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Abstract

Cytochrome P450 (P450, CYP) research provides many opportunities for the application of kinetic 

isotope effect (KIE) strategies. P450s collectively catalyze oxidations of more substrates than any 

other group of enzymes, and C-H bond cleavage is a major feature in a large fraction of these 

reactions. The presence of a significant primary deuterium KIE is evidence that hydrogen 

abstraction is at least partially rate-limiting in the reactions, and this appears to be the case in 

many P450 reactions. The first report of a KIE in (P450-linked) drug metabolism appeared in 1961 

(for morphine N-demethylation), and in a number of cases it has been possible to modulate the in 
vivo metabolism or toxicity of chemicals by deuterium substitution. A number of efforts are in 

progress to utilize deuterium substitution to alter the metabolism of drugs in an advantageous 

manner.
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1. Introduction and history of cytochrome P450 kinetic isotope effects

The concept and theory of the kinetic isotope effect (KIE) are long-established and treated 

elsewhere in this monograph. This chapter will be restricted to deuterium KIEs on catalysis 

by cytochrome P450 (P450, CYP) enzymes. In the general mechanism of P450 catalysis 

(Fig. 1), there is a single C-H bond-breaking step that could be affected by isotopic 

substitution, and all KIEs must be interpreted in this context. (D2O KIEs have been reported 

for P450 reactions but the interpretation of these effects are complicated and their meaning 

is less well understood (Fersht, 1999), and they will not be considered because of space 

limitations.)

P450 reactions are well-suited to the application of KIE approaches, in that a large fraction 

of the reactions catalyzed by these enzymes involve the breaking of C–H bonds (F. P. 

Guengerich, 2001; F.P. Guengerich & Macdonald, 1984; P.R. Ortiz de Montellano, 2015). 

Thus, the ability to determine the extent to which this step is rate-limiting in a complex cycle 
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is very useful, and therefore many KIE studies have been done. The first report on a P450 

KIE appears to be that of Elison et al. in 1961 (Elison, Rapoport, Laursen, & Elliott, 1961), 

who showed that substitution of deuterium in an N-methyl group of morphine slowed its 

metabolism and increased its potency in rats.

The interpretation of P450 KIE studies is, in one sense, simple. If a deuterium KIE is 

observed, the rate of C-H bond-breaking has affected the overall rate of catalysis. However, 

enzyme mechanisms are complex and exactly how such a change is manifested is a function 

of the experimental design.

2. Types of experiments

One of the most common P450 reactions is the conversion of a methyl, methylene, or 

methine group to an alcohol. Other common C-H bond-breaking reactions are heteroatom 

cleavages (e.g. N, O, halogen), where a formal hydroxylation is followed by a breakdown of 

a carbinolamine, hemiacetal, halohydrins, etc.

There are myriad P450 reactions (Rendic & Guengerich, 2012, 2015). Most of them can be 

readily analyzed by modern chromatography methods, i.e. HPLC (or UPLC) and GC. With 

both methods, mass spectrometry (electrospray for charged molecules, atmospheric 

pressure-chemical ionization (APCI) for neutral ones) generally provides the best sensitivity. 

With HPLC/UPLC, UV-visible and fluorescence methods also provide excellent sensitivity 

in many cases. Mass spectrometry, done in a full-scan mode, has the advantages of (i) 

verifying the identity of products and (ii) screening out overlap between molecules that are 

not well-resolved by chromatography. Internal standards are useful for quantitation and, in 

the case of GC, critical with split injection methods.

An extensive discussion of synthetic methods for generating substrate isotopologues is 

beyond the scope of this chapter. When N- and O-alkyl derivatives (which are often P450 

substrates) are under consideration, the synthesis is generally straightforward with Gabriel 

methods (i.e., the reaction of amines or alcohols with alkyl halides) or (for N-alkylamines) 

hydride reduction of amides prepared with coupling an amine with an acyl halide or 

alkylchlorformate, e.g. see (Miwa, Walsh, Kedderis, & Hollenberg, 1983; Okazaki & 

Guengerich, 1993). The synthesis of deuterated (or tritiated) derivatives of some 

hydrocarbon chains can be accomplished by treatment of halides with NaBH4 (H. M. Bell, 

Vanderslice, & Spehar, 1969; Kim, Cha, Nagy, Yun, & Guengerich, 2014). Other molecules 

can be much more problematic, depending on the precursor molecules available (Gelb, 

Heimbrook, Mälkönen, & Sligar, 1982; Krauser & Guengerich, 2005; Yoshimoto & 

Guengerich, 2014).

