J. Am. Chem. S0d.999,121,41-47 41

Experimental and Theoretical Study of the Effect of Active-Site
Constrained Substrate Motion on the Magnitude of the Observed
Intramolecular Isotope Effect for the P450 101 Catalyzed Benzylic
Hydroxylation of Isomeric Xylenes and 4;Bimethylbiphenyl

Christian Audergon,’ Krishna R. lyer, t Jeffrey P. Jones,* John F. Darbyshire,! and
William F. Trager* -t

Contribution from the Department of Medicinal Chemistry, School of Pharmacyelsity of Washington,
Seattle, Washington 98195, and Department of Chemistry, Washington Statzdityj
Pullman, Washington 99164

Receied August 20, 1998

Abstract: The validity of a cytochrome P450 (P450) 101 force field developed previously was tested by
comparing to published results from other laboratories the predicted regioselectivity and stereoselectivity of
both R)- and §&)-norcamphor oxidation when the force field was used. Once validated, the force field was
used to test the hypothesis that the magnitude of an observed intramolecular isotope effect is a function of the
distance between equivalent but isotopically distinct intramolecular sites of oxidative attack. Molecular dynamics
simulations and kinetic deuterium isotope effect experiments on benzylic hydroxylation were then conducted
for a series of selectively deuterated isomeric xylenes aretdyethylbiphenyl with P450 101. The molecular
dynamics simulations predicted that the rank order of substrate mobility in the active site of P450 101 was
o-xylene> p-xylene> dimethylbiphenyl. The observed isotope effects for the trideutero analogues were 10.6,
7.4, and 2.7, for the@-xylene, p-xylene, and 4,4dimethylbiphenyl, respectively. Thus, as the theoretically
predicted rates of interchange between the isotopically distinct methyl groups decrease, the observed isotope
effect decreases. The agreement between the theoretical predictions and experimental results provides strong
support for the distance hypothesis stated above and for the potential of computational analysis to enhance our
understanding of protein/small molecule interactions.

Introduction be enormously valuable both in the design of new drugs

The P450s are a superfamily of enzymes that utilize molecular (2gonists or antagonists) and the establishment of predictive
oxygen to catalyze the oxidation of organic compounds of models fpr metabolism and toxicity. S.|m|Iar progress for the
diverse structure. The importance of understanding their catalytic Mammalian forms of P450 has been impeded because X-ray
and structural properties is underscored by their presence incrystallographic structures for these membrane-bound enzymes
virtually all living organisms and their ability to metabolize ~are not available. S
essenna”y any organic Compound to Wh|Ch they are exposed In the absence Of CI’ySta| StI‘UCtUI'eS, InSIght_ into StI‘UCtura|
An X-ray structure can be particularly valuable in elucidating @spects of this class of enzymes has necessitated the use of
the properties of an enzyme by providing a structural foundation indirect approaches. Such approaches have included homology
for understanding its catalytic behavior. Once the atomic Modeling of unknown structures based on the few soluble
coordinates are available, computer-driven modeling studies canProkaryote forms of the enzyme for which X-ray structures are
be used to probe enzyme properties that are not readilyavailable, site directed mutagenesis, attempts at active-site
accessible experimentally. For many enzyme and receptorMapping with mechanism-based inhibitors, and kinetic isotope
tion,5 pharmacophore modelirfg,comparative molecular field ~ Of an observed intramolecular deuterium isotope effdet, (

analysis? and molecular dynamics simulatidrisave provento  Ko)obs is highly dependent upon a rapid rate of equilibration,
relative to the actual bond-breaking event, between the chemi-

cally equivalent but isotopically distinct protio and deutero
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isotope effect Ku/kp)obs is equal to the intrinsic isotope effect 248 A — CH,
(kn/kp) for the reactiord3-17 If the equilibration rate is slow, or CHS’/\
of the same order of magnitude as bond breakikg/kf€)obs V'd

! . 62 A
will vary between a value of 1 (no isotope effect) akgkp e o0z

(maximum (intrinsic) isotope effect). Factors that can affect
equilibration rate can affect the magnitude kf/kp)ons ' These

factors are termed masking factors, and include slow dissociation
of the enzyme-substrate complex and restrictions on reorienta- HacCHs
tion of substrate in the active site. Thus, the valuekafko)obs T J

and the extent of its departure froka/kp has the capacity to

provide unique information on substrate motion in the active )
site. Figure 1. Intramolecular distances between methyl group carbon atoms

Previous isotope effect studies indicate that the intrinsic fof O andp-xylene and 4,adimethylbipheny! calculated using Spartan

isotope effects for cytochrome P450 catalyzed hydroxylations Molecular Mechanics software.
of methyl groups in different electronic environments are
relatively insensitive to changes in enzyme active site archi-
tecture!®20While differences in substrate electronic character
may dictate different intrinsic isotope effects for the methyl
group hydroxylation of a saturated hydrocarbon versus that of
the N-methyl of an aromatic amine, the intrinsic isotope effect
for the methyl group hydroxylation of a given substrate is
essentially invariant across different P450 isoforms that are

capable of catalyzing the reaction. This insensitivity further structure and one for which the atomic coordinates are readily
suggests that any significant departure laf/kp)obs from k/ available. Indeed, molecular dynamics computational studies

ko, for the same or similar substrates, is not due to changes inhave been used to determine active-site motions in enzymes
energetics or mechanism but rather to factors that are capable y

