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ABSTRACT. Galactose oxidase (GO) is a member of the family of radical-coupled copper oxidases, enzymes
containing a free radical coordinated to copper in the active site. In catalysis GO cycles between an
oxidized state (comprising Cu(ll) with a unique cysteinyl-tyrosine radical) and a reduced state (comprising
Cu(l) with the singlet cysteinyl-tyrosine) as it catalyzes the two-electron oxidation of alcohols to aldehydes
and the subsequent reduction of © H,O,. A ping-pong mechanism involving radical intermediates

has been proposed for GO catalysis. Previous steady-state kinetics studies have demonstrated a KIE of
7—8 that was attributed to substrate oxidation, a process involving the stereospecific abstraction of the
pro-S hydrogen from the 6-hydroxymethyl group of galactose. We have used rapid kinetics methods to
measure the anaerobic reduction of GO substrate & 4nd carry out enzyme-monitored turnover
experiments using 6-protio and 6-deutero substrates, bothOnadd DO. At concentrations beloWm,

the apparent second-order rate constant for protio-substrate oxidasipwas 1.59x 10* M~1s71, while

that for deuterated substrate was 76010 M~ s71, a KIE of 21.2. Steady-state measurements of
oxygen consumption at low galactose concentrations reveal an unusually large isotopekeftect(

22.5 4+ 2) for oxidation of 1©-methyl-6,6-di-[?H]-a-D-galactopyranoside, and at high galactose
concentrations, where the oxygen half-reaction is rate-limiting in catalysis, a surprisingly larg&KIE (

ko = 8 + 1) for the reduction of @to H,O,. There is no detectable solvent isotope effecb%) on any

of these measurements. This shows that there are no exchangeable protons involved in any kinetically
significant step and that the hydrogen atom removed from galactose is not lost to solvent during catalysis;
instead, it also participates in the rate-limiting step of the subsequent reaction with oxygen. At
concentrations below,, apparent second-order rate constants for protio-substrate oxidatipr (1.5

x 10* M~1s71) and Q reduction kox = 8 x 10° M~1 s71) have been estimated from measurements both

by steady-state oxygen electrode and by enzyme-monitored turnover. This is completely consistent with
the anaerobic studies mentioned above. Our results show that the enzyme is essentially fully oxidized
while in steady-state turnover, consistent with the reduction step being nearly fully rate-limiting at practical
substrate concentrations, due to the very fast reaction with physiological concentrations ©f/€rall,

the catalytic reaction is in concordance with a ping-pong mechanism. The large KIE associated with
reduction of the enzyme in all three methods appears to reflect hydrogen atom radical abstraction by the
active site tyrosine radical in the rate-determining step, in agreement with the previously proposed radical
mechanism for GO. The KIE determined at low substrate concentrations (where oxidation of substrate
is rate determining) from steady-state oxygen consumption measurements, varies from 2Z5@1.3

at 45°C, consistent with tunneling being involved in the hydrogen atom transfer step.

Galactose oxidase is the most extensively studied of areaction catalyzed by GGnvolves transfer of the equivalent
recently recognized family of redox metalloenzymes, the of dihydrogen from simple alcohols to dioxygen to form
radical copper oxidaseg)( that are found in fungi [galactose hydrogen peroxide and the product aldehyde (eq 1).
oxidase 2,3), glyoxal oxidase4,5)] and prokaryotes [where
a structural homolog, the FbfB protei)( has recently been RCH,OH + O, —~ RCHO+ H,0, @
reported]. One of the remarkable features of these enzymes
is the presence of an unusually stable tyrosine free radical Biologically, the HO, produced by the radical copper
which is coordinated to the copper and imparts to this center oxidases is thought to serve variously as a bacteriostatic agent
its distinctive optical and EPR spectra, 7). The overall or as the essential cosubstrate for peroxidabesGalactose
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these findings, a mechanism has been proposed involving
free-radical chemistry in the active sitg,17). The present
experiments were designed to test and refine the understand-
ing of the mechanism of this interesting free-radical enzyme.

MATERIALS AND METHODS

Galactose oxidase (E.C. 1.1.3.9) was purified froac-
tylium dendroidegATCC 46032) cultures (identical to the
Fusarium sppstrain NRRL 2903) as previously described
(7) and converted to the catalytically active form (AGO) by
oxidation with 50 mM kKFe(CN}, followed by desalting
over a Bio Rad Laboratories BioGel P-30 column equili-
brated with 50 mM sodium phosphate buffer, pH7y. All
spectroscopic and kinetic measurements were performed on
protein samples prepared in 50 mM sodium phosphate buffer,

Ficure 1: The active site of galactose oxidase. (Based on pH 7. For kinetic experiments, the buffers were prepared

crystallographic coordinates from PDB ID 1GOG, see i&fsl5). by weighing the components qnd dissolving them in known
volumes of HO or D,O. Protein concentration was deter-

and 10-methyl-6,6-di-[*H]-a-p-galactopyranoside, which  mined by optical absorption measurements, using the previ-
are some of the better substrates for GO, are oxidized at theously reported molar extinction coefficiend,§o = 1.05 x
6-position @). Galactose oxidase can also slowly oxidize 10° Mt cm™t (18)]. The pH dependence of the optical
the aldehydes produced in the reaction to carboxylic acids absorption spectrum of the active enzyme was investigated
(9). Galactose oxidase has an unusually broad substrateby diluting AGO in sodium phosphate buffer, recording the
tolerance for an enzyme, oxidizing a wide variety of primary absorption spectrum, and measuring the pH of the protein
alcohols to the corresponding aldehyd&y (his property solution with a calibrated Beckman combination electrode.
makes it useful in a variety of bioanalytical applicatioB% ( The stability of the active enzyme was determined by
Although the catalytic reaction involves a two-electron incubating a 0.1 mM protein solution in a quartz optical
oxidation of galactose, the presence of a free radical in the cuvette, sealed to prevent evaporation of the solvent. Optical
active site suggests a homolytic radical hydrogen transfer absorption spectra were recorded on a Varian Cary 5-UV
mechanism for substrate oxidation rather than a mechanismvis—NIR absorption spectrometer interfaced with a PC for
involving heterolytic closed shell hydride transfer chemistry data acquisition. All reagents for preparation of culture
more commonly encountered in oxidative enzymes, such asmedia and buffers were from commercial sources and were
alcohol dehydrogenase. Previous mechanistic studies haveised without purification.
demonstrated that GO stereospecifically abstractptbes Isotopic substrates were synthesized by modification of
hydrogen atom from the methylene group alpha to the previously reported procedurebs2Q. Commercial galac-
substrate hydroxyl1(0), and that there is a substantial kinetic turonic acid (25 g, 0.12 mol) was converted to a mixture of
isotope effect with galactose containing deuterium in the o- andj-anomers of 1,6-dimethyd-galacturonate ester by

