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Abstract: The A:B; flavocytochromep-cresol methylhydroxylase (PCMH) froRseudomonas putidaxidizes
4-methylphenol §-cresol) to 4-hydroxybenzyl alcohol in a process requiring scission of@a-H bond with
concomitant reduction of covalently bound FAD in each A subunit. Valudg #K were determined from
steady-state kinetic data for the reactions of PCMH with the following substrates: 4-methylphetiti)-4-(
methylphenol, 43H,)methylphenol, and 42H3)methylphenol. A procedure was devised to extract the intrinsic
primary deuterium and intrinsie-secondary deuterium kinetic isotope effects from these valukg/#f. The
primary effect,P, is 6.71+ 0.08, and the secondary effe,is 1.013+ 0.014. The magnitudes of these
effects are discussed in terms of an early or late transition state, hydrogen tunneling, coupled motion between
the leaving and remaining hydrogens of the methyl group, and axpulsion mechanism versus a substrate
radical mechanism versus a covalent substr&#D intermediate mechanism. The reaction of 4-ethylphenol
with PCMH produces 4-vinylphenol ane-J-S-1-(4-hydroxyphenyl)ethanob{100% enantomeric excess). The
evidence indicates that these are formed from a common intermediate, presurpaflinane methide. From
the partition ratios for the formation of the alcohol and 4-vinylphenol from 4-ethylphenol;, 4-tf,)-
ethylphenol, and 4-(2',2-2Hz)ethylphenol, the primary isotope effect for conversion ofgiguinone (2,2',2'-
2Hz)methide to 4-(22-2H,)vinylphenol was estimated to be about 2, and dhgecondary isotope effect for
conversion ofp-quinone (1-°Hj)methide to 1-(4-hydroxypheny)(1'-2H;)ethanol was found to be inverse
(=0.83), as expected for 5o sp? hybridization change at the-carbon. Values ok../K were determined for
4-ethylphenolR,S{+)-4-(1'-?H;)ethylphenol (abbreviate®,SD), S{—)-4-(1-?H;)ethylphenol §D), R{(+)-
4-(1'-?Hy)ethylphenol R-D), and 4-(1,1'-2H,)ethylphenol (D2). Th&2(k.o/K) value was found to be 5:36.1,

the same as determined in an earlier study. Unexpectedly, the valuésSfok./K), SP(k.a/K), and
R-D(k.ofK) were all about the same-(L.7), indicating that there is nearly an equal probability fioo-R or
pro-SC—H bond scission. An apparent flux ratio for tpeo-S pathpro-R path was estimated to be 0.28
0.02. The same procedure devised to determine valud3 dod S for 4-methylphenol was used to determine
these values for the 4-ethylphenol reaction (commitment to catatysiy P = 5.98 4+ 0.12 andS = 0.967

+ 0.021. These values are essentially the same as those determined for 4-methylphenol. Thus, the chemical
mechanisms for both substrates are assumed to be similar.

Introduction experimental work, of the past two decades have indicated that
interpretation of these effects are complicated by the possible
involvement of H/D tunneling and/or coupled motion of
secondary H/D with the breaking of the primary H/C bond*?
However, these complexities have not diminished the interest
or importance of deuterium isotope effeétd.Thus, develop-

* Address correspondence to Dr. William S. Mclintire, Molecular Biology ~ment of new, fast, and convenient methods of extracting these

Division (151-S), Depa_rtment of Veterans Affairs Medical Center, 4150 effects from kinetic data is of genera| interest. While Working
Clement St., San Francisco, CA 94121. Phone: (415) 387-1431. Fax: (415)

Intrinsic primary and especially secondary deuterium isotope
effects have proven to be extremely useful in deciphering the
exact chemical mechanisms of action for numerous enzymes.
Revelations, not to mention a great deal of theoretical and

750-6959. E-mail: wsm@itsa.ucsf.edu. with several enzymes tha}t oxidize methyl groups c_)f_ their
t Department of Veterans Affairs Medical Center and Department of Substrates, we pondered different methods for determining the
Biochemistry and Biophysics, University of California, San Francisco. intrinsic primary and secondary effects for the transformations

* Department of Anesthesia, University of California, San Francisco.
: > rornia, anc of these groups.
§ Department of Pharmaceutical Chemistry, University of California, San group

Erancisco. When only the trideuteriomethyl substrate is compared with
U Current address: Department of Psychiatry, University of California, unlabeled substrate, the true primary andecondary effects
Salr‘1 Francisco. _ o are impossible to separate, since the measured isotope effect is
943&*”6“ address: OREAD, Inc., 3401P Hillview Ave., Palo Alto, CA  intramolecular in nature. The observed effect is the product of
(1) Kurz, L. C.; Freiden, CJ. Am. Chem. Sod98Q 102, 4198-4203. primary, P, and secondary effect§ KIE = PS, since one
Kohen, A.; Klinman J. PAcc. Chem Resl998 31, 397-404. deuterium is removed and two secondary deuteriums remain.
(2) (a) Klinman, J. P. IfEnzyme Mechanisms from Isotope EffeCtsok, The special nature of the methyl group allows for each H/D
P. F., Ed.; CRC Press: Boca Raton, FL, 1991; pp-1P48. (b) Bahnson,
B. J.; Klinman, J. PMethods Enzymoll995,249 373-397. (4) Enzyme Mechanisms from Isotope Effe@eok, P. F., Ed.; CRC
(3) Fisher, H. F.; Saha, S. BBiochemistryl996 35, 83—88. Press: Boca Raton, FL, 1991.

10.1021/ja984214g CCC: $18.00 © 1999 American Chemical Society
Published on Web 06/09/1999



5866 J. Am. Chem. Soc., Vol. 121, No. 25, 1999 Mclntire et al.

position to be spatially equivalent, assuming that there is little Scheme 1
or no isotope effect for positioning H or D for bond scission.

O
Under some circumstances, it might be possible to extract the — { i fron Hon g
intrinsic effects from steady-state kinetic constants for the M 426 Hy0 an e
unlabeled (DO0), the mono- (D1), the di- (D2), and the trideu-
OH o OH

terated (D3) substrates.

For D1, D2, and D3, steady-state constattgKm and kea oH
will be affected by intra- and/or intermolecular isotope effects, ~ *™e¥!Phencl  p-quinone methide - &hydrmebonzyl pibcHe b
With D1, some molecules will undergo scission of al€bond,
whereas others will undergo a<® bond scission. Therefore, Previously, it was demonstrated that 4-ethylphenol was

the effect on the kinetic constants will be intermolecular converted to optically active 1-(4-hydroxyphenyl)ethanol, which
(competition between two molecules) in nature. In contrast, for was composed of 66%-isomer and 34%R-isomerl® Using
D2, some molecules will undergo—D scission and will an improved method described herein, it was demonstrated that
produce anSP intramolecular isotope effect, while other the alcohol product of 4-ethylphenol, in fact#97% Sisomer.
molecules will undergo €H bond cleavage, for an intramo-  In another report, the intrinsic deuterium kinetic isotope effects
lecularS effect. In this case, the alteration in values of kinetic (KIEs) were determined for 4-methylphenolPHg)methylphenol
parameters will result from inter- and intramolecular effects. (KIE = 7.05) and for 4-ethylphenol/4-(1'-2H,)ethylphenol
As mentioned earlier, the D3 rate constants will be influenced (KIE = 4.8-5.3)14 However, because of the multiple deuterium
by an intramolecular effect only. label in theoa position, the isotope effects are the product of

This special nature of the methyl group has been appreciatedthe intrinsic primary and intrinsio-secondary effects.
by other research groups, and methyl intra-/intermolecular  The following compounds were synthesized with the aim of
effects have been measured for a number of enzynfes. determining the magnitudes of the intrinsic primary and
However, in these cases, the isotope effects were derived bysecondary deuterium isotope effects and the stereochemistry of
analyzing the deuterium content of extracted material by massthe reactions catalyzed by PCMHR-, S5 andR,S4-(1'-?H,)-
spectral analyses. While considering this approach, it occurredethylphenol; 4-(11'-2H,)ethylphenol; 4-(22,2 -2Hz)ethylphenol;
to us that, under the right circumstances, it should be possible4-(?H;)methylphenol, 44H)methylphenol, and 4%(y)-
to extract intrinsic primary and secondary deuterium isotope methylphenol; andR-, S- andR,S-1-(4-hydroxyphenyl)ethanol
effects directly from an analysis of steady-state kinetic data. and the corresponding’-3H-ethyl derivatives. This treatise

It was decided to test this notion using the A forrmrpedresol presents the results of studies carried out using these compounds.
(4-methylphenol) methylhydroxylase [PCMHg:cresol:(accep- It will be demonstrated that the true primary and secondary
tor) oxidoreductase (methyl hydroxylating); EC 1.17.99.1] from intrinsic effects can be extracted from the values of the various
Pseudomonas putidd.C.I.M.B. 9869. PCMH is composed of  (kca/Km)mp constants for 4-methylphenol. It will also be
two flavoprotein subunits and twetype cytochrome subunits. demonstrated, with reasonable assumptions, that these effects
The enzyme belongs to a subclass of flavoproteins that havecan also be derived from the values ¢¢.(Km)up for the
FAD covalently bound at thecBcarbon of the isoalloxazine  4-ethylphenol derivatives, which undergo oxidation of an
ring.19-12 The preferred substrate, 4-methylphengictesol), o-methylene carbon atom. Because the binding of 1-(4-
is thought to be oxidized by bound FAD pequinone methide,  hydroxyphenyl)ethanol is slow and rate limiting, it was not
which is hydrated to give product, 4-hydroxybenzyl alcohol. possible to determine the isotope effects from steady-state data.
This alcohol subsequently can be converted to 4-hydroxyben-
zaldehyde by oxidized enzyme. PCMH can convert a variety Results
of other 4-alkylphenols tax-carbinols and, interestingly, to
4-vinylphenols. Then-carbinols derived frorm-alkylphenols
are further oxidized by PCMH to the-carbonyl derivative$315
PCMH presents a case that should be ideal for testing the metho
for direct extraction of the isotope effects from steady-state
kinetic data, since it was found thkea/Km) = Pk for 4-(2Hy)-

Intrinsic Primary and Secondary a-Deuterium Kinetic
Isotope Effects for the Oxidation of 4-Methylphenol The
roposed mechanism for PCMH oxidation of 4-methylphenol
s presented in Scheme 1. PCMH converts 4-methylphenol to a
putativep-quinone methide by removal of the equivalent of two
protons and two electrons. The quinone methide is subsequently

methylphenok attacked by water at its most nucleophilic center to produce an
(5) Hanzilik, R. P.; Hogberg, K.; Moon, J. P.; Judson, C. M.Am. alcohol. A similar oxidation of the alcohol by the enzyme yields
Chem. Soc1985 107, 7164-7167. 4-hydroxbenzaldehyde. Previously, a large isotope effect (7.03
) . ooty v Moon. J. B Judson, CIMAM. 4 0.41) onkeafKa-we was found with 4-methylphenol (4-MP)
(7) Jones, J. P.; Trager, W. B. Am. Chem. Sod 987,109, 2171 and 4-fHz)methylphenol as substrates. Stopped-flow kinetic
2173. measurements confirmed that this is the intrinsic efféct.
(8) Miller, V. P.; Tschirret-Guth, R. A.; Ortiz de Montellano, P. Rrch. However, this effect is the product of intrinsic primary and

B'O(g)]?\,lrré'm?i'?ephﬁggé’?’Sli%gi?r’a}?d'g'_. Smith. A. J Mathews. F. s. a-secondary effects. With the goal of measuring these two

Biochemistry1986, 25, 5975-5981. intrinsic effectsk.a/Ks—mp values were determined from steady-
(10) Mcintire, W. S.; Edmondson, D. E.; Hopper, D. J.; Singer, T. P.  state kinetic assays done at a fixed concentration of PES (1.0

i i 2 75. - - - -
B'O(‘ihl‘)ans“:ﬁgglrgglpf)ﬁgﬁﬁ; §°W§ SMethods Enzymol884,106, 365 mM phenazine ethosulfate), with varying concentrations of

