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ABSTRACT: Oxygen reduction and sarcosine oxidation in monomeric sarcosine oxidase (MSOX) occur at
separate sites above the si- and re-faces, respectively, of the flavin ring. Mutagenesis studies implicate Lys265
as the oxygen activation site. Substitution of Lys265 with a neutral (Met, Gln, or Ala) or basic (Arg) residue
results in an ~10% or 250-fold decrease, respectively, in the reaction rate. The overall structure of MSOX and
residue conformation in the sarcosine binding cavity are unaffected by replacement of Lys265 with Met or
Arg. The side chain of Met265 exhibits the same configuration in each molecule of Lys265Met crystals and is
nearly congruent with Lys265 in wild-type MSOX. The side chain of Arg265 is, however, dramatically shifted
(~4—5 A) compared with Lys265, points in the opposite direction, and exhibits significant conformational
variability between molecules of the same crystal. The major species in solutions of Lys265Arg is likely to
contain a “flipped-out” Arg265 and exhibit negligible oxygen activation, similar to Lys265Met. The 400-fold
higher oxygen reactivity observed with Lys265Arg is attributed to a minor (<1%) “flipped-in” Arg265
conformer whose oxygen reactivity is similar to that of wild-type MSOX. A structural water (WATT1), found
above the si-face of the flavin ring in all previously determined MSOX structures, is part of an apparent
proton relay system that extends from FAD N(5) to bulk solvent. WATI is strikingly absent in Lys265Met
and Lys265Arg, a feature that may account for the apparent kinetic stabilization of a reductive half-reaction
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intermediate that is detectable with the mutants but not wild-type MSOX.

The ability to activate the reduction of molecular oxygen
underpins all aerobic biology. Flavoprotein oxidases catalyze the
reduction of oxygen to hydrogen peroxide, a highly reactive
molecule that, analogous to nitric oxide, is both a cytotoxin and a
cell signaling molecule. The mechanism of oxygen activation by
flavoprotein oxidases is poorly understood and an area of
considerable current interest (/—3). Recently, we initiated studies
of the mechanism of oxygen activation by monomeric sarcosine
oxidase (MSOX)' (4). The enzyme catalyzes the oxidation of
sarcosine (N-methylglycine) to an imine (CH,=NH"CH,CO,")
that is subsequently hydrolyzed to produce glycine and formal-
dehyde. MSOX is a 44 kDa two-domain protein that contains
covalently bound FAD (8a-S-cysteinyl-FAD). The flavin ring of
FAD is located at the interface between the flavin and catalytic
domains (5—8). MSOX is a member of a family of monomeric
amino acid oxidases (N-methyltryptophan oxidase, nikD, pipe-
colate oxidase, and fructosyl amino acid oxidase) that contain
covalently bound FAD (9—13). MSOX also exhibits structural
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and sequence homology with the 44 kDa f-subunit of hetero-
tetrameric sarcosine oxidase (TSOX) (/4, 15). The TSOX
p-subunit contains two flavins: (i) a noncovalently bound FAD
that does not react with oxygen but is the site of sarcosine
oxidation and is structurally equivalent to the covalent FAD in
MSOX and (ii) a covalently bound FMN [8a-(N*-histidyl) FMN]
that is attached to the surface of the S-subunit and the site of
oxygen activation (16, 17).

The active site for sarcosine oxidation in MSOX or TSOX is
located at highly similar sites above the re-face of the flavin ring
of FAD (8, 14). Recent mutagenesis studies show that Lys265 is
the site of oxygen activation in MSOX and is entirely responsible
for the rate acceleration observed with the wild-type enzyme (4).
Lys265 is located above the si-face of the flavin ring and is
hydrogen bonded to the N(5) position of FAD via a bridging
water molecule (Figure 1). The existence of separate sites for
sarcosine oxidation and oxygen reduction on opposite faces of
the flavin ring is likely to facilitate the access of oxygen to the
reduced flavin by avoiding the sterically crowded region above
the re-face in the reduced enzyme-imine complex, a catalyti-
cally significant intermediate (7). Lys265 is absent from the
homologous but oxygen-unreactive FAD site in TSOX but is
conserved in members of the MSOX family of amino acid
oxidases (10, 18, 19), with the notable exception of nikD.
Significantly, ligand-free reduced nikD exhibits low reactivity
with oxygen, unlike MSOX. Instead, oxygen activation by nikD
is triggered by the presence of bound substrate or product (20).
Lysine residues hydrogen bonded to flavin N(5) via a bridging
water are found in a number of other flavoprotein oxidases
(monoamine oxidase B, polyamine oxidase, monoamine oxidase A,
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FIGURE 1: View of the region above the si-face of the flavin ring
in wild-type MSOX (PDB entry 2GBO). Carbons are colored white,
oxygens red, and nitrogens blue. Waters are shown as spheres.
Waters 3—5 are in contact with bulk solvent. Hydrogen bonds are
represented by dashed lines.

