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ABSTRACT. Intramolecular isotope effects associated with the benzylic hydroxylation of a series of selectively
deuterated isomeric xylenes and 'ddmethylbiphenyl as catalyzed by various rat liver microsomal
preparations and CYP2B1 were determined. Substrate analogs in which each methyl group contained
either one @, substrates) or twodg substrates) deuterium atoms were used to determine the intrinsic
isotope effect for the reaction. Specific values of the individual primBjya0d secondary isotope effects

(S were determined.P ranged from a low of 5.32 0.48 to a high of 7.5% 0.42 depending upon the
specific cytochrome P450 preparation used for catalySisad an average value of 1.03. Tdesubstrates
allowed exploration of the effect of distance on the magnitude of the observed isotope effect. The results
indicate that the distance of 6.62 A that separates the carbon atoms of the para methy! gpexylemé

is insufficient to suppress (mask) the intrinsic isotope effect for benzylic hydroxylation by all of the
enzyme preparations examined. Conversely, a distance of 11.05 A, the minimal separation between the
carbon atoms of the para methyl groupspgd -dimethylbiphenyl, is large enough to almost completely
mask the intrinsic isotope effect for benzylic hydroxylation by the same set of enzymes.

The enzymatic behaviors of the isoforms that comprise  The intrinsic isotope effecky/kp, i.e. the isotope effect
the cytochrome P450 (P43®uperfamily are unusual. Most associated exclusively with the bond-breaking step of a
enzymes tend to show high substrate selectivity and to effectreaction, is the single most important piece of information
catalysis by stabilizing the transition state. However, the that needs to be determined in any deuterium isotope effect
P450s operate very differently. Individual isoforms not only experiment intended to probe mechanism. It directly char-
are able to oxidize a broad range of structurally diverse acterizes the transition state of the bond-breaking event
organic compounds but they effect catalysis by first activating (Melander & Saunders, 1980) which is the molecular
molecular oxygen to generate the active oxidant, which is descriptor of mechanism. Unfortunately, using traditional
believed to be an iron heme bound atomic oxygen atom, Méthods of measurement, the observation kf/& for an
termed an oxene (Ortiz de Montellano, 1996). Bindipgt* enzymatically mediated reaction is rare. This is because of

se’ would seem to have little to do with the mechanism, or 1€ multiplicity of steps involved in an enzymatically

energetics of the oxidative event, but does determine thecatalyzed reaction, which may I!m|t the overall rate (.)f
orientation of the substrate within the active site of the product formation. These steps include substrate binding

enzyme. An iron oxene, by itself, is reactive enough to and debinding, bond cleavage, bond formation, product

2 . . s . . release, etc. The net effect is to decrease (mask) the
oxidize virtually any organic species it contacts, including

. L magnitude of the isotope effect that is actually obsended, (
hydrocarbons. Thus, the mechanism of P450 oxidations cankD)obS relative to the magnitude of the required quantity, the

be expecteq to mirror the reactivity of' oxene while the ;- icic isotope effecti/ko (Northrop, 1975) . Our current
stereochemistry of substrate transformation can be eXpeCtecbnderstanding of the relationship betwesiKo)ons andk/
to reflect the architecture of the active site. All of the P450s  in piochemically mediated reactions rests on the seminal

are believed to have the same reactive oxene species (Jonggorks of Northrop (1975, 1978, 1981) and Cleland (1982).

et al., 1990, Kharki et al,, 1995). Thus, each P450 would A effective strategy for obtainink/k, values for P450

be expected to catalyze the same type of reaction, e.g. alkang a¢41y7ed oxidations, introduced by Hjelmeland et al. (1977)
hydroxylation, by essentially the same chemical mechanism. 54 expanded upon by others (Miwa et al., 1980; Gelb et

al., 1982, Lindsay Smith et al., 1984; Hanzlik et al., 1985;
t This research was supported in part by the National Institutes of JONeS et al., 1986), is to use experiments of intramolecular

Health [Grants ES 06062 (J.P.J.) and GM 36922 (W.F.T.)]. design. In such experiments, a substrate is chosen that by
;Bﬂ:xgg:}y 8; \év(f‘:#ég?;‘r’”- symmetry has two chemically equivalent, catalytically
®Abstractypub|ished ifdvance ACS Abstractdfay 15, 1997. susceptible, intramolecular sites. One of the sites is then
1 Abbreviations: P450, cytochrome P450; PB, phenobarbital; 3MC, deuterated. The enzyme is thereby provided the option of

3-methylcholanthrene; THF, tetrahydrofuran; MTBSTRXmethyl- oxidizing either a protio site or an electronically equivalent

N-(tert-butyldimethylsilyl)trifluoroacetamide; GC/MS, gas chroma-  gaterg site within the same molecule. The kinetic model

tography/mass spectrometry; primary isotope effectS secondary - . . .

isotope effectku/koobs, 0bserved intramolecular deuterium isotokig; for an intramolecular deuterium isotope effect experiment,

ko, intrinsic isotope effect. as proposed by Miwa et al. (1980), is shown in Scheme 1.
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Isotope Effects, Distance and Masking
Scheme 1
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groups and the catalytically susceptible orientation of the
methyl group with the active site of the enzyme.

Equation 3 also expresses the fundamental relationship
between K./kp)ons andky/ko (Miwa et al., 1980) but in terms
of the relative concentrations of g&nd ES.

ko \M\\kg .