378, 4-methylphenol (D0), 42H;)methylphenol (D1), 44H,)-

(12) Mewies, M.; Mclntire, W. S.; Scrutton, N. rotein Sci.1998,7, methylphenol (D2), or 42H3)methylphenol (D3). Earlie¥ it
7*2103- Velntire. W. S.- H o3-S T Biochem. 31985 was found that the reaction of PCMH with PES and 4-meth-
225(3 3)25_C3g%r_e’ - 9+ FOpPer, L. 2, Singer, 1. Blochem. J. ' ylphenol obeyed a ping-pong mechanism; thus, the slopes of

(14) Mclntire, W. S.; Hopper, D. J,; Singer, T. Biochemistrﬂgsz 1/v vs 1/[4-methy|phen0|] plots at all [PES] are parallel and
26, 4107-4117. will provide the true value fokc.a/Ks—nmp (the slope of 1/ vs

(15) Mclintire, W. S.; Koerber, S. C.; Bohmont, C.; Singer, T. P. In
Flavins and Flaoproteins Bray, R. C., Engel, P. C., Mayhew, S. G., Eds.; (16) Mclntire, W. S.; Hopper, D. J.; Craig, J. C.; Everhart, E. T.; Webster,

Walter de Gruyter: Berlin and New York, 1984; pp 64&58. R. V.; Causer, M. J.; Singer, T. Biochem. J1984,224, 617-621.
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Scheme 2 Kupr/kupp = kpnn/kowo= kppw/kopp; i.€., the primary effect
Kia o Ka and secondary effects are independent (the first atom in the
E+8,<— e ——=>ES, —= EP,—2= E'+ P, subscript is the one removed from substrate). The rule is invalid

la

only when there is coupled motion between the removed and
remaining H/D atom3.The analysis of the isotope effect could
also be complicated by tunneling. As will be discussed later, it
is unlikely that both tunneling and coupled motion are at work
Kie Ko kse o in the reaction of PCMH. The last line in Scheme 2 represents
E+Sea =" ESe == ERe == B P the reoxidation of reduced E (fby PES. Since the mechanism
is of a ping-pong typé? this portion of the mechanism is
E'+ PES éEPES Ks e\ pEs uncoupled from the half-reaction involving 4-methylphenol, and
k4 £ it is unaffected by the isotopic labeling of the substrate.

The equations fok.a/K4—mp for DO, D1, D2 and D3 are given
1/[4-methylphenol] plots i&,-wp/kea), regardiess of the [PES].  Delow (eq 2a-d), whereC = ki/k-, is the forward commitment
The values of the parametefy (= keafKx) and Ky were to catalysis factdﬁlsylf’andX: kiko/k_1 = ko/Kp. AIso. prqwded
determined for X= DO, D1, D2, or D3 by nonlinear regression ~ ar€ the same equations wh€n= 0 (k-1 > k), which is the

kip k K3p
E+sb<k:>Esbﬁ—EP =3b Brp,

1b

analysi43 using eq 17 case for the PCMH reaction with 4-methylphefbl.

lS] _ (KIS QdSl (kc_) _ Xy (2a)

F[S] 1+I[SIKy 1+ [SIK, Kijoo 1+C
Kay = X@BspC+2s+p)  X(2s+p) -

From the values dfca.{Kx, three isotopg effects on this parameter K Jo1 3(1+[s+ plC + spC°') - 3 (2b)
were calculated. This series of experiments was done four times
(Table 1). For each set of experiments, different solutions of (kcat) X(35’pC + s+ 2p) X(s* + 2sp) 20)
DO, D1, D2, D3, and PCMH were used to minimize systematic \"k /o, — 3 = 3
error. TheP3(k.afK4—mp) isotope effect (weighted average6.63 3(1+S°C +spC+spC)
+ 0.08) is the same as determined eaffeBy direct inspection Keat stp 2
of these values, it is not possible to discern the values of the Koz~ m:Z Xsp (2d)

true intrinsic primary andr-secondary isotope effects.

Scheme 2 presents the model used to derive the equations
necessary to extract the intrinsic primary and secondary effects.
In the scheme, a substrate subscript represents one of the thre
methyl hydrogens/deuteriums that can be removed; that is, for
D1, S, denotes substrate that binds with one of the hydrogens
positioned to be removed, 8enotes substrate that binds with
the other hydrogen positioned to be removed, apdehotes
substrate that is positioned for removal of deuterium. While

isotope effects on binding of substrate have been reported, it is d ol . v 1 in 10 000 i d
unlikely that the effect will be significant for a compound with and precisely to approximately 1 part in In order to
determine the values of these parameters.

a labeled methyl group. Thus, it was assumed that there are no .
Yl group The same procedure used to derive eg@avas invoked to

isotope effects for substrate binding or reletistherefore, for deri 3a-d. which ts fofH i " fless th
DO, Kia = Kip = ki = ki, Koa = Kop = koo = ko, andkag = kap erive eq 3a-d, which corrects fofH incorporation of less than

= kee = ks. Sincek_1 > k, for PCMH 1 even if the methy 100% in the labeled 4-methylphenols.
group rotates when bound at the active site of PCMH (i.e5, ES

(See the Experimental Procedures section for details of the
ethod used to derive the expressions in equation sefs)2
ith C > 0, it seemed that it would be possible to solve these
four equations fofS (the intrinsica-secondary effecty 1/s, P
(the intrinsic primary effecty= 1/p, andC. Unfortunately, the
solutions for each of these parameters are transcendental
functions. Simulations (unpublished results) indicate that the
variousk:a/Ks—mp Values would need to be measured accurately

= ES, = ES = ES), the resulting equations are unchanged (@t) _ (3a)
(assuming no isotope effect for rotation). (This is not true if K /oo

k-1 < ky, i.e., if the substrate were sticky.) For Kk = kop =

(skz andkye = (p)kz, wherekz, andkyp, are rate constants for (kc_at) = X(3[1 — 0.986]+ 0.986[ + p]) -

steps when'H is removed,ky. is the rate constant fofH K /b1 3

removal, andk; is the rate constant for removal &f from X(3[1 — 0.986]+ 0.986[25+ 1/P])
unlabeled 4-methylphenol. As a result, the change in magnitude 3 (3b)
of the values of steady-state parameters will be due to an

intermolecular isotope effect. The constasts 1/Sandp = Keat ~ X([1 —0.993][Z+ p] + 0.993[5Z +sp)

1/P, whereSandP are the intrinsic secondanydeuterium and K o2 3 -
intrinsic primary deuterium isotope effects, respectively. Simi- _

larly, for D2, kos = koy = (Spke (°H removed) andke = (ks X([L — 0.993][26+ 1/P] + 0.993[1F" + 2SR (30)
(*H removed). Thus, the observed effect is a combination of 3

inter- and intramolecular isotope effects. The rate constants for _

D3 areky, = kop = ko = (s?p)kz, purely an intermolecular effect. (kc—at) = X[ 0'974][52 +osgf 3(0'974)[;2p]) =

This analysis also assumes that the rule of geometric mean K /o3 3

holds: knnn/korn = Knrp/Korp = Knpp/kopp andkupn/knmp = X([1 — 0.974][1F + 2/SA + 3(0.974)8P) (3d)

(17) Northrop, D. B.Anal. Biochem1983 132, 457-461. 3

(18) Northrop, D. B. Insotope Effects on Enzyme Catalyzed Reactions
Cleland, W. W., O’'Leary, M. H., Northrop, D. B., Eds.; University Park (29) Northrop, D. B. IrEnzyme Mechanisms from Isotope Effe€isok,
Press: Baltimore, MD, 1977; pp 12452. P. F., Ed.; CRC Press: Boca Raton, FL, 1991; pp-1312.




Table 1. Values of kalKs)ox® P(keafKs), and Intrinsic Primary®) and Secondarygj Deuterium Isotope Effects for 4-Methylphenol and 4-Ethylphenol

(kealKs)ox (uM ™1 s71)

4-methylphenol KealKs)oo® (KealKs)p1 (KealKs)p2 (KealKs)ps Pl(kealKs) P2(kealKs) P3(kealKs) S P
setl 8.06+ 0.20 5.71+0.14 3.63+0.21 1.144-0.04 1.414+0.05 2.22+0.14 7.09+ 0.30 0.98&+ 0.029 7.52+ 0.35
set 2 8.06+ 0.17 5.73+ 0.07 3.75+ 0.06 1.32+0.01 1.41+ 0.03 2.03+0.06 6.11+0.14 0.960+ 0.037 6.44+ 0.25
set3 8.06+ 0.31 5.45+ 0.08 3.21+ 0.03 1.194+0.01 1.484+0.06 2.51+0.10 6.79+ 0.27 1.039+ 0.011 6.71+£ 0.09
set4 8.06+ 0.08 5.52+ 0.12 3.63+0.12 1.164+ 0.02 1.464+ 0.03 2.22+ 0.08 6.95+ 0.13 1.000+ 0.049 7.2 0.50
weighted a® 1.44+0.02 2.18+ 0.04 6.63+ 0.08 1.013+ 0.014 6.71+£ 0.08
(KealKs)ox (uM 1 s71)
4-ethylphenol  KealKo)uob  (KealKg)r b (KealKs)s o (KealKs)rs-b (KealKs)o2 RD(kealKs) S7D(kealKs) RSD(kealKs) P2(kealKs) P A
setl 70.0£ 2.4 44.8+ 2.3 47.0+£0.8 44,14+ 0.7 13.7+0.1 1.594+ 0.06 1.49+ 0.06 1.56+ 0.10 5.094+0.18 0.9274+ 0.060 5.96+ 0.16 0.844 0.07
0.894+ 0.078 6.18+ 0.26 ¥
set 2 70.0+ 1.1 46.7+ 1.0 40.3+0.3 13.0£0.2 1.73:0.03 1.50+:0.04 1.70£0.07 5.36+0.31 0.967440.027 6.03:0.16 0.76+0.03
1.0304+ 0.121 5.61+0.71 ¥
set3 70.0+ 0.2 39.8+ 0.3 45.7+ 0.6 40.0+£ 0.3 12.4+ 0.2 1.75+ 0.01 1.55+ 0.02 1.76+ 0.01 5.62+ 0.08 1.020+ 0.055 5.99+ 0.83 0.82+ 0.14
1.0414 0.062 5.86+ 0.89 ¥
set4 70.0+ 0.9 36.3+ 0.3 46.4+ 0.5 40.6+ 1.2 11.5+0.2 1.724+ 0.05 1.564+ 0.03 1.93+ 0.03 6.10+ 0.11 1.158+ 0.197 571+1.11 0.51+ 0.28
1.1094+ 0.216 5.97+ 1.33 ¥
weighted a% 1.74+0.01 1.544+ 0.02 1.77+0.01 5.69+ 0.06 0.967 0.021 5.98+ 0.12 0.78+ 0.02
0.996+ 0.044 6.09+ 0.23 ¥

666T ‘G 'ON ‘TZT '[OA “90S "WwayD "Wy ‘T 8985

aThere was an approximately 10% variability in the valueskef/Ks)ox between sets, although the relative values of these in each set were nearly identical, as reflected in the ratioBkvalkies,
in this table. However, this variability does not affect the nonlinear least-squares analysis, since only data with one set are used t8, €3lelnd#e The variability is due to using different enzyme
preparations over the span of several years. (Also notekli#ts = ko/Kp.) ° To correct for the variability, the values di:{/Ks)ox for a set were normalized to a constant valuekef/Ks)no. ¢ The weighted
average was calculated frop{P(kea/Ks)/o?)/(3 1/6?) and the error fromY 1/0% -2, whereo are the errors in the tablé Assumed values of.
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Scheme 3 T T T T T

mew 0 H;C O
3 u 3 R S
1-(4'-hydroxyphenyl)-
ethanol
-2H' - 2¢
Hg
HiC_ & H H3C H
| +H,0
| /kl' OH OH
-2H - 2¢ 4-hydroxyaceto-
H,C. H phenone
\kA
OH (6] !

