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Predictive models that relate optimal enzyme function to as collectively, a broad range of structurally unrelated
experimentally measurable parameters have been based osubstrates. The remarkable substrate diversity is often cited
net flux of substrate to product or flux of metabolites within as a distinguishing feature of these enzymes, compared to
a multienzyme pathwayl-5). These models define kinetic  the substrate-specific enzymes involved in intermediary
and thermodynamic features of individual enzymatic reac- metabolism and homeostasisg). Furthermore, it has been
tions, or metabolic pathways, that optimize rates of chemical suggested that this substrate diversity is incompatible with
conversion of a specific substrate to a single product or fast turnover rates, and these enzymes are, therefore,
control of the flux. However, these theories require signifi- characterized by slow,.x values, compared to substrate-
cant expansion to accommodate detoxication enzymes, whichspecific enzymes.

collectively metabolize an extraordinary range of environ- However, an underappreciated feature of the detoxication

mental toxins and drugs. The realization that detoxication - o :
. enzymes is the multiplicity of products generated in many
enzymes, such as cytochrome P-450s (P450s), gIUtath'on%ases from a single [enzynseibstrate] complex. A single

S-transferases (GSTs), UDP-glucuronosyl transferases (UGTs)enzyme may produce several chemically distinct products

ag:jadf:a\rgg orpsl:]t?s?r/gtir-]saseeéfi((:Fel\ggsr;%,esdﬁagmrofrl; I?etccj) ut::fulfrom a single substrate (including regio-and stereo isomers;
P 9 P y promp 14—16), and this feature provides an additional distinction

but limited, models of detoxication catalys<8). In fa.‘Ct’ of detoxication enzymes. Apparently, this feature has been
Knowles et al. ) have suggested that understanding the : ;
considered to be a natural consequence of their substrate

optimal performance of detoxication enzymes “is hopeless” . . L . . "
as long as a specific substrate, and hence a biological nicheg'i\\;iré'ig’ with little regard for the biological utility of product

cannot be identified. The biological niche of detoxication
enzymes is obscured further by recent appreciation for their ~ Thus, we are left to account for the evolution of detoxi-
ability to bioactivate environmental chemicals to more toxic cation enzymes that appear to be very poorly designed in
metabolites $—13). That is, detoxication enzymes are contrast to highly specific enzymes operating in other
double-edged swords that can either catalyze the eliminationmetabolic pathways. Is there a selective advantage of
of a toxin, or the formation of a more toxic metabolite. detoxication enzymes that are generally slow, can metabolize
The power of detoxication enzymes frequently has been multiple substrates, and may produce multiple products from
attributed to their abilities to metabolize, individually as well a single substrate? Characterized this way, one can imagine
that even a single detoxication enzyme could create a
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detoxication may result from such systems of distributed
catalysis of toxins having toxic thresholds and independent
molecular mechanisms of toxicity. The advantage of dis-
tributive catalysis is clarified by comparing two situations.

If a species is exposed chronically to the same xenobiotics,
selective pressure will optimize performance of the enzymes
which provide the safest elimination pathway in much the
same way as metabolic enzymes are selected for. If
metabolites of the compound are more toxic than the parent
compound, then these bioactivation pathways will be selected
against, in favor of other pathways that provide higher net
flux through the safe pathways via optimizationkgf, Ky,

or adjustment of internal equilibrium constanis) for the ! o '

particular substrate and a particular product bound to the 0 0.81

enzyme {—5). Also, the adaptive response may include é’

genetic induction of the enzymes involved in the safe o 0.6 T

pathway of detoxication, as observed for many of the <

detoxication enzymeslp, 13, 17). Thus, with sustained PR T

exposure to an environmental toxin, selective pressure may § 0.2- i

optimize the metabolism of the compound in the same ways

that substrate-specific enzymes are optimized. 0 - . . .
However, the more realistic situation we must consider is 0o 02 O bose® %% !

