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ABSTRACT: The hydride transfer reaction catalyzed by choline oxidase under irreversible regime, i.e., at
saturating oxygen, was shown in a recent study to occur quantum mechanically within a highly preorganized
active site, with the reactive configuration for hydride tunneling being minimally affected by environmental
vibrations of the reaction coordinate other than those affecting the distance betweenéat®on of the

choline alkoxide substrate and the N(5) atom of the enzyme-bound flavin cofactor [Fan, F., and Gadda,
G. (2005)J. Am. Chem. Soc. 12717954-17961]. In this study, we have determined the effects of pH

and temperature on the substrate kinetic isotope effects with®deholine as substrate for choline
oxidase at 0.2 mM oxygen to gain insights on the mechanism of hydride transfer under reversible catalytic
regime. The data presented indicated that the kinetic complexity arising from the net flux through the
reverse of the hydride transfer step changed with temperature, with the hydride transfer reaction becoming
more reversible with increasing temperatures. After this kinetic complexity was accounted for, analyses
of thekealKm andP(keafKm) values determined at 0.2 mM according to the Eyring and Arrhenius formalisms
suggested that the quantum mechanical nature of the hydride transfer reaction is, not surprisingly, maintained
during enzymatic catalysis under reversible regime. A comparison of the thermodynamic and kinetic
parameters of the hydride transfer reaction under reversible and irreversible catalytic regimes showed
that the enthalpies of activatiolhH*) were significantly larger in the reversible catalytic regime. This
reflects the presence of an enthalpically unfavorable internal equilibrium of the enzyrstrate Michaelis
complex occurring prior to, and independently from, CH bond cleavage. Such an internal equilibrium is
required to preorganize the enzyamubstrate complex for efficient quantum mechanical tunneling of

the hydride ion from the substratecarbon to the flavin N(5) atom.

Increasing evidence has recently accumulated that impli- the substitution of an active site residue unmasked the
cates environmental enhanced quantum mechanical tunnelingchemical step of hydride transfé)( variant forms of glucose
in the transfers of hydrogen atoms, protons, and hydride ionsoxidase carrying extensive surface modificatioh§, (L1),
in enzymatic oxidations and reductions of organic molecules dihydrofolate reductasd 2—14), morphinone reductas#®),
(for a recent survey of the literature, see reffs-4). PETN reductade(15), and choline oxidase fromrthro-
Investigation of coupling of the reaction coordinate to bacter globiformig16). A variety of mechanistic approaches
environmental vibrations in the transfer of hydride ions has have been used in these studies, including temperature-
mainly focused on zinc- and flavin-dependent enzymes thatdependent kinetics 512, 15—25), protium—deuterium
oxidize alcohols to carbonyl compounds, as well as flavin- exchange mass spectrometry, 3), and computational
dependent enzymes that reducef unsaturated carbonyl  studies 26—33). With the exception of liver alcohol dehy-
substrates. Evidence for quantum mechanical transfer of thedrogenase), all of the available studies on other enzymes
hydride ion has been obtained for thermophilic alcohol have been carried out under irreversible catalytic regimes to
dehydrogenase froBacillus stearothermophilu¢s—8), a avoid kinetic complexity arising from the chemical step of
mutant form of horse liver alcohol dehydrogenase in which hydride ion transfer being partially masked by reverse
commitments to catalysi®{8, 10—12, 15—20, 22, 23, 25).
osggilsz V\f/roofrl; V¥€§ ﬂé‘iﬁ’)ﬂgfdsic?eﬁ?ét EguﬁﬁalfiEER(t ?Véafg )M;?]%- . Thus, there is no information to date on the mechanism of
Molecular Basis of Disease Fellowship from Georgia State University hydride Ion_transfer _for enz_yme—cataly_zed r_eactlons under
(to F.F.). both reversible and irreversible catalytic regimes.
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Scheme 1: Minimal Steady-State Kinetic Mechanism of transfer of the hydride ion will occur quantum mechanically
Choline Oxidas® by exploiting the environmental vibrations of the reaction
CH, K, ks, 9351 coordinate that permit a tunneling distance between the
E-FADox e ADacCH === E-FADusBA substratea-carbon and the flavin N(5) atom within the
GB 0Oz, H20 enzyme-substrate complexLg).
j"“’fas‘ ks, 86400 M'1S'1KH o In the present study, we have investigated the effects of
22