4-ethylphenol quinone methide
OH
4-vinylphenol

The numbers 0.986, 0.993, and 0.974, respectively, are the o.loo z_loo 4_1,0 G_Lo 8';0 10.00
fractions ofa-d; in the D1 compoundy-d; in the D2 compound, Time (min)

and a-d; in the D3 compound. Pairs of thedga/Ks—wp
equations can be solved f8andP; however, rather than solve

for the parameters in this manner, we determined the values

for Sand P by adapting a nonlinear least-squares analysis the samples were chromatographed on a Pirkle type-1-A HPLC
program to solve the four equations simultaneotidigr each column: n-hexane/2-propanol, 97:3; flow rate, 1 mL/min; 254 nm
separate set &¢a/Ks-wp values given in Table 1. This resulted  getection. The peak at 4.7 min in the lower chromatogram is due to
in four values ofSandP, which are also provided in Table 1.  trace 4-ethylphenol.
The final values ofS and P were determined by weighted
averaging of the four values of each (see footnote to Table 1). enzyme, KCN to minimize enzyme inhibition by PMS, and
The final values ar&= 1.013+ 0.014 and® = 6.71+ 0.08.  catalase. The reaction was carried out at pH 9.5, with shaking
If oxidation of 4-methylphenol proceeds via a hydride in ajr for 2 h inorder to maximize the concentration of dissolved
elimination me_cham_sm, thep-quinone _methlde will form in 0., a necessity for oxidation of reduced PMS. Catalase destroys
the same step in which theC—H bond is broken. Also, ifthe .0, formed in the oxidation of reduced PM&Unfortunately,
reaction has a late transition state and if this mechanism is reallyie resulting 1-(4-hydroxyphenyl)ethanol required extensive
operating, then on progressing from the ground state to the pyrification to remove the other components of the mixture and
transition state, there might be a change in the force constantsyase-catalyzed breakdown products of PMBhis and the high
for the C-H bonds at the 2, 3, 5, and 6 positions, and oxidation pH of the reaction mixture caused concern about the stereo-
of 4-methyl(2,3,5,6H,)phenol would show an isotope effect.  chemical outcome of the experiment; therefore, a new method
The measureda/Ks-up isotope effect for 4-methyl(2,3,5,6-  \yas devised to recycle oxidized enzyme at pH 7.6. The new
?Hg)phenol was determined to be 1.0810.022. _ procedure required far fewer manipulations to obtain pure
~ Reaction of 4-Ethylphenol with PCMH. Unlike the oxida-  jcohol formed by enzymic oxidation of 4-ethylphenol. For this
tion of 4-methylphenol by PCMH, the reaction of the enzyme ethod, substrate-reduced PCMH was oxidized by horse heart
with 4-ethylphenol is more complex. First, in contrast to an early cytochromec at low ionic strength, and the resulting reduced
observatiort’ oxidation of 4-ethylphenol produces not only 1-(4-  ¢ytochrome was reoxidized by bovine cytochromexidase.
hydroxyphenyl)ethanol but also 4-vinylpherfblAdditionally, The reaction was stirred in air, and reduced cytochrome oxidase
there are three distinct and potentially stereoselective steps iny a5 oxidized by conversion of Qo H,O. After the reaction
the oxidation of 4-ethylphenol to 4-hydroxyacetophenone 55 quenched with (NBbSOs, protein was removed by
(Scheme 3): (Lremoval of thepro-R or pro-Shydrogen from ultrafiltration, and 4-ethylphenol and its reaction products were
4-ethylphenol; (2 addition of water to thee or si side of the  jsplated by HPLC. In early experiments, the 1-(4-hydroxphenyl)-
p-quinone methide; and ®xidation ofR- or S-1-(4-hydroxy- ethanol obtained in this manner was acetylated in order to
phenyl)eth_ano_l. In an early stud$,it was determined that separate thR-andSisomers on a Pirkle column (Figure 2223
PCMH oxidation of 4-ethylphenol produces 66%1-(4- Several repeat experiments gave similar results. It was estimated
hydroxyphenyl)ethanol and 34% of tligisomer [32% enan-  hat the product alcohol was97% Sisomer & 94% ee). In
tiomeric excess (ee) of tt@isomer]. While millimolar amounts  5re recent experiments, underivatized alcohol samples were
of the alcohol were formed from-34 mM 4-ethylphenol, only chromatographed on a Chiracel colu#h# (data not shown;

micromolar amounts of the alcohol were converted to 4-hy- gee Figure 5 for separation Bf andSisomers on the Chiracel
droxyacetophenone. Thus, the low enantiomeric excess of thecqiymn), and the results were the same as for the Pirkle column
Sisomer cannot be the result of preferential oxidation of the analyses.

S-alcohol to ketone by PCMH. In the previous work, the alcohol
was generated in a reaction mixture that contained PCMH,  (22) Pirkle, W. H.; Finn, J. MJ. Org. Chem1981, 46, 2935-2938.
4-ethylphenol, PMS (phenazine methosulfate) to reoxidize the 46‘(123) Kasai, M.; Froussios, C.; Ziffer, H. Org. Chem1983 48, 459~

Absorbance (254 nm)

Figure 1. Stereochemical analysis of racemic, diacetylated 1-(4-
hydroxyphenyl)ethanol (top chromatogram) and the diacetylated alcohol
formed on enzymic oxidation of 4-ethylphenol (lower chromatogram).

(20) Sherril, D. C.; Tucker, E. EAm. Lab.1983,15, 78—85. (24) Technical Brochure No. 3 (Chiralcel); Diacel (USA), Inc., Los
(21) Mcintire, W. S.; Bohmont, C. InFlavins and Flaoproteins Angeles, CA.
Edmondson, D. E., McCormick, D. B., Eds.; Walter de Gruyter: Berlin (25) Okamoto, Y.; Aburatani, R.; Hatada, &.Chromatogr1987,389,
and New York, 1987; pp 677686. 95-102.



5870 J. Am. Chem. Soc., Vol. 121, No. 25, 1999 Mclntire et al.

TIME (min)
0.00 4.00 8.00 12.00 16.00 20.00
| | i i {

A S N
(OH H.
30

To o

W
T7

OH . OH

HaC

C

ABSORBANCE

: i
! |
~ —0.015
= |
£ |
g |
= > I
£ w l
< T 0.010 |
-
0 o~ —_
z 2 2
T > E
a
%, =L o
; o —0.005 2=
= ry o
w a et
o I LiJ
) <
(&)
| | | 3
2.0 0.0 < - o.000
0 60 120 . 180 240

TIME (min)
Figure 2. (A) HPLC separation of 4-ethylphenol and its enzymic oxidation products. The reaction of 4-ethylphenol (3 mM) with PCMH was
carried out in 10 mM Tris-HCI, pH 7.6, = 0.01, in the presence of the reoxidizing substrate, horse heart cytoclerorhe various phenolic
compounds were isolated as described in the Experimental Procedures section. Shown is a chromatogram of a sample of the reaction mixture that
had incubated at room temperature for 8 h. A Hypersil ODB8j-0.46-x 25-cm column was used: 10% (v/v) MeOH®ifor 3 min, then from
10 to 40% (v/v) MeOH/HO in 12 min; 2 mL/min flow rate; 280 nm detection; 20 injected. (B) Time course for oxidation of 4-ethylphenol by
PCMH (see above for conditions). At various times over a 240-min period, samples were removed and processed as described in the Experimental
Procedures section. HPLC analyses of small aliquots for each time-point sample were done as described above. Concentrations were determined
by integrating the peak areas and relating these to the areas of the corresponding peaks of HPLC pnsaiples containing known concentrations
of 4-ethylphenol, 4-vinylphenol, 1-(4-hydroxyphenyl)ethanol, and 4-hydroxyacetophenone. Plots: 4-ethy@H{ibhxis); 1-(4-hydroxyphenyl)-
ethanol,a (close right axis; label, ALCOHOL); 4-vinylphendll (close right axis); 4-hydroxyacetophenorefar right axis; label, KETONE).

In addition to 1-(4-hydroxyphenyl)ethanol and 4-hydroxac- The time course for formation of the various products from
etophenone, a third product of enzymic oxidation of 4-ethylphe- enzymic oxidation of 4-ethylphenol is shown in Figure 2B. For
nol was detected by reversed-phase HPLC (Figure?2Ahe the reaction of PCMH with 4-(2-propyl)phenol or A-propyl)-
third product was shown to be 4-vinylphenol. After purification, phenol, the correspondingcarbinols andr-alkene formed, but
the material was methylated with diazomethane and shown tonot the a-carbonyls (it is not possible for 4-(2-propyl)phenol
have the same U¥visible spectrum and reversed-phase HPLC to form the carbonyl). On enzymic oxidation of 5-indanol and
properties as commercial 4-vinylanis8feMass spectral analy-  6-hydroxytetralin, correspondingrcarbinolsa-carbonyls, and
ses confirmed that 4-vinylphenol had been produced (vide infra). a-alkenes formed*
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Two observations are apparent from Figure 2B. First, T T T T T
4-ethylphenol is not completely consumed in the reaction. Even 2406 A -
after 24 h, the relative amounts of each component are little e -~ 0.50
changed from those measured at 240 min in Figure 2A. Second,
the ratio of [4-vinylphenol] and [1-(4-hydroxyphenyl)ethanol]
formed on oxidation of 4-ethylphenol is the same at each time
point. To understand the first observation, assays were carried
out with an oxygen electrode. In an assay with cytochrame
oxidase, 4Q:M horse heart cytochromg 1.34 mM 4-ethylphe-
nol, and 14ug/mL of PCMH, the initial rate was 2.Bmol of
0, min~I mg?, and the reaction leveled off after about 45 min,
when ~0.20 umol of O)J/mL was consumed (at 25C,
air-saturated buffer contains 0.2@nol/mL of O,%9). Inclusion
of 0.1 mM 1-(4-hydroxyphenyl)ethanol or 4-hydroxyacetophe-
none had little effect on the initial rate or the leveling off.
However, inclusion of 0.5 mM 4-vinylphenol reduced the initial
rate dramatically. Preincubation of PCMH with 4-ethylphenol,
1-(4-hydroxyphenyl)ethanol, or 4-hydroxyacetophenone made A
no difference. PCMH was not irreversibly inhibited because
addition of saturating [4-methylphenol] to the mixture, after O
consumption ceased, gave a return gfddnsumption at a rate
slightly lower than that seen when only 4-methylphenol was 1.80 5
present as substrate. It was concluded that 4-vinylphenol was TIME (h)
acting as a good competitive inhibitor for the 4-ethylphenol
(Ks—ep = 2.6 mM) reaction but a poor inhibitor for the Figyre 3. (A T_ime course for the anaerobic re'c_lction of 2.4 mM
4-methylphenol K ve = 16 4M) reaction: i.e., it was assumed 4-VInyIphen0I Wlth reduced PCMH (see th.e Exp'erlmental Erocedures
that, for 4-vinylphenol, 16uM < K; = Kp < 2.6 mM. section for details). The plot for the change in [4-vinylphenol] is denoted

. . . by @ (left axis), and the plot for the change in [1-(4-hydroxyphenyl)-
Subsequent steady-state kinetic experiments proved that 4'V"ethamol] is indicated by (right axis; label, Alcohol). (B, Inset) Time

nylphenol was a competitive inhibitor for 4-ethylphenol. The cqyrses for the anaerobic reaction of 1-(4-hydroxyphenyl)ethanol with

Ki value was determined to be 9437.2 uM. reduced PCMH. The plot displays the increase in [4-vinylphenol]. The
With regard to the second observation from Figure 2B (the change in [1-(4-hydroxyphenyl)ethanol] was too small to be measured

constant ratio [1-(4-hydroxyphenyl)ethanol]/[4-vinylphenol] at  reliably.

all time points), two explanations are can be advanced\{lb ] - ) ] )

independent, competing pathways lead from 4-ethylphenol to i the partition ratio. However, this woulo! not be Fhe case if

4-vinylphenol and 1-(4-hydroxyphenyl)ethanol, respectively. In f[he two products formed from a common intermediate (step Il

2.20

o
I=1

[Alcohol] (MM} ------

[4-Vinylphenol] (mM)
[4-vinylphenol] (M)

0.00

0 5 10 20 25 30

this case, ratio of the rates (partition ratio) of formation of the I Scheme 3).

two products will bevy/vp = { (kealK)d[Sal} { (keal K)o/[St]} , even To help distinguish between the two mechanisms, PCMH was
when 4-vinylphenol product inhibition is occurrid§SinceS, anaerobically incubated with 4-vinylphenol or 1-(4-hydroxy-
and S, are both 4-ethylphenol, them/vn = (Keal K)ol (KealK)b. phenyl)ethanol. Figure 3A shows the results of an experiment

Thus, the partition ratio is independent of [4-ethylphenol). (2 Where 2.4 mM 4-vinylphenol was incubated with reduced
4-Vinylphenol and 1-(4-hydroxyphenyl)ethanol are formed from PCMH. It is apparent that a very slow conversion of 4-vi-
a common intermediate, i.e., tipequinone methide in Scheme nylphenol to 1-(4-hydroxyphenyl)ethanol occurred. No such

3. For this situation, the partition ratiokgk; (Scheme 3), which ~ conversion of 4-vinylphenol resulted when PCMH was absent,
is also independent of [4-ethylphenol]. or when oxidized PCMH was present. The second control

reaction was done under aerobic conditions in the presence of
cytochromec and cytochromes oxidase so that any reduced
PCMH would be quickly reoxidized.

