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ABSTRACT:. N-Methyltryptophan oxidase (MTOX), a flavoenzyme frdascherichia coli catalyzes the
oxidative demethylation of secondary amino acids suchNasethyltryptophan orN-methylglycine
(sarcosine). MTOX is one of several flavin-dependent amine oxidases whose chemical mechanism is still
debated. The kinetic properties of MTOX with the slow substrate sarcosine were determined. Initial rate
data are well-described by the equation for a ping-pong kinetic mechanism, in thetkibevalue is
independent of the sarcosine concentration at all accessible concentrations of oxygkn/Rhe pH

profile is bell-shaped, with i, values of 8.8 and about 10; the latter value matches kheralue of the
substrate nitrogen. Thke: pH profile exhibits a single g, value of 9.1 for a group that must be
unprotonated for catalysis. There is no significant solvent isotope effect ok.4€arc value. With
N-methyl2Hs-glycine as the substrate, there is a pH-independent kinetic isotope effégt, dGafKsaro

and the rate constant for flavin reduction, with an average value of 7.2. Stopped-flow spectroscopy with
both the protiated and deuterated substrate failed to detect any intermediates between the snzstnate
complex and the fully reduced enzyme. These results are used to evaluate proposed chemical mechanisms.

N-Methyltryptophan oxidase (MTOX)atalyzes the oxi-  Scheme 1

dative demethylation dN-methyl amino acids (Scheme 1). CHa .

The earliest studies of the enzyme, dating back to the 1940s, H, NH3 H. NH | Q
showed that MTOX is commonly found in both prokaryotes R'C\CO—Z — R'C\COE H H
and eukaryotes, including humar&-10). It was rediscov- FAD FADH

ered inEscherichia coliin 1996 because of its 43% amino HZOZM 0,

acid identity to the more thoroughly studied monomeric
sarcosine oxidase (MSOX}1Y). Like MSOX, MTOX is a only in the case ob-amino acid oxidase have mechanistic

monomeric enzyme with a covalently attached flavin cofactor (19) and structural 13) studies led to a consensus that the

(12). Although MTOX can catalyze demethylation of sar- reaction involves hydride transfer. In contrast, the chemical
cosine (N-methylglycine), it has a preference for bulky mechanism of amine oxidation by the remaining amine
hydrophobic substrates, suchMsnethyl+-tryptophan {1). oxidases is still debated.

The flavoproteins, which catalyze amine oxidation, have A variety of mechanisms have been proposed for amino
thus far fallen into two structural groups-Amino acid acid oxidation by sarcosine oxidase and MTGX12, 20—
oxidase {3), MSOX (3) and glycine oxidaseld) all have 22). The mechanism shown in Scheme 2 involves two
a similar overall fold, although the relative orientation of

the substrate and flavin differs in MSOX from that in the Scheme 2 _
other two. Sarcosine is a substrate feamino acid oxidase ch—ﬁ—C’COE . H3C—H—C’COZ
(15), although the products are glycolate and methylamine FAD Hz FAD? Ha
instead of glycine and formaldehyde, the products with l
MSOX and MTOX. Monoamine oxidase B§), polyamine W oo W oo
oxidase {7), andL-amino acid oxidasel@) form a separate HpC=N-C" 2 HyG-N-C" 2
structural class. While a number of these enzymes have been FADH™ FADH'

the subject of kinetic, spectroscopic, and structural studies, ) o
separate single electron transfers. The initial transfer of an

- - electron from the substrate nitrogen to the flavin forms a
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Scheme 4 nm of 0.6-0.8 and induced with 120 mg of IPTG/L. After
.CO; COp H __.CO, an additional 5 h, the cells were harvested by centrifugation

N 3 i Lt at 500@ for 30 min at 4°C. The cell pellets (approximately
FAD FAD™ FADH™ 20 g) were resuspended in 100 mL of 10 mM sodium

