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ABSTRACT. Glucose oxidase catalyzes the oxidation of glucose by molecular dioxygen, forming
gluconolactone and hydrogen peroxide. A series of probes have been applied to investigate the activation
of dioxygen in the oxidative half-reaction, including pH dependence, viscosity efféotsotope effects,

and solvent isotope effects on the kinetic parametaiKm(O,). The pH profile 0fVma/Kn(O2) exhibits

a pK, of 7.9+ 0.1, with the protonated enzyme form more reactive by 2 orders of magnitude. The effect
of viscosogen onVma/Km(O2) reveals the surprising fact that the faster reaction at low pH {18

M~1 s1) is actually less diffusion-controlled than the slow reaction at high pH .40 M~ s71);
dioxygen reduction is almost fully diffusion-controlled at pH 9.8, while the extent of diffusion control
decreases to 88% at pH 9.0 and 32% at pH 5.0, suggesting a transition of the first irreversible step from
dioxygen binding at high pH to a later step at low pH. The puzzle is resolveliysotope effects.
18(VimaKm) has been determined to be 1.028).002 at pH 5.0 and 1.02% 0.001 at pH 9.0, indicating

that a significant ©-O bond order decrease accompanies the steps from dioxygen binding up to the first
irreversible step at either pH. The results at high pH lead to an unequivocal mechanism; the rate-limiting
step inVma/Km(O2) for the deprotonated enzyme is the first electron transfer from the reduced flavin to
dioxygen, and this step accompanies binding of molecular dioxygen to the active site. In combination
with the published structural data, a model is presented in which a protonated active site histidine at low
pH accelerates the second-order rate constant for one electron transfer to dioxygen through electrostatic
stabilization of the superoxide anion intermediate. Consistent with the proposed mechanisms for both
high and low pH, solvent isotope effects indicate that proton transfer steps occur after the rate-limiting
step(s). Kinetic simulations show that the model that is presented, although apparently in conflict with
previous models for glucose oxidase, is in good agreement with previously published kinetic data for
glucose oxidase. A role for electrostatic stabilization of the superoxide anion intermediate, as a general
catalytic strategy in dioxygen-utilizing enzymes, is discussed.

Glucose oxidase (GO-p-glucose:oxygen 1-oxidoreduc- E.x + glucose— E, 4+ gluconolactone 1)
tase, EC 1.1.3.4), a homodimer flavoprotein consisting of 1
mol of FAD per subunit, catalyzes the oxidation /&b- Erea T O, = Eox + H0, (2)

glucose tad-gluconolactone, which subsequently hydrolyzes

spontaneously to gluconic acid, concomitant with the reduc- where Ey is the resting enzyme with FAD in the oxidized
tion of dioxygen to hydrogen peroxide. GO has been isolated form and Eeqis the enzyme with FAD in the reduced form
from red algae, citrus fruits, insects, bacteria, and mdljis (  resulting from the reductive half-reaction. The substrates of
GO from Aspergillus nigethas been cloned and expressed GO includep-glucose p-galactosep-xylose,b-mannose, and

in yeast 2, 3). The molecular mass varies from 130 to 325 2-deoxye-glucose, among which-glucose is by far the most
kDa depending on the degree of glycosylation. The catalytic effective substrate and 2-deoryglucose is the slowest
activity of the recombinant and the wild-type enzymes is substrate. The crystal structure of GO frokn niger was
similar, and changes in glycosylation do not cause significant determined at 2.3 A resolutio8), Figure 1 illustrates the

changes in the structure or turnover number§). active site structure of GO, showing the binding of the flavin
The GO reaction proceeds through a ping-pong mechanismin relation to protein side chains within the enzyme active
(7) shown in egs 1 and 2: site.

Two mechanisms have been proposed for the reductive
T This research was supported by National Institutes of Health Grant hglf-reaction (Scheme 1): (i) hydride transfer from substrate
GM 25765. : " o i
*To whom correspondence should be addressed. J.P.K. is also inC'l to flavin N-5 and (”) HUCIGOph”'C a_d,dltlon by thQ
the Department of Molecular and Cell Biology at the University of Substrate OH group at C-1 to the C-4a position of the flavin,
California, Berkeley. _ , _ followed by proton abstraction from C-1 of the substr&e (
_"Abbreviations: GO, glucose oxidase; FAD, flavin adenosine 71y pespite the fundamental differences between these two
dinucleotide; Fky flavin in the reduced form; K| flavin in the - .
semiquinone form; Kk flavin in the oxidized form; AO, alcohol mechanisms, both are expected to be assisted by general base

oxidase; CO, cholesterol oxidase; SHE, standard hydrogen electrode.catalysis. A close inspection of the active site (Figure 1)
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(Fesio Helix sen) an active site HisH provides a key role in the formation
esigues - .- . . . . .
and stabilization of a superoxide anion intermediate.

EXPERIMENTAL PROCEDURES
Materials

The commercially available wild-type GO was not used
because it contains small amounts of catalase, which
catalyzes the disproportionation of®; and could interfere
with accurate determinations of steady-state rates*¥nd
isotope effects. The lyophilized recombinant enzyme from
A. niger expressed irBaccharomyces cersiae (3) (mo-
lecular mass of 325 50 kDa) was used in this work. To
correct for small changes in enzyme activity, a standard
enzyme assay was carried out in conjunction with each set
of rate measurements. Standard enzyme assays employed 0.5
e o e e o rong, B e M 2 deoxyo-glucose o5 the substrale in 100 mM sodfum
g)gnk filé name 1GAL. The figure was generated using Insight Il acetate buffer at pH 5.0 and 26, and.were momto,red by
95.0. the decrease of oxygen concentration. The ratio of the

observed rate to 41.7 5provided a correction factor that
Scheme 1: Two Proposed Mechanisms for the Reductive  \as then applied to all measurements within a given set.
Half-Reaction in Glucose Oxidase All other materials were obtained commercially and were
| reagent grade.

