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complexed to substrate; ES: P450-substrate complex at the beginning of the catalytic cycle;
HL103: human liver microsomes high in CY P1A2 content; °k : ku/kp or the intrinsic isotope
effect; P: primary isotope effect; PS% product of one primary and two secondary isotope effects;

PX: paraxanthine or 1,7-dimethylxanthine; S: secondary isotope effect; TB: theobromine or 3,7-

dimethylxanthine; TP: theophylline or 1,3-dimethylxanthine; TMU: 1,3,7-trimethyluric acid; °V:

(Vmax)H/(Vrnax)D, DV/K (Vmax/Km)H/(Vmalem)D
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Abstract

Caffeine (1,3, 7-trimethylxanthine) has previously been shown to undergo metabolic
switching in vivo when the N-1 or the N-7 methyl groups were trideuteromethylated (Horning et
al., 1976). We have examined the effect of replacing the N-3 methyl group with a
trideuteromethyl group. The corresponding isotope effects can then be used to distinguish the
kinetic mechanism by which four primary metabolites can be formed from one substrate by one
PA450. We have synthesized 3-CD3-caffeine and 3-CDs-7-CDs-caffeine aswell as
trideuteromethylated analogs of each of the in vitro metabolites formed by cytochrome
P4501A2. The observed competitive isotope effects for the metabolites, which do not result
from deuterium abstraction (theobromine, theophylline) demonstrate that the nondissociative
mechanism applies to caffeine metabolism by cytochrome PA501A2. Thus, there must be
equilibration of the kinetically distinguishable activated PA50-substrate complexes at rates
competitive with hydrogen abstraction. The true isotope effects for the N-3 demethylation of
caffeine were derived from the ratios of the amount of paraxanthine relative to the amount of
theobromine or theophylline. The resultant ratios indicate that these i sotope effects are
essentially intrinsic. Observation of the isotope effects on N-3 demethylation was facilitated by
branching to the minor in vitro metabolites as well as water formation. Product releaseis not

rate limiting for this system.
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Cytochrome P4501A2 (CYP1A2) is estimated to be responsible for 90% of the primary
metabolism of caffeine in humans (Tassaneeyakul et al., 1994) and is believed to be largely
responsible for formation of the major metabolite, paraxanthine (PX), in vivo. The four in vitro
metabolites formed by human CY P1A2 are PX (80%), theobromine (TB; 11%), theophylline
(TP; 4%) and 1,3,7-trimethyluric acid (TMU; 1%) (Fig. 1, Gu et al., 1992). Presumably multiple
binding orientations exist within the active site of CYP1A2 since the entire periphery of caffeine
is available for metabolism.

Experimental evidence suggests that when metabolically susceptible hydrogen(s) are
replaced with deuterium atoms, there can be a decrease in the oxidation rate at the labelled site
with no concomitant change in the overall extent of metabolism (Harada et al., 1984; Atkins and
Sligar, 1986; Jones et al., 1986). Thus, the net effect of deuteration is an increased rate of
formation of one or all of the alternate metabolites, a phenomenon known as ‘isotopically-
sensitive branching’ or ‘metabolic switching'. Based on studies which exhibited classical
metabolic switching (Harada et al., 1984), it was hypothesized that switching occurs at the level
of the activated P450 or ‘EOS complex’, and not earlier in the catalytic cycle. Theoretical studies
have supported this concept (Korzekwa et al., 1989; Nelson and Trager, 2003). Hence,
deuterium-induced metabolic switching indicates that isomeric EOS complexes can interchange
at rates competitive with product formation.

There are three mechanisms which can account for formation of multiple metabolites from
one P450 (Gillette et al., 1994). The three mechanisms are distinguished on the basis of the fate
of the activated enzyme-substrate complexes. In the ‘ nondissociative mechanism’, the substrate
adopts multiple conformations within the active site after formation of the perferryl species.

Interconversion rates of the EOS complexes are competitive with the rates of hydrogen
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abstraction and breakdown to the respective ES complexes and water. In the ‘dissociative
mechanism’, the substrate dissociates from the activated enzyme, reassociates in either a new
orientation or the original one, and is then oxidized by the original perferryl species. In this
scenario, the rates for dissociation and reassociation must be competitive with those for hydrogen
atom abstraction and water formation. In the ‘parallel mechanism’, the orientations of substrate
within the active site are predetermined in the ES complexes and are fixed throughout the
oxidation of the substrate, i.e., the rates for interconversion or dissociation/reassociation are zero.
Figure 2 gives asimplified composite of the three potential kinetic mechanisms with caffeine as
the substrate.

