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L-Lysine oxidase/monooxygenase (L-LOX/MOG) from Pseu-
domonas sp. AIU 813 catalyzes the mixed bioconversion of L-
amino acids, particularly L-lysine, yielding an amide and carbon
dioxide by an oxidative decarboxylation (i.e. apparent monooxy-
genation), as well as oxidative deamination (hydrolysis of oxi-
dized product), resulting in a-keto acid, hydrogen peroxide
(H,0,), and ammonia. Here, using high-resolution MS and
monitoring transient reaction kinetics with stopped-flow spec-
trophotometry, we identified the products from the reactions of
L-lysine and L-ornithine, indicating that besides decarboxylating
imino acids (i.e. 5-aminopentanamide from L-lysine), L-LOX/
MOG also decarboxylates keto acids (5-aminopentanoic acid
from L-lysine and 4-aminobutanoic acid from r-ornithine). The
reaction of reduced enzyme and oxygen generated an imino
acid and H,0,, with no detectable C4a-hydroperoxyflavin. Sin-
gle-turnover reactions in which L-LOX/MOG was first reduced
by L-lysine to form imino acid before mixing with various com-
pounds revealed that under anaerobic conditions, only hydroly-
sis products are present. Similar results were obtained upon
H,0, addition after enzyme denaturation. H,O, addition to
active L-LOX/MOG resulted in formation of more 5-aminopen-
tanoic acid, but not 5-aminopentamide, suggesting that H,O,
generated from L-LOX/MOG in situ can result in decarboxyl-
ation of the imino acid, yielding an amide product, and extra
H,0, resulted in decarboxylation only of keto acids. Molecu-
lar dynamics simulations and detection of charge transfer spe-
cies suggested that interactions between the substrate and its
binding site on L-LOX/MOG are important for imino acid de-
carboxylation. Structural analysis indicated that the flavoen-
zyme oxidases catalyzing decarboxylation of an imino acid all
share a common plug loop configuration that may facilitate
this decarboxylation.

Enzymes are indispensable for living cells, as they are re-
quired to catalyze the reactions that serve physiological needs.
Most enzymes catalyze a single specific reaction with the ability
to use a certain set of compounds as substrates that are compat-
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ible with the binding and catalytic machinery. However,
enzymes that employ a single active site to catalyze two types of
reactions also exist. Their origin and the principles underlying
their ability to accommodate dual activities are currently not
well-understood. Nevertheless, the existence of these enzymes
in nature is becoming more recognized. Understanding the
general principles dictating their activities is useful for enzyme
engineering or protein evolution to devise biocatalysts relevant
for future industrial and biotechnology applications (1-4).

The characteristics of enzymes with dual activities in a single
active site are diverse and can be found in a wide range of
enzyme classes. Tetrachlorohydroquinone dehalogenase from
Sphingomonas chlorophenolica catalyzes dehalogenation and
isomerization of maleylactone and its analogues within a single
active site (5). Acetohydroxyacid synthase (AHAS) from Ther-
motoga maritime catalyzes dual reactions with a major activity
(~90%) of converting pyruvate to acetoacetate and a minor
(10%) pyruvate decarboxylase (PDC) activity that can convert
pyruvate to acetaldehyde. Understanding how the PDC activity
in AHAS is controlled is useful for the biofuel industry (6). Dual
activities in a single active site have also been recognized in
many flavoenzyme oxidases. However, insights into the mecha-
nisms of these flavoenzymes and the factors dictating their
activities are still lacking.

Flavoenzyme oxidases generally catalyze oxidation of sub-
strates with reduction of O, to generate H,O,. Their reactions
are useful for a wide range of applications, such as the produc-
tion of valuable chemicals (7). Amino acid oxidases comprise a
large class of flavin-dependent oxidases with two structural
families, including monoamine oxidase (MAO) and p-amino
acid oxidase (D-AAOQ) families (8). Despite catalyzing the same
conversion of amino acids to keto acids and H,O,, p-amino
acid oxidases and L-amino acid oxidases (L-AAQ) are classified
into different structural families, with b-AAQO in the p-AAO
structural family and .-AAO in the MAO family (7). Enzymes
in both p-AAO and .-AAO have been developed and applied as
biosensors for detection of food contamination in nutritional
industries (9, 10), as indicators for metabolic and neurological
disorders (11), and as biocatalysts in pharmaceutical industries
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Scheme 1. General scheme of oxidase and monooxygenase activities
catