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ABSTRACT. Mutants with altered activities were obtained from random libraries of human cytochrome
P450 (P450) 1A2 with the putative substrate recognition sequences (SRS) mutated [Parikh, A., Josephy,
P. D., and Guengerich, F. P. (199Bjochemistry38, 5283-5289]. Six mutants from SRS 2 (E225I,
E225N, F2261, and F226Y) and 4 (D320A and V322A) regions were expressed as oligohistidine-tagged
proteins, purified to homogeneity, and used to analyze kinetics of individual steps in the catalytic cycle,
to determine which reaction steps have been altered. When the wild-type, E225I, E225N, F226I, F226Y,
D320A, and V322A proteins were reconstituted with NADPH-P450 reductase, rates of 7-ethoxyresorufin
O-deethylation and phenaceti@-deethylation were in accord with those expected from membrane
preparations. Within each assay, the valuel.gKn, varied by 2-3 orders of magnitude, and in the case

of E225] and E225N, these parameters wer@-fold higher than for the wild-type enzyme. The coupling
efficiency obtained from the rates of product formation and NADPH oxidation was 20%) in all
enzymes. No correlation was found between activities and several individual steps in the catalytic cycle
examined, including substrate binding, reduction kinetics, NADPH oxidation, aBgfdrmation. Quench
reactions did not show a burst for either phenac€&tideethylation or formation of the acetol, a minor
product, indicating that rate-determining steps occur prior to product formation. Inter- and intramolecular
kinetic deuterium isotope effects for phenacé&hdeethylation were 23. In the case of phenacetin acetyl
hydroxylation (acetol formation), large isotope effedt}; or P(k.afKm) > 10] were observed, providing
evidence for rate-limiting C-H bond cleavage. We suggest that the very high isotope effect for acetol
formation reflects rate-limiting hydrogen atom abstraction; the lower isotope effe@-fteethylation

may be a consequence of a 1-electron transfer pathway resulting from the low oxidation potential of the
substrate phenacetin. These pre-steady-state, steady-state, and kinetic hydrogen isotope effect studies indicate
that the rate-limiting steps are relatively unchanged over an 800-fold range of catalytic activity. We
hypothesize that these SRS mutations alter steps leading to the formation of the activated Michaelis complex
following the introduction of the first electron.
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and any protein rearrangements (Scheme 1). Little informa- products, and théH NMR spectra of ¢land & phenacetins
tion is available about the rate-limiting step(s) in the human differed from those of unlabeled compounds only by the lack
P450 1A2 catalytic cycle. of the corresponding protons, indicatirg99% expected

Human P450 1A2 was first characterized as a phenacetinisotopic abundance for each compound.

O-deethylase 9, 10); however, this enzyme (located pre- N-(4-[1-°H]Ethoxyphenyl)acetamide (phenaceti)-was
dominantly in the liver) participates in the metabolism of a prepared from acetaminopheN-(4-hydroxyphenyl)aceta-
variety of compounds including the activation of potentially mide) and [12H]ethyl p-toluenesulfonate as describeii:
carcinogenic aryl and heterocyclic aminek),(11). This [1-°H]-CH3sCH,OH was prepared by N&Bl, reduction of
information and the wide variablity of expression of P450 CHsCHO (17) and used to prepare the intermediatet]-
1A2 suggest that the enzyme may play a role in cancer ethyl p-toluenesulfonatel@®). The mass spectrum indicated
susceptibility (2). To understand the role of enzyme residues the expected molecular ion (MHatnvz 180) for phenacetin-
in catalysis in the absence of an X-ray crystal structure, the di, indicating ~98% isotopic abundance. In thél NMR
SRS regions J) of P450 1A2 were subjected to random spectrum, the coupling pattern@t.41 (3H, CHCHs) was
mutagenesis, and selections were made for altered activity,changed from a triplet (phenacetip) to a doublet for
e.g., activation of the heterocyclic amine 2-amino-3,5- phenacetires. The product formed by acetyl hydroxylation
dimethylimidazo[4,5quinoline (13). The single-site mutants  of phenacetin, the acethl(4-ethoxyphenyl)glycoamide, was
from this study displayed a wide range of activities relative Synthesized as describetd( 20) and recrystallized twice
to wild-type P450 1A2. The general hypothesis is that from ethyl acetate (mp 151152 °C).

individual residues in P450 1A2 control catalytic selectivity =~ Construction of P450 1A2 Expression Plasmiglgmers
by altering kinetics of specific steps in the reaction cycle for PCR reactions were obtained from the Vanderbilt
(Scheme 1). University DNA Core Facility. Expression media fés-

In the present work, we systematically examined individual cherichia colicultures were obtained from Difco (Detroit,
reaction steps of P450 1A2 wild-type and single mutant MI). Restriction endonucleases and DNA modification
enzymes derived from the random mutagenesis of SRSenzymes were from New England Biolabs (Beverly, MA)
regions 2 and 4, in particular E2251, E225N, F226Y, F2261, and Promega (Madison, WI). Isopropylthfiee-galactoside
D320A, and V322A. After these mutant enzymes were Was purchased from Research Organics (Cleveland, OH). The
purified, the steady-state kinetic parametegsandK, were cDNAs for P450 1A2 wild-type and mutants cloned into the
determined for the marker phenaceBrdeethylation reac- ~ PCW plasmid were from the previous workd). 3-Terminal
tion. Two of the mutants displaying significantly enhanced €nds of the P450 1A2 mutant constructs were modified to
(E2251) and compromised (D320A) activities were subjected include codons for five histidines, followed by a termination
to more thorough steady-state analysis including the use of¢odon. The polymerase chain reactions were performed using
deuterated phenacetin. To assess any mutational effects ofPfu polymerase essentially as described by the manufacturer
the affinity for phenacetin and th@-deethylation product ~ (Stratagene, La Jolla, CA), using a Perkin-Elmer 9600
acetaminophen, the respective dissociation constaqjs ( Thermocycler.
were determined by fluorescence quenching experiments. The Expression and Purification of Recombinant P450 1A2
rate of the electron-transfer step following substrate binding Wild-Type and Mutants=ach of the recombinant P450 1A2
was also measured, as well as the coupling efficiency of wild type and mutant enzymes containing a C-terminal ¢His)
electrons from NADPH. Taken together, the results provide tag was prepared from the corresponding P450 1£3). (
evidence for the existence of two distinct chemical pathways Expression of P450 1A2 enzymes ia coli DH5a was
in the oxidation of phenacetin. Individual residues in the SRS accomplished essentially as described, Bnebli membranes

regions have major effects on some steps in both reactionscontaining recombinant P450 1A2 were prepared).(
but do not alter the rate_”miting steps. Membranes were solubilized f83 h at 4°C at a final

concentration of 2 mg protein mt in 100 mM potassium
phosphate buffer (pH 7.4) containing 20% glycerol (v/v),
EXPERIMENTAL PROCEDURES 1.0 mM EDTA, 30uM o-naphthoflavone, 10 mN\B-mer-

