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Hydrogen Abstraction, Not Single Electron Transfer

Matthew A. Cerny and Robert P. Hanzlik*

Contribution from the Department of Medicinal Chemistry, Lénsity of Kansas,
Lawrence, Kansas 66045

Received July 22, 2005; E-mail: rhanzlik@ku.edu

Abstract: The suicide substrate activity of N-benzyl-N-cyclopropylamine (1) and N-benzyl-N-(1'-methyl-
cyclopropyl)amine (2) toward cytochrome P450 and other enzymes has been explained by a mechanism
involving single electron transfer (SET) oxidation, followed by ring-opening of the aminium radical cation
(protonated aminyl radical) and reaction with the P450 active site. Although the SET oxidation of
N-cyclopropyl-N-methylaniline (3) by horseradish peroxidase leads exclusively to ring-opened (non-
cyclopropyl) products, P450 oxidation of 3 leads to formation of cyclopropanone hydrate and no ring-
opened products, and 3 does not inactivate P450. To help reconcile these discrepant behaviors we have
determined the complete metabolic fate of 1 with P450 in vitro. 3-Hydroxypropionaldehyde (3HP), the
presumptive “signature metabolite” for SET oxidation of a cyclopropylamine, was observed for the first
time in 57% vyield, along with cyclopropanone hydrate (34%), cyclopropylamine (9%), benzaldehyde (6%),
benzyl alcohol (12%), and benzaldoxime (19%). Unexpectedly, N-benzyl-N-cyclopropyl-N-methylamine (4)
was found not to inactivate P450 and not to give rise to 3HP as a metabolite without first undergoing
oxidative N-demethylation to 1. These and other observations argue against a role for SET mechanisms
in the P450 oxidation of cyclopropylamines. We suggest that a conventional hydrogen abstraction/hydroxyl
recombination mechanism (or its equivalent as a one-step “insertion” mechanism) at C—H bonds in 1-4
leads to nonrearranged carbinolamine intermediates and thereby to “ordinary” N-dealkylation products
including cyclopropanone hydrate. Alternatively, hydrogen abstraction at the N—H bond of secondary
cyclopropylamines 1 gives a neutral aminyl radical which could undergo rapid ring-opening leading either

to enzyme inactivation or 3HP formation.

Introduction

Chart 1.

The cyclopropylamine substructure is found in several
biologically active natural products and is increasingly found
within synthetic drug and drug candidate molecules. Since the

initial reports thatN-benzylN-cyclopropylamine I, Chart 1)
is a suicide substrate for cytochrome P450 enzyheswell

as for monoamine oxidagecyclopropylamines have been
widely applied as mechanistic probes of these and other

oxidative enzymes.12 The observation that compoui the
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Scheme 1. Hydrogen Atom Transfer (HAT) Mechanism

Covalent Enzyme Inactivation
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Scheme 2. Single Electron Transfer (SET) Mechanism

Covalent Enzyme Inactivation
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out the involvement oN-cyclopropylidene Schiff base inter-
mediates in the inactivation process (Scheme 1) and focuse

attention on the single electron transfer (SET) mechanism shown

in Scheme 2. Cyclopropyl aminium io¥¥sare known to undergo
rapid unimolecular ring-opening rearrangement to distonic
iminium ion-radical specieX:18The latter have been suggested
to account for the enzyme-inactivating ability of cyclopropyl-

amines versus other types of amines in this regard (Scheme 2)

In addition to the suicide substrate activityloAnd especially

2 toward cytochrome P450, several other observations have als
been taken as support for an SET mechanism for the P450-

catalyzed oxidation of aminé8.For example, P450 oxidation
of 4-alkyl-1,4-dihydropyridine derivatives leads to the extrusion

of alkyl radicals that can be trapped by the P450 heme (leading

to suicide inactivation) or by spin-traps in soluti#han SET
mechanism was also invoked to explain the uniformly low

kinetic deuterium isotope effects observed for P450-catalyzed

N-dealkylation of amines and anilinésin addition, the P450-
inactivating potential of cyclopropylamines and other hetero-

atom-substituted cyclopropanes correlates to their one-electron,

oxidation potentiald2 The P450-catalyzed N-demethylation of
p-substitutedN,N-dimethylanilines shows a Hammaettvalue

of —0.6, indicating the development of partial positive charge
in the transition state for carbinolamine formatfSrzinally,

(16) The neutral species;R- (with three electrons on nitrogen) is an aminyl
radical, while its protonated form (a nitrogen radical cation) is an aminium
ion.
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Marcus analysis of similar data suggests that the active oxygen
species of P450, presuntéd®to be the ferryl or iror-oxene
complex Fe@', has a very much higher reduction potential than
compound | of horseradish peroxidase, a heme enzyme well-
known to perform single-electron oxidations of its substrates.

While these observations appear to make a persuasive
argument in favor of a role for SET reactions in the P450-
catalyzed oxidations of amines (and perhaps other substrates),
more careful consideratiéhindicates that alternate explanations
are possible, even probable, in some of these cases. Evidence
against the role of SET reactions in the P450-catlalyzed
N-dealkylations comes from studies of the regioselectivity of
N-dealkylation ofN-ethyl-N-fluoroethylanilines Ph(Et)NCH
CHyFs-n.2” With HRP, loss of the fluoroethyl group increases
with the degree of fluorine substitution and the acidity of éhe
hydrogens, indicating an important role for a C-deprotonation
reaction following the initial SET oxidation at nitrogen. In
contrast the opposite trend is observed with P450; loss of the
fluoroethyl group decreases from 68% to only 8% across the
series from—CH;CH,F to CHCFs.

Clearly, the role of SET mechanisms in P450-catalyzed
N-dealkylations in general, and more specifically their corollary
role in the suicide substrate activity of cyclopropylamines, is
far from settled. Until recently, one very important type of
evidence relevant to this latter question had been entirely
missing, namely, the unambiguous identification of the fate of
the three cyclopropyl carbons lost from the nitrogen center.
Shaffer et al. first reporté&?°that the oxidation ofN-methyl-
N-cyclopropylaniline 8) by horseradish peroxidase (HRP), a
well-known SET oxidant, leads exclusively to fragmentation
of the cyclopropane ring. The initial nitrogen-centered cation
radical fragments to a distonic open-chain form which then
recyclizes via radical addition to the phenyl ring; further
oxidation generates the ultimate prodidtmethylquinolinium,
guantitatively (Scheme 3). In sharp contrast, the P450-catalyzed
oxidation of 3 was shown to lead exclusively to ring-intact
metabolites including cyclopropanone hydrdtecyclopropy-
laniline, andp-hydroxy-3, with no signs of either acrolein or
3-hydroxypropionaldehyde (3HP) and no signs of P450 inac-
tivation by 3, as would be predicted by Schemé&®2.