D k7 kg
ESp<==EPQD — > Qp + EP —>» E+ P
keD

(K/Ko)ops= v = (k/ko)(ESYES) (3)

The power of eq 3 is that it highlights the importance of
In the model ES symbolizes an undefined initial complex- maintaining equal concentrations of the isotopically distinct
ation between enzyme and substrate which fractionates tobut catalytically competent enzymsubstrate complexes
the catalytically competent enzymeubstrate complexes, (ES+/ ES = 1) through the course of reaction kif/kp is to
ES, and ES, that define substrate orientation for cleavage be observed.
of either a CG-H or C—D bond, respectively. The rate A parameter that could modulate the relative concentra-
constantsks andk, control interchange between the protio tions of ES, and E$ is the intrasubstrate distance between
and deutero catalytic sites of the substrate at the active site equivalent but isotopically distinct catalytic sites. The
while Qy and @, are the first isotopically sensitive products physical closeness of hydrogens and deuteriums bonded to
released. Kinetically, the relationship between the observedthe same carbon atom, coupled to the rapidity of methyl
isotope effect and the intrinsic isotope effect is given by eq group rotation, ensures that the magnitude of an observed
1 (Miwa et al., 1980) isotope effect associated with hydroxylation of this group
will reflect the magnitude of the intrisic isotope effect for
(K/Ko)ops = "v = kyfks + C;; + C,°Keq/(1+ C; + Cr) the reaction. In contrast, as the distance between the sites
(1) containing protium and deuterium atoms increases, the slower
the rate of interchange (equilibration) is likely to be.
whereC; is defined as the forward commitment to catalysis  To test this hypotheses, several selectively deuterated
and is equal toksy/ks, C; is the reverse commitment to andp-xylenes and 4,4dimethylbiphenyl were targeted for
catalysis and is equal ten/k;, andPKeq is the equilibrium study. These particular compounds were chosen because
isotope effect. If transfer of the activated oxygen atom from they provided a group of substrates in which the intramo-
enzyme to substrate is irreversible, as is generally assumedecular distances between equivalent protio and deutero
for cytochrome P450 reactions, approaches zero and eq1 methyl groups were different, but fixed and known. In
simplifies to addition, the lack of ionic, polar, or hydrogen bonding sites
within these substrates allowed the focus to center on distance
(K/Kp)obs = Py = Kulkp + Ciel (1+ Cy) (2

effects and precluded complications that would be expected
to arise from decreased substrate motion through specific
Equation 2 states that if the rate of exchange (equilibration) binding of the substrate to the enzyme.
between protio and deutero catalytic sites is rapid relative
to bond breaking, i.eCi approaches zerds{(ko)ons Will equal MATERIALS AND METHODS
ki/ko. A substrate that is most likely to have a rate of protio  Chemicals. Lithium aluminum deuteride and lithium
and deutero exchange that is sufficiently fast to meet this gjuminum hydride were obtained from Fluka Chemical Co.
condition Cir approaches zero) would contain a methyl (Buchs, Switzerland). Diazald, silica gel, sodium borohy-
group(s) that is either mono- or dideuterated. Having both dride, sodium borodeuteride, chromium trioxigemethyl-
isotopically distinct (protio and deutero) catalytically sensi- tojuate,p-methyltoluate, dimethylphthalate, terephthalic acid,
tive sites within a methyl group means that interchange, with phthalic dicarboxaldehyde, terephthalaldehyde-digheth-
respect to the active site of the enzyme, depends solely ony|piphenyl, and pentane were obtained from Aldrich Chemi-
the rate of methyl group rotation, a process that is known to cal Co. (Milwaukee, WI). All other organic solvents were
be very fast (Gough et al., 1985). Thus, using a substratepyrchased from J. T. Baker Inc. (Phillipsburg, NJ) and were
that contains a partially deuterated methyl group(s) would of analytical grade. Phenobarbital sodium was purchased
provide one of the best means possible of experimentally from Spectrum Chemical Manufacturing Co. (New Bruns-
estimating the intrinsic deuterium isotope effect associated wick, NJ). N-Methyl-N-(tert-butyldimethylsilyl)trifluoro-
with the P450-catalyzed hydroxylation of a primary carbon- acetamide (MTBSTFA) was purchased from Pierce Chemical
hydrogen bond of a normal alkafe.n contrast, in a  Co. (Rockford, IL), andp-toluenesulfonyl chloride was
substrate that contains deuterium in only one of the two gptained from Eastman Kodak Co. (Rochester, NY). Bio-
symmetrically disposed methyl groups, the magnitud€iof  chemicals were obtained from Sigma Chemical Co. (St.
would depend upon the rate of interchange between methyl| ouis, MO).

