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Catalytic Reaction Profile for Alcohol Oxidation by Galactose Oxidase
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ABSTRACT. Galactose oxidase is a remarkable enzyme containing a metalloradical redox cofactor capable
of oxidizing a variety of primary alcohols during enzyme turnover. Recent studies usirgnéthyl
o-D-galactopyranoside have revealed an unusually large kinetic isotope effect (KIE) for oxidation of the
a-deuterated alcohokf/kp = 22), demonstrating that cleavage of the' @lf?H]hydroxymethylene €H

bond is fully rate-limiting for oxidation of the canonical substrate. This step is believed to involve hydrogen
atom transfer to the tyrosyl phenoxyl in a radical redox mechanism for catalysis [Whittaker, M. M., Ballou,
D. P., and Whittaker, J. W. (1998)jochemistry 378426-8436]. In the work presented here, the enzyme’s
unusually broad substrate specificity has allowed us to extend these investigations to a homologous series
of benzyl alcohol derivatives, in which remote (meta or para) substituents are used to systematically
perturb the properties of the hydroxyl group undergoing oxidation. Quantitative strueichieity
relationship (QSAR) correlations over the steady state rate data reveal a shift in the character of the
transition state for substrate oxidation over this series, reflected in a change in the magnitude of the
observed KIE for these reactions. The observed KIE values have been shown to obeyliaekmg
correlation over the substituent parameter, Hammefor the relatively difficult to oxidize nitro derivative,

the KIE is large kn/kp = 12.3), implying rate-limiting C-H bond cleavage for the oxidation reaction.

This contribution becomes less important for more easily oxidized substrates (e.g., methoxy derivatives)
where a much smaller KIE is observdg/fic = 3.6). Conversely, the solvent deuterium KIE is vanishingly
small for 4-nitrobenzyl alcohol, but becomes significant for the 4-methoxy derivative/fp,o = 1.2).

These experiments have allowed us to develop a reaction profile for substrate oxidation by galactose
oxidase, consisting of three components (hydroxylic proton transfer, electron transfer, and hydrogen atom
transfer) comprising a single-step proton-coupled electron transfer mechanism. Each component exhibits
a distinct substituent and isotope sensitivity, allowing them to be identified kinetically. The proton transfer
component is unique in being sensitive to the isotopic character of the solyéno(HD,O), while hydrogen

atom transfer (EH bond cleavage) is independent of solvent composition but is sensitive to substrate
labeling. In contrast, electron transfer processes will in general be less sensitive to isotopic substitution.
Our results support a mechanism in which initial proton abstraction from a coordinated substrate activates
the alcohol toward inner sphere electron transfer to the Cu(ll) metal center in an unfavorable redox
equilibrium, forming an alkoxy radical which undergoes hydrogen atom abstraction by the tyrosine
cysteine phenoxyl free radical ligand to form the product aldehyde.

Galactose oxidase is a fungal metalloenzyme, a radical metabolize a wide range of alcohols in the environment to
copper oxidasel(-3), that catalyzes oxidation of primary efficiently generate hydrogen peroxide, the biologically
alcohols to the corresponding aldehydes and reduction ofimportant product.

0O, to hydrogen peroxided): The catalytic mechanism of galactose oxidase has attracted
considerable interest, particularly in light of unusual features
RCH,OH + O, —~ RCHO+ H,0, ) of the active site strﬂcture thgt hagve been revealed by
spectroscopicl(—3, 6, 7) and crystallographicg( 9) studies
(Figure 1). In its active form, the enzyme contains a novel
protein free radical coordinated to a Cu(ll) metal center

The enzyme exhibits an unusually broad specificity for
reductant, and a wide variety of primary alcohols serve as

effective substrates, including substituted benzyl alcofls ( formi dicat | h il -

The physiological substrate for the extracellular enzyme is orming a radicarcopper complex whose special reactivity

unknown, and the canonical substrate (galactose) is actuall serves as a paradigm for metalloradical catalysis in the
' . gala yrapidly expanding field of free radical enzymology0-

a poorer substrate than a simpler alcohol, dlhydroxyacetone.lz). The stabilized free radical in galactose oxidase is

The broad substrate specificity allows the enzyme to localized on a tyrosyl side chain, covalently modified by
cross-linking to a cysteinyl residue to form a tyrosine

T Support for this project from the National Institutes of Health (Grant ; ; ; :
GM 46749 to JW.W.) is gratefully acknowledged. cysteine dimer in the protein (Tyr 27#Zys 228) 8, 9). The
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Ficure 1: Active site of galactose oxidase, based on crystal-
lographic data (PDB entry 1gog). A gray sphere identifies the
exogenous ligand (solvent or small molecule) binding site.
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copper complex in the first half-reaction, reducing both sites.
In the second half-reaction, dioxygen binds and is reduced
to hydrogen peroxide. This basic mechanism has been
established by steady state kinetic analysi¥ (4), and is
further supported by results from rapid reaction studiés (
16). Reduction and oxidation half-reactions occur on very
different time scales, theeaction being nearly 1000-fold
faster kea=1.5x 10* M1 s kyy =8.0x 1P Mt s}

(15). As a result, the reaction with reducing substrate is rate-
limiting at low substrate concentrations. The active site is
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quite open, and interactions with the substrates are weak

(Km,cat = 150 mM) and nonspecific, resulting in formation
of what may be described as essentially collisional substrat
complexes. Isotopic labeling experiments have demonstrate
that substrate oxidation proceeds by stereospecific abstractio
of the pro-S hydrogen of the hydroxymethylene functional
group (L7), and the large deuterium kinetic isotope effect
(KIE)! associated with this reactiok{kp = 10—22) (15)
implies that C-H bond cleavage is fully rate-limiting.
However, a number of questions remain regarding the details
of the alcohol oxidation reaction. In particular, the ordering
of single-electron transfer (SET) and hydrogen atom transfer
(HAT) steps in the oxidation mechanism and their relative
contributions to the transition state are still unresolved. Also,
the relation between these two processes and substrat
activation by proton abstraction is unclear.