ke 53400 M-S pH and temperature on the kinetic isotope effects with 1,2-
o s ks ) . ; . ;
E-FAD,-GB <7~ E-FAD,q-GB =———=FE-FAD-BA [2H4]choline as substrate for choline oxidase at subsaturating
H0, O, kr 1358 concentration of oxygen, i.e., 0.2 mM, to gain insights on
aValues for individual rate constants are for pH 10, where kinetic the mechanism of hydride transfer under reversible catalytic
steps are pH-independent (from rE§). Abbreviations: E, enzyme;  regime. The comparison of the mechanistic data presented
FAD,;, oxidized flavin; FADeq reduced flavin; CH, choline; BA,  parain with those previously reported at saturating concentra-
betaine aldehyde; GB, glycine betaine. . . .
tion of oxygen has provided evidence for the presence of an
Choline oxidase (E.C. 1.1.3.17), which catalyzes the flavin- internal equilibrium in the enzymesubstrate Michaelis
mediated four-electron oxidation of choline to glycine complex preceding the hydride transfer step. Such an internal
betaine, has been characterized in its biochemit89) equilibrium is required to preorganize the enzynsebstrate
and mechanisticl, 40—45) properties. The enzyme con- complex for efficient quantum mechanical tunneling of the
tains FAD in a 1:1 stoichiometry, is a homodimer of 120 hydride ion from the substrai@-carbon to the flavin N(5)
kDa (36), and under turnover produces a transient betaine atom. This study provides further understanding of the
aldehyde intermediate that predominantly remains bound atmechanism of alcohol oxidation catalyzed by enzymatic
the active site (Scheme 13§ 41). The reaction catalyzed oxidoreductases and, to a broader extent, of the mechanism
by choline oxidase consists of two reductive components in of hydride ion tunneling in enzymes with highly preorganized
which the enzyme-bound flavin is reduced via the transfer enzyme-substrate configurations.
of hydride ions from the alcohol substratks)(and the
aldehyde intermediateky), each followed by an oxidative =~ MATERIALS AND METHODS
component in which FAD is reoxidized via the transfer of

hydride equivalents to molecular oxygeks &nd ks) (42). , Materia}ls.ChoIir)e chlogide was purchased frqm ]CN. 1,02—
Product releasek(;) completes the catalytic cycle. The [‘HeCholine bromide (98%) and sodium deuterioxide (99%)

hydride transfer reaction from the alcohol substrate to the Were obtained from Isotec Inc. (Miamisburg, OH). Deuterium
flavin is ireversible when the enzyme is saturated with chloride (99.5%) and deuterium oxide (99.9%) were from

oxygen @2), as suggested by rapid kinetic, pH, and kinetic Cambridge Is_otope Co._ (Andover, MA). All (_)ther reagents
isotope effect studiesl6, 42). This mainly stems from the ~ Were of the highest purity commercially available. Recom-
second-order kinetic step of,Qeaction with the reduced binant choline oxidase froiA. g_Iob|form|sstra|n ATQC_: 8010
flavin (ks) becoming very large when the enzyme is saturated Was expressed from plasmid pE®0Al and purified to
with O,, which results in negligible concentration of the Nomogeneity as described previousig\ The fully oxidized
reduced enzymebetaine aldehyde Michaelis complex that €nZyme was prepared as described previouH). (Al
is required for the reverse hydride transfer reaction under Kinétic parameters reported in this study are expressed per
steady-state turnover of the enzyme. In contrast, at concen-2ctive site flavin content.
trations of oxygen smaller than 1 mM the hydride transfer ~ Enzyme Assay€nzyme activity was measured polaro-
reaction from the alcohol to the enzyme-bound flavin is graphically by monitoring initial rates of oxygen consumption
reversible, as suggested by pH and kinetic isotope effectwith a Hansatech oxygen electrode thermostated at4$0
studies 16, 42). °C. Enzyme assays were conducted in 50 mM sodium
The elucidation at the molecular level of the catalytic Pyrophosphate, except for pH 7 and 7.5 where potassium
mechanism for alcohol oxidation by choline oxidase has beenphosphate was used. The steady-state kinetic parameters were
obtained from pH, temperature, and kinetic isotope effect determined by varying the concentration of choline from 0.02
studies 16, 40, 42), as well as mutagenesis and mechanistic t0 15 mM at a fixed concentration of oxygen of 0.2 mM.
studies with substrate and product analogu¥ 39, 43— The reactions were started by adding choline oxidase at a
45) (Scheme 2). Catalysis is initiated by deprotonation of final concentration of 0.£0.4 uM into reaction mixtures
the hydroxyl group of the alcohol substrate by an unidentified With a final volume of 1 mL that were previously equilibrated
base with a [, of 7.5, which results in the formation of a at 0.2 mM oxygen by bubbling the appropriate/} gas
highly reactive choline-alkoxide speciesA@). The necessary ~ Mixture for at least 10 min. Substrate deuterium kinetic
stabilization required for the formation of the alkoxide isotope effects on the steady-state kinetic parameters were
species is provided by electrostatic interaction with the determined with choline and 1,2H,]choline as substrate,
positive charge of an active site histidine residue .&dis by alternating substrate isoptomers.
which is fully conserved within members of the glucese Data AnalysisData were fit with KaleidaGraph software
methanot-choline oxidoreductase superfamily to which (Synergy Software, Reading, PA) and Enzfitter software
choline oxidase belong#8). The electrostatic interaction (Biosoft, Cambridge, U.K.). The steady-state kinetic param-
between the cholinealkoxide species and Hig also eters obtained at fixed concentrations of oxygen were
contributes to the positioning of the substratearbon for determined by fitting the data to the Michaelislenten
efficient hydride transfer to the enzyme-bound flavin. Once equation for one substrate. The kinetic isotope effects were
both activation and correct positioning of the alcohol then determined by taking the ratios of the steady-state
substrate have been attained in the enzyme active site, the&inetic parameters of interest. The pH dependences of the
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Scheme 2: Asynchronous Hydride Transfer Mechanism for Choline Oxidation Catalyzed by Choline Oxidase
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steady-state kinetic parameters were determined by fitting (16, 42. At concentrations of oxygersl mM, choline
initial rate data to eq 1, which describes a curve with a slope oxidation becomes progressively more reversible with de-
of +1 and a plateau region at high pH. is the pH- creasing [@] due a significant increase of the reverse
independent value of the kinetic parameter of interest. The commitment to catalysis, which in the minimal mechanism
pH dependence of the substrate deuterium kinetic isotopeof Scheme 1 is defined by the ratig’ks[O,] (16). A recent
effects were determined by fitting initial rate data with eq study reported the effect of temperature onfig./K.,) and

2, whereY, andYy are the limiting values at low and high  k.o/K., values with choline at saturating oxygen concentra-
pH, respectively, an&, is the dissociation constant for the tions as a probe for the involvement of quantum mechanical
ionization of groups which are relevant to catalysis. The tunneling in the reaction of hydride transfer catalyzed by
temperature dependences of the steady-state kinetic parameholine oxidaseX(6). In the present study, we have expanded
eters were determined by fitting initial rate data with the that investigation and determined the effect of temperature
Eyring equation (eq 3), wheres andh are the Boltzmann  on theP(k../Km) andk.a/Km values at subsaturating concen-
and Planck constants, respectively. The enthalpy of activationtration of oxygen to gain further insights on the mechanism
(AH?) is calculated from the slope of the plot, whereas the of hydride tunneling under reversible catalytic regime.

entropy AS) is calculated frony-intercept .Of the_plo_t. The Initial rates of reaction were measured over temperatures
temperature dependences of the deuterium kinetic isotope,

. o . .ranging from 10 to 48C at varying concentrations of choline
effects were determined by fitting the data with the Arrhenius B ; : .
equation (eq 4), wheru/Ao is the isotope effect on the and 1,2-fH4]choline and at a fixed concentration of oxygen

. - ; . of 0.2 mM and pH 8 (Table S1 of the Supporting Informa-
preexponential factors ancﬂ_Ea[(D_) Ei(H)] is the isotope tion). As shown in Figure 1A, the analysis of the data
effect on the energy of activation.

according to the Eyring formalism showed that thg/Kn,
Y values with both isoptomers increased monotonically with
1+ (107pH/107pKa) 1) increasing te_mperature., yielding slopes that were larger vyith
1,2-PPH,]choline than with choline. The Arrhenius analysis
of the temperature dependence of the resulting kinetic isotope
2) effects showed that th€(k../Kn) values increased with
decreasing temperature (Figure 1B). These data are in stark
contrast with results previously reported on choline oxidase
IN[(k.o/K)/T] = In(kg/h) + AS/R — AH'RT 3) obtained at saturating oxygen concentration, showing similar
slopes for thé.a/Km values with choline and 1,2Hl,]choline
IN(KIE) = In[A/Ap] — [E4D) — E(H)I/RT  (4) and a temperature-independBi../K,) value of~10.6 (L6).
The different patterns observed at saturating and nonsaturat-
RESULTS AND DISCUSSION ing concentrations of oxygen may stem from either a change

Temperature Dependence of Kinetic Isotope Effects atin the quantum tunneling cont.ribution to _hydridg transfer
Subsaturating OxygeiRecent pH and kinetic isotope effect Under irreversible and reversible catalytic regimes or a
studies established that oxygen availability determines temperature effect on the kinetic complexity of the reaction
whether the reduced enzymbetaine aldehyde complex Catalyzed by the enzyme.
partitions forward to catalysis during turnover with choline Determination of Kinetic Complexity at Subsaturating
rather than reverting to the oxidized enzynwholine alkox- OxygenlIn the reaction catalyzed by choline oxidase (Scheme
ide complex 42). At saturating oxygen, oxidation of choline 1) kinetic complexity can potentially arise from an increased
is irreversible, and the resultiftfk../Kn) value approaches partitioning of the reduced enzyméetaine aldehyde com-
the intrinsic kinetic isotope effect between pH 5 and pH 10 plex between the reverse of the hydride transfer reackign (

logY= Iog’

Y, + Y, (10 107"
1+ (10 P9107PH

log Y=log
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and reaction with ©(ks[O2]), an increased partitioning of pH

the oxidized enzymecholine complex between hydride Ficure 2: pH dependence of the(k./Km) values with choline
transfer reactionkg) and dissociation of the substrate from and 1,2-fHsJcholine at subsaturating P determined at 10C

the enzyme active sitdd), or both. In this regard, previous ~ (Panel A), 25°C (panel B), and 49C (panel C). Kinetic parameters
solvent viscosity and substrate kinetic isotope effects with Vr;ﬂeoTea:#r]%? tar;[eaél;(;dactoggrargtfoggtfao\.ier%l\/;itoi(g %enz[or 025
choline, as well as pH studies on glycine betaine inhibition ¥a ' q

and with the choline angloguedsN—dimethylethanolamine 10.6 previously determined for thB(ka/Km) value at
and N-methylethanolamine as substrate for the enzyme, sa1yrating oxygen concentratio2), which is in excellent
unequivocally established choline as a slow substrate foragreement with the limiting(kea/Km) values determined at
choline oxidase, for whiclk, > ks (37, 38, 42). Conse-  |oy pH in this study at 0.2 mM oxygen (Figure 2), at which
quently,_a.my. kinetic complexity must neces;arlly arise from inetic complexity is expected to be negligible °&q value
the partitioning of the reduced enzymbetaine aldehyde ~ of 1 24, which was previously established by Cleland for
complex between the reverse of the hydride transfer reactionihe conversion of alcohols to aldehydess)( can be used
and the reaction with ©i.e., from theky/ks[O] ratio. for the equilibrium isotope effect for conversion of choline
In order to establish whether the kinetic complexity of the {5 petaine aldehyde. By using the limitifkea/Km) values
reaction catalyzed by choline oxidase at subsaturating 4 high pH determined in this studi/ks[O-] ratios of 1.4
concentration of oxygen changed with temperature, the effect . 5 4 2 84 0.5 and 5.1+ 1.9 were then estimated at 10
of pH on the®(k./Kn) values measured at 0.2 mM oxygen o5 and 40°C, suggesting that at 0.2 mM oxygen the hydride
was determined at three selected temperatures spanning oV&fansfer reaction catalyzed by choline oxidase becomes

