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I. AN OVERVIEW OF DETOXICATION 

A. Defense Against Chemical Insult 
Modem industrial society has spawned spectacular technological progress that many con- 

tend is often at the expense of increasingly serious threats to the environment through 
inadequate control of chemical emissions, improper disposal of waste, and inappropriate or 
uninformed use of agricultural chemicals. Social, political, and economic issues aside, 
concern about the impact of environmental pollution on human health and the desire for 
rapid and rational developnient of useful chemical agents such as drugs and pesticides has 
appropriately prompted an enormous research effort by the biomedical community in the 
last two decades toward an understanding of how biological systems defend themselves 
against foreign chemicals. The relatively recent emergence of large-scale pollution from 
man-made sources should not be taken to suggest that selective pressure for organisms to 
develop mechanisms for the detoxication of foreign or xenobiotic compounds is also recent. 
Indeed, most organisms educated through that ultimate school-of-hard-knocks, evolution, 
“know” in exquisite molecular detail how to deal with many chemical and biological hazards. 

Organisms have developed a number of defensive measures in response to a wide variety 
of molecular and supramolecular threats from hostile environments. In addition to the obvious 
physical barriers, which serve the integrity of biological systems, higher organisms have 
developed sophisticated and very flexible immune systems to render large molecules and 
particles harmless. In contrast, defense against the hazards of small molecules more often 
than not relies on metabolism to prepare substances for excretion via the normal routes of 
waste disposal. There is little doubt that the large share of the metabolic detoxication of 
small molecules is carried out by a family of enzymes specifically designed for that purpose. I 
It has therefore been suggested by Jakoby‘ that these enzymes be called detoxication enzymes. 

B. The Metabolic Strategy of Detoxication 
A central challenge for an organism in the detoxication of xenobiotics is the ability to 

metabolize for excretion a seemingly limitless number of molecules of all possible physi- 
cochemical descriptions; inert, reactive, electrophilic, nucleophilic, lipophilic, hydrophilic, 
and so on. These properties dictate how a molecule is absorbed and distributed in addition 
to the type of biotransformation necessary for detoxication. Molecules which pose the most 
difficult problems for an organism are lipophilic compounds which can penetrate physical 
barriers such as skin, mucous, and cell wall membranes to become distributed throughout 
the organism. Both reactive and inert lipophilic molecules must ultimately be transformed 
into hydrophilic species of low chemical potential for effective detoxication and elimination. 
Given the general nature of this metabolic problem it is not surprising that organisms rely 
on a family of enzymes capable of catalyzing a diverse group of chemical transformations. 
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Flexibility and insensitivity to substrate structure are keys to a successful strategy for the 
metabolism of foreign compounds. Such properties derive from three levels of molecular 
design. First, insensitivity to substrate structure is obtained, in part, through multiple forms 
or isozymes of the same enzyme which have different and sometimes overlapping substrate 
preference. For instance, at least eight isozymes of glutathione S-transferase composed of 
binary combinations of six subunit types have been isolated from rat liver cytosol.' Fur- 
thermore, microheterogeneity of the subunits appears to contribute even further to the diverse 
substrate specificity of this group of enzymes. 3.4 Second, the specific expression of detox- 
ication enzymes is in many instances induced by exposure of an organism to a xenobioti~.~ 
This genetic control allows organisms to respond to chemical insult in a more specific and 
flexible manner which is loosely analogous to the immune response of organisms toward 
large molecules. Finally, as is discussed in more detail below, individual detoxication 
enzymes generally show very loose constraints on substrate recognition. This relieves an 
organism, to a large extent, from the infeasible task of having to manufacture custom- 
designed enzymes for each foreign compound encountered. 

The chemical transformations catalyzed by detoxication enzymes can be conveniently 
divided into two major classes, often referred to as phase I (functionalization) and phase I1 
(conjugation) reactions.6 Phase I reactions (oxidations, reductions, hydrolyses) often serve 
to add or unmask electrophilic or nucleophilic chemical handles on the xenobiotic molecule. 
These functional groups can then be used to append other, usually hydrophilic moieties such 
as glutathionyl-, glucuronyl-, or sulfuryl-groups in phase I1 transformations. In this fashion 
lipophilic xenobiotics can in principle be transformed into water-soluble products capable 
of being transported and excreted in the urine or bile. Once a hydrophilic metabolite is 
formed it is pertinent to ask, how is it transported out of the cell for excretion? Recent 
investigations' have clearly demonstrated conscription of specific or existing active transport 
systems for this purpose. It should be clear that the outcome of this metabolic scenario 
depends to a large extent on the chemical structure of the parent compound and the catalytic 
properties of the participating enzymes. It should be equally evident that given the limited 
resources of even the most sophisticated organisms a failsafe scheme for the detoxication 
of every xenobiotic is not possible. Paradoxically, enzyme-catalyzed detoxication reactions 
occasionally lead to metabolic activation of foreign compounds. That is, the chemical trans- 
formation leads to a metabolic intermediate of high chemical and/or biological activity. 
Metabolic activation can result from a single simple enzyme-catalyzed reaction as in the 
epoxidation of vinyl chloride, 1, by cytochrome P-450 to the mutagenic chloroethylene 
oxide, 28 (Figure 1) or from a serial combination of enzyme-catalyzed and spontaneous 
reactions. Examples of the latter are also shown in Figure 1. For instance, reaction of the 
soil fumigant 1,2-dibromoethane, 3, with glutathione (GSH) catalyzed by GSH S-transferase 
gives I-bromo-2-(S-glutathionyl)ethane, 4, which rapidly rearranges by loss of bromide to 
the highly reactive episulfonium ion, 5.9 One of the most notorious cases of metabolic 
activation is the transformation of the relatively inert polycyclic aromatic hydrocarbon 
benzo[a]pyrene, 6, to the highly tumorogenic 7,8-diol-9, I0-epoxide, 9,  by the serial action 
of cytochrome P-450 and epoxide hydrolase. l o  

It sometimes appears that efforts to understand the mechanistic basis for detoxication 
dwell excessively on metabolic failures deleterious to the health of an organism. Regardless 
of this apparent emphasis it is clear that any real understanding of the metabolic basis of 
detoxication requires a thorough knowledge of the molecular details of the mechanisms of 
action of the enzymes involved. From this, perhaps the coherence of enzyme-catalyzed 
detoxication reactions can be thoroughly understood. 

C. Catalytic Character of Detoxication Enzymes 
Although exceptions certainly exist, several generalizations can be made concerning the 

catalytic character of detoxication enzymes. Unlike most enzymes which catalyze a specific 
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FIGURE 1 .  Examples of metabolic activation of xenobiotics by detoxication enzymes. (A) Oxidation of 
chloroethylene by cytochrome P-450. (B) Activation of 1,2-dibromoethane by glutathione S-transferase. (C) Ox- 
idation of benzo[a]pyrene by cytochrome P-450 and epoxide hydrolase. 

metabolic reaction with a high degree of substrate selectivity, detoxication enzymes exhibit 
rather broad selectivity at least toward the xenobiotic substrate. A major driving force for 
substrate binding and orientation with these enzymes is mutual desolvation of the lipophilic 
substrate and an often structurally ill-defined lipophilic surface on the protein. Such a simple 
yet general mechanism for substrate recognition is an obvious advantage to enzymes which 
must recognize structurally diverse molecules. 

It is to be expected, however, that detoxication enzymes exhibit pronounced kinetic, 
stereochemical, or regiochemical discrimination toward a variety of substrates. One well- 
studied example is the metabolism of benzo[a]pyrene by rat liver microsomes to the 7,8- 
diol-9,lO-epoxide illustrated in Figure I .  Cytochrome P-450 catalyzed oxidation of 6 occurs 
enantioselectively to give predominately the (7R,8S)-benzo[a]pyrene-7,8-oxide, 7. Re- 
giospecific hydration of 7 by epoxide hydrolase gives the (7R,8R)-dihydrodiol, 8. Finally, 
oxidation of 8 at the 9,lO-position occurs stereoselectively to give the (7R,8R,9S, 1OR)- 
benzo[a]-pyrene 7,8-diol-9,1O-epoxide, 9. I ' . l 3  Interestingly, this series of stereochemical 
choices, dictated in large part by the topologies of the active sites of the enzymes involved, 
are not in the best interest of the organism inasmuch as 9 is at least an order of magnitude 
more potent as a tumorigen that the other three possible stereoisomers. l 4  Methods which 
probe the topology of the active sites of detoxication enzymes are then quite useful in 
unraveling molecular mechanisms of metabolic activation and detoxication. 

The ability of detoxication enzymes to accommodate a variety of substrates appears at 
first glance to occur at the expense of catalytic efficiency. Typical turnover numbers (k,) 
are on the order of a few per second at best and quite often much lower. Arguments that 
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such low turnover numbers suggest that detoxication enzymes have rather crude, undeveloped 
catalytic machinery are not very convincing when one considers the difference in the nature 
of their task as compared to other enzymes. It is difficult to imagine how an enzyme might 
evolve to utilize substrate structure and binding energy to enhance k, when the substrate 
structure is variable. In addition, it is plausible that low turnover numbers are in some 
measure a manifestation of a high degree of nonproductive substrate binding. After all, 
binding and binding in the correct orientation for catalysis are not one in the same. 

Significantly, the catalytic efficiency of detoxication enzymes is more often than not 
manifest in k,/K,, the second-order rate constant for substrate recognition and catalysis. 
These enzymes often exhibit rather low values of K, for the xenobiotic substrate, an optimum 
situation with respect to catalytic efficiency under conditions where the substrate concen- 
tration, [S] < K,. Under normal conditions it is reasonable to expect that foreign compounds 
are found only at relatively low concentrations in organisms, hence low values of K, offer 
an obvious catalytic advantage in their metabolism. Rather than squander binding energy to 
pay for higher turnover numbers which would be largely unutilized in the face of [S] C K, 
detoxication enzymes simply use it for seeking and holding the rare substrate molecule. 
Indeed a cogent argument has been made by Palcic and KlinmanI5 that detoxication enzymes 
may have evolved toward tight substrate binding in response to the physiological conditions 
of [S] c c  K,. Such tight binding should also appear in the transition state for the reaction. 

Not to be overlooked is the fact that detoxication enzymes are very specific for the 
physiologic cosubstrates in their reactions. For example, cytochrome P-450, epoxide hy- 
drolase, glutathione S-transferase, sulfotransferase, and UDP-glucuronosyltransferase show 
quite narrow specificity toward their respective cosubstrates oxygen, water, glutathione, 3’- 
phosphoadenosine 5’-phosphosulfate, and UDP-glucuronate. Such behavior is the norm for 
enzymes. Of course using carefully designed molecules these enzymes can be tricked into 
using alternative substrates, a valuable technique for elucidating mechanism. Experimental 
evidenceI6 has suggested UDP-glucuronosyltransferase utilizes the intrinsic binding energy” 
of UDP-glucuronate to stabilize the transition state for the transferase-catalyzed reaction. 
So it would seem that detoxication enzymes like most others are really quite highly evolved 
catalytic machines. From the perspective of fundamental enzymology they represent an 
opportunity to investigate catalytic efficiency and specificity that arise from decreases in K, 
(tight substrate and transition state binding) with xenobiotic substrates as well as the utilization 
of intrinsic binding energy (loose substrate binding) with the physiologic cosubstrates. 

D. The Study of Detoxication Enzymes 
Virtually all fields of biochemistry and the biological sciences including genetics, im- 

munology, pharmacology and toxicology, medicinal chemistry, and enzymology are con- 
tributing crucial pieces to the current understanding of the puzzle of detoxication. Extremely 
important in the genetics and regulation of expression of detoxication enzymes 
are elucidating how cells respond to chemical insult in a specific but flexible manner through 
the phenomenon of induction .5  Immunological techniques are providing insite into the in- 
tracellular localization22 and molecular structural relationships between the myriad isoenzyme 
forms of detoxication e n z y ~ n e s . ~ ~ * ~ ~  The more holistic approaches of pharmacology and 
toxicology are giving a unique view of the biochemical and temporal aspects of how enzymes 
and transport systems cooperate in the metaboIism of xenobiotics. Finally, organic and 
medicinal chemical and enzymological approaches are illuminating the more microscopic 
and molecular aspects of the metabolic basis of de to~ica t ion .~~ Although all of these fields 
of endeavor are critical to a complete understanding of how organisms deal with foreign 
chemicals, a complete discussion of their respective contributions is well beyond the purview 
of a single review. This review instead will concentrate on state-of-the-art endeavors of the 
disciplines of bioorganic chemistry and enzymology to comprehend at the molecular level 
the details of enzyme-catalyzed detoxication reactions. 
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Mechanistic and stereochemical studies of detoxication enzymes have been and continue 
to be very useful in attempts to understand the fundamental nature of enzyme-catalyzed 
reactions and the role of catalysis in the metabolism of xenobiotics. Most studies of enzyme 
mechanism seek insight into the factors that determine the rate and course of enzyme- 
catalyzed reactions. Answers as to how the enzyme leads the substrates to the transition 
state for reaction are generally obtained from several types of observations including ( 1 )  the 
kinetics of individual reaction steps, (2) the influence of substrate reactivity and geometry 
on the reaction course, and (3) the molecular architecture of the enzyme-substrate complex, 
In the absence of X-ray crystal structures knowledge of chemical mechanism and stereo- 
chemical outcome of reactions can be used to piece together the molecular layout of active 
sites. These microscopic observations are quite useful in the somewhat larger context of 
understanding metabolic pathways. Kinetic studies suggest how effectively an enzyme may 
compete for substrate in a cellular milieu of other detoxication enzymes. Stereochemical 
and regiochemical choices by individual enzymes often dictate ‘‘channeling” of xenobiotics 
to particular metabolites. 