’ . X 3
of maskrgioJo. Licy factrs re the dsance bewueen (L) 5 TSl e onersboncese THA
chemically equivalent but isotopically distinct catalytic sites in P450 136p1 ﬁas been étudied extensivel b using substrate-bound
the substrate and/or active site constraint of substrate motion. y by 9

To test the hypothesis that distance is the factor that can an‘fectrm)deIS originating from known X-ray crystal data, e.g.,

i 8
e Mg 1), @ S ofsubstates wes cnosen n T, NS 216 Wiocenbi heeas ober
which this distance between the catalytic sites was systematically pred y vaip 31
[a]pyrene, and nicotine in the enzymsubstrate comple3é-

varied. The chosen substrates included selectivity deUteratedOverall these studies have led to a areater understanding of
o-xylene, p-xylene, and 4,4dimethylbiphenyl where the dis- ’ 9 g

tance between carbon atoms of equivalent protio and Oleuteroactlve-sne architecture, substrate-binding phenomena, and cata-

sites is geometrically fixed for each substrate but varies from a 'yt'ca”Y related motion of both substrate and enzyme. .
minimum of 2.48 A p-xylene) to a maximum of 11.05 A (44 In this paper, we pre§ent results from parallel experimental
dimethylbiphenylj! between substratég Figure 1. The fixed and computational studies that provide strong support for the
distances and the lack of orienting elements such as polar- Or_hypothesus that _the _degree of masking found in mt_ramolecular
hydrogen-bonding sites allowed the combination of the effects Isotope effects_ IS dlrec.tly related.to th? rates qf mterchange
of distance and active-site constraints to be explored without bgtwgen chemlpally gquwa]ent but isotopically d',St'nCt metabolic
the complication of additional contributing features. The results SIt€S in the active site. This methodology provides a means of
of this study strongly suggested that the near complete Sup_assessmg the constraints of an enzyme active site toward
pression ofky/kp for the benzylic hydroxylation of 4H3,4'-

substrate motion. Furthermore, these experiments provide insight
dimethylbiphenyl, whether catalyzed by P450 2B1 or various

into how to approach synchronization of experimental and
microsomal preparations, was a direct consequence of the 11.08nolecular dynamics clocks.
A distance separating the carbon atoms of the 4 amdethy!
groups.
(13) Northrop, D. B Biochemistryl975 14, 26442651 Validation of the Molecular Dynamics Protocols with

(14) Northrop, D. B. Insotope Effects On Enzyme Catalyzed Reactions D-(1R)- and L-(1S)-Norcamphor. The relative carbon radical
Cleland, W. W., O’Leary, M. H., Northrop, D. B., Eds.; University Park

— CH;

11.05 A

Although the earlier stud§ suggested that intrinsic isotope
effect masking and distance are related, it did not have the
capacity to reveal the exact cause of masking or the relative
rates of dissociation and active site reorientation for each
substrate. In contrast, molecular dynamics simulations could
provide validation of the distance/constrained motion hypothesis
since such studies would allow direct assessment of the mobility
of a substrate in the active site of a P450 of known crystal

Results
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reference for defining inter-methyl group distance (calculated using Spartan ~ (29) Collins, J. R.; Camper, D. L.; Loew, G. B. Am. Chem. So4991
Molecular Mechanics software) since it is fixed, unlike the distances between 113 2736-2743.
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o-xylene, 6.7 A forp-xylene, and 11.1 A for 4.4dimethylbiphenyl. 6956-6961.
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Table 1. Heat of Formation AH), Relative Energi¢sof Radical Table 3. Predicted Percentage of Regio- and Stereoselectivity of
from UHF AM1 Calculations and Relative Probability of Radical Hydroxylation ofp-(1R)- andL-(1S)-Norcamphor by P450 101
Formation based on Analysis of Steric Factors at Those Sites not Excluded by
position and relative stability relative probability Electronic Effects
radical typé (Kcal/mol) of radical formatiof position and
c3 (@) 165 0.063 stereochemistry  D-(1R)-norcamphar L-(19-norcamphor
C4 (D) 16.26 0.000 C3-exo 0.2 0.3
C5 (2 0.04 0.932 C3-endo 0.0 0.0
C6 (2 0.00 1.000 C5-exo 28.6 49.4
C1(® 18.03 0.000 C5-endo 33.9 2.0
C7(® 4.49 0.001 C6-exo 37.0 48.3
a Energies relative to the most stable radiéalhe term (2) indicates C6-endo 03 0.0
a secondary radical center, and the terf) i{®icates a tertiary radical 2 Regioselectivities were calculated from the distance and angle of
center.c Calculated by eq 2. a given hydrogen from the perferryl oxygen as described in Experi-

