective chemotherapy.

INTRODUCTION

There is now a general consensus that combination chemotherapy
may sometimes give greater activity against human cancers than treat
ment with single agents, but the mechanisms for these positive drug-

drug interactions are not fully understood. Three general principles of
combination protocol design are widely accepted: (a) the principle of
nonoverlapping toxicity; i.e., if one drug has, as its primary site of host
toxicity the kidney, and another drug is primarily toxic to bone mar
row, it may be possible to combine these agents at (or near) full doses
so that their antitumor activities overlap but their host toxicities do
not; (b) the principle of cytokinetic optimization; i.e., since anticancer
drug cytotoxicity is often specific to cell cycle phase, sometimes one
drug can be used to concentrate tumor cells in a phase of the cell cycle
where they are particularly susceptible to a second drug; if the cyto
kinetic properties of the tumor differ sufficiently from those of bone
marrow or other sensitive normal tissues, this synergism may be
relatively tumor selective; and (c) the principle of using pairs of
non-cross-resistant agents; i.e., because the effectiveness of cancer
chemotherapy is often limited by the emergence of drug-resistant

tumor cells, combinations of agents where each drug can eliminate
cells resistant to the other will often result in therapeutic synergism
(1-3).

A fourth mechanism of drug synergism, the therapeutic importance
of which is much less widely accepted, is interaction resulting from
multiple inhibition of a metabolic pathway (4). While such drug
interactions can arise for any class of agents, they have been best
studied for combinations of antimetabolites (5). Inhibition of a bio
chemical pathway at more than one site may result in interactions that
are synergistic, additive, or antagonistic, depending upon the type of
inhibition and the details of the control of that pathway (6). The most
important generalization for predicting combined inhibitor effects is
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the rule described by Harvey (7). Harvey considered systems in which
one inhibitor acts directly on an enzyme (corresponding to enzyme 2
in Fig. 1) and the other inhibitor (II in Fig. 1) affects the rate of
reaction 2 by decreasing the concentration of substrate B. Harvey
stated that the interaction of 11 and 12 would be synergistic, additive,
or antagonistic, depending on whether the effect of 12 upon the ap
parent kinetic order of its target enzyme was, respectively, less than,
equal to, or greater than the fractional substrate decrement produced
by II. The terms "apparent kinetic order" and "fractional substrate
decrement" were defined in Harvey (7) and are also discussed by

Jackson (4).
Harvey's rule has a very important implication that appears to have

been largely overlooked: depending upon the values of the enzyme
parameters (Vmax and Km) in particular cells, the same drug combi
nation could be synergistic in one cell type and antagonistic in another.
Because tumor cells often differ quantitatively from normal cells in
the level of a particular enzyme, or the ratio of two competing en
zymes at a metabolic branch point (8), it is possible in principle for a
particular drug combination to be synergistic in tumor cells and an
tagonistic in normal cells. Such a combination, which the author
proposes to term an "amphibolic" combination (from the Greek am

plii: or on either side), should have markedly improved antitumor
selectivity relative to either agent used separately. The function of the
present study is to confirm that the conclusion that a pair of agents
may be synergistic or antagonistic (depending upon parameter values)
is correct, and if so, to explore the kinetic properties of target path
ways that may give rise to this behavior.

MATERIALS AND METHODS

The method used for these studies was computer simulation of a simple
metabolic pathway; a diagram of the pathway is shown in Fig. I. This pathway
can be modeled by a simple computer program known as NETWORK. The
program is available from the author, and a listing of it has been published (4).
A detailed discussion of the kinetics of this simplified multienzyme system
may be found in Refs. 4, 9, and 16. The output of this system. v2, is determined
by the Vmax of enzyme 2, its K.mfor substrate B. the presence or absence of
inhibitor 2, and by the pool size of substrate B. The latter, in turn (assuming
that the rate of v3 was zero, as was the case for the present studies), is

determined by the kinetie parameters of enzymes 1 and 4, the presence or
absence of inhibitor 1. and whether feedback inhibition of reaction 1 occurs.
For the studies to be described all the rate processes shown in Fig. 1 were
assumed to follow Michaelis-Menten kinetics. Feedback effects were turned

