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ABSTRACT. The reaction of heterotetrameric sarcosine oxidase (TSOXJtbfobactorsp. 1-IN has been
studied by stopped-flow spectroscopy, with particular emphasis on the reduction of the enzyme by sarcosine.
Expression of the cloned gene encoding TSO)Estherichia colienables the production of TSOX on

a scale suitable for stopped-flow studies. Treatment of the enzyme with sulfite provides the means for
selective formation of a flavinsulfite adduct with the covalen8(N3-histidyl)-FMN. Formation of the
sulfite—flavin adduct suppresses internal electron transfer between the noncovalent FAD (site of sarcosine
oxidation) and the covalent FMN (site of enzyme oxidation) and thus enables detailed characterization of
the kinetics of FAD reduction by sarcosine using stopped-flow methods. The rate of FAD reduction displays
a simple hyperbolic dependence on sarcosine concentration. Studies in the pH range Bdicate

there are no kinetically influential ionizations in the enzynseibstrate complex. A plot of the limiting

rate of flavin reduction/the enzymesubstrate dissociation constaki.{/Kq) versus pH is bell-shaped and
characterized by two macroscopikgvalues of 7.4+ 0.1 and 10.4t 0.2: potential candidates for the

two ionizable groups are discussed with reference to the structure of monomeric sarcosine oxidase (MSOX).
The kinetic data are discussed with reference to potential mechanisms for the oxidation of amine molecules
by flavoenzymes. Additionally, kinetic isotope effect studies of the rate-eH®ond breakage suggest

that a ground-state quantum tunneling mechanism for H-transfer, facilitated by the low-frequency thermal
motions of the protein molecule, accounts for B bond cleavage by TSOX. TSOX thus provides another
example of CG-H bond breakage by ground-state quantum tunneling, driven by protein dynamics
[vibrationally enhanced ground-state quantum tunneling (VEGST)], for the oxidation of amines by enzymes.

Sarcosine oxidase (SOXEC 1.5.3.1) catalyzes the formaldehyde:
oxidative demethylation of sarcosine to produce glycine and

CH,;NHCH,COOH+ 0, + H,0 —
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(1—4) and eukaryoticg) sources. SOX belongs to a larger
family of enzymes includingN-methyltryptophan oxidase
(MTOX), pipecolate oxidase (PIPOX), dimethylglycine de-

Harris et al.

formed between TSOX and sarcosine over the pH range
investigated. These studies are consistent with proposed
mechanisms for the oxidation of amine substrates by fla-

hydrogenase (DMGDH), and sarcosine dehydrogenase (SDH)yoenzymes, including the so-called carbanion mechanism,
which catalyze similar oxidative demethylation reactions of direct hydride transfer mechanism, or mechanisms involving
secondary and tertiary amino acids. The bacterial SOX homolysis of the €&H bond (e.g., see ref&6 and 17).
enzymes are induced in various microorganisms when grownStudies of the temperature dependence of the flavin reduction
on sarcosine as the sole source of carbon and energy. Thesete with sarcosine and\-methyl-ds-glycine (deuterated
bacterial enzymes can be divided into three subclasses: thesarcosine) indicate a nonclassical mode of breaking the
monomeric (MSOX), the heterodimeric (DSOX), and the substrate €H bond, and strongly suggest that vibrationally
heterotetrameric (TSOX) enzymes. MSOX fr@acillussp. enhanced ground-state tunneling [VEGSI8,( 19] of
B-0618 has been cloned and shown to have a molecular mas&ydrogen occurs during breakage of the substratel ®ond.
of 43.8 kDa () and to contain a covalently attached flavin
in the form of an 8&-S-cysteinyl linkage to Cys-315]; this EXPERIMENTAL PROCEDURES
covalent link is conserved in the related MTOX and PIPOX  Chemicals and EnzymeSomplex bacteriological media
enzymes. The crystallographic structure of MSOX has beenwere from Unipath, and all media were prepared as described
solved at 2.0 A resolutior}, revealing a two-domain protein by Sambrook et al.20). Sarcosine (HCI salt), NAD, FAD,
with an overall topology similar tw-amino acid oxidase  o-dianisidine, and horseradish peroxidase were from Sigma.
(7). MSOX exhibits approximately 20625% sequence iden-  N-Methyl-ds-glycine hydrochloride (deuterated sarcosine)
tity with the g-subunit ofCorynebacterialf'SOX (3). TSOX was from CK Gas Products Ltd. All other chemicals were
contains four different subunits of approximate molecular of analytical grade where possible.
masses 100, 45, 21, and 11 kD&) @nd also contains Isolation of Recombinant Arthrobacter TSOStandard
noncovalently bound FAD, noncovalently bound NA®), cloning methods were as described elsewh2@ Cloning
and covalently bound FMN attached to ffwsubunit [residue  of the genes encoding TSOX frosrthrobactersp. 1-IN
His-173 of theCorynebacteriall'SOX; (10)] in the form of has been described previousBl). Sequence analysis has
8a-(N3-histidyl)-FMN (11). TSOX also contains two sites  established that the TSOX from this strain is 96% identical
for tetrahydrofolate (Lfolate). Hifolate does not affect the  with the TSOX ofCorynebacteriunsp. P-1 (Harris, Meskys,
rate of sarcosine oxidation, but reactions performed in the and Scrutton, unpublished) and that the gene order within
presence of kfolate yield methylenetetrahydrofolate rather the soxoperon is identical to that described for tBeryne-
than formaldehydel@). No crystallographic structure exists  bacterial enzyme. Overexpression of thsox genes was
for a bacterial TSOX. accomplished by subcloning the whole of thex operon
The catalytic and spectroscopic propertie€ofynebac- into the plasmid vector pET-11d where the genes come under
terial TSOX have been investigated already. Both flavins the control of the T7 promoter. To achieve expression, the
are reducible with sarcosine or dithionite, and two electrons soxoperon was originally isolated as a 12 kb fragment cloned
per flavin are required for complete reduction; the blue into plasmid pTZ18R Z1). The operon was released from
neutral flavin semiquinone is observed during the course of plasmid pTZ18R by digestion with the restriction enzymes
reductive titration {3). Sarcosine dehydrogenation occurs Hindlll and Kpnl to generate 7.5 kilsoxoperon-containing
at the noncovalent flavin, whereas the oxidase activity is DNA fragment. The first gene in the opersokB) contains
associated with the covalently bound flavin. Sulfite inhibits anNcd site at the position of the initiating methionine, and
oxidase activity (but does not prevent enzyme reduction with a second\cd site is located at the beginning of tisex D
sarcosine) by forming a reversible covalent complex with gene (the subsequent gene in the operon). The 7-8rid I/
the &t-(N3-histidyl)-FMN (13). Combined UV~visible and Kpnl fragment was thus partially digested witttd and the
EPR spectroscopy studies have demonstrated that comprosoxoperon cloned into plasmid pET-11d as a 6.5Nxnl/
portionation of the substrate-reduced noncovalent dihydrofla- Hindlll fragment. The resultant construct was designated
vin produces a biradical form of TSOX comprising a 50:50 pSOX. Recombinant TSOX was isolated by transforming
mixture of red anionic and blue neutral flavin semiquinones plasmid pSOX intcE. coli strain BL21/DE3. Transformed
(14). Rapid mixing stopped-flow and pH-jump studies have cells were grown in & YT media (10 L) containing 5@g/
shown that TSOX cycles predominantly between the oxidized mL Timentin at 21°C until stationary phase was reached.
and 2-electron reduced forms during steady-state reactionsCells were harvested by centrifugation, resuspended in 50
and that 2-electron reduction of the enzyme by sarcosine ismM potassium phosphate buffer, pH 7.3 (buffer A), and
rate-limiting (45 s! at pH 8.0). Reaction of 2-electron broken by passage through a French press (140 MPa).
reduced TSOX with oxygen is 1.7-fold faster (75)sthan Membranes were removed by centrifugation (15§)0@r
the aerobic turnover rate, and the pH-jump technique was 15 min, and the supernatant was fractionated with ammonium
used to demonstrate that intramolecular electron transfersulfate, while maintaining the pH at 7.3 by the addition of
between the two flavins is fast (750%sat pH 8.0) (5). K HPQO, as required. The 3050% ammonium sulfate
In this paper, we have investigated the pH dependencefraction was harvested by centrifugation (150f@r 20 min,
and temperature dependence of the rate of reduction bydialyzed exhaustively against 20 mM potassium phosphate
sarcosine of the noncovalent flavin in the TSOXAathro- buffer, pH 7.3 (buffer B), and then applied to an anion
bacter sp. 1-IN. Our studies demonstrate two kinetically exchange column (DE-52; 5.5 cr112 cm) equilibrated with
influential ionizations in the free enzyme and/or free substrate the same buffer. After the column was washed with 0.15 M
of pKs values 7.4+ 0.1 and 10.4+ 0.2. No kinetically KCI contained in buffer B, the column was developed using
influential ionizations were observed in the ES complex a gradient (0.150.6 M) of KCI contained in buffer B.