A considerable number of mechanistic investigations of detoxication enzymes have been 
carried out on microsomes, partially purified enzymes or mixtures of isozymes. Although 
such studies can offer insight into the competition of isoenzymes for substrates, the organ- 
ization of metabolic pathways and their overall outcome they are of limited use in elucidating 
chemical and kinetic mechanisms of catalysis. In fact, they are often misleading. Conversely, 
knowledge of the mechanism of an enzyme-catalyzed reaction in exquisite detail is no 
guarantee that one fully understands its role in metabolism. It is, however, a big step in the 
right direction. Through the application of modem, high-resolution protein purification 
techniques and the dogged efforts of many researchers it has been possible in recent years 
to obtain satisfactory quantities of highly purified isozymes of many detoxication enzymes 
for structural and mechanistic investigations. This review will focus primarily on mechanistic 
inquiry with homogenous enzymes. 

Over two dozen enzymes can reasonably be said to be involved in the detoxication of 
foreign compounds to the extent that it is their primary function. Five of these, chosen 
mostly for their metabolic importance, representative nature and, of course, their familiarity 
to the author, are discussed here in some detail. For a more complete survey of enzyme- 
catalyzed detoxication reactions the reader is refered to two exellent series of monographs 
edited by Jakoby et al.rs,z6 

It is perhaps desirable at this juncture to point out some of the more general aspects of 
the five enzymes discussed. Of the five, cytochrome P-450, is involved in phase I metab- 
olism. Two of these, epoxide hydrolase and glutathione S-transferase, catalyze conjugation 
reactions toward molecules with electrophilic functional groups while the others, sulfotrans- 
ferase and UDP-glucuronosyltransferase, catalyze group-transfers to nucleophiles. Three of 
the enzymes, cytochrome P-450, epoxide hydrolase, and UDP-glucuronosyltransferase, are 
membrane-bound enzymes found largely in the endoplasmic reticulum. Sulfotransferase and 
glutathione S-transferase are, for the most part, cytosolic proteins. Although epoxide hy- 
drolase is highly functional group specific the others show little or no preference for specific 
functional groups. It is hoped that these enzymes fairly represent the diversity of catalytic 
chemistry encountered in metabolic detoxication reactions. 

11. CYTOCHROME P-450 

A. Monooxygenation 
Monooxygenation is one of the most important and often seminal reactions in the metab- 

olism of xenobiotic compounds. The reaction catalyzed by monooxygenases, the stoichi- 
ometry of which is shown in Equation 1, results in the insertion or addition of one atom of 
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oxygen from dioxygen to a substrate molecule and the other to water. Monooxygenases 
catalyze a rather diverse 

NADPH + 0, + S --* S - 0  + H,O + NADP' 

group of reactions in metabolism including hydroxylation, epoxidation, heteroatom oxida- 
tion, oxygen and nitrogen dealkylations, deaminations, heteroatom release, and reductions. 
Most of these reactions, with the obvious exception of the last, result either directly from 
oxygen atom insertion or addition or by subsequent rearrangement or reaction of a reactive 
intermediate. Perhaps the best testament to the importance and catalytic potential of mon- 
ooxygenases and more specifically the cytochromes P-450 is that they alone are able to 
catalyze the initial step required in the metabolism of many relatively inert molecules such 
as hydrocarbons. 

Quite a number of enzymes are capable of catalyzing monooxygenations either as their 
primary function or through mechanistic fortuity. Apart from the cytochromes P-450 most 
other hemeproteins that bind oxygen are capable of catalyzing some degree of monooxy- 
genation chemistry given the required reducing equivalents. Thus, hemoglobin, myoglobin, 
horseradish peroxidase, and the dioxygenases all catalyze monooxygenation of organic mol- 
ecules to some e ~ t e n t . ~ ~ - ~ ~  In addition, FAD-containing monooxygenases contribute signif- 
icantly to the metabolsism of xenobi~t ics .~~ Considering the rather high concentration of 
some of these proteins, particularly the ones of oxygen transport, it is not unreasonable to 
expect that, even with relatively low catalytic rates, they may contribute significantly to 
detoxication reactions. 

It is, however, widely believed that the cytochromes P-450 are the group of heme- 
containing proteins prinarily responsible for the monooxygenation of foreign compounds. 
The proteins are widely distributed in nature, occumng in plants, animals, and microor- 
ganisms. Their central importance to metabolism, their ability to catalyze an amazing variety 
of often difficult reactions, and the rich chemistry associated with their catalytic mechanism 
has prompted a staggering amount of research over the last 10 years. It is obviously not 
possible to site all of the elegant and informative studies performed even in the last few 
years. Fortunately, several recent, excellent review  article^^^‘^^ and a series of monographs3s 
are available for the reader to consult. 

B. An Overview of the Mechanism of Cytochrome P-450-Catalyzed Oxidations 
The generally accepted mechanism for the red-ox cycle of cytochrome P-450 illustrated 

in Figure 2 consists of two substrate binding steps (steps 1 and 3) and two electron transfer 
or reduction steps (steps 2 and 4) which lead to the first central complex, A. Two product 
release steps (steps 5 and 6 )  through a second central complex B,  where oxidation of the 
organic substrate occurs, completes the catalytic cycle. Addition of substrates is rapid. In 
biological systems reducing equivalents derived ultimately from NADPH are supplied in 
steps 2 and 4 by NADPH cytochrome P-450 reductase, or in the bacterial system by puti- 
daredoxin. Although the electron transfer steps are rate limiting in some cases,35 turnover 
of the catalytic cycle is often limited by chemistry occumng in the second central complex. 

The three questions most relevant to any investigation of the mechanism of cytochrome 
P-450 catalysis concern: (1) the mechanism of formation of the second central complex 
(oxygen activation), (2) the mechanism(s) of decomposition of the central complex (oxygen 
transfer), and (3) the influence of physical constraints of the enzyme active site on the course 
of the oxygen transfer. The latter two questions are perhaps of the greatest interest to 
metabolic detoxication. Of these two questions it is usually reasonably assumed that the 
basic features of oxygen transfer chemistry are similar regardless of which particular isoen- 
zyme is under study. In contrast, the regiochemical or stereochemical course of oxygen 
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RH 

1 
- EFe3+ - EFe3+-RH 

-Rag 
( [EFe=O.RHl3+= EFe3+.ROH) EFe2+.RH 

(Fe3+-02H-.RH Z EFe=0.RH.H20) EFe2+02.RH 
A e-,H+ 

FIGURE 2. Proposed catalytic cycle for cytochrome P-450. 

transfer is, in part, a structural question over which an individual isoenzyme may indeed 
exert a great deal of physical control. 

It is now generally accepted that the oxidizing species in the catalytic cycle is an iron- 
0x0 intermediate, or oxene c ~ m p l e x . ~ ~ . ~ ~  It is often convenient if not accurate to think of 
cytochrome P-450-catalyzed reactions as oxene reactions analogous to those of the isoelec- 
tronic carbene species. The events leading to formation of the iron-oxo complex are by no 
means as clear as illustrated in Figure 2. A variety of side reactions or uncoupling reactions 
may occur under the right circumstances. For instance, in the absence of oxygen the one 
electron-reduced EFe2+.RH complex can catalyze reduction of a bound substrate, e.g., 
benzo[a]pyrene 4,5-oxide to ben~o[a]pyrene.~' Furthermore, the one electron-reduced 
EFeZ +-O,.RH species can decompose to give peroxide radical and the EFe3 + *RH complex 
in the absence of a second electron transfer (step 4). Although there is a rich variety of 
chemistry in the steps leading to oxygen activation the focus of the discussion below will 
be on the oxygen transfer step and the influence of the protein on the course of oxygen 
transfer. 

C. Oxygen Transfer: Hydroxylation 
Since the original studies by Groves and co-worker~~~ it has become widely accepted that 

hydroxylation of aliphatic hydrocarbons proceeds as shown in Equation 2. The first step, 
homolytic cleavage of the C-H bond is slow and 

([EFe=O, HCR,] * [EFe-OH, CR,] * [EFe3+, HOCR,]) (2) 

forms a short-lived carbon radical-femc hydroxide radical pair which collapses to the enzyme- 
product complex. The original evidence for this mechanism derived from observations on 
the cytochrome P-450,,, hydroxylation of norbornane, 10, and all-exo-2,3,5,6-tetradeuter- 
onorbomane, D,-10. As illustrated in Figure 3 ,  hydroxylation of 10 is stereoselective giving 
predominately the em-product, 11. Quite in contrast, the enzyme exhibits a switch in 
stereoselectivity toward D,-10 giving a slight excess of the endo D,-12 product. More 
interestingly, the em-product from D,-10 was a 75/25 mixture of D3-11 and D4-11. Formation 
of D4-ll  is most reasonably attributed to initial abstraction of the endo-hydrogen followed 
by in-cage epimerization to em-radical before radical recombination. From these data an 
intrinsic isotope effect of 11.5 5 1 can be calculated for C-H bond cleavage. Interestingly, 
the isotope effect is not manifest in the overall rate of product formation, so C-H bond 
breaking is, in this case, not rate limiting. 
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FIGURE 3. 
D,-10 by cytochrome P-450,,,. Data from Reference 42. 

Stereoselective hydroxylation of norhornane, 10, and alI-exo-2,3,4.5,6-tetradeuteronorbornane, 

OH 'OH I 
ReHXRn- RCHXR, RCHO + H X R n  

-H+ 0 

RCH&~- Ir R C H ~ X R ~  
0 t 

FlGURE 4. 
molecules. n = 2, I ,  and 0 for group V, V1 and VII elements, respectively. 

Pathways for oxidative dealkylation (a and b) and heteroatom oxidation (c) of heteroatom containing 

D. Oxygen Transfer to Molecules Containing Heteroatoms 
The cytochromes P-450 catalyze oxidation of organic molecules containing group V, VI, 

and VII elements, the consequences of which vary dramatically with the heteroatom and 
the structure of the alkyl group. The two usual reactions are heteroatom dealkylation and 
heteroatom oxygenation as shown in Figure 4. Evidence exists for two pathways for het- 
eroatom dealkylation, which differ in the initial path of radical formation. Partitioning of 
substrate between a-hydrogen atom abstraction (path a) or single electron transfer (SET) to 
form a heteroatom cation radical (path b) followed by loss of an a-proton is thought to 
depend to a large extent on the first electron ionization potential of the h e t e r ~ a t o m . ~ ~  Thus, 
molecules with heteroatoms of low ionization potential (P,N,S,I) prefer cation radical for- 
mation. Heteroatomic molecules which have atoms of low ionization potentials and lack a- 
hydrogens or form cation radicals which are relatively stable (e.g., -S+'-)  with respect to 
the a-carbon radical may trap atomic oxygen in the central complex thus accounting for 
heteroatom oxygenation (path c). 

There is good evidence that oxidative cleavage of heteroatomic species with atoms of 
high ionization potential (e.g., oxygen as in ethers) proceeds via hydrogen atom abstraction 
(path a, Figure 4). Miwa and co-workers have recently reported an elegant demonstration 
of the power of primary kinetic isotope effects in distinguishing between mechanisms as in 
Figure 4 but also, just as importantly in identifying just when, in the catalytic cycle, the 
enzyme is committed to Observed kinetic deuterium isotope effects (DV/K) in 
the O-dealkylation of 7-ethoxycoumarin (13, Figure 5 )  catalyzed by rat liver cytochromes 
P-450 and P-448 were 3.8 and 1.9, respectively, and very much lower than the intrinsic 
isotope effects (k,/k, = 12.8 and 14.0) found for C-H bond cleavage. The large intrinsic 
isotope effects are similar in magnitude to that found for aliphatic hydroxylation via hydrogen 
abstraction followed by radical recombination4* and strongly suggest a similar rate-limiting 
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13 1 +'OH 
OH omo? CH3CH(D)O c- 0 

\ 0bH(D)CH3 

15 

o m o y  

16 

14 

FlGURE 5 .  Proposed mechanism for the oxidative dealkylation of 7-ethoxycoumarin, 13.43.y 

step in formation of the hemiacetal intermediate, 14. Of course these results do not un- 
equivocally rule out the alternative of rapid, reversible single electron transfer from oxygen 
followed by slow loss of the a-proton. 

Diminution of the intrinsic isotope effect indicates that the second central complex (B of 
Figure 2) tends to partition toward product (C-H bond cleavage) rather than toward disso- 
ciation of the substrate. The enzyme-substrate complex is, at this point, committed to 
catalysis. An interesting alternative for supression of the intrinsic isotope effect has been 
demonstrated in the cytochrome P-448-catalyzed reaction." When D,-13 was used as sub- 
strate a fivefold increase in a minor reaction product, 6-hydroxy-7-ethoxycoumarin, 16, was 
observed, with no change in either the turnover rate of the cycle or in the concentrations of 
0x0-enzyme intermediates. This regiochemical switching from a heavy to light isotopic site 
may be ascribed to dissociation of the enzyme-substrate complex away from the isotopically 
sensitive step and is reminiscent of the stereochemical switching observed in norbornane 
hydroxylat i~n.~~ Finally these observations clearly demonstrate that an irreversible step exists 
between the oxy-enzyme intermediates formed in steps 3 and 4 of Figure 2 and substrate 
oxidation. That step is likely to be dioxygen bond cleavage in the decomposition of the first 
central complex. 

That dealkylations of thioethers and amines occur by cation-radical formation (path b, 
Figure 4) is supported by two lines of evidence. First, intrinsic kinetic isotope effects are 
much smaller than those observed for  ether^,^*.^^ consistent with a cation-radical deproton- 
ation mechanism. Second, the suicide inhibition of cytochrome P-450 by substituted cyclo- 
propylamines gives a clear indication of one electron oxidation chemi~try.~'.~* Both 17 and 
18 (Figure 6) are mechanism-based inhibitors of cytochrome P-450. Although a-hydroxy- 
lation and dehydration of 17 to the Schiff's base 19 may account for some or all inactivation 
by 17 this is not possible with 18. In as much as 18 is just as effective as an inhibitor, 
single electron transfer to the cation-radical followed by rapid rearrangement to a carbon 
radical (20 or 21) which inactivates the enzyme is impli~ated.~'*~* 

Heteroatom oxygenation is likely a closely related process to dealkylation. Indeed, Sligar 
and B r u i ~ e ~ ~  have found evidence for the possible involvement of N-oxides and the N -  
dealkylation of amines. The crucial finding is that N-oxides of dimethylaniline can serve as 
'.he oxidant for the demethylation of the N-oxide. Unlike iodosobenzene, which can act as 
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H 17 

H 18 
H 

CH3 
20 

19 

Bz' H-?. 

