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ABSTRACT: Monomeric sarcosine oxidase (MSOX) contains covalently bound FAD and catalyzes the
oxidation of sarcosine (N-methylglycine) and other secondary amino acids, includingL-proline. The
reductive half-reaction withL-proline proceeds via a rapidly attained equilibrium (Kd) between free Eox

and the Eox‚S complex, followed by a practically irreversible reduction step (Eox‚S f Ered‚P) associated
with a rate constant,klim. The effect of pH on the reductive half-reaction shows that theKd for L-proline
binding is pH-independent (pH 6.46-9.0). This indicates that MSOX binds the zwitterionic form of
L-proline, the predominant species in solution at neutral pH (pKa ) 10.6). Values for the limiting rate of
reduction (klim) are, however, strongly pH-dependent and indicate that an ionizable group in the Eox‚L-
proline complex (pKa ) 8.02) must be unprotonated for conversion to Ered‚P. Charge-transfer interaction
with L-proline as the donor and FAD as acceptor is possible only with the anionic form ofL-proline. The
ionizable group in the Eox‚L-proline complex is required for conversion of enzyme-boundL-proline from
the zwitterionic to the reactive anionic form, as judged by the independently determined pKa for charge-
transfer complex formation with the MSOX flavin (pKa ) 7.94). The observation that the anionic form
of L-proline with a neutral amino group is the reactive species in the reduction of MSOX is similar to that
observed for other flavoenzymes that oxidize amines, including monoamine oxidase and trimethylamine
dehydrogenase.

Monomeric sarcosine oxidase (MSOX) catalyzes the
oxidative demethylation of sarcosine (N-methylglycine), a
common soil metabolite that can act as the sole source of
carbon and energy for many microorganisms (1). This
inducible bacterial enzyme contains 1 mol of FAD [8R-(S-
cysteinyl)FAD] that is covalently linked to a cysteine residue
(cys315) (2). The crystal structures of free MSOX and
various enzyme‚inhibitor complexes have been determined
(3, 4). MSOX is probably the best characterized member of
a recently recognized family of prokaryotic and eukaryotic
amine oxidoreductases, all of which contain covalently bound
flavin (2, 5, 6).

The mechanism of flavoenzyme-catalyzed oxidation of
amines remains highly controversial despite intensive study.
The MSOX active-site structure and predicted substrate
binding mode are consistent with at least four different
mechanisms for amine oxidation, including two variants of
a single electron transfer (SET) mechanism (7, 8), a polar
mechanism (9, 10), and a hydride transfer mechanism (11)
(Scheme 1). The two variants ofthe SET mechanism both
involve initial one-electron transfer from substrate amino
group to enzyme flavin, generating a flavin anion/substrate
amine cation radical pair, but differ with respect to the
mechanism of the second electron transfer. In one variant,

proton loss from the substrate amine radical cation (pKa ∼
8-10) (12, 13) yields a carbon-centered radical which then
undergoes a second one-electron transfer to form the imine
product and 1,5-dihydroFAD. In the other variant, the second
electron is transferred from the substrate radical to the flavin
radical as a hydrogen atom. The polar mechanism involves
formation of a covalent flavin-substrate intermediate (4a-
flavin adduct) and its subsequent rearrangement to yield 1,5-
dihydroflavin plus imino acid. No intermediates are formed
in the hydride transfer mechanism. Preliminary evidence in
favor of a SET mechanism is provided by the observed
inactivation of MSOX by (N-cyclopropyl)glycine (14).

The four mechanisms for sarcosine oxidation suggest three
possible roles for an active-site base. (1) An unprotonated
amino group is required in the two variants of the SET
mechanism and the polar mechanism. Although not essential,
an unprotonated amino group could promote hydride transfer
by hyperconjugation. Sarcosine exists primarily as a zwit-
terion around neutral pH (pKa ) 2.33, 10.0). MSOX binds
the zwitterionic form of dimethylglycine (an inhibitor) at pH
7, suggesting a similar binding mode for sarcosine (4).
Conversion to the reactive anionic form may involve proton
transfer to an active-site base. (2) In one variant of the SET
mechanism, an active-site base might act as acceptor of the
R-proton from the substrate amine radical cation. (3) The
postulated rearrangement of the 4a-flavin adduct in the polar
mechanism requires a base to remove theR-proton.

