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Monomeric Sarcosine Oxidase: Role of Histidine 269 in Catalysis
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ABSTRACT. Conservative mutation of His269 (to Asn, Ala, or GIn) does not-significantly affect the
expression of monomeric sarcosine oxidase (MSOX), covalent flavinylation, the physicochemical properties
of bound FAD, or the overall protein structure. Turnover with sarcosine and the limiting rate of the reductive
half-reaction withL-proline at pH 8.0 are, however, nearly 2 orders of magnitude slower than that with
with wild-type MSOX. The crystal structure of the His269Asn complex with pyrrole-2-carboxylate shows
that the pyrrole ring of the inhibitor is displaced as compared with wild-type MSOX. The His269 mutants
all form charge-transfer complexes with pyrrole-2-carboxylate or methylthioacetate, but the charge-transfer
bands are shifted to shorter wavelengths (higher energy) as compared with wild-type MSOX. Both wild-
type MSOX and the His269Asn mutant bind the zwitterionic forn-pioline. The By-L-proline complex

formed with the His269Asn mutant or wild-type MSOX contains an ionizable groldp £p8.0) that is
required for conversion of the zwitterionieproline to the reactive anionic form, indicating that His269

is not the active-site base. We propose that the change in ligand orientation observed upon mutation of
His269 results in a less than optimal overlap of the highest occupied orbital of the ligand with the lowest
unoccupied orbital of the flavin. The postulated effect on orbital overlap may account for the increased
energy of charge-transfer bands and the slower rates of electron transfer observed for mutant enzyme
complexes with charge-transfer ligands and substrates, respectively.

Monomeric sarcosine oxidase (MSOX) is a flavoprotein followed by a practically irreversible flavin reduction step
that contains covalently bound FADJ8(S-cysteinyl)FAD] associated with a rate constakiy,, that converts E-S to
(1). The enzyme oxidizes sarcosing-fnethylglycine) and EsP. As described in the accompanying paper, the effect
other secondary amino acids, suchiLgsroline. Sarcosine  of pH on this reaction shows that tig for L-proline binding
is a common soil metabolite and induces MSOX expression is pH-independent. This indicates that MSOX binds the
in various bacteria grown with sarcosine as sole source of zwitterionic form ofL-proline, the predominant species in
carbon and energy?]. MSOX is a member of a family of  solution at neutral pH (g, = 10.6). Values for the limiting
enzymes that contain covalently bound flavin and catalyze rate of reductionk;,) are, however, strongly pH-dependent
similar oxidation reactions with amine substrat&ésg, 4). and indicate that an ionizable group in thecE-proline
The crystal structure of free MSOX froBecillus sp. B-0618  complex (K. = 8.02) must be unprotonated for conversion
and complexes of the enzyme with various inhibitors have to E.sP. Charge transfer interaction with FAD as acceptor
recently been determined,(6). and substrate as donor is possible only with the anionic form

The anaerobic half-reaction of wild-type MSOX with ~Of L-proline. The ionizable group in the-& complex is
L-proline, a slow substrate, proceeds via a rapidly attained réquired for conversion of-proline from the zwitterionic
equilibrium Ky between free E and the-& complex, to the reactive anionic form, as judged by the independently
determined K, for charge-transfer complex formation with
wild-type MSOX (K, = 7.94).
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Table 1: PCR Primers Used to Generate Mutations by the Overlap Extension Method

left-half primary reaction right-half primary reaction
mutation name sequence name sequence
His269Ala START-R1 5ATGACCATGATTACGCCAAGC-3 H269A#3 8-GGATATgccACGTTCGGGCA-3
H269A#2 3-TGCCCGAACGTggcATATCC-3 END-R4 B-TTAAGTTGGGTAACGCCAGG-3
His269Asn START-R1 SATGACCATGATTACGCCAAGC-3 H269N#3 5-GGATATaAcACGTTCGGGCA-3
H269N#2 5 TGCCCGAACGTTtATATCC-3 END-R4 B-TTAAGTTGGGTAACGCCAGG-3
His269GIn START-R1 5ATGACCATGATTACGCCAAGC-3 H269Q#3 5 -GGATATAgACGTTCGGGGAG-3
H269Q#2 5 -TGCCCGAACGITGATATCC-3 END-R4 B-TTAAGTTGGGTAACGCCAGG-3

aCodon 269 is shown in bold, and mutagenic sites are indicated by lowercase letters.

In this paper, we characterize mutants with conservative linear vector, pCR2.1 (Invitrogen). The resulting plasmids
substitutions (Asn, Ala, GIn) at His269. The reductive half- were used to transform competdat coli cells (INVoF').
reaction with L-proline and turnover with sarcosine are The transformed cells were screened by growth on plates
decreased by about 2 orders of magnitude upon mutation ofcontaining kanamycin and X-gal. Five to 10 white colonies
His269, indicating the importance of this residue in catalysis. were selected for further screening by restriction analysis
His269 is not the ionizable group in theEEcomplex formed using Pst and EcoR The desired Pstl-EcoRI restriction
with L-proline. Instead, His269 appears to be important in fragment containing the mutant MSOX gene was then
optimizing the orientation of bound substrate with respect subcloned between thBst and EcoR sites of plasmid

to electron transfer to flavin. pUC119. The newly formed plasmids were used to transform
E. coli DH1 cells to carbenicillin resistance. Plasmids from
EXPERIMENTAL PROCEDURES several colonies were initially screened by restriction analysis

Materials. Escherichia colDH1 was obtained from the and then sequenced across the entire insert. Sequencing was

American Type Culture Collection (ATCC 33849). Plasmid conducted by Nucleic Acid/P,rotein Research_Core Facility
pUC 119 was from Worthington Biochemical Corporation. (NAPCORE) at the Children’s Hospital of Philadelphia.
All primers were synthesized by Ransom Hill Bioscience. _ Purification of MSOX.Wild-type enzyme and various
The QiaQuick gel extraction kit, QiaQuick PCR purification HiS269 mutants were purified as previously describBd (
kit, QiaPrep spin miniprep kit, Qiagen midiprep kit, and Taq Du_rmg enzyme purification, MSOX activity was m_easured_
PCR core kit were from QiageRfu DNA polymerase was usmg_the Nash_ assay, and the protein was determined using
purchased from Stratagene. dNTPs were from Pharmacia.he Bio-Rad micro protein assag)(
T4 DNA ligase was obtained from New England Biolabs or ~ Spectral Studiesbsorption spectra were recorded using
Invitrogen. The TA cloning kit and One ShdE. coli a Perkin-Elmer Lambda 2S spectrometer. All extinction
competent cells (INUF') were from Invitrogen. All restric-  coefficients were determined at pH 8.0 as previously
tion enzymes were purchased from New England Biolabs. described ).
IPTG was obtained from Sigma. X-gal was from USB.  Spectral titrations with methylthioacetate (MTA), pyrrole-
Purified xanthine oxidase was a generous gift from Dr. Russ 2-carboxylate (PCA), or imidazole were conducted at@5
Hille (Ohio State University). in 50 mM potassium phosphate buffer, pH 8.0. All spectra
PCR.Reactions were performed usiju DNA polym- are corrected for dilution. For comparison of the spectral
erase and a Hybaid Touchdown Thermocycler with the perturbations observed with different ligands, difference and
following cycle settings: step 1, @€ for 3 min; step 2,30  absolute spectra were normalized to the same initial con-
cycles of 94°C for 40 s, 52°C for 1 min, and 72C for 3 centration of uncomplexed enzyme. Spectra were also
min; step 3, 72C for 30 min. PCR products and other DNA normalized to 100% complex formation to compensate for
fragments were purified by agarose gel (1.2%) electrophore-differences in the maximal extent of complex formation
sis and recovered using the Qiaquick gel extraction Kit. observed in titrations with different ligands and/or enzyme
MutagenesisSite-directed mutations were generated using Preparations. The 100% complex spectra were calculated
PCR and the overlap extension method described by Ho etusing the measured complex dissociation constants and
al. (7) with plasmid pMAW (1) as the template. For each spectral data obtained at the highest ligand concentration
mutant (His269Ala, His269Asn, His269GIn), left- and right-  tested. These spectra were used to calculate the extinction
hand reaction fragments were created using the primerscoefficients for the complex at various wavelengths of
indicated in Table 1. These fragments were combined with interest. The positions of charge transfer bands were esti-
primers START-RI and END-R4 to generate the secondary mated from difference spectra. This approach was especially
PCR products which correspond to the entire mutant gene,useful in the case where the charge-transfer band was not