\
N~ N0
ayErer T
Yok ,z%,  NH " NH Methods
| o s . . .
,f---o\< y © H |0 Steady-State Kinetickitial velocity studies were carried
¢ TG HA B out at 25°C by following dioxygen consumption on a
\O H»’\:B ﬁy I,O

Yellow-Springs 5300 oxygen monitor. It was reported that
the oxidative half-reaction is pH-dependent and ionic strength
indicates that His 516, positioned on top of the isoalloxazine affects the a (15, 16). As chloride and other halide ions
ring, is a potential proton acceptor:eNf His 516 is 3.80  have been demonstrated to be GO inhibitots)( the
A away form N-1 of FAD, 3.78 A from C-4a of FAD, and  conventional method of ionic strength adjustment through
3.43 A from C-10a of FAD. Another possible candidate for addition of salts was not applied. Maintaining a constant ionic
the functional catalytic base is His 559, located to the left strength while minimizing any effect from addition of extra
side of FAD: N of His 559 is 3.57 A away from N-3 of ~ anions was achieved by varying the concentrations of the
FAD. buffers. The following buffers were used: 0.163 M sodium
As a result of the reductive half-reaction, two electrons acetate at pH 5.0, 0.0890 M potassium phosphate at pH 6.0,
and two protons have been transferred to enzyme, presum0.0566 M potassium phosphate at pH 7.0, 0.0162 M sodium
ably at the site of the reduced flavin (2and 1H) and the ~ pyrophosphate at pH 8.0, 0.0136 M sodium pyrophosphate
protonated histidine (1H. In the oxidative half-reaction, the ~ at pH 9.0, and 0.0107 M sodium pyrophosphate at pH 10.0.
stored electrons and protons are transferred to dioxygen toThe concentration of 2-deoxy-glucose was 0.3 M in all
yield H,0,, and the catalytic cycle is complete. Previous assay solutions. The effect of buffer concentration is
studies have applied stopped flow methodsl(l—13) and considered to be insignificant, since similar results were
rapid quench ESR spectroscofd) to the oxidative half- obtained when a different set of buffer concentrations was
reaction. In no case has flavin semiquinone been detectedemployed 85). In particular, kinetic parameters measured
as an intermediate, and there has been no evidence for thé@t pH 5.0 with a range of different buffer concentrations
formation of the RO, complex {). The following ques- (0.163, 0.100, and 0.0094 M) are within experimental error
tions remain unanswered with regard to the oxidative half- (data not shown). Steady-state parameters were obtained by
reaction. (i) What is the nature of the rate-determining & nonlinear fit to the MichaelisMenten equation using the
step(s)? (i) To what extent (if any) are the steps involving Program KaleidaGraph on a Macintosh computer.
proton and electron transfer coupled? (iii) What are the Viscosity EffectsViscosity effect studies were performed
strategies that the enzyme applies to activate the kineticallyat pH 5.0, 9.0, and 9.8. Substrate solutions with various
very sluggish dioxygen molecule? In an attempt to addressrelative viscosities were prepared by adding ethylene glycol
the question of dioxygen activation in enzyme-catalyzed as the viscosogen. Buffer contents for solutions at pH 5.0
reactions, a series of experimental protocols have beenand 9.0 are described above; solutions at pH 9.8 contained
developed that allow detailed characterization of dioxygen 0.0111 M sodium pyrophosphate. With ethylene glycol
reduction mechanism44). In this work,®0 isotope effects,  concentrations of 0, 16, 28, 36, and 44 wt %, relative
viscosity effects, and solvent isotope effects have beenviscosities ranging from 1 to 3 were obtained. The viscosities
determined and are discussed in the context of pH effects.were determined by measuring the time for the solutions to
These studies lead to the identification of rate-limiting steps, flow through an Ostwald viscometer kept at 26. The
together with a model in which electrostatic stabilization via relative viscosities were calculated using the same buffered
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substrate solution, without ethylene glycol, as the reference.
Steady-state parameters for all the solutions were determined
as described in Steady-State Kinetics.

Isotope Effectst®O kinetic isotope effects were measured
at 20°C and pH 5.0 and 9.0 in the presence of ca. 1 mM O
and 50 mM 2-deoxyp-glucose. The reaction was coupled
with horseradish peroxidase using guaiacol as the substrate
to convert HO, to H,O. The measurements were obtained
as previously described.4). Solvent isotope effects were
investigated through measuremenigi,/Km(O,) in a series R AL T n s
of D,O solutions with various pD values. The enzyme 4 5 6 7 8 9 10 N
solution was lyophilized and dissolved in® three times pH
to remove HO. Substrate solutions contained 0.3 M 2-deoxy- FIGURE 2: pH dependence &fina/Km(Oz) using 2-deoxye-glucose
glucose and buffering compounds with the same concentra-as the substrate. The solid line is a fit of experimental data to a
tions listed in Steady-State Kinetics. Dry components were two-state model: 10fma/Km(Oz)] = log[Min/(1 + 10P<PH) +