In this paper, we describe the effect of pH on the reductive
half-reaction of MSOX withL-proline. The results show that
a group with a pKa ) 8.0 in the Eox‚L-proline complex must
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be unprotonated for conversion to Ered‚P. This group is also
required for conversion of enzyme-boundL-proline from the
zwitterionic to the reactive anionic form, as judged by the
independently determined pKa for charge-transfer complex
formation with the MSOX flavin. Mutagenesis studies
attempting to identify the ionizable group in the E‚S complex
are described in the accompanying manuscript.

EXPERIMENTAL PROCEDURES

Purification of MSOX.The recombinant enzyme was
purified as previously described (2). During enzyme purifica-
tion, MSOX activity was measured using the Nash assay,
and protein was determined using the Bio-Rad micro protein
assay (2).

Spectral Studies.Absorption spectra were recorded using
a Perkin-Elmer Lambda 2S spectrometer. Anaerobic experi-
ments were conducted using special cuvettes with two
sidearms. The cuvettes were made anaerobic by purging with
argon, as previously described (4).

Data Analysis.Data were fit to eqs 1-3 using the curve
fit function in Sigma Plot (Jandel Corporation). Equation 1
was used for analysis of the apparent first-order rate of

enzyme reduction byL-proline (kobs) as a function of the
substrate concentration.YandA arekobsandklim, respectively.
X is the L-proline concentration, andK is the apparent
dissociation constant of the E‚S complex. Equation 2 was
used to fit the reductive half-reaction kinetics with MSOX
and L-proline as a function of pH.Ka is the ionization
constant of a group in the E‚S complex that must be
unprotonated for enzyme reduction to occur. Equation 3 was
used to fit the effect of pH on the absorption spectrum of
the complex of MSOX withL-proline (λanalysis) 512 nm).Y
is the observed absorbance change at 512 nm at a given pH
value.A andB are the calculated absorbance change at this
wavelength at low and high pH values, respectively.

RESULTS

Effect of pH on the ReductiVe Half-Reaction of MSOXwith
L-Proline. L-Proline is a slow, alternate substrate for MSOX.

The reductive half-reaction is rate-limiting during turnover
(15). We previously characterized the kinetics of the reduc-
tive half-reaction at pH 8.0 by monitoring the disappearance
of oxidized flavin absorption at 454 nm. The reaction was
found to exhibit apparent first-order kinetics over a wide
range ofL-proline concentrations (0.05-1.0 M). The ob-
served apparent first-order rate constants exhibited a hyper-
bolic dependence on the concentration ofL-proline. This
result and other observations were found to be consistent
with a mechanism where a rapidly attained equilibrium (Kd)
between free E and the E‚S complex is followed by a
practically irreversible reduction step associated with a rate
constant,klim (15) (Scheme 2).

The rate of the anaerobic half-reaction withL-proline is
highly dependent on pH. Values forklim andKd at different
pH values were obtained by monitoring the kinetics of the
reductive half-reaction at variousL-proline concentrations
and fitting the data to eq 1 (Figure 1). The observed values
for Kd were pH-independent in the range from pH 6.46 to
9.0 (Kd ) 256 ( 4 mM, 4 °C). Within this pH range, the
zwitterionic form ofL-proline is the predominant species in
solution (pKa ) 10.6). The results clearly indicate that MSOX
does not selectively bind the anionic form ofL-proline since
in this case the observed values forKd should be pH-
dependent. MSOX may bind the anionic form ofL-proline,
but the latter is not a significant species in solution within
the pH range studied.

