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Substitution of an Active Site Valine Uncovers a Kinetically Slow Equilibrium

between Competent and Incompetent Forms of Choline Oxidase’
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ABSTRACT: The enzymatic oxidation of choline to glycine betaine is of interest because organisms
accumulate glycine betaine intracellularly in response to stress conditions. This is relevant for the genetic
engineering of crops with economic interest that do not naturally possess efficient pathways for the synthesis
of glycine betaine and for the potential development of drugs that target the glycine betaine biosynthetic
pathway in human pathogens. To date, the best characterized choline-oxidizing enzyme is the flavin-
dependent choline oxidase from Arthrobacter globiformis, for which structural, mechanistic, and
biochemical data are available. Here, we have replaced a hydrophobic residue (Val464) lining the active
site cavity close to the N(5) atom of the flavin with threonine or alanine to investigate its role in the
reaction of choline oxidation catalyzed by choline oxidase. The reductive half-reactions of the enzyme
variants containing Thr464 or Ala464 were investigated using substrate and solvent kinetic isotope effects,
solvent viscosity effects, and proton inventories. Replacement of Val464 with threonine or alanine uncovered
a kinetically slow equilibrium between a catalytically incompetent form of enzyme and an active species
that can efficiently oxidize choline. In both variants, the active form of enzyme shows a decreased rate
of hydroxyl proton abstraction from the alcohol substrate, with minimal changes in the subsequent rate
of hydride ion transfer to the flavin. This study therefore establishes that a hydrophobic residue not directly
participating in catalysis plays important roles in the reaction of choline oxidation catalyzed by choline

oxidase.

The four-electron, enzymatic oxidation of choline to
glycine betaine (N,N,N-trimethylglycine) is of considerable
interest because glycine betaine is a biocompatible solute
that is accumulated in the cytoplasm of prokaryotic and
eukaryotic organisms as a defensive mechanism to counteract
deleterious stresses, such as extreme temperature changes
or high osmotic pressures (/—5). This has significant
relevance for the genetic engineering of specific stress
tolerant crops of economic interest such as tomato and rice
that, by virtue of having inefficient biosynthetic pathways
for the production of glycine betaine, are particularly
vulnerable to stress conditions (6—1/3). Amassing large
amounts of glycine betaine in the cytoplasm is particularly
critical for bacteria, where adjustment of the cellular water
content is attained by controlling the level of the intracellular
solute pool due to lack of active water transport systems (3, 5).
Failure to do so in hyperosmotic environments immediately
triggers fluxes of water across the cytoplasmic membrane
resulting in dehydration and plasmolysis. Choline and its
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precursors phosphatidyl choline, phosphocholine and ace-
tylcholine are very abundant at infection sites (/4—16), where
osmotic stress conditions are frequently observed (/7). In a
number of human pathogens, including Pseudomonas aerug-
inosa, Listeria monocytogenes, Vibrio cholerae, Enterococ-
cus faecalis, Klebsiella pneumoniae, or urophatogenic Es-
cherichia coli, glycine betaine accumulates in the cytoplasm
and allows growth in hyperosmotic minimal media of clinical
isolates (/8—22). Moreover, physiological responses to
osmotic stress have recently gained attention with several
studies showing that high osmolarity is one of the major
environmental signals controlling the expression of genes
associated with cellular invasion and virulence in a variety
of human pathogenic microorganisms (23—29). In the model
organism E. coli, the expression of a membrane-associated
flavin-dependent, choline-oxidizing enzyme and a choline
transporter for the production of glycine betaine are im-
mediately up-regulated in media with high osmolality (30, 31).
Regulation of intracellular osmolality to hyperosmotic environ-
ments is also intimately connected to a number of physiological
responses, such as increased heat and cold tolerance, and
regulation of the internal pH and ionic strength (6, 9, 32—35).
Consequently, the study of the biophysical and mechanistic
properties of flavin-dependent, choline-oxidizing enzymes has
potential for the development of therapeutic agents that inhibit
the biosynthesis of glycine betaine and render the bacteria either
more susceptible to the immune system or to conventional
treatments with antibiotics.
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Scheme 1: Flavin-Mediated, Four-Electron Oxidation of Choline to Glycine Betaine Catalyzed by Choline Oxidase
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Scheme 2: Hydride Transfer Mechanism for the Oxidation of Choline to Betaine Aldehyde Catalyzed by Choline Oxidase
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Two types of flavin-containing choline-oxidizing enzymes
have been identified to date: a cytosolic, soluble choline
oxidase (36—38) and a membrane-associated choline
dehydrogenase (21, 39—41). These enzymes catalyze the
identical oxidation of choline to glycine betaine via betaine
aldehyde as intermediate, but prefer different primary
electron acceptors (see Scheme 1 for the reaction catalyzed
by choline oxidase). Indeed, the classification of the two
enzymes is based on initial reports showing that choline
oxidase readily reacts with O, (42), while choline dehydro-
genase prefers electron acceptors other than O, (43, 44).
Difficulties of keeping choline dehydrogenase stable and
active after extraction from its cellular source have hindered
anindepth biochemical characterization of the enzyme (43, 44).
In contrast, due to the obtainment of large amounts of
soluble, stable, and active choline oxidase, significant
progress in the understanding of the mechanistic, biochemi-
cal, and structural properties of the flavin-dependent choline-
oxidizing enzymes has been achieved (42, 45—56).

The reductive half-reaction in which choline is oxidized
to betaine aldehyde in choline oxidase has been characterized
in detail in the wild-type enzyme (42, 45—56). The reaction
is initiated in the enzyme—substrate Michaelis complex by
the removal of the hydroxyl proton of the alcohol substrate
(Scheme 2), as suggested by kinetic isotope effects (42, 47).
Stabilization of the resulting choline alkoxide species is
provided by the side chains of His351, His466, and
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Glu312 (49, 54, 55). These electrostatic and hydrogen
bonding interactions, along with the limited mobility of the
flavin cofactor that is covalently linked through its C(8)
methyl group to His99 (54), are major contributors to the
preorganization of the enzyme—substrate complex for an
efficient oxidation reaction (54). Once activation and stabi-
lization of the alkoxide species are achieved, a hydride ion
tunnels from the alkoxide a-carbon to the N(5) atom of the
flavin as a result of environmental vibrations of the reaction
coordinate that permit a tunneling distance between the
hydride donor and acceptor (48). The hydride donor and
acceptor are brought in a configuration compatible with
environmentally assisted tunneling through a conformational
change of the enzyme—substrate complex that is mechanisti-
cally and kinetically distinct from the hydride transfer
reaction, as suggested by temperature-dependent studies on
the reaction catalyzed by the wild-type enzyme under
reversible and irreversible catalytic regimes (48, 53). Such
a conformational change of the enzyme—substrate complex
is also observed upon replacing the side chain of Glu312,
which is important for the binding and positioning of the
alcohol substrate in the active site of the enzyme, with an
aspartate residue (54).