: . : ; : Max/(1+ 10PH-PK3)]. The dashed line is a fit to a one-state model:
dissolved in RO, and the pD was adjusted with potassium log[VealKn(O2)] = logMax/(1 + 10°*-4)] (see the text). The

hydroxide or acetic acid (both dissolved in@). The initial parameters Ig, Min, and Max are obtained from the fitting.
solutions were then lyophilized and redissolved i®ODRhree
times. The final pD value was measured using a regular pH reaction on the protonation of a single group. However, there
electrode, adding 0.4 to the original readirig,(36, 37). are two possible models for the interpretation of the observed
The steady-state kinetics were examined at different pD pH profile: (i) a one-state model {, 15), where only the
values, and the pD profile was compared to the pH profile. protonated form of enzyme is active, indicating tNag/
Simulation of the Oxidate Half-ReactionAn SGI version Km(O2) should diminish at high pH and (ii) a two-state model
of the KINSIM program {9) was applied to simulate the (9), where both protonated and deprotonated forms of the
stopped flow trace of flavin semiquinone {flupon mixing enzyme are active but catalyze the oxidative half-reaction
of the reduced GO with dioxygen at pH 5.0. The mechanism with different efficiencies. Although the observed data fit
that was used was as follows: the two-state model better (Figure 2), this may result from
the larger number of parameters used in the two-state model.

log(V, /K. (0,)

M A Discrimination between these two models would require
EFleg+ OZ‘EE FlsgO, ©) measurements 0¥.,/Kn(O,) at even higher pH values,
k, where accurate data acquisition is impaired by several factors,
E-Fls;O, " — E~Fl,,—00" (4) including decreased enzyme stability and the use of a
. possibly inhibitory buffer system [inferred from the inhibition
E—Fl,,—00O" = E—Fl,,—OOH (5) by putrescine16) and our observation of an inhibitory effect
from Tris buffer (data not shown)]. Effective mechanistic
E—Fl, —OOH M E—Fl,, + HOOH (6) probes could resolve this ambiguity indirectly. The one-state

model predicts that a single mechanism works throughout
the pH range; in contrast, the two-state model argues that
there exist two different mechanisms leading to different
catalytic efficiencies. As will be shown below, using viscosity
effects, different extents of diffusion control were found at
different pH values, suggesting that more than one mecha-
RESULTS nism exists for the oxidative half-reaction. Therefore, both
protonated and deprotonated enzyme forms are concluded

pH Dependence of M/Kn(O2). A series of probes were  t0 be active. The fitting using the two-state model gives a
applied to characterize different aspects of the kinetic PKa Of 7.9+ 0.1, in agreement with previous results. Voet
parameteVma/Km(O2), Which reflects all steps from the etal. (L5 observed that thisk, varies from 8.2 to 7.3 with
binding of dioxygen up to and including the first irreversible & range of ionic strength from 0.025 to 0.225 M, and
step in the oxidative half-reaction. Initial experiments focused calculated that the intrinsicka is 6.7. The intrinsic [£a is
on the pH dependence. The oxidative half-reaction has beerconsistent with assignment to the active site histidine.
shown to be dependent on pH when glucose is used as thélowever, the N-1 position of reduced flavin has also been
substrateq, 11, 15). In this work, Vima/Kn(O,) is measured ~ shown to have alf, of 6.7 in solution 20) such that the
at different pH values with 2-deoxy-glucose as the observed pH profile could reflect ionization of the reduced
substrate, with the results shown in Figure 2. Consistent with flavin as opposed to the active site histidine. Arguments
the proposed ping-pong mechanisi), the pH profiles of against this possibility follow. First, the redox potential of
the oxidative half-reaction with two different substrates are the free flavin has been found to decrease with increasing
very similar, suggesting that the oxidation product of the pH (21); i.e., the flavin becomes a better reductant as it
first substrate has been released from the active site of thebecomes deprotonatel the ionization observed foVmay/
enzyme before dioxygen binds so that the oxidative half- K(O,) were due to the ionization of the flavin, the rate
reaction proceeds without influence from the first substrate. would have been expected to increase (rather than decrease)
The pH profile shows a dependence of the oxidative half- with increasing pH. Second, NMR studies of the reduced

wherek; was fixed at 5.7x 10 M~ s7%, k_; was varied in
arange from 10to 1% s™%, andk, was adjusted accordingly
by keeping the ratio ok_i/k, equal to 2;ks and k; were
assigned values so thlat > k3 > k.
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FIGURE 3: Solvent isotope effects Oina/Km(O2). Lines are fit to FiIGurRe 4: Effect of viscosity orVmaxwhen ethylene glycol is used
the following equation: 100{ma/Km(02)] = log[Min/(1 + 10P<aPL) as the viscosogem/° is the relative viscosityfe): pH 5.0 @),
+ Max/(1+ 10°L-PK3)]. pL represents pH (in kD) or pD (in D;0). 9.0 (#), and 9.8 @).
The maximumVma/Km(O2) is (1.6 4+ 0.2) x 106 M~1 s 1in H,O o ] ] o o
and (1.4+ 0.1) x 10 M~1 s in D,0; the minimumVa/Km(O2) hydrophobic site 14) or it may react in a diffusion-limited

is (1.4+ 0.8) x 10* M~ s7in H,0 and (1.1+ 0.4) x 10* M1 process to yield the first catalytic intermediate. In previous
s'tin DO. works on the oxidative half-reaction of GO, no semiquinoid
intermediate was detected and there was no evidence for the
formation of an enzymeoxygen complex¥, 11-13). The
obvious explanation for this observation is that binding of
oxygen is the slow and first irreversible step, as shown in

flavin in A. niger GO indicate that the N-1 position of the
cofactor is anionic at pH 5.€0); i.e., the X, for the flavin

has been significantly perturbed in its enzyme-bound state.
From the X-ray structure of tha. niger GO (cf. Figure 1),