10-40 °C (Table S2 of the Supporting Information). As 5 ogressively more reversible as a function of temperature.
shown in Figure 2, th€(k../Kn) values decreased between

limiting values with increasing pH in all cases. The limiting D[k, Dl + 1.24C K
D(keafKm) values at low pH were 11.2 0.6 at 10°C, 10.5 (_at) =2 " WithC, = —2 (5)
+ 0.4 at 25°C, and 10.6+ 0.9 at 40°C, in reasonable Kn 1+C ks[O,]

agreement with the intrinsig(k.a/Km) value of~10.6 that

was previously determined at saturating oxygen and@5 In the steady-state kinetic mechanism of choline oxidase
(42). In contrast, the limiting®(k.a/Km) values at high pH  (Scheme 1), thé(k../Kn) value for choline determined at
progressively decreased with increasing temperature, withsubsaturating oxygen concentrations comprises rate constants
values of 5.1+ 0.6 at 10°C, 3.7+ 0.4 at 25°C, and 2.9+ reflecting substrate bindind(andk;), the chemical step of
0.9 at 40°C, consistent withk,/ks|O] ratios with increasing hydride transfer from choline to the flavin in the forward
temperatures. The kinetic complexiteC) at any given and reverse directionky and ks), and the kinetic step in
temperature was then estimated by using eq 5, wWhges/ which the reduced enzymddetaine aldehyde complex reacts
Km) represents the observed kinetic isotope effect determinedwith molecular oxygenks), as shown in eq 6. Choline being
at high pH and 0.2 mM oxygen, arkks andPEq are the a slow substrate for the enzym&7( 38, 45) is consistent
intrinsic kinetic and equilibrium isotope effect for the hydride with k, > ks, resulting in the measure#/Kn, value
transfer reaction, respectively. A reasonable approximationdetermined at any given subsaturating concentration of
of thePks value is provided by the pH-independent value of oxygen being afPAk../Kn) value, as illustrated in eq 7. In
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Table 1: Thermodynamic ParameterslQu/Ky, Values for
Oxidation of Choline by Choline Oxidase at 0.2 mM and Saturating
Concentrations of Oxygén

[oxygen], mM 0.2 saturatirfg
AH*y,¢ kJ mol? 29+ 4d 18+ 2
AH¥5,¢kJ mol?t 30+ 4 18+5
—TASH,¢ kd mol? 34+ 84 24+ 2
—TAS’p,° kJ mol? 19+ 2 30+ 5
ASH,ckd mol?t 0.11+ 0.03 0.08+ 0.01
AS, kJ mott 0.06+ 0.01 0.10+ 0.02
AG*y,£kJ mol?t 63+ 1(¢¢ 42+5
AG*,¢kJ mol? 49+ 6 48+ 13
AE¢kJ mol? 0.4+0.3 0.4+ 4.2
AnlAS 6+1 11+ 8

KIE 10.5+ 0.4 10.6+ 0.6

2 Conditions: 50 mM sodium pyrophosphate, pH ®ata are from
ref 16. ¢ Data were calculated using the Eyring equatibData with
choline at 0.2 mM oxygen after correction for the contribution of the
reverse commitment to catalysiData for 25°C. f Data were calcu-
lated using the Arrhenius equation.

Fan and Gadda

Km) value of~10.6 reported in previous studies at saturating
oxygen (Table 1) 42). In agreement with thé(Kea/Km)
values being temperature-independent,Alig value deter-
mined at 0.2 mM oxygen was negligible (Table 1). Finally,
within the accuracy of the analysis, the isotope effect on the
Arrhenius preexponential factor&w{/Ap) was not signifi-
cantly different from thé’(k.o/Km) value (Table 1), further
consistent with an entropic origin of the kinetic isotope effect
that is associated with the hydride transfer reaction in choline
oxidase.

The thermodynamic parameters on tQgK,, values for
oxidation of choline at 0.2 mM oxygen, after correction for
kinetic complexity, are consistent with the hydride transfer
reaction occurring through environmentally enhanced quan-
tum mechanical tunneling within a highly preorganized
enzyme-substrate complex16). This conclusion is sup-
ported by the temperature-independ®fit./K.,) value, the
similar values for the isotope effect on the Arrhenius
preexponential factordu/Ap and theP(k..{Kr) value, and

contrast, at saturating oxygen concentrations, at which thethe similarities in the enthalpies of activatioAH¥) with

ka/ks[O7] ratio approaches a negligible value and ther€by
approaches zero, the measutegdK,, values equak;ks/k,

finite values that are larger than zero for the light and heavy
isoptomers of choliner( 9, 15, 20, 22, 47). Indeed, a classical