Reductive Half-Reaction of Sarcosine Oxidase Biochemistry, Vol. 39, No. 6, 200191

TSOX-containing fractions were pooled, concentrated to 1 2 3 4 5
about 10 mL by ultrafiltration, and madlL M with respect

to ammonium sulfate. The enzyme was applied to a column
(3 cmx 10 cm) of phenyl Sepharose equilibrated with buffer
B containip 1 M ammonium sulfate. The column was
developed by the application of a® M ammonium sulfate
gradient contained in buffer B. Fractions containing TSOX
were pooled, dialyzed exhaustively against 20 mM Tris-HCI,
pH 8.0 (buffer C), and applied to a Q-Sepharose (HP) fast
flow column (2.5 cmx 2.5 cm) equilibrated with buffer C.
TSOX was eluted using a KCI gradient€0.6 M) contained

in buffer C. TSOX was exchanged into buffer B by
exhaustive dialysis and concentrated to about 10 mg/mL for
storage at-20 °C.

Methods of Protein AnalysiShe presence of FAD and
NAD™ in purified TSOX was confirmed by reverse-phase Fgyre1: SDS-polyacrylamide gel electrophoretic analysis of the
hplc analysis using a Waters Spherisorb S5 ODS2 reverse-purification of recombinant TSOX fror&. coli strain BL21/DE3
phase column. The column was equilibrated with 80% 50 transformed with pSOX. Lane 1, sample of broken cells following
mM potassium phosphate, pH 6.5/20% methanol. Samp|esbreakage with a French press; lane 2, fraction obtained following

- - ammonium sulfate fractionation; lane 3, pooled fractions following
of enzyme were boiled for 5 min to release cofactors, and ion-exchange chromatography (DE-53): lane 4, pooled fractions

prOte"" was removed by microcentrifugation for 10 mi'n. obtained following hydrophobic interaction chromatography (phenyl
Following sample application, cofactors were eluted using Sepharose); lane 5, pooled fractions following chromatography

a 20-100% methanol gradient. Authentic samples of FAD, using Q-Sepharose (HP).
FMN, AMP, and NAD" were used as standards. Covalent
linkage of flavin to the TSOX3-subunit was demonstrated
by separating the subunits by SBolyacrylamide gel
electrophoresis and detection of flavin fluorescence following
exposure of the gel to UV light2@). The concentration of
TSOX was determined from the flavin absorbanegd=

12 700 Mt cm™%; (8)] and calculated on the basis of 2 mol
of flavin/mol of TSOX.