Synthesis of Substrates. (AXglenee-’Hs. o-Methyl-
2Because it is impossible for a methyl group to contain an equal toluate (5.2 g, 0.036 mol) in 20 mL of anhydrous diethyl
number of deuteriums and hydrogens, the experimentally determined ether was added dropwise to lithium aluminum deuteride (1.6

isotope effect would not be directly equalk@kp, the intrinsic isotope . .

effect. The monodeuteromethyl substrate has twice as many hydrogeng' 0.04 mql) suspen_ded in 50 mL of anhydrous diethyl ether.
as deuteriums and thus would equial/Rs. The deuteromethyl substrate ~ The reaction was stirred at room temperature for 10 h under
has twice as many deuteriums as hydrogens and thus is eqlid to  a nitrogen atmosphere after which 1 mL of water, 2 mL of
2ko. Dividing the former isotope effect by 2 and multiplying the latter 15% sodium hydroxide, and 2 mL of water were added
by 2 statistically corrects the observed value and provigés,. The . L - .
Ku/kooss values reported in Table 1 are corrected for the number of cautiously. The solution was filtered and extracted with 2
hydrogens and deuteriums present in each methyl group. x 75 mL of pentane. The pentane layer was dried over
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sodium sulfate and evaporated to yietdmethylbenzyl and sodium borodeuteride (2.1 g, 0.05 mol) dissolved in 10
alcohol (4.1 g, 0.033 mol, 92% yield). The alcohol was then mL of methanold was added dropwise with stirring. The
reacted withp-toluenesulfonyl chloride (6.6 g, 0.035 mol) reaction was terminated by the addition of ether (25 mL)
in 150 mL of dichloromethane containing 6 mL of triethyl- followed by 5 mL of water. The reaction mixture was
amine. After 12 h of stirring, the reaction mixture was extracted with 2x 50 mL of ether and the organic layer
washed with 2< 150 mL of water and then 2 150 mL of dried over sodium sulfate and evaporated. The resulting
saturated sodium bicarbonate. The organic layer was drieddialcohol (4.14 g, 0.03 mol) was brominated in 40 mL of
over sodium sulfate and evaporated to yield crume 48% HBr and the dibromo compound reduced as described
methylbenzyl tosylate. The residue was dissolved in 20 mL in the synthesis ob-xylenea-?H,-a’-?H,.  The resulting

of anhydrous diethyl ether and added dropwise to lithium o-xylene (0.01 mol) was 97% pure by GC and by MS had
aluminum deuteride (1.2 g, 0.03 mol) suspended in diethyl a deuterium content of 96.98 atom % deuteridgy2.97 atom
ether. The reaction was stirred at room temperature for 10% deuteriume;, and 0.05 atom % deuteriunh:

h under nitrogen after which time was added 1 mL of water,  (F) p-Xylenee-?H;-a'-?H;. This compound was prepared

2 mL of 15% sodium hydroxide, and 2 mL of water. The according to the procedure used fexylenea-?H;-o'-?H;
reaction was extracted with 75 mL of pentane. The  except that terephthalaldehyde was used as starting material.
pentane layer was dried over sodium sulfate and evaporatedrhe resultingp-xylene was>98% pure by GC and by MS

to yield crudeo-xylene. Theo-xylene was purified by silica  had a deuterium content of 95.84 atom % deuterds8.84

gel column chromatography (60 A, 23@40 mesh, 15 g)  atom % deuteriunty, and 0.07 atom % deuteriuth-

with pentane as solvent. The resultiogylene (0.01 mol) (G) 4-Methylbiphenyl-4-carboxylic AcidTo 2.3 g (0.013
was >99% pure by GC and by MS had a deuterium content mol) of 4,4-dimethylbiphenyl in 100 mL of glacial acetic
of 98.48 atom % deuteriurds, 1.45 atom % deuteriurds, acid was slowly added 4.58 g (0.046 mol) of chromium

and 0.07 atom % deuterium-d trioxide with stirring (Carnelley, 1877). The reaction mixture
(B) p-Xylenee-?Hs. This compound was prepared ac- was slowly heated and maintained at 9D for 1 h. The
cording to the procedure foo-xylenea-’Hz except p- reaction was then cooled and poured into 500 mL of ice-

methyltoluate was used as starting material. The resultingcold water. The green solution was filtered and the
p-xylene was>99% pure by GC and by MS had a deuterium precipitate washed with cold water till the washings were
content of 98.20 atom % deuteriudg; 1.59 atom % colorless. The precipitate was dissolved in a minimum
deuteriumd,, and negligibled; or do. volume of 30% ammonia, filtered, and then reprecipitated
(C) o-Xylenee-?H,-a'-?H,. Dimethylphthalate (2.76 g, by acidifying with concentrated HCI. The precipitate was
0.015 mol) was dissolved in 15 mL of ether and added filtered and oven-dried at 120 to yield 0.4 g (0.002 mol)
dropwise to lithium aluminum deuteride (1.2 g, 0.03 mol) of 4'-methylbiphenyl-4-carboxylic acid.
suspended in 40 mL of ether. The reaction was stirred (H) Dimethylbiphenyl-4,4dicarboxylate. This compound
overnight and then terminated by the addition of 0.6 mL of was synthesized from 4;dimethylbiphenyl (2.3 g, 0.013
water, 1.2 mL of 15% sodium hydroxide, and 1.2 mL of mol) according to the method outlined for the monocar-
water. The resulting mixture was filtered and extracted with boxylic acid except that 14.0 g (0.14 mol) of chromium
2 x 30 mL of ether. The ether layer was dried over sodium trioxide was used and the reaction heated at@@or 3 h.
sulfate and evaporated to yield 1.93 g (0.014 mol) of the After workup as described above, the dicarboxylic acid was
dialcohol as a clear oil. The product alcohol was stirred with treated with excess diazomethane in ether&d atroom
25 mL of 48% hydrobromic acid for 30 min. The resulting temperature to yield 0.81 g (0.003 mol) of the dimethyl ester.
orange solid was recrystallized from methanol to yield 1.58  (l) 4-?Hs,4'-Dimethylbiphenyl. To lithium aluminum deu-
g (0.006 mol) of the greenish-white dibromo product. The teride (210 mg, 0.005 mol) suspended in 20 mL of dry
dibromo compound was suspended in 20 mL of dimethy! tetrahydrofuran was slowly added'-dhethylbiphenyl-4-
sulfoxide, added to sodium borohydride (0.5 g, 0.012 mol) carboxylic acid (500 mg, 0.0024 mol) suspended in 20 mL
dissolved in 20 mL of dimethyl sulfoxide, and stirred for 2 of dry tetrahydrofuran. The reaction was stirred for 16 h at
h before 50 mL of pentane was added. Water (10 mL) was room temperature under a nitrogen atmosphere. The reaction
then added cautiously to the reaction and the reaction mixturewas terminated with 1 mL of water, 2 mL of 15% NaOH,
extracted with 2x 50 mL of water. The pentane layer was and 2 mL of water. The mixture was filtered, dried over
evaporated and the resulting oil partitioned between pentanesodium sulfate, and evaporated to yield the crude alcohol.
and water. The pentane layer was dried over sodium sulfateThe alcohol was purified by silica gel (12 g) column
and evaporated to yielotxylene. Theo-xylene was purified chromatography with chloroform/methanol (9:1) as eluant.
by neutral alumina column chromatography (15 g) with The alcohol (310 mg, 0.0016 mol) was dissolved in 50 mL
pentane as solvent. The resultiogylene (0.002 mol) was  of dichloromethane and reacted witrtoluenesulfonyl
>97% pure by GC and by MS had a deuterium content of chloride (380 mg, 0.0020 mol) and triethylamine (1 mL) for
97.71 atom % deuteriurdy, 1.64 atom % deuteriurds, and 48 h. The mixture was washed withx2 75 mL water and