The unusual tolerance that galactose oxidase exhibits
toward variations in substrate structure has allowed us to
investigate these questions by systematically varying the
substrate and correlating these structural features with
catalytic efficiency. A homologous series of monosubstituted
benzyl alcohols (Scheme 2,% F, Cl, Br, |, SCH, H, CH;,

CF;, NO,, or OCH;; Y = F, CI, Br, OCH;, or NO,) has

e

1 Abbreviations: GAOX, galactose oxidase; HAT, hydrogen atom
transfer; KIE, kinetic isotope effect; PT, proton transfer; QSAR,
guantitative structureactivity relationship; SET, single-electron trans-
fer; SKIE, solvent kinetic isotope effect; TS, transition state.
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been used to probe the substrate dependence of the enzymatic
reaction. Quantitative structur@ctivity relationships (QSARS)

and isotope kinetics, which have proven to be powerful tools
for probing other enzymatic redox mechanism8-25),
provide the framework for analyzing these results, yielding
significant new insights into the enzyme oxidation processes.

MATERIALS AND METHODS

Biological Materials.Galactose oxidase was isolated from
Dactylium dendroidesas previously describedl, 26).
Recombinant galactose oxidase was prepared by high-density
methanolic fermentation of Richia pastoristransformant
containing multiple copies of a chromosomally integrated
expression cassette consisting of tAspergillus niger
glucoamylase signal peptide (gla) fused to the cDNA
sequence encoding the mature galactose oxidase protein
(GAOX) under the AOX1 promoter. The recombinant
enzyme was purified and converted to the catalytically active
form as previously describe@7).

Synthesis of 3- and 4-Substituted Benzyl Alcohol Sub-
strates.The compounds comprising the homologous series
of benzyl alcohols used in this work were synthesized as
the protio (deuterio) forms by borohydride (borodeuteride)
reduction of commercially available precursors. Method A
involved reduction of benzoyl ester by lithium borohydride
(28). Typically, 12 mmol of lithium bromide was added to
12 mmol of sodium borohydride in 15 mL of 2-methoxy
ethyl ether (diglyme) and the mixture stirred at room
temperature. After 30 min, 20 mmol of benzoyl ester was
added to the reaction flask and the mixture heated in an oil

(Path (200°C) for =3 h. The progress of the reaction was

monitored by silica gel TLC developed in a hexane/ethyl
acetate (1:1) solvent. When the reaction was complete, the
sample was poured into 25 mL of ice-cold 10% hydrochloric
acid. For benzyl alcohol products having melting points of
>25°C, the crystalline product was collected from the acid
solution and recrystallized from hot water. For lower-melting
point products, the reaction mixture was extracted with
methylene chloride and the product was purified by silica
gel column chromatography (1:1 hexane/ethyl acetate mix-
ture) and fractionally distilled under vacuum. Method B
involved reduction of benzoyl ester by calcium borohydride
in tetrahydrofuran at room temperaturg9). Anhydrous
calcium chloride (25 mmol) was triturated into a solution of
50 mmol of sodium borohydride in 30 mL of anhydrous
tetrahydrofuran. The benzoyl ester (25 mmol) was added to
the mixture and stirred for 820 h. The progress of the
reaction was monitored, and the product was isolated as
described above. Method C proceeded from substituted
benzoic acid, esterified by stirring in methanol with Dowex
50X2-400 ion-exchange resin under reflux for 24 h, as
previously described30). The resulting methyl ester was
subsequently reduced by sodium borohydride as described
above (method A). All compounds were verified by 6C
MS: (a) 3-bromo benzyl alcohol via method A, (b) 3-chloro
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benzyl alcohol via method A, (c) 3-fluoro benzyl alcohol 1416 1: Kinetic Parameters for Oxidation of Benzyl Alcohol
via method A, (d) 3-methoxy benzyl alcohol via method A, Dperivatives by Galactose Oxidase

(e) 3-nitro benzyl alcohol via method B, (f) 4-bromo benzyl bstituent M-lgt M-l 1 y
alcohol via method A, (g) 4-chloro benzyl alcohol via method substivent k. (M~ s7) ko (M) kilko

A, (h) 4-fluoro benzyl alcohol via method A, (i) 4-iodo i:gg,'_t gggi; igg'gi izll i?gi 8'8‘51
benzyl alcohol via method C, (j) 4-methoxy benzyl alcohol 4-CHs 32242 64.24 1.4 502+ 0.11
via method A, (k) 4-methyl benzyl alcohol via method A, 4-F 177+ 2 26.5+0.5 6.67+ 0.14
() 4-methylthio benzyl alcohol via method A, (m) 4-nitro i-gl iééiﬁ gg-ii 8-; Z-ggi 8-82
benzyl alcohol via method B, and (n) 4-trifluoromethyl 4:| 800i5 132'; 14 6'06i 0.07
benzyl alcohol'wa method A. All other comppunds were  4.gr 587+ 5 91.24+ 1.1 6.44+ 0.16
from commercial sources and were used without further  4-Ck 383+2 44.0+0.5 8.71+ 0.10
purification_ 4-NO, 324+ 2 26.3+ 0.5 12.33+0.23
- . 3-OCHs 4172+ 14 1011.4+ 2.3 4.1240.02

