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ABSTRACT:. N-Methyltryptophan oxidase (MTOX), a flavoenzyme frdascherichia coli catalyzes the
oxidative demethylation ofN-methyl4-tryptophan ke = 4600 mirl). Other secondary amino acids
(e.g., sarcosine) are oxidized at a slower rate. We have identified carbinolamines as a new class of alternate
substrate. MTOX oxidation of the carbinolamine formed wittryptophan and formaldehyde yields
N-formyl-L-tryptophan in a relatively slow reaction that does not compete with turnover of MTOX with
N-methyl+i-tryptophan. Double reciprocal plots witlkmethyl+-tryptophan as the varied substrate are
nearly parallel, but the slopes show a small, systematic variation depending on the oxygen concentration.
N-Benzylglycine, a dead-end competitive inhibitor with respectNtonethyl+-tryptophan, acts as a
noncompetitive inhibitor with respect to oxygen. The results are consistent with a modified ping pong
mechanism where oxygen binds to the reduced enzyme prior to dissociation of the imino acid product.
MTOX is converted to a 2-electron reduced form upon anaerobic reactionNaitiethyl+ -tryptophan,
sarcosine, or the carbinolamine formed wittryptophan and formaldehyde. No evidence for a detectable
intermediate was obtained by monitoring the spectral course of the latter two reactions. MTOX reduction
with thioglycolate does, however, proceed via a readily detectable anionic, flavin radical intermediate.
The reductive half-reaction with sarcosine &t@ exhibits saturation kinetick = 6.8 mirrl, K = 39

mM) and other features consistent with a mechanism in which a nearly irreversible reduction,gt8p (E

— ErearP) Kim) is preceded by a rapidly attained equilibriui) (between free E and the-& complex.

The 21°C temperature difference can reasonably account for the 3.6-fold lower value obtaitkgg dsr
compared with turnover at 2% (k.ar= 24.5 mirrl), suggesting that sarcosine is oxidized at a kinetically
significant rate under anaerobic conditions and the reductive half-reaction is rate-limiting during turnover.
These conclusions are, however, difficult to reconcile with steady-state kinetic patterns obtained with
sarcosine that are consistent with a rapid equilibrium ordered mechanism with oxygefiiias substrate.

The basis for the apparent stability of the MTeXygen complexq = 72 uM) is unknown.

N-Methyltryptophan oxidase (MTOX)s a newly discov- well-characterized althougN-methyltryptophan has been
ered monomeric flavoenzyme (42 kDa) frétacherichia coli identified in certain plant species aNdmethyl amino acids
that contains covalently bound FADd8(S-cysteinyl)FAD] are found in polyketide antibiotic&(6). The physiological
(2). MTOX preferentially catalyzes the oxidative demethy- role of MTOX in E. coli in unknown. The active site of
lation of N-methyl+-tryptophan but will also oxidize other ~MTOX has been probed by characterization of the properties
N-methyl amino acids. Although the gene encoding MTOX and reactivity of its prosthetic group and by the identification
(solA) was isolated based on strong sequence homology (43%of various active site ligands8). MTOX is a member of a
amino acid identity) with monomeric sarcosine oxidase recently recognized family of prokaryotic and eukaryotic
(MSOX) (2), sarcosine is a poor substrate for MTOX. MTOX amine oxidases that all contain covalently bound flavin. Other
is expressed as a constitutive enzyme in a wild-tigpeoli family members include MSOX, pipecolate oxidase, and
K-12 strain @). Expression is enhanced by growth on heterotetrameric sarcosine oxidask {, 8). The crystal
minimal media but not induced biN-methyltryptophan, structures of free MSOX and various inhibitor complexes
unlike MSOX expression which is induced by growth on have recently been determine®| (0).
sarcosine, a common soil metabolite that can provide a source In this paper, the mechanism of MTOX catalysis has been
of carbon and energy for various bacted (The metabolic investigated in steady state and reductive-half reaction studies
role and distribution of otheN-methyl amino acids is not  with N-methyl4i-tryptophan, sarcosine, and a thiolate sub-
strate analogue. We also report the identification of carbinol-
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thioglycolic acid,N-methyl-tryptophan,L-tryptophan,N- were separated using solvent B & 0 and 0.19, respec-
formyl-pL-tryptophan, and.-proline were purchased from tively). L-TryptophanN-formyl-L-tryptophan, andN-methyl-
Sigma. Sarcosine and-benzylglycine were obtained from  L-tryptophan were separated using solvenRB= 0.73, 0.88,
Aldrich. Formaldehyde was from Fisher. Precoated thin-layer and 0.66, respectively). Reactions initiated by mixing MTOX
chromatography plates (silica gel 60, F-254) were from E. with formaldehyde and.-tryptophan were microfiltered
Merck. (Microcon-10) after a 5.3 h incubation at room temperature.