In the three-dimensional structure of choline oxidase
recently solved to a resolution of 1.86 A (54), the hydro-
phobic residue Val464 lines the active site cavity in proximity
of the N(5) atom of the isoalloxazine ring of the flavin



13852  Biochemistry, Vol. 47, No. 52, 2008

Y465

H466
E312

F357
V464

FAD

H351 W331

FIGURE 1: Close-up view of the active site of the wild-type form of
choline oxidase showing the positioning of Val464 with respect to
the isoalloxazine ring of the flavin and the active site cavity (PDB
entry 2jbv). Note the distortion of the flavin ring, which is due to
the presence of a C(4a) flavin adduct (not shown here), whose
identity is currently being investigated.

cofactor, with its side chain establishing a van der Waals
contact with the C(2) atom of the conserved His466 (Figure
1). Such an arrangement suggests that, although Val464 does
not directly participate in the reaction of choline oxidation
catalyzed by the enzyme, it may play an important role in
catalysis. In this study, the effects of replacing Val464 with
a hydrophilic residue (Thr) or an amino acid with a shorter
side chain (Ala) on the hydrophobic packing needed for
proper organization of the active site in the reductive half-
reaction catalyzed by choline oxidase have been investigated.
The enzyme variants Val464Thr' and Val464Ala were
prepared using site-directed mutagenesis and purified to
homogeneity using ion exchange chromatography. The
reductive half-reactions with choline as anaerobic substrate
for the enzyme variants were investigated using an array of
mechanistic probes including substrate and solvent kinetic
isotope effects, solvent viscosity effects, and proton inven-
tories. The results presented uncovered a kinetically slow
equilibrium involving a catalytically incompetent form of
enzyme and an active species that oxidizes choline. The
active form of both enzyme variants showed lower rates of
hydroxyl proton abstraction from the alcohol substrate as
compared to the wild-type enzyme, with minimal effects on
the rates of the subsequent hydride transfer reaction.

EXPERIMENTAL PROCEDURES

Materials. Strain Rosetta(DE3)pLysS of Escherichia coli
was from Novagen (Madison, WI). DNase was from Roche
(Indianapolis, IN). The QuikChange site-directed mutagen-
esis kit was from Stratagene (La Jolla, CA). The QIAprep
Spin Miniprep kit was from Qiagen (Valencia, CA). Oligo-
nucleotides used for sequencing of the mutant genes were
custom synthesized by Sigma Genosys (Woodland, TX).
Choline chloride was from ICN Pharmaceutical Inc. (Irvine,
CA); 1,2-[2H,]-choline bromide (98%) and sodium deuterium
oxide (99%) were from Isotec Inc. (Miamisburg, OH);
glucose and glucose oxidase were from Sigma (St. Louis,
MO); and Polyethylene glycol 6000 was from Fluka (St.

! Abbreviations: Vald464Ala, choline oxidase variant with valine 464
replaced with alanine; Val464Thr, choline oxidase variant with valine
464 replaced with threonine; His466Ala, choline oxidase variant with
histidine 466 replaced with alanine.
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Louis, MO). All other reagents were of the highest purity
commercially available.

Site-Directed Mutagenesis. The variant forms of choline
oxidase Val464Ala and Val464Thr were prepared using the
pET/codAmg plasmid harboring the wild-type gene for
choline oxidase as template for site-directed mutagenesis,
as previously described (45, 52, 54). The presence of the
desired mutations was confirmed by sequencing the entire
mutagenized genes. E. coli strain Rosetta(DE3)pLysS com-
petent cells were transformed with the mutant plasmids by
electroporation. Host cells not containing the mutant plasmid
showed no enzymatic activity with choline as a substrate.

Expression and Purification of the Val464Ala and
Val464Thr Variants of Choline Oxidase. The mutant en-
zymes were expressed and purified to homogeneity using
the same procedure described previously for the purification
of the wild-type enzyme (45, 46). Typically, between 600
and 700 mg of purified enzymes were obtained from 5 L of
cell culture. The enzymes maintained full enzymatic activity
for at least six months upon storage in 20 mM Tris-Cl, pH
8, at —20 °C.

Spectroscopic Studies. The pH dependence of the UV —visible
absorbance spectra for the Val464 variant enzymes were
determined by titrating with sodium hydroxide as previously
described for the His466Ala mutant enzyme (49).

Enzyme Assays. Presteady-state kinetic measurements were
carried out using an SF-61DX2 HI-TECH KinetAsyst high
performance stopped-flow spectrophotometer thermostatted
at 25 °C, in 50 mM sodium pyrophosphate, pH 10. The rate
of flavin reduction was measured by monitoring the decrease
in absorbance at 455 nm that results from the anaerobic
mixing of choline oxidase with the organic substrate as
previously described for the wild-type enzyme (47), except
that 5 mM glucose and 0.5 M glucose oxidase were present
to scavenge possible trace amounts of oxygen. After anaero-
bic mixing in the stopped-flow spectrophotometer, the final
concentration of the enzymes was ~10 uM, whereas those
of the organic substrates were between 0.05 to 10 mM,
thereby maintaining pseudo-first-order kinetic conditions. For
the determination of the solvent kinetic isotope effects on
the rate of flavin reduction, all of the reagents were prepared
as described above except that D,O was used to dissolve
both the enzymes and substrates, and the pH of the buffered
solution containing the enzyme was adjusted to 9.6 to account
for the isotope effect on the ionization of sodium pyrophos-
phate (57). Solvent viscosity effects were measured in the
presence of 8% (v/v) glucose or 0.0211 g/mL PEG-6000 as
viscosigens, in both the tonometer containing the enzyme
and the syringes containing the organic substrates. The
resulting relative viscosities at 25 °C were 1.25 and 1.26
for glucose and PEG-6000 respectively, slightly above the
value of 1.23 representing a 100% solution of D,O (58, 59).
For proton inventories in solvents containing varying mole
fractions of D,O, the pD values were adjusted using DCl
and NaOD based on the empirical relationship (eq 1) that
exists between the pH-meter reading and the pD value at
varying mole fractions of DO (n) (57). For each concentra-
tion of substrate, the rates of flavin reduction were recorded
in triplicate, with measurements differing by <5%.

(ApH), = 0.076n* 4 0.3314n (1)
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Scheme 3: Proposed Kinetic Mechanism for Choline Oxidation
Catalyzed by the Val464Thr and Val464Ala Enzymes”
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“ Eo, catalytically competent enzyme; E*,,, catalytically incompetent
enzyme; S, substrate; kq, first-order rate constant for flavin reduction;
Ky, macroscopic dissociation constant for substrate binding to the
competent enzyme; Kq*, macroscopic dissociation constant for substrate
binding to the incompetent enzyme; k; and k3, first-order rate constants
for the conversion of catalytically inert to competent enzyme; k, and
ka, first-order rate constants for the conversion of catalytically competent
to inert enzyme.