mental Section.
Table 2. Predicted Percentage of Regio- and Stereoselectivity of
Hydroxylation ofp-(1R)- andL-(1S-Norcamphor by P450 101 from Table 4. Experimental and Theoretical Regioselectivity (as
Analysis of Steric Factors percent) for the P450 101 Catalyzed HydroxylatioroeflR)- and
L-(19)-Norcamphor

position and
stereochemistry  p-(1R)- norcamphdr L-(19)- norcamphor experimert  Audergon Loida Harrig
C3-exo 1.2 1.6 position p-(R) -(§ b-(R (9 b-(R (9 p-(R L-(9
c3-endo o7 20 C5 65 28 625 514 54 39 750 433
' ) C6 30 62 373 483 41 57 18.7 38.9
Co-exo 12.1 153 c3 5 10 02 03 4 3 63 177
C5-endo 14.2 0.6 : : : )
C6-exo 145 13.9 aTaken from Loida et al.33° Taken from Harris and Loe#?
C6-endo 0.1 0.0
C1 0.0 0.0 Table 5. Statistically Corrected Kinetic Isotope Effects for the
C7-exo 2.7 22.2 Hydroxylation of thea-Methyl Group ofo-Xylene, p-Xylene and
C7-endo 1.4 1.3 4,4-Dimethylbiphenyl
a Regioselectivities were calculated from the distance and angle of substrate isotope efféct
a gi\{elnshydtrogen from the perferryl oxygen as described in Experi- o-xyleneo-?Hy-o'-H; 8.4+ 0.42 (37
mental section. o-xylenea-2H-o’-2H, 8.1+ 0.29 (3)
energies for each carbon site were calculated from the heat of O'Xy:e“e“i:S » 106038
radical formation at each site. The results indicated that the rank B:X/I:Egg:zHgg’:?H; 744007 gsg
order of energetically preferred radicals was €&6 > C3 > pxylenea-2Hs 7.4+ 0.37 (6)
C7 > C4 > C1. The relative stability values were then used to 4-2Hy,4'-?H;-dimethylbiphenyl 5.5 0.53 (6)
calculate the relative probability of specific radical formation. 4-2Ha,4'-?H,-dimethylbiphenyl 6.2+ 0.15 (6)
The results of this calculation are presented in Table 1, and are ~ 4~Hs,4-dimethylbiphenyl 2.7 0.11(6)

used as electronic criteria in predicting the regioselectivity of ~ a Numerical value of the isotope effect plus or minus the standard
norcamphor hydroxylation. Because of the lower energies deviation.? Number in parentheses is the number of determinations.

associated with radical formation at C3, C5, and C6, oxidation
at these sites was deemed to be favored, whereas radicainstability of the C4 radical signaled by the electronic component
formation at C1, C4, or C7 was excluded because of the higherprecludes its formation. Thus, hydroxylation is predicted to be
energies associated with these sites. Although the assumptiorconfined to the C3, C5, and C6 sites for both sterecisomers.
that only these three carbons can form radicals is arbitrary, it is Stereoselectivity of hydroxylation is essentially exo for all
similar to the assumptions made by oth&& L-(19-norcamphor carbon positions. However, in the case of
The Cartesian coordinates for the perferryl oxygenbstrate p-(1R)-norcamphor, although reaction at the C6 and C3 positions
complex that were stored during the molecular dynamic runs is predicted to be exo, hydroxylation of C5 is predicted to be
were analyzed, using the steric criteria defined above, to nonstereoselective. The experimentally determined percent
establish which hydrogens am(1R)- or L-(1S-norcamphor regioselectivity values of the P450 101 catalyzed hydroxylation
were oriented for catalysis. The results of this analysis are of p-(R)- andL-(§-norcamphot® are tabulated together with
summarized in Table 2, and are expressed as a percentagehe computationally derived values from the present study and
Hydroxylation is predicted to preferentially occur at carbon C4, those of Loida et at® and Harris and Low& in Table 4.

(>45%), but with substantial additional oxidation at C516%) Isotope Effects for the Isomer Xylenes and 4,4Dimeth-
and C6 ¢&13%), for both enantiomers. Considerable hydroxy- ylbiphenyl. The observed deuterium isotope effects for selec-
lation was also predicted at C?22%), but only forL-(19- tively deuterated xylene isomers and'4ddmethylbiphenyl are

norcamphor. Stereoselectivity of hydroxylation was confined listed in Table 5. Witho-xylene andp-xylene, the observed
to the exo position with one notable exception, the C5-endo isotope effect for theo-?Hz-substrates were 10.6 and 7.4,
position ofp-(1R)-norcamphor. The C3-endo, C6-endo, and C1 respectively, and are similar to the observed isotope effect values
hydrogen do not meet the defined steric criteria necessary forfor a-?H;-a’-?H; and a-?Hz-o'-?Hp-deuterated substrates (8.4
catalysis. and 8.1; 7.4 and 7.37, respectively). In the case 8fi44'-
The steric predictions minus the potential sites of oxidation dimethylbiphenyl the observed isotope effect (2.7) is signifi-
excluded by electronic effects are summarized in Table 3. The cantly smaller than the observed isotope effect (5.5 and 6.2)
(32) Harris, D.- Loew, GJ. Am. Chem. Sod995 117, 2738-2746. for the di- and tetra_deuterated s_ubstrates, respectiyely.
(33) Loida, P. J.; Sligar, S. G.; Paulsen, M. D.; Amold, G. E.; Omnstein, ~ Molecular Dynamics of Isomeric Xylenes and 4,4Dimeth-
R. L. J. Biol. Chem.1995 270, 5325-5330. ylbiphenyl. The results of the molecular dynamics simulations
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Table 6. Number of Switches between Methyl Group and a
Reactive Orientation during the Course of a Molecular Dynamics
Run