off, and the rate of the convergent branch pathway (reaction 3) was set to zero.
The NETWORK model may also be used to simulate biochemical cycles, in
which the product of reaction 4 acts as the substrate for reaction 3 (4). This
cycle feature is not relevant to the current studies, and it was turned off. The
parameter values used by the model are summarized in Table 1. These assumed
kinetic values are in a range typical of those of many enzymes of biosynthetic
pathways ( 10). However, the qualitative behavior described may be seen for a
wide variety of parameter values. The simulations were all run for 240 min of
simulated time. In many cases the system reached a steady state during this
time; however, sometimes the system was still changing after 240 min, and in
certain cases no steady state was possible in the presence of the selected
inhibitor concentrations. It must be emphasized that the purpose of this study
was not to study steady state kinetics, but to describe the behavior of inhibitors
as they are used under pharmacological conditions, and lethal quantities of
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Fig. 1. A branched linear pathway in which the primary source reaction is subject to
noncompetitive inhibition by II and also (optionally) subject to feedback inhibition by its
product, compound B. The primary output from the system, reaction 2, is subject to
inhibition by 12, which may be competitive or noncompetitive. Reaction 4 represents a
divergent branch, providing an alternative route of utilization for B. In the present studies
the rate of the convergent branch, reaction 3, was always 0.

anticancer drugs generally act by perturbing cellular biochemistry to a point
where no steady state is possible, so that the inhibited cell dies.

Integration of the rate equations for the reactions of Fig. 1 by the NET
WORK model utilized the fourth-order Runge-Kutta procedure (11). The ac

curacy and speed of this procedure depend upon the time increments (stepsize)
over which each numerical integration step is performed. The version of the
algorithm used by the NETWORK model uses adaptive stepsize control; i.e.,
it automatically selects the most efficient stepsize consistent with the required
degree of accuracy.

Drug-drug interactions were analyzed by four different procedures: (a) the

fractional products method of Webb (12); (b) the isobologram method of
Loewe (13); (c) the combination index method of Chou and Talalay (14), using
the software package Dose Effect Analysis with Microcomputers (Biosoft,
Ferguson, MO); and (</) the response surface approach described by Greco et
al. (15) using the computer program SYNFIT, kindly supplied by Dr. W. R.
Greco (Roswell Park Cancer Institute, Buffalo, NY). Some of the pros and cons
of these various methods of analysis are discussed in Ref. 16. Note that Chou
and Talalay (14) reported that the Webb fractional products method is valid
when the two inhibitors are not mutually exclusive and when Hill coefficients
for both inhibitors are one. This is assumed to be the case in the present
treatment.

RESULTS

Noncompetitive Inhibitors

Amphibolic Behavior of Two Noncompetitive Inhibitors. The
results of a typical simulation (using the default settings of Table 1)
are shown in Table 2. The uninhibited steady state rate of reaction 2,
which is considered to be the output for the system as a whole, was
2.925 units (the rate units are Â¿imol/liter/min); inhibitor II at a con
centration of 0.5 JU.Mgave a rate that was 48.6% of control, and
inhibitor 12 at a concentration of 10 /XMgave a rate of 29.9% control.
Based upon the combined products method of Webb, the expected rate
for II + 12 was 100 X 0.299 X 0.486 = 14.5%. The calculated rate

for the combination was 26.7% of control, so this system displays
marked antagonism. This system will be referred to below as system
1. If the Vmax42 was now changed to 4.4 (system 2), and the calcu

lations were repeated, the uninhibited steady state rate was 1.254; 0.5
H.MII gave 36.1% control, 12 at 10 JU.Mgave 48.8% control, and the
combination of 11 +12 gave 4.9% control, compared with an expected
value of 100 X 0.361 X 0.488 = 17.6%. Thus a change of 2-fold in

a single Vmax value has altered the interaction of II and 12 from
markedly antagonistic to strongly synergistic.