L-amino acid oxidase, and lysine-specific histone demethy-
lase) (2/—25). The possible role of these lysines in oxygen
activation, however, remains to be determined.

The two-electron reduction of oxygen to hydrogen peroxide by
free reduced flavin is thermodynamically favorable but spin-
forbidden. Instead, the reaction proceeds via an initial one-
electron transfer step that generates a flavin radical—superoxide
anion radical pair in a spin-allowed but energetically unfavorable
rate-determining step (Scheme 1) (26). The rate acceleration
observed for the reduction of oxygen by reduced MSOX must
clearly be achieved via a decrease in the activation energy (AG")
for the initial one-electron transfer step. AG* will depend on
the free energy change (AG) and the reorganization energy (1)
of the reaction. The kinetics observed for the self-exchange
reaction between oxygen and superoxide anion indicate that
the reoganization energy required to change the configuration
of the surrounding medium (4,,,) constitutes the major energy
barrier in the one-electron reduction of oxygen (27). The
positively charged e-amino group of Lys265 and the adjacent
pocket occupied by WAT1 and/or WAT2 (see Figure 1) might
define a preorganized binding site for superoxide anion that
could accelerate the one-electron reduction of oxygen by
lowering Aoy Consistent with this scenario, mutation of
Lys265 to a neutral residue (Met, Gln, or Ala) results in an
~10*fold decrease in the observed rate of oxygen reduction.
Unexpectedly, a chemically conservative substitution of
Lys265 with Arg results in a relatively modest but still
substantial decrease (250-fold) in the rate of the oxidative
half-reaction (4). Rapid reaction kinetic studies show that
mutation of Lys265 to Met or Arg hardly affects the actual
rate of sarcosine oxidation. However, a novel spectral inter-
mediate is observed during the anaerobic reaction of the
mutant enzymes with sarcosine. Although the intermediate is
not observed with wild-type MSOX, virtually identical spec-
tral properties are observed for substrate-reduced wild-type or
mutant enzyme (4).

In this paper, we report crystal structures of Lys265Met and
Lys265Arg. The results provide considerable insight regarding
the observed catalytic properties of the mutant enzymes.

Jorns et al.

Scheme 1: Reduction of Molecular Oxygen by Reduced Flavin“

rds
FIH™ + O,—>[FIH®* O,s | —> Fl,, + HO,~

radical pair

“Following the initial rate-determining step (rds), conversion of the
radical pair to oxidized flavin and hydrogen peroxide may or
may not proceed via a 4a-peroxyflavin intermediate (not shown).
This intermediate is not detected during oxidative half-reaction
studies with MSOX (4).

EXPERIMENTAL PROCEDURES

Enzyme Expression and Purification. The Lys265Met and
Lys265Arg mutants were expressed and purified as previously
described (4). The isolated preparations were largely (Lys265Arg)
or totally (Lys265Met) devoid of covalently bound FAD. The
mutant apoenzymes were reconstituted with FAD to yield
preparations containing covalently bound FAD, as previously
described (4).