Asshown in Table 1 and previously presented in the literature (Darbyshire et al., 1994,
Gillette et al., 1994; Ebner et al., 1995), it is possible to use a series of competitive and
noncompetitive isotope effect experiments to determine the presence or absence of metabolic
switching as well as differentiate between the three mechanisms for multiple metabolite
formation. In a competitive experiment equimolar mixtures of both the unlabelled substrate and
itsisotopically labelled analog are used, whereas in a noncompetitive experiment either the
unlabelled substrate or an equimolar concentration of the isotopically labelled analog are
incubated separately. Examplesin the literature include the CY P2C11-catalyzed metabolism of
testosterone and the CY P1A2-mediated catalysis of phenacetin, which follow the dissociative
mechanism (Darbyshire et al., 1994; Yun et a., 2000), as well as the CY P2D6-catalyzed
turnover of sparteine, which follows the non-dissociative mechanism (Ebner et al., 1995).
Metabolic switching with caffeine has been previously suggested in vivo (Horning et al., 1976).
However, product ratios for only 2 of the 4 primary metabolites were published and there was no

indication of metabolite formation rates. To facilitate the detection of small changes in the rates

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on August 31, 2005 as DOI: 10.1124/dmd.105.006031
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #6031
of caffeine metabolite formation, a stable isotope-dilution GC-M S assay was developed (Regal et
al., 1998). The goal of these experiments was to look for evidence of metabolic switching to TB,
TP and TMU formation upon replacement of the N-3 methyl group of caffeine with a
trideuteromethyl group. Competitive and noncompetitive experiments were carried out in an
attempt to ascertain the mechanism leading to the formation of the four primary metabolites.
Unfortunately, we were unable to quantitate TMU formation but this proved to be unnecessary.
We now present evidence that CY P1A2-catalyzed turnover of caffeine proceedsviaa
nondi ssoci ative mechanism and does not exhibit classical metabolic switching, in which a
decrease in rate of metabolism caused by deuterium substitution for hydrogen at a particular site
leads to an equivalent increase in the rate of formation of other metabolites of the deuterium

|labelled substrate.
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MATERIALSAND METHODS

Chemicals. Caffeine was purchased from Sigma (St. Louis, MO) and further purified by
preparatory HPLC to remove trace amounts of contaminating xanthines. 2-*C-1,3-"N-caffeine
(Cambridge Isotope Laboratories, Woburn, MA) was purified in asimilar manner. The
components for the NADPH regeneration system (NADP', glucose 6-phosphate, glucose 6-
phosphate dehydrogenase) were obtained from Boehringer Mannheim (Indianapolis, IN).
HyQCCM -3 media was purchased from HyClone Laboratories (Logan, UT). Microsomal
preparations of human lymphoblast-expressed CY P1A2 were obtained from the Gentest
Corporation (Woburn, MA). Deuteromethyliodide (C*Hsl or CDsl; % ds = 99%: Aldrich,
Milwaukee, WI) was stored at -20°C, to avoid excessive evaporation. PX and sodium cholate
were obtained from Fluka (Buchs, Switzerland). Dimethylformamide (DMF) was stirred with
potassium hydroxide, vacuum distilled from calcium oxide and stored over molecular sieves (4
A). Reagent-grade potassium carbonate (K.COs) was dried for 16 h in avacuum oven (> 100°C).
All other chemicals and solvents were reagent grade.

I nstrumentation. Reaction monitoring and reverse phase preparative purifications were
performed on an HP 1090 Series I1L liquid chromatograph equipped with a DR5 ternary solvent
ddlivery system, a temperature-controlled autoinjector and column compartment, a built-in Diode
Array Detector Series |1 and a DOS system control unit (Hewlett-Packard, Wilmington, DE).
Normal phase chromatography was performed on an LKB model 2152-2SD dual-pump
instrument equipped with an LKB mode 2151 variable-wavelength detector. NMR
measurements were performed on aVarian VXR-300 FT-NMR (Varian Instruments, Palo Alto,

CA).
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Deuterium incorporation measurements were carried out on a Micromass 7070H GC-M S
(Micromass, Cheshire, UK). Other GC-M S analyses were performed on a Micromass Trio 2000
guadrupole mass spectrometer, fitted with a Hewlett-Packard 5890 Series || gas chromatograph.
A BPX5 fused-silica capillary GC column [30 m x 0.32 mm |.D., 0.25 um film thickness; (5%
phenyl polysilphenylene-siloxane); SGE, Austin, TX] was used to separate metabolites. The
HPLC, GC and M S conditions have been published previously (Regal et al., 1998).