0.65 atom % deuteriurd,. 2 x 75 mL saturated sodium bicarbonate. The organic layer
(D) p-Xyleneei-?H,-o'-2H,. This compound was prepared was dried over sodium sulfate and evaporated to yield the
according to the procedure used fexyleneoa-?Hy-o'-2H; tosylated product. The product was purified by silica gel (5

except terephthalic acid was used as starting material. Theg) column chromatography with hexane as eluant. The
resultingp-xylene was>98% pure by GC and by MS had a tosylate (65 mg, 0.2 mmol) was reduced with lithium
deuterium content of 97.90 atom % deuteridmand 1.92 aluminum deuteride (0.1 g, 0.003 mol) to yielcPHs,4 -
atom % deuteriuntds, and 0.22 atom % deuteriun- dimethylbiphenyl. This compound was purified by silica gel
(E) o-Xylenee-?H;-o'-?H;. Phthalic dicarboxaldehyde (25 g) column chromatography with hexane as eluant. The
(5.36 g, 0.04 mol) was suspended in methath¢BO mL), resulting dimethylbiphenyl was 99% pure by GC and by
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Table 1: Statistically Corrected Values &(ko)obs for Microsomal or Purified CYP2B1-Catalyzed Methyl Group Hydroxylatioroefand
p-Xylenes and 4,4Dimethylbiphenyl in Which Both Methyl Groups of Each Substrate Are either Mono- or Dideuterated

isotope effectwith substrate

o-xylene- p-xylene- 42H1,4'-?H;- o-xylene- p-xylene- 42H,,4' -?Hy-
enzyme source o-?Hy-o'-?Hy o-?Hs;-a'-?H;  dimethylbiphenyl  a-?Hz-o'-H; o-?’Hp-a'-?H,  dimethylbiphenyl
PB induced microsomes 5.270.14 (3 5.29+0.10(3) 8.32:1.02(3) 6.37:0.19(3) 6.35:0.11(5) 7.3+ 0.16 (3)
3-MC induced microsomes  5.000.16 (3) 4.57:0.08(3) 5.77:0.46(3) 5.54:0.02(3) 5.33:0.15(4) 5.72:0.14 (3)

control microsomes 5.750.15(3) 5.30:0.04(3) 5.84:0.12(3) 6.38:0.08(3) 5.76:0.13(5) 6.07+ 0.03 (3)
purified CYP2B1 5.8 0.06 (5) 6.06:0.02(3) 7.54:0.35(3) 7.38£0.11(5) 6.63:0.13(5) 6.68(2)

aNumerical value of the isotope effect plus or minus the standard devidthduimber in parentheses is the number of determinations.

MS had a deuterium content of 94.42 atom % deuterilgm- microsomes as follows. Incubations were terminated by
4.46 atom % deuteriurd,, 0.389 atom % deuteriurdy, and rapid freezing in an acetone/dry ice bath and spiked with an
0.297 atom % deuteriurd,. internal standard solution (3,5-dimethylphenol ¢exylene

(J) 4°Hy,4'-?Hy-Dimethylbiphenyl. This compound was  incubations and 2,3-dimethylphenol fgrxylene incuba-
prepared according to the procedure described for thetions). The samples were processed for GC analysis as
preparation ob-xyleneo-?Hy-a'-?H; except the methyl ester  described above except hexane/ether (8:2) was used for
of biphenyl-4,4-dicarboxylic acid was used as starting extraction. Standard curve samples, with each concentration
material. The resulting 4H,,4'-?H,-dimethylbiphenyl was in triplicate, were processed along with the incubations for
>98% pure by GC and by MS had a deuterium content of each of the possible metabolites. Metabolites were quantified

