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ABSTRACT. Distal pocket water molecules have been widely implicated in the delivery of protons required
in O—O0 bond heterolysis in the P450 reaction cycle. Targeted dehydration of the cytochrome P450cam
(CYP101) distal pocket through mutagenesis of a distal pocket glycine to either valine or threonine results
in the alteration of spin state equilibria, and has dramatic consequences on the catalytic rate, coupling
efficiency, and kinetic solvent isotope effect parameters, highlighting an important role of the active-site
hydration level on P450 catalysis. Cryoradiolysis of the mutant CYP101 oxyferrous complexes further
indicates a specific perturbation of proton-transfer events required for the transformation of ferric-peroxo
to ferric-hydroperoxo states. Finally, crystallography of the 248Val and 248Thr mutants in both the ferric
camphor bound resting state and ferradyano adducts shows both the alteration of hydrogen-bonding
networks and the alteration of heme geometry parameters. Taken together, these results indicate that the
distal pocket microenvironment governs the transformation of reactive heme-oxygen intermediates in P450
cytochromes.

The P450 cytochromes are a ubiquitous family of mo- A 9 _oH
nooxygenases which utilize a thiolate ligated ferriheme @ e o 7 o
cofactor to metabolize substrates of varying size and chemical A & ﬂ?t —, fj‘;gj",:‘t‘fon
functionality (1, 2). While the molecular recognition events S S S S v
that dictate P450 substrate specificity have been described) oyimme  persomion S o compound!]
as “specialist” or “generalist’d), according to a particular HY
P450’s metabolic role in varied anabolic and catabolic Hzo{t uﬁigﬁﬁg
pathways, the P450s likely use a common reaction mecha-
nism which employs the reductive cleavage of dioxygen to s

form a putative high-valent oxoferryl (the so-called com- Fure 1: The oxygen activation pathway of P450 cytochromes,
pound | species (Figure 1)). In order to facilitate heterolytic including sources of uncoupling to hydrogen peroxide formation.
scission of the @0 bond, the P450 enzyme must precisely
control the delivery of an electron and two protons following or P450cam) upon substrate alterati®n), or active-site
formation of the metastable oxygen bound intermediate, the mutagenesis7( 8). The net result is not only the nonproduc-
last kinetically observable species in the reaction cyé)e (  tive consumption of reducing equivalents but also generation
Aberrations in proton-transfer events, which likely predomi- of superoxide or hydrogen peroxide, resulting from the decay
nate in the reactions catalyzed by many P450 cytochromes,of oxyferrous 9), and one electron reduced hydroperexo
including those involved in drug detoxification, can also be ferric intermediatesi0, 11), respectively.
observed in normally highly coupled P450s (e.g., CYP101  The participation of the P450 active-site residues and
sequestered water molecules in P450 proton mediated oxygen
T This work was supported by a merit award from the National activation, and uncoupling pathways, has been extensively
Institutes of Health (R37 GM31756) to S.G.S. _ speculated upon since the original structure determination
b banEnee Shaul b adfessed. TelePhn (217)of CYPLOL by PoulosiE), and has also been gauged against
*Department of Biochemistry, University of lllinois Urbana other heme (and non-heme iron) enzymes which employ a
Champaign. _ o common set of chemical intermediates yet perform quite
oot o Sparmi: o s et o wcine, Urivrsty  ferent chemisires, such as peroxidases and heme oxyge-
of Illinois Urbana-Champaign. ' nases. While subtle_ d|st|nct|on's in t_he supply of protons, as
1 Abbreviations: P450 or CYP, cytochrome P450 monooxygenase; mediated by the different active sites of peroxidases and
CYP101 or P450cam, camphor 5-monooxygenase; EPR, electronP450s, have been briefly addressed in the comparison of

paramagnetic resonance; KSIE, klngtlc solvent isotope effect; ENDOR, peroxoferric intermediate generation and decay between
electron nuclear double resonanég; observed structure factoF,

calculated structure factor; NSD, normal-coordinate structural decom- OXygen activating heme enzyme classk% (4), the pathway
position. of proton delivery in the P450 active site remains an active
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area of study, due to its fundamental role in dictating a MATERIALS AND METHODS
number of turnover parameters, including the release of

reactive oxygen species generated at the expense of effective Mutagenesis and Recombinant Expression of Wild-Type
substrate oxygenation. and Mutant P450s.Mutagenesis of the CYP101 gene

T7) utilized the Strat ikch kit i
The roles of a conserved active site acid/alcohol pair have (pCamT7) utilized the Stratagene Quikchange kit, according

. . -to methods developed by the manufacturer. All mutations
been addressed in a number of mutagenesis, SPectroSCopiGyere confirmed through sequencing of the entire CYP101

and structural studieg(8, 10, 11, 15—20). The accumulated gene (ACGT, Wheeling, IL). The C-terminal 6x-His tagged

datfa have indicate_d that substitution of Fhe_cons_,erved aCidCYPlol gene (pT7-P450 His) was expressed in BL21 (DE3)
residue (Asp251 in CYP101) results in impairment of o5 (Stratagene). Cells were grown in terrific broth at