Enzyme Purification and Assalurification of recombi- The filtrate was analyzed using solvent A. In the case of
nant MTOX fromEscherichia coland MSOX fromBacillus reactions initiated by mixing MTOX withN-methyl-
sp. B-0618 routine protein and activity assays were per- tryptophan, aliquots were withdrawn after various periods
formed as described by Wagner et 4). (The concentration  of incubation at room temperature, heated for 5 min at 100
of MTOX was estimated using the previously determined °C to denature MTOX, and then microfiltered. The filtrates
extinction coefficient €457 = 13 300 Mt cm™2, pH 8.0) (1). were analyzed using solvent B.

SpectroscopyAbsorption spectra were recorded using a  Data AnalysisData were fit to eqs 47 using the curve
Perkin-Elmer Lambda 2S spectrometer. Spectral titrations fit function in Sigma Plot (Jandel Corporation). Equation 1
with active site ligands were conducted at@ in 50 mM was used for (i) analysis of the apparent first-order rate of
potassium phosphate buffer, pH 8.0, containing 1 mM enzyme reduction by sarcosink,f) as a function of the
EDTA. For comparison with spectral perturbations observed substrate concentratior.andA arekqp,sandkim, respectively.
with other ligands, titration data obtained wilformyl- X is the sarcosine concentration, aidis the apparent
pL-tryptophan were normalized to the same initial concentra- dissociation constant of the-& complex. (i) Analysis of
tion of uncomplexed MTOXAus7 = 0.5, 37.6uM MTOX); titration data withN-formyl-pL-tryptophan and thioglycolate.
the difference spectrum for 100% complex formation was Y andA are the observed and maximal absorbance change
calculated, as previously described).( at the wavelength selected for analysis, respectivélis

Anaerobic experiments were conducted using a specialthe concentration of the varied ligand akids the complex
cuvette, as previously describedD). Unless otherwise noted, dissociation constant. Equation 2 was used to fit the apparent
reaction mixtures contained an oxygen-scavenging systemfirst-order kinetics observed for the reduction of MTOX with
consisting of glucose oxidase, glucose, and catalase, similarsarcosine or formaldehyde plugryptophan Kops = K). Y'is
to that previously described ). This system was omitted the observed absorbance at the selected wavelength and time

in reactions involving formaldehyde andtryptophan (or =t, Ais the maximal absorbance change, &nd the final
glycine) as reductant. absorbance at the selected wavelength. Equation 3 was used
Steady-State KineticStudies were conducted at 2& to fit the biphasic kinetics of the anaerobic reduction of

by monitoring hydrogen peroxide formation using a horse- MTOX with thioglycolate.Y is the observed absorbance at
radish peroxidase coupled assay. Formation of oxidizedthe selected wavelength and tirre t, A and B are the
o-dianisidine was monitored by the increase in absorbancemaximal absorbance changes in the first and second phases
at 460 nm €460 = 6765 M' cmY). Reactions were  of the reactionk andj are the corresponding rate constants,
performed in 100 mM potassium phosphate buffer, pH 8.0, and C is the final absorbance at the selected wavelength.
containing 1 mM EDTA, amino acid, oxygen, and inhibitor, AX

as indicated, 32@M o-dianisidine, and 2.4 U horseradish y=_22_ (1)
peroxidase in a total volume of 35Q.. Assays were initiated X+K
by addition of MTOX. _