The use of multiply-deuterated substrates is sometimes involved. For instance, the oxidation 

of –CD3 in a molecule is common for P450 substrates. In some cases, a perdeuterated 

substrate may be commercially available, e.g., medium- and long-chain fatty acids. These 

compounds can be problematic in the (i) there is potential for vicinal secondary KIEs and 

(ii) interpretations of any metabolic switching may be more complex. However, synthesis of 
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deuterated materials is not trivial, and the placement of deuterium may often be a matter of 

practicality.

An issue to consider in any experimental design (and synthesis) is prochirality. This is often 

an issue in labeling methylene groups, in that only one of the two hydrogens may be 

abstracted by a P450 (White, Miller, Favreau, & Bhattacharyya,1986; Krauser & 

Guengerich, 2005).

Finally, atomic purity is a serious issue. The experiments discussed under sections 2.1, 2.2, 

and 2.3 are not very sensitive to impurities because both the “protium” and “deuterium” 

reactions occur with the same enzyme. The non-competitive intermolecular experiment (2.4) 

is, however, very sensitive to impurities. If the deuterated substrate contains an enzyme 

inhibitor, the apparent D(V/K) value will be too high. (Note: the conventions of Northrop, 

1982 regarding DV, D(V/K), Dk, etc. are used in this chapter.) If the deuterated substrate has 

low atomic enrichment, then (depending on some aspects of the reaction) the reaction may 

preferentially occur with the protiated material and yield an apparent D(V/K) that is too low 

(an experiment intended to be of the 2.4 type (Fig. 2D) may partially become an experiment 

of type 2.2 (Fig. 1B)). For these reasons, deuterated substrates should have as high an atomic 

excess as possible (preferably > 98%), as analyzed by 1H-NMR (in our experience this is a 

more accurate method than mass spectrometry).

In that several of the experiments involve only analysis by mass spectrometry (2.1, 2.2, 2.3; 

Fig. 2A, 2B, 2C), some caution is in order. A critical problem is the 13C spillover (1.1% × 

number of carbons), which can be quite problematic. In principle these can be corrected 

using formulae (Biemann, 1962), although a more accurate approach is to utilize high-

resolution mass spectrometry. At a resolution of 60,000–100,000, M+1 ions due to 13C and 
2H are readily distinguished (Yoshimoto & Guengerich, 2014).

What a KIE means will depend on the type of experiment used to generate the data. 

Following are five approaches used with P450 experiments (Fig. 2).

2.1 Non-competitive intramolecular experiment

The non-competitive intramolecular experiment (Fig. 2A) works well with hydroxylations of 

methyl groups by P450 enzymes, which is a fairly common reaction that generates a primary 

alcohol. The reaction is non-competitive because a single isotopologue is being analyzed, 

and the deuterium atoms to be removed are equivalent with each other. The comparison of 

C–H bonds being broken is intramolecular. The KIE should be independent of issues of 

substrate concentration and only a single (mass spectrometry) measurement is required 

(preferably replicates).

In principle, the KIE in this approach is an estimate of the intrinsic KIE (designated Dk), i.e., 

the KIE for the actual C-H bond-breaking step, as in a purely chemical reaction. There are 

three caveats about a KIE measured using this approach:

a. The method works well with methyl groups but probably will not with a pro-

chiral methylene, in that only one of the two hydrogen atoms may be abstracted 

(Krauser & Guengerich, 2005).
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b. The KIE may not be the Dk, due to possible contribution of a secondary KIE, 

coming from either the geminal or vicinal deuterium substitution (which can be 

up to 1.4 (Fersht, 1999)), and these are multiplicative (Matsson & Westaway, 

1998).

c. A KIE measured by this approach provides no information about how rate-

limiting the C-H bond-breaking step is. The competition is between a protium 

and a deuterium (or tritium) atom at the same carbon, but no insight into which 

step in Fig. 1 limits the overall rate is provided.