eq 7
the Ne of His 516 is located approximately 3.80 A from the g
N-1 position of the cofactorg], close enough to bring about slow, k;
a significant K. perturbation. Collectively, the available facts Eeat O, ’ (7)

lead to an assignment of the species within the low-pH form
of reduced enzyme to the flavin monoanion and protonated However, since the solubility of molecular oxygen is very
histidine. In this manner, the ionization affectiVga/Km limited (1.2 mM at 25°C), the reversible formation of the
(0,) is assigned to the active site histidine. The limiting initial ErerO, complex with aKy value greater than the
values forVima/Km (O,) are (1.64 0.2) x 166 M1 s? (at saturated oxygen concentration cannot be ruled out. This
low pH) and (1.4+ 0.8) x 10 M1 s (at high pH). The alternative mechanism can be written as eq 8:
deprotonated form reacts with dioxygen ca. 100-fold slower
than the protonated form. Probes are described below with fasthy = A 2

K . . . Ered + 02 Ered O2 (8)
the goal of inferring how different protonation states of an !

active site group alter the mechanism of the oxidative half- _ o . ,
reaction and lead to different reactivities toward dioxygen. Evidence for rate-limiting substrate association, as described
in eq 7, can often be obtained from viscosity effects. Since

an increase in viscosity lowers the diffusion rate, which
directly slows the encounter rate of two molecules, a decrease
in the reaction rate is anticipate®3d). In contrast, if an Eq

Sobent Isotope Effects he increase in rate with proton-
ated histidine suggested the possibility of general acid
catalysis, such that proton and electron transfer were
concomitant processes at low pH. This was addressed by02 complex actually forms and decomposes rapidly accord-

examiningVmayKm (Oz) in D20, with the results shown in. ing to eq 8, both association and dissociation rates of
Figure 3. Although the pH-dependent curve is found to shift dioxygen relative to the enzyme should be lowered in a

in DO to a more basicif (ApKa = 0.7), the limiting rate _similar manner with increasing viscosity, while the rate of
constants at high and low pH are only modestly changed: 5qme other slow chemical step would be unperturbed. In this

(ﬁ:4hi (I)D.l)sg 100 (Iov;/l pD) ﬁ'n‘:](l-lli O4t) Xthloélg'ﬂ 571” instance, varying viscosity would not be expected to have a
(high pD). Since RO has a higher viscosity than@, smal significant effect 0fVimadKm(O5).

decreases ifma/Km (O2) could reflect slower diffusion rates. An important control for nonspecific and rate-altering
As we show below, the reaction of GO with dioxygen is  gffects of viscosogen is the absence of a measurable decrease
partially diffusion-controlled at low pH and fully diffusion- Vinax Values with increasing viscosogen concentrations.
controlled at high pH. Thus, thg observed effects gDdn Using p-glucose as the substrate, thg of O, for GO at
VinalKin(O2) can be fully explained by the degree of rate high pH is greater than the dissolved concentration of 100%
limitation by diffusion at each pH. It is concluded that proton dioxygen, such that accurate measurement,@f is impos-
transfer from a protonated HisHo dioxygen does notoccur e at atmospheric pressure. The slower substrate, 2-deoxy-
in the rate-determining step ®a/Km(O2). p-glucose, results in a much smalké, for O, and therefore

Viscosity EffectsDioxygen is a small hydrophobic mol-  was chosen as the substrate for this study. As shown in Figure
ecule lacking dipolar character. In most biological systems, 4, Vimaxis essentially unchanged when ethylene glycol is used
dioxygen is observed to bind to a redox active metal site, as the viscosogen. The unperturbBéghy argues against an
undergoing a charge transfer interaction in the course of its inhibitory effect of ethylene glycol and, further, that product
binding. In the absence of a protein-bound metal site with diffusion from the active site is not a rate-limiting step with
the correct redox character, dioxygen may prebind into a 2-deoxyp-glucose as the substrate.
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o ] FIGURE 6: 80 isotope effects. Data were acquired at pH 30 (
AL L L B L and 9.0 (). The averagé®(Vma/Km) is 1.0284 0.2 at pH 5.0 and
0.5 1 1.5 2 2.5 3 3.5 1.027+ 0.1 at pH 9.0.
b . n/m’ increases to 88% at pH 9.0 and ca. 100% at pH 9.8. This
3 observation supports the two-state model where both pro-
~ 3.5 pH 9.0 I tonated and deprotonated forms of GO are active via different
i 1S =088+ 005 . mechanisms: the oxygen binding step is rate-limiting and
g 33 irreversible at high pH, while this oxygen association step
2 2.5 must be reversible at low pH. According to eq 9, Wg/
=~ ] Km(O,) for protonated GO in BD [17,e = 1.25, vs HO (24)]
;E 2 is expected to decrease from 1x610° (in H,O) to 1.4 x
S0 48] 10° M1 s71, and that for deprotonated GO is expected to
SE 3 decrease from 1.4 10*to 1.1x 10* M~ts%. Both of these
- 1 calculated values are within experimental error of observed
i rates in DO (see Solvent Isotope Effects). We conclude that
0.5 T T T T T the rate decrease induced by@can be fully ascribed to
0.5 1 .52 2.5 3 3.5 the change in solvent viscosity, ruling out any significant
c _ n/n° kinetic solvent isotope effects.
4. i 180 Isotope EffectsThe viscosity effect study brings about
;s 43 pH 9.8 ]: a result which is very curious and yet considerably mecha-
ST DL nistically significant. Specifically, how do we explain the
E E fact that the faster rate at low pH (1:610° M~ s™1) occurs
g 3 3 in a less diffusion-controlled manner than the slower rate at
o 2.53 high pH (1.4x 10* M~ s71)? The measurement of heavy
v 3 atom isotope effects has proven valuable in sorting out this
X 2"5 dilemma. Using the methodology developed by Tian and
>  1.59 Klinman 25), small 180 isotope effects can be obtained
= 1 3 reproducibly by isolating unreacted, natural abundance
molecular oxygen from reaction mixtures, converting it
0.5 T T guantitatively to carbon dioxide, and measuring the ratio of
0.5 1 1.5 2 2.5 3 3.5 180 to 80 in the carbon dioxide by isotope ratio mass
n/n° spectrometry. The results obtained with GO are shown in