96.63 atom % deuteriurdy, 1.48 atom % deuteriurds, and by determination of the GC peak area ratios of the metabolite
1.47 atom % deuteriurd,. to the internal standard.
(K) 4-2Hy,4'-?H;-Dimethylbiphenyl. This compound was GC analysis for the determination of the ratio of benzylic

prepared according to the procedure described for theto aromatic hydroxylation was conducted utilizing the same
preparation ob-xyleneo-?H;-a’-?H; except the methyl ester  column and chromatographic conditions as used for the
of biphenyl-4,4-dicarboxylic acid was used as starting xylenes except that detection was accomplished with a flame
material. In addition, the first reduction was done with jonization detector and the data acquisition was achieved with
lithium aluminum hydride but, after bromination, the final an HP 3396A integrator.

reduction was done with sodium borodeuteride. The result-  sc/ms Analysis.GC/MS analysis was performed on a
ing 4Hy,4-2H;-dimethylbiphenyl was>98% pure by GC 7070 mass spectrometer, interfaced to a HP-5710A GC
and by MS had a deuterium content of 89.50 atom % fitted with a 15 m J&W DB-5 fused silica capillary column,
deuteriumel, 9.79 atom % deuteriurdy, and 0.366 atom g operated in the selected ion monitoring mode. The
% deuteriumep. _ derivatized xylenes were cold trapped at 4D, and the
Preparation of Microsomes a_nd Enzyme Purlflcgtlon. temperature was raised linearly at 1¥6/min to 135°C
Microsomes were prepared from induced (phenobarbital andso|iowed by isothermal elution for 5 min. For the derivatized
3-methylcholanthrene) male Sprague-Dawley rats {2Z8D biphenyls an initial temperature of 10€ was used for 1
g) as described elsewhere (Porter et al., 1977). CYP2B1min. followed by a linear ramp at 1%/min to 250°C, and
was purified agcording to the procedure of Sugiyama e_t_al. completed by isothermal elution for 5 min. The [M57]"
(1989). Rabbit cytochrome P450 reductase was purified jon of the silyl derivative was monitored for the various
according to the method of Ardies et al. (1987). xylene isomer metabolites and 4gdfmethylbiphenyl me-
Incubation Conditions.Microsomal incubations were run  (snolites. Mass spectral conditions were as follows; 50 ms
for 30 min at 27°C and contained +8 nmol of P450 as dwell time, —70 eV ionizing voltage, and 26205 °C
determined by the method of Omura and Sato (1964), 12.3goyrce temperature. Deuterium incorporation in each sub-
mmol (1.0 mg) of NADPH, and substrate (xylene, 4.08 MM;  girate was determined using the same GC parameters as those
or 4,4-dimethylbiphenyl, 0.67 mM) in a total volume of 2 5eq for each of the respective metabolites or by bleeding
mL of Tris buffer (0.2 M, pH 8.2 at 28C). The incubations  he compound through the reference inlet. The mass spectral
were terminated by the addition of 5 mL of pentane and ¢onditions were the same as those used for the metabolites
stored at—78 °C until analysis. except that the ionizing voltage was12.5 eV. The

The incubations with purified CYP2B1 were run for 30 measyred ion intensity of each ion was corrected for the
min and contained 0.5 nmol of CYP2B1, 0.5 nmol of rabbit ,5¢,ral isotopic abundance &, 13C, 14C, 180, and2°Si

cytochrome P450 reductase, 20 mgLefo-dilauroylphos- (Korzekwa et al., 1990).
phatidylcholine), 0.3 mmol of NADPH, and substrate (xy-
lene, 4.08 mM; or 4,4dimethylbiphenyl, 0.67 mM) in a final
volume of 2 mL of Tris buffer (0.2 M, pH 8.2 at 2%C).
The incubations were terminated and stored as describe
above. For analysis the incubations were extracted with 2 regyL TS
x 5 mL of pentane. The pentane layers were pooled, dried
over sodium sulfate, and concentrated under a stream of Determination of k/ko. The (u/kp)obs Values for theo-
nitrogen gas to 3@L. The samples were derivatized with and p-xylenes and 4,4dimethylbiphenyl in which each of
150 mL of 60% MTBSTFA in acetonitrile at 65C for 3 h the methyl groups contained either ole fubstrates) or two
and analyzed by GC/MS. (d; substrates) deuterium atoms were determined and are
Aromatic Hydroxylation. The ratio of benzylic to aromatic  listed in Table 1. The statistically correctedhlues of ./
hydroxylation was determined in phenobarbital-induced kp)ons OVer the four different enzyme preparations and the

Calculation of Isotope Effects.The calculations and
corrections used for the determination of observed isotope
deffects were as described previously (Jones et al., 1986).