2.2 Competitive intermolecular experiment

In a competitive intermolecular experiment, there is competition between two kinds of 

molecules, the protiated and the deuterium-labeled (Fig. 2B). In this reaction two different 

substrate isotopologues are used that compete for enzyme binding and the reaction is 

considered intermolecular relative to case 2.1. The experiment shown in Fig. 2B has two 

methyl hydroxylations, but in principle the comparison can be done at any position on the 

substrate molecule. The results, as in the case of 2.1, can easily be determined by mass 

spectrometry with assays done at a single substrate concentration to provide an estimate of 
D(V/K).

As in the case of 2.1, the resulting KIE is not a direct reflection of the rate-limiting nature of 

the C-H bond-breaking step. A high value, based on this argument, would indicate that the 

chemical step is at least partially rate limiting and also that the enzyme has fast exchange of 

substrates. If this value is low compared to Dk, the intrinsic KIE, this is evidence that the 

substrate is “locked in” the active site (low koff rate for substrate) and there is “high 

commitment to catalysis” (Northrop, 1982).

2.3 Competitive intramolecular experiment

This is a rather specialized experiment and can only be done with substrates that have 

equivalent moieties within them, e.g. N,N-dimethyl groups or methyl groups on alkanes (n-

octane). The experiments cannot be done if pro-chirality is an issue. As in cases 2.1, 2.2, and 

2.3, the analysis is done using mass spectrometry and yields an estimate of D(V/K).

The results are a measure of the ability of the substrate to rearrange (“tumble”) in the active 

site. A value much lower than the Dk for the intermolecular reaction can be interpreted in 

this context. However, the results can also be a reflection of the substrate koff (release and 

rebinding), so this behavior may not be discernable in the absence of other information such 

as an isotope dilution experiment using a product or non-reactive substrate trap (Gonzalez & 

Guengerich, 2017).

2.4 Non-competitive intermolecular experiment

This experiment requires more effort than any of the three already described (2.1, 2.2, 2.3), 

in that assays must be done at multiple substrate concentrations with both protiated and 

deuterated substrates. The experiments yield both DV and D(V/K), and non-competitive 

experiments are the only method to determine DV. This type of experiment is also subject to 

more error because of the multiplicity of measurements and the propagation of error in 
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quotients because they are ratios, which multiply error in the numerator and divisor. Finally, 

those experiments are subject to two problems with impurities:

a. If the deuterated substrate has any inhibitory contaminant, the enzyme activity 

will be reduced and the observed KIE will be artificially high.

b. If the deuterated substrate is contaminated with protiated substrate, then (if 

substrate exchange is rapid) a high KIE may be attenuated because the enzyme 

can “pick” the protiated substrate out of the deuterated pool and use it.

Despite these inherent problems, the approach is very powerful and provides information to 

address the question of how rate-limiting the C-H bond-breaking step is. If the KIE (DV or 
D(V/K)) is > 1, then the C-H bond-breaking step is at least partially rate-limiting. If DV or 
D(V/K) approaches the Dk, then the C-H bond-breaking step is very rate-limiting.

2.5 Estimation of the intrinsic KIE

As already mentioned, Dk is the estimate of the KIE for the C-H bond-breaking step, as in a 

strictly chemical reaction. There are at least three approaches that have been used, with two 

used in P450 systems, to determine the extent to which the observed KIE reflects the 

intrinsic KIE on the chemical step.

a. Northrop’s Method. This approach, described in more detail elsewhere 

(Northrop, 1975, 1977, 1982), involves comparison of the deuterium and tritium 

V/K results.

The procedure used in 2.4 will not generate T(V/K) because complete tritium 

substitution is impractical and one of the other experiments is necessary. The 

value y can be estimated from tables (Northrop, 1977). This approach has been 

used for some P450 reactions (Krauser & Guengerich, 2005; Miwa, Walsh, & 

Lu, 1984).

b. The “Multiple Isotope Effect Method” utilizes a combination of 2H and 13C 

isotope effects (Cook & Cleland, 2007). Only a few 13C KIEs have been reported 

with P450 reactions, and apparently this approach to determining Dk has not 

been applied.

c. The “Isotopically Sensitive Branching” method. This was developed by Jones et 
al. (J.P. Jones, Korzekwa, Rettie, & Trager, 1986; J. P. Jones, Rettie, & Trager, 