6-methylene positionk(i/kp = 7.7 (for 1-O-methyl-6,6-di- refluxing for 24 h in anhydrous methanol (1.25 L) with
[?H]-3-p-galactopyranoside using a peroxidase-coupled as-methanol-washed Dowex 50 2-400 (25 g, H form) as a
say)(0), 8.7 (fromV/K,, measurements for O-methyl-6,6- catalyst (9). Thea-anomer crystallizes first from concen-

di-[?H]-a-p-galactopyranoside}()). Smaller isotope effects  trated solution. This product was isolated, recrystallized from
(3.1-3.9) have been reported for galactose oxidase turnoverethanol, and characterized by elemental analysis (Galbraith
using simpleg-haloethanols ¥2). The reactions with the  Laboratories, Knoxville, TN) (calcd. forg8140; C: 40.00%,
B-haloethanols leads to rapid enzyme inactivation by either H:6.70%; found: C: 39.95%, H:6.79%) afid NMR (300
reduction of the radical center by one electron (reversible) MHz, D;0, §): 3.27 (s, 3H,—OCH;), 3.66 (s, 3H—~OCH),
or irreversible halogenation or alkylation of the protein. A 3.71 (m, 1H, C-H), 3.79 (d, 1H, C-H), 4.18 (m, 1H, C-H),
solvent isotope effectkf,o/kp,o = 1.55) has also been 4.50 (d, 1H, CG-H), 4.76 (d, 1H, CG-H). 1-O-Methyl-6,6-
reported for the oxidation of galactose catalyzed by G8).( di-[?H]-o-p-galactopyranoside was prepared by reduction of
Current understanding of the catalytic mechanism of 1,6-dimethyl galacturonate (1.0 g, 0.0042 mol) by slow
galactose oxidase is based on both structural and biochemicahddition of a solution of4H]-NaBH, (98 atom %?H) (0.5
results. The three-dimensional structure of galactose oxidasey, 0.012 mol) to the ester in 10 mL wat&(0j. After being
is now known at high resolutioril4,15. Figure 1 shows  stirred for 10 min, the mixture was acidified to pH-3 by
the crystallographically determined environment of the dropwise addition of approximately 50 mlf @ M acetic
catalytic metal center, which includes as ligands a molecule acid, and was then purified by passing the reaction mixture

of solvent (HO), two histidine imidazoles (s and Hgy), over a column (2.5« 16 cm) containing Bio-Rad Labora-
and two tyrosinates (X2 and Ysgs). These are arranged in  tories AG 501-X8(D) mixed bed ion-exchange resin. The
approximately square pyramidal coordination withgsYat deuterated substrate was recrystallized from ethanol. The

the apex. Crystallographic analyses have revealed a uniquenonohydrate product was characterized by elemental analysis
thioether bridge between the 3-position of the Tyr-272 ring with bothH and?H evaluated adH (calcd. for GH140; C:
and Cys-228. This modified tyrosine has been shown to be 39.25%, H 7.48%; found C: 39.24%, H 7.74%) dhtiNMR
the site of the stable protein free radical that was character-(300 MHz, D,O, d): 3.23 (s, 3H,—OCH;), 3.65 (d, 1H,
ized in earlier spectroscopic studigs16. On the basis of C—H), 3.72 (s, 1H, CG-H), 3.79 (d, 1H, C-H), 4.68 (d, 1H,
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C—H). The!H NMR analysis and comparison with authentic 10
1-O-methyl-6,6-di-[*H]-a-p-galactopyranoside confirmed the
identity and anomeric purity of the product.

Rapid kinetics measurements were performed using a
Kinetic Instruments Rapid Mixing Spectrophotometer with
circulating water bath temperature control. All stopped flow <
measurements were carried out éiGl Glassware used in 5
handling enzyme samples was washed with hexane, scoured "E

£
w

M
k= 0.004 b

Ll L

10
Time (h)

with hot nitric acid, and rinsed with distilled water to remove
impurities that can reductively inactivate the enzyme.
Galactose oxidase was diluted fresh daily from samples
stored at 77 K, transferred to a glass tonometer, and made
anaerobic by pump/purge cycling with,@ee Ar before C ~_
filling the drive syringes of the rapid mixing spectropho- 0 .
tometer. Substrate solutions prepared in 10 mL syringes 400 600 800 1000 1200
were made anaerobic by bubbling with Ar gas pretreated Wavelength (nm)

with an Oxiclear @scrubbing cartridge (Labclear, Oakland, FIGURE 2: Optical spectra of galactose oxidase species and stability

CA). Enzyme-monitored turnover reactions were performed of the active enzyme. Galactose oxidase K4 in 50 mM sodium
using sample buffer equilibrated with pure gas mixed with phosphate buffer, pH 7, unless otherwise noted. (A) Redox-activated

anaerobic enzyme. Reactions in@were set up using  enzyme (- - -) in 50 mM sodium phosphate buffer, pH 5:6) {n

nzvme an r issolved wObuffer. D wer 50 mM sodium phosphate buffer, pH 7.3. (B) One-electron reduced
enzyme and substrates dissolved ute ata were inactive enzyme. (C) Substrate-reduced anaerobic enzyme, prepared

reC(_)rded and analyzed using the DOS-bas_ed Program_Aby addition of a slight excess of @-methyl{3-p-galactopyranoside
designed by Rong Chang, Chung-Jeu Chiu, and David g active enzyme under argon. The extinction coefficients shown
Ballou, University of Michigan. Analysis is based on the are based on the fraction of catalytically competent enzyme (See

Marquardt algorithm for solving differential equatiori(- Discussion). Inset: Fraction of active enzyme (in 50 mM sodium
22). Fits to enzyme-monitored turnover reactions were Phosphate buffer, pH 7) as a function of time indicatedsays

carried out using Scientist from MicroMath, Salt Lake City, . . . .
uT. g y aside from a slight sharpening of the 445 nm absorption band

at lower pH. On prolonged standing, the optical spectra
gprogressively lose intensity as a result of loss of the active
site radical. Figure 2 (inset) illustrates the kinetics of decay
of the radical in active galactose oxidase in an optical cuvette
followed by monitoring the intense visible absorption bands
(essdactive enzymel= 1.0 x 10* Mt cm™?) (Figure 2,

spectrum A) associated with the presence of the radical in

Steady-state kinetic measurements were performed usin
a YSI (Yellow Springs, OH) Clark oxygen electrode and a
high-accuracy oxygen polarograph circu®3). The tem-
perature of the reaction mixture was controlled by a
circulating water bath connected to the water-jacketed
reaction chamber. Atmosphere was excluded from the

reaction by a standard taper ground glass plug. A calibrated ; .