7140 Biochemistry, Vol. 36, No. 23, 1997 lyer et al.

Table 2: Values ofku/kp)ons fOr the Microsomal or CYP2B1- Table 3: Ratio of Benzylic to Aromatic Hydroxylation far and
Catalyzed Methyl Group Hydroxylation of Trideuterometloyland p-Xylene andp-Xylene-a-2Hs in Phenobarbital-Induced Microsomes
p-Xylenes and 4,4Dimethylbiphenyl

metabolite (site of hydroxylation)

isotope effectwith substrate

benzylic aromatic ratio
o-xylene- p-xylene- 4-2H3,4'- substrate (mol %) (mol %) Bz/Ar
enzyme source o-?Hs o-?Hs dimethylbiphenyl oxylene 92.00 799 1151
PB-induced  7.4440.18 (6} 6.04+0.76(6) 1.70+ 0.05 (3) p-xylene 97.06 2.94 33.01
microsomes p-xylenea-2Hs; 94.80 5.43 17.45
3-MC-induced 6.48+ 0.17 (6) 5.30+0.39 (3) 1.66+ 0.04 (3)
microsomes
control 7.41+0.30(6) 5.75+0.61(3) 1.67+0.05 (3) counts for 92% and 97% of the total metabolism, respec-
microsomes i ; i i
purified 6.664 026 (7) 7.73:030(3) 2.09k0.14 (3) tively, (Table22). Introduction of deuterium, as in the case
CYP2B1 of p-xylenea-°Hs;, decreased the extent of benzylic hydroxyl-

. o . . :

aNumerical value of the isotope effect plus or minus the standard ation to about 94%. No ewdence for the formatlor.\ of a,r,mg
deviation.> Number in parentheses is the number of determinations. hydroxylated metabolite, e.g. in the form of an unidentified
peak, could be found in the GC/FID or GC/MS chromato-

three differentl, substrates were found to range from a low 9'3Ms of the prOd,UCt mixtu_re obtain_ed upon incubation of
of 4.57 £ 0.08 for hydroxylation ofp-xyleneo-2Hy-o'-2H; 4-trideuteromethyl-4methylbiphenyl with any of the enzyme

with microsomes from 3-methylcholanthrene-pretreated rats Preparations.

to a high of 8.32+ 1.02 for hydroxylation of dimethylbi- Determination of Indiidual Values of Primary (P) and
phenyl-42H;-4'-?H; with microsomes from phenobarbital-  Secondary (S) Isotope Effect8he values of experimentally
pretreated rats (Table 1). The value &fi/ko)obs OVer the  gpserved intramolecular isotope effecti,/ko)ons for the
four different enzyme preparations and the three different hydroxylation of mono- or dideuteromethyl groups will
de substrfateshvx(/jas mluc_h t|ghfter, rlanglnngrom':;llow 9;5'33 contain contributions from the secondary isotope effects
+ 0.15 for hydroxylation ofp-xylenea-*H-o'-*H, wit associated with the reaction. Whé@/ko)opsis equal toky/

microsomes from 3-methylcholanthrene-pretreated rats to a :
high of 7.38 0.11 for h;/droxylation ofo?xylenea-sz- ko, as is assumed for these substraeandSare both fully

o'2H, from purified CYP2B1 (Table 1). The reason for the expressed. In ad_d_ition_, because of_ the minimal motion
narrower range ofki/ko)obs for the ds substrates relative to ~ Necessary for equilibration to be achieved between methyl
the d, substrates is not apparent, but a possible explanationdroups, the values ok{/ko)as for o-xylenea-?Hs are also

is the inherently greater accuracy of the mass spectral@ssumed to be fully expressed. With these assumptions and
measurement of the/d; product ratio over that of the/d; the individual values ofk4/kp)ons for correspondingl,, ds,
product ratio because of the smaller difference in individual andds substrates it is possible to calculate individual values
peak area measuremends Yersusd; compared tal, versus for P and S as we have done previously (Jones & Trager,
dy). 1987) using the method of Hanzlik et al. (1985). The values

Determination of (k/kp)ops for the Trideuteromethyl  of P andScalculated in this way are presented in Table 4.
Substrates.Having defined the range &f/ko to be expected ~ The entries ford- and ds-p-xylene were calculated using
for the system the influence of distance could now be probed (ku/kp)ons for p-xylenea-?Hz by assuming that it represents
using the set of substrates in which one of the two possible a fully expressed value of RS Similarly, the entries fod,-
methyl groups in each individual member was trideuterated andd,-4,4-dimethylbiphenyl were calculated usirigiko)obs
(Table 2). A cursory glance of the values in Table 2 indicates for p-xylene«-2H; by assuming that it also represents a close
that as expected the differences ka/ko)obs are in general  estimate of a fully expressed value BE for dimethylbi-

much greater than those seen in Table 1. Thek)oos  phenyla-2Hs. The justification for both assumptions will
values for 4,4dimethylbiphenyle->H; range from 1.66+ be presented under Discussion.

0.04 to 2.09+ 0.14, while those fop- andp-xylenea-2Hz
range from 6.48+ 0.17 to 7.44+ 0.18 and from 5.3Gt
0.39 to 7.73+ 0.30, respectively.

Determination of Branching to Aromatic Hydroxylation.  The purpose of this study was to test the hypothesis that,
If the rate of methyl group hydroxylation is sufficiently in an intramolecular isotope effect experiment, the extent of
retarded by deuteration, the rate of ring hydroxylation would ka/ko masking is distance dependent. To test this hypothesis,
incr_ease provided itis an alternat_e produqt-fqrming pathway was imperative thalky/kp be known for the reaction being
available to the enzyme. Branching of th's kind WOUlq tend investigated. To minimize the variables that could affect
to unmask the isotope effect because it would provide an . oo o