1990) and can be applied when a reaction is irreversible and a minor product is 

also formed. In the work of Jones et al. (J.P. Jones et al., 1986; J. P. Jones et al., 

1990) the method is based on DV results (actually only single substrate 
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concentration results were used in the original papers). Thus, using the Northrop 

nomenclature, where the major product (P) comes from deuterated substrate but 

the minor product does not,

The approach can be used, although it becomes more problematic in cases in which there are 

either (a) multiple alternate products or (b) no alternate products. It is still possible for a 

P450 reaction to show a KIE, in that the activated complex has an alternative to productive 

oxygenation—the formation of reduced oxygen products, e.g, water (Gorsky, Koop, & 

Coon, 1984).

3. Choice of enzymatic parameters

In considering what KIE results to measure, it should be noted that several approaches 

measure only D(V/K) values (Fig. 2A, 2B, 2C). Many of the P450 KIE results in the 

literature report only KIE determinations done at a single substrate concentration, often a 

high one that approximates kcat conditions. However, considerably more information can be 

obtained about what is rate-limiting by measuring kcat and Km and thus DV and D(V/K). 

Exactly which steps of a model mechanism are reflected by DV, D(V/K), Dk etc. are a 

function of the microscopic rate constants for the multiple turnover reaction and are 

discussed elsewhere (Northrop, 1982; Walsh, 1979).

In general, most P450 papers, when they have considered obtaining results varying substrate 

concentrations, have relied on DV. However, consider the case of oxidation of ethanol to 

acetaldehyde by human P450 2E1 (L. C. Bell & Guengerich, 1997; Bell-Parikh & 

Guengerich, 1999).

The rate-limiting step occurs after product formation. Simplified, the reaction is depicted as 

(note that we are changing the convention of step numbers now):

where S is the substrate and P the product. Then
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, and Km has units of molarity. Therefore,

and

where DV is the KIE on kcat and D(V/K) is the KIE on the ratio of kcat/Km, according to the 

convention of Northrop (Northrop, 1982).

The value of D(V/K) is ~3–5 (L. C. Bell & Guengerich, 1997). A plot of product vs. time 

indicates “burst kinetics”—rate-limiting step is after product formation. The Dk for C-H 

bond breaking was found to be 3.8 and the isotopic effect on product formation measured 

using pre-steady-state kinetic studies was estimated to be 3.2. Since DV≈ 1 due to the fact 

that a slow step after catalysis is limiting for V, then Dk2 + k2/k3 ≈ 1 + k2/k3. This is valid 

only if k2 >> k3. From the results presented here, k2 (the rate of product formation) is much 

faster than k3 (the rate of product release, or some other step occurring after product 

formation).

The above expressions for kcat and Km are reduced to

and

Thus, this paradigm includes rate-limiting product release (or something else following 

product formation) in the overall reaction. Km increases as k2 decreases, consistent with the 

observed effect of isotopic substitution and is a general case (Walsh, 1979). Further, Km is a 

function of kcat (and definitely not equivalent to Kd).

4. KIEs for various P450 reactions

In our own experience, almost every deuterated analog of a compound hydroxylated by 

P450s (at a particular site that has then been deuterated) shows at least some KIE. As 

discussed elsewhere (F. P. Guengerich, 2013), there are some general predictions that can be 

made about the tendency for P450 reactions to show kinetic deuterium isotope effects. For 

instance, amine N-dealkylation and aromatic hydroxylation reactions have low KIEs for 

mechanistic reasons and are generally not good candidates for for resolving mechanistic 
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detail (Figs. 3, 4). However, dealkylations of ethers and amides (Hall & Hanzlik, 1990) are 

different, due to the much higher oxidation potentials, and high KIEs are often observed. 

Alkyl groups, i.e., methylenes, methines, and methyls, are possibilities, depending on what 

is rate limiting in the particular P450 reaction. However, care is necessary about the issue of 

pro-chirality of methylenes, in that the abstraction of hydrogen and oxygen rebound may, or 

may not be stereoselective. For example, P450 3A4 abstracts only the β-hydrogen at the C-6 

carbon of testosterone (Krauser & Guengerich, 2005), so that this information must be 

considered in evaluating any results.