Steady-State Kinetic AnalysiSteady-state kinetic mea-
surements were performed Wwia 1 cmlight path in a final
volume of 1 mL at 25C. The reaction mixture contained 5
IU of horseradish peroxidase, 0.007% whrdianisidine
contained in 20 mM potassium phosphate buffer, pH 8.5. E,, + sarcosine> E, -sarcosine~ E,.;+ P (1)
The desired concentrations of sarcosine and enzyme were
obtained by making microliter additions from stock solutions Data were then fitted to obtain relatéd, and ki, values
to the assay mixture. Reactions were initiated by the addition ysing eq 2 23):
of substrate, and the increase in absorbance at 430 nm due

and averaged. Absorbance changes at 450 nm were either
biphasic (transients were analyzed using a two-exponential
expression) or monophasic (transients fitted to a single-
exponential expression). The observed rate constants for
monophasic transients and for the fast phase (flavin reduc-
tion) of biphasic transients were found to exhibit a hyperbolic
dependence on substrate concentration, and the reaction
sequence was modeled as shown in the general scheme
involving the establishment of a rapid equilibrium between
the ES complex and free enzyme and substrate forms prior
to flavin reduction:

to oxidation ofo-dianisidine €30 = 1.08 x 10* M~ cm2) Kobs = Kim[SI/(Ky + [S]) (2
was measured using a Hewlett-Packard 8452A diode array
spectrophotometer. The pH profile for the kinetic parametekin/Kq was

Stopped-Flow SpectroscopRapid kinetic experiments ~ constructed, and data were fitted using eq 3:
were performed using an Applied Photophysics SX17MV B 5
and SX18MV stopped-flow spectrophotometer. Time-de- Kim/Kg = Trna{ (1 + 10PRaP 4 P pKaZ)) 3)
pendent reduction of TSOX was performed using diode array i i .
detection or single-wavelength detection as necessary. ForlmaxiS the theoretical maximal value &m/K.
diode array studies, spectral deconvolution was performedRESULTS
by global analysis and numerical integration methods using
PROKIN software (Applied Photophysics). For single- Expression and Purification of Recombinant TSOX and
wavelength studies, data collected at 450 nm were analyzedTitration with Sulfite TSOX was expressed at high levels
using nonlinear least-squares regression on an Archimedesn E. coli strain BL21/DE3 transformed with plasmid pSOX.
410-1 microcomputer using Spectrakinetics software (Ap- The enzyme was purified to homogeneity and in high yield
plied Photophysics). Experiments were performed by mixing (300 mg from a 10 L culture of the recombinat coli
sulfite-treated TSOX (see Results) in buffer of the desired strain) using the procedure described above (Figure 1). The
pH, with an equal volume of sarcosine at the desired UV —uvisible spectrum of recombinant TSOX resembled that
concentration in the same buffer. In pH and temperature of native enzyme purified fromArthrobactersp. 1-IN (Figure
dependence studies, the concentration of substrate was alway®, spectrum 1). This situation is in contrast to theryne-
at least 10-fold greater than that of TSOX, thereby ensuring bacterial recombinant TSOX, which is purified in a form
pseudo-first-order conditions. For each substrate concentra-containing a covalent and reversible cysteiflavin C4a
tion used, at least four replicate measurements were collectecadduct p4). The cofactor content of recombinaAtthro-
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0.35 of reduction of the noncovalent flavin by sarcosine are thus
100 complicated by spectral changes occurring as a result of
80 multiple turnover and internal electron transfer within TSOX.
60 However, as shown here for tihethrobacterenzyme (see

40 below) and by other workers for ti@&orynebacteriaenzyme

20 (25), studies of FAD reduction can be simplified by treatment
0.25 | 0 of TSOX with sulfite. Formation of the reversible covalent
0 5 10 15 20 adduct prevents internal electron transfer from the nonco-

1/[SO,2] mM* valent FAD to the &-(N*-histidyl)-FMN, and thus the

enzyme is able to accept only 2 electrons from substrate;
i.e., the reaction is restricted to a single-turnover situation.
In developing a simplified stopped-flow procedure for
studying FAD reduction in the TSOX dArthrobactersp.
1-IN, the sulfite reactivity of the enzyme was investigated.
As expected, treatment with sulfite elicits spectral changes
consistent with adduct formation at the-8\®-histidyl)-FMN
(Figure 2). Similarly, sulfite titrations were performed over
the entire pH range used in the stopped-flow studies
described below and the corresponding adduct dissociation
constants calculated (Figure 2). Addition of sarcosine to
sulfite-treated enzyme demonstrated that sulfite treatment did
0 . r . T T T not affect the ability of the enzyme to be reduced by
300 350 400 450 500 550 600 sarcosine. This addition of sarcosine effected a spectral
change-manifested by further reduction in the absorption
at 450 nm-similar to that reported previously for the
FiIGURE 2: Titration of sarcosine oxidase with sulfite. Conditions: ~ Corynebacterialenzyme [data not shown13)].
20 mM sodium pyrophosphate buffer, pH 8.5, 200 mM KClat 25 gtopped-Flow Studies of FAD Reduction in Sulfite-Treated

°C. Inset: Plot of 1AA4s0 versus 1/[S@], Kg = 333 uM. . . .
Spectrum 1, oxidized TSOX (16M); spectra 2-8 inclusive, TSOX.The reductive half-reaction of sulfite-treated TSOX

following addition of sodium sulfite at a final concentration of 50 Was studied by stopped-flow spectroscopy are5 Given

#M, 100 uM, 200 uM, 500 4M, 1 mM, 6 mM, and 10 mM, the relatively high sarcosine concentrations used in this study,
respectively. Adduct dissociation constants (shown in parentheses)there is a potential concern regarding ionic strength effects
were also obtained by titration at different pH values: pH 6.5 (71 on the observed kinetic behavior. Consequently, the total

uM), pH 7.0 (954M), pH 8.0 (2304M), pH 9.0 (4.6 mM), pH - . .
10.0 (10 mM). Buffers used were 20 mM potassium phosphate (pH 1ONiC strength was kept constant by balancing with KCI the

6.5 and 7.0), 20 mM sodium pyrophosphate (pH 8.0), 20 mM contribution made by sarcosine.
sodium borate (pH 9.0 and 10.0). Enzyme reduction was followed by photodiode array

detection, and data were fitted globally using numerical
integration methods using Prokin software (Applied Photo-

0.3 -

1/AAbs (450nm)

0.2 1

0.15 {1

Absorbance

Wavelength (nm)

Scheme 1 : Kinetic Scheme for the Reduction of TSOX by

Sarcosine . i . -
physics). Initial experiments were performed with equal
P S P iti i ;
molar quantities of TSOX and sarcosine to assess the efficacy
E+S E*S —Z> Ent A Enr *S _J, EH, of sulfite treatment in suppressing oxidase activity. Data

collected over 200 s after mixing were best fit to a two-step

bactersp. 1-IN TSOX was shown to be identical to that of model:
CorynebacterialT'SOX using the methods described above.
Using the coupled assay system described above, the specific
ac;uvr:y 0; purgleci recolmbfmag_Art_hrg_bacter_'(lj’_SO;( W;S Species A represents the oxidized form of sulfite-treated
caicu ?te to le -amol of o-dianisidine oxidized mi TSOX (Figure 3). The calculated spectral forms indicated
(mg o .TSOXT d ith th b il h that species B is a 2-electron-reduced form of sulfite-treated

Previous studies with t €orynebacteria TSOX ave  Tsox (as revealed by the large reduction in absorption at
shown that sulfite selectively forms a reversible adduct with 450 nm). Species C is an alternate form of reduced sulfite-
the_:d 81—(N3-h|_st|dyfl)-rl1:MN resulting in |nh|b|t|0_nhof l;he treated TSOX in which the 450 nm absorption is reduced
oxidase activity of the en_zymd'\e). Trea’Fment with sulfite g, ther-whether the slow phase reflects further reduction
does not prevent reduction of the sulfite-unreactive flavin ¢ \vo EAD remains to be established. This species forms
Ey sarcr(])sme. Electron ér%nsfrmmryrr]]ebgcterlﬁrrsox hsash relatively slowly, but the reason for its slow formation is

een shown to proceed by the mechanism shown In SChemeg, . nown. However, it is worth noting that this reaction was
1 (15). Stopped-flow studies in which sarcosine is mixed
with TSOX give rise to complex spectral changes. These ~, . _ ) ) .

L - Eint is a species of TSOX in which both forms of the flavin are
reflect initial production of the 2-e|e_ctrqn r_educed enz§/n_"|e reduced at the level of 1 electron. Its formation involves 2-electron
(Eint; observed at long wavelength, indicating the formation reduction of the noncovalent FAD by sarcosine followed by the transfer
of a flavin neutral semiquinone species) followed by of 1 electron to the covalento8(N*-histidyl)-FMN. Internal electron

; _ ; transfer from FAD to &-(N*-histidyl)-FMN in TSOX is under
complete reduction to the 4-electron reduced species Ofprototropic control and is fast compared with FAD reduction by

T_SO_X (EHy). Rapid _equilibrium conditions apply to _the sarcosine5). In stopped-flow experiments, therefore, internal electron
binding steps shown in Schemelb). Stopped-flow studies  transfer is not resolved from reduction of FAD by substrate.

A—B—C
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L§1J Ficure 4: Reaction of sulfite-treated TSOX with sarcosine
monitored by single-wavelength stopped-flow spectroscopy. Condi-
0 T T T tions as in Figure 3. Panel A: Transient obtained at 450 nm

T T
350 400 450 500 550 600 illustrating the biphasic nature of the reductive transient observed
Wavelenath at this wavelength. Panel B: As for panel A, but measurement
avelength (nm) extended to a longer time excursion to illustrate the partial
FicUuRe 3: Reaction of sulfite-treated TSOX with sarcosine reoxidation of 2-electron reduced sulfite-treated TSOX by molecular
monitored by stopped-flow photodiode array spectroscopy. Condi- oxygen. The transients demonstrate that the reductive and oxidative
tions: 20 mM sodium pyrophosphate buffer, pH 8.5, 20 mM sodium Phases of the reactions are well resolved.
sulfite, 180 mM KCI, 16.5uM sulfite-treated TSOX, 16.%M ) ) o _
sarcosine, 25C. Panel A: Time-dependent spectral changes on to the covalent flavin (the site of oxidation) in TSOX. Thus,
rapidly mixing sulfite-treated TSOX with sarcosine. The experiment following prolonged incubation after mixing, molecular
was conducted over 260 s after the |_n|t|.al mixing event. The first oxygen is able to remove electrons from the enzyme
spectrum is recorded 1.3 s after mixing; for clarity, only selected llowing i el f h NE-histidv]
subsequent spectra are shown. Panel B: Deconvoluted spectra fof0!lOWing internal electron transfer to thex§N*histidyl)-
the reaction shown in panel A. The data shown in panel A were FMN. The data reveal that the presence of sulfite substan-
fitted to the model: A~ B — C. Spectrum 1, sulfite-treated TSOX tially inhibits enzyme reoxidation [by suppressing internal
(Sfp{ehCleS /3); StpectrthE 2, entzlyme SPeCtleS (B?)) following the fast ph(aé)eelectron transfer from 2-electron reduced FAD to the sulfite-
of the reductive half-reaction; spectrum 3, enzyme species INB_Rictidul). ;
following the slow phase of the reductive half-reaction. bound &-(N hIStldyl) FMN] to the. extent that the reductive
phase of the reaction sequence is clearly resolved from the
oxidative phase. Sulfite treatment is therefore effective in
suppressing the oxidase activity of TSOX, making studies
of flavin reduction by sarcosine possible using the stopped-
flow technique.

