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Role of Glu312 in Binding and Positioning of the Substrate for the Hydride
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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 A with data
collected at 100 K using synchrotron X-ray radiation. The structure reveals a covalent linkage between
His99 Ne2 and FAD C8M atoms, and a 123 Aolvent-excluded cavity adjacent to theface 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 Glu312GIn enzyme exhikifed a
value for choline at least 500 times larger than that of the wild-type enzyme. The Glu312Asp enzyme had
a kealKo, value similar to that of the wild-type enzyme bt andkeo/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 oxidation catalyzed by flavin-dependent enzymes primarily
oxidative conversion of choline to glycine betaine with because the chemical step in which the substratel Gond
betaine aldehyde as an intermediate and molecular oxygenis cleaved is not masked by other kinetic steps occurring in
as the final electron acceptor (Scheme 1). This reaction is catalysis 16).
of considerable interest for biotechnological and medical The elucidation at a molecular level of the catalytic
reasons, due to glycine betaine accumulating to high levelsmechanism of choline oxidase has been obtained from
in the cytoplasm of many plants and pathogenic bacteria in biochemical 17—19), mechanistic §, 17, 20—22), and
response to hyperosmotic and temperature stresses, ultimatelynutagenesis2@, 24) studies. As schematically illustrated in
resulting in the prevention of dehydration and cell dedth ( Scheme 2, after the initial formation of an enzyrudoline
8). Thus, the study of choline oxidase has potential in complex, catalysis is initiated by the abstraction of the
engineering drought resistance in economically relevant hydroxyl proton of the alcohol substrate by an as yet
plants @—13) and in developing therapeutic agents targeted unidentified active site group with akp of ~7.5. The
at the inhibition of glycine betaine biosynthesis4( 15).
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Scheme 1: Two-Step, Four-Electron Oxidation Reaction of Choline Catalyzed by Choline Oxidase

[+ OH | H |+ oH |+ 0
R i Sy i U Sl il 0 §

FAD FADH" 0 OH FAD FADH
H,0

H,O, O, H,O, O,

resulting choline alkoxide species is transiently stabilized in 8.5), 1.2 M ammonium sulfate, and 10% (v/v) dimethyl
the active site of the enzyme through electrostatic interaction sulfoxide (DMSO) on a silanized cover slip sealed over the
with the positively charged side chain of His4683( 24). reservoir solution. The enzyme drops were equilibrated over
This interaction likely contributes to the preorganization of 1 mL of the reservoir solution at 23 from which yellow
the enzyme-substrate complex that is required for the rodlike crystals of oxidized enzyme grew to maximal
subsequent hydride transfer reaction from thearbon of dimensions of 0.2 mmx 0.05 mmx 0.05 mm within 2
the activated substrate to the N5 atom of the flavin cofactor. weeks. Prior to being flash-frozen by quick submersion into
The hydride transfer reaction then occurs from the activated liquid nitrogen, single crystals were cryoprotected by being
alkoxide species quantum mechanically via exploitation of transferred into 2L of 3.4 M sodium malonate (pH 728)
the environmental vibrations of the reaction coordinate that and allowed to incubate for 2 min at 2@. Two independent
permit a tunneling distance between the hydride donor anddata sets were collected from two crystals held at ap-
acceptor in the preorganized Michaelis compl2k @5, 26). proximately 100 K at the SER-CAT facilities at the
Preorganization of the substratenzyme complex likely ~ Advanced Photon Source, Argonne National Laboratory
requires the electrostatic interaction of the trimethylammo- (Argonne, IL). A 1.86 A resolution data set was collected at
nium moiety of the alcohol substrate with at least one residue beamline 22-ID usig a 1 A X-ray beam, a 0.20scillation
in the active site of the enzyme, as suggested by mechanistiangle, ad a 2 sexposure time per frame. The data set at
studies using an isosteric analogue of choline devoid of 2.69 A resolution was collected at beamline 22-BM with a
positive charge X9, 22). However, in the absence of 1A X-ray beam, a 0.5oscillation angle, and a 60 s exposure
structural information, the identity of the amino acid residue time. The diffraction images were processed with HKL2000
that interacts with the positive charge of choline remains and scaled with SCALEPACK2Q).
elusive. Determination of the Crystal Structur@he diffraction

In this study, we have initially used X-ray crystallography data from the two data sets were consistent with space group
to gain information about the active site and the residues P4;2,2 or P4,2,2, with the following unit cell dimensions:
that form the substrate-binding cavity in choline oxidase. The a=b=84.4 A, andc = 343.5 A. The Matthews coefficient
structural information is complemented with mechanistic (30, 31) and solvent content calculations suggested two
studies on enzyme variants in which the negative charge atprotein subunits per asymmetric unity( = 2.5 A3 Da%;
position 312 in the active site of the enzyme was either 50% solvent content). Molecular replacement was performed
removed by engineering mutant enzymes containing alanineusing MOLREP 82) from the CCP4 suite of program33)
or glutamine or moved away from the flavin cofactor by to obtain the initial phases. The search model was derived
replacement of Glu312 with aspartate. The results of thesefrom glucose oxidase [PDB entry 1CF34j], the sequence
studies demonstrate an important role for Glu312 in binding of which is 26% identical with that of choline oxidase with

and positioning of the alcohol substrate for catalysis. B-factors set at 20 A Solvent, FAD! and divergent portions
of the amino acid sequence were deleted from the search
EXPERIMENTAL PROCEDURES model, and conserved but nonidentical residues were con-

Materials Escherichia colistrain Rosetta(DE3)pLysS was Verted to alanine residues. Cross rotation and translation
obtained from Novagen (Madison, WI). The QIAprep Spin searches for two molecules in the asymmetric unit were
Miniprep kit was from Qiagen (Va|encia, CA) Sparse_matrix performEd with data between 15 and 3.5 A resolution in both
screening kits were from Hampton Research (Aliso Viejo, P4s212 andP4,2,2 space groups. The best solution in each
CA) and Nextal Biotechnologies (Montreal, QC). The Space group was then subjected to rigid body refinement with
QuickChange site-directed mutagenesis kit was from Strat-data from 50 to 1.86 A resolution using CNS5|. Space
agene (La Jolla, CA). Oligonucleotides for site-directed 9roupP4s2:2 gave interpretable electron density maps that
mutagenesis and sequencing of the mutant genes were fronyvere determined to be correct. The starting model had an

Sigma Genosys (The Woodlands, TX). Choline chloride was Reactor Of 0.48 and arRyee of 0.54. Phases calculated from
from ICN. All other reagents used were of the h|ghest punty the initial model were extracted with SIGMAA in CCP4 and

commercially available. were used as the starting phases in PRIME & SWITG6) (
Crystallization and X-ray Data CollectiorRecombinant ~ @s implemented in RESOLVESY), which significantly
wild-type choline oxidase fromrthrobacter globiformisvas ~ improved the electron density maps. Multiple rounds of

purified to high purity and yield and converted to the Manual model rebuilding and positional and isotropic
oxidized form as previously describeiy( 27). Crystals of ~ factor refinement were carried out with G8) and REF-
choline oxidase were grown by the hanging drop vapor
diffusion method, and initial crystallization conditions were 1 Abbreviations: CHO-E312A, choline oxidase variant in which
obtained using commercially available sparse-matrix screen-Glu312 was replaced with Ala; CHO-E312Q, choline oxidase variant

i i ; A ; ; in which Glu312 was replaced with Gln; CHO-E312D, choline oxidase
ing kits. Diffraction-quality crystals were obtained from 2 variant in which Glu312 was replaced with Asp; CHO-WT, wild-type

uL of choline oxidase (4.9 mg/mL) mixed with 2L of choline oxidase; FAD, flavin adenine dinucleotide; GMC oxidoreduc-
reservoir solution containing 0.1 M Bis-Tris propane (pH tases, glucose-methanol-choline oxidoreductases.
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Crystal Structure and Role of Glu312 in Choline Oxidase

MACS (39), respectively. Progress of the refinement was
monitored byRyee, Which was calculated using 5% of the
reflections, and cross validatedafweighted 2nF, — DF,
and mk, — DF; maps) to evaluate the model and correct
errors @0).

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 servdl).(Planar
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the QuikChange site-directed mutagenesis kit following the
manufacturer’s instruction manual in the presence of 2%
DMSO. The resulting mutant genes (pEddANg-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 d. coli strain Rosetta(DE3)pLysS

restraints were enforced on the oxidized isoalloxazine ring were transformed with the mutant plasmids by electropora-

of FAD for several rounds of refinement. When the overall

tion, and permanent stocks of the transformed cells were

Ractor decreased below 0.3, water molecules were placed withprepared and stored at80 °C.

ARP/Waters 42), refined with REFMAC5, and manually

Expression and Purification of Choline Oxidase Variants

inspected. Within each active site, a Single DMSO molecule, The variant enzymes were expressed and puriﬁed to homo-
an additive used in the CrySta”ization SOlUtion, was fit into geneity as previous|y described for W||d_type choline oxidase
electron denSity near the N5 pOSition of the isoalloxazine (19’ 27) To increase the Stabmty of the variant enzymes
ring of the flavin and refined. For comparison, a sulfate during purification, 10% glycerol was incorporated in the
molecule was also fit in this position and refined, but pyffers throughout the purification steps with the exception
inspection showed that DMSO fit the electron density better. of the dialysis step at pH 6 in which the anionic semiquinone
The electron denSity for the isoalloxazine of the FAD ring form of the enzyme was converted to the oxidized foi®) (

was not planaf;,consequently, several roundsmfveighted Enzymes stored at20 °C in 20 mM Tris-HCI (pH 8) were
simulated annealing composite omit refinement and their found to be stable for at least 6 months.

corresponding maps were examined in the final stages of
the model refinement. The omitted atoms included the whole
flavin, DMSO, and all residues withi6 A of theisoallox-
azine ring system. Structure validation of model geometry
was carried out with PROCHECHKIB, 44). Solvent-exposed
surface areas were calculated with a 1.4 A probe radius with
Swiss-PDB viewer (version 3.7b2) or VEGA (http://ww-
w.ddl.unimi.it). Secondary structure assignments were made
using KSDSSP45). Structural homologues in the Protein
Data Bank were found using MSDfold (http://www.ebi.ac.uk/ photometer
msd-srv/ssm/). The rms differences between models were™ = = o

calculated with SSM (http://mww.ebi.ac.uk/msd-servissm) or _ Kinetic AssaysEnzyme activities of CHO-E312Q and
Swiss-PDB viewer (version 3.7b2). Figures showing struc- CHO-E312D were measured by the method of initial rates
tures were prepared using Swiss-PDB viewer (version 3.7b2)in 50 mM potassium phosphate or 50 mM sodium pyro-

Biochemical Studieg§ o 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 20968
10 min. The U\W~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-

and PovRay (version 3.5) or Pymol (DeLano Scientific LLC,
Castro City, CA).

Site-Directed MutagenesisMutant genes for choline
oxidase variants CHO-E312A, CHO-E312Q, and CHO-
E312D were prepared using the pEddAmg plasmid for
the wild-type enzyme as a templat27) and forward and

reverse oligonucleotides as primers for site-directed mu-

phosphate as described for wild-type choline oxidds. (
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

tagenesis. Site-directed mutagenesis was carried out usingind 20 mM and oxygen between 0.03 and 1.1 mM. Each

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 1a@gle
along the N5-N10 axis defined by the dimethylbenzene and pyrimidine
rings (, 2). In contrast, the dimethylbenzene and piperazine rings in

reaction mixture was equilibrated at the desired oxygen
concentration by bubbling the appropriatg X} 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 Ky, values for oxygen determined at pH 5 and 10.

choline oxidase are essentially flat and coplanar, but the plane of the All enzyme assays were conducted in 50 mM sodium

pyrimidine ring is at an approximately 12@ngle to the former plane.
The C4a atom of FAD appears to bé ggbridized, 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 o£Qt is noteworthy that

O is known to react with reduced flavins at the C4a position of the

isoalloxazine ring in flavin-dependent monooxygenases and possibly

in flavoprotein oxidases3). The crystallographic data indicate that the

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 [1,2H/choline, at an atmospheric
concentration of oxygen. Solvent viscosity effects on steady-

C4a adduct contains either one or two C, N, or O atoms. Because of State kinetic parameters were measured in 50 mM sodium
this uncertainty, the flavin and adduct are listed in the PDB coordinates pyrophosphate (pH 10 and 2€) using glucose and sucrose

as FAO and UNK, respectively. The nature of the FAD C4a covalent

adduct is currently under investigation using structural, spectroscopic,

as viscosigens; the relative viscosity values at’@5were

and computational approaches, and the results of these studies will bec@lculated according to the reference values at@Grom

reported elsewhere.

Lide (46).



246 Biochemistry, Vol. 47, No. 1, 2008 Quaye et al.

Rates of flavin reduction with varying concentrations of KeA
substrate (choline or [1,2H,]choline), measured via rapid Kobs = K.+ A 3)
kinetics, were determined on a Hi-Tech SF-61 stopped-flow d
spectrophotometer thermostated at’25in 50 mM sodium v k.oAB
pyrophosphate (pH 10). Reduction of the oxidized enzyme- e KBTKATABTKK, (4)
bound flavin upon mixing with substrate was monitored by
a decrease in absorbance at 450 nm. The enzyme was C
previously made anaerobic by alternately applying vacuum log Y= log 107PH ()
and flushing with oxygen-free argon for 25 cycles and 1+ — K
mounted onto the stopped-flow apparatus also previously 107
treated with 0.26 mM degassed dithionite or a mixture of (K)
glucose (5 mM) and glucose oxidase (3600 units) to scrub — 0= Sne—1)+1 (6)
oxygen. The substrate was flushed with oxygen-free argon (k)n

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 RESULTS

stopped-flow apparatus, yielding a final enzyme concentra-  Determination of the Crystal Structurd@he X-ray data
tion of ~20 uM. collection and atomic model refinement statistics are listed

Data Analysis Data were fit with KaleidaGraph (Synergy in Table 1. X-ray diffraction data were obtained with

Software, Reading, PA) and EnzFitter (Biosoft, Cambridge, synchrotron radiation from two independent crystals of
U.K.). Stopped-flow traces were fit to egs 1 and 2, which choline oxidase; although nearly identical structures were

describe single- and double-exponential processes respecc-)bt"’lim.ad from both data sets, one crystal diffracted to higher
tively, wherekus Kope and Kepes represent first-or der rate _resolution (1.86 A compared to 2.69 A). That data set consists

L : of 381 317 observations of 97 546 unique reflections in the
constantst is time, A; is the value of absorbance at 450 nm q

) ) : resolution range from 50 to 1.86 A. The structure was
at any given timeA, Ay, andA; are the amplitudes of the  yeermined by molecular replacement with a search model

absorbance Chang.es, mdis the absorbance at infjnite time.. based upon glucose oxidase frakspergillus niger(PDB
Pre-steady-state kinetic parameters were determined by usingntry 1CF3) 84). The atomic model was refined against the
eq 3, wherekoss is the observed first-order rate for the 1.86 A resolution data set to a finRlacior Of 0.161 and an
reduction of the enzyme-bound flavin at any given concen- Ry, of 0.202. An overall coordinate error of the model based
tration of substratekeqis the limiting first-order rate constant  on anRecor Of 0.13 A was determined. The final model had
for flavin reduction at a saturating substrate concentration, a correlation coefficient of 0.967. Ramachandran analysis
andKj is the dissociation constant for binding of the substrate of the crystal structure showed that 89.4% of the residues
to the enzyme. Steady-state kinetic parameters in atmospheri@re in the most favored region, 10% in the additionally
oxygen were determined by fitting the initial rates at different allowed regions, 0.6% in the generously allowed regions,
concentrations of substrate to the Michaelgenten equa- ~ and 0.1% in the disallowed regions. Ala230 in the A chain
tion for one substrate. Steady-state kinetic parameters atvas flagged as being in the disallowed region, but the
varying concentrations of choline and oxygen were deter- electron densr[y maps indicate this residue fits well in the
mined by fitting the initial rates data to eq 4, which describes OPServed density.

a steady-state kinetic mechanism with intersecting lines in eglltja?jr?rlllats(t:rhuoclttg;eo Dg;gge:trlogt;?eefj(_;zya f}glgégeméf' ith
double-reciprocal plots, wheerepresents the concentration v ! X ystafilz : Wi

of enzyme, k.o is the turnover number of the enzyme at approximate dimensions of 88 A 70 A x 46 A (Figure

o . 1), in agreement with solution measurements showing a
infinite substrate concentrations, akgandK, represent the ) 9 g

. : ; dimeric structure under native conditiors7f. Each mono-
Michaelis constants for the organic substrate (A) and 0Xygen e contains 546 residues; however, the last 19 residues in

(B), respectively. The pH dependences of the steady-stateine C-terminal portion of each monomer were not visible in
kinetic parameters with choline were determined by fitting the electron density maps and were not included in the final
the initial rates data to eq 5, which describes a curve with a model. The two monomers in the asymmetric unit of the
slope of 1 and a plateau region at high pH, wheris the  holoenzyme were overlaid with a rms deviation of 0.23 A
pH-independent value of the kinetic parameter of interest. over 527 common Catoms. The buried surface area at the
Solvent viscosity effects on thie./Kn and k., values for subunit interface was approximately 2438, &vhich corre-
choline were fit to eq 6, wherek), and k), are the kinetic sponds to approximately 13% of the total surface area for
parameters of interest in the absence and presence ofach monomer. The dimer interface included two sets of six
viscosigen, respectivel\iis the degree of viscosity depen- identical intersubunit contacts between charge complemen-
dence, and is the relative viscosity. tary residues clustered on the outer edges of the interface.
These are Asp72Lys398 (4.1 A), Asp256Glu53 (4.3 A),
Arg255-Glu370 (3.2 A), Asp358Arg396 (2.4 A), Arg363-

— Ap kobd
A=Ae *" A, (1) Asp394 (4.2 A), and Arg363Asp397 (2.9 A). In contrast,
the central portion of the dimer interface contains very few
A= Ale_kObSIt 4 AQe_koszt +A, ) close contacts between subunits, which include the Asp72

Lys398 contact (4.1 A).
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Table 1: X-ray Diffraction Data Collection and Model Refinement
Statistics

crystal 1 crystal 2
Diffraction Data Collection Statistics
X-ray wavelength (A) 1.0 1.0
resolution range (A) 501.86 50-2.69
(1.91-1.86% (2.76-2.69¢

space group P4;2,2 P452,2
unit cell dimensions (A)

a=b 84.4 84.4

c 3435 343.7
total no. of reflections 381317 196964
no. of unique reflections 97546 33722
multiplicity 3.9 (2.8} 5.8 (2.4%
completeness (%) 92.3 (63%2) 94.2 (69.7)
Reym (%0)° 7.2 (31.5% 10.8 (27.13
1/(o)I° 17.7 (2.3} 15.6 (2.8}

Model Refinement Statistics

resolution range (A) 561.86 50-2.69
no. of reflections 92403 31943
no. of protein atoms 8171 8168
no. of water molecules 960 152
Reactor 0.161 0.157
Rereed 0.202 0.219
averageB-factor (A2)

protein 225 255

water 32.6 17.5

FAO (2 17.4 20.4

UNX (2)f 24.8 37.2

DMSO (2) 40.0 44.1
rms deviations from ideal

bond lengths (A) 0.014 0.018

bond angles (deg) 1.5 1.7
correlation coefficient 0.967 0.954
estimated coordinate error ()  0.128 0.219

aValues for the highest-resolution shell of data are given in
parenthese®. Ryn(l) gives the average agreement between the inde-
pendently measured intensities suchyaSi|li — 1|/3nYil, wherel is
the mean intensity of theobservations of reflectioh. ¢ 1/o(l) is the

root-mean-square value of the intensity measurements divided by their

estimated standard deviatichCalculated with 5% of the datdThe
flavin with the sg-hybridized C4a atom.The unknown C4a adduct.
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bulk solvent by the second monomer of the dimer; however,
residues 7485 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 protefrSolvent-accessible surface
calculations indicate that only 21.5242.1%) 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 M2 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 FAD(57).
Indeed, His87 is part of the loop that covers the active site
cavity (see above) and is located approximately 7.7 A from
the FAD C8M atom.

Substrate Binding SitéJpon completion of the refinement,
electron density with greater thard.50 positive difference
features was still present approximgtd A 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 A) and His351 (3.5 A), whereas the
oxygen atom of DMSO is within hydrogen bonding distance
of Serl01 @ (2.7 A) and the FAD N5 atom (2.7 A). The
average refine@-factor for the DMSO atoms was 40.(FA
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 K, value of 460+ 4 mM (F. Fan and G. Gadda,
unpublished observations).

The protein fold of each choline oxidase subunit resembles Analysis of the molecular surfaces of the protein reveals

that of other members of the glucose-methanol-choline
(GMC) oxidoreductase enzyme superfambBy 34, 47—55).

a solvent-excluded cavity with a volume of approximately
125 A3, located within the substrate binding domain. The

The structure-based sequence alignment is quantified in Tablecavity is adjacent to thee face of the FAD and is sufficiently

S1 and shown in Figure S1 of the Supporting Information.
The two-domain topology is similar to that of glucose oxidase
and the bacterial flavoenzynpehydroxybenzoate hydroxy-
lase, with a typical PHBH fold §6). The FAD-binding
domain is formed primarily by residues-159, 201-311,
and 464-527 (Figure 1). This domain consists of a six-
stranded paralleB-sheet that is flanked on one side by a
three-stranded antiparall@isheet and further surrounded by
eight a-helices. The substrate binding domain is formed
primarily by residues 166200 and 312-463. The topology

of the substrate binding domain consists of a distorted six-
stranded antiparall@l-sheet, which forms the bottom of the

large to accommodate a choline molecule ($3, Arovided
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 «&§.
Earlier mechanistic studies with substrate and product

choline oxidase active site and is flanked on the other side analogues established that the positive charge on the trim-

by threea-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 @8, 50, 51, 55). In choline oxidase, this loop region is
composed of residues 6495 (Figure 1 and Figure S1 of
the Supporting Information). The averaBdactor of these
residues is 20 A indicating that the loop is well-defined in
the crystal structure. A portion of the loop is shielded from

ethylammonium moiety of choline plays an important role
in substrate binding and specificity in the reaction catalyzed
by choline oxidasel(9, 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-
proximatey 3 A from the positively charged trimethylam-
monium moiety of choline, which suggests an ionic pair.
Although other orientations are possible, in the illustrated
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IB) Sulbst_rate Glu79 FAD Binding
Binding Domain
Domain

Dimer

Glu312 “Loop”

FiGURe 1: Three-dimensional structure of choline oxidase refined to 1.86 A 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.
configuration choline appears to be poised to initiate the proteins. Thus, substitution of Glu312 with alanine, glutamine,
reductive half-reaction (i.e., oxidation of choline). For or aspartate did not affect the covalent linkage of the flavin
example, the choline hydroxyl O atom is approximately 4 to the protein. There was no detectable activity for the alanine
A from the side chains of His351, His466, and Asn512, the variant with up to 100 mM choline as the substrate. In
former two of which are good candidates for serving as active contrast, the glutamine and aspartate variants were able to
Ete bases. Moreover, the C1 atom of choline is less than 4yidize choline. Table 2 reports the specific activities and
from the side chain of Ser101 and the flavin NS atom, ,,04rent steady-state kinetic parameters determined in

which is the locus for accepting the hydride transfer reaction. ;
Expression and Purification of CHO-E312A, CHO-E312Q, atmospheric oxygen at pH 7 for the mutant enzymes.

and CHO-E312DCholine oxidase variants in which glutamate  Reductie Half-Reaction of CHO-E312Q with Choline.
at position 312 was replaced with alanine, glutamine, or The involvement of the negative charge of Glu312 in binding
aspartate were expressed and purified at pH 8 in the presencghgline was determined by directly measuring and comparing
of 10% glycerol, following the same protocol used for the ¢ thermodynamic equilibrium constank&;) with choline
wild-type enzyme 27). The addition of glycerol throughout as the substrate for CHO-E312Q and the wild-type enzyme.
the purification steps resulted in the increased stability of Thus, the Glu312 enzyme variant was mixed anaerobically
the mutant enzyme. A mixture of anionic semiguinone and with different concentrations of choline up to 250 mM in a

oxidized flavin species were present upon isolation of the R
mutant enzymes (Figure S2 of the Supporting Information), stopped-ﬂ_ow spectrophot_ometer Qt pH 10 and°25 and
the resulting rates of flavin reduction were measured. The

which was also observed for purification of the wild-type . . ) o
enzyme 19, 27). The fully oxidized and active enzymes used Nigh PH was chosen to avoid artifactual contributions
in this study were obtained by treatment at pH 6, as Originating from pH effects, since previous results W|th.the
previously reported for the wild-type enzymgg[. UV— wild-type enzyme 17, 58), as well as CHO-E312D (this
visible absorbance spectra of the supernatants after treatmerittudy), showed that the kinetic parameters become pH-
of the three variant enzymes with 10% TCA and centrifuga- independent at high pH. With CHO-E312Q, the observed
tion showed no peaks around 370 and 450 nm, consistentrates of flavin reduction were hyperbolically dependent on
with the flavin cofactor being covalently bound to the the concentration of choline, yieldingk value of =150
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FIGURE 2: Active site of choline oxidase. (A) An example of the typicati2 — DF. electron density at 1.86 A resolutiona(tontour)
associated with an active site DMSO molecule, the FAD, a C4a adduntt,the His99 residue. The DMSO molecule binds at the bottom

of the solvent-excluded cavity and comes within 2.7 A 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 A3 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, FA?, and Glu312 (see the text). The dashed lines indicate the distance between the choline oxygen atome2nd the N
atoms of His351 (4.3 A) and His466 (4.4 A). (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.

mM? (Figure S3 of the Supporting Information). This value Table 2: Comparison of Specific Activities and Apparent
was at least 500 times larger than thevalue of~0.3 mM Steady-State Kinetic Parameters of CHO-E312D, CHO-E312Q, and
previously reported for the wild-type enzyme under the same CHO-E312A with Those of Wild-Type Choline Oxiddse

conditions (6), suggesting that the negative charge at total  specific . . N
position 312 is important for binding of the alcohol substrate p(r;te)m ( actvy ) (::'fclaé ’f{; (psp_'?)at (rp]:m
in choline oxidase. Flavin reduction was followed by a slow 4 g g
kinetic step with a rate 0£0.01 s, which was independent =~ CHO-E312D 190 0.17 1500 026 017
. . : . . CHO-E312Q 104 0.013 1.8 021 116
of the concentration of choline. This was tentatively assigned ~jo.g3124 120 —b - - _
to the release of the product of the reaction from the reduced cHo-wT 220 8 25000 15 0.6
enzyme. aTotal protein amounts were determined by the Bradford method

Kinetic and Mechanistic Studies with CHO-E312The and refer to 4.5 L of liquid culture7@). Enzymatic activities were
GIu312Asp enzyme variant was investigated in an effort to measured at varying concentrations of choline in the range from 0.005
establish how the spatial location of the negative charge ont 250 mM, in 50 mM potassium phosphate (pH 7) at*€5 using

. . . . fully oxidized enzymes? No oxygen consumption was determined
residue 312 in the active site of the enzyme may affect when 11 M enzyme was assayed with 100 mM choline; for

catalysis in _the enzyme. The Steady"SIQte_ _kinetic mechanisMeomparison, with the wild-type enzyme at a concentration ofudL
was determined at pH 10 by measuring initial rates of oxygen and 10 mM choline, the rate of oxygen consumption-is5 s .
consumption at varying concentrations of both choline and
oxygen. As for the case of the wild-type enzyni&,(58), a sequential steady-state kinetic mechanism. As illustrated
the best fit of the data was obtained to an equation describingin Table 3, substitution of Glu312 with aspartate resulted in
a 230-fold decrease in tHey value and a 30-fold decrease

3 At choline concentrations of 250 mM, inflated rates of flavin n the_ kCﬁ{Kf]" value W'th_ choline, 'm_j'ca_t'ng f[hat Glu312
reduction in the stopped-flow spectrophotometer were observed. While participates in the reductive half-reaction in which the alcohol
such a kinetic behavior was not investigated further, an accurate substrate is oxidized. An upper limiting value oft® could
determination of the, value for binding of choline to CHO-E312Q (Pe estimated for thi, value for oxygen from the fit of the
could not be carried out because the enzyme could not be saturate L. . .
with the substrate. For this reason, only a limiting lower value of 150 Steady-state kinetic data. Consistent witiKa value for
mM is reported forKg. oxygen in the low micromolar range, the apparent rates of



http://pubs.acs.org/action/showImage?doi=10.1021/bi7017943&iName=master.img-002.jpg&w=373&h=300

250 Biochemistry, Vol. 47, No. 1, 2008 Quaye et al.

Table 3: Comparison of the Kinetic Parameters with Choline as the [, ° ‘A ‘ rorT 2L ‘B ‘
Substrate for CHO-E312D and Wild-Type Choline Oxidase at pH = 4 - R
10 - - [
s 3 ﬂg’_ﬂ—e_e* w > g 6 o9
CHO-E312D CHO-WT® L0 //C/ I EatenBNN
Kear (5°9) 0.26+ 0.004 60+ 1 = 4L 9 2T
KealKm (M1 s71) 7100+ 400 23700Gt 9000 5 L S T
Km (MM) 0.04- 0.002 0.25+ 0.01 0
Ko, (MM) <0.002 0.69-+ 0.03 5 6 7 8 9 10 5 6 7 8 9 10
KealKo, (M™1s71) >76000 86400+ 3600 pH pH
Krea (S %) 0.36+0.01 93+1 Ficure 3: pH dependence of tHea/K, andke,; values for CHO-
DKd (mM) ~0.1 5 0.29+ O'gl E312D with choline and [1,2H ]choline as substrates at 2&.
o e e aer o o992 (A) pH profiles for kea{K With choline @) and [1,22H,]choline
okeaKm) gLl 0120 (O). Data were fit to eq 5. (B) pH profiles fog with choline @)
at : : : : and [1,2¢H,]choline ©). Data were fit to eq 5.
a Steady-state kinetic parameters were determined at varying con-
centrations of choline and oxygen in 50 mM sodium pyrophosphate 1o
(pH 10) at 25°C. P Data are from refL6. ¢ Estimated upper limiting
value.? Estimated lower limiting value calculated from tkg; value 10 .
experimentally determined and the estimated upper limkipgvalue. m 0_04_007000
¢The pH-independent values are reported here. Z 5 — . * ., .« *
0
reaction determined as a function of oxygen concentration
with 10 mM choline showed that the enzyme was at least 51
75-80% saturated at 1@M oxygen (Figure S4 of the 6 7 & 9 10
Supporting Information). From thk., and Ko, values, a pH

limiting lower keafKo, value of 76 000 could be estimated. FIGURE 4: pH dependence 6f(kea/Krm) (®) and ke (O) values.

As shown in Table 3, such a value is not significantly CHO-E312D activity was measured at varying concentrations of
) K - . . choline or [1,22H,]choline under atmospheric oxygen conditions.
different from that previously determined with the wild-type 14 4ata fOPkea and O(keadKr) Were fit toy = 7.1 andy = 4.4

enzyme, consistent with substitution of Glu312 with aspartate respectively.
having a negligible effect on the oxidative half-reaction in
which the enzyme-bound reduced flavin is reoxidized with 5 gecrease in pH, consistent with the requirement of an
formation of hydrogen peroxide.

The reductive half-reaction of CHO-E312D was investi-
gated using a stopped-flow spectrophotometer to determin

the rate of flavin reductiorkieg) and theK value for binding choline with [1,22H4]choline did not result in changes in

of choline. As for the case of the wild-type enzyni&), no . :
intermediates were observed with the enzyme undergoing athe apparenti, (7.6 & 0.1) (Figure 3), suggesting that the

two-electron reduction to the hydroquinone state. The rate value' of 7.6 is likely a true thermodynam[vaalue 69
of flavin reduction was the same between 1 and 10 mm that is not perturbed by kinetic commitment8OJ. In
choline (Figure S5 of the Supporting Information), yielding 29reement with these conclusions, the resultitiga/K)
a well-definedk.q value that was 260-fold lower than in the ~ Valué was pH-independent between pH 6 and 10 (Figure 4).

wild-type enzyme (Table 3). K4 value of~0.1 mM could T.he _D!<cat value was also pH-independent and_, interestingly,
only be estimated from the kinetic data, due to the inability Significantly larger than thé€(kea/Km) value, with average

to maintain pseudo-first-order conditions in the stopped-flow values of 7.1+ 1.3 and 4.4+ 1.2, respectively. These data
apparatus at choline concentrations<d0 M. However, suggest the presence of a pH-independent, internal equilib-
such aKy value was not significantly different from that of rium in the enzyme substrate complex occurring prior to
~0.3 mM determined previously for the wild-type enzyme, the cleavage of the substrate-8 bond ©0).

suggesting similar chemical binding affinities in choline The effects of solvent viscosity on thea/Km and Kea
oxidase containing glutamate or aspartate at position 312'va|ues with choline as the substrate for CHO-E312D were

Substitution of chqline With. [1,2H4]choline_res_ulted in determined at pH 10 to further probe for the presence of
a slower rate of flavin reduction at pH 10, yieldingse internal equilibria in the reductive half-reaction and the

value of 9.3+ 0.2. This value was not significantly different .
overall turnover of the enzyme, as previously reported for

from the Pkieq value of ~9 recently reported for the wild- f toch b, (61). Initial rat f i
type enzymel6), consistent with cleavage of the-& bond avocytochromeD, .( ). Initia rales of reaction were
measured at varying concentrations of choline in air-

of choline being rate-limiting in the reductive half-reaction. ,
The pH profiles of the steady-state kinetic parameters with Saturated, 50 mM sodium pyrophosphate (pH 10) at@5
choline as the substrate for CHO-E312D were determined IN the presence of increasing amounts of glucose or sucrose
in the pH range from 5 to 10 in air-saturated buffer at 25 @s viscosigens. As shown in Figure 5, both kagK:, and
°C, corresponding to an oxygen concentration of 250 keat Values increased monotonically with an increase in the
At pH 5 and 10, the&Ko, values were<2 uM (Figure S4 of viscosity of the solvent, consistent with the presence of
the Supporting Information), thereby ensuring that the internal equilibria in both the reductive half-reaction and the
enzyme was saturated with oxygen throughout the pH rangeoverall turnover of the enzyme. Table 4 summarizes the
that was tested. As shown in Figure 3, the/Km andKeat effect of solvent viscosity on thke./Kn andk., values for
values were pH-independent at high pH and decreased withthe Glu312Asp enzyme variant.

unprotonated group in the reaction catalyzed by the Glu312Asp
variant enzyme. An apparenkKpvalue of 7.6+ 0.04 was
€determined from thekea Kn—pH profile. Substitution of
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5T w 64—95. Whereas~60% of this loop is shielded from bulk
4 B A solvent by the presence of the other subunit in the dimeric
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L 7 | enzyme, residues 785 extend into the bulk solvent. This
-~ | suggests that this portion of the loop may form a lid that
7 | allows entry of the substrate and exit of the reaction product
e to and from the active site. Similar loop regions that cover
T 2 3 4 0 ‘1 > 3 4 the active site have been observed previously in other
Relative Viscosity (n_) members of the glucose-methanol-choline (GMC) oxi-
* doreductase enzyme superfamily, such as glucose oxidase
(52, 62), pyranose 2-oxidaset8, 51), cholesterol oxidase
| (5, 55), and the flavin domain of cellobiose dehydrogenase
- (50). During catalysis in choline oxidase, opening and closing
1 of the lid must necessarily follow the association of choline
. | to form the catalytically relevant enzymsubstrate complex
and precede the dissociation of glycine betaine from the
enzyme-product compleX. The molecular mechanism un-
o2z 3 4 oz derlying the entry and exit of organic ligands to and from
Relative Viscosity (n_) Relative Viscosity (n_] the active site of choline oxidase, as well as in other members
FIGURE5: Effects of solvent viscosity on tHga/Km andkea values of the GMC superfamily, has not been investigated to date
with choline as the substrate for CHO-E312D with glucose or and represents an important question that can now be
sucrose as the viscosigen at pH 10. (A) NormalikgdK, values addressed.

as a function of relative solvent viscosity with glucose as the As il din Ei 2 th . ite of choli id
viscosigen. (B) Normalized.y values as a function of relative s lllustrated in Figure 2, the active site of choline oxidase

solvent viscosity with glucose as the viscosigen. (C) Normalized is lined by both hydrophobic and hydrophilic residues playing
keafKm values as a function of relative solvent viscosity with sucrose important roles in both substrate binding and catalysis. The
as the viscosigen. (D) Normalizégh values as a function of relative  gjde chains of Trp61, Trp331, and Phe357 form a hydro-

solvent viscosity with sucrose as the viscosigen. Solid lines represent : : : ; :
fits of the experimental data using eq 6. Dashed lines with a slope .phObIC cage on the active site surface that is adjacent to the

of 1 describe the hypothetical cases for fully diffusion-controlled 1S02@lloxazine ring of the flavin. These residues and the
reactions. The values of the relative viscosities of the reaction negatively charged side chain of Glu312 constitute the site

mixture at 25°C were calculated according to the values af@0 of interaction for binding the trimethylammoniun moiety of
from Lide (46). CHO-E312D activity was measured at varying  choline via cationr and electrostatic interactions. The
concentrations of choline under atmospheric oxygen conditions. importance of the negative charge at position 312 for
- , — substrate binding is demonstrated by tHg00-fold increase
Eable 4: Eﬁfa gL%oggnglscosgylgn the Steady-State Kinetic in theKq value fogr choline binding de};ermined by anaerobic
aramaters for - atp ) :
stopped-flow spectrophotometry in the E312Q mutant. Since
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viscosigen viscosity effett glutamine is isosteric with glutamate, one can assume similar

Eaﬁm (m:i s) glucose :8-3& 8-8? active site structures and binding modes of choline in the

o (sTl() s zfucgggg 0071001 E312Q mutant and wild-type enzymes. This supports an
Keat (D) sucrose —0.07=+0.02 gngrgetic corjtribution of15 KJ/moI to be estimgted for the

aViscosity effect values are relative to the values in the absence of lonic |nt'e.ract|on of the neggtlve charge at p‘?s'“on 312 and

viscosigen. the positive charge of choline. Moreover, this value agrees
well with the value of~13 kJ/mol that was recently estimated

DISCUSSION from mechanistic studies on choline oxidase with the choline

analogue devoid of positive charge, 3,3-dimethylbutan-1-ol

A detailed picture of the reaction mechanism of choline (22). An aromatic cage structurally surrounding a negatively
oxidase has emerged from previous pH and kinetic isotope charged amino acid residue also appears to be a common
effect studies 16, 17, 58), as well as mechanistic studies feature in enzymes and proteins that bind ligands containing
with substrate and product analogués 19, 22), and site- trimethylammoniun groups. For example, similar binding
directed mutants23, 24). The high-resolution structure of motifs are observed in phospholipase €3)( acetylcho-
the wild-type enzyme reported in this study provides a linesterase §4—66), CTP:phosphocholine cytidylyltrans-
structural framework within which previous mechanistic ferase 67), and the periplasmic ligand-binding proteins pro-X
results can be further interpreted, as well as important and Opu-C $8—70).
information about residues that form the active site of choline
oxidase. Furthermo_re, the me9ha”'5t'° data pre§enteq for 41tis assumed here that the lid topping the active site cavity is closed
Glu312 enzyme variants shed light on the roles this residue not only in the enzyme devoid of ligands, as observed in this study,
plays in the binding and correct positioning of the alcohol but also when the enzyme is in complex with the substrate, as reported

substrate for the hydride transfer reaction of choline oxidation Previously for another member of the GMC oxidoreductase superfamily,
talvzed by choline oxidase cholesterol oxidase( 5). This assumption is based on the observation
Catalyzed by ! Xidase. that, upon docking of choline in the active site of the enzyme, all the

Mechanistic Insights from the Crystal Structure of Wild- residues proposed to participate in substrate binding and catalysis appear
Type Choline Oxidasé he active site of choline oxidase is to be spatially positioned in a fashion that is consistent with all the

formed by a cavity of approximately 1253ﬁacing there available mechanistic and biochemical data. A closed lid configuration
during enzymatic turnover is also consistent with earlier kinetic data

face of FAD, which is completely _secluded from the ext_erior showing that the betaine aldehyde intermediate predominantly remains
of the protein by a long loop region composed of residues bound at the active site during turnover with cholit. (
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Scheme 2: Chemical Mechanism for the Oxidation of Choline to Betaine Aldehyde Catalyzed by Choline Oxidase
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Previous mechanistic studies have established that theof the hydride ion from the-carbon of the choline alkoxide
oxidation of choline catalyzed by choline oxidase occurs to the flavin N5 atomZ20) (Scheme 2). This, in turn, requires
through a highly asynchronous chemical mechanism. The minimal independent movement of the activated choline
formation of a choline alkoxide species precedes the hydridealkoxide relative to the isoalloxazine ring of the flavin.
transfer reaction from this activated substrate to the enzyme-Consequently, only dynamic motions in the activated enzyme
bound flavin (Scheme 2)16). A group with a thermody-  substrate complex that promote the hydride transfer reaction
namic (K, of 7.5 has been proposed to be responsible for are permitted. The active site cavity of choline oxidase, which
the abstraction of the hydroxyl Hfrom the substratel6, has a volume slightly larger than that of choline, as well as
17, 58). The structure of choline oxidase indicates that the location of the groups involved in substrate binding and
Glu312, His351, and His466 are the only residues lining the catalysis is fully consistent with this mechanistic hypothesis
active site cavity of the enzyme with the ability to act as @ (Figure 2). Indeed, the isoalloxazine ring of the cofactor,
general base. The side chain of Glu312 can be immediatelywhich acts as hydride acceptor in the oxidation reaction, is
ruled out as being responsible for choline activation becausephysically constrained by the covalent linkage of the FAD
it is ~8 A from the N5 atom of FAD, a distance that is too  cgMm atom with His99, the proximity of 1le103 to the
long for such a catalytic role. In agreement with this pyrimidine ring, and several contacts with the backbone
conclusion, site-directed mutagenesis data presented here foioms petween His99 and Ile103. To a similar extent, the
enzyme variants containing glutamine or aspartate at positionchgjine alkoxide species that donates the hydride in the
312 are consistent with Glu312 participating in substrate qidation reaction is physically constrained by electrostatic

binding (vide infra). Recently published mechanistic data for jneractions of its positively charged trimethylammonium
mutant forms of choline oxidase in which His466 has been group with GIu312 at one extremity and its negatively

replaced by other amino acids strongly suggest that this o506 alkoxide O atom with the positively charged side
residue is likely not the group responsible for the remqval chain of His466 at the opposite eng3( 24).
of the hydroxyl H of choline. Rather, those results point o . . ) ]
out that His466 is protonated during the reductive half- _ Mechanistic Insights into the Role of Glu312 in Choline
reaction in which choline is oxidized by choline oxidase ©OXidase The mutant form of choline oxidase in which
(Scheme 2) 23, 24). Indeed, with the His466Ala mutant Glu312 hes been replaced with aspartate is properly foIdec_J
enzyme, the activity could be partially rescued with imida- and functional, as suggested by the steady-state and rapid
zolium, but not imidazole23), and both theékea— andKeaf k|net|c date presented in this study: The E312D enzyme
Km—pH profiles still showed the requirement for a catalytic Vvariant exhibited the same sequential steady-state kinetic
base 23). Furthermore, the His466Asp enzyme was com- Mechanism of reaction as the wild-type enzyme. Moreover,
pletely devoid of enzymatic activity with choline, under PH profiles of theke/Km values for choline or [1,2H,]-
catalytic turnover or anaerobic conditior®}. Thus, onthe ~ choline as substrates for the E312D variant identifietka p
basis of the structural information now available, it appears value of~7.5 for the general base that activates choline in
that His351 may serve as the general base in the oxidationcatalysis, which is similar to the value previously reported
reaction catalyzed by choline oxidase. This hypothesis is for the wild-type enzyme1(7, 58). Finally, both thePkeq
currently under study with the characterization of mutant andKq values with choline as the substrate for CHO-E312D
variants of choline oxidase in which His351 has been were not significantly different from those of the wild-type
replaced with amino acids carrying other functional groups. enzyme. Consequently, the comparison of the mechanistic
Recently published mechanistic data have established thaproperties of the Glu312Asp and wild-type enzymes could
in choline oxidase the hydride transfer reaction occurs within provide direct evidence of the importance of spatial location
a highly preorganized enzymsubstrate complex2(l), by of the negative charge on residue 312 in the reaction
exploiting the mechanical effects that result in the tunneling catalyzed by choline oxidase.
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The spatial location of the negative charge on residue 312from the effects of solvent viscosity on tkg/Kn, value with
is important for the oxidation of the alcohol substrate, but choline as the substrate for CHO-E312D. Indeed, the
not for the following oxidation of the enzyme-bound reduced normalizedk../K values decreased monotonically with an
flavin. This conclusion is supported by the 30-fold decrease increase in the relative viscosity of the solvent, irrespective
in the k.o/Km value for choline and the lack of significant of the use of glucose or sucrose as the solvent viscosigen.
changes in thé./Kn, value for oxygen observed with the These data cannot be explained with solvent viscosity
Glu312Asp enzyme variant as compared to the values of thereporting on the contribution of substrate binding steps on
wild-type enzyme determined at pH 10. The lack of the overall rate for the reductive half-reaction in which
involvement of Glu312 in the oxidative half-reaction is in choline is oxidized to betaine aldehyde, for which normalized
agreement with previous pH profile data for the wild-type ke./Km values are expected not to change or to increase to
enzyme 17, 58), showing that no ionizable groups witlKp various extents with an increase in relative viscostg—
values between 6 and 10 participate in the oxidation of the 75). In contrast, the effects of solvent viscosity observed with
reduced flavin. CHO-E312D can be readily explained by the presence of a

Substitution of Glu312 with an aspartate residue signifi- conformational change in the enzyrm&ubstrate complex that
cantly affects the hydride transfer reaction that results in the is sensitive to the viscosity of the solvent. Independent
reduction of the flavin cofactor but has little if any effect on evidence for the presence of a kinetically relevant confor-
the binding of the substrate in the active site of the enzyme. mational change in the enzymesubstrate complex comes
Evidence supporting this conclusion comes from anaerobic from kinetic isotope effects on the./K, value with choline
substrate reduction experiments using a stopped-flow spec-as the substrate for CHO-E312D, showing pH-independent
trophotometer, showing that in the Glu312Asp enzyme the P(k../Km) values significantly lower than tHék., values. It
kreq value at pH 10 is 260 times lower than in the wild-type is well-established that kinetic isotope effects determined
enzyme, whereas th&, value is not significantly changed. using the steady-state kinetic approach may be significantly
In the wild-type form of choline oxidase2(), the hydride lower than their intrinsic values in the presence of commit-
ion tunnels from thex-carbon of the activated substrate to ments to catalysiss0). In choline oxidase, both the external
the enzyme-bound flavin N5 atom, with little independent forward commitment to catalysis and the reverse commitment
movement of the hydride donor and acceptor, other thanto catalysis are pH-dependent, since they both include the
those conducive to tunneling of the hydride ion. Due to the chemical step in which the hydroxyl proton is abstracted from
larger distance between the donor and acceptor of the hydridehe alcohol substrate. However, these commitments to
ion that necessarily arises from the E312D mutation, assum-catalysis can be immediately ruled out as being responsible
ing similar overall structures, one can speculate that the modefor lowering the observel(k./Kr) value because both the
of hydride ion transfer in the Glu312Asp mutant enzyme pH independence of tHgk../Km) values and the similarity
may be significantly altered with respect to that of the wild- in the K, values of~7.5 determined from the pH profiles
type enzyme. In this respect, the large deuterium kinetic of theke./Km values with choline and [1,2H4]choline argue
isotope effect determined here for the Glu312Asp mutant against the presence of pH-dependent commitments to
enzyme, with ®k.qvalue of~9, bodes well as an essential catalysis 60, 76, 77). Consequently, any decrease in the
prerequisite for future mechanistic studies aimed at inves- observed®P(k../Km) values seen with CHO-E312D must
tigating the mode of hydride ion transfer in the Glu312Asp necessarily arise from a pH-independent, internal equilibrium
enzyme. involving the enzyme substrate complex. In this regard, an

The thermodynamic i, of ~7.5 for the group that acts  internal equilibrium of the type described here has been
as a general base in the oxidation of choline is not affected recently proposed for the wild-type form of choline oxidase
by the substitution of Glu312 with an aspartate residue, asfrom the comparison of the effects of pH and temperature
suggested by the comparison of the mechanistic dataon the kinetic isotope effects in reversible and irreversible
presented here for CHO-E312D and previously published catalytic regimesZ1). It is attractive to hypothesize that the
data for the wild-type enzymelq, 58). Evidence for the  protein conformational change that is associated with the
value of ~7.5 determined in thé./Kn—pH profile with internal equilibrium in the enzymesubstrate complex may
CHO-E312D being a thermodynami&pvalue comes from  be triggered by the deprotonation of the alcohol substrate
kinetic isotope effect data, showing that fh{&../Kn) value that yields the alkoxide species, which was previously
is pH-independent between pH 6 and 10. This is consistentdemonstrated to occur prior to the subsequent hydride transfer
with lack of external commitments to catalysis in the mutant reaction (6).
enzyme, which would perturb the observed kinetig palue Conclusions The results of the crystallographic and
from its thermodynamic valué&@). The observation thatthe  mechanistic investigations presented in this study demon-
same K, value is seen in thde./Kn—pH profiles with strate the important role of Glu312 in the binding and
choline and [1,2H,]choline provides independent support positioning of the alcohol substrate for catalysis in choline
for the observed g, being a thermodynamic value. Indeed, oxidase. The negative charge on residue 312 is involved in
a value significantly lower than 7.5 would be expected with an electrostatic interaction with the positive charge of choline

a slower substrate such as [2124choline, for which C-D that anchors the nonreactive end of the substrate in the active
bond cleavage is at least 4 times slower thanHCbond site of the enzyme. Thus, the spatial location of the negative
cleavage in the reductive half-reactiori). charge in the active site is important for the correct

Upon substitution of Glu312 with aspartate, the enzyme  positioning of the substrate for the hydride transfer reaction
substrate Michaelis complex undergoes a kinetically relevant, from the activated choline alkoxide to the flavin N5 atom.
pH-independent, isomerization prior to the hydride ion Moreover, the crystal structure of choline oxidase provides
transfer reaction. Evidence supporting this conclusion comesdetailed 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) placesdh€&H
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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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 [1,244]choline concentration
(Figure S3), estimation df, 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 [12,]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 viscosit
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Supporting Information:

Figure S1 shows a structure based sequence alignment with homologs of choline oxidase with
known x-ray structures.

Figure S2 shows the UV visible absorbance spectra of a mixture of flavin semiquinone and
oxidized and fully oxidized FAD for CHO-E312A.

Figure S3 shows the rate of flavin reduction in CHO-E312Q as a function of choline or 1,2-
[*H,]-choline concentrations.

Figure $4 shows the estimation of K, for oxygen in CHO-E312D at pH 5 and 10.

Figure S5 shows the rate of flavin reduction in CHO-E312D as a function of choline or 1,2-
[°H,]-choline concentrations.

Table S1 presents the quantitative structural similarity between choline oxidase and selected
homol ogues.

Table S2 presents the kinetic parameters and kinetic isotope effect for CHO-E312D between pH
5and 10.

Table S3 presents the solvent viscosity effects on steady state kinetic parameters for CHO-
E312D with choline as substrate, and glucose and sucrose as viscosigens.



Figure S1. Structurally based amino acid sequence alignment and secondary structure
assignment for choline oxidase and selected homologs with the Secondary Structure Matching
server (1). CHO, choline oxidase from Arthrobacter globiformis, GI:31979241 and the structure
reported here; GOX, glucose oxidase from Aspergillus niger, PDB code 1cf3; HNL,
hydroxynitrile lyase from Prunus dulcis (almond), PDB code 1ju2, gi|23200196; CDH,
cellobiose dehydrogenase from Phanerochaete chrysosporium, PDB code 1naa; COX,
cholesterol oxidase from Brevibacterium sterolicum, PDB code 1ndw; P20x, pyranose 2-oxidase
from Peniophora sp. SG, PDB code 2f5v. Residues that are 100% conserved are highlighted in
green, those that form the putative choline binding site in CHO are in yellow, those that form the

loop are boxed in red, and those that comprise the substrate binding domain are boxed in black.
The secondary structure for choline oxidase is indicated by dashed arrows under magenta and

tildes' under cyan for B-strands and o-helixes, respectively.
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Krissingl, E., and Henrick, K. (2004) Secondary-structure matching (SSM), a new tool
for fast protein structure alignment in three dimensions, Acta Crystallogr. D60, 2256-
2268.
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Figure S2: UV-visible absorbance spectra for CHO-E312A. Thick line represents a mixture of
anionic semiquinone and oxidized flavin as purified in 200 mM Tris-Cl, pH 8. Thin line
represents fully oxidized flavin after dialysis in 20 mM sodium phosphate and 20 mM sodium
pyrophosphate, pH 6, and 20 mM Tris-Cl, pH 8.
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Figure S3: Rate of flavin reduction in CHO-E312Q as a function of choline or 1,2-[?H,]-choline
concentrations. () represents choline and (o) represents 1,2-[?H,]-choline. Experiments were
carried out in 50 mM sodium pyrophosphate, pH 10 and 25 °C at varying concentrations of
choline. Data were fit to equation 5.
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Figure $4: Estimation of K, for oxygen in CHO-E312D at pH 5 and 10. Panel A represents the
plot of Vo, s* versus [O,], uM at pH 5. Panel B represents the plot of vo, s* versus [O], uM at
pH 10. Apparent steady state kinetics to determine the K, for oxygen was carried out at varying
concentrations of oxygen between 4.3 and 247 uM, and at fixed choline concentration of 400
mM. The curves represent fits of the kinetic data to the Michaelis-Menten equation for one
substrate, and demonstrate that at least 75-80% of the enzyme is saturated at a concentration of

oxygen of 10 uM.
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Figure S5: Rate of flavin reduction in CHO-E312D as a function of choline or 1,2-[?H,]-choline
concentrations. () represents choline and (o) represents 1,2-[?H,]-choline. Experiments were
carried out in 50 mM sodium pyrophosphate, pH 10 and 25 °C at varying concentrations of
choline. Data were fit to equation 5.
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Table S1: Structural Similarity between Choline Oxidase and Selected Homologs®

GOX, 1cf3*  HNL, 1ju2®* CDH, 1naa®  COX, 1n4w® P20x, 2f5V'

r.m.s. A (A)°

CHO 16 2.1 1.7 2.6 25
GOX, 1cf3 2.6 2.2 29 2.6
HNL, 1ju2 2.5 3.2 29
CDH, 1naa 2.8 2.8
COX, 1ndw 3.2
Q-Score"

CHO 0.241 0.231 0.254 0.204 0.187
GOX, 1cf3 0.177 0.193 0.168 0.164
HNL, 1ju2 0.197 0.17 0.161
CDH, 1lnaa 0.186 0.164
COX, 1ndw 0.156
Sequence | dentity

CHO 0.299 0.253 0.244 0.172 0.192
GOX, 1cf3 0.237 0.24 0.188 0.162
HNL, 1ju2 0.24 0.169 0.159
CDH, 1naa 0.182 0.198
COX, 1ndw 0.153

&Structures were superimposed using the multiple alignment function in the Secondary Structure
Matching server (1). °glucose oxidase; chydroxynitrile lyase; %cellobiose dehydrogenase;
¢cholesterol oxidase; pyranose-2-oxidase; SRoot mean squared difference. "The Q scoreis
defined as Naign * Naigi/ (1+(RM SD/RO)Z) * Nrest * Nres2, Where Naign is the length of alignment
and Ny and Ny are the number of total residues in the choline oxidase and target structure.

1. Kirissind, E., and Henrick, K. (2004) Secondary-structure matching (SSM), a new tool for
fast protein structure alignment in three dimensions, Acta Crystallogr. D60, 2256-2268.



Table S2. pH-Dependence of the Steady State Kinetic Parameters with Choline or 1,2-[°H4]-Choline as Substrate

for CHO-E312D Determined at 0.25 mM Oxygen and 25 °C . These data were used for Figures 3,4 and 5.

pH

(Keat/Km)H
M1st

(kaﬂ)H
gl

(Km)H
mM

(Keat/Km)p
Mgt

(kaﬂ)D
gl

(Km)o
mM

®(Keat/Kim)

D(kaﬂ)H

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

16+1

54+7

140+ 6

476 + 33

1303 + 297

2460 + 154

3790 + 157

5837 + 349

7239 + 577

6390 + 583

10.0 7097 +394

0.07 + 0.002

0.18 + 0.013

0.24 + 0.003

0.26 + 0.006

0.26 + 0.006

0.21+0.003

0.27 + 0.003

0.29 + 0.005

0.28 + 0.006

0.27 + 0.006

0.26 + 0.004

4.63 + 0.40

3.29+0.70

1.68 + 0.090

0.55+ 0.046

0.20+0.016

0.09 + 0.006

0.04 + 0.003

0.05+ 0.003

0.04 + 0.004

0.04 + 0.004

0.04 + 0.002

nd

nd

4 +4

108+ 9

297+ 20

585+ 64

756 + 106

1385+ 55

1629 + 116

1434 + 118

1449 + 263

nd

nd

0.036 + 0.0008

0.035 + 0.0008

0.035 + 0.0006

0.030 = 0.0007

0.033 + 0.0012

0.038 + 0.0003

0.044 + 0.0007

0.034 + 0.0006

0.045 + 0.0021

nd

nd

0.81+0.078

0.32+0.033

0.12 + 0.009

0.05 + 0.006

0.04 + 0.007

0.03+0.001

0.03 + 0.002

0.02 + 0.002

0.03 + 0.006

nd

nd

3.2+0.7

4.8+ 0.9

4.4+0.8

45+0.7

5.0+0.2

41+0.3

4.4+0.2

4.1+0.7

49+09

nd

nd

6.7+0.3

7.2+04

74+04

7.1+0.2

79+01

7.8+0.1

64+01

7.9+0.3

5.8+0.2

The ks and K, parameters were obtained by fitting the initial rate data to vo/e = keaS/(KitS); the Kea/Km

parameters were obtained by fitting the initial rate data to vo/e = kea S/{ Kea/[ 1/ (Keat/ Kim) ] +S} . nd : not determined ;
due to data inconsistency with 1,2-[?H,]-choline at pH 5 and 5.5.
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Table S3: Solvent viscosity effects on steady state kinetic parameters for CHO-E312D with
choline as substrate and glucose and sucrose as viscosigens at 0.25 mM Oxygen and 25 °C.

kinetic parameters

glucose
Relative viscosity 1.00 1.62 2.70 4.19
Keat/Kim, M's™ 5050 + 260 5380 + 170 6670 + 480 7620 + 410
Viscosity effect on kea/Km 1.00 0.94 0.76 0.66
Keat, S™ 0.19 + 0.002 0.20 + 0.002 0.22 + 0.004 0.25+ 0.003
Viscosity effect on kea 1.00 0.95 0.90 0.77
Sucrose
Relative viscosity 1.00 1.33 2.33 375
Kea/Km, M7's™ 4400 + 240 4610 + 290 5030 + 280 5340 + 380
Viscosity effect on Kea/Km 1.00 0.95 0.87 0.82
Keat, S™ 0.21 + 0.003 0.23+ 0.004 0.25 + 0.003 0.26 + 0.005
Viscosity effect on kea 1.00 0.92 0.85 0.80

The kinetic parameters were obtained by fitting the initial rates to the Michaelis-Menten equation
and the viscosity effects on the parameters obtained from (K)o/(K), = S(7ra-1)+1.
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