Miwa et al. (Miwa et al., 1983) reported high KIEs (8.6–10.1) for amine N-dealkylation 

reactions catalyzed by peroxidases. However, the KIEs for such reactions are low for P450s, 

usually ≤ 2 (F. P. Guengerich, 1990). An explanation was provided in that amine 

dealkylations by both P450s and peroxidases proceed via initial 1-electron abstraction (Fig. 

3), but P450s use base catalysis with FeO2+ for α-proton transfer while peroxidases do not 

(instead utilizing heme edge electron transfer), leaving α C-H bond breaking uncatalyzed 

and allowing the aminium radicals to accumulate (F. P. Guengerich, Yun, & Macdonald, 

1996; Okazaki & Guengerich, 1993).

For an aryl C–H bond, the enzyme does an addition but does not break the C–H/C–D bond 

(Fig. 4). Therefore, one expects to see KIEs due to deuterium substitution in alkyl groups but 

not aryl groups. In this regard, Tomaszewski et al. (Tomaszewski, Jerina, & Daly, 1975) 

concluded that isomerization to phenols proceeds without detectable isotope effects 

(Kasperek, Bruice, Yagi, & Jerina, 1972). Arene oxide formation from deuterated aromatic 

substrates also proceeds without a KIE because C-H bonds are not broken in the oxidation. 

The general lack of KIEs in formation of phenols in aromatic substrates (Daly & Jerina, 

1969; Guroff et al., 1967; Perel, Dayton, Tauriello, Brand, & Mark, 1967; M. Tanabe, 

Yasuda, Tagg, & Mitoma, 1967) is consistent with (but does not necessarily prove) the 

formation of arene oxides as intermediates.

Tanabe et al. (Masato Tanabe, Tagg, Yasuda, LeValley, & Mitoma, 1970) reported an in vitro 
KIE of 1.47 for the aryl oxidation of the drug zoxazolamine. However, this result could not 

be repeated under the same conditions by Tomaszewski et al. (Tomaszewski et al., 1975), i.e. 

the KIE was not > unity. Other studies have consistently shown low KIE values (little effect 

of deuterium substitution) for aryl oxidations, interpreted as evidence for the proposed 

mechanism shown in Fig. 4 (Bush & Trager, 1982; Hanzlik, Hogberg, & Judson, 1984; 

Korzekwa, Swinney, & Trager, 1989; P.R. Ortiz de Montellano, 1995; P. R. Ortiz de 

Montellano & DeVoss, 2005; Tomaszewski et al., 1975). Typical KIE values for some 

substituted aryl molecules have been reported in the range of 0.95–1.27 (Korzekwa et al., 

1989; P.R. Ortiz de Montellano, 1995).

5. Examples of P450 KIE studies

The concept of inhibiting rates of P450 oxidations by C–D substitution has been largely the 

same since the field of P450 KIE research began (Elison et al., 1961) (which is actually one 

year before P450s were formally discovered (Omura & Sato, 1962)). KIE measurements 

have been made in many systems, but what new information has resulted? Many of the 
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earliest studies were of the intermolecular competition type, and several investigators 

concluded that KIEs were absent or modest (Björkhem, 1972; M. Tanabe et al., 1967; 

Ullrich, 1969).

However, some early results with intramolecular reactions showed very high observed KIEs 

(A. B. Foster, Jarman, Stevens, Thomas, & Westwood, 1974; Hjelmeland, Aronow, & 

Trudell, 1977) and possibly another study as well (McMahon, Sullivan, Craig, & Pereira Jr, 

1969), although the results were later reinterpreted (Hjelmeland et al., 1977). Groves et al. 
(Groves, McClusky, White, & Coon, 1978) considered the high intramolecular competitive 

KIE observed using rabbit P450 2B4 (11.5), plus earlier work, as the first definitive evidence 

for the radicaloid, Compound I, oxygen-rebound mechanism that is generally accepted today 

for hydroxylation (Fig. 3A).