Enzyme AssayEnzyme activity was measured using a 3.-F 1213+ 7 206.4+ 0.7 5.88+ 0.04
thermostated (28C) Clark oxygen electrode connected to 3-Cl 2186+ 16 349.24+- 1.8 6.26+ 0.06
a high-accuracy polarographic amplifi@5]. Reactions were 3-Br 2109+2 312.0+£ 2.7 6.764 0.06
3-NO; 662+ 7 60.5+ 0.5 10.944+ 0.14

carried out in 50 mM NgHPO, buffer (pH 7) with 5 mM
benzyl alcohol substrate and 0.24 mM @ir-saturated). In
addition, 2 mM KFe(CN) was routinely included in the  slopes, making any slower inactivation process irrelevant,
reaction buffer to maintain the active state of the enzyme. and ferricyanide was routinely included in the assay buffers
For absolute rate measurements, the response of the Clarfor galactose oxidase to ensure that the enzyme was fully
oxygen electrode was calibrated on the basis of the stoichio-active during the kinetic measurements.
metric oxygen consumption in the protocatechuic acid/ The limited solubility of the benzyl alcohol series of
protocatechuate dioxygenase reactid, @1). Briefly, 0.1 compounds in buffered aqueous solution constrains the
umol of protocatechuic acid was added to the reaction buffer concentration range over which kinetic measurements can
in a thermostated cell, and the full amplitude of oxygen be performed. For the relatively soluble 3-methoxy benzyl
uptake was recorded following addition of an excess (ap- alcohol, the turnover rate was found to be linear in substrate
proximately 50 units) oBrevibacterium fuscunprotocat- ~ concentration up to 55 mM benzyl alcohol (data not shown).
echuate dioxygenas81). Protocatechuate dioxygenase was This implies thatk,, > 100 mM for the benzyl substrates
prepared fromB. fuscum(ATCC 15993) as previously —and that substrate oxidation is rate-limiting for enzyme
described 31). For isotope effect measurements, protio and turnover at benzyl alcohol concentrations of up to 50 mM.
deuterio forms of a given substrate were assayed in parallel.[For comparison, th&r, for the canonical substrate, galac-
Substrates were dissolved in assay buffer by sonication, andose, is 150 mMZ5), and theKr, for acetol, aro-keto alcohol
the concentrations of the corresponding isotopic samplesthat supports the highest catalytic turnover rate known for
were checked by UV absorption spectroscopy. Slight dif- galactose oxidase, is estimated to be 1.439).] The low
ferences in substrate concentration detected by absorptiorsubstrate concentrations (5 mM benzyl alcohol derivative)
measurements were typically corrected by adjusting the used in the investigation of turnover rates for the homologous
volumes of the substrate stock solution in the assay mixtureSubstrate series ensure that the substrate oxidation half-
according to the intensity of the UV spectra for the two reaction was rate-limiting in these experiments.
samples. The initial-rate reaction velocitiesvd) measured for
Data AnalysisModel correlations were investigated and galactose oxidase turnover at these Iow substrate concentra-
statistically evaluated using the program QSAR-Bg.(The ~ tons ([S] < Km) were used to estimate the catalytic
kinetic data input for the analysis were the average of €fficiency, using an approximationd([S] ~ Vma/Km) that
triplicate determinations. Standard values and definitions S Valid in the linear limit of the hyperbolic substrate

were used for reactivity, electronic, and structural parametersSaturation curve, where the reaction becomes essentially
[Hammetto (,*, om), molecular refractivity (MR), and steric bimolecular. For subsequent analysis, this result was further

constant Es)] (33, 34). divide_d by the enzyme concentration, converting_it to an
effective second-order rate constait &ndkp, respectively,
RESULTS for protio and deuterio substrates), corresponding approxi-

mately tok.o/Kn for the enzymatic reaction.

Galactose oxidase metabolizes all of the 3- and 4-substi- Initial-rate steady state oxygen uptake kinetic data for the
tuted benzyl alcohol derivatives that were tested, with an para-substituted series of benzyl alcohol substrates are listed
approximately 20-fold maximum variation in relative rates. in Table 1. The range of reaction rate constants measured
All of the benzyl alcohol derivatives that were tested served for this series was remarkably narrow, varying only 4-fold
as simple substrates, yielding linear oxygen uptake kinetics. over the entire set of protio compounds and less than 2-fold
These results demonstrate that turnover-based inactivatiorfor the compounds at the extreme values of the electronic
of the enzyme, which would be reflected in deviations from substituent parameter, Hammetf Plotting the data as a
linear & uptake in these experiments, is insignificant for function ofo,™ (Figure 2, H) yields a small, negative reaction
incubation over the course of at least 2 min with these parametep of —0.093+ 0.32. The large standard deviation
substrates even in the absence of oxidant [e.g=eKCN)]. for the correlation is a consequence of the empirical scatter
This behavior is very similar to that observed for the of the kinetic constants around the single-parameter regres-
canonical substrate, galactose, in the enzyme assay. All ofsion line, and is not the result of poor statistics for the
the rate data described below were obtained from initial individual rate constant determinations. A similar correlation



Galactose Oxidase Reaction Profile Biochemistry, Vol. 40, No. 24, 20017143

4 et . 115
35F 3 m
s ] X ]
SEQH  C ¢ 3 5 710
X P
o) m
o ]
15
S N T T T -2 - 0 1 0
-1 -0.5 0 05 1 ot
ot FIGURE 3: Substituent dependence of the deuterium KIE for

substrate oxidation. The observédky rate ratio for the para-
substituted homologues is plotted vs the electronic substituent
parameter Hammett,*. The inset is a semilog representation of
the same data.

FiGURE 2: QSAR correlations for para-substituted benzyl alcohols.
Rate data for galactose oxidase turnover supported by pmjio (
or deuterio @) benzyl alcohols are shown in a semilog linear free
energy plot vs the electronic substituent parameter Hamogéett
The slopes of the correlation lines are as follovgs: = —0.09+

0.32 andop = —0.494+ 0.61. op" alone) to 0.85 (fow,"™ + MR) with an increase i1 g
from 0.4 to 19. A similar increase was found for the bilinear
Table 2: Rate Correlations for Oxidation of Benzyl Alcohol correlation over the deuterio series (Table 2). However, in
Derivatives both cases, the component of the correlation slope attributed
correlation to op* is essentially unchanged. Including the purely steric
parameter  correlation slope interceptoefficient F2  rmsd parametefEs did not improve the correlation.
. (A) Para-Substituted, o-[*Hz]BA The deuterium KIEs for substrate oxidation in the para-
Oy —0.093+ 0.32 2.64+0.15 0.22 0.42 0.208 ; ; ;
VR 0.038.L 0,002 53720016 084 191 04116 substituted series of bepzyl al+c_oho!s are evaluated in Table
op" + MR —0.070+ 0.29 g,") 2.38+0.17  0.85 885 0121 land plptted as a function of," in Figure 3. In contrast to
0.0384+ 0.002 (MR) the relatively uniform values found for the rates, the observed
Es —0.068+ 0.24 2572029 022 040 0208  K|Es show a strong trend with values rapidly increasing at

oyt +Es —0.165+0.59 ") 2.56+0.31  0.31 0.38 0.217 : '
~0.107+ 0.29 €2) larger o values. The experimental data were fit to an

(B) Para-Substituted,o-[?H;]BA expor|1e_nt|al ;‘urr:ctlon [E|gfureh3—g], and the (Ijogh;:egr
ot —0.489+ 0.61 1.91+ 021 054 332 0254  correlation of the KIEs_ is further demonstrated in the inset.
MR 0.047+ 0.034 150+ 0.28 0.74 9.75 0.202  The results of a quantitative investigation of the correlation
%"+ MR —8-gogi 8-(2)2 Op") 157+0.18 093 209 0122  petween log(KIE) and Hammettare given in Table 3. The

048+ 0.02 (MR) F1s value for the correlation implies significance in the

Es —0.012+ 0.35 1.82£0.42  0.03 0.01 0.301 i :
op" +Es —0.650+£0.68@,") 177+035 063 234 0250 > 99.9% confidence interval.
—0.166+ 0.33 Es) More dramatic variations in rates were observed for the

(C) Meta-Substituted:,a-[*Hz]BA meta-substituted substrate series (Table 1). In this case, the
&mR *(1)-(2)2(7& 8-23 g-g‘s‘i 8-33 8-2% 13«-;)3 8-;‘3‘3 protio substrate oxidation rates spanned a 7.5-fold range, and
om+ MR —1336+ 0.46 on) 3531027 099 355 0070 correlation Wlth Ham_metdrm (Figure 4) yielded a relatively

0.037+ 0.03 (MR) large, negative reaction paramepasf —1.3+ 0.9. An even

Es 0.526+ 2.1 2.86+ 2.4 0.37 0.46 0.475  steeper slope is obtained for the deuterio compound correla-

om+ Es _Bzﬁgi 8-257’ @ém)) 3.00+£034 099 512 0086  tjong, corresponding to a reaction parametesf —2.0 +
' s , 0.9. As found for the para-substituted series, bilinear cor-
(D) Meta-Substituted a-[*H7]BA relations (particularly with MR) provide some overall

Om —-2.024+0.9 3.21+0.39 096 384 0137 .

MR 0.025+ 0.02 227415 017 01 0502 improvement but do not change the fundamental results.

om+MR —205+0.46 ¢n) 3.00£027 099 77.8 0070  Once again, the KIEs for substrates available in both protio

. _8-gggi 2-23 (MR) Jg6i10 037 o046 o47g 2nd deuterio forms follow a trend toward larger isotope

oo+ Es  —2.356+ 0.69 o 3004034 099 5l24 0oss eifects associated with largewvalues (Figure 5). This trend
—0.41+ 0.48 Es) also can be fit as an exponential function as shown, leading

2TheF value is a test statistic relating the residuals of each point to to a I_og—llnear _Correlatlon with om (Flgu_re 5, inse).
the regression line to the residuals of each point to the mean value of Statistical analysis of the log(KIE) correlation for the meta
the data. Ther value depends on the number of variables and data series of compounds implies significance at th89.9%
points, and a larger value &findicates a more significant correlation.  confidence interval.