21 

FIGURE 6. 
cytochrome P-450 by substituted cycl~propylamines."~~~ 

Alternative mechanisms for generation of reactive species in the suicide inactivation of 

FIGURE 7. 
the cytochrome P-450-catalyzed epoxidation of arenes. 

Electrophilic (a) and radical (b) mechanism for 

an alternative oxygen source for substrate oxidation (both of itself and other sub~trates)~' 
the N-oxides do not support normal substrate oxidation suggesting that hydroxylation at the 
a-position occurs very rapidly relative to dissociation of the iron-0x0 dimethylanaline complex. 

It has been pointed out by Guengerich and M a ~ d o n a l d ~ ~  that both pathways of single 
electron transfer or a-hydrogen atom abstraction can, and probably do occur to some extent 
in most heteroatomic molecules. The major pathway for a given molecule including het- 
eroatom oxidation is, in general predictable from structure and ionization potential. 

E. Oxygen Transfer to Alkenes and Arenes 
Oxidation of unsaturated compounds by cytochrome P-450 often yield epoxides and arene 

oxides which are important reactive intermediates in many detoxication pathways. In ad- 
dition, arene oxides are, more often than not, intermediates in the hydroxylation of aromatics. 
Both concerted and stepwise mechanisms have been considered for epoxidation reactions 
catalyzed by the enzyme. Arguments for a concerted mechanism with simultaneous formation 
of both carbon-oxygen bonds have been based primarily on the observation that olefin 
stereochemistry is retained in the product. Of course retention of stereochemistry may simply 
be enforced by steric constraints in the active site. Some evidence but no general consensus 
has emerged for stepwise mechanisms outlined in Figure 7 involving either electrophilic 
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‘F 

FIGURE 8. 
chrome P-450 by vinyl fluoride.5’ 

Possible intermediates in the suicide inactivation of cyto- 

addition of activated oxygen with an ionic intermediate (path a) or by radical formation.36 
Formation of a radical intermediate can occur by a sequential single electron transfer radical 
recombination pathway (path b) or by a direct mzchanism. 

Compelling evidence as to mechanism has again been obtained by studies of the suicide 
inactivation of cytochrome P-450 during the oxidation of substituted olefins. For instance, 
vinyl fluoride inactivates cytochrome P-450 during turnover to yield N(2-oxo- 
ethy1)protoprophyrin IX” as shown in Figure 8. A cogent argument has been made for a 
radical intermediate based on the expected stabilities and reactivity of possible cation and 
radical intermediates and the regiochemistry of the inactivation. Thus, electrophilic formation 
of the carbon oxygen bond is expected to occur at the unsubstituted carbon, regiochemistry 
opposite to that shown in Figure 8. Less discrimination would be expected for radical 
formation. Alternatively, heme alkylation could occur by reaction of an epoxide intermediate 
with one of the pyrrole nitrogens. The involvement of epoxides in cytochrome P-450 in- 
activation seems unlikely inasmuch as epoxides have not been shown to inactivate the enzyme 
by alkylation of the p ~ r p h y r i n . ~ ~  

It is not possible, at this time, to say without equivocation that both epoxide formation 
and heme alkylation with olefins occur via a common radical intermediate. Indeed, recent 
studies of the oxidation of phenylacetylenes suggest that the mechanisms for formation of 
phenylacetate and heme alkylation diverge very early in catalysis.52 Direct stepwise oxygen 
addition remains a distinct possibility in epoxidations. 

The recent, exciting observations3 of an intermediate in the epoxidation of styrene by a 
model heme system, the iron-oxo complex of 5,10,15,20-tetramesitylporphyrin at cryogenic 
temperatures is the strongest indiction yet that epoxidation is a stepwise process. The in- 
termediate has been proposed to be either a metallooxophenylcyclobutane, 22, or an iron- 
0x0 p-olefin complex. Furthermore, the rate constant for formation of the intermediate 
correlated well with (J+ for a series of substituted styrenes with a p value of - 1.9, consistent 
with initial single electron transfer between the iron-oxo complex and the substrate. 

PFe-0 2 
22 
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EFe-0 D 

al 
I 

OH 

T 
D O  Q 

FIGURE 9. Mechanisms for hydroxylation of deuterobenzene 
by (a) direct formation of phenol, or (b) its ketotautorner, or 
(c) an arene oxide intermediate. 

Historically, one of the most significant findings in cytochrome P-450-catalyzed oxidations 
of unsaturated compounds was the migration of substituents from the para to the meta position 
during the para hydroxylation of aromatics. This phenomenon, called the “NIH shift”, 
along with the first isolation of an arene oxide in metabolism was taken to suggest the 
intermediacy of arene oxides in the hydroxylation of aromatic hydrocarbons .54-56 Arene oxide 
chemistry and biochemistry has been recently rev ie~ed .~’  

In principle, the hydroxylation of aromatics can occur directly as in the case of aliphatic 
hydroxylation (Figure 3), by direct formation of phenol or its keto tautomer from an [EFe- 
0-Ar] complex, or via an arene oxide intermediate as shown in Figure 9. Hanzlik and co- 
workersS8 have recently reported evidence for hydroxylation of substituted benzenes involving 
both NIH shift and loss of deuterium label. Results of their studies suggest observation of 
the NIH shift does not necessarily require involvement of an arene oxide intermediate, but 
does implicate a cyclohexadienone intermediate in all NIH shift-like migrations. Such results 
are consistent with the view that the exact mechanism of aromatic hydroxylation is a sensitive 
function of substrate reactivity and orientation of the substrate in the enzyme-substrate 
complex. 

F. Structure of Cytochrome P-450 
The structural characteristics, particularly those of the active site, are obviously important 

for any rigorous analysis of the mechanism and stereochemistry of cytochrome P-450- 
catalyzed reactions. The enzymes from animal sources are membrane-bound enzymes usually 
located in the smooth endoplasmic reticulum. This fact as well as the existence of multiple 
isoenzymes creates difficulties in the solubilization and separation of individual enzymes. 
In spite of this, a great deal is known about the primary sequence of the enzymes from 
various sources. 18.59-61 These studies have been particularly significant in that they support 
the implication of a highly conserved cysteinyl peptide which acts as the fifth (axial) ligand 
to the heme iron in the active site. In oxygen-binding proteins such as hemoglobin this ligand 
is a histidyl side chain. The importance of the presence of a fifth ligand in catalytic turnover 
of a model heme system has been demonstrated.s2 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Volume 22, Issue 1 (1987) 51 

Although much is known of the primary sequence of the cytochromes P-450 relatively 
little was known, until recently, about the three-dimensional structure. Fortunately, the 
soluble bacterial cytochrome P-450 from Pseudomonus putidu (cytochrome P-450,,,) has 
yielded to three-dimensional structural analysis by X-ray crystallography. Cytochrome P- 
450,,, functions in nature as a rather specific 5-exo-hydroxylase, the initial step in the 
metabolism of camphor. There is every reason to believe that the basic mechanistic features 
of catalysis are the same as those for the eukaryotic enzymes. Given the right substrate the 
enzyme will, in fact, catalyze dealkylation and epoxidation  reaction^.^^.".^^ The bacterial 
enzyme has been deduced to have a shape in solution that approximates a cylinder 3.0 nm 
in diameter and 8.0 nm in length.64 More to the point, however, is the recent solution of 
the crystal structure of cytochrome P-450,,, at 2.6 A and later at 1.7 A r e s ~ l u t i o n . ~ ~  The 
structural data from X-ray crystallography is of invaluable help in understanding the mech- 
anism of oxygen activation, transfer, and substrate accomodation by cytochrome P-450. 
Structural features of the protein are described very briefly below. 

The ferric cytochrome Pd5O,,,-camphor complex is roughly the shape of a triangular 
prism about 3.0 nm thick and 6.0 nm on a side, not unlike the dimensions determined in 
solution.M The heme is wedged between two parallel helical segments and surrounded by 
largely hydrophobic amino acids except for two arginine residues (112, 299) and His 355 
which interact with the propionates of the heme group. Significantly, the edges of the heme 
are not exposed suggesting electron transfer must involve contacts with the protein surface. 
The axial heme ligand is the thiolate side chain of Cys 357 which is coordinated to the ci- 
face (as defined by Rose et al.66) of the heme group. The camphor molecule appears to be 
oriented about 0.4 nm from above the A ring of the porphyrin and adjacent to the oxygen 
binding site. The molecule is oriented for 5-exo-hydroxylation by contact with a group of 
hydrophobic residues and perhaps most importantly by an apparent hydrogen bond between 
the hydroxyl group of Tyr 96 and the carbonyl group of the substrate. This later feature is 
shown in an approximate representation (Figure 10) of the orientation of camphor, the heme, 
and the axial thiolate ligand in the complex. 

The structures of the eukaryotic cytochromes P-450 beg comparison with the bacterial 
enzyme. Sequence comparisons suggest that considerable homology exists between the 
cystienyl peptides which supply the axial ligand to the heme as well as similarities in the 
distal helix-heme contact region.65 Perhaps more important are the differences in the poly- 
peptides that compose the substrate-binding sites of the various enzymes. It has been pointed 
out that from sequence alignments that neither the Tyr 96 or Val 295, two regions that are 
critical for camphor orientation, are conserved in eukaryotic enzymes.65 It is perhaps in these 
regions that control of substrate specificity is at least in part, dictated in the enzymes from 
higher organisms. 

The solution and continued refinement of the three-dimensional structure of cytochrome 
P-450,,, is a major advance in our understanding of the chemistry of this class of enzymes. 
In the absence of similar structural data for the eukaryotic enzymes it may be possible to 
approximate some features of their structure by computations based on the bacterial data 
set. At present, more indirect techniques discussed below must be used to obtain a much 
lower resolution picture of the active site of these cytochromes P-450. 

G. Stereoselectivity and Regioselectivity of Cytochromes P-450 
Investigations of the stereo- and regioselective behavior of monooxygenases are valuable 

in discerning the contributions of various isoenzymes to particular metabolic reactions and 
in mapping the topologies of substrate-binding sites in favorable instances. To date such 
studies have employed two types of chemistry. On the one hand Ortiz de Montellano and 
co-workers have utilized mechanism-based chemical modification to explore the immediate 
environment of the heme. Most other investigations have focused on the stereo- and regio- 
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Tyr 96 

-NH% 
0 

,H' 

FIGURE 10. Approximate orientation of heme, cysteine 357, 
camphor, and tyrosine 96 in the cytochrome P-45OC,,-camphor 
complex.65 Note that the designation of the prochiral faces of the 
heme is after Rose et aLM 

selective turnover of substrates. The latter technique has been used successfully by Jerina 
et al. to construct a model of the substrate-binding site for cytochrome P-450,. 

H 
23 

I .  Mechanism-Based Chemical Modification 
The observation6' that the cytochromes P-450 from rat liver catalyzed transfer of the 4- 

alkyl group from 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl- 1,4-dihydropyridine, 23, to the pyr- 
role nitrogens of heme was subsequently exploited to determine the facial orientation of the 
heme group in the active site of the eukaryotic enzymes.68 The substitution pattern of the 
heme group renders the two faces of the molecule prochiral as illustrated in Figure 10. 
Alkylation by 23 during catalysis should occur on the same face of the heme where oxygen 
activation and transfer take place. Chiroptical comparison of the C-ring alkylated N-ethyl- 
protoprophyrin IX with the same compound obtained from the ethylation of hemoglobin (in 
which the absolute orientation of the heme is known) with ethyl hydrazine clearly established 
that heme alkylation occurred on the P-faceM of the prosthetic group.68 This is fully consistent 
with the absolute configuration of heme coordination in cytochrome P-450,,, by X-ray 
crystallography. 65 

In principle, all four regioisomeric N-alkylated protoprophyrins can be obtained during 
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P-450, 
24 

FIGURE 1 I .  Summary of the regio- and stereoselective hydroxyla- 
tion of testosterone by rat liver cytochromes P-450,. P-450,. and P- 
450,. 7’.72 

catalytic alkylation. This is in fact observed with 23. However, mechanism-based alkylation 
of heme by olefins and acetylenes is markedly regioselective and dependent on the s ~ b s t r a t e . ~ ~  
Thus, alkylation of microsomal cytochrome P-450 by alkenes occurs on the D-ring and by 
alkynes on the A-ring. Interestingly, partitioning of 1-octene between epoxidation and heme 
alkylation is stereospecific. Heme alkylation occurs only if initial oxygen addition occurs 
on the re face of the double bond.70 In contrast, epoxidation occurs on both faces with 
retention of substrate stereochemistry. The results cannot be unambiguously interpreted since 
heterogeneous microsomal enzyme was used. These results and the lack of B-ring alkylation 
have been taken to suggest that the B-ring is buried in the protein matrix, a conclusion 
consistent with the heme environment in cytochrome P-450,,,.65 

2 .  Stereo- and Regioselecrive Hydroxylations 
The stereo- and regioselectivity of monooxygenation has been examined in a number of 

reactions. Steroids are hydroxylated to a large extent in liver to give hormone metabolites 
with dramatically altered biological activity and are thought in some instances to be phys- 
iological substrates for cytochrome P-450. Not surprisingly, then, the regio- and stereose- 
lectivity of several isozymes of cytochrome P-450 from rat liver has been investigated. 71.72 

These reactions tend to be more or less regioselective depending on the isoenzyme and 
substrate. For example, testosterone, 24 (Figure 11) is hydroxylated in a highly regio- and 
stereoselective fashion (3 95%) at the 7 a position and (-100%) at the 6 p position by 
cytochromes P-450,,” (PB-3),’* and P-450,, respectively. In contrast, the P-450, isozyme 
is less discriminate, catalyzing hydroxylation at the 16a, 16p, and 17 positions with re- 
spectable turnover numbers. Hydroxylation of 24 at the 17-carbinol position gives after 
dehydration androstenedione which is rapidly hydroxylated at 16p by the same isoenzyme 
(P-450,). One wonders if the first product is necessarily released from the enzyme surface 
before the second cycle of oxidation. 