In view of the disparate behavior of cyclopropyl prabeith
SET versus P450 enzymes, we undertook a detailed exploration
of the interaction ofl with P450 enzymes, both as a substrate
and as an enzyme inactivator. For this work we used the original
source of P450 enzymes in which the suicide substrate activity
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So0c.2002 124, 8268-8274.

J. AM. CHEM. SOC. = VOL. 128, NO. 10, 2006 3347



ARTICLES Cerny and Hanzlik

of 1 was discovered, namely, liver microsomes from phenobar- 1000

bital-treated rats (PB-microsomes), as well as several expressed,

purified, and reconstituted P450 isoforms. Based on this work 950

we recently reported that a significant portion of the inactivation

of P450 enzymes during metabolismlobccurs via formation En 900

of a robust, spectroscopically distinct metabolic intermediate ®

complex betweeni-nitrosotoluene (a metabolite df but not g

of benzylamine) and the heme iron of P43Qn this Article 5 80

we describe the complete metabolic fatdl@fi PB-microsomes. =

Significantly, we report for the first time that 3HP, long 800

anticipated as the “signature” metabolite for SET oxidation of

a cyclopropylamine by cytochrome P450 (Scheme 2), is indeed 750 ‘ ‘
a major metabolite of. Surprisingly, however, tertiary amine 0 10 20 30 40 50 60

4, the N-methyl derivative ofl, is not an inactivtor of P450
until it is N-demethylated to formd. These and other observa-
tions are discussed in terms of SET versus HAT mechanisms

of stable metabolite formation as well as P450 inactivation by (Imine) carbon of the authentic DNP derivative (152.6 ppm in
cyclopropylamines. MeOH-dy); this peak was absent in extracts from control

incubations. Thus, it is clear that 3HP was formed as a
Results microsomal metabolite of; as described below, 3HP proved
to be a major metabolite df.

Minutes
Figure 1. Kinetics of oxidation ofl by PB-microsomes.

Metabolite Identification. Since previous work in our

laboratory®-3° demonstrated the power and conveniencBof In parallel with the above experiments, a microsomal incuba-
NMR for identification of metabolites of3 in quenched tion of [7-*C]-1 was carried out and analyzed B}C NMR.
incubation mixtures, we adopted a similar approach for the After incubation, acidification to pH 1 and extraction with ether

to remove acidic and neutral metabolites, f@ NMR of the

spectrum of a complete microsomal incubation dffC]-1 aqueous  incubation mixture (Figure 3S in the Supporting
(Figure 1S in the Supporting Information) to that of a blank Information) showed peaks c_orrespondlng to the nonenriched
incubation in which only substrate was omitted (Figure 2S in €&rbon atoms of unmetabolized substrate at 3.1, 29.6, and
the Supporting Information) readily revealed a major peak from 128.7-130.4 ppm, as well as a large peak for the benzylic
the C-1 carbon of unmetabolized substrate (29.5 ppm) plus carbon of the substrate (51.7 ppm). The only metabolite peak
smaller peaks for the nonenriched carbons (i.e., the aromaticdetected in the aqueous concentrate was benzylamine, identified
carbons at 128:6130.6 ppm, the benzylic carbon at 51.5 ppm, by its chemical shift (43.2 ppm). Analysis of the ether extract
and C-2 and C-3 of the cyclopropyl group which appear as a by 13C NMR revealed three significant peaks at 65.5, 149.1,
doublet (due to th&3C-enrichment at C‘1J = 10 Hz) at 3.00 and 192.2 ppm that were not present in blank incubations (data

ppm). Closer examination revealed five additional peaks at 22.8, "0t shown). The peaks at 65.5 and 192.2 ppm were consistent
79.4, 88.1, 88.7, and 206.9 ppm that were not present in theWith benzyl alcohol and benzaldehyde, respectively, but the

blank and were not associated with the substrate. Two peaks atdentity of the peak at 149.1 ppm was not immediately apparent.
22.7 and 79.4 ppm were identified as arising from cyclopro- Hence, the ether extract was submitted to analysis by GC/MS,

pylamine and cyclopropanone hydrate, respectively, by their which yielqled thre(_e peaks_ having retention times of 5.8, 6.9,
chemical shifts and by spiking the incubation sample with @nd 9.4 min associated with/z values of 107, 109, and 122,

authentic standards and rerecording the spectrum (not Shown)_respectively. The injection of authentic standards of unlabeled
Two peaks at 88.1 and 206.9 ppm, which were more intense benzaldehyde and benzyl alcohol resulted in peaks with retention
than those at 22.7 or 79.4 ppm, were initially puzzling. However, imes of 5.8 and 6.9 min andVz values of 106 and 108,
the carbonyl carbon of 3HP and its corresponding gem-diol "€SPectively (reflecting the absence ‘8C-enrichment in the
hydrate have been reported to have chemical shifts of 206.3Standards). The apparent molecular weight of the 9.4 min peak,

and 88.6 ppm, respectively To confirm the formation of 3HP together with its largé3C chemical shift, led us to suspect that
as a metabolite of the incubation mixture was treated with It Might be benzaldoxime, and comparison with an authentic

2,4-dinitrophenylhydrazine (DNPH) reag@hextracted, and the standard _confirmed this identific_ation. The appearance of
extract was analyzed by HPLG3C NMR, and LG-MS benzaldoxime among the metaboliteslofias unexpected and
comparison to an authentic standard. HPLC analysis of incuba-1€d US to investigate separat&ishe mechanism of its formation

tion extracts showed a peak at 11.5 min, thef the standard and the role of its nitroso tautomer in the inactivation of P450
that increased with incubation time. E®AS analysis of material by 1. . ) ] )

collected from this HPLC peak from incubations béand [2- Quantitation of Metabolites. Incubation of 1 with PB-
13C]-1 showed apparent molecular ions mfz 255 and 256 microsomes resulted in a rapid initial rate of consumption that
respectively, and fragmentation patterns identical to that of the d€créased gradually but did not stop, even after 30 min when
authentic standardr(z 255). Finally, thé3C NMR of the extract the rate had slowed t&10% of the initial rate (Figure 1). A

showed a singl&C-enriched peak corresponding to the carbonyl ePlot of log[l] versus time (not shown) is strongly convex
downward, reflecting substantial enzyme inactivation concurrent

(31) Cerny, M. A.; Hanzlik, R. PArch. Biochem. Biophy<005 436, 265 with substrate depletion. Despite the enzyme inactivation taking
275. ; ; 0

(32) Vollenweider, S.; Grassi, G.; Puhan, Z.Agric. Food Chem2003 51, place during turnover of, approximately 20% of the substrate
3287-3293. (initially 1 mM) is consumed over 60 min of incubation.

analysis of metabolites df Thus, comparison of thHéC NMR
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Scheme 4. Metabolites of 1 Formed by PB-Microsomes 250
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Figure 2. Formaldehyde production from microsomal incubatiod ¢600
. . . . ..., 4M) at 33°C in the absence (curve A, closed squares) and presence (curve
To quantitate the cyclopropane-derived metabolites identified | gpen triangles) of 25@M 1. The effect of preincubating microsomes

by 13C NMR experiments the microsomal metabolism 0t [1  plus NADPH in the absence and presencé ¢250xM) for 10 min prior
“Cl-1 (initial concentration 1.0 mM) was monitored by & 80 SRS o ot & goaiquotof the mcubstion.