oxyferrous reduction and subsequent proton-transfer pro-g- °C, and induced with 1 mM IPTG at an OD of 0.8 and
cesses, resultiqg ina slqw enzyme which stil[ catalyzes thesubsequently grown overnight in the presence of 0.5 mM
monooxygenation reactiorlQ, 16, 20). Alteration of the 5 sminelavulinic acid to facilitate holoenzyme production.
conserved threonine, in contrast, results in an enzyme incgis were harvested by centrifugation and resuspended in
which the electron and first proton transfer proceed normally, 5o M KPi pH 7.4, 150 mM KCI (buffer A), sonicated and
although the reactio_n coordinate instead favors the productionSpun by ultracentrifugation. A two-step purification protocol
of hydrogen peroxide rather than monooxygenationg], resulted in effective purification of CYP101-His (as judged
due to an impairment of second proton delivery required for o spectroscopicallyAge/Acso > 1.45) and via SDS
heterolytic G-O bond cleavage. While a wealth of studies PAGE). First, the protein extract was loaded on a Ni-NTA
have addressed the role of these two residues, including the;qjumn (Amersham), washed with buffer A in the presence
structural determination of wild-type and mutant P450s in ot 50 mM imidazole, and eluted with buffer A supplemented
both the restingX(5, 20) and catalytically active oxyferrous  ith 20 mM EDTA. The resulting red fractions were dialyzed
states {8, 19), the role of the remainder of the P450 distal i, 50 mM KPi, 400uM p-camphor, 20 mMj3-mercaptoet-
pocket (including solvent) has lacked detailed mechanistic hanol, pH 7.4 (designated as RB buffer) overnight 4€4
investigation. Given a high degree of structural conservation gglid ammonium sulfate was added to 30% saturation over
in P450 cytochromes, understanding the role of active-site 30 min and the protein was subsequently loaded onto a
residues and sequestered solvent in mediating effectivephenyl-Sepharose CL6B column equilibrated in the same
oxygen activation chemistry may have important applica- puffer, and eluted in a linear gradient from 30% to 0%
tions toward protein redesign, and has extensions to theammonium sulfate. Resulting fractions with an Rz-value
mechanisms of a number of heme and non-heme metalloen{Agy/Ass) greater than 1.45 were judged as pure and
Zymes. concentrated using an Amicon cell. The 6x-His tagged P450
In order to probe the role of active-site hydrogen-bonding construct showed identical spectroscopic and kinetic param-
patterns and solvent on P450 catalysis, we have utilized aeters to that of the non-His tagged construct expressed in
molecular dehydration approach, in which a series of bulky Escherichia coli and the native enzyme as expressed in
residues are introduced at a targeted position in the distalPseudomonas putid&ll other components of the reconsti-
pocket and the ensuing kinetic and structural ramifications tuted system were expressed E coli and purified to
examined. Given the proximity of the Gly248 residue to the homogeneity using previously published procedute) (
dioxygen moiety of oxyferrous CYP101 and surrounding  Spectroscopic Characterization of P450 Enzyn@gstical
solvent, this served as a logical choice for targeted dehydra-characterization was performed on a Cary 300 spectropho-
tion of the P450 distal pocket. The Gly248 residue, which tometer (Varian). All spectra shown are in the presence of
serves as a hydrogen bond partner with the side chain 0f200 uM p-camphor unless otherwise indicated. Electron
Thr252 and results in an I-helix kink, is almost exclusively paramagnetic resonance (EPR) spectra were obtained at the
conserved as a small residue (Gly or Ala), and is in close University of Illinois EPR Resource Center on a Varian
proximity to the heme-bound dioxygen complek8( 19). E-122 X-Band (9.08 GHz) spectrometer, with a protein
One notable exception to this sequence conservation is inconcentration of approximately 0.3 mM. EPR spectra of
the mammalian CYP4 family, in which a glutamate partici- P450 variants in both the ferric resting state and the
pates in an autocatalytic post-translational modification, cryoradiolytically prepared peroxoferric state were
resulting in the transformation from a hexacoordinate heme collected at 20 K with a microwave power of 0.5 mW and
resting state to an esterified heme add@i~23). Given modulation amplitude of 12.5 G at 100 kHz. A liquid helium
the level of proximity to coordinated dioxygen and nearby flow system (Air Products, Allentown, PA) was used for
active-site solvent]8, 19), and the fact that the introduction =~ measurements.
of a carboxylate residue at this position results in a Steady-State Kinetics Assay$ADH oxidation assays
hexacoordinate ferriheme resting state in both CYP101 were done according to protocols established eadigr20)
(24 and CYP102 75), this site was chosen as an ideal using the following enzyme concentrations (@8 P450,
candidate to explore the consequences of functional alteration1.1 uM putidaredoxin reductase, &M putidaredoxin).
of the heme distal pocket on P450 structure and catalysis.Detection of hydroxycamphor was done via methods previ-
In this study, through a combination of site-directed mu- ously described20) although a DB1 Megabore column
tagenesis, spectroscopy, kinetics, solvent-isotope effect andAgilent) was utilized with the following oven conditions:
structural studies of two Gly248 variants (Gly248Thr and 80 °C isothermal, 5 min, followed by a temperature ramp
Gly248Val), we examine in detail the ramifications of active- of 5 °C/min to a final temperature of 15GC. The amount
site hydration on the oxygen activation mechanism of of b-camphor (substrate) and 5-hydroxycamphor were cali-
CYP101. brated using 3-bromocamphor as an internal standard.
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Autoxidation of oxyferrous P450 was monitored by the RESULTS

decrease in absorbance at 418 nm af@5 . o
Kinetic Sobent Isotope Effect (KSIE) Studieinetic Spectroscopic Characterization of Mutant P450 Enzymes

solvent isotope effects were measured using the methods Optical spectroscopic characterization of the ferric camphor-
described earlier 20), with a final percentage of f® bound, ferrous, and ferrous carbonmonoxy bound forms of
calculated as being over 96% following exchange of P450 248Val and 248Thr (Figure 2) indicate features typical of
and associated redox partners by repeated concentration ang450 cytochromes and are virtually identical to spectroscopic
dilution using Microcon concentrators (Amersham). In order Parameters of wild-type CYP101. In particular, the introduc-
to facilitate complete exchange, the proteins were incubatedtion of either threonine or valine at the Gly248 position does
in deuterated solvent for at least 45 min prior to turnover NOt alter the high-spin conversion of P450 upon the binding
experiments. Thelpof all buffers was standardized atp ~ Of camphor, nor result in any perturbation of the carbon-
= 7.4 for all kinetics assays. For the comparison of coupling Monoxy bound ferrous form at 450 nm. This ensures that,
efficiencies in protium and deuterium containing solvents, despite the introduction of sterically larger groups in the distal
25 nmol of NADH was allowed to react to completion, as POcket, both features of the proximal pocket, specifically
judged spectroscopically by decrease of NADH absorbancethm'ate_ Ilgatlon to the heme-iron, and binding of a gaseous
at 340 nm é = 6.22 nmot* cmY). The organic products  diatomic ligand, are preserved.

were extracted in chloroform and analyzed via the gas N contrast, electron paramagnetic resonance (EPR) spec-
chromatographic analysis described above. troscopy reveals distinguishable electronic changes at the

Generation of Peroxoferric P450 Complex&syferrous PA50 heme-iron in the Gly248 mutant enzymes (Figure 3).