Ficure 5: Effect of viscosity 0rVma/Km(O2) when ethylene glycol Figure 6. The average values 8{Vina/Km) are 1.027+
is used as the viscosogen at (a) pH 5.0, (b) 9.0, and (c) 9.8. The0.001 at pH 9.0 and 1.02& 0.002 at pH 5.0. The very
dashed line is the theoretical behavior for a 100% diffusion- sizable isotope effects indicate a change in bond order at

controlled bimolecular reaction. The solid lines are obtained from dioxygen in the rate-limiting step. Quite unexpectedly, the
fitting to eq 9. magnitude of thé¥(Vima/Km) does not change appreciably
with pH, despite the large change in rate and degree of
dependence on solvent viscosity. Previously calculéi®d
isotope effects for the stepwise reduction of dioxygen to
hydrogen peroxide are summarized in Table 1 as a frame of
reference. As expected, the magnitude of th® effect
reflects the bond order to oxygen, with electron transfer

The viscosity effects oWma/Km(O,) for pH 5.0, 9.0, and
9.8 are summarized in Figure 5, in comparison with the
theoretical behavior for a fully diffusion-controlled bimo-
lecular reaction (dashed lines). The data are fit to the
following equation:

(V. /K )° reducing the bond order (and increasing the isotope effect),
Pmax m g — 1)+ 1 9) while protonation at oxygen increases the bond order (and
(VimadKir) e therefore decreases th# effect). There are two circum-

stances that lead to isotope effects that are close to the
where VmalKm)° is from the reference solution (without experimental values (ca. 3%) seen with GO (Figure 6); these
ethylene glycol) el is the relative viscosity, and the slope involve either a one-electron transfer to dioxygen (entry 1
Sreflects the degree of viscosity dependence. At pH 5.0, in Table 1) or a two-electron, one-proton transfer to dioxygen
Vmad Km(O2) is 32% viscosity-dependent, and the dependence (entry 3 in Table 1).
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Flsq _. High pH

E o

Table 1: 80 Equilibrium Isotope Effect$¥(K) (25) and Reductive
Half-Potentials 26) for the Stepwise Reduction of Dioxygen to
Hydrogen Peroxide

Flred™
3 O2+
Reaction 8(K) € (mv) (pH 7) EHis EFI“OO-
¥ His
0, & o, 1.0331 -160 . ‘
1e,1H* .
0, ——— HOy" 1.0115 +120 (pH 1) - / F|
0,+f= red = 0" -
2e" 10" =B o HisH* x99
0O, —~——HO; 1.0340 + 220 Low pH HisH*
2e" 2H* Ficure 7: Comparative free energy profiles for the reaction of
0, 2e ,2H H,0, 1.0089 +360 dioxygen with glucose oxidase at high and low pH, illustrating that

the stabilization of @ anion by HisH decreases the barrier for
the first electron transfer from g to dioxygen, and that stabiliza-
tion of the first intermediate could slow the second step.

The high-pH form of GO provides a starting point for the
integration of the rate, viscosity, aridO isotope effects =~ Scheme 2: Proposed Mechanism for the Oxidative
measured in this study. Under these conditions, the reductiontalf-Reaction in Glucose Oxidase
of dioxygen occurs in a close to diffusion-controlled step EFlreu' Ky Eplsq ot ko Floy-00
and exhibits an oxygen isotope effect close to that for full HisH* & 2 Tk, HisH* - EHisH+
reduction of Q to superoxide anion. Although the redox
potentials for superoxide anion-160 mV vs SHE 26)] and
enzyme-bound flavin-£240 mV vs SHE at pH 9.31Q)]
appear to be well-matched, we attribute the decreased rate _g, - K, Flsg o *
at high pH relative to that at low pH to the absence of a E,.,is * 0 —— EHis 2
counterion to stabilize the superoxide anion as it is formed.
As noted above, the magnitude of the solvent isotope effect .01 in enzyme reactions through the use of alternate

under these conditions is consistent with the diffusion- g hqtrates, which lead to a change in the reaction barrier
controlled nature of the reaction and fails to implicate any height for the chemical step that follows bindir@g). The

proton transfer in the course of the first electron transfer. (510 increase with glucose oxidase occurs despite the fact
The slow rate of the reaction compared to a typical diffusion 4t the flavin redox potential is less favorable for electron

rate constant (¥0-10'° M~* s™) reflects the fact that this  onation at low than at high pH{ = —65 mV vs SHE at
diffusional encounter occurs at an enzyme active site and,pH 5.3 7)]. We conclude that the protonated His 516 exerts

more importantly, is accompanied by an electron transfer; 5 o erfuleffect on the rate of production of the superoxide
t_hu_s, the thermodynamic and reorgamzauonal barr[ers ,thatanion, leading to aetincrease in catalytic efficiency of 2
limit the electron transfer process contribute to the diffusion ,.4ars of magnitude. If a correction is applied for the

rate constant. difference in redox potential for enzyme-bound FAD at high
Interpretation of the low-pH data must integrate the fact and low pH,we estimate that the inherent rate acceleration
that the reaction is less diffusion-controlled but exhibits the may be as high as 5 orders of magnitudieis difficult to
same'®O isotope effect as seen at high pH. It is anticipated assess the effect of the protonation state of the histidine on
that once formed, the superoxide anion will combine with the subsequent combination of the superoxide anion with
the flavin semiquinone to yield a flavin hydroperoxy the flavin semiquinone. As depicted in Figure 7, this process

ke EFIOX-OO'