Crystallization and Data Collection. Crystals of the
Lys265Arg MSOX mutant were grown under two conditions
(“phosphate” and “PEG”) and those of the Lys265Met mutant
under a single condition (“phosphate”) by the hanging drop
method as described previously (8). Equal volumes of 5 uL each
of protein solution [10 mg/mL in 20 mM Tris-HCI (pH 8.0)] and
reservoir solution [1.7 M Na/K phosphate buffer (pH 7.0) for
“phosphate” and ~20% PEG4000, 200 mM sodium acetate,
and 100 mM Tris (pH 8.5) for PEG] were mixed and allowed
to equilibrate. X-ray data were recorded from a single crystal
from each condition at 100 K, using 15% glycerol as a
cryoprotectant for the Lys265Met “phosphate” and the
Lys265Arg “PEG” crystals and paratone oil for the Lys265Arg
“phosphate” crystal, on an ADSC Quantum-315 CCD detector
at Biocars Beamline 14-BM-C at the Advanced Photon Source
(Argonne, IL). Spot integration and data scaling were conducted
using HKL2000 (28, 29). The space group symmetry, unit cell
parameters, contents of the asymmetric units, and data collection
statistics are summarized in Table 1.

Structure Determination and Refinement. The initial
coordinates of both of the “phosphate” crystals were obtained
by direct refinement of the isomorphous wild-type MSOX
structure (PDB entry 2GB0), while those of the “PEG” crystal
were obtained by molecular replacement using MOLREP from
the ccp4 package (29), using the same wild-type MSOX structure
as the search molecule.

The refinement and electron density map calculations were
conducted using REFMAC (30), and 5% of the reflections were
selected randomly and set aside as a test set for cross valida-
tion (31). Reflections from 40 A to the diffraction limit recorded
for each data set were included in the refinements, and a bulk
solvent correction was applied (32). Model building and analysis
of the structures were conducted using COOT (33). Rigid body
refinement followed by several cycles of positional and tempera-
ture factor refinement and solvent placement with manual
examination were conducted, also using COOT. This procedure
utilized electron density difference maps calculated with Fourier
coefficients 2F, — F, and F, — F., where F, and F, are the
observed and calculated structure factors, respectively. The
quality of the refined structures and the resulting electron density
maps of both structures is high. The final refinement statistics are
listed in Table 1.

Structural Calculations and Drawings. Structural dia-
grams were rendered using PYMOL (http://www.pymol.org).
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Table 1: Summary of Data Collection and Refinement for the Lys265Met and Lys265Arg Mutants of MSOX

Lys265Met (“phosphate”)

Lys265Arg (“phosphate”)

Lys265Arg (“PEG”)

Data Collection

wavelength (A) 0.90
pH 7.0
space group P2,

unit cell dimensions

no. of molecules per asymmetric unit 2
resolution range (last shell) (A) 40—1.60 (1.64—1.60)

a= 17256 A,eb = 69.62 A,
c=T398A,8 = 9391°

0.90 0.90
7.0 8.5
P2, P2,

a=17232 A,ﬂb = 69.25 A,
¢c=T3.23A, 8 = 93.68°

2

40—1.60 (1.64—1.60)

a=9930A,b=6930A,
c=11143A, 8 = 93.41°

4

40—2.00 (2.18—2.00)

no. of observations 441830 564850 491627

no. of unique observations 92866 93847 83978

redundancy (last shell) 48(3.4) 6.0 (4.7) 59(5.1)

completeness (last shell) 96.2 (85.0) 99.1(99.1) 95.3(96.0)

Rinerge” (last shell) (%) 6.6 (43.1) 7.0 (42.7) 7.2 (47.5)

I/o(I)’ (last shell) 17.2 (2.1) 21.7(2.9) 21.0 (3.2)
Refinement

resolution (A) 40—1.6 40—1.6 40-2.1

Reryst” 0.173 0.179 0.187

Riree” 0.208 0.215 0.248

no. of reflections (working/test) 88220/4626 89125/4704 79550/4212

no. of protein atoms 6053 6019 11912

no. of water molecules 713 792 497

FAD/CI1 2/2 2/2 4/4

rmsd for bond lengths® (A) 0.011 0.007 0.023

rmsd for bond angles® (deg) 1.4 1.1 2.0

rms AB (A?%) (mm/ms/ss)” 0.73/0.58/2.22 0.56/0.44/1.38 1.16/0.94/3.08

(B) for protein (A% 19.9 19.3 37.2

(B) for water molecules (Az) 32.6 26.2 38.5

(B) for FAD/C1/PO, 14.3/15.4/0 13.8/14.2/0 28.4/29.3/2

no. of residues in alternate conformations® 4 4 0

Ramachandran plot (%)