: 4 In comparison to the EPR spectrum of the wild-type camphor
P450 was prepared by oxygenation of approximately 300 hich sh . | | )
uM ferrous enzyme with oxygen at°€ as described in detail bound enzyme, which shows an approximately equal propor

. . : tion of high- and low-spin species at 15 K, owing to a
in earlier studies0, 13), although a pH of 7.4 was used. temperature-dependent spin equilibrium well-characterized

The frozen oxyferrous samples were irradiated Wio at earlier 32, 33), the Gly248Thr and Gly248Val mutants show

the Notre Dame Radiation Laboratory with a final ac- : - : :
; an almost exclusive high-spin species at low temperature.
cumulated dose of 4 Mrad and stored at 77 K until EPR 110 raqsed high-spin fraction at low temperature is

data collection. Previous studies have indicated that while ; i~ otive of displacement of the coordinated axial-water in

initial proton transfer'(i.e., protonatiqn Of. the peroxoanion the distal pocket, resulting in an enzyme which, even at low
to hydroperoxo _spemes) can occur in W"d'type.P4.5°' ( temperature, is almost exclusively high-spin. In addition, the
11), the cryogenically prepared hydroperoxo species is StableEPRg-values, in particular those of the predominant high-
for months at 77 K. spin fraction (Table 2), demonstrate an increase of rhombicity
Crystallization and Preparation of the P450cam Cyanide of the heme-iron. The degree of rhombicity of high-spin iron
ComplexesAll mutants of P450cam were crystallized as has been shown earlier to vary among thiolate ligated
described previously19). The Gly248Thr mutant protein  ferriheme enzymes, and similar changes have been observed
yielded rodlike crystals of spacegro®;2,2;, whereas the  as a result of mutation of the conserved threonine to an
Gly248Val mutant solely crystallized in bipyramidal crystals alanine in CYP2B4 34), and the binding of substrates to
of spacegroupr4s2,2. Since this crystal form is unsuitable nitric oxide synthase36), indicating that the microenviron-
for oxygen complex preparation, both crystal forms were ment of the distal pocket may have an influence on the
treated with potassium cyanide to yield a ligand complex electronic parameters of the heme-iron, as is the case here.
that serves as a structural analogue of the P450 oxyferroudn this study, the electronic changes induced by Gly248
intermediate Z6). Diffraction data were collected at the SLS mutation can be directly attributed to a specific perturbation
beamline X10SA and reduced with the XDS program of heme geometry that results in an increase of porphyrin
packageZ27). After an initial rigid body refinement step with  planarity, as discussed in further sections describing the
CNS 8) using the protein moiety of the wild-type structure crystal structures of the Gly248Thr and Val mutants in the
as a starting model (pdb codes lakd and 1lyrc for the camphor bound state.
orthorombic and tetragonal crystal forms, respectively),
refinement was performed including simulated annealing and Steady-State Kinetics of G248 Mutants
individual B-factor refinement steps. Potassium ions, cam-  The steady-state kinetic profiles of the Gly248 mutants,
phor, and cyanide were added to the model in several roundsin comparison to wild-type CYP101, are presented in Table
of manual rebuilding and refinement using CN&B)( or 3. In agreement with previous studies which have shown
REFMAC (29). Default values for restraints, weights and that the distal pocket environment is critical in the delivery
water molecule assignment were used. Data collection andof protons to the ferrie peroxo and hydroperoxo complex
refinement statistics are summarized in Table 1. The necessary for cleaving the-@ bond, the introduction of a
coordinates and associated structure factors have beemulky residue at the 248 position is shown to elicit dramatic
deposited with the Protein Data Bank (accession codes:catalytic consequences. First, both the rates of overall electron
Gly248Thr resting state, 2QBL, Gly248Thcyanide com- consumption and hydroxycamphor formation decrease with
plex, 2QBM, Gly248Val resting state, 2QBN, Gly248Val an increase of steric restraint at the position. As a result of
cyanide complex, 2QBO). Figures displaying structures the valine substitution, the rate of hydroxycamphor formation
were generated with PyMOL3(). The superposition of  is comparable to those of the well-characterized mutant of
structures was performed using Lsgkab (CCP4 suB#&) (  the alcohol pair, Asp251Asn, which has been shown earlier
using the entire P450 molecule with the exception of the to result from a specific perturbation of second electron
I-helix. transfer and delivery of the first proton required for dioxygen
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Table 1: Crystal Parameters, Data Collection, and Refinement Statistics
Gly248Thr Gly248Val
protein complex ferric cyano ferric cyano
PDB code 20BL 20BM 20BN 20BO
space group P212:2; P2,2:2; P4;2,2 P4;2,2

unit cell @, b, c) [A] 64.1, 64.6,106.3 63.8, 64.6, 105.5

Data Collection

63.9, 63.9,242.1

63.7,63.7,241.3

wavelength [A] 0.931 0.9796 0.9495 1.006
Data Statistics
resolution [A] 20.0-1.8 20.0-1.8 20.0-1.8 20.0-1.9
no. of observations total/unique 1838767/ 41485 224757/ 40676 197851/ 50595 155856/ 39886
completeness (total/high) [%6] 99.7/99.8 98.9/95.0 97.4/99.0 98.8/96.0
M/o(1)(total/high} 19.5/4.4 19.1/3.5 12.3/4.1 15.0/3.3
Reym (total, high}-° 4.7/38.1 5.5/42.5 6.8/32.4 4.9/33.4
Refinement Statistics
refinement program CNS Refmac CNS CNS
resolution range [A] 261.9 10.6-1.8 20.6-1.75 20.6-1.9
included amino acids 10414 10-414 106-414 16-414
residues in region of Ramachandran
plot [%]
allowed 90.0 90.0 88.5 88.8
additional allowed 10.0 9.7 115 11.2
generously allowed 0.0 0.3 0.0 0.0
disallowed 0.0 0.0 0.0 0.0
no. of protein atoms 3207 3215 3253 3210
no. of water molecules 412 415 384 521
no. of ligand atoms 43 (heme), 43 (heme), 43 (heme), 43 (heme),
11 (Cam) 11 (Cam), 11 (Cam) 11 (Cam),
2 (CN) 2 (CN)
no. of metal ions 2 2 2 2
Ruork, Riree [%0]° 21.9/26.4 17.6/22.0 19.62/22.3 18.9/23.5
rms dev bonds/angles [A/deg] 0.006/1.64 0.014/1.55 0.007/1.32 0.009/1.35
Wilson B-factor [A?] 29.7 30.1 30.4 35.9
B{all atoms/heme/Cam/ 23.7/18.4/19.5+/29.8  23.0/15.6/23.8/21.2/35.8  25.2/16.2/25/85.0  32.0/26.2/36.2/32.9/40.3
CN/waters) [&]
B-factor [A] and occupancy of n.a. Wat901: 32.2/0.7 n.a. Wat901: 0.0/0.0
active site water molecules Wat902: 24.3/1.0 Wat902: 42.2/1.0
coordinates error by Luzzati plot[A]  0.24 0.19 0.20 0.24