A standard semimicro cuvette was used for reactions in Y=Ae"+B (2)
air-saturated buffer. A special cuvette (Spectrocell) with a Akt it
screw-cap equipped with a Teflon-silicone membrane was Y=Ae“+Be’+C 3)
used in studies where the oxygen concentration was varied. V..., AB
Reaction mixtures containing all components except horse- v= KK TKBLKATAB 4)
radish peroxidase and MTOX were equilibrated by bubbling ia’*b a oA
at 25°C for 30 min with gas mixtures containing 5.0, 10.2, V. AB
21, 44, or 100% oxygen (balance nitrogen), similar to that = ma (5)
previously describedl(l). Horseradish peroxidase (G4) (1 + I/K)(K K, + KB) + KA+ AB
was injected, and the cuvette was placed into a thermostated
cell holder of a Perkin-Elmet2S spectrophotometer for a B VinaAB
3-min incubation at 25°C. Reactions were initiated by v= KK, + KA+ AB (6)

injecting a 5uL aliquot of MTOX. Oxygen concentrations
were calculated based on the dissolved oxygen concentratiorEquation 4 was used to fit the steady-state kinetic data
obtained after equilibration with 100% oxygen (1.3 mNI2Y obtained at various concentrationshdéfmethyl+ -tryptophan
and were corrected for the 11:& addition of enzymes in  and oxygenK, andK, are theK, values for amino acid and
air-saturated buffer. oxygen, respectivelyKi, is the inhibition constant for the
Thin Layer ChromatographySamples were spotted on amino acid. Steady-state kinetic data obtained at a fixed
fluorescent indicator, silica gel plates. Tryptophan derivatives N-methyl4 -tryptophan concentration and various concentra-
were visualized as dark spots under ultraviolet light. Chro- tions of oxygen andN-benzylglycine were fit to eq 5 using
matograms were developed using chloroform/methanol/ values determined foK, Kp, and Ki, in the absence of
formic acid, 85:13:2 (solvent A) or ethyl acetate/formic acid, inhibitor. K; is the dissociation constant for the MT@X-
80:20 (solvent B)L-Tryptophan andN-formyl-L-tryptophan benzylglycine complex and is inhibitor concentration.
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Ficure 1: pH activity profile. MTOX activity was measured at 25
°C in air-saturated potassium phosphate buffer (50 mM) containing
1 mM N-methyl+-tryptophan in a coupled assay using horseradish
peroxidase 1). The solid line shows the fit of the data to eq 7.

Equation 6 was used to fit the steady-state kinetic data
obtained at various concentrations of sarcosine and oxygen
Ka and K, are the dissociation constants of oxygen and
sarcosine from the MTO#xygen and MTOXoxygenr
sarcosine complexes, respectively. Equation 7 is describe
in Results.

RESULTS

pH Activity Profile. MTOX activity was measured as a
function of pH and found to exhibit a bell-shaped pH-activity
curve with an optimum at pH 8 (Figure 1). The data could
be fitted to a double ionization titration curve (eq 4B
where Agy,+, Aen, Or Ag- is the activity due to the corre-
sponding enzyme form (EH, EH or E", respectively) and
Ki: and K, are the indicated dissociation constants. The

HTAg, + [HTIK A, + KiKGAe
KK HIK HHT

bs

K
EHj=EH+H"

K
EH—E +H"

analysis indicates that maximal activity is observed with EH,
a form where a group with an apparenKpof 7.2 is
unprotonated and a group with an appareldt pf 9.1 is
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FIGURE 2: Steady-state kinetic data for MTOX witlkmethyl--
tryptophan as substrate. Measurements were made°&@ 26100

M potassium phosphate buffer, pH 8.0, at various oxygen

oncentrations [1.27 mM (open circles), 0.56 mM (filled triangles),
0.27 mM (open triangles), 0.14 mM (filled diamonds), 0.072 mM
(open hexagons)]. The lines represent the fit of the data to eq 4.
The convergence of the fitted lines is illustrated in the inset where
the data have been replotted according to a different scale.

reduced enzyme. The data are consistent with a modified
ping pong mechanism where oxygen reacts with the reduced
enzyme prior to the release of the first product (Scheme 1).
Steady-state kinetic parameters, obtained by fitting the data
to the rate equation for a modified ping pong mechanism
(eq 4), are similar to those estimated by linear regression
analysis (Table 1).