. . . . i , ively. i iqu incubati
reversed-phase_HPLC W'_th ra_d'_OChemlcal detection. A”_ NON" mixture was removed and analyzed for formaldehyde formation as described
substrate-associated radioactivity was found to elute in the jn the Methods.
solvent front, indicating the highly hydrophilic nature of the
metabolites, i.e., cyclopropylamine, cyclopropanone hydrate, andcontinuously due to enzyme inactivation (see above), the
3HP. Integration of the solvent froMC peak area showed these  disappearance dffollowed strictly linear (zero-order) kinetics
metabolites to be present at a total concentration of /99 throughout the 60 min incubatiod*C NMR studies showed
after 60 min, which agrees with the 20% consumption of that compound, cyclopropanone hydrate, aiddmethylcyclo-
substrate mentioned above. Because HPLC failed to resolve thepropylamine were the onlfC-enriched metabolites @ The
solvent front constituents, quantitation of the individual me- gem-diol hydrate of formaldehyde was also clearly detectable
tabolites necessitated prior derivatization to enable separationat 85.0 ppm, even though this carbon was Ha-enriched.
(see Methods). Thus, cyclopropylamine, analyzed as its 4-ni- Thus, the principal route of microsomal metabolism4ofs
trobenzamide derivativ&accounted for 9% of total metabolites, N-dealkylation, with N-demethylation to forrh greatly pre-
while 3HP, analyzed as its DNP derivative, accounted for 57% dominating.
of total metabolites; cyclopropanone hydrate was estimated by  gjnce1 is an inactivator of microsomal P450, yeis oxidized
subtraction to account for 34% of total metabolites. Similar to 1 with linear (i.e., zero-order) kinetics, we also examined
studies using [#4C]-1 showed that after 60 min of incubation, e jnteraction of these compounds with P450 by direct
benzylamine was also a major (63%) metabolite while benzyl ;o metric titration and by coincubation under several condi-
alcohol, benzaldehyde, and benzaldoxime accounted for 12%.¢q s |nterestingly, microsomal metabolisméif the absence
6%, and 19% of total metabolites, respectively). Thus the overall and presence df s’howed that the presence bhad no effect
metabolism ofl is as shown in Scheme 4. o of N-demethylation oft (Figure 2, curves A and B). However,

Comparative Metabolls_m of 1 and ItsN_-MethyI Derivative _ preincubation of PB-microsomes with alone, followed by
(4). The observed formation of substantial amounts of the 1ing- 7 y4ition of4, led to a considerable decrease in N-demethylation

ppened metabolite 3HP was . consstent .W'th the possible activity toward4 compared to a control in which the preincu-
involvement of an SET mechanism in the microsomal metabo- bation was performed in the absenceldfFigure 2, curves D
lism of 1 (yiz., Scheme.Z). To explore this _possibility further, and C, respectively). These results suggest4ha1j;1deednot
we Sme'tted the te_rtlary cyclopropylaminé (.1 mM)_to an inactivator of P450 but first must be convertedLtbefore
metabolism by PB-mmrosomes. Because tert_lary amines arep 150 inactivation occurs and that the presence of substrate
;nx?ggﬂgnnoge S:JSCEpthE‘ than. secongzg or primary e:jmlhnes tOactuallyprotectsP450 from inactivation byl. To determine if

y electron-abstracting agefts;we anticipated that 4 had a higher affinity for P450 thafh we examined their

4 Sh.OUId be at least as suspeptlble o SET oxidatio asd .. interaction with P450 directly by spectrophotometric titration.
that it would therefore also give a good yield of 3HP metabolite. ) . .
L . Compound 4 interacted very strongly with P450 in PB-
At an initial concentration of 1 mM, compound was an - . .
; . . microsomes and showed a classical type | (substrate-like)
excellent substrate for metabolism by microsomal P450, being, . . : o
binding spectrum and an apparent dissociation conskano{

50% oxidized after 60 min, even with microsomes from . X
. L . . 8.3uM (data not shown). Such difference spectra arise from
noninduced rats. Surprisingly, however, microsomal metabolism . . ; . .
ligand-induced displacement of an iron-coordinated water

of 4 and [1-5C]-4 generated only traces of 3HP as determined, molecule and are quite distinct from the type Il spectral change
respectively, by DNPH trapping and HPLC and B¢ NMR. which occurs with nitrogenous ligands that coordinate directly

Moreover, in contrast to incubations with which slow to the heme iron. In contrast, compouddhad little if any

[HCHO], uM

100 a2
—A—B
50 —0—C

—e—D

(33) Clark, C. R.; Teague, J. D.; Wells, M. W.; Ellis, J. Anal. Chem1977, observable effect on the P450 difference spectrum at concentra-
49, 912-915. i ; Stna

(34) Wang. F- Sayre, L. MJ. Am. Chem. Sod992 114 248-255. tions up to .1.4 mM. Although this result.cannot dlstlngmsh

(35) Rosenblatt, D. H.; Davis, G. T.; Hull, L. A.; Forberg, G.D.Org. Chem. whether1 binds only very weakly to ferric P450, or binds

1968 33, 1649-1651. Hull, L. A.; Davis, G. T.; Rosenblatt, D. H.; 1 i i i _ i i i
Williams, H. K. R.: Weglein, R. CJ. Am. Ghem. $04967 89, 1163 without displacing the iron-coordinated water in the axial

1170. position above the heme, the former interpretation would be
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Table 1. Formation of 3HP from Incubation of Cyclopropylamines
3HP formation
Substrate incubated®
(nmol/30 min)
H 1. R=H 23
N
R 4, R=CH; 2
H
6, R=H 5
N
R 7. R=CH; 13
°2N\©\ H 8. R=H 19
<
i 9, R=CH; 0
R
< .
B 11, R=CH; 18

aIncubations were conducted at 3Z with 0.5 mg of PB-microsomal
protein, 0.5umol of substrate, and 0/4mol of NADPH in a total volume
of 0.5 mL. P Values represent nmol of 3HP formed/20 min.

consistent with its inability to interfere with the metabolism of
4, as shown by curves A and B in Figure 2.

