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SUMMARY

Two different reaction mechanisms for the formation of the two
human enamine-structured sparteine metabolites by cyto-
chrome P450 2D6 have been discussed in the literature. These
mechanisms are either initial one-electron oxidation of Ni of
sparteine followed by deprotonation of the aminium radical
cation, resulting in the formation of different carbon radicals
and oxygen rebound of the carbon radicals, or oxidation of the
carbon atoms adjacent to Ni by the enzyme, directly producing
the respective carbon radicals. With a spectrum of deuterium-
labeled isotopomers of sparteine, stereoselectivity and kinetic
isotope effects of human sparteine metabolism were investi-
gated by in vitro and in vivo experiments and were compared
with chemical oxidation of i 7-oxosparteine. These experiments
revealed that the major human sparteine metabolite 2,3-dide-
hydrosparteine is formed via highly stereoselective abstraction
of the 2p-hydrogen atom; the deuterium label was completely
retained during metabolism when 2R-[�H]sparteine was used
as substrate. Chemical oxidation of 1 7-oxosparteine by Ce4’,
as a model for one-electron oxidation of Ni of a sparteine-like

structure, resulted in the sole formation of the 5,6-unsaturated
enamine, and no 2,3-unsaturated enamine, structurally equiv-
alent to the human major metabolite, was found. An unequiv-
ocal discrimination between the two possible reaction mecha-
nisms was not possible by simple interpretation of the
magnitude of the kinetic deuterium isotope effects. However,
results of competitive and noncompetitive experiments re-
vealed the presence of a nondissociative enzymatic mecha-
nism for the formation of the two sparteine metabolites, i.e., the
sparteine molecule that is bound to the substrate binding site of
cytochrome P450 2D6 performs orientational changes without
dissociating from the activated enzyme/substrate complex be-
fore the product-determining first irreversible reaction step.
These results agree with the hypothesis that sparteine metab-
olism proceeds by direct carbon oxidation. Because electron
transfer from amines to P450 may occur over some distance,
the possibility of a sequential electron-proton transfer reaction
during sparteine metabolism cannot be ruled out completely as
an alternative reaction mechanism for sparteine metabolism.

The oxidative metabolism of sparteine (1), a quinolizidine
alkaloid with antiarrhythmic properties, is catalyzed by hu-
man CYP2D6 and therefore exhibits a genetic polymorphism.
Of whites, 5-10% have a severely impaired capacity to me-
tabolize sparteine and eliminate most of the dose as parent
drug in the urine. These individuals are therefore designated

as poor metabolizers, whereas the majority of the white and

non-white population is defined as EMs because they elimi-
nate most of the drug as metabolites. Although sparteine is
no longer in therapeutic use, it is still a useful model and

probe drug for polymorphic drug metabolism by CYP2D6.
Two enamine-structured sparteine derivatives, 2,3-didehy-

drosparteine (2) and 5,6-didehydrosparteine (3), are detected
by GC-MS as the major human metabolites in urine or
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plasma samples of EMs (Fig. 1). The same metabolites are

also found in in vitro experiments using EM human liver

microsomes. However, these enamines constitute rearrange-

ment or decomposition products due to alkaline sample

work-up and extraction before GC-MS analysis. It could be

shown by NMR analysis that at neutral pH, the major me-

tabolite 2,3-didehydrosparteine is present almost exclusively

as the hydrated form 2S-hydroxysparteine (4), whereas 5,6-

didehydrosparteine is present as the tautomeric 1,6-unsatur-

ated iminium ion (5)#{149}3

Because CYP2D6 exhibits a distinct substrate specificity

(3), refined models of its substrate binding site have been

developed (4-6). Typical CYP2D6 substrates possess a basic
nitrogen atom that interacts with a negatively charged func-

tional group in the CYP2D6 substrate binding site and are

metabolically attacked at a distance of 4.5-8 A (4) from the

3 During the present study, the sparteine metabolites were detected and
quantified as free enamine bases, i.e., 2 and 3; therefore, these designations
were used instead of 4 and 5.
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Fig. I . Structures of sparteine, sparteine metabolites, and oxo-
sparteine derivatives that were used for chemical oxidation experi-
ments. The enamine structured human major metabolites 2,3-didehy-
drosparteine (2) and 5,6-didehydrosparteine (3) are monitored after
alkaline extraction by GC or GC-MS.

basic nitrogen atom. Unlike many other substrates of
CYP2D6, sparteine has a rigid structure with no flexible side

chains and adopts a protonated all-chair configuration when

dissolved in aqueous medium of neutral pH (7). Additional

information on regioselectivity and stereoselectivity of

sparteine metabolism would therefore facilitate modeling of

the active binding site of CYP2D6. On the other hand, the
mechanism resulting in the formation of sparteine metabo-
lites should match the structural requirements of the

CYP2D6 substrate binding site. However, the mechanism of

CYP2D6-catalyzed sparteine metabolism remains unclear.

Two potential reaction mechanisms for the formation of the
human sparteine metabolites are displayed in Fig. 2. Briefly,
mechanism A proceeds via initial enzymatic one-electron ox-
idation of Ni followed by deprotonation of the aminium rad-

ical cation and oxygen rebound of the respective carbon rad-
icals (8). According to mechanism B, the different carbon
radicals are formed by direct hydrogen atom abstraction.

�H+�YJ:(1)

2� � #{231}:�.� � (4)

2H 2HOH

Fig. 2. Possible mechanisms of sparteine metabolite formation by
CYP2D6. Formation of 2-[�H]-4 from 2R-[�HJ-1 is shown. Mechanism A
(postabstraction mechanism): Initial one-electron oxidation of Ni lead-
ing to the aminium radical cation followed by proton abstraction and
formation of a carbon-centered radical; oxygen rebound finally leads to
the formation of 2-[�H]-4. Mechanism B (preabstraction mechanism):
Direct carbon oxidation by CYP2D6 followed by oxygen rebound.

Both mechanisms produce the carbinolamine-structured 2-

or 6-hydroxy sparteines.