not performed under pseudo-first-order conditions; thus, a
change in the rate-determining step (from a first-order
reduction step to a second-order binding step) could poten-
tially account for the observed biphasic flavin reduction . . . .
kinetics. Arguing against this explanation, however, is that Con5|stent_ with _the multiple-wavelength analysis of en-
biphasic kinetics are also observed under pseudo-first-order”Y M€ fed“Ct'OF" smgle-v_vavelength stopped-flow measure-
conditions (i.e. when [sarcosine] is at least 10-fold that of ments of equimolar mixtures of TSOX and sarcosine

: e demonstrated that reductive transients at 450 nm were
SOX]; see below), thereby negating rate limitation through . ) ) . . .
z[;rseco]nd-order birzding prgcesg g g biphasic (Figure 4A). Again, after the initial reduction of

With equimolar sarcosine, at much longer time excursions the enzyme, and following prolonged incubation, the absorp-

(>1000 s), a fourth intermediate forAorm D). Intermedi- tion at 450 nm was found to increase again due to enzyme

: . o .. reoxidation (Figure 4B). The fast phase of the reductive
ate D is a consequence of the reversible binding of sulfite transient contributes-70% of the total absorption change,

consistent with electron transfer to the flavin. This phase

8 The spectral form of species D is not shown since its formation is ; ;
not complete within 1000 s of the mixing event. Data acquisition beyond also reports on €H bond cleavage, since there is a

1000 s is not possible using the commercial software used to drive Pronounced kinetic isotope effect (KIE) on this phase (see
stopped-flow experiments with photodiode array detection. below).
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Ficure 5: Concentration dependence of the observed rate for flavin 300 |
reduction in sulfite-treated TSOX. Reaction conditions as described
in the legend to Figure 3. The total ionic strength at different o~ 250 - {
concentrations of sarcosine was balanced with KCI. Filled circles, L 200
reactions performed with sarcosink{ 141 s, K4 13.2 mM); E
open circles, reactions performed withmethyl-ds-glycine hydro- < 150 4 § L e e o °®
chloride (deuterated sarcosingj( 19.5 s'1, K4 14.4 mM). Data 100 A . b
were fitted using eq 2.
50 A
Under pseudo-first-order conditions, the observed rate 0 L B
constant for the fast phase (flavin reduction) was found to 6 7 8 ° 10 "
be hyperbolically dependent on sarcosine concentration at pH

all pH Va'l_les StUd'eq (Flg_ure 5), Wh'Ch_'S Con5|stent with Ficure 6: pH dependence of flavin reduction in sulfite-treated
the formation of a Michaelis complex prior to reduction of TSOX. Panel A: Plot okn/Kq as a function of pH. Data are fitted
the enzyme-bound FAD. The kinetic scheme shown in eq 1 to the expression for a double ionization (eq 3). Macroscofic p
for enzyme reduction is therefore appropriate, and the values are 7.4t 0.1 and 10.4+ 0.2. The data shown were also
concentration dependence of the fast phase can be ana|yzeanalyzed using the logarithmic form of eq 3 (not shown). Analysis

. . - using the logarithmic form provides for more appropriate weighting
using the Strickland equation (eq 2). No lag phase was qf hoints not located near the optimum of the plot shown in panel

apparent in the reductive transient, suggesting that the rapida. In this case, the upperka has a value of 10.4 0.5, the larger
equilibrium assumption is valid. The observed rate constant error reflecting the fact that no data are available above pH 10.5.
for the reductive slow phase is independent of sarcosinePanel B: Plot of limiting electron-transfer rate constag, as a
concentration ¢ 6 s at pH 8.5 and 25°C) over the function of pH. Data illustrate no apparent dependence on pH across

. . . the pH range investigated. The buffer range was achieved using
concentration range studied (2.540 mM sarcosine). In pH-  phosphate, pyrophosphate, and borate buffers.
dependent and substrate-dependent studies, the slow phase
was observed only at pH values of £:8.5, and this phase  Taple 1: Limiting Rate Constants for Flavin Reduction and
was more clearly resolved at lower sarcosine concentrations.Enzyme-Substrate Dissociation Constants for the Reaction of
At high sarcosine concentrations, the transients were monophasulfite-Treated TSOX with Sarcosine

sic. Additionally, at pH values of 9 and above, the reductive kim/Kaq

transients were monophasic at all sarcosine concentrations  pH kim (5% Ka (mM) (mM~*s™)

investigated due to loss of the slow phase. The nature of the 6.5 244492 9404+ 400 0.26+0.21

slow phase remains elusive, and was not investigated further ‘73-(7)5 fggi 25 ngi 317 0485 2-29
herein. Below we report on a detailed analysis of the fast 75 145+ 9 24+ 4 6.0+ 1.4
phase (which shows a large KIE) as a function of solution 8.0 126+ 3 14+2 9.0+ 15
pH and temperature_ 8.5 141+ 5 13+ 2 11+ 2.0
: . - 9.0 115+ 5 1042 124+2.8
Reduction of FAD by_sarposm_e was _stud|ed over the pH 95 128+ 3 14+ 1 9.1+ 0.9
range 6.5-10.5. Sarcosine is zwitterionic at almost all the 10.0 127+2 16+1 7.9+0.6
pH values used in this studyvalues for the limiting rate of 105 141+3 23+2 6.1+0.7

flavin reduction kim) and the dissociation constant for the

ES complex Kq) were calculated between the pH range 6.5 and 7.0), the errors associated with the determined values
and 10.5 by fitting the data to the hyperbolic equatidgssi of kim are high. These large errors reflect the large values
= kim[S]/(Kq + [S]). The pH dependence &, andKg is of K4 which lead to poor definition of the hyperbola under
shown in Figure 6 and the determined kinetic parametersthese conditions. The pH profile &fm/Kq is bell-shaped.