) pyrophosphate, 108g/mL phenylmethylsulfonyl fluoride,
form of a hydride transfer from the substrate methyl group. 1 ;M leupeptin, and M pepstatin at pH 8.0. Cells were
In the mechanism of Scheme 4, the substrate nitrogen attack$ysed using a French Press, and the cell debris was removed
the flavin cofactor to form a covalently bound flavin  py centrifugation at 290@pfor 20 min at 4°C. The clarified
intermediate; this is followed by the loss of a proton from ' |ysate was filtered through a 0.48n filter and loaded onto
the substrate methyl carbon and electron rearrangement to; 5 mL HiTrap Chelating HP column charged with nickel
give the final products. Whereas the hydride transfer mech- gyifate. Using an Amersham-Pharmacia Biotech AKTA
anism (Scheme 3) involves no intermediates between fully Fp C, the column was washed first with 15 mL of 10 mM
oxidized and fully reduced flavin, the mechanisms of pyrophosphate at pH 8.0 and then with a 10 mL gradient of
Schemes 2 and 4 involve a third, intermediate flavin species.g—g mM imidazole in 10 mM pyrophosphate at pH 8.0. The
The absorbance changes associated with the reduction of thgrotein was eluted with a 25 mL linear gradient of 50
flavin in MSOX or MTOX by a number of substrates have mm imidazole. Fractions that hakbsd/Asso values less than
previously been monitored at 25 and@ (1, 22, 23). Inall 15 were pooled and precipitated at 75% saturated ammonium
cases, flavin reduction could be described as an isosbesticyfate. The protein was resuspended in a minimal volume
conversion from fully oxidized flavin to fully reduced flavin - anq dialyzed against 10 mM sodium pyrophosphate and 10%
with no detectable intermediates. However, these observa-glycerol at pH 8.0. The resulting protein exhibited a single

tions are insufficient to conclusively assign the hydride pand in polyacrylamide gel electrophoresis in the presence
transfer mechanism as the mechanism of amine oxidation.qof sodium dodecyl sulfate. Approximately 130 mg of
As previously noted1, 23), formation of the postulated  noloenzyme could be purified fro a 6 L cell growth.
intermediates may occur during a rate-limiting step. In such Enzyme samples were stored-aB0 °C at a concentration
a scenario, the rate of decay of the fla_lvm intermediate would of 250-300 uM. The flavin content of purified enzyme
be greater than the rate of its formation, thereby preventing samples was determined as described by Wagner et2)l. (
any detectable concentration of the intermediate species. In Enzyme AssaysThe rate of oxygen consumption was
the present study, we utilize pH and isotope effects to identify easured using a Hansatech oxygen-monitoring system
the rate-limiting step of sarcosine turnover by MTOX and (Norfolk, U.K.) with a computer-interfaced graphical mode
to probe for intermediates prior to carbehydrogen bond o 4 Yellow Springs Instrument model 5300 oxygen electrode
cleavage. (Yellow Springs, OH). Steady-state kinetic parameters were
routinely determined at 28C under atmospheric oxygen
EXPERIMENTAL PROCEDURES concentrations in the constant ionic strength buffer 0.1 M
Materials. NMethyl-L-tryptophan was purchased from ACES, 52 mM Tris, 52 mM ethanolamine-HCI, and 1 M
Aldrich Chemical Co. (Milwaukee, WI). SarcosinéN{ KCI, unless stated otherwise. When necessary, the oxygen
methylglycine) was purchased from Sigma Chemical Com- concentration was varied by bubbling a reaction sample with
pany (St. Louis, MO)N-Methyl-’Hs-glycine was purchased the desired oxygen/argon mixture in the oxygen electrode
from CDN Isotopes (Quebec, Canada). DNA vectorsind  cuvette until a constant oxygen concentration was observed.
coli cells were from Novagen (Madison, WI). The HiTrap The reaction was then started by the immediate addition of
Chelating HP column was from Amersham Pharmacia enzyme. To measure the solvent isotope effect, the above
Biotech (Uppsala, Sweden). constant ionic strength buffer was prepared y®©DThe pD
DNA Manipulation.Genomic DNA was prepared from was calculated by adding 0.4 unit to the reading on the pH
BL21DE3* E. coli cells using the Qiagen genomic DNA meter. Deuterium kinetic isotope effect values were calcu-
purification kit. The MTOX gene was amplified by PCR lated from direct comparison of the rates of oxidation of
using the oligonucleotides' '®#CATGAGAGCAGAGAG- methyl-deuterated and methyl-protiated sarcosine under
AATTCAATGAAATACGATCT (oligonucleotide 1) and identical conditions. The rate of flavin reduction was
5'-AAAACTTTCTCATTCTAGAGGCCGTAATGATGA- determined by anaerobic stopped-flow spectroscopy using
TTATTG and then ligated into pUC18 between tRedRl an Applied Photophysics SX.18MV stopped-flow spectro-
and Xbd sites. The gene was later amplified with oligo- photometer. Buffers used for anaerobic experiments included
nucleotide 1 and the oligonucleotide AGAGGACGAAAT- 5 mM glucose and were cycled 10 times between vacuum
GACTCGAGTTGGAAGCGGG and subcloned into pET23d and argon prior to the addition of glucose oxidase &0
between theEcdRl and Xhd sites in frame with the mL). The active enzyme concentration was calculated from
C-terminal Hig tag to form the plasmid pETMTOX. The the absorbance at 456 nm using an extinction coefficient of
resulting recombinant protein sequence is lengthened by a13.3 mM* cm 1 (12).
leucine, a glutamate, and the Hisg. Data Analysis.The kinetic data were analyzed using
Protein Expression and Purificatior culture of Luria— Kaleidagraph (Synergy Software, Reading, PA), Igor (Wave-
Bertani broth (LB) containing 10@g/mL ampicillin was metrics, Lake Oswego, OR), and SPECFIT (Spectrum
inoculated from a single colony of BL21DE3E. coli Software Associates, Marlborough, MA). When the concen-
containing pETMTOX and grown overnight at 3C. A total tration of only one substrate was varied, initial rate data were
of 6 L of LB containing 100ug/mL ampicillin were fit to either the Michaelis Menten equation or a straight line.
inoculated from the overnight culture using 10 mL of culture/ When the concentrations of both substrates were varied,
L. The cells were grown at 37C to an absorbance at 600 initial rate data were fit to different models described by
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eqs 1-3; eq 1 describes a sequential reaction, eq 2 describeSrapie 1. Apparent Steady-State Kinetic Parameters fos-Fagged
a ping-pong reaction, and eq 3 describes an ordered rapidvTox at pH 8.G¢