: : ; the protein complex. The decreasefns at room temper-
gas mixture (5.09% £in N) was obta|'ned fro.m Matheson ature is consistent with effective first-order decay of the
Gas Products. The concentration of dissolveihGolutions active enzyme, d[AGO)ii= — K[AGO] with a rate constant
equilibrated with calibrated gas mixtures was calculated k = 0.004 hl, Thus the predlicted half-life for the active
according to standard method®4). For measurement of elnzym.e in 5(') mM sodium phosphate buffer, pH 7, is

oxygen uptake k|n_et|cs at reduced @oncentratloln_s, the approximately one weeltyf, = 7.2 d) at ambient temperature
buffers, wash solutions, and substrates were equilibrated byin the absence of exogenous reductants

bubbling with the calibrated gas mixture, which was previ- Anaerobic Reduction of the Aot Enzyme.Although the

ously hydrated by sparging through water in a bubbling . . i . .
tower. To standardize the reaction conditions and to help Itizligge;agécgl_ggmei:?ltnog ;ar;?ém;;t;egar;?g{y ztfaggom_
maintain fully active enzyme, 1 mM de(CN) was active small moIeCl\J/Ies I[ilncL:qudin uh drox’ I-c\é)ntlair{in buﬁ-x
routinely included as a component of the assay mixture. : g hydroxy 9

ers such as tris(hydroxymethyl)aminomethane (Tris) and

Variation of oxygraph performance with changing reaction ) N
rates at low temperature was minimized by adjusting the N7(2-hydroxyethyl)p!pera_zme}-2-etha_nesu|fonate_ (HEPES)]
will reduce the active site, quenching the radical by one-

enzyme concentration in the reactions to give approximately electron reduction (Figure 2, spectrum B). In contrast

uniform rates for both protio- and deutero- substrates. The hvdroxvlic compounds that can serve as substrates reduce
response of the Clark electrode was calibrated for absolute y y mp .
the enzyme in a two-electron process in the absence of

rate measurements by measuring the amplitude of the oxygen Xygen, converting the active site to the colorless Cu(l) form
uptake signal in the protocatechuate dioxygenase-catalyze Figure 2, spectrum C). We have found that even stopcock

reaction of aliquot quantities of protocatechuic acid. Pro- rease. or impurities therein. can slowly reduce the enzvme
tocatechuate dioxygenase was prepared fRs@udomonas tgo the i'nactivg form ' y y
cepaciaDBO01 as described by Bull and Ballo@5). X . o
The reaction with 19-methyl-a-p-galactopyranoside is
RESULTS very fast and can be followed by rapid reaction techniques
at low temperature (Figure 3; note that the time scale is
Stability of the Actie Enzyme. The intense absorption logarithmic). Anaerobic reduction of the active enzyme by
spectra of the active enzyme are virtually unchanged betweensubstrate results primarily in a simple exponential relaxation
pH 5.6 and 7.3 in 50 mM sodium phosphate buffer solutions, from active to reduced forms, and95% of the full
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0.14 A A AL B Table 1: Observed Rate Constants and KIE for Reaction of AGO
with [H2/Dg]-gal
0.12 - solvent ky(M1s?)(x10% kM 1s?!)(x10? kako
H>0 1.58 7.49 21.1
3 0.1 N DO 1.60 7.52 21.3
§ a3 Reactions were carried out as described in the legend to Figure 3,
5 and rate constants were calculated as described in the text.
2 0.08 N
<< 1 . 015
0.06 : £
w
L 1 I ot
0.04 ———enl ool ol ©
0.001 0.1 10 2
Seconds 8 oo
Ficure 3: Reduction of active galactose oxidase by substrate. §
Anaerobic AGO was mixed with anaerobic substrate (0.5 mbj}-[H < o ! el
gal or [D;]-gal) in the stopped flow spectrophotometer thermostated 0 5 10 15 20 25
at 4°C and the reaction was monitored at 445 nm. Buffer was 50 Seconds
mM sodium phosphate, pH 7. The concentration of AGO (after Figure5: Enzyme-monitored turnover reactions. Anaerobic AGO
mixing) was 9.4uM in the [D,]-gal experiment®) and 7.7uM in (final concentrations: 1LM for [H]-gal and 11.2:M for [D]-
the [H;]-gal experiment @). gal) was mixed with 5 mM [H-gal (open circles) or 5 mM [B]-
gal (filled circles) in 50 mM sodium phosphate buffer with@as
160 P T T T T T T T T solvent at 4°C. Fits (see Discussion) to eqs 5 and 6 using the
140 - parameters in Table 2 are plotted as dotted lines.
120 1 too fast to accurately measure, even in the stopped-flow
= 100 - spectophotometer. Further analysis of the reaction of deu-
o 80 i terated substrate over a wider range of concentrations-(0.5
a8 200 mM) shows that the reduction step is saturable with a
£ oo 7 dissociation constank) of 180+ 20 mM for the formation
40 . of the initial complex (data not shown).
20 . Since protons are likely to be involved in various steps of
0 —t the mechanism, we determined the effect of replacing the
0 2 4 6 8 10 12 solvent with O in a parallel series of experiments. These

[Galactose] (mM) yielded results nearly identical to those found for the reaction
in H,O (Figure 4, Table 1), with a substrate deuterium isotope

Ficure 4: Dependence of the observed rate of reduction on _ : o .
substrate concentration for fHgal and [Dy]-gal in H,O and BO. effect (ko) = 21.3+ 2.5in D,O at 4°C and a negligible

