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ABSTRACT: Choline oxidase catalyzes the flavin-dependent, two-step oxidation of choline to glycine betaine with
the formation of an aldehyde intermediate. In the first oxidation reaction, the alcohol substrate is initially
activated to its alkoxide via proton abstraction. The substrate is oxidized via transfer of a hydride from the
alkoxide a-carbon to the N(5) atom of the enzyme-bound flavin. In the wild-type enzyme, proton and hydride
transfers are mechanistically and kinetically uncoupled. In this study, we have mutagenized an active site serine
proximal to the C(4a) and N(5) atoms of the flavin and investigated the reactions of proton and hydride transfers
by using substrate and solvent kinetic isotope effects. Replacement of Ser101 with threonine, alanine, cysteine, or
valine resulted in biphasic traces in anaerobic reductions of the flavin with choline investigated in a stopped-flow
spectrophotometer. Kinetic isotope effects established that the kinetic phases correspond to the proton and
hydride transfer reactions catalyzed by the enzyme. Upon removal of Ser101, there is an at least 15-fold decrease
in the rate constants for proton abstraction, irrespective of whether threonine, alanine, valine, or cysteine is
present in the mutant enzyme. A logarithmic decrease spanning 4 orders of magnitude is seen in the rate constants
for hydride transfer with increasing hydrophobicity of the side chain at position 101. This study shows that the
hydrophilic character of a serine residue proximal to the C(4a) and N(5) flavin atoms is important for efficient

hydride transfer.

Choline oxidase (EC 1.1.3.17, choline-oxygen 1-oxidored-
uctase) catalyzes the flavin-mediated oxidation of choline to
glycine betaine (/). This reaction is of considerable interest for
medical and biotechnological applications because the intracel-
lular accumulation of glycine betaine, a compatible solute that
does not interfere with cytoplasmic function at high concentra-
tions, is important for normal cell function under conditions of
osmotic and temperature stress in bacteria and plants (2—5).
Furthermore, glycine betaine is much more effective than other
compatible solutes in the stabilization of the structure and
function of macromolecules and the highly ordered state of
membranes (6). In biotechnology, the codA4 gene encoding choline
oxidase is used to improve the tolerance of economically im-
portant crops like tomatoes, potatoes, and rice toward environ-
mental stresses because of the hypersalinity of the soil or high and
low temperatures (7—9). A membrane-associated choline dehy-
drogenase that is homologous to the cytosolic oxidase is found in
many pathogenic bacteria, where it was recently shown that the
betA gene encoding the dehydrogenase is likely associated with
virulence (/0). Thus, the study of the mechanism of choline
oxidase offers an opportunity to control glycine betaine biosynthe-
sis in pathogenic bacteria and to provide osmotic balance with
the environment in plants.

Choline oxidase from Arthrobacter globiformis has been in-
vestigated using biophysical (//—14), structural (15, 16),
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mechanistic (/7—24), computational (25), and site-directed
mutagenic (13, 15, 26—34) approaches. The reaction of choline
oxidation catalyzed by choline oxidase includes two reductive
half-reactions in which the FAD cofactor is reduced in subsequent
steps by the alcohol substrate and an aldehyde intermediate of the
reaction. Each reductive half-reaction is followed by an oxidative
half-reaction in which the reduced FAD cofactor is oxidized by
molecular oxygen with formation of hydrogen peroxide (Scheme 1)
(for a recent review, see ref /). In the wild-type enzyme, the first
oxidation is triggered by the kinetically fast abstraction of the
hydroxyl proton of choline by a catalytic base with a pK, of ~7.5,
which has not yet been identified (27, 29, 34), resulting in the
formation of a transient alkoxide (11, 17, 19, 20, 24). The side
chains of His351 and His466 contribute to the stabilization of the
alkoxide species through hydrogen bonding and electrostatic
interactions, respectively (29, 34). A rate-limiting transfer of a
hydride ion from the a-carbon of the alkoxide species to the N(5)
atom of the flavin results in the oxidation of choline and the
reduction of the enzyme-bound flavin. This was established with
solvent, substrate, and multiple kinetic isotope effects on the
steady state kinetic parameter k.,./K,, with choline as a substrate
for the enzyme (7, 20). The abstraction of the hydroxyl proton of
the substrate is associated with an isomerization of the enzyme—
substrate complex that is kinetically independent of the subsequent
reaction of hydride ion transfer. This is suggested in the wild-type
enzyme by the comparison of the kinetic isotope effects on the
flavin reduction step under reversible and irreversible catalytic
regimes (24), and in active site mutant enzymes with replacements
of residues that are not directly involved in catalysis, namely,
Glu312 with aspartate or Val464 with either alanine or threonine,
by substrate or solvent kinetic isotope effects (15, 31).

©2010 American Chemical Society
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Scheme 1: Two-Step Oxidation of Choline Catalyzed by Choline Oxidase
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In the X-ray structure of choline oxidase resolved to 1.86 A,
the Oy atom of Ser101 is less than 4 A from the N(5) atom of
FAD and within hydrogen bonding distance (i.c., <3 A) of the
oxygen atom of DMSO' (Figure 1), an additive that was used in
the crystallization of the enzyme (75). This suggests that Ser101
may interact with the substrate and be actively involved in the
oxidation of choline catalyzed by the enzyme. Moreover, the
recent determination of the X-ray structure of the Serl01Ala
enzyme to a resolution of 2.5 A showed a lack of structural
changes in the active site and the overall structure of the enzyme
upon replacement of the side chain on residue 101 (Figure 1) (33).
This prompted us to investigate the role of Ser101 in the reductive
half-reaction catalyzed by choline oxidase by using site-directed
mutagenesis and rapid kinetics.