that species face a nonconstant, time-dependent, array Oficure 1: (Top) Kinetic model of a system of distributed catalysis.
xenobiotics. Are there characteristics of detoxication en- The model simulates the conversion of substrate (S) to each of four
zymes that can optimize their performance in detoxication products (R...Ps) by a reversible enzymatic process. E an®E
of compounds to which a species has not been previouslyare free enzyme and enzymsubstrate complex, respectively. (The
d? Th bstrate diversity described above is one suc@nzym&proOIUCt complexes, BP.ER, are included in the £

Exposed: € subs ty L pecies). The functions “total toxin” and “relative toxicity” are the
trait. However, upon exposure to a xenobiotic not encoun- symss + YP, and [ES)K + 3 (P/S)K], respectively. The solid
tered previously, aaive species cannot know if any single  lines represent pathways of flux, whereas the dotted lines represent
metabolite that it can produce is more or less toxic than the passive functions that perform an operation but do not alter the
substrate or any other candidate product. There will always k'“encs} of any process. (5’0”0?1’) Shbaln_pes Oé toxic dagsponse
b bability that fast conversion of the compound fx o ok=1,15, 2 and 3. The sublinear desesponse curves

€ some pro y that 1ast c -0mpounad > 1) approximate toxic thresholds of increasing steepness. See
to any specific metabolite will simply speed up, or intensify, Methods for details.
the toxic response. Thus, maximizing the flux of substrates
to products is unlikely to be the best evolutionary strategy
for all detoxication enzymes when there is a time-dependent
xenobiotic profile. In this case, the detoxication process
be_C_O”?eS a probab|lls_t!c game, in which the Species mustpathways were eliminated. For example, in a model in which
minimize the probability that the compound will cause

toxicity. Aspects of this probabilistic game are considered flo)rntwrz]:l:?gtgfciﬁér;glnetspgj l;(;ttﬁm;i ;?;E?ndgfgmaﬁé(:a

here, as components in the optimal performance of detOX|—Were set to zero.

cation enzymes, and itis demon'strated' that multiple _product Also, we calculate the total relative toxicity (Rel Tox) to
formation represents a catalytic device for detoxication the organism of the five toxins (SyPPy). For each toxin,

enzymes. the nonlinear or threshold behavior of its toxicity dese
response curves is approximated as simple power functions
(9S)K or (P/S)X whereK is a Hill coefficient for the toxic
Models were created and analyzed using Kinecyte (Rain- response curves for substrates or products normalized to an
town, Seattle, WA), a cell biological kinetic modeling arbitrary initial substrate concentratio®, = 1 «M (Figure
program that provides a graphic user interface for “drawing” 1, bottom). Note thaK is not a Hill coefficient for the E
biochemical or metabolic systems as a series of linked responsible for catalysis in the model. The total relative
enzymes and reactions and simulating the dynamic behaviortoxicity, then, becomesS(S)* + 3 (P/S)* wherei varies
of the system. from 1 to 4 depending on the number of products, assuming
The purpose of the model (Figure 1, top) is to simulate a S and R...P, do not compete for the same, unspecified toxic

system of distributed catalysis wherein a single detoxication "€C€ptor. This definition of relative toxicity is not dependent
enzyme (E) reversibly binds a toxic substrate{S< E-S), on any specific molecular events, b_ut is appllca_ble in any
converts the S into four products (PPy), and reversibly case yvhere a mea;ur_eq toxic endpomt (% mortallty, fraction
dissociates from each. As our goal is to demonstrate certainProtéin molecules inhibited, etc.) is proportional to receptor
qualitative principles of system function, we have made ©ccupancy and follows standard receptor the@g; @1).
several simplifying assumptions that can be relaxed as RESULTS

discussed below. First, models have been limited to four

toxic products, and binding rate constants are identical for The premise on which models are based is that there is
all products and the initial toxin S. Second, we have set the an evolutionary pressure for some enzymes in the detoxi-

initial concentrations of P..P, to zero, and S and E to 1
and 0.1 uM respectively. All first-order reaction rate
constants were set to I'sand second-order rate constants
were 1x 10° M~1s71, or to zero when individual metabolic