Formation of 3HP from Secondary and Tertiary Cyclo-
propylamines and Secondary Hydroxylamine 5In view of
the significant difference in metabolism df versus4, we

Scheme 5. Possible Role of N-Hydroxylation in Formation of 3HP

H PhCHO
] —= >—NH,
" 2 "
. H*/Zn2 . ]
—_—
Ph/\N workup Ph/\N/ ~_OHe
OH +
. !
PhCH,NH,
AN NN
Ph" N H—
N; o) Ho~~-CHO

incubation results in complete loss Bfand generation of [1
13C]-3HP as identified by DNPH trapping af#C NMR. Thus

it is conceivable that a portion of the 3HP observed in actual
microsomal incubations df could have arisen via acid-catalyzed
decomposition ob formed by the FMO enzyme but only &
were able to accumulate to a significant extent (up to 57% of
substrate metabolized) during the microsomal incubations of
1. However, such extensive accumulation seems unlikely for
two reasons. First, the FMO enzyme in rat liver microsomes
efficiently oxidizes secondary hydroxylamines to nitrofeand
second, hydroxylamin& reacts rapidly with both FMO and
P450 in PB-microsome®.Thus, it is likely that most if not alll

of the 3HP observed is formed as a true metabolitd ahd

not as an artifact from the chemical decompositios afuring
workup of incubations.

examined several other pairs of secondary and tertiary cyclo- Discussion

propylamines to determine if other secondary cyclopropylam_ines A central part of the concept behind mechanism-based or
were also more readily converted to 3HP than their tertiary g icide substrate enzyme inactivators is that they resemble

N-methylated derivatives. As indicated in Table 1, for three of

the four pairs tested, production of 3HP occurred to a much

greater extent with the secondary cyclopropylamine than with
its tertiaryN-methyl analogue. This suggests that formation of
3HP from these compounds may actuaéguirethe N—H bond

of a secondary amine. In this context it is interesting to note

that of the several other cyclopropylamine-based P450 inacti-

vators described in the literature, all are secondary anfir#és.
Furthermore, whereas oxidation of 4-alkyl-1,4-dihydropyridine

normal substrates, bind to the active site of an enzyme, and
undergo early steps of the catalytic cycle as if they were a
normal substrate. However, having unique chemical features
not found in ordinary substrates, suicide substrates can, at least
part of the time, exit the normal catalytic cycle prematurely in

a way that leads to covalent inactivation of the enzyme. Thus,
the study of suicide substrates can potentially illuminate at least
part of the catalytic mechanism followed by normal substrates
whose turnover does not lead to enzyme inactivation. A case

Hantzsch esters by P450 enzymes leads to alkyl radical extrusion, point is the P450-catalyzed N-dealkylation of tertiary amines,

and enzyme inactivation, thei-alkyl derivatives are also
inactive in this regard until first undergoing N-deaklylatign.
The significance of these observations is that, collectively,

stable metabolites from and possibly in the mechanism of
suicide inactivation of P450 enzymes by

The generally more extensive production of 3HP from
secondary cyclopropylamines versus their tertidlymethyl
derivatives, as well as our previous demonstration of the
involvement of the microsomal flavin-containing monooxyge-
nase (FMO) in the N-oxidation dof,3! led us to consider that
production of 3HP might also occur via a secondary cyclopro-
pylhydroxylamine intermediate such &sis shown in Scheme
5. Using!3C NMR, we demonstrated that, wherea&{X]-5
is stable in incubation buffer for4 h, addition of 15% zinc
sulfate solution to simulate the workup of a microsomal

(36) Castagnoli, N., Jr.; Rimoldi, J. M.; Bloomquist, J.; Castagnoli, KCRem.
Res. Toxicol1997 10, 924-940.

(37) Lee, J. S.; Jacobsen, N. E.; Ortiz de Montellano, BBiBchemistry1 98§
27, 7703-7710.
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which has been conclusively shown to occur via the interme-
diacy of a carbinolamine which decomposes solvolytically to a

Istha ey carbonyl compound and a dealkylated anfifié! Carbinola-
cast doubt on the role of SET mechanisms in the formation of

mine formation had been assumed to occur by a reaction
analogous to aliphatic hydroxylation, but with the discovery that
both1 and?2 are suicide substrates for P450, the SET mechanism
was proposed as a mechanism that could potentially account
for both the N-dealkylation of normal amines and the suicide
substrate activity unique to cyclopropylamiriég#

Initially, the SET mechanism also appeared attractive as a
way to rationalize the enigmatically small kinetic deuterium
isotope effects observed for the N-dealkylation of &y
amines (1.0< ky/kp < 1.8)2 which contrast the relatively large
isotope effects observed for N-dealkylation of high, amides,

(38) Cashman, J. R.; Yang, Z. C.; dteerg, T.Chem. Res. Toxicoll99Q 3,
428-432.

(39) Rose, J.; Castagnoli, N., Med. Res. Re 1983 3, 73—88.

(40) Shea, J. P.; Valentine, G. L.; Nelson, SHibchem. Biophys. Res. Commun.
1982 109 231-235.

(41) Kedderis, G. L.; Dwyer, L. A.; Rickert, D. E.; Hollenberg, P. ¥ol.
Pharmacol.1983 23, 758-760.
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Scheme 6. Proposed Mechanisms for Interaction of 1 or 2 with
Cytochrome P450

A. ‘ OH
P 1) H-abstraction (HAT) [PhCH,NH, + X
C{’ H 2) HO-recombination OH
EFe= . NH or
H 3) solvolysis of NH,
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enzyme
inactivation?
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O-dealkylation of ethers, and C-hydroxylation of aliphatic
systems (4< kq/kp < 10)#2~45 However, isotope effect profiling
studies of P450-catalyzed N-dealkylations and related HAT-

sistent with an SET mechanism. In fact, the formation of 3HP
uniquely fromsecondarycyclopropylamines is entirely consis-
tent with a variation of the HAT mechanism first proposed by
Karki and Dinnocenz8® as shown in Scheme 6B. In this scheme
the enzymatic oxidant is depicted as the ferryl or ir@xene
derivative of P450 (Fe03"),2425 but the N-HAT mechanism
shown is not inconsistent with a radical-like Fe(HpO-
precursor to the ferryl species being involved as the H-
abstracting agent.

In conclusion, we believe the many results presented above
argue persuasively in favor of the “traditional” HAT-type
mechanism for most if not all P450-catalyzed N-dealkylation
reactions, including those of cyclopropylamines. Other important
questions remain, however. For example, at what point in the
turnover cycle of P450 with or 2 does the mechanism branch
to suicide inactivation; is therany role for SET in amine
metabolism by P450 enzymes; what isoforms of P450 in PB-
microsomes are inactivated ki, in addition to metabolic
intermediate complex formatioi,how do 1 and 2 inactivate
P450? Ongoing studies in our laboratory are directed toward

type model reactions have been interpreted to favor the classica@nswering these important questions.