In this study, the effects of replacing Ser101 with alanine,
threonine, cysteine, or valine on the reductive half-reaction
catalyzed by choline oxidase have been investigated using both
solvent and substrate kinetic isotope effects in a stopped-flow
spectrophotometer. The mutated enzymes were slower than the
wild-type enzyme in their ability to activate choline to the alkoxide
species, resulting in biphasic reductions of the flavin in anaerobic
stopped-flow reactions with choline. Kinetic isotope effects
allowed us to assign the two kinetic phases of flavin reduction
to the stepwise cleavages of the substrate O—H and C—H bonds.
Finally, it was shown that the rate of transfer of the hydride ion
from the alkoxide to the flavin decreased with the decreasing
hydrophilicity of the side chain of residue 101.

EXPERIMENTAL PROCEDURES

Materials. Escherichia coli strain Rosetta(DE3)pLysS was
from Novagen (Madison, WI). The QIAprep Spin Miniprep kit
was from Qiagen (Valencia, CA). The QuickChange site-directed
mutagenesis kit was from Stratagene (La Jolla, CA). Oligonu-
cleotides for site-directed mutagenesis and sequencing of the
mutant genes were from Sigma Genosys (The Woodlands, TX).
1,24*H4]Choline and sodium deuterium oxide (99%) were from
Isotec Inc. (Miamisburg, OH). Polyethylene glycol 6000 was from
Fluka (St. Louis, MO). Choline chloride was from ICN Pharma-
ceutical Inc. (Irvine, CA). All other reagents used were of the
highest purity commercially available.

Instruments. UV—visible absorbance spectra were recorded
using an Agilent Technologies model HP 8453 diode array
spectrophotometer equipped with a thermostated water bath.
The enzymatic activity of choline oxidase was measured polaro-
graphically using a computer-interfaced Oxy-32 oxygen monitor-
ing system (Hansatech Instrument Ltd.). Stopped-flow experi-
ments were conducted using a Hi-Tech SF-61 double-mixing
stopped-flow spectrophotometer.

! Abbreviations: Ser101Ala enzyme, choline oxidase in which Ser101
is substituted with alanine; Ser101Thr enzyme, choline oxidase in which
Ser101 is substituted with threonine; Ser101Val enzyme, choline oxidase
in which Ser101 is substituted with valine; Ser101Cys enzyme, choline
oxidase in which Ser101 is substituted with cysteine; Asn510His enzyme,
choline oxidase in which Asn510 is substituted with histidine; DMSO,
dimethyl sulfoxide; KIE, kinetic isotope effect.

H02 O,

FAD FADH" -

Hzo H
+~_OH b~ H |-+~ OH l+~ o
e [ —N ~ 7. N

His466
‘Wild-type FAD with C(4a)-oxygen adduct

Asn510

Ser101Ala FAD

%ﬂlﬂl

His351

FiGURE 1: Comparison of the active sites of wild-type and Ser101Ala
choline oxidase. The residues with carbons colored green represent the
mutant structure, whereas the carbon atoms for the wild-type enzyme
are colored gray. The C(4a)—oxygen adduct observed with the wild-
type enzyme is colored red. The structures of the wild-type and S101A
mutant enzymes are from Protein Data Bank entries 2JBV (/5) and
3NNE (33), respectively.

Site-Directed Mutagenesis and Protein Purification. The
mutated genes for the choline oxidase variants containing alanine,
threonine, cysteine, or valine instead of Ser101 were prepared as
previously described (72). The resulting mutant genes were
sequenced at the DNA Core Facility of Georgia State University
using an Applied Biosystems Big Dye Kit on an Applied Bio-
systems model ABI 377 DNA sequencer to confirm the presence
of the mutation. The mutant enzymes were expressed and purified
to homogeneity as previously described for wild-type choline
oxidase (12, 13, 19). The enzymes were stored at —20 °C in 20 mM
Tris-HCI (pH 8.0) and were found to be stable for at least 6
months.

Kinetic Assays. The apparent steady state kinetic parameters
in atmospheric oxygen of the mutant enzymes were measured
with the method of initial rates by monitoring oxygen consump-
tion as described for wild-type choline oxidase (20).

Observed rate constants for flavin reduction of the enzymes
were determined anaerobically at varying concentrations of sub-
strate (choline or 1,2-[*Hycholine) in 50 mM sodium pyropho-
sphate (pH 10.0) using a stopped-flow spectrophotometer ther-
mostated at 25 °C, as previously described (/5). Equal volumes of
the enzyme and substrate were mixed anaerobically in the
stopped-flow spectrophotometer in the presence of a glucose
(5 mM)/glucose oxidase (0.5 uM) mixture, yielding a final
enzyme concentration of ~10 M. Substrate concentrations were
>50 uM, ensuring pseudo-first-order conditions. Data were
collected in the dual beam mode using photomultiplier detection
set at 452 nm.