and represenit¥(k../Kn) values. This analysis establishes a over-the-barrier mechanism for hydride transfer can be ruled

direct correlation between th#qk../Ky,) values that are

out from theAn/Ap value being significantly larger than 1.7

determined at subsaturating concentrations of oxygen, the(48), whereas H and D tunneling just below the classical

kinetic complexity of the enzymatic reactio@}, and the
ek.afKm) values (eq 8). By using eq 8 and tkk values
determined from the pH profiles of th&(k../{Km) values

transition state is not consistent with the similar finkel*
values for CH and CD bond cleavage and the lack of
temperature effects on thk../K.) value @9, 50). More-

determined at 0.2 mM oxygen and different temperatures, over, the temperature independence oftike,/Km) suggests

the truek../Km values with choline at pH 8 after correction

that the probability of H and D transfer is similar at

for the kinetic complexity could be estimated with values different temperatures, consistent with minimal dynamical

of 124000+ 21000, 34000Gt 37000, 59800Gt 63000 at
10, 25, and 40C, respectively.

P Keat _ kiks
(K_m) T ky(1+C) +k, ©)

k) kikg
(K_m) T kyf(1+C) (7)

true al app) o . true o k. k
(E—m)= (E—m)(wcr) with (E—m)=f’ 8)

motions of the enzymesubstrate complex other than those
associated with the subpicosecond vibration of the CH bond
along the reaction coordinate that promote the tunneling of
the hydride ion 2, 4, 16. This, in turn, is consistent with
the active site in the choline alkoxigdeholine oxidase
Michaelis complex being highly preorganized to facilitate
the quantum mechanical transfer of the hydride from the
activated substrate to the enzyme-bound flavin.

An Internal Equilibrium Preorganizes the Substrate
Enzyme Complex for Subsequent Hydride lon Tunné€ling.
results presented in this study, along with the results recently
reported for the temperature effects on Bfle../K,) values
determined at saturating oxygen concentratits),(establish

Eyring and Arrhenius Analyses of the Temperature Effects that the hydride transfer reaction catalyzed by choline oxidase

at 0.2 mM Oxygen after Correction for Kinetic Complexity.
After correction for kinetic complexity an Eyring analysis
of the k.ofKmy values with choline and 1,2HiJcholine at

occurs quantum mechanically both under reversible and
under irreversible catalytic regimes. The lack of temperature
dependence of tHk../K,) values is further consistent with

0.2 mM oxygen showed similar slopes for the two isoptomers a highly preorganized active site in the choline alkoxide

(Figure 1A), consistent with similar enthalpies of activation
(AH¥) with values of~30 kJ mot* for the cleavages of the

choline oxidase Michaelis complex that undergoes hydride
transfer (, 9, 13, 15-20, 22, 47, 49, 51, 52), with little

CH and CD bonds of choline. Thus, the entire kinetic isotope independent movements of the substratEarbon and flavin
effect associated with the transfer of the hydride ion in the N(5) atom other than those resulting in the quantum
reaction catalyzed by choline oxidase has an entropic rathermechanical tunneling of the hydride ion. This implies that

than an enthalpic origin. The entropy of activation at’5
(AS) was less than 0.1 kJ mdl with both the light and

any environmental organization of the enzynseibstrate
complex that is necessarily required to bring the hydride

heavy isotopes, in agreement with the values previously donor and acceptor in a preorganized configuration suitable

reported at saturating oxygen (Table 4P). The Arrhenius
analysis of thé(k../Knm) values at subsaturating concentration
of oxygen corrected for kinetic complexity yielded a tem-
perature-independent kinetic isotope effect-df0.5 (Figure
1B), which compared well with the pH-independé&k../

for tunneling of the hydride ion must occur prior to, and in

a fashion that is mechanistically uncoupled to, the hydride
transfer reaction. In this context, while most of the thermo-
dynamic parameters for the hydride transfer reaction are,
within the accuracy of the determinations, independent of
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Scheme 3: Proposed Preorganization of the
Enzyme-Substrate Michaelis Complex in Choline Oxidase