HAT (i.e., abstraction/recombination) mechanimand a
moderately large (ca. 3.1) kinetic deuterium isotope effect more

Methods

consistent with a HAT mechanism has recently been reported ~Glucose-6-phosphate, glucose-6-phosphate dehydrogenase, and NAD-

for P450-catalyzed N-decyclopropylation reactiéi$e current

PH were purchased from Sigma (St. Louis, MO). Compousd&l

consensus is that kinetic isotope effects do not provide Supportwere available from earlier work in our laboratory. All other chemicals

for SET involvement in N-dealkylation reactiohd%2?
More recently the use of product studies to investigate the
role of SET mechanisms in the oxidative metabolism of

and reagents were of reagent grade or higher purity and were purchased
from commercial suppliers. Liver microsomes from phenobarbital-
treated rats were prepared, stored, and handled as des€rib&iP450
ligand binding spectra were recorded as described by Chaurasi# et al.

cyclopropylamines has been enabled by the development ofoiher general laboratory instrumentation and procedures were as
facile synthetic methods for isotopic labeling of cyclopropy- described! Unless otherwise specified, the buffer used for all mi-
lamineg®47 and by the increased sensitivity of modern NMR  crosomal incubations was 0.1 M potassium phosphate, pH 7.5. Zinc
spectrometers. In agreement with expectations for an SET sulfate solution (15% w/v) was used to precipitate proteins, but unlike
reaction mechanism, oxidation of the Iday» substrateN- many literature descriptions of this method we added barium hydroxide
cyclopropylN-methylaniline 8) by horseradish peroxidase was only when formaldehyde was the metabolite being measured. The

found to generate exclusively cyclopropyl ring-opened prod-
ucts?829 In contrast, oxidation of3 by cytochrome P450

enzymes gave the ring-intact metabolite cyclopropanone hydrate

as theonly metabolite from the cyclopropyl moiety; moreover
3, unlike 1, doesnot inactivate P453°

Because of the dichotomous behavioBdabward HRP versus
P450, and because HRP does not oxidizeve undertook to
elucidate the complete P450 metabolic profileloAs reported
above, in addition to all of the anticipated normal N-dealkylation

syntheses of [11°C]-1, [1'-*4C]-1, [7-°C]-1, [7-*C]-1, and5 have been
described previousl§t 2,4-Dinitrophenylhydrazine derivatives of ac-
rolein and 3-hydroxypropionaldehyde were prepared as described by
Shaffer et aP®

N-BenzylN-methyl-[1'-1%C]-cyclopropylamine-HCI (4-HCI). To
a 30 mL culture tube (2.5 cnx 10 cm) was addedN-benzylN-
methylamineHCI (0.79 g, 5.00 mmol), sodiuntiC]-formate (0.28 g,
4.00 mmol), and 10 mL of acetonitrile. The tube was capped with a
Teflon-lined screw cap, and the contents were stirred &Bor 48
h. The reaction was cooled to room temperature and diluted with ethyl

products (Scheme 6A), 3HP has for the first time been observedacetate (15 mL), and the resulting solution rinsechviitM NaOH (15

as a metabolite, indeednaajor (57%) metabolite, derived from

the cyclopropyl moiety ofl. 3HP had long been anticipated as
the “signature” metabolite for an SET mechanism for cyclo-
propylamine oxidation (Scheme 2). However, the fact that
tertiary cyclopropylamines, which on the basis of oxidation

potential should be more susceptible to SET oxidation than their48_56’ 54.30, 128.16, 128.41, 128.87, 128.99, 129.44, 129.65, 136.40

secondary analogué%apparently yield 3HP onlafter under-
going metabolism to a secondary cyclopropylamine is incon-

(42) Guengerich, F. P.; Peterson, L. A.idker, R. H.J. Biol. Chem.1987,
263 8176-8183.

(43) Hall, L. R.; Hanzlik, R. PJ. Biol. Chem.199Q 265 12349-12355.

(44) Hanzlik, R. P.; Ling, J. K.-HJ. Am. Chem. S0d.993 115 9363-9370.

(45) lyer, K. R.; Jones, J. P.; Darbyshire, J. F.; Trager, VBiéchemistryl997,
36, 7136-7143.

(46) Manchester, J. I.; Dinnocenzo, J. P.; Higgins, L. A.; Jones, J. Rm.
Chem. Soc1997 119, 5069-5070.

(47) Chaplinski, V.; de Meijere, AAngew. Chem., Int. Ed. Engl996 35,
413-414.

mL) and 1 M HCI (15 mL). The ethyl acetate solution was then dried
over magnesium sulfate, filtered, and the solvent was removed in vacuo
yielding N-benzylN-methyl-[*C]-formamide as a yellow liquid (0.55
g, 74% yield).*H NMR (500 MHz, CDC}) 6 2.82 (d, 3H,J = 3.51
Hz), 4.46 (d, 2H,J = 3.83 Hz), 7.26-7.55 (m, 5H), 8.22 (dd, 1H] =
62.81, 192.87 Hz)!3C NMR (125.8 MHz, CDCJ) 6 30.24, 34.87,
136.66, 163.53fC-enriched carbon), 163.69°C-enriched carbon).
GC/MS: tr 14.5 min,m/z 150 [M*].
N-benzylN-methyl-[*C]-formamide (0.55 g, 3.68 mmol) was dis-
solved in 8 mL of dry tetrahydrofuran in a three-neck round-bottom
flask and stirred vigorously under nitrogen. Titanium isopropoxide (1.35
mL, 4.60 mmol) was added, followed by 3.68 mL of a 3.00 M solution

(48) Chaurasia, C. S.; Alterman, M. A,; Lu, P.; Hanzlik, R.Apch. Biochem.
Biophys.1995 317, 161—169.