Another concept in the field of P450 KIEs is that of “metabolic switching,” which Baillie 

(Baillie, 1981) first attributed to Mitoma et al. (Mitoma, Dehn, & Tanabe, 1971), followed 

by Horning et al. (Horning et al., 1975) and others. The concept has been reviewed (Miwa & 

Lu, 1987). Basically, a KIE on a reaction at one site of a substrate results in enhanced 
activity at another site of the substrate, i.e. yielding an alternate product. For instance, 

deuteration at the 6 β-position of testosterone attenuated the formation of 6 β-

hydroxytestosterone but enhanced the production of 2 β-hydroxytestosterone (Krauser & 

Guengerich, 2005). The concept is that the enzyme is capable of moving to a reactive 

intermediate (i.e., Compound I) with the substrate but then “turns” the substrate for 

catalysis. The amount of total product formed from the deuterated substrate may be as great 

as with the protiated analog, or it may be less.

Metabolic switching is of interest in both basic and applied contexts. The existence of 

switching indicated that formation of activated iron-oxygen complex (i.e. FeO3+) is not 

reversible and, in a sense, contributes to a strong commitment to catalysis (Harada, Miwa, 

Walsh, & Lu, 1984). However, it should be pointed out that although the Compound I form 

of P450 (formally FeO3+) is formed irreversibly, it will break down to H2O if not used to 

catalyze substrate oxidation (Gorsky et al., 1984). In addition, it is possible to exploit 

metabolic switching in estimating the intrinsic KIE, Dk (section 2.5).

There are also practical aspects of metabolic switching, which are relevant to the issue of 

utilizing deuterium substitution in drug development (Section 7, vide infra). If the issue is 

attenuating rates of metabolism to improve drug half-life or lower drug clearance, then the 

existence of metabolic switching would abrogate a positive effect of deuteration (but only if 

the parent drug has pharmacological activity). Another issue is that deuteration could 

produce a metabolic switch to a toxic product. An example is the analgesic phenacetin (in 

hamsters), where deuterium substitution in the ethoxy methylene decreased liver necrosis 

but raised blood methemoglobin levels by 50% (S.D. Nelson et al., 1978). The authors 

rationalized the results as meaning that O-deethylation was blocked, so that deacetylation by 

another enzyme, an amidase, was favored (S. D. Nelson & Trager, 2003) and gave rise to the 

more toxic molecule p-phenetidine (4-ethoxyaniline) (Ross et al., 1985).
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Another aspect is consideration of when KIEs are observed in P450 reactions. As already 

pointed out, deuterium KIEs should not be seen for P450 reactions in which no C-H bonds 

are broken during enzyme catalysis, e.g. epoxidation, heteroatom oxygenation, aryl 

hydroxylation (Fig. 4). As indicated earlier, in our experience we have found generally low 

KIEs for amine N-dealkylations, which we have rationalized in terms of initial 1-electron 

oxidation followed by proton transfer-linked rearrangement and oxygen rebound (Fig. 3B), 

at least in some cases (F. P. Guengerich, 1990; F. P. Guengerich et al., 1996; Okazaki & 

Guengerich, 1993).

The P450 reactions for which we have measured KIEs all involve mammalian enzymes and 

are summarized in Fig. 5. In a previous analysis of this type, there was an inverse correlation 

between the reaction rate and the intermolecular non-competitive KIE, with an r2 value of 

0.62 (F. P. Guengerich, 2013). Even though the correlation coefficient suggested that only ~ 

60% of the variability could be attributed to such a relationship, the idea that ease of C-H 

bond-breaking limits overall reaction rates among a plethora of P450s has some appeal. 

Since the earlier publication appeared (four years ago), we have added our work with P450 

21A2, which has a relatively fast substrate turnover rate and also high KIEs (for both 

substrates, progesterone and 17 α-hydroxyprogesterone) (Pallan et al., 2015). Now any 

relationship is completely missing (r2 0.015). Thus, the absolute rate of a P450 reaction does 

not appear to provide any insight into how rate-limiting the C-H bond-breaking step is. In 

more recent studies we have used site-directed mutagenesis to make a series of naturally-

occurring P450 21A2 variants identified in the clinic (Wang et al., 2017). Some of these 

have only 1/106 the catalytic activities of the wild-type enzyme but the high KIEs were seen 

with all. The mutations are unlikely to increase substrate binding commitments, which we 

found only limited evidence for, and such a result provides additional evidence that the 

chemical step is rate-limiting. Therefore, even with the wild-type enzyme, with a specificity 

constant (kcat/Km) of 107 M−1 s−1, C-H bond-breaking is at least partially rate-limiting. This 

could be viewed as a less-than-perfect fit of the FeO3+ entity and the C-21 hydroxylation site 

or simply a reflection of the symmetry of the transition state (Melander & Saunders, 1980; 

Westheimer, 1961).