METHODS
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cation pool to retain features which minimize the probability probability that at least one species, or their combination, is
that a previously unencountered compound will cause more highly toxic also increases. However, for reasons
toxicity. Thus, features which minimize this probability will  outlined in the Discussion, these probabilistic issues are
be maintained in the population. This must be distinguished unlikely to be important here.
from the evolutionary pressure that selects for the safest, most Case 1: A Single DoseThe first case considered is that
efficient, metabolic pathways for elimination of an environ- of exposure to a single bolus of toxic substrate, S. First, it
mental toxin to which a species has been exposed previouslyis necessary to confirm the accuracy of the model calculations
Obviously, if such pathways can be improved or induced by monitoring the concentrations of substrate and products,
and if the exposure remains sufficiently long on the and demonstrating that they behave as expected. For the
evolutionary time scale, these pathways will be selected for. sake of this demonstration, a test case with 3 products is
Because there are numerous examples of bioactivation ofshown in Figure 2, where the initial concentration of substrate
exogenous compounds to more toxic species, it cannot beis 1uM. In panels A and B of Figure 2, the concentrations
assumed that the relative toxicity of any enzyme-generatedof the substrate and one of the productg, &e shown at
product will be less than the initial substrate. It must be time 0-100 s. As expected for a completely reversible
assumeda priori, that a previously unencountered substrate system with three products, the concentration of substrate
and each of the products produced by a detoxication enzymeand each of the productsig0.23uM at equilibrium. More
from this substrate are equally toxic. Furthermore, not all interestingly, the concentration of total toxins free in solution
enzyme-catalyzed detoxication reactions are irreversile ( rapidly reaches equilibrium at 0.98M, slightly below the
18, 19), and the scheme in Figure 1 may be interpreted as initial substrate concentration of 1M (panel C), due to
physiologically unrealistic for cytochrome P-450s, FMOs, sequestration of 0.04M products as ES, which includes
and others. However, the issue of reversibility has been E-P,, E-P,, and EP; complexes. As expected, these kinetics
considered explicitly in other models of enzyme optimization of distribution are independent of the value Kfwhich is
(1—4), so the reverse pathways are included here. Impor- used solely for estimating total relative toxicity.
tantly, the same conclusions derived from the present model In contrast, however, the relative toxicity resulting from
are obtained whether the detoxication pathway is reversiblethe equilibrium distribution of metabolites decreaseKas
orirreversible. Reversibility simply adds to the total number increases from 1 to 3 (panel D), and it is reduced further
of species present at equilibrium or during steady state.  with additional increases iK. Even the mildest degree of
A key element underlying enhanced detoxication in our nonlinearity K = 1.5) reduces the relative toxicity to less
model is the nonlinear, threshold-like shape of the dose than half of the toxicity observed fd€ = 1. This result is
response curves for environmental toxins and drugs. Therethe focus of the subsequent calculations below, and it
is recent appreciation that toxin desesponse curves are provides significant new insight into the biological niche of
often not linear over a wide concentration range, although detoxication enzymes.
prediction of potential risks of low dose exposures have been In order to determine the relationship betwdéni, and
based on linear extrapolation from toxic levels to low levels toxicity, simulations analogous to those in Figure 2 were
(20, 21). In many cases, this extrapolation overestimates performed with variablk andi. The results demonstrate
the risk, suggesting that doseesponse curves can be that if the toxic doseresponse is lineakK(= 1), then the
sigmoidal, or have toxic threshold2Q, 21). Because data relative toxicity does not change with increasindgpecause
for low dose exposure are not widely available, we have the relative toxicity is simply proportional to the sum of the
examined the effect of increasing degrees of nonlinearity of concentrations of the individual species that are free in
the dose-response curve when a potential toxin is metabo- solution at equilibrium. Notably, sequestration by the
lized to multiple products (Figure 1, bottom). We have not enzyme does provide a modest benefit, as shown in Figure
consideredK values<1 here, although supralinear dese 2D, but the extent of this benefit is independent.ofThe
response curves are, in principle, possible. It is also potential utility of toxin sequestration by some detoxication
important to distinguish between sigmoidal desesponse  enzymes has been suggest2d)(
curves and thresholds. Formally, a threshold refers to the However, if the relative toxicity vs dose is even moderately
highest concentration tolerated with no toxic response. In nonlinear withK = 1.5 (see Figure 1B), or greater (i.e.
contrast, a sigmoidal dosgesponse curve may afford a toxic threshold or sigmoidal response), then the total relative
response at all nonzero concentrations of toxin, but with toxicity becomes a sensitive function of the number of
increasing steepness of the desesponse curve. Here, we products as summarized in Figure 2E, which shows the
use the sigmoidal dosgesponse curve to approximate a relative toxicity at equilibrium a& varies from 1 to 3.5 and
toxic threshold. The same qualitative conclusions are wheni varies from 1 to 4. For alK values, the time-
expected if, instead, a threshold is used and the terms aredependent substrate and product concentration for each value
used interchangeably here. of i (not shown) are the same as observed in panels A and
Another assumption utilized is that any substrate or product B, respectively, of Figure 2, because the valuekofloes
that is complexed to the detoxication enzyme will not not affect the equilibrium values of the individual species,
contribute to the toxicity. During steady state, after a single the rates at which equilibrium is obtained, or the concentra-
dose or sustained exposure to an environmental toxin,tion of total toxins (Figure 2C). This is expected, as ke
substrates and products bound to detoxication enzymes arevalue should not affect the degree of sequestration by the
considered to be nontoxic because they are not available todetoxication enzyme. However, whéfiis 1.5, as for a
bind to proteins, DNA, or other cellular nucleophiles. modestly nonlinear dosaesponse, a significant reduction
One further simplifying assumption is that the probability in relative toxicity is observed asprogresses from 1 to 4
that any product is toxic is independent iof It may be (Figure 2E). AsK increases further, the advantage of
argued that, as the number of produciscreases, then the generating multiple products also increases, ultibp-
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FiGure 2: Kinetic simulation of concentrations of S (panel A), (Banel B), total toxin (panel C), and relative toxicity (panel D) vs time
after a single bolus of S, whell varies and = 3. At K > 1, there is decrease in relative toxicity at equilibriumkasicreases. Panel E
shows the relative toxicity at equilibrium after a single bolus of S as a functidq &r i = 1...4. AtK = 1 the toxicity is independent
of i. ForK > 1, the equilibrium toxicity decreases amcreases.