Inhibition by N-Benzylglycine. {8enzylglycine binds to
the active site of MTOX, perturbs the flavin absorption
spectrum, and acts as a dead-end competitive inhibitor with
respect td\-methyl+ -tryptophan 8). N-Benzylglycine should
exhibit noncompetitive inhibition with respect to oxygen in
the case of a modified ping pong mechanism whereas
uncompetitive inhibition is predicted for a classic ping pong
mechanism14). Double-reciprocal plots of velocity versus
oxygen concentration at different concentrations Nof
benzylglycine and a fixed concentration dFmethyl4 -
tryptophan are linear. The slopes and intercepts varied

protonated. On the basis of these results, pH 8.0, was selectedepending on the inhibitor concentration, as indicated by
as the pH for steady state and reductive half-reaction studieslinear regression analysis (Figure 3). A value for the inhibi-

Steady-State Kinetics with N-Methytryptophan.Double-
reciprocal plots of reaction rate verddsnethyl+ -tryptophan

tion constantK; = 7.40+ 0.5 mM) was obtained by fitting
the data to an equation for a modified ping pong mechanism

concentration at various oxygen concentrations are linear andn the presence of a dead-end inhibitor that combines only
almost parallel (Figure 2). The slopes, however, show a smallwith E (eq 5). The observeld; value is in good agreement
but systematic variation depending on the oxygen concentra-with the Ky value obtained foN-benzylglycine complex with
tion, as judged by linear regression analysis. This suggestsMTOX by spectral titration under the same reaction condi-

that turnover of MTOX withN-methyl+-tryptophan does

tions Kq = 8.7 mM) (3). The results provide further evidence

not proceed via a classic ping pong mechanism where thethat turnover of MTOX withN-methyl+-tryptophan occurs

first product dissociates prior to reaction of oxygen with the

via a modified ping pong mechanism.
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Scheme 1: Modified Ping Pong Mechanism
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Table 1: Steady-State Kinetic Parameters with 03 1
N-Methyl-L-tryptophan as Substréte o 03
o
parameter g 02
Keat (Min=1) 4600+ 900 3
(4600) o 2 2 04
Km amino acid(mM) 0.37+0.08 é 2
(0.37) 2 00—t =
Km oxygen(MM) 0.61+0.1 2 300 400 500
(0.61) < 04 Wavelength (nm)
Kia amino acid(/lM) 70+ 2 .
(6.8)
@ Parameters were determined by fitting the data to an equation for
a modified ping pong mechanism (eq 4). The values shown in
L 1

parentheses were determined by linear regression analysis of double ¢ .
reciprocal plots, as described in the text. 300 400 500 600 700
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FiIGURe 4: Reduction of MTOX withN-methyl+i-tryptophan or
sarcosine. Reactions were conducted under anaerobic conditions
in 50 mM potassium phosphate buffer, pH 8.0, containing 1 mM
EDTA at 25°C (panel A) or 4°C (panel B). Panel A: Curves
0 1 L 1-11 were recorded 0, 1, 5, 10, 15, 20, 25, 30, 40, 60, and 960
0 5 10 15 min, respectively, after adding 0.2 mM sarcosine. Curves 1 and 2
in the inset show spectra before and immediately after mixing with
e . 0.2 mM N-methylL-tryptophan. Panel B: The observed rate of the
Ficure 3: N-benzylglycine inhibition with respect to oxygen.  gnaerobic half-reaction with sarcosine is plotted as a function of
Measurements were made at 1.0 niNvmethyli-tryptophan and  the substrate concentration. The solid line is a fit of the data to a
the following inhibitor concentrations: 0 mM (solid triangles), 25  hyperholic saturation curve (eq 1).
mM (solid squares), and 50 mM (solid circles). The lines show a
linear regression analysis of the data. sarcosine concentrations (0.5 to 85 mM). A plokgf versus
sarcosine concentration was hyperbolic (Figure 4, panel B)
Reduction of MTOX with N-MethyHryptophan or Sar- (kim = 6.8+ 0.5 min'%, K = 39 + 6 mM).
cosine Anaerobic reaction of MTOX with 0.2 mMI-methyl- Steady-state kinetic data, obtained in studies with sarcosine
L-tryptophan results in the immediate conversion to 1,5- at 25°C, exhibit the following features: (i) Double-reciprocal
dihydroFAD, as judged by the characteristic bleaching of plots of reaction rate versus sarcosine concentration intersect
the oxidized flavin spectrum (Figure 4, panel A, inset). The on they-axis, as judged by linear regression analysis of data
entire spectral course of the anaerobic half-reaction can beobtained at each oxygen concentration tested; (ii) double-
monitored in a simple manual mixing experiment by replac- reciprocal plots of reaction rate versus oxygen concentration
ing N-methyl+-tryptophan with the same concentration of intersect to the left of thg-axis and above thg-axis. (iii)
sarcosine, a poor substrate for MTOX. An isosbestic conver- Secondary plots of slopes and intercepts are linear. The
sion of oxidized enzyme to 1,5-dihydroFAD is observed upon secondary plot of slopes versus 1/[sarcosine] passes through
reaction with sarcosine (Figure 4, panel A). The results the origin. These features are consistent with a rapid
provide no evidence for a spectrally detectable intermediate equilibrium ordered mechanism with oxygen as the first
in the reductive half-reaction. substrate to bind (Scheme 2). Figure 5 shows the global fit
Reductie Half-reaction and Steady-State Kinetics with of the data to an equation for a rapid equilibrium ordered
SarcosineThe reductive half-reaction at higher concentra- mechanism (eq 6). The global fit yielded values for steady-
tions of sarcosine was too fast to monitor in a manual mixing state kinetic parameters similar to those estimated by linear
experiment at 28C but could be measured af@. Apparent regression analysis (Table 2). The observed turnover rate at
first-order kinetics were observed over a wide range of 25 °C (24.5 min?) is 3.6-fold faster than the limiting rate