are given in Table 1. Over the pH range studigg, is Data fitting using eq 3 yieldsKy, values of 7.4+ 0.1 and
essentially independent of solution pH, revealing the lack 10.4 = 0.2. The kim/Kq versus pH profile reports on

of kinetically influential ionizations in the enzymesubstrate  Kinetically influential ionizations in the free enzyme and free
complex. At the low end of the pH range studied (pH 6.5 substrate forms, and the bell-shaped dependence is entirely
due to changes in the dissociation constant for the enzyme

“The [K, values for the carboxyl and secondary amine groups of Substrate complex (Table 1). Th&pvalue of 10.4+ 0.2
sarcosine are 2.23 and 10.01, respectively. determined from thém/Kq versus pH profile is similar to
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1 . intercepts of the plots is similar to that of the KIE (7.3). As
discussed previouslyl9), the use of eq 5 in plotting the
temperature dependence of a unimolecular reaction is
preferred over the use of the classical Arrhenius plot that
1 . has been adopted by other workers. This arises because the
323334353637 Arrhenius equation is actually curved (although it appears
10007T (K) linear in the accessible temperature range) and asymptotically
approaches infinity at high temperatures. A necessary
consequence of using eq 5 (rather than the Arrhenius equation
-3 that has been used by other workers to identify tunneling
regimes) is the need to define explicitly the meaning of
-4 | values obtained from such plots. Use of the Arrhenius plot
has led to the development of criteria to indicate tunneling
5 based on the values farAE. and the A:AP ratio (calculated
RN N T from the intercepts of the Arrhenius plot for protium and
32 33 34 35 36 37 deuterium substrates). The corresponding parameters calcu-
1000/T (K-") Iatedifrom the slopes and intercepts of plots using eq 5 are
Ficure 7: Temperature dependence and KIE data for sulfite-treated AAH"and AH'[/;\ i (the prime is used to dIStlng.UISh this ra.tlo
TSOX. Main panel: Temperature dependence plots with sarcosine "0 the A:AP ratio calculated from the classical Arrhenius
(filled circles) andN-methyl-ds-glycine hydrochloride (deuterated ~ plot). Observations similar to those discussed above for the
sarcosine) (open circles). IWf) = 14.94+ 0.4, InA°) = 13.2+ temperature-dependent behavior of i@ bond breakage in
O e 80 S L2l TSOX e been made g leavage of a subsra
all temperatures is less than 4% of the determined values. bond by the TTQ-dependent methylamine dehydrogenase
(MADH) of Methylophilus methylotrophusor MADH, the

the known value of the , for the secondary amine group data were interpreted in terms of ground-state tunneling of
in sarcosine (K. = 10.0)* A possibility, therefore, is that ~ protium and deuterium through a fluctuating potential energy
the value of 10.4- 0.2 represents the ionization of this group barrier (L9). Our data for the reaction catalyzed by TSOX
in sarcosine, although the ionization of a group on the protein suggest that ground-state tunneling of protium and deuterium
cannot be ruled out. The value of 7.4+ 0.1 on the acid  also occurs during €H and C-D bond cleavage and that
limb of the bell-shaped curve is attributed to an ionization tunneling is driven by the thermal motion of the protein
in TSOX, since the value is substantially greater than the scaffold @6, 27. A more detailed appraisal of these results
carboxylate group of sarcosinep= 2.2). is presented under Discussion.

Kinetic Isotope Studies of-€H Bond Breakage by TSOX.
The rate of flavin reduction with sarcosine aNemethyl- DISCUSSION
ds-glycine hydrochloride was studied at 28 and pH 8.5 In this paper, we have examined the mechanism of
at sarcosine andl-methyl-ds-glycine concentrations of 150 substrate &H bond breakage and the kinetics of flavin
mM (i.e., greater 10« Kg). These investigations revealed a reduction in the reaction of TSOX with its natural substrate
KIE of 7.3 on the flavin reduction step, demonstrating that sarcosine. The ability to selectively form a flavisulfite
C—H bond cleavage is rate-limiting for flavin reduction adduct with the covalento8(N3*-histidyl)-FMN has enabled
(Figure 7). The temperature dependence of the rate constantis to study in detail the kinetics of substrate oxidation at
(k) for flavin reduction was also investigated. The temper- the site of the noncovalent FAD using stopped-flow methods.
ature dependence for a unimolecular rate constant is givenThe pH profile forkin reveals that there are no kinetically

25
2 ® a
1.54

o
In (KIE)

by eq 4: influential ionizations in the enzymesubstrate complex in
the pH range 6.510. However, a bell-shaped dependence
K= ET _AGHRT _ ET _AHYRTASR 4 on pH forkim/Ky is observed, reflecting two ionizations either
“h “Th'€ € (4) in the free enzyme and/or in the free substrate forms. The

macroscopic K, values for these ionizations are A#40.1
wherekg and h are the Boltzmann and Planck constants, and 10.4+ 0.2, and these ionizations exert their effect on
respectively. A convenient way of plotting the temperature the enzyme-substrate dissociation constaiy (Table 1).
dependence of a unimolecular reaction is to use eq 5: The assignment of these ionizations to functional groups in

the enzyme or substrate is of interest, but the lack of a

In(k/T) = In(kg/h) + ASTR — AH'IRT (5) structural solution for TSOX prevents detailed analysis.