It has been reported that oxidative attack of the Ni nitro-
gen atom of the sparteine molecule appears to not be consis-

tent with the molecular template of CYP2D6 substrates (4).

Therefore, extensive investigations on the reaction mecha-

nism of the formation of the human sparteine metabolites

were performed during the present study, including in vitro

( 3 ) and in vivo experiments with a spectrum of regiospecifically
and stereospecifically deuterated analogues of 1. Because
stereoselective hydrogen abstraction occurs during the for-

mation of 2 in rats (9), GC-MS was used to assess stereo-

5 selectivity of human sparteine metabolism. Kinetic deute-

( ) rium isotope effects associated with the formation of

sparteine metabolites were also measured because kinetic

isotope effects have been a valuable tool for the study of the

reaction mechanisms of a variety of P450-catalyzed heteroa-

tom oxidation reactions, such as aliphatic or aromatic N-

dealkylations (10, ii). To further investigate the kinetic
mechanisms of human sparteine metabolism, we used an

experimental approach described by Gillette et al. (12, 13)
that involves competitive and noncompetitive experiments

with selectively deuterated substrates. In this context, com-

petitive means that a mixture of two differently deuterated

isotopomers of the same compound are used as substrate,

whereas in noncompetitive experiments single isotopomers

are used.

In addition, chemical oxidation of sparteine and i7-oxo-
sparteine was examined and compared with enzymatic me-

tabolism with respect to product formation and deuterium
isotope effects.

Materials and Methods

Chemicals. 2R-[2H]-1, 2S-[2H1-1, 2,2-[2H2]-1, 5,5-[2H2]-1, and
6-[2H]-1 were obtained as described previously (14-17). 15,15,17,17-

[2H4]-1 was synthesized starting from 15-oxosparteine via 15,15-

[2H2]-1 and 15,15-[2H2]-17-oxosparteine, as described below. Undeu-
terated 1-sulfate was obtained (Aldrich Chemical Co., Steinheim,
FRG) from which the free base was liberated and purified by vacuum

distillation. Stable, crystalline 1-sulfates x 5 H20 were prepared

from freshly distilled sparteine isotopomer bases (16) and used for in
vitro and in vivo experiments. 17-Oxosparteine (6), 15-oxosparteine,
5,6-didehydro-17-oxosparteine (7), 17-ethylsparteine, 2,3-didehydro-

sparteine (2), and 5,6-didehydrosparteine (3) were synthesized ac-
cording to published procedures (18-20). NADPH was purchased
from Sigma Chemical Co. (Steinheim, FRG); all other reagent-grade

chemicals were obtained from Merck (Darmstadt, FRG) or Aldrich.
Syntheses. 15,15-[2H21-1 and 15,15,17,17-[2H4]-1 were synthe-

sized by lithium aluminum deuteride reduction of 15-oxosparteine or

15,15-[2H2]-6, respectively, in the following manner. A solution of
12.5 mmol of the corresponding oxosparteine in 15 ml of absolute
tetrahydrofuran was slowly (over 10 mm) added to a stirred suspen-

sion of 19 mmol of LiA12H4 in absolute tetrahydrofuran under argon

at room temperature. The mixture was refluxed for 30 mm, and the
crude product was isolated by quenching the reaction with 5 ml of
water (0#{176})and 10 ml of 20% (w/v) KOH followed by extraction with

diethyl ether. The combined organic phases were dried over Na2SO4,
and the solvent was evaporated under reduced pressure. The result-

ing oil was dissolved in 50 ml of dry ethanol, and the solution was
neutralized by the addition of 60% (w/v) perchioric acid. Iminium-

structured side products of LiAI2H4 reduction, which were present in
the crude product, were reduced by the addition of 15 mmol of

sodium borodeuteride with constant stirring at room temperature.
The reaction mixture was maintained at room temperature for 30
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mm, followed by evaporation ofthe solvent and the addition of2O ml
20% KOH. The crude sparteine base was extracted with diethyl ether
and subjected to distillation under reduced pressure (105-110#{176},
0.04-0.1 mbar). Pure sparteine bases were obtained in 78-91% yield.

‘SC NMR (300 MHz, C62H6, internal standard tetramethylsilane)
proved complete deuterium labeling at C15 and C17, respectively

(unlabeled 1: 55.78 ppm [C15], 54.00 ppm [C17]; Ref. 19).

Crystalline monohydrogen sulfate pentahydrates were obtained
from the distilled bases i5,15-[2H2]-1: m.p. 138#{176};calculated for
C15H242H2N2 x H2S04 x 5 H20: C 42.44%, H + 2H, 9.50%, N 6.59%,

S 7.55%; found: C 42.38%, H + 2H 9.69%, N 6.50%, S 7.65%; and
i5,15,17,17-[2H4]-1: m.p. 139#{176};calculated for C15H222H4N2 X H2S04
x 5 H20: C 42.34%, H + 2H 9.71%, N 6.58%, S 7.53%; found: C

42.39%, H + 2H 9.74%, N 6.59%, S 7.50%. 15,15-[2H2]-6 and 6-[2H]-6

were prepared by hexacyanoferrate oxidation of 15,i5-[2H2]-1 or
6-[2H]-1, respectively. Of the corresponding sparteine base, 16.3

mmol was dissolved in 70 ml of 0.4 M HC1. After the addition of 105

ml of 10% (w/v) NaOH, the resulting emulsion was immediately

mixed with 90 ml of an aqueous solution of 70 mmol of K3[Fe(CN)6]
at room temperature. The reaction mixture was vigorously shaken

for 10 mm, made strongly alkaline by the addition of 20% (w/v)

NaOH, and extracted with diethyl ether (five times, 100 ml). The
combined ether solutions were dried (Na2SO4), and the solvent was

removed under reduced pressure. The remaining oil was dissolved in
10 ml of hexane. The crystalline product was recrystallized twice
from the same solvent, 15,15-[2H2}-6: m.p. 84#{176};calculated for

C15H222H2N20: C 71.95%, H + 2H 10.47%, N 11.19%; found C
72.12%, H + 2H 10.63%, N 11.04%. 6-[2H]-8: m.p. 85#{176};calculated for
C15H232HN20: C 72.25%, H + 2H 10.11, N 11.23%; found: C 72.33, H
+ 2H 10.11%, N 11.13%.