(49) Narasimhan, N.; Weller, P. E.; Buben, J. A.; Wiley, R. A; Hanzlik, R. P.
Xenobiotical988 18, 491—499.
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of ethylmagnesium bromide in ether (11.05 mmol). Upon addition of (m, 1H), 6.35 (s, 1H), 7.967.92 (m, 2H), 8.26:8.29 (m, 2H). GC/

the Grignard reagent, gas evolved and a yellow color formed. The MS: tgr 16.3 min,m/z 206 [M*].

mixture was heated for 15 min at 46, whereupon the reaction mixture N,N-Diethyl-4-nitrobenzamide. N,N-Diethyl-4-nitrobenzamide, used
became black. The reaction mixture was then cooled to room temper-as an internal standard for HPLC, was prepared and purified as
ature, stirred for 12 h, and quenched by addition of 15 mL of saturated described for N-cyclopropyl-4-nitrobenzamide giving the desired
agueous ammonium chloride solution. After adding 20 mL of 1 M product as white needles (43% yield). Mp-686 °C. IH NMR (400
NaOH the resulting mixture was extracted with ether(25 mL). MHz, CDCk) 6 1.11-1.14 (m, 3H), 1.26-1.31 (m, 3H), 3.21 (m, 2H),
The extracts were pooled, dried over magnesium sulfate, filtered, and 3,57 (m, 2H), 7.55 (d, 2H) = 8.77 Hz), 8.28 (d, 2H) = 8.74 Hz).
concentrated in vacuo giving a yellow liquid (0.41 g). This material GC/MS: tz 18.4 min,m/z 222 [M"].

was then applied to a silica gel column and eluted with 2.5% ether in N-Cyclopropyl-N-methyl-N-cyclohexylmethylamineHCI (7-HCI).
pentane to obtain 0.21 g di-benzylN-methyl-[1-'*C]-cyclopropy- In a 16 mmx 100 mm culture tube was combined the hydrochloride
lamine as a clear colorless liquid. This liquid was then dissolved in 10 ggt of N-cyclopropyN-(cyclohexylmethyl)amine (0.47 g, 2.50 mmol),
mL ether and bubbled with HCI gas resulting in the formation of a 5 m of methanol, formaldehyde (12.7 M solution, 0.22 mL), and acetic
white precipitate. The white precipitate that formed was collected by acid (0.57 mL, 10 mmol) along wit3 A molecular sieves. After stirring
suction filtration and dissolved in a minimum volume of hot absolute  tor 30 min, sodium cyanoborohydride (0.24 g, 3.75 mmol) was added
ethanol, cooled to room temperature, and the product was precipitatedang the tube was capped with a Teflon-lined screwcap. The reaction
by addition of ether giving 0.15 g of a white crystalline solid (20%). was allowed to stir overnight. The reaction was then quenched by
*H NMR (400 MHz, D;0) ¢ 0.80 (m, 2H), 0.91 (m, 2H), 2.81 (dm,  aqdition of water (10 mL), and the resulting solution was extracted
1H, J = 186.18 Hz), 2.94 (m, 2H) 7.50 (m, 5H)*C NMR (100.6 with ether (15 mL). The aqueous portion was then made alkaline by
MHz, D;0) 6 4.65, 39.28 {’C-enriched carbon), 42.60, 61.31, 129.27,  aqdition of 10 mL 6 1 M NaOH and extracted with ether (8 15
129.44,130.38, 131.67. GC/MS (free basg)11.2 min,m/z 161 [M*]. mL). The extracts were pooled, dried over magnesium sulfate, and
[1'-3C]-N-Benzyl-N-cyclopropylhydroxylamine ([1'-33C]-5). In a concentrated under reduced pressure. The colorless liquid obtained was
three-neck round-bottom flask was combinetfC]-1 (56 mg, 0.38 dissolved in 5 mL of ether and bubbled with HCI gas resulting in the
mmol), sodium tungstate dihydrate (5 mg, 0.015 mmol), and 3 mL of formation of a white precipitate (0.054 g, 11%j NMR (400 MHz,
water. Hydrogen peroxide solution (30%, 0.10 mL) was added over D,0) 6 0.95-1.29 (m, 9H), 1.69 (m, 5H), 1.90 (m, 1H), 2.79 (m, 1H),
30 min with constant cooling on ice. The reaction was allowed to warm 2.92 (s, 5H), 3.15 (s, 5H}3C NMR (100.6 MHz, RO) ¢ 25.20, 25.70,
to room temperature and stirred an additional 3 h. The reaction was 30.56, 32.95, 40.62, 42.23, 64.64.
halted by addition of 6 mg of sodium hydrogen sulfite and 48 mg of N-Cyclopropyl-N-methyl-1-methyl-2-phenylethylamineHCI (11-
sodium chloride. The resulting solution was extracted with methylene HCI). In a 16 mmx 100 mm culture tube the hydrochloride salt of
chloride (4 x 10 mL), and the extracts were pooled, dried over N-cyclopropyl-1-methyl-2-phenylethylamin&@ (0.53 g, 2.50 mmol),
magnesium sulfate, and concentrated in vacuo giving 0.048 g of the methanol (4 mL), formaldehyde (12.7 M solution, 0.22 mL, 2.79 mmol),
crude nitrone product as determined by TLC. Without purification the and acetic acid (0.57 mL, 10 mmol) were combinedrc&/& molecular
crude nitrone was dissolved in 2 mL of dry tetrahydrofuran and added sjeves. After stirring for 30 min, sodium cyanoborohydride (0.24 g,
dropwise over 30 min to a stirred ice-cold slurry of lithium aluminum 375 mmol) was added, and the tube was capped with a Teflon-lined
hydride (0.045 g, 1.19 mmol) in 2 mL of tetrahydrofuran under an screwcap. The reaction was allowed to stir overnight, water was then
atmosphere of nitrogen with constant cooling. After addition of the added, and the resulting solution was extracted with ether (15 mL).
nitrone solution was complete, the reaction was left to stir & Gor The aqueous portion was then made alkaline by addition of 10 mL of
3 h. At this point TLC showed that no starting material remained. The 1 M NaOH and extracted with ether (3 15 mL). The extracts were
reaction was quenched by the slow addition of 3 mL of water with pooled, dried over magnesium sulfate, and concentrated under reduced
continual cooling. The resulting mixture was extracted with ether (4 pressure. The colorless liquid obtained was dissolved in 5 mL of ether
x 10 mL), and the extracts were pooled, dried over magnesium sulfate, and bubbled with HCI gas resulting in formation of a white precipitate
and concentrated giving 0.025 g of a yellow liquid. After silica gel (0.149 g, 26%)H NMR (400 MHz, D,O) 6 0.87—1.07 (m, 4H), 1.26
chromatography using 3:1 pentane/ether as solvent, 0.015 g of the(t, 3H, J = 5.71 Hz), 2.752.97 (m, 5H), 3.25 (dd, 1HJ = 4.07,
desired product was obtained as an amorphous white solid (24% yield 13.17 Hz), 3.753.84 (m, 1H), 7.36-7.59 (m, 5H).13C NMR (100.6
from [1'-1*C]-1). *H NMR (400 MHz, MeOHél) 6 0.57 (m, 4H), 2.30 MHz, D;0) 6 3.59, 3.80, 5.50, 5.77, 12.34, 13.76, 36.51, 36.57, 37.04,
(dm, 1H,J = 171.77 Hz), 3.96 (s, 2H), 7.217.35 (m, 5H).”*C NMR 37.55, 37.65, 38.13, 64.16, 64.45, 127.59, 127.67, 129.27, 129.30,
(100.6 MHz, MeOHey) 6 6.86, 7.02, 41.65¢C-enriched carbon), 129.72, 136.48, 136.72.
63.32, 128.18, 129.13, 130.81. Incubation and Metabolite Analysis by **C NMR. Concentrated
N-Cyclopropyl-4-nitrobenzamide. Cyclopropylamine (5.00 mmol),  PB-microsomes (72@L, 30 mg of protein, 101 nmol of P450) were
triethylamine (10.00 mmol), and 5 mL of dry tetrahydrofuran were diluted with 8.9 mL of buffer and warmed to 3T. To this mixture
combined in a 50 mL culture tub& 1 M solution of 4-nitrobenzoyl was added 4@L of either buffer or a solution of [#13C]-1 or [7-13C]-
chloride (10 mL, 10.00 mmol) in dry tetrahydrofuran was added 1 or [1'-13C]-4 in buffer (0.5 M, 20umol) and 53uL of an NADPH
dropwise with stirring. The tube was capped with a Teflon-lined regeneration system (0.13 unjtk/glucose-6-phosphate dehydrogenase
screwcap and heated at 86 for 4 h. The reaction was quenched by and 1 M glucose-6-phosphate in buffer). This mixture was vortexed
addition of water (10 mL), and the organic portion was separated and thoroughly and preincubated for 3 min at 3Z. The incubation was
concentrated in vacuo. The resulting material was then dissolved in 40 started by addition of 200L of a 50 mM solution of NADPH in buffer
mL of chloroform and rinsed with saturated aqueous sodium carbonate (10 umol) bringing the total volume to 10 mL. The incubation was
(2 x 30 mL) and HO (30 mL). The resulting solution was dried over  conducted for 90 min at 37C in an oscillating water shaker bath. The
magnesium sulfate, filtered, and the solvent was removed in vacuo to incubation was quenched by addition of 2 mL of 15% zinc sulfate
give N-cyclopropyl-4-nitrobenzamide. The crude product was dissolved solution (which dropped the pH to around 4), the precipitate was
in hot benzene, and hexane was added until a cloudy solution resulted.sedimented by centrifugation, and the resulting supernatant was
Upon standing in a refrigerator, the desired product formed as white removed. For the [#%C]-1 incubations the supernatant was further
needles (51% yield). Mp 175C (Lit. 178-179°C).5° 'H NMR (400 acidified to pH 1 with 1 mL 61 M HCI and extracted with ether (3