1/[oxygen] (mM'1)
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Scheme 2: Rapid Equilibrium Ordered Mechanism
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Ficure 5: Steady-state kinetic data for MTOX with sarcosine as
substrate. Measurements were made &2k 100 mM potassium
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Table 2: Comparison of Steady State and Reductive Half-Reaction
Kinetic Parameters with Sarcosine as Substrate

parameter steady state half-reaction
Keat (Min™2) 2454+ 0.7
(28.3)
kim (Min™?) 6.8+£0.5
Ksarcosine(mM) 25+ 2 39+ 6
(35)
Koxygen (mM) 0.072+0.01
(0.045)

a Steady-state kinetic parameters were determined &€ 2fy fitting
the data to an equation for a rapid equilibrium ordered mechanism (eq
6). The values shown in parentheses were determined by linear
regression analysis of double reciprocal plots, as described in the text.
Reductive half-reaction kinetic parameters were determined ‘& 4
by fitting the data to eq 1.
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FIGURE 6: Anaerobic reaction of MTOX with formaldehyde and

300 400 600

phosphate buffer, pH 8.0. Panel A shows double reciprocal plots | -tryptophan. A small aliquot of MTOX was tipped from the

at various oxygen concentrations [1.27 mM (filled circles), 0.56
mM (filled triangles), 0.27 mM (filled diamonds), 0.14 mM (filled

sidearm of an anaerobic cuvette into a reaction mixture containing
1 mM formaldehyde, 1 mM-tryptophan, and 1 mM EDTA in 50

squares), and 0.072 mM (filled hexagons)]. Panel B shows double mM potassium phosphate buffer, pH 8.0, at @5 Curves +6
reciprocal plots at various sarcosine concentrations [120 mM (filled were recorded 0.33, 2.5, 5, 7.5, 10, and 40 min, respectively, after
hexagons), 80 mM (open diamonds), 60 mM (filled diamonds), 40 mixing. The inset shows the reaction with MSOX, conducted under

mM (open triangles), 20 mM (filled triangles), 15 mM (open
squares), 10 mM (filled squares), 8 mM (open circles), 6 mM (filled
circles). The lines show the fit of the data to eq 6.

of the anaerobic half-reaction af@ (6.8 mint), a difference
attributed to the 2EC temperature difference between the
two sets of measurements.

Anaerobic Reaction of MTOX with Formaldehyde and
L-Tryptophan.Double reciprocal plots in a modified ping

the same conditions except that the buffer did not contain EDTA
and 1 mM glycine replaced-tryptophan. Curves 17 were
recorded 0.4, 10.4, 20.4, 35.4, 60.4, 105.4, and 245.4 min,
respectively, after mixing.

mM formaldehyde and 1 mN-tryptophan under anaerobic
conditions. An isosbestic conversion to 1,5-dihydroFAD was
observed in an apparent first-order reactikys{(= 0.369+
0.003 mi?) that was fully reversible upon aeration (Figure

pong mechanism can appear almost parallel, as observed witl6). No reaction was observed upon mixing MTOX with