Data Analysis. Kinetic data were fit with KaleidaGraph
(Synergy Software, Reading, PA) and the Hi-Kinetic Studio
Software Suite (Hi-Tech Scientific, Bradford on Avon, U.K.).
Stopped-flow data traces were fit with eq 2, which describes
a double-exponential process, in which kobs; and kops are the
observed rate constants for the change in absorbance at 455
nm, A is the value of absorbance at time ¢, B and C are the
amplitudes of the absorbance changes for the fast and slow
observed phases, respectively, and D is an offset value that
accounts for the nonzero absorbance value at infinite time.
Presteady-state kinetic parameters were determined by using
eqs 3 and 4, which apply to the kinetic mechanism of Scheme
3 (see Results). In eq 3, kobs1 is the observed first-order rate
constant associated with the fast phase of flavin reduction
at any given concentration of substrate, k.4 is the limiting
first-order rate constant for flavin reduction at saturating
substrate concentrations, S is substrate concentration, and
K4 is the macroscopic dissociation constant for binding of
the substrate to the active enzyme. In eq 4, kops2 is the
observed first-order rate constant associated with the slow
phase of flavin reduction at any given concentration of
substrate, k; is the first-order rate constant for the conversion
of the E*. to E,y, k3 is the first-order rate constant for the
conversion of E*yS to ES, K¢* represents the macroscopic
dissociation constant for binding of the substrate to the
incompetent enzyme, and S is substrate concentration (see
Appendix for derivation of eq 4) (60, 61). Data for the pH
dependence of the UV —visible absorbance spectra were fit
to eq 5, which describes a curve with two plateau regions at
low (Y1) and high (Yy) pH connected by a decrease in
absorbance with a slope of —1 followed by an increase with
a slope of +1.

A =Bexp(—k,,,t) T Cexp(—k,,,t) + D 2)
k _ kredS 3
obs1 — Kd +5S ( )
kS + kK
obs2 — % (4)
S+K:

e (Y, x 10775 + v, x 107"

(107751 +1077")
(Y x 107752 +y, x 10777

(107752 4+107"")
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RESULTS

Purification of the Val464Ala and Val464Thr Enzymes.
Two variant forms of choline oxidase were engineered using
site-directed mutagenesis to replace a valine at position 464
with alanine or threonine. The enzymes were independently
expressed in E. coli strain Rosetta(DE3)pLysS and purified
by following the same protocol established for the wild-type
enzyme (45). Upon purification, the variant enzymes dis-
played a covalently bound flavin cofactor in the form of a
nonreactive, air-stable, anionic flavosemiquinone (data not
shown). The fully oxidized forms of the enzymes were
obtained via slow oxidation of the flavosemiquinone by
extensive dialysis at pH 6 and 4 °C, as previously reported
for the wild-type and a number of active site mutant forms
of choline oxidase (42, 54, 55). The specific activities of
the resulting fully oxidized forms of the Val464Ala and
Val464Thr enzymes were 0.3 yumol O, min~'mg~! with 10
mM choline as substrate at pH 7. This value corresponds to
a 25-fold decrease with respect to the specific activity of
the wild-type enzyme (with a value of 8 umol O, min~'mg~")
(54), suggesting that Val464 is an important residue for
catalysis in choline oxidase.

Reductive Half-Reaction with Choline. The reductive half-
reaction in which the Val464Ala or Val464Thr enzymes are
reduced anaerobically with the substrate was investigated using
a stopped-flow spectrophotometer by measuring the rates of
decrease in absorbance at 455 nm as a function of the
concentration of choline in 50 mM sodium pyrophosphate, pH
10, and 25 °C, under pseudo-first-order conditions (i.e., 10 uM
enzyme and =50 uM substrate). pH 10 has previously been
shown to be in the pH independent region for the wild type as
well as for various mutant forms of choline oxidase (42, 49, 54, 55).
As illustrated in the examples of Figures 2A and S1 (Supporting
Information), both investigated variant enzymes were reduced
to the hydroquinone state in a biphasic pattern, with a fast
phase accounting for approximately 60 to 70% of the total
change in absorbance, contrary to the monophasic reduction
observed for the wild type enzyme (47). The relative
amplitudes of the kinetic phases seen in the stopped-flow
traces were independent of the concentration and the isotopic
composition of the substrate, as similar results were obtained
with 1,2-[2H,]-choline (Figures 2A and S1 insets (Supporting
Information)), indicating that the kinetic behavior displayed
by the Val464 variants is an intrinsic property of the enzymes
that is unrelated to the substrate. The reductive half-reaction
of the Val464Ala enzyme was also investigated at pH 6
where as illustrated in Figure S2 (Supporting Information),
it was reduced to the hydroquinone state in a biphasic pattern,
with a fast phase accounting for approximately 45—50% of
the total change in absorbance, as compared to the 60—70%
at pH 10.

With both the Val464Ala and Val464Thr enzymes, the
observed rates for the fast phase of flavin reduction defined
a rectangular hyperbola when plotted as a function of the
concentration of choline (Figures 2B and S1 (Supporting
Information)), as expected for an enzymatic kinetic process
that reaches saturation. In contrast, a plot of the observed
rates for the slow phase of flavin reduction as a function of
the concentration of substrate yielded an inverse hyperbolic
dependency, with the observed rates decreasing to an
asymptotic value with increasing concentration of choline
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FIGURE 2: Anaerobic reduction of the Val464Thr enzyme with choline in 50 mM sodium pyrophosphate at pH 10 and 25 °C, monitored at
455 nm in a stopped-flow spectrophotometer. Panel A shows the reduction traces with 10 mM (red), 1 mM (black), and 0.05 mM (green)
choline. Inset: reduction traces for the Val464Thr enzyme with 10 mM (red), | mM (black), and 0.05 mM (green) 1,2-[?Hy]-choline. All
traces were fit with eq 2. Time indicated is after the end of flow, i.e., 2.2 ms. For clarity, one experimental point out of every ten is shown
(vertical lines). Panel B shows the observed rates as a function of substrate concentration for the fast phase of flavin reduction with choline
(®) and 1,2-[?Hy]-choline (O) as substrates. The curves are fits of the data with eq 3. Panel C shows the observed rates as a function of
substrate concentration for the slow phase of flavin reduction with choline (¥) and 1,2-[?H,]-choline (A) as substrates. The curves are fits
of the data with eq 4, e.g., y = (0.009[s] + 0.072)/([s] + 0.183) (R?> = 0.9997) with choline as a substrate. Panel D shows the UV —visible
absorbance spectra of the catalytically competent form (black) and of the incompetent form (red) of the Val464Thr enzyme in complex
with choline at pH 10 and 25 °C. Inset: UV —visible absorbance spectra determined with a PDA detector during the anaerobic reduction of
the enzyme with 1 mM choline at 2.2 ms (black), 0.1 s (red), and 300 s (blue) after mixing the enzyme and the substrate in a stopped-flow

spectrophotometer.