Observed rate constants for fHyal (open squares, 40; filled normal solvent isotopeki,o/ko,o = 0.99 & 0.05) for the
circles, DO) or [D2]-gal (open circles, kD; filled triangles, RO). reaction. Thus there is no evidence for exchangeable protons

being involved in any rate-determining step of the reductive

amplitude of the visible absorption change at 445 nm is half-reaction.
associated with the reaction. Two exponentials are required Enzyme-Monitored Turner (26). To complement the
to accurately fit the entire timecourses, but the amplitudes transient state redox kinetics described above and obtain
associated with the second phases are relatively smallsome measure of the oxygen kinetics, steady-state turnover
(typically about 5% of the total amplitude at 445 nm) with  kinetics were performed by mixing the anaerobic enzyme
relatively slow decay kineticsk{ less than 10% oked and  with substrate prepared in@ontaining buffer. Under the
appear to reflect a minor component of the sample. Typical reaction conditions used in this experiment (5 mM galacto-
reaction timecourses are displayed in Figure 3 for reactions pyranoside-reducing substrate and 0.58 mjvafler mixing),
with 0.5 mM of either 10-methyl-6,6-di-[*H]-a-D-galac-  dioxygen stoichiometrically limits the number of catalytic
topyranoside ([H-gal) or 1-0-methyl-6,6-di-[°H]-a-D-ga- turnovers, while the reducing substrate limits the catalytic
lactopyranoside ([B)-gal) substrates with fD as the solvent.  rate. In this case, catalysis will proceed at a rate primarily
The use of pyranoside substrates rather than the simple sugargetermined by the kinetically limiting substrate until the
e}voids complications from anomeric equilibria in the reac- stoichiometrically limiting component (in this case)Qs
tions. exhausted. This endpoint is signaled when the active enzyme

The difference in rates associated with protio versus js reduced by the excess alcohol and loss of visible absorption
deutero substrates is emphasized dramatically in Figure 4,occurs as shown in Figure 5. The number of turnovers until
where the observed rate constants for reduction of the activeQ, is exhausted is the same for both,Jtgal and [D}]-gal,
site (obtained as described above) are plotted as a functiorand therefore the time to reach the endpoint of the reaction
of the concentration of [WMD;]-gal. These plots appear reflects directly the turnover time for protio and deutero
second order, because the[B]-gal concentrations are substrates. The durations of the reactions &C4n D,O
Kq ~ 200 mM (see below). The calculated second-order were 0.76 s for [H]-gal using 11uM AGO, and 18.0 s for
rate constants and their ratios (KIE) are given in Table 1. [D,]-gal using 11.2¢M AGO (Figure 5). The ratio of these
At higher temperatures the reaction withyJt§al becomes  times, corrected for AGO concentration, is 24.1. A similar
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Ficure 6: Dependence of the isotope effect in galactose oxidase ) )
steady-state kinetics on substrate concentration. Absolute rates'GURE 7: Temperature dependence of the isotope effect. Reactions
measured by oxygen uptake using;Jgal or [D,]-gal substrate were performed using a thermostated oxygen electrode with
were used to evaluate an effective kinetic isotope effegkg)ons solutlons_ equilibrated with atmosphere._AII reactions were in 50
for the steady-state reaction over a range of substrate concentrationd™M sodium phosphate buffer (pH 7), with final concentration of
Buffer was 50 mM sodium phosphate, pH 7.0°@. Reactions  AGO being 41 nM for [H]-gal and 810 nM for []-gal. The linear
were performed at both atmospheric [20.9%, 2600, (®)] and regression fit to the data is also shown.

reduced (5.09%, 8aM O, (O)) oxygen concentrations. Oxygen

was equilibrated with buffer solutions af@. The results are shown  reductive half-reaction must also particpate in a kinetically

together with fits to kinetic rate equations with paramebgisy, = significant step in the reaction with oxygen. At concentra-
(1k'.?/k2):x04='v5|3.5.s + (ki/kored = 22; Kot = 5.1 x 1P M7E 72, tions used in.these studies, which are mostly _beIOV\Mhe.

i ) . . ~values for either of the substrates, the point at which
analysis using kD as solvent gives a ratio of 23.8. This c¢rossover for the rate-determining step changes from reduc-
number, even with the uncertainty associated with choosingtjon to oxidation depends on the concentration of both
an end point, is very close to the KIE values determined gypstrates.
from the analysis of the anaerobic reduction reactions. The Temperature Dependence of the Isotope Effda. test
fact that GO is essentially fully oxidized during turnover \hether the KIE depends on temperature, the steady-state
indicates that the reduction of the enzyme by substrate iskinetic parameters were determined at low galactose con-
almost entirely rate-limiting in this turnover experiment. It - centration (1 mM) over the temperature range4% °C
is clear from these experiments that no solvent isotope effectmeasuring the oxygen uptake rate. The KIE was 22.5 at 4

can be discerned. o °C and decreased to approximately 13 at’@5(Figure 7).
Isotope Effects on Steady-State Kinetigg.limiting low

and high substrate concentrations, the enzyme-monitoredDISCUSSION
turnover experiments become progressively less accurate and
alternative approaches are required to measure the kinetics,
Oxygen uptake measurements have been performed unde
conditions closely paralleling the transient-state reactions,
allowing direct comparison between the results of these
experiments. A small amount of inorganic oxidant (1 mM
KsFe(CN)}) was included in these reactions to ensure
maintenance of the enzyme in the fully active form.
Hamilton and colleagues2{) have shown that at this
concentration the reduction of,@ 4 orders of magnitude
faster than reduction of ferricyanide; therefore, the observed
oxygen uptake rate is not likely to be affected by inclusion
of ferricyanide. Substrate kinetic isotope effects (KIg)/ (
ko)ohs Measured with an oxygen electrode, vary with the
substrate concentration as shown in Figure 6. At low -

substrate concentrations where the reduction step is clearly { |

rate determining in catalysis, the KIE approaches 22.5, but acofcun -vc] —= IAGO[CUI) -YC] ——» RGO[CuD -Yc] (2)
at higher substrate concentrations the KIE decreases signifi- |
cantly to a value near 8. The observed KIE is also sensitive e

to the amount of dissolved resent. Figure 6 shows that RCH,0H(2¢)

at higher oxygen concentration the curve is displaced to the

right. When [H/D;]-gal concentrations are &, (~200 where YC represents the cross-linked;XCy,s tyrosine-
mM) or higher, the reaction with oxygen becomes (partly) cysteine protein redox site. Distinct optical absorption
rate-limiting. It can be seen that at such high galactose spectra associated with these species (Figure 2) provide
concentrations, where reoxidation by 1 kinetically rate- information on the active site structure and interactions in
limiting, a significant KIE &8) remains, suggesting that there each of these forms. In particular,9¢ phenolate coordina-

is also a strong primary KIE on the oxygen half-reaction. If tion to the Cu(ll) metal center can be monitored by the
true, the hydrogen giving rise to the KIE of 22 in the presence of the low-energy NIR absorption feature near 900