equilibrium reaction. Thé./Ksarcandkeo values at different

¢ . N-methyltryptophan sarcosine
pH or pD values were fit to eqs 4 and 5, whetes the —
. . . Keat (Min~1) 1190+ 50 23+ 7
pH-independent value d¢./Ksaro L is the concentration of Ko (MM) 025+ 002 441 5
the lyonium ion, an&; andK; are the dissociation constants  _ /Kqac(mM-1 min?) 4700+ 200 0.51+ 0.04

for the ionizable groups. Deuterium kinetic isotope effect a Air-saturated 0.1 M potassium phosphate and 1 mM EDTA at pH
values were obtained from fits of the data to eq 6. This g g and 25cC.

equation describes equal isotope effect&k@randkcalKsarg
Fi is the fraction of the heavy atom, alge is the isotope I I T

effect minus 1. Stopped-flow traces were fit to eq 7, which 003 .= = ]

describes a monophasic exponential dedais the first- E 002k ' i
order rate constanfy is the absorbance at tinteandA., is s I E——
the final absorbance. The rate constants for flavin reduction T 001 a, e

—ee————— |

at different concentrations of sarcosine were analyzed using

H . . . | 1 |
e( 8;keqis the rate constant for flavin reduction at saturating 00 001 002 003 004
sarcosine concentrations, akglis the apparent dissociation 1/[oxygen], uyM"*
constant.

Ficure 1: Initial rates of oxygen consumption by MTOX measured
at various oxygen and sarcosine concentrations in 0.1 M ACES,

_ kcalAB 1 52 mM Tris, 52 mM ethanolamine-HCI, dril M KCI at pH 9.4
Tx K, + KB+ K,A+ AB @) and 25°C. The lines are from fits of the data to eq 2. The sarcosine
a a concentrations were 18.5 mNaj, 46.3 mM (&), 92.6 mM (@),
185 mM (©), and 278 mM @).
_ Kea\B )
UTKBF KyA+ AB (2) Slow substrates, such as sarcosine in the case of MTOX,
a ™ . . A
are of great utility in the study of enzyme mechanisms, in
k.. AB that c_hemicql steps are typically rqte—limiting in such cases,
v= 3) allowing intrinsic rate constants, isotope effects, ad p
KeKp + KA+ AB values to be measured using steady-state kinefid. (
Consequently, sarcosine was characterized as a substrate for
[ = C 4 MTOX to probe the chemical mechanism. To determine the
0g(v) = log — -~ 4) .
14 107" 10" oxygen dependence of sarcosine turnover, initial rates of
10P%  107Pt oxygen consumption were measured in a constant ionic
strength buffer at pH 9.4 and 2%, while varying both
_ C oxygen and sarcosine concentrations. The resulting data
log(v) = log 10" (5) (Figure 1) were fit to eqs 3, which describe sequential,
oK ping-pong, and ordered rapid equilibrium mechanisms,
10 ™ respectively. The resulting kinetic parameters are shown in
Table 2. Fitting the data to eq 3 required assignment of
KeaA (6) oxygen as the first substrate. The lines shown in Figure 1

v (K, + AL+ FEge) are from the fit of the data by eq 2, which describes a ping-

pong mechanism. While the fit to eq 1 is statistically better

A=A, + A e M 7) than the fit to eq 2, the value & arciS not significantly
o different from zero. More importantly, either fit predicts a
Ko sufficiently low K, for oxygen thatk../Ksarc Values can be
Kops = KA (8) treated as independent of oxygen concentrations under
d