2 Figure 3B presents the results of an experiment in which 3.4
mM 1-(4-hydroxyphenyl)ethanol is incubated with reduced
PCMH. In this case, there is a very slow formation of very low
amounts of 4-vinylphenol. 4-Vinylphenol was not formed when
PCMH was excluded. These observations could be rationalized
with the parallel pathway mechanism only if 4-vinylphenol and
1-(4-hydroxyphenyl)ethanol can be converted to 4-ethylphenol
by reduced PCMH. In the reaction mixture containing only 1-(4-
hydroxyphenyl)ethanol dt= 0, reoxidation of reduced PCMH

by this compound would produce 4-ethylphenol. Since 1-(4-
hydroxyphenyl)ethanol is present in such large excess, all of
the newly oxidized PCMH would be reduced by the alcohol,
forming 4-hydroxyacetophenone. Thus, it is expected that
equimolar amounts of 4-ethylphenol and 4-hydroxyacetophe-
(26) Estabrook, R, WMethods Enzymoll967, 10, 41—47. none and very low levels of 4-vinylphenol would be seen.

(27) Cornish-Bowden, AFundamentals of Enzyme Kinetid3ortland Additiona!ly, slow reoxidation of reduceq enzyme by trace
Press: London, 1995; pp 164310. oxygen did not take place to an appreciable extent, because

Ratios of [1-(4-hydroxyphenyl)ethanol]/[4-vinylphenol] were
determined from HPLC experiments at various times in the
reaction of 4-ethylphenol with PCMH (see Figure 2), and then
these were averaged for each experiment. For 3.23, 1.62, 0.64
and 0.10 mM initial concentrations of 4-ethylphenol, averaged
ratios, PR1, were 2.1+ 0.08, 1.96+ 0.04, 1.96+ 0.05, and
2.05 + 0.09, all equivalent within experimental error. These
results support either the parallel[1] pathway or the branched-
[2] pathway mechanism. In a similar manner, the partition ratios
for 4-(1',1'-2Hy)ethylphenol and 4-(2',2-2Hz)ethylphenol were
determined to be 2.53 0.05 (PR2) and 4.0%- 0.13 (PR3),
respectively. If the parallel pathway mechanism were operating,
and the mechanism in each path were similar, it might be
expected that the ratios for 4-ethylphenol, 44%°Hy)-
ethylphenol, and 4-(2',2'-2Hz)ethylphenol would be similar;
i.e., the isotope effects in each path are similar and would cancel
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oxidized enzyme formed in this manner would be reduced by
excess 1-(4-hydroxyphenyl)ethanol to form 4-hydroxyacetophe-
none. Almost no 4-hydroxyacetophenone, and no 4-ethylphenal,
was detected in the reaction mixture after 50 h. It is concluded
that 4-vinylphenol and 1-(4-hydroxyphenyl)ethanol interconvert
through the putativep-quinone methide intermediate. This
provides prima facie evidence that these two compounds are
formed by enzymic oxidation of 4-ethylphenol via the branched
pathway mechanism; i.e., 4-ethylphenol is converted to the
p-quinone methide, which can either be hydrated to form 1-(4-
hydroxyphenyl)ethanol or tautomerized to 4-vinylphenol (Scheme
3).

Deuterium Isotope Effects in the Reaction of 4-Ethylphe-
nol with PCMH. Using the mechanism in Scheme 3 and
making some assumptions, it is possible to extract intrinsic
deuterium isotope effects on steps | and Il in the scheme. With
4-(1',1'-?H,)ethylphenol as substrate, theequinone methide
intermediate will bea-deuterated. The rate of conversion of
this intermediate to 4-(#H;)vinylphenol «-q4) should be
similar to the that foro-hydrogenated material since the
a-carbon sp hybridization is maintain in the conversion (i.e.,
Kio—d ~ kig—n). On the other hand, conversion pfquinone
methide to 1-(4-hydroxyphenyl)ethanol involves a change from
Sp? to sp hybridization at thex-carbon and should result in an
inverse o-deuterium isotope effect (i.ekq—g > kig—n). The
values for the pertinent partition ratios are PRI q—n/Kiio—n
= 2.11 + 0.08 and PR2= kjq—g/kijq—¢ = 2.53 + 0.05 (see
previous section). Thug,—nkiq—g = Pkiq &~ PR1/PR2= 0.83
+ 0.04. This is the intrinsic secondan+deuterium isotope
effect for step I.

When 4-(2,2',2-?Hg)ethylphenol is the substrate, {hemethyl
group of thep-quinone methide is fully deuterated. For step I,
a large primary isotope is expected becauge-tD is lost. On
the other hand, in step I, the rate would be decreased for the
deuterated intermediate due to a secongadguterium isotope
effect. The secondary effect would result from hyperconjugation
of the deuterons with an-carbonium centet It is expected
that the electron-releasing ability of tpenydroxyl group would
minimize the carbonium ion character of thecarbon, thus
minimizing the isotope effect. This argument has been used to
explain thefS-deuterium isotope effects observed in the sol-
volysis of parasubstituted 1-phenylethyl chloridéThe isotope
effect decreased with the electron-releasing ability of the
aromatic substituent, with 1-(4-methoxyphenyl)(2,2:2)ethyl
chloride having the lowest effectK = 1.133). The low value
was explained by a decreased “conjugative demand gf+€id
bond” due to the resonance contribution of structuré® 1.

/o—<: >—<+ — —
HsC CH CH

Structure 1
(Compare structure 1 with the-quinone methide structure in
Scheme 3.) Since the conjugative effect gi-hydroxyl group
is greater than that of @-methoxy group, the3-deuterium
isotope effect for the-quinone methide intermediate in the
PCMH reaction could be lower than 1.13. If we assume that

+
O

/

;¢

-

3 3

(28) Melander, L.; Saunders: W. HReactions Rates of Isotopic
Molecules John Wiley & Sons: New York, 1980.

(29) Shiner, V. L. Inlsotope Effects in Chemical Reactio@llins, C.
J., Bowman, N. S., Eds.; Van Nostrand Reinhold: New York, 1970; Chapter
2, pp 90-159.
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Figure 4. Possible stereo-orientations of 4-ethylphenol at the active
site of PCMH. Hypothetical reactions A and B indicate precise
orientations of the €H bond being cleaved: Reaction pro-SC—H
bond cleaved; reaction Bro-RC—H bond cleaved. Reaction C depicts
the direction of attack by ¥/HO™ at thesi side of PCMH-bound
p-quinone methide intermediate, to produce the correct pro@4tt,
(4-hydroxyphenyl)ethanol. Reaction D is a cartoon of an orientation
where the CHgroup is more or less fixed in the active site; i.e.,4LH

In this orientation, there is a nearly equal probability thatghe R or
pro-SC—H bond will be cleaved. X represents the group to which the
hydrogen is transferred, presumably FAD.

the -deuterium isotope effect for step | in Scheme 3~
(i.e., kip-a = kig—n), then the primary effect for step Il is PR3/
PR1= (kig—d/kiip—d)/(Kig—n/Kiis—n) = Kip—n/Kiip—a = Pkipg = 1.92

+ 0.10. In contrast, if we assume a value of 1.3 as a maximum
of the secondarg-effect (the maximum measured for solvolysis
of substituted 1-phenylethyl chloride¥)thenPk, s ~ 1.92/(1.3)

~ 1.5.

In a prior study, the intrinsic isotope effects for the oxidation
of 4-(1,1'-2Hy)ethylphenol by PCMH were found to be 5.21
0.20 EP(keafKm), steady-state kinetic parameters] and 4494
0.19 &Pk from stopped-flow kinetic studied}.However, as
with 4-methylphenol, this effect results from participation of
the intrinsic primary and intrinsic secondarydeuterium effects.

To isolate these two effects, the following compounds were used
as substrates in steady-state kinetic experiments: 4-ethylphenol,
R-(+)-4-(1-?H;)ethylphenol S{—)-4-(1'-?H,)ethylphenol R, S-
(£)-4-(1'-2Hy)ethylphenol, and 4-(11'-2Hy)ethylphenol. The
kinetic measurements were done by varying [4-ethylphenol] and
using 0.592 mM PES in 50 mM Tris-HCI, pH 7.6= 0.05 at

25 °C. Steady-state kinetic parameters were measured in four
independent experiments. To minimize systematic errors, dif-
ferent substrate and PCMH solutions were used in each set of
experiments. Since the 4-ethylphenol/PES reaction obeyed ping-
pong-type kinetic behavior, accurate measuremerks,&€s—ep

at a single [PES] were obtained, aRtkca/Ks—ep) = Pkintrinsic
because the commitment to catalysis factrjs zerol4 The
isotope effects for the four experiments are provided in Table
1. Surprisingly, all thex-monodeuterated ethylphenols, regard-
less of stereochemical nature, gave nearly identical isotope
effects. This can only be rationalized by assuming that H/D in
the R- and Spositions have an almost equal chance of being
removed; that is, the reaction is not very stereoselective. If the
H/D being removed at thex-position must be precisely
positioned, then two binding orientations for 4-ethylphenol can
be envisioned as depicted in A and B in Figure 4. Both
orientations would have a nearly equal probability of existing.
The resultingp-quinone methides for each would have opposite
orientations; however, this conflicts with the fact tra®7%
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Scheme 4

k k
ESg —2—=EP —-=FE +P

i

E+S

ok
i

ESg —-=EP —2» E'+P

of S-1-(4-hydroxyphenyl)ethanol is formed; i.e.,,G/HO~
always attacks at thsi face of theo-carbon of thep-quinone
methide in the active site of PCMH (reaction C, Figure 4). Itis
proposed that the GHyroup is fixed, and the €Hr and C-Hs
bonds are cleaved with nearly equal propensity, resulting in
transfer of either H to the same group in PCMH (reaction D,
Figure 4).

Scheme 4 presents the mechanism that was invoked to deriv

equations folkea/K for 4-(1',1'-2Hy)ethylphenol R-4-(1'-2H,)-
ethylphenol,S4-(1'-2H;)ethylphenol, andR,S4-(1'-2H;)ethyl-

phenol. The scheme presents two paths, one proceeding with

removal of thepro-Rhydrogen (E&) and the other with removal

of the pro-Shydrogen (E§). It is assumed there is no isotope
effect on binding. The most general situation presumes dif-
ferential binding for 4-ethylphenol when either tReor SC—H
bond is cleaved. The difference in binding and dissociation for
the two branches is provided yandy. It is also assumed
that the rates of cleavage of the twe-8 bonds are different
(k2 vs €kp). E'P represents an equivalent (or nearly equivalent)
enzymep-quinone methide species for each path. From the
scheme, the following expressions were derivedkigiK for
4-ethylphenol (H2), 4-(11'-?Hp)ethylphenol (D2)R-4-(1'-?H,)-
ethylphenol (R)S4-(1-?H,)ethylphenol (S), an&,S4-(1-?H,)-
ethylphenol (RS), and assumii)= ky/k_; = 0:14

kcat) XA+ (el)C+AL+C)
(Y 2 1+ (e)O)@A+C) X1+ A) (4a)

[
[, me e 9 e

(kc?at)R,sD = {COMPLEX} = w “d
(R e

In these equations, the paramefg=0de/y) is a partition ratio,
which is equal to Kx/Kp)d(ko/Kp)r = (Keal K)o/ (KealK)r, Since
ko/Kp = keafK for 4-ethylphenol, ang = 1/P ands = 1/S
whereP andSare the intrinsic primary deuterium isotope effect
and the secondarg-deuterium isotope effect, respectively.