Earlier studies 1,7) have shown that galactose oxidase
ccurs in three distinct redox states: (1) a redox activated
orm (AGO) containing a free-radicalCu(ll) complex that
gives rise to intense absorption bands in visibiear-IR
spectra; (2) a catalytically inactive form (IAGO) containing
Cu(ll), but no radical; and (3) an £Leactive form that is
reduced at both the radical site and the metal center and
which therefore lacks any significant visible absorption
features. Under anaerobic conditions, the reduced enzyme
can be prepared by successive one-electron steps from the
redox-activated AGO complex or directly by two-electron
reduction by reaction with substrates as shown in eq 2,

0, (2¢7)
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nm in the active enzyme [assigned to ligand-to-ligand charge The Ky determined for the anaerobic substrate reduction
transfer (LLCT) absorption in the radical comple28)] and step (180 mM with [BR]-gal) is comparable to the Michaelis
the 450 nm absorption band in the inactive enzyme [arising constant for 10-methyl{3-p-galactopyranoside derived from
from phenolate-to-Cu(ll) ligand-to-metal charge-transfer steady-state kinetic analysi&{ = 175 mM at saturating
absorption (LMCT) 17)]. The lack of pH sensitivity of the  concentration of ©(32); this indicates that at the lower
active enzyme spectrum between pH 5.6 and 7.3 demon-concentrations of [WD,]-gal used in these experiments, the
strates the unusual stability of the Cuftphenolate coor-  reaction behaves essentially bimolecularly. The low affinity
dination in this complex. The active site phenolate thus for substrate is consistent with the well-known lack of
appears to be essentially uncoupled from bulk solution proton substrate selectivity exhibited by this enzyme, which may
equilibria. A recent report that the active site of AGO titrates imply a tradeoff in the design of the active site for catalytic
with a pKa of 6.7 (29) may be the result of interactions with  speed at the expense of selectivity, or may simply reflect
hydroxylic buffers and anions. the possibility that KO, is the biologically important product
The absorptivities shown in Figure 2 are based on the and that it is advantageous to be able to use a variety of
concentration of catalytically competent .active sites rather reducing substrates as a generic source of hydrogen.
Elr'ﬁgy§§cgf|¥€§l;§Lya{ergg:;ia2\(b?sg:gt?v?t?tgflnA(ggcg?iigogfn Recent enzyme-monitored turnover kinetics studies on
galactose oxidase29) have reported kinetic constants

being 10 mM* cm™%, whereas previously, a value of 5.5 hat diff f h found h | icul
mM-1 cmr® has been reported’), The values shown in somewhat different from those found here. In particular, a
‘ reduction rate constant &feq= 1.2 x 10* M1 s71 (25°C)

Figure 2 are based on metal analysis and quantitative EPR L
X . : was reportedd9), which is somewhat lower than the value
spectroscopy of the redox-activated protein as previously

PP . : .
described 7). Consistent with this, we have determined a 1.5 x .104 M™ s (4 °C) found_ in our transient reduction
value of 10.3 mM? cm-* from enzyme-monitored turnover experiments. A normal Arrhenius factor for the temperature

experiments using the substrate stoichiometry as a calibrationdependence would predict an approximately 4-fold greater

(see below). These results support the conclusion that aLate att.thl(l':' higher tltlan;pgrature. .T_he rtisults can, thowever,
significant fraction of activated AGO is depleted in copper € partially reconciied by €xamining theé assumptions on

and does not contribute to either catalytic activity or visible which these valu.es. are based. OQur transient kineiics
absorption 7). measurement d.qis independent of the amount of enzyme

The native enzyme as isolated is a mixture of active and present, and therefore does not depend on knowing the molar

inactive forms that may be converted nearly quantitatively 2PSOrptivity of the active enzyme. In contrast, evaluation

to the radical-containing active state by treatment with mild ©f krea from the enzyme-monitored turnover experiment
oxidants such as ferricyanid@)( The protein free radical ~ requires accurate knowledge of the amount of active enzyme

in this active complex is remarkably stable (Figure 2, inset), In the sample. The total absorption changéJs, = 0.025)
quite distinct from transient biological radicals typically 'epPorted in the earlier study was interpreted in terms of
generated by radiolysis or oxidative damage. The only other "€ducing 8.7uM of active galactose oxidase. Using the
protein radical of comparable stability is the noncatalytic COrrectAe = 9450 Mt cm for reduction of AGO (Figure
tyrosine free radical in ribonucleotide reductas®,g]), 2) indicates that the a_lctual co_ncentrat_|on of active enzyme
whose stability is attributed to its isolation in the hydrophobic Was only 2.6uM, yielding a revised estimate &feq = 4 x
core of the protein. In contrast, the radical site in galactose 10' M™* s+ (25 °C) which is close to the expected value (6
oxidase lies in the active site close to the protein surface X 10° Mt s™).
(14,19, making its stability all the more remarkable. We have used enzyme-monitored turnover experiments
Previous reports of autoredox instability of the active enzyme (Figure 5) to explore the kinetic isotope effects in the steady-
(29 likely relate to reactions with buffer or with small  state turnover reaction. The experimental reaction traces for
quantities of reducing impurities in the sample preparation 5 mM [H,]-gal and [Dy]-gal in D,O are shown in Figure 5.
that serve as inactivators or as substrates. The reductionnitially, the absorbance traces indicate that during turnover
experiment (Figures 3 and 4) required scrupulous care inthe enzyme is nearly fully oxidized, implying that even
removing (or oxidizing) reducing substances on the glasswarethough the reaction with substrate is very fast, the reaction
and in the stopped-flow spectrophotometer. with O, is at least an order of magnitude faster, making the
The stability of the redox activated enzyme species has reducing substrate almost completely rate-limiting for turn-
permitted us to investigate the transient state anaerobicover. Thus the time required to complete a single catalytic
substrate reduction reaction under conditions in which both tyrnover cycle is equal to the reciprocal of the reduction rate
O, and adventitious reductants are excluded (Figures 3 andconstant k9 at a given concentration of reducing substrate
4). This reaction represents half of the catalytic turnover (for 5 mM galactose in BD, kit = 0.0125 skp 1 = 0.266
cycle and can be studied separately from the reaction of thes)_ Since [H]-gal is greatly in excess and can be considered
reduced enzyme with dioxygen. The results obtained herenearly constant during the turnover, the durati®pgf the
lead to a description of the reaction of active galactose yrnover is determined by the number of catalytic cycles
oxidase (AGO) with reducing substrate (alcohol or aldehyde, required to exhaust the stoichiometrically limiting substrate