Investigations of a similar nature have revealed that the cytochromes P-450 from rat and 
rabbit liver can distinguish between the two antipodes of the anticoagulant ~ a r f a r i n . ~ ~ . ~ ~  For 
example, cytochrome P-450 (MC-A) from rat liver catalyzes the efficient hydroxylation of 
both R and S warfarin but clearly differentiates between the two enantiomers in hydroxylation 
at the 8-position where the R antipode reacts approximately eightfold more efficiently than 
the S. More extensive exploration of the regio- and stereochemical preferences should 
facilitate the construction of models for the substrate binding sites of these enzymes. 
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An interesting illustration of the contrast between the highly specific cytochrome P-450,,, 
and rabbit liver P-450,,, is found in the hydroxylation of d-camphor, adamantane, and 
adamantanone. 75 Cytochrome P-45OC, hydroxylations are regiospecific and predictable based 
on the natural substrate structure as well as the three-dimensional structure of the enzyme.hs 
The rabbit enzyme exhibited little or no regioselectivity toward the same molecules. 

3 .  Chiral Sulfoxidation 
Oxygenation of heteroatoms has also been shown to be enantioselective. Walsh and co- 

workers demonstrated that thioethers (e.g., p-tolyl ethyl sulfide) are preferentially (80 to 
85%) oxygenated at the pro-S lone pair on sulfur by phenobarbital-induced isozymes from 
rat liver.76 Quite in contrast, the FAD-containing monooxygenase from hog liver gave almost 
exclusive (- 95%) oxygenation at the pro-R enantiotopic position." 

4. Chiral Epoxidarions 
The most extensively studied aspect of the stereospecificity of the cytochromes P-450 is 

the oxidation of aromatic hydrocarbons to arene oxides. Oxidation of prochiral double bonds 
in polycyclic aromatic hydrocarbons can lead to two possible enantiomeric 
arene oxide products differing as to which side of the molecule the oxene is added. The 
rec~gni t ion~~ that the enantioselectivity exhibited by rat liver cytochrome P-450, in the 
oxidation of polycyclic aromatic hydrocarbons could be exploited in defining the substrate 
binding site of the enzyme lead Jerina and co-workers to examine the chiral epoxidations 
of a number of such m01ecules .~~-~~ 

Before summarizing the results of these investigations it is beneficial to discuss the 
techniques for determining the stereochemistry of chiral epoxidations. Obviously any method 
for elucidating the enantioselectivity of cytochrome P-450 greatly benefits from if not requires 
synthetic products of known absolute configuration. Given these resources the real problem 
is one of how to efficiently analyze reactions for small amounts of chiral and often labile 
arene oxides. The methods most often used are nucleophile trapping with a chiral nucleo- 
~ h i l e , ' ~  regioselective opening of the oxirane with a chiral catalyst (e.g., epoxide hydro- 
l a ~ e ) " ~ ' * ~ * ~  or regioselective trapping with an achiral nucleophile and stereochemical analysis 
of the more favored 

Trapping of arene oxides with chiral nucleophiles such as g l ~ t a t h i o n e , ~ ~ . ~ ~  N-acetyl-L- 
~ y s t e i n e , ~ ~ . ~ ~  or polyguanylic acid8s and analysis of the diastereomeric addition products has 
proven most successful. The analysis is illustrated in Figure 12 for the oxidation of 
benz[a]anthracene, 25, at the 5,6 double bond by cytochrome P-450, and trapping of the 
5,6-oxide, 26 with glutathione. Reaction of racemic 26 with glutathione gives two diaster- 
eomeric pairs of positional isomers, 27 and 28. In contrast, trapping of 26 generated by rat 
iver cytochrome P-450, gives predominately (> 97%) (5R,6R)-27 and (5S,6S)-28,79 clearly 
demonstrating a large stereochemical preference for the P-enantiotopic face" of the 5,6 
double bond. 

Stereochemical analysis of a number of such oxidations have been collated to derive a 
rough model of the substrate binding site of cytochrome P-450, as illustrated in Figure 13. 
Note that a-face oxidation of 25 to 26 requires accommodation of the substrate outside the 
boundries of the binding site. It is also interesting to note that oxidation of smaller substrates 
might be expected to occur with lower enantioselectivity. This is indeed observed with 
naphthalene.82 It should be obvious that this type of analysis does not distinguish the forces 
that enforce the stereoselectivity . Unfavorable van der Waal's contacts with the protein and/ 
or mutual desolvation of the hydrophobic substrate and enzyme surface may be responsible 
for orientation of the substrate or transition state. Nonetheless the Jerina model has proven 
to be a powerful predictive tool in the stereochemistry of metabolism of polycyclic aromatic 
hydrocarbons. 
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25 

/(5s96R)-26 P-450, 

\ .d 0 

(5R,6S)-26 

/ dG OH ?(aoH 
4 “‘SG 

(5S96S)-28 SG 

/ OH 

SG 
(5R96R)-28 

FIGURE 12. Nucleophile trapping of the benz[a]anthracene 5.6-oxide, (5S,6R)-26 generated by cytochrome 
P-450, with glutathione (GSH). 

.... .*..:. ... 
...... :::.:..:.: ................... 
.......... , ................ :.:::. . . . . . . . . . .  * .- ..... 0 

s,+; 

( 6y .. ..... :.*.: ..::::. :: . p - 7  ‘*o 
. ,- ..... .;-. ......... .. : . 

pface a-face 
FIGURE 13. Proposed model for the active site of cytochrome P-450, by Jerina et Productive 
binding of benz[a]anthracene for oxidation of the P-prochiral face of the 5,6-bond is shown on the 
left. Shaded region is unavailable for binding. 

111. EPOXIDE HYDROLASE 

A. The Enzymes 
Epoxide hydrolase (EC 3.3.2.3) is ubiquitous in mammals. For some time the enzyme 

was thought to be exclusively a microsomal protein. However, several epoxide hydrolases 
have been purified to homogeneity from eukaryotic s o ~ r c e s , ~ ~ - ~ ~  and it  is now clear that 
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several distinct microsomal and soluble or cytosolic isoenzymes Although it has 
been pointed out that chromatographic evidence for different microsomal isoenzymes is not 
always it is quite clear that at least two and perhaps three microsomal 
enzymes e x i ~ t , ~ ~ . ~ ~  one of which is more or less specific for cholesterol-epoxide.96~97 Inasmuch 
as the microsomal enzyme, which is thought to be largely responsible for xenobiotic me- 
tabolism, is the best characterized both in terms of mechanism and physical properties, it 
will be the focus of most of the discussion here. Recent reviews are a ~ a i l a b l e . ~ ~ - ' ~  

B. Structure of Microsomal Epoxide Hydrolase 
Nothing is known of the three-dimensional structure of microsomal epoxide hydrolase. 

However there is a considerable amount known concerning the primary sequence of the 
microsomal protein from rat and rabbit liver. The entire sequence of the rabbit enzyme has 
been determined and the amino terminal sequence of the rat enzyme is k n o ~ n . ' ~ ' - ' ~ ~  One 
striking feature of both enzymes are the hydrophobic amino terminal sequences, reminiscent 
of signal sequences. In solution, the enzyme, which has a monomer molecular weight of 
-50 kdaltons, appears to exist as a decameric to dodecameric aggregate of approximately 
600 kdaltons. In the presence of nonionic detergents the enzyme behaves as though it were 
in an enzyme-micelle complex. For instance, in the presence of Brij 35 micelles the rat liver 
enzyme has an apparent Stokes radius of 6.02 nm while the Brij 35 micellar radius is 5.05 
nm. Io4 Perhaps the hydrophobic N-terminal tail of the protein is responsible for anchoring 
the enzyme in the microsomal membrane as well as in enzyme-micelle complexes and enzyme 
aggregates. The microsomal enzyme contains no prosthetic groups or metal ions.86 

C. Mechanism of Epoxide Hydrolase 
1. Mechanistic Alternatives 

Epoxide hydrolase catalyzes the trans-addition of water across the oxirane ring with 
inversion of configuration at the oxirane carbon being attacked. There is no documented 
case of cis-addition of water in the enzyme catalyzed reaction. The basic mechanistic 
questions concerning this reaction is how the enzyme fixes and activates water at the active 
site and how it destabilizes the oxirane ring toward hydrolytic attack. Three general mech- 
anisms have been considered for the reaction. The first, involving a metal ion either for 
fixing and activation of water or as a Lewis acid for activation of the oxi~ane'~'  can be ruled 
out since the enzyme is not a metalloprotein.86 Another possible mechanism considered is 
the formation of a covalent enzyme-substrate intermediate. The most reasonable senario for 
this mechanism consistent with trans-addition of water is Sn2 attack of an active site 
carboxylate to give an ester intermediate followed by hydrolysis of the ester. This mechanism 
is unlikely since there is no kinetic evidence for an intermediate and experiments to trap an 
ester intermediate have failed.IM It is apparent that the oxygen incorporated into the diol 
product would derive from the carboxylate group in the first catalytic turnover and ultimately 
from solvent in subsequent turnovers due to washing of "0 into the carboxyl group in ester 
hydrolysis. That I8O from solvent is incorporated into the product in multiple turnover 
experiments has been incorrectly used as evidence to rule out an ester intermediate.'07 The 
critical experiment, a single turnover reaction in H2I80, that would clearly rule out such an 
intermediate, has not, to the author's knowledge, been done. The third mechanism for which 
there is considerable circumstantial evidence involves general base-general acid catalysis of 
the nucleophilic addition of water. This mechanism is discussed in some detail later. 

2. General Base-General Acid Catalysis 
Two extreme mechanisms for epoxide ring opening involving acid-base catalysis can be 

envisioned for the enzyme. For one, the protonation of the epoxide by the enzyme to form 
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FIGURE 14. Possible transition state for the reaction of an epoxide 
hydrolasearene oxideH,O complex illustrating general-base catalysis 
and general-acid assistance in the protonation of the incipient oxyanion. 

a carbocation which is stereospecifically captured by water, there is little or no experimental 
support. In fact, the regiochemistry of the enzyme-catalyzed reaction with a number of 
substrates as well as the inability of nucleophiles other than water (e.g., CH,OH, F- ect) 
are inconsistent with carbocation formation. ‘os.’08 Furthermore, recent attempts to design 
mechanism-based inhibitors of epoxide hydrolase through the rearrangement of cyclopro- 
pylmethyl carbocations potentially formed in the hydration of cyclopropyl oxiranes indicate 
that carbocation formation does not occur. ‘09 This does not rule out general acid catalytic 
assistance in dispersal of electron density on the oxirane oxygen in the transition state for 
a nucleophilic addition mechanism. 

In contrast, there is a large body of experimental evidence supporting a general-base- 
catalyzed nucleophilic addition of water to the oxirane by the enzyme as illustrated in Figure 
14. A histidine residue has been implicated as essential for catalysis from chemical modi- 
fication studies.lJo In addition, the pH rate profile for decomposition of the ternary en- 
zymephenanthrene 9,10-oxide.H20 complex shows a dependence on the dissociation of an 
acid group with a pKa = 6.7.’06 This is consistent with an unionized histidine side chain 
acting as a general base for the deprotonation of the attacking water molecule (Figure 14). 
Furthermore, a solvent deuterium kinetic isotope effect of 1.5 suggests proton transfer occurs 
in the transition state for the rate-limiting step. A substantial negative ASS for the reaction 
( -9  to - 13 eu) also indicates the transition state is more polar than the reactants.’” A 
linear-free energy relationship using substituted stilbene oxides shows a small negative rho 
value (p = - 1.2) for electron withrawing substituents for attack at the a-carbon, an 
indication of developing carbocation character at the a-carbon. I ’  ’ Taken together the evidence 
cited above make a very strong circumstantial case for general-base-catalyzed nucleophilic 
addition of water to epoxides by the enzyme. 

It is relevant to consider at this point if general-base catalysis alone can account for the 
rate accelerations observed with epoxide hydrolase. There are two ways in which enzymic 
catalysis can be compared to the analogous uncatalyzed spontaneous reactions. The first- 
order rate constant for turnover (k,) or decomposition of an enzyme-substrate complex can 
be compared to the second-order rate constant k, for the spontaneous reaction through the 
concept of “effective molarity” derived from the quotient of the two rate constants [(k&~-’)/ 
k, (M-’ssec-’) = EM].’IZ Although this concept has been generally used to express the 
degree of “approximation” in catalysis it clearly includes all contributions to the decom- 
position of enzyme-substrate complexes. One may also directly compare kJK, to k, to access 
catalysis at low substrate concentration. 
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Table 1 
COMPARISON OF RATE CONSTANTS FOR THE 

HDYRATION OF PHENATHRENE 9,lO-OXIDE 

Effective 
molarity, 

k, kJK, or k, kjk, Relative 
Reaction (sec-') (M-I sec-') ( M )  rate 

Epoxide" 0.6 3.4 x lo5  - 7 . 6  x 10" 

H,O + 

- 1.2 x 1 0 2  - 2.7 x lo8 
OH - - 4.7  x 10;' 1 . 3  x 103 1.0 x lo3 
HZO - 4.5  x 10-7 1 . 3  x 106 I 

hydrolase 

" 
' Data from Reference 106, 25°C. pH 8.5.  

Data from References 113 and I 14. 30°C. 