J. Am. Chem. Soc., Vol. 121, No. 25, 19883

(I%”“)H2 = X(L+A) (5a)
(%“)R_D = X(l + o.%‘{é— 1+084% - é)] + A[l +

0.967(% 1+ 0.83{%— F% )]) (5b)

Kea 1 1

(?‘)&D = X(l + 0.98:{§— 1] + A[l +0.9842 - )])
(5¢)

Keat X1+ A)0.971[15+ 1P — 2] + 2)

(Y)R,S—D B 2 (50)

.-

X(1+ A)([1 — 0.965][15+ 1/P] + 2(0.965)(15P)
2

(Se)

(See the Experimental Procedures section for the method used
to derive these equations.) In these equations, 0.967, 0.983,
0.971, and 0.965, respectively, are the fractions of dhe
derivative inR-D, SD, andR,SD and the fraction of thel,
derivative in D2. In eq 5b, 0.83 is the fraction of tReD in the
“R-isomer”. These fivek.{K values were measured in four
separate experiments (Table 1). For each set, the valugs of
P, andA were determined using the same nonlinear regression
analysis used for the 4-methylphenol case. The final values of
these parameters are the weighted averages of the four values
given in Table 1. These average values@re 0.967+ 0.021,

P =5.98+ 0.12, andA = 0.784+ 0.02. The analysis was redone
assumingA = 1. In this case, the weighted average valueS of
andP are 0.996+ 0.044 and 6.09t 0.23, respectively.

In the above analysis, it was assumed that the value$ of
were identical and the values & were identical for both
branches in Scheme 4. Alternatively, it can be assumed that
the values ofS are different and the values &fare different.
Nonlinear least-squares analyses with the appropriate equations
failed to converge to a minimum sum-of-squared residuals,
regardless of the initial estimates of the parameters.

Oxidation of 1-(4-Hydroxyphenyl)ethanol by PCMH. As
previously reported, PCMH can oxidize 1-(4-hydroxyphenyl)-
ethanol to 4-hydroxyacetophenofé>2lincubation of PCMH
with racemic 1-(4-hydroxyphenyl)ethanol, and analysis of the
chemical (reversed-phase HPLC) and stereochemical (HPLC
analysis of the remaining alcohol with a Pirkle column) nature
of the reaction mixture as a function of time, indicated that the
Sisomer was preferentially oxidized to thHisomer?! More
recently, this reaction was monitored using the Chiracel OB
column rather than the Pirkle column. The results of the analysis
are shown in Figure 5. Figure 5A shows the separation of the
R-andS-isomers that is achieved on the Chiracel column. Figure
5B present the progress curves for the reaction. Notice that the
total [1-(4-hydroxyphenyl)ethanol] an&f1-(4-hydroxyphenyl)-
ethanol] converge after prolonged reaction time. Also shown

Further, it is assumed that the ground states and transition statefn Figure 5B is a plot of ee (%) as a function of time. The data
for the two pathways are essentially the same; thus, for both in this figure were analyzed using the equatior RVRy"™1 +

paths, values of are the same, and valuesPfare the same.

R (see the Experimental Procedures section for derivation),

These equations can be modified to incorporate corrections forwhereT is the concentration of the total remaining alcot®l,
less than 100% deuterium content and stereochemical purityis the concentration of the remainifgisomer,Ry is the initial

(“Sdsomer” is assumed to 100% and ‘R-isomer” is assumed

R-isomer concentration, antd= (KcalKm)d/(kcal Km)wr, the ratio

to be 83%R, based on the optical rotation experiments; see the of k../Km for the S- and Risomers. The parameter can be

Experimental Procedures section):

thought of as a partition or selectivity ratio for the isomers. This
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L faster than th&-somer. Data obtained using the Pirkle column

S R provided values oh = 1.57 + 0.02 and 1.45t 0.03 for the
oxidation of initially racemic 1-(4-hydroxyphenyl)ethanol and
1.39+ 0.04 for oxidation of initially racemic 1-(4-hydroxyphe-
nyl)(1-2Hj)ethanol. Since binding of these alcohols to PCMH
was very slow and rate limiting, it was not possible to determine
the isotope effects from steady-state data.

A

Discussion

Herein we describe a new, quick, and convenient method for
extracting intrinsic primary and intrinsic-secondary deuterium
isotope effects fronk.o/K values determined from steady-state
kinetic measurements using unlabeled and mono-, di-, and
trideuteriomethyl analogues of 4-methylphenol, or using unla-
beled and mono- and dideuteriomethylene derivatives of 4-eth-
ylphenol. These analyses can only be done if the commitment
to catalysis factorC (=ko/k-1) is very small compared to the
intrinsic isotope effects. To determine the effect a finite
commitment to catalysis would have on the value®@hdS,
calculations were carried out with assumed, small value&s. of

i — The equations in equation set 4 (4-ethylphenol) were written to
00 100 200 300 include a constant value & from 0 to 0.4. For each value of
Time (min) . . . . )

C, nonlinear least-squares analysis of the equations in this set
was carried out as if the assumpti@h= 0 were valid. This
analysis provided new values §fP, andA. The results showed
that apparent values &fandSincreased by about-34% asC
increased from 0 to 0.2 (data not shown). Earlier, it was reported
that theP(k.o/K) value for 4-gHs)methylphenol and the value
Pk, (the intrinsic effect) determined by stopped-flow measure-
ments were identicadl* As a result, we believ€ is very small,
and likely smaller than 0.2. However, even a valu€afs high
as 0.2 would not significantly alter conclusions drawn from an
interpretation of the values &andP. A similar analysis was
done for 4-methylphenol isotope effects, and the conclusion
concerning the impact of is the same.

4-Methylphenol Oxidation by PCMH. Analysis of the
steady-state kinetic data provided values of the intrinsic primary
(P) and intrinsic secondang[ a-deuterium isotope effects for
4-methylphenol: P = 6.71 + 0.08 andS = 1.013+ 0.014.
Ours is not the first report of the concurrent determination of
primary anda-secondary deuterium isotope effects. Intra-/
0.00 . 1 . L — 0.0 intermolecular isotope effect studies of the oxidation of methyl

0 500 1000 groups of toluene® and n-octane by cytochrome P-430nd

Time (min) oxidation of the methyl group of 4-methylanisole by chloro-

Figure 5. (A) HPLC separation of the remaining- and S-1-(4- peroxidasé have also provided primary amdsecondary kinetic
hydroxyphenyl)ethanol during a reaction started by mixing racemic iSotope effects. For these studies, products were isolated,
alcohol and PCMH. Chromatography of eactuls-sample was ~ derivatized, and analyzed by mass spectrometry. In contrast,
accomplished on a Chiracel OB column with 1 mL/min flow rate, using the method reported herein involved direct spectrophotometric
92:8 (v/v) n-hexane/2-propanol, and 280 nm detection. Shown are steady-state assays. The procedure requires neither extraction
chromatograms of the alcohol extracted from the reaction mixture at nor derivatization and makes use of a good recording-UV
=0, 5, and 22 h (top to bottom), respectively. The increases in yjsible spectrophotometer of the type available in biochemistry
magpnitude of artifact peaks at retention times 3.5 and 12.8 min are a |aporatories, and individual assays can be done in a few minutes.
result of increased detector sensitivity, which was required since To our knowledge, ours is the first study to concurrently

progressively less material was extracted as the reaction proceeded,

Graph B presents the time course for the reaction. The solid lines FietermlneS and P via a direct steady-state kinetic method

Absorbance (280 nm)

4.004

3.00

2,004

1.00

[1-(4"-hydroxyphenyl)ethanol] (mM)
Enantiomeric Excess of R-isomer (%) - - - -

represent the remaining concentrationsRefand S-1-(4-hydroxyphe- involving inter-/intramolecularly labeled substrates.

nyl)ethanol @) and of R-1-(4-hydroxyphenyl)ethanol+), and the The value ofP for 4-methylphenol is in the range expected
dashed line represents the remaining % enantiomeric excess (ee) ofor a semiclassical primary isotope effect, which suggests, but
the Riisomer @). does not prove, that tunneling is absent during H/D trans-

_ . . . fer 2283031 Sjgnificant tunneling could inflate the value of
equation was fit by nonlinear regression witlas the dependent
variable,R as the independent variable, a@Rglas constant. The (30) Kresge, A. J. Inisotope Effects on Enzyme Catalyzed Reactions
analysis provideah = 1.50 + 0.01. This value indicates that, ~Cleland, W. W., O'Leary, M. H., Northrop, D. B., Eds.; University Park

. . . Press: Baltimore, MD, 1977; pp 363.
when theR4isomer andSisomer are presented to PCMH in (31) Sihnel, J.; Schowen, R. I. lEnzyme Mechanisms from Isotope
equimolar concentrations, ti&isomer is oxidized 1.5 times  Effects Cook, P. F., Ed.; CRC Press: Boca Raton, FL, 1991; g3
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In the absence of tunneling, the large primary effect also

suggests a symmetrical transition stdt&n a-secondary effect CH,

of ~1 implies that significant tunneling, accompanied by

coupled motion for the leaving and remaining H/D, does not

take place. Significant coupled motion plus tunneling would Structure 2
increase the secondary effect and would decrease the primary

effect? Interestingly, the calculated semiclassical primary isotope (

effect for the reaction ECH,CH,Cl + HO™ — CCH=CH, + 0

CI™ + H20 increased from 5.03 to 7.07 when tunneling was for a late transition statéy:33 Further, secondarg-deuterium
included for a symmetrical transition stéfewhereas the  Kinetic isotope effects of 1.131.30 were reported for solvolysis
a-secondary effect changed little (from 1.048 to 1.053). As of meta- and paraubstituted 1-phenylethyl chlorides. The lack
progressively more coupled motion was added to the model in of significant variability of the effect with substitution suggested
the absence of tunneling, the semiclassical primary effect that the “tightness of binding of the-deuterium in the transition
decreased significantly. The corresponding effect with tunneling state is independent of the electrophilicity of the resulting
varied somewhat but tended to increase. On the other hand, thesarbonium ion”. Further, “...the-deuterium effect is nearly
semiclassicalo-secondary effect did not change much as constant even though the amount of transition state double bond
coupled motion increased in the absence of tunneling, but it character must increase appreciably between 1-phenylethyl
increased significantly for the tunneling model as coupling chloride and 1-(4-methoxyphenyl)ethyl chlorid®(see struc-
increased (from 1.03 to 1.27).For PCMH, several scenarios tyre 1). If the proposed mechanism is operating for PCMH, a
present themselves: )J(Ja symmetrical transition state with  small secondary-deuterium effect could indicate an early
modest tunneling but no coupled motion) @transition state  transition state; however, the magnitude of the primary effect
with coupled motion without tunneling; and)(& mechanism  suggests a rather symmetrical transition state, although, as
with an early transition state without coupled motion but with mentioned earlier, an early transition state with tunneling could
significant tunneling. result in a large primary and small secondary effect.