S) leading to product (aldehyde or carboxylate, P) in a (O,). This can be calculated from eq 4 where [E] is the
process that involves initial formation of a weak collision qncentration of active enzyme:

complex within which redox occurs (eq 3):

O\ _
Kq ke === 1
AGO + S={AGO-S} — RGO-P 3) T ([E] ) e @
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of the reducing substrate. The dependence of the KIE on

Table 2: Fitted Parameters for Figuré 5 : -
substrate (S) and £can be predicted from the reciprocal

parameter [H-gal [D2]-gal KIE rate eqs 7 and 8:
Kred 1.53x 10*Mts? 6.3x 1®?M~ts?t 24.3
X 7.99x 1PM1s? 1.02x 1PM~1s?t 7.8 -1 _ -1 -1
|€<ny445 10.3 I’T)'I(Ml cmt 10.3 n1XM1 cmt (kH)obs_ (kred,}-{s]) + (kox,H[OZ]) (7)
€red,445 0.8 mMicm? 0.8 mM1icm? 1 . 1
a See text for description of how values were determined. (kD)obs: (kred,&s]) + (kox,D[OZ]) (8)

Dividing eq 8 by eq 7 and rearranging gives an expression

For 11uM active galactose oxidase and 5851 O,, 53 for the effective isotope effect:

turnover reaction cycles are required to completely consume
the dissolved oxygen, after which the enzyme becomes (Ky/Ko) (Ky/Ko)
reduced and bleaches. Neglecting the change in the reaction (Ki/Kp)ops= reds + o(x)
rate as both [H-gal and [Q] decrease (especially as JlO (krea HSD) )) (1 + ((kOXvH[ 2])))
(Kox,HO2]) (Kiea HS])

= ? 1+
becomes low), as well as any loss of activity during turnover,

the duration of the steady-state turnover phase is predicted 9)
to be 0.67 s, in reasonable agreement with the observed value
of 0.76 s. Similarly, based on the anaerobic reduction rate
constant for the deuterated JBgal substrate, a duration of
14 s is predicted for the turnover phase compared to the 18
s observed. The ratio, (18 s)/(0.76 s) gives an apparent full
KIE (ku/kp = 24) from these enzyme-monitored turnover
measurements at 5 mM substrate. This suggests that und
physiological conditions substrate oxidation is rate-limiting
in turnover.

We also fit the data in Figure 5 to eqs 5 and 6 using the
program, Scientist, and the appropriate differential equa-

Accordingly, at low substrate concentration, where sub-
strate oxidation is rate-limiting, the experimentally deter-
mined {u/kp)obs Should approach the full value of the kinetic
isotope effect expressed in the anaerobic substrate reduction
reaction, ku/kp)ree Conversely, at high [WMD,]-gal con-
ecentration, where dioxygen reduction becomes rate-limiting,
fhe measured value okd{/kp)obs Should reflect the kinetic
isotope effect for the ©half-reaction, Ku/kp)ox. Figure 6
shows that this value approaches a value of about 8 at
“infinite” reducing substrate, implying a significant KIE on
the G half-reaction. A similar value was obtained previously

tions. from steady-state kinetic analysis with extrapolation to
Koo infinite [S]; this KIE was attributed at that time to substrate
Eyx+S—Eq+P (5) oxidation (L1). The observed KIE on the oxygen reaction,
coupled with the determinations of the KIE extrapolated to
Kox infinite substrate concentrations by Villafranca et al. (11),
Eqt O,— E,+ H,0, (6) suggests that at infinite concentrations of both substrates the

overall rate of catalysis is limited by the transfer of the

E.x and S at = 0 were fixed as described in the legend hydrogen from tyrosine-272 (originally thro-S hydrogen
to Figure 5. Parameters fitted &ty Kox, €ox 445 aNdered 445 of the substrate) to oxygen rather than transfer from galactose
in the [H;]-gal experiment. For analysis of the {Egal to tyrosine-272. At concentrations of galactose normally
experiment, the values efy sssandegeq 4sswere fixed to those  encountered (which are well beldsy, values), the very high
determined in the [K-gal fits. The fits are indicated in  apparent second-order reaction of oxygen masks the isotope
Figure 5 as dotted lines, and they demonstrate that theeffect on the oxidative half-reaction and the KIE of 22 for
assumption of a bimolecular approximation at substrate the reduction reaction is observed.
concentrations well beloW, is quite reasonable. The fitted The transition between these two limiting values of KIE
parameters (Table 2) are in remarkable agreement with bothoccurs within a substrate concentration range that depends
the reduction studies and the oxygen uptake studies (seeon the relative rates of each of the four reactions (substrate
below). In addition, they are in accord with the corrected oxidation and @ reduction with both protio and deutero
absorptivity of the active site as shown in Figure 2 and substrates). The oxygen half-reaction becomes rate-limiting
discussed above. Using the lower, protein-based absorptivityat lower substrate concentrations for firegalactopyrano-
values, we would have calculated a higher enzyme concen-side than for the correspondiriyl derivative, resulting in
tration in these experiments; the fits would then have yielded the characteristic behavior shown in Figure 6. Equation 9
a correspondingly smalldg.q, in conflict with the reduction predicts that the transition range will be shifted to lower
studies. substrate concentrations at reduced oxygen concentrations.

Oxygen uptake studies have also allowed us to detect theAs shown in Figure 6, this behavior is observed experimen-
kinetic isotope effects for both the reductive and the oxidative tally, with the transition curve for solution equilibrated with
half-reactions. The most obvious feature of the data from 5% O, (88 uM) lying below the curve for equilibration with
oxygraph measurements (Figure 6) is the strong dependencatmospheric oxygen (approximately 21% or 364 at 4
of KIE on substrate concentration, a characteristic not °C). Knowing the apparent second-order substrate reduction
observed for the isolated anaerobic reduction reaction. Therate constant from both anaerobic transient reaction kinetics
sensitivity to substrate concentration can be understood inand calibrated oxygraph turnover kinetics, as well as the
terms of a ping-pong kinetic mechanism for AGO. The concentration of dissolved oxygen computed according to
overall rate depends on both half-reactions, with reduction standard methods, the value kf and the corresponding
of AGO being limiting at low concentration of [H/D]-gal, KIE for the O, half-reaction can be determined by fitting
and oxidation by @ being limiting at high concentrations the experimental data to eq 9. We obtain valuek.ofi =
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7 x 106 M~ st and ku/kn)ox = 8, which are consistent Y495
with the enzyme-monitored turnover experiments (Table 2)
and with the previously reported KIE for this substrate.