Synthesis. 3-CD;-Caffeine (ds-caffeine) was synthesized by alkylating PX with CDsl, in
the presence of K,CO3; and DMF, as previously described for 3-CD3-TP (Ebner et al., 1995). 3-
CD3-7-CD3s-Caffeine (ds-caffeine) was prepared by exposing 1-methylxanthine in a similar
manner. Following evaporation of the DMF, preparative normal-phase HPLC [Whatman Partsil
10 column (Fisher Scientific, Santa Clara, CA); 500 x 9.4 mm; 5 um] was used to purify both
products. Labelled substrate, purified from contaminant xanthines in a mobile phase of 5%
isopropanol/95% chloroform, eluted at approximately 22 min. Products were detected by
monitoring at 272 nm and both labelled compounds were shown to have the same retention time
and UV spectrum as commercia caffeine (do). The appropriate methyl resonances were shown to
be missing by NMR (Berlioz et al., 1987). Commercial, unlabelled caffeine and 2-*C-1,3-°N,-
caffeine were purified in a similar fashion. Based on mass spectral analysis, the ?Hs compound
was 99.0% of the ?Hs isotopomer, 0.7% 2H,, 0% 2H;, and 0.3% “Ho. The Hg compound was
98.0% of the ?Hg isotopomer, 1.2% 2Hs, 0% “Ha, 0.6% 2Hs, 0% “H., 0% 2H;, and 0.2% *Ho.

Synthesis of the trideuteromethylated internal standards used after noncompetitive
incubations with commercial caffeine (dy) and CY P1A2 has been described previously (Regal et
a., 1998). When 3-CD3-caffeine was the substrate, commercially available metabolites (TB, TP,

TMU) were used as the internal standards. Quantification of PX in the noncompetitive
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experiments always utilized the corresponding ds analog since metabolism of both labelled (ds)
and unlabelled caffeine results in do-PX formation. The dy internal standards were purified as
described for their d; analogs. Table 2 summarizes the substrates used, the expected metabolites,
and the corresponding internal standards, when appropriate.

CYP1A2 expression and membrane fractions. Recombinant virus containing the human
CYP1A2 gene was used to infect T. ni HSB 1-4 insect cells on 150 x 25 mm plates, grown in 25
mL of HyQCCM-3 media, supplemented with 7% fetal bovine serum. Cells were infected at a
multiplicity of infection (MOI) of at least 10. After 24 hr, 25 uL of sterile filtered 3 mg/mL
hemin chloride in 0.1 M ammonium hydroxide was added. Cells were pelleted at 72 hr post
infection, resuspended in 50 mM potassium phosphate, pH 7.4, 20% glycerol, 1 mM EDTA and
1 mM DTT, and stored at 70°C until further use. Membrane fractions were prepared according to
described methods (Haining et al., 1997).

Addition of reductase and cytochrome bs to CYP1A2 preparations. The cytochrome
bs and reductase were expressed and purified by standard procedures (Miyata et al., 1989; Shen
et a., 1989). Theinitial concentration of the expressed CY P1A2 membrane preparation was at
least 4 uM, in order to avoid the addition of excessive volumes to the incubations. For every
equivalent of expressed CY P1A2 (membrane preparations) to be used, 3 equivalents of rat
reductase were added and the mixture incubated in a 27°C water bath for 10 min. Thiswas
followed by the addition of 10 mM phosphate buffer (pH 7.4) and 0.3% sodium cholate. Cholate
is believed to facilitate incorporation of the reductase into the membrane since incubations
without it resulted in low levels of caffeine turnover. After another incubation period of 10 min
at 27°C, one equivalent of cytochrome bs was added, followed by another 10 min at 27°C. The

final concentration of cholate within the actual incubations was less than 0.06%.
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Supplementation of the commercial CY P1A2 microsomes involved the addition of supplemental
reductase and cytochrome bs, in a comparable fashion, minus the addition of the phosphate
buffer and the cholate. Both sources of CY P1A2 required supplemental reductase in order to see
the expected turnover numbers (1 min™; Gu et al., 1992). For each experiment utilizing
expressed CY P1A2, one batch of enzyme was prepared, followed by distribution to the
individual incubations, allowing the assumption that the enzymeisidentical throughout each
experiment.