flanked near the'sand 3 ends with uniqué®st and EcoR well-resolved in the absolute spectra owing to overlap with
restriction sites, respectively. the high wavelength edge of the flavin absorption spectrum.
The secondary PCR products were treated Witm Anaerobic experiments were conducted using special

polymerase and dNTP to add a singleA3verhang to each  cuvettes with two sidearms. The cuvettes were made anaero-
end of the PCR product. The reaction was conducted usingbic by purging with argon, as previously describ& (

the Hybaid Touchdown Thermocycler as described above, Determination of Reduction PotentialBhe redox poten-
except that the number of cycles in Step 2 was reduced totials of wild-type and mutant (His 269Asn) forms of MSOX

3. The treated DNA fragments were purified with the were determined in 50 mM potassium phosphate buffer, pH
QiaQuick PCR purification kit and then ligated with the 8.0, containing 2Q«:M methyl viologen (mediator dye), 1
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uM riboflavin, 60 uM EDTA, 300 uM xanthine, 20uM
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analysis, respectivelyX is the concentration of the varied

toluylene blue (indicator dye) and a variable, catalytic amount ligand, andK is the complex dissociation constant; (b)
of xanthine oxidase, following the spectrophotometric method analysis of the apparent first-order rate of enzyme reduction

described by Masse). MSOX and xanthine oxidase were

by L-proline (op9 as a function of the substrate concentration,

placed in separate sidearms of an anaerobic cuvette. All othewhereY andA arekg,sandkim, respectivelyX is theL-proline
components were placed in the main compartment. The concentration, and is the apparent dissociation constant

cuvette was made anaerobic as previously describgd (

of the ES complex. Equation 2 was used to fit the effect of

MSOX was tipped into the main compartment, and the pH on the absorption spectrum of (a) the uncomplexed
spectrum of the enzyme solution was recorded. The reactionHis269Asn mutantianaysis= 352 nm) and (b) the complex
was started by adding xanthine oxidase. The concentrationof the His269Asn mutant with-proline @anaysis= 502 nm).

of the oxidized and reduced forms of toluylene blue were Y is the observed absorbance or absorbance difference at the
determined at 647 nm, a wavelength where the oxidized dyeindicated analysis wavelength at a given pH valiandB
exhibits a absorption maximum but negligible absorbance are the calculated absorbance or absorbance difference at
is observed for the reduced dye or the oxidized or radical this wavelength at low and high pH values, respectively.

forms of MSOX. The oxidized and radical forms of MSOX

Equation 3 was used to fit the steady-state kinetic data

were quantified on the basis of the absorbance at 391 nmobtained with the His269Asn mutant (E) at various concen-
(corrected for the contribution of the oxidized and reduced trations of sarcosine and oxygei, and K, are the

dye) using previously published extinction coefficients,(E
€391 = 8940 M1 Cm_l; Eiag, €301 = 24 900 M1 Cm_l) (5)
The oxidation/reduction potentials for the couplg/Ead (E1)
with wild-type or mutant forms of MSOX were determined
as previously described®) using the midpoint potential of
toluylene blue, calculated at pH 8.&,( = 81.3 mV, pH
8.0,n = 2) (9).

Steady-State KineticStudies were conducted by monitor-

dissociation constants of oxygen and sarcosine from the
E-oxygen and Eoxygensarcosine complexes, respectively.
Equation 4 was used to fit the reductive half-reaction kinetics
with the His269Asn mutant and-proline as a function of
pH. Ky, is the ionization constant of a group in theSE
complex that must be unprotonated for enzyme reduction to
occur, andK,; is the ionization constant of a group in the
E-S complex that must be protonated for enzyme reduction

ing hydrogen peroxide formation using a horseradish per- to occur.

oxidase coupled assay. Reactions were performed &€25

Crystallization and Data CollectionCrystals of MSOX

in 100 mM potassium phosphate buffer, pH 8.0, containing mutants and ligand complexes were grown by the sitting drop

amino acid, oxygen, 320M o-dianisidine, 1.8 U horseradish

method as described previousB).(Equal volumes of &L

peroxidase, and the His269Asn mutant in a total volume of each of protein solution (7 mg/mL in 20 mM Tris-HCI, pH

350uL. Formation of oxidized-dianisidine was monitored
by the increase in absorbance at 460 riggo(= 6765 M?

8.0) and reservoir solution (1=2.1 M Na/K phosphate
buffer, pH 7.0) were mixed and allowed to equilibrate. The

cmt). Assays were conducted using a special cuvette crystals of the wild-type MSOXmidazole complex (MSOX
(Spectrocell) with a screw-cap equipped with a Teflon- IMD) were obtained by co-crystallization with 500 mM
silicone membrane. The oxygen concentration was variedimidazole at pH 7.0, while the crystals of the His269Asn

by equilibration of reaction mixtures containing all compo-

PCA complexwere obtained by soaking in saturated PCA

nents except the two enzymes with various oxygen/nitrogen for 35 min at pH 7.0.

gas mixtures, as previously describeti0)( Horseradish

X-ray data were recorded from a single-crystal each of

peroxidase was injected into the sealed cuvette using aHis269Asn and the His269AIACA complex at 100K on

gastight Hamilton syringe. Aftea 2 min incubation at 25
°C, the reaction was initiated by injecting an aliquot of the
His269Asn mutant, as previously describd@)(

Data Analysis Data were fit to eqs 44 using the curve
fit function in Sigma Plot (Jandel Corporation). Equation 1
was used for the following:

_ AX
YEXEK @)
_ AH" +BK,
COHT+K, @)
B V.. AB
V= KK, + KA+ AB )
log Kim = 10g(©)/(1 + [H Ky + KJH'])  (4)

a Rigaku R-axis Il image plate detector and from a single
crystal of the MSOXIMD complex at 298 K on a Rigaku
R-axis IV detector. For theR-axis Il data a graphite-
monochromatized X-ray beam and for tReaxis 1V data a
Ni-filtered, mirror-focused X-ray beam were used, both
obtained from a Rigaku RU200 X-ray generator operated at
5 kW power. The crystals were monoclinic, space gregp
with unit cell parametersa = 72.71 A,b = 69.25 A,c =
73.32 A Jang8 = 94.25 for His269Asna=71.41 A b=
69.77 A,c = 73.17 A, and3 = 92.22 for the His269Asn
PCA complex, anch = 73.08 A,b = 70.64 A,c = 74.30
A, andp = 93.78 for the MSOXIMD complex. The crystals
all contained two protein molecules per asymmetric unit. Spot
integration and data scaling were carried out using HK1).(
The data were generally 8®0% complete and scaled to
the outer resolution limits (1.951.85 A) with Ryergd between
0.056 and 0.072. The data collection statistics are sum-
marized in Table 2.