atmospheric oxygen concentrations dqg values can be
determined at ambient concentrations.
RESULTS pH Effects.The keafKsarcand ke, values were determined
Steady-State Kinetic¥he C terminus of the recombinant over the pH range 7:510.2, using a constant ionic strength
protein encoded by the pETMTOX vector has two extra buffer to minimize ionic strength effects. Tlke./Ksarc data
amino acids followed by a Higag. Analysis of the percent  were best fit by a bell-shaped profile as described by eq 4
flavin content of purified enzyme indicated approximately (Figure 2A), with K, values of 8.8t 0.1 and 10.0t 0.1.
35% of the enzyme-contained FAD. The concentration of The pH dependence of theg, value (Figure 2B) could be
the holoenzyme determined from the flavin spectrum was described by eq 5, with ay value of 9.1+ 0.2 for a group,
used in all calculations of kinetic parameters. The steady- which must be unprotonated for catalysis.
state kinetic parameters for this form of MTOX were Isotope Effects. k/Ksarc Values were also determined in
determined using atmospheric oxygen concentrations in 0.1D,0 over the pD range 8-910.6. Thek..{KsarcValues again
M potassium pyrophosphate and 1 mM EDTA at pH 8.0 fitto a bell-shaped profile (eq 4) with the&kgvalues shifted
with both N-methyltryptophan and sarcosine as the substratesto 9.5+ 0.1 and 10.9t 0.1 (Figure 2A). A comparison of
and are in good agreement with previously published valuesthe pH independenk../Ksarc Values calculated from the
(22) (Table 1). Thus, the Histag does not affect the complete pL profiles using eq 4 gives a solvent isotope effect
enzymatic activity of this enzyme. of 1.14 + 0.10. Direct comparison 0K.f/Ksarc Values
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Table 2: Kinetic Parameters for Sarcosine Oxidation by MTOX at pH 9.4
model (equation) Keat (Min2) Ko, (uM) kealKo, (Min~t uM—1) Ksarc (MM) KealKsarc(Min™t uM 1) Ki.sarc (MM) Va

sequential (1) 253 13 543 50+ 30 100+ 14 2.5+ 0.4 130+ 160 1724
ping-pong (2) 262+ 12 842 33+ 8 114+ 10 2.3£0.2 NA 1839
rapid equilibrium (3) 233t 8 16+5 1545 83+9 2.8+0.38 NA 1964

20.1 M ACES, 52 mM Tris, 52 mM ethanolamine-HCl,caa M KCI at pH 9.4.
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Ficure 2: pH profiles with sarcosine as a substrate for MTOX.
(A) keafKsarc Values in HO (O) and D,O (@). The lines are from
fits of the data to eq 4. (Bica: pH profile. The line is from a fit of

the data to eq 5. Conditions (A and B): 0.1 M ACES, 52 mM gl ¢
Tris, 52 mM ethanolamine-HCI, dnil M KCl at 25°C. The average b
error in the data for each profile is indicated by the size of the 6
circles. w”
g 4

Table 3: Deuterium Kinetic Isotope Effects on Sarcosine Oxidation 2|
by MTOX y

pH kinetic isotope effect pH kinetic isotope effect 001 0.1 1 10 100

8.0 6.8+ 0.6 8.0° 74405 time, s

9.4pc 6.6+0.4 9.44 7.7+0.3 FiGURe 3: Representative time courses of flavin reduction by

10.0%¢ 74+04 protiated and deuterated sarcosine at pH 9.4 (A) and 8.0 (B).

Reactions contained 250 mM sarcosine (bottom curve in each panel)
or deuterated sarcosine (top curve in each panel). The inset shows
the first second on a logarithmic time scale. The lines are from the
fits of the data to eq 7. Conditions were as described in Table 3.
© '(I'rz;msient isotope effect for flavin reduction at pH 9.4)(and
8.0 ().
measured at the pH and pD optima (9.4 and 10.2, respec-
tively) gave a solvent isotope effect of 1.840.03. Because  sistent with the reductive half-reaction being rate-limiting
the highKy, value for sarcosine above pH 9.5 limited the under steady-state conditions. At all sarcosine concentrations,
precision of thek., value at high pH to~30%, the solvent  reduction yielded the same spectrum of the fully reduced
isotope effect on thé, value was not determined. enzyme, consistent with the reduction being effectively
Deuterium kinetic isotope effects on steady-state kinetic irreversible. This conclusion is also supported by the fit of
parameters were measured using methyl-deuterated sarcosinge data to eq 8, which applies to an irreversible step
(N-methyl?Hz-glycine). The isotope effect was measured at, following substrate binding25).
above, and below the pH optimum of 9.4. In each case, the The equal values foPk.y and P(k.afKsard establish that
data fit well to eq 6, which assumes equal isotope effects onthe observed deuterium kinetic isotope effect is independent
keat andkeafKsare The magnitude of the isotope effect is pH- of the sarcosine concentration and therefore allows for the
independent, with an average value of 6:9.8 (Table 3). determination of deuterium kinetic isotope effect on the rate
Rapid Reaction KineticsThe reduction of the MTOX  of flavin reduction Pk.q) using a single sarcosine concentra-
flavin by sarcosine under anaerobic conditions was monitoredtion. ThePk.qVvalue was determined using 250 mM sarcosine
using single wavelength stopped-flow spectroscopy at variousat pH 8.0 and 9.4. Direct comparison of the rate constants
sarcosine concentrations. In all cases, the absorbance chander flavin reduction yielded isotope effects of A40.5 and
upon flavin reduction could be described by a single- 7.7+ 0.3, at pH 8.0 and 9.4, respectively. These values agree
exponential decay (eq 7) (Figure 3). The observed pseudo-well with the kinetic isotope effects determined under steady-
first-order rate constants obtained at different concentrationsstate conditions. Analysis of the transient isotope effects as
of sarcosine were fit to eq 8 to giug.q and Ky values of described by Fishe26, 27) is shown in Figure 3C. In both
2204+ 17 min! and 1604+ 40 mM, respectively, for the  cases, the transient isotope effect starts at a value equal to
protiated substrate at pH 9.4. These values are in goodthe observed isotope effect and decreases exponentially over
agreement with the steady-stdtg; and Ksarc Values, con- time. This is consistent with a single isotope-sensitive step.