number of
switches in 1 ns

distance between
methyl group

substrate carbon atoms (&) molecular dynamics
o-xylene 2.48 1172
m-xylene 5.0 779
p-xylene 6.62 3
4,4-dimethylbiphenyl 11.05 0

2 Calculated from 500 ps of molecular dynamit#lthough no
experimental results were obtained forxylene due to analytical
complications, the theoretical data is worthy of consideration since it

Audergon et al.

101 catalyzed hydroxylation of these substrates by computer
simulation is particularly challenging because multiple products
are formed. For example, an enantiomeric mixture of norcam-
phor metabolized by P40 101 results in the formation of 45%
5-exchydroxy-, 47% 6-exo-hydroxy-, and 8% 3-exo-hydrox-
ynorcampho#@?* while the 5-, 6-, and 3-hydroxy products are
obtained in a ratio 65:30:5, respectively, from enantiomerically
purep-(1R)-norcamphor and in a ratio of 28:62:10, respectively,
from enantiomerically pure-(19-norcampho#3

In this study the predicted regioselective results obtained for
the formation of the 5-, 6-, and 3-hydroxy products frof(iLR)-
norcamphor gave a ratio of 62.5:37.3:0.2, whereas those from

shows good correlation with the other isomers. L-(19)-norcamphor gave a ratio of 51.4:48.3:0.3 for the corre-

sponding products. Although not exact, these values are in

are shown in Table 6. As indicated in the methods section the reasonable accord with the experimental results for the individual
simulations foro-xylene were conducted for 500 ps, whereas enantiomers? Table 4. However, evaluation of the predicted
those for the other substrates were run for 1 ns. The predictedproduct stereoselectivities (exo versus endo, Table 3) are
number of equilibration events, or switches, between the methyl complicated by the fact that experimental product stereoselec-
groups were 1172, 779, 3, and O forxylene, mxylene, tivities have only been reported for racemic norcamphand
p-xylene, and 4,4dimethylbiphenyl, respectively, when normal-  not for the pure enantiome?3.The predicted product stereo-
ized to a 1-ns time span. selectivity forL-(19)-norcamphor hydroxylation was predomi-
nantly exo at all carbon sites. This is also the major stereo-
chemistry predicted for product formation at the C6 and C3

In the earlier experimental paper on the isotope effects positions of b-(1R)-norcamphor. All of these results are in
associated with the P450 catalyzed methyl group hydroxylation agreement with experiment and previously reported theoretical
of o- andp-xylene and 4,4dimethylbiphenyl, the magnitudes  results’2>33Table 4. However, a major difference arises for the
of the observed isotope effects were found to decrease as thé-hydroxylation of p-(1R)-norcamphor where our method
distance between reaction sites incredédthe results of these ~ predicts an exo/endo ratio of 0.85:1, Table 3. Although no
experiments support the hypothesis that the degree of maskingexperimental studies have appeared reporting the exo to endo
of an intrinsic isotope effect in an intramolecular isotope effect product distribution for this enantiomer, these results would
experiment is directly related to the distance between equivalentappear not to agree with the experimental results reported for
but isotopically distinct methyl groups. Intuitively the relation- the racemic mixturé?
ship is appealing. One would certainly expect that the rate of  Qverall, the initial molecular dynamics simulations of the
equilibration of two methyl groups, with respect to a defined enzyme-substrate complex of P450 101 with(1R)- and
point in space, would decrease as the distance between the twe-(1S)-norcamphor incorporating only the motion of residues
methyl groups increased, particularly if any steric impediments within 13 A of the heme iron, and using a combination of steric
(active-site topography) began to assume importance. A primaryand electronic criteria for analysis, gave good correlation with
goal of this study was to carry out both computational and previously published values for the regio- and stereoselective
additional experimental studies that would further test this hydroxylation of the norcamphor enantiomers by P450 101. It
hypothesis, using the same set of substrates (isomeric xylenesyas therefore concluded that our methodology could serve as

and 4,4-dimethylbiphenyl) but with an enzyme, P450 101, with  an appropriate model for testing the distance hypothesis.
known active site dimensions. If successful, these studies would  1he 0w energy barrier associated with rotation ensures that

also reinforce the notion that P450 101 can serve as a usefulyq ra1e of methyl group rotation is much faster than the rate of
model for the mammalian P450s. Since the active-site structuresmethw group oxidation. If a substrate has a methyl group that
of mammalian P450 are unknown, in computero studies basedis oxidized and the methyl group contains deuterium and
on the known crystal structures of several soluble cytosolic protium, the enzyme has the choice of oxidizing either-a-C
bacterial P450s might be used to predict and gain an under-q. 5 ¢_p phond. Since the rate of methyl group rotation is fast
standing of mammalian P450s, provided they can be validated. .o 5tive to oxidation, Ku/ko)obs ill closely approachku/ko.