Structure Determination and Refinemerkhe initial

(a) analysis of spectrophotometric titration data for complex coordinates of the His269ASACA complex were obtained

formation between mutant and wild-type forms of MSOX
and various ligands, wheré and A are the observed and

by molecular replacement (MR) with AMOREL?) since
the 8 angle changed somewhat after soaking the crystal. The

maximal absorbance change at the wavelength selected fostructures of His269Asn and the MS@XID complex could
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Table 2: Data Collection and Structure Determination of
His269Asn, the His269AsRCA Complex, and the Wild-Type(wt)
MSOX:IMD Complex

His269Asn  wtMSOX:-

His269Asn PCA IMD
reagent (concentrated) - PCA IMD
(saturated) (500 mM)
data collection
resolution (A) 36-1.9 30-1.95 30-1.85
no. of reflections 50561 47553 57602
completeness 87.7/52.5 90.4/50.8  89.5/57.7

(all/outer 0.05 A shell, %)
Ruergé (all/outer)
[1[lc® (all/outer)
redundancy

(all/outer 0.05 A shell)

0.066/0.192 0.056/0.250 0.072/0.280
13.7/3.1 22.1/3.4 14.2/3.0
2.9/1.9 4.5/2.0 2.9/1.7

refinement
Re (all/outer 0.05 A shell) 0.171/0.243 0.184/0.254 0.168/0.251
Rred (all/louter 0.05 A shell)  0.216/0.291 0.228/0.288 0.195/0.262

no. protein atoms (non-K) 6014 6014 6018
BOA? 16.2 22.4 23.2
no. of alternate conformers 4 4 10
no. FAD atoms (non-H) 106 106 106
BOAY) 11.0 15.4 141
no. of chloride ion% 2 2 2
B(AY 12.2 17.1 16.1
no. of PQ%~ ions 1 - -
BOA? 41.9 - -

no. of ligand atoms (non-H) — 16 10
BA?) - 44.3 21.0
no. of solvent moleculés 1065 730 457
BIA?) 28.4 32.0 36.2
RMSD

bonds (A) 0.005 0.006 0.005
angles (deg) 1.50 1.50 1.40
AB (main-main, &) 1.6 2.0 2.1
AB (main-side, &) 2.0 2.4 2.6
AB (side-side, &) 2.7 3.3 3.7

@ Rmerge= 2 hy.il (h) — li(h)/>nYili(h), wherelj(h) andI(h) are theith
and mean measurements of reflectfort 1/ (1) is the average signal-
to-noise ratio for merged reflection intensiti€fR = > n(Fo—Fc)/yn

Zhao et al.
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Ficure 1. Comparison of visible absorption spectra of various
His269 mutants and wild-type MSOX. Curve 1 (solid line) is the
spectrum of wild-type MSOX. Curve 2 (dashed line) is the spectrum
of the His269Asn mutant. Curve 3 (dashetbtted line) is the
spectrum of the His269Ala mutant. Curve 4 (dotted line) is the
spectrum of the His269GIn mutant. Spectra were recorded in 50
mM potassium phosphate buffer, pH 8.0, at 26 and are
normalized at 454 nm.

The differences betweeB-factors for bonded atoms were
restrained using target standard deviations of Z&%Amain
chain and 2.0 Afor side chain atoms, and reflections with
o(l) < 0.0 were omitted. Model building and analysis of the
structures were carried out on a Silicon Graphics workstation
using Turbo-Frodo X7). Four side chains in each of
His269Asn and the His269A9ACA complexes and 10 side
chains, including a loop region near the active site consisting
of residue 55 to residue 61 of subunit A in the imidazole
complex, were modeled in two alternate conformations.
Several cycles of positional and temperature factor refine-
ment, followed by interactive model building and automatic
solvent placement with manual examination, were carried
out. This procedure utilized electron density difference maps
calculated with Fourier coefficients (2Fé-c) and (Fe-Fc),

Fo, where Fo and Fc are the observed and calculated structure factowhere Fo and Fc are the observed and calculated structure

amplitudes of reflectior. 9 Ry is the test reflection data set, about

10% selected randomly for cross validation during crystallographic

refinement {4). ¢ Per asymmetric unit which contains two molecules
of MSOX.

be refined directly since no change fhhad occurred. In

both cases, the coordinates used were of an isomorphougt"

complex of native MSOX with 2-furoate which was deter-
mined at 1.3 A resolutich but with all ligands, solvent

factors, respectively.

The quality of the refined structures and the resulting
electron density maps of all three structures is high (Table
2). Agreement factor® andRye¢ ranged from 0.168 to 0.184
and 0.195 to 0.228, respectively, with RMSD in bond length
d angles of 0.0050.006 A and 1.46:1.5C°, respectively.
Between 457 and 1065 water molecules are included in the
structures, and each protein molecule contains one bound

molecules, and alternate conformers omitted as the startingchloride ion. The Ramachandran plag(19) for each crystal

model.

structure shows that one residue lies in a sterically disallowed

The refinement and electron density map calculations were "€9ion in @ach molecule of the asymmetric unit, Asp47. This

carried out using CNSL@), and 10% of the reflections were

residue which is located in a coil between the flavin binding

selected randomly and set aside as a test set for cros&nd catalytic domains and its side chain is oriented differently

validation (14). Reflections fromeo to the diffraction limit

in the two NCS-related molecules. The final refinement

recorded for each data set (1.95 to 1.85 A resolution, seeStatistics are shown in Table 2.

Table 2) were included in the refinements, and a bulk solvent

correction was appliedLf).

RESULTS

Coordinates for the ligands bound at the active site were General Properties of Various His269 Mutantdutation

obtained from the Cambridge Structure Databa%6).(

of His269 to Ala, Asn, or GIn does not significantly affect

Noncrystallographic symmetry (NCS) restraints were applied expression of MSOX. The mutant proteins could all be
to the two protein molecules in the asymmetric unit during purified to apparent homogeneity, as judged by SP8GE,

refinement (with NCS weights set to 300 for both main and using the same procedure developed for wild-type MSOX.
side chain atoms) except for two short polypeptide segmentsThe visible absorption spectrum of the His269Asn mutant
plus four side chains, all near the protein surface and which (Figure 1, curve 2) at pH 8.0 virtually superimposes with
consistently differed from each other in the two subunits. that observed with wild-type enzyme (Figure 1, curve 1).
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Table 3: Catalytic and Spectral Properties of Various His269 Scheme 1: Equilibrium Ordered Mechanism with Oxygen

MSOX Mutants as the First Substrate to Bind
specific €454 kOl .0 kalS] E +S.0
enzyme activity Aosd/Assa (mM~tcm™) Tk, X7k, oUF
wild type 49 5.7 134 k:\f-s ) k-e/ks
His269Ala 2.1 6.2 13.2 4
. E,-P-Q E.P-O
His269Asn 1.7 5.6 13.5 . ke z
His269GIn 1.5 6.8 13.6
aThe activity and spectral ratio data for wild-type enzyme and the Scheme 2. Modified Ping-Pong Mechanism
His269Asn mutant are averages of results obtained with two prepara- k,[S] k,
tions. The His269Ala and His269GIn mutants were purified once. A B BotS =3~ EwP
unit of MSOX activity is defined as the formation of @mol of )
formaldehyde/min at 37C with sarcosine as substratd).(® A value ks \Ks ‘ ko //kelO2)
of 12.2 mM™* M~ was previously reportedL). E,:P-Q =—2=E_;P-0,
X k4 L
0025 005 B Table 4: Steady-State Kinetic Parameters for the His269Asn Mutant
' ) . ¢ and Wild-Type MSOX with Sarcosine and Oxygen as Substrates
o ° enzyme
e _D00R e g parameter His269Asn wild type
E £ i D Keat (Min—2) 110+ 2 7030+ 180
€ oot € oors T, * Kin sarcosind MM) 4.2+0.2 9.4+ 0.4
;VA/A//“” Kim oxygen(MM) 0.0344+ 0.003 0.35£ 0.02
W Kg sarcosine(mM) 0.6+ 0.3
0.010 0.010 I mechanism rapid equilibrium “modified” ping
ordered pong
a Data reported by Wagner et 4l.0).
1 ul - L 1 1
0.0 01 02 03 o] 4 8 12 16
Vfsarcosine] (") Vioxygen] (mi) concentration at various sarcosine concentrations are linear