His

intermediate. Structurally, this is very similar to KCand, may actually be somewhat slowed as a result of a charge
hence, is expected to yield a value #8K) of ~3%. Thus, stabilization between the intermediate superoxide anion and
the most straightforward explanation for the observed data protonated histidine. The mechanism that corresponds to
at low pH is the presence of two stepsMRa/Km(O2), with Figure 7 is summarized in Scheme 2, whkre> k.

both steps leading to intermediates having similar a bond  Simulation of the Oxidate Half-ReactionThe proposed
order at dioxygen. We propose that the diffusional encounter, model in Scheme 2 appears to suggest an accumulation of a
accompanied by one-electron transfer, has become less ratesemiquinone intermediate at low pH, which contrasts with
limiting, revealing a second partially rate-limiting step in  previous failures to detect this intermediate at either low or
which the superoxide couples to the flavin semiquinone. high pH (7, 11—13). However, the ability to detect this
Since '¥(K) is expected to be unchanged in going from intermediate experimentally depends on the equilibrium
superoxide anion to the flavin hydroperoxy intermediate, the constant of the first step; if the intermediate,f,"~ is high-
experimental kinetic isotope effect may also exhibit this energy and decomposes tq:.fFand dioxygen at a fast rate,
property. no significant amount of semiquinone may accumulate.

A free energy profile contrasting the rate processes at high A simulation for the reaction at low pH was carried out
and low pH is given in Figure 7. As shown, the increased to examine this rationale and to estimate the boundaries for
rate at low pH is due to atincreasein the rate of the microscopic rate constants. The detailed mechanism and rate
bimolecular one-electron transfer to dioxygen from the constants are described in Methods. The constraints on rate
enzyme-bound reduced flavin. This is very different from constants were obtained from viscosity studies; according
the conventional observation of a change in diffusional to the proposed mechanism at low pH,
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Vo K )° = ko 1
(Vima/Krn) Ttk (10)
(Ki/me)ks
VoK )=t 11
( ma>! m) (k_1/77m|)+k2 ( )
R R S ST
(Vo JK) Kok + 17Tk K,
slope= leﬂ =032k k=2  (13)

= (VmalKn)*( iflg + 1) =5.7x 1°M s (14)

The calculated values df; and k-,/k; (eqs 14 and 13,
respectively) were fixed in each simulation. Noting that no
flavin—hydroperoxy intermediate was detect@d{1—13),

we assigned, andks (egs 6 and 5, respectively) values so
thatk, > k3 > k,. Using the initial concentrations of 2(M
reduced GO and 640M O, [this concentration is used since
in the most elaborate stopped flow UVis experiment
described in the work by Stankovich et &P, 1.27 mM Q

Su and Klinman

When the fact that stopped flow experiments are limited by
a dead time of ca.-12 ms is considered, the semiquinone
intermediate can only be detectablekif < 5.7 x 1® s%.
The fact that all experiments failed to detect any intermediate
implies that 5.7x 1(® st is the lower limit fork_;. A similar
boundary fork—_; was obtained using other initial concentra-
tions of G, in the simulations. Wittk; and the lower bound

of k-4, the redox potentia¢o,0, can be calculated to be
<0.11 V (vs SHE). Compared to the redox potential in
aqueous solution, wherg,o,~ is only —0.16 V [vs SHE
(26)], the enzyme may provide up to 0.27 V of stabilization
energy for the superoxide anion.

DISCUSSION

A series of kinetic probes have been applied in an attempt
to elucidate the mechanism of dioxygen reduction in GO
and to identify the strategy that the enzyme uses to facilitate
effective catalysis. A two-state model, where protonated and
deprotonated forms are both active and yet have 100-fold
different reactivities, is presented and is based on the pH
dependence o¥ma/Km(O2) (Figure 2) and the change of

was mixed with an equal volume of anaerobic reduced GQ], viscosity effects 0lVya/Km(O2) (Figure 5). At high pH, the
the stopped flow traces were simulated with a wide range close to 100% diffusion-controlle¥,./Kn(O,) (Figure 5)

of k_; values. Figure 8 illustrates some representative results.indicates that the bimolecular encounter of dioxygen with
The simulations show that no significant amount of semi- GO is rate-limiting inVma/Km(O2), and the magnitude of

quinone intermediate accumulateskif; > 5.7 x 10* s,

N
(=]

1(a)
%15—
~ i F g,
8]
T ]
L 107
o -
2
TR
0% Flg,
T T T =TT
0 2 4 6 8 10
Time (ms)
20
1(c)
— ]
= 1 5
S Fl
_g. i ox
T J
- 1 07
o ]
S
""5—.
Flgq
I B N A B i B A B T R e
0 1 2 3 4 5
Time (ms)

Fl,, or Fly; (uM)