Indeed, this is often the only way such information can be 1,q the observed intramolecular isotope effects for P450 101
obtained. Thus, the validation of computational methods is q4a1y7ed benzylic hydroxylation of the di- and tetradeuterated
extremely important toward evaluating the potential of the g qirates studied here can be expected to closely approach the
pred!ctlve power_of this method. o . intrinsic isotope effect$® All values of (ku/ko)obs for these

Prior to _determlm_ng whe_ther molecular dynamic s_lmulat|ons substrates are large and fall within a range of 5.5 to 8.4, (Table
of the motion of the isomeric xylenes and '4¢dmethylbiphenyl 5). The values ofk/ko)as for the trideuteromethyl xylenes are

th;stratej in th de atctive site O]ff P?SO 101 WE.re pret(jjicltivfetr(])f equally large, suggesting that within the active site of P450 101
IStance-dependent masking €lfects, our working model oTthe ¢ ,q methyl group interchange is fast enough to effectively

active enzyme needed to be validated. To this e«#iR)- and unmask the intrinsic isotope effect. In contra$t,/Kp)obs for
L-(19-norcamphor were chosen as probe substrates. An X'ray4-2H3,4'-dimethylbiphenyl is only 2.7, suggesting thatko for
crysta}l strt;cture gﬁ-norcampt_}oglP%OdlgltEubstratetn?ymel dthis substrate is highly masked. These results mirror the trends
comp_ex( cpp.pdb) was avariablé, and both computationalandy, ; \yere observed with these same substrates when either rat
experimental results describing the P450 101 catalyzed hy'Iiver microsomes or purified P450 2B1 was used as the source

dLoxyIatlon Olf the ralcl:etr)n%[(ignl\c/il enantlomerlc(:j.fot.rms tﬁf ng;cha(\)m- of P4508 and are consistent with the hypothesis that the extent
phor were also avariabie. oreover, predicting the of ku/kp masking increases with increasing distance between
the catalytically susceptible methyl groups. For P450 101, just

Discussion

(34) Atkins, W. M.; Silgar, S. GBiochemistry1988 27, 1610-1616.
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Scheme 1.Kinetic Scheme for Binding Substrate to Enzyme the substrate remaining in the binding site of the enzyme.
for an Intramolecular Isotope Effect Experiment with the Steady-state analysis of the product ratio leads to the following
Representative ES Complexes foxylene. equation for the observed isotope effect for Scheme 1.

cD,
y »
ks é,\”ao d[P1] (kH) (@)(kz + 2k) + kgy
ESH Y= p1 EsH= (s¢ bl Sl Y 5} Obsz

k/k:kr dP2] \ko (ky + 2k) + ksyy

E CH,
& e . Dac/O/ Evaluation of the limits of this equation indicates that fast
"N gsp Koo p2  ESD= A rotation, k; > ksy, leads to the intrinsic isotope effect being
E observed. For compounds with slow rotation an intrinsic isotope
effect can still be observed i > ksy. However, ask, andk;
as for P450 2B1, the 11.05 A separating the 4 ahchdthyl become slower thaksy the observed isotope effect will tend
groups of dimethylbiphenyl substrate is sufficiently large to towards 1. Thus, isotope effects that are less than the intrinsic
prevent equilibration of these two groups with respect to the isotope effect require that both of the rate const&ntndk,
catalytically active oxygen in the time frame of the hydrogen be slow relative to, or of the same order of magnitudekas,
atom abstraction. This appears to be the case for '4ddimethylbiphenyl which
The results of the molecular dynamics simulations are shown gives a small isotope effect relative to the intrinsic isotope effect
in Table 6. As described in the Experimental Section the for the trideutero substrate. Thus, the rate condtait likely
simulations foro-xylene were conducted for 500 ps whereas to be slow or of the same order of magnitudekgsfor these
those for the other substrates were run for 1 ns. In general, thereactions.
aromatic rings remain perpendicular to the iraxygen bond In general, these observations indicate thatofawlene, the
during the course of the dynamics simulations for each substrate.rate of equilibration between the methyl and perdeuteromethyl
The main motion of the molecules is a translational motion groups in the P450 101 active site is very fast and thus should
which allows each methyl group to approach the active-oxygen not contribute to any observable masking of the intrinsic isotope
species. Thus, the molecule swings back and forth, placing first effect. The rate of equilibration between the methyl groups drops
one than the other methyl group in position for oxidation. In dramatically forp-xylene but is apparently still rapid enough,
the initial analysis of the run, the distance of every hydrogen relative to bond breaking, to allow the observation of an isotope
atom of the substrate from the irelxygen bond was deter-  effect that is close in magnitude to the intrinsic isotope effect.
mined. Since the aromatic ring adopted an orientation coplanarin contrast, no switching and a masked isotope effect of 2.7 is
to the heme, the average calculated distances from the oxygerobserved for 4,4dimethylbiphenyl during the time course of
atom were the smallest for the aromatic hydrogen. However, the dynamics simulations. These results suggest that an in-
previously published experimental studies with the substratestramolecular distance of 11.05 A is large enough to slow methyl
used in this investigation together with several additional group interchange to an extent that is sufficient to extensively
metabolic studie§~3" indicate that the major metabolic pathway mask the intrinsic isotope effect. In fact, eq 1 allows the rotation
for substituted toluene is benzylic hydroxylation. Benzylic rate to be zero and the isotope effect to still be slightly unmasked
hydroxylation accounts for greater than 90% of the metabolic by k, being approximately equal in rate ke
turnover of these substrates. We therefore did not include
aromatic hydrogen in our molecular dynamics simulations and Conclusions
only considered the distances of the irasxygen from the
methyl hydrogen.