The sensitivity of the oxidation rates for four of the para-
for rate constants measured for the corresponding deuteriosubstituted substrates to isotopic solvent was also investigated
compounds (Figure 2, D) yields a slightly larger value of in these experiments. The substrates chosen for this experi-
—0.49 + 0.61. For comparison, bilinear correlations were ment span a range of rates and represent the full range of
also investigated over alternative substituent parameters, MRthe substituent parametep' explored in these studies. A
andEs (Table 2). The correlation was slightly improved by small deuterium solvent isotope effect (SKIE) was found for
including a second parameter in the fit, with an increase in the oxidation of 4-nitrobenzyl alcohok{,o/kp,o = 1.05+
the correlation coefficient for the protio series from 0.22 (for 0.03), with progressively larger values observed for the
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Table 3: Logarithmic Correlation of KIEs with Substituent Parameters

substituent position parameter correlation slope intercept correlation coefficient F rmsd

para op" 0.4284+0.14 0.738+ 0.047 0.92 47.2 0.059
meta Om 0.694+ 0.17 0.543+ 0.075 0.99 120. 0.027

jry
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substrate KIE
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PRI St I
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TR '05' IR Ficure 6: Correlation of the substrate and solvent KIEs for benzyl
-0.5 0 : 1 : alcohol oxidation. The horizontal bars indicate the magnitude of
Om the standard deviations.

Ficure 4: QSAR correlations for meta-substituted benzyl alcohols. : .
Rate data for galactose oxidase turnover supported by pmjio ( the catalytic complexes. The latter approach, coupled with

or deuterio ®) benzyl alcohols are shown in a semilog linear free quantitative structurereactivity analysis of the kinetic
energy plot vs the electronic substituent parameter Hamapett ~ consequences, has proven to be valuable in studies of

The slopes of the correlation lines are as follovgs: = —1.30+ cytochrome P4501Q, 20) and flavoenzyme monooxygenase
0.94 andpp = —2.0+ 0.9. (21—23) and oxidase24) mechanisms, and is the basis of
15 the work presented here. In contrast to the generally

unpredictable consequences of protein mutagenesis, the
effects of substituents on the properties of reactive functional
groups are generally highly predictable.

The success of the substrate-variation method hinges on
the ability of the enzyme to accept a range of aryl substrates
] representing a wide variety of substituents. It is also
1s important that steric effects on the reaction be relatively small
] so that the electronic factors controlling the oxidation
mechanisms will be clearly expressed. Fortunately, the
unusually broad substrate specificity of galactose oxidase
allows us to systematically explore a range of structures
within a homologous series of benzyl alcohols, with sub-
FIGURE 5. Substituent dependence of the deuterium KIE for Stituents ranging from strongly electron-donating to strongly
substrate oxidation. The observigky rate ratio for the meta-  electron-withdrawing groups. Although these compounds are
substituted homologues is plotted vs the electronic substituent only distantly related structurally to the canonical substrate,
parameter Hammetin. The inset is a semilog representation of - g5jactose, they closely resemble a number of natural products
the same data. . -

(e.g., veratryl alcohol) that may serve as physiological
substrates for galactose oxidase.
4-trifluoromethyl &,o/kp,0 = 1.11+ 0.01), 4-H kn,0/ko,o Catalytic oxidation rate constants for the homologous
= 1.16+ 0.02), and 4-methoxykf,o/kp,0 = 1.22+ 0.02) substrates (Table 1) show uniform letinear correlations
derivatives. The correlation between the substrate KIE for over the empirical free energy parameter (Hammgthat
oxidation of each of these benzyl alcohol derivatives with defines the magnitude of the substituent perturbation (Figure
the solvent deuterium KIE for the same substrates is shown?2). For the para-substituted benzyl alcohols, the trends are

log (KIE)

M

in Figure 6. similar for eithero, or g,", and the correlation withw,"
shown in Figure 2 is representative. Th parameter has
DISCUSSION been found to be appropriate for a variety of oxidation

reactions, particularly where radical intermediates are in-

In general terms, detailed studies of enzyme catalysis mayvolved (7). The rate correlations show no sign of break
be approached by modifying the structure of either the protein points that would indicate a change in mechanism or a
or the substrate. Site-directed mutagenesis has been widelyransition between discrete rate-limiting steps in a multistep
used to alter the structure of enzyme active sites to assignreaction. The largest deviations from the model occur in the
roles to individual residues and provide a clearer view of halogen series, which form a subset of substituents within a
their catalytic functions. However, mutagenesis can funda- narrow range ob,* values showing a strong trenkh[F) <
mentally change active site reactivity, often with unpredict- kuy(Cl) < ka(Br) < ku(1)] that is clearly independent ef,",
able results. Alternatively, the substrate itself can be sys-while the other substituents, including 4-nitro, closely
tematically varied to reveal more subtle features of the conform to the model. Clearly, while electronic perturbations
enzyme interactions by perturbing the energetic profile for described by Hammett," dominate the behavior shown in
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Scheme 3 Scheme 4
A
KIE = const.
x W
° S’ A H <
.0272 } D
o) o
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/HS
Co. B
x Ho| | KIE=10%®
Figure 2, other factors are likely to contribute to substrate <_g> ¥
interactions, and the correlations are, in fact, improved by D
including additional parameters (MR aB&g) in a multilinear
c c

QSAR analysis (Table 2).