2 Completenes$is,m andl/o(l)Care given for all data and for the highest resolution shell: P45R48T_ferric, 1.9-1.8 A; P45Q_G248T_CN,

1.9-1.8 A; P45Q_G248V._ferric, 1.85-1.75 A; P450_G248V_CN, 2.0-1.9
of randomly chosen reflections were used for the calculatioRqaf

AP Rym= JII = OWFI. °Ruok = 3 IIFobd — KIFcad |/ |Fond. 5%

. 4 . . 0.55
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Ficure 2: Optical charaterization of the Gly248Thr (left) and Gly248Val
deoxy (dashed) and ferrous carbonmonoxy (dotted) states.

bond scissionX6, 17, 20). The Gly248 mutants additionally

0.20

T
350 400

1B Gly248Val

500
wavelength (nm)
(right) mutant P450s in the ferric camphor bound (solid), ferrous

degree of hydration of the P450 active sife 7, 38), this

resemble the phenotype of mutants at the conserved threonineesult was somewhat surprising, and indicates that there is
position in that they are increasingly more uncoupled as aindeed a fine-tuning of the type and degree of active-site

function of active-site dehydratiof7,(8, 36). Given that this

water to maintain “coupled” P450 metabolism. In order to

minimization of uncoupling in the reaction of CYP101 with ensure that the observed uncoupling of electron consumption
non-native substrates has been optimized by reducing theto hydroxycamphor formation was not simply attributable
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7 Table 4: Solvent-Isotope Effect Measurements of NADH Oxidation
and Product Formation of Wild-Type P450 and Gly248 Mutants
Kr20/ko20
NADH oxidation product formation
A wild-type? 1.5+ 0.15 1.66+ 0.18
.| : Gly248Thr 0.81+ 0.06 1.37+0.07
LN Sz Gly248val 0.79+ 0.07 1.19+ 0.07

_ 178 1.70

3.77
_A__/Q/_,_V_\/%S_Thr Table 5: Coupling Efficiencies of 5-Hydroxycamphor Formation to
1

1y Electron Consumption in Protic and Deuterium Solvents

T 000 2000 2000 s nmol of product/nmol of NADH consumed

Magnetic field (gauss) H-0 DO H,O/D,0O
FiGURE 3: X-band EPR of the ferric camphor bound WT and  wild-type 0.98+ 0.03 0.89+ 0.03 1.10
Gly248Thr and Val mutants. Gly248Thr 0.74+ 0.02 0.63+ 0.02 1.17
Gly248Val 0.284+0.04 0.16+ 0.02 1.75
Table 2: Summary of EPR Parameters of Camphor Bound WT and o . .
Gly248 Mutants on CYP101, a significant solvent isotope effect is observed
EPR g-values in the rate constants for electron consumption and turnover
rotein hiah-soin - for the wild-type enzyme (Table 4). However, upon intro-
ol p248 ) 76094 of 178 L 254 To5 duction of the larger side chains of the Gly248Thr and
Gly248Thr 778,377 1.74 238, 2.22 1.9 Gly248Val mutants in the active site, the overall magnitude

Gly248Val 7.97.3.64.1.70 2.37.2.23.1.96 of the solvent isotope effect decreases and even reaches a
negative effect in terms of electron consumption. In com-
parison, in previous studies of the Asp251Asn mutant, in
which electron consumption decreases by roughly 3 orders

Table 3: Steady-State Kinetic Parameters of Gly248 CYP101

Mutants of magnitude, the solvent isotope effect exhibits a drastic
Gly248  Gly248Thr  Gly248Val  jncrease Ky/kp ~ 6 at a b of 7), which was rationalized
NADH oxidation 834+16 194+ 14 64+ 6 structurally and chemically as an increase of the number of
prégumcct"g(r)‘:'r?]’a”t?;g' P450) 620430 1464 8 18a1 protons “in flight” as a result of distal pocket opening through
(nmol/min/nmol P450) disruption of salt bridges at the I—hellg(n). At thg S|mplest
coupling (%) 98+ 5 75+ 9 28+ 4 level, one may expect that the occlusion of active-site water
autoxidation (mirn?) 58+03 39+03 37403 may be expected to indeed elicit the opposite scenario, which
(x10000) would manifest itself in a reduction of the number of protons

in flight in the rate-limiting step of the reaction, namely,
to autodecay of the ferrouglioxygen complex to produce second electron transfer and subsequent proton transfer.
superoxide, the autoxidation rates of the Gly248 mutants In order to more carefully assess the role of solvent and
were measured and compared to that of the wild-type enzymeexchangeable protons on the parameters of electron con-
(Table 3). The autoxidation rates of both 248Val and 248Thr sumption and monooxygenation coupling, the effective
closely resemble that of the wild-type enzyme. In compari- coupling of NADH to product formation was examined in
son, in the Thr252Ala mutant, a 10-fold increase of this H,O and BO (Table 5). Through the use of the 248 mutant
process has been observ8j (vhich has implicated the role  series, which are fractionally uncoupled to varying degrees,
of the threonine hydroxyl in stabilizing the oxyferrous the involvement of proton transfer on the branchpoint of
intermediate in CYP101. In the case of both Thr252Ala and monooxygenation and peroxide formation can be more
the Gly248Val and Thr mutants, the observed uncoupling thoroughly evaluated. Like the steady-state kinetic param-
to peroxide formation likely indicates a perturbation of eters, there is an increase of P450 uncoupling in deuterium
second proton delivery (to the hydroperoxo complex) result- solvents, which becomes more pronounced as the Gly248
ing from alterations of the hydrogen-bonding interactions in side chain substitution becomes larger. In the case of 248Val,

the distal pocket10, 14). coupling to monooxygenation is almost twice as effective
o in protic versus deuterium containing solvent. This illustrates
Kinetic Sobent Isotope Effects (KSIE) that the rate constants of the proton-transfer reactions that

Kinetic solvent isotope effects have been utilized as a 90vern the branchpoint of monooxygenation and uncoupling
useful probe of proton delivery in a number of enzymatic parameters are not only highly sensitive to the hydr_atlon of
reactions, including the oxygen activation processes of the.c.hsta_l pocket but must also becqme at least partially rate
cytochrome P45020, 39) and other monooxygenasetd). limiting in the P450 cycle, otherw[sg no effect c_ouId be
As isotopic substitution has previously been shown to gxpecfted. A more detal_led mechqnlstlc mterpr.etatlon _of the
exclusively affect P450 catalysis at second electron transfer, SOtopic effect on coupling ratios is presented in the discus-
and subsequent proton-transfer processes involved in producS'on-
ing the high-valent oxoferryl intermediat89), the impact
on rate ratio can provide an important indication of the
number and identity of protons in the active site during@ In order to generate an additional, and in some ways more
bond heterolysis20). In agreement with previous reports direct, assessment of the efficacy of proton transfer in the