Rate accelerations by epoxide hydrolase range from modest to substantial depending on 
the substrate. One of the more quantitatively understood examples is that of phenanthrene 
9,10-oxide, 29. Comparison of the rate constants for the enzyme, and acid-catalyzed reactions 
and the nucleophilic addition of water and hydroxide is given in Table 1. I 1 3 . '  l 4  The effective 
molarity for the enzyme-catalyzed reaction ranges from lo3 to lo6 M depending on whether 
it is compared to the H,O or OH- reactions. General-base catalysis might reasonably be 
expected to contribute 10 or lo2 to the catalyzed reactionI7 with H,O leaving a factor of lo4 
to lo5 of rate acceleration in k, to be accounted for. General-base catalysis is certainly not 
the sole contributor to the efficient decomposition of the enzyme-substrate complex. Com- 
parison of k,/K, to k, for the H,O catalyzed reaction dramatically illustrates the ability of 
the enzyme to sequester substrate at low concentration and convert it to product. Clearly, 
a great deal of the catalytic potential of epoxide hydrolase is manifest in k,/K,. 

It has been argued and it is certainly reasonable that general-acid catalysis may be involved 
in dissapating negative charge at the oxirane oxygen in the transition state (Figure 14). 
Although Prestwich and Hammock115 have argued that the effective reversible inhibition of 
the cytosolic enzyme by a,P-epoxyketones can be interpreted to suggest an active-site 
protonated base proximal to the oxirane oxygen, no compelling evidence for the participation 
of a general acid has been reported for the microsomal enzyme. Quite to the contrary Berti 
and co-workers have argued that epoxide hydrolase-catalyzed formation of 2,3-epoxycy- 
clohexanol, 31, from ( 2 )-trans-3-bromo- 1 ,Zepoxycylohexane, 30, precludes participation 
of a general acid in the hydration reaction.Io7 The idea, illustrated in Figure 15 was to place 
an electrophilic center with a good leaving group adjacent to the incipient oxyanion to capture 
excess electron density developing in the transition state. The result should be a walk of the 
oxirane to the adjacent position. This presumes that in the presence of general-acid catalysis 
proton transfer would effectively compete with the second displacement reaction and &he 
oxirane walk would not occur. That microsomes catalyze formation of 31 to a greater extent 
than 32, the normal hydrolytic product, argues against effective protonation of the oxirane. 
It should be noted that these experiments have not been repeated with purified enzyme. 

3. Strain 
When it is considered that epoxide hydrolase is a highly functional-group-specific catalyst 

it makes sense to presume that evolutionary development may have provided the enzyme 
with molecular gismos for imposing strain on the oxirane in the ground state which may be 
relieved in the transition state. Preliminary work of Hanzlik and co-workers"6 using 1s0,'3C, 
and 2H kinetic isotope effects to examine the transition states for hydration of R- and S-p- 
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32 
FIGURE 15. Trapping of incipient oxyanion in the epoxide hydrolase-catalyzed hy- 
dration of rruns-3-bromo- I ,2-epoxycyclohexane, 30.1°' 

nitrostyrene oxide provides some support for this point of view. The two antipodes of p -  
nitrostyrene oxide, 33, are substrates for epoxide hydrolase and are kinetically distinguished 
by the enzyme. The S -  and R-antipodes have V,,, and K, values of 116 nmol/min/mg and 
7.6 and 34 nmol/min/mg and 1.6 piI4, respectively."' Kinetic istopic effects on V,,, 
for the enzyme catalyzed reactions suggest strain may be important in catalysis. In particular, 
the secondary 2H isotope effects which are almost always inverse (<1) in epoxide ring 
openings are, with one exception, normal (>1) in the enzyme catalyzed reactions of 33.Il6 
It can be inferred that the hydrogens are gaining more freedom of motion in the transition 
state relative to the ground state. This suggests strain about the oxirane moiety in the ternary 
ground state complex is relieved in the transition state. 

The importance of strain in the catalytic mechanism of epoxide hydrolase needs to be 
further assessed. The comparative manifestation of strain in the antipodes of 33 are modest 
and very probably not a true indication of the full contribution of strain to catalysis. The 
relationship between strain, substrate topology, and enzyme stereoselectivity is an area of 
obvious and relevant interest. 

D. Stereoselectivity 
It has been recognized for some time that the stereoselectivity of epoxide hydrolase has 

a profound influence on the metabolic activation or detoxication of aromatic hydrocarbons. 
For this reason, a good deal is known about the stereoselective behavior of the microsomal 
enzyme toward arene oxide substrates. Considerably less is known about the cytosolic 
enzyme. 

The stereoselectivity of microsomal epoxide hydrolase can vary considerably with substrate 
structure. In principle, the enzyme should be able to recognize the chemically identical but 
stereochemically distinct oxirane carbons of nondissymmetric or meso-oxiranes. This is 
found to be the case (Figure 16) with cis-stilbene oxide, 34, where asymmetric induction 
by the enzyme gives almost exclusively the (R,R)- 1,2-dihydroxy- 1,2-diphenylethane. 
Conversely, very little asymmetric induction is seen with phenanthrene 9,10-oxide, 29,12 
where the aromatic rings are coplanar. 
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(0.40 >0.95 

29 34 

FIGURE 16. Stereoselectivity of microsomal epoxide hydrolase toward phenathrene 
9,lO-oxide 29 and cis-stilbene oxide, 34. Numbers indicate the mole fraction attack at 
the oxirane carbon of S absolute configuration. 

"*o OH 
(4R,5S-35 

OH 
(4S,SR)-35 (4S95S)-36 

FIGURE 17. 
Numbers over the arrows mole fraction for partitioning of attack at the two oxirane carbons. 

Regiochemistry of hydration of benzo[a]pyrene 4S-oxidcs by epoxide hydrolase. 

The stereo- and regioselectivity of the enzyme toward chiral substrates is dependent on 
both substrate topology and the electronic character of oxirane carbons. Some generalizations 
can be made. With K-region arene oxides, that is, where both oxirane carbons are benzylic 
the enzyme usually shows a preference for catalyzing attack at the oxirane carbon of S- 
absolute configuration. Thus, the enzyme switches its regiochemical preference in response 
to the chirality of substrates such as benzo[a]pyrene 4,5-oxide, 35, as shown in Figure 17, 
and generates predominately the 4R,SR-dihydrodiol from both antipodes. Quite to the con- 
trary the regiochemistry of hydration of non-K-region arene oxides appears to be controlled 
by the electronic nature of the oxirane. In general, these substrates are hydrated at the allylic 
oxirane ~ a r b o n . ~ ' , ~ ~  

This situation is even more complex with diol-epoxides and tetrahydro epoxides. Regio- 
selectivity with tetrahydroepoxides is markedly dependent on the location of the oxirane. 
As an example tetrahydrobenz[a Janthracene 3 ,Cepoxides, 37, undergo preferential attack 
at the benzylic position whereas with the corresponding 1,2-epoxides, 38, nonbenzylic attack 
predominates. I I9 The corresponding diol-epoxides 39 and 40, which are considerably poorer 
substrates, are hydrated exclusively at the benzylic positions. 
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39 40 

Kinetic measurements combined with regiochemical data have been used to derive a picture 
of the active site of epoxide hydrolase.'2.''9 It has been reasoned that if relative k,/K, values 
reflect the ability of the active site to stabilize the transition state then they may be extrapolated 
to suggest a structure reflecting the goodness of fit between enzyme and substrate. The 
original hypothesisI2 that the enzyme has a hydrophobic pocket, shown as a shaded region 
in Figure 14, to accommodate large hydrophobic groups of the substrate appears to have 
some predictive merit. Others have come to the same conclusions with completely different 
substrates. 120-122 

The model indicates nothing about the details of catalysis such as the ability of the enzyme 
to utilize substrate structure to induce strain in the oxirane or compress the reactants toward 
the transition state. Although these matters are of tremendous interest from a mechanistic 
perspective it is not clear at what point it is no longer beneficial (in a metabolic sense) for 
the enzyme to use substrate-binding energy for increasing k. Under normal metabolic 
(subsaturating) conditions k&K, is the important kinetic constant. The development of a 
unified understanding of epoxide hydrolase catalysis from the mechanistic and metabolic 
perspectives will enhance the understanding of the evolution and role of detoxication enzymes 
in general. 

IV. GLUTATHIONE S-TRANSFERASE 

A. The Proteins 
The glutathione S-transferase (EC 2.5.1.18) are a ubiquitous family of proteins whose 

primary functions are involved in the chemical and physical disposition of toxic substances. 
The chemical function of the enzyme is to catalyze the nucleophilic addition of the thiol of 
glutathione ( ~ - L - G I u - L - C ~ S G ~ ~ )  to electrophilic acceptors, the first step in mercapturic acid 
biosynthesis. In addition, it is proposed that the proteins also serve as depots for the storage 
of toxic  substance^,^^'^^“^^ as high capacity steroid-binding proteins, 12' as heme-binding and 
transport  protein^,'^*.'^^ and perhaps as intracellular transporters of lipophilic substances. 1 2 ~ -  

1 2 8 ~ 1 3 0 ~ 1 3 1  Both the abundance of the enzymes, comprising 3 to 10% of the soluble protein 
in liver and the high concentrations (5  to 10 mM) of glutathione attest to the importance of 
glutathione S-transferases in the maintenance of health. 

Glutathione S-transferases have been isolated and characterized from a number of sources 
including rat*-" and human  tissue^,"^,'^^*'^^ as well as plants. 134 The enzymes are largely 
found in the cytosol though a microsomal enzyme has been isolated and thoroughly char- 
acterized.*35 The most thoroughly studied enzymes are from rat liver cytosol from which 
eight isozymes have been isolated and characterized* and evidence for other microhetero- 
geneous forms has been ~ b t a i n e d . ~ . ~  The rat liver enzymes are dimeric proteins with subunit 
molecular weights of 25 to 30 kdaltans. Recently, a new nomenclature was proposed for 
the rat liver enzymes based on their binary subunit composition. 136 This nomenclature will 
be used throughout this review. Six of the dimeric proteins derive from binary combinations 
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of four subunits giving two families of isozymes designated 1-1, 1-2, 2-2 and 3-3, 3-4, and 
4-4, each having two homodimeric and one heterodimeric members.2 Two other homodimers 
have also been reported, isozymes 5-5 and 6-6. 

Although next to nothing is known of the three-dimensional structure of the glutathione 
S-transferases the primary sequences of the major subunits have been elucidated primarily 
through in vitro translation of the glutathione S-transferase mRNAs and cloning of their 
corresponding cDNAs.19.135*137-143 It is clear from these studies that subunits 1,2,3, and 4 
and the microsomal enzyme 'are distinct gene products. Most of the limited information 
available on the structure of the active sites of the enzymes is from indirect evidence. 

B. Reactions 
1 .  Electrophilic Substrates 

As a group of enzymes the glutathione S-transferases catalyze the nucleophilic addition 
of electrophiles including aryl and alkyl halides, sulfate esters,'45 phosphate and phos- 
phorothioate t r i e s t e r~ , '~~ . '~ '  nitrate esters, 149 oxiranes, 150-152 olefins, 125-149*153 lac- 
tones, IZs organic peroxides, '= disulfides and th ioc~anates , '~~- '~~  and quinones. 's The substrate 
selectivities exhibited by various isozymes overlap considerably but are nonetheless distinct. 
The subject of substrate selectivity of individual isozymes has been discussed in a recent 
review.2 Although considerable attention has been devoted to determining the substrate 
selectivities of the enzymes, it has not provided much useful information concerning the 
topologies of the different active sites. 

Most of the above reactions can be classed as simple nucleophilic displacements or Michael 
additions to unsaturated systems. Given the correct substrate other interesting and meta- 
bolically important chemistry can occur after addition of glutathione. This includes addition 
followed by rearrangement of the initial glutathione conjugate and addition-elimination 
reactions where glutathione acts in a catalytic manner. 

Probably the most interesting example of nucleophilic addition followed by rearrangement 
is the metabolic activation of vicinal dihaloalkanes to give a reactive episulfonium ion species 
previously illustrated in Figure 1. Alkylation of DNA by 5 has been shown to give S-[2- 
(N7-guanyl)ethyl]glutathione as the major a d d ~ c t " ~  perhaps accounting for the mutagenic 
activity of vicinal dihaloalkanes. Enzyme-catalyzed reactions of apdihaloalkanes with 
glutathione leads to sulfonium ions of different ring size and electrophilic reactivity. The 
relationship between structure, biotransformation, and mutagenic activity of a,o-dihaloal- 
kanes has been studied in some detail. 157-159 Subsequent rearrangement of the Michael 
addition product of glutathione with 4-hydroxyalk-2-enals, has been shown to produce the 
3-glutathionyl-substituted cyclic hemiacetal. 

Catalytic participation of the glutathione S-transferases in the isomerization of A5-3- 
ketosteroids, 41, is an example of a reaction in which glutathione is not consumed.'61 The 
mechanism is likely to involve nucleophilic addition of glutathione to the olefin, loss of a 
proton, and elimination of glutathione in a retro-Michael fashion to give the A4-product, 42, 
as shown in Figure 18. The source and stereochemistry of delivery of the proton to C-6 are 
unknown. 

2 .  Metabolic Reactions 
Glutathione conjugates formed by action of the transferase can suffer a number of metabolic 

fates at the hands of several enzymes. Serial cleavage of the peptide bonds by y-glutamyl- 
transpeptidase and hydrolysis of the cysteinyl-glycine bond gives cysteinyl conjugates. In 
this way, for example, the leukotrienes C, D, and E are f ~ r r n e d . ~ ~ * * ~ ~ ~  N-Acetylation of 
cysteine S-conjugates164 yields another common metabolite, a mercapturic acid. Cleavage 
of cysteine S-conjugates to the thiol, pyruvate, and ammonia by cysteine P - l y a ~ e ' ~ ~  and 
subsequent methylation and oxidation or glucuronidation of the thiol can lead to a variety 
of other products. These metabolic events have been reviewed 
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4 1  J H+ 
1 

H' 1 -GSH 

FIGURE 18. 
zation of A5-3-ketosteroids. 