] . captoethanol, and 1.0% CHAPS (w/v). The solubilized
Chemicals Acetaldehydefert-butyl hydroperoxide, ac-  material was then loaded onto ax14 cm NR*-nitrilotri-

etaminophen, and all deuterated reagents used for synthesigcetate column (Qiagen, Valencia, CA) that had been
were obtained frpm Aldrich Chem|cal Co. (Milwaukee, WI). preequilibrated with 100 mM potassium phosphate buffer
7-Ethoxyresorufin was obtained from Molecular Probes (pH 7.4) containing 20% glycerol (v/v), 0.5 M NaCl, 5 mM
(Eugene, OR).Ring*H]phenacetin was a gift of Dr. F. F.  imidazole, and 0.5% CHAPS (v/v). Contaminating proteins
Kadlubar (National Center for Toxicology Research, Jeffer- \ere removed by extensive washing with the equilibration
son, AR). Other chemicals were of the highest grade pyffer containing 20 mM imidazole. Recombinant P450 1A2

commercially available. enzymes were eluted from the column with 100 mM
Synthesis of Substrates and Produdg(4-[1,14H]Eth- potassium phosphate buffer (pH 7.4) containing 20% glycerol
oxyphenyl)acetamide (phenacet)-was prepared as de-  (v/v), 300 mM imidazole, 0.5 M NaCl, and 0.5% CHAPS
scribed (4) and recrystallized twice from G®H/HO [mp  (w/v). Fractions containing P450 were pooled and dialyzed
133-134°C (uncorr), lit 134-135°C (15)]. at 4 °C for 24 h against a 200-fold volume of 100 mM

N-(4-Ethoxyphenyl)[2,2,2H]acetamide (phenacetiy) potassium phosphate buffer (pH 7.4) containing 20% glycerol
was synthesized as describdd)(and recrystallized twice  (v/v), 1.0 mM EDTA, and 0.10 mM dithiothreitol, followed
from CH;OH/H,O (mp 133-134°C). Mass spectra yielded by two more changes of the same buffer without dithiothrei-
the expected molecular ions for the protiated and deuteratedtol. [With human, rat, and rabbit P450 1A2 enzymes, high
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ionic strength (100 mM phosphate) should be maintained to varying concentrations of substrate (2200uM phenacetin
prevent precipitation21).] or 1.0-50 uM 7-ethoxyresorufin) in a total volume of 0.50
Sodium dodecyl sulfatepolyacrylamide gel electrophore- mL. Kinetic parameters, andk..) were determined using
sis was used to assess final protein purity, and P450nonlinear regression with Graph-Pad Prism software (San
concentrations were determined by?F€0 versus F& Diego, CA).
difference spectroscopy2?). Protein concentrations were PhenacetinO-dealkylation activity was determined by
determined by quantitative amino acid analysis (24 h HPLC as described3(), with slight modification, in the
hydrolysis 6 N HCI, 110°C) in the Vanderbilt Protein  kinetic hydrogen isotope effect studies. Incubations with the
Chemistry Facility. reaction mixture were generally done for 10 min at°87
SpectroscopyJV —visible spectra were recorded using an terminated with 0.10 mL of 17% HCIQ and centrifuged
Amino DW2a/OLIS instrument (On-Line Instrument Sys- (10°%g, 10 min); 1.0 mL of a mixture of CHGland 2-propanol
tems, Bogart, GA). Wavelength maxima were determined (6:4, v/v) was added to the supernatant to extract the
using the peak finder or second-derivative software. The products, followed by centrifugation (twice at3g). The
high-spin content of P450 1A2 enzymes was estimated from organic layers were combined, and solvent was removed
the second-derivative spectra of the ferric enzymes asunder N. The products (acetaminophen and the acetol) were
described 23). 'H NMR spectra were recorded on a Bruker analyzed by HPLC using a Beckman Ultrasphergd@lumn
AM 400 spectrometer operating at 400.13 MHz and°€7 (4.6 x 250 mm, 5um) with the mobile phase #0/CH;OH/
(Bruker, Billerica, MA). Samples were prepared in CRCI CH;COH (65:35:0.1, vivlv; flow rate 1.0 mL mirt),
or dimethyl sulfoxideds (100.0 at% D grade, Aldrich). Mass ~ monitoringAgss. In assays witltert-butyl hydroperoxide, only
spectrometry was done with a HP 5890A gas chromatographthe P450 1A2, DLPC, 100 mM potassium phosphate, and
(Hewlett-Packard Company, Wilmington, DE) and a Finni- substrate were mixed with 5 mltért-butyl hydroperoxide
gan MAT INCOS 50 mass spectrometry (Finnigan Mat, San for 60 s at 37°C.

Jose, CA) unless noted otherwise. Anaerobic Reduction KineticsEnzyme mixtures and
Estimation of Binding Constants by Fluorescence Titra- NADPH (600 «M) solutions were prepared separately, as
tion. Because human P450 1A2 is predominantly high-spin described for steady-state reactions. When indicated, enzyme

