JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Determination of a Large Reorganization Energy
Barrier for Hydride Abstraction by Glucose Oxidase
David W. Brinkley, and Justine P. Roth

J. Am. Chem. Soc., 2005, 127 (45), 15720-15721- DOI: 10.1021/ja056025I « Publication Date (Web): 25 October 2005
Downloaded from http://pubs.acs.org on March 25, 2009

ES
T EP
G A
Y

nuclear coordinate —

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 3 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

ACS Publications

W High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036



JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja056025l

JIAIC[S

COMMUNICATIONS

Published on Web 10/25/2005

Determination of a Large Reorganization Energy Barrier for Hydride
Abstraction by Glucose Oxidase

David W. Brinkley and Justine P. Roth*
Department of Chemistry, The Johns Hopkins dgnsity, 3400 North Charles Street, Baltimore, Maryland 21218

Received September 1, 2005; E-mail: jproth@jhu.edu

How protein environments facilitate the cleavage of strong Scheme 1. Reaction Coordinate Diagrams for C—H Oxidation by
chemical bonds is a fundamental problem in enzyme catalysis with GO

implications ranging from biotechnology to drug desigompu- R
tational studies have suggested roles for protein motion and 1'3

- o ) . ES EP |
optimized electrostatics in modulating the barriers to these reac- NH N NH
tions? Yet the experimental data needed to test such predictions H
are rarely available. Described here is a case that is an exception, O(H) Hissso .0_0O H|s559
where the mechanism of-€H oxidation is defined and the intrinsic . Hiss1s L H*Hiss 16

barrier analyzed within the context of Marcus thedry.

Glucose oxidase (GO) uses a noncovalently bound flavin (FAD)
to oxidize sugars to lactonésThe reduced cofactor (FADH is Ij :Fy(NH
reoxidized by Qin a ping-pong kinetic mechanisimlwo descrip-
tions of the sugar oxidation step have persisted over the years
(Scheme 1). In one, FAD abstracts ftom the bound substrate in ,
a single step. In the alternative, two steps are involved with  ES
nucleophilic attack upon the isoalloxazine ring preceding intramo-
lecular H transfer. Both mechanisms allow for the rate-limiting
cleavage of the anomeric-GH of the substrate as indicated by  from equmbrlum measurements upon addlng sugar to the enzyme-
kinetic isotope effect8.Further, these isotope effect studies have hound cofactors? Comparison 0fAG®regox and AG®¢q SUggests a
provided evidence that protein motions impact the probability of 2.0 kcal mot? greater affinity of the enzyme for the substrate over
hydrogen tunneling. It has been proposed that such quantum effectghe product. This small difference is included in thN&° for the
may be linked to catalytic rate accelerations in a number-eHC reversible conversion of ES to EP in Table 1.

oxidizing enzymes including glucose oxiddse. Stopped-flow experiments were performed undes With
In previous studies, it was shown that reconstitution of the GO 2-deoxyglucose (pH 5, acetate buffar= 0.1 M)21® Data were
apoprotein with the chemically modified cofactofsle 8Cl, 7H fitted by a single-exponential decay to obtain rate constntsnd

8Cl, and 7,8-Cl (for numbering, see Scheme 1) affords active k) at saturating£0.5 M) and presaturating<(0.05 M) substrate
enzymes with turnover rates that are accelerated relative to that ofconcentrations. No evidence for intermediates was obtained by

the native GO, which containg,8-Me® The 5-deazaflavin5- global analysis of the data collected between 350 and 600 nm.
Deazg and 8-OH 5-deazaflavin cofactors-Deaza 80H, in which Analysis of the single-turnover reaction kinetics together with
N(5) is replaced by a CH, have also been incorporated into agoGO. the thermodynamics provides insight to the mechanism of sugar
All of the proteins react rapidly witb-glucose or 2-deoxp-glucose oxidation. The similar increasing slopes observed wkieand k,

at pH 5, evidenced by bleaching of the absorbance 430 nm) are plotted versus-AG°¢q (Figure 1) indicate the following: (i)

due to the oxidized cofactor. No reaction occurs upon treating the substrate binding, which is reflected ka but not ink;, has a

unbound flavins with excess sugar under the same conditions.  negligible impact on the driving force dependence of the reaction
Redox potentialsHy, vs NHE) determined for the free cofactors  barrier, (i) the rate-limiting steps at high and low substrate

correspond to 2eprocesse® A small effect due to the protein  concentrations are the same, and (iii) the redox mechanism is most

environment is indicated at pH 7, wheleg, = —0.208 V for free likely H~ abstraction. Decrease &f in response to increasing
7,8-MeandE;, = —0.184 V for native GG1 Since 2e + 1H* is —AG°¢q would be expected for a two-step mechanism in which
thermodynamically equivalent to +l the driving force for H H* transfer within a negatively charged intermedidtgi$ rate-
abstraction can be estimated using a thermochemical cycle aslimiting (cf. Scheme 1).I should be stabilized by electron-
previously described by Park&r. withdrawing groups, making the product-forming step less ther-
The driving force for the oxidation of 2-deoxyglucose recast in modynamically favorable and consequently redudindn further
terms of the relative affinities for Hand H" (=2e~ + 2H") is support of H abstraction, electrochemical and kinetic data for

AG®redox= —F(E°ox — E°red), WhereF is Faraday’s constant (23.06  8-OH 5-Deazd® agree with the trend defined by the enzymes
kcal mol%/V) and theE® are theE,, for the oxidant and reductant  containing flavin cofactors. Its nicotinamide-like structure makes
extrapolated to pH 0. They;, (pH 7) = —0.469 V was determined  the deazaflavin unsusceptible to nucleophilic attack, thus precluding
for 2-deoxygluconolactone/2-deoxyglucose by cyclic voltammiétry.  a two-step mechanism.