Incubations. Human liver microsomesrich in CYP1A2 content (HL103) were prepared
as previously described (Raucy and Lasker, 1991). Cytochrome P450 content was measured by
the method of Omura and Sato (Omura and Sato, 1964), in the presence of o-naphthoflavone,
and protein content was determined by the BCA method (Smith et al., 1985). Expressed,
microsomal CY P1A2 was purchased from commercial sources until an expression system in
insect cells was established. Membrane fractions were prepared and supplemented in one tube
per experiment, followed by the enzyme being aliquoted to the individual incubations. This
ensured that the enzyme was identical in each incubation.

The general method for the incubations with caffeine as well as the separation and
guantification of the metabolites has been previously published (Regal et al., 1998). Metabolite
formation was previously shown to be linear with respect to time and protein content. In the
presence of expressed CY P1LA2 membrane preparations, it was necessary to add superoxide
dismutase and catalase, in order to obtain linearity over enough time to form sufficient amounts
of metabolites. Competitive isotope effects (°V/K) for the formation of TB, TP and TMU were
measured in incubations with a 1:1 ratio of do : d3 caffeine. A 1:1 ratio of either ds : °C, N or

do : ds caffeine was used for the measurement of competitive isotope effects on PX formation.
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Membrane preparations of CY P1A2 were the enzyme source in the competitive experiments
(100 pmol enzyme per incubation; final [P450] = 0.2 uM) and control incubations with only one
subgtrate (do) were performed at the same time. The ratio of CYPLA2 to rat reductase to human
cytochrome bs was 1:3:1. The residual amounts of glycerol and cholate did not affect the
CY P1A2-catalyzed metabolism of caffeine or its analogs. Noncompetitive incubations (°V and
PV/K) included a single substrate (dy or ds) and commercially expressed CY P1LA2 microsomes
(do: 100 pmol enzyme; ds: 200 pmol enzyme; final [P450] = 0.2 or 0.4 uM, respectively). The
subgtrates, expected metabolites and internal standards, when applicable, are summarized in
Table 2. Metabolites were separated by reverse phase HPLC prior to derivatization and

quantification by GC-MS (Regal et a., 1998).
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RESULTS

Supplementation of expressed CYP1A2 with reductase and cytochrome bs. Dueto
low turnover numbers in the presence of the commercially expressed CY PLA2 microsomes, the
effects of supplemental reductase and cytochrome bs were examined. Turnover was enhanced by
as much asten fold (Table 3). Hence, the remaining incubations with expressed CY P1A2 were
supplemented with rat reductase and human cytochrome bs, in aratio of 1:3:1 P450:reductase:bs.

The commercialy expressed CY P1A2 was found to be more stable than the expressed
CY P1A2 membrane preparations, based on the linearity profiles of metabolite formed vs. time
(data not shown). Thus, shorter incubation times were used with the latter system aswell as
incorporation of superoxide dismutase and catalase into the incubations, which provided further
stabilization. Presumably, the membrane composition of the two sources of expressed 1A2 was
different, due to differences in the expression systems (human lymphoblastoid cells vs. insect
cells). The supplemental reductase and cytochrome bs were readily incorporated into the
commercial, lymphoblastoid microsomes. However, membrane preparations of the CYP1A2
expressed in insect cells required the addition of sodium cholate in order to see comparable
turnover numbers.

Competitive experiments. Competitive isotope effect experiments were performed in
order to determine the potential involvement of the nondissoci ative mechanism in the CY P1A2-
catalyzed metabolism of caffeine. For the determination of the isotope effects associated with PX
formation, incubations with a 1:1 mixture of do- and ds-caffeine resulted in isotope effects which
were large and normal (°V/K = 7.0; Table 4). A similar magnitude was also seen in the presence
of human liver microsomes (HL103; data not shown). Since there was concern that the second

CD3 functionality might be affecting this magnitude, the experiment was repeated witha 1.1
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mixture of ds- and *C, **N.-caffeine and the effect on PX formation was the same (data not
shown). For the metabolites that did not arise from pathways involving deuterium abstraction
(TB, TP), incubations with 1:1 mixtures of do- and ds-caffeine resulted in inverse isotope effects
(PV/K = 0.6; Table 4). Comparison of these |atter effects with Table 1 indicated that the
nondi ssoci ative mechanism was responsible for the formation of PX, TB and TP from caffeine.
Thus, the caffeine molecule is able to perform orientational changes within the substrate binding
pocket of the activated perferryl species of CYP1A2, resulting in kinetically distinguishable EOS
complexes. The rate constants for the orientational changes of caffeine within the active site of
CY P1A2 must be comparable in magnitude (if not larger) to the rate constant for hydrogen
abstraction, i.e., these EOS species must be relatively stable.