FIGURE 2: Steady-state kinetic data for the His269Asn mutant with and intersect to the left of thé-axis and above thi-axis
sarcosine as substrate in 100 mM potassium phosphate buffer, pHFigure 2B). These features are consistent with a rapid

8.0, at 25°C. The double reciprocal plots of TN vs sarcosine P : :
concentration (panel A) were obtained at various oxygen concentra-(':‘qu'IIbrIum ordered mechanism with oxygen as the FIRST

tions [0.069 (filled triangle) 0.135 (open square), 0.273 (filed Substrate to bind (Scheme 1). The lines in Figure 2A,B
hexagon) 0.566 (open diamond), and 1.279 mM (black circle)]. The correspond to the global fit of the data to an equation for a
double reciprocal plots of TN vs oxygen concentration (panel B) rapid equilibrium ordered mechanism (eq 3). In contrast,
were obtained at various sarcosine concentrations [3.3 (filled circle), resylts obtained for the turnover of wild-type MSOX with

4.0 (open circle), 5.0 (filled square), 6.0 (open square), 7.5 (filled . : : “ P
triangle), 10 (open triangle), and 15 mM (filled diamond)]. The Sarcosine are consistent with a “modified” ping-pong mech-

lines correspond to fits of the data to an equation for a rapid @anism where oxygen reacts with the reduced wild-type
equilibrium ordered mechanism with oxygen as the first substrate enzyme prior to the release of the first product (Scheme 2)
(eq 3). (10). The estimated values for the steady state kinetic
parameters obtained for mutant and wild-type enzymes are
Spectra of the His269Ala and His269GIn mutants (Figure summarized in Table 4. Turnover of the mutant with
1, curves 3 and 4 respectively) superimpose with the 454 sarcosine is nearly 2 orders of magnitude slower than that
nm band of wild-type enzyme but exhita 4 nmhypso-  of the wild type. TheK,, values for sarcosine and oxygen
chromic shift of the 372 nm band, accompanied by a modest gre decreased about 2- and 10-fold, respectively, as compared
increase in intensity. All of the mutants exhibit values for with that for wild-type MSOX.
the extinction coefficient for the bound flavin at 454 nm Reductie Half-Reaction of the His269Asn Mutant with
similar to that for the wild-type enzyme (Table 3). The | _proline at pH 8.0 A slow, isosbestic conversion of the
His269Asn and His269Ala mutants and wild-type MSOX  oxidized to the fully (two-electron) reduced enzyme is
exhibit similar values for the spectral ratides/Asse A observed upon reaction of the His269Asn mutant with 50
modest increase is observed for the His269GIn mutant (Tablemp L-proline under anaerobic conditions in 100 mM
3), suggesting a slightly less than stoichiometric incorporation potassium phosphate buffer, pH 8.0, at@ (Figure 3A).
of FAD. The mutant enzymes exhibit specific activity values The reaction was fully reversible upon aeration. The spectral
with sarcosine as substrate that are nearly 2 orders ofchanges observed with the His269Asn mutant are very
magnitude lower than observed with wild-type MSOX (Table similar to that observed for the reaction of wild-type MSOX
3), indicating the importance of His269 in catalysis. The with 0.21 mML-proline under otherwise identical conditions
His269Asn mutant was selected for more detailed studies.(10). Formation of an initial Ec-L-proline complex was not
Turnover of the His269Asn Mutant with Sarcosine. detected nor expected in these studies because it was
Double-reciprocal plots of reaction ratersus sarcosine necessary to slow reaction rates by using low substrate
concentration at various oxygen concentrations are linear andconcentrations in order to monitor the complete spectral
intersect on th&-axis, as judged by linear regression analysis course of the reduction reactions.
of data obtained at each oxygen concentration tested (Figure The kinetics of the reductive half-reaction at various
2A). Double-reciprocal plots of reaction ratersusoxygen L-proline concentrations were monitored at pH 8.0 by
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Ficure 3: Reduction of the His269Asn mutant withproline.
Reactions were conducted under anaerobic conditions in 100 mM
potassium phosphate buffer, pH 8.0, &4 Panel A: Curves-19
(solid lines) were recorded 0, 1.5, 6.0, 13.5, 21.0, 32.0, 45.0, 72.2,
and 195.0 min, respectively, after mixing with 50 mMproline.
The spectrum shown by the dotted line was recorded after air

800 1000

oxidation. Panel B: The observed rate of the anaerobic half-reaction

with L-proline is plotted as a function of the substrate concentration.
The solid line is a fit of the data to a hyperbolic saturation curve

(eq 1).

Scheme 3: Proposed Mechanism for MSOX Reduction by
L-Proline

Ky
E-FAD,, + S === E-FAD,'S

k!"\
E-FAD,-S —» E-FAD, P

red
following the loss of absorbance at 454 nm. The reactions
were found to exhibit apparent first-order kinetics over a
broad range of -proline concentrations (0.65..0 M). A

plot of kops versusL-proline concentration was hyperbolic
(Figure 3B). A double-reciprocal plot of the data was linear
with a finite Y-intercept (not shown). According to criteria
described by Strickland et al2@), the data are compatible

Zhao et al.

Table 5: Reductive Half-Reaction Kinetic Parameters wifroline
and the His269Asn Mutant or Wild-Type MSOX at pH 8.0

enzyme kiim (Min~1) KL —protine (MM)
His269Asn 0.198t 0.004 230+ 10
wild type 7.4+ 0.1 260+ 11

2 Reductive half-reaction kinetic parameters were determined in 100
mM potassium phosphate buffer, pH 8.0, &Clby fitting the data to
eq 1.
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FIGURE 4: Anaerobic reduction of the His269Asn mutant using
xanthine/xanthine oxidase as electron donor. Curve 1 is the spectrum
of the mutant in anaerobic 50 mM potassium phosphate buffer,
pH 8.0, containing 30&M xanthine, 2uM methyl viologen, 1

uM 5-deazariboflavin, and 6@M EDTA, recorded immediately
after addition of a catalytic amount of xanthine oxidase at@5
Additional spectra were recorded after 30, 60, 100, 150, 190, 240,
and 290 min. Inset: Curve 1 is the spectrum of wild-type MSOX
in the same buffer before addition of xanthine oxidase. Additional
spectra were recorded 20, 465, 95, 155, and 230 min after
addition of xanthine oxidase. [Reduction of the radical to fully
reduced flavin with wild-type or mutant enzyme occurs in a slower
reaction (data not shown).]