For the determination of solvent kinetic isotope effects on the
observed first-order rate constants for flavin reduction, all of the
reagents were prepared using 99.9% deuterium oxide by adjusting
the pD value with NaOD. The pD values were determined by
addition of 0.4 to the pH electrode readings (35). Solvent viscosity
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Table 1: Comparison of Spectral and Catalytic Properties of Ser101 Mutant Enzymes and Wild-Type Choline Oxidase

A’max (nm)b 3 (mMil Cmil) dpp(kC‘dl/Kﬂ’l) (Mi] Si]) “ppkc‘dl (Si]) dpl11(1"1’1 (mM)
wild type” 367, 455 10, 11.4 25000 15 0.6
Ser101Thr 371, 450 8.7,9.3 18000 + 2000 3.0£0.1 0.17£0.02
Serl01Ala 373, 452 8.9,9.5 4600 =+ 400 3.3£0.1 0.73 £ 0.07
Ser101Cys 374, 450 9.2,9.9 1100 £ 70 0.076 + 0.001 0.07£0.01
Ser101Val 371, 452 9.2, 10.9 21+ 1 0.017£0.001 0.82+0.03

“From ref 15. ®Absorbance spectra were recorded at pH 8.0 and 25 °C. Enzymatic activities were measured in 50 mM potassium phosphate (pH 7.0) at

25 °C, using fully oxidized enzymes.

effects were measured in the presence of 0.0211 g/mL PEG-6000
as the viscosigen (which is equivalent to a relative viscosity of
1.26) (36), in both the tonometer containing the enzyme and the
syringes containing the organic substrates.

Data Analysis. Kinetic data were fit with KaleidaGraph
(Synergy Software, Reading, PA) and the Kinetic Studio Soft-
ware Suite (Hi-TgK Scientific, Bradford on Avon, U.K.). The
apparent steady state kinetic parameters in atmospheric oxygen
were determined by fitting the data to the Michaelis—Menten
equation for one substrate.

Stopped-flow traces were fit to eq 1, which describes a double-
exponential process

A :Bexp(—kobslt)+Cexp(—kobszt)+D (1)

where kons and kopeo represent the observed first-order rate
constants associated with the absorbance changes of the fast
and slow phases, respectively, ¢ is the time, 4 is the absorbance at
452 nm at any given time, B and C are the amplitudes of the
absorbance changes for the fast and slow phases, respectively, and
D is the absorbance at infinite time. The kinetic parameters
associated with the fast and slow phases of flavin reduction seen in
the reductive half-reaction were determined by using eqs 2 and 3,
respectively (see the Appendix for derivation).

kim S + ¢
R RN @
Kiim S
kobs2 = m (3)

where kops; and ke represent the observed first-order rate
constants associated with the absorbance changes of the fast
and slow phases, respectively, at any given concentration of
substrate (.S); kjim1 and kymp are the limiting rate constants at a
saturated substrate concentration of the fast and slow phases,
respectively; “PPKr. and *PPK,,, are the apparent dissociation
constants defining equilibria between the free enzyme and free
substrate and enzyme—substrate complexes, respectively; and ¢ is
a constant.

RESULTS

Expression and Purification of Ser101 Mutant Enzymes.
The choline oxidase variants in which Ser101 is replaced with
alanine, threonine, cysteine, or valine were expressed and purified
by using the same protocol previously used for the wild-type
enzyme (/2). A mixture of air-stable anionic semiquinone and
oxidized flavin species was observed throughout the purification
procedure of all the mutant enzymes, as previously reported for
the wild-type enzyme (11, 12). The fully oxidized and active

mutant enzymes were obtained by dialysis at pH 6.0, following the
procedure described for the wild-type enzyme (12). In all cases, the
flavin was covalently linked to the protein as established by heat
denaturation of the mutant enzymes followed by spectroscopic
analysis of the samples after removal of the denatured proteins by
centrifugation. The spectral properties of the oxidized Serl101
mutant enzymes are summarized in Table 1, along with the
apparent steady state kinetic parameters determined with choline
at atmospheric oxygen concentrations and pH 7.0. The **P(kc,/K:)
and “PPk, values of the mutant enzymes were between 1.5- and
1000-fold lower than those of the wild-type enzyme, indicating that
Ser101 is an important residue for catalysis in choline oxidase.
Reductive Half-Reaction. The reductive half-reactions of
the Ser101Ala, Ser101Thr, Ser101Cys, and Ser101Val enzymes
were studied in a stopped-flow spectrophotometer by mixing
anaerobic solutions of the enzyme with different concentrations
of anaerobic choline at pH 10.0 and 25 °C under pseudo-first-
order conditions (i.e., 0.01 mM enzyme and 0.05—5 mM choline).
An alkaline pH was chosen because previous results established
that catalysis is pH-independent in the wild type and a number of
active site mutant enzymes of choline oxidase at pH 10.0
(11, 15, 17, 20—22, 29, 34). The reduction of enzyme-bound
oxidized FAD was monitored by the changes in absorbance at
452 nm. With all enzymes, two kinetic phases were observed
(Figure 2A). Full reduction of the enzyme-bound flavin to the
anionic hydroquinone species was observed at the end of the slow
kinetic phase with all the mutant enzymes and at all substrate
concentrations tested, as illustrated in the example of Figure 2B
for the Ser101Ala enzyme. In agreement with a biphasic process
for the decrease in absorbance at 452 nm, the stopped-flow traces
with all of the mutant enzymes were fit best to eq 1, which
describes a double-exponential process. When the observed first-
order rate constants for the fast (ko) and slow (kops2) phases
were plotted as a function of choline concentrations, they both
exhibited saturation kinetics (Figure 2C shows the example of the
Ser101Ala enzyme). Accordingly, the associated kinetic param-
eters for the reductive half-reactions of the mutant enzymes were
determined by using eqs 2 and 3 (see the Appendix for de-
rivations). With all of the mutant enzymes, the fits of the rapid
kinetic data yielded *PKp, and **PKy,,, values that were lower
than the lowest concentration of choline that could be used to
maintain pseudo-first-order conditions (data not shown), thereby
preventing accurate determinations of these kinetic parameters.
In contrast, accurate determinations of the limiting rate constants
at saturated substrate concentrations for the two phases seen in
the stopped-flow traces (kjm; and k) could be attained. As
summarized in Table 2, the ky,; values for all of the Ser101
mutant enzymes were between 40 and 125 s~ '. In contrast, the
kimo values spanned more than 2 orders of magnitude between
0.016and 6.65~ " Thr101 ~ Ala101 > Cys101 > Vall01 (Table2).
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FIGURE 2: Anaerobic reduction of the Ser101 variants with choline as
a substrate in 50 mM sodium pyrophosphate (pH 10.0) at 25 °C.
(A) Reduction traces with saturating choline for the Ser101Ala (5mM
choline, black curve), Serl01Thr (5 mM choline, blue curve),
Ser101Cys (10 mM choline, red curve), and Ser101Val (10 mM
choline, green curve) enzymes. All traces were fit with eq 1. The time
indicated is after the end of the flow, i.e., 2.2 ms. For the sake of clarity,
one experimental point of every five is shown (vertical lines).
(B) UV—visible absorbance spectra of the oxidized enzyme (blue)
and reduced (black) species of the Serl01Ala enzyme obtained by
mixing anaerobically the oxidized enzyme with buffer and 5 mM
choline in 50 mM sodium pyrophosphate buffer (pH 10.0) at 25 °C.
(C) Observed rate constants for the fast and slow kinetic phases as a
function of choline concentration for the Ser101Ala enzyme. Data
were fit to eqs 2 and 3 for the fast and slow phases, respectively.