Due to the selection of d; analogs to be used asinternal standards for the do metabolites
and vice versa, competitive experiments which involved co-incubation with dp and ds or ds
substrates only allowed the determination of metabolite ratios. In addition, the mixture of dy and
d; substrates was only useful for the measurement of metabolite ratios for TB, TP and TMU
formation. Mixtures of do and dg or ds and **C, **N, substrates were necessary to determine the
metabolites ratios for PX. For these reasons, competitive isotope effects on total metabolism
were unattainable.

Noncompetitive experiments. The isotope effects for CY P1A2-catalyzed N-3
demethylation of caffeine was assessed in the presence of HL103 at saturating substrate
concentrations (5 mM). The isotope effect on PX formation was large and normal (°V = 8.5; data
not shown). In the presence of commercially expressed CY P1A2, the noncompetitive isotope
effects for PX formation were again large and normal (°V = 10.8; Table 5A). The large

magnitude of these isotope effects indicates that the intrinsic i sotope effect (°k) isalso
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substantial. In addition, there was a small amount of switching to TB formation (°V = 0.7) but
not enough to cover the lossin total metabolism (°V o = 3.4).

Noncompetitive experiments at sub-K,, concentrations of caffeine (100 uM) revealed
normal isotope effects for PX formation (°V/K = 7.7; Table 5B), further supporting the fact that
theintrinsic isotope effect is large and normal. Inverse isotope effects for TB formation were
observed (°V/K ~ 0.65). The results for TP formation were complicated in that there was an
inseparable, non-xanthine, derivatization side-product. This contaminant contributed
significantly to the peak area of do-TP at low formation rates, i.e., in the noncompetitive
experiments, leading to false, ‘normal’ isotope effects (Table 5B). Peak areas for the dy TP were
significantly larger in the competitive experiments and hence, the interference due to this
contaminant was minimal. As demonstrated in the competitive experiment, the TP isotope effect
should have been an inverse effect (°V/K = 0.6; Table 4). Despite this, the results for TB further
support the conclusion that the nondissociative mechanism isinvolved in caffeine metabolism.
Furthermore, this system did not exhibit classical metabolic switching in that there was a
significant isotope effect on total metabolism (°V/Kxa = 2.9; Table 5B), which isindicative of

water formation as a result of reduction of the perferryl species (Gillette et a., 1994).
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DISCUSSION

Competitive isotope effect experiments readily provide evidence for or against the
involvement of the nondissociative mechanism (Gillette et al., 1994; Table 1). Such experiments
are independent of substrate concentration and only °V/K's can be evaluated (Nelson and Trager,
2003). In addition, masking factors that result from the rate constants prior to the isotopically
sensitive step are cancelled by the presence of both substrates. Thus, there are fewer rate
constants that affect the observable isotope effects. As mentioned above, the competitive isotope
effectsfor TB and TP (Table 4) led to the conclusion that the nondissoci ative mechanism
accounts for metabolite formation from caffeine.

There are several ways to approach the calculation of the intrinsic isotope effect (°k).
While neither intramolecular isotope effects (lyer et al., 1997; Nelson and Trager, 2003) nor a
comparison between deuterium and tritium isotope effects (Northrop, 1977) were applicable, the
true i sotope effects can be directly obtained from the product ratios for the protio and deuterio
substrates, as shown below (Atkinson et al., 1994; Nelson and Trager, 2003) P1 and P2 represent

two metabolites formed from the same substrate. The resultant numbers for PX relativeto TB

[(P1)/(P2))/1(P1p)/(P20)] = [(PLn)/(PLp))/[(P24)/(P2p)] = Pk (1)

and TP indicate that the true competitive isotope effects fall between 10.8 and 12.1, respectively.
Since the labelled substrate has three carbon-deuterium bonds at the main site of oxidation, and
the mechanism of N-dealkylation involves the abstraction of a single hydrogen (Miwaet a.,

1983), these isotope effects are the product of one primary and two secondary isotope effects
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(PS% Atkinson et al., 1994). If we assume that the secondary isotope effect is approximately 1.2,
this would indicate that the primary isotope effect falls between 7.5 and 8.4

The theoretical maximum for an intrinsic or primary isotope effect is approximately 9
(Bdll, 1974; Sheaet al., 1983). Combined primary and secondary isotope effects of 11.8-13.2 are
considered to be the maximal effects that could be observed for P450-catalyzed oxidative
cleavage of any carbon-hydrogen bond (Jones and Trager, 1987; Jones et a., 1990; Atkinson et
al., 1994). The similarity between the published and the estimated isotope effects for caffeine N-
3 demethylation implies that thereis a highly symmetrical transition state, one that is neither
reactant- nor product-like, and that there is extensive C-H bond stretching within this transition
state. It also implies that the bond being broken and the bond being formed have similar energies
(Karki et al., 1995).