(>80%) 1) the usual binding spectral titrations could not mixtures contained 200M phenacetin. The solutions were
be used to determine dissociation constants for substratesnade anaerobic by alternate cycles of vacuum and Ar in a
and products, and we utilized the change of intrinsic closed system31). Reduction kinetics were monitored in a
fluorescence upon binding to substrate or product. The stopped-flow apparatus (Applied Photophysics SX-18MV
intrinsic fluorescence of P450 1A2 was determined in a instrument, Applied Photophysics, Leatherhead, UK) at 37
SPEX Fluorolog spectrophotometer (SPEX, Edison, NJ) °C under an anaerobic CO environment using techniques
using a 1.0-cm path length cuvette at Z5. Prior to each described elsewher8)( Reduction of P450 1A2 to the Fe
measurement P450 1A2 was diluted to AN in 100 mM CO complex was monitored at 446 nm upon mixing of
potassium phosphate (pH 7.4) containing DLPC 444 in reconstituted enzymes with NADPH. Data were collected
a final volume of 3.0 mL. Emission spectra were corrected using the Applied Photophysics software system and fitted
using a solution without enzyme. P450 1A2 intrinsic to exponential equations using a Marquardevenberg
fluorescence was routinely determined by exciting at 295 algorithm for nonlinear regression analysis. Results were
nm and detecting the fluorescence emission at 340 nm.repeated with 68 individually monitored reactions and
Additions of ligands from concentrated stock solutions were averaged using the manufacturer’'s software.
made in 1.0«L increments. The maximum volume increase ~ NADPH Oxidation P450 1A2 was reconstituted with
due to sequential addition of the ligand stock solutions was NADPH-P450 reductase as described for steady-state phen-
<2% (v/v). All results were corrected for dilution due to acetin oxidation experiments. Reconstituted enzyme 4250
ligand addition. At the concentrations of protein or other was preincubated for 3 min at 3T in the presence or
additions used, no corrections were necessary due to innelabsence of substrate (20M). Reactions were initiated with
filter effects. The change in fluorescence intensity at 340 the addition of 5Q:L of 4.0 mM NADPH, and the decrease
nm was measured as a function of ligand concentration. in Az4o was monitored for 1 min. U¥visible spectra were
Untransformed fluorescence data were plotted as percentrecorded using a modified Cary14/OLIS spectrophotom-
change in fluorescence at 340 nm A% versus ligand eter (On-Line Instrument Systems, Bogart, GA). Rates of
concentration. The titration data were analyzed to yield a NADPH oxidation were calculated usirgs = 6.22 mM*
dissociation constanK) and the associated SE by nonlinear cm™! for NADPH.
least-squares fitting24, 25). H,O, Formation Reaction systems were prepared as
P450 Catalytic Actiity Assays Initial investigations to described above, except that the reaction volume was 0.40
determine kinetic parameterk{ andk..) were done using  mL. Reactions were initiated by adding the NADPH-
fluorescence assays for 7-ethoxyresor@ideethylation and  generating system and were terminated by adding 0.80 mL
by radio-TLC for phenaceti@-deethylation as describef, ( of cold CRCGO,H (3%, wiv) after 60 s. KO, was determined
26). spectrophotometrically by reaction with ferroammonium
The reaction mixtures consisted of 0.4M P450 1A2, sulfate and KSCN as describegl}.
0.80uM NADPH-P450 reductase [recombinant rat enzyme  Kinetic Isotope Effect Determinatio®euterium isotope
expressed irE. coli (27, 28)], DLPC (45 uM), 100 mM effects were determined by both noncompetitive and com-
potassium phosphate buffer (pH 7.4), an NADPH-generating petitive methodsg, 4). In the noncompetitive experiments,
system [0.50 mM NADP, 10 mM glucose 6-phosphate, and P450 1A2 was incubated with unlabeled)(dhenacetin or
1.0 IU glucose 6-phosphate dehydrogenase h(29)], and labeled (d or d;) phenacetin using a range of substrate
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concentrations (2:6200 uM), and the products were ana-
lyzed by HPLC as described abovK, and k.. were

determined using nonlinear regression as described above:

Two competitive approaches were also used to measurep450 1A2 (nmol of P450/mg of proteif) P450 (%Y
deuterium isotope effects. First, P450 1A2 was incubated yiq-type

with a 1:1 molar mixture of unlabeled {Jdand phenacetin
labeled with deuterium in the ethoxy groupz)dfinal
concentration 20@M), and the acetaldehyde products were

extracted and analyzed by combined gas chromatography/p350a

positive-ion electron impact mass spectrometry following
derivatization with 2,4-dinitrophenylhydrazineg3). The
hydrazone derivatives were analyzed as descril84). (

Yun et al.

Table 1: Specific P450 Content and Spin State of Purified P450
1A2 Mutants

specific content holoenzyme %

high-spin
16.3 92 82
E225] 16.9 95 79
E225N 16.8 95 82
F2261 3.7 21 34
F226Y 6.1 34 31
15.2 86 38
V322A 14.2 80 83

2 None of the P450s contained appreciable amounts of cytochrome
P420 ¢5%). The heme concentration, measured by the pyridine

Analytes were separated on a 15-m SPB-1 fused silica hemochrome assag2), was identical to the P450 concentration (within

capillary column (Supelco, Bellefonte, CA) interfaced to a
Hewlett-Packard 5890 mass spectrometer (Hewlett-Packar
Wilmington, DE). Conditions were as follows: injection port
230°C, transfer line 260C, initial column temperature 100
°C and increased to 32TC at a rate of 25C min™*. The

5%) in every case? % P450 containing heme. Based on 17.7 nmol/

dmg of protein M, of His-tagged P450 1A2: 56 370).

matography21), we found that some of the mutant enzymes
lost heme. We modified all of the proteins to contain a

[*H]acetaldehyde hydrazone was detected by selected ionC-terminal (Hisy tag to expedite purification. The use of

monitoring atnvz 224, and the?H]acetaldehyde hydrazone
was monitored aiwz 225. The ratio of M/M+1 (m/z 224/
225) was used as an estimate of the appdt@riK) for the

Ni?*-nitrilotriacetate affinity chromatography not only re-
duced the time that the enzymes were subjected to chroma-
tography but also allowed us to work without nonionic

dealkylation reaction. The second approach was intramoleulardetergents, which can be P450 1A2 substrates and interfere

and phenacetinh was used (-OCHDCE), with the same
analysis of the acetaldehyde by mass spectrometry.

(36). The final specific content ranged from 4 to 17 nmol of
P450/mg of protein. Most of the purified P450 1A2 mutants

In a similar competitive experiment designed to measure had high heme content except the Phe226 mutant enzymes,
intermolecular competition, a 1:1 molar mixture of unlabeled suggesting a possible structural determinant. Intrinsic Trp
(dy) and phenacetin labeled with deuterium in the acetyl fluorescence and 1-anilinonaphthalene-8-sulfonic acid bind-
group (@) was used as the substrate (200). The analysis ing experiments also provided evidence that the Phe226
was done by HPLC/electrospray mass spectrometry (Finne-mutants have more loose conformations than wild-type and
gan MAT TSQ7000, Sunnyvale, CA). The separation of the other mutated enzymes (results not presented). The mutant
acetol compound by HPLC was done as described above€nzymes that contained a significant amount of apoprotein

with slight modification. The ratio of M/M-2 (m/z 228/230)
was used as an estimate of the appaPéuitK) for acetyl
hydroxylation.

Pre-Steady-State KineticsPre-steady-state phenacetin
oxidation reactions were done to determine if a step following
product formation is rate-limiting. P450 1A2 (400 pmol) was

reconstituted as described above and incubated in the

presence of 20kM phenacetin in a total volume of 0.50
mL. Reactions were initiated by mixing with NADPH (final
concentration 0.5 mM) for a period of time ranging from 5
to 60 s at 37°C. The products were analyzed by HPLC as
described above.