2 The abbreviations used are: Vmax4, Vmaxfor enzyme 4; Km4, Km for enzyme 4; Km2,

Kâ€ž,for enzyme 2; Vmax2, Vmax for enzyme 2; Fâ€ž,fraction affected; CI, combination index;
ICjo, inhibitor concentration giving 50% inhibition of pathway output, relative to the
uninhibited control; lCm. inhibitor concentration giving 80% inhibition of pathway out
put, relative to the uninhibited control.

These simulations assumed that enzyme 2 followed Michaelis-

Menten kinetics. If the kinetics of enzyme 2 were sigmoidal (Hill
equation with Hill coefficient of 2) the results were qualitatively
similar; i.e., the combination of II and 12 was again antagonistic in
system 1 and synergistic in system 2.

Isobologram Analysis. The systems described above were studied
further by calculation of the IC50 concentrations of noncompetitive
inhibitors II and 12 using the NETWORK model; the IC50 is defined
as the concentration required to reduce the flux through the main
pathway (v2) to 50% of the uninhibited control rate at the steady state
(or after 240 min if the system did not reach a steady state). For system
1 the IC5()for II was 0.478 Â¡JLMand for 12 it was 5.19 JUM.For system
2 the ICjo for II was 0.306 JJ.Mand the IC50 for 12 was 9.43 JAM.
Isobolograms were constructed by running simulations containing
various fractions of the II IC50 value (10 to 90%), and determining the
amount of 12 required, in each case, to give 50% inhibition of v2. The
amounts of II and 12 were plotted as fractions of their respective IC5()
values (Fig. 2). Note that for system 1 the isobologram is strongly
convex, indicating marked antagonism, whereas for system 2 the
isobologram is concave, indicating synergism. Thus the amphibolic
nature of this pair of inhibitors is displayed over a wide range of ratios
of II to 12, as judged from the 50% inhibition isobolograms.

It was also of interest to determine whether the amphibolic behavior
applied over a range of endpoints, i.e., degrees of inhibition. This was
studied first using the Webb fractional products approach. For system
1 the calculated IC8(Jconcentrations for II and 12 were 1.32 and 15.5
JAM,respectively. The combination of II and 12, which by the frac
tional products approach would be expected to give 4.0% of control
activity in fact gave 4.6%, again showing antagonism (although less
than for the IC5() levels). For system 2 the calculated ICK(1concentra
tions were 1.01 and 32.8 /XMfor II and 12, respectively, and the
combination of II and 12, both at their ICKOconcentrations, in this case
gave 0.74% of control activity, showing synergism. Thus the amphi
bolic behavior of this pair of inhibitors extends to combinations of
IC8() concentrations.

Median Effect Analysis. The underlying assumption of this tech
nique is that drug dose-response curves, including those of drug
combinations, follow a mass-action law. If this is the case median
effect plots should be linear. Median-effect plots for systems 1 and 2

are shown in Fig. 3. The linear assumption appears to apply for
inhibitor II, but the plots for 12 are clearly nonlinear, and in both cases
the plot for the II + 12 combination is sharply concave upwards. Such

Table 1 Default kinetic parameters

Parameters used for simulations with the NETWORK model as shown in Fig. 1. All
reactions were assumed to follow Michaelis-Menten kinetics, except that feedback inhi
bition of reaction 1 by substrate B followed a Hill expression. The indicated parameter
values refer to system 1. Where indicated in the text, these values could be changed by the
NETWORK program's parameter editor; e.g., system 2 was identical except for Vmax4,

which was set to 4.4 jxmol/Iiter/min.

Reaction Kinetic values

3

4

Feedback

Vmaxl = 10 jimol/liter/min
Kml = 50 (IM
[A] = 50 /IM
Kil = 1 JIM (noncompetitive)

K, for feedback inhibition: 50 /J.M
Hill coefficient for feedback: 1

Vmax2 = 10 nmol/liter/min
Km2 = 20 UM
K\2 = 1 fAM(noncompetitive)

Vmax3 = 0 fimol/liter/min

Vmax4 = 2.2 /Â¿mol/liter/min
Km4 = 0.5 UM

Off
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Table 2 Sample output of the NETWORK program