) - the magnitude ofku/kp)obs @and to simplify interpretation, it

alternate mechanism for equalizing [ESH] and [ESD] (Jones
etal., 1986; Korzekwa et al., 1989). As a result any masking was also necessary tp use substrates that _Iacked.polar and
of ke/ko that would occur because of an increased distancedrogen bonding sites but had well-defined distances
between protio and deutero intramolecular sites would be PEtween methyl groups. A set of substrates that meet these
countered by the effects of product branching. Thus, the "équirements are the- andp-xylenes and 4,4dimethylbi-
extent of branching for each of the substrates needed to bePhenyl (Figure 1). They not only lack polar and hydrogen
determined. The results are reported in Table 3. The relativebonding sites, but within a substrate, the distance between
levels of benzylic and aromatic hydroxylation in the case of methyl groups is fixed by the phenyl ring(s). Molecular
o- and p-xylene indicated that benzylic hydroxylation ac- mechanics calculations indicate that the shortest distances

DISCUSSION
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Ficure 1: Intramolecular distances between methyl group carbon
atoms foro- and p-xylene and 4,4dimethylbiphenyl calculated
using Spartan Molecular Mechanics software.

between the carbon atofnsf the two methyl groups are as
follows: o-xylene, 2.48 A:;p-xylene, 6.62 A; and 4!4
dimethylbiphenyl, 11.05 A (Figure 1).

For ku/kp to be determinable, the rate of equilibration
between chemically equivalent but isotopically distinct
oxidizable groups within the substrate must be rapid relative
to bond breaking. Therefore, substrates chosen for study
must meet this requirement. Substrates which in general
meet this requirement are those that contain a partially
deuterated methyl group as the target for hydroxylation. The
rapidity of methyl group rotation ensures that the active
iron—oxygen species samples the statistical distribution of
catalytically competent orientations of hydrogen and deute-
rium at all times during the course of reaction (Gough et
al., 1985) and thatk(,/kp)obs for these substrates is close to
ka/ko. The good estimates d&f/kp provided by thed, and
ds substrates serve as the necessary standards that make the
analysis of distance-induced masking effects possible. Thus,
the bis monodeuteromethydy) and bis dideuteromethytif)
analogs of each of the selected substrates were included in
the present study.

The (ku/kp)obs Values for all thed, andd, substrates with
the different enzyme preparations are listed in Table 1. The
results overall suggest that while there is some variation,
ka/ko is reasonably constant over the range of conditions
employed, particularly under the same set of conditions, i.e.
the same enzyme preparation and the same extent of
deuterium incorporation. In theory, because the rule of the
geometric mean states that isotope effects associated with a
reaction center are independent and multiplicative, identical
(kn/kp)obs Values should be obtained for thd and d,
substrates after statistical correction when they are subjected
to identical reaction conditions and protocols. In the present
study we have found that the statistically corrected values
of (ka/kp)obs from thed, substrates are HR0% larger than
the statistically corrected values dfu(kp)ons from the d;
substrates. The reason(s) for the discrepancy is (are) not
known. As a result, the most valid comparisonskpfKo)obs
that can be made between the different substrates are ones
that are restricted to substrates having identical deuterium
substitution or ones that are obtained once the individual
values ofP and S are known.

3The carbon atoms of the methyl groups are taken as the frame of
reference for defining the distance between methyl groups since it is
fixed, unlike the distances between inter methyl group hydrogens, which
are conformationally variable. The distance of closest approach that
can be achieved between two hydrogens that are bonded to different
methyl groups is approximately 1.4 A forxylene, 6.7 A fop-xylene,
and 11.1 A for 4,4dimethylbiphenyl.
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Having establishedk./ko for each substrate under each good approximation oky/kp for all of the isotopic variants
experimental condition, the influence of distance could now of o- andp-xylene studied in this investigation. However,
be probed using the set of substrates in which one of thein general, the Ku/kp)ons Values for theds o- and p-xylene
two possible methyl groups in each individual substrate was substrates tend to be larger than the corresponding values
trideuteratedds substrates) Table 2. Comparison of the data for the d, andd, o- and p-xylene substrates (Tables 1 and
presented in Tables 1 and 2 for each of the compounds?2). Since the latter compounds are substrates for which the
showed the most dramatic differences kn/kp)obs With the isotope effects are believed to be fully expressed because of
deuterated analogs of 4,dimethylbiphenyl. The values of the rapidity of methyl group rotation, it would seem to be
(ku/kp)obs for the d, andd, analogs of 4,4dimethylbiphenyl impossible for these compounds to hakigkp)ons values that
range from 5.72- 0.14 to 8.32+ 1.02 (Table 1), while those  are lower than those for the correspondiignalogs. The
for the d; analogs range from only 1.66 0.07 to 2.09+ results can be understood, however, once the contribution
0.14, (Table 2). These results suggest that at a distance obf secondary isotope effects is taken into account. The value
11.05 A (Figure 1) distance-induced masking of the intrinsic of the observed isotope effect for any of ttesubstrates is
isotope effect is almost total. In contrast, much smaller a composite of a primary isotope effect times the square of
differences are seen between the valuekgkg)ons for the the secondary isotope effect, iRS, while the value of the
deuterated analogs of both and p-xylene (Tables 1 and  observed isotope effect for any of tke or d, substrates is
2), thus providing little indication of significant distance- a composite of a primary isotope effect divided by a
induced masking effects with these substrates. However,secondary isotope effect, i.B/S.
before the possibility of a distance-induced masking effect The calculation of individual values @ and S requires
could be removed from consideration for these substrates,that the observed isotope effedt lko)ons €quals the intrinsic
an additional parameter, that of isotopically sensitive branch- isotope effectku/ko. While this appears to be the case for
ing, needed to be assessed. o- andp-xylenea-Hs, it is not for dimethylbiphenyb-2Hs.