2 From steady-state kinetic analyse§.25 M potassium phosphate.
¢0.1 M ACES, 52 mM Tris, 52 mM ethanolamine-HCl,cath M KCI.
4 From anaerobic stopped-flow analyses with 250 mM sarco8idd.
M Tris and 0.5 M KCI.
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Scheme 5
‘ Ho0,

P EFio P
y " ‘K/Oz

EFlx+S === EFlsS —3 EFloqP
Hzogx EFlreq %
0» P

@ and to the spectrum of MTOX witiN,N-dimethylglycine
10§ bound @9).

o o
N w

Absorbance
o

o
=)

400 500
wavelength, nm

600 DISCUSSION

The mechanism of substrate oxidation by flavin-dependent
0.3 ——, — — amine oxidases is still widely debated. The chemical mech-
B anisms proposed for methyltryptophan oxidase and sarcosine
oxidase are shown in Schemes4£ Although the mecha-
nisms shown in Schemes 2 and 4 involve the formation of
. a flavin intermediate between the fully oxidized and fully
reduced flavin species, no spectroscopic evidence of such
intermediates has been reported. However, formation of the
postulated intermediates may occur during a rate-limiting
step, preventing the accumulation of detectable intermediate
concentrations. The slow substrate sarcosine was chosen for
the study with the expectation that chemical steps rather than

o
no

Absorbance
o

~

oL . 1 . . \,~‘;~__ substrate binding or product release would be rate-limiting,

400 500 600 allowing intrinsic isotope effects andKp values to be
determined. All of the kinetic data presented here are
wavelength, nm consistent with cleavage of the sarcosine carbdoydrogen
Ficure 4: (A) Changes in the absorbance spectrum of the enzyme- bond being rate-limiting, in line with this prediction.
bo:md il;laniq dUH”g%a?ﬁ‘;rggi:’dirﬁgﬁgtwgrgfa'\sﬂLg?cﬁge%e;greﬁteﬂe With virtually all flavoprotein oxidases studied to date,
3?(%%SE)§erglated starting=) and final (- - -) spectra, obtaineg the. St.eady'State Kinetic meChamsm can be described by a
by global analysis of the spectra using a single-step kinetic model, Variation of the mechanism of Scheme 30). Here, the
and the spectrum of the free enzyme)( enzyme-containing oxidized flavin (Ek) binds and oxidizes
the substrate (S), producing the reduced enzypreduct
Reduction of the enzyme by deuterated sarcosine was alsaomplex (EFLJP); this species reacts with molecular oxygen
followed with a photodiode array detector, allowing the entire or an alternative electron acceptor in the case of the related
flavin spectrum to be monitored simultaneously. No inter- dehydrogenases. Whether the oxidized product (P) dissociates
mediates were seen between the spectra of the oxidized andefore or after reoxidation of the flavin varies with the
the fully reduced enzyme, either at the pH optimum (data specific enzyme and the substrate. This mechanism results
not shown) or at pH 8.0 (Figure 4A). The complete spectral in steady-state kinetic patterns, which fit to either the equation
changes could be modeled with a single-exponential decayfor a ping-pong mechanism or that for a sequential mecha-
with rate constants of 0.068 0.001 and 0.43- 0.02 s' at nism; the reversibility of the flavin reduction determines
pH 8.0 and 9.4, respectively. These numbers are in goodwhether the rate equation contains the extra terniii
agreement with the single wavelength data obtained underwhich distinguishes ping-pong and sequential mechanisms
the same conditions (0.061 and 0.48)sFigure 4B shows  (31). Khanna and Jorns2g) previously reported that the
the spectra at zero and infinite time, which were extrapolated initial rate data foiN-methyltryptophan turnover by MTOX
from the global analysis of flavin reduction at pH 8.0. Similar are consistent with the upper loop of Scheme 5. In contrast,
results were obtained at pH 9.4 (data not shown). The the data with sarcosine as the substrate were fit to a rapid
spectrum of the oxidized enzyme in the absence of the €quilibrium kinetic model with oxygen binding as the first
substrate is shown for comparison. The extrapolated spectrasubstrate. This was the first report of oxygen binding by an
are those expected for fully oxidized and fully reduced ©xidized flavoprotein, although H269MSOX was subse-
flavins, consistent with a single-step, two-electron flavin guently reported to have a similar kinetic pattern, in contrast
reduction. The starting spectrum obtained from the global 0 the wild-type enzymelj. However, as shown here (Figure
analysis is clearly different from that of the free enzyme. 3), MTOX s readily reduced by sarcosine in the absence of
Differences in the spectra of the free enzyme and the OXYgen, and the kinetic parameters for that reduction
extrapolated oxidized flavin spectra can be attributed to rapid
substrate binding during the dead time of the stopped-flow 2The increase in absorbance intensity in the 350 nm region is not

instrument The observed spectrum of the enzynselbstrate seen in fresh enzyme samples and is therefore attributed to slight
’ enzyme denaturation after several hours at@5

complex is similar to that seen upon bindingx-aminobu- 3H270 was previously described as H2692) based on the crystal
tyrate tob-amino acid oxidase at cryogenic temperatu®& ( structure of MSOX 8), which is missing the initial methionine residue.
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establish the free oxidized enzyme as kinetically competenttion is consistent with the MTOX.4; profile, which shows

for reduction; this rules out any mechanism in which oxygen only the lower K, value for a group, which must be
must bind before sarcosine. The initial rate data describedunprotonated, suggesting that the acidic limbs of both profiles
here for sarcosine turnover are fit better by the equationsreflect the same event, the deprotonation of the substrate
for ping-pong and sequential kinetics, in line with the amino group in the enzymesubstrate complex. Although
common kinetic mechanisms for flavoprotein oxidases of pH studies have not been reported with sarcosine as a
Scheme 5, than by the equation for a rapid equilibrium substrate for MSOX, Zhao and Jorr&Z)) reported that the
mechanism with oxygen binding first. The reason for the limiting rate of flavin reduction by proline decreases below
discrepancy with the earlier data is not clear, but the data of a pK, of 8.0, while theKy value for proline is pH-independent
Figure 3 show that thk../Ko, value is effectively indepen-  over the pH range 6:59.0, similarly suggesting that MSOX
dent of the sarcosine at accessible concentrations of oxygenbinds zwitterionic proline and deprotonates it prior to flavin
For an intersecting line pattern to be seen in double-reciprocalreduction.

plots for flavoprotein oxidases requires that the reduction  Oxidation of the carbonnitrogen bond in zwitterionic
step must be significantly reversible, so that there are sarcosine by MTOX necessarily requires the loss of a
reversible steps connecting the binding of the oxidized hydrogen from the substrate nitrogen. The lack of a solvent
substrate and oxygen3l). The rapid reaction kinetics isotope effect on théaKsarc Value limits the possibilities
described here are most consistent with this reduction beingfor the timing of the cleavage of this nitrogehydrogen
effectively irreversible, consistent with eq 2 being appropri- bond. If MTOX prefers the zwitterionic form of sarcosine,
ate. Most critically for the present work, whether the data as suggested by the above pH profiles, deprotonation of the
are fit to eq 1 or 2, thé&o, value is sufficiently low thakca: amino group must occur after the substrate binds. If this
andkeafKsacvalues can be treated as independent of oxygen deprotonation occurred in the same step as carhgdrogen
concentrations under atmospheric oxygen concentrations. bond cleavage, there would be a significant solvent isotope