Iron—Oxygen Intermediate FormatiorThe P450 1A2
iron—oxygen complex was monitored using an Amino
DW?2a/OLIS instrument during steady-state oxidation of
phenacetin as describe8g|. The reaction mixtures, contain-
ing 1.0uM P450 1A2, NADPH-P450 reductase (0-12.0
uM), DLPC (45 uM), 200 uM phenacetin, and 100 mM
potassium phosphate buffer (pH 7.4) in a total volume of
1.0 mL, were preincubated for 10 min at 26. NADPH
(final concentration 0.10 mM) was then added to initiate the
reaction and scans from 350 and 600 nm were obtained.

RESULTS

Properties of Purified P450 1A2 Mutant§he enzymes
used for this study were selected from earlier wdkg) (on
the basis of altered catalytic activity (Table 1). All enzymes
were expressed iB. coliand purified. In our initial studies,

in which we used ion-exchange and hydroxyapatite chro-

(specific content<14 nmol/mg of protein) were not exten-
sively characterized due to the potential complications in
catalytic assays, e.g., unproductive competition for the
reductase. The (Hissequence did not influence the general
patterns of binding and activity by the P450 1A2 mutants
(results not presented).

The high-spin iron fractions of the different enzymes were
estimated by second-derivative analysis of the absorption
spectra 23). Wild-type human P450 1A2 is almost com-
pletely high-spin 21). The P450 1A2 enzymes may be
classified into two groups based on the spin content: wild-
type, E225I1, E225N, and V322A were80% high-spin and
F2261, F226Y, and D320A were30% high-spin, indicating
that mutations in the SRS regions can change the environ-
ment of the heme. Three low activity mutant enzymes (F226l,
F226Y, and D320A) showed a shift to low-spin, although
the spin state is not correlated to the enzyme activity for rat
P450 enzymes3(7) or with these mutants (e.g., V322A has
low activity).

Kinetic Parameters of Purified P450 1A2 Mutan&ix
SRS region mutants were chosen, purified, and used to
measure two P450 1A2 reactions, 7-ethoxyresorufin and
phenacetirO-deethylation, using a range of substrate con-
centrations. Two mutants with high activity, three with low
activity, and one with similar activity to wild-type were used
for this study. The two substrates are quite structually
unrelated, although both generate the product acetaldehyde.
The mutants displayed 6- and 100-fold variatiorkig for
7-ethoxyresorufin and phenacetid-deethylation, respec-
tively (Table 2). Only the mutants E225] and E225N had
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Table 2: Kinetic Parameters for Purified P450 1A2 Mutants

ethoxyresorufirO-deethylation phenacetid-deethylatiod

Keat Km relative Keat Km relative
P450 1A2 (min™Y) (uM) KeatKm Keal Km (min™Y) (M) KealKm KealKm
wild type 0.90+0.11 27+ 7 0.033+ 0.009 1 1.8£0.01 13+ 2 0.14+ 0.02 1
E225I 0.8% 0.04 14+ 2 0.060+ 0.009 1.8 12+1 10+1 1.2+0.2 8.4
E225N 0.94+ 0.04 7.0+£1.0 0.13+0.02 3.9 9.4+ 0.4 9.0+ 1.0 1.0+0.1 7.3
F2261 0.28+ 0.03 22+ 4 0.13+ 0.003 0.39 0.18-0.02 15+ 4 0.012+ 0.003 0.09
F226Y 0.18+ 0.06 38+ 24 0.0047+ 0.0034 0.15 0.29%-0.04 47+ 15 0.0062+ 0.0022 0.04
D320A 0.14+ 0.03 86+ 33 0.0016+ 0.0007 0.06 0.12 0.02 70+ 22 0.0017+ 0.0006 0.012
V322A 0.73+ 0.05 16+ 3 0.046+ 0.009 14 1.6+0.2 42+ 13 0.037+ 0.012 0.26

a2 The radio-TLC method was used in these assays. The values estimated for the parameters of the D320A have more inherent error than those
presented later (Table 6), in which an HPLC method was used.

Table 3: Binding Affinities of Phenacetin and Acetaminophen for Table 4: Reduction Rates of Ferric P450 1A2 Enzymes
P450 1A2 Mutants

reduction rate P450 recovered
Kq (uM)? (min™Y) after experiment (%)
P450 1A2 phenacetin acetaminophen P450 1A2 - + phenacetin - + phenacetin
wild-type 17+ 3 31+ 2 wild-type 610 450 97 93
E225I 22+ 3 24+ 2 E225I 650 620 88 89
E225N 16+ 2 46+ 7 E225N 610 995 85 85
F226l1 18+ 3 31+2 F226Y 790 700 76 76
F226Y 18+ 2 41+ 3 D320A 760 1020 69 82
D320A 12+1 39+5 V322A 610 650 80 78
V322A 20+ 2 41+ 7
2 Kq values were determined by the change of intrinsic fluorescence . . .
intensity of enzymes upon binding of the substrate or product. in the absence of substrate (Table 5). Mutations in the SRS

regions affected NADPH oxidation rates, and the presence
of phenacetin increased the rate of NADPH oxidation of
some mutant P450 1A2 enzymes. The E225 mutant showed
an increase~60%) in NADPH oxidation in the presence
of substrate, but D320A (with low catalytic activity) also

significantly elevated activities toward phenacetin, emphasiz-
ing that the effects of any particular mutation are unique to
the enzyme-substrate fit and may diverge with different

substrates. Thie./Km parameter showed more variation than showed this increased NADPH oxidation rate. No correlation