For comparison, the reductive half-reaction with the wild-type
enzyme was previously shown to be monophasic with a limiting
rate constant for flavin reduction of 93 s~ (20).

Substrate Deuterium KIE. Substrate KIEs were used to
probe whether the cleavage of the C—H bond of choline is
associated with either the fast or the slow kinetic phase observed
in the stopped-flow spectrophotometer with the Ser101 mutant
enzymes. The Ser101Val enzyme was too slow for an accurate
determination of the KIE and was not investigated further. As
exemplified in Figure 3 for the Ser101Ala enzyme, substitution of
choline with 1,2-[*HyJcholine further slowed the slow kinetic
phase observed in the stopped-flow spectrophotometer with all
of the Ser101 mutant enzymes. In contrast, there were no signi-
ficant changes in the fast phases for any of the mutant enzymes
(Figure 3A shows the Ser101Ala enzyme as an example). Conse-
quently, significant decreases in the ky;,» values were observed,
whereas the kj;,,; values were minimally affected by the substitu-
tion of choline with 1,2-[*H,]choline (Table 2). Accordingly, small
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Table 2: Limiting Rate Constants for the Fast and Slow Kinetic Phases of
Flavin Reduction with Choline and 1,2-[*H,]Choline as the Substrate for
Ser101 Mutant Enzymes”

kliml (Si]) (k3)

Kiim2 (571) (ks)

Choline

Ser101Thr 4141 3.07 £0.05
Serl01Ala 125+2 6.6+0.1
Ser101Cys 47+1 0.10+0.01
Ser101Val 49+1 0.016 4 0.001
wild type no® 93 £1

1,2-[*H4]Choline
Ser101Thr 36+ 1 0.48+£0.02
Serl01Ala 125+6 1.02+0.02
Ser101Cys 44+ 1 0.020 4 0.001
wild type no” 10.3+0.3

“Determined in 50 mM sodium pyrophosphate (pH 10.0) at 25 °C. ®Not
observed.
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FIGURE 3: Anaerobic substrate reduction of the Serl01Ala enzyme
with choline (black) and 1,2-[*Hy]choline (blue) as substrates. The
experiments were conducted in 50 mM sodium pyrophosphate (pH
10.0) at 25 °C. (A) Stopped-flow traces at saturating substrate
concentrations. All traces were fit with eq 1. The time indicated is
after the end of the flow, i.e., 2.2 ms. For the sake of clarity, one
experimental point of every five is shown (vertical lines). (B) Observed
rate constants for the fast and slow kinetic phases as a function of
substrate concentration. Data were fit to eqs 2 and 3 for the fast phase
and slow phases, respectively.

substrate KIEs of <I.1 were associated with the ky,; values
determined with the Ser101Thr, -Ala, and -Cys enzymes, whereas
large substrate KIEs between 5.0 and 6.5 were associated with the
kimo values. These results establish the slow kinetic phase of flavin
reduction as being primarily due to the cleavage of the substrate
C—H bond.

Solvent KIE. Solvent KIEs were used with the Serl01Ala
enzyme to probe whether the cleavage of the O—H bond of
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FIGURE 4: Anaerobic substrate reduction of the Ser101Ala enzyme
with choline as the substrate in H>O (black) and D,O (blue). The
experiments were conducted in 50 mM sodium pyrophosphate (pH
10) at 25 °C. (A) Stopped-flow traces at saturating substrate concen-
trations. The curves were fit to eq 1. The time indicated is after the end
of the flow, i.e., 2.2 ms. For the sake of clarity, one experimental point
of every five is shown (vertical lines). (B) Observed rate constants for
the fast and slow kinetic phases as a function of substrate concen-
tration. Data were fit to eqs 2 and 3 for the fast and slow phases,
respectively.