One way to detect H/D tunneling is to meas@andP at A mechanism involving proton transfer followed by electron
various temperatures. The Arrhenius equations for the H- andtransfer is ruled out because of the higkamf the a-C—H.
D-labeled substrates are kaf = In(Ay) + Ea/(RT) and Inkp) The K, of the methyl group of toluene is 2853 or 54 (in
= In(Ap) + Ead/(RT), whereA is the Arrhenius prefactor and  acetonitrile), and the i, of p-methylanisole is 55 (in acetoni-

Ea is the activation energy. Without tunneling,; = Ap, and trile).3> The resonance effect of thpOH/O~ would raise the
plots of Inky) vs LT and Inkp) vs 1/T should intersect the — pK,.

ordinate at the same poititUnfortunately, the useful temper- Alternative mechanisms involve substrate-based radical for-
ature range for PCMH is very narrow. Whité(keafKs—mp) (7.03 mation. In one version, Hs generated by homolytic cleavage

+ 0.41) is apparently equal to the intrinsic effedli; at 25°C of ana-C—H bond of the methyl group, leaving an3sgarbon-

and pH 7.6), at 6°C, P3(keafKs—mp) = 3.43 &+ 0.15 is centered radical. (While carbon-centered radicals can have either
considerably lower than the measured intrinsic effect (05  sp? or s hybridization3® for the substrates used in this study,
0.22) at this temperatufé.At 6 °C, C = ko/k_y = 1.49 is this is not very feasible, unless the enzyme environs at the active
considerably greater than 1. Additionally, PCMH is unstable site enforce an $pstructure.) Little change in hybridization

the primary effect out of the semiclassical rang > 7—10. \
N

above 35°C. Therefore, the feasible temperature rangekigf would result in a low intrinsiax-secondary deuterium isotope
Ks—mp measurements would be 235 °C, a range that is too  effect.

narrow for long extrapolation to I/= 0 for In(k) vs 1/T plots. Another variation of a radical mechanism assumes rapid
Another way to determine if tunneling is present requires electron abstraction frorrOH or —O~ of 4-methylphenol to
measurement ofkfafKs—mp)n/(Keal Ka—vp)T and &ealKa—mp)o/ leave a “stable” phenoxy radical. This is followed by slow

(keaf Ka—wp)T (SUbSCript T represents tritiurd)Obviously, it is explusion of M from the methyl group (Scheme 5). This radical
not practical (or very safe) to carry out spectrophotometric mechanism is untenable if the observation is valid that electron
steady-state assays with tritium-labeled substrates. transfer from FAD to heme in PCMH is much faster than any
The original hypothetical mechanism for PCMH required bond-breaking steps. The first electron removed (step 1, Scheme
heterolytic cleavage of a-€H bond of the methyl group, with ~ 5) will convert FAD to semiquinone radical, but, presumably,
H~ as the leaving group. This mechanism was formulated the electron will very rapidly transfer to heme. As a result, the
because the-hydroxy group would facilitate H expulsion, rate of heme reduction will not be coupleddeC—H/D bond
particularly if 4-methylphenol were bound in the phenolate form. breakage and will not be sensitive to isotopic substitution. This
The negative charge could be destabilized by other negativeis contrary to the observation that the rate of heme reduction in
charges of PCMH in the vicinity of phenolate oxygen, or by PCMH, apparently, fully reflects the isotope effétThus, if
the charged oxygen localized in a hydrophobic environment. this radical mechanism is operating, homolytic cleavage of the
Either or both of these conditions would force electron density a-C—H/D bond must occur before electron transfer from FAD
on the phenolate oxygen into the benzene ring of 4-methylphe-to heme and be rate limiting.
nol, with concomitant weakening of the methyt-& bond, thus The driving force for removal of a single electron from
facilitating H- elimination (structure 2). This would result in  substrate by FAD is not apparent. Electron transfer from FAD
formation of thep-quinone methide (see Scheme 1). In this (33) Anderson, V. E. IfEnzyme Mechanisms from Isotope EffeCmok,
mechanism, there would be a change fromtes? hybridiza- P. F., Ed.; CRC Press: Boca Raton, FL, 1991; pp-3857.
tion at the benzylic carbon. Equilibrium isotope effects for _ (34) Reutov, O. A; Beletskaya, I. P.; Butin, K. @H-Acids Pergamon
analogous E2 eliminations indicate that a maximal secondary Pr?gz') gﬁq"‘vgﬂl_‘;’éﬁﬁ;‘, D.: Wayner, . D. MJ. Am. Chem. Sod989,
o-deuterium isotope effect of 1.32.20 is expected (values 111 754-755.

(36) Nonhebel, D. C.; Tedder, J. M.; Walton, J.Radicals Cambridge
(32) Saunders, W. Hl. Am. Chem. S0d.985 107, 164-169. University Press: Cambridge, England, 1979.
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Scheme 5
(\
H2C/ " HZCjH CH,
(\ +He
1 e

O

o o,) (o)

.

to heme in the absence of substrate is quite fast, at 20¥' s
However, the electron tunnels throughdBonds and “jumps”
2.96 A in its journey from flavin to the heme iron of the
cytochrome subunit of PCMEP As a result, there must exist a
large thermodynamic driving force for electron transfer from
flavin to heme. Therefore, the one-electi®si for FAD bound

to PCMH is expected to be much lower tha248 mV, the
potential for the hemé& On the other hand, the one-electron
reduction potential at pH 7.0 for the 4-methylphenol radical is
+870 mV#° Thus, it seems unlikely that FAD could extract a
single electron from the substrate. In addition, as discussed
elsewheré! protein-bound ground-state flavin does not have
the reactivity for H abstraction. Such an abstraction could be
accomplished by another reactive group, X, on the enzyme,
which has a homolytic XH bond dissociation energy greater
than that for 4-methylphenol (86 kcal/mol, gas ph&8djhis
group could be an amino acid-based radical. However, there is
absolutely no evidence for this type radical in PCMH (e.g.,

electron spin resonance measurements). Finally, the 4-meth-

ylphenol dissociation energy quoted above is for theHObond
of 4-methylphenol. It is expected that tikeC—H homolytic
bond dissociation energy will be larger.

Last, mechanisms involving a covalent FAD/substrate were
considered. For one such mechanism (Figure 6A), rather than
direct formation ofp-quinone methide, the negative charge on

Mclntire et al.
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the para oxygen of the substrate is forced into to the benzeneFigure 6. Possible mechanisms for oxidation of 4-methylphenol

ring, which enforces a direct and rapid nucleophilic attack on
FAD by the ring carbon at the 4-position of 4-methylphenol.
The attack can be at the 4a-position of the isoalloxazine ring
(see Figure 6) or the N5-position, resulting in a cyclohexadi-
enone-FAD intermediate. This step is followed by slow, base-
catalyzed abstraction of substrateproton, with concerted
scission of the cyclohexadienonBAD bond. This reaction
yields thep-quinone methide intermediate and two-electron-
reduced FAD. Note that, in this mechanism, the rate-determining
heterolytica-C—H/D bond cleavage would be reflected in the
rapid reduction of heme by two-electron-reduced FAD. A
variation of this mechanism involves rapid attack of FAD by
the phenolate oxygen (Figure 6B), followed by slowproton
abstraction, concerted oxygeRAD bond cleavage, which
results in fregp-quinone methide.

4-Ethylphenol Oxidation by PCMH. For this reaction, a
large intrinsic primary deuterium isotope effect was found (5.98
+ 0.12, or 6.09+ 0.23 whenA was set equal to 1), again
suggesting a rather symmetrical transition state. The intrinsic

(37) Bhattacharyya, A.; Tollin, G.; Mcintire, W. S.; Singer, T. P.
Biochem. J1985,228 337—345.

(38) Kim, J.; Fuller, J. H.; Kuusk, V.; Cunan, L.; Chen, Z.-w.; Mathews,
F. S.; Mclntire, W. SJ. Biol. Chem 1995,270, 31202-31209.

(39) Hopper, D. JFEBS Lett 1983,161, 100-102.

(40) Lind, J.; Shen, X.; Eriksen, T. E.; Marg, G. J. Am. Chem. Soc.
1990,112 479-482.

(41) Walker, M. C.; Edmondon, D. BBiochemistry1994 33, 7088-
7098.

involving covalent flavin-substrate intermediates.

secondaryo-deuterium isotope effect was 0.967 0.021, or
0.996+ 0.044 wherA was set equal to 1. Because the primary
and secondary effects are similar to those found for the
4-methylphenol/PCMH reaction, mechanistic arguments similar
to those presented for 4-methylphenol can be advanced.

In our analysis of the steady-state kinetic results, it was
assumed that values &ffor both branches of the reaction in
Scheme 4 were the same, and this was also true for the values
of Sfor both branches. Additionally, it was assumed that each
branch has different rate constants for substrate binding and
dissociation and catalysis. With these assumptions, it was
possible to extract the andSfrom the data. It was impossible
to determine values oP and S, assuming these values are
different for the two paths of Scheme 4, regardless of any
assumption concerning the relative rates of substrate binding
and dissociation, and catalysis. It is possible that the true intrinsic
primary and secondary effects are somewhat different for each
path.

It is interesting that the stereochemistry of the products of
each branch are identical becausd00% of ()-S-1-(4-
hydroxyphenyl)ethanol is formed; i.e., tipequinone methide
is always attacked by #/HO~ on thesi side of thea-carbon.

This suggests that the transition states for both paths of Scheme
4 are the same or nearly so and suggests that the binding of
4-ethylphenol is essentially the same for both paths (see Figure
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4, reaction D). If this is true, then there is a nearly equal using a 5am Ultrasphere-ODS (octadecylsilyl-derivatized silica gel)
probability for removal of thepro-R or pro-S hydrogen of =~ 0.46- x 25-cm column (column 1) (Beckman Instruments, Inc.,

4-ethylphenol A, the flux ratio for theSisomerR-isomer paths ~ Fullerton, CA), a Spherex 8m, C-18, 0.46-x 7.5-cm column (column
= 0.78). 2), or a Hypersil 33m, ODS, 0.46-x 7.5-cm column (column 3)

. . (Phenomenex, Torrance, CA). A Beckman Instruments, Inc. model 332
It may be more accurate to think of the PCMH chemical gradient liquid chromatography system and a Kratos Analytical

mechanism in terms of a nonspeCIﬁ(-_:hydrogen “eXpIUS'On"_ Instrument Spectroflow 757 detector (Ramsey, NJ) were used. Unless
from the substrate, rather than a specific hydrogen “abstraction”. gtherwise stated, the flow rate was 1 mL/min, and effluents were
If the phenolate forms of 4-methylphenol and 4-ethylphenol bind monitored at 254 or 280 nm; and (C) mass spectral analyses done at
to PCMH, then the negative charge on the substrate oxygenthe Mass Spectrometry Facility at the University of California, San
would be destabilized if its immediate environment is hydro- Francisco. All reported melting points and boiling points are uncor-
phobic and/or there is a strong unfavorable electrostatic inter- rected.

action. The unfavorable interaction would be minimized by  Purifications. The A form of PCMH was isolated frorR. putida
forcing the negative charge into the benzene ring of substrate,N.C.I.M.B. 9869 by a published methd#Cytochromec oxidase was
thereby increasing its quinonoid character and necessarilypuriﬁed from beef heart mitochondria to the red/green split stage.
weakening am-C—H bond. Eventually, there is an indiscrimi- 4-Ethylphenol was purified as described earliet was pure as
nant explusion of H, and the closest electrophilic center [e.g., iudged by NMR and HPLC{z = 7.22 min (100%, column 1, 0/

the N5position of enzyme-bound FAD] would be the recipient CH:CN, 1:1, v/v) and 1.84 min (100%, column 3.®/CHCN, 3:2,

of H-. In fact, as the €H bond weakens, the reaction will be vIv). Mass spectrumnvz (relative intensities) 122 (M 40) 107 (100),
facilitated by increasing interaction between the increading 77 (20),

on the hydrogen and th&+ of an electrophilic center of the 4-Methylphenol and 4-methyl(2,3,5%)phenol were purified by
flavin subliming twice under 0.1 mmHg at 232 °C. Mass spectral analysis

i . ) . of deuterium content for 4-methyl(2,3,58z)phenol: 94.79%6H,, 4.8%
PCMH optimally oxidizes 4-methylphenol; therefore, it can 21y, 0.4962H,, and 0.20#H,, which translated to a total of 98.5 atom

be envisioned that binding of 4-ethylphenol in the active site o,2H. Both samples were deemed pure by HPEG: 5.2 min (100%,
of the enzyme involves less than optimal steric interactions. This column 1, HO/CHCN, 1:1, v/v) and 1.33 min for 4-methylphenol
is reflected inKp values for 4-methylphenol (1& 3 M) and (100%, column 3, HO/CHLCN, 3:2, v/v). For 4-methylphendf:NMR
for 4-ethylphenol (2.17 0.38 mM). Possible “steric strain”  (C2HCls) 0 2.2 (s, 2.9, CH), 6.16 (s, 1.0, OH), 6.7 and 7.0 (2d, 4.0,
could be relieved in the 4-ethylphenol transition state, and the Ar—H); mass spectrurmvz (relative intensities) 108 (M 96), 107
relief could be greater in reactions withsecondary €D. This (100), 91 (7.1), 90 (8.7), 79 (15.7), 78 (6.3), 77 (27.4).
greater relief is due to the shorter effective length of theDC Purifications of other substrates are described with the syntheses
bond relative to the €H bond and leads to lowering &42 presented in the following sections. Syntheses dHk)(nethylanisole,
Similarly, it can be argued that steric interactions allow 4-CHz2methylanisole, and 44i;)methylanisole, similar to those used
deuterated 4-ethylphenol slightly closer approach to FAD and/ " the Sy”rt]h‘lesr‘fs o{f}(b)rr;ethglphey;ola 4?"2)?§thylphen°|' and
or other catalytic groups than the nondeuterated form in a highly 4-CHymethylphenok’ are also ,els‘:” ed elsewnere.
structured, crowded active site. This would result in slighty 4 HzMethylphenol and 4-(1,1'-*Ho)ethylphenol. The syntheses
more favorable interaction(s) in the isotopically sensitive step. &€ described elsewhete.The samples were purified by twice
o . . subliming. The samples were pure by HPLC analyses:H4H
!f this is true, then th_e u_nderlymg assumption that there are no methylphenolR = 5.33 min (100%, column 1, $/CHCN, 1:1, viv)
isotope effects for binding may be incorrect. The magnitudes andtz = 1.29 min (100%, column 3, ¥D/CHCN, 3:2, VIv); 4-(L,1-
of errors forKq values measured by stopped-flow for 4-eth-  21y,)ethyiphenol R = 7.19 min (100%, column 1, #/CHCN, 1:1),
ylphenot precludes the determination of small isotope effects t.= 4.82 min (100%, column 2, #/CHCN, 7:3, v/v) and 1.88 min

for binding. (100%, column 3, KD/CHCN, 3:2, v/v). NMR: 4-EHz)methylphenol
(C?HCly), 6 6.27 (s, 1.1, OH), 7.08 (2d, 4.0, Ar-H), 2.23 5{,CH),
Experimental Procedures estimated methyl hydrogen content, 0.6%; 43(#H,)ethylphenol (&