keay being particularly low for the F226 and D320A mutants. - tnd between rates of NADPH and substrate oxidation.
Binding Affinities of P450 1A2 Mutants for Phenacetin - p450 1A2 enzymes showed low coupling efficiency when
and AcetaminopherDissociation constant() were de-  prodyct formation and NADPH oxidation were compared.
termined using the change in intrinsic fluorescence intensity The high activity mutants, E2251 and E225N, showed an
of enzymes upon binding of the substrate (phenacetin) andincrease of coupling efficiency by-3-fold (to ~20%) as
product (acetaminophen). The SRS region mutations did notcompared to wild type. Low activity mutants (F2261, F226Y,
yield apparent changes in the binding affinity for substrate 5,4 D320A) showed only 0.62.4% coupling.
(Table 3), withKq for all enzymes ranging between 12 and  H,0, Formation. Mutations in the SRS regions did not
22uM. The ferric P450 1A2 D320A mutant was mainly low-  affect the rate of KD, formation in the absence of substrate
spin (Table 1), and the addition of phenacetin produced a (Tapje 5). The presence of the substrate phenacetin did not
typical low- to high-spin conversion (Type | difference gjier the rate of KO, formation (except with the D320A
spectrum). A titration experiment of this type yieldd= mutant, 40% increase).
13 £ 1 uM, in agreement with the value of 12 1 uM Identification of an Acetol Product of Phenacetin Oxida-
estimated with the fluorescence method (Table 3). The tion, when phenacetin oxidation assays were done with
binding affinity for the product acetaminophen was lower Hp| c instead of the traditional radio-TLC ass&@(40), a
than that of the substrate phenacetin in all mutants excepthey reaction product was observed. Preliminary mass
E225l, and no direct correlation between activity and binding spectral data suggested that the compound had, af 195,
affinities to substrate or product was found. resulting from the addition of 16 amu, which could be an
Reduction Kinetics of Human P450 1A2 Enzynwggd- oxygen on either the phenyl ring, the nitrogen, or the ethyl
type P450 1A2 and all of the mutants were reduced rapidly or acetyl methyl. The compound was isolated from large
in monophasic reactions, as shown previously for wild-type scale incubations done with wild-type P450 1A2 using
enzyme 8) (Table 4). The rate was rather invariant with preparative HPLC and identified as the acetol (Scheme 2)
regard to the presence of the substrate phenacetin in mosby its mp (15+152°C), UV spectra{max 249 nm), HPLC/
mutants, although two mutants (E225N and D320A) showed MS (MH* m/z 196), 'H NMR (dimethyl sulfoxideds): o
a ~1.5-fold increase of the reduction rate in the presence 1.03 (t, 3H, CHCHs), 3.97 (s, 2H, COCKDH), 4.04 (q, 2H,
substrate. The rates of ferric P450 reduction are much higherCcH,CHs), 5.60 (broad, 1H, OH), 6.857.55 (m, 5H, Ar),
than steady-state rates of NADPH or phenacetin oxidation and comparison to the synthesized standagiZ20), includ-
(vide infra). ing co-chromatography on HPL@-Deethylation ¢85%)
NADPH Oxidation and Coupling of P450 1A2 Reactions. is the major oxidation pathway, and acetyl hydroxylation
P450 1A2 enzymes oxidize NADPH at relatively high rates (~15%) is a minor pathway.
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Table 5: NADPH Oxidation and ¥D, Product Formation by P450 1A2 Mutants
mnol of prod mirr? (nmol of P450)?*

NADPH acetaminophen acetol H20; H.0O
P450 1A2 phenacetin oxidation formation formation formation formatiort
wild type + 37+ 2 1.8+0.1 0.33+ 0.02 11+1 12+1
- 34+ 2 9+1 13+1
E225| + 76+1 11+1 22+0.1 11+1 26+ 1
- 46+ 3 15+1 16+2
E225N + 56+ 4 9.2+1.0 1.8+0.2 13+1 16+ 2
- 37+4 13+1 12+ 2
F2261 + 75+ 6 0.18+ 0.01 nd 10+1 32+3
- 62+ 7 12+1 25+ 4
F226Y + 51+4 0.18+ 0.01 nd 12+ 1 19+ 2
- 51+ 4 9+1 21+2
D320A + 67+t 4 0.010+ 0.001 0.001Gt 0.0001 21+ 1 23+2
- 42+ 2 15+1 14+1
V322A + 45+ 3 1.2+0.2 nd 10+ 1 17+£2
- 43+3 9+1 17+ 2

aH,0 formation was determined by calculating the difference between total NADPH utilized and the sw@,airtd products produced and
then dividing by 2, because four electrons would be required to redude 8,0 (38). No correction was made for any,Q which was not
measured® Not determined.

Scheme 2: Oxidations of Phenacetin Catalyzed by Human kinetic isotope effects (Table 6). High isotope effectd R)

P450 1A2 were observed for acetol formation, similar to those obtained
o o o} in noncompetitive isotope effect experiments.
HNJ\C,Ha HNJ\CHS HNJ\CHZOH The inFramoIecuIar isotop(_a effects for phenacg@m
P450 1A2 deethylation were measured in a separate study with phen-
e + acetind, (Table 7). The values were in the range of-1.4
2.2 and, considering the expereimental error, similar to the
Osc OH O~ChycH intermolecular isotope effects.
CTHCH, Acetaminophen e . L
Phenacetin Acetol Phenacetin Oxidation by P450 1A2 Mutants Supported by
2 The sites of deuterium substitution utilized in kinetic experiments P€roxides When tert-butyl hydroperoxide was used as an
are labeled with asterisks. “oxygen surrogate” in place of the reductase, NADPH, and

o ] O,, wild-type P450 1A2 and the E225] mutant showed very
Kinetic Hydrogen Isotope Effect®ild-type P450 1A2, o activity (0.2-1.2% of the NADPH-supported reaction)
E2251 (high activity), and D320A (low activity) were (resylts not presented). The D320A mutant showed higher
examined for the rate contribution of C-H bond cleavage to actjvity than the NADPH-supported reactiokc = 1.0

the P450 1A2 catalytic cycle, using deuterium-labeled mjn-1),
substrates. Noncompetitive kinetic isotope effects were Iron—Oxygen Intermediate FormatioWild-type P450

observed for phenaceti®-deethylation PV and P(V/K)], 1A2 and the E225 and D320A mutants were com

. . pared for
1.9-2.71in the case of wild-type P450 1A2 and E225I (Table 4 apjlities to form a steady-state intermediate species (433
6). In the case of D320A, the isotope effect was somewhat nm, Figure 1). An Fe@" intermediate with a similar

lower (~1.5-1.6) as cqmpared to \_/vild_-type P450_1A2 and spectrum has previously been reported for rabbit P450 1A2
E225I. These results indicate a kinetic contribution of the (41, 42). The formation of the iroroxygen intermediate by
C-H bond cleavage step in the overall P450 catalytic cycle. the7 D320A mutant was-30% that of wild-type P450 1A2

In the case of acetyl hydroxylation, a very large intermo- and the E2251 mutant. The stead
) . y-state level of the complex
D
lecular hydrogen isotope effect\ and°(V/K) > 14] was ~ creased with the concentration of reductase, to reach the

observed with all enzymes tested here (Table 6), clearly indicated level at a reductase/P450 ratio of 2

indicating a rate-limiting contribution of C-H bond cleavage. . . .
o . L L Burst AnalysisThe time course for product formation was
Substitution of deuterium at each oxidation site did not effect . . :
- . linear for both products, with extrapolation to much less than
activity at the other site. . ) S
. e .. asingle enzyme turnover (Figure 2), indicating that release
To confirm the noncompetitive intermolecular kinetic . 4 .
of products from the active site does not contribute to the

isotope effect results (e.g., rule out any contribution of overall reaction rates. Therefore, rate-limiting steps must
substrate impurities), we measured the competitive intermo- . ' g step
precede product formation.