preferred region 99.5 99.5 99.7

allowed region 0.2 0.2 0.0

disallowed region 0.3 0.3 0.3

“Rumerge = D_np_d(h) = Ih) = >3~ (h), where I(h) and I(h) are the ith and mean measurements of reflection /, respectively. bI/o(I) is the average signal-
to-noise ratio for merged reflection intensities. ‘R = Y_,|F, — F¢|/>_4lF,|, where F, and F, are the observed and calculated structure factor amplitudes of
reflection /1, respectively. 4 Riree 1 the test reflection data set, ~5% selected randomly for cross validation during crystallographic refinement (37). “Deviations
from ideal bond lengths and angles and B factors of bonded atoms. /mm, main chain to main chain; ms, main chain to side chain; ss, side chain to side
chain. *For Lys265Met (“phosphate”), the residues in an alternate conformation are AGlul41, AArgl54, ASer191, and BGlul41; for Lys265Arg (“phosphate”),
the residues in an alternate conformation are AAsp47, AArgl54, ASer358, and BAsp47.

RESULTS

Overall Structure of the Mutant Enzymes and Compari-
son with Wild-Type MSOX. The Lys265Met mutant was
crystallized under precipitating conditions of high salt to produce
“phosphate” crystals that diffract to 1.6 A and contain two mole-
cules in the asymmetric unit. When the two molecules in the
crystals are aligned, the only significant differences in backbone
structure are found in an external loop (Ile185—Tyr192) and an
active site loop (Tyr55—Tyr61) (Figure 2). Previous studies with
“phosphate” crystals of other MSOX preparations show that the
configuration of the external loop is sensitive to the crystal
packing environment and is consistently different between mole-
cule 1 (A configuration) and molecule 2 (B configuration) in the
asymmetric unit (34). The same pattern is observed with phos-
phate crystals of Lys265Met (Table 2). The active site loop
controls access to a solvent-filled active site cavity above the re-
face of the flavin ring. The active site loop is found in the closed
configuration in complexes of the wild-type enzyme with various
sarcosine analogues (6, 8). In contrast, the active site loop is
mobile in ligand-free MSOX, as judged by the open and closed
configurations observed in molecules 1 and 2, respectively, in

“phosphate” crystals of the wild-type enzyme or Lys265Met
(Table 2). Importantly, no significant difference in backbone
structure is detected when molecule 1 or 2 in Lys265Met “phos-
phate” crystals is compared with the corresponding molecule in
wild-type “phosphate” crystals (data not shown) (see Figure S1
of the Supporting Information).

The Lys265Arg mutant was crystallized in the presence of high
salt (“phosphate™ crystals) to produce crystals that diffract to 1.6
A and contain two molecules in the asymmetric unit. Molecules 1
and 2 in “phosphate” Lys265Arg crystals exhibit configurations
of the external and active site loops that are identical to those
observed for the wild-type enzyme (Table 2). Very similar back-
bone structures are apparent upon comparison of molecule 1 or 2
in the mutant crystals with the corresponding molecule in the
wild-type crystal (data not shown) [see Figure S2 (top and middle
panels) of the Supporting Information].

The Lys265Arg mutant was also crystallized in the presence of
high PEG (“PEG” crystals) to produce crystals that diffract to 2.1
A and contain four molecules in the asymmetric unit. The four
molecules in the “PEG” crystals of Lys265Arg exhibit an A or
A-like configuration of the external loop, similar to that observed
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FIGURE 2: Stereo ribbon drawing comparing the two molecules in “phosphate” crystals of Lys265Met. Molecule 1 is shown as a green ribbon,
except for the white active site and external loops. Molecule 2 is shown as a cyan ribbon, except for the magenta active site and external loops. FAD
is shown as a space-filling model with carbon, nitrogen, and oxygen atoms colored yellow, blue, and red, respectively. The active site and external

loops are denoted by red and black arrows, respectively.