The table shows (top to bottom) the uninhibited control, the effect of 0.5 JIMII. the effect of 10 JIM12.and the effect of the combination of II and 12.A and B show micromohir
substrate concentrations (see Fig. 1), D is not considered in the current study, and reaction v2 represents the output for the system, in funol/litcr/min

Program networkTimeUninhibited

control0.00040.00080.000120.000160.000200.000240.00011

=0.50.00040.00080.000120.000160.000200.000240.00012

= 10 (noncompetitive)0.00040.00080.000120.000160.000200.000240.00011

=0.5 and 12 = 10 0.00040.00080.000120.000160.0002TO.OOO240.000A50.00050.1XK)50.00050.00050.00050.00050.00050.00050.0005(1.00050.00050.IXX)50.00050.1X1050.0005000050.00050.00050.00050.00050.00050.00050.IKX)50.00050.IXXI50.00050.00050.000B8.2708.2708.2708.2708.2708.2708.2708.2703.3153.3153.3153.3153.3153.3158.27097.002177.688256.624334.725412.333489.6158.27037.06357.78375.80392.292107.764122.500D.000.(XXI.(XX).(XX).(XX).(XX).(XX).000.000.000.000.1X10.000.(XXI.(XX).(XX).(XX).(XX).(XX).000.000.000.(XX).000.(XX).(XM).(XX).000vi5.0005.IXX)5.0005.IXX)5.0005.0005.IXX)5.0003.3333.3333.3333.3333.3333.3335.0005.0005.0005.0005.0005.0005.0005.0003.3333.3333.3333.3333.3333.333v22.<)252.9252.9252.9252.9252.9252.9252.9251.422.422.422.422.422.4222.9250.7540.8170.8430.8580.8670.8732.9250.5900.6750.7190.7470.7670.781v42.0752.0752.0752.0752.0752.0752.0752.075.912.912.912.912.912.9122.0752.1892.1942.1962.1972.1972.1982.0752.1712.1812.1862.1882.1902.191

concave dose-effect curves have been previously documented and

discussed (5, 17). The method of Chou and Talalay (17) expresses
drug interactions by CI plots2; for the derivation of these plots see

Refs. 5 and 14. These plots express the CI as a function of the
fractional inhibition (or Fa), and are shown for system 1 and system 2
in Fig. 4. This treatment made the assumption that inhibitors II and 12
were not mutually exclusive. A CI value of 1 corresponds to additivity,
values of CI >1 correspond to antagonism, and values of CI <1
represent synergism. For a discussion of the technically complex
question of what constitutes additivity, see the discussion by Beren-

baum (18). As may be seen from Fig. 4, in system 1, II and 12 are
antagonistic for values of Fâ€žup to 0.98, and slightly synergistic above
that value. System 2, by contrast, shows antagonism only up to Fa =

0.11, and synergism beyond this point. According to these plots, for F
> 0.98, II, and 12 will be synergistic in both systems; however, the
degree of synergism is much greater for system 2, so that the com
bination still possesses selectivity against system 2.

Response Surfaces for Two Noncompetitive Inhibitors. While
the combination index approach is convenient and has become widely
accepted, as may be seen from Fig. 3, it sometimes involves forcing
a linear fit to a function that is clearly nonlinear. A number of new
approaches, described as "response surface" methods, have been de

rived, that use nonlinear regression to fit a three-dimensional surface
created by the general solution of dose-effect relationships for two

inhibitors (15, 19, 20) to the data. The NETWORK model was used to
calculate response surfaces for inhibitors II and 12 Â¡nsystems 1 and 2.
For both of these systems, a range of 11 concentrations of each
inhibitor was modeled, extending from zero to approximately an IC75
value. This resulted in 121 calculated points for each system. These
data were then fitted by Greco's two-inhibitor model, using his SYN-

FIT program, with weighting scheme 4. This method calculates an
interaction parameter, a. This parameter is comparable to the CI
parameter of Chou and Talalay, except that an a value of 0 corre
sponds to additivity, negative values indicate antagonism, and positive
values indicate synergism. In either case, the degree of deviation from

additivity is reflected in the absolute magnitude of a. Greco (15) has
shown that his analysis is a generalized form of the isobologram
approach, and the magnitude of a is proportional to the degree of
bowing of the isobolograms. Applying this technique resulted in cal
culation of a = -0.382 (moderate antagonism) for system 1, and a =

+ 15.1 (strong synergism) for system 2. Thus a total of 121 calcula
tions for each system, covering a wide range of inhibitor concentra
tions and ratios of 11 to 12, analyzed by four different techniques, have
confirmed that a two-fold change in a single Vmax value has changed

the drug interaction from one of moderate antagonism to strong syn
ergism.