EPR Characterization of Peroxoferric Intermediates
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C357

mut.ant_ P450 cytochromes, we hgve Qe”erated the PEroXOrgure 5: Overlaid structures of the wild type (1dz4, gray) and
ferric intermediates via cryoradiolysis of the precursor Gly248Thr mutant (green) CYP101 in the ferric-camphor bound

ferrous—dioxygen complexes. As oxyferrous P450 represents
the last kinetically isolatable intermediate in the P450 reaction
cycle @, 41), this constitutes the only current method by
which to specifically probe the efficacy of proton transfer
following reduction of this intermediate. Earlier EPR and
1H electron nuclear double resonance (ENDOR) studis (
11) have indicated that alterations of proton delivery may
be monitored by characteristic changes of thensor (or
coupled proton signal in ENDOR studies) which are sensitive
to protonation at the distal oxygen, and can additionally be

evaluated by their respective annealing temperature depend
ences. In the case of wild-type P450 CYP101 (and heme
oxygenase), a native proton delivery network enables facile
transfer of this proton at temperatures below 77 K, whereas

in the well-characterized Asp251Asn mutant of CYP101,
higher-temperature annealing 170 K) is necessary. There-
fore, the EPR characterization of the primary cryoreduced
product at 77 K can serve as an effective method to asses
the 248 mutants for their ability to effectively mediate
proton transfer. The cryoreduction of oxyGly248Thr and
oxyGly248Val (Figure 4) results in an EPR signal similar
to that of the Asp251Asn mutant of P450 CYP1Q0,(11),

with g values of 2.24, 2.16, and 1.94 that are diagnostic of

the unprotonated peroxoanion species with end-on geometr)ﬁh

of the dioxygen ligand, as opposed to a hydroperabenric
species (WT and Thr252Ala), which has a characteristically
largerg-spread, as monitored by the change in thizalue
from g ~ 2.24 tog ~ 2.30 @0, 11). In the cryogenically
prepared Gly248Thr peroxoanion intermediate, an additional
low-spin speciesq; ~ 2.23) is observed, which has also

state (camphor not shown). The bulkier side chain of Thr248

induces the planarization of the heme in the mutant enzyme, which
is followed by the repositioning of the heme binding loop and some
surrounding residues like Val119. The Thr248 hydroxyl group is

hydrogen bonding to preceding residues in the I-helix and a new
water molecule (790), leading to slight deviations in the conforma-

tion of the distal pocket residues. The unusual H-bond between
the carbonyl oxygen atom of Thr248 and the hydroxyl group of

Thr252 is maintained.

conformation by hydrogen bonding like the threonine side
chain (see below) may occupy a larger volume in the distal

pocket.

The EPR spectra of peroxoanion adducts of both 248Thr
and 248Val additionally indicate that, despite the introduction
of either threonine or valine residues at the 248 position,
the peroxo complexes most likely retain a normal geometry
in terms of Fe-OO bond angle. This conclusion is also

s';upported by the crystallographic characterization of ferri-

cyanide adducts described below. A “perturbed” geometry
of the hydroperoxo ligand, such as that seen in cryoradi-
olytically generated peroxo-heme oxygenase, is often char-
acterized by an abnormally largg: value, in which a
decrease of the FEOO bond angle in the peroxo complex
as been correlated to its function in mediating direct heme
ydroxylation by a peroxo adduct4). This is not observed

in either the Gly248Thr or Gly248Val mutant. Therefore,
analogous to the Asp251Asn mutant of CYP101, cryoradi-
olysis studies support that the observed rate of product

formation (and electron consumption) is due to impairment

of proton delivery to the peroxeanion intermediate.

been observed in studies of the analogous intermediate inX-ray Crystallographic Studies

both camphor bound Asp251Asf?) and methylenecamphor
bound Thr252Ala43), and most likely represents a distinct
conformer of the peroxoanion (or precursor oxyferrous)

Gly248Thr.Upon mutation of Gly248 to threonine, several
distinct structural changes take place in the active site of

species. The reason for the absence of this conformer in thethe enzyme. Most obviously, the bulkier side chain of the
identically prepared intermediate in Gly248Val is unclear. threonine residue requires more space than the native glycine

It may reflect a decreased mobility of the dioxygen ligand
since the valine side chain which is not fixed in its

(Figure 5). To prevent a steric clash, the vinyl group of the
C pyrrole ring rotates toward the heme plane, resulting in a
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Ficure 6: Stereoview of the superposed cyano complexes of wildtype (1076, gray) and Gly248Thr CYP101 (green). Letters in italics
denote the heme pyrrole rings. There is difference electron density in the mutant enzymeRjniti&d. map, contoured atd for both
of the catalytic water molecules. However, Wat901 is less occupied or more mobile than Wat902.

Table 6: Calculated Out-of Plane Distortions in Various Derivatives (vall1l8 and Valll9), and which has been found to bind
of Wild-Type, Gly248Val, and Gly248Thr CYP101 Based on NSD ~ xenon and was therefore proposed to serve as an oxygen

Analysis storage site @4), pdb code 1uyu). In the xenon bound state,
Doo® Bz B A ref the phenyl ring of Phe163 is pushed upwat® (3 A) with
P450 PDB state A A A A A respect to the heme plane by Xel1421 located 3.2 A away
WT 1PHC Fé*substrate- 0.54 0.15 0.36 0.22 5Q) from its CE1 atom, creating one of two possible side-chain
free conformations of this residue. Wat790 is located at the
1bz4 Fégosu“n%s”ate’ 053 0.31 0.43 0.0316) opposite site of the ring, between the I-helix and Phe163,
1DZ6 Fe&* 048 0.24 0.40 0.03 19) and seems to exert the same effect, potentially together with
1DZ8 Feé*—-0, 0.40 0.27 0.27 0.01 10 minor contributions from the side chains of Leu245, Leu246
1Dz9 Fé'-O 0.32 0.20 0.21 0.06 19 and Val119, which are oriented slightly differently than in
G248T Fé* substrate- 0.15 0.04 0.02 0.13 thiswork  the wild-type enzyme.
F;"_“gg 029 0.3 024 006 thiswork To assess the changes induced by oxygen binding, we
_ determined the structure of the stable cyanide complex
G248V Fé" substrate- 0.30 0.03 0.03 0.18 this work