Table 2: Comparison of Lys265Met or Lys265Arg Crystals with Wild-Type MSOX or Argd49Lys Crystals

crystal

active site loop

comparison with wild type® [rmsd (A)]

external loop

enzyme precipitant  resolution (/0\) molecule (YS55-Y61) Arg52 (1185-Y192) molecule 1 molecule 2

wild type®  phosphate 1.85 1 open out A configuration

2 closed out and in-like B configuration
Lys265Met  phosphate 1.6 1 open out A configuration 0.16

2 closed in B configuration 0.13
Lys265Arg  phosphate 1.6 1 open out A configuration 0.21

2 closed in B configuration 0.19
Lys265Arg  PEG 2.1 1 open out A configuration 0.33

2 open out A-like configuration 0.31

3 open out A-like configuration 0.33

4 open out A-like configuration 0.29
Argd9Lys"  phosphate 1.70 1 closed in A configuration 0.34 0.37

2 closed in B configuration 0.15
Argd9Lys? PEG 2.10 1 open out A configuration 0.21

2 closed in A configuration 0.38 0.39

“Comparison is made between molecules in mutant and wild-type crystals that exhibit the same configuration for the active site and external loops. If the
latter is not possible, the molecule in the mutant crystal is compared with each of the two molecules in wild-type crystals. °PDB entry 2GBO. ‘PDB entry

3BHK. “PDB entry 3BHF.

with “PEG” crystals of Argd49Lys (34). The results are consistent
with an altered packing arrangement in “PEG” crystals as
compared to “phosphate” crystals. The active site loop is in the
open configuration in each of the four molecules in “PEG”
Lys265Arg crystals, whereas PEG crystals of Argd9Lys exhibit
both open and closed configurations (Table 2). Except for minor
variations in the external loop, no significant difference in back-
bone structure is detected upon comparison of molecule 1, 2, 3, or
4 in “PEG” Lys265Arg crystals with molecule 1 in “phosphate”
wild-type crystals (data not shown) [see Figure S2 (bottom panel)
of the Supporting Information].

Does Mutation of Lys265 Affect the Structure of the
Sarcosine Oxidation Site? The active site cavity for sarcosine
oxidation is located above the re-face of the flavin ring. When the
active site loop is in the open configuration, the cavity in ligand-
free wild-type MSOX contains eight water molecules (WAT1—8)

and Arg52 is found in the “out” position (Figure 3). WAT1-5
occupy the sarcosine binding site and are displaced upon binding
of substrate analogues (35). Formation of a complex also results
in closure of the active site loop, movement of Arg52 from the
“out” to the “in” position, and displacement of two additional
waters (WAT6 and WAT?7), probably caused by the accompany-
ing motion of Arg52. Only a single water molecule (WATS) is
retained in MSOX complexes with substrate analogues. The
structures observed for these complexes indicate that the sub-
strate carboxylate group is bound to Lys348 and Arg52. The
carbonyl oxygen of Gly344 forms a hydrogen bond to the NH
group in sarcosine (6, 8). His269 and Tyr317 are important for
optimizing the orientation of the bound substrate (36, 37).
Comparison of molecule 1 in “phosphate” Lys265Met crystals
with molecule 1 in the corresponding wild-type crystals indicates
that the active site cavity is scarcely affected by the mutation.
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FIGURE 3: Stereoview comparison of the sarcosine oxidation site above the re-face of the flavin ring in Lys265Met or Lys265Arg with wild-type
MSOX (PDB entry 2GBO). Oxygen and nitrogen atoms are colored red and blue, respectively, except for water molecules in wild-type MSOX
(WAT1-8) which are shown as cyan spheres. The top panel compares molecule 1 in Lys265Met “phosphate” crystals (green carbons) with
molecule 1 in wild-type MSOX “phosphate” crystals (yellow carbons). The bottom panel compares molecule 1in Lys265Arg “phosphate” crystals
(green carbons) with molecule 1 in wild-type MSOX “phosphate” crystals (yellow carbons).

Two changes are, however, worth noting. (i) WAT7 is not
detected in the mutant structure, and (ii) there is a 2.4 A shift
in the position of Met245 CE (Figure 3, top panel). The active site
cavity in Lys265Arg is also largely unperturbed, which can be
seen by the structure observed for molecule 1 in “phosphate”
crystals (Figure 3, bottom panel). However, in this case, two
additional water molecules are absent in the mutant crystals
(WATS and WATS) and an additional side chain atom, Glu57
OE(2), is shifted by 1.8 A. Similar results were obtained for
molecules 1—4 in “PEG” Lys265Arg crystals (data not shown).