)

E + S

Both the computational and experimental results obtained with
i P450 101 in this study are entirely consistent with the

The number of interchanges between the methyl groups weregy perimental results found in the previous sté@yogether the
1172, 779, 3, and O far-xylene,m-xylene,p-xylene, and 4,4 two studies provide strong evidence in support of the hypothesis
dimethylbiphenyl, respectively, when normalized to 1 ns. The ¢ the degree of intrinsic isotope effect masking is directly
trend in the data is exactly what would be expected. As the rgjated to the distance between chemically equivalent but
distance between intramolecular methyl groups increases, theiggigpically distinct intramolecular catalytic sites, i.e., the

number of methyl group interchanges decreases, and thegisiance hypothesis. The results of the computational studies

intramolecular isotope .effect gets smaller. The relationship provide additional support for establishing computational analy-
between the number of interchanges and the degree of maskingis a5 a valid methodology for understanding and predicting

is hyperbolic and is given by the equation for the expression of ,4tein/small molecule interactions. Several other investigators

an intramolecular isotope effetteq 1. The kinetic scheme  paye also conducted similar parallel experimental and theoretical

outlined in Scheme 1 describes the simplest scheme thatgy,gies with P450 101 and successfully predicted metabolite
accounts for our observations. The rate constknédk, are profiles, the salient examples being norcamphoris3-

for the rates of binding and debinding of substrate to the enzyme methylstyrené® and nicotiné®® However, to our knowledge this
to form either an enzymesubstrate complex that can lead 0 5 pe first example where the trend in masking an intrinsic

hydrogen atom abstraction (ESH) or to deuterium abstraction jsqtqne effect has been qualitatively predicted from molecular
(ESD). The rate constants for hydrogen or deuterium atom dynamics simulations.

abstraction ardsy for hydrogen atom abstraction, akeh for
deuterium abstraction. The rate constRrdetermines the rate
of interchange of the two ES complexes, ESH and ESD, with

Finally, an additional interesting feature to emerge from this
study is the indication that it might be possible to synchronize
the clock associated with defined conditions of molecular

(35) Hanzlik, R. P.; Hogberg, K.; Moon, J. B.; Judson, C. M.AM. dynamics runs with relative methyl group interchange rates and
Chem. Soc1985 107, 7164-7167. the magnitude of the observed isotope effect. The most telling

(36) Riley, P.; Hanzlik, R. PXenobiotical994 24, 1-16.

(37) Higgins, L.; Bennett, G. A.; Shimoji, M.; Jones, J.Btochemistry (38) Fruetel, J. A.; Collins, J. R.; Camper, D. L.; Loew, G. H.; Ortiz de

1998 37, 7039-7046. Montellano, P. RJ. Am. Chem. S0d.992 114 6987-6993.
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data in this regard are that collected fekylene. The observa- ; ;
tion of an intrinsic isotope effect for hydroxylation of this : 7
substrate requires that a number of interchanges must occur 6 1 : | 6
between the enzymesubstrate complexes prior to product o i o

formation. Three such interchanges are predicted to occur over :
a 1 ns molecular dynamics simulation. The fact that only three 3 ;
interchanges occur over the 1 ns of simulation, even though ;
experimental observation indicates that the intrinsic isotope (1s) : (IR)

effect is completely unmasked, strongly suggests that shorter ’

simulation times would be inadequate. On the other hand, the Figure 2. The structures and carbon framework numbering system of
zero interchanges observed for'4dimethylbiphenyl over 1 ns  -"(19- andp-(1R)-norcamphor.

of simulation, coupled to its extensively masked intrinsic isotope
effect suggests that the rate of interchange will be sufficiently
slow so that the effects of masking begin to become observable.

'(Ii'h]:_Js, it apr;)ears th?]t Ionger|d5|rr1nulat|ons V\.Iollljld be Ir(egu_lred to The deuterium incorporation of each substrate was determined by
efine a substrate that wou ave a partially maske ISOtOpeusing the same GC parameters as those used for the respective

effect. While it is clear that simulation time cannot be directly - metapolites or by bleeding the compound through the reference inlet.
related to wall clock time, these simulations and the conditions The mass spectral conditions were identical to those used for the
under which they were run provide a lower limit for the metabolites except that the ionizing voltage wa42.5 eV. The

[
w

and 4,4-dimethylbiphenyl metabolites. Mass spectral conditions were
as follows: 50 ms dwell time;-70 eV ionizing voltage, and 266205
°C source temperature.

simulation time required to sample active site motion. measured ion intensity of each ion was corrected for the natural isotopic
abundance ofH, 1°C, *4C, 180, and?°Si,*! and isotope effects were
Experimental Section determined as described previou¥ly?