Note that the four techniques of analyzing drug interactions used
here (Webb's method, isobolograms, median effect analysis, and re

sponse surfaces) make somewhat different assumptions and represent
different approximations to the complex situation of multiple inhibi
tion in a multienzyme system. The fact that all these approaches
indicate antagonism for system 1 and synergism for system 2 strength
ens the conclusion that amphibolic behavior is a real phenomenon and
not an artifact of a particular technique of data analysis.

Factors That Determine the Interaction of Two Noncompetitive
Inhibitors. The observation that changing the value of Vmaxfor the
enzyme of the divergent branch (enzyme 4 of Fig. 1) altered the nature
of the inhibitor interaction prompted a systematic study of this system.
Analysis of the uninhibited system showed that its behavior was
influenced by three factors: (a) the ratio of Vmax2:Vmax4; (b) the ratio
of Km2:Km4 and the sink capacity. Sink capacity is the combined
ability of pathways 2 and 4 to deplete B, relative to the ability of
reaction 1 to produce B, i.e., (Vmax2 + Vmax4)/vl. Adding a compet
itive inhibitor of v2 is equivalent to increasing Km2. Adding a non-

competitive inhibitor of v2 is equivalent to decreasing Vmax2, and
adding an inhibitor of vl is equivalent to decreasing vl, i.e., increas
ing the sink capacity.

The dependence of the nature of the drug interactions on the value
of Vmax4 was biphasic. For system 1 (Vnlax4 = 2.2), rather marked

antagonism was seen, as described above. As the value of Vmax4 was
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Fig. 2. Isobolograms tor IC.so combinations of
two noncompctitive inhibitors. II and 12, in system
1 (Â¡eft)and system 2 (right). Note that a 2-fold
increase in Vmax for enzyme 4 has converted the
interaction from moderately antagonistic to
strongly syncrgistic.
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increased, the degree of antagonism became less, until at Vmax4 =

3.25, the system displayed additivity (using the Webb fractional prod
uct definition). Further increasing Vmax4 resulted in synergism. The
degree of synergism increased as Vm;ix4 was raised, reaching a max
imum at Vmax4 = 4.37; at this point, combining IC50 concentrations

of II and 12 resulted in a rate for v2 of <7% control (the expected rate
for additivity being 25% control). Further increasing Vmax4 beyond
this point resulted in lesser degrees of synergism, until at Vmax4values
above 8 the system once again approached additive interaction.

The dependence of inhibitor interaction on Km4 was also biphasic.
Simulations were run using the default parameters of Table 1, except
that Vmax4 was set to 3.5, and a range of Km4 values was studied. For
Km4 = 0.1 /XM,the interaction of II and 12 was antagonistic. As the

value of Km4 was increased the degree of antagonism became less,
and at Km4 = 0.3 the interaction became additive. Raising the Km4

value further caused synergism, with the degree of synergism giving
a maximum at 1.5 JU.M.Still further increasing Km4 now lessened the
degree of synergism, until the interaction became additive at Km4 =

15, and increases in Km4 above this value resulted in an antagonistic
interaction of II and 12.

Lag D

The effect of changes in sink capacity on interactions between II
and 12 were studied by keeping vl constant, and changing Vmax2 and
Vmax4 in parallel, so that their ratio was constant, with Vmax2/Vmax4
= 10/3.5; for these studies other parameters were as shown in Table
1, except that Km4 was set to 1.5 JUM.With Vmax2 = 5 (and Vmax4 =

1.75) the interaction of II and 12 was antagonistic. Increasing the
values of Vmax2 and Vmax4 lessened the degree of antagonism, and at
Vmax2 = 8.6 the interaction became additive. Further increases in sink

capacity caused a synergistic inhibitor interaction, with the degree of
synergism reaching a maximum at Vmax2 = 10, Vmax4 = 3.5. As

Vmax2 and Vmax4 were increased further, the degree of synergy be
came less and gradually approached additivity at very high values of
the sink capacity.