Does Mutation of Lys265 Cause Structural Changes
above the si-Face of the Flavin Ring? Oxygen activation in
wild-type MSOX occurs at Lys265, a residue located above the
si-face of the flavin ring. Lys265 NZ is hydrogen bonded to FAD
N(5) via a bridging water molecule (WATI). WATTI is also
hydrogen bonded to Argd9 NH(1), Thr48 O, and a second water

molecule (WAT2). Argd9 is in van der Waals contact with the
si-face of the flavin ring (Figure 4). Thr4S8 is part of a putative
proton relay system extending from FAD N(5) to bulk solvent
(see Figure 1). WATI is present in all previously determined
MSOX structures, including both molecules found in “phos-
phate” crystals of the wild-type enzyme (2GBO), His269Asn
(1L9C), Arg49Lys (3BHF), or complexes of wild-type MSOX
with various inhibitors (1EL9, 1EL1, 2GF3, and 1ELS) and both
molecules in “PEG” crystals of Argd9Lys (3BHF). Five of the
eight crystals also contain WAT2 in both molecules (2GBO,
1L9C, 2GF3, 3BHF, and 1ELS), whereas the others (1EL9,
1EL1, and 3BHK) contain WAT?2 in one of the two molecules.

Molecules 1 and 2 in “phosphate” crystals of Lys265Met
exhibit identical conformations for residues above the si-face of
FAD. Importantly, the side chain of Met265 is nearly congruent
to that of Lys265 in wild-type MSOX, except for a 1.6 A difference
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FIGURE 4: Stereoview comparison of the region above the si-face of the flavin ring in Lys265Met or Lys265Arg with wild-type MSOX (PDB entry
2GBO). Two water molecules, shown as red spheres in each panel, are found in wild-type MSOX but not in the two Lys265 mutants. The two
alternate conformations of Asp47 (A and B) found in wild-type MSOX molecule 1 are shown in the bottom panel; only the A conformation is
shown in the top and middle panels. Selected hydrogen bonds are represented by dashed lines. The top panel compares molecules 1 and 2 in
“phosphate” Lys265Met crystals (green and cyan carbons, respectively) with molecule 1 in wild-type MSOX (yellow carbons). The middle panel
compares molecules 1 and 2 in “phosphate” Lys265Arg crystals (green and cyan carbons, respectively) with molecule 1 in wild-type MSOX
(yellow carbons). For the sake of clarity, only the A and A-like conformations of Asp47 are shown for molecules 1 and 2, respectively, in the
mutant enzyme. The bottom panel compares molecules 1 —4in “PEG” Lys265Arg crystals (green, magenta, cyan, and white carbons, respectively)

with molecule 1 in wild-type MSOX (yellow carbons).

between the position of the sulfur atom in Met265 and the
corresponding carbon atom in Lys265. In wild-type MSOX, two
alternate conformations for Asp47 are observed in molecule
1 (A and B). Only the A conformation of Asp47 is found in
molecule 2 of wild-type MSOX or in both molecules of “phos-
phate” crystals of Lys265Met. Thr48 and Arg49 occupy identical
positions in the wild-type and mutant enzyme, but WAT1 and
WAT?2 are strikingly absent in both molecules of the mutant
crystals. Aside from this difference, the region above the si-face of
the flavin is virtually unaffected by mutation of Lys265 to Met
(Figure 4, top panel). Figure S3 (top panel) of the Supporting
Information shows 2F, — F.and F, — F_electron density maps for
selected residues above the si-face in molecule 1 of “phosphate”
crystals of Lys265Met.