proaches 2.5. At this point, the equilibrium toxicities variablei are shown in Figure 3E. Figure 3F also sum-
converge near zero for all valuesiof Thus, for the case of  marizes the results of simulations for variakl€1...3.5) and
a single dose of toxin, it is evident that there may be variablei (1...4), for the case of a steady state level of S.
enhanced detoxication when distributed catalysis generatesAgain, an increase in the number of total products leads to
multiple products that have sublinear toxic desesponse  changes in the steady state concentrations of substrate and
curves. products, but not their sum. Thus, the total concentration
Case 2. Sustained Exposurdn the second case, a Of toxins is unaffected bX. However, Figure 3 indicates
constant influx of substrate is supplied (aul/s) starting that an increase in the number of products results in a
at time zero. In order to allow the substrate and product decrease in the steady state relative toxicity wken 1. In
concentrations to come to a steady-state, a first-orderaddition, examination of the individual kinetic simulations
nonenzymatic decay process was added (half-tiE0 s) (Figure 3E) reveals a prominent lag time before the relative
for S and each P. Because there is a net flux of metabolitetoxicity begins to increase. This lag time is accentuated by
through the system, the steady-state value of S is greaterthe presence of the toxic threshold, and is absent in the case
than each of the Ps. For comparison, a test simulation with of K = 1. Although the example used here has employed
variableK andi = 3 is shown in Figure 3, panels-+D, short times for convenience, the observed lag in the relative
analogous to the simulation in Figure 2. toxicity may be significant for minimizing the toxic response
As with the case of a single bolus, the effect of variable for slower processes. That s, for slower approach to steady
i andK on toxicity was examined. AK = 1, the relative state, the lag times will also be longer, and this may
toxicity at steady state is independenti ofHowever, when  contribute to a decreases in the resulting toxicity. Most
a moderate toxic threshold is introduced, with= 1.5, 2.0, importantly, the effect of formation of multiple products is
or 2.5, the same qualitative result is observed as for the singlequalitatively the same for a single dose or a constant infusion
dose. Results from kinetic simulations with = 3 and of a potential toxin.
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Ficure 3: Simulation of S (panel A), P(panel B), total toxin (panel C), and relative toxicity (panel D) vs time as the system approaches
a steady state with a steady influx of substrate, wieraries and = 3. The concentration of individual species in independeri€,cdis