The K, for flavin ionization at N(3) in wild-type MSOX
(pKa = 8.28) 6) is shifted downward by 2 pH units as
compared with that for free FAD i = 10.4) @1). The
absorption spectrum of the His269Asn mutant in the oxidized
state is markedly dependent on pH. At pH 7.30 the mutant
exhibits absorption maxima at 454 and 377 nm. As the pH
is increased from 7.30 to 9.03, the 377 nm peak undergoes
an increase in absorbance and a pronounced hypsochromic
shift to 368 nm, whereas a decrease in absorbance is observed
at 454 nm (data not shown). The spectral changes are very
similar to that observed with wild-type MSOX). Analysis
of the absorbance changes observed with the mutant at 352
nm as a function of pH yields ak value of 8.53, similar

with the same reductive half-reaction mechanism proposed!© that observed with wild-type MSOX.

for wild-type MSOX (Scheme 3). Values for the limiting
rate of reduction at saturatingproline (¢m = 0.198 min'?)

and the apparent dissociation constant for th® Eomplex
(Kqg = 230 mM) were obtained by fitting the data in Figure
3B to eq 1. The His269Asn mutant exhibits a similar binding
affinity for L-proline, but the limiting rate ofL-proline
oxidation at pH 8.0 is decreased by nearly 2 orders of
magnitude as compared with that of the wild-type enzyme
(Table 5).

Properties of FAD Bound to the His269Asn MutaWe
compared various properties of the flavin in the His269Asn
mutant versuswild-type MSOX to determine whether the
decreased activity observed with sarcosine-proline might
reflect a significant change in the flavin environment.

Wild-type MSOX forms a thermodynamically stable flavin
radical in which the anionic form of the radical is stabilized
(pKa < 6 versuspK, = 8.3 with free FAD) b). Reduction
of the His269Asn mutant with a xanthine/xanthine oxidase
system results in the quantitative formation the anionic
radical (Figure 4), similar to observed with wild-type MSOX
(Figure 4, inset).

Values for the one-electron potential for the ERAD
EFAD ™ (Eo/Erad couple (B) with the His269Asn mutant
or wild-type MSOX were determined using xanthine/xanthine
oxidase as reductant with toluylene blue as the indicator dye,
according to the method described by Mass®y(Figure
5). The B value obtained for the His269Asn mutant (76.0
mV) is only slightly lower than the value with wild-type
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Ficure 5: Measurement of the one-electron potential for thg E
Eaq couple (E) with the His269Asn mutant (top panel) or wild-
type MSOX (bottom panel) using toluylene blue as the indicator
dye. In each panel, curve 1 is the spectrum of MSOX in anaerobic
50 mM potassium phosphate buffer, pH 8.0, containing 20D
xanthine, 2Q«M methyl viologen, 1uM 5-deazariboflavin, 6&M :
EDTA 300 uM xanthine, and 2Q:M toluylene blue at 25C. A . )
catalytic amount of xanthine oxidase was tipped from a sidearm. FIGURE 6: Superposition of complexes formed by the His269Asn
For the His269Asn mutant, additional spectra were recorded after Mutant or wild-type MSOX with a competitive inhibitor, PCA. The
5, 15, 25, 35, 45, 55, 65, 75, 85, 95, 105, and 155 min. For wild- Protein backbones of mutant and wild-type enzyme are shown by
type enzyme, additional spectra were recorded after 5, 15, 20, 25,réd and gold ribbons, respectively. FAD and inhibitor in mutant
30, 35, 40, 45, 50, 60, 70, 80, and 165 min. Arrows indicate the (Plue)and wild-type enzymes (yellow) are shown by ball-and-stick
direction of the spectral change of each absorption band. In eachstructures. Comparison is made between subunit 1 in each structure.
panel, the inset shows a plot of log(fEsg Vs log(dye,/dyged).
Values for the concentration of the oxidized and radical forms of in previous studies with wild-type MSOX that the binding
M?Of( f“:jd thedox'd'.ée(é "’.‘”eret?]“%Ed forms of toluylene blue were of carhoxylate-containing ligands (e.g., PCA, MTA) results
calcuiated as described in Methods. in the movement of Arg52 into the active site, the displace-
Table 6: One-Electron Reduction Potentials of the His269Asn me”F of four Wa}er rrlj()lecu'es that gefrl]ne the SUbStratefbmldmg
Mutant and Wild-Type MSOX at pH 820 S|te. in uncomplexed enzyme and the movement of a loop
region (Gly56 to Glu60) that forms part of the cleft leading
from the surface to the active site. The movement of this
His269Asn 76.0: 1.7 0.54+ 0.01 85.3t 1.7 i i iti
wild type 7954 0.2 0,641 0.02 10125 2.4 loop closes up the e_lctlve site _cleft .and prevents add!tlonal
- — solvent from accessing the active sif §). Recent studies

amounts of xanthine oxidaséThe slope is that obtained for a linear - . . .
Dlot of 10g(Es/Erag) VS log(dyen/dyeey. The theoretical value is 0.5. show that the active-site loop in one of the two subunits of

¢ The amount of radical was estimated using previously determined Iigand-fr_ee enzyme iS_ alsq in the_ C|059_d _configuration,
extinction coefficients for the oxidized and radical forms of wild-type ~ suggesting that the active-site loop is mobile in the absence

MSOX at 391 nm (5). of substrate and can assume either the open or closed
configuration. In the His269Asn mutant, the active-site loop

enzyme (79.5 mV) (Table 6). Thesa Ealues are nearly is in the closed configuration in both subunits of ligand-free

400 mV more positive than that observed with free flavin enzyme (Table 7). Except for this difference, ligand-free

enzyme E; (MV) slope % radicaf

(—313 mV) Q2. wild-type and mutant enzymes exhibit apparently identical
The results show that the His269Asn mutation does not structures (data not shown).

affect the K, for flavin ionization, the apparent stability of The active-site loop remains in the closed configuration

the anionic radical or the one-electron potential for thg E  upon binding of PCA to the His269Asn mutant. The overall

Eraq couple. protein conformation of the PCaomplex formed with the

Structure of His269Asn Mutanitiaving established that mutant enzyme appears to be identical to that of the wild-
the properties of the flavin were apparently unaffected by type enzyme complex (Figure 6). However, small differences
the His269Asn mutation, we proceeded to determine whetherin the ligand binding mode are apparent, especially in a close-
the mutation affected the structure of the enzyme. We found up view of the active site where the pyrrole ring atoms of
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Table 7: Active-Site Loop Configuration in Wild-Type MSOX and the His269Asn Mutant

free enzyme PCA complex imidizole complex
preparation subunit 1 subunit 2 subunit 1 subunit 2 subunit 1 subunit 2
wild type open closed closed closed 1:1, closed/open closed
His269Asn closed closed closed closed

o Tyr317 - Tyr317
Sr‘ - i""ﬂ‘

S Gly344

Ficure 7: Close-up stereoview of the active site in complexes formed by the His269Asn mutant or wild-type enzyme with PCA. The two
complexes are superimposed with atoms shown in yellow for wild-type enzyme or in atomic colors for mutant enzyme (C, green; O, red;
N, blue). Hydrogen bonds are shown as yellow or red lines for the wild-type or mutant enzymes, respectively. Comparison is made between
subunit 1's in each structure.

the inhibitor in the mutant complex are clearly displaced

(0.27-0.56 A) as compared with the wild-type complex His269Asn Mutant

(Figure 7). An equivalent set of hydrogen bonds is observed g —  Free enzyme 4
at the active site of the mutant and wild-type complexes with 3 MTA complex

PCA, as illustrated in Figure 7. The distance from O7 to 3 T PCAcomplex
Arg52 NE is, however, longer in the mutant (3.18 and 3.32 i
A'in subunits 1 and 2, respectively) than in wild-type MSOX ———

(3.00 and 2.98 A in subunits 1 and 2, respectively), a Gm— 7(;* ot

difference which translates into a somewhat weaker hydrogen
bond in the mutant complex. Interestingly, Tyr317 is osF ' ‘ ' ' ' ' ' I
hydrogen bonded to Asn269 in the mutant. An equivalent
hydrogen bond is observed with wild-type enzyme between
Tyr317 and His269 ND1.