However, the3-subunit of TSOX exhibits modest sequence
The activation parametexH* is calculated from the slope identity (23%) with the structurally determined MSOX of
of the plot.ASf is calculated by extrapolation to the ordinate Bacillus sp. B-0618 6), and all of the residues implicated
axis, andAG¥ is then calculated directly from eq 4. Analysis in catalysis by MSOX are conserved BTSOX. Useful
of the temperature dependenceégf using eq 5 is illustrated ~ comparisons can therefore be made between the two enzyme
in Figure 7. The data indicate that the KIE is independent molecules. The structure of MSOX has been solved in the
of temperature and that the difference in the enthalpy of presence of two inhibitors, (methylthio)acetic acid (MTA)
activation for protium versus deuterium transfazH¥ = and pyrrole-2-carboxylic acid (PCA), and these structures
AAH™® — AAH™ = 0.6+ 2.1 kJ mof?) is essentially zero.  provide insight into the mode by which sarcosine binds to
The value of the A:A'® ratio (5.8) calculated from the = MSOX. The structural analysis suggests that the binding of
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Ficure 8: Potential mechanisms for the oxidation of sarcosine by TSOX. Mechanism A: The carbanion mechanism involving proton
abstraction and the formation of a transient covalent intermediate between the carbanion and the flavin N5. Mechanism B: The SET
amminium radical cation mechanism originally proposed for monoamine oxidase and adapted for sarcosine oxidase. Mechanism C:
Nucleophilic attack by the substrate nitrogen at the flavin C4a atom, followed by proton abstraction by an active site base. Another potential
mechanism not shown includes the hydride anion transfer mechanism, involving the direct transfer of a hydride anion from the substrate
methyl group to the flavin N5 atom. All the mechanisms shown above are illustrated with the sarcosine amine group unprotonated. At
physiological pH, the amine group will be protonated, and thus deprotonation of this group in the ersapsate complex would be
required for each mechanism illustrated.

sarcosine is probably stabilized by hydrogen bonds betweenthe substrate methyl group involving an amino acid radical
the substrate carboxylate and two basic side chains, Arg-52as a H acceptor can be ruled out, since EPR studies indicate
and Lys-348 (both conserved iTSOX), which are located  the lack of a radical species in the resting enzyme. However,
above there face of the flavin 6). Thus, the K, value of bond breakage can be achieved by a variety of other
10.4+ 0.2 observed in our experiments with TSOX might mechanisms. These include a direct hydride transfer from
represent the ionization of, for example, {HESOX coun- the methyl group to the flavin N5 atom (mechanism not
terpart of Lys-348 found in MSOX. Alternatively, this shown), which has been proposed for many flavoprotein-
ionization may represent that of the methylated amine group catalyzed oxidations. Proton abstraction via an active site
of sarcosine itself (o 10.01). The ionization on the acid base (the so-called carbanion mechanism; Figure 8, mech-
side of the bell-shaped curvel{p= 7.4+ 0.1) is most likely anism A) or a single electron transfer (SET) mechanism, as
protein-based, since the carboxylate group of sarcosineoriginally proposed for monoamine oxidask?) (Figure 8,
ionizes with a K, value of 2.23. Inspection of the crystal- mechanism B), is also possible. Additionally, an alternative
lographic structure of MSOX suggests that tA@SOX mechanism, originally proposed for monoamine oxidask (
counterpart of His-269 found in MSOX is a candidate for should be considered. This mechanism involves direct
the ionizable group ofl, = 7.4. Using the known structures  nucleophilic attack of the substrate nitrogen at the flavin C4a
of MSOX complexed with MTA and PCA as a guide, His- atom (Figure 8, mechanism C). Similar mechanisms have
269 would be located close to the methylated amine group been discussed in relation to the oxidation of trimethylamine
of sarcosine in MSOX (and thus, by analogyiRSOX). It by trimethylamine dehydrogenase (TMADHLE). Our
is expected that protonation of this histidine residue would kinetic investigations with TSOX reveal that there are no
raise the enzymesubstrate dissociation constant by juxta- kinetically influential ionizations in the enzymesubstrate
posing the positive charges of its imidazole side chain with complex within the range pH 6-510. However, this
the protonated amine group of sarcosine. Although the observation does not exclude a carbanion mechanighich
structure of MSOX solved in the presence of MTA and PCA has a requirement for an active site basaice any such
provides useful insight, formal identification of the ionizable base may have akp below pH 6.5 and/or there may be
groups awaits further analysis by site-directed mutagenesis.hindered exchange of a proton between solvent and an active
Our pH-dependent kinetic data for TSOX need to be site base. For the same reasons, the lack of a kinetically
considered in light of proposed mechanisms of amine influential ionization in thek;, versus pH profile does not
oxidation by flavoenzymes. The reaction involves the cleav- eliminate the functioning of a base required for the operation
age of a substrate-€H bond, and in principle this can occur of mechanism C shown in Figure 8. All the mechanisms
in a variety of ways (Figure 8). Direct H-abstraction from shown in Figure 8 require the unprotonated form of the
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amine. However, at physiological pH values, sarcosine is ity, it is important to note that in our work with TSOX we
protonated (K, 10.01). Thus, if any of the mechanisms were have monitored flavin reduction by the stopped-flow tech-
to account for sarcosine oxidation by TSOX, there would nique to measure the rate of-El bond cleavage. Since the
need to be a deprotonation of the amine group (the depro-precise mechanism of amine oxidation by TSOX is as yet
tonated form is shown in Figure 8) in the enzynsibstrate unresolved, the question of whether the rate of flavin
complex. Our kinetic data can thus not rule out unequivocally reduction is also a true indicator of the rate of 8 bond

any of the mechanisms shown in Figure 8, or indeed the cleavage remains to be established. In this situation, it is
direct hydride transfer mechanism. Thus, such as with possible, with decreasing temperature, that the expected
TMADH (16), the precise mechanism of& bond cleavage  increase in KIE (for semiclassical behavior) is offset by a
by TSOX remains to be established, but our kinetic studies decrease in kinetic commitment, leading to an observed KIE
have identified important ionizations that will be the focus that is apparently independent of temperature, as described

of future studies by site-directed mutagenesis. by eq 6:
Flavin reduction by sarcosine is associated with a KIE of
7.3. This value is toward the upper limit for semiclassical Hkint
behavior if the reaction catalyzed by TSOX is modeled using u 5 T C
the static potential energy barrier depictions of transition state Kobs  \ Kint
theory (TST) 29). Examination of the temperature depen- Dkobs_ (1+0C) (6)

dence of the reaction by stopped-flow methods, however,

indicates the reaction is nonclassical, as evidenced by the . . .
A'H:A'D ratio > 1 (see refl9for a definition of AH:A® ratio). whereC is a ratio of rate constants reflecting the degree by