tunneling reaction from a highly preorganized active site in
which the necessary preorganization of the active site in the
enzyme-substrate complex has been observed experimen-
tally. This study therefore represents the first example of
the use of temperature-dependent kinetic isotope effects to
measure thermodynamic parameters for hydride ion tunneling
that are associated with the presence of conformational
changes occurring in the enzymsubstrate complex. This
approach is particularly effective for those cases in which
the conformational changes are not detectable by using other
approaches because they are kinetically fast, as for the case
regime are significantly larger than those determined in of choline oxidase. To date, several cases for enzymatic
irreversible catalytic regime, i.e~30 kJ mof? versus~18 reactions involving tunneling of hydride ions, protons, and
kJ mol%. These differences are consistent with the presencehydrogen atoms from highly preorganized active sites have
of an enthalpically unfavorable internal equilibrium of the been proposed’(8, 16, 47, 53). It is expected that by using
enzyme-substrate Michaelis complex occurring prior to and an approach similar to that used in this study conformational
independently from the CH bond cleavage reaction (Schemechanges that preorganize the active site will be unveiled in

E-FADy E-FADy-CH E-FADyy-CH* E-FAD,¢q-BA
\ | | |
substrate binding

a Abbreviations: E, enzyme; FAR oxidized flavin; FADeq reduced
flavin; CH, choline; BA, betaine aldehyde.

active site pre-organization hydride transfer

whether the reaction occurs in reversible or irreversible
catalytic regimes (Table 1), the enthalpies of activatitH{)
for CH and CD bond cleavage under reversible catalytic

3). From a mechanistic standpoint, the environmental pre-
organization of the enzymesubstrate complex is probably

a growing number of enzymes.

associated with, or perhaps simply triggered by, the depro- ACKNOWLEDGMENT

tonation reaction of the hydroxyl group of the alcohol

The authors thank Drs. Judith P. Klinman, Vern L.

substrate that results in the formation of the activated Cho"neSchramm, Justine P. Roth, Tom Netzel, and John S.

alkoxide species (Scheme 2). Indeed, the cleavage of theB
substrate OH bond has been previously demonstrated to occur

prior to the subsequent hydride transfer reaction by using
solvent and substrate kinetic isotope effeet)(
ConclusionsThe results of the mechanistic investigation
on the effects of temperature and pH on the kinetic isotope
effects with deuterated choline presented in this study

lanchard for discussion and insightful suggestions.

SUPPORTING INFORMATION AVAILABLE

Two tables showing (i) the apparent kinetic parameters
with choline and 1,24H,]choline as substrate for choline
oxidase determined at 0.2 mM oxygen and pH 8 in the

established that the quantum mechanical character of thetemperature range from 10 to 4& and (i) the apparent

hydride transfer reaction of alcohol oxidation catalyzed by
choline oxidase is, not surprisingly, maintained when the
catalytic regime of the reaction shifts from irreversible to
reversible. Under both catalytic regimes, the hydride ion
tunnels from thex-carbon of the activated choline alkoxide

species to the enzyme-bound flavin N(5) atom within a
highly preorganized enzymesubstrate complex, with little

independent movements of the hydride donor and acceptor

other than those conducive to tunneling of the hydride ion.
Thus, choline oxidase has evolved to maximize productive
binding of the alcohol substrate so that in the enzyme

substrate complex all of the components of the catalytic

machinery, i.e., the catalytic base that activates the substrate

(16, 38, 40), the positive charge that stabilizes the resulting
alkoxide species30, 43), and the isoalloxazine ring of the
flavin (36), are properly positioned to exploit the mechanical
effects that result in the transfer of the hydride ion from the
substratex-carbon to the flavin N(5) atom. The comparison
of the data obtained in reversible and irreversible catalytic
regimes has unveiled for the first time the presence of an
enthalpically unfavorable internal equilibrium occurring in
the choline oxidasesubstrate complex prior to the hydride
transfer reaction. The internal equilibrium is required to
preorganize the enzymesubstrate complex for efficient
guantum mechanical tunneling of the hydride ion. In this

respect, the conformational change that allows the preorga-

nization of the active site for the subsequent tunneling of
the hydride ion in choline oxidase is temporarily and
mechanistically distinct from the protein dynamical effects
resulting in hydride tunneling that occur after formation of
the competent enzymesubstrate complex. Thus, choline

oxidase represents the first instance of an enzymatic hydride

kinetic parameters with choline and 12ZH}]choline as
substrate for choline oxidase determined at 0.2 mM oxygen
at 10 or 45°C in the pH range from 5 to 10. This material
is available free of charge via the Internet at http:/
pubs.acs.org.
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