bound (shown in Figure 6) since it has been shown to be a good
Fét—CN 021 011 0.14 0.08 thiswork Structural oxygen mimic2g). At the sixth ligand position,

electron density for an end-onX) bound cyanide molecule

is clearly observed, showing a similar binding geometry as

in the wild-type enzyme (FeC bond length 1.9 A, Fe
» C—N angle 149). Compared to the ferric form of the mutant,
the heme adopts a more ruffled conformation. This, together
with the movement of the iron into the heme plane by 0.4
A, results in changes of the conformation of the loop
containing Cys357, Leu348 (located beneath pyrrole ring D),
and Gly359. As in the wild-type cyano complex, cyanide
C3D in ring D, and of 0.3 A of the heme iron. Accordingly, points towgrd Thr25_2 Whic.h rotates to form a hydrogen_bond
the region of the L-helix (residues 35366) adjacent to the (3,'1 A) with the distal nitrogen atom. This results na
axial cysteine follows suit and is also shifted up to 0.7 A. Widening of the groove formed by the stretch of residues
The side chain of the inserted threonine 248 is oriented 8Ncompassing Thr248 to Thr252. In addition, the Thr252
toward the I-helix, where its hydroxyl group forms hydrogen Packbone amide flips toward the active site, thereby changing
bonds with the carbonyl oxygen atoms of Leu244 (3.1 A) its position by 0.6 A. This, and the rotation of the Thr252
and Leu245 (3.0 A), respectively, and with a newly occurring Side chain, results in the binding of two new water molecules,
water molecule (Wat790, 3.0 A) located beyond this helix. Which were originally observed in the oxy complex of the
This interaction results in a 0.2 to 0.4 A shift of the peptide Wwild-type enzyme 19). In analogy, these water molecules
backbone of residues 242 to 254. This movement causes avere dubbed Wat901 and Wat902. Even though one cannot
displacement of the water molecules located in the oxygen refine occupancy anB-factors independently at a resolution
binding niche (Wat523 0.6 A, Wat566 0.9 A). Despite this, of 1.9 A, it is apparent that Wat901 is either rather mobile
the unusual hydrogen bond between the hydroxyl group of or not fully occupied. Nevertheless, the presence of Wat901
the active site Thr252 and the carbonyl oxygen of residue and Wat902 induces shifts of Wat566 and Wat523 by 1.0 A
248 is maintained. and 0.5 A, respectively. Due to the bulk of the Thr248 side

The new water molecule Wat790 is located near Phel63chain, the changes in the I-helix are not restricted to the
in the E-helix (3.6 A). This region lines a hydrophobic cavity widening of the oxygen binding niche, but extend toward
formed by the I-helix (Leu 245 and Leu246), the C-helix Met241.

@ Total out-of-plane heme distortion.

small change in the positions of Val119 and Leu362, and
more importantly, a movement of the C and D pyrrole rings
which results in a flattening of the heme (see Figure 6 and
Table 6 for normal mode analysis of the heme geometry).
In comparison to the wild-type enzyme, changes of the heme
comprise displacements of 0.8 A of the carbon atom C3C
and 0.6 A of C2C in ring C to 0-40.5 A of atoms C2D and
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Ficure 7: Structural comparison of wild type (1dz4, gray) and Gly248Val (green) CYP101 in the ferric state. The changes in the structure
of the active site induced by Val248 are similar to the ones observed in the Gly248Thr mutant except for the orientation of the valine side
chain.

A structural comparison of the cyanide complexes of the I-helix like in the Gly248Thr mutant (Wat790), residue
Gly248Thr mutant and the wild-type enzyme (pdb code 1076, Phe163 appears to be shifted by 0.4 A. The cause for this is
molecule A), respectively, shows that the main differences not apparent, since the side chains of Leu245, Leu246 and
occur in the heme geometry, which is less ruffled in the Vall119 adopt slightly different conformations than in the
mutant enzyme, the conformation of the oxygen binding wild type. These changes could be sufficient to induce a
niche, and a network of water molecules in the distal pocket repositioning of this residue.
that connects to Glu366. The Change in water structure is To assess the structural Changes induced by b|nd|ng of a
caused byaSterica”yinduced rearrangement of the Carbonylsixth |igand’ the structure of the Cyanide Comp|ex was
group of Leu245 to prevent a tight interaction with the determined (Figure 8) and compared with the corresponding
hydroxyl group of Thr248. Gly249 follows in order to  structure of the wild-type enzyme®) and of the Gly248Thr
preserve the hydrogen bond between its backbone amide angnhutant, described above. The structures of the two mutants
the carbonyl of Leu245 (2.8 A), which results in a widening - are very similar, with the exception that Wat901 is missing.

of the groove in the I-helix. This affects the positions of the The immediate reason is not obvious from the structure alone.
carbonyl group of Thr248 and of the amide group of Thr252,