A dramatic effect on the conformation and flexibility of the
side chain of residue 265 is observed upon mutation of Lys265 to
Arg, as judged by results obtained for the two molecules in
“phosphate” crystals or the four molecules in “PEG” crystals of

Lys265Met (Figure 4, middle and bottom panels, respectively).
The side chain of Arg265 has moved ~4—5 A away from FAD
and points in a significantly different direction, as compared with
Lys265 in wild-type MSOX. Unlike Lys265 or Met265, the side
chain of Arg265 exhibits substantial mobility, as judged by a
distance of 1-2 A observed between equivalent atoms when
molecules in the same crystal are aligned with each other. Two
alternate conformations for Asp47 are observed in molecule
1 (A-like and B-like) or molecule 2 (A-like and B-like) in
“phosphate” crystals of Lys265Arg. Only the B conformation of
Asp47is found in molecules 1—4 in “PEG” crystals of Lys265Arg.
Mutation of Lys265 to Arg does not affect the conformation
of Arg49 or Thr48 but does result in the apparent loss of the two
si-face waters (WATI and WAT2) that are found in crystals of
wild-type MSOX but not Lys265Met (Figure 4). Figure S3
(bottom panel) of the Supporting Information shows 2F, — F,
and F, — F, electron density maps for selected residues above
the si-face in molecule 1 of “phosphate” crystals of Lys265Arg.
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Scheme 2: Proposed Mechanism for the Reduction of MSOX
by Sarcosine?

Kd
E-FAD,, + S === E-FAD_ S

lkred

k.
E-FADH-*Im <+ E-FADH-sImH*
species C - intermediate B

“Abbreviations: S, sarcosine; ImH™", protonated sarcosine imine;
Im, unprotonated sarcosine imine.

The corresponding data for molecules 1 and 3 of “PEG” crystals of
Lys265Arg are shown in Figure S4 of the Supporting Information.

DISCUSSION

Mutation of Lys265 to Met results in an ~10*fold decrease in
the rate of the reaction of reduced MSOX with oxygen (4). The
mutation does not affect the overall structure of the enzyme. The
conformation of residues at the active site for sarcosine oxidation
and the proposed oxygen activation site on the opposite face of
the flavin ring are nearly identical in Lys265Met and wild-type
MSOX. The results provide compelling evidence that the
enormous decrease in oxygen reactivity observed with Lys265-
Met is attributable to the loss of a basic residue at position 265
thatis likely to provide a preorganized binding site for superoxide
anion. A chemically conservative mutation of Lys265 to
Arg results in a relatively modest but still substantial decrease
(250-fold) in the rate of oxygen reduction (4). The overall
structure of Lys265Arg and the configuration of residues at its
two active sites are virtually identical to those of wild-type
MSOX, with the notable exception of the mutated residue. In
Lys265Met, the side chain of residue 265 is nearly congruent with
that of Lys265 in the wild-type enzyme and exhibits the same
configuration in each molecule of the mutant crystals. In sharp
contrast, substitution of Lys265 with Arg has a profound effect
on the position and mobility of the mutated residue. The side
chain of Arg265 is shifted by ~4—5 A as compared with Lys265,
points away from the flavin ring, and exhibits significant con-
formational variability in different molecules within the same
crystal. The accessible surface area of an arginine residue in a
peptide (225 A?) is ~10% larger than for lysine (200 A%) (38). The
observed local structural perturbation suggests that the side chain
of Arg265 is not readily accommodated in the space occupied by
Lys265 in wild-type MSOX. The structures observed for “phos-
phate” or “PEG” Lys265Arg crystals strongly suggest that mole-
cules containing a “flipped-out” Arg265 will comprise the major
species in solution. These molecules are likely to exhibit negligible
oxygen activation, similar to that observed upon mutation of
Lys265 to a neutral residue. We postulate that the 400-fold higher
oxygen reactivity observed with Lys265Arg compared with
mutants lacking a basic residue at position 265 is attributable to
a minor (<1%) “flipped-in” conformer of Arg265 that exhibits
oxygen reactivity similar to that of wild-type MSOX.