N-methyli-tryptophan, if the reductive half-reaction is
irreversible (e.g., Scheme i, ~ 0). We hoped to evaluate
the reversibility of the reductive half-reaction of MTOX with
N-methyl4 -tryptophan by determining wheth&-methyl-
L-tryptophan imine (formed in situ by mixing formaldehyde
with L-tryptophan) could reoxidize 2-electron reduced MTOX
[EFADH,, generated by photoreductioB)]. However, a

formaldehyde on.-tryptophan alone. A similar reduction
reaction was observed with MSOX upon reaction with 1 mM
formaldehyde and 1 mM glycine (Figure 6, inset) except that
the MSOX reaction was more than an order of magnitude
slower ops = 0.0206=+ 0.0001 mir?).

The carbinolamine formed in amino acid/formaldehyde
mixtures would appear to be the most likely reductant of

surprising result obtained in a control reaction showed that MTOX (or MSOX) since it resembles the corresponding
the planned reversibility experiment would not be feasible. N-methyl amino acid substrate except that one of the
In the control reactionpxidizedMTOX was mixed with 1 hydrogens on th&l-methyl group is replaced by a hydroxyl.
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Scheme 3: Oxidation of the Carbinolamine, Present in Amino Acid/Formaldehyde Mixtures, to the Corresponding N-Formyl
Amino Acid by MTOX and MSOX

R R
+ + -
H,C=0 + RCH(NH,)CO; === HO—CH;—NH—CH—CO; === H,C=NH—CH—CO;

MTOX
(MSOX) | » R

HO—CH=N—CH—CO,” — O=CH—NH—CH—CO,"

Oxidation of the G-N bond in the carbinolamine, followed formation via 5-deazariboflavin-mediated photoreducti®)n (

by tautomerization, would generate the correspondihg  The radical is converted to 1,5-dihydroFAD in the second,
formyl amino acid (Scheme 3). To test this hypothesis, an slower phase of the reaction (Figure 8, panel B). The spectral
aerobic reaction mixture containing MTOX (17®1), 1 mM changes at 450 and 393 nm gave a good fit to a two-
formaldehyde, 1 mM.-tryptophan, and 1 mM EDTA in 5  exponential expression (eq 3) (Figure 8, insets). The same
mM potassium phosphate buffer, pH 8.0, was incubated atrate constants are obtained upon analysis at either wave-
room temperature with shaking. After 5.3 h, the sample was length. The observed rate of radical formatig,{= 1.2 x
microfiltered to remove protein. Quantitative conversion of 1072 min~2) is about an order of magnitude faster than radical
L-tryptophan toN-formyl-L-tryptophan was observed when reduction to 1,5-dihydroFADKgps = 1.4 x 1073 min™1).