Complex Formation with Inhibitors and Various His269
Mutants. Could the steric effects leading to the small
differences in ligand binding seen with the His269A43GA T —
complex account for the substantial decrease in catalytic -
activity observed with the mutant enzyme? Overlap of the

highest occupied orbital of the donor with the lowest Ficure 8: Complexes formed with the His269Asn mutant (upper

unoccupied orbital of the acce_ptor is requ!red for electron panel) or wild-type MSOX (lower panel) and methylthioacetate
transfer from substrate to flavin or formation of a charge (MTA) or pyrrole-2-carboxylate (PCA) In each panel, the solid line
transfer complex between flavin and a suitable ligand as shows the absorption spectrum of the free enzyme in 50 mM
donor. A mutation that adversely affects the orientation of Potassium phosphate buffer, pH 8.0, a5 Spectra of complexes

: : : : with MTA and PCA (dotted and dastdot lines, respectively) are
substrate and ligand orbitals with respect to flavin should normalized to 100% complex formation, as described in Experi-

therefore decrease catalytic activity and increase the energymental Procedures. The data for the all complexes are also
of charge-transfer bands, respectively. PCA and methylthio- normalized to the same initial enzyme concentratityg{= 0.27).
acetate (MTA) are analogues for proline and sarcosine, The positions of charge-transfer bands were estimated on the basis
respectively. Both ligands form charge-transfer complexes ©f maxima observed in difference spectra (not shown).

with wild-type enzyme%). These ligands also form charge- observed for the His269Ala and His269GIn mutants (Table
transfer complexes with the His269Asn mutant, but, signifi- 8).

cantly, the charge-transfer bands are shifted to shorter Spectral Properties of the,gS Complex Formed with the
wavelengths, and hence higher energy, as compared withHis269Asn Mutant and-Proline at pH 8.0 The results
wild-type enzyme (Figure 8). A similar effect was also described above are consistent with the possibility that

Wild Type MSOX
—— Free enzyme

MTA complex
—-  PCA complex

Absorbance

300 400 500 600 700 800
Wavelength (nm)
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Table 8: Complexes Formed with Inhibitors and Various His269 ' |
Mutant$ A
Charge Transfer
Band ° 7]
2
Ky Amax € S
o
ligand enzyme (mM) (hm)  (mM'cm™) §
methylthioacetate  wild type 2.88 532 17 )
His269Ala 25.4 522 24
His269Asn 142 519 20 00 . , .
/S\/COZ His269GIn 122 520 39 300 400 500 600 700
Wavelength (nm)
pyrrole-2-carboxylate  wild type 1.60 608 2.0
T T T
His269Ala 70.0 540 1.9 004 i
@,co; \
N His269Asn 39.9 566 14
H 0.02 —
a Complexes were formed in 50 mM potassium phosphate buffer, g \
pH 8.0, at 25°C. \
0.00
His269 plays an important role in optimizing ligand/substrate
binding but do not address the possibility that His269 might 002 - 1
1

be the active-site residue with &pof 8.0, a feature which 200 T mwwem—
might also contribute to the decreased activity observed with

. L .. Wavelength (nm)
the His269 mutants. In an initial attempt to address this issue, e o Complex formed with.-proline and the His269Asn

we examir\ed the spectral properties of thes E:omplex mutant. Panel A shows absolute absorption spectra. Curve 1 (solid
formed with the His269Asn mutant andproline. The line) is the free His269Asn mutant enzyme in aerobic 50 mM

absolute spectrum of this complex at pH 8.0 does not exhibit potassium phosphate buffer, pH 8.0, &1 Curve 2 (dashed line)
a new band at longer wavelengths (Figure 9A), unlike wild- Was recorded immediately after addition of 600 mMproline.

. . Enzyme reduction was observed when the dissolved oxygen was
type MSOX (see accompanying paper). The difference consumed by turnover (data not shown). Panel B shows difference

spectrum exhibits a peak at 502 nm (Figure 9B) which might spectra for mutant enzyme (dashed line) and wild-type MSOX (solid
reflect the 2 nm bathochromic shift of the 454 nm band rather line). The data for the wild-type and mutant enzyme are normalized

than a charge-transfer interaction. We considered two pos-to the same initial enzyme concentration.

sible reasons for the failure to observe a definitive charge-

transfer band with the mutant enzymeroline complex. the observed perturbation of the absorption spectrum was
(1) His269 is the active-site base required for conversion of found to be pH-dependent (Figure 10A). The mutant enzyme
the zwitterionic substrate to the anionic form that can act as results are similar to those of the wild-type enzyme (see
a charge transfer donor. (2) His269 is not the active-site base.accompanying paper) except for the hypsochromic shift in
A charge-transfer complex is formed with th@roline anion.  maxima seen in the respective difference spectre&K4vplue
Unlike PCA and MTA, the charge-transfer band with the of 8.12 was obtained for the mutant enzyme by fitting the
mutant enzyme-proline complex is difficult to detect absorbance increase at 502 nm to a theoretical pH titration
because the charge-transfer band with the wild-type enzyme curve (Figure 10b). The observedpis very similar to the
L-proline complex absorbs at shorter wavelengths (512 nm value obtained observed in a similar experiment with wild-
versus608 or 532 nm with PCA or MTA, respectively). A type MSOX (Ka = 7.94).

similar increase in the energy of the charge-transfer band Effect of pH on the Reduet Half-Reaction of the
with the His269Asn.-proline complex might cause the His269Asn Mutant with-proline. The effect of pH on the
charge-transfer band to be hidden under the red edge of theeductive half-reaction of the His269Asn mutant with
flavin absorption band. Thus, the data obtained with MTA proline was studied in the pH range #8.4. The lower pH

or PCA predict a charge-transfer band for th@roline range was limited by the instability of the mutant enzyme
mutant complex with a maximum at 500 or 482 nm, and slow reaction rates at acidic pH values. As indicated
respectively. A charge-transfer band of modest intensity at ahove, the observed values 1 were pH-independent in

these wavelengths might be difficult to detect. the range from pH 7:59.0 K¢q = 228 + 6.9 mM), similar
Effect of pH on the Spectral Properties of the,B to wild-type MSOX Ky = 256+ 4 mM). [A decrease ifKq
Complex Formed with the His269Asn Mutant ariroline. was observed with the His269Asn mutant at higher pH values

