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ABSTRACT: Choline oxidase catalyzes the oxidation of choline to glycine betaine, a compatible solute that
accumulates in pathogenic bacteria and plants so they can withstand osmotic and temperature stresses.
The crystal structure of choline oxidase was determined and refined to a resolution of 1.86 Å with data
collected at 100 K using synchrotron X-ray radiation. The structure reveals a covalent linkage between
His99 Nε2 and FAD C8M atoms, and a 123 Å3 solvent-excluded cavity adjacent to there face of the
flavin. A hypothetical model for choline docked into the cavity suggests that several aromatic residues
and Glu312 may orient the cationic substrate for efficient catalysis. The role of the negative charge on
Glu312 was investigated by engineering variant enzymes in which Glu312 was replaced with alanine,
glutamine, or aspartate. The Glu312Ala enzyme was inactive. The Glu312Gln enzyme exhibited aKd

value for choline at least 500 times larger than that of the wild-type enzyme. The Glu312Asp enzyme had
a kcat/KO2 value similar to that of the wild-type enzyme butkcat andkcat/Km values that were 230 and 35
times lower, respectively, than in the wild-type enzyme. These data are consistent with the spatial location
of the negative charge on residue 312 being important for the oxidation of the alcohol substrate. Solvent
viscosity and substrate kinetic isotope effects suggest the presence of an internal equilibrium in the
Glu312Asp enzyme prior to the hydride transfer reaction. Altogether, the crystallographic and mechanistic
data suggest that Glu312 is important for binding and positioning of the substrate in the active site of
choline oxidase.

Choline oxidase (EC 1.1.3.17) catalyzes the two-step
oxidative conversion of choline to glycine betaine with
betaine aldehyde as an intermediate and molecular oxygen
as the final electron acceptor (Scheme 1). This reaction is
of considerable interest for biotechnological and medical
reasons, due to glycine betaine accumulating to high levels
in the cytoplasm of many plants and pathogenic bacteria in
response to hyperosmotic and temperature stresses, ultimately
resulting in the prevention of dehydration and cell death (7,
8). Thus, the study of choline oxidase has potential in
engineering drought resistance in economically relevant
plants (9-13) and in developing therapeutic agents targeted
at the inhibition of glycine betaine biosynthesis (14, 15).
From a fundamental standpoint, choline oxidase serves as a
model system for investigating the mechanism of alcohol

oxidation catalyzed by flavin-dependent enzymes primarily
because the chemical step in which the substrate C-H bond
is cleaved is not masked by other kinetic steps occurring in
catalysis (16).

The elucidation at a molecular level of the catalytic
mechanism of choline oxidase has been obtained from
biochemical (17-19), mechanistic (6, 17, 20-22), and
mutagenesis (23, 24) studies. As schematically illustrated in
Scheme 2, after the initial formation of an enzyme-choline
complex, catalysis is initiated by the abstraction of the
hydroxyl proton of the alcohol substrate by an as yet
unidentified active site group with a pKa of ∼7.5. The
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resulting choline alkoxide species is transiently stabilized in
the active site of the enzyme through electrostatic interaction
with the positively charged side chain of His466 (23, 24).
This interaction likely contributes to the preorganization of
the enzyme-substrate complex that is required for the
subsequent hydride transfer reaction from theR-carbon of
the activated substrate to the N5 atom of the flavin cofactor.
The hydride transfer reaction then occurs from the activated
alkoxide species quantum mechanically via exploitation of
the environmental vibrations of the reaction coordinate that
permit a tunneling distance between the hydride donor and
acceptor in the preorganized Michaelis complex (21, 25, 26).
Preorganization of the substrate-enzyme complex likely
requires the electrostatic interaction of the trimethylammo-
nium moiety of the alcohol substrate with at least one residue
in the active site of the enzyme, as suggested by mechanistic
studies using an isosteric analogue of choline devoid of
positive charge (19, 22). However, in the absence of
structural information, the identity of the amino acid residue
that interacts with the positive charge of choline remains
elusive.

In this study, we have initially used X-ray crystallography
to gain information about the active site and the residues
that form the substrate-binding cavity in choline oxidase. The
structural information is complemented with mechanistic
studies on enzyme variants in which the negative charge at
position 312 in the active site of the enzyme was either
removed by engineering mutant enzymes containing alanine
or glutamine or moved away from the flavin cofactor by
replacement of Glu312 with aspartate. The results of these
studies demonstrate an important role for Glu312 in binding
and positioning of the alcohol substrate for catalysis.

EXPERIMENTAL PROCEDURES

Materials. Escherichia colistrain Rosetta(DE3)pLysS was
obtained from Novagen (Madison, WI). The QIAprep Spin
Miniprep kit was from Qiagen (Valencia, CA). Sparse-matrix
screening kits were from Hampton Research (Aliso Viejo,
CA) and Nextal Biotechnologies (Montreal, QC). The
QuickChange site-directed mutagenesis kit was from Strat-
agene (La Jolla, CA). Oligonucleotides for site-directed
mutagenesis and sequencing of the mutant genes were from
Sigma Genosys (The Woodlands, TX). Choline chloride was
from ICN. All other reagents used were of the highest purity
commercially available.

Crystallization and X-ray Data Collection. Recombinant
wild-type choline oxidase fromArthrobacter globiformiswas
purified to high purity and yield and converted to the
oxidized form as previously described (19, 27). Crystals of
choline oxidase were grown by the hanging drop vapor
diffusion method, and initial crystallization conditions were
obtained using commercially available sparse-matrix screen-
ing kits. Diffraction-quality crystals were obtained from 2
µL of choline oxidase (4.9 mg/mL) mixed with 2µL of
reservoir solution containing 0.1 M Bis-Tris propane (pH

8.5), 1.2 M ammonium sulfate, and 10% (v/v) dimethyl
sulfoxide (DMSO) on a silanized cover slip sealed over the
reservoir solution. The enzyme drops were equilibrated over
1 mL of the reservoir solution at 23°C from which yellow
rodlike crystals of oxidized enzyme grew to maximal
dimensions of 0.2 mm× 0.05 mm× 0.05 mm within 2
weeks. Prior to being flash-frozen by quick submersion into
liquid nitrogen, single crystals were cryoprotected by being
transferred into 2µL of 3.4 M sodium malonate (pH 7) (28)
and allowed to incubate for 2 min at 23°C. Two independent
data sets were collected from two crystals held at ap-
proximately 100 K at the SER-CAT facilities at the
Advanced Photon Source, Argonne National Laboratory
(Argonne, IL). A 1.86 Å resolution data set was collected at
beamline 22-ID using a 1 Å X-ray beam, a 0.2° oscillation
angle, and a 2 sexposure time per frame. The data set at
2.69 Å resolution was collected at beamline 22-BM with a
1 Å X-ray beam, a 0.5° oscillation angle, and a 60 s exposure
time. The diffraction images were processed with HKL2000
and scaled with SCALEPACK (29).

Determination of the Crystal Structure.The diffraction
data from the two data sets were consistent with space group
P43212 or P41212, with the following unit cell dimensions:
a ) b ) 84.4 Å, andc ) 343.5 Å. The Matthews coefficient
(30, 31) and solvent content calculations suggested two
protein subunits per asymmetric unit (VM ) 2.5 Å3 Da-1;
50% solvent content). Molecular replacement was performed
using MOLREP (32) from the CCP4 suite of programs (33)
to obtain the initial phases. The search model was derived
from glucose oxidase [PDB entry 1CF3 (34)], the sequence
of which is 26% identical with that of choline oxidase with
B-factors set at 20 Å2. Solvent, FAD,1 and divergent portions
of the amino acid sequence were deleted from the search
model, and conserved but nonidentical residues were con-
verted to alanine residues. Cross rotation and translation
searches for two molecules in the asymmetric unit were
performed with data between 15 and 3.5 Å resolution in both
P43212 andP41212 space groups. The best solution in each
space group was then subjected to rigid body refinement with
data from 50 to 1.86 Å resolution using CNS (35). Space
groupP43212 gave interpretable electron density maps that
were determined to be correct. The starting model had an
Rfactor of 0.48 and anRfree of 0.54. Phases calculated from
the initial model were extracted with SIGMAA in CCP4 and
were used as the starting phases in PRIME & SWITCH (36)
as implemented in RESOLVE (37), which significantly
improved the electron density maps. Multiple rounds of
manual model rebuilding and positional and isotropicB-
factor refinement were carried out with O (38) and REF-

1 Abbreviations: CHO-E312A, choline oxidase variant in which
Glu312 was replaced with Ala; CHO-E312Q, choline oxidase variant
in which Glu312 was replaced with Gln; CHO-E312D, choline oxidase
variant in which Glu312 was replaced with Asp; CHO-WT, wild-type
choline oxidase; FAD, flavin adenine dinucleotide; GMC oxidoreduc-
tases, glucose-methanol-choline oxidoreductases.

Scheme 1: Two-Step, Four-Electron Oxidation Reaction of Choline Catalyzed by Choline Oxidase
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MAC5 (39), respectively. Progress of the refinement was
monitored byRfree, which was calculated using 5% of the
reflections, and cross validated (σA-weighted 2mFo - DFc

and mFo - DFc maps) to evaluate the model and correct
errors (40).

After several rounds of refinement and model building,
the FAD was built into the electron density. Library files
containing the topology and parameter files for the FAD were
prepared using the Dundee PRODRG server (41). Planar
restraints were enforced on the oxidized isoalloxazine ring
of FAD for several rounds of refinement. When the overall
Rfactor decreased below 0.3, water molecules were placed with
ARP/Waters (42), refined with REFMAC5, and manually
inspected. Within each active site, a single DMSO molecule,
an additive used in the crystallization solution, was fit into
electron density near the N5 position of the isoalloxazine
ring of the flavin and refined. For comparison, a sulfate
molecule was also fit in this position and refined, but
inspection showed that DMSO fit the electron density better.
The electron density for the isoalloxazine of the FAD ring
was not planar;2 consequently, several rounds ofσ-weighted
simulated annealing composite omit refinement and their
corresponding maps were examined in the final stages of
the model refinement. The omitted atoms included the whole
flavin, DMSO, and all residues within 6 Å of theisoallox-
azine ring system. Structure validation of model geometry
was carried out with PROCHECK (43, 44). Solvent-exposed
surface areas were calculated with a 1.4 Å probe radius with
Swiss-PDB viewer (version 3.7b2) or VEGA (http://ww-
w.ddl.unimi.it). Secondary structure assignments were made
using KSDSSP (45). Structural homologues in the Protein
Data Bank were found using MSDfold (http://www.ebi.ac.uk/
msd-srv/ssm/). The rms differences between models were
calculated with SSM (http://www.ebi.ac.uk/msd-serv/ssm) or
Swiss-PDB viewer (version 3.7b2). Figures showing struc-
tures were prepared using Swiss-PDB viewer (version 3.7b2)
and PovRay (version 3.5) or Pymol (DeLano Scientific LLC,
Castro City, CA).

Site-Directed Mutagenesis.Mutant genes for choline
oxidase variants CHO-E312A, CHO-E312Q, and CHO-
E312D were prepared using the pET/codAmg plasmid for
the wild-type enzyme as a template (27) and forward and
reverse oligonucleotides as primers for site-directed mu-
tagenesis. Site-directed mutagenesis was carried out using

the QuikChange site-directed mutagenesis kit following the
manufacturer’s instruction manual in the presence of 2%
DMSO. The resulting mutant genes (pET/codAmg-E312A,
-E312Q, and -E312D) were sequenced at the DNA Core
Facility at Georgia State University using an Applied
Biosystems Big Dye Kit on an Applied Biosystems model
ABI 377 DNA sequencer to confirm the presence of the
mutant genes in their correct orientations. As an expression
host, competent cells ofE. coli strain Rosetta(DE3)pLysS
were transformed with the mutant plasmids by electropora-
tion, and permanent stocks of the transformed cells were
prepared and stored at-80 °C.

Expression and Purification of Choline Oxidase Variants.
The variant enzymes were expressed and purified to homo-
geneity as previously described for wild-type choline oxidase
(19, 27). To increase the stability of the variant enzymes
during purification, 10% glycerol was incorporated in the
buffers throughout the purification steps with the exception
of the dialysis step at pH 6 in which the anionic semiquinone
form of the enzyme was converted to the oxidized form (19).
Enzymes stored at-20 °C in 20 mM Tris-HCl (pH 8) were
found to be stable for at least 6 months.

Biochemical Studies. To ascertain that FAD was covalently
bound to the proteins, we treated the purified enzymes with
10% trichloroacetic acid (TCA) after recording the spectra
for the bound flavin. The enzyme/TCA mixtures were
incubated for 30 min on ice and centrifuged at 20000g for
10 min. The UV-vis spectra of the supernatants were
recorded again to check the presence of unbound FAD. All
UV-visible absorbance spectra were recorded using an
Agilent Technologies diode-array model HP 8453 spectro-
photometer.

Kinetic Assays. Enzyme activities of CHO-E312Q and
CHO-E312D were measured by the method of initial rates
in 50 mM potassium phosphate or 50 mM sodium pyro-
phosphate as described for wild-type choline oxidase (16).
The enzymatic activities were measured by monitoring the
rate of oxygen consumption with a computer-interfaced Oxy-
32 oxygen monitoring system (Hansatech Instrument) at 25
°C.

Steady-state kinetic parameters for CHO-E312D were
determined at varying concentrations of choline between 0.01
and 20 mM and oxygen between 0.03 and 1.1 mM. Each
reaction mixture was equilibrated at the desired oxygen
concentration by bubbling the appropriate O2/N2 gas mixture
for a minimum of 10 min. The pH profiles of the kinetic
parameters with choline as a substrate for CHO-E312D were
determined at the atmospheric oxygen concentration due to
the low Km values for oxygen determined at pH 5 and 10.
All enzyme assays were conducted in 50 mM sodium
pyrophosphate, with the exception of pH 7 where 50 mM
potassium phosphate was used. Substrate kinetic isotope
effects on the steady-state kinetic parameters were determined
by alternating varying concentrations of the substrate isop-
tomers, choline and [1,2-2H4]choline, at an atmospheric
concentration of oxygen. Solvent viscosity effects on steady-
state kinetic parameters were measured in 50 mM sodium
pyrophosphate (pH 10 and 25°C) using glucose and sucrose
as viscosigens; the relative viscosity values at 25°C were
calculated according to the reference values at 20°C from
Lide (46).

2 An outstanding feature of the electron density for the FAD is that
the isoalloxazine ring is not planar, as anticipated for oxidized flavin.
The observed distortions also differ significantly from the structures
of reduced flavins, which typically exhibit an approximately 150° angle
along the N5-N10 axis defined by the dimethylbenzene and pyrimidine
rings (1, 2). In contrast, the dimethylbenzene and piperazine rings in
choline oxidase are essentially flat and coplanar, but the plane of the
pyrimidine ring is at an approximately 120° angle to the former plane.
The C4a atom of FAD appears to be sp3 hybridized, which is suggestive
of a covalent adduct in the crystals. However, the aerobic crystallization
materials and conditions did not include any reagent known to form a
C4a adduct with FAD, with the exception of O2. It is noteworthy that
O2 is known to react with reduced flavins at the C4a position of the
isoalloxazine ring in flavin-dependent monooxygenases and possibly
in flavoprotein oxidases (3). The crystallographic data indicate that the
C4a adduct contains either one or two C, N, or O atoms. Because of
this uncertainty, the flavin and adduct are listed in the PDB coordinates
as FAO and UNK, respectively. The nature of the FAD C4a covalent
adduct is currently under investigation using structural, spectroscopic,
and computational approaches, and the results of these studies will be
reported elsewhere.

Crystal Structure and Role of Glu312 in Choline Oxidase Biochemistry, Vol. 47, No. 1, 2008245



Rates of flavin reduction with varying concentrations of
substrate (choline or [1,2-2H4]choline), measured via rapid
kinetics, were determined on a Hi-Tech SF-61 stopped-flow
spectrophotometer thermostated at 25°C in 50 mM sodium
pyrophosphate (pH 10). Reduction of the oxidized enzyme-
bound flavin upon mixing with substrate was monitored by
a decrease in absorbance at 450 nm. The enzyme was
previously made anaerobic by alternately applying vacuum
and flushing with oxygen-free argon for 25 cycles and
mounted onto the stopped-flow apparatus also previously
treated with 0.26 mM degassed dithionite or a mixture of
glucose (5 mM) and glucose oxidase (3600 units) to scrub
oxygen. The substrate was flushed with oxygen-free argon
for at least 15 min prior to being mounted onto the stopped-
flow apparatus. Equal volumes of CHO-E312Q or CHO-
E312D and substrate were mixed anaerobically in the
stopped-flow apparatus, yielding a final enzyme concentra-
tion of ∼20 µM.

Data Analysis. Data were fit with KaleidaGraph (Synergy
Software, Reading, PA) and EnzFitter (Biosoft, Cambridge,
U.K.). Stopped-flow traces were fit to eqs 1 and 2, which
describe single- and double-exponential processes, respec-
tively, wherekobs, kobs1, and kobs2 represent first-order rate
constants,t is time,At is the value of absorbance at 450 nm
at any given time,A, A1, andA2 are the amplitudes of the
absorbance changes, andA∞ is the absorbance at infinite time.
Pre-steady-state kinetic parameters were determined by using
eq 3, wherekobs is the observed first-order rate for the
reduction of the enzyme-bound flavin at any given concen-
tration of substrate,kred is the limiting first-order rate constant
for flavin reduction at a saturating substrate concentration,
andKd is the dissociation constant for binding of the substrate
to the enzyme. Steady-state kinetic parameters in atmospheric
oxygen were determined by fitting the initial rates at different
concentrations of substrate to the Michaelis-Menten equa-
tion for one substrate. Steady-state kinetic parameters at
varying concentrations of choline and oxygen were deter-
mined by fitting the initial rates data to eq 4, which describes
a steady-state kinetic mechanism with intersecting lines in
double-reciprocal plots, wheree represents the concentration
of enzyme,kcat is the turnover number of the enzyme at
infinite substrate concentrations, andKa andKb represent the
Michaelis constants for the organic substrate (A) and oxygen
(B), respectively. The pH dependences of the steady-state
kinetic parameters with choline were determined by fitting
the initial rates data to eq 5, which describes a curve with a
slope of 1 and a plateau region at high pH, whereC is the
pH-independent value of the kinetic parameter of interest.
Solvent viscosity effects on thekcat/Km and kcat values for
choline were fit to eq 6, where (k)o and (k)η are the kinetic
parameters of interest in the absence and presence of
viscosigen, respectively,S is the degree of viscosity depen-
dence, andηrel is the relative viscosity.

RESULTS

Determination of the Crystal Structure. The X-ray data
collection and atomic model refinement statistics are listed
in Table 1. X-ray diffraction data were obtained with
synchrotron radiation from two independent crystals of
choline oxidase; although nearly identical structures were
obtained from both data sets, one crystal diffracted to higher
resolution (1.86 Å compared to 2.69 Å). That data set consists
of 381 317 observations of 97 546 unique reflections in the
resolution range from 50 to 1.86 Å. The structure was
determined by molecular replacement with a search model
based upon glucose oxidase fromAspergillus niger(PDB
entry 1CF3) (34). The atomic model was refined against the
1.86 Å resolution data set to a finalRfactor of 0.161 and an
Rfree of 0.202. An overall coordinate error of the model based
on anRfactor of 0.13 Å was determined. The final model had
a correlation coefficient of 0.967. Ramachandran analysis
of the crystal structure showed that 89.4% of the residues
are in the most favored region, 10% in the additionally
allowed regions, 0.6% in the generously allowed regions,
and 0.1% in the disallowed regions. Ala230 in the A chain
was flagged as being in the disallowed region, but the
electron density maps indicate this residue fits well in the
observed density.

OVerall Structure Description. The X-ray structure re-
vealed that choline oxidase crystallized as a homodimer with
approximate dimensions of 88 Å× 70 Å × 46 Å (Figure
1), in agreement with solution measurements showing a
dimeric structure under native conditions (27). Each mono-
mer contains 546 residues; however, the last 19 residues in
the C-terminal portion of each monomer were not visible in
the electron density maps and were not included in the final
model. The two monomers in the asymmetric unit of the
holoenzyme were overlaid with a rms deviation of 0.23 Å
over 527 common CR atoms. The buried surface area at the
subunit interface was approximately 2430 Å2, which corre-
sponds to approximately 13% of the total surface area for
each monomer. The dimer interface included two sets of six
identical intersubunit contacts between charge complemen-
tary residues clustered on the outer edges of the interface.
These are Asp72-Lys398 (4.1 Å), Asp250-Glu53 (4.3 Å),
Arg255-Glu370 (3.2 Å), Asp358-Arg396 (2.4 Å), Arg363-
Asp394 (4.2 Å), and Arg363-Asp397 (2.9 Å). In contrast,
the central portion of the dimer interface contains very few
close contacts between subunits, which include the Asp72-
Lys398 contact (4.1 Å).

At ) Ae-kobst + A∞ (1)

At ) A1e
-kobs1t + A2e

-kobs2t + A∞ (2)

kobs)
kredA

Kd + A
(3)

V
e

)
kcatAB

KaB + KbA + AB + KiaKb
(4)

log Y ) log( C

1 + 10-pH

10-pKa
) (5)

(k)o

(k)η
) S(ηrel - 1) + 1 (6)
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The protein fold of each choline oxidase subunit resembles
that of other members of the glucose-methanol-choline
(GMC) oxidoreductase enzyme superfamily (5, 34, 47-55).
The structure-based sequence alignment is quantified in Table
S1 and shown in Figure S1 of the Supporting Information.
The two-domain topology is similar to that of glucose oxidase
and the bacterial flavoenzymep-hydroxybenzoate hydroxy-
lase, with a typical PHBH fold (56). The FAD-binding
domain is formed primarily by residues 1-159, 201-311,
and 464-527 (Figure 1). This domain consists of a six-
stranded parallelâ-sheet that is flanked on one side by a
three-stranded antiparallelâ-sheet and further surrounded by
eight R-helices. The substrate binding domain is formed
primarily by residues 160-200 and 312-463. The topology
of the substrate binding domain consists of a distorted six-
stranded antiparallelâ-sheet, which forms the bottom of the
choline oxidase active site and is flanked on the other side
by threeR-helices that protrude into the bulk solvent.

A common feature of other members of the GMC family
is a loop that forms a lid over the putative substrate binding
site (48, 50, 51, 55). In choline oxidase, this loop region is
composed of residues 64-95 (Figure 1 and Figure S1 of
the Supporting Information). The averageB-factor of these
residues is 20 Å2, indicating that the loop is well-defined in
the crystal structure. A portion of the loop is shielded from

bulk solvent by the second monomer of the dimer; however,
residues 74-85 extend into the bulk solvent. The loop is
amphipathic with hydrophobic residues directed toward the
interior and hydrophilic residues directed toward the external
surface.

FAD Binding Site. The FAD isoalloxazine ring is buried
within the protein so that no parts are visible from the
molecular surface of the protein.2 Solvent-accessible surface
calculations indicate that only 21.5 Å2 (2.1%) of the entire
FAD surface area is exposed to the solvent. The electron
density maps clearly indicate that the FAD is covalently
linked to the His99 Nε2 atom via the FAD C8M atom of
the isoalloxazine ring (Figure 2). This contrasts to previous
mass spectrometric studies by other authors that proposed
His87 as the residue covalently attached to FADC8M (57).
Indeed, His87 is part of the loop that covers the active site
cavity (see above) and is located approximately 7.7 Å from
the FAD C8M atom.

Substrate Binding Site. Upon completion of the refinement,
electron density with greater than+4.5σ positive difference
features was still present approximately 4 Å from the N5
atom of the isoalloxazine ring. The shape and size of the
electron density clearly indicated that this species was not a
water molecule. The crystallization solution that was used
contained DMSO and ammonium sulfate. Refinement of
either DMSO or sulfate ion indicated that the former ligand
fits well into the electron density but the latter does not. As
illustrated in Figure 2, the methyl groups of DMSO project
toward Val464 (3.7 Å) and His351 (3.5 Å), whereas the
oxygen atom of DMSO is within hydrogen bonding distance
of Ser101 Oγ (2.7 Å) and the FAD N5 atom (2.7 Å). The
average refinedB-factor for the DMSO atoms was 40.0 Å2

,

which is roughly double that of the protein or the FAD (Table
1). Our steady-state kinetic analyses indicated that DMSO
is a weak competitive inhibitor with respect to choline, with
a KI value of 460 ( 4 mM (F. Fan and G. Gadda,
unpublished observations).

Analysis of the molecular surfaces of the protein reveals
a solvent-excluded cavity with a volume of approximately
125 Å3, located within the substrate binding domain. The
cavity is adjacent to there face of the FAD and is sufficiently
large to accommodate a choline molecule (93 Å3), provided
that the DMSO ligand in the current structure is displaced.
The cavity is partially surrounded by the hydrophobic
residues Trp61, Trp331, Phe357, and Val464 (Figure 2),
which form an aromatic cage. The polar residues bordering
the cavity include Glu312, His351, and His466, of which
the latter two are near the FAD isoalloxazine ring. Of
particular importance is the side chain of Glu312, which
forms the “top” of the aromatic cage and is the only
negatively charged residue lining the active site cavity.

Docking of Choline into the Substrate-Binding CaVity.
Earlier mechanistic studies with substrate and product
analogues established that the positive charge on the trim-
ethylammonium moiety of choline plays an important role
in substrate binding and specificity in the reaction catalyzed
by choline oxidase (19, 22). To gain insight into the enzyme
and substrate interactions, we manually docked choline into
the cavity (Figure 2). The side chain of Glu312 is ap-
proximately 3 Å from the positively charged trimethylam-
monium moiety of choline, which suggests an ionic pair.
Although other orientations are possible, in the illustrated

Table 1: X-ray Diffraction Data Collection and Model Refinement
Statistics

crystal 1 crystal 2

Diffraction Data Collection Statistics
X-ray wavelength (Å) 1.0 1.0
resolution range (Å) 50-1.86

(1.91-1.86)a
50-2.69

(2.76-2.69)a

space group P43212 P43212
unit cell dimensions (Å)

a ) b 84.4 84.4
c 343.5 343.7

total no. of reflections 381317 196964
no. of unique reflections 97546 33722
multiplicity 3.9 (2.8)a 5.8 (2.4)a

completeness (%) 92.3 (63.2)a 94.2 (69.7)a

Rsym (%)b 7.2 (31.5)a 10.8 (27.1)a

I/(σ)Ic 17.7 (2.3)a 15.6 (2.8)a

Model Refinement Statistics
resolution range (Å) 50-1.86 50-2.69
no. of reflections 92403 31943
no. of protein atoms 8171 8168
no. of water molecules 960 152
Rfactor 0.161 0.157
Rfree

d 0.202 0.219
averageB-factor (Å2)

protein 22.5 25.5
water 32.6 17.5
FAO (2)e 17.4 20.4
UNX (2)f 24.8 37.2
DMSO (2) 40.0 44.1

rms deviations from ideal
bond lengths (Å) 0.014 0.018
bond angles (deg) 1.5 1.7

correlation coefficient 0.967 0.954
estimated coordinate error (Å) 0.128 0.219

a Values for the highest-resolution shell of data are given in
parentheses.b Rsym(I) gives the average agreement between the inde-
pendently measured intensities such as∑h∑i|Ii - I|/∑h∑iI, whereI is
the mean intensity of thei observations of reflectionh. c I/σ(I) is the
root-mean-square value of the intensity measurements divided by their
estimated standard deviation.d Calculated with 5% of the data.e The
flavin with the sp3-hybridized C4a atom.f The unknown C4a adduct.

Crystal Structure and Role of Glu312 in Choline Oxidase Biochemistry, Vol. 47, No. 1, 2008247



configuration choline appears to be poised to initiate the
reductive half-reaction (i.e., oxidation of choline). For
example, the choline hydroxyl O atom is approximately 4
Å from the side chains of His351, His466, and Asn512, the
former two of which are good candidates for serving as active
site bases. Moreover, the C1 atom of choline is less than 4
Å from the side chain of Ser101 and the flavin N5 atom,
which is the locus for accepting the hydride transfer reaction.

Expression and Purification of CHO-E312A, CHO-E312Q,
and CHO-E312D. Choline oxidase variants in which glutamate
at position 312 was replaced with alanine, glutamine, or
aspartate were expressed and purified at pH 8 in the presence
of 10% glycerol, following the same protocol used for the
wild-type enzyme (27). The addition of glycerol throughout
the purification steps resulted in the increased stability of
the mutant enzyme. A mixture of anionic semiquinone and
oxidized flavin species were present upon isolation of the
mutant enzymes (Figure S2 of the Supporting Information),
which was also observed for purification of the wild-type
enzyme (19, 27). The fully oxidized and active enzymes used
in this study were obtained by treatment at pH 6, as
previously reported for the wild-type enzyme (58). UV-
visible absorbance spectra of the supernatants after treatment
of the three variant enzymes with 10% TCA and centrifuga-
tion showed no peaks around 370 and 450 nm, consistent
with the flavin cofactor being covalently bound to the

proteins. Thus, substitution of Glu312 with alanine, glutamine,
or aspartate did not affect the covalent linkage of the flavin
to the protein. There was no detectable activity for the alanine
variant with up to 100 mM choline as the substrate. In
contrast, the glutamine and aspartate variants were able to
oxidize choline. Table 2 reports the specific activities and
apparent steady-state kinetic parameters determined in
atmospheric oxygen at pH 7 for the mutant enzymes.

ReductiVe Half-Reaction of CHO-E312Q with Choline.
The involvement of the negative charge of Glu312 in binding
choline was determined by directly measuring and comparing
the thermodynamic equilibrium constants (Kd) with choline
as the substrate for CHO-E312Q and the wild-type enzyme.
Thus, the Glu312 enzyme variant was mixed anaerobically
with different concentrations of choline up to 250 mM in a
stopped-flow spectrophotometer at pH 10 and 25°C, and
the resulting rates of flavin reduction were measured. The
high pH was chosen to avoid artifactual contributions
originating from pH effects, since previous results with the
wild-type enzyme (17, 58), as well as CHO-E312D (this
study), showed that the kinetic parameters become pH-
independent at high pH. With CHO-E312Q, the observed
rates of flavin reduction were hyperbolically dependent on
the concentration of choline, yielding aKd value of g150

FIGURE 1: Three-dimensional structure of choline oxidase refined to 1.86 Å resolution. (A) Two orthogonal views of the choline oxidase
homodimer illustrated with a cartoon ribbon trace of the protein backbone. Each subunit is colored from blue to red starting at the N-terminus.
The FAD is shown as CPK atoms with the C, N, and O atoms colored gray, blue, and red, respectively. (B) A single subunit of choline
oxidase illustrating the domain architecture (see the text for a discussion). The view is similar to that of panel A (left). The space-filling
view is shown on the right with the surfaces colored according to the FAD binding (blue), substrate binding (green), and “loop” (orange)
regions.
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mM3 (Figure S3 of the Supporting Information). This value
was at least 500 times larger than theKd value of∼0.3 mM
previously reported for the wild-type enzyme under the same
conditions (16), suggesting that the negative charge at
position 312 is important for binding of the alcohol substrate
in choline oxidase. Flavin reduction was followed by a slow
kinetic step with a rate of∼0.01 s-1, which was independent
of the concentration of choline. This was tentatively assigned
to the release of the product of the reaction from the reduced
enzyme.

Kinetic and Mechanistic Studies with CHO-E312D. The
Glu312Asp enzyme variant was investigated in an effort to
establish how the spatial location of the negative charge on
residue 312 in the active site of the enzyme may affect
catalysis in the enzyme. The steady-state kinetic mechanism
was determined at pH 10 by measuring initial rates of oxygen
consumption at varying concentrations of both choline and
oxygen. As for the case of the wild-type enzyme (16, 58),
the best fit of the data was obtained to an equation describing

a sequential steady-state kinetic mechanism. As illustrated
in Table 3, substitution of Glu312 with aspartate resulted in
a 230-fold decrease in thekcat value and a 30-fold decrease
in the kcat/Km value with choline, indicating that Glu312
participates in the reductive half-reaction in which the alcohol
substrate is oxidized. An upper limiting value of 2µM could
be estimated for theKm value for oxygen from the fit of the
steady-state kinetic data. Consistent with aKm value for
oxygen in the low micromolar range, the apparent rates of

3 At choline concentrations of>250 mM, inflated rates of flavin
reduction in the stopped-flow spectrophotometer were observed. While
such a kinetic behavior was not investigated further, an accurate
determination of theKd value for binding of choline to CHO-E312Q
could not be carried out because the enzyme could not be saturated
with the substrate. For this reason, only a limiting lower value of 150
mM is reported forKd.

FIGURE 2: Active site of choline oxidase. (A) An example of the typical 2mFo - DFc electron density at 1.86 Å resolution (1σ contour)
associated with an active site DMSO molecule, the FAD, a C4a adduct,2 and the His99 residue. The DMSO molecule binds at the bottom
of the solvent-excluded cavity and comes within 2.7 Å of the FAD N5 atom. (B) Solvent-excluded cavity illustrated with semitransparent
surfaces calculated after removal of the C4a adduct and the DMSO molecule. The surfaces are colored according to the atom forming its
border with generally hydrophobic and hydrophilic residues shown with their carbon atoms colored blue and yellow, respectively. The
cavity volume of>120 Å3 is sufficiently large to accommodate a choline molecule (shown with green carbon atoms). The choline molecule
was manually docked into the cavity to maximize the potential interactions between the substrate and catalytically important residues such
as His351, His466, FADN5, and Glu312 (see the text). The dashed lines indicate the distance between the choline oxygen atom and the Nε2
atoms of His351 (4.3 Å) and His466 (4.4 Å). (C) Divergent stereoview of the hypothetical choline molecule docked into the active site of
choline oxidase. The view and coloring scheme are identical to that of panel B.

Table 2: Comparison of Specific Activities and Apparent
Steady-State Kinetic Parameters of CHO-E312D, CHO-E312Q, and
CHO-E312A with Those of Wild-Type Choline Oxidasea

enzyme

total
protein
(mg)

specific
activity

(units/mg)

Appkcat/Km

(M-1 s-1)

Appkcat

(s-1)

AppKm

(mM)

CHO-E312D 190 0.17 1500 0.26 0.17
CHO-E312Q 104 0.013 1.8 0.21 116
CHO-E312A 120 -b - - -
CHO-WT 220 8 25000 15 0.6

a Total protein amounts were determined by the Bradford method
and refer to 4.5 L of liquid culture (78). Enzymatic activities were
measured at varying concentrations of choline in the range from 0.005
to 250 mM, in 50 mM potassium phosphate (pH 7) at 25°C, using
fully oxidized enzymes.b No oxygen consumption was determined
when 11 µM enzyme was assayed with 100 mM choline; for
comparison, with the wild-type enzyme at a concentration of 0.1µM
and 10 mM choline, the rate of oxygen consumption is∼15 s-1.
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reaction determined as a function of oxygen concentration
with 10 mM choline showed that the enzyme was at least
75-80% saturated at 10µM oxygen (Figure S4 of the
Supporting Information). From thekcat and KO2 values, a
limiting lower kcat/KO2 value of 76 000 could be estimated.
As shown in Table 3, such a value is not significantly
different from that previously determined with the wild-type
enzyme, consistent with substitution of Glu312 with aspartate
having a negligible effect on the oxidative half-reaction in
which the enzyme-bound reduced flavin is reoxidized with
formation of hydrogen peroxide.

The reductive half-reaction of CHO-E312D was investi-
gated using a stopped-flow spectrophotometer to determine
the rate of flavin reduction (kred) and theKd value for binding
of choline. As for the case of the wild-type enzyme (16), no
intermediates were observed with the enzyme undergoing a
two-electron reduction to the hydroquinone state. The rate
of flavin reduction was the same between 1 and 10 mM
choline (Figure S5 of the Supporting Information), yielding
a well-definedkred value that was 260-fold lower than in the
wild-type enzyme (Table 3). AKd value of∼0.1 mM could
only be estimated from the kinetic data, due to the inability
to maintain pseudo-first-order conditions in the stopped-flow
apparatus at choline concentrations of<50 µM. However,
such aKd value was not significantly different from that of
∼0.3 mM determined previously for the wild-type enzyme,
suggesting similar chemical binding affinities in choline
oxidase containing glutamate or aspartate at position 312.

Substitution of choline with [1,2-2H4]choline resulted in
a slower rate of flavin reduction at pH 10, yielding aDkred

value of 9.3( 0.2. This value was not significantly different
from the Dkred value of∼9 recently reported for the wild-
type enzyme (16), consistent with cleavage of the C-H bond
of choline being rate-limiting in the reductive half-reaction.

The pH profiles of the steady-state kinetic parameters with
choline as the substrate for CHO-E312D were determined
in the pH range from 5 to 10 in air-saturated buffer at 25
°C, corresponding to an oxygen concentration of 250µM.
At pH 5 and 10, theKO2 values weree2 µM (Figure S4 of
the Supporting Information), thereby ensuring that the
enzyme was saturated with oxygen throughout the pH range
that was tested. As shown in Figure 3, thekcat/Km andkcat

values were pH-independent at high pH and decreased with

a decrease in pH, consistent with the requirement of an
unprotonated group in the reaction catalyzed by the Glu312Asp
variant enzyme. An apparent pKa value of 7.6( 0.04 was
determined from thekcat/Km-pH profile. Substitution of
choline with [1,2-2H4]choline did not result in changes in
the apparent pKa (7.6 ( 0.1) (Figure 3), suggesting that the
value of 7.6 is likely a true thermodynamic pKa value (59)
that is not perturbed by kinetic commitments (60). In
agreement with these conclusions, the resultingD(kcat/Km)
value was pH-independent between pH 6 and 10 (Figure 4).
The Dkcat value was also pH-independent and, interestingly,
significantly larger than theD(kcat/Km) value, with average
values of 7.1( 1.3 and 4.4( 1.2, respectively. These data
suggest the presence of a pH-independent, internal equilib-
rium in the enzyme-substrate complex occurring prior to
the cleavage of the substrate C-H bond (60).

The effects of solvent viscosity on thekcat/Km and kcat

values with choline as the substrate for CHO-E312D were
determined at pH 10 to further probe for the presence of
internal equilibria in the reductive half-reaction and the
overall turnover of the enzyme, as previously reported for
flavocytochromeb2 (61). Initial rates of reaction were
measured at varying concentrations of choline in air-
saturated, 50 mM sodium pyrophosphate (pH 10) at 25°C,
in the presence of increasing amounts of glucose or sucrose
as viscosigens. As shown in Figure 5, both thekcat/Km and
kcat values increased monotonically with an increase in the
viscosity of the solvent, consistent with the presence of
internal equilibria in both the reductive half-reaction and the
overall turnover of the enzyme. Table 4 summarizes the
effect of solvent viscosity on thekcat/Km andkcat values for
the Glu312Asp enzyme variant.

Table 3: Comparison of the Kinetic Parameters with Choline as the
Substrate for CHO-E312D and Wild-Type Choline Oxidase at pH
10

CHO-E312Da CHO-WTb

kcat (s-1) 0.26( 0.004 60( 1
kcat/Km (M-1 s-1) 7100( 400 237000( 9000
Km (mM) 0.04( 0.002 0.25( 0.01
KO2 (mM) e0.002c 0.69( 0.03
kcat/KO2 (M-1 s-1) g76000d 86400( 3600
kred (s-1) 0.36( 0.01 93( 1
Kd (mM) ∼0.1 0.29( 0.01
Dkred 9.3( 0.2 8.9( 0.2
D(kcat/Km)e 4.4( 1.2 10.7( 2.6
Dkcat

e 7.1( 1.3 7.5( 0.3
a Steady-state kinetic parameters were determined at varying con-

centrations of choline and oxygen in 50 mM sodium pyrophosphate
(pH 10) at 25°C. b Data are from ref16. c Estimated upper limiting
value.d Estimated lower limiting value calculated from thekcat value
experimentally determined and the estimated upper limitingKO2 value.
e The pH-independent values are reported here.

FIGURE 3: pH dependence of thekcat/Km andkcat values for CHO-
E312D with choline and [1,2-2H4]choline as substrates at 25°C.
(A) pH profiles for kcat/Km with choline (b) and [1,2-2H4]choline
(O). Data were fit to eq 5. (B) pH profiles forkcat with choline (b)
and [1,2-2H4]choline (O). Data were fit to eq 5.

FIGURE 4: pH dependence ofD(kcat/Km) (b) andDkcat (O) values.
CHO-E312D activity was measured at varying concentrations of
choline or [1,2-2H4]choline under atmospheric oxygen conditions.
The data forDkcat andD(kcat/Km) were fit to y ) 7.1 andy ) 4.4,
respectively.
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DISCUSSION

A detailed picture of the reaction mechanism of choline
oxidase has emerged from previous pH and kinetic isotope
effect studies (16, 17, 58), as well as mechanistic studies
with substrate and product analogues (6, 19, 22), and site-
directed mutants (23, 24). The high-resolution structure of
the wild-type enzyme reported in this study provides a
structural framework within which previous mechanistic
results can be further interpreted, as well as important
information about residues that form the active site of choline
oxidase. Furthermore, the mechanistic data presented for
Glu312 enzyme variants shed light on the roles this residue
plays in the binding and correct positioning of the alcohol
substrate for the hydride transfer reaction of choline oxidation
catalyzed by choline oxidase.

Mechanistic Insights from the Crystal Structure of Wild-
Type Choline Oxidase. The active site of choline oxidase is
formed by a cavity of approximately 125 Å3 facing there
face of FAD, which is completely secluded from the exterior
of the protein by a long loop region composed of residues

64-95. Whereas∼60% of this loop is shielded from bulk
solvent by the presence of the other subunit in the dimeric
enzyme, residues 74-85 extend into the bulk solvent. This
suggests that this portion of the loop may form a lid that
allows entry of the substrate and exit of the reaction product
to and from the active site. Similar loop regions that cover
the active site have been observed previously in other
members of the glucose-methanol-choline (GMC) oxi-
doreductase enzyme superfamily, such as glucose oxidase
(52, 62), pyranose 2-oxidase (48, 51), cholesterol oxidase
(5, 55), and the flavin domain of cellobiose dehydrogenase
(50). During catalysis in choline oxidase, opening and closing
of the lid must necessarily follow the association of choline
to form the catalytically relevant enzyme-substrate complex
and precede the dissociation of glycine betaine from the
enzyme-product complex.4 The molecular mechanism un-
derlying the entry and exit of organic ligands to and from
the active site of choline oxidase, as well as in other members
of the GMC superfamily, has not been investigated to date
and represents an important question that can now be
addressed.

As illustrated in Figure 2, the active site of choline oxidase
is lined by both hydrophobic and hydrophilic residues playing
important roles in both substrate binding and catalysis. The
side chains of Trp61, Trp331, and Phe357 form a hydro-
phobic cage on the active site surface that is adjacent to the
isoalloxazine ring of the flavin. These residues and the
negatively charged side chain of Glu312 constitute the site
of interaction for binding the trimethylammoniun moiety of
choline via cation-π and electrostatic interactions. The
importance of the negative charge at position 312 for
substrate binding is demonstrated by the∼500-fold increase
in theKd value for choline binding determined by anaerobic
stopped-flow spectrophotometry in the E312Q mutant. Since
glutamine is isosteric with glutamate, one can assume similar
active site structures and binding modes of choline in the
E312Q mutant and wild-type enzymes. This supports an
energetic contribution of∼15 kJ/mol to be estimated for the
ionic interaction of the negative charge at position 312 and
the positive charge of choline. Moreover, this value agrees
well with the value of∼13 kJ/mol that was recently estimated
from mechanistic studies on choline oxidase with the choline
analogue devoid of positive charge, 3,3-dimethylbutan-1-ol
(22). An aromatic cage structurally surrounding a negatively
charged amino acid residue also appears to be a common
feature in enzymes and proteins that bind ligands containing
trimethylammoniun groups. For example, similar binding
motifs are observed in phospholipase C (63), acetylcho-
linesterase (64-66), CTP:phosphocholine cytidylyltrans-
ferase (67), and the periplasmic ligand-binding proteins pro-X
and Opu-C (68-70).

4 It is assumed here that the lid topping the active site cavity is closed
not only in the enzyme devoid of ligands, as observed in this study,
but also when the enzyme is in complex with the substrate, as reported
previously for another member of the GMC oxidoreductase superfamily,
cholesterol oxidase (4, 5). This assumption is based on the observation
that, upon docking of choline in the active site of the enzyme, all the
residues proposed to participate in substrate binding and catalysis appear
to be spatially positioned in a fashion that is consistent with all the
available mechanistic and biochemical data. A closed lid configuration
during enzymatic turnover is also consistent with earlier kinetic data
showing that the betaine aldehyde intermediate predominantly remains
bound at the active site during turnover with choline (6).

FIGURE 5: Effects of solvent viscosity on thekcat/Km andkcat values
with choline as the substrate for CHO-E312D with glucose or
sucrose as the viscosigen at pH 10. (A) Normalizedkcat/Km values
as a function of relative solvent viscosity with glucose as the
viscosigen. (B) Normalizedkcat values as a function of relative
solvent viscosity with glucose as the viscosigen. (C) Normalized
kcat/Km values as a function of relative solvent viscosity with sucrose
as the viscosigen. (D) Normalizedkcatvalues as a function of relative
solvent viscosity with sucrose as the viscosigen. Solid lines represent
fits of the experimental data using eq 6. Dashed lines with a slope
of 1 describe the hypothetical cases for fully diffusion-controlled
reactions. The values of the relative viscosities of the reaction
mixture at 25°C were calculated according to the values at 20°C
from Lide (46). CHO-E312D activity was measured at varying
concentrations of choline under atmospheric oxygen conditions.

Table 4: Effect of Solvent Viscosity on the Steady-State Kinetic
Paramaters for CHO-E312D at pH 10

viscosigen viscosity effecta

kcat/Km (M-1 s-1) glucose -0.11( 0.02
kcat/Km (M-1 s-1) sucrose -0.06( 0.01
kcat (s-1) glucose -0.07( 0.01
kcat (s-1) sucrose -0.07( 0.02

a Viscosity effect values are relative to the values in the absence of
viscosigen.
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Previous mechanistic studies have established that the
oxidation of choline catalyzed by choline oxidase occurs
through a highly asynchronous chemical mechanism. The
formation of a choline alkoxide species precedes the hydride
transfer reaction from this activated substrate to the enzyme-
bound flavin (Scheme 2) (16). A group with a thermody-
namic pKa of 7.5 has been proposed to be responsible for
the abstraction of the hydroxyl H+ from the substrate (16,
17, 58). The structure of choline oxidase indicates that
Glu312, His351, and His466 are the only residues lining the
active site cavity of the enzyme with the ability to act as a
general base. The side chain of Glu312 can be immediately
ruled out as being responsible for choline activation because
it is ∼8 Å from the N5 atom of FAD, a distance that is too
long for such a catalytic role. In agreement with this
conclusion, site-directed mutagenesis data presented here for
enzyme variants containing glutamine or aspartate at position
312 are consistent with Glu312 participating in substrate
binding (vide infra). Recently published mechanistic data for
mutant forms of choline oxidase in which His466 has been
replaced by other amino acids strongly suggest that this
residue is likely not the group responsible for the removal
of the hydroxyl H+ of choline. Rather, those results point
out that His466 is protonated during the reductive half-
reaction in which choline is oxidized by choline oxidase
(Scheme 2) (23, 24). Indeed, with the His466Ala mutant
enzyme, the activity could be partially rescued with imida-
zolium, but not imidazole (23), and both thekcat- andkcat/
Km-pH profiles still showed the requirement for a catalytic
base (23). Furthermore, the His466Asp enzyme was com-
pletely devoid of enzymatic activity with choline, under
catalytic turnover or anaerobic conditions (24). Thus, on the
basis of the structural information now available, it appears
that His351 may serve as the general base in the oxidation
reaction catalyzed by choline oxidase. This hypothesis is
currently under study with the characterization of mutant
variants of choline oxidase in which His351 has been
replaced with amino acids carrying other functional groups.

Recently published mechanistic data have established that
in choline oxidase the hydride transfer reaction occurs within
a highly preorganized enzyme-substrate complex (21), by
exploiting the mechanical effects that result in the tunneling

of the hydride ion from theR-carbon of the choline alkoxide
to the flavin N5 atom (20) (Scheme 2). This, in turn, requires
minimal independent movement of the activated choline
alkoxide relative to the isoalloxazine ring of the flavin.
Consequently, only dynamic motions in the activated enzyme-
substrate complex that promote the hydride transfer reaction
are permitted. The active site cavity of choline oxidase, which
has a volume slightly larger than that of choline, as well as
the location of the groups involved in substrate binding and
catalysis is fully consistent with this mechanistic hypothesis
(Figure 2). Indeed, the isoalloxazine ring of the cofactor,
which acts as hydride acceptor in the oxidation reaction, is
physically constrained by the covalent linkage of the FAD
C8M atom with His99, the proximity of Ile103 to the
pyrimidine ring, and several contacts with the backbone
atoms between His99 and Ile103. To a similar extent, the
choline alkoxide species that donates the hydride in the
oxidation reaction is physically constrained by electrostatic
interactions of its positively charged trimethylammonium
group with Glu312 at one extremity and its negatively
charged alkoxide O atom with the positively charged side
chain of His466 at the opposite end (23, 24).

Mechanistic Insights into the Role of Glu312 in Choline
Oxidase. The mutant form of choline oxidase in which
Glu312 has been replaced with aspartate is properly folded
and functional, as suggested by the steady-state and rapid
kinetic data presented in this study. The E312D enzyme
variant exhibited the same sequential steady-state kinetic
mechanism of reaction as the wild-type enzyme. Moreover,
pH profiles of thekcat/Km values for choline or [1,2-2H4]-
choline as substrates for the E312D variant identified a pKa

value of∼7.5 for the general base that activates choline in
catalysis, which is similar to the value previously reported
for the wild-type enzyme (17, 58). Finally, both theDkred

andKd values with choline as the substrate for CHO-E312D
were not significantly different from those of the wild-type
enzyme. Consequently, the comparison of the mechanistic
properties of the Glu312Asp and wild-type enzymes could
provide direct evidence of the importance of spatial location
of the negative charge on residue 312 in the reaction
catalyzed by choline oxidase.

Scheme 2: Chemical Mechanism for the Oxidation of Choline to Betaine Aldehyde Catalyzed by Choline Oxidase
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The spatial location of the negative charge on residue 312
is important for the oxidation of the alcohol substrate, but
not for the following oxidation of the enzyme-bound reduced
flavin. This conclusion is supported by the 30-fold decrease
in the kcat/Km value for choline and the lack of significant
changes in thekcat/Km value for oxygen observed with the
Glu312Asp enzyme variant as compared to the values of the
wild-type enzyme determined at pH 10. The lack of
involvement of Glu312 in the oxidative half-reaction is in
agreement with previous pH profile data for the wild-type
enzyme (17, 58), showing that no ionizable groups with pKa

values between 6 and 10 participate in the oxidation of the
reduced flavin.