The most important features of the plots shown in Figure
2 are the slopes of the correlation lines, which correspond
to the sensitivity of the reaction to the substituent perturba-

tion. The small, negative value of the correlation slope for AT X .
the protio benzyl alcohols corresponds to a value for glectronlc in origin, relating to the HOMO/LUM.O splitting
in the valence shell of the molecule. The existence of a

Hammettp of ~0, characteristic of a reaction controlled by . I ;

an uncharged transition state that is relatively insensitive to _correlatlon between ox_|dat|on rates and_ MR may_|mply
the stabilizing effects of electron-withdrawing or -donating |n|volvement Off a Iow—rl]yln_g electronic excited state in the
substituents. In the limit of small correlation slopethe electron trlansher ||”nec aplsm.f h lati
correlation coefficient anét value, as measures of covariance Curiously, the slopeg) found for the rate correlation over

of the dependent and independent variables, must Vanish_deuterlo alcohols differs from that found for the protio series

The small values that we find for these test statistics in the (Figure 2), associated with a strong substituent dependence

analysis of our data (Table 2) thus support the indepen- of the kinetic isotope effect (Figure 3). The entire substitution

S . .. series can be fit with an exponential dependence of the KIE
dence of the data, a property that has significant mechanlstlcon Hammeto, further demonstrated by the leinear plot

implications (see bglqw). . . . shown in the inset. While dropping the result for the 4-nitro
The p value describing the correlation of properties with 44y ative might appear to allow a linear (rather than

the electronic parameter Hammetplays an important role o nonential) KIE curve, the nitro compound daes exhibit
!nfthe apalysg)s of rr]eactlon m?cﬂanlsms_, since It contains 5nomalous behavior in either of the rate correlations (Figure
information about the nature of the transition ste8, @4, 2, H and D), so there is no justification for distinguishing it

ab . : e
37). Inslfensmwté/ %f a r(:]act[on to var);ln% value; olf’l IS in the KIE analysis (also, see below). In any case, the
ggnera .yregafde as the shlgngture% afreera cIJIC?) or atorS'substituent dependence of the KIE is a clear indicatioa of
abstraction oxidation mechanism, characterized by an ab-cpange in the character of the transition staeer the
sence of charge buildup on the benzylic carboa)(@ the

- . o X reaction series, since the fundamental reaction is the same
transition state, or a cyclic transition state that avoids chargefOr each of these substrates

separation 7). The flat correlation found experimentally \yhjje rate correlations are well-established mechanistic
for_the gallactose QX|dase alcphol oxidation reaction (Figure tools, KIE correlations have not been as extensively devel-
2) s consistent W.'th the preVIous_Iy prop_qs_ed rad|+cal mech- oped. The underlying relation between rate and KIE cor-
anism for catalysisl(-3, 15). The insensitivity tas,” May  gjations is illustrated in Scheme 4, which shows idealized
also reflect a cyclic transition state for the oxidation process, \je\s of two limiting cases. For a transition state whose
as shown in Scheme 3. This five-atom cyclic transition state gggantial character is unchanged through a reaction series,
brings the phenoxyl oxygen of the Tyr 272 free radical near ot angd deuterio correlations will give the same value of
the hydrogen atom that is removed from the substrate C p, and appear as parallel lines on the Hammett plot (Scheme

during turnover g, 3, 15). The slight negative value found 4y The separation between the two correlation lifesis
for p in these experiments suggests that oxidation is q15ted to the KIE for the reaction:

facilitated by electron-donating groups in the para position.
For comparison, a similgs of —0.14 has been reported for A = log k, — log k, = log KIE 3)
Hammett analysis of benzyl alcohol oxidation by an enzyme-

inspired phenoxytCu(ll) catalyst 8). ~ No substituent dependence of the KIE will be observed in
The correlation with molecular refractivity (MR) that is  thjs limit, since KIE= 10*©) = a constant. This limit has

revealed in a bilinear analysis of the galactose oxidase a|C0h0|previously been observed in the oxidation of benzylamine
oxidation rate data (Table 2) is also suggestive. Molecular sypstrate analogues by the flavoenzyme monoamine oxidase

refractivity is an empirical parameter relating to the high- A (21). On the other hand, divergent correlation lines for

frequency eleptronic polarizability, defined by the Lorentz protio and deuterio compounds (Scheme 4B) imply an
Lorenz equation: exponential dependence of the KIE on substituent parameters,

explaining the behavior of the KIEs for the para substitution

MR = [(n® — 1)/(n° + 2)](MW/d) (2 series, shown in Figure 3. This limit has previously been

wheren is the refractive index, MW the molecular weight,
andd the density 83, 34). This parameter cross-correlates
with steric and hydrophobic parameters, but is intrinsically
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PT SET HAT

Ficure 7: Resolved elementary components of the galactose oxidase substrate oxidation reaction.

observed in oxidative reactions of P450, where it was used described as a complex proton-coupled electron transfer
to make an empirical identification with oxyradical oxidation process, involving two electrons and two protons. To

chemistry exhibiting the same substituent KIE dependenceunderstand how the transition state for the reaction will be
(18). Although isotope effect data for oxidation of benzyl affected when the substituents are varied, it is useful to
alcohols by phenoxyl radicals are very limited, it is interest- identify three elementary processes [proton transfer (PT),

ing to note that the KIE found for oxidation @f,o-[?Hy]- single-electron transfer (SET), and hydrogen atom transfer
benzyl alcohol by a small molecule phenox@u(ll) (HAT)] that may comprise the oxidation step (Figure 7).
complex that mimics galactose oxidase reactivigy'p = The relatively acidic hydroxylic proton of the coordinated
6.8) (39) is similar to that observed for oxidation of the same substrate is expected to undergo abstraction by a general base
substrate by the enzyme (Table 1). in the active site in a simple proton transfer process (Figure