MHz, CDCk) 6 0.62-0.69 (m, 2H), 0.96-0.95 (m, 2H), 2.96-2.97 x 5 mL). The extracts were set aside for later analysis (see below).
After extraction the supernatant was concentrated with gentle heating
(50) Horrom, B. W.; Lynes, T. EJ. Med. Chem1963 19, 528-532. under vacuum to a volume of approximately 5d0 This liquid was
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then transferredbta 5 mm NMRtube along with 5@.L of D,O. These was removed and combined with 40 of a hexanes-extracted DNPH
samples were then analyzed B¢ NMR. After acquisition of the initial solution (0.15 Mj8 and allowed to stand at room temperature for 30
C NMR spectra for the PB-microsomal incubation of-fiC]-1, min. The resulting mixture was extracted with ethyl acetate (200
cyclopropylamine (5.9L of 7.61 M solution in HO, 45umol) and uL), and the combined extracts were dried in vacuo. The resulting
cyclopropanone hydrate (322, 1.4 M in HO, 45 umol)**5! were orange residue was dissolved in 2d00f acetonitrile, and the solution
added, and the sample was reanalyzed®tyNMR. of DNPH-trapped material (2@L) was analyzed by HPLC using a
Analysis of Ether Extracts for Non-Amine Metabolites of [7-13C]- Vydac C18 column (&, 4.6 mmx 250 mm) with UV monitoring at

1 by 3C NMR and GC/MS. A blank incubation and an incubation 350 nm eluting at 1 mL/min with a gradient of solvent B (acetonitrile)
containing [723C]-1 were conducted in parallel as described above. insolvent A (MeOH/HO, 1:1 v/v) as follows: 6-13 min, 9% B; 13-
The ether extracts of the quenched incubation supernatants were driedl8 min, 9-30% B; 18-21 min, 30% B; 2+23 min, 30-100% B;
over magnesium sulfate and filtered. To avoid loss of volatile 23—26 min, 100% B; 26-27 min, 100-9% B; 27-35 min, hold at

metabolites, the ether extracts were concentrated280 uL using a 9% B. Formation of 3HP was quantified using a calibration curve
Vigreux distillation column. To this liquid was then added 1 mL of prepared from a standard solution of 3,3-diethoxypropanol (which
deuterated chloroform, and the sample transferced & mm NMR generates 3HP, but not acrolein, upon hydrolysis under the above
tube and analyzed B§C NMR. After acquisition of the NMR spectrum,  conditions).

an aliquot of the NMR solution was removed and without dilution Quantitation of Cyclopropylamine Formation. Incubation aliquots
analyzed by GC/EIMS (DB5 column) using the following oven (200uL) were removed at 0, 15, 30, and 60 min and combined with
program: 50°C initial temperature increasing to 18Q at 10°C/min, 45 ul of 15% zinc sulfate solution and 2@ of 1 mM N,N-diethyl-

then 30°C/min to 250°C, then hold at 250C for 10 min. To limit the 4-nitrobenzamide (internal standard). After brief centrifugation the
loss of volatile compounds the injection port temperature was main- supernatant was removed and combined with/4180f 5 M potassium
tained at 150°C. To confirm the retention times and mass spectral hydroxide and 40Q.L of freshly prepared 100 mM 4-nitrobenzoyl
fragmentation patterns, authentic standards were injected using the samehloride in tetrahydrofuran and allowed to stand at room temperature

oven program. for 30 min. The resulting mixture was extracted with ethyl acetate (2
Incubation of 1, [1'-14C]-1, and [7-“C]-1 for Metabolite Quan- x 250uL), the extracts were concentrated in vacuo, and the resulting

titation. These incubations were carried out essentially as described material was dissolved in 1Q@L of acetonitrile. HPLC analysis was

above, except that the incubations were scaled down te2LGbmL performed by injection of 2@L of this solution onto a Vydac C18

and the microsomal protein concentration was decreased to 2 mg/mL.column (5, 4.6 mm x 250 mm) monitored by UV at 270 nm and
Aliquots (200 L) were removed at various times for analysis as eluted at a flow rate of 1 mL/min using a gradient of solvent B

described below. (acetonitrile) in solvent A (70:30 ¥D/acetonitrile) as follows: 68
Incubations for amine analysis were quenched by addition to a min, 0% B; 8-15 min, 0-55% B; 15-20 min, hold at 55% B; 2623
mixture of 45uL of 15% zinc sulfate solution and 24 of 2.75 mM min, 55-0% B. Formation of cyclopropylamine was quantified using