Mutation of Lys265 to Met or Arg causes only a very modest
decrease (~5-fold) in the rate of sarcosine oxidation (Scheme 2,
keq) (4), consistent with the observed structural integrity of the
active site cavity above the re-face of the flavin ring. However,
sarcosine oxidation by the mutant enzymes results in the forma-
tion of a novel intermediate (B) that exhibits an absorption
spectrum significantly different from that expected for a two-
electron reduced flavin (Figure 5, curve 2). Intermediate B
undergoes an apparent first-order conversion to a final reduced
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FIGURE 5: Curve 1 is the absorption spectrum of oxidized Lys265-
Met. Curve 3 is the final absorption spectrum of reduced Lys265Met
(species C) observed after anaerobic reaction with 140 mM sarcosine
in 100 mM potassium phosphate buffer (pH 8.0) at 25 °C. Curve 2 is
the calculated absorption spectrum of intermediate B. The data were
taken from ref 4. Similar results were obtained with Lys265Arg (4).

species (C) (Scheme 2, k) that exhibits a typical fully reduced
flavin spectrum (Figure 5, curve 3) (4). Intermediate B is not
detected during reduction of wild-type MSOX (35). The absorp-
tion spectrum of the substrate-reduced wild-type enzyme is,
however, virtually identical to that observed for species C with
the Lys265 mutants. The results strongly suggest that intermedi-
ate B is also formed during reduction of wild-type MSOX but is
not detectable because of a much faster conversion of the
intermediate to species C (i.e., ky = 20k,.q). The value obtained
for k, with Lys265Met or Lys265Arg is ~25-fold slower than the
value observed for k,q with wild-type MSOX (4, 35). This
analysis indicates that the Lys265 mutations probably cause an
at least 500-fold decrease in the rate of conversion of intermediate
B to species C.

MSOX oxidizes the anionic form of sarcosine (CH;-
NHCH,CO, ") (37). Transfer of a hydride equivalent from the
substrate methyl group to N(5) of FAD will generate a reduced
enzyme complex with the protonated form of sarcosine imine
(EFADH ™ -CH,=NH"CH,CO,"). Charge transfer interaction
between the electron-rich 1,5-dihydroflavin anion and the posi-
tively charged imimium group could account for the “atypical”
absorption spectrum observed for intermediate B. Interestingly,
a spectrally similar intermediate has been observed with the
wild-type forms of at least two other flavoprotein oxidases
(dimethylglycine oxidase and alditol oxidase) and analogously
attributed to a reduced enzyme- product complex (39, 40).

Release of the protonated imine from intermediate B would
eliminate charge transfer interaction and might account for the
spectral properties observed for species C. Two sets of data,
however, indicate that species C cannot be the free reduced
enzyme. (i) Species C is formed at a catalytically significant rate
during reduction of wild-type MSOX (35). Steady-state kinetics
studies indicate that a reduced enzyme-imine complex is the
species that reacts with oxygen (7). (i) Conversion of intermedi-
ate B to species C is estimated to be at least 500-fold slower with
the mutant enzymes. If this step involved product release, the
mutant enzymes should exhibit a large decrease in the binding
affinity for the substrate or substrate analogues. The latter is not
expected on the basis of the observed structural integrity of the
sarcosine binding site, nor is it consistent with the very modest
decrease (<5-fold) in stability observed for complexes of the
mutant enzymes with sarcosine or methylthioacetate (4).
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Mutation of Lys265 to Met or Arg results in the apparent loss
of two water molecules on the si-face of the flavin ring. WATI
forms part of an apparent proton relay system that extends from
the N(5) position of FAD to bulk solvent (see Figure 1). WAT1 is
found in each molecule of all previously determined structures of
wild-type MSOX and two other mutants. We propose that
conversion of intermediate B to species C involves ionization of
the protonated sarcosine imine (Scheme 2), a step that would
eliminate charge transfer interaction between the reduced flavin
and the imine. Importantly, proton release is likely to be at least
100-fold slower in the Lys265 mutants, as judged by results
obtained upon disruption of a proton relay network in dihydro-
orotate dehydrogenase (4/). Experiments for evaluating this
structure-based mechanism will be part of future studies.

Concluding Remarks. Mutation of Lys265 to Met or Arg
results in the elimination or displacement of a positive charge
from a pocket above the si-face of the flavin ring. This results in
the loss of a charge-stabilized preformed binding site for the
superoxide anion, an intermediate in the oxidative half-reaction
of MSOX, and a greatly reduced rate of oxygen reduction. At the
same time, the mutations disrupt a water relay system near
the flavin N(5) atom that probably catalyzes the ionization of a
protonated sarcosine intermediate, leading to a transient accu-
mulation of a charge transfer intermediate along the pathway of
product release from the reoxidized enzyme.
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