The observation of a substrate KIE in both half-reactions ;3 A v272 o
implies that the isotope is retained in the active site during
catalysis. Based on this interpretation, the absence of any
detectable solvent isotopk(o/kp,0) effect requires that any _d / Ji2 A
solvent exchange reaction for protons involved in kinetically
significant reactions must be much slower than the reoxi- Ha
dation rate, even at reduced oxygen concentrations. It might
be possible, however, to detect a solvent KIE on reoxidation L
of reduced Cu(l) enzyme that has been fully equilibrated with
H,O or D)O. Alternatively, the apparent KIE on the H202\¢
oxidative half-reaction may simply result from the relative
limiting rates Krq andKoy) of the two half-reactions being
similar. In a ping-pong mechanism, the overall limiting rate
for protio and deutero substrates is related to the individual

half-reaction rates as shown in egs 10 and 11: j@\//,—, l.,o
_ _ _ /
(Vmax,I—D ! = (Kred,H) ! + (Kox,H) ! (10) H

(Vmax‘D)71= (Kred’D)71+ (KOX‘D)fl (11) FIGURE 8: Galactose oxidase turnover cycle. The hydroxylic
substrate is modeled in the galactose oxidase active site by

where Vimaxn and Vimax o are the maximum velocities with ~ conservative replacement of crystallographic water in the metal

; A6 = coordination sphere with a primary alcohol in an orientation
Erc_)tlo aﬂd dfe:ft?ro substr?ftes, H K(;E. * Kﬁd’D KIbE consistent with stereospecifizo-S hydrogen abstraction from the
eing the full isotope effect measured In the substrate neihylene carbon. Predicted hydrogen-bonded distances from the

reduction half-reaction witkKoxy = Koxp. The apparent  hydroxylic proton to the Yes phenolate oxygen and from the
isotope effect extrapolated to infinite concentrations of both methylene pro-S hydrogen to the ¥, phenoxyl oxygen are

, N

H

\ c228 S\

t\ RCHO
RCH,OH

substrates will then be given by eq 12: indicated.
_ by interaction with the Cu(ll) Lewis acid3@)], a change in
(Vimax Hf Vimax,p) = (KIE @ Koy g Kieq ) (Ko  Kreg o ligand interaction occurs giving a new geometry at the metal
(12) center. This pseudorotation at copper puts the protonated

If both half-reactions had the same limiting ré€en the tyrosine in the weak axial position in the complex (Figure
presence of protio substrate, one would predict an apparen®, top left). The equatorial alkoxide now interacts strongly
overall isotope effect half that observed in the isolated with the Cu(ll) and has direct covalent interactions with the
substrate reduction step, which is about what we observe.de-2 metal redox orbital that projects in the plane of a square
Thus, at this time we cannot distinguish whether our results pyramidal complex. There are at least two reasonable
are due to a KIE on the oxygen reaction or to a serendipitousscenarios for completion of the reduction of the enzyme. The
similarity of the intrinsic oxidation and reduction ratd&{ first has electron transfer followed by H-atom transfer (Figure
and Kieg). 9, top), and the second has the steps in reverse order (Figure

These results lead to a detailed picture of galactose oxidase9, bottom).
redox catalysis that is initiated by weak (almost collisional) In the first proposal, the new coordination geometry
association with the reducing substrate (Figure 8). The permits fast inner sphere electron transfer, reducing the metal
orientation of the bound substrate shown in the figure is ion [Cu(ll)=Cu(l)] (Figure 9, top). The ketyl radical
consistent with the stereospecific abstraction of phe-S generated by this one-electron oxidation would then undergo
hydrogen 10) by the nearby (1.2 A) ¥, phenoxyl radical. C—H bond cleavage with hydrogen atom transfer to the
Knowles and Ito 83) have modeled galactose into the site phenoxyl oxygen of the cysteinyl-tyrosine radical site,
in a similar manner and have shown that this orientation also yielding the aldehyde and converting the radical to the singlet
accounts reasonably for the substrate selectivity of AGO (i.e., modified tyrosine (Figure 9, top). The rate-limiting step in
the lack of turnover with isomeric substrates such as reduction is the H-atom transfer. This mechanism is
D-glucose and-galactose) as well as for thpeo-S hydrogen attractive because the radical character of the enzyme active
stereospecificity. site is reflected in the radical character of the catalyzed

Replacing water by alcohol in the axial position of the reaction, and the rapid electron transfer is consistent with
Cu(ll) complex (defined as the direction of weakest ligand the fast charge transfer expected for inner sphere processes.
interaction) initially results in weak coordination of substrate However, because bleaching at 445 nm would be expected
to the active-site metal ion. Deprotonation of the alcohol in the electron transfer step, the only way a significant KIE
strengthens this interaction, stabilizing the complex and would be observed by this mechanism is if the electron
activating substrate for oxidation. 4% is within 2.8 A of transfer step significantly favors Cu(ll), so that the rate-
the alcoholic proton and is positioned to function as a general limiting H-atom transfer would drive the overall reaction to
base, accepting a proton in the ligand binding process asthe full reduction of the enzyme. The large KIE (22.5) could
shown previously17). When the phenolate of¥sabstracts  thus arise from a combination of factors. The H-atom
the hydroxylic proton of the coordinated substrate [acidified transfer could have a KIE between 7 and 10. If the electron-
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Ficure 9: Radical mechanism for reduction of the active site of AGO by an alcohol. Three key steps of the proposed radical redox
mechanism are illustrated here: proton transfer from coordinated substrate hydroxyl tgsthkeriolate activates the substrate for oxidation
chemistry; inner sphere electron-transfer reduces the Cu(ll) metal center; hydrogen atom transfer associated with herhblyticdC
cleavage and reduction of the;)¥ phenoxyl. The ordering of electron transfer and atom transfer steps are reversed between the top and
bottom sequences.