Human liver microsomes. Samples of human livers (from kid-
ney donors) were generous gifts of Prof. U. A. Meyer, Basel, Swit-
zerland. Liver samples were assigned to the EM phenotype on the

basis ofgenotyping (XbaI restriction fragment length polymorphism

and polymerase chain reaction analyses) and enzyme kinetic studies

of CYP2D6-catalyzed 1 and bufuralol metabolism. Microsomes of
liver samples were prepared as described previously (21).

In vitro experiments with human liver microsomes. Incuba-
tions with human liver microsomes were performed as described

previously (22). Briefly, 50 pg of microsomal protein was incubated
for 40 mm at 37#{176}in a total volume of 250 jtl of 100 nmi TrisHCl

buffer, pH 7.5, in presence of 6 mM MgC12 and 4.8 mM NADPH. For
competitive experiments, mixtures of tetradeuterated 15,15,17,17-

[2H41-1 sulfate and either [2H�J�1, 2R-[2H]-1, 2S-[2H]-1, 2,2-[2H2]-1,
or 6-[2H]-1 sulfates were prepared in equimolar ratio, which was
subsequently verified by GC-MS analysis. These 50:50 mixtures

were used for in vitro experiments at final concentrations of 40, 80,

and 160 )�M. Reaction was stopped by the addition of 10 �d 60% (w/v)
perchioric acid, and the mixtures were stored frozen ( - 20#{176})until use.
After the addition ofinternal standard (17-ethylsparteine), samples

were made strongly alkaline (50 �l of 12.5 M NaOH solution) and

subsequently extracted with 50 �tl of dichloromethane (through vor-
texing). After centrifugation (5 mm at 6000 x g), 1 �l of the clear
organic phase was directly injected onto the capillary column. In
noncompetitive experiments, substrate concentrations were 10, 20,
40, 80, 160, and 320 �LM.

GC and GC.MS analyses. For incubations with single isoto-
pomers of 1, GC analysis was performed as described (22) on a Carlo

Erba Fractovap 4160 with cooled on-column injection and nitrogen!
phosphorus selective detection. GC-MS analysis ofincubation exper-

iments with equimolar mixtures of 15,15,17,i7-[2H4}-1 and differ-
ently labeled sparteines was done with a Hewlett-Packard HP5790
MSD using electron impact (70 eV) ionization coupled with an
HP5890 gas chromatograph. Incubations of 6 with human liver mi-
crosomes followed the protocol for the incubation of 1 described
above.

In vivo experiments. Fifty milligrams of equimolar mixtures of
sulfates of 15,15,17,17-[2H4]-1 and differently labeled sparteines

([2Ho}1, 2R[2H]1, 2S[2H]1, 6[2H]1) dissolved in 100 ml of water

were orally administered to a healthy volunteer who had been pre-

viously phenotyped as EM. Urine was collected in five 3-hr fractions

for 15 hr and was stored frozen (-20#{176})until GC or GC-MS analysis.

Sample work-up and quantification of sparteine metabolites were

performed according to the published procedure (22a).

Chemical oxidation of 17-oxosparteine. Equimolar mixtures

ofeither [2}f�]� and i5,15-[2H2]-6 or 6-[2H1-6 and 15,15-[2H2]-6 were

dissolved in acetonitrile (5 mrs�) and used for chemical oxidation

experiments. A saturated solution of ammonium cer-IV-nitrate in

acetonitrile was added in aliquots of 10 j.tl to 0.5 ml of the 17-

oxosparteine solutions. The addition of cer-IV-nitrate was stopped

when the reaction mixture remained yellow for 1 hr at room temper-

ature. White precipitates developing after the addition of the first

two aliquots of ammonium cer-IV-nitrate solution were dissolved by

the addition of 10 �tl of a solution of 1% (v/v) acetic acid and 4% (v/v)

water in acetonitrile. For sample work-up, 25 pi of the clear reaction

mixture was diluted with 0.3 ml of water. A solution of 50 pi 12.5 M

NaOH and 50 �l of dichloromethane was then added. After centri-

fugation as described above, 1 �tl of the dichloromethane phase was

used for GC-MS analysis. A modified temperature program, which

included a final 20-mm period at 270#{176},was used for experiments
with 17-oxosparteine to ensure the detection ofproducts with longer

retention times. Deuterium isotope effects were calculated by direct

comparison of the relative amounts of the formed product isoto-

pomers by quantification of the quasimolecular ions of i5,i5-[2H2]-7

(m/z = 248.1) and unlabeled 7 (m/z = 246.1).

Other assays. Protein concentrations were determined by the

Lowry method. Isotopic composition ofthe deuterated sparteines was

determined by GC-MS using selected ion monitoring ofthe molecular

cluster ion (M + 1) and chemical ionization (reactant gas NH3). An

HP5985A mass spectrometer, operated in positive-ion chemical ion-

ization mode (72 eV), coupled to an HP5890 gas chromatograph was

used for GC and MS measurements. Deuterium content was >96% of

the stated isotopic composition of the differently labeled sparteines.

Regioselectivity and stereoselectivity ofthe deuterium labeling were

verified by ‘3C or 2H NMR spectroscopy for all deuterated sparteine

isotopomers.

Calculation of isotope effects. In vitro kinetic isotope effects

were measured by competitive and noncompetitive methods (23).