Possible mechanism for the glutathione S-transferase-catalyzed isomeri- 

C. Mechanism of Action of Glutathione S-Transferase 
I .  Kinetic Mechanism 

The steady-state kinetic mechanism of two isozymes of glutathione S-transferase have 
been investigated extensively. Early studies of isozyme 3-3 concluded that initial velocity 
patterns at high glutathione concentrations were consistent with an ordered sequential mech- 
anism in which glutathione binds first while at low concentrations of glutathione a ping- 
pong pathway pertains in which the electrophile (1,2-dichloro-4-nitrobenzene) is added and 
the leaving group released before addition of glutathione.Iw No evidence for a kinetically 
competent covalent enzyme-electrophile intermediate has been forthcoming. A later more 
convincing series of studies suggest a steady-state random mechanism for isozyme 3-3, with 
kinetically significant product complexes. Furthermore, recent results with isozymes 
3-3 and 4-4 using the oxygen (y-~-glutamyl-~-seryIglycine) and desthio (y-~-glutamyl-~- 
alanyl-glycine) analogues of glutathione are consistent with either a random sequential 
mechanism or an ordered sequential mechanism with glutathione binding first and clearly 
rule out ordered or ping-pong kinetic mechanism where the electrophile adds first.170 A 
rapid-equilibrium random mechanism has been proposed for isozyme 1-1 based on product 
inhibition studies. 

Further evidence supporting a sequential mechanism is obtained from consideration of the 
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stereochemical consequences of displacement reactions at saturated carbon centers catalyzed 
by the enzyme. The observation of inversion of configuration at the benzylic carbon in the 
enzyme-catalyzed reaction of glutathione with 1 -halo- 1 -phenyle thane~I~~. ’~~ as well as the 
formation of trans-addition products with arene strongly suggest a single displace- 
ment mechanism. The intervention of a covalent intermediate in a double displacement 
mechanism would give retention of configuration. 

In certain circumstances the glutathione S-transferases appear to undergo slow con- 
formational transitions which alter the kinetic characteristics of the enzyme. Thus, it has 
been shown that various combinations of ligands such as bilirubin and glutathione can induce, 
depending on their order of addition, different conformational states of the enzyme that have 
significantly different catalytic activities. 174-176 At least two conformational states of isozyme 
1- 1 have been postulated to explain altered substrate dissociation constants depending on 
the order of addition substrate and a product ana1ogue.l7’ The significance of these obser- 
vations to the often complex kinetic behavior of the enzyme is not at all clear. 

What is quite clear from all available data is that glutathione S-transferase-catalyzed 
reactions are sequential. That is, bond breaking and formation occur in a ternary central 
complex. The order of addition of substrates is likely to be random but may vary with 
substrate type. In any case, the order of substrate addition is not particularly relevant to the 
chemistry that occurs in the central complex. 

2. Chemical Mechanism 
Most proposals for the catalytic mechanism of glutathione S-transferase suggest that the 

enzyme provides catalytic machinery which first facilitates deprotonation of the thiol of 
bound glutathione and second provides an adjacent hydrophobic substrate-binding site for 
positioning the efectrophile. This rather simple view of catalysis suggests that the catalytic 
mechanism can be dissected experimentally. Furthermore, it suggests that the transition 
states for the enzyme-catalyzed and spontaneous reactions are similar. 

Original results of the most serious attempt to probe the rate-limiting transition state of 
the enzyme-catalyzed reaction by examining Hammett linear-free energy relationships with 
a series of 4-substituted- 1-chloro-2-nitrobenzenes were consistent with a simple nucleophilic 
mechanism much like that of the spontaneous r e a ~ t i o n . ’ ~ ~  Both k, for the enzyme-catalyzed 
and k, for the spontaneous reactions correlated with the u- substituent constants with p 
values of 1.6- 1.8 and 3.1, respectively. Unfortunately, these studies were done using the 
heterodimeric isozymes 1-2 and 3-4. This fact probably explains why poor correlations were 
obtained when k, data for all substrates were used. This type of experiment has been recently 
repeated with the homodimeric isozyme 4-4 giving an excellent corelation of k, with cr- (p 
= 1.2, r = 0.99), results which are clearly distinguishable from the spontaneous reaction.”’ 
Diminution of the p value in the enzyme catalyzed reaction could suggest that chemistry in 
the central complex is not entirely rate limiting. However, the good correlation and lower 
sensitivity of the enzymatic reaction to a--argues that the transition state is different, perhaps 
earlier, than the spontaneous reaction. 

Rate accelerations in the enzyme-catalyzed reactions at neutral pH are substantial. Inas- 
much as the thiolate anion is the most reasonable candidate for the nucleophilic species in 
the central complex its effective pKa is of considerable interest. Few pH vs. rate studies of 
the glutathione S-transferases have been attempted14.150~1M and none have been interpreted 
rigorously. However, very recently isozyme 4-4 catalyzed reaction of glutathione with 3- 
nitro-4-chlorobenzaldehyde, 43, revealed a dependence of both k, and k,JKESH on an acidic 
group with a pKa = 6.8 as shown in Figure 19.177 The simplest functional interpretation 
of this result is that this is the effective acid dissociation constant for the nucleophile in the 
ternary complex. Thus, a good deal of the catalytic advantage of the enzyme at neutral pH 
can be viewed as due to a shift in the pKa of the nucleophile from approximately 9 in free 
solution to 6 to 7 on the enzyme surface. 
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FIGURE 19. pH vs. rate profile for isozyme 4-4 catalyzed reaction of glutathione with 3-nitro-4-chlorobenzal- 
dehyde. Experimental points are for V,, (0) and V,,,IK,GSH (0). Lines are computer fits of the data with 
apparent pKas of 6.8.  

Comparison of the rate constants for reaction of the thiolate (GS-) in free solution (k,) 
to that on the enzyme surface (k,) is instructive in terms of the source of rate acceleration 
as manifest in k, or V,,,. The effective molarity for the decomposition of the enzymeGS -.43 
complex is close to unity (kcGS-/ksGS- = 1.5 M).177 This can be interpreted to indicate 
much of the catalysis in V,,, is simply due to enzyme-facilitated ionization of the thiol in 
the ternary complex. It appears that the enzymes do little to specifically orient the electrophile 
in the enzyme substrate complex. It is also instructive to compare the second-order rate 
constant for catalysis at low electrophile concentration to that of the spontaneous reaction. 
Thus (kcGS-/K,)+/ksGS- = 5.7 X lV, where K, is the Michaelis constant for the elec- 
trophile. Clearly much of the catalytic efficiency of the enzyme is manifest in kJ&. 

The experimental dissection of catalysis above is consistent with the view that active site 
of glutathione S-transferase provides for the effective deprotonation of glutathione at phys- 
iological pH and serves as a hydrophobic net to capture xenobiotic substrates. The atomic 
and molecular details of the structure of the active site are currently unknown. 

D. Structure of the Active Site 
1. Specijicity for Glutathione and the Structure of the Glutathione Binding Site 

Surprisingly, little is known about the fundamental question of how the enzyme recognizes 
the tripeptide, glutathione. The ability of the transferase to extract the hydrophilic peptide 
from aqueous solution (K, - 3.5 p V  for isozyme 3-3)* certainly suggests a highly specific 
recognition of glutathione by the enzyme. What role the various structural features (charged 
groups, amide bonds, and van der Waal’s surface) of the peptide play in binding is not 
known. What is known is that simple mercaptans such as mercaptoethanol, L-cysteine, N -  
acetyl-L-cysteine are not substrates. ’44 

Until recently the only substrate analogue known for glutathione was homoglutathione 
(y-L-glutamyl-L-cysteinyl-P-alanine) in which the C-terminus of the peptide is extended one 
methylene unit.’+‘ That the glycine residue is not essential for peptide recognition by the 
enzyme is indicated by the recent observation that the dipeptide y-L-glutamyl-L-cysteine is 
an alternative substrate for several of the rat liver isozymes.178 It should be pointed out that, 
a previous report suggesting the 6-n-propyl-2-thiouracil is an alternative is 
incorrect. 
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Table 2 
KINETIC PARAMETERS FOR RETRO- 

GLUTATHIONE ANALOGUES AS SUBSTRATES 
FOR ISOZYMES 3-3 AND 4-4 OF RAT LIVER 

GLUT ATHIONE S-TRANSFERASE 

kJK" 
k, K, M-' 

Enzyme Peptide (see-') (W) =-' 
Isozyme 3-3 Glutathione. 44 2.6 60 43,000 

Rerro-glutathione, 45 0.036 770 47 

lsozyme 4-4 Glutathione, 44 0.63 57 11,000 
Rerro-glutathione, 45 0.027 7700 3.5 
46 0.019 2100 9.0 

46 0.013 3300 4.0 

From Chen, W.-J., Lee, D. Y., and Armstrong, R. N., J. Org. Chem.. 
51, 2848, 1986. With permission. 

A prominent structural feature of glutathione, 44, which may be intimately involved in 
substrate recognition is the peptide backbone. The recent synthesis of two retro-peptide 
analogues of glutathione (45 and 46) and the demonstration that they are substrates for at 
least two isozymes of glutathione S-transferase sheds some light on this issue. "' Retro- 
glutathione, 45, in which the direction of the peptide bonds have been reversed resulting in 
inversion of configuration at the a-carbon of cysteine is topologically similar to glutathione 
except for the location of the amide NH and carbonyl groups. 

n .. u 
Cp2H 

The data compiled in Table 2 clearly shows that the correct orientation of the peptide 
bonds in glutathione are important though not essential for substrate recognition and catalysis 
by the enzyme. Moreover, it is apparent that, as is the case with glutathione, the carboxylate 
of the glycine (malonate) residue is not essential. It should also be noted that retro-glutathione 
conjugates of electrophiles should be resistant to processing of the peptide by y-glutamyl- 
transpeptidase and the dipeptidases involved in mercapturic acid formation. 
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FlGURE 20. Partitioning of enzymeglutathioneelectrophile (ES) complexes between nucleophilic attack 
on the oxirane carbons of R and S absolute configuration with phenanthrene 9.10-oxide, 29, and 4.5- 
diazaphenanthrene 9,10-oxide, 47. 

It has recently been suggested that glutathione binds to the enzyme in an extended con- 
formation.2 This notion has precedence in the X-ray crystallographic data for the peptide 
as well as glutathione complexes with glutathione pero~idase l~~ and glutathione reductase,Iw 
but has not been rigorously demonstrated for glutathione transferase. 

2. Catalytic Locus 
Nothing really is known about functional groups in the active site which may be involved 

in catalysis. A number of molecules have been shown to irreversibly or covalently modify 
and partially or wholly inactivate the e n ~ y m e . ~ . ' * . ' ~ ~  As yet chemically modified residues 
have not been identified nor implicated as essential to catalysis. 

3. Stereoselectivity and the Structure of the Xenobiotic Substrate Binding Site 
The stereo- and regioselectivity of the glutathione S-transferases toward a considerable 

number of substrates have been investigated. 146,152.173.186-190 It has been demonstrated that in 
favorable instances the stereoselectivity of the enzyme toward arene oxides can be used to 
map the hydrophobic substrate-binding site. 152-187 

Isozyme 4-4 of rat liver glutathione S-transferase can distinguish between the stereo- 
chemically distinct oxirane carbons in phenanthrene 9,10-oxide, 29, to the extent that it is 

etereospecific in generating the 9S, 10s-diastereomeric product. 152*187 Expressed another way, 
the ternary enzyme substrate complex partitions between two possible diastereomeric tran- 
sition states as shown in Figure 20. That the enzyme loses its stereospecificity toward 4 3 -  
diazaphenanthrene 9,10-oxide, 47, giving only 78% attack at the oxirane carbon of R- 
absolute configuration has been interpreted as an indication that mutual desolvation of the 
substrate and a hydrophobic binding site on the enzyme is largely responsible for the observed 
stereoselectivity. 152.187 With chiral K-region arene oxides the enzyme maintains its stereo- 
specificity at the expense of the regiochemistry of the reaction. This behavior suggests that 
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FIGURE 21. Proposed hydrophobic surface asymmetry in the 
active site of isozyme 4-4 of glutathione S-transferase. Diagram 
A shows productive binding of (5R, 6S)-benz[a]anthraeene 5,6- 
oxide for glutathione attack at the 5-position. In (B) maximum 
hydrophobic overlap between enzyme and substrate dictates 
attack at the Qposition of the 5S,6R-enantiomer. (From Cobb 
et al.,  Biochemisrry, 22, 805, 1983. With permission.) 

the hydrophobic binding site on the enzyme is asymmetrically disposed 
catalytic locus as shown by benz[a]-anthracene $,6-oxide in Figure 21. 

with respect to the 

Changing the orientation of the peptide thiol appears to alter the stereoselectivity of the 
enzyme. Thus, the enzyme-catalyzed reaction of the glutathine analogues 45 and 46 with 
29 gives two to one mixtures of the S,S and R,R-diastereomeric 

4 .  Relative Orientation of the Active Sites in the Dimeric Enzyme 
Inasmuch as the glutathone S-transferases are dimeric enzymes it is entirely possible that 

active sites are shared among subunits. It has been pointed out that if this were true then 
the kinetic191 and s tere~chemical '~~ behavior of heterodimeric isozymes 1-2 and 3-4 might 
differ from that predicted from results with the homodimers. The stereoselectivity of isozyme 
3-4 toward both 29 and 47 can be predicted from the kinetics and stereoselectivity of the 
two homodimeric  protein^.'^' Furthermore, the kJK, values of homodimeric isozymes 1- 
1, 2-2, 3-3, and 4-4 toward a number of substrates have been used to successfully predict 
kJK, for isozymes 1-2 and 3-4.19' The subunits in the dimeric enzymes appear to be 
kinetically independent. It is therefore doubtful that the enzymes have shared active sites at 
the subunit interfaces. 

V. SULFOTRANSFERASE 

A. The Enzymes 
The sulfotransferases catalyze the transfer of the sulfuryl group from 3'-phosphoadenosine 

5'-phosphosulfate to nucleophiles such as alcohols, phenols, and amines. Two recent reviews 
on the isolation, properties, and reactions of sulfotransferase are available. 192~193 Several 
sulfotransferases which are active with xenobiotic substrates have been isolated as pure 
proteins and characterized. The isoenzymes catalogued to date have been grouped into two 
classes based on substrate specificity toward phenols and alcohols. 
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FIGURE 22. Reaction catalyzed by sulfotransferases. 