The observed behaviei.e., essentially temperature-inde- which C—H bond breakageD|s rate-determinintiond*Kons

pendent KIE over the experimental temperature rénst, is the observed KIE, antkn/ ki is the_lntr|n3|c KIE 86)'. .
large enthalpies of activation for the reaction4Q kJ Such arguments are commonplace n steady-st_ate kinetic
molH—is similar to that seen first in TTQ-dependent anal_yses, where passage over multiple potential energy
MADH (19) and subsequently in a thermophilic alcohol barriers takes place. In single-turnover stopped-flow studies,

dehydrogenased(). Although quantum tunneling of hydro- which focus on ‘one step’ of the reaction, the rate of substrate
gen has been docﬁmented in several enzyme molecules (e goxidation/ﬂavin reduction may in fact reflect more than one
see ref31—35), the experiments with MADH and thermo- “Kinetic step, giving rise to internal commitments. However,
philic alcohol dehydrogenase have provided the first experi- [N 0Ur opinion the following three factors combine to argue

mental evidence for a link between protein dynamics and against internal commitme_nts in our stoppe_d-floyv stud.ies
H-tunneling. With MADH and the thermophilic alcohol with TSOX, although unequivocal demonstration will require
: urther work: (i) the analogous temperature-dependent

dehydrogenase, the observed kinetic behavior was interprete(i_ ) . o
to indicat d-state lina of hvd d deuteri inetic behavior of TSOX, MADH [which is known to
0 Indicate grounc-state tunneing of hycrogen and dewterum catalyze C-H bond breakage by VEGST9)], and TMADH

through a fluctuating potential energy barrier, with the ) / .
dvnamic nature of the potential eneray barrier arising from (Basran, Sutcliffe, and Scrutton, unpublished data)_; (|.|) the
y ! . P \ gy ! ISIng fact that MADH, TMADH, and TSOX catalyze similar

the low-frequency thermal motions of the protein molecule. . . . idati ia_@ bond break i
Importantly, these dynamic barrier models of enzymatic reactions (|._e., amine oxidation via ond breakage);
and (iii) the improbability of a perfectly matched compensa-

H-tunneling can accommodate KIEs 6f7 (i.e., the semi- h i intrinsic KIE and i | )
classical region of the static barrier models) in a ground- tory change In intrinsic _and internal commitment
state quantum tunneling regimesj. The fluctuating barrier  Yi€lding an observed KIE that is independent of temperature
model of catalysis is consistent with theoretical treatments for both TSOX and TMADH. Second, aapper limit for
of enzymatic H-tunneling 18) and has been reviewed secondary KIES. of 1.363() for Fhe perdeuteratgd'methyl
recently with particular reference to enzymes where vibra- group dOf saéfé)slne rr|1_ay dccfrn;pllcatlehthe ﬁmalysu; i thdeﬂfull
tionally enhanced ground-state tunneling (VEGST) has beenSecoNdary Is realized. Thus, although our stopped-flow
demonstrated experimentall2, 27. However, it is im- data provide strong indications for a VEGST mechanism in
' ' TSOX, future studies will need to address these two aspects

portant to bear in mind that there are potential complications h he TSOX vzed oxidati £ ami
arising from our isotope studies with TSOX. Explicitly, these with respect to the catalyzed oxidation of amines to
prove unequivocally a role for VEGST of hydrogen during

are (i) the issue of kinetic complexity and (ii) the magnitude C—H bond ¢l
of secondary isotope effects arising from perdeuteration of ond cleavage.

the substrate methyl group. First, as regards kinetic CompleX'CONCLUSIONS

> Theory predicts that for ground-state tunnelling of hydrogen through  \We have demonstrated that the reduction of FAD bound

a fluctuating potential energy barrier, the In(KIE) displays a parabolic ; :
dependence on T/when the quantum mechanical transfer is rate- by ArthrobacterTSOX can be examined in the absence of

limiting (18). However, these complex dependencies will only be internal electron transfer and oxidase activity by sulfite
apparent over an extended temperature range, which is not accessibléreatment of the enzyme. The limiting rate of FAD reduction

in studies with enzyme molecules. Therefore, over the restricted jg independent of solution pH (between 6.5 and 10.5)
temperature range used in studies with TSOX, there is an apparent '

independence of In(KIE) on T/ At lower temperatures, the In(KIE) indicating the IQCk of part'c'p_at'on of an active site bas_e 'n
versus 1T plot for TSOX would be expected to turn upward, in line  bond cleavage in the accessible pH range. Substrate binding
with the predicted parabolic dependence. However, it is also important js influenced by two kinetically influential ionizations oKp

to note that at cryogenic temperatures nuclear reorganization of the 7 4 an4 10.2. The pH dependence studies of FAD reduction
protein scaffold may become rate-limitinginder these conditions, the . . ;i .

KIE will tend toward unity, and the parabolic dependence will be lost are consistent with many of the mechanisms for the flavin-

because of the reduced thermal motions in the protein scaffold. dependent oxidation of amines proposed previously in the
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literature. Kinetic isotope effect studies indicate that VEGST
is the likely mechanism of H-transfer during breakage of

the

substrate €H bond.
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