If an alternate product can be formed from the substrate, To be able to determin® and S for dimethylbiphenyl, a
the intrinsic isotope effect can be unmasked (Jones et al.,surrogate was needed that expresses Wiy would be,
1986). For theo- and p-xylene substrates (Figure 1), if it could be measured. Because of the similarity in
aromatic hydroxylation can serve as an alternate product-structures, and becaus&fo)ons fully expressesku/kp,
forming pathway. Since aromatic hydroxylation could p-xyleneo-?H; was chosen as the surrogate for dimethyl-
counter any masking df/kp that would occur as a result  biphenyla-?Hs. The calculated values f&r andS (Hanzlik
of an increased distance between protio and deutero siteset al., 1985) are presented in Table 4.
the actual value ofl{/kp)os Would be a summation of the The reasonably constant valuesRabver all the substrates
effects of branching and distance dq/kp. Thus, the and enzyme preparations provides further support for the
relatively narrow range ofk{/kp)ons Values determined for  notion that the intrinsic isotope effedt,/kp, for a given
the deuterated analogs of theandp-xylene substrates could  oxidative reaction is likely to be substantially independent
mean either (1) the distance between methyl groups is notof the specific P450 catalyzing the reaction (Bush & Trager,
sufficient to slow the rate of interchange to a level at which 1982; Gelb et al., 1982; Hanzlik et al., 1984; White et al.,
masking becomes evident or (2) the distance is sufficient to 1984; Jones et al., 1990). The magnitudekgkp, 5—7,
cause masking but is negated by isotopically sensitive was found to be significantly less than that determined for
branching to an alternate product. the terminal methyl group hydroxylation of-octane, a

To distinguish between these two possibilities, the relative reaction that is known to proceed with a symmetrical
levels of benzylic and aromatic hydroxylation were deter- transition state (Jones & Trager, 1987). A probable reason
mined for the three substrates (Table 3). As indicated underfor the lower intrinsic isotope effects for these substrates

Results, no evidence for ring hydroxylation of 4gimeth- compared to that fon-octane is their ability to resonance
ylbiphenyl could be found and only minor conversion to ring stabilize the transition state. Classical resonance stabilization
hydroxylated products occurred witih and p-xylene (8% is impossible for aliphatic oxidation. This means thakp

and 3%, respectively). Thus, the large difference seen infor benzylic hydroxylation is inherently smaller théw/kp
the values of K./kp)obs for the ds 4,4-dimethylbiphenyls, for the methyl hydroxylation offi-octane and its value would
versus those fod, and d, 4,4-dimethylbiphenyls, can be appear on the ascending slope of the bell-shaped curve
attributed to distance-induced masking effects (Table 3). In defining the relationship between the magnitud&.d, and
contrast, the similarity ofky/kp)obs Values for thed,, ds, and reaction coordinate symmetry (Melander & Saunders, 1980).
ds p-xylenes coupled to a lack of a significant branched In conclusion, we have demonstrated that the distance
pathway (5%, Table 3) suggests that these values are fullybetween symmetrically disposed but isotopically distinct
expressed and correspond to valueswgko. The 6.62 A metabolic sites must be considered in the design of an
separation between thp-xylene methyl group carbons intramolecular isotope effect experiment. If the distance is
(Figure 1) is not sufficient to slow methyl group/active site large enough, equilibration between the two sites will not
interchange to a level that allows masking to be apparent. be reached and the magnitude of the observed isotope effect
Since the 6.62 A methyl group separatiorpixylene does  will be less than the intrinsic isotope effect. As stated earlier,
not induce masking, we assume the 2.48 A separationthe intrinsic isotope effect must be determined if deductions
between the methyl carbons ofxylene would also not about transition state structure are to be made and if
induce masking. Thus, all of thé{/kp)ons Values for the meaningful mechanistic interpretations are to be reached.
dy, d3, andd, o-xylenes can also be considered as being fully However, masking effects are not without value. They offer
expressed intrinsic isotope effects. a methodology to gain valuable insight into the active site
The analysis above indicates that for each individual constraints of the enzyme. The observation thatkt)ons
substrate and set of experimental conditiols/ko)ons iS @ for p-xyleneo-?H; is essentially equivalent th/kp for all
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enzymes preparations suggests that the minimal distance oflones, J. P., & Trager, W. F. (1987)Am. Chem. Soc. 102171

6.62 A between carbon atoms of the two para methyl groups

is not sufficiently large, nor are the active sites of the

enzymes studied restrictive enough, to slow the rate of methyl

group equilibration to a level at which masking begins to

[additions and corrections (1988) Am. Chem. Sod 10 2018].
Jones, J. P., Korzekwa, K. R., Rettie, A. E., & Trager, W. F. (1986)
J. Am. Chem. Soc. 108074-7078 [additions and corrections

(1988)J. Am. Chem. Sod 10 2018].
Jones, J. P., Rettie, A. E., & Trager, W. F. (1990Med. Chem.

appear. In contrast, the 11.05 A between the carbon atoms 33, 1242-1246.

of the two para methyl groups gfp'-dimethylbiphenyl is
sufficiently large and/or the active sites of the enzymes
involved are restrictive enough to slow the rate of methyl
group equilibration to a level at which masking is significant.
Thus, differences of 6.62 and 11.05 A between isotopically
sensitive sites would appear to be sufficient to convert a fully
expressed intrinsic isotope effect to one that is almost
completely masked.
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