4-methoxybenzylamine (internal standard). The precipitate was removeda calibration curve prepared from a standard solution of cyclopropy-
by centrifugation for 10 min. The supernatant was removed, extracted lamine.
with pentane/ether (9:1), and residual pentane/ether was removed by Effect of 1 on the N-Demethylation of 4.To examine the direct
briefly blowing a stream of nitrogen over the solution. The quenched effect of coincubatind with 4, a suspension of PB-microsomes (2 mg
incubation samples were then analyzed by HPLC (ZD0njection) of protein/mL, 4436:L) was added to each of two 25 mL Erlenmeyer
using an isocratic solvent system consisting of 15% acetonitrile in 100 flasks. To each of these flasks was also added:9%f a 25 mM
mM NaClO, (acidified to pH 2.25 using perchloric acid) a 1 mL/ solution of 4 (2.38 umol) in buffer and 29uL of an NADPH
min flow rate on a Kromasil C4 column {&Zm, 4.6 mmx 150 mm)3? regenerating system containing glucose-6-phosphate dehydrogenase
The column effluent was passed through a UV detector (210 nm) in (0.13 units/mL) and glucose-6-phosphate (1.0 M) in buffer. One flask
series with a Ramona radioactivity flow detector with a solid scintillant  then received 9&L of a solution ofl (12.5 mM, 1.1%mol) in buffer
cell. The amounts of benzylamine formed athdremaining were while the other received 95L of buffer alone. Prior to initiating the
quantified based on radiochemical peak integration or using a calibration reaction by addition of NADPH (see below), a 48Q “zero-time”
curve prepared from standard solutions of nonradiolabeled benzylaminealiquot was removed from each flask and added to a 1.7 mL Eppendorf
and1. tube containing 25@L each of 15% zinc sulfate solution and saturated
For analysis of non-amine metabolites incubations were quenched aqueous barium hydroxide solution. Each tube was then vortexed, 10
by addition of 15% zinc sulfate solution (44.) and acetophenone  uL buffer was added, and the mixture was held for later analysis. The
(20uL, 1.25 mM in acetonitrile) as an internal standard. The quenched two incubation tubes were then warmed in an oscillating water bath at
incubation samples were then analyzed by HPLC (ZD0njection) 33°C for 3 min prior to initiating reaction by the addition of 34 of
using an isocratic solvent system consisting of 27.5:72.5 acetonitrile/ an NADPH solution (50 mM in 0.1 M KgPO, buffer). At 0.5, 1, 3,
ammonium formate solution (50 mM, adjusted to pH 3.6) at a flow 5, 10, 15, 30, and 45 min after the addition, a @0 aliquot was
rate of 1 mL/min on a Vydac C18 columng54.6 mmx 250 mm). removed from each flask and added to separate 1.7 mL Eppendorf tubes
Column effluent was passed through a UV detector (254 nm) in series containing 250uL of 15% zinc sulfate solution. The tubes were
with a Ramona radioactivity flow detector with a solid scintillant cell.  vortexed, a saturated solution of barium hydroxide was added (250
Non-amine metabolite formation was quantified based on radiochemical L), and the tubes were vortexed again. After brief centrifugation, 800
peak area integration. uL of the supernatant was removed, combined with 4000f Nash
DNPH Trapping and Quantitation of 3HP. Aliquots (200uL) of reagenf?® and heated at 60C for 10 min. The absorbance of each
an incubation mixture of with PB-microsomes (2 mg of protein/mL)  incubation sample was then measured at 415 nm versus a similarly
were removed at 0, 15, 30, and 60 min and placed into a mixture of treated buffer (blank) solution. Formaldehyde formation was quantified

15% zinc sulfate solution (45L) and internal standard (20L x 2 using a calibration curve prepared from standard solutions.
mM acetaldehyde or glycolaldehyde in acetonitrile). Precipitated protein  To examine the effect of preincubationbbn the N-demethylation
was removed by centrifugation for 10 min. The supernatant (200 of 4, PB-microsomes were diluted with buffer to a protein concentration
of 2 mg/mL and kept on ice until use. Diluted microsomes (36Dp
(51) GMéizsg_n%%rng. S.; Nichols, J. S.; Kolpak, M. X.Biol. Chem.1982 257, were added to each of two 25 mL Erlenmeyer flasks along with[23
(52) Roberts, J.IM.; Diaz, A. R.; Fortin, D. T.; Friedle, J. M.; Piper, SADal.
Chem.2002 74, 4927-4932. (53) Nash, TBiochem. J1953 55, 416-421.
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of an NADPH regenerating system as described above. To one of the
two flasks was added a solutidnin buffer (75uL, 12.5 mM, 0.94
umol), and to the other was added @& of buffer alone. To each
flask was then added 78- of an NADPH solution (50 mM in buffer),

and the resulting mixtures were incubated in the absenckinfan
oscillating water bath at 33C for 10 min. Prior to addition o#, a 490

uL aliqguot was removed from each flask and added to a 1.7 mL
Eppendorf tube containing 250 each of 15% zinc sulfate and a
saturated aqueous barium hydroxide solution angl1@f buffer to
generate a zero-time sample. After 10 min of preincubation time, a
solution of4 (65 uL, 25 mM in buffer, 1.63zmol) was added to each
flask. This was followed by further incubation in the oscillating water
bath at 33°C. At 1, 3, 5, 10, 20, and 25 min after the additiondofa
500uL aliquot was removed from each flask in parallel and added to
a 1.7 mL Eppendorf tube containing 250 of 15% zinc sulfate
solution; after vortexing to mix thoroughly, 2%Q. of saturated aqueous
barium hydroxide solution was added and the tubes were vortexed again.

ethylene glycol (25Q:mol, internal standard) in water. The mixture
was thoroughly vortexed, and a 5aQ aliquot was removed, added

to a 5 mm NMR tube along with 50L of D,0, and analyzed b{?C

NMR after 30 min and again after 4 h. To the remaining solution was
added 1 mL of a 15% solution of zinc sulfate which resulted in the
precipitation of a white solid. Precipitate was sedimented by centrifuga-
tion, and the supernatant was removed and concentrated with gentle
heating under vacuum to a volume of approximately &00This liquid

was then transferreddta 5 mm NMRtube along with 5Q:L of D,O

and analyzed by*C NMR.
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Samples were processed and analyzed for formaldehyde as described Supporting Information Available: 3C NMR spectra. This

above.

Mock Incubation of [1'-**C]-5. To a 16 mmx 100 mm culture
tube was added 5394L of buffer, 56 uL of a 100 mM solution of
[1'-13C]-5 (5.6 umol) in methanol, and 108L of a 2.5 M solution of
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