In order to provide additional verification of the mechanism as well as further
characterization of the caffeine-CY P1A2 interaction immediately prior to oxidation,
noncompetitive experiments were performed. Use of the isotope effects obtained for TB and TP
under V ex conditions (Table 5A) leads to a value between 11 and 15 for the true isotope effects
on PX formation (PS?%; Atkinson et al., 1994). Similar results were obtained from the
noncompetitive experiments at sub-K,, concentrations of caffeine (PS* = 11.5; °k ~ 8.0; Table
5B). The contribution of the N-7 demethylated metabolite (TP) were inaccurate and ignored, due
to the inseparable contaminant mentioned earlier. Thus, thereis general agreement in the
magnitude of the combined as well as the intrinsic isotope effects between the competitive and
noncompetitive experiments.

According to Northrop (Northrop, 1977) and as shown for the following simple kinetic

scheme, expression of the intrinsic isotope effect (ka/ksp = °k) within the noncompetitive
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E —1k~ ES —° » EP —2» E+P
2 2
by = Vi — Kar/Kap + KarlKs

isotope effects on V max (°V) depends on the ratio of catalysis to product release (kan/kap). This
‘ratio of catalysis' isamasking factor in that its' magnitude determines the ability to either
partially or completely observe theintrinsic isotope effect. Argumentsin the literature indicate
that it is possible to ignore the potential masking by equilibrium constants associated with the
catalytic cycle of the P450s (lyer et al., 1997). Due to the magnitude of the true noncompetitive
isotope effects on PX formation (PS? > 11), the conclusion was drawn that product release is not
rate-limiting for the CY P1A2-catalyzed metabolism of caffeine.

Interestingly, the noncompetitive sub-K , isotope effects on total turnover were greater
than one (°V/Ka = 2.9; Table 5B). In other words, the decrease in the rate of PX formation was
not offset by acommensurate increase in the rates of formation of the other metabolites. In the
absence of new metabolite(s), the lack of a compensatory switch indicates significant water
formation (Gillette et a., 1994) while the overall formation of water would not be expected to
change significantly (Atkins and Sligar, 1986; Atkinsand Sligar, 1988). No new metabolites
were detected. Yun (Yun et al., 2001) have shown significant water formation by human
CYP1A2 so this particular attribute does not appear to be caffeine-specific.

Formation of multiple metabolites, asaresult of rapid equilibration of the multiple EOS
complexes, allows the observation of isotope effects within °V/K by providing a siphon for the
excess EOSy (Jones et al., 1986; Korzekwa et al., 1989; Higgins et a., 1998; Nelson and Trager,
2003). Such abranch point leadsto the ‘unmasking’ of the isotope effect. Partial reduction of the

activated perferryl species to water can have the same effect (Gillette et al., 1994; Higginset al.,
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1998). Thus, water formation as well as minor switching to TB and TP facilitated the observation
of isotope effects on PV and PV/K. A representative branched mechanism is shown, aswell as
the equation explaining the relationship between the rate constants and the observable isotope
effectson V/K (Gillette et al., 1994; Nelson and Trager, 2003; egn. 3). This mechanism presents
water formation as a branchpoint, i.e., the associated rate constant (ks,) appearsin the

denominator of the masking factor, increasing the magnitude of the observable isotope effects.

Ky

EPl— > E+P1
kV
K12 Ka3

ka1 Ks2 k\
H 20 35 k
EP2 51

— E+P2

()
Kaan (Ukoz + Ukyg)

Kaan/kap +
Kas(Lkoz + Lkpq) + Kaolkos

Dv/IK P1L=
Kaan(LVkoz + Ukyg)