choline is associated with the fast phase observed in the stopped-
flow spectrophotometer. When water was substituted with D,0,
there was a significant decrease in the observed rate constants for
the fast kinetic phase at 452 nm, with minimal effects on the slow
phase (Figure 4). The ky;y,; and kyjp» values determined in D,O for
the Serl01Ala enzyme were 32.8 + 0.5 and 4.0 &+ 0.1 s ',
respectively, yielding solvent KIEs of 3.8 4+ 0.1 and 1.65 + 0.05
for the fast and slow phases, respectively, observed in the stopped-
flow spectrophotometer. The effect of increased solvent viscosity
on the reductive half-reaction was investigated as a control for the
solvent KIE, because D,O has a relative viscosity of 1.25 at 25 °C.
PEG-6000, at a concentration of 0.0211 g/mL that is equivalent to
a 100% solution of D,0, was used in the stopped-flow spectro-
photometer. The limiting rate constants at saturating concentra-
tions of choline for both the fast and slow phases were similar
to those determined in aqueous solution, yielding (Kjymi)m,0/
(kiim)peG and (kjim2)m,0/(kiim2)peG values of 1.05 £ 0.01 and
0.98 £ 0.02, respectively. A lack of solvent viscosity effects
establishes the solvent KIEs on the kj;,,; and ko values as being
associated with transition states with exchangeable protons being
in flight rather than solvent-sensitive equilibria of enzyme—
substrate complexes. These data, in turn, are consistent with the
fast phase observed in the stopped-flow spectrophotometer being
due to the cleavage of the substrate O—H bond.

Kinetic Data Simulation. The two kinetic phases observed
in the reductive half-reactions of the Ser101 mutant enzymes are
consistent with the minimal kinetic model of eq 4

a=b=c (4)

with the oxidized enzyme (a) giving rise to a transient species
(b) that eventually decays to the reduced enzyme (c). Ineq 4, a and
b are reversibly connected to account for the saturation kinetics as

Yuan and Gadda
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FIGURE 5: Simulated reaction traces with a two-step a— b — ¢ model
with equations 4= AO exp(iklimll)a B = (A()klim])/(klimZ - kliml)'
[exp(—Kiim1?) — exp(—kim2)], and C = Ao{1 + [Kjim> exp(—Kijimi?) —
Kiim1 €xXp(—Kkiima?)/(kim1 — kum2)]}. Kinetic parameters were taken
from the experimentally determined values listed in Table 2. (A)
Progress curves for the three enzyme—substrate species a (oxidized
enzyme—substrate complex), b (transient species), and ¢ (reduced
enzyme—product complex) of the Serl01Ala enzyme during anaero-
bic substrate reduction with 10 mM choline (pH 10.0) at 25 °C. (B)
Time courses of species b during reduction in 50 mM sodium
pyrophosphate (pH 10.0) with choline in H,O (black) or DO (red)
or 1,2-[*Hy]choline in H>O (blue) or D-O (green) under anaerobic
conditions at 25 °C.

a function of substrate concentration that is observed for the slow
kinetic phase in the stopped-flow spectrophotometer (37). Figure
5A shows the progress curves for the relative amounts of the three
species (a, b, and ¢) that have been generated for the Ser101Ala
enzyme using the experimental data with choline (Table 2).
Similar time courses show the transient accumulation of the
intermediate species b could be generated for the other Ser101
mutant enzymes (data not shown). Simulation of the kinetic data
acquired with 1,2-[*Hy]choline in water clearly shows a greater
accumulation of the transient species b with respect to the case
with choline, as expected because of the similar rates of formation
and a slower rate of decay of b when choline is substituted with 1,
2-[*Hy]choline (compare the black and blue curves in Figure 5B).
Similar accumulation of transient species b, but at a delayed time,
is evident in the simulation of the kinetic data with 1,2-["Hy-
choline in D,O with respect to those with choline in water, as
expected because of the deceleration of the cleavage of both O—H
and C—H bonds of the substrate (compare the green and black
curves in Figure 5B). Finally, a lower level of accumulation of
transient species b is seen in the simulation of the kinetic data with
choline in D,O with respect to water, as expected because of a
slower rate of formation and similar rates of decay of b (compare
the red and black curves in Figure 5B).

DISCUSSION

The reductive half-reactions of the active site variants of choline
oxidase containing alanine, threonine, cysteine, or valine instead of
serine at position 101 were investigated to establish the role of
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Scheme 2: Proposed Kinetic Mechanism for Reductive Half-Reaction of Ser101 Variants of Choline Oxidase”

k
CH + E-FADyy ——t= E-FAD,,-CH
N ka J

Y

ks
E-FADox-CHintermediate T E-FAD;eq-BA

substrate binding

hydroxyl proton abstraction

J \ 6 )
Y
hydride transfer

“E, enzyme; FAD,,, oxidized flavin; CH, choline; FAD,.q4, reduced flavin; BA, betaine aldehyde.

Ser101 in the reaction of choline oxidation catalyzed by the enzyme.
In the case of the SerlOlAla enzyme, the three-dimensional
structure of the mutant enzyme was recently shown to be practi-
cally identical to that of the wild-type enzyme, with an average
root-mean-square deviation (rmsd) of 0.41 A for 527 equivalent Cat
atoms when the structure of the mutant enzyme is overlaid on that
of the wild-type enzyme (Figure 1) (19, 33). In this study, we have
shown that all of the mutant enzymes shared a number of kinetic,
mechanistic, and biochemical properties with the wild-type enzyme.
(1) The UV—visible absorbance spectrum had maxima at 367—374
and 450—455 nm in the oxidized state and at 350—360 nm in the
hydroquinone state. (2) The flavin was covalently linked to the
protein. (3) An anionic flavosemiquinone was aerobically stabilized
at pH 8.0 during purification. (4) The substrate KIEs on the limiting
rate constant for anaerobic flavin reduction were > 5.0. This allowed
us to compare and contrast the mechanistic properties of the
enzymes and to draw conclusions about the role that is played by
Ser101 in the activation of the alcohol substrate and the subsequent
transfer of a hydride ion from the activated alkoxide to the flavin.