6. In vivo KIEs with P450s

Although the first application of KIEs to P450 drug metabolism in 1961 involved in vivo 
work (Elison et al., 1961), far fewer studies have been done in vivo than in vitro. Another 

example involves (methylene) dideuteration of the barbiturate butethal, which doubled the 

sleeping time when the compound was administered to mice (M. Tanabe, Yasuda, LeValley, 

& Mitoma, 1969). Early work in the in vivo area was reviewed by Baillie (Baillie, 1981).

One example of a large KIE was seen in our own work on the further metabolism of a 

product of the calcium channel blocker nifedipine (Funaki, Soons, Guengerich, & Breimer, 

1989). P450s catalyze the oxidative demethylation of methyl esters, with high KIE values (F. 

P. Guengerich, 1987; F. P. Guengerich, Peterson, & Bocker, 1988). The strong effect of 

deuteration on pharmacokinetic parameters provides evidence that the in vitro ester cleavage 

is due to oxidation and not hydrolysis.
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In several cases large kinetic isotope effects had been observed in cell culture or in vivo (in 

animals), including procarbazine, tamoxifen, N-nitrosodimethylamine, pulegone, methylene 

chloride, chloroform, bromoform, ethylene dibromide, furosemide, N-methylformamide, 

3,3′-iminodiproprionitrile, N-(3,5-didhlorophenyl)succinimide, 3-methylcholanthrene, 

butylated hydroxytoluene, phenacetin, and 3-methylindole, and these are all related to 

altered biological effects such as toxicity, as reviewed by Baillie (Baillie, 1981) and by 

Nelson and Trager (S. D. Nelson & Trager, 2003). As an example, deuterated N,N-

dimethylnitrosamine is 3-fold less carcinogenic (than the protiated version) in rats (Keefer, 

Lijinsky, & Garcia, 1973). The role of P450 oxidation in the phenomenon was established 

by in vitro (microsomal) N-demethylation kinetics (Wade et al., 1987) and in vivo 
measurement of methylated DNA adducts (Swann, Mace, Angeles, & Keefer, 1983). 

Another cancer-related example is ethylene dibromide (1,2-dibromethane), which is 

oxidized by P450s. However, its genotoxicity is related to another pathway, glutathione 

conjugation (F. P. Guengerich, 2005). Deuteration of ethylene dibromide blocks oxidation 

and increases the genotoxicity in rats (White, Gandolfi, Bowden, & Sipes, 1983), as does 

administration of the P450 2E1/2A6 inhibitor disulfiram (Wong, Winston, Hong, & Plotnick, 

1982).

7. Consideration of P450 KIEs in drug development

The first application of KIEs to P450 drug metabolism was that of Elison et al. in 1961 

(Elison et al., 1961) on the N-demethylation of morphine, which is recognized today as a 

P450 reaction. Subsequent work on the P450-catalyzed O-demethylation of anisoles was 

published by Mitoma et al. (Mitoma, Yasuda, Tagg, & Tanabe, 1967) and Foster et al. 1974 

(A. B. Foster et al., 1974). In a review article in 1984 (Allan B. Foster, 1984), Foster 

concluded that “Two promising areas involve the attenuation of the metabolism pathways 

which generate the active metabolites for prodrugs and, where overall metabolism cannot be 

retarded, the deflection of metabolism away from pathways leading to metabolites with toxic 

properties or other undesirable biological activity towards innocuous pathways.” As pointed 

out in 2009 (Yarnell, 2009), “The strategy is far from new.” That 2009 article also cites a 

2006 paper by Sepracor on tramadol (Shao, Abolin, Hewitt, Koch, & Varney, 2006). In the 

56 years since the reports of Elison et al. (Elison et al., 1961), there have been numerous 

theoretical and fundamental studies of KIEs as well as efforts to modify in vivo 
pharmacokinetics.