The absorption spectrum of the His269Asn mutant was (Kq= 181.9 and 171.4 mM at pH 9.2 and 9.4, respectively)].
recorded before and immediately after mixing with 600 mM The values forki, with the mutant were strongly pH-
L-proline in aerobic buffers at p 9.0, a pH range where  dependent. The rates decreased at low pH, similar to wild-
observed values fd{4 are pH-independenkg = 228 mM, type MSOX, but did not reach a plateau at pH 9.0 (Figure
vide infra). Under these conditions most of the mutant 11), unlike wild-type, enzyme (see accompanying paper).
enzyme is converted to the,ES complex. Although the Instead, values fokin with the mutant enzyme exhibit a
dissociation constant of the,ES complex is pH-independent, decrease at pH 9. The data for the mutant enzyme were
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Ficure 10: Effect of pH on the spectral perturbation observed upon Wavelength (nm)

complex formation with the His269Asn mutant angroline. Panel Ficure 12: Binding of imidazole to the His269Ala mutant and
A: Spectra were recorded before and immediately after mixing wild-type enzyme. Panel A shows the inhibition of wild-type MSOX
the His269Asn mutant (204M) with 600 mM L-proline. Reactions (open squares) and the His269Ala mutant (solid circles) in the
were conducted under aerobic conditions in 100 mM potassium presence of various concentrations of imidazole. Reactions were
phosphate buffer (pHs 8.0) or potassium pyrophosphate buffer conducted using the standard horseradish peroxidase assay (10),
(pH = 8.0) at 4°C. Curves 16 are difference spectra obtained except that the sarcosine concentration was reduced from 120 mM
for reactions at pH 9.0, 8.8, 8.6, 8.4, 7.8, and 6.8, respectively. to 5 mM. Panels B and C show the effect of imidazole on the
Panel B: The observed difference in absorption at 502 nm is plotted absorption spectrum of the His269Ala mutant and wild-type MSOX,
as a function of pH (closed circles). The solid line is a fit of the respectively. In each case, curve 1 is the absorption spectrum of
data to eq 2. the free enzyme in 50 mM potassium phosphate buffer, pH 8, at
25 °C, and curve 2 is the spectrum of the imidazole complex,
: T ' ' ' normalized to 100% complex formation, as described in Experi-
mental Procedures. The insets show plots of the observed absor-
bance increases at 394 nm. The solid lines are fits of the data to a
theoretical binding curve (eq 1).

in the case wherela, — pKa1 < 0.6. The average of the
two pKy's (PKa (average= 8.78) is accurately determined, but
not the individual K, values, because the fit to eq 4 is
degenerate whenkp, — pKa: < 0.6 23). A true value for
pKazis, however, provided by theq obtained from spectral
titration of the mutant enzyme-proline complex (K. =
8.12) (see Figure 10). A true value fokp can therefore be

log ki, (min™")

75 8.0 85 9.0 95 calculated (K42 = 9.43) using the true value forkp; and
pH the average of Ig,; and K4, obtained from the fit of the
FiGURe 11: Effect of pH on the limiting rate of reductiokf,) of reductive-half reaction data to eq 4. Thig,mf the group in
the His269Asn mutant enzyme at saturatingroline. Reactions the mutant enzyme 5 complex which must be protonated
were conducted under anaerobic conditions in 100 mM potassiumis sjgnificantly perturbed by mutation of His269 since no

hosphate buffer (pHe 8.0) or potassium pyrophosphate buffer : . ;
E)pH 5 8.0) at 4°C(.pVaIues)fork.Fi)m were obrt)giné)d bypfitting the  €vidence for a second ionizable group was observed with

observed rates a variougoroline concentrations to eq 1. The solid ~ Wild-type MSOX in reductive half-reaction studies with
line is a fit of the data (open circles) to eq 4. L-proline up to a pH value of 9.4. The results indicate that

His269 is not the active-site base with lé,mf 8.0 since the
best fitted by eq 4, wher&,; is the apparent ionization  same ionizable group is observed in th&Eomplex-formed
constant of a group in the-B complex that must be L-proline and the His269Asn mutant or wild-type MSOX.
unprotonated for enzyme reduction to occuK{p= 8.85) Attempted Chemical Rescue of the His269Ala Mutant.
andK,; is theapparentionization constant of a group in the  Previous studies in other systems have shown that mutants
E-S complex that must be protonated for enzyme reduction exhibiting decreased catalytic activity owing to the loss of
to occur (Ks2 = 8.70). It should be emphasized that only an important active-site base can be rescued by addition of
apparent [, values are obtained by fitting the data to eq 4 a small base such as imidazoR4). Since His269 can be
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Ficure 13: Stereo ribbon diagrams of the imidazole complex with wild-type MSOX. FAD (pink) and imidazole (grey) are shown as
ball-and-stick models. There are two MSOX molecules in the asymmetric unit. One molecule is entirely in the active-site-closed conformation,
whereas the other is a 1:1 mix of open and closed conformations. Molecules with the active-site loop in the closed (blue) or open (red)
conformation are otherwise superimposable, as shown by the green and yellow ribbons, respectively.

Table 9: Complexes Formed with Imidazole and Wild-Type MSOX Fhe aCtive'S_ite'Cl_osed (_;onform?'tion where Arg52 has moved
or the His269Ala Mutarit into the active site. Imidazole is bound parallel to and 3.65
Ke (MM) A above the pyrimidine subnucleus of the flavin ring. The
binding of imidazole results in the displacementiufee of
the four active-site water molecules that are displaced by
7.0 301+ 10 other inhibitors. The fourth water is retained in the imidazole
8.0 1214+ 9 64+ 11 - Lo
85 1264 9 complex and is hydrogen bonded to N(3) of the inhibitor
aMeasurements were conducted in 50 mM potassium phosphateézﬁgﬁo'lgi%' g]xi,;:;b%?y-:-;éy%e QZOI;SG I,%\:)M?ngizdz\i-o’?e), Sr(]f) tihse
buffer (pH 7 and 8) or 50 mM Tris buffer (pH 8.5) at 2&. hydrogen bonded to Arg52 NH2.95 A) and Lys348 NZ
) ) ) (3.08 A). In the PCA complex, Arg52 and Lys348 are
excluded as the active-site base in MSOX, we eXpeCted thathydrogen bonded to the Carboxy'ate oxygens of the ||gand
addition Of imidazole W0u|d haVe ||tt|e eﬁeCt on the aCtiVity The imidazo'e and PCA Comp'exes of W||d-type MSOX are
of the His269Ala mutant. Surprisingly, imidazole actually compared in the bottom panel of Figure 14. In the PCA
inhibited sarcosine oxidation by the His269Ala mutant. complex, the ligand is bound somewhat closer to the flavin
Additional studies, however, showed that wild-type enzyme ying (3.3 A) than in the imidazole complex (3.65 A). The
was also inhibited by imidazole (Figure 12A) and that both Carbony| Oxygen Of G|y344 direct'y participates in PCA
mutant and wild-type enzyme formed spectrally detectable hinding via a hydrogen bond to the pyrrole nitrogen, in
complexes with imidazole (Figure 12B,C). The binding of contrast to the imidazole complex where the interaction is
imidazole to the mutant enzyme at pH 8.0 is 2-fold tighter indirect and mediated by the bridging water molecule. As
than that of wild-type enzyme (Table 9). Studies with wild- compared with the pyrrole ring of PCA, the imidazole ring
type MSOX suggest that the enzyme binds the unprotonatedis shifted toward the pyrimidine subnucleus of the flavin and
form of imidazole (K. = 7.05), as judged by the pH- partially overlaps with the carboxylate moiety of PCA.
dependence of the observed dissociation constant (Table 9)gxcept for the retained water molecule and the ligands
Crystal Structure of the Complex of Imidazole with Wild- themselves, the active sites in the imidazole and PCA
Type MSOXCrystals of the complex of wild-type MSOX  complexes are virtually superimposable.
with imidazole contain two enzyme molecules (subunits) in
the asymmetric unit, as previously observed for free wild- DISCUSSION
type MSOX and its complexes with other inhibito&; 6). Mutation of His269 to Asn, Ala, or GIn does not
One molecule in the MSOXmidazole complex is in the  significantly affect MSOX expression, covalent flavinylation,
active-site-closed conformation, whereas the other is a 1:1or the visible absorption spectrum of the isolated enzyme.
mix of open and closed conformations. In contrast, the active- The specific activity of the each mutant enzyme is, however,
site loop is entirely in the closed conformation for complexes decreased by nearly 2 orders of magnitude as compared with
of wild-type MSOX and other inhibitors (Table 75,(6). wild-type MSOX, indicating the importance of His269 in
Except for the active-site loop and the location of Arg52, MSOX catalysis. Additional studies with the His269Asn
the two conformations of the MSOMnidazole complexes  mutant show that mutation of His269 does not affect the
are otherwise superimposable (Figure 13). Figure 14 (top pK, for flavin ionization at N(3), the stability of the anionic
panel) shows a close-up view of the imidazole complex in radical, or the one-electron potential for thg/E.q couple.