Chemicals. o-Methyltoluate, p-methyltoluate, pentane, silica gel,  computational Methodology
dimethylphthalate, terephthalic acid, sodium borohydride, sodium boro-
deuteride, pthalic dicarboxaldehyde, terephthaldehydé.dindethyl- A. Validation of the Model with p-(1R)- and L-(1S)-Norcamphor.
biphenyl chromium trioxide, and Diazald were obtained from Aldrich A detailed description of the methods is given by Jones and Korz#kwa.
Chemical Co., and lithium aluminum deuteride and lithium aluminum The Semi-empirica| guantum chemical Austin method (AMl)‘ as
hydride were obtained from Fluka. Organic solvents were purchased provided in the MOPAC 6.0 programs was used to calculate the
from J.T. Baker and were of analytical gradd:methylN-(tert- minimized geometry, the charges, and the heat of formation of all the
butyldimethylsilyl) trifluoroacetamide (MTBSTFA) was purchased from  molecules. The unrestricted HartreGock (UHF) Hamiltonian was used
Pierce, andp-toluenesulfonyl chloride was obtained from Eastman for all open-shell calculations (radicals). The protoporphyrin parameters

Kodak. Biochemicals were obtained from Sigma. were developed, with an oxygen bound to the iron 1.7 A above the
Synthesis of SubstratesSelectively deuterated xylene isomers and  heme, as previously reporté¥iBriefly, the coordinates of the heme
4,4-dimethylbiphenyl, o-xylenea-?Hs, p-xylenea-?Hs, 4-°Hs4-di- iron—sulfur complex were obtained from the crystal structure of P450
methylbiphenylo-xylenee-Hz-o!-?Hz, p-xyleneo-Hz-ol'-*Hz, 4-Hp,4'- 101 with substrate bound (Brookhaven data bank, 2cpp.pdb). The full
’Hz-dimethylbiphenylo-a-Hi-o'-?Hy, p-xyleneo-?Hi-ol'-?Hy, 4Hy,4- porphyrin complex was used including all of the side chains and the

?Hi-dimethylbiphenyl were synthesized as was described previdtisly. - anjonic forms of the propionate groups. The cysteine residue was

Enzyme Preparation. Pseudomonas putidaas grown according  replaced with a thiomethane anion and the methyl group oriented in a
to literature procedur@.The cell free Iysate that contained P450 101 Conﬁguration similar to that of the methy]ene group of Cysteine. The
was stored frozen in a saturated solution of camphor. The camphor charges were determined with the Gaussian 90 ab initio package, the
was removed just prior to use by eluting the solution through a Sephadex| ANL1MB basis set. Natural population analysis was done by the
G-15 column with 50 mM potassium phosphate buffer, pH 7. method of Reed and Weinhotdl.

Incubation Conditions. An aliquot of camphor-free phosphate buffer  \olecular dynamic simulations were performed using the AMBER
from the Sephadex G-15 column eluant described above, sufficient to 4 g suite of programs. The Cartesian coordinations for all of the atoms
contain 10 nmol of P450 10%,was added to each incubation vial, except the ferryl oxygen and hydrogen atoms used for the iDifaR)-
along with NADH, 12.3umol, and substrate (xylenes 4.08 mM and  norcamphor complex with P450 101 were obtained from the X-ray
4,4-dimethylbiphenyl 0.67 mM) in a total volume of 2 mL of 50 MM ¢rystal structure ob-(1R)-norcamphor bound to P450 101 (Brookhaven
potassium phosphate buffer, pH 7. Incubations were run for 30 min at gata bank, 7cpp.pdb). In the caseLeflS)-norcamphor the substrate
27°C then terminated by the addition of 5 mL of pentane and stored \ygs docked in a configuration similar to that m{1R)-norcamphor,

at—78°C until analysis. _ _ by overlaying the oxygen atoms and the C2 carbons and orienting C1
Derivatization and Analysis by GC/MS. The frozen incubation close to C3, Figure 2.

mixtures were thawed, and the aqueous layer was extracted \(w'th 2 The belly option was used to limit the dynamic motion to the