HCls), 8 1.20 (s, 2.9, Ch), 6.45 (s, 1.0, OH), 7.13 (dd, 4.0 Ar-H);2
Materials. 4-Methylphenol (99-%, gold label), 4-ethylphenol (multiplet, #HCH-), estimated methylene hydrogen content,2%.
(97%), 4-hydroxyactophenone (99%), 4-methoxybenzyl alcohol (98%), Mass spectranvz (relative intensities), 42H;)methylphenol, 111 (M,
4-vinylanisole (97%), deuterium chloride (37% solution i) 99 100), 110 (57), 109 (47.5), 94 (3.8), 93 (6.2), 92 (4.9), 83 (5.9), 82
atom % D, gold label), and LiAlldwere from Aldrich Chemical Co. (12.4), 81 (6.6), 80 (5.9); 4-(1'->Hy)ethylphenol, 124 (M, 40), 109
(St. Louis, MO). Other materials and sources were as follow: 4-anisate (100), 79 (10), 78 (10). Mass spectral analysis of deuterium content:
methyl ester, Eastman Kodak Co. (Rochester, N¥}O (99.8 atom 4-(Hz)methylphenol, 97.4%H3, 2.3%2H,, 0.1%°%H, and 0.2%'Hs,
% 2H), Stohler/KOR Stable Isotopes (Cambridge, MA); L34} (99 for a total of 98.9 atom %H; 4-(1',1'-?H,)ethylphenol, 96.5%6H,,
atom %?H) , KOR Isotopes (Cambridge, MA); dls)methyl sulfoxide 3.3%2H;, and 0.2%'Hs, which translated to a total of 98.2 atom %

(99.5 atom 9¢H), Diaprep, Inc. (Atlanta, GA); 4-methyl(2,3,5%t,)- 2H.

phenol (98.6 atom 9%H), tetramethylsilane, and’8Cl; (99.8 atom 4-(Hz)Methylphenol. 4-Methoxy(1,1'-2H,)benzyl chloride was
% 2H), Merck & Co. (Rahway, NJ); horse heart cytochroméype synthesized, as reported earfiéy first reducing 4-anisate methyl
VI), CH3CH,0%H (99.5+ atom %2H), CH;O?H (99.5+ atom %2H), ester with LiAPH4 and then chlorinating the resulting 4-methoxy[’t

phenazine methosulfate (PMS), and phenazine ethosulfate (PES), Sigmap,)henzyl alcohol with thionyl chloride. The identity and purity of
Chemical Co. (St. Louis, MO); sodium 2,6-dichlorophenol indophenol  the alcohol and chloride were determined by NMR2H,Methylanisole
(DCIP), General Biochemicals (Chagrin Falls, OH). Solvents for high- 55 prepared by slow addition of 8.0 g (50.4 mmol) of the chloride to
pressure liquid chromatography (HPLC) were HPLC grade. All other g solution of 3.4 g of LiAlH, in 100 mL of dry tetrahdyrofuran over a
chemical were of reagent grade. period of 1 h. The reaction mixture was refluxed under dry Ar during
Analytical Methods. Substrates purities were checked by (&) the addition period, and refluxing continued for another 3.4 h. Thin-

NMR using a Varian EM-360 spectrometer at room temperature layer chromatography of a quenched aliquot of the reaction mixture
(chemical shiftsp, in ppm relative to tetramethylsilane); (B) HPLC

(43) Koerber, S. C.; Mcintire, W. S.; Bohmont, C.; Singer, T. P.
(42) Van Hook, W. A.lsotope Effects in Chemical Reactioi@ollins, Biochemistry1985 24, 5276-5280.

C. J,, Bowman, N. S., Eds.; Van Nostrand Reinhold: New York, 1979; (44) Wharton, D. C.; Tzagloff, AMethods Enzymoll967, 10, 245-

Chapter 1, pp £89. 250.
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indicated that the reaction had gone to completion. With stirring, 5 g
of NagsPO,-12H,0 was very slowly added to the cooled mixture over
a 45-min period. The mixture was stirred overnight at room temperature,
then the thick gray slurry was dried in a rotary evaporator at@5
and 20 mmHg, and finally 300 mL of 4@ was added. The aqueous
phase was extracted three times with £200 mL of CHC}. The
CHCI; solution was dried over anhydrous Mg&énd filtered, and
solvent was removed under reduced pressure. Yield: 6.0 g (48.4 mmol
96.0%) of a light yellow liquid.

The methyl ether of 42H;)methylanisole was cleaved with HBr
(49% in water) as described earlier for the synthesis ofH4){
methylphenol* From 5.3 g of the anisole, 2.5 g of a;)methylphenol
and 2.4 g of 44H;)methylanisole were recovered by the following
procedure. The HBr solution was cooled, made alkaline (pH114)
with NaOH, and extracted three times with 200 mL of CE@ixtract

’

1). The aqueous phase was adjusted to pH 7 with HCI, and the extraction
procedure was repeated (extract 2). Extract 1 was back-extracted three

times with HO and adjusted to pH 12 with NaOH, the aqueous phase
was neutralized with HCI and re-extracted three times with GHCI
(extract 3), and the combined organic phase was dried as before. Fina
extract 1 contained 44;)methylanisole and trace amounts of2#H)-
methylphenol. Combined extracts 2 and 3 contained crudiig-(
methylphenol. 44H,)Methylphenol was purified in the same manner
as 4-fHz)methylphenok* NMR (C?HCl3): 6 2.17 (m, 1.0, GH,H),

6.02 (s, 1.2, OH), 6.70 and 6.96 (dd, 4.0, Ar-H). HPL&: = 1.28

min (100%, column 3, BD/CH;CN, 3:2, v/v). The material was further
purified by sublimation as described above for 4-methylphenol. Mass
spectral analysis of deuterium content: 99.3% and 0.7%?H,, for

a total of 99.7 atom %H.

4-(°H;)Methylphenol. Eight grams (0.051 mol) of the 4-methoxy-
benzyl chloride was reduced with Li#,, as described above for the
synthesis of 44H,)methoxyanisole using LiAlld The yield was nearly
quantitative. Pure 42(d;)methylphenol was obtained from 3H()-
methylanisole as described in the previous section for the synthesis of
4-(2Hy)methylphenol. NMR (@HCl3): 6 2.20 (t, 2.0, CHH,), 6.11 (s,
1.3, OH), 6.68 and 6.96 (2d, 4.0, Ar-H). HPL& = 1.31 min (100%,
column 3, HO/CHCN, 3:2, v/v). The material was further purified
by sublimation as described earlier for 4-methylphenol. Mass spectral
analysis of deuterium content: 98.6%4.

4-(2,2,2-?H3)Ethylphenol. The 2-hydrogens of 4-hydroxyac-
etophenone were exchanged by acid-catalyzed—-&tol tautomer-
ization. Six grams of 4-hydroxyacetophenone (0.176 mol exchangeable
hydrogens; three from thé-2arbon, one from the phenolic hydroxyl
group) was dissolved in 10 mL of GB?H, 4 mL of 2H,0, and 200
uL of 35%2HCI in 2H,0 and incubated at 4660 °C for 16 h, protected
from atmospheric moisture. The liquid was removed by evaporation
under reduced pressure, and the process was repeated four more time:
This was followed by two more exchange steps using 10 mL of-CH
CH,0?H and 0.4 mL of 35%¢#HCI in 2H,O. To remove all traces of
2HClI, the sample was dissolved in 5 mL of gEH,O?H, and the solvent
immediately evaporated. This step was repeated. The remaining soli
was then dissolved in 20 mL of GBH,OH to exchange deuterons at

d

Mclntire et al.

was further purified by sublimation as described for 4-ethylphenol. Mass
spectral analysis of deuterium content in fhposition: 95.7%Hs,
4.1%2H,, and 0.2%?H;, which corresponds to 98.5 atom .

4-Vinylphenol. Its synthesis was accomplished by published pro-
cedures®46 The material was pure as judged by HPLC (columtgl;
= 10.6 min; MeOH/HO, 1:9 (v/v) for 3 min then to 4:6 (v/v) in 3
min; 1 mL/min flow rate) and NMR in diHs)methyl sulfoxide® It
had the same UV spectrum as commercial 4-vinylanisole in pure
MeOH.

R,S{#%)-1-(4-Hydroxyphenyl)ethanol. Ten grams of 4-hydroxy-
acetophenone (73.5 mmol) was dissolved in 100 mL g9/30 mL of
ethanol. With stirring5 g of solid NaBH, was slowly added over a
20-min period to control foaming. After all of the NaBkvas added,
the mixture was stirred until all bubbling ceaseell(h). The pH was
adjusted to 67 with HsPQs, and the mixture extracted three times
ith 200 mL of water-saturated ethyl acetate. The solvent was removed
under reduced pressure. One hundred milliliters of dry ethyl acetate
was added to the residue, the mixture heated to boiling, and ethanol
raldded to dissolve all the solid. The solution was allowed to cool slowly
to room temperature, then to°C, and finally at—=20 °C. The resulting
crystals were filtered and washed witt20 °C ethyl acetate. The yield
of dried crystals was 3.9 g (28.3 mmol, 38.5%).

Other Substrates. The syntheses and purifications are reported
elsewherd®*’ For R{+)-1-(4-hydroxyphenyl)ethanol (alb] values,
reported in degrees, were measured at@0C = 5.00, in methanol),
[(X]D = +47.5, kl]578 = +49.7, El]545 =+ 569, El]435 = +1010,
[o]ses = +168.5; forS{—)-1-(4-hydroxyphenyl)ethanole]p 47.5,
[(1]573 = —49.5, b~]546= —56.9, h]436 = _1010, h]355 = —1684,
the R,S{+)-1-(4-hydroxyphenyl)(#H)ethanol was 99.2 atom %;
for R{(+)-1-(4-hydroxyphenyl)(#H;)ethanol (99.0 atom %H), [a]p
= +49.1, EX]573 = +51.4, EX]545 = +585, E1]436: +1037, [1]355 =
+173.4; for S(—)-1-(4-hydroxyphenyl)(#H;)ethanol (99.0 atom %
2H), [(1]0 48.8, h]573: —50.9, E’.‘L]545: —58.3, El]435= —103.6,
[o]se5 = —173.4, theR,S{+) -4-(1'-?H;)ethylphenol was 97.1 atom %
2H; for R{+)-4-(1'-?H,)ethylphenol (96.7 atom %), ([o] values were
measured at 28C; C = 25.00, in ethanol)d]o = 0.16, [o]s7s= 0.17,
[(1]545 = 020, El]435 = 037, kl]355 = 0690), fOTS-(_)-4-(l'-2H1)-
ethylphenol (98.3 atom %H for each of two preparations)p]p =
—0.247 and—0.240, p]s;s = —0.242 and—0.260, psss = —0.295
and—0.290, b]436: —0.563 and—0.505, h]365: —1.04 and—0.927.
Unfortunately, we could not devise a method, nor was one found in
the literature, for determining the exact enantiomeric purity ofRhe
or Sdisomer. For the purposes of this report, we assumed th&dthe
ethylphenol preparation with the highest optical rotation was 100%
Sdsomer, and this preparation was used for our kinetic studies. With

is assumption, we estimated the purity of Rx&somer to be 66% ee
%Znantiomeric excess). All alcohols and all 4-ethylphenols were pure
as judged by HPLC using a 50¢< 4.50-mm Hypersil 3rm ODS
column: alcohols [including th&®,S{+)-alcohol],tr = 1.7 min, 0.8
mL/min flow rate, 7:3 HO/MeOH; 4-ethylphenolstg = 1.9 min, 1
mL/min flow rate, 45:55 HO/MeOH. Optical rotations were recorded

W

the phenolic position with protons. The solvent was evaporated on a Perkin-Elmer model 141 polarimeter with a standard 1-dm,

immediately, and the procedure was repeated. The solid was completel
dried in a vacuum desiccator ovesx@. NMR analysis of the resulting
4-hydroxy(2,2,2-?Hz)acetophenone [difl)methyl sulfoxide]: 6 2.46

(s, CH:H), 6.90 and 7.86 (dd, 4.0, Ar-H), 10.32 (s, 0.9, OH); estimated
content of'H in S-position, 1.6%.