pH wild type His269Ala
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Ficure 14: Binding of imidazole to wild-type MSOX. The imidazole complex is shown in the active-site-closed conformation. The top
panel shows a stereoview of the 2Hec electron density map of the MSGiKiidazole complex. A ball-and-stick representation for imidazole,

the flavin ring, and several interacting side and main chain atoms is included. The contour level.i$HeCatom colors are carbon (gold),
nitrogen (cyan), and oxygen (red). Hydrogen bonds are shown as black dotted lines. In the bottom panel, stereo diagrams of the wild-type
MSOX complexes with imidazole and PCA are superimposed. The atom colors for the imidazole complex are carbon (green), nitrogen
(blue), and oxygen (red). All atoms in the PCA complex are colored yellow. Hydrogen bonds for the imidazole and PCA complexes are
shown as red and yellow dotted lines, respectively.

The results suggest that His269 is present in an unprotonatedeplaced by sarcosine, a poor substrate for this enzgme (
form in wild-type MSOX since the loss of a nearby positive The effect of the His269Asn mutation on the MSOX
charge might otherwise be expected to effect both N(3) reductive half-reaction was evaluated in studies wAfitoline
ionization and the one-electron reduction potential of the at pH 8.0, which show that the mutation decreases the
flavin (25, 26). limiting rate of reduction Kiw) by nearly 2 orders of
To characterize the nature of the catalytic impairment, we magnitude whereas thé&, for formation of the E.S complex
conducted steady-state and reductive half-reaction studieds unaffected. Reduction of the mutant enzyme kproline
with the His269Asn mutant. Turnover with sarcosine at pH involves rapid equilibration of free enzyme with thg
8.0 is nearly 2 orders of magnitude slower than that with complex, followed by a practically irreversible reduction of
wild-type MSOX. The mutant data are consistent with a rapid the enzyme flavin to form &P (Scheme 3). The same
equilibrium ordered mechanism with oxygen as the first mechanism is observed with wild-type MSOX.
substrate to bind (Scheme 1), whereas a modified ping-pong The crystal structure of the free His269Asn mutant and
mechanism is observed for wild-type MSOX (Scheme 2). the complex of the mutant enzyme with PCA show that the
The basis for this change in steady-state mechanism ismutation does not affect the overall structure of MSOX. PCA
unclear. The same change in mechanism is, however,bound to the mutant enzyme does not, however, completely
observed with wild-typeN-methyltryptophan oxidase (a superimpose with PCA bound to wild-type MSOX. Small
member of the MSOX family) wheN-methyltryptophan is  differences are observed, especially in the orientation of the
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pyrrole ring of the inhibitor which is displaced by 027 not detected with wild-type enzyme, suggesting that s p
0.56 A in the mutant enzyme as compared with wild-type is decreased upon mutation of His269.
MSOX. The three His269 mutants (His269Asn, His269Ala,  The results clearly indicate that His269 is not the group
His269GIn) form charge-transfer complexes with PCA and with a pk, = 8.0 that must be unprotonated for conversion
MTA, inhibitors that are analogues farproline and sar-  of L-proline to the reactive anionic form that undergoes
cosine substrates, respectively. The charge-transfer bandglectron transfer to FAD. This leavesproline or Tyr317
with the mutant enzymes are, however, shifted to shorter as potential candidates for the ionizable group in th€ E
wavelengths, and hence higher energy, as compared withcomplex. Tyr317 mutagenesis studies with MSOX are
wild-type MSOX. A decrease in the one-electron potential currently in progress. If the pH effect is not eliminated by
for the Ex/Eag couple (B) with the His269 mutants as mutation of Tyr317, the results would indicate that the
compared with wild-type MSOX might account for the MSOX active site causes a substantial lowering of tkg p
observed hypsochromic shift of the charge-transfer bands,of L-proline as compared with the free ligandg= 10.6).
but this explanation can be ruled out because similar E A similar shift in the substrately is observed upon binding
values are observed with His269Asn mutant (#6.0.7 mV) of trimethylamine to trimethylamine dehydrogenask{g
and wild-type (79.5+ 0.2 mV) enzymes. Charge and electron 6.5 for Exx'S vs Ko = 9.3 with free S) 28, 29).
transfer reactions can also be affected by the environment, Since His269 could be ruled out as the active-site base in
but the His269Asn mutant and wild-type enzyme exhibit the ES complex withL-proline, we expected that the
similar active-site environments, as judged by structural data His269Ala mutant would not be subject to chemical rescue.
and the properties observed for the FAD prosthetic group. Addition of a small base like imidazole was, therefore, not
We propose that the increased energy of the charge transferexpected to affect enzyme activity. Instead, we found that
bands observed with the mutant complexes is due to a changémidazole was an inhibitor that bound to the active site in
in ligand orientation, resulting in a less than optimal overlap both mutant and wild-type enzyme. The binding of imidazole
of the highest occupied orbital of the ligand with the lowest to wild-type MSOX was completely unexpected. Our previ-
unoccupied orbital of the flavin. A similar alteration in ous studies led us to conclude that the carboxylate moiety
substrate orientation might decrease the rate of electronof sarcosine (CBNHCH,CO,") was essential for binding
transfer and might thereby account for the nearly 100-fold of ligands, in part, because no binding was observed with
decrease in reaction rates observed with the mutant enzymeSimge alip?atic aminesl such as Tthy"(?em)"arf:“ne éCH
The binding ofL-prolin wild- MSOX and th NH HZCH3. . Interestingly, our results in_iqatet atM _OX
Hi3266925ndm8taont isp p?—i—ir?d(ta%enddert&/?m-gs.(()? in;cgti:lge probably binds theunprotonat.edfor.m of !m|dazole. Th|.s
that both enzymes bind the zwitterionic form ©froline suggests that one reason aliphatic amines do not bind to

; ; MSOX is because they aprotonatedat neutral pH (K, >
from solution. The absorption spectrum of thg:BE complex h AN . S
formed with the His269Asn mutant does not provide 10). The ability to bind imidazole provides insight into the

. . . lasticity of the MSOX active site. Imidazole N(1) forms
evidence for charge-transfer interaction, even at elevated pHp ) .
andL-proline concentrations (1,000 mMproline, pH 10.0), hydrogen bonds with Arg52 and Lys348, residues that

. X : “normally” bind the carboxylate group of substrate and
unlike wild-type MSOX (see accompanying paper). Charge- .
transfer complex formation with wild-type MSOX exhibits substrate analogues. Imidazole also forms a hydrogen bond

a (K. = 8.0 and requires conversion of enzyme-bound with a water molecule that is displaced upon binding of

2 ) quires . yme-bou carboxyl-containing ligands. The imidazole binding site is
L-proline from the zwitterionic to the anionic form._S|gn|f|- shifted toward the pyrimidine subnucleus of the flavin, as
cantly_, the spectral perturbatlon observed for th_e _I—_||3269Asn compared with carboxyl-containing ligands, a feature which
L-proline comp.le>.< is also pH-dependent, exhibiting . p may favor aromatic stacking interactions and thus contribute
value of 8.1, similar to that observed for the development

of the charge-transfer band with wild-type enzyme. The to imidazole binding energy.

results indicate that His269 is not the ionizable group ACKNOWLEDGMENT
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