The ratio between the rates of metabolism of the two differently

labeled sparteines was measured for the competitive method by

GC-MS. For this purpose, GC-MS tracings of m/z = 232.4 (for

unlabeled didehydro metabolites) or m/z = 233.4 (for [2H1ldidehydro

metabolites) were recorded by selected ion monitoring. The respec-

tive peak areas were compared with the peak area of the simulta-

neously recorded mass tracing of the [2H4ldidehydro metabolites at

m /z = 236.4. Because substrate conversion in in vitro experiments

was small (<5%), the apparent isotope effect, D(Vf}() could be esti-

mated from the ratio between the tetradeuterated metabolites and

the metabolites that were formed from the 1 isotopomers labeled at

positions 2 or 6 (23, 24). In the noncompetitive method, the rates of

metabolism of differently labeled sparteines were measured sepa-

rately. Enzyme kinetic parameters, Vms,, and Km, were estimated

using a nonlinear regression program (Enzfltter, Biosoft, Cambridge,

UK). For in vivo studies, relative amounts (expressed as percentage

of dose) of the excreted metabolite were used for the noncompetitive

design after the administration of single 1 isotopomers. GC-MS

analysis was used for the competitive design according to the proce-

dure for in vitro experiments.

Molecular modeling. Simple molecular modeling of sparteine

was done using the program Alchemy II (Tripos Associates).

Statistical analysis. Statistical analysis was performed using

Student’s t test; values ofp < 0.05 was considered to be statistically

significant.
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Results
Noncompetitive enzyme kinetic studies on sparteine

metabolism and stereoseleetivity of deuterium ab-

straction. Incubations of different 1 isotopomers resulted in

the formation of the two human metabolites that followed

monophasic Michaelis-Menten kinetics. Enzyme kinetic pa-
rameters found in noncompetitive in vitro experiments are

listed in Table 1. Deuterium substitutions did not result in

significant changes to Km values, but Vm� values for the

formation of 2 and 3 were clearly reduced when the substrate

was labeled in positions 2S or 6, respectively. As expected, 3

formed from 6-[2H1-1 showed a complete loss of the deute-

rium label. In contrast, deuterium was abstracted in the

course of 2 formation only when 2S-[2H]-i was used as sub-

strate but was retained to >95% in 2 formed from 2R-[2H]-1.

No kinetic isotope effect was observed when 5,5-[2H2J-1 was

used as substrate. GC-MS measurements revealed a com-

plete loss of both deuterium atoms in 3 formed from 5,5-

TABLE 1
KInetic deuterlum isotope effects for in vitro sparteine metabolism determined by noncompetitive experiments
Incubations and analyses were performed as described in Materials and Methods. Values from computerized nonlinear regression analysis � standard error of
estimate. Mean values of three separate experiments were used for computerized calculation of Vms,, and Km. V/K denotes the ratio of V,�/Km �S a measure of the
intrinsic enzyme activity at low, nonsaturating substrate concentrations.

.

Liver Substrate
samp e Km

2,3-Didehydrosparteine

Vmax O(V,�a KlE�’

,�M pmol/min/mg

I �H�J-1 56.7 ± 7.1
i5,i5,i7,i7-[�H�J-1 56.9 ± 9.5
2R-[�HJ-1 53.1 ± 6.9
2S-[�H]-1 52.1 ± 9.0
2,2-[�H2]-1 56.3 ± 11.2
6-[�H]-1 52.2 ± 8.7
5,5-[�H2l-1 57.6 ± 4.6

323 ± 13.9
324 ± 18.7
306 ± 13.6
141 ± 8.3
144 ± 9.9
365 ± 20.7
325 ± 9.0

1.00
1.00
0.99
2.10
2.23
0.81
1 .01

1.00
0.97
1.01
2.99
2.93
0.30
0.95

2 [�H�]-1 97.7 ± 9.7
i5,15,i7,17-[�H4]-1 99.1 ± 10.3
2R-[�H]-1 99.3 ± 13.9
2S-[�H]-1 97.1 ± 6.2
2,2-[�H�]-1 97.2 ± 10.9
6-[�H]-1 100.4 ± 7.9
5,5-[�H2}-1 98.3 ± 8.4

203 ± 8.3
201 ± 8.6
189 ± 14.7

90.1 ± 3.9
94.9 ± 3.5
227 ± 7.4
204 ± 8.9

1 .00
1.02
1.09
2.24
2.13
0.92
1 .00

1.00
0.98
1.11
3.44
3.65
0.31
0.99

5,6-Didehydrosparteine

I [�H�]-1 59.0 ± 6.9
15,i5,17,i7-[�H4l-1 57.6 ± 10.3
2R-[�H]-1 57.2 ± 7.9
2S-[�H]-1 55.2 ± 9.4
2,2-[�H�]-1 49.6 ± 7.7
6-[�H]-1 58.9 ± 7.6
5,5-[�H�]-1 59.8 ± 5.6

125 ± 5.2
121 ± 7.7
119 ± 5.7
164 ± 9.7
164 ± 8.5

42.0 ± 1.9
120 ± 5.3

1.00
1.01
1.02
0.71
0.64
2.97
1.06

1.00
1.04
1.00
0.33
0.34
3.32
1.05

2 [�H�]-1 98.2 ± 8.3
15,15,17,i7-[�H4]-1 96.2 ± 15.5
2R-[�H]-1 99.8 ± 8.9
2S-[�H]-1 96.2 ± 7.0
2,2-[�H�]-1 95.3 ± 14.7

6-[�H]-1 99.5 ± 12.8
5,5-[�H2]-1 98.3 ± 11.3

70.5 ± 2.5
68.7 ± 4.5
72.8 ± 2.7
109 ± 2.8
122 ± 6.2

23.8 ± 2.4
70.0 ± 3.1

1.00
1.01
0.98
0.63
0.56

3.00
1.01

1.11
1.12
1.00
0.32
0.30

3.54
1.12

Total metabolism

V/K (2) + V/K (3) 0(V,K(2) + ViX(3)J

1 [�H�J-1
15,i5,17,17-[�H4]-1
2R-[�H]-1
2S-[�H]-1
2,2-[�H2]-1
6-[�H]-1
5,5-rH2]-1

7.82
7.79
7.84
5.68
5.86
7.71
7.65

1.00

1.00
1.00
1.38
1.33
1.01
1.02

2 rH�]-1
i5,15,17,17-[�H4J-1
2R-[�H]-1
2S-[�H]-1
2,2-[�H2J-1
6-[�H]-1
5,5-[�H�]-1

2.80
2.74
2.63
2.06
2.26
2.50
2.79

1.00
1.02
1.06
1.36
1.24
1.12
1.00

a � i.e., the apparent kinetic isotope effects in noncompetitive experiments were
a KIE values were calculated according to Ref. 12 from [(vPW),./(vpX)H]/[(vPW)�.,/(vpX)o].