Fl,, or Flg, (uM)

the 180 isotope effect (ca. 3%, Figure 6) suggests that the

20

1(b)
15_. FIOX
1 0
. i
5 :_i'
Flg
0 LI B T llrl T I T T L] L l T T L L] I L] T T 1
0 1 2 3 4 5
Time (ms)
20
1(d)
1 5] Fl,,
] H
1 0 i
5
0 IIIITITIIIIIIIIIIIIIIIII
0 1 2 3 4 5

Time (ms)

Ficure 8: Simulation of the oxidative half-reaction at low pH. The dioxygen concentration is«84@&nd the ratio ok_; to k; is 2. See
Methods for further details. The time course of;f# compared to the trace ofdxl In all simulations (a&d), k; = 5.7 x 10° M~ s In
simulations b-d, ks = 5.0 x 10° st andks = 5.0 x 10 s71, In simulation ak_; = 5.7 x 1®® s, ks = 5.0 x 1¢f s1, andks = 5.0 x
10’ s71. In simulation bk_; = 5.7 x 10* s7L. In simulation ck_;1 = 5.7 x 13 s1. In simulation dk_; = 5.7 x 1? s™..
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ANGO .. i e .EYIPYHFRP N VGTCSM MPKEM. . ...
TFGO o i e .DYVLONFRP VSSCSM MSREL.. ...
PAGO ... i .DYVLONFRP VSSCSM MSREL.....
PAAO NQVQLHS.DI EYTEEDDEAI VNYIKEHTET CLGTCSM APREGSKIAP
PPAO NQVELHP.DI EYDEEDDKAI ENYIREHTET CLGTCSI GPREGSKIVK
CBAO SHINVYSKDI QYTKEDDEAI ENYIKEHAET CLGTNSM APREGNKNAP
MLCO i e . .ELFNIPL FLGGAVI GDNAE.....
MTCO it i .ELFNIPL FLGGAVI GDDPE.....
BSCO s e e e DDF PLGGVLL N.........
559
ANGO .GGVVDNAAR VYGVQGLRVI DGSIPPTQMS IVMTVFYAM ALKISDAILE
TFGO .GGVVDATAK VYGTQGLRVI DGSIPPTQVS ['VMTIFYGM ALKVADAILD
PAGO .GGVVDATAK VYGTQGLRVI DGSIPPTQVS [VMTIFYGM ALKVADAILD
PAAO KGGVLDARLN VYGVQNLKVA DLSVCPDNVG TYSTALTI GEKAATLVAE
PPAO WGGVLDHRSN VYGVKGLKVG DLSVCPDNVG TYTTALLI GEKTATLVGE
CBAO EGGVLDPRLN VHGVKGLKVA DLSVCPDNVG TFSTALTI GEKAAVLVAE
MLCO .HGVIDPYHR VYGYPTLYVV DGAAISANLG PSLSIAAQ AERAASLWPN
MTCO .HGVIDPYHR VYGYPTLYVV DGAAISANLG PSLSIAAQ AERAASLWPN
BSCO . .KATDNFGR LPEYPGLYVV DGSLVPGNVG PFVTITAL AERNMDKIIS

AQO Alcohol Oxidase CO Cholesterol Oxidase
ML Mycobacterium leprae
MT Mycobacterium tuberculosis

BS Brevibacterium sterolicum

GO Glucose Oxidase
AN Aspergillus niger PA Pichia angusta

TF Talaromyces flavus PP Pichia pastoris
PA Penicillium amagasakiense CB Candida biodinii

Ficure 9: Segment of the sequence alignment of glucose oxidases, alcohol oxidases, and cholesterol oxidases. Protein sequences are from
Entrez (Internet address http://www.ncbi.nlm.nih.gov/Entrez/); sequence IDs (in order from top to bottom) are 3023881, 1575046, 442927,
113652, 2104963, 231528, 466945, 1449378, and 443452. Sequence alignment was computed at GenomeNet CLUSTALW Server (Internet
address http://www.clustalw.genome.ad.jp/), using BLOSUM scoring matrix, a gap open penalty of 10, and a gap extension penalty of

0.05.

association of dioxygen is accompanied by the first electron K(O5), in agreement with the observation of no solvent
transfer, forming superoxide anion at the binding step. The isotope effect (Figure 3).

proposal of rate-limiting superoxide formation at high pHis  The Ko of 7.9 from theVma/Km(O,) profile is assigned
consistent with the absence of a solvent isotope effect (Figuretg an active site histidine, which in its protonated form
3) in the sense that no proton transfer step is included in stapilizes the high-energy intermediate species superoxide
Vima/Km(O2). At low pH, the observation that the viscosity anion through electrostatic or hydrogen bond interaction. In
dependence decreases to only 32% (Figure 5) implies thatthe active site of GO fromA. niger, there are two his-
Vmad/Km(Oz2) includes not only a diffusional bimolecular tidines: His 516 and His 559 [Brookhaven Protein Data Bank
encounter but also some later step(s). The possibility that atfjle name 1GAL @)]. His 516 is 3.80 A away from the
low pH dioxygen binds to GO without electron transfer was negatively charged N-1 of [ anion, while His 559 is
considered and ruled out by the following considerations: hydrogen bonded to E 412. Both histidines could therefore
(i) dioxygen is known to be hydrophobic in natug( and have an elevatediy due to a favored interaction in their