Timing of O—H and C—H Bond Cleavages. The abstrac-
tion of the hydroxyl proton of the substrate precedes and is
mechanistically independent of the transfer of the hydride ion
from the activated substrate to the flavin in the Ser101 mutant
enzymes (Scheme 2). Evidence of this conclusion comes from the
anaerobic reductive half-reactions with choline of the four
variants of choline oxidase substituted at residue 101 and the
associated solvent and substrate KIEs. Two kinetic phases, which
are well separated from one another, were observed in the
stopped-flow traces (Figure 2). A large solvent KIE with a value
of ~4 was determined on the ky,,; value for the Serl01Ala
enzyme, consistent with the fast kinetic phase reflecting the
cleavage of the substrate O—H bond. Negligible substrate KIEs
of <1.1 on the ki, values and large substrate KIEs of >5.0 on
the kjjmo values were seen with the Ser101Ala, Ser101Thr, and
Ser101Cys enzymes, consistent with the slow kinetic phase
reflecting the cleavage of the substrate C—H bond.

The analytical equations that define the limiting rate constants
at saturating concentrations of choline for the two kinetic phases
observed in the stopped-flow traces are given by eqs 5 and 6, with
numbering based on Scheme 2 (see the Appendix for derivation).

kim1 = k3 + kg + ks (5)
ksks

klimy = ————— 6

2 s+ kg + ks ©)

These equations simplify further to eqs 7 and 8 because the
cleavage of the substrate O—H bond is significantly faster than
both its reverse reaction (i.e., k3 > ky4) and the cleavage of the
C—H bond (i.e., k3 > ks).

kiim1 = k3 (7

kiimy = ks )

The first condition is stipulated by the extrapolation to the origin
of the hyperbola fitting the observed rate constants for the fast
kinetic phase in the stopped-flow traces as a function of the
concentration of choline (Figure 2C). The second condition is
indirectly validated by the results of the KIEs; otherwise, both
kim1 and Ky, would incorporate both kinetic steps and be
sensitive to both substrate and solvent KIEs, as illustrated by
eqs 5 and 6. Thus, the timing for the cleavages of the O—H and
C—H bonds in the Ser101 mutant enzymes is similar to that of the
wild-type choline oxidase (20). What is significantly different
between the two enzymes is how transition states and reaction
intermediates are stabilized in the active site when the serine
residue at position 101 is absent or present in the active site (vide
infra).

Hydroxyl Proton Abstraction. The hydroxyl group of
Ser101 stabilizes the transition state for the abstraction of the
hydroxyl proton of choline. Evidence of this conclusion comes
from the observation that the substitution of Ser101 with other
amino acid residues results in an at least 15-fold decrease in the
rate constant for the cleavage of the substrate O—H bond. The
fast kinetic phases seen in the stopped-flow traces of the Ser101
mutant enzymes, which report on the cleavage of the substrate
O—H bond (vide ante), have limiting rate constants at the
saturating choline concentration (ky,;) between 40 and 125 s~ .
Instead, cleavage of the substrate O—H bond in the wild-type
enzyme has been shown to occur within the dead time of the
stopped-flow spectrophotometer (20), which corresponds to
2.2 ms. If one considers that six half-lives are required to complete
98.5% of a pseudo-first-order process of the type considered
here,?, a lower limiting value of 1900 s~ can be estimated for the
cleavage of the substrate O—H bond in the wild-type choline
oxidase. In agreement with substrate O—H bond cleavage occurr-
ing during the dead time of the stopped-flow spectrophotometer,
previous mechanistic investigations showed that the solvent KIE
associated with the anaerobic reduction of the wild-type choline
oxidase has a value of 0.99 (20). It is likely that in the wild-type
enzyme the transition state for the O—H bond cleavage is stabil-
ized by a hydrogen bond involving the side chain of Ser101 and
the oxygen atom of the alkoxide species, which is necessarily more
electronegative than in the enzyme—substrate complex because of
the development of the charged alkoxide intermediate (Scheme 3).
In the mutant enzymes containing alanine, valine, and cysteine in
place of Serl01, such a transition state stabilization cannot be
achieved, thereby making the abstraction of the substrate hydro-
xyl proton slow. In the case of the Serl01Thr enzyme, a
suboptimal geometry of the hydrogen bond due to the presence
of the extra methyl may be responsible for the slow rate of proton
abstraction.

Hydride Ion Transfer. The hydroxyl group of Serl0l
provides a hydrophilic microenvironment with hydrogen bonding