Competitive Inhibitors

Modeling an isolated subsystem of a biochemical pathway always
involves arbitrary assumptions about inputs and outputs. The present
treatment makes the conventional assumption that the source material
for the system (substrate A) maintains a constant concentration (see

~!t 3 itIÃ•Itit lÃ¬ Itil ÃŒ

Los(Fi/Tu)

Fig. 3. Median effect plots for inhibition of system 1 (top) and system 2 (bottom) by
inhibitor II (O), a noncompetitive inhibitor 12 (X) and the combination of II + 12 ( + ).

.1 .2 73A Tl

Fig. 4. Multiple drug-effect plots for inhibition of system 1 (top) and system 2 (bottom)
by noncompetitive inhibitors II and 12. The two inhibitors were assumed to be mutually
nonexclusive.
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Ref. 21 for a discussion of this point). Since the difference in response
of a system to a competitive versus a noncompetitive inhibitor is in
how the systems respond to accumulation of a competing substrate,
for enzyme 1, the qualitative effect produced by an inhibitor will be
the same whether inhibitor II is assumed to be competitive or non-

competitive. However, making inhibitor 12 competitive has important
effects on the kinetic properties of the pathway. Modeling the system
with feedback off, it was found that a competitive inhibitor 12 would
give an additive interaction with II when Vmax2 was small relative to
Vmax4. As the ratio of Vmax2 to Vmax4 was increased, the interaction
became increasingly synergistic. However, an antagonistic interaction
of a competitive 12 with 11 was never seen. Turning feedback on made
it possible for a competitive 12 to give antagonistic interactions with
II. For these simulations we assumed a Vmaâ€ž4of 0.1, Km4 of 20, and
other parameters as shown in Table 1 (this set of parameter values
defines system 3). Setting Vmax2 to 1 gave a synergistic interaction of
II and 12; the degree of synergism became less as Vmax2 was in
creased, and Vmax2 = 3 gave additivity, with higher values of Vmax2
causing moderate antagonism (e.g., for Vmax2 = 20, when IC5(, con

centrations of II and 12 were combined, a flux of 30.2% control was
obtained, the expected rate for additivity being 25%).

Unlike the situation with noncompetitive inhibitors, when 12 is
competitive, even large changes in values of Km2 or Km4 did not alter
the nature or extent of interactions between II and 12. Changing the
sink capacity did alter the nature of drug interactions: modeling sys
tem 3, with Vmax2 = 0.5 and a ratio of Vmax2/Vmax4 of 20, the

interaction of II + 12 was strongly synergistic. Increasing the sink
capacity caused this interaction to move through additive (at Vmax2 =

3) to antagonistic. Note that this progression from synergistic to
antagonistic as sink capacity increased is a different pattern from that
observed when 12 was noncompetitive.

Effect of Feedback. Feedback generally appears to have a damp
ing effect on perturbations caused by inhibitors, and in general turning
feedback on in the NETWORK model appeared to lessen the degree
of drug interaction. For example, for system 1, modified so that Vmax2
= 0.5 and Vmax4 = 0.025, combining IC5(>concentrations of II and

a noncompetitive 12 with feedback on gave v2 of 34.1% control, an
antagonistic interaction. Turning feedback off changed the IC5(>con
centrations slightly, and the v2 rate in presence of IC50 concentrations
of both II and 12 was now 37.0% control, so an antagonistic interac
tion had become more antagonistic. When Vmax2 was set to 10 and
Vmax4 to 4.4, with feedback on the combined effect of IC5(>concen
trations of II and a noncompetitive 12 was 19.3% control. Turning
feedback off changed the IC5()concentrations, and the combined effect
was now 10.1%, so that a moderately synergistic interaction became
highly synergistic. With Vmax2 = 10 and Vnlax4 = 3.3 (other param

eters as in Table 1, and feedback on) the combined effect of II and 12
(noncompetitive) was 21.9%. Turning feedback off now gave a com
bined effect of 24.8% control, so that a slightly synergistic interaction
had been made additive.