The substituent dependence of the KIE is a very sensitive 7, PT) (7, 40). The hydroxylic proton exchanges rapidly with
expression of shifts in the character of the transition state solvent protons in aqueous solution, being replaced by a
under perturbations. Because the KIE ratio eliminates deuteron in DO. The OH group is distinct in this regard,
nonelectronic contributions to the reactivity (each pair being and no other sites in the substrate are expected to exchange.
identical except for the isotopic substitution), the quality of As a result, rate-limiting PT is predicted to give rise to a
the correlation of the KIE witlw," (Table 3 and Figure 3)  significant SKIE. The absence of a measurable SKIE in the
is strikingly better than that found for the individual rate reaction with galactoselp) indicates that, in that case at
constants Ky and kp) which may be influenced by other least, PT does not contribute significantly to the transition
factors contributing to the scatter in the data (Table 2 and state for oxidation. On the other hand, proton abstraction by
Figure 2). Scheme 4 demonstrates that the linear substituenain active site base (Tyr 475 tyrosinate) has been proposed
correlations, well-established for reaction ratesjuirelog— as an essential (but non-rate-limiting) substrate activation step
linear KIE correlations over the same parameters if the (7, 40), a role which has been supported by subsequent
isotopic substrate correlations are distinct. Thus, there aremutagenesis studiegdX).
physical reasons to expect a logarithmic dependence of KIE  Single-electron transfer (Figure 7, SET) is a second
on g, while there is no obvious basis for a linear relation. component of the substrate oxidation reaction. This elemen-

Similar trends are observed for the meta substitution seriestary process is facilitated by orbital overlaps between the
(Figures 4 and 5). In this case, a larger correlation slope is coordinated alcohol and Cu(ll) in the inner sphere substrate
observed for the rates, suggesting that the presence of a metaomplex. The overall driving force for SET is the difference
substituent on the aromatic ring may alter the geometry of in potential between enzyme sites and the substrate in the
the substrate complex, leading to a transition state structurecatalytic complex, which is determined by the substrate
distinct from that found for the para series. This is not oxidation potential in a reaction profile like that developed
particularly surprising, since the meta substituent is closer in these experiments (see below). While an electronic process
to the functional group undergoing reaction and, as a like SET will not exhibit a primary kinetic isotope effect, it
consequence, might be more likely to encounter steric may contribute to an overall reaction KIE through an
interference in the active site. In support of this interpretation, equilibrium isotope effect resulting from the change in bond
benzyl alcohol (3-H) deviates strongly from the other order for both methylene €H bonds on oxidation of the
members of this set, while it correlates well with the para deprotonated alkoxide to a neutral alkoxyl radical. The
series. An exponential substituent dependence of the KIE isfractionation factor (the perturbation of the redox equilibrium
also found for the meta series. by isotopic substitution) would then multiply the intrinsic

While the substituent-dependent KIE for the reaction KIE for the subsequent-€H bond cleavage stefd%).
reflects a change in the transition state, the absence of a break Hydrogen atom transfer (Figure 7, HAT) between the
in the rate correlation indicates the underlying mechanism coordinated substrate and the Tyr 272 tyrosyl phenoxyl in
is unchanged. This, in turn, implies that substrate oxidation the active site is the third key feature of a free radical alcohol
represents a single kinetic step comprised of several com-oxidation mechanism for galactose oxidate 8, 15). HAT
ponents, distinguished by their isotope and substituentinvolves cleavage of the €4 bond o to the alcohol
sensitivities. Substrate oxidation by galactose oxidase ishydroxyl, and is therefore sensitive to isotopic substitution
equivalent to dehydrogenation of the alcohol hydroxymeth- in the substrate. Primary and secondary kinetic isotope effects
ylene group, the elements of,eing transferred to redox  (associated with the scissile and nonscissilé—H bonds,
centers and basic sites in the enzyme. This reaction may beespectively) will in general both contribute to an overall
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KIE, and these two are not resolved in the experiments 30 E 1.2
described here using-di[?H]alcohols. A primary KIE will o,
generally lie in the range of-310, with the larger value being sl -7 1777 1
associated with a transition state in which—-B bond ..o dos
breaking dominates. On the basis of the magnitude of the F /,aa’ I I 5
primary deuterium KIE measured in both steady state and ¢ 2.8 | o .- t NO, 406 €
rapid kinetics studies, the HAT process appears to be fully 2 L-5" CH, H Cl 2
rate-limiting for oxidation of galactosd §). HAT processes 26 IOCHS j l H04 M
depend on special geometric constraints on donor and ' \L\.‘\r\_ 0.
acceptor sites, as well as electronic factors relating to the ° '
driving force for the reaction. 24k L L L L ! 0