The observed values forklim were strongly pH-dependent.
The rates decreased at low pH and reached a limiting value
at high pH (Figure 2). The data gave a good fit to eq 2,
whereKa is the ionization constant of a group in the Eox‚S
complex that must be unprotonated for enzyme reduction to
occur (pKa ) 8.02).

Absorption Spectrum of the E‚S Complex Formed with
MSOX andL-Proline at pH 8.0. The spectral properties of
the complex formed with MSOX andL-proline at pH 8.0
provide preliminary insight regarding the nature of the
ionizable group in the Eox‚S complex. Reduction of MSOX
with L-proline is slow as compared with the corresponding
oxidative half-reaction. We therefore reasoned that the
oxidized enzyme‚L-proline complex would be the major
species formed with 600 mML-proline in aerobic buffer at
pH 8.0 (e.g.,-70% E‚S, withKd ) 260 mM) and should be

Scheme 1: Four Possible Mechanisms for Sarcosine Oxidation by MSOX

Scheme 2: Proposed Mechanism for MSOX Reduction by
L-Proline
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detectable in spectra recorded immediately after mixing (i.e.,
prior to consumption of dissolved oxygen). Indeed, the initial
spectrum observed afterL-proline addition under these
conditions shows no evidence of flavin reduction but does
exhibit a new band at longer wavelengths (Figure 3), a feature
characteristic of a charge-transfer interaction. The position
of the charge-transfer band (λmax ) 512 nm) was estimated
from the difference spectrum (see Figure 4A). Since only
the anionic form ofL-proline can act as a charge transfer
donor, the results indicate that the substrate must be bound,
at least in part, as an anion rather than a zwitterion at pH
8.0.

At 600 mM L-proline, substrate oxidation by MSOX
occurs at a rate of 5.2 min-1 at pH 8 and 4°C. Aerobic
turnover of 17.5µM MSOX with 600 mM L-proline under

these conditions will therefore generate about 73µM product
(∆1-pyrroline-5-carboxylate) during the time required to mix
and record the long-wavelength absorption band of the E‚S
complex (0.8 min). TheKd for the MSOX complex with∆1-

FIGURE 1: Effect of pH on the observed rate of MSOX reduction
(kobs) at various concentrations ofL-proline. Reactions were
conducted under anaerobic conditions in 100 mM potassium
phosphate buffer (pHe 8.0) or potassium pyrophosphate buffer
(pH g 8.0) at 4°C. Reactions were initiated by rapidly tipping a
small aliquot (25µL) of a concentrated MSOX solution into a
buffered solution ofL-proline (575µL) in the main compartment
of the anaerobic cuvette. A single tip and return of the cuvette to
the spectrophotometer was completed in less than 15 s. The solid
lines are fits of the data to eq 1.

FIGURE 2: Effect of pH on the limiting rate of reduction (klim) of
MSOX at saturatingL-proline. Reactions were conducted and values
for klim obtained as described in the legend to Figure 1. The solid
line is a fit of the data (open circles) to eq 2. The dotted lines have
slopes equal to+1 or 0. No further change inklim values were
observed at pH> 9 (data not shown).

FIGURE 3: Complex formed withL-proline and MSOX at pH 8.0.
Curve 1 (solid line) is uncomplexed enzyme in aerobic 50 mM
potassium phosphate buffer, pH 8.0, at 4°C. Curve 2 (dashed line)
was recorded immediately after addition of 600 mML-proline.
Enzyme reduction was observed when the dissolved oxygen was
consumed by turnover (data not shown).