is their sum. However, the relative toxicity is a sensitive functiogivheni = 3. (Panel E) Kinetic simulation of relative toxicity vs time
with a steady state level of S, whé&h= 3 andi varies. (Panel F) Summary of relative toxicity at steady state whearies, fori = 1—4.

At K = 1, the toxicity is independent of At K > 1, the relative toxicity decreases iamcreases.

DISCUSSION advantage may be obtained with formation of a second
o product: large values dfare not required. Indeed, if the
The models presented here demonstrate thaa thgori enzymatic reaction is irreversible, as for most detoxication
probability that an organism will experience toxicity due to enzymes, then the advantage upon increasfngm 1 to 2
exposure to a new xenobiotic is minimized when the number i e greater than observed here for the reversible reaction.
of metabolites generated from the substrate increases, if tOX'CThese results, in turn, lead to the proposal that evolutionary

threshotldds exist, ellr:d tvr\:h?n Fh.(te to;('t%'ty (t)f ?ny metatt;olt|_te pressure may select for detoxication enzymes which generate
%inszae:ultlifer%lfllti ?e (raoglj(cl:?f)(;r?natiﬁns aro'tg?]t)i(srotc;giéc' multiple products from a single substrate even if this means
p'e p P y sacrificing catalytic efficiency (ifkca/Knm terms). It is well

metabolites are distributed so that the concentration of €achy, ., enteq that detoxication enzymes often generate mul-
is more likely to be below its own toxic threshold and, tiple products from a single substrats4(-16). However
therefore, the contribution of each to total toxicity is reduced. thpe biF())|0 ical advantage gf enerating multi ) le roducté has
Thus, the relative increase in the probability that the organism 9 geotg 9 piep

not previously been considered. The results presented here

will avoid bioactivation of a less toxic compound by . dicate that th er dt luate th imal
generating multiple products is greatest for the sharpestIn icale hat the crilenia used 1o evaluate the optima
performance of detoxication enzymes should include the

thresholds. That is, as the desesponse curves for the : ) o Lo ) .
toxicities of a xenobiotic and its metabolites become increas- Potential fo_r b|oa_ct_|vat|on, cﬂstrlb_utlve_catalyss, and toxic
ingly sigmoidal, then the survival advantage associated with t'resholds in defining the biological niche.

formation of multiple products increases. No advantage is The assumption that S ang. P, all have identical toxicity
obtained with multiple product formation for nonthreshold, and are all formed at the same rate is unlikely to be true for
hyperbolic, response curves as modeled by the case wherany specific example of toxin metabolism. However, the
K = 1. Importantly, the results demonstrate that a significant results emphasized above remain qualitatively intact even if
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these assumptions are relaxed. A higher concentration oflecular deuterium isotope effects4 23—25). The models
one metabolite, due to a faster rate of formation, will lead developed here indicate that substrate mobility within the
to redistribution of the products at equilibrium or steady state, active sites of detoxication enzymes is not simply a useless
but the presence of additional enzymatic products will still result of broad substrate selectivity. Rather, substrate
provide a detoxication advantage, albeit with a decreaseddynamics may serve as a catalytic device that provides a
impact. Similarly, if one product is more toxic than the biological function.

others, then larger values bWwill be required to effectively
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