and thereby the interacting Wat90&@.2 A) and Wat901 DISCUSSION
(A0.4 A), respectively. These water molecules are considered
to be essential for proton delivery during cataly46, @5). Active-site hydrogen bonding plays an important role in
Gly248Val. In the ferric state, the Gly248Val enzyme the dioxygen activation process in the P450 cytochromes,
closely resembles the threonine mutant as the side chain oftnd has been extensively investigated in a number of CYPs
Val248 is oriented very S|m||ar|y However, unlike the in addition to CYP101. In CYPs that do not contain the
hydroxyl group of the threonine in the other mutant, the active-site threonine (e.g., CYP107A1 and CYP158A2), it
methyl groups on the £atom point toward the heme binding has been speculated that hydroxyl groups from the substrate
pocket since they are not involved in hydrogen bonding with itself may play a role in establishing the hydrogen-bonding
the I-helix but may form interactions with the aromatic hetwork required to promote effective monooxygenation
7-electron system of the heme. Since the similar steric (46—48). The results presented herein support the notion that
dimensions of the valine side chain would also lead to a steric the extensively studied conserved acalcohol is not the
clash with the vinyl group on the C ring of the heme, the sole determinant in establishing the catalytic efficiency of
vinyl group is shifted downward and rotated away from this the P450 monooxygenation reaction, and that active-site
residue. An analogous downward movement of the heme hydration is highly important in governing its efficacy. The
rings C and D takes place (e.g., C3C (0.9 A), C4C (1.0 A), kinetic and spectroscopic results indicate that changes in the
C2C and C2D (0.6 A)) which flattens the heme and number and timely availability of water molecules in the
subsequently induces the displacement of surrounding resi-P450 distal pocket likely perturb proton delivery at both
dues like Val119 and the L-helix around Cys357 by up to stages. This is manifested both in a reduction of turnover
0.7 A (Figure 7). The larger side chain also affects the and electron consumption rates, and the coupling of reducing
conformation of the backbone from residues 249 to 243 in €quivalents to hydroxylated product. In contrast, mutagenesis
the I-helix as judged by the deviations in the C-alpha trace Of the conserved active-site acid and alcohol results in
when overlaid with the wild type. In particu|ar, the Carbony| perturbations of first and second proton delivery EXC|USiVE|y.
oxygen of residue 248 Changes its position by 0.3 A and The radiolytic reduction of the oxyferrous complex in
adopts a slightly different angle. This and the slight change Gly248Val or Thr results in exclusive production of a
in the position of Glu366 seem to induce a change in the Peroxoanion species at 77 K. This demonstrates that the first
water structure in the oxygen binding cavity such that Proton required for heterolysis is not effectively transferred
Wat566 can favorab|y interact with the Carbony| group of in either of the mutants, similar to the observation in the
Val248. Wat566 moves closer by 0.9 A to a distance of 3.7 Asp251Asn mutant.
A, whereas Wat523 and Wat687 move by 0.3 A. Although  In support of these findings, Wat901 is missing entirely
there is no additional water molecule located behind the in the X-ray structure of the Gly248Val mutant (as in
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FiGure 8: Stereoview of the structural superposition of wildtype (1076, gray) and Gly248Val CYP101 (green) in the cyanide-bound state.
In this mutant, electron density was only detectable for the catalytic water molecule Wat902, although the backbone carbonyl oxygen atom
of Ahsp251 is flipped. The initiaF, — F¢ electron density map (contoured at)3or Wat902, the cyanide ligand and the Val248 side chain
IS shown.
Asp251Asn) whereas it has a lower occupancy or higher the presence of substrate analogues have shown the dramatic
mobility in the Gly248Thr mutant. Based on the following role that substrate identity has on the reactivity of these states
considerations, the complete or partial absence of Wat901(43, 49), in agreement with previous studies which have
is thought to be mechanistically significant. In the cyanide shown metabolic switching (i.e., the change of the ultimate
complex of the wild-type enzyme26), both Wat901 and  fate of active intermediates) upon substrate deuterafion (
Wat902 are fully occupied. TheB-factors as a measure of 51) or halogenation). Under the increasingly uncoupled
their mobility appear to be very similar to each other in both conditions employed in the mutants described here, the
of the molecules, that are contained in the asymmetric unit kinetic solvent isotope effect on substrate turnover decreases
(molecule A, both 28 A molecule B, 22 A for Wat 901, significantly (and approaches unity), while the rate of NADH
18 A2 for Wat 902), and close to the Wilsdfactor of the consumption modestly increases, resulting in a net increase
structure (27 A). In comparison, in the structure of the of uncoupling in RO versus HO when compared to the
Gly248Thr mutant, which was determined at the same wild-type enzyme. As a result, this data can be viewed on
resolution as wild-type (1.8 A), the intensity for Wat901 in the basis of the comparative rates of productive proton
aF, — Fcelectron density map was weaker than for Wat902. transfer (those resulting in heterolytic cleavage to compound
On the basis of the electron density, its occupancy was|) versus uncoupling, and therefore reflect an important
estimated to be 0.7. Since tBefactors and the occupancy measure of the intrinsic lifetime of the branching intermedi-
cannot be refined independently at this resolution, this ate. Previous low temperature annealing experiments of
resulted in éB-factor value of 32 A which is similar to the the uncoupled Thr252Ala peroxo complexQf and the
B-factor of Wat902 (24 A and the overall WilsoB-factor Asp251Asn/Thr252Ala double mutant (unpublished data),
(30 A?). In the Gly248Val mutant, no electron density could in which direct decay of the hydroperoxo complex to the
be observed for Wat901 in thig — F. electron density map.  ferriheme resting state is observed, strongly indicate this as
In contrast, Wat902 is fully occupied. The resolution of the the branching intermediate. As the overall rate of proton
data of the Gly288Val mutant is slightly lower (1.9 A) and transfer involved in @O heterolysis slows, deuterium
its WilsonB-factor (36 &) slightly higher. Correspondingly,  substitution would be expected to have a greater influence
the B-factor of Wat902 (42 A as well as the average on the coupling ratio, given the assumption that the release
B-factor for all ordered water molecules (4®As higher of hydrogen peroxide is a proton-independent process and
than in the Gly248Thr structure. However, given the represents dissociation of the relatively weak hydroperoxo
observation from both the wild-type and the Gly248Thr ligand from the enzyme. Therefore, solvent isotopic substitu-
structures, that thB-factors for Wat901 and Wat902 are in  tion in the 248 mutant series, in which proton delivery is
the same range, this cannot solely account for the missinghampered, would be expected to have a greater impact on
electron density of Wat901. It seems highly likely that the the coupling efficiencies than in the wild-type enzyme if the
introduction of a bulky amino acid residue in close proximity intrinsic rate of hydroperoxo ligand dissociation does not
to the cyanide binding site leads to a perturbation of the water change significantly across the mutant series. As the autoxi-
structure in the active site, especially since the gradual dation rate of the oxyferrous complex may provide an
decrease in the product formation rates of the two mutantindication for the propensity of oxygen ligand dissociation
proteins (Gly248Thr> Gly248Val) is mirrored in the  as a result of changes in the active-site hydrogen-bonding
occupancy of Wat901. patterns, one may infer that hydroperoxo ligand dissociation
The use of mutants which are fractionally coupled to may similarly not be altered significantly in the mutants, and
different degrees has additionally elucidated the importance could even be stabilized in the increasingly apolar environ-
of solvent and exchangeable groups in determining the fatement as observed in model studi&,(53).
of peroxo complexes after initial protonation to form the A similar dependence of solvent isotope dependence on
branching hydroperoxo intermediate. Earlier annealing ex- resulting product stoichiometry has been observed in CYP17,
periments of the hydroperoxoferric species in CYP101 in in which the observed alteration in heavy water was