Kas(Lkoz + Ukpq) + kaolkos

Rapid equilibration among the kinetically distinguishable EOS complexes (presented as
one entity above) results in an obvious preference for oxidation at the N-3 position of caffeine.
There could be an innate chemical reactivity within caffeine, facilitating the preference of
oxidation at the N-3 methyl group. However, preliminary estimations of the change in the heats
of formation associated with hydrogen abstraction, resulting in a carbon-centered radical at each
of the three methyl groups on caffeine, did not indicate a thermodynamic preference for the N-3

position on caffeine (AHy1 = -26.8 kcal/mol; AHs = -25.9 kcal/mol; AHn7 = -24.6 kcal/moal). It
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is also possible that the preference for N-3 demethylation could be the result of a preferred
conformation of caffeine in response to the active site architecture. In fact, it has previously been
assumed that caffeine sits perpendicular to the CYPLA2 active site with the N-3 position closest
to the heme (Lewis, 1995; Lozano et al., 1997). Recent NMR studies have provided evidence for
caffeine sitting parallel to the heme during the initial interaction with the P450 (Regal and
Nelson, 2000). Similar studies with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Modi
et a., 1997) and CYP2D6 or lauric acid and CY P102 (BM-3; Modi et a., 1996) have indicated
that altered binding modes which are more consistent with the known sites of oxidation exist
after reduction of the enzyme. Thus, it is apparent that substrate movement later in the P450
catalytic cycle plays arolein determining the site(s) of oxidation.

It has been shown that the magnitude of the isotope effects for N-dealkylation cannot be
used to distinguish between the electron or hydrogen abstraction pathways (Karki et al., 1995).
However, amides are believed to go through a hydrogen abstraction mechanism based on the
observation that chemical methods for electron abstraction show significantly smaller isotope
effects than those seen for amide N-dealkylation (Hall et al., 1989). In the few instances
examined, relatively large ‘intrinsic’ isotope effects have been observed for the N-dealkylation
of amides (°V/K > 6; Hall and Hanzlik, 1990; Constantino et al., 1992). The large isotope effects
for the N-3 demethylation of caffeine (°V/K = 11.5-11.7) are in agreement with the summation
of Hall (Hall et al., 1989), that PA50-catalyzed N-demethylation of amides is associated with a
large intrinsic kinetic deuterium isotope effect.

In conclusion, large intermolecular isotope effects for the CY P1A2-catalyzed N-3
demethylation of caffeine have been observed. The observed competitive isotope effects for the

non-deuterium abstraction pathways (TB, TP) indicate that there is equilibration of the
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kinetically distinguishable EOS complexes via the nondissociative mechanism, leading to the
formation of at least three primary metabolites. This equilibration occurs at comparable (if not
faster) rates relative to the rate of hydrogen abstraction and at rates competitive with reduction of
the perferryl species to water formation. The true isotope effects for PX formation indicate that
hydrogen abstraction proceeds through a symmetrical transition state and that product releaseis
not rate limiting. Water formation is believed to have facilitated the observation for the isotope
effects, in combination with a small amount of switching to TB and TP, by providing a siphon
for the excess EOSp. Because it was a significant branchpoint in the presence of the labelled

caffeine, water formation presumably occurs in the presence of unlabelled caffeine.
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FIGURE LEGENDS

Figure 1. In Vitro Metabolites of Caffeine Formed by Human CYP1A2.
*indicates site of deuterium label on the trideuteromethylated caffeine (3-CDs-caffeine).
Figure 2. Potential Mechanisms for Multiple Metabolite Formation From Caffeine by
Cytochrome P4501A2. 'k’ represents the rate constant for metabolism at the X position of
caffeine. Steps are labeled as follows: A, equilibration of the initial binding of substrate to the
PA50; B, equilibration of substrate orientation within the enzyme active site; C, activation of the
P450; D, release of water and regeneration of the enzyme-substrate complex; E, equilibration of
substrate orientation within the activated enzyme active site; F, equilibration of substrate on and
off the activated P450; and G, oxidation of the substrate and release of product from the P450.
The parallel mechanism includes steps A, B, C, and G. The nondissociative mechanism includes

all steps except step F. The dissociative mechanism includes all steps, A-G.
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TABLE 1
Expected deuterium i sotope effects produced by different kinetic mechanisms on non-deuterium

abstraction pathways™”

Magnitude of "V/K"

Nondissociative Dissociative Parallel
type of expt. Mechanism Mechanism Mechanism
competitive: <10 1.0 10
noncompetitive: <1.0 <lto>1 10

%In this study, non-deuterium abstraction pathways include the formation of TB, TP and TMU.

"Gilette et al., 1994.