Three alcohol sulfotransferases have been isolated from rat liver. 194-196 Two appear to be 
large multimeric proteins with molecular weights of 180 and 290 kdaltons composed of 
identical subunits of 28 and 32 kdaltons, respectively. Another isozyme is a dimer of 
apparently identical 60-kdalton subunits. Whether the aggregation state of the two high 
molecular-weight proteins is indicative of a particular multimeric structure in vivo is unclear 
since these proteins tend to aggregate on isolation. 

At least four aryl sulfotransferases have been isolated from rat liver. Three purified by 
Jakoby and co-workers are dimeric proteins with subunit molecular weights of 30 to 32 
kdaltons.'97.198 Another enzyme has been isolated as a monomer with a molecular weight 
of 69 kdaltons. 199 

B. Substrates and Xenobiotic Metabolism 
The alcohol sulfotransferases catalyze the sulfation of a wide variety of primary and 

secondary alcohols and nonaromatic hydroxysteroids. Good substrates generally have a large 
hydrophobic group with little steric hinderance about the hydroxyl group. Interestingly 
phenols are not substrates for these isoenzymes. On the other hand the aryl sulfotransferases 
catalyze sulfuryl-transfer to phenols and not to simple primary or secondary alcohols. 

The role of sulfotransferase in xenobiotic metabolism is probably much more complex 
than just the attachment of a hydrophilic group to a nucleophilic handle on lipophilic mol- 
ecules. Inasmuch as sulfate is a good leaving group it is not surprising that some sulfate 
esters behave as electrophilic metabolic intermediates. For instance, the metabolism of 4- 
nitrotoleuene to S-(4-nitrobenzyl)glutathione occurs by oxidation of the methyl group to the 
benzyl alcohol followed by sulfation and glutathione conjugation. 145 Metabolic activation 
of 7,12-dimethylbenzanthacene has been demonstrated to occur by oxidation to the 7-hy- 
droxymethyl- 12-methylbenz[aIanthracene followed by sulfation and alkylation of DNA via 
the sulfate ester.2@"202 

C. Catalytic Mechanism 
1 .  Reactions and Kinetics 

The sulfotransferases catalyze the transfer of a sulfuryl group from the phosphosulfate 
mixed anhydride of adenosine 5'-phosphate 3'-phosphosulfate to hydroxyl groups yielding 
a sulfate ester and adenosine 3',5'-biphosphate (ABP) as shown in Figure 22. The reaction 
appears to require no other cofactors. 

Most mechanistic information concerning the sulfotransferases has been obtained with 
aryl sulfotransferases, primarily because of the ease with which they can be assayed. The 
kinetic mechanism of aryl sulfotransferase IV from rat liver has been studied in detail.*03 
The reaction is readily reversible (Equation 3) with 2-chloro-4-nitrophenol as the substrate. 
The enzyme-catalyzed reaction has been investigated in both directions. The equilibrium 
favors the reverse reaction as shown in Equation 3. 

R-OH + ABP-SO; * R-OSO; + ABP AG = + 1.8 kcaVmol (3) 
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In addition, the enzyme catalyzes the sulfuryl exchange reaction between two phenols in 
the presence of adenosine 3’,5‘-bisphosphate as shown in Equations 4 and 5 .  The enzyme 
will also catalyze the irreversible hydrolysis of the sulfate ester (Equation 6 )  at rate about 
1% of the forward sulfation reaction. 

R-0-SO; + ABP * R-OH + ABP-SO; (4) 

ABP-SO; + R ’ 4 H  * R’-O-SO; + ABP (5 )  

RO-SO; + H,O -+ ROH + HSOi (6)  

Initial rate kinetics for isozyme IV with 2-chloro-4-nitrophenol are consistent with a rapid 
equilibrium random sequential mechanism with two dead-end complexes, (E-ABP-SO,-.RO- 
SO,-) and (EABPROH). The rate-limiting step is proposed to be the sulfuryl transfer 
chemistry of the central complex (E-ABP-SO,-*ROH ++ EABP.RSO,-). 

2.  Chemical Mechanism 
Very little is known about the chemical mechanism of the sulfotransferases. It is most 

reasonable to view the chemistry occurring in the central complex as a single displacement 
reaction involving nucleophilic attack of the phenol on the sulfuryl group of adenosine 3’- 
phosphate-5 ’-phosphosulfate as illustrated in Figure 22. Such a displacement would be 
expected to occur with inversion of configuration at sulfur were it labeled with oxygen 
isotopes. As of yet, no information is available on the stereochemistry of this sulfuryl group 
transfer reaction. 

The transition state for the reaction is thought to be rather product like. Attempts to 
correlate V,,, with the Hammett a substituent constant for a series of para-substituted phenols 
has given variable results. In one instance no correlation was found for aryl sulfotransferases 
I and IV.192b193.197 However, more recently, a relatively poor correlation of V,,, for isozyme 
IV with a; was reported (p = -0.25, r = 0.89). The small negative p value has been 
taken to suggest a product-like transition state for the sulfuryl transfer reaction. Given what 
is known about substituent effects on sulfate ester hydrolysis and the endothermic nature of 
the sulfuryl transfer reaction this is a logical interpretation of the linear free energy rela- 
tionship. ‘93 On the other hand, the rather poor correlation suggests that perhaps some alternate 
step other than the chemistry in the central complex is at least partially rate limiting with 
various substrates, or that geometric factors are important in determining V,,, in the enzyme- 
catalyzed reaction. 

3. Chemistry of the Active Site 
How the active sites of the sulfotransferases participate in catalysis is not known. Recent 

chemical modification studies of the monomeric aryl sulfotransferase suggest that perhaps 
two sulfhydryl groups on the enzyme are required for activity. ‘99.204 Furthermore, the enzyme 
is inactivated by modification with phenylglyoxal implicating arginine residues in substrate 
binding.,@’ Finally, the enzyme has been irreversibly inactivated by nucleoside 2 ’ ,3’-di- 
aldehydes though the identity of the residues involved in this particular chemistry have not 
been identified. Further study is obviously necessary to delineate the role of various active 
site residues in substrate recognition and catalysis. 

4 .  Catalysis 
The observation that the product ABP binds considerably more tightly to the enzyme than 

does the substrate ABP-SO,- might suggest that the enzyme utilizes the intrinsic binding 
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energy of the substrate to stabilize the transition state for sulfuryl transfer. This possibility 
needs investigation. Like most xenobiotic metabolizing enzymes the sulfotransferases exhibit 
only modest rate accelerations particularly in k, or V,,,. In fact, k, for aryl sulfotransferases 
is remarkably insensitive to substrate structure having values of generally between 0.1 and 
2 sec-I for a wide range of phenols. However, kJK, values vary over almost three orders 
of magnitude. Very similar behavior is seen with the alcohol sulfotransferases, where k, 
values for isozyme 1 varies over the limited range of 0.1 to 2 sec-I while k,/K, varies by 
a factor of lo6 going from methanol to dehydroepiandrosterone. It is quite clear that the 
catalytic potential of the sulfotransferases is manifest to a great degree in kJK, with respect 
to the xenobiotic substrate. 

VI. UDP-GLUCURONOSYLTRANSFERASE 

A. The Enzymes 
The UDP-glucuronosyltransferases (EC 2.4.1.17) are a group of membrane-bound proteins 

responsible for the transfer of the glucuronyl group from uridine 5'-diphosphoglucuronate 
to a large number of different nucleophilic acceptors. The enzymes are located primarily in 
the endoplasmic reticulum of eukaryotic cells. There is no doubt that several isozymes of 
UDP-glucuronosyltransferase exist. Indirect evidence as to the heterogeneity of this enzyme 
has been obtained by a number of techniques including direct kinetic analysis of reactions 
catalyzed by microsomes205-208 and radiation inactivation analysis of a number of microsomal 
UDP-glucuronosyltransferase activities.20g More to the point, however, is the fact that several 
isozymes have been purified to apparent homogeneity. Recent cell-free translation of mouse 
liver mRNA has also provided firm evidence for multiple forms of the enzyme.210 Like most 
detoxication enzymes the UDP-glucuronosyltransferases are inducible by xenobiotic com- 
pounds. Some general aspects of UDP-glucuronosyltransferase have been recently 
reviewed.21 

Purification and characterization of several UDP-glucuronsyltransferase have been re- 
ported in spite of considerable difficulties in solubilization of the active enzyme and its 
notorious instability once isolated from its native environment. Most successful purifications 
have relied on affinity chromatography on a UDP-hexanolamine-sepharose 4B matrix. In 
this way, several homeogenous isozymes from mouse and rat liver have been iso- 
lated.2'3-219 

Very little is known about the structure of the enzymes. Most of the enzymes isolated 
above have subunit molecular weights of between 50 and 57 kdaltons. Radiation inactivation 
analysis indicates that the microsomal holoenzymes have molecular weights between 41.5 
and 175 kdaltons suggesting that they may exist in the microsomal membrane as monomeric 
to tetrameric aggregates depending on the particular isozyme.20g Physical evidence seems 
to suggest that the membrane environment alters the conformation of the polypeptide. 220*221 
The primary sequence of a phenobarbital-inducible form of a rat liver enzyme has been 
deduced from a cDNA c10ne.222.223 The clone indicates the polypeptide has an amino-terminal 
sequence characteristic of a signal peptide and a carboxy-terminal segment which could be 
a transmembrane-anchoring structure. 

B. Substrates and Metabolic Reactions 
The enzymes catalyze the glucuronidation of a tremendous number of lipophilic molecules 

having nucleophilic functional groups of oxygen, nitrogen, sulfur, and carbon. The UDP- 
glucuronosyltransferases are known to participate in metabolism of drugs, xenobiotics, and 
endogenous compounds. 

The important role of glucuronidation in the metabolism of foreign compounds has been 
recognized for some time. Very early on it was clear that glucuronidation participates in the 
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R. H ,Y' 

Y= O,N,S,C I 

0 0 

+ 
UDP 

FIGURE 23. Reaction catalyzed by UDP-glucuronosyltransferase. 

metabolism of polycyclic aromatic hydrocarbons.224 In the last few years it has been un- 
ambiguously established that phenol, dihydrodiol, and quinol metabolites of polycyclic 
aromatic hydrocarbons are substrates for the mirosomal and purified e n ~ y m e s . ~ ~ ' - * ~ ~  The 
observation232 that benzo[a]pyrene oxides are conjugated with glucoronic acid is almost 
certainly incorrect and probably due to spontaneous isomerization of the oxides to phenols 
which are substrates for the enzyme. A number of drugs containing oxygen, nitrogen, sulfur, 
and carbon nucleophiles provide interesting examples of glucuronidation in drug metabolism. 
For instance, tripelennamine, and antihistamic tertiary amine is quaternized by glucuroni- 
dation at nitrogen.z33 A rare example of glucuronidation at acidic carbon is found in the 
metabolism of phenylbutaz~ne .~~~ Formation of the carbon-carbon bond is unique in that 
the P-glucuronide at carbon is not hydrolyzed by p-glucuronidase. 

There is some evidence that glucuronidation is involved in the metabolic activation of 
xenobiotics.zll However, the role of glucuronidation is indirect and probably involves en- 
hanced transport of metabolites and subsequent spontaneous or P-glucuronidase catalyzed 
decomposition to a toxin or proximate toxin. 

UDP-glucuronosyltransferase is also involved in the metabolism of endogenous com- 
pounds such as steroids and bilirubin. In mammals, bilirubin is excreted primarily as a 
diglucuronide ester. Early work suggested formation of the diglucuronide by monoglucu- 
ronidation followed by an enzyme-catalyzed dismutation of the monoglucuronide to the 
diglucuronide and More recent evidence suggests that formation of the diglu- 
curonide involves the sequential action of two distinct UDP-glucuronosyltransfer- 
ases.zo9*235-238 Bile acid elimination and steroid metabolism also appear to depend in part on 
glucuronidation. 

C .  Mechanism 
1 .  Reaction and Kinetics 

UDP-glucuronosyltransferases catalyze the reversible transfer of glucuronyl group from 
UDP-glucuronate to a nucleophile with inversion of configuration at the anomenc carbon 
to give a P-glucuronide and UDP (Figure 23). The enzyme-catalyzed reaction does not 
appear to require additional cofactors or metal ions though it has been observed that the 
enzyme is greatly stimulated by the presence of phospholipid and that divalent metal ions 
(MgZ+, Mn2+) stimulate the reaction in the forward d i r e c t i ~ n . ~ ~ ~ * ~ ~  The purified pig liver 
isozyme (GT,,)"' exhibits only about a 30% increase in V,,, in the presence of Mn2+ so 
the mechanistic role of divalent cations in the reaction, while intriguing, may not be an 
important issue. Further studies are clearly warranted. The profound effect of phospholipid 
on the reactions have been treated in some detail by Zakim and co-workers and will be 
discussed below. 

Kinetic studies of the micros0ma1~~~ and purified enzymes24' are consistent with a rapid 
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equilibrium random sequential mechanism. It should be pointed out that in no case has the 
kinetic mechanism of a homogeneous purified enzyme been rigorously defined. 