(Figures 2C and S1 (Supporting Information)). These kinetic
data are readily accounted for with the kinetic mechanism
of Scheme 3, in which a catalytically competent and active
form of the enzyme (E,x) is in slow equilibrium with a
catalytically incompetent® species of enzyme (E;). Upon
forming a Michaelis complex with the substrate, the com-
petent Eg,S species will continue through catalysis yielding
reduced flavin and betaine aldehyde. In contrast, the incom-
petent E; S species will either slowly re-equilibrate through
its free form devoid of bound substrate with the E,, form or
directly convert to the competent E.S complex, which will
subsequently proceed through catalysis. Since substrate
binding to the enzyme is a rapid equilibrium process, the
rate of re-equilibration of the two forms of choline oxidase
is limited by the conformational change involving both the

2 One of the two conformations of choline oxidase in which Val464
is replaced with alanine or threonine is defined in this study as
incompetent, rather than inactive. The choice of the term stems from
the kinetic mechanism of Scheme 3, which is the minimal mechanism
that explains the experimental observations. Here, one species of
enzyme is capable of oxidizing choline with a rate of hydride transfer
that is not significantly different from that determined previously for
the wild-type enzyme (i.e., =50.5 s~! for Val464 variants; 93 s™' for
wild-type (47)). This form of enzyme is defined here as either competent
or active. The other form of enzyme present in solution in the Val464
variants is either not capable of oxidizing the substrate or it oxidizes
choline at a rate that is significantly lower than the rates governing the
re-equilibration of the two forms of enzyme. Since the two possibilities
cannot be discerned, we opted to define this form of enzyme as
incompetent rather than inactive.

free and enzyme—substrate complexes of the competent and
incompetent forms of enzyme (defined by ki, k», k3, and k4
in Scheme 3). According to this kinetic mechanism, the fast
phase of flavin reduction seen in the stopped-flow traces
represents the reduction of the ES species (kwq in Scheme
3), whereas the subsequent slow phase is due to the rate-
limiting conformational change involving the two forms of
enzyme. Fitting of the kinetic data® associated with the fast
phase of flavin reduction to eq 3 allows for the determination
of the first-order rate constant for flavin reduction (kq), and
the dissociation constant for the catalytically competent
enzyme—substrate Michaelis complex (Kg). Fitting of the
kinetic data associated with the slow phase of flavin reduction
to eq 4 allows for the determination of the first-order rate
constants for the conversion of the incompetent form of
enzyme to the competent form of enzyme (k; and k3) and of
the dissociation constant for the catalytically incompetent
enzyme—substrate complex (K;*). Unfortunately, the re-
quirement for pseudo-first-order conditions in the anaerobic
reduction of the enzyme with choline did not allow for

3 The rationale for fitting the two phases seen in the reductive half-
reaction catalyzed by the Val464Ala and Val464Thr enzymes with eqs
3 and 4 is that with both enzymes the fast phase is more than 5000-
fold faster at saturating concentration of substrate than the slow phase
of flavin reduction (Table 1). This implies an accumulation of an
enzyme form (i.e., E;, and E,S) in the kinetic pathway at the end of
the fast phase of reduction, allowing for the kinetic treatment of the
two phases as being independent from one another (66).
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Table 1: Reductive Half-Reaction of the Val464Thr, Val464Ala and Wild-Type Enzymes with Choline as Substrate”
enzyme Krea (s7") Kq (uM) ki (s7h) ka (s7h) ks 571 ks (s71) Kg* (uM)
Val464Ala 505 +24 <50° 0.4 £0.01° nd® 0.013 £+ 0.001 nd® <80”
Val464Thr 65.8 £ 04 <60” 0.4 +0.02° nd® 0.009 £ 0.002 nd® 180 £ 10
Wild type (47) 93.1+0.8 290 + 10 no? no? no” no? no”

“ Conditions: 50 mM sodium pyrophosphate, 25 °C, pH 10. ” Better determinations could not be obtained due to the requirement of maintaining
pseudo-first-order conditions in which the [substrate] was >5-times the [enzyme]. < nd, not determined.  no, not observed.

Table 2: Effect of Deuterated Substrate and Solvent on the Reductive Half-Reaction of the Val464Ala, Val464Thr, and Wild-Type Enzymes®

parameter substrate solvent Val464Ala Val464Thr wild-type (47)
kiea (s71) choline H,O 505+£24 65.8 0.4 93.1+0.8
kiea (s71) choline D,O 120 £0.7 11.8£03 94.0£ 1.5
kiea (s71) 1,2-[?Ha]-choline H,O 172 +£0.7 182+0.3 10.3+0.3
kiea (s71) 1,2-[?Ha]-choline D,O 13.24+0.6 145+ 0.1 109403
ks (s choline H,O 0.013 £ 0.001 0.009 £ 0.002 no”

ks (s7h choline D,O 0.004 £ 0.001 0.005 £ 0.001 no”

ks (s 1,2-[?Ha]-choline H,O 0.013 £ 0.001 0.010 4 0.002 no”

ks (s 1,2-[?H4]-choline D,O 0.006 £ 0.001 0.005 £ 0.001 no”

“ Conditions: 50 mM sodium pyrophosphate, 25 °C, pH 10. Presteady-state kinetic parameters were determined by fitting the kinetic data acquired
upon mixing anaerobically the enzyme with the substrate to eqs 3 and 4. All fits of the data yielded R? >0.99. ® no, not observed.

concentrations of choline below 50 uM to be used, thereby
preventing an accurate determination of the first-order rate
constant for the conversion of the E*;, form of choline
oxidase to the E.x species (kj). All the relevant kinetic
parameters determined in the reductive half-reactions with
choline as substrate for the choline oxidase variants contain-
ing alanine or threonine at position 464 as well as the
previously determined values for the wild-type enzyme (47)
are summarized in Table 1.