5 mL portions of pentane. The pentane layers were pooled, dried OVer g pstrate and the 53 amino acids located within a radius of 13 A above
sodium sulfate, and concentrgted un_der a stream of nitrogen gas to 3Ghe heme iron, forming an hemisphere representing the “belly”. All
uL. The samples were derivatized with 160 of 60% MTBSTFAIn  cajcylations were performed with a nonbonded cut-off distance of 8
acetonitrile at 65C for 3 h and analyzed by GC/MS._GC/MS analysis A and the nonbonded pair list was updated every 0.1 ps. A constant
was performed on a VG7070 mass spectrometer, interfaced to a HP-gjg|ectric function was used for electrostatic calculations. The energy
5710A GC fitted with a 5 m J & WDB-5 fused silica capillary column ¢ the entire system was minimized with 1500 steps of steepest descent
and operated in the selected ion-monitoring mode. The derivatized fy|jowed by a conjugated gradient minimization until the convergence
xylenes were cold trapped at 4G, the temperature was ralsedlllnearly gradient for either energy (2 cal/mol) or norm of gradient energy (2
at 15°C/min to 135°C followed by isothermal elution for 5 min. For  ¢3;/mol/A) was reached. The system was warmed and stabilized in three

the derivatized biphenyls an initial temperature of E@for 1 min stages of 10 ps each at 100 K, 200 K, and 300 K, respectively.
followed by a linear ramp at 183C/min to 250 °C followed by
isothermal elution for 5 min was used. The M57]" ion of the silyl (41) Korzekwa, K. R.; Howald, W. N.; Trager, W. Biomed. Emiron.

derivative was monitored for the various xylene isomer metabolites Mass Spectronil99Q 19, 211-217.

(42) Jones, J. P.; Korzekwa, K. Rlethods Enzymoll996 272, 326—
(39) Gunsalus, I. C.; Wagner, G. ®lethods Enzymoll978 52, 166— 335.

88. (43) Reed, A. E.; Weinstock, R. B.; Weinhold, F.Chem. Phys1985

(40) Omura, T.; Sato, RI. Biol. Chem1964 239 2370-2378. 83, 735-746.
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Simulations were performed over 500 ps on each enantiomer at 300 B. Molecular Dynamics of Isomeric Xylenes and 4,4Dimethyl-
K, and the Cartesian coordinates of each atom in the enzguiestrate biphenyl. The molecular dynamics of the isomeric xylenes and-4,4
complex were stored every 0.1 ps. A constant temperature for the dimethylbiphenyl were studied by using the protocols established above.
simulation was maintained by weakly coupling a thermal bath with a Numerous initial docking positions were testedfexylene in the active
0.1-ps strength constant. The rms changes in total energy andsite of P450 cam. However, after 10 ps of molecular dynamics, all of
temperature stabilized at less then 13.6 Kcal/mol and 6.0 K respectively, the initial docking positions converged to approximately the same loca-
indicating that the system was reasonably equilibrated. tion within the active site. This location, in whighxylene is oriented
Molecular dynamic simulations were analyzed using the Tripos for catalysis, was then used as a starting position for molecular dynamics
Associates SYBYL program. Previous publications have used the calculations. Subsequently, it was also used as a template to locate the
substrate hydrogerferryl oxygen distance and the corresponding starting positions foo-xylene, mxylene, and 4,4dimethylbiphenyl.
carbor-hydrogen-ferryl oxygen angle as defining steric criteria for To obtain a reasonable sample of the possible conformational space
establishing when a given hydrogen’s position has reactive geom- available to the various substrates, dynamic simulations were performed
etry323 These two criteria were applied simultaneously to the for 500 ps foro-xylene but extended to 1 ns forxylene, p-xylene,
simulation results to define the reactivity of each of the various and 4,4-dimethylbiphenyl. For the same reason, molecular dynamics
hydrogens; (1) the hydrogen atom on a specific carbon atom had to bestudies were conducted at 600 K instead of 300 K. The final run
close enough to the ferryl oxygen atom to be abstracted (less than 3.5temperature of 600 K was reached by warming each system in 4 stages
A), and (2) the angle defined by the ferryl oxygen, hydrogen, and carbon of 10 ps each (100 K, 200 K, 300 K, and 600 K). The rms changes in
(O—H—C) had to be linear with a deviation less th&ii0°. Only one total energy and temperature for all of the molecules were similarly
reactive position is allowed at one time. If more than one site meets stabilized at less than 16.9 Kcal/mol and 11.6 K, respectively, indicating
the above steric criteria, an electronic criterion is invoked to select the that the systems were reasonably equilibrated.
reactive position. The electronic criterion is based on the relative  The distance between each benzylic hydrogen and the perferryl
stability of the radical intermediates (see below). Finally, if two oxygen was measured. The interchange, or switching, between the two
hydrogens from the same carbon are potentially reactive, the one nearesiethyl groups with respect to the perferryl oxygen was defined by the
to the ferryl oxygen atom is chosen. following criteria: (1) how often a hydrogen atom from a given methyl
The relative radical energies for each carbon site were calculated group that is poised for catalysis (within 3.5 A of the perferryl oxygen)
from the heat of formation of the radicals. This method had previously is replaced by a hydrogen from the alternate methyl group within the
been used by Harris and Lo&win the assessment of the relative time allocated (up to 1 nsec) and (2) when the selected hydrogen forms
stability of primary, secondary, and tertiary radicals. The relative a carbon-hydroger-oxygen angle that deviates less than0® from
probability of radical formation was calculated using eq 2, and linearity.
represents the electronic reactivity of a given carbon site.
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whereAAH; is equal to the relative radical stability shown in Table 1