’In the four enzymes mutated at Serl01, cleavage of the substrate
O—H bond is a first-order process (Figure 2A). It is therefore reasonable
to assume that cleavage of the substrate O—H bond by the wild-type
enzyme is also a first-order process.
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Scheme 3: Roles of Ser101 in the Cleavages of the O—H (a) and C—H (b) Bonds of Choline”
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capability that facilitates the transfer of the hydride ion from the
activated alkoxide to the flavin (Scheme 3). Evidence of this
conclusion comes from a plot of log(ks) as a function of the
hydrophobicity of residue 101, showing a linear decrease over 4
orders of magnitude of the rate constant for hydride transfer with
the decreasing hydrophilicity of residue 101 (Figure 6). Possible
steric effects can be immediately ruled out as being responsible for
the decrease in the ks values because no correlation was found
when log(ks) or ks itself was plotted as a function of the volume of
the side chain of residue 101 (data not shown). Among the various
hydrophobicity scales that are available, the best correlation was
found by using the GES scale (R* = 0.91), where the hydro-
phobicity of the amino acid side chains is defined by the free
energy for transfer of the amino acid from water to an organic
solvent while taking into account the hydrogen bonding ability of
the amino acid side chains (38). Interestingly, a significantly
improved fit of the data was obtained when the Ser101Ala enzyme
was excluded (R* = 0.99), with the latter enzyme displaying a ks
value 8 times larger than the value expected from the fit of the data
obtained with the other four enzymes (Figure S1 of the Support-
ing Information). For comparison, R* values of 0.75 (with data
for Ala101) and 0.87 (without data for Alal01) were obtained
using the more popular Kyte hydrophobicity scale (Figures S2
and S3 of the Supporting Information), where hydrophobicity is
defined by the free energy for the transfer from water to the vapor
phase (39). These observations collectively suggest that besides its
hydrophilic character, and irrespective of whether the redox
potential of the flavin is affected by the substitution, the hydrogen
bonding capability of the side chain of residue 101 is also
important for the hydride transfer reaction catalyzed by choline
oxidase. The presence of a somewhat mobile water molecule in
place of the less mobile side chain on the Ser101Ala enzyme would
readily explain why the hydride transfer reaction is significantly
faster in the Ser101Ala enzyme.

Alkoxide Intermediate versus Transition State. In the
Ser101 mutant enzymes, the alkoxide intermediate promotes

2 Ser
Al
1 .a
*
Thr

-1 b °

Cys al

3 L .
0 1 2 3
Hydrophobicity

FI1GURE 6: Dependence of the rate constant for hydride ion transfer
on the hydrophobicity of the amino acid residue at position 101 in
choline oxidase. The GES scale for hydrophobicity was used (38).

detectable perturbations in the absorbance spectrum of the
enzyme-bound flavin, as indicated by the decreased intensity at
450 nm ensuing in the fast kinetic phase of the stopped-flow
traces.’ A previous study showed that another variant of choline
oxidase with the active site Asn510 substituted with histidine also
catalyzes a stepwise oxidation of choline with cleavage of the
O—H and C—H bonds occurring in the time frame of the stopped-
flow spectrophotometer (30). However, in that case, anaerobic
reduction of the flavin was monophasic and the stepwise timing
for the cleavages of the O—H and C—H bonds of choline could be

3The decrease in absorbance at 450 nm that is associated with the
cleavage of the substrate O—H bond (Figure 2A) is too large to be
ascribed to the mere presence of the negatively charged alkoxide
intermediate close to the flavin in the active site of the enzymes mutated
at Ser101. Indeed, cleavage of the O—H bond of choline did not result in
absorbance changes of the type reported here in both the wild type and a
mutant form of choline oxidase in which Asn510 is replaced with
His (20, 30). A spectroscopic characterization of the enzyme—alkoxide
intermediate in the reaction catalyzed by the Serl01 mutant enzymes
currently aims to elucidate the biophysical rationale for such a sig-
nificant change in the absorbance of the oxidized enzyme—alkoxide
intermediate complex. This will be presented in a separate study.
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established only by using substrate and solvent KIEs (30). A ready
explanation for this apparent incongruence is that in the Ser101
mutant enzymes the alkoxide formed in catalysis is a stable
reaction intermediate. In contrast, in the reaction of choline
oxidation catalyzed by the Asn510His enzyme, the alkoxide is a
transition state. The former, being long-lived and stable, would be
detected spectrophotometrically within the time frame of the
stopped-flow spectrophotometer, whereas the latter would be
undeltgctable with probes other than KIEs because of its lifetime
(107" s).

Implications for Hydride Transfer Reactions Catalyzed
by Flavin-Dependent Enzymes. Several flavin-dependent en-
zymes have in their active sites either a serine, threonine, or
tyrosine in a position that is similar, if not equivalent, to that of
Ser101 of choline oxidase. Examples include, but are not limited
to, class 2 dihydroorotate dehydrogenase (40), pyranose 2-oxi-
dase (41), glucose oxidase (42), nitric oxide synthase (43), the old
yellow enzyme (44), NADPH-cytochrome P450 oxidoreduc-
tase (45), alditol oxidase (46), UDP-galactose 4-epimerase (47),
cholesterol oxidase (48), nitronate monooxygenase (49), and
heterotetrameric sarcosine oxidase (50). In many instances,
crystallographic or site-directed mutagenesis studies have sug-
gested that the active site serine, threonine, or tyrosine residues are
important for catalysis because they form hydrogen bonds to
either the O(4) or N(5) atom of the flavin (42—44, 46, 48, 50), the
substrate in the enzyme—substrate complex (41, 47), or the
transition state (45) for the reaction catalyzed. The only case in
the literature for which multiple substitutions of an active site
threonine (i.e., Thr178) equivalent to Ser101 of choline oxidase
were engineered and the effects of the substitutions on the rate
constant for the hydride transfer reaction were investigated in a
stopped-flow spectrophotometer is class 2 dihydroorotate dehy-
drogenase (40). Interestingly, a plot of log(k,.q) as a function of
the hydrophobicity of residue 178 shows that the rate constant for
the hydride transfer reaction catalyzed by class 2 dihydroorotate
dehydrogenase increases with the increasing hydrophilicity of
residue 178 (Figure S4 of the Supporting Information), like the
case presented here for choline oxidase. With dihydroorotate
dehydrogenase, however, the slope of the line that fits the data to a
GES hydrophobicity scale is shallower than that with choline
oxidase, e.g., —0.36 £ 0.05 as compared to —1.9 £ 0.3. This
suggests that the conclusions that are drawn in our study of
choline oxidase, most likely in combination with other features
such as the ability of the hydroxyl side chain to form a hydrogen
bond to the 7,8-dimethylisoalloxazine of the flavin, may have
general relevance for those flavin-dependent enzymes that utilize a
hydride transfer mechanism for the oxidation of their organic
substrate.