calculated from (Vmx/Km)�.i/(Vm�x/Km)0.
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TABLE 2

Kinetic deutenum isotope effects for in vitro sparteine metabolism determined by competitive experiments
Isotope eftects were calculated from relative amounts of metabolites formed from equimolar mixtures of the differently labeled I isotopomers listed in the table together
with 15,1 5,1 7,1 7-[�H�J-1 as described in Materials and Methods. Values are mean ± standard deviation from six experiments.

Product ratio
Deuterium-labeled sparteines

[2H0]-1 2R-[2H]-1 2S-[2Hj-1 2,2-[2H2]-1 6-[2HJ-1

Liver sample I

(3)HI(3)o 1.02 ± 0.19 0.95 ± 0.10 0.64 ± 0.05 0.59 ± 0.04 2.31 ± 0.05
(2)HI(2)o 0.92 ± 0.08 0.94 ± 0.04 1 .75 ± 0.08 1 .75 ± 0.06 0.79 ± 0.03
(2)HI(3)H 2.81 ± 0.48 2.74 ± 0.25 2.53 ± 0.36 2.56 ± 0.20 2.83 ± 0.14
(2)�/(3)� 3.04 ± 0.08 2.79 ± 0.35 0.92 ± 0.11 0.87 ± 0.15 8.29 ± 0.13
[(2)H + (3)H]I[(2)D + (3)�] 0.95 ± 0.09 0.94 ± 0.05 1.17 ± 0.03 1.12 ± 0.05 0.95 ± 0.02

[(2)H/(3)H]/[(2)o/(3)oJ 0.92 ± 0.14 0.99 ± 0.09 2.75 ± 0.1 1 2.99 ± 0.30 0.34 ± 0.02

Liver sample 2

(3)H/(3)o 1 .00 ± 0.03 1 .02 ± 0.01 0.69 ± 0.03 0.67 ± 0.04 2.30 ± 0.14
(2)HI(2)D 0.96 ± 0.09 1 .03 ± 0.04 1 .72 ± 0.02 1 .83 ± 0.03 0.80 ± 0.05
(2)H/(3)H 2.42 ± 0.21 2.65 ± 0.17 2.50 ± 0.18 2.50 ± 0.13 2.35 ± 0.16
(2)�/(3)� 2.55 ± 0.31 2.62 ± 0.12 1.00 ± 0.06 0.92 ± 0.03 6.77 ± 0.35
[(2)H + (3)H]I[(2)D + (3)�] 0.97 ± 0.07 1 .02 ± 0.02 1 .20 ± 0.01 1 .22 ± 0.02 0.99 ± 0.03
[(2)H/(3)H]I[(2)DI(3)o] 0.95 ± 0.06 1.01 ± 0.04 2.51 ± 0.15 2.73 ± 0.20 0.35 ± 0.04

[2H21-i. This is due to rapid nonenzymatic exchange of deu-

terium substituents in position 5 of 3 and its tautomeric
1,6-unsaturated cation 5 (16).

D(V,�) for the formation of 2, a measure of the apparent
kinetic isotope effect, was 2. 18 ± 0.07 (± standard deviation),

similar for both liver samples and for either 1 isotopomer
labeled at position 2S, i.e., 2S-[2H]-1 and 2,2-[2H21-1. The

corresponding D(Vf}() for the formation of 3 was consistently

<1 (0.64 ± 0.06). D(v,r�) for total metabolism was >1 (1.33 ±

0.06).
In vitro experiments with internal competition be-

tween two different sparteine isotopomers. Incubations

of equimolar mixtures of regioselectively and stereoselec-
tively labeled sparteines and 15,15,i7,i7-{2H4]-1 were ana-
lyzed using GC-MS as described in Materials and Methods.
The amounts ofthe two metabolites were measured at the re-
spective mass traces. Control experiments with 15,15,17,17-
[2H41-1 revealed no loss of deuterium in the metabolites

formed; in addition, enzyme kinetic parameters showed no
significant difference from the results for undeuterated 1

(Table 1). Therefore, [i5,i5,i7,17-2H4]-1 was regarded as a

suitable isotopomer to reflect the kinetic characteristics of
undeuterated 1 for competitive in vitro and in vivo experi-

ments. This finding was confirmed by incubations of an

equimolar mixture of [2H0]-1 and 15,15,17,17-{2H4]-1; the

amounts of [2H0]dehydrosparteine and [2H4ldehydrospar-
teine formed in two human liver microsome samples were not

significantly different. Results of isotope effects as deter-

mined by the competitive method are listed in Table 2. Again,
deuterium isotope effects were observed when 2S-[2H]-i, 2,2-
[2H2]-i, or 6-[2H1-i was used as substrate but were evidently

absent with 2R-[2H]-1.
The ratio (2)H’(2)D, which indicates the apparent kinetic

isotope effect for the formation of 2, was 1.76 ± 0.05, similar

for both liver samples using either 2S-[2H]-1 or 2,2-[2H21-1 as
substrate. The ratio (3)H’(3)D was always significantly <1,

which is consistent with the results obtained in the noncom-

petitive experiments.

In vivo studies on sparteine metabolism. Table 3

shows the results of both competitive and noncompetitive in

vivo experiments. The degree of deuterium abstraction from

2S- or deuterium retention from 2R-[2H]-1 during the forma-

tion of 2 was >95%. Apparent isotope effects determined as

the ratios of the metabolites excreted in the urine by either

the competitive or noncompetitive method were very similar
to the results obtained in vitro.