The reductive half-reaction of the Val464Ala and Val464Thr
enzymes with choline was also investigated with a PDA
detector in order to gain insights on the UV—visible
absorbance spectra of the enzyme—substrate complex species
participating in the reaction. Relevant absorbance spectra of
the species present right after anaerobic mixing of the enzyme
and choline (2.2 ms), at the end of the fast phase of flavin
reduction, and at the end of the slow phase of flavin reduction
were collected. According to the mechanism of Scheme 3,
only the fully reduced form of enzyme is present at the end
of the reaction after both kinetic phases are completed. A
mixture of fully reduced enzyme and incompetent e-
nzyme—substrate complex populates the solution at the end
of the fast phase of flavin reduction. Finally, a mixture of
incompetent and competent enzyme—substrate complexes is
present right after anaerobic mixing of the enzyme with
choline. The relative amounts of competent and incompetent
forms of the enzymes could be estimated from the amplitudes
of the kinetic phases observed in the stopped-flow traces,
allowing the extraction of the UV —visible absorbance spectra
for the competent and incompetent forms of the Val464
variants of choline oxidase in complex with the substrate
(e.g., The UV—visible absorbance spectrum for E*,S can
be extracted by taking the spectrum at the end of the fast
phase (red trace in Figure 2D inset) and subtracting the quota
of the fully reduced spectrum (blue trace in Figure 2D inset)
corresponding to the relative amount of Eo Subtraction of
the extracted spectrum for E*,S from the initial spectrum
(black trace in Figure 2D inset) will in turn yield the ExS
spectrum). As shown in Figures 2D and S1 (Supporting
Information), a significant hypsochromic shift of at least 20
nm is observed in the high energy absorbance band of the
incompetent enzyme—substrate complexes as compared to

their competent counterparts for both the Val464Ala and
Val464Thr enzymes.

Substrate Deuterium Kinetic Isotope Effects. Substrate
kinetic isotope effects were employed with the dual goal of
assessing the validity of the kinetic mechanism of Scheme
3 and gaining insights into the status of the CH bond of
choline in the transition state for the reactions catalyzed by
the Val464Ala and Val464Thr enzymes. As shown in Figures
2B and S1 (Supporting Information), a significant decrease
in the observed rates for the fast phase of flavin reduction
was seen upon substituting choline with 1,2-[?H,]-choline
in HyO, suggesting that the reaction of flavin reduction, which
is concomitant to the cleavage of the CH bond of choline, is
at least partially rate-limiting for the reductive half-reaction
in H,O. However, when the flavin reduction was performed
in D,O the D(kred)DZO values for both investigated enzymes
were not significantly different from unity as compared to
D(kiea)u,0 values >2.9, indicating that the cleavage of the
substrate CH bond in deuterium oxide is not rate-limiting
for the overall reductive half-reaction. In contrast, there was
no difference in the observed rates for the slow phase of
flavin reduction when choline was substituted with 1,2-[?Hy]-
choline for both enzymes (Figures 2C and S1 (Supporting
Information)) irrespective of the isotopic composition of the
solvent. These kinetic data further support the kinetic
mechanism of Scheme 3, for which a significant substrate
kinetic isotope effect is predicted for the fast phase of flavin
reduction, whereas no substrate isotope effect is expected
for the conformational change occurring between the com-
petent and incompetent enzyme species. Tables 2 and 3
summarize the kinetic parameters and the related kinetic
isotope effects for the reductive half-reactions of the
Val464Ala, Val464Thr, and the wild-type (47) enzymes
determined with choline and 1,2-[*H4]-choline as substrate.

Solvent Deuterium Kinetic Isotope Effects. Solvent deu-
terium kinetic isotope effects were used to probe the status
of the OH bond of choline in the transition state for the
reaction of hydride transfer catalyzed by the variants of
choline oxidase substituted at position 464. The anaerobic
flavin reduction reaction was investigated in H,O and D,0,
and the relevant P20(k,.q) and P2°(k3) values were determined
at pL 10 and 25 °C with either choline or 1,2-[?H4]-choline.
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Table 3: Substrate and Solvent Deuterium Kinetic Isotope Effects on the
Reductive Half-Reaction of the Val464Ala, Val464Thr, and Wild-Type

Enzymes”

parameter Val464Ala Val464Thr wild-type (47)
Dkrea)r,o 29+0.1 3.6 £0.1 89+0.2
D(krea),0 09+0.1 0.8+0.1 87+02
D2O(kea)nn 42+04 5.6+0.1 0.99 +0.1
DO(kea)n 1.3+0.1 1.3+0.1 0.94 +0.1
D(k3)n,0 1.0£0.1 09+£0.1 no”
D(k3)p,0 0.8 £0.2 1.1£03 no”
DO(k3)y 3.0+£04 1.7£04 no”
D:0(k3)p 23+£04 2.1£03 no”

“ Conditions: 50 mM sodium pyrophosphate, 25 °C, pL 10. * no, not
observed.

Table 4: Effect of Glucose and PEG-6000 on the Reductive
Half-Reaction of the Val464Thr Enzyme with Choline as Substrate®

parameter viscosigen” Val464Thr
(kred)glucose (87 1) glucose 48.1+0.3
(krea)pG (571) PEG 48.1 £ 1.6
(k3)glucose (871 glucose 0.010 £ 0.003
(k3)peG (s71) PEG 0.019 4 0.003
kred/(kred)glucose 1.36 +0.02
kred/(kred)PEG 1.37 £0.05
k3/(k3)glucose 09+03
k3/(k3)pEG 05403

“ Conditions: 50 mM sodium pyrophosphate, 25 °C, pH 10. ® Solvent
contained 8% glucose, equivalent to a relative viscosity of 1.25 (58), or
0.0211 g/mL of PEG-6000, equivalent to a relative viscosity of 1.26 (59).

As expected, both the Val464Ala and Val464Thr enzymes
showed PO(k.q)u values of at least 4 with choline as
substrate, consistent with these effects directly reporting on
the status of the OH bond in the transition state for the
reaction catalyzed by the enzymes. When 1,2-[?H4]-choline
was used instead of choline, a significant decrease in the
D20(kq)p to a value of 1.3 was observed with both enzymes
(Table 3), suggesting that slowing down the cleavage of the
CH bond of the substrate masks the solvent kinetic isotope
effects. The P20(k;) values were significantly larger than unity
irrespective of whether choline or 1,2-[?H,]-choline was used
as substrate for the Val464 enzyme variants (Table 3),
consistent with the re-equilibration of the competent and
incompetent forms of enzyme being sensitive to the isotopic
composition of the solvent.