in the absence of a metal is expected to bind within a protonated forms. Sequence alignment of three glucose
hydrophobic pocket; (i) dioxygen binds to GO as superoxide oxidases fromA. niger, Penicillium amagasakienseand
anion in a diffusion-controlled manner at high pH, implying Talaromyces flaus shows that both His 559 and His 516
that no hydrophobic patch is available in the active site of are conserved (result not shown). Two closely related
GO under this condition; and (iii) there is no negatively enzymes are alcohol oxidase (AO, EC 1.1.3.13) and cho-
charged residue in the GO active site [Brookhaven Protein lesterol oxidase (CO, EC 1.1.3.6), which catalyze reactions
Data Bank file name 1GAL 8)] which could undergo  very similar to that of GO, the only difference being the
protonation at low pH to generate a hydrophobic binding oxidation of different substrates during the reductive half-
pocket. We have, therefore, assumed that at low pH thereactions. It is very likely that a common strategy has evolved
binding of dioxygen is also coupled to electron transfer, for catalysis of the oxidative half-reactions for GO, AO, and
forming superoxide at the initial step. The unchandal CO. Sequence alignment of the above three GOs along with
isotope effect at pH 5 (ca. 3%, Figure 6) suggests that thethree AOs Candida boidinij Pichia angusta and Pichia
collapse of the superoxide andifHadical pair to form the pastori§ and three COsMycobacterium leprareMycobac-
flavin—hydroperoxy intermediate, which resembles HO  terium tuberculosisandBrevibacterium sterolicurnis shown

[ca. 3% ¥(K), Table 1], is the first irreversible step. This in Figure 9. His 516 is strictly conserved among all of the
interpretation excludes any proton transfer steps Gy GO, AO, and COs that were examined. In contrast, His 559
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Table 2: Redox Potentialsr 4r,., and Second-Order Rate
Constants for Oxidation of Rk by Dioxygen

pH €°FlggFlea (MV, VS SHE) k(M~1s™)
solution 9.3 —242 1.3x 10°(34)
GO 9.3 —240 (12) 1.4x 10
GO 5.3 —65 (12) 1.6 x 10°

2 Calculated from ar°g o Of =172 mV (vs SHE) in solution at
pH 7.0 @7), a K, of 6.7 for neutral Fkq (20), and a X, of 8.3 for
neutral Flq (20).

is aligned with Asn in AO and CO. Therefore, it is more

likely that the universally conserved His 516 is responsible
for the common part of the enzymatic reactions, i.e., the

oxidation of Fleq by dioxygen.

Su and Klinman

mV vs SHE at pH 7 for free pterir3Q) ande® > 100 mV

vs SHE at pH 7 for free topa quinon&4, 32)]. Analogous

to glucose oxidase, neither tyrosine hydroxylase nor bovine
serum amine oxidase shows any evidence for a rate-limiting
proton transfer to accompany the slow electron transfer step.
In these two metalloenzymes, the active site metal ions may
provide substantial charge stabilization to the superoxide
anion as it is formed. Additionally, there is evidence that
the reduced topa cofactor in bovine serum amine oxidase is
neutral, forming a radical cation upon electron transfer to
dioxygen. In this instance, the cofactor is also expected to
lower the barrier for electron transfer to dioxygen by
generating a stabilizing counterion for the resulting super-
oxide. The argument that energy modulation of superoxide

As the electrostatic stabilizing agent, the protonated His anion intermediate is the key in the catalysis of dioxygen
at the active site lowers the energy of the first intermediate, reduction is supported by the work of Wang and Thorpe,
leading to an observed rate enhancement of 100-fold at lowwho observed strong suppression of dioxygen reactivity upon

pH. The redox potentiad® ., iIn GO at pH 9.3 is—240

binding of hydrophobic ligands due to desolvation of the

mV (Table 2), almost identical to the corresponding value active site and consequent destabilization of the superoxide

for free flavin (Table 2). The limitindVma/Km(O2) at high
pH is (1.44 0.8) x 10* M1 s71, only ca. 10-fold faster

anion intermediate3Q3).
Although it is premature to formalize a set of rules for

than the uncatalyzed reaction (Table 2), indicating that the dioxygen activation in biological systems, we propose the
oxidative half-reaction in GO at high pH is similar to the following guidelines on the basis of our studies to date. (i)
oxidation of free Fkgand is mainly uncatalyzed. In the active  Formation of superoxide is likely to be the major rate-limiting
site of GO, a longx-helix consisting of residues 56581 step in peroxide formation, consistent with the fact that the
is located next to the flavin cofactor, with its N-terminus first electron transfer to dioxygen is an uphill thermodynamic
(60%) pointing toward the flavin (Figure 1). The helix could process, in contrast to the exergonic nature of subsequent
contribute to the 10-fold rate enhancement in high-pH GO electron and proton transfer steps for the formation of
versus the free flavin reaction through electrostatic stabiliza- hydrogen peroxide (and water). In this manner, superoxide
tion of superoxide by the helix dipole. Note that the redox intermediates are not expected to accumulate under steady-
potential €% 4r,., IN GO at pH 5.3 is shifted te-65 mV state turnover conditions. (ii) Proton transfer does not occur
(Table 2), despite the fact that theckls still an anion at in a concerted manner; i.e., there is no evidence for general
pH 5.6 [according td°N NMR studies 22)]. The positive acid catalysis in electron transfer to dioxygen. (iii) Electro-
shift of ca. 180 mV of the redox potentiélr. 4, indicates  static stabilization is likely to play the major role in adjusting
that Fleq is @ worse reductant at low pH due to stabilization the energy of the superoxide anion intermediate and the
of Fliea by protonated His 516. However, an increase of the reaction barrier leading to this reactive intermediate.
dioxygen oxidizing power by stabilization of the superoxide

anion (up to ca. 270 mV) more than compensates for the ACKNOWLEDGMENT

decrease in the h reducing power, and metrate accelera-

tion of 100-fold is achieved. The enzyme seems to have ; . . . -~
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