Chemical oxidation of sparteine and 17-oxo-

sparteine. When 1 was used as a substrate for various

chemical or electrochemical oxidation experiments, 6 or 17-
hydroxysparteine was readily formed (results not shown).
Because the sparteine molecule was evidently not oxidized at

Ni, a substrate was used, in which Ni6 was less easily

oxidized. This was achieved by the use ofthe sparteine mono-

lactam 6. Experiments on the chemical oxidation of6 by Ce4�
resulted in the formation of 7, which was identified by GC-
MS. Structural confirmation was obtained by direct compar-
ison with the synthetic compound. No other product peak
was observed by GC, GC-MS, or high performance thin layer

TABLE 3

Kinetic deuterium isotope effects of in vivo sparteine metabolism
determined by competitive and noncompetitive experiments
Sparteine metabolites were quantified by GC (noncompetitive study design) or
GC-MS (competitive study design) in urine of an EM subject. Ratios (2),./(2)D and

(3),1(3)� reflect apparent isotope effects comparable to (v),./(v)0 in competitive or
(V�/Km)�(Vr�.JKm)0 in noncompetitive in vitro experiments, respectively.

Method Substrate (2)H/(2)Dc (3)H/(3)oc

Competitivea [�H0]-l
2R-[�H]-I
2S-[�H]-I
6-[�H]-I

0.97
0.96
1 .67
0.88

1.06
1.04
0.61
2.67

Noncompetitivet’ 15,1 5,1 7,1 7-[�H4]-I
2R-[�H]-I
2S-[�HJ-I
2,2-[�H2]-I
6-[�H]-1
5,5-[�H2]-1

1 .1
1.1
1 .8
1 .9
0.9
1 .0

1.1
1.0
0.5
0.5
2.6
1.0

a Metabolites were measured by GC-MS that were excreted in the urine 0-3 hr

after oral intake of 50 mg of an equimolar mixture of 15,15,17,17-[�H�J-1 and
either [�H�]-1, 2R-[�HJ-1, 2S-[�H]-1, or 6-[�H]-1.

b Metabolites excreted in the urine 0-1 5 hr after oral intake of the respective 1
isotopomers were quantified by GC.

C Competitive method: ratio of the metabolites formed from the differently
labeled I compared with the metabolites of 15,15,17,17-[�H�J-1.

Noncompetitive method: ratio of the amounts of metabolites excreted in the
urine compared with unlabeled 1.
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chromatography analysis. In a typical experiment, -30% of 6
was converted to 7. No significant isotope effect (0.99 ± 0.05

[± standard deviation], six experiments) was observed with

the unlabeled 6 compared with 15,i5-[2H2]-6, indicating that

i5,i5-[2H2]-6 can be used as internal reference compound for

the competitive experimental approach. With 6-[2H1-6, an
isotope effect of 1.21 ± 0.1 (six experiments) was found for

the formation of 7. GC or GC-MS analysis of in vitro exper-

iments on microsomal metabolism of 6 revealed no metabo-

lism by human liver microsomes.

Discussion

Recently, Gillette et al. published a theory that distin-

guishes the three possible kinetic mechanisms for the P450-

catalyzed oxidation of a substrate that is converted into at

least two different products by a single isoform (12, 13). The

theory relies on a comparison of competitive and noncompet-

itive deuterium isotope effects at the metabolic site in the

substrate that does not involve the loss of deuterium on

oxidation.

The theory of Gillette et al. states that (a) a parallel path-

way mechanism, i.e., one that has a fixed orientation of the
substrate in the active site ofthe enzyme, will have a value of

1.0 for both (v),�/(v)D in the competitive experiment and

(VmJKm)jq/(VmJKm)D in the noncompetitive experiment;

(b) the dissociative mechanism, i.e., one in which the sub-

strate can both dissociate and reassociate with the active site
in different orientations before catalysis, producing different

activated EOS complexes, will have a value of 1.0 for (v)�,/(v)D

in the competitive experiment but a value of <1.0 to > 1.0 for

(Vm�JKm)jq/(VmJKm)D in the noncompetitive experiment;
and (c) the nondissociative mechanism, i.e., one that allows
changes in the orientation of the bound substrate to form
different EOS complexes without dissociation of the sub-

strate from the activated enzyme, will have a value of <1.0

for both (v)�/(v)D in the competitive experiment and (Vm,J

Km)jq/(Vm,,JKm)D in the noncompetitive experiment.

In our in vitro and in vivo studies with 2S-[2H]-1 or 2,2-

[2H2]-i, isotope effects of <1.0 for the formation of 3, the

metabolite that is formed without loss of deuterium, were

observed in both competitive and noncompetitive experi-

ments. Therefore, CYP2D6-catalyzed 1 metabolism proceeds
via a nondissociative mechanism (Fig. 3). In addition, isotope

effects on total metabolism in noncompetitive [Table 1; D(V,

K)thtl and competitive (Table 2; ratio of sums of metabolites)

experiments were significantly > 1.0 with the substrate 2S-

[2H]-1 or 2,2-[2H2]-1. According to the theory for nondissocia-

tive kinetic mechanisms, this observation is probably due to
the unproductive reduction of the EOSW complexes to form
the respective ES�, complexes and water rather than con-
tinuing to 2 and 3 product formation.

When 6-[2H1-i was used as substrate in either competitive

and noncompetitive experiments, normal isotope effects, i.e.,
> 1.0, were observed for the formation of the deuterium sen-
sitive metabolite 3, and inverse isotope effects were found for

2, again indicating a nondissociative kinetic mechanism. In
contrast to the results with 2S-[2H]-i or 2,2-[2H2]-i, isotope

effects on total metabolism were not significantly different
from 1.0, suggesting no detectable reduction ofthe EOS com-
plexes to water.