Solvent Viscosity Effects. The effect of solvent viscosity
on the reductive half-reaction of the Val464Thr enzyme was
investigated to establish whether the observed solvent kinetic
isotope effects are associated with the cleavage of the OH
bond of choline or simply due to the increased viscosity of
D,0 with respect to H>O. The reductive half-reaction of the
Val464Thr enzyme with choline was consequently investi-
gated at pH 10 and 25 °C in solutions containing 8% glucose
or 0.0211 g/mL PEG-6000, which provide solvent viscosities
equivalent to a 100% solution of D,0. As illustrated in the
data of Table 4, similar k..q values, which were smaller than
those seen in a control experiment in the absence of
viscosigens, were determined in the presence of glucose and
PEG-6000, suggesting that no effect other than solvent
viscosity was present on the kinetic step of flavin reduction.
As summarized in Table 4, solvent viscosity effects on the
kweq values of 1.4 were observed with choline as substrate,
which were significantly larger than unity and lower than
the P20(k..q)u values of >4, suggesting that solvent viscosity
plays a significant, but not prominent, role in the kinetic step

Finnegan and Gadda

75 T T T T T
A
L]
50 b
—'m
hg .
-2
25 b
O 1 1 [l 1 1
0 0.25 0.5 0.75 1
n, atom fraction deuterium
0.012 T T T T T
B
o
_ 0008 T N ]
IV)
_é\m
0.004 b
[ )
0 1 1 1 1 1

0 0.25 0.5 0.75
n, atom fraction deuterium

—_

FIGURE 3: Rates of anaerobic flavin reduction measured in a
stopped-flow spectrophotometer as a function of the mole fraction
(n) of deuterium oxide associated with the fast (k;q) and slow (k3)
phases of reduction for Val464Thr. Panel A is the proton inventory
of the k.4 value. Panel B is the proton inventory of the k3 value.
The lines represent linear fits of the data.

of cleavage of the substrate OH bond in the reaction
catalyzed by the Val464Thr enzyme. In contrast, slightly
inverse (i.e., <1) effects were seen on the k3 values in the
presence of glucose or PEG-6000 (Table 4). These data
suggest that the normal (i.e., >1) effects observed on the
D:0(k3) values primarily originate from solvent sensitive steps
that directly involve proton abstraction from OH group(s).
Proton Inventories. The reductive half-reaction of the
Val464Ala and Val464Thr enzymes was investigated in solu-
tions with varying mole fractions of deuterium oxide to gain
insights into the number of exchangeable protons involved in
the fast and slow phases of anaerobic flavin reduction. As shown
in Figures 3A and S3 (Supporting Information), linear relation-
ships were seen upon plotting the k.4 values as a function of
the mole fraction of deuterated solvent, suggesting that a single
proton is in flight in the transition state for the reaction of flavin
reduction catalyzed by the choline oxidase variants containing
alanine or threonine at position 464. Similar linear relationships
were observed with both enzymes in the proton inventories
associated with the k3 value (Figures 3B and S3 (Supporting
Information)), also consistent with a single proton being in flight
in the kinetic step involving the conformational change of the
incompetent enzyme to the competent form of the enzyme.
Effect of pH on the UV—Visible Absorbance Spectra of
Free Oxidized Variant Enzymes. The pH dependence of the
UV —visible absorbance spectra of the variant enzymes was
determined to establish whether the pK, values for the 8a-
N(3)-histidyl-FAD of choline oxidase were affected by
replacing the valine at position 464 with alanine or threonine.
As the pH is increased from 6 to ~10.4, a progressive
decrease in the absorbance at ~380 nm, ~460 nm, and ~490
nm was observed (Figures 4A and S4 (Supporting Informa-
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FIGURE 4: pH dependence of the UV—visible absorbance spectra
of Val464Thr. Absorbance spectra at varying pH were recorded in
20 mM sodium phosphate and 20 mM sodium pyrophosphate, at
15 °C, starting at pH 6 and increasing the pH with addition of
NaOH. Panel A shows the selected difference absorbance spectra
(spectrum pH x — spectrum pH 6) in the pH range from 6 to 10.4.
The inset shows selected difference absorbance spectra (spectrum
pH x — spectrum pH 10.4) in the pH range from 10.4 to 12.1.
Arrows indicate the direction of increasing pH. Panel B shows the
dependence of the UV —visible absorbance values at 489 nm for
the Val464Thr enzyme on pH; the data were fit with eq 5.

tion)). Further increase of the pH above 10.4 yielded an
inversion of the spectral changes at the three wavelengths,
as clearly shown in Figures 4B and S4 (Supporting Informa-
tion) for the case of ~490 nm. The observed spectral
changes, along with the fitting of the data with eq 5, are
consistent with the presence of two pK, values associated
with the ionization of the histidyl residue linking the flavin
to the polypeptide chain (i.e., His99), and the N(3) atom of
the isoalloxazine ring of the flavin (62—65). The relevant
pK, values for the Val464Ala and Val464Thr enzymes are
summarized in Table 5, along with the previously determined
value for the wild-type form of choline oxidase®.

DISCUSSION

In this study, the hydrophobic residue Val464 lining the
top of the active site cavity in proximity to the N(5) atom of
the flavin cofactor of choline oxidase was replaced with either
threonine or alanine to establish its role in the reductive half-
reaction in which a hydride ion is transferred from choline

“In the course of an independent study on a number of choline
oxidase variants in which serine 101 and histidine 99 is replaced with
other amino acid residues (Yuan, H., and Gadda, G., manuscript in
preparation), we realized that our initial assignments of the pK, values
associated with the UV —visible absorbance spectra for the wild-type
and the variant enzyme His466Ala of choline oxidase published in ref
49 are incorrect. In that study, we erroneously assigned the pK, values
observed at 8.2 and 9.3 to the N(3) atom of the flavin, rather than the
histidyl residue covalently linking the flavin to the polypeptide chain
(His99).
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Table 5: Comparison of the pK, Values Associated with the Ionization
of the Enzyme-Bound Oxidized Form of 8a-N(3)-Histidyl-FAD in the
Val464Ala, Val464Thr, and His466Ala Enzymes with Wild-Type
Choline Oxidase“

enzyme His99 flavin N(3)
Val464Ala 9.1 £0.1 >11.7
Val464Thr 9.1 £0.1 >12
His466Ala” 93402 nd*
wild-type” 82+0.1 nd®

“ Conditions: 20 mM sodium pyrophosphate, 20 mM sodium
phosphate, and 15 °C. ® Data are from ref 49. ¢ nd, not determined.

to the flavin. The resulting Val464Thr and Val464Ala
enzyme variants are properly folded, stable, and functional,
as suggested by a number of biophysical and biochemical
properties that are in common with the wild-type form of
choline oxidase. The Val464 variants contain FAD covalently
linked to the protein moiety, stabilize an anionic flavosemi-
quinone at pH 8.0 in the presence of air, display UV—visible
absorbance spectra with no sign of protein denaturation, have
krea, Kq, and Pkyeq values that are within 3-fold from the values
shown for the wild-type enzyme. Consequently, the role of
the Val464 residue in the reaction of hydride transfer
catalyzed by choline oxidase can be established by comparing
and contrasting the kinetic and mechanistic properties of the
enzyme variants containing threonine or alanine at position
464 with those of the wild-type enzyme containing valine.

The hydrophobic residue at position 464 is important for
the proper assembly of the catalytic machinery required for
the reaction of choline oxidation catalyzed by choline
oxidase. Indeed, the most dramatic effect of replacing Val464
with either a threonine or alanine is the stabilization of a
catalytically incompetent form of enzyme that reversibly,
slowly equilibrates with a form of enzyme that can oxidize
choline. The conformational change that interconverts the
two forms of enzyme occurs on both the free species of
choline oxidase devoid of ligands in the active site as well
as the enzyme substrate complexes (Scheme 3) is associated
with changes in the ionization state of a group on the enzyme,
which is not readily available to the bulk solvent. This
conclusion is supported by the results of proton inventory
on the anaerobic reduction of the flavin with choline, showing
a linear dependence of the mole fraction of deuterated solvent
on the rate constant for the conversion of the incompetent
form of choline oxidase to the active form (k3). The
spectroscopic properties of the Val464 variant enzymes in
their catalytically incompetent and active forms further
suggest that the ionizable group associated with the loss of
catalytic activity must be linked to the flavin cofactor via a
covalent bond, one or more hydrogen bonds, or electrostatic
interactions. In this regard, upon replacing Val464 with
threonine or alanine there is a one unit increase of the pK,
value for the ionization of the side chain of His99, which is
the site of covalent attachment of the polypeptide to the C(8)
methyl group of the flavin (54). This raises the attractive
possibility that His99 may be involved in the formation and
stabilization of the incompetent form of choline oxidase (see
below). In support of this hypothesis is the 20 nm hypso-
chromic shift of the high energy band of FAD seen in the
UV —visible absorbance spectra of the catalytically incom-
petent form of the Val464Ala and Val464Thr enzymes with
respect to the active form, which is expected for a change
in the ionization of an 8a-N(3)-histidyl-flavin (63—65).
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Further evidence of a change in ionization being involved
in the inactivation of the enzyme is observed in the difference
in the relative amounts of active and inactive forms of the
investigated Val464 variant enzymes at pH 6 and 10.

Replacement of Val464 with threonine or alanine signifi-
cantly slows down the cleavage of the OH bond of choline
in the oxidation reaction catalyzed by choline oxidase. In
this regard, in the wild-type enzyme it was previously shown
that the cleavage of the OH bond is considerably faster than
the cleavage of the CH bond of choline, as indicated by
D20(keq)n values of 0.99 and P(keq)u,0 values of 8.9 (47). In
contrast, in the reactions catalyzed by the Val464Ala and
Val464Thr enzymes the abstraction of the hydroxyl proton
and the cleavage of the CH bond are both associated with
deuterium kinetic isotope effects significantly larger than
unity, with PO(keq)y values =4.2 and P(keq)n,o values
between 2.9 and 3.6. Interestingly, both cleavages of the OH
and CH bonds contribute to different extents to the overall
rate of flavin reduction depending upon the isotopic com-
position of the solvent or the substrate, consistent with the
two steps having rate constants of similar magnitude. The
similar increases of the pK, values for the 8-a-N(3)-histidyl-
flavin seen upon replacing Val464 with threonine or alanine
and His466 with alanine (49) suggest that the slower rate of
hydroxyl proton abstraction in the valine substituted enzymes
may be due to a different positioning of His466, the flavin
N(5) atom, or both with respect to the initial alcohol
substrate, as His466 was previously shown to facilitate
hydroxyl proton abstraction by stabilizing the alkoxide
species in catalysis (49).

Substitution of Val464 with alanine or threonine has a
minimal effect on the rate of hydride ion transfer from the
a-carbon of the alkoxide species formed in catalysis and the
N(5) atom of the flavin cofactor. Evidence supporting this
conclusion comes from the comparison of the k..q values with
1,2-[’H,]-choline, which primarily reflect the cleavage of the
substrate CH bond, for the Val464Ala or Val464Thr enzymes
with earlier data obtained with the wild-type enzyme,
showing comparable rate constants (i.e., ~17 s7! for the
Vald64 variants, as compared to 10.4 s™! for the wild-type
enzyme (47)).

The abstraction of the hydroxyl proton of choline in the
enzyme variants substituted on Val464 is associated with
an isomerization of the enzyme—substrate complex, as
suggested by the effects of solvent viscosity on the rate
constant for flavin reduction decreasing by ~40% in the
presence of viscosigens. Since a reaction of hydroxyl proton
abstraction per se is not expected to depend on the viscosity
of the solvent, the effect of solvent viscosity must arise from
a solvent sensitive internal equilibrium between a choline—
enzyme complex and a choline alkoxide—protonated enzyme
complex. An internal equilibrium of the enzyme—substrate
complex was proposed earlier for the wild-type form of
choline oxidase based on the enthalpy of activation (AH¥)
for the reaction of hydride ion transfer under reversible
catalytic regime being significantly larger than the AH* value
for the reaction under irreversible catalytic regime (53). In
that case, it was demonstrated that the environmental
organization required in the enzyme—substrate complex to
bring the hydride donor and acceptor in a preorganized
configuration suitable for environmentally assisted tunneling
is linked to the conformational change associated with the
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FIGURE 5: Close-up view of the active site of the wild-type form of
choline oxidase showing the hydrogen bonding interactions involv-
ing the N(1) atom of His99, a structural water molecule (W2110)
secluded from the bulk solvent, the peptidyl oxygen atoms of Leu64
and Tyr69, the van der Waals interaction between a methyl group
of Val464 and the C(2) atom of His466, and the hydrogen bonding
interaction of the N(3) atom of His466 and the N(1) atom of the
flavin cofactor (PDB entry 2jbv).

hydroxyl proton abstraction (48, 53). Furthermore, both
solvent viscosity and substrate kinetic isotope effects on the
steady state kinetic parameters for the reaction of a choline
oxidase variant in which Glu312 is substituted with aspartate
were also interpreted with the presence of an internal
equilibrium of the enzyme—substrate complex preceding the
hydride transfer reaction (54).

The structural information on the wild-type form of choline
oxidase provides a solid framework to substantiate the
hypothesis of an involvement of His99 in the inactivation
of the enzyme. Indeed, the N(1) atom of His99 is located in
a small cavity that is completely secluded from the bulk
solvent, in hydrogen bonding distance (2.9 A) with a
structural water molecule (W2110). This water molecule, in
turn, is in hydrogen bonding distance with the peptidyl
oxygen atoms of Leu64 (3.1 A) and Tyr69 (3.0 A) located
on a long loop (residues 64—95) covering the active site of
the enzyme (Figure 5) (54). A change in the ionization state
of His99 is expected to affect the hydrogen bonding pattern
around W2110, conceivably resulting in a change in the
conformation of the enzyme. The link between Val464 and
His99, which are spatially located 10.6 A away from one
another, is likely provided by His466. Since the C(2) atom
of His466 is in van der Waals contact with a methyl group
of Val464 (3.2 A) and its N(3) atom is in hydrogen bonding
distance from the N(1) atom of the flavin (3.2 A) (Figure
5), it is expected that substitution of the hydrophobic side
chain at position 464 (Val) with a hydrophilic side chain
(Thr) or with an amino acid with a shorter side chain (Ala)
would affect the interaction of His466 with the flavin
isoalloxazine moiety. In support of this conclusion is the
observation that both the replacements of Val464 with
threonine or alanine and of His466 with alanine have the
same effect of increasing the pK, value for the ionization of
the N(1) atom of His99 from 8.2 to ~9.1 (49).