lecular isotope effec®(V/K), using wild-type, E225I, and
D320A enzymes (Table 7). Both substrates were addedpyscyssion

together to an incubation mixture (equal concentrations of

do/d, phenacetin folO-deethylation or gld; phenacetin for A useful approach to understanding the structdtaction
acetyl hydroxylation), and a competition between the deu- relationships underlying catalytic mechanisms of enzymes
terated and nondeuterated compounds was established, usinigas been the coupling of random mutagenesis and kinetic
a single substrate concentration. Competitive kinetic isotope characterization of respective mutants. To improve our
effects P(V/IK)] of 2.7—3.1 were observed for phenacetin understanding of P450 1A2 catalysis, we generated single
O-deethylation in the case of wild-type P450 1A2 and E225I, residue mutants of the P450 1A2 SRS regions and screened
which are comparable to the noncompetitive intermolecular them on the basis of their ability to activate 2-amino-3,5-



Intermolecular Deuterium Isotope Effects on Phena&ealkylation and Acetyl Hydroxylation by P450 1A2

Table 6:

acetyl hydroxylation (acetol formation)

O-deethylation (acetaminophen formation)

phen-

D(V/K)

bv

Km
(M) KealKim
0.021:+ 0.003

17+ 2
18+ 2

Keat (Min~2)

D(V/K)
0.35+ 0.01

bv

KealKm

0.11+0.01

Km
(M)
16+ 1
18+ 2
19+ 2
11+1
15+ 2
12+2

Keat (Min™2)

acetin
dy

P450
1A2

(o} 18+0.1

d

wild type

1.0+0.2
25 +9

0.95+ 0.04
14+ 2

0.021+ 0.003
30+ 10 8.3x10%44+29x 10*

22+ 3
26+ 3
25+ 4
25+5
30+ 4
25+5

0.37+0.01

2.1+ 0.3
0.95+ 0.07 0.91+0.12 0.025- 0.003

1.9+ 01

0.052+ 0.006
0.10+ 0.01
1.0+ 0.01

0.93+0.03
19+0.1
11+1

ds

0.055+ 0.009

1.2+0.1

&

E225I

16 + 4
11403
14 + 4

0.80+ 0.09 0.95+0.02

14+ 2
0.93+0.09

14+ 2

3.4x10°%+0.6x 108
5.6x 10°5+1.2x 10°°
5.0x 105+ 0.7x 1075

0.058+ 0.008

1.4%x10°%4+0.1x 108
15%x10°%+0.1x 10°3

1.5+0.1
0.086+ 0.005

2.7+ 0.5
1.1+ 0.2
1.5+ 05

2.0+ 0.02
1.0+£0.1
1.6+0.2

0.37+0.05
0.92+ 0.017
250+ 70 4.4x 10°+1.3x10°°

0.018+£0.001 270+40 6.7x10°+1.1x 10°
0.020+0.002 300+40 6.7x10°5+1.1x 10°

55+0.2
11+1
0.011+ 0.001

d,
d3
o)
dx

ds

D320A

4.0x 1064+ 0.9%x 108

P450 1A2 Oxidation Rate-Limiting Steps

1.0x104+0.1x 104

0.90+0.10 1.0+0.2

Biochemistry, Vol. 39, No. 37, 2001325

Table 7: Competitive Isotope Effects on Phenac&ibeethylation
and Acetyl Hydroxylation by P450 1A2 Enzymes

D(V/K)
intramoleculat

intermoleculat

O-deethylation acetyl O-deethylation
(acetaldehyde  hydroxylation (acetaldehyde
P450 formation) (acetol formation)  formation)
wild-type 2.7+0.2 12+ 2 19+01
E225I 3.1+0.1 12+ 2 22+0.2
D320A 1.9+ 0.2 13+ 3 14+0.2

a Equal concentrations (1QM) of dp and @ (or ds) phenacetin were
used as substrate. The acetaldehyde gdd d) formed by O-
deethylation activity was analyzed after derivatization with 2,4-
dinitrophenylhydrazine. The acetol product was analyzed to measure
the relative amounts ofscand @ products.? Phenacetirth (200 uM)
was used as substrate, and analysis was as in focandtee ratio of
m/z 225/224 (M+ 1/M) was used to estimatgV/K).

0.03

A B c

0.02+ B E
0.01+ - E

0.004 b

AA

-0.014 . -

-0.021 - .

-0.03

400 500 600 400 500 600 400 500 600
Wavelength, nm

Ficure 1: Formation of iror-oxygen complex of P450 1A2. The

ratio of NADPH-P450 reductase to P450 1A2 was 2. The indicated

spectra of (A) wild-type, (B) E225I, or (C) D320A were all recorded
3 min after initiation of reactions.

_ 10 4

o A B

g 08 A 3]

o 06

Q 2

3 041
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0l | e
0 1020 0405 60 0 102 30 40 50 60

Time, s

FiGURE 2: Pre-steady-state product formation by P450 1A2. (A)
Wild-type and (B) E225] P450 1A2 were used for burst analysis
of formation of acetaminopher®] and the acetol®).

dimethylimidazo[4,5]quinoline to a mutagen in a prior study
(13). Here, several of these P450 1A2 mutants were studied
in detail including most of the readily defined steps in the
generally postulated catalytic cycle (Scheme 1). A goal of
this work was to assess the nature of the effects of the amino
acid substitutions on catalytic turnover of phenacetin, a
common marker substrate for P450 1A2. These P450 1A2
mutants varied in catalytic efficiency from 0.01 to 8 times
the wild-type phenaceti®-deethylation activity.

The complex P450 catalytic cycle involves multiple steps
that ultimately result in the hydroxylation of the substrate
(Scheme 1). In theéD-deethylation reaction, this product
decomposes to yield acetaminophen and acetaldehyde.
Further analysis of the products of the P450 1A2-catalyzed
reaction revealed that a minor acetol product is also formed
(~15% total product). The acetol product had been previ-
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ously observed as a minor in vivo product of phenacetin Scheme 3: Hydrogen Atom Abstraction and Electron
metabolism in rabbits1@, 20). We found no evidence for  Transfer Pathways in P450 Oxidatfon
other potential oxidation products, i.e., either of the two  Hydrogen Abstraction