transfer step were to exhibit an equilibrium isotope effect temperature dependence plot (Figure 7), equaED) —
(39) arising from the two deuteriums in fPgal, a fraction- EL(H))/R, reflects an apparent difference in activation ener-
ation factor of 0.8 would be sufficient to account for the gies for C-H bond cleavage in protio- and deutero-galactose.
observed KIE of 22.5, since the KIE's of the two steps are This is expected because of the different zero-point energies
multiplicative. for C—'H and C-2H bonds. However, the strong temper-
The second possibility has the H-atom transfer occurring ature dependence observed in the experiment (Figure 7)
first (Figure 9, bottom). In this mechanism, which has been implies a large apparent activation paramet&{l) — E.-
proposed previouslyl(?), the bleaching would not occur until  (H)) = 10.4 kJ/mol, exceeding the semiclassical upper limit
the H-atom transfer permitted the very rapid inner sphere (5.8 kJ/mol)88). Similarly, the intercept of the temperature
reduction of Cu(ll). Although this mechanism can easily dependence yields an estimate of the ratio of Arrhenius
explain a fully observable isotope effect, accounting for a parameters for the protio- and deutero-reactiohgAp =
KIE as large as 22.5 is more difficult. This value is far 0.25) lower than the absolute minimum semiclassical lower
greater than the theoretical limit defined by the force limit (0.7—0.9)@39). These anomalous results are charac-
constants for E€'H and C-?H bond stretching modes/ teristic of processes involving barrier-tunneling contributions
ko = 9), although it might be consistent with the larger to the reaction, resulting in a breakdown of the semiclassical
normal deuterium kinetic isotope effect predicted if softening barrier-hopping kinetic theory. The strong temperature
of C—H bending modes also occurs in the transition state dependence of KIE observed in these experiments is therefore
(ki/ko = 15—20) (36). Secondary deuterium isotope effects consistent with a mechanism for galactose oxidase involving
associated with the change in-€&l bonding as the carbon tunneling of a hydrogen atom in the rate-determining step.
undergoes rehybridization (psp) are generally relatively Catalytic conversion of the alcohol substrate to aldehyde
small, typically below 1.4 36) and therefore do not fully = completes the reductive half-reaction of the turnover cycle,
explain our observations. The two reactions (electron and leaving the enzyme in the Cu(l) [RGO] reduced state. This
hydrogen atom transfer) probably do not occur in a concerted intermediate state, which we have previously characterized
fashion, as previously proposetl], because the redox sites both biochemically and structurally7 40,43, is stable in
are chemically distinct and the activation barriers are the absence of oxygen and is competent for rapid reaction
expected to be quite different. Moreover, since the hydroxy- with O, to complete the catalytic cycle (Figure 8). In this
lic proton of substrate exchanges rapidly isg)the absence  state Cu(l) is coordinated by-2 ligands, most likely the
of any significant solvent KIE for substrate oxidation two histidines, with possible additional weak interactions
mitigates against a concerted proton/hydrogen-atom transfemwith the Y7, phenol, resulting in T-coordination at copper
process. Nevertheless, it is clear thati€ bond cleavage  that is relatively favorable for the univalent Cu(l) oxidation
via a radical reaction is fully rate-limiting for substrate state 41). The existence of this stable reduced intermediate
oxidation. has provided strong evidence in support of a ping-pong
Large, nonclassical KIE, such as those found here, havemechanism for enzyme turnover:
been attributed to tunneling processes, where the different
localization of vibrational wave functions for deuterium and RCH,0H RCHO 0, H,0,
hydrogen becomes importar27). A strong temperature v T v T
dependence of the KIE is normally expected for tunneling
kinetics @7). The studies reported here demonstrate sucha A ping-pong mechanism for galactose oxidase turnover
strong temperature dependence of KIE and are thereforewas originally proposed by Hamiltod2), but (at that time)
consistent with a tunneling mechanism. The slope of the was excluded by reports that the enzyme remains in the Cu-




Galactose Oxidase Mechanism

(Il) state in the presence of reducing substrate. This 2.
observation is now known to be a consequence of the redox
heterogeneity of the native enzyme that leads to a significant
amount of EPR-active Cu(ll)-containing IAGO species that
does not respond to addition of either the reducing substrate 4
or oxygen ). Since neither of the states involved in the
substrate redox reaction (the active oxidized nor the fully 5.
reduced forms) is detectable by EPR spectroscopy, the
catalytic complexes were not observed in these earlier studies. 5
More recently, the ping-pong mechanism has been brought ™
into question by steady-state kinetics studies in which the
deuterium isotope effect for galactose substrate was measured
over a range of substrate and oxygen concentratibfgs ( 8.
In that case, the presence of a kinetic isotope effect associated
with the G, reaction was interpreted as evidence for a rapid -
equilibrium ordered mechanism in which both substrates are
simultaneously bound in the active site before the hydrogen
is transferred. This interpretation is based in part on the 11
reasonable assumption that a substrate KIE will only appear

in the half-reaction in which bond cleavage occurs (the
oxidation of substrate). If, as our studies suggest, isotope is 12-
retained in the active site, it will give rise to an isotope effect 13
in the second half-reaction, which will be observed only '
when that reaction becomes rate-limiting, at high concentra- 14
tions of galactose as shown by eq 7. Recent studies by
Borman et al. 29) also appear to support this ping-pong
kinetic mechanism. They carried out kinetic studies of 15
galactose by enzyme-monitored turnover meth@&s (sing

five different substrates, each at several pH values. Although 16.
ked Varied severalfold among the substraties, was 1 x 17
10’ M~ s1 for all determinations. This implies that,O

reacts with free Eq4 rather than with E#P as would be 18.

required in a ternary complex mechanism.
19.

CONCLUSIONS
20.
The mechanism of substrate oxidation by galactose oxidase
has been probed by isotopic perturbation of the turnover
reaction. Methylene di-deuterated substrate introduces a 21.
dramatic 22-fold KIE on substrate reduction, which is also
detected in the oxygen-limited enzyme-monitored turnover o5
reaction at low substrate concentrations. A large KIE of
about 8 persists in the ®eaction, apparently resulting from
retention of isotope that is then involved in the rate-limiting
step for formation of HO,. We have presented a scheme
involving a radical redox mechanism in which hydrogen ,,
atom transfer occurs in the transition state for both substrate
oxidation and @reduction half-reactions to account for these 25

experimental results.
26.
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