the filtrate was analyzed by thin-layer chromatography

(solvent A), as detailed in Experimental Procedures. No DISCUSSION

N?formyl-l_—tryptophan was found in a control incubation Turnover of MTOX withN-methyl+ -tryptophan appears
without MTOX. _ _ to proceed via a modified ping pong mechanism where
In a separate experiment, MTOX (3:M) was incubated  oxygen binds to the reduced enzyme prior to dissociation of
with 1 mM N-methyl+-tryptophan in place of-tryptophan  jmino acid product (Scheme 1). Although double reciprocal
and formaldehyde. The oxidative demethylatiomNefethyl- plots withN-methyl- -tryptophan as the varied substrate are
L-tryptophan toL-tryptophan was complete within 15 min  nearly parallel, the slopes show a small but systematic
under these conditions, as judged by thin-layer chromatog-yariation depending on the oxygen concentratibirben-
raphy (solvent B). Formation di-formyl-L-tryptophan was  zy|glycine, a dead-end competitive inhibitor with respect to
not detectable after. 15 min butl was observed over a periOdN-methylt—tryptophan, acts as a noncompetitive inhibitor
of hours, accompanied by the disappearancetnfptophan.  wjith respect to oxygen, a result that provides further evidence
The results indicate that the product(s) formed upon 2-elec-for 3 modified, rather than a classic, ping pong mechanism.
tron oxidation ofN-methyl+-tryptophan are released into  althoughN-methyl+-tryptophan is the best known substrate
solution. Further oxidation to N-formyl-tryptophan occurs  for MTOX, the enzyme will also catalyze the oxidation of
in a secondary, slower reaction that is not competitive with otherN-methyl amino acids, including sarcosine which is a
N-methyl+-tryptophan oxidation. poor substrate exhibiting a turnover rate about 0.5% of that
N-Formyl-oL-tryptophan forms a spectrally detectable observed witiN-methyl+-tryptophanN,N'-Dimethylglycine
complex with MTOX. The complex exhibits a difference forms a complex with MTOX but is not oxidized3),
spectrum similar to that observed with glycine derivatives suggesting that MTOX is specific for secondary amines. We
(N,N'-dimethylglycine N-benzylglycine), except for a batho-  have identified carbinolamines as a new class of alternate
chromic shift of the negative peak around 350 nm. The substrate for MTOX. Oxidation of the carbinolamine, formed
spectral perturbation observed with these N-substituted aminoin L-tryptophan/formaldehyde mixtures, yieltisformyl-L-
acids appears to be nearly a mirror image of that observedtryptophan (Scheme 3). The reaction is relatively slow and
with aromatic carboxylates, such as benzodjéKigure 7). does not compete with turnover of the enzyme with
The stability of the MTOXN-formyltryptophan complexKgy methyl--tryptophan.
= 1.284 0.05 mM, not corrected for the presence of the  |n a modified ping pong mechanism (Scheme 1), double
D-isomer) is within the range observed for the best known reciprocal plots will appear nearly parallel if thgK, term
MTOX ligands (e.g., 3-indolepropionat&y = 0.79 mM) in eq 4 is small, a condition that can arise when ~ 0
). (sticky substrate) ok_, ~ 0 (reductive step is irreversible).
Reduction of MTOX with Thioglycolat&hioglycolate It was not possible to evaluate the reversibility of the
causes a small spectral perturbation upon binding to MTOX reductive step witiN-methyl+-tryptophan by determining
under aerobic conditions (data not shown), forming a whether reduced enzyme could be reoxidized\Nemethyl-
complex of modest stabilityyg = 120 + 20 mM) with no L-tryptophan imine because formaldehyd&yptophan mix-
evidence of charge transfer interaction. However, under tures (required for in situ imine formation) would also contain
anaerobic conditions this complex is observed to undergothe corresponding carbinolamine, a known reductant of
two successive, 1-electron transfer reactions that result inoxidized MTOX. Evidence regarding the reversibility of the
the conversion of oxidized enzyme to 1,5-dihydroFAD. The reductive step was obtained in reductive half-reaction kinetic
reaction proceeds via the nearly quantitative formation of a studies using sarcosine as substrate. The reductive half-
red, anionic flavin radical intermediate (Figure 8, panel A), reaction with sarcosine atC exhibited saturation kinetics
as judged by the development of an intense new absorption(kim = 6.8 min't, K = 39 mM). A double reciprocal plot of
band at 393 nm similar to that observed for the radical the data was linear with a finitgintercept. The results are
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Ficure 7: Comparison of the difference spectrum observed for
the MTOX complex withN-formyl-pL-tryptophan with difference
spectra reportecBf for MTOX complexes with benzoate atdIN'-
dimethylglycine. Spectra are normalized as described in Experi-
mental Procedures.

consistent with a reductive half-reaction whére ~ 0 and
k_1> ky, as judged by criteria described by Strickland et al.
(15). This means that a nearly irreversible reduction step is
preceded by a rapidly attained equilibrium between free E
and the ES complex. Under these conditiokg, is the rate

of the reductive stepkf) andK is the dissociation constant
for the ES complex. Significantly, th&y value estimated
for MTOXesarcosine complex is comparable to tKg
determined by spectral titration for the structurally similar
complex formed with MTOX and dimethylglycineK§ =
32.4 mM, 4°C) (3).