Four grams of 4-hydroxy(2',2 -?Hz)acetophenone (0.0288 mol) was
reduced via the Clemmensen reaction in3CH,OH over Zn(Hg)
amalgam using HCI* When the reaction was complete, 100 mL of
water was added, followed by addition of concentrated NaOH to
neutralize the mixture. The mixture was extracted three times with
CHCls, the combined organic phase dried with MgsSénd the solvent
removed under reduced pressure. The resulting viscous liquid was
purified by simultaneous distillation/sublimatiéhThis afforded 3.13
g of 4-ethylphenofs-d; as a white solid (25 mmol, 87% yield).
HPLC: tr = 1.84 min (column 3, WD/CH;CN, 3:2, v/v). The material

ytemperature-thermostated cell.

Steady-State and Stopped-Flow Kinetic Assays with 1-(4-Hy-
droxyphenyl)ethanols. All steady-state kinetic assays were done in
50 mM Tris-HCI, pH 7.6,1 = 0.05 (KCI), at 25°C, as described
earlier’* The electron-accepting substrate for PCMH was PES, and
the reactions were monitored at 600 nm, which measured the reduction
of DCIP (initial concentration, 9&M) by reduced PES. Assays were
initiated by addition of enzyme to cuvettes containing buffer, phenolic
substrate, and dyes.

(45) Dale, W. J.; Hennis, H. E]l. Am. Chem. Sod 958 80, 3645-
3649.

(46) Everhart, E. T.; Craig, J. Q. Chem. Soc., Perkins Trans1991
1701-1707.

(47) Everhart, E. T.; Mcintire, W. S.; Craig, J. C., manuscript in
preparation.



Isotope Effects and PCMH

Stopped-flow experiments were performed as described previ-

ously“8 The experiments were done in 50 mM Tris-HCI buffer
containingl0 mMp-glucose, pH 7.6] = 0.05 (KCI), at 25°C. The

solutions became anaerobic due to ther presence of catalase and glucose

oxidase in the buffet®

Time Course ReactionsA typical reaction mixture contained-3t
mM of the phenolic substrate, 3tM horse heart cytochromg 1 mg
of total protein/mL of the crude cytochronueoxidase, 46-70 ug/mL
of PCMH in 20-30 mL of 10 mM Tris-HCI buffer, pH 7.6 = 0.01.
At various times over the course of a reaction, 1-mL aliquots were
removed and quickly mixed with 0.15 mL of saturated @480, to
guench the reaction. (It was found that cytochroerie an excellent
electron acceptor dt < 0.01, but atl = 0.1, the reaction is halted.)
The quenched samples were centrifuged at 16000 3 min. The

proteins were separated from small molecules using Centricon-10

centrifuge filters; 30 min at 50@Dat 4 °C. The filtered liquid was
analyzed directly by HPLC; for example, /A was injected onto a
Burdick-Jackson C-18 column (04 25 cm; 5um particle size), and
the column was eluted with 2:3 (v/v) MeOH/& at a 1 mL/min flow

rate, with 254- and 280-nm detection. The chromatograms were
recorded and peaks were integrated using an Altex model C-R1A

integrator (Beckman Instruments, Inc., Fullerton, CA). For preparative

runs, 1 mL was injected onto the same column, and the appropriate
fractions were collected. The MeOH was removed from these samples

using a stream of dry, filtered NThe remaining aqueous phase was
extracted four times with 0.250.5 mL of diethyl ether. The ether was
dried with anhydrous N&O, and the solvent removed in a stream of
N,. Dried samples were taken up in 50 of dry MeOH and stored at
—70 °C. For analysis of the enantiomeric composition of the aryl
carbinols, a small volume of the sample collected directly from the
C-18 column (before MeOH evaporation and ether extraction) was
injected onto a Chiralcel OB column (cellulose tribenzoate-derivatized
macroporous silica gel, 0.4 25 cm, 5um particles; Daicel Chemical
Industries, Ltd., Japan) and eluted witthexane/2-propanol (various
mixtures from 7:1 to 19:1, v/v), with 254- and 280-nm detecfiot?.
This column gave nearly baseline separation ofRhendS- isomers

of the arylcarbinols. In early experiments, the enantiomeric composition
was determined using a Pirkle Type 1-A column (&.£25 cm, 5um
particles; Regis Chemical Co., Morton Grove, FBf3 However, for
analyses on this column, the phenolic aryl carbinols had to be
diacetylated in order to separate tReand Sisomers. Diacetylation

of the extracted and dried 1-mL aliquot samples was carried out with
0.1 mL of acetic anhydride and 0.1 mL of triethylamine at room
temperature for 2 h. The reagents were removed in a stream of.dry N
Samples were dissolved in 0.1 mLhexane, and 20L was injected
onto the Pirkle column and eluted witkhexane/2-propanol (various
ratios from 9:1 to 35:1, v/v), with 254- and 280-nm detection.

PCMH was anaerobically incubated with 4-vinylphenol or 1-(4-
hydroxyphenyl)ethanol (28C under Ar). At time zero, 30-mL reaction
mixtures contained 3.4 mM alcohol or 2.4 mM 4-vinylphenol, 0.11
uM glucose oxidase, 20g/mL catalase, 0.1 M-glucose, 8.06g/mL
PCMH in 10 mM Tris-HCI, pH 7.6. For the 4-vinylphenol reaction, at
t = 0, PCMH was reduced with a stoichiometric amount of 1-(4-
hydroxyphenyl)ethanol. At various times over a-Z8-h period,

aliquots were removed, processed, and analyzed by HPLC as described d[ES,j/dt = (1 — X)0k,[S][E] — (yk_; + €k,)[ES,3d =0

in the previous paragraph.

Oxygen Electrode AssaysAssays for the enzymic oxidation of
4-ethylphenol were done at 2% in air-saturated 0.01 M Tris-HCI
buffer, pH 7.6. The reactions were monitored with a Clark electrode
using a Gilson Oxygraph equipped with a 1.6-mL reaction ¥dlh
addition to 4-ethylphenol and PCMH, the reaction mixture contained
horse cytochrome and beef heart cytochronweoxidase (vide supra).

Derivation of Equations Used To Analyze Data Derivation of
kealK Expressions. The example presented here is for the most
complicated case, that is, fotJ-R-4-(1°H;)ethylphenol, which is 83%
R-isomer and 97.6 atom 941. The reactions and equations given below
were derived using Scheme 4 in the text.

(48) Ramsay, R. R.; Koerber, S. C.; Singer, T.Bfochemistry1987,
26, 3045-3050.
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R-*H
upper branch, Scheme 4
E-+ nyﬁ' ESdE EPT; E+P (Dremoval)
lower branch, Scheme 4
E+ nyﬁ’ ESn—_i> EPT E+ P (Hremoval)
SH
upper branch, Scheme 4
E+(1- y)xSﬁ Esﬂg EPT; E+ P (Hremoval)
lower branch, Scheme 4
E+@1- y)xSﬁ' ESdlK EPK E+ P (Dremoval)
HH
upper branch, Scheme 4
E+(1- x)Sﬁ EShZ?h; EPT; E+ P (Hremoval)

lower branch, Scheme 4

E+(1- X)S—’<—ki/k7i

ESrGE» EPE- E+ P (Hremoval)

In these reactions, it is assumed that the rate constants for binding and
catalysis are different for the upper and lower branches but the intrinsic
primary and secondary isotope effects are the same for both branches.
Therefore kog = pke, ki = Seka, konh = Sk, Kia = peka, kanz = ko, kin =

eko, ki = Okg, ki = yk_1, x = fraction of 2H in substrate (97.6 atom

%), andy = fraction R-?H isomer (83%).

d[E)/dt = —k[S][E] — Oky[S][E] + k_o[ESy] + vk_4[ES] +

K a[ESul + 7K [ESy] + K_a[ESg] + vk, [ES] +
K[EP]=0 (6)

d[ES )/dt = yxK[S][E] — (k_; + PK)[ES] =0 )
d[ESY/dt = yxok,[SI[E] — (yk_, + sck)[ES] =0  (8)

d[ES, J/dt = (1 — y)xky[S][E] — (k_; + SK)ES,] =0 (9)
d[ESJ/dt = (1 — Y)XOKy[S]E] — (vk_, + pek,)[ESy] =0 (10)
d[ES,J/dt = (1 — X)k,[S][E] — (k_; + k)[ES,] =0 (11)

(12)

d[EP]/at = pk[ES,] + esk[ES] + SK[ES; )] + epko[ES,)] +
Ko[EShal + eko[ESygl — ks[EP]=0 (13)

[Et] = [E] + [ES] + [ESy + [ES,)] + [ESy] + [ES,] +
[ESyl + [EP] (14)

Since steady-state conditions are assumed, edS8@&re set equal to
zero. These equations are a series of linear homogeneous differential
equations with regard to the enzyme species. [S] is assumed to be
constant. Of eqs613, eq 13 can be considered redundant. From eqs
6—12 and 14, matriX is constructed (ref 27, pp 7382):
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|
—ky(1 +0)[S] Kk, 7k Ky vk K4 vk ks
xyky[S] —k.1=pk 0 0 0 0 0 0
Xyoky[S] 0 —yk,—esk 0 0 0 0 0
2 — |XA=Yk(S] o 0 —k_,—sk, 0 0 0 0
X(1-y)oky[S] 0 0 0 —yk_,—pek, 0 0 0
(1-Xk[S] 0 0 0 0 —k_,;—k, 0 0
(1—X)0k,[S] 0 0 0 0 0 —vk—ek; 0
1 1 1 1 1 1 1 1
I
E ES, ES ESy ESn ESp» ESi EP
Next, a column vectow, which is the solution to each of the differential  competitive inhibitor, and with unknown inhibitor, I, the following
equations, is constructed: equations apply:
]
N
0 N; d[R]/dt = k{1 + Kg/[R](1 + [SI/K(1 + [PI/KR)(L +[1)/ K))}
0
0 Ns, d[S}/dt = k.o d{ 1+ KJ[S](1 + [SYKR)(1 + [PVKp)(1 +[I/K))}
v= 0 (Zfl)u = Nsnl
0 NSdl From these equations, d[R)/d[S] (kea/K)r[R]/{ (keal K)S[S]} (ref 27,
0 N pp 105-108), and d[R]= (kea/K)R[RI/{ (kea/K)s[S]}d[S]. Integration
0 NS” of this equation from [R]to [R] and [S} to [S] yields ([R]/[Rb)"=
E, Sha [S)/[Slo, wheren = (keal K)o/ (keaf K)r. Since the starting PCMH substrate
Nep is racemicR,S41-(4-hydroxyphenyl)ethanol, [R}= [S]o. Thus, ([R)/
[Rlo)" = [SV/[R]o = (T — [R])/[R]o, whereT is the total concentration

The steady-_state velocity i_s definedas: kiEPLs i.e., the _rate of of alcohol at any time. Rearranging this equation giVes [R]"/[R]o"*
product formation. To determine the steady-state concentrations of each 4R

enzyme species, the following procedure is performéttt)¢, where

Z lis the inverse ofZ. The resulting column vector is shown above.
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