14138 Biochemistry, Vol. 46, No. 49, 2007 Makris et al.

interpreted as controlling the ratio of oxene versus peroxide hydroxyl itself is not the key determinant in establishing
catalyzed hydroxylation and side-chain cleavage reactivities coupling efficiency as a direct proton donor, in line with
respectively %4). Analogously, the effect of solvent exchange extensive mutagenesis studies which indicate that the ability
on coupling parameters was also extensively addressed irnof the 252 side chain to accept a hydrogen bond is the most
the mononuclear iron enzyme putidamonooxin with sub- important physicochemical property necessary to maintain

strates of ranging coupling efficiencieS5]. In this case,

coupling efficiency $8). This has recently been extended

however, both an increase of product formation and coupling by Nagano et al., from analysis of the oxyferrous structures

efficiency was observed in f® relative to HO, with
suppression of kD, (or D;O,) formation, an effect which

of the Thr252Ala mutant, in a proposal that the main role of
the threonine hydroxyl is to serve as a hydrogen bond

was observed to instead decrease as a more “uncoupledacceptor to the hydroperoxy species, thereby increasing the
substrate was used. These results are consistent in that thproton affinity of the distal oxygen to promote heterolysis
influence of active-site proton-transfer pathways (as governed(18). However, a closer comparison between the structures
by exchangeable groups) is critical in the determination of of the oxy complexes of the wild type and Thr252Ala protein
active-intermediate transformation, and that the observedshows that Wat901 is moved by0.6 A and that this change
effect of solvent on fractional coupling and decoupling is transmitted in displacements of the other water molecules
reflects the difference of the intrinsic mechanisms of the resulting in the net loss of one water molecule; Wat567
enzymes mentioned above, which can putatively utilize an moved to take up the position of Wat902. This change in
oxo or peroxo intermediate (CYP17), a peroxo intermediate active site water structure is in line with our results which
(putidamonooxin), and solely the oxo intermediate (CYP101 indicate that it is indeed the distal pocket solvent structure
camphor hydroxylation). Recent results by Klinman and (as determined in part by the threonine hydroxyl in WT
colleagues have additionally implicated that the transfer of CYP101) that not only dictates the efficacy of primary proton
a “prebound oxygen” to the heme iron in part controls the transfer to the peroxoanion complex but also determines the
kealKm(O2) in CYP101 66). The results in the 248Thr and  fate of the hydroperoxo complex to either form a high-valent
248Val mutants, which would structurally be expected to species or produce hydrogen peroxide. Thus, while the
limit oxygen binding by blocking steric access to the heme threonine hydroxyl is clearly important in maintaining the
iron, may, in addition to inhibiting proton-transfer subsequent hydrogen-bonding pattern of the distal pocket, and in
to reduction of the oxyferrous complex, be expected to hinder particular the associated solvent structure, it does not solely
this process as well. As a result, one would expect that the determine the coupling efficiency in the P450 cytochromes
observed kinetic solvent isotope effect on hydroxylation rates following reduction of the oxyferrous complex. Given the
would increasingly reflect this oxygen binding step, which vast range of active-site volumes observed in CYPs and their
has been established earlier as being isotopically insensitivecorresponding active-site flexibility, and the associated
(39). While our present studies cannot rigorously address coupling values (often very low), the role of solvation is
this possibility, the observed changes of coupling parameterslikely a key determinant in catalytic efficiency of many of
as a function of isotopic substitution (and mutation) suggest these enzymes.
that proton transfer significantly contributes to the slow and A rather unanticipated result of these studies is the drastic
uncoupled rates of product formation in the Gly248 series. changes in heme geometry observed upon distal pocket rear-
Structurally, the inefficiency of proton delivery in the rangement, which can be observed both spectroscopically
mutants can be specifically linked to changes in the water and structurally. A comparison of heme geometry parameters
structure of the distal pocket. An enhanced degree of of CYP101 enzymes in the ferric and cyano states is listed
dehydration, specifically, the low occupancy (G248Thr) or in Table 6, as determined from the normal-coordinate struc-
lack (G248Val) of Wat901 (observed in the oxyferrotS)( tural decomposition method developed by Shelnutt and co-
and cyanide bound26) wild-type CYP101), can be cor- workers 60). In the case of both the high-spin and low-spin

related to a reduction of the efficacy of first proton transfer
to form the hydroperoxo species. This observation is in
agreement with structural studies of the Asp251Asn oxyfer-
rous complex, in which this water molecule is missing,
entirely. However, we cannot exclude the possibility that the
efficiency of first proton transfer may additionally relate to
the ability of Asp251Asn to flip down toward the active site
as suggested in QM/MM studieS4) and therefore provide
a distal charge relay system as previously suggedtéd &
movement which is certain to be inhibited in the Gly248Val
and Thr mutants. However, this conformational flexibility
has not been observed crystallographically in P450.

The reduction of coupling efficiency, and hence the ability
to deliver the second proton required for monooxygenation,
is more difficult to structurally assess. The Thr252 hydroxyl

undergoes very subtle structural changes upon mutation of

the Gly248 residue. Additionally, the autoxidation rates of

hexacoordinate states, the total out of plane distortion of the
heme macrocycle dramatically reduces upon introduction of
the distal pocket mutant. The planarity of the porphyrin
macrocycle may be expected to alter various parameters of
heme-catalysis, including ligand binding, redox potential, and
axial ligand affinity. A change in thiolate binding geometry
is not observed in the Gly248Val and Thr structures, as a
coordinated movement of thiolate accompanies the change
in heme geometry, resulting in negligible net changes in Fe
SCys bond length. However, the increase of heme planarity
may be expected to additionally alter other parameters in
catalysis, and would be expected to stabilize the reduced form
in the enzyme, resulting in faster rates of primary electron
transfer (the subject of future investigation) and have
contributions in enhancing oxyferrous stability (Table 3).

In conclusion, the investigation of mutants at the P450
distal pocket reveals that maintaining the number and location

the mutants are not accelerated as in the Thr252Ala mutant,of active-site water molecules is important for effective

and in fact are slightly slower than that of the wild-type

proton mediated oxygen activation in CYPs. The mainte-

enzyme. However, these studies do indicate that the threoninenance of a correct degree and pattern of active-site hydration
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is critical for mediating the efficient transfer of both the first
and second protons of catalysis, leading to efficient hetero-

lytic scission. These results present the mechanistic impor-

tance of active-site water in evaluating active-site hydrogen

bonding in other CYPs, other heme and non-heme dioxygen

activating enzymes, and may additionally aid in the redesign
of P450s to efficiently metabolize alternative substrates.
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