FIGURE 4: Effect of pH on charge-transfer complex formation with
MSOX andL-proline. Panel A: Spectra were recorded before and
immediately after mixing MSOX (17.5µM) with 600 mML-proline.
Reactions were conducted under aerobic conditions in 100 mM
potassium phosphate buffer (pHe 8.0) or potassium pyrophosphate
buffer (pH g 8.0) at 4 °C. Curves 1-5 are difference spectra
obtained for reactions at pH 8.6, 8.2, 7.8, 7.4, and 6.8, respectively.
Panel B: Charge-transfer complex formation was monitored by the
increase in absorption at 512 nm. The solid line is a fit of the data
(closed circles) to eq 3.
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pyrroline-5-carboxylate is not known but is likely be larger
than that observed for pyrrole-2-carboxylate (Kd ) 1.6 mM)
and smaller than that observed forL-proline (Kd ) 260 mM).
These considerations indicate that the absorption spectrum
attributed to the E‚S complex is very unlikely to contain a
significant contribution from a E‚P complex.

Effect of pH on the Spectral Properties of the Eox‚S
Complex Formed with MSOX andL-Proline.The absorption
spectrum of MSOX was recorded before and immediately
after mixing with 600 mML-proline in aerobic buffers at
pH 6.46-9.0, a pH range where observed values forKd are
pH-independent. Under these conditions about 70% of the
enzyme is converted to the Eox‚S complex. Although
dissociation of the E‚S complex is pH-independent, develop-
ment of the charge-transfer band at 512 nm was found to be
pH-dependent (Figure 4A). A pKa value of 7.94 was obtained
by fitting the absorbance increase at 512 nm to a theoretical
pH titration curve (Figure 4b). This value is in excellent
agreement with the pKa calculated for the E‚S complex based
on the limiting rate of the reductive half-reaction as a function
of pH. This means that the group that must be unprotonated
in the E‚S complex in order for enzyme reduction to occur
is likely to be the same group required to generate the
reactive anionic form of the substrate that forms the charge-
transfer complex.

DISCUSSION

Analysis of the anaerobic half-reaction of MSOX with
L-proline as a function of pH shows that theKd for L-proline
binding is pH-independent (pH 6.46-9.0). This indicates that
MSOX binds the zwitterionic form ofL-proline, the pre-
dominant species in solution at neutral pH (pKa ) 10.6).
Values for the limiting rate of reduction (klim) are, however,
strongly pH-dependent and indicate that a group in the Eox‚
L-proline complex (pKa ) 8.02) must be unprotonated for
conversion to Ered‚P. Charge-transfer interaction withL-
proline as the donor is possible only with the anionic form
of the substrate. The group with a pKa of 8.0 is also required
for conversion ofL-proline from the zwitterionic to the
reactive anionic form, as judged by the independently
determined pKa for charge-transfer complex formation with

the MSOX flavin (pKa ) 7.94). The observation that the
anionic form ofL-proline with a neutral amino group is the
reactive species in the reduction of MSOX is similar to that
observed for other flavoenzymes that oxidize amines, includ-
ing monoamine oxidase (16, 17) and trimethylamine dehy-
drogenase (18, 19). Monoamine oxidase binds the unpro-
tonated substrate, whereas trimethylamine dehydrogenase
induces a substantial shift in the substrate pKa upon its
binding to the enzyme (pKa ) 6.5 for Eox‚S vs pKa ) 9.3
with free S). Recent studies withD-amino acid oxidase,
however, suggest that both the anionic (unprotonated amino
group) and zwitterionic (protonated amino group) substrate
forms are oxidized by this enzyme via a hydride transfer
mechanism; slower rates are, however, reported with zwit-
terionic form (20).

It is possible that MSOX-boundL-proline exhibits a pKa

of 8.0 for conversion of the zwitterionic to the anionic form.
Alternatively, conversion of the zwitterionic to the anionic
form of boundL-proline may require proton transfer to a
base in the E‚S complex with a pKa of 8.0 (Scheme 3). As
described in the accompanying paper, evidence to discrimi-
nate between these two possibilities was sought by mutating
His269, one of two potential active-site bases in MSOX.
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Scheme 3: Electron Transfer fromL-Proline to FAD in
MSOX Proceeds via a Charge Transfer
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