Thus, the sparteine molecule that is bound to the substrate

ES�-#{247}--#{247}EO2S� -+ EOS� -+ EP�-� E + P�

I
E+S

\\
ES, -+--� EO2S, -k EOS, -� EP, -v E + P.

Fig. 3. Nondissociative kinetic mechanism according to Gillette et a!.
(12) for the formation of two different metabolites by P450. Regarding
2S-[�H]-I as an example of a substrate isotopomer, subscript W, which
indicates a deuterium abstraction metabolic pathway, stands for the
formation of the major human metabolite 4 and its intermediates.
Accordingly, subscript X denotes the deuterium-insensitive metabolic
reaction. With 2S-[�H]-I as an example, this is the formation of the
human minor metabolite and its intermediates, i.e., P,, in this case is 3.
Other abbreviations are as in Ref. 1 2: E, enzyme; ES, enzyme/substrate
complex; EO�S, dioxygenated enzyme/substrate complex; EOS, acti-
vated enzyme substrate/complex (after cleavage of the oxygen-oxygen
bond and release of water); EP, enzyme/product complex.

binding pocket of CYP2D6 is able to perform some orienta-

tional changes resulting in kinetically distinguishable EOS

complexes via a nondissociative mechanism. The presence of
this nondissociative mechanism might indicate that the bind-

ing forces by ionic interaction ofthe positively charged Ni6 of

1 , or corresponding functional groups of other CYP2D6 sub-

strates, and the substrate binding carboxylate group of

CYP2D6 are relatively strong.

In branched reaction pathways, the ratio of the product
ratios of the unlabeled and the deuterium containing sub-

strate in competitive experiments or the ratio of the ratio of

the rates of metabolite formation from the unlabeled or deu-

terated substrate approach the intrinsic isotope effect (25-
27) provided that the rates of interconversion of the different

activated EOS complexes are fast relative to bond breaking

(rapidly interconvertible branched chain mechanism).

Application ofthis method to human sparteine metabolism

revealed similar results for human metabolites both in vitro

and in vivo. Depending on the experimental design, which
was either competitive or noncompetitive, intrinsic kinetic

deuterium isotope effects were found in the range of 2.9-3.8
or 2.5-3.0, respectively. Because isotope effects on the respec-

tive metabolic pathway that does not require deuterium ab-

straction were clearly < 1 in all experiments, the rates at

which the activated EOS complexes interconvert appear to be

fast relative to the rate offormation of the EP complex or the

rate of reduction to water and ES (27). However, the rate

constant for EOS interconversion is probably not sufficiently

large to allow full expression of the intrinsic isotope effect,

and therefore the intrinsic kinetic deuterium isotope effects
of 2.5-3.8 should be regarded as representing the lower limit

for the true intrinsic isotope effect.

The purpose of calculating intrinsic isotope effects on en-
zyme-catalyzed reactions has been to gain knowledge of the

geometry of the transition state, which is the core of the

reaction mechanism for metabolite formation. Thus, kinetic
isotope effects have often been used to distinguish between

different mechanisms ofP45O-catalyzed N-dealkylation reac-
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2f�

Fig. 4. Possible conformations of I in aqueous solutions. Right, all-
chair conformation of the sparteinium monocation at pH 5-1 0. Left,
conformation of the sparteinium dication at pH <5. Ring C adopts boat
configuration together with the hypothetical substrate binding by inter-
action of positively charged Ni 6 with a CYP2D6 carboxylate group.

1084 Ebner et aL

tions. The approach is based on the assumption that
aminium radical deprotonation is fast, does not contribute

significantly to the overall reaction rate, and therefore will
result in low kinetic isotope effects. Isotope effects of �3.6

have been regarded as criteria for aminium radical cation

mechanisms, whereas initial hydrogen abstraction is be-
lieved to be associated with isotope effects of >7 (ii).

According to this approach, our results would be inter-

preted in favor of the initial nitrogen oxidation pathway A.

However, two aspects must be taken into account for the

interpretation of such results on deprotonation reactions: the

acidity ofthe cation radical C(a)-H bonds and the basicity of

bases present in the reaction mixture that serve as proton

acceptors.

Acidities of a-hydrogens of aminium radical cations have
been found to be unexpectedly low (28). Consequently, dep-
rotonation reactions of stable aromatic cation radicals exhibit

exceptionally large deuterium isotope effects ranging from
3.6 to 22 (29, 30), and substantial differences for the rate

constants of deprotonation reactions were observed using
different bases, e.g., pyridine or acetate, as proton acceptors.

Accordingly, the smaller deuterium isotope effect of 1.21,
measured for chemical oxidation of i7-oxosparteine to the
5,6-unsaturated enamine by the one-electron oxidant Ce4�,
cannot be interpreted as proof of a reaction mechanism via
initial aminium radical cation formation.

In addition, there is evidence that reaction mechanisms
proceeding by initial hydrogen abstraction at the a-carbon of

amines can result in kinetic deuterium isotope effects of �3.6

(31).

Thus, it seems that a clear discrimination between mech-

anisms A and B is difficult to achieve by means of the mag-

nitude of kinetic deuterium isotope effects, and therefore

other parameters, such as regiospecificity and stereospecific-
ity of metabolite formation, should be considered.

Unlike chemical or electrochemical oxidation, CYP2D6-
mediated metabolism of 1 takes place at ring A of the
sparteine molecule exclusively. Two metabolites are formed
by human in vitro or in vivo metabolism at an essentially

constant 2/3 ratio of -0.2 (3ia). With no 3 detectable in rats,
sparteine oxidation shows pronounced species differences (9,

32). Our results also indicate a marked stereoselectivity for

the formation of 2, i.e., hydrogen/deuterium is selectively

abstracted from the �3 side. Similar results were obtained for
2 formation by rats in vitro and in vivo (9). In addition,

metabolism of pachycarpine, the (+)-enantiomer of 1, by the

rat orthologue P450 enzyme CYP2D1 stereoselectively re-
sults in the formation of (4S)-hydroxypachycarpine (9). This
stable aliphatic alcohol is formed by stereospecific hydroxy-
lation of the 4f3 position of pachycarpine.