E)lhge)nolsN—hydroxyphenacetln, or the hydroxyethyl product Fe0™ A Hreon xm HO' s, -
: H-CHR -CHR HO-CHR
Both of the phenacetin products are formed by C-H bond

cleavage, and the similarity of these two reactions was probed Electron Transfer
using kinetic deuterium isotope studies. A number of Kinetic oo iy 1€ Feo?* +.ym ML FeoH xR T Ee™ yp
hydrogen isotope studies have been done with P450 enzymes H-CHR H-CHR “CHR HO-CHR
(43). The generalization is'that Iarge intermo!ecular ISOtOPe 2R and R are alkyl groups and X denotes a heteroatom (N, O, or
effects -2) are rare, arguing against the existence of C-H g) (g, 54, 57, 58
bond cleavage as a rate-limiting step. However, high in-
tramolecular deuterium isotope effects are common (e.g., phenacetinO-deethylation involves one-electron oxidation
range of 6-10) and constitute a key portion of the evidence of the substrate. Historically, this mechanism has been
for a hydrogen atom abstraction mechanigi3<45). These invoked for PA5(IN-dealkylations (which often have isotope
intramolecular kinetic deuterium isotope effects are generally effects <3) (52—58), strained cycloalkaness9, 60), and
considered to approximate the intrinsic kinetic isotope effect possibly polycyclic aromatic hydrocarbon$1¢-64). A
for the reaction, if issues of prochirality are not involved. distinction between hydrogen atom abstraction and electron-
The only large P450 intermolecular kinetic deuterium isotope transfer mechanisms is the propensity for the substrate to
effects on ke reported ¢2) are for (i) the oxidative  undergo one-electron oxidation (Scheme 3). g for
O-dealkylation of carboxylic acid esters-12) (17, 46) and phenacetin is unexpectedly low (0.94 V vs. SC&J)(and
(i) the O-deethylation of 7-ethoxycoumarin by some P450s falls within the range of a variety df,N-dimethylanilines
(5.5) @7).2 It is of interest to note that the latter reaction is (0.75-1.25 V vs. SCE) %5, 56) and strained alkane$)
a cleavage of an alkyl aryl ether by C-H bond cleavage on believed to undergo the electron transfer mechanism with
the alkyl group, similar to phenacetin O-deethylation. P450s. Although P450 cleavage of alkyl aryl ethers has not
In this work, we repeatedly found very high kinetic been extensively considered in the context of one-electron
deuterium isotope effectsl?—14) for acetol formation transfer, we have recently observed the production of a cation
(Tables 6 and 7). These provide clear evidence for rate- radical of 1,2,4,5-tetramethoxybenzene by rabbit P4503A2.
limiting C-H bond cleavage in this reaction, with wild-type Charge distribution into the alkoxyl group is expectéd)(
P450 1A2 and both mutants. This is probably a hydrogen although the issue of kinetic acidity of the alkyl protons has
atom abstraction process (Scheme 1), in which the strongnot been considered in regard to P4588)(Subjecting the
oxidant FeG" cleaves the C-H bond homolytically to O-deethylation reaction to Hammett or other linear free
produce a radical. energy analysis54, 55, 68, 69) will not provide further
If one oxidation reaction with phenacetin yields a high evidence for one-electron oxidation of phenyl ethyl ethers
kinetic deuterium isotope effect, how do we interpret a in that we have found high kinetic deuterium isotope effects
significant but much lower effect for another reaction with for p-nitroanisoleO-demethylatiorf, arguing for a change
the same substrate? The inter- and intramolecular isotopein the mechanism from one-electron transfer to hydrogen
effects were alt-2 for O-deethylation of phenacetin (Tables atom abstraction as tHey, of the substrate increases4j.
6 and 7). Interestingly, for 7-ethyoxycoumaadeethylation If the kinetic deuterium isotope effect 6f2 for phenacetin
catalyzed by rat P450 1A1, the intrinsic deuterium isotope O-deethylation is indicative of a one-electron-transfer mech-
effect was reported to be 14, and the intermolecular isotopeanism, can it be interpreted in terms of a rate-limiting step?
effect was 1.9 47). One possibility is that two binding  The intramolecular isotope effect is als&® and could be
orientations of phenacetin induce different enzyraabstrate associated with, e.g., rearrangement of the cation radical, but
complexes leading to C-H bond cleavage, with the respectivethat would be part of the overall reactidrnother likely
substrate-bound complexes demonstrating different rates ofrate-limiting step in this reaction is the reaction of the iron
formation. For theD-deethylation reaction, steps priorto C-H oxygen complex, which was found to accumulate (Figure
bond cleavage might mask the intrinsic isotope effect but 1). Interestingly, deuteration of th®@-ethyl methylene did
not in acetol formation. However, this suggestion collapses not increase the formation of the minor acetol product. That

because the intramolecular isotope effect is al&o(Table is, no “switching” (/1) was observed.
7), an approximation of the intrinsic isotope effect (vide  The similar isotope effects among E2251 and D320A
infra). mutants, as well as wild type, is striking for the formation

We propose that the-deethylation of phenacetin proceeds of the two products. Despite an 800-fold difference in
in a chemical mechanism different than acetol formation. catalytic efficiency, the mechanisms underlying each oxida-
Mechanistic possibilities other than hydrogen atom abstrac-tive reaction do not appear to have been altered. The question
tion have been proposed, including nonsynchronous con-then arises as to how can these single mutations result in
certed and agostic reactior¥9( 50). FeOOH- and Fe&*- such dramatic effects on catalysis. Further analyses revealed
based P450 mechanisms have been propdsBdb(t not that the mutational effects were manifested more in catalytic
for O-dealkylation or carbon hydroxylation. We propose that pﬁramete_rs rather than simply binding contacts with substrate

phenacetin.

2Kinetic deuterium isotope effects of-% on K, for P450 2E1
reactions have been interpreted in terms of effects on C-H bond cleavage °H. Sato and F. P. Guengerich, Am. Chem. Socin press.
rates in product formatior3d, 48). 4G. P. Miller and F. P. Guengerich, unpublished results.
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These mutations did, in fact, alter the organization near type (Table 2). The Ala substitution at Asp320 or Val322
the active site as evidenced by shifts in the respective produced mutants whos&, values increased relative to wild-
populations of the high- and low-spin state forms of the type P450 1A2. Since thi€y value for phenacetin was not
enzyme (Table 1). Substitution of Phe226 with either Tyr altered by the mutations (Table 3), the respective mant
or lle shifted the predominant heme species from the high- values must include more than the rate constants describing
spin (82% for wild type) to the low-spin state-68% for phenacetin binding. The dissociation constant is probably
the mutants), where an,B molecule becomes the sixth an apparenKy value reflecting the contributions of two
ligand to the iron. Moreover, the relatively conservative enzyme-substrate complexes. The observation of two prod-
substitutions of Phe226 resulted in a60% loss of bound  ucts, acetaminophen and the acetol product, requires two
heme, underscoring its role in heme interaction. In a similar binding orientations for phenacetin. The absence of molecular
fashion, the removal of Asp320 perturbed the wild-type switching (Table 6) with deuterated substrates argues against
organization of HO molecules in the active site as evidenced rotation within the active site (vide infra), thus the adoption
by a significant shift to the low-spin state. Substitutions of of either binding mode requires phenacetin release and
Glu225 did not change the spin state of the P450. Takenrebinding. The inherent affinity for either binding mode
together, analysis of the catalytic parameters for thesewould then be less than the obsentedvalue. With regard
mutants indicated no correlation with the spin state of the to phenacetirO-deethylation, the higheKy value for the
respective mutant. product acetaminopherK{ ~30—40 uM) indicates that