This value is only 0.034 V more positive than that reported for Marcus theory is a useful starting point for discussions of
glucose/gluconolactone at the same BHAG®eqox reflects the enzyme catalysis. The formalism in eq 1 expresses the free energy
reversible conversion of the unbound reactants and products. Foractivation barrier AG*) for a unimolecular reaction in intrinsic
5-Deazaand7,8-Me, the values are close to theG°¢, extracted (kinetic) and thermodynamic terms, reorganization eneiand
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Table 1. Kinetic and Thermodynamic Parameters for Oxidation of
2-Deoxyglucose by GO at pH 5 and 25 °C unless Noted.? Errors
are +20

Eyp at AG®regox AG° ki x 1072 k%1073

cofactor pH7 (V) (kcal mol1)¢ (kcal mol~%) (s M~1s7?)
7,8-Cl —0.126 -7.9 (—5.9) 5.25(0.29) 4.03(0.16)
7-Me 8-ClI —0.137 —7.6 (—5.6) 3.38(0.16) 2.68(0.37)
7-H 8-Cl -0.144  -75 (-5.5) 2.41(0.10) 2.67(0.12)
7,8-Me —0.208 —6.0 -4.0 0.51(0.06) 0.689(0.254)
5-Deaza —0.320 —-3.4 -1.1 n.d.
8-OH 5-Deaza —0.350' —-2.7 =0.7) 0.024%

a[GO] = 5—20 uM, [2-deoxyglucose}= 0.001-0.5 M. ® From ref 10

and in the same way, implies that the catalytic rates in GO do not
result from the enhancement AG°. The possibility of catalysis
due to optimized protein electrostatics, such tha minimized,

has been predicted by WarshélThe effect has been simulated
for H™ transfer in the NAD-dependent lactate dehydrogenase and
an outer-sphere reorganization f = 53 kcal mol* calculated.

In the present study}, is ~15 kcal mot? larger but includes the
energy associated with distorting bond lengths and angles within
the reactants. Interestingly,in GO is only 10 kcal mai! less than
reported for related solution phase kbstraction reaction's;this
translates into a barrier lowering of ca. 2.5 kcal mMaind a rate

unless noted. Values at pH 0 were calculated from the Nernst equation acceleration of<1(? s71 (cf. eq 1).

assuming a change of 60 mV per pH usiiCalculated as described in the
text. Values in parentheses were estimated by adding 2.0 kcal® il

AG°redox 4 From ref 16.
9r
s
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Figure 1. Rate constants as a function of the driving force for H

abstraction. Data fo8-OH 5-Deaza(closed circle) are from ref 16.

AG®, respectively. In Scheme N\G° is the energy gap between
ES and EP, and is the energy required to change the equilibrium
nuclear configuration of ES to that of EP without lfansfer taking
place. Other terms include Boltzmann'kg) and Planck’s ff)
constants, temperatur&)(and the reaction probability), which

is close to unity for an adiabatic reaction.

m9+m

= —k;TIn 1)

Lm%wm]

Theoretical calculations have indicated that &bstraction often
occurs in the near-adiabatic regirfhethere environmental reorga-
nization is strongly coupled to the charge transfer. The extent of
the coupling is related to the'Hdonor-acceptor distance. In GO,
3.3 A has been estimated from C(1) of the sugar to N(5) of the
FAD.* We have used eq 1 with= 1 to estimatel = 68 + 1 kcall
mol~t by fitting In k; as a function of~AG°¢, Similar enthalpy
and entropy contributions taG* and, therefore, ta are indicated
by temperature studies @{8-Me, which revealAH* = 8.6 & 0.3
kcal mol! and—TAS = 6.3 & 2.4 kcal mot1.13

Two ways by which an enzyme can catalytically lower the barrier
to a redox reaction include increasing the favorabilityA@$° and
minimizing A relative to the reaction in solution. F@8-Me and
5-Deaza the AG® from equilibrium measurements is close to the
AG° estimated fromEy, of the unbound reactants. Therefore,

In summary, studies of glucose oxidase containing cofactor
analogues reveal a correlation of rate to driving force that is
consistent with sugar oxidation by Habstraction. This result
resolves a mechanistic uncertainty of many years and provides a
basis for computational studies. Analysis of the electrochemical
and equilibrium data for two of the enzymes studied suggests that
the reaction thermodynamics is not significantly altered by the
surrounding protein. Application of Marcus theory reveals a large
reorganization energy barrier comparable to related reactions in
solution. Implications for catalytic rate acceleration and its relation-
ship to hydrogen tunneling in glucose oxidase will be addressed in
a forthcoming pape¥?
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