Conclusions. In summary, the results presented in this study
for the choline oxidase variants in which serine at position 101 was
replaced with alanine, cysteine, threonine, and valine support the
conclusions that Ser101 is important for both the activation of the
alcohol substrate and the subsequent hydride transfer reaction
catalyzed by the enzyme. This is likely exerted by the side chain of
residue 101 acting as a hydrogen bond donor to the oxygen
atom of the alcohol substrate and of the alkoxide intermediate.

hydroxyl proton abstraction

J \ 6 J)
Y
hydride transfer

This study represents the first instance in which the hydrophilic
character of the serine residue proximal to the C(4a) and N(5)
flavin atoms in a flavin-dependent enzyme, besides its hydrogen
bonding capability, has been shown to be important for efficient
transfer of a hydride from the substrate to the enzyme-bound
flavin. Analysis of published data for class 2 dihydroorotate
dehydrogenase indicates that the hydrophilic character of Thr178
is also important for the hydride transfer reaction catalyzed by
that enzyme. In the future, it would be interesting to complement
these experimental findings with computational approaches to
provide a physical rationale for these conclusions.

APPENDIX

The proposed mechanism for the reaction catalyzed by the
choline oxidase Ser101 variant is described. The derivation of the
equation that describes the rate of cleavage of the O—H bond and
the C—H bond of the substrate follows the logic described by
Bernasconi (5/) and the method by Chaiyen (52).

In Scheme A1, E-FADoy represents oxidized choline oxidase,
CH is the substrate choline, BA represents bataine aldehyde,
E-FAD,4 is reduced choline oxidase, and k;—kg are the rate
constants. The binding step is in rapid equilibrium; therefore,
kobso 18 very large and in the dead time of the system, and we
cannot measure it.

% = k3ACg-raAD,,-cH — (k4 + k5) ACinermediate
+ k6 CE-FAD,o-BAACE-FAD,-BA (A1)
Because
ACE-FAD,-cH = qu%fCCH (A2)

ACc + ACkfAD,,-cH + ACinermediate + ACE-FAD,,-8A =0 (A3)
Therefore
ACgrap,-cu = [k1Ccu( — ACerap,.-c — ACintermediate

— ACE-FAD,-A)| /K2

kl CCH (Acintennediate + ACE-FADM-BA)
ky+kiCcn

ACEFAD,-cH =
Replace the ACE—FADM—CH n €q 1

dACintermediate _ ( klk3CCH

i e el )

kik3Ccn
—| = —keCeraDy-BA | ACEFAD,-
<k2 +k Cen 6~ E-FAD-BA E-FAD,y-BA
dACE.FaD.
% = k5ACimermediate - k(, CE'FADrad-BAACE—FADRd-BA
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On the basis of the logic described by Bernasconi (57), let a;; =
(kiksCen)/(ky + kiCen) + ks + ks, an = (kiksCen)/
(ky + ki1Cen) — k6CFaD,-BA> @21 = ks, @2 = keCEFAD,-BAS
= ACintermediate’ and X2 = ACE—FADM-BA

ap — kobs apn
a ax — kobs

So

| 1 2
Kobst =5(011+a22)+ {E (dll-l-dzz)} +apay —anan

1 1 2
kobs :E(CllHrazz)— {5 (a11+azz)] +apay —ajan

By taking the sum and the product
A = kobst +kobs2 = an +axn

kiksS
=———+ky+ks+keCE. ]
k2+k1S+ 4+ K5+ K6 CE-FAD,4-BA

B = kopsikonsy = ar1an — apas

kiksS
=—— (ks +k¢CE. } kyk¢C. ;
k2+le( 5+ k6 CE-FAD-BA) + Ky k6 CE-FAD,oi-BA
The extrapolation to the origin of the curve fitting of the
kinetic data on the dependence of the ks, value as a function of
the substrate concentration in Figures 2B, 3B, and 4B establishes
that the kinetic step kg is close to zero (53).

kik;S
A=k k =———+ks+k
obst T Kobs2 k2+k1S+ 4+Ks
So
kiksksS
B = kopsitkopsy = ———
obs1/tobs2 k2+k1S

Substitute kyps; = A — kops into B to obtain

—k 22+k0b52A—B =0

obs:

A:VA—4B _A 4 [ 4B

kosz = 1-

2 272 A2
While 4> > 4B
4B 2B

Therefore, kypsy = A — B/Aor B/A,and k) = B/Aor A — BJA.
Because kops1 > kobso

kyksksS
|k3S+klk4S+klk5S+k2(k4 -|—k5)

ksks S
ks + ks + ks

ka (kg + ks)
ki (ks + kg + ks)

B
kobs2 :Z :k

S+
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foos — ksks _ kz(k4 +k5)
lim2 ky+ky+ ks’ slow ki (k3 +ky+ k5)
I B i B kiksksS " kl(k3 +ky +k5)S+k2(k4 -I-k5)
T kb2 ko kiS kiksksS
_ ki <k3 +ky -I-k5)S+k2(k4 -I-k5)
N k1S +ky
(ks +hatks)S + Rk + ks)
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