With sarcosine as the substrate for MTOX, the reductive effect, because carbetydrogen bond cleavage is rate-
half-reaction is clearly rate-limiting. The rate constant for limiting. Because there is no significant solvent isotope effect
flavin reduction at saturating sarcosine concentrations andon thekea/Ksarc value, deprotonation of the enzyme-bound
the K4 value for sarcosine determined from the analysis of sarcosine most likely occurs in a rapid and reversible step
the reduction kinetics match tHes and Ksac values from  preceding carbonhydrogen bond cleavageSuch a rapid
steady-state kinetics. The agreement betweerKthealue deprotonation of the heteroatom of the enzyme-bound
and theK, value for sarcosine is also consistent with a lack substrate prior to flavin reduction has recently been dem-
of an external forward commitment to catalysis for this onstrated for both flavocytochromi, (34) and choline
substraté. This conclusion is supported by the pH indepen- Oxidase 85). In both enzymes, an active-site histidirgs,
dence of the deuterium isotope effect on KagKsac value 37) removes the hydroxyl proton to form the alkoxide prior
(32). The identity 0fPkefKsare Pkeas @and the isotope effect  to carbon-hydrogen bond cleavage. In the crystal structure
measured from the reduction kinetics is consistent with a of MSOX with N,N-dimethylglycine bound, the only residue
lack of any significant internal or reverse commitment, so Within hydrogen-bonding distance (2.8 A) of the amino
that the average isotope effect of 7.2 obtained from both hitrogen of the inhibitor is the carbonyl oxygen of Gly344

steady-state and rapid reaction analyses is likely to be the(4); formation of a hydrogen bond in this case would require
intrinsic deuterium isotope effect. The magnitude of this thatthe nitrogen be protonated, consistent with the conclusion

value is consistent with the expecta’[ion for the intrinsic drawn from the blndlng affinities. The nearest residue Capable
isotope effect upon cleavage of a carbdtydrogen bond in ~ Of acting as a base in accepting a proton from the nitrogen
a trideuterated methyl group. The value of 7.2 agrees well is His270, the N1 of which is 4.3 A away; this residue is
with the deuterium isotope effect of 7.3 for the heterotet- conserved in MTOX (His263)1(1). Mutation of His270 to
rameric sarcosine oxidase froArthrobactersp. @), sug- asparagine results in a decrease in catalytic activity but does
gesting that the extent of carbehydrogen bond cleavage ot significantly change the observeKpvalue of 8,

in the transition state is similar for the two enzymes, even suggesting that it is not the residue responsible for tkis p
though sarcosine is a slow substrate for MTOX. in the pH profile, although it still may be the active-site base

- ; ; 1). An alternative possibility for thisk, is the flavin itself,
The bell-shape#../KsacpH profile is consistent with two ( . ;
groups in the free enzyme or substrate whose protonationfor which a K, value of 8.4 was determined from the effect

state is critical for productive binding of substrates, wika p of pH on the flavin spectrum at 2C (29).

values of 8.8t 0.1 and approximately 10. While the inability 1 1€ changes in the flavin spectrum, which occur upon

to measure initial rates at high pH because enzyme instability "€duction of MTOX by sarcosine, are fully consistent with
greatly limits the precision of the uppeKpvalue, a [Ka a minimal kinetic model in which binding of the amino acid

value of 10 would match theia value of the substrate amino 'S Very rapid and is followed by a single step in which a
group B3), suggesting that the zwitterionic form of the hydride equivalent is transferred to the flavin. While these

substrate is preferred and that the lowk s due to a group results do not rule out additional intermediates, they place
on the enzyme which must be unprotonated. This interpreta-

5 A simpler explanation for the lack of a solvent isotope effect is
that the enzyme binds the anionic form of the substrate, so that the
4The external commitment is defined as the ratio of the rate constant only effect of DO is on the concentration of the active form of the
for cleavage of the CH bond to the rate constant for substrate substrate, which is present at a given pH; this would result in a shift in
dissociation from the enzymesubstrate complex. A significant com-  the pH optimum but no decrease in the activity at the pH optimum, as
mitment can yield &, value significantly different from th&q value, is indeed the case. However, such a model is difficult to rationalize

perturbed K, values, and isotope effects less than the intrinsic values. with the k.o profile and the published data with proline.
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limits on the extent to which they accumulate and thus on 4) (12), and would be readily distinguished. Flavin N(5) and
their energetics. The kinetic isotope effects establish that C(4a) adducts have spectra that resemble that of fully reduced
carbon-hydrogen bond cleavage occurs in the rate-limiting flavin, with an additional shoulder or peak at 30000 nm
transition state for flavin reduction. This rules out rate- (39). While such an intermediate might be difficult to
limiting formation of an intermediate in which the carben  distinguish from a reduced enzymproduct complex in an
hydrogen bond is intact. Furthermore, for an intermediate analysis such as that shown in Figure 4A, its presence would
between the oxidized enzymsubstrate complex and the result in a decrease in the apparent absorbance of the
reduced enzyme, the rate constant for productive decayenzyme-substrate complex; this is ruled out by comparison
necessarily equals the rate constant for flavin reduction. In of the spectra of the free oxidized enzyme and of the
the case of deuterated sarcosine, in which cleavage of theintermediate formed upon binding of sarcosine (Figure 4B).
carbon-hydrogen bond has been slowed by 7-fold, the large  Some evidence for radical mechanisms for MTOX and
decrease in the rate constant for reduction should result in arelated enzymes has come from studies of MSOX with
comparable increase in the accumulation of any such substrate analoguebl-Cyclopropylglycine will slowly in-
intermediate. If one assumes that any intermediate thatactivate MSOX; the reaction simultaneously forms a species
accumulates to 35% would be detected, the lack of such awith a partially bleached visible absorbance spectrum, which
detectable intermediate with the deuterated substrate placesery slowly decomposes to fully reduced enzy@&) (While