The 3.6-fold lower value estimated for the limiting rate
of the reductive half-reaction with sarcosine at’@, as
compared with aerobic turnover at 26 (6.8 versus 24.5
min~1) is reasonably attributable to the 2C temperature
difference in the two sets of experiments. The results,
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FIGURE 8: Anaerobic reaction of MTOX with thioglycolate. Panel

A shows the first phase of the reaction. Curvelwere recorded
0.75, 10.75, 20.75, 35.75, 50.75, 70, 100, 140, and 180 min,
respectively, after mixing MTOX with 0.3 M thioglycolate in 50
mM potassium phosphate buffer, pH 8.0, containing 1 mM EDTA
at 25°C. Panel B shows the second phase of the reaction. Curves
1-11 were recorded 3, 4.5, 6, 8, 10, 12, 15, 19, 22, 29, and 45.5
h, respectively, after mixing. Absorbance changes at 450 and 393
nm over the entire reaction course were fitted to a two-exponential
expression (eq 3). The solid lines in the insets to panels A and B
show the fit results for the first and second phases of the reaction,
respectively. The scale of theaxis for Aggz in the inset to panel

B has been reversed for clarity in data presentation.

for glycerokinase where an equilibrium ordered mechanism
was observed with amino analogues of glycerol (MgATP
binds first) versus an ordered mechanism with glycerol
(MgATP binds second)1). In this scenario, oxygen might
appear to bind first if (i) TheKy for the MTOXeoxygen
complex is much less than the MT@s@rcosine complex;
and(ii) The presence of oxygen leads to much tighter binding
of sarcosine. The first criterion is reasonably satisfied, as
judged by comparison of thKy values estimated for the
MTOXeoxygen (72uM) and MTOXesarcosine (39 mM)
complexes by analysis of steady state and reductive half-
reaction kinetic data, respectively. The second criterion does
not, however, appear to be satisfied since Kheestimated

therefore, indicate that sarcosine is oxidized at a kinetically for sarcosine dissociation from the MT@ygenrsarcosine
significant rate under anaerobic conditions and suggest thatcomplex from steady-state data (25 mM), is very similar to

the reductive half-reaction is rate-limiting during turnover

the value estimated for the MTGXarcosine complex (39

under aerobic conditions. These conclusions appear, howevernnM). [The temperature difference in the two experiments

difficult to reconcile with the steady-state kinetic patterns

(25 °C versus 4°C) is probably not critical, as judged by

observed with sarcosine that are consistent with a rapid the similar binding observed fdd,N'-dimethylglycine at the

equilibrium ordered mechanism with oxygen as first

two temperaturesy = 49.9 versus 32.4 mM, respectively;

substrate (Scheme 2). The data might be reconciled by3)]. In the absence of a metal center, it is difficult to envision
assuming a random mechanism with strong synergism in thethe basis for the apparent stability of the MTedXygen
binding of oxygen and sarcosine, analogous to that proposedcomplex. To the best of our knowledge, there is no precedent
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Scheme 4: Possible Mechanisms for Substrate Oxidation by MTOX
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for the formation of a Eoxygen complex with the oxidized observed nearly quantitative radical formation suggests that
form of any other flavoenzyme. back electron transfer is prevented by dissociation of the
The detailed mechanism of amine to imine oxidation by thiolate radical, followed by the binding of a molecule of
flavoenzymes has received considerable attention but is stillunreacted thioglycolate (present in excess) to form a
quite controversial. Studies with mechanism-based inacti- relatively stable EFAE ethioglycolate complex where radi-
vators of monoamine oxidasé&®, 18) and, more recently, cal reduction occurs at a rate that is about an order of
MSOX (19) are consistent with amine oxidation by one of magnitude slower than radical formation. An analogous
two variants of a single electron transfer (SET) mechanism. 1-electron-transfer reaction is observed with MSOX and
The two variants both involve initial 1-electron transfer from thioglycolate but radical formation is slower and further
substrate amino group, generating a flavin radical intermedi- reduction to 1,5-dihydroFAD is not observetil.
ate, but differ with respect to the mechanism of the second
oxidation step (M versus H plus 1e!) (Scheme 4). A ACKNOWLEDGMENT

hydride transfer mechanism has been proposed-fimino
scidoxciased0) Amine oxcion v poar mechani, W 120k DS ot ehlose a7 . ilace Cloian o
involving formation of a covalent flavin-substrate intermedi- Mary Ann Wagner for the initial finding that MSOX is

ate (4a-flavin adduct), has been observed in flavin model reduced in the presence of glycine and formaldehyde. We
studies 21, 22) (Scheme 4). No evidence for the formation thank Dr. Gouhua Zhao for his generous gift of puritied

of a flavin radical or 4a-adduct intermediate was obtained MSOX
by monitoring the spectral course of the anaerobic reduction )
of MTOX by sarcosine or the carbinolamine formed with
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