In 2009–2010 there was a renewed interest in deuterated analogs of known 

pharmacologically active compounds. Deuteration strategy was highlighted in 2009 as the 

“latest retro rage in the pharmaceutical world” (Yarnell, 2009) and several companies were 

established (e.g., Concert, Dueteria, Auspex (now part of Teva), Protia). Concert advertised 

that this approach allows it to “rapidly create novel, differentiated compounds with 

substantially reduced R&D risk, time and expense.” The concept is that of routine 

optimization by deuterating at known metabolic hotspots. For a 2016 review of progress in 

the commercialization see (Halford, 2016). In April 2017 the US Food and Drug 

Administration (FDA) approved deutetrabenazine (Austedo, from Auspex-Teva) for the 

treatment of chorea associated with Huntington's disease.
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8. Summary and conclusions

P450s are very appropriate for KIE studies because of their proclivity for C–H bond-

breaking reactions in the oxidations that they catalyze. KIE studies have provided important 

insights into how P450s catalyze reactions, and today there is considerable interest in 

utilizing deuterium substitution (and KIEs) in drug development. What does the future hold?

Many of the reported KIEs for P450 reactions are larger than the classical limit of ~ 7 (Fig. 

5) but to the author’s knowledge no reports of serious efforts at studying tunneling have 

appeared. Some of the approaches to studying tunneling are technically difficult, but there 

are probably some good candidates. Archebacterial P450s would seem to be good candidates 

because of their broader temperature range for comparing activation energies for protiated 

and deuterated substrates (Klinman, 2013), although only limited information is available 

regarding their substrates and redox partners.

In principle, one could examine thousands of more P450 reactions with KIE studies to 

determine how rate-limiting the C-H bond breaking step is. This would not be very practical 

nor would the results be that enlightening. Nevertheless, many individual reactions catalyzed 

by P450s are of inherent interest, and KIE analysis is a relatively rapid method (assuming 

ease of deuterated synthesis) of establishing if C–H bond-breaking is a rate-limiting step. In 

some cases, this information is important in the development of P450 systems for industrial 

catalysis. The potential for development of drugs with altered metabolism properties has 

already been discussed.
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Fig. 1. 
Catalytic cycle of microsomal P450s. RH is the substrate, with a C-H bond to be broken. 

With the seven mitochondrial P450s and many bacterial P450s, the electrons are delivered 

from a ferredoxin (including adrenodoxin) instead of the diflavin NADPH-P450 reductase. 

In some cases, cytochrome b5 (b5) delivers an electron in step 4, but not always. Note that 

the only step in which C-H bond breaking occurs is 7.
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Fig. 2. 
Types of deuterium KIE studies used in P450 research. (A) Non-competitive intramolecular. 

The factor of 2 is a statistical correction, in that there are two deuteriums and one protium 

available here. The factor would be ½ if the substrate were –CH2D. (B) Competitive 

intermolecular. (C) Competitive intramolecular. (D) Non-competitive intermolecular. In the 

“k1” pathways, a C–H bond is broken; in “k2” pathways a C–D bond is broken.

Guengerich Page 18

Methods Enzymol. Author manuscript; available in PMC 2018 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Comparisons of mechanisms of carbon hydroxylation (A) and N-dealkylation (B) (F.P. 

Guengerich & Macdonald, 1984).
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Figure 4. 
General mechanisms of aryl hydroxylation (F. P. Guengerich, 2001; P.R. Ortiz de 

Montellano, 2015). *H indicates a labeled hydrogen atom, i.e. deuterium or tritium. 

Alternate pathways (a, solid line; b, broken line) for the collapse of the tetrahedral iron-

oxygen intermediate lead to the carbonyl and to the epoxide, respectively, and both can form 

the phenol.
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Figure 5. 
Relationship between KIE (intermolecular, non-competitive) and kcat for a number of P450 

reactions, mainly with human P450s. Data points are from the indicated references (L. C. 

Bell & Guengerich, 1997; Bell-Parikh & Guengerich, 1999; Chowdhury, Calcutt, & 

Guengerich, 2010; Chowdhury, Calcutt, Nagy, & Guengerich, 2012; F. P. Guengerich, 

Krauser, & Johnson, 2004; F. P. Guengerich, Miller, Hanna, Sato, & Martin, 2002; Krauser 

& Guengerich, 2005; Pallan et al., 2015; Shinkyo & Guengerich, 2011; Yun, Miller, & 

Guengerich, 2000).
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