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ABSTRACT. The fungal enzyme galactose oxidase is a radical copper oxidase that catalyzes the oxidation
of a broad range of primary alcohols to aldehydes. Previous mechanistic studies have revealed a large
substrate deuterium kinetic isotope effect on galactose oxidase turnover whose magnitude varies
systematically over a series of substituted benzyl alcohols, reflecting a change in the character of the
transition state for substrate oxidation. In this work, these detailed mechanistic studies have been extended
using a series of stereospecifically monodeuterated substrates, inclu@imgethyl-o-p-galactose as well

as unsubstituted benzyl alcohol and 3- and 4-methoxy and 4-nitrobenzyl derivatives. Synthesis of all of
these substrates was based on oxidation otitoé&-dideuterated alcohol to the correspondtrylabeled
aldehyde, followed by asymmetric hydroboration usiaginene/9-BBN reagents to form the stereoisomeric
alcohols. Products from enzymatic oxidation of each of these substrates were characterized by mass
spectrometry to quantitatively evaluate the substrate dependence of the stereoselectivity of the catalytic
reaction. For all of these substrates, the selectivitypforS hydrogen abstraction was at least 95%. This
selectivity appears to be a direct consequence of constraints imposed by the enzyme on the orientation of
substrates bearing a branchdarbon. Steady state analysis of kinetic isotope effeci@krhas resolved
individual contributions from primary and-secondary kinetic isotope effects in the reaction, providing

a test for the involvement of an electron transfer redox equilibrium in the oxidation process. Multiple
isotope effect measurements utilizing simultaneous labeling of the substrate and solvent have contributed
to refinement of the relation between proton transfer and hydrogen atom transfer steps in substrate oxidation.

Biological oxidation mechanisms underlie a wide range Scheme 1: Galactose Oxidase Metalloradical Active Site

of processes, including oxygenic photosynthetjsrespira- 0495

tion (2), and the interconversion of metabolic intermediates. Tyr272
Oxidation—reduction processes that involve transfer of N%éi’\lw

hydrogen equivalents are especially common, and two classes

may be conveniently defined, depending on whether they ©

are based on heterolytic bond cleavage (typically associated

with hydride transfer in a polar mechanism) or homolytic S

bond cleavage (leading to hydrogen atom transfer and a free \ Cys?%

radical mechanism). The former, heterolytic pathway has

been demonstrated in many enzymes that utilize quinone,(Scheme 1). The active site is comprised of a copper ion
nicotinamide, or flavin cofactors3¢-5), whereas the latter,  coordinated to a redox-active amino acid side chaf) that
homolytic pathway is generally associated with the presencehas been identified as a tyrosylcysteine (TyrCys) cofactor
of transition metal ions or redox-active amino acid side formed by post-translational cross-linking between a tyrosine
chains (e.g., tyrosyl phenoxyl) in the enzyme active $ite ( (Y272) and a cysteine (C228) residug); A second tyrosine

8). These free radical enzymes have evolved mechanismdigand (Y495) appears to serve as a general base in catalysis
for controlling free radicals in catalysis, taking advantage (17, 18). The intrinsic redox cofactor in galactose oxidase
of lower activation barriers that can be accessed throughhas been shown to form spontaneously in the precursor
homolytic reaction paths. protein (L9) upon addition of Cu(l) and dioxygen in a radical-

Galactose oxidas@¢ 13, and references therein), one of dependent fashior2(). The radical-copper active site serves
the most extensively studied of the free radical enzymes, is@s @ two-electron redox unit, undergoing reduction and
a member of the family of radical copper oxidases [that also oxidation during successive reactions with alcohol and
includes glyoxal oxidasel@)] characterized by the presence dioxygen in a ping-pong turnover mechanisrh,( 21)

of a stable metalloradical complex in the active enzyir® ( (Scheme 2). The elements of dihydrogen are transferred from
the substrate to the enzyme active site during turnover,
W etull cowled tor th ot 1 " forming a reduced Cu(f) TyrCys nonradical species that is
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Scheme 2: Turnover Reactions for Galactose Oxidase Scheme 4: Structures of Stereospecifically Deuterated

RCH,OH \/ RCHO Galactose Oxidase Substrates

Cuo @ _ Cu1—+o—©— // \ C{H,D}OH
S
\
H,0

/\ N X \=—=
2 02

X =-H,-OCHs,-NO,
Scheme 3: Stereochemical Assignmentsiédflethylene
Hydrogens in Galactose Oxidase Substrates A

EA

H
R-[2H1] S-[2H1] C{H,D}OH

o)

of the substrate (RC#DH) by a second coordinated tyrosi-
nate (Y495) in a proton transfer (PT3tep, activating the OH
substrate for oxidation. The modified TyrCys side chain in

its oxidized, phenoxyl form appears to serve as a hydrogen OCHjs
atom acceptor in the oxidation chemistry, which has been B

proposed to involve single-electron transfer (SET) and

hydrogen atom transfer (HAT) componeng) alcohol, and 4-nitro benzyl alcohol) spanning a broad range
Galactose oxidase accommodates an unusually broad ranggf observed substrate deuterium kinetic isotope efféis (

of substrate alcohol€.0,23). However, alcohol oxidationis  k, = 4—12) (22). This series of substrates, differing in

strictly regioselective, and only primary alcohols serve as structure and substitution pattern, have allowed us to

substrates. For these alCOhOIS, the chiral environment of thEinvestigate the substrate dependence of ga|actose oxidase

enzyme active site allows resolution of the two methylene stereoselectivity, and gain insight into the structural deter-

hydrogens, identified gsro-R (Hg) or pro-S(Hs) depending  minants of stereoselectivity in this enzyme.

on the stereochemical consequence of substitution with a

higher-priority atom, e.g., deuterium (Scheme 3). Earlier EXPERIMENTAL PROCEDURES

studies, using partially resolved mixtures of the monodeu- . _
terated (®)-6-[?H]galactose and §-6-[?H]galactose deriva- ReagentsAll chemicals were purchased from Aldrich and
used as received excepipinene, which was distilled from

tives, showed that galactose oxidase exhibits a high degreeL.AlH Solvents of anhvd highest ilabl it
of stereoselectivity for oxidation of the canonical substrate, ! 4. S0lvents of anhydrous or highest avarable purity

with preferential abstraction of thpro-S hydrogen 24), were used. Chromatography medium (Davisil grade 633

although neither the degree of stereoselectivity of substrates'l'ca gel) was obtalr_led from Aldrich. ) ,
oxidation nor the tacit assumption that the stereoselectivity SYnthesisUnsubstituted, 4-methoxy, and 4-nita-

is independent of the substrate structure has been rigoroushfideuterated benzyl alcohols were synthesized by reduction
tested. of the corresponding methyl benzoates with LiAlI(98 at.

Here we address some of the outstanding mechanistico/0 D) (25)' a,a’-Di_deuterated benzy_l alcohols_were used as
. . A . “the starting materials for asymmetric synthesis of stereospe-
questions for galactose oxidase substrate oxidation, us'ngcifically labeled monodeuterated benzyl alcoholso-
isotope methods. Stereospecific deuterium labeling of the Dideuterated benzyl alcohols were converted to benzalde-
o-methylene hydrogens in a series of substrate alcoholshydes by oxidation with ammonium cerium(IV) nitra#y.
((ji;zenrggmg c?fatsheallr(;\ia\/(?t(ijonusst:r)ec?;gﬁﬁ;ceit th?e:cljlsztrf;gThe deuterated benzaldehydes were subsequently reduced
- Y, asymmetrically to the corresponding monodeuterated benzyl
elementary contributions fromro-R andpro-S hydrogens = op 0 i Pt e (9)-(—)-a-pinene/9-borabicylco[3.3.1]-
in the substrate oxidation transition state for each of these | - (9-BBN) adduct [forF{)—benzyIa—[ZH]aIcohoIs:] or
substrates, test alternative reaction mechanisms, and apply, (1R)-(+)-a-pinene/9-BBN adduct [forg)-benzylo-[?H]-
multiple simultaneous isotope perturbations to determine thealcohols] as previously describe®? 28) with slight
concerted or stepwise character of proton transfer (PT) andmodifications as described below
hydrogen atom transfer (HAT) steps in substrate oxidation. (R)-Benz IéL-[ZH]aIcohoI Meth Ibenzoate (20.1 g, 148
The alcohols used in these experiments include the canonical mol) in T%F (150 mL) .as ad)c/ied dropwise tc.) ag’ch'lled
substrate, galactose, as well as a series of benzyl alcohornI i ! f LIAID. (98 at X)’ D) (4.2 10%‘”' Ni T|1|F
derivatives, inclugling 3-methoxy_benzyl alcohol, which is 2135%'?:5 A:‘ter ‘t‘h(e ma}ktu:e r)wsd'b(ge’n s.tirrrgéln?o)r '2 h the
ggrr?zr;llogllcyo#gleg em/ ;gtﬁl/l:gtgjsei;ﬁ'gféi o?si?nﬁ,th%?g/ g efsilloreaction was quenched and the mixture acidified to pH 1
' and extracted. Following purification by distillation, benzyl-

o,0/-[?Hz]alcohol (9.0 g, 82 mmol) was suspended in

! Abbreviations: KIE, kinetic isotope effect; SKIE, solvent kinetic  degassed $O (300 mL) and heated to 4%. Ammonium
isotope effect; PT, proton transfer; SET, single-electron transfer; HAT, ; ; ;
hydrogen atom transfer; 9-BBN, 9-borabicyclo[3.3.1]nonamitF, cerium(lv) nitrate (92 g, 168 mmol)'ln 4D (300 mL) was .
Saccharomyces cerisiae a-mating factor leader peptide; gld\s- added and allowed to react for 30 min. The aqueous solution

pergillus nigerglucoamylase leader peptide. was extracted, neutralized, and evaporated. Purification by

HO
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simple distillation afforded benzfilaldehyde as a clear, pale 3.5 Hz), 3.87 (dd, 1HJ = 9.6, 2.9 Hz), 3.78 (s, 3H), 3.41
yellow liquid. (s, 3H), 0.91 (s, 18H), 0.88 (s, 9H), 0.14 (s, 3H), 0.10 (m,
(19-(—)-a-Pinene (97% ee; 4.70 mL, 29.5 mmol) and 9H), 0.08 (s, 3H), 0.07 (s, 3H).
9-BBN (54 mL, 0.5 M in THF) were refluxed under argon 1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-668i[ 2H]-
for 2 h and cooled to 23C. BenzfH]aldehyde (2.60 g, 24.3  a-b-galactopyranosided). LIAID 4 (98 at. % D) (7.27 g, 173
mmol) THF (ca. 5 mL) was added by syringe to the mmol) was added slowly to a chilled solution ®fin THF
a-pinene/9-BBN solution. The yellow mixture was refluxed (2 L). The internal temperature was kept belew °C during
for 1 h and cooled to OC, and the reaction was quenched the addition, and then stirred for an additional 10 min to
with acetaldehyde (1 mL). Following evaporation, the residue complete the reaction. The mixture was diluted with ether,
was dissolved in ether and cooled t8@ A white precipitate washed consecutively with 0.1 M HCI and saturated NaH-
formed on addition of ethanolamine (1.75 mL, 31.6 mmol), CO;, dried with MgSQ, and evaporated for immediate use:
was removed by filtration in a Buchner funnel, and was H NMR (CDCls, reference CHG) 6 4.72 (d, 1HJ = 3.0
washed with ether. The ether solution was washed with 1 Hz), 4.0 (m, 2H), 3.93 (dd, 1H] = 8.76, 2.33 Hz), 3.81 (s,
M KH,PQ, to efficiently remove traces of the amine, dried 1H), 3.39 (s, 3H), 0.96 (s, 9H), 0.94 (s, 9H), 0.94 (s, 9H),
with MgSQ,, and distilled to yield a clear, colorless liquid 0.18 (s, 3H), 0.17 (s, 3H), 0.15 (s, 3H), 0.13 (s, 3H), 0.12
(1.41 g, 53.1%):*H NMR (CDCls, reference CHG) o 7.34 (s, 3H), 0.12 (s, 3H).
(m, 4H), 7.28 (m, 1H), 4.64 (s, 1H), 1.87 (s, 1H). 1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-6H]- o-b-
(S)-Benzyk-[?H]alcohol. Preparation was exactly the galactopyran-6-aldehyde4). CrO; was added slowly to a
same as with theR) enantiomer, except 2.23 g (20.4 mmol) chilled solution of pyridine (190 mL, 2.36 mol) in GBI,
of the aldehyde was used, along with appropriate amountsand the mixture stirred at10 °C for 1 h. A solution of3in
of the other reagents, includingRt(+)-a-pinene (97% ee)  CH,Cl, was added, and the mixture was stirred for 12 h while
to direct the stereospecific reduction. Purification by simple warming to room temperature. Filtration through silica gel
distillation afforded a clear, colorless liquid (1.36 g, and evaporation afforded the aldehyde which was used
61.1%): *H NMR (CDCls, reference CHG) 6 7.34 (m, 4H), immediately without further purificationtH NMR (CDCl,
7.28 (m, 1H), 4.64 (s, 1H), 1.86 (s, 1H). reference CHG) 6 4.87 (d, 1H,J = 1.7 Hz), 4.53 (br, 1H),
Reaction progress was monitored by thin-layer chroma- 4.09 (d, 1H,J = 5.4 Hz), 3.87 (dd, 1HJ) = 5.7, 2.1 Hz),
tography, using a 1:1 hexane/ethyl acetate mixture as the3.78 (m, 1H), 3.53 (s, 3H), 0.91 (s, 18H), 0.88 (s, 9H), 0.14
developing solvent. The products were purified by vacuum (s, 3H), 0.10 (m, 9H), 0.08 (s, 3H), 0.07 (s, 3H).
distillation or by a combination of silica gel chromatography  1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-(6R)-8]-
and vacuum distillation. Enantiomeric purities of all products a-p-galactopyranosides). (19-(—)-a-Pinene (6.8 mL, 42.7
were evaluated by esterifying temonodeuterated alcohols mmol) and 9-BBN (80 mL, 0.5 M in THF) were refluxed
with (9-(+)-O-acetylmandelic acid (98% ee) and integrating for 2 h and then cooled to room temperatut¢17.5 g, 32.2
the resolved peaks assigned to the two diastereotopicmmol) was dissolved in a small amount of THF and added
o-methylene protons in th#H NMR spectrum 29). NMR by syringe to thea-pinene/9-BBN solution. The yellow
spectra were recorded at ambient temperature on a Brukemixture was brought to reflux for an additidriah and then
Advance-400 spectrometer. Stereospecifically monodeuter-cooled to 0°C and the reaction quenched with acetaldehyde.
ated 4-methoxy, 4-nitro, and 3-methoxy benzyl alcohols were After evaporation of the volatiles, the residue was redissolved
synthesized by the same procedure except dideuteratedn ether and cooled to @C. A white precipitate formed upon
3-methoxy benzyl alcohol was oxidized with pyridinium addition of ethanolamine (1.75 mL, 31.6 mmol), which was
chlorochromate30) to the correspondingifiJaldehyde prior removed by filtration. The ether solution was washed with

to reduction with thex-pinene/9-BBN reagent. KH.PQO, (1.0 M in H0), dried with MgSQ, and evapo-
Stereospecifically monodeuteratedimethyl-p-(+)-ga- rated: *H NMR (CDCl;, reference CHG) 6 4.72 (d, 1H,J
lactopyranosides were prepared from 1,6-dimetirgllac- = 2.98 Hz), 4.01 (m, 2H), 3.93 (dd, 1H,= 8.8, 2.3 Hz),

turonic acid () in a five-step synthetic procedure, as 3.81 (m, 2H), 3.38 (s, 3H), 0.92 (s, 9H), 0.91 (s, 9H), 0.91
described below. Commercial galacturonic acid was con- (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H), 0.11 (s, 3H), 0.09 (s,
verted to 1,6-dimethyéx-pD-galacturonate ester as previously 3H), 0.08 (s, 3H), 0.07 (s, 3H).

described 1). 1-O-Methyl-6,8-di[?H]-a-D-(+)-galactopy- 1-O-Methyl-2,3,4-tris(tert-butyldimethylsilyl)-(6 S)-&-] -
ranoside was prepared by reduction of 1,6-dimetiyl- o-D-galactopyranoside@) was generated by following the
galacturonate ester by NaB@s previously describe@{, procedure for the preparation @&, using (R)-(+)-a-
32). pinene: 'H NMR (CDCl;, reference CHG) 6 4.71 (d, 1H,

2,3,4-Tris(tert-butyldimethylsilyl)-1,6-dimethytp-galac- J=2.99 Hz), 4.01 (m, 2H), 3.93 (dd, 1H,= 8.8, 2.3 Hz),
turonate Ester Z). 1,6-Dimethyle-p-galacturonate estelr 3.83 (m, 2H), 3.38 (s, 3H), 0.92 (s, 9H), 0.91 (s, 9H), 0.91
(24.7 g, 0.104 mol) was suspended in Lt} (500 mL) and (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H), 0.11 (s, 3H), 0.09 (s,
exposed tdert-butyldimethylsilyl trifluoromethanesulfonate  3H), 0.08 (s, 3H), 0.07 (s, 3H).
(211 g, 0.800 mol) and 2,6-lutidine (120 mL, 1.03 md@3Y 1-O-Methyl-(6R)-64H]- a-p-galactopyranosider). Dowex
for 15 min before the reaction was quenched with methanol. 50W X2—400 (ca. 220 g) was added to a solutiorb@fL.2.0
The mixture was diluted with C¥Cl,, washed with 0.1 M g, 22.0 mmol) in methanol (200 mL), and the mixture was
HCI and saturated NaHCGQdried with MgSQ, and evapo-  stirred at room temperature for 16 h. The mixture was
rated. The residue was reserved for use in the next stepfiltered, washed with hexane, and concentrated. The final
without further purification: *H NMR (CDCl;, reference product crystallized after the mixture had stood at a reduced
CHCl;) 6 4.76 (d, 1H,J = 3.5 Hz), 4.38 (d, 1HJ = 1.3 temperature for several daysH NMR (DO, reference
Hz), 4.21 (dd, 1HJ = 2.9, 1.5 Hz), 3.99 (dd, 1H] = 9.6, HDO) 6 4.86 (d, 1H,J = 2.9 Hz), 3.99 (m, 1H), 3.92 (d,
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1H,J = 4.2 Hz), 3.84 (m, 2H), 3.75 (d, 1H, = 4.1 H2), Table 1: Summary ofH NMR Data Used To Determine the
3.44 (s, 3H). Isomeric Purity of Substrates
1-O-Methyl-(6S)-649H]- a-D-galactopyranoside 8) was

j Rk i R
prepared by following the procedure for the preparation of Chr:ji(;;rea Chr:rl:izgrea isommetic
7, from6: *H NMR (DO, reference HDO 4.86 (dd, 1H, substrate isomer shift (9) area shift (0) area purity® (%)

J=2.7,0.5 Hz), 3.99 (m, 1H), 3.92 (dt, 1H,= 8.2, 0.5 iH = S 162 370 c102 195 o7
Hz), 3.84 (m, 2H), 3.76 (d, 1H] = 8.2 Hz), 3.44 (s, 3H).  , S 5106 394 5166 110 99
The isomeric purity of the monodeuterated sugars was 4-No, R 5242 705 5225 358 97
evaluated byH NMR analysis of the products, integrating  4-NO; S 5225 100.0 5.24 6.5 96
R
S
R

the resolved peaks arising from the two stereochemically 3'82& g-(l)gi g‘llg 2'2852; gg-g g?
dIStI.nCt q-hydrogens. ) , galactose 3.75 203 3.76 18 94
Biological Materials.Recombinant galactose oxidase (EC galactose S 3.76 18.0 nd nae 100

1.'1'3'9) was purified from hl_gh_—densny methanOI fermenta- 214 NMR resonance for-methylene hydrogens of the monodeu-
tion medium 84, 35) of Pichia pastoristransformants  terated alcohols. Benzyl alcohols were analyzedSi€+)-O-acetyl-
prepared by multicopy chromosomal integration of an mandelic acid esters prepared as described in Experimental Procedures.
expression cassette comprising the pPICZ Zeocin-selection® Minimum values, estimated by dividing the area of the major
plasmid (Invitrogen) with either thaspergillus nigerglu- diastereotopico-methylene proton resonance by the sum of both

- a-methylene proton resonances, after correcting each of the values for
coamylase leader peptide (GI&] or the Saccharomyces the predicted presence of 2% of the diprotio form in the product.

Ce_re/iSiae a-mating factor leader p_eptide,I(/IF) (20 spliceql ¢ Integration determined manually; the peak corresponding to the minor
with the cDNA sequence encoding the galactose oxidasediastereotopica-methylene proton resonance was not resolved by

protein. The galactose oxidase concentration was determinediutomated Lorentzian line fit analystsNot detected.
by optical absorption measurements, using the previously

reported molar extinction coefficientgo=1.05x 10° M+ the 2 mL reaction mixture. After incubation at 3G for 24
cm™'] (37). Bovine liver catalase (EC 1.11.1.6) was pur- h, the reaction mixture was heated in boiling water for 2
chased from Sigma. Protocatechuate 3,4-dioxygenase (EGnin and centrifuged for 10 min to precipitate the protein,
1.13.11.3) was isolated fromBrevibacterium fuscumas and the supernatant containingOtmethylp-galactose-6-
previously described3g). Deuterium oxide (99.9 at. % D)  aldehyde was concentrated by lyophilization. The aldehyde
was from Aldrich. product was converted to the trimethylsilyl derivative for
Biochemical MethodsGalactose oxidase activity was mass analysis4Q). Mass spectral analysis was performed
measured using a thermostated (26) Clark oxygen  using a Perkin-Elmer TurboMass Gold GC/MS instrument

electrode attached to a high-accuracy polarographic amplifierfor chemical ionization (Gt) using methane as the reagent
(21). Reactions were carried out in 50 mM air-saturated gas.

sodium phosphate buffer (pH 7.0) with 5 mMCkmethyl-

o-D-galactopyanoside or benzyl alcohol substrate in the RESULTS AND DISCUSSION

presence of 2 mM Kre(CN}. For absolute rate measure-

ments, the response of the Clark oxygen electrode was Characterization of Labeled Substrateghe molecular,
calibrated by stoichiometric oxidation of 0.zmol of isotopic, and isomeric purity of the labeled substrates was
protocatechuic acid by protocatechuate 3,4_dioxygemB ( evaluated by‘H NMR and corrected for a small fraction (2%)
For isotope effect measurements, protio, monodeuterio, andof diprotio product predicted based on tépresent in the
dideuterio forms of a given substrate were assayed in parallel.98 at. % D LiAID, reductant used in the synthetic procedures
Benzyl alcohol substrates were dissolved in assay buffer by(Table 1). Similarly small (1.5%) enantiomeric impurities
Sonication, and the concentrations of the Samp|es Werein the a-pinene chiral agents used to direct the stereochem-
checked by uv absorption Spectroscopy_ S||ght differences iStry of the a-monodeuterated alcohols and a 1% enantio-
in the substrate concentration detected by absorption specmeric impurity in the chiral resolution reagerd-acetyl-
troscopy were typically normalized by adjusting the volumes mandelic acid) used to analyze the product stereochemistry
of the substrate stock solution in the assay mixture accordingcan account for the observed (real or apparent) defects in
to the observed sample UV intensity. For solvent isotope the enantiomeric purity of each of the benzyl alcohol
effect measurements, reactions inwere set up using products. The results, shown in Table 1, reflect the well-
enzyme and substrates dissolved in bufferQQ,DN”:h the established hlgh degree of StereoselectiVity afforded by the
pD of the solution defined by the composition of the buffer -pinene/9-BBN reageng¥, 28, 41). Assignment of absolute
salts. For mass analysis of turnover products of the benzylstereochemistry of the monodeuterated benzyl alcohol de-
alcohol substrates, 2 mL of the assay mixture containing 0.2 rvatives was based on both the preferred stereochemistry
mg of galactose oxidase and 500 units of bovine catalase©f the a-pinene/9-BBN reduction2(7, 28) and '"H NMR

was incubated overnight at 3€ in a shaking water bath. chemical shift correlations for th@-acetyl mandelate esters
The reaction mixture was heated in boiling water for 2 min (29).

and centrifuged for 10 min to precipitate the protein, and  The synthesis of stereochemically defined monodeuterated
the product was extracted with methylene chloride for mass galactose derivatives followed a novel approach that is
analysis. For analysis of sugar oxidation products, 50 mM somewhat more straightforward than the previously reported
1-O-methyl-a-p-galactopyranoside, 0.2 mg of galactose method 42), allowing for parallel synthesis of bothigand
oxidase [for 6,6[H]galactose and (®)-6-[H]galactose] or (69 stereoisomers. The assignment of absolute stereochem-
2 mg of galactose oxidase [forg66-[°H]galactose and 66 istry for the diastereomeri@-monodeuterated products was
[?H;]galactose], and 1000 units of catalase were present inbased on the previously reportéid NMR characterization
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Table 2: Mass Spectral Data for Oxidation Products

product mass relative intensities (%)

substrate isotopormer m/z106 m/z107 m/z108 m/z109
benzyl alcohol HH 4319 100 7.1+0.2
SD 7.6+ 1.7 100 13.1+0.3
RD 29.1+ 0.7 100 7.64+ 0.05
DD 16.3+ 1.9 100 7.6+ 0.3

product mass relative intensities (%)

substrate isotopomer m/z151 m/z 152 m/z153 m/z 154
4-NO;, benzyl HH 2.6+ 0.5 100 49+05
alcohol
SD 2.3+ 0.6 100 9.1+ 0.9
RD 3.9+0.2 100 7.9+ 0.1
DD 44+0.3 100 7.5+ 0.1

product mass relative intensities (%)

substrate isotopomer m/'z 136 m/'z 137 m/z 138 m/z 139
4-OCH; benzyl HH 26.84+ 0.5 100 57+£04
alcohol
SD 26.3+1.1 100 10.6+0.4
RD 36.0+ 0.5 100 6.7+ 0.4
DD 33.1+0.3 100 7.1+£04

product mass relative intensities (%)

substrate isotopomer m/z136 m/'z 137 m/z138 m/z 139
3-OCH; benzyl HH 42.3+0.3 100 54+04
alcohol
SD 40.7£ 0.2 100 74+01
RD 42.8+ 0.3 100 5.3+ 0.1
DD 458+ 1.0 100 5.2+ 0.2

product mass relative intensities (%)

substrate isotopomer m/'z 409 m/'z410 m/'z411 m'z412
1-O-methyl-a-b- HH 100 325+ 0.9 16.9+1.1
galactopyranoside
SD 100 35.6+ 1.3 158+ 2.1
RD 7.7+23 100 33.0+ 1.0 17.1+ 0.9
DD 6.8+ 1.8 100 31.7£19 15.7+£ 0.6

aHH, a,o-di-[*H]; SD, (9-0-[?H]; RD, (R)-a-[?H]; DD, o,a’-di-[?H]. ® GC—-MS CI+ data using methane reagent gas as described in Experimental
Procedures, without correction for enantiomeric and isotopic purite intensity values shown in boldface type are predicted to be equal within
pairs of products (HH and SD, RD and DD) for strictly stereospecific atom abstraction following correction for enantiomeric and isotopic purity,
as described in Product Analysis in the Results and Discussion.

of these compounds4B). Subtle differences in chemical Product AnalysislIsotopic distributions in the enzyme
shifts found for the 6H atoms (but not others) in the turnover products ofi-monodeuterio substrates were evalu-
monodeuterated galactose derivatives compared to the diproated by GC-MS using chemical ionization (&) methods

tio form (AJ < 0.02 ppm) may reflect chemical shift isotope (Table 2). Products of enzymatic oxidationaf'-diprotio
effects that are well-known to occur in tHél NMR of and o,o'-dideuterio substrates were run in parallel as
polyatomic molecules, as a result of either geminal electronic calibration standards. €1 mass spectra for the benzyl
perturbations or deuterium isotope effects on conformational alcohol oxidation products are dominated by the protonated
equilibria @4). The'H NMR analysis also provides evidence molecular ion peaknyz= M + 1) (Figure 1). The spectra
for a small amount €6%) of (65-6-[°H;]galactose in the  also include the predicted M 2 13C enrichment peak'{C,

(6R) product (Table 1), suggesting a slight relaxation of the 1.11% natural abundance, isotopic peak intensity predicted
stereospecificity of the asymmetric hydroboration reaction to be 7.7% of the molecular ion peak for benzyl alcohol). In
in the presence of steric congestion associated with nearbyaddition, characteristic fragmentation products are observed
stereocenters. Reduction of the and si faces of the at lower masses, including a significant peak nedz 79
galactose-6-aldehyde biR)- and §)-pinene reagents would  for the parent benzyl alcohol corresponding to loss of the
occur via four distinct diastereomeric transition states, so aldehyde carbonyl with transfer of the aldehydic hydrogen
there is no symmetry constraint on the reaction preferenceto the ring system. The products formed by oxidation of
in this case. The fact that none of the alternate isomer is diprotio and dideuterio alcohols exhibit the expected 1 mass
present in the (§)-6-[?H;]galactose product is consistent with  unit difference inm/z for the major ion peak. Comparison
the previously observed pattern of stereoselectivitysfand of the mass spectra for the products of all four isomeric and
re face reduction of galactose-6-aldehyde with achiral isotopic forms of the benzyl alcohol derivatives (Table 2)
reductants Z4). demonstrates a high degree of stereoselectivity for the



13688 Biochemistry, Vol. 43, No. 43, 2004 Minasian et al.

e — the pattern of intensities observed in the carbonyl fragmenta-
107 tion region (M — 27) of the mass spectra.
HH The products of oxidation of galactose derivatives by
galactose oxidase were also analyzed by-G4S Cl+
methods following derivatization with trimethylsilyl chloride
(40) (Table 2). The mass spectra of the silylated sugar
n 105 derivatives reflect contributions from natural abundatice
[’ L e (for the GeH3cO6Sis molecule) as well as silicon isotopes
107 Cm (?°Si, 4.68% natural abundanc®si, 3.09% natural abun-
dance). The predicted isotopic abundances result in a pattern
of intensities with a predominant M 1 ion peak (100%) at
m/z 409 (for the fH]aldehyde) ormvVz 410 (for the fH]-
aldehyde product) together with significant- ™2 (32.8%)
79 and M + 3 (16.2%) intensities. This pattern is evident in
105108 the CH mass spectral data (Table 2). The analysis of the
!"-,-m‘-v--.w.n--.-lu;mw!v--w.m-ll L,w T patterns observed for HH, RD, SD, and DD oxidation
108 products is identical to that followed for the benzaldehydes
RD (vide infra) and provides strong evidence for nearly exclusive
pro-S hydrogen abstraction from the 6-methylene group of
galactose by galactose oxidase. These results represent a
stringent test of the stereoselectivity of the galactose oxidase
catalytic chemistry. Similar methods have recently been
applied in investigating the stereoselectivity of substrate
oxidation by the quinohemoprotein amine dehydrogenase
(45).
DD The strong stereoselectivity expressed in the oxidation of
substrate by galactose oxidase implies that the enzyme strictly
constrains the orientation of the substrate in the active site.
& 07 Inspection of the structure of galactose oxidas_e (PDB entry
105,109 1gog) reveals a shallow channel through which substrates
TSRS ST | RS —— in solution may reach the catalytic site (Figure 2), bounded
50 60 70 80 90 100 110 120 130 140 150 by Phel94, Phe464, R330, and W290 and opening asym-
m/z metrically above the metal complex. Modeling galactose into
FiGurRe 1: Mass spectra for products of oxidation of benzyl alcohols the crystal structure of the native enzyme, with the 6-hy-

by galactose oxidase: HHy,o'-[*H;]benzyl alcohol oxidation ; ;
product: SD, a-(9-[?HiJbenzyl aicohol oxidation product: RD. droxyl coordinated to copper as previously proposed for the

o-(R)-[2H:]benzyl alcohol oxidation product; DI, -[2H,]benzy! catalytic corr_lplex_lz, 13), leads to severe steric interferenge
alcohol oxidation product. Samples were prepared as described inexcept for orientations that permit the pyranose ring to project
Experimental Procedures and analyzed by-®4S CHH using out through this channel (Figure 3). Similar results have been
methane as the reagent gas. reported in theoretical studies of the substrate compléx (
47). This conformation constrains the €®—C,—C;g torsion
anglew to ~100C° (Scheme 5), bringing thero-Sa-hydrogen
within hydrogen bonding distance (approximately 2.5 A) of
the TyrCys phenoxyl oxygen while projecting thpeo-R
hydrogen away from the cofactor (Figure 3). The geometry
of this complex can account for the obseryed-S stereo-

) ; : selectivity of hydrogen abstraction, with the TyrCys phenoxyl
purity, as would the mass spectra of dideuterio (DD) and p|4ying the role of hydrogen acceptor. The steric constraints
(R-[?H] (RD) oxidation products. If the reaction were hatead to this stereoselectivity are not limited to pyranose
completely unselective, on the other hand, the oxidation sugars, and in fact, we expect similar selectivity will be
products of the SD and RD stereoisomers would be identical, jemonstrated for any substrate bearing a branchgd C
with a pair of ion peaks of nearly equal intensity differing  jncjuding benzyl alcohols and other substrates having two
by a Single mass unit, while the HH and DD pI’OdUCtS would Sterica"y demanding atoms (C, N, O, etcl) aﬁ This

be the same as for 100% stereoselective oxidation. Theprediction is supported by the observed stereoselectivity of
experimental results for 4-nitro benzyl alcohol, 3-methoxy the benzyl alcohol series of substrates, which share a
benzyl alcohol, and 4-methoxy benzyl alcohol are very close pranched ¢ as a selectivity determinant. Substrates that
to the ideal limit for complete stereoselectivity. The results permit greater rotational flexibility in the torsion anghe

for benzyl alcohol suggest the possibility of a slight relaxation would be predicted to exhibit lower stereoselectivity on the
of stereoselectivity for oxidation of this simplest congener, basis of this analysis. The constraints imposed on substrate
perhaps a consequence of less steric hindrance for thebinding geometry that are reflected in the stereoselectivity
unsubstituted ring system; however, the maximum amount of the turnover reaction may also make significant contribu-
of the alternative oxidation stereochemistry allowed by these tions to catalytic rate enhancement, since a rigid and well-
results is still only~5%. This analysis is also consistent with defined orientation of the substrate hydroxyl group is likely

SD

Relative Intensity (%)

m J
trrrrrr T e e

oxidation step is maintained over this entire set of alternative
substrates. If the reactions were performed with 100%
stereoselectivity, the mass spectra of diprotio (HH) & (

[?H] (SD) oxidation products would be expected to be
identical, after correction for enantiomeric and isotopic
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Ficure 2: Space-filling stereoview of the extended active site of galactose oxidase. The active site copper ion (Cu) and directly coordinated
amino acid side chains (Tyr27Zys228 redox cofactor, Tyr495, His496, and His581) are shown in the context of the outer sphere residues
(Phel94, Trp290, Arg330, Pro463, and Phe464) which define the substrate access channel. The structure is based on PDB entry 1gog and
rendered with Insightll.

faster oxidation rate than th&)(isomer (Table 3, columns
3 and 4). For this set of substrates, tH® {somers are
oxidized 3-10 times faster than the corresponding (
isomers. The strong selectivity between isomeric isotopic
substrates implies a significant stereoselectivity associated
with substrate oxidation, consistent with the mass spectral
data ¢ide infra). This selectivity is also reflected in the
variation in deuterium isotope effects measured \GK
observed for the stereochemically distinemonodeuterated
FIGURE 3 Steric constraints on substrate binding geometry in the @nd thea,o'-dideuterated substrates (Table 3, column8)s
galactose oxidase active site. A primary alcohol bearing a branchedThe product analysis/{de suprg allows us to identify the
Cs is shown modeled into the galactose oxidase active site, KIEs associated withg) and R) deuteriation as resolved
e p e o S e e o e PMBIY ani-Secondary subsrate ceueriu dnetc fsotope
diastereotopipro-R (Hg) andpro-Shydrogens (H) )z:\re identi?ied. effects,a(l) and_a(2). _The primary deuterium KIE{(1)]
arises from the isotopic substitution of the atom transferred
Scheme 5: Methylene Torsion Angle in the Substrate from the methylene position of the alcohol during oxidation,
Complex while the a-secondary deuterium KIEaf2)] arises from
isotopic substitution of the nontransferred hydrogen, which
is retained in the product9, 50). Even though the bond to
the nontransferred hydrogen is not broken in the transition
state, the change in bonding associated with rehybridization
at theo-carbon (spto sp) during oxidation of the alcohol
to aldehyde is expected to result in a substantiaecondary
to be important for efficient atom transfer in the oxidation Kinetic isotope effect. The values af2) found experimen-
mechanism. Atom transfer processes are known to depend@lly (Table 3) range from 1.19 to 1.44, all of which are
strongly on the geometry of the complex, being favored by consistent with the range of values predicted by theory<{1.1

proximity and in-line geometry for the atom transfer reaction 1-4) ©0), but range toward the higher limit, a trend that
coordinate 48). reflects substantial rehybridization at«@uring C-H bond

Substrate Kinetic Isotope Effecthe analysis of stereo- ~cleavage and may be interpreted as indicating quantum
selectivity of substrate oxidation by galactose oxidase is an Mechanical tunneling of the hydrogest. The magnitudes
essential step in analysis of the kinetic isotope effects for Of the primary kinetic isotope effects are large, but clearly
the stereoisomeric monodeuterated substrates, since interlOWer than the overall values observed with dideuterated
pretation of the kinetic data in terms of primaryasecond- substrates,_whlch correspond to the product of primary and
ary isotope effects presumes knowledge of the reaction S€condary isotope effecta(l) x a(2)].
stereochemistry. Reaction rates measured for the series of An alternative interpretation of the kinetic isotope effects
stereospecifically monodeuterated substrates, including 3- orin the galactose oxidase reaction has been suggested,
4-substituted benzyl alcohols anddtmethyl-a-p-galacto- involving a contribution from a partially rate-limiting electron
pyranoside (Table 3), demonstrate a dramatic sensitivity to transfer redox equilibrium (SET) in the substrate oxidation
the stereochemistry of the isotopic labeling. In all cases, the step @1) (Figure 4). Oxidation of an alcohol to an alkoxyl
(R) isomer (in which thepro-R hydrogen of the alcohol free radical also affects the bonding within the methylene
o-methylene group is replaced with deuterium) supports a group, affecting both €H bonds equally and resulting in

%
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Table 3: Kinetic Parameters for Oxidation @fa’-Diprotio, a-Monodeuterio, andy,o’-Dideuterio Substrates by Galactose Oxidase

K Krp Ksp koo (kHH/kREDobsX

substrate (M~1sh2 Mts M7ts)  (M7ts)  (kan/kop)obs  (Ker/krp)obd  (Kum/Ksp)ons  (Knr/Ksp)obs

benzyl alcohol 3634 272+ 2 68.3+£ 0.7 51.6+05 7.05£0.13 1.34+-0.02 5.32+0.08 7.13+0.2
4-nitro benzyl alcohol 32& 3.5 260+ 4.5 30.7£0.6 27.2£0.6 12.0+0.3 1.25+0.03 10.6t£0.2 13.3+ 0.4
4-methoxy benzyl alcohol 487386 408+ 10 138.6+ 2 116.4+ 3 4.19+ 0.1 1.19+0.03 3.52+ 0.07 4,19+ 0.1
3-methoxy benzyl alcohol 4472 22 3522+ 9 1163+ 3 980+ 12 4.57+0.06 1.27+0.01 3.85+0.08 4.89+ 0.1
1-O-methyl-a-p- 294664+ 500 20484+ 300 22424+ 60 1632+ 10 18.0+0.33 1.44+0.03 13.1+0.4 18.9+ 0.7

galactopyranoside

aMeasured polarographically at 2& as described in Experimental ProcedufeSxperimentalo-secondary deuterium kinetic isotope effect,
o(2). ¢ Experimental primary deuterium kinetic isotope effentl).

Y495
-0 /\Q /\Q /\O
H i % e
\ cumy PT N\ i _icum SET i _icun HAT \ i cu(l)
Cu‘iso ...... (_) > Ca‘iso/\{ké) - Cu‘is(s)/\(‘ké/ c§02&84
4 vor2 Wl W 4 W
A B C D

Ficure 4: Proposed mechanism for alcohol oxidation by galactose oxidase. (A) Substrate binding results in formation of a hydrogen bond
between the coordinated hydroxyl group and the Tyr495 phenolate and constgaims gosition close to the Tyr272 phenoxyl oxygen.

(B) Proton transfer (PT) involving Tyr495 as a general base activates the substrate for oxidation. (C) An unfavorable single-electron transfer
(SET) redox equilibrium generates an alkoxyl complex. (D) Hydrogen atom transfer (HAT) to the phenoxyl free radical acceptor results in
formation of the aldehyde product. This figure is based on PDB entry 1gog and rendered with Insightll.

an equilibrium deuterium isotope effect on electron transfer. on the basis of eqs-13, y is given by eq 5 in the equilibrium

We have previously indicated that the anomalously large SET model.

substrate deuterium KIE observed fora'-dideuterated

galactose can be ascribed to a modest primary KI#kg y=(28 — 1)/8? (5)

~ 10) combined with an isotope fractionation factor)L/

of 0.8 (per deuterium) on a prior unfavorable electron transfer As shown in Table 4, the deviations pffrom unity do not

equilibrium. These effects occur within the same catalytic appear to be statistically significant for most of the substrates

step and are multiplicativésg—54), so the overall observed  that were tested, including benzyl and 4-methoxy benzyl

effect (involving an unfavorable equilibrium) is the product  gjcohols, and 13-methyl-a-p-galactopyranoside, indicating

of three terms (eq 1): that at least in those cases there is no need to invoke the
existence of a redox equilibrium. However, for completeness,

(Kir/Kpplobs = (1) x a(2) x (26 — 1) (1)  we report the value of the equilibrium isotope effect that is

allowed by the data, and the consequence that the equilibrium

whereo(1) is the primary deuterium kinetic isotope effect, isotope effect would have on the magnitude of the actual

a(2) is thea-secondary kinetic isotope effect, afds the kinetic isotope effects. For the two substrates exhibiting a

reciprocal fractionation factor for the deuterium isotope effect statistically significant deviation af from unity (4-nitro and

on the (unfavorable) electron transfer equilibriuied 3-methoxy benzyl alcohols) (Table 4), the analysis leads to

Keqp)- The factor B — 1 includes the correction for the the prediction of relatively large equilibrium isotope effects

presence of two isotopic nuclei. For the monodeuterated (5) and inverse secondary kinetic isotope effeat$2)],

substrates, one of the kinetic isotope effect terms or the otherraising questions about the validity of the apparent equilib-

vanishes, and the fractionation factor is reduced to the valuerium isotope effect. In this context, it is important to note

for a single deuterium nucleus (egs 2 and 3): that galactose oxidase kinetics are particularly susceptible
to artifacts arising from inhibitory impurities, since the
(Kan/Krp)ops = (2) x B (2) enzyme may be inactivated (either reversibly or irreversibly)
by reaction of the active site radical with minor components,
(Kyn/Ksp)ops = (1) x S (3) and a small amount of inhibitory impurity in th&¢[?H]-

benzyl alcohol samples (stoichiometric with enzyme) that
' .. is not offset by the presence of ferricyanide in the assay
To evaluate these data, we have defined an emplrlcalmixture could account for the observed behavior. The value

parametery, the ratio of the observed isotope effect for the o
dideuterated substrate to the product of observed isotopeOfﬁ shown here for the oxidation of galactosef{# 0.78~

- 170.8) clearly justifies our previous analysis, although the fact
effects for R) and  monodeuterated substrates (eq 4): that there is no consistent behavior over the five substrates

suggests caution in the interpretation of an electron transfer
¥ = (Kur/op)obd[(Kur/Keo)obdkirKsp)ond (4) redgx equilibrium as an eleﬁ1ent of the galactose oxidase
turnover mechanism.
Deviation of this parameter from an ideal value of 1 serves  Multiple Simultaneous Kinetic Isotope Effedthe comple-
as an experimental criterion for the existence of an electron mentary expression of solvent and substrate kinetic isotope
transfer redox equilibrium in the rate-determining step, since effects has previously been reported as evidence for a shift
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Table 4: Evaluation of Substrate Kinetic Isotope Effects within a Redox Equilibrium Model

substrate 2 B° o(1) © o2) @
benzyl alcohol 0.99- 0.03 1.11+0.03 4.8+0.1 1.214+0.04
4-nitro benzyl alcohol 0.96: 0.04 1.46+ 0.05 7.3£0.3 0.86+ 0.04
4-methoxy benzyl alcohol 1.08 0.03 1.00+ 0.03 3.5+0.1 1.194+0.05
3-methoxy benzyl alcohol 0.98 0.02 1.35+ 0.04 2.85+ 0.10 0.94+ 0.03
1-O-methyl-a-p-galactopyranoside 0.950.04 1.28+ 0.05 10.2+0.5 1.134+0.05

2Defined asy = (kun/kop)obd [(Kun/Kro)obdKin/Ksp)obg]. © Evaluated by solving eq 5 fg8: 8 = [1 &+ (1 — y)¥3/y. ¢ Apparent primary kinetic
isotope effect for substrate oxidatiokuf/ksp)ons COrrected for the presence of an equilibrium isotope effect on electron trapsférApparent
secondary kinetic isotope effect for substrate oxidatlem/krp)obs COrrected for the presence of an equilibrium isotope effect on electron transfer

(B)-

Table 5: Multiple-Kinetic Isotope Analysis of the Galactose Oxidase Turnover Reaction

substrate Ki,0/Kp,0)HH (ki,0/kp,0)pD (Kr/Kob)h,0 (knr/kop)p,0
benzyl alcohol 1.1& 0.02 1.065t 0.04 7.12£0.28 6.48+ 0.19
4-nitro benzyl alcohol 1.0# 0.03 1.03+£ 0.02 11.8+£ 0.5 11.4+0.3
4-methoxy benzyl alcohol 1.28 0.02 1.07+0.03 4.29+ 0.09 3.73£ 0.08
PT SET + HAT step becomes energetically resolved and kinetically signifi-

cant with increasing electron-releasing character of the
substituents in the benzyl alcohol series. An isotopic
perturbation that makes a given step more rate-limiting
decreases the rate-determining character of the other step,
leading the pattern of interdependences that we observe. This
allows a refinement of the catalytic reaction profile for benzyl
alcohol oxidation as indicated in Figure 5.

Free Energy —~

4-OCHs

CONCLUSIONS

Reaction Coordinate —

FicUrRe 5: Hypothetical free energy reaction profiles for oxidation Synthesis of a series of stereospecifically deuterated
of benzyl alcohol by galactose oxidase. In the top trace, oxidation ,imary alcohol substrates for galactose oxidase has permitted
of 4-nitro benzyl alcohol is dominated by electron transfer and he | S f th b d d f oxidati
hydrogen atom transfer (SEFHAT), with no evidence for aproton € Investigation of the substrate dependence of oxidation
transfer (PT) contribution in the rate-determining step. In the bottom Stereoselectivity for the first time. Galactose oxidase oxidizes
trace, oxidation of 4-methoxy benzyl alcohol shows evidence for galactose and benzyl alcohol derivatives with a wide range
partially limiting PT in a stepwise mechanism. of rates but exhibits uniformly high#(95%) stereoselectivity

. . . for abstraction of thero-S hydrogen of the substrate, with

in the nature of the rate-determining transition staté from giaric constraints on £of the substrate appearing to serve
hydrogen atom transfer limiting (in the case of 4-nitro benzyl 55 5 stereoselectivity determinant. Analysis of rate data for
alcohol) to partially proton transfer limiting (|_n the case of igation of ® and © a-monodeuterated alcohols has
4-methoxy benzyl alcohol)2@). In these studies, we have  4ji6wed the substrate primary and secondary kinetic isotope
extended this analysis by examining the effect of applying effects to be resolved. The ratio of observed kinetic isotope
multiple S|multane_ous isotope perturbations (Table_S) as aeffects measured with theo'-dideuterated substrate to the
test of the stepwise or concerted nature of the 'SOtOpe‘product of isotope effects observed for the) (and ©
sensitive steps53—56). For 4-nitro benzyl alcohol, there is — monodeuterated sterecisomers is defined as a parameter,
virtually no detectatile solvent k|2net!c isotope effect (SKIE) that serves as a criterion for the existence of an electron
(57) for eithera,o’-[*H] or a,a’-[*H] isotopomers, and the  ansfer redox equilibrium in the rate-determining step. A
observed SKIE values are st_atlstlcally identical. Similarly, prior electron transfer equilibrium is permitted (but not
the substrate KIE values are independent of the presence ofgquired) by the experimental data. Multiple kinetic isotope
absence of isotope in the solvent for this substrate. On thegydies have extended and refined the detailed mechanism
other hand, for benzyl alcohol, there is a small but statistically ¢ galactose oxidase, showing that for 4-methoxy benzyl
significant difference in the observed SKIE values depending 4\cohol the enzymatic oxidation mechanism involves step-
on the labeling of the substrate, with the larger SKIE \ise proton abstraction and atom transfer, while for the other

associated with the,o’-[*H] form of the substrate. In the g pstrates that were tested, atom transfer dominates as the
same way, a small but statistically significant difference was rate-limiting step in the reaction.

observed for the substrate KIE value depending on the

presence of isotope in the solvent, the larger KIE being ACKNOWLEDGMENT

associated with the unlabeled solvent@). An even larger
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