All of these results indicate that 1 must be orientated in

the active site of both CYP2D6 and CYP2D1, such that only
the /3 side of ring A is available for oxidative attack.

It is generally assumed that substrate binding of CYP2D6
substrates takes place by interaction of a basic nitrogen
atom, i.e., Ni6 of 1, and a negatively charged carboxylate
group of the enzyme protein (4, 5). The intramolecular dis-
tance between the site of attack and the basic nitrogen atom
has been reported to be in the range of 4.5-8 A. Sparteine is

a strongly basic compound with a p}L� of 11.4 (21). ‘H and
‘3C NMR studies revealed a stable all-chair conformation for

1 in aqueous solution at pH 5.0-10.0 (7) (Fig. 4). This all-

chair monoprotonated conformation of 1 was also used as the
starting structure for basic computerized molecular model-
ing. A value of 2.8 A was calculated for the distance between

Ni and N16, a result that agrees with the distance of 2.9 A

calculated from crystallographic data (4). Thus, the Ni-to-

Ni6 distance of the monoprotonated cage-structured

sparteinium monocation appears to be too short for initial

nitrogen oxidation of Ni based on the CYP2D6 pharmacoph-

ore model. Even if conformational reorientation to a ring C
boat conformation occurs on fixation of 1 at the CYP2D6

substrate binding site because of interaction of the carboxy-

late group with Ni6, the distance between Ni and Ni6 (-3.5

A is still too short. However, in this conformation, which is

plausible as it has been shown to also be adopted by the

diprotonated sparteinium dication at pH <6, the respective
distances between Ni6 and C2 or C6 are 5.0 and 3.6 A.

Therefore, enzymatic attack at C2 of the sparteine molecule

with ring C in the boat conformation is within the range of

CYP2D6 substrates.

Although these model considerations are consistent with

an initial carbon radical formation, one-electron oxidation of
Ni cannot be ruled out on the basis of the short distances

between Ni and Ni6 because electron transfer from free

tertiary amines to the (Fe==O)3� species of P450s is not

subject to the same distance constraints as hydrogen abstrac-

tion from a carbon atom. According to calculations with sub-
stituted N-dimethyl anilines (33) or observations with depre-

nyl (34), P450-mediated electron transfers may occur over a

distance of 5 A. However, it should be kept in mind that such
spatial electron transfers require the presence of the free

unprotonated amine species and have been discussed for

compounds with a much lower basicity than Ni of 1.

As reported previously (4), modeling C2 attack into the

molecular template of CYP2D6 substrates leads to an orien-
tation of the sparteine molecule in which rings A and B lie

almost parallel to the heme moiety of the enzyme that is

located on the (3 side ofthe sparteine molecule. Therefore, our

results for stereoselective abstraction of hydrogen from the f3

side of ring A during formation of 2 confirm the direct inter-
action of the enzyme with C2 of the sparteine molecule.

Formation of 3 by enzymatic attack at C6 does not fit in the
model for CYP2D6 substrates in either sparteine configura-

tion. This problem has been circumvented by proposing a
possible involvement of CS during 3 formation (4). Our re-

sults, however, indicate no isotope effect with 5,5-[2H2}-i

either in vitro or in vivo, and therefore oxidation of CS as

primary reaction resulting in the formation of 3 can be ruled

out. On the other hand, if interaction of the heme-bound
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oxo-iron species with the hydrogen atom to be abstracted is

the first step in carbon radical formation (35), the hydrogen
substituent of C6, which is also located on the p side of ring

A, exhibits a distance to Ni6 of 4.5 A and thus fits into the
range of CYP2D6 substrates.

In contrast to P450-catalyzed 1 oxidation, the sole product

of chemical oxidation of ring A of i7-oxosparteine is the
5,6-unsaturated product and therefore markedly differs from

P450-catalyzed oxidation of ring A of sparteine in all species

investigated.

This indicates that loss ofthe C6 proton from the amimum

radical cation is energetically favored over loss of the C2
proton. Thus, abstraction of the C2 proton, which is favored

by the enzyme over the C6 proton, requires that the enzyme
compensates for the inherent energy difference by having
some base that is preferentially orientated for attacking the

C2 proton specifically. It has been proposed that the (Fe
0)2+ entity of the P450 itself acts as a specific base, which

determines regioselectivity and stereoselectivity of product

formation by selective proton abstraction from the aminium

radical cation (36). However, the lone electron pair of Ni in

both 1 conformations is on the opposite side from proton

abstraction and thus requires reorientation and/or conforma-

tional alterations of ring A of the amimum radical cation. If
these changes can occur, protons should not be exclusively

abstracted from the �3 side, and it is also uncertain whether

the aminium radical of 1, an aliphatic amine, is stable long
enough to allow such reorientations. The finding of increased
nonproductive water formation during formation of2, but not

3, also indicates that the two different EOS complexes are
energetically or kinetically different before undergoing the
first irreversible reaction step.

Therefore, instead of a “postabstraction” ( 12) mechanism
involving reorientation of the initially formed amimum rad-

ical cation, a “preabstraction” mechanism seems more likely.
Although a sequential electron-proton transfer reaction dur-

ing sparteine metabolism cannot be ruled out completely, our

data suggest the presence of such a preabstraction mecha-
nism and that the sparteine metabolites are formed by direct
carbon oxidation.

To our knowledge, this is the first report of in vitro and in

vivo experiments using kinetic deuterium isotope effects in
competitive and noncompetitive experimental designs. It
clearly shows that valid predictions of in vivo results can be

made from in vitro experiments. Together with previous re-

sults (13, 27), the results of the present study also show that
kinetic isotope effects are still a useful tool with which to

elucidate enzymatic reaction mechanisms and enzyme-sub-
strate interactions, even though the sole use of interpretation

of their magnitude to distinguish between different enzy-

matic reaction mechanisms is probably no longer applicable.
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