an upper limit of 5% on the maximum amount of the the structure of the modified cofactor was not determined,
intermediate, which builds up prior to carbehydrogen the inactivation was attributed to one-electron oxidation of
bond cleavage. The present data do not rule out a mechanisnhe inhibitor to the cyclopropyl radical, which then reacted
in which an intermediate is formed at lower concentrations with the anionic flavin semiquinone. However, cyclopropy!
than this because it is at a free energy well above that of thecompounds have been found to inactivate other flavoprotein
enzyme-substrate complex. Still, the lack of detectable oxidases by mechanisms that are not analogous to oxidation
intermediates is most simply explained by a lack of of more normal substrates. Thus, a number of inhibitors,
intermediates, as is the case for a hydride transfer mechawhich would be expected to utilize radical intermediates for

nism$

This conclusion is supported by structural data. Although
structural information is not available for MTOX, a crystal
structure is available for MSOX4J. In several crystal

sponding to the reactive carbon of the substrate is within 4
A of the flavin N5, an arrangement which is common in
flavoproteins catalyzing dehydrogenation reactic@8.(This
distance is compatible with transfer of the methyl hydrogen
to the flavin N5, as in a hydride transfer mechanism.

The anionic flavin semiquinone and flavin adducts pro-

inactivation, have been described for monoamine oxidase
(40). Recent elucidation of the three-dimensional structure
of monoamine oxidase B shows that the amino acid residue,

which is labeled by some of these inhibitors, is well outside
structures with product analogues bound, the carbon corre-

the active site 16), suggesting that inactivation and normal
catalysis utilize different mechanisms. Methanol oxidd4é (
and cholesterol oxidasé?), two members of a family of
homologous flavoprotein alcohol oxidase$3), are both
inactivated by cyclopropyl compounds; in this case, the
available evidence is most consistent with hydride transfer
mechanisms for these enzymé&s,(44, 45).

posed as intermediates in Schemes 2 and 4, respectively, In summary, the present results are most simply explained

should be readily detectable if they accumulate significantly.
The spectrum of the flavin semiquinone in MTOX has a
visible absorbance maximum at 393 nm with ag; of
28800 Mt cmt (29), compared to the maximum of the
free oxidized enzyme at 456 nm of 13 300 Mm™* (Figure

6 The present data do not rule out a carbanion mechanism in which
transfer of electrons from the carbanion to the flavin is much faster
than carbor-hydrogen bond cleavage. However, becansenino acid
oxidase, which is homologous to MSOX and MTOX, is generally
accepted not to involve a carbanion intermediate and Keop the
methyl protons of sarcosine would be expected to be significantly higher
than thea proton of an amino acid, a carbanion mechanism would
seem the least likely possibility.

7 An alternative possibility that is not generally proposed for this
family of enzymes is hydrogen atom abstraction from the substrate
methyl group. While a hydrogen atom abstraction would be much more
energetically unfavorable than electron transfer, it would be isotope-
sensitive. This would be expected to form the neutral flavin radical;
however, the K, for the neutral flavin radical in MSOX has been
estimated to be below pH @), compared to the pH optimum above
9. Moreover, neutral flavin radicals have reduced absorbance around
460 nm compared to oxidized flavin and broad absorbance bands from
around 500 to 650 nm with extinction coefficients of 3000 to 10 000
M~t cmt (5). No absorbance changes are seen in this longer
wavelength region upon MTOX flavin reduction with sarcosine. Still,
because radical formation would necessarily occur in the rate-limiting
step, the flavin radical would decay much more rapidly than it would
form, making its detection difficult. Such a slow formation of an
unstable neutral radical followed by a rapid electron transfer is
effectively indistinguishable from a hydride transfer.

by a hydride transfer mechanism for MTOX, in that no
intermediates are detected prior to rate-limiting carbon
hydrogen bond cleavage. The structural similarities among
the other known and predicted members of the MTOX/
MSOX family suggest that these enzymes also utilize a
similar mechanism. These results add to the growing body
of evidence for hydride transfer mechanisms in flavoenzymes
that oxidize amines, alcohols;amino acids, and-hydroxy
acids (for a recent review, see 46).
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