PVIK = [(Virex/ Kt / (Vimad K)ol

‘An isotope effect of 1.0 indicates no effect. Aninverseisotope effect is<1. A normal isotope

effect is>1.
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TABLE 2

Composite of substrates, expected metabolites and internal standards

INTERNAL
SUBSTRATE TYPE OF EXPT. METABOLITES STANDARDS
(noncompetitive expt.
only)
O /CH3 Both competitive All do All ds
HaC( N N and noncompetitive
A A
o) |T1 N
CHj
Caffeine
- do PX - d3 PX
O /CH3 Both competitive -d: TB -do TB
HsC N N and noncompetitive -ds TP -do TP
)\ | /> -ds TMU -do TMU
o) |?| N
CDs
3-CD3-Caffeine ()
- d3 PX N/A
O /CD3 = d6 TB
HaC N N Competitive only -d3 TP
)\ | /> -ds TMU
o) ITI N
CD;
3,7-CDs-Caffeine (de)
N/A

All 2-C-1,3-°N,

O /CD3
HaC( N N Competitive only labelled
J L2
0 |T1 N

CD,
2-13C-1,3-®N,-Caffeine
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TABLE 3

Effect of Reductase and Cytochrome bs on CYP1A2-Catalyzed Caffeine Turnover

Enzyme components PX peak area (AU X sec)
no additions ND?P
1:1 reductase:P450 0.56
1:1:1 reductase:bs:P450 0.73
5:1 reductase:P450 1.02°

CY P1A2 microsomes (Gentest) were preincubated with varying amounts of reductase and bs, in
the presence of 5 mM dp-caffeine, in duplicate (described in the Materials and Methods). PX
formation was quantitated by HPLC. ®ND indicates not detected by HPLC. "When quantified
by GC-MS, the turnover number was 0.2 min™ (n=3). “When quantified by GC-MS, the turnover

number was 2.0 min* (n=3). AU: absorbance units.
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TABLE 4

Competitive Experiments. Isotope Effect on Metabolite Ratio

site of metabolism PviK?

N-3 (PX) 7.0 +0.10
N-1(TB) 0.58 + 0.07"
N-7 (TP) 0.65 + 0.02°

Membrane preparations of expressed CY PLA2 were preincubated with reductase and bs,
followed by incubations with a 1:1 ratio of either dp:ds CA (PX formation) or do:d; CA (TB &
TP formation). The total concentration of CA was5 mM. Conditions are described in Materials
and Methods. Estimation of isotope effects were determined from the ratio of each do metabolite
to the corresponding ds metabolite, + SD (n = 3). ®Effects significantly different from 1.0 (p <

0.01). PDifferences are statistically insignificant (0.05 < P < 0.10).
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TABLES
Noncompetitive | sotope Effects on Ratios of Formation Rates”

A. PV; [caffeing] =5 mM.

site of metabolism do-Caffeine ds;-Caffeine do-Caffeine/ds-Caffeine
N-3 (PX) 1.01+0.08 0.093 + 0.007 10.8 + 1.14°
N-1 (TB) 0.133 + 0.006 0.186 + 0.001 0.72 + 0.03°
N-7 (TP) 0.081 + 0.004 0.083 + 0.006 0.98 + 0.01°
C-8 (TMU) ND® ND | e
total metabolism 1.22+0.08 0.362 + 0.009 337+0.23°
ratio(PX : TB: TP) 125:16:1.0 11:22:10 | e

B. PV/K; [caffeine] = 100 uM.

site of metabolism do-Caffeine ds-Caffeine do-Caffeine/ds-Caffeine
N-3 (PX) 0.107 £+ 0.002 0.014 + 0.002 7.69+0.97°
N-1(TB) 0.016 + 0.001 0.024 + 0.001 0.67 + 0.07°
N-7 (TP) 0.008 + 0.000 0.007 £+ 0.001 1.16 + 0.08"
C-8 (TMU) ND ND | e
total metabolism 0.131 + 0.002 0.045+ 0.002 2.93 + 0.06"
ratio(PX : TB : TP) 134:20:1.0 20:34:10 | -

Commercial CYP1A2 microsomes supplemented with reductase and bs were the enzyme source
and incubations were performed as described in the Materials and Methods. Turnover numbers

are presented as nmol min™ nmol P450™. Estimation of isotope effects were calculated from the
mean = SD for each dy metabolite (n=3) divided by the mean £ SD for each d; metabolite (n=3).
3Effects significantly different form 1.0 (p < 0.01). PRatios are significantly different from 1.0 (p

< 0.005). °0.1 < p < 0.25. %0.025 < p < 0.05. ®ND indicates not detected.
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