The alterations of the active site suggested by the shifts product inhibition will not likely contribute to steady-state
in the iron spin-state were also evident from the steady-stateturnover of substrate by these mutants.
studies of phenaceti®-deethylation (Table 2). The SRS Once substrate is bound, there are at least five steps leading
mutations affected botk.a: andKr, values. For Glu225, the  up to the carborhydrogen bond cleavage step. The rate of
removal of a negatively charged residue by substitution with reduction of the ferric iron (Scheme 1, step 2) was similar
either lle or Asn greatly enhanced the catalytic efficiency in all cases and much faster than the overall rates of substrate
(8-fold) of the enzyme for theO-deethylation reaction,  turnover, with or without substrate (Tables 2 and 4). The
derived mainly from an increasédy (Table 2). Moreover,  remaining rates prior to product formation (steps73 are
this trend was observed for both oxidative reactions (produc- difficult to obtain due to the instability of intermediates; (
ing acetaminophen and acetol) with the E225] mutant (Tables69). To address the impact of the mutations on this portion
2 and 6). In other words, the mutation enhances a commonof the catalytic cycle, the degree of uncoupling was
step(s) during either oxidative pathway for phenacetin. determined for the mutant P450s. In other words, the flow
Despite the apparent influence of Phe226 on heme binding,of electrons was followed from NADPH consumption to the
interactions between enzyme and substrate were not perproduction of oxidized product formation,.8, (step B),
turbed by these mutations (Table 3). Rather, the effects ofand HO (step C). Only the bD production rates by the
the mutations were manifest in a decreased rate of substrat€e225| and Phe226 mutants were affected by the mutations
dealkylation.The V322A mutant displayed a wild-type (~2-fold increase relative to wild type). For these mutants,
turnover rate, but the D320A mutaky, value was reduced  the FeG' species is less stable or the substrate is no longer
100-fold as compared to the wild-type rate (Tablé Ghe poised for oxidation. For V322A, the B, and HO
F226Y mutant demonstrated an elevalkgdrelative to wild formation rates were similar to wild-type values, indicating
that decomposition rates of iretoxygen intermediates within

5 The intramolecular kinetic deuterium isotope effects measured with the catalytic cycle had not changed. In contrast, the D320A
[ethyk2H]phenacetin (1.42.2, Table 7) are not necessarily the intrinsic  mutation destabilizes both FeOOH and FéQ@pecies as
eions o R 1St ne o ey © Mmeasured by the elevated decompositon rates for these
Itrtle protein may differ; the intramolecular experiment would become 'nter,med'ates' Taker,‘ tOgether' all of t_he P45O§ dem,onStrated
another competitive intermolecular assay if prochirality is an issue. One relatively poor coupling for phenacetin oxidation with only

approach to the issue is to consider t@emethyl homologue of  20% of the electrons used productively by the best catalyst,
phenacetin as a model, because prochirality is not an issue. We didiha E225N mutant

this experiment with @-methyl?H,]Jmethacetin and wild-type P450 ’ . . .

1A2, analyzing formaldehyde by mass spectrometry in a manner Under steady-state conditions, an intermediate formhgg (
analogous to the acetaldehyde in Table 7 and estimated an intramo-433 nm) in a region of the spectrum where numerous-on

lecular isotope effect of 5.4 0.3 (n = 3). This value is greater than ; _ i
the values of 1.92.7 measured in the various competitive and Oxygen species have been report@d 81, 42, 72—74). This

noncompetitive phenacetid-deethylation experiments (Tables 6 and  intermediate is most likely either the F©, complex (step
7). However, the value of 5.4 is clearly much less than the isotope 3) or the FeOOH species formed after the protonation of
effects of>14 measured for acetol formation from phenacetin (Table the F&Oy~ species (step 5) based on a variety of studies

6). The difference between the intramolecular isotope effects for . . s s
O)-deethylation €2) and O-demethylation (5.4) may pbe due to (72,75, 76). The accumulation of this species indicates that

prochirality and resulting attenuation (vide supra). However, an alternate €ither the introduction of the second electron (step 4) or the
explanation is that a difference . of the two substrates may result ~ formation of the Fe® species (step 6) is slow enough to

in a change in the mechanism. Thg, value for methacetin is reported ; _ i i
o be 0.2V higher than for phencetifiQ). A lower potential for the contribute to steady-state turnover. Without further study it

ethyl compound may be associated with a shift towards an electron IS NOt possible to distinguish between these scenarios. Of
abstraction pathway and lower isotope effect. Nevertheless, the existencéhe SRS mutations involved in this study, only D320A
of intermolecular isotope effects? is still of considerable importance,
even if they reflect attenuation, in that these values are significantly
greater than unity and indicate that C-H bond breaking events are at 8 For the discussion of the D320A mutant reaction, the steady-state
least partially rate-limiting. The results presented in Figure 2 indicate parameters derived from the HPLC technique (Table 6) are used based
that the isotope effects cannot be related to any events that occur afteron the higher sensitivity of this method over the radio-TLC method
product formation, because of the lack of bursts. (Table 2).
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demonstrated a 3-fold decrease in the concentration of this
intermediate species, which implicates a role in one of these
steps in the catalytic cycle; however, the effect of the D320A

mutation is not sufficient to account for the large decrease

in catalytic efficiency alone.
We conclude that the rate-limiting balance of the individual

steps in P450 1A2 catalysis is similar in mutants encompass-

ing

substrate affinity appears not to be altered. The formation

an 800-fold difference in catalytic efficiency. Gross

of the minor product, the acetol, is limited very strongly by

C-H bond breaking, as judged by the very high intermo-
lecular kinetic hydrogen isotope effects. For the formation
of the major product, acetaminophen, we favor a 1-electron

transfer mechanism typically ascribedNedealkylations to

account for the low observed isotope effect for this reaction.

The possibility of both oxidative mechanisms contributing

to the turnover of a single substrate underscores the plasticity
of reaction mechanisms known to be employed by P450s.
Taken together, none of the mutational effects on these
parameters can account for the variance in catalytic ef-
ficiency. In this study, experimental design permitted the

assessment of steps leading to the introduction of the first
electron (steps 1 and 2 in Scheme 1) and steps following

substrate oxidation (steps-8). We, therefore, conclude that

these SRS mutations alter the intervening steps leading to
the formation of the activated Michaelis complex (Scheme

1, steps 3-7), such that the population of enzymsubstrate

complexes turning over to product is either increased (E225I
and E225N), unaltered (V322A), or decreased (D320A,

F226Y, and F226l).
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