In conclusion, the results presented in this study on the enzyme
variants of choline oxidase in which Val464 has been replaced
with alanine or threonine allow us to conclude that the hydrophobic
residue Val464 lining the active site cavity close to the N(5) atom
of the flavin, although not directly participating in catalysis, is
important for the positioning of the catalytic groups in the active
site of the enzyme. Replacement of Val464 with alanine or
threonine has uncovered a kinetically slow equilibrium between a
catalytically incompetent form of enzyme and a form of enzyme
that maintains the ability to efficiently oxidize the alcohol substrate.
From a mechanistic standpoint, a major effect of the presence of
a hydrophilic residue at position 464 is to considerably decrease
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the rate of hydroxyl proton abstraction from the substrate in the
reaction of choline oxidation, with a minimal effect on the rate of
hydride ion transfer from the alkoxide species to the N(5) flavin
atom. The replacement of Val464 with threonine or alanine is likely
to affect the preorganization of the enzyme—substrate complex that
undergoes the hydride transfer reaction. In this respect, it will be
of interest to tailor future studies toward addressing to which extent
a mutation of a residue not directly participating in catalysis, such
as Val464, may affect the mode of hydride ion transfer.
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APPENDIX

The proposed mechanism for the reaction catalyzed by
the choline oxidase variants Val464Ala and Val464Thr in
which both the free enzymes and enzyme—substrate com-
plexes can interconvert (67) is described. The derivation of
the equation that describes the rate of the second phase of
flavin reduction follows the logic described by Frederick and
Palfey (67) and the method laid forth by Cha (60).

Scheme Al
fast phase
N
- K N
d red
Eox+S==—=ExS—>Erq *+P
slow phase ki || k2 X k3 || Ka
“ d
E ox + S=—=E ;S
ASSUMPTIONS

Free E,. and Eg, binding with substrate is in rapid
equilibrium. This allows for the simplification of Scheme
Al to yield a partial equilibrium mechanism shown in
Scheme A2.

Scheme A2
ke
Y — Z

ka || ko

X

In Scheme A2, X represents the rapid equilibrium segment
for Eox binding to substrate, Y represents the rapid equilib-
rium segment for E. binding to substrate, and Z is the
reduced enzyme and product. The rate constants k, and ky
are apparent rate constants that represent the rate of inter-
conversion of the two rapid equilibrium segments, and k. is
the apparent rate of flavin reduction.

ky= ke s+ ki (A1)
ky=kfy s+ kofy (A2)
k(' = kredeUXS (A3)
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Where frouS, fron /5,5, and fg, are fractional concentration
factors defining the fraction of the total enzyme within a
rapid equilibrium segment of a given enzyme species.

[s]

= A4
st (A9
K;

f = —— (AS)
B4 K

fo o= (A6)
ST 514K,

e, = [s] + K, (A7)

The change of the relative amounts of enzyme in a given
rapid equilibrium segment can be described by the following
differential equations:

C(li—f= —k X+ kY (A8)
X = koY (A9)
az

=k (A10)

The fast reaction is ~5000 times faster when the substrate is
saturating ([s] >> K, and Kj) than the slow reaction, meaning
that the initial amount of Y, Y, has reacted completely before
any significant fraction of incompetent enzyme is converted to
the competent form. This means that upon onset of the second
phase, the initial amount of X, X, will either still be in the form
of X or will have converted to Y or Z.

Xy=X+Y+ZeX=X,—Y—-Z (A11)
Assuming steady state for Y
((11—1;=kaX—(ka+kc)Y=O (A12)

Insert the above expression for X (eq All) into the
differential equation for Y (eq A12).
0=k,X,—Y—2)— (k, T k)Y=
kX, —2)
r= (k,+k,+ k) (A13)

Insert expression for Y (eq A13) into the differential equation
for Z (eq A10) and solve for Z.

dr " T ek, +k, + k)
kckaXO kcka

k,*h,+k) (ka+kb+kC)Z=
kX, — kZ=k(X, — Z) =

dz dz
XO_szdz<=»fX()_szkalt<=>
—InX,—2)=kt+c,t=0=2Z=0<
kt kfktl
ZZXO—XOC ,kzm (A14)

Insert the expressions for k,, k», and k. (eqs A1—A3) into
the term for the observed rate (eq Al4):
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k _ kllkC
bk, k,+k,

k3[s]+k1KZ. k451

_ Ki+[s] Kitlsl
P sl kK K ks K ls]
K+ [s] K+ [s] K, +[s]
kobs2 =
(ks[s] + Kk, K (Kol sT) -
(k5] + K, KK, + [s1) + (K, + k [sD(K + [s]) +
Kyoql 1Ky + [s1)
_ kredk3[s]2 + kredleZ[s]
obs,

(ks + ky + K, )1 + (ks + kK, +
(ky + k, + &k, )K)Is1+ (k; + k)K K
krea > > ki, ko, ks, k4 allowing to reduce the equation to:
Kops, =
ks [S1 Kok KL
ko L5174 (ks + kK, + (k,, )K3)[s] + (k, + k,)K K

At [S] >> K, and K, allowing to reduce the equation to:

kredk3 [S]2 + kredle:; [S]

obs, *
2k 8] (e + k)K, + (K, DK [s]
set Ky = aKj;

_ kredk3 [S]Z + kredle; [S]
o2 K,ogls1> + (ks + k) + (k,, )K3)[s]

— kredk3 [S]z + kredk]K; [S]
o2 (k) [517 + ((0ks + 0k, + k,, )K)[5]

Kyods 51+ Ko K31 Kys] 4 kK

01,32: d'™3 d™ 17 d — 3 1*d (AIS)

KyodlsT> =+ (ko oK)

The limiting values for the observed rate of flavin
reduction:

[s] + K

lim k., =ky (A16)
lim ., =k, (A17)

SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the anaerobic reduction of the Val464Ala
enzyme at pH 10; Figure S2 shows the anaerobic reduction
of the Val464Ala enzyme at pH 6; Figure S3 shows the rates
of flavin reduction as a function of the mole fraction of
deuterium oxide for Val464Ala; Figure S4 shows pH
dependence of the UV-—uvisible absorbance spectra of
Val464 Ala. This material is available free of charge via the
Internet at http://pubs.acs.org.
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