Substitution of Glu312 with an aspartate residue signifi-
cantly affects the hydride transfer reaction that results in the
reduction of the flavin cofactor but has little if any effect on
the binding of the substrate in the active site of the enzyme.
Evidence supporting this conclusion comes from anaerobic
substrate reduction experiments using a stopped-flow spec-
trophotometer, showing that in the Glu312Asp enzyme the
kred value at pH 10 is 260 times lower than in the wild-type
enzyme, whereas theKd value is not significantly changed.
In the wild-type form of choline oxidase (20), the hydride
ion tunnels from theR-carbon of the activated substrate to
the enzyme-bound flavin N5 atom, with little independent
movement of the hydride donor and acceptor, other than
those conducive to tunneling of the hydride ion. Due to the
larger distance between the donor and acceptor of the hydride
ion that necessarily arises from the E312D mutation, assum-
ing similar overall structures, one can speculate that the mode
of hydride ion transfer in the Glu312Asp mutant enzyme
may be significantly altered with respect to that of the wild-
type enzyme. In this respect, the large deuterium kinetic
isotope effect determined here for the Glu312Asp mutant
enzyme, with aDkred value of∼9, bodes well as an essential
prerequisite for future mechanistic studies aimed at inves-
tigating the mode of hydride ion transfer in the Glu312Asp
enzyme.

The thermodynamic pKa of ∼7.5 for the group that acts
as a general base in the oxidation of choline is not affected
by the substitution of Glu312 with an aspartate residue, as
suggested by the comparison of the mechanistic data
presented here for CHO-E312D and previously published
data for the wild-type enzyme (17, 58). Evidence for the
value of ∼7.5 determined in thekcat/Km-pH profile with
CHO-E312D being a thermodynamic pKa value comes from
kinetic isotope effect data, showing that theD(kcat/Km) value
is pH-independent between pH 6 and 10. This is consistent
with lack of external commitments to catalysis in the mutant
enzyme, which would perturb the observed kinetic pKa value
from its thermodynamic value (59). The observation that the
same pKa value is seen in thekcat/Km-pH profiles with
choline and [1,2-2H4]choline provides independent support
for the observed pKa being a thermodynamic value. Indeed,
a value significantly lower than 7.5 would be expected with
a slower substrate such as [1,2-2H4]choline, for which C-D
bond cleavage is at least 4 times slower than C-H bond
cleavage in the reductive half-reaction (71).

Upon substitution of Glu312 with aspartate, the enzyme-
substrate Michaelis complex undergoes a kinetically relevant,
pH-independent, isomerization prior to the hydride ion
transfer reaction. Evidence supporting this conclusion comes

from the effects of solvent viscosity on thekcat/Km value with
choline as the substrate for CHO-E312D. Indeed, the
normalizedkcat/Km values decreased monotonically with an
increase in the relative viscosity of the solvent, irrespective
of the use of glucose or sucrose as the solvent viscosigen.
These data cannot be explained with solvent viscosity
reporting on the contribution of substrate binding steps on
the overall rate for the reductive half-reaction in which
choline is oxidized to betaine aldehyde, for which normalized
kcat/Km values are expected not to change or to increase to
various extents with an increase in relative viscosity (72-
75). In contrast, the effects of solvent viscosity observed with
CHO-E312D can be readily explained by the presence of a
conformational change in the enzyme-substrate complex that
is sensitive to the viscosity of the solvent. Independent
evidence for the presence of a kinetically relevant confor-
mational change in the enzyme-substrate complex comes
from kinetic isotope effects on thekcat/Km value with choline
as the substrate for CHO-E312D, showing pH-independent
D(kcat/Km) values significantly lower than theDkcat values. It
is well-established that kinetic isotope effects determined
using the steady-state kinetic approach may be significantly
lower than their intrinsic values in the presence of commit-
ments to catalysis (60). In choline oxidase, both the external
forward commitment to catalysis and the reverse commitment
to catalysis are pH-dependent, since they both include the
chemical step in which the hydroxyl proton is abstracted from
the alcohol substrate. However, these commitments to
catalysis can be immediately ruled out as being responsible
for lowering the observedD(kcat/Km) value because both the
pH independence of theD(kcat/Km) values and the similarity
in the pKa values of∼7.5 determined from the pH profiles
of thekcat/Km values with choline and [1,2-2H4]choline argue
against the presence of pH-dependent commitments to
catalysis (60, 76, 77). Consequently, any decrease in the
observedD(kcat/Km) values seen with CHO-E312D must
necessarily arise from a pH-independent, internal equilibrium
involving the enzyme-substrate complex. In this regard, an
internal equilibrium of the type described here has been
recently proposed for the wild-type form of choline oxidase
from the comparison of the effects of pH and temperature
on the kinetic isotope effects in reversible and irreversible
catalytic regimes (21). It is attractive to hypothesize that the
protein conformational change that is associated with the
internal equilibrium in the enzyme-substrate complex may
be triggered by the deprotonation of the alcohol substrate
that yields the alkoxide species, which was previously
demonstrated to occur prior to the subsequent hydride transfer
reaction (16).

Conclusions. The results of the crystallographic and
mechanistic investigations presented in this study demon-
strate the important role of Glu312 in the binding and
positioning of the alcohol substrate for catalysis in choline
oxidase. The negative charge on residue 312 is involved in
an electrostatic interaction with the positive charge of choline
that anchors the nonreactive end of the substrate in the active
site of the enzyme. Thus, the spatial location of the negative
charge in the active site is important for the correct
positioning of the substrate for the hydride transfer reaction
from the activated choline alkoxide to the flavin N5 atom.
Moreover, the crystal structure of choline oxidase provides
detailed structural information that correlates well with all
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the mechanistic information that is currently available on
the enzyme. It shows that the active site of choline oxidase
is well-suited to maximizing several aspects of the reaction.
For example, productive binding of choline (a) positions the
catalytic base appropriately to activate the substrate, (b)
places the activated alkoxide species for maximum stabiliza-
tion by a nearby positive charge, and (c) places theR CH
group near the flavin N5 moiety of the isoalloxazine ring.
Together, all these features efficiently position the substrate
for the hydride transfer reaction within a highly preorganized
enzyme-substrate complex. Finally, the availability of the
three-dimensional structure of the enzyme represents an
essential prerequisite for future mechanistic studies aimed
at establishing the contribution of selected active site residues
that do not participate directly in catalysis, e.g., Glu312,
toward hydride transfer and tunneling in the oxidation of
the alcohol substrate catalyzed by flavin-dependent enzymes.
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choline oxidase with known X-ray structures (Figure S1),
UV-visible absorbance spectra of a mixture of flavin
semiquinone and oxidized and fully oxidized FAD for CHO-
E312A (Figure S2), rate of flavin reduction in CHO-E312Q
as a function of choline or [1,2-2H4]choline concentration
(Figure S3), estimation ofKm for oxygen in CHO-E312D at
pH 5 and 10 (Figure S4), rate of flavin reduction in CHO-
E312D as a function of choline or [1,2-2H4]choline concen-
tration (Figure S5), quantitative structural similarity between
choline oxidase and selected homologues (Table S1), kinetic
parameters and kinetic isotope effect for CHO-E312D
between pH 5 and 10 (Table S2), and solvent viscosity effects
on steady-state kinetic parameters for CHO-E312D with
choline as the substrate, and glucose and sucrose as viscosi-
gens (Table S3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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