The enzyme also catalyzes the slow hydrolysis of UDP-glucuronate to UDP and glucuronic 
acid, a reaction which has been observed with both purified pig liver243 and rat liver244 
enzymes. This UDP-glucuronidase activity is also stimulated by ph~spholipids.’~~ 

2 .  Catalysis and Phospholipids 
The detailed studies of Zakim and co-workers have advanced the understanding of how 

UDP-glucuronosyltransferase catalyzes its reaction, and further, how phospholipids effect 
the reaction rate. ‘6.243 The observation that UDP binds considerably more tightly to the pig 
liver enzyme than does the substrate, UDP-glucuronate, provides the first clue to a funda- 
mental feature of catalysis by the enzyme, the utilization of intrinsic binding energy. From 
the kinetic constants for inhibition of the enzyme, maximum potential binding energies of 
UDP and glucuronic acid can be calculated. l 6  These values can be used to estimate a minimum 
intrinsic binding energy” for UDP-glucuronate (minimum because it does not take into 
account the entropy loss associated with the covalent linking of the two ligands in UDP- 
glucuronate). Comparison of the minimum intrinsic binding energy with the observed binding 
energy for UDP-glucuronate allows the estimation of the minimum amount of intrinsic 
binding energy not utilized for substrate binding and therefore available for catalysis or 
transition state stabilization. Although the absolute value of these estimates cannot, for the 
reasons of entropy cited above, be taken too seriously it has been pointed out that differences 
in the calculated intrinsic binding energies available for catalysis between a delipidated 
enzyme and an enzyme phospholipid complex can be used to determine the influence of 
phospholipid on the ability of the enzyme to utilize intrinsic binding energies of substrates 
in catalysis. It is reasonable to assume the entropy changes that accompany the binding of 
UDP and glucuronate are similar in delipidated and phospholipid reconstituted enzyme. 
Therefore fairly accurate estimates of the relative binding energy utilized to enhance catalysis 
can be obtained. The calculated differences in intrinsic binding energy available for catalysis 
is gratifyingly close to the actual observed differences in free energy of activation. For 
example addition of oleoyl lysophosphatidylcholine lowers the free energy of activation for 
GT,, catalyzed glucuronidation of 4-nitrophenol by - 2.8 kcal/mol. The calculated phos- 
pholipid enhanced availability of intrinsic binding energy for catalysis is - 3.3 kcal/mol. 
Similar results are observed for other lysophospholipids . I 6  

It appears then that phospholipids are capable of altering the transition state for the 
glucuronidation reaction by increasing the efficiency with which the enzyme utilizes the 
intrinsic binding energy of the substrates. The exact structural nature of this phenomenon 
requires more experimental attention. 

3.Chemical Mechanism 
The majority of mechanistic information on the UDP-glucuronosyltransferases comes from 

work on two isozymes designated GT,, and GT,, isolated from pig liver mic ros~mes .~~’  
Although very little is known about the active sites of these enzymes some interesting and 
provocative, indirect observations have been made concerning the mechanism of catalysis 
and the structure of the transition state, particularly with respect to the influence of phos- 
pholipids. The simplest mechanism consistent with the kinetic mechanism and stereochem- 
istry of the reaction is a single displacement, Sn2 nucleophilic attack of the aglycone on 
UDP-glucuronate in a ternary central complex. 

Linear free-energy relationships have been used in examining the transition states for the 
reactions catalyzed by isoenzymes GT,, and GT,,.241.245 The results of these investigations 
are very interesting but, as discussed below, extremely difficult to interpret with any degree 
of confidence. The original observation that the V,,, of isozyme GT,, in the presence of 
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FIGURE 24. Dependence of V,,, for GT, catalyzed glucuronidation of a series of substituted phenols 
on the pKa of the phenol. (W, p-nitrophenol; 0, p-acetylphenol; 0,  p-bromophenol; 0, I-naphthol; A, 
phenol; A, p-aminophenol). Data is from Reference 245 and replotted in a more direct format by this 
author. Dashed line is the theoretical curve calculated for the Bransted p = 0 and an experimental pH = 
7 .5 .  Inset shows replots of data corrected for the faction of ionization for GT,, 
(-----) and GT,, (-).241 

oleoyl lysophosphatidylcholine for a series of substituted phenols was dependent on the 
acidity of the phenol has been interpreted in terms of the ground state concentration of 
productive ternary complexes (e.g., [Ephenolate-UDP-glu~uronate]),~~~ rather than the in- 
fluence of substituents on the transition state. The data of Magdalou et al.245 is represented 
here in the format of a Brensted plot as shown in Figure 24. 

Consideration of the data in terms of a Bransted plot reveals a correlation between log 
V, and the pKa of the nucleophile with a slope of approximately - 1 due to the change in 
the fraction of nucleophile present as the reactive anion (pH > pKa) and pnuc = 0 (Figure 
24). Note, that as the pKa of the nucleophile approaches and becomes less than the pH of 
the experiment V, should become independent of the pKa, if only the fraction of phenol 
ionized is relevant to catalysis. The observation24s that V, should depend on the mole fraction 
of the nucleophile (phenolate) in the ternary complex is clear.246 What is most interesting 
about the data is that Vm0-, the maximum velocity for the decomposition of the ternary 
complex containing phenolate anion, is independent of the nucleophilicity of the phenolate 
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(Figure 24, inset), as suggested by the slope of the Bransted plot = 0). This may 
suggest an early reactant-like transition state for the reaction. 

Isozyme GT,, has been stated to be "dependent only partially on the concentration of 
phenolate ion" based on a Hammett function for a series of phenols that exhibits a p value 
considerably smaller than expected for phenol ion i~a t ion .~~ '  It is perhaps more illuminating 
to state that the enzyme-catalyzed reaction (in contrast to GT,,) is dependent on the nu- 
cleophilicity of the phenol. This is clearly illustrated in the inset of Figure 27 which shows 
GT,, to have a Bransted pnu, = 0.6. Note that the reactivity of the phenolate (Vmo-) increases 
not with increasing basisity. This can be taken to indicate a somewhat later 
transition state in the GT,,-catalyzed reaction. 

A really exciting observation is that Hammett functions become nonlinear for GT,, in the 
presence of phospholipids other than oleoyl phosphatidylcholine. 245 Unfortunately, a clear 
interpretation of this limited data is not possible. Curvature in the Hammett (or Bronsted) 
plots could be due to (1) a change from an early (p = 0) to a later (p = 0.5 to 1) transition 
state, (2) a shift in the bound phenols of the pKa to 6 the pH of the experiment (see Figure 
24), (3) an alteration in the solvation and hence nucleophilicity of the phenolates in the 
active site, or (4) a change in the rate-limiting step for the reaction. The that 
such curvature is consistent with a change from a Sn2 to an Snl like reaction is perhaps 
premature. Nevertheless, the fact that phospholipids may alter the transition state for the 
enzyme-catalyzed reactions is a provocative idea which deserves further investigation. 

Not much is known about catalytic residues in the active site of UDP-glucuronosyltrans- 
ferase. The only information concerning the identity of catalytic residues comes from in- 
hibition studies of isozyme GT,, by 2,3-b~tanedione.*~' Two arginine residues are apparently 
modified with this reagent. The rate of inactivation of one of the residues is dependent on 
both the presence of phospholipid and/or UDP-glucuronate. It has been proposed, based on 
protection experiments with UDP, glucuronate and UDP-glucuronate that GT,, contains an 
active site arginine side chain that interacts with the C-6 carboxylate of the substrate.247 

D. Stereo- and Regioselectivity 
The stereo- and regiochemistry of enzyme-catalyzed glucuronidation has been examined 

in only a limited number of cases. Stereoselective glucuronidation of a number of drugs has 
been demonstrated. For instance, rat liver UDP-glucuronosyltransferase shows a 1.6-fold 
preference in kJKm for R-( +)-propran0101 as compared to the S-( -)-antip~de."~ The 12 
possible positional isomers of hydroxybenzo[a]pyrene have been shown to be differentially 
glucuronidated by two partially purified UDP-glucuronosyltransferases. 249 

Somewhat more information is available on the stereo- and regioselectivity of glucuron- 
idation of dihydrodiols of polycyclic aromatic hydrocarbons. A homogeneous UDP-glucu- 
ronosyltransferase from rat liver has been shown to discriminate between the stereochemically 
distinct hydroxyl groups of cis- and trans-9,10-dihydroxy-9,10-dihydrophenanthrenes as 
well as the regiochemically different carbinol groups of the 4,5-dihydroxy-4,5-dihydro- 
benzo[a]pyrenes (36) .229 The later compounds provide an interesting example of combined 
stereoselectivity and regiospecificity. As illustrated in Figure 25 the enzyme clearly dis- 
criminates kinetically between the four stereoisomers of 36. Even more striking is the 
regiospecificity of the glucuronidation in each stereoisomer. The most interesting stereo- 
chemical generalization that is evident from Figure 25 is that the enzyme recognizes only 
hydroxyl groups on the p-face= of the molecule. It is interesting to note that the best substrate 
for the enzyme (4S,5S)-36 is not the one generated by the action of cytochrome P-450, and 
epoxide hydrolase (see Figure 17) on benzo[a]pyrene. Although the 4R,SR-antipode is a 
substrate for UDP-glucuronosyltransferase it is a very poor one. It would appear, then, that 
there is a stereochemical mismatch between dihydrodiol formation and glucuronidation in 
this particular instance. 
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D1 HYDRODIOL 

OH t 

OH I a0" OH 

1620 0.23 

73 3.15 

-- <0.05 

FIGURE 25. Kinetics and regiochemistry of the stereoselective glucuronidation of the four stereoisomeric 
4,5-dihydroxy-4,5-dihydrobenzo[a]pyrenes. Regiospecificity is indicated by arrows. Data from Reference 
229. 

Trans-dihydrodiols of polycyclic aromatic hydrocarbons exist in solution as rapidly in- 
terconverting populations of two conformational isomers,25o as illustrated for the 9,lO- 
dihydroxy-9,lO-dihydrophenanthrenes 47 to 49 in Figure 26. The cis-diol, 47, exists as two 
conformational enantiomers. The two trans-antipodes exist as two pairs of conformational 
diastereomers with either diaxial or diequatorial hydroxyl groups. It is, therefore, relevant 
to ascertain which conformational isomers of dihydrodiols are preferred in productive en- 
zyme-substrate complexes. Unfortunately, the kinetic lability of 47 to 49 makes it impossible 
to obtain this information directly. However, it has been found that the six kinetically stable, 
stereoisomeric conformers of 3,4,5,6-tetramethyl-9,1O-dihydroxy-9, lo-dihydrophenan- 
threne can be easily prepared and used for this p u r p o ~ e . ~ ~ ' - ~ ~ ~  

The enzyme is capable of distinguishing between the three stereoisomers 47 to 49 (Table 
4). Even more interesting is the ability of the enzyme to discriminate between the confor- 
mational isomers of 50 to 52. It is apparent from Table 3 that UDP-glucuronosyltransferase 
exhibits a clear preference for conformers with diequatorial hydroxyl-groups. Thus, 51E 
and 52E are turned over 30 to >a00 times more rapidly than the corresponding confor- 
mational diastereromers with diaxial hydroxyl groups. The specificity of the enzyme toward 
the cis-antipodes 50M and SOP is also interesting. In this instance only one of the possible 
diastereomeric products for each enantiomer is formed. It is likely, though not proven, that 
these two products are from exclusive glucuronidation of the equatorial hydroxyl group in 
the two s t e r e ~ i s o r n e r s . ~ ~ ' * ~ ~ ~  This is a good indication that the two diastereomeric glucuronides 
formed from 47249 arise from glucuronidation of the equatorial hydroxyl groups of 47M and 
47P in the enzyme-substrate complex. 
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R OH 

6H 

47,50 M 

48,51 E 

R & R2 OH 

t i  OH 
T 
OH 

49,52 E 

OH 
I 

P 

- R2 

OH 

A 

OH 

= ::a$.,: 
OH 

A 

FIGURE 26. Conformational isomers of stereosiomeric 9,1O-dihydroxy-9,10- 
dihydrophenanthrenes and 3,4,5,6-tetramethyl-9,10-dihydroxy phenanthrenes R 
= H for 47 to 49. R = CH, for 50 to 52. (From Armstrong, R. N., Lewis, D. 
A., Ammon, H. L., and Prasad, S. M., 1. Am. Chern. Soc., 107, 1057, 1985. 
With permission.) 

Table 3 

CATALYZED GLUCURONIDATION OF 
KINETIC CONSTANTS FOR THE ENZYME- 

STEREOISOMERIC 9,1O-DIHYDROXY-9,10- 
DIHYDROPHENANTHRENES AND 3,4,5,6- 
TETRAMETHYL-9,lO-DIHYDROXY -9,lO- 

DIHYDROPHENANTHRENES229.25' 

kJK,, 
k, (M-1 

Substrate Absolute configuration' (sec-I) sec-') 

47 
48 
49 
50M 
SOP 
S1A 
52A 
51E 
52E 

0.037 18,000 
1.4 1,100 
0.070 4,400 
0.0058 - 
0.020 - 
<0.0005 - 
0.0069 - 
0.41 980 
0.20 910 

" R and S designate absolute configuration of the carbinol carbons. 
M and P designate the helicity of the biphenyl system. 
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The enzyme appears to be insensitive to the helicity of the biphenyl system when one 
compares, for example, the turnover numbers for 51E and 52E. Quite in contrast, the enzyme 
has been found to exhibit a marked kinetic preference for helical bi-Znaphthols 53M and 
53P. For example k, and k,/K,,,, values for 53M are 0.19 sec-' and 15OM-' sec-I, 
respectively. The helical antipode 53P has a k,/K,,,, of 5.7M-' sec-' some 26-fold lower 
than 53M. Kmapp for 53P was not measurable for it is considerably above the solubility limit 
of the substrate. Further study of the stereoselectivity of UDP-glucuronosyltransferase should 
lead to a better understanding of the active site geometry of the enzyme and its ability to 
participate in various metabolic reactions. 

, 
OH H d  

OH HO 

53M 53P 

VII. CONCLUSIONS 

It should be apparent from the tremendous progress made in the last decade in elucidating 
the mechanisms of action of detoxication enzymes that the promise of the future is very 
bright. That the biological sciences now understand much and are so close to understanding 
much more about how organisms deal with such a tremendous variety of potential poisons 
is exciting. It is fair to say that the study of the mechanisms of detoxication enzymes has 
a lot to offer both the basic science of enzymic catalysis and the biochemistry of xenobiotic 
metabolism and toxicity. This, it is hoped, has been conveyed here. 
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