DISCUSSION

Two apparently arbitrary decisions made in the experimental design
of this study require justification. The first is the layout of the sim
plified pathway chosen for study, containing a single source reaction
and a single divergent branch; this represents the simplest multien-

zyme system that shows complex and interesting behavior. Totally
unbranched systems are probably not often encountered in biology,
since even where a particular metabolic intermediate is only utilized
by one enzyme, in the presence of a block of that enzyme the accu
mulated substrate will often be lost from the system by diffusion,
which thus represents a nonenzymatic branch process. Second, the

decision to model non-steady state behavior is a necessary one if

pharmacologically meaningful situations are to be studied. Many the
oretical analyses of metabolic regulation have been confined to
steady-state analysis; however, chemotherapeutic drugs generally

cause death by inducing perturbations that the cell is unable to recover
from, from which no steady state is achievable. The decision to
analyze drug interactions after a period of 4 h was an arbitrary one.
Many antimetabolites require an exposure period of 1 to several h to
induce lethal damage, and the author's laboratory, in common with

many others, often uses an exposure period of 4 h in experimental
studies of drug-induced metabolite pool changes. Thus a 4-h treatment

period is pharmacologically meaningful and lends itself to the possi
bility of experimental validation.

Using the technique of kinetic simulation, it has been shown that a
combination of two inhibitors that act sequentially on a branched
metabolic pathway may have effects that are synergistic, additive, or
antagonistic, depending upon the regulation of the target pathway.

Factors that determine the nature of the interaction between sequen
tially acting agents include the kinetic parameters (Km and Vmax) of
the competing enzymes, the sink capacity, the possible presence of
feedback, and the mechanism (competitive or noncompetitive) of the
second inhibitor.

A change in Vmaxof a single enzyme in the system can be sufficient
to change the interaction from synergistic to antagonistic. In the
present study, a 2-fold change in Vmax of a single enzyme was able to

cause this change. This amount of change in enzyme activity needed
to change the qualitative nature of a drug interaction is consistent with
differences in activity of many enzymes between normal and trans
formed cells (8, 22). It follows that antimetabolite combinations may
be identified that will be synergistic against tumor cells and antago
nistic in normal cells. This conclusion is quite robust; i.e., combina
tions may retain their amphibolic character over a wide range of drug
concentrations. Thus amphibolic combinations represent a mechanism
by which drug combinations may have greater anticancer selectivity
than the constituent drugs used separately.

While an extensive literature (reviewed in Ref. 23) exists showing
that enzyme activities in a cancer cell and its untransformed tissue of
origin may differ sufficiently to support this kind of drug selectivity,
a more relevant comparison may be between a tumor cell and repli
cating normal stem cells, such as those of the bone marrow or small
intestine. More information is needed about the biochemistry of these
normal stem cell compartments.

Note that it is entirely possible to have combinations that are
synergistic against normal cells and antagonistic in the tumor or
synergistic in one normal cell population and antagonistic in another.
More complicated situations are possible; there are experimental stud
ies of two inhibitors that show synergism over one part of the response
surface and antagonism over another part (5). In these cases, changing
enzyme activities in such a way that the degree of inhibition is altered
could obviously change the nature of the inhibition. It is possible that
drugs that act at two sequential enzyme sites may acquire enhanced
selectivity by showing amphibolic interaction with themselves. An
example of such drugs might be antifolates that inhibit both dihydro-

folate reducÃaseand thymidylate synthase (24).
Do amphibolic combinations actually exist? Certainly there is ex

perimental evidence for combinations that are synergistic against
some cell lines and antagonistic against others (25). The point of the
present article is to show that enhanced selectivity is possible for
antimetabolite combinations and to promote a search for it. The ki
netic conclusions of this study have implications both for the design
of more selective combinations of existing inhibitors and for the
identification of effective sites for design of new inhibitors.
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