In the context of the study presented here, these three 1.3 14 15 16 17 1.8
elementary processes (which are not necessarily associated Eox (Vs NHE), V

with distinct kinetic intermediates) provide a framework for
undgrstandlng the reaction profile revea_lled by systematically alcohol substrates with anodic ionization potentials. Rates for protio
varying the substrate. The large deuterium KIE observed for aiconl oxidation @) and KIE () (ionization potentials from ref
benzyl alcohols bearing electron-withdrawing substituents 43).
(e.g., NQ and CR) indicates that €H bond cleavage is
likely to be fully rate-limiting for oxidation of those
compounds. As previously found for galactose oxidation, no
excess SKIE is detected when the reaction is performed in R ALl
D0, and since the PT and HAT processes can be resolved
in this case, the two components are clearly not concerted.
With more electron-releasing substituents, the substrate KIE
becomes progressively smaller, complemented by an increase
in the SKIE, which reaches a value of maximum of 1.22 for
4-methoxy benzyl alcohol, whose substrate KIE is a mini-
mum value for the series. This does not appear to simply
reflect a decrease in the acidity of the hydroxyl group, since ~
oxidation of the even more basics@lkoxyl group in EP
galactose yields amaller SKIE (0.99 &+ 0.05) andlarger _ ,
substrate KIE Ku/ko = 24) (15), corresponding to values Reaction Coordinate
near they-intercept of the KIE/SKIE correlation for the Scheme 5, a change in the driving force for a reaction will
benzyl alcohol substrates (Figure 6). The SKIE for the in general produce a shift in the transition state. The
reaction of the 4-methoxy derivative is significant, but difference in ionization potentials for 4-methoxy and 4-nitro
smaller than the SKIEsk{,o/kp,o = 3—5) reported for benzyl alcohols implies a substantial95 kJ/mol) difference
reactions where PT is fully rate-limitingd®). Thus, the in driving force for oxidation of these two alcohols by
transition state associated with substrate oxidation for the galactose oxidase. Although the activation barriex&*)
benzyl alcohols bearing electraimnating substituents is  must be nearly the same, since the rates are similar, the
more consistent with an SET process, with some PT transition states (TSs) will be different. In particular, the TS
contribution (based on the observation of a significant SKIE), for the reaction with the larger driving force (oxidation of
while substrates bearing electranithdrawing substituents  the methoxy derivative) is predicted to occur earlier along
are limited by HAT. the reaction coordinate than that for oxidation of the nitro
While the Hammetto correlations provide a useful compound. The large KIE observed for oxidation of 4-nitro
empirical framework for investigating substituent perturba- benzyl alcohol indicates the TS is dominated bytCbond
tions, substrate oxidation is expected to be specifically cleavage in that reaction, while the relatively small substrate
sensitive to the redox potential of the alcohol, which defines KIE and increasing SKIE are consistent with PT and SET
the thermodynamic driving forceAG = —nFE) for the dominating the earlier TS for 4-methoxy benzyl alcohol
reaction. In Marcus theory, it also controls the rate by oxidation. In addition to providing insight into energetic as-
affecting the height of the reaction barrier. The correlation pects of substrate oxidation, correlation of the rates and KIEs
of oxidation rate and KIE versus ionization potentigh. with ionization potentials allows extension of the analysis
for the para-substituted series of benzyl alcohols is shown beyond the aromatic alcohol series for which Hammett
in Figure 8, usingEqx values based on anodic oxidation of defined. For a simple primary alkanol (such as ethanol or
the alcohols 43). The rates show a relatively weak depen- the C-6 hydroxyl of galactose) which is even more difficult
dence on the ionization potential, similar to the results shown to oxidize Eox ~ 2.4 V vs NHE) @4), we would predict an
in Figure 2, reflecting the cross-correlation between ioniza- even larger substrate KIE and no SKIE, as has been
tion potential andr,, although the slight trend toward a more  experimentally observed for galactose oxidati@s)(
rapid reaction for the more reducing substrates is, in fact, in  The combination of isotope kinetics and substrate-level
the direction expected on the basis of driving force consid- perturbations of the active site thus resolves the elementary
erations. processes in the galactose oxidase oxidation mechanism,
The strong variation in KIE with ionization potential is revealing the essential chemistry of the radiaadpper
mechanistically more significant. As shown qualitatively in complex. These experiments effectively map out a profile

Ficure 8: Correlation of log rate or log KIE for oxidation of benzyl

Scheme 5

AG
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of the substrate oxidation reaction by systematically varying 17. Maradufu, A., Cree, G. M., and Perlin, A. S. (19T3n. J.

the nature of the substrate. The simultaneous and comple-
mentary expression of substrate and solvent KIEs in these
reactions (Figure 6) without a corresponding break in the

rate profile (Figure 2) suggests that PT, SET, and HAT events

18.

Chem. 493429-3437.
Manchester, J. I., Dinnocenzo, J. P., Higgins, L., and Jones,
J. P. (1997)J. Am. Chem. Soc. 1198069-5070.

19. Higgins, L., Bennett, G. A., Shimoji, M., and Jones, J. P.

are not associated with distinct kinetic intermediates but 2q.

rather represent asynchronous components of a single kinetic

step. The changing sensitivity of the oxidation reaction to 21.
deuteration of thex-position over the homologous substrate

series then reflects a shift in the character of the transition

state from rate-limiting €H bond cleavage to rate-limiting
proton abstraction-activated SET in the reaction profile,

shown by the emergence of a significant SKIE in the latter

limit. We are led to a picture of a complex reaction

coordinate for substrate oxidation by galactose oxidase in
which PT, SET, and HAT components all occur consecu-
tively in a single kinetically resolvable step, i.e., no energetic
barriers > kT separate these events along the reaction

coordinate. Within this reactivity spectrum, the electronic

properties of the substrate determine which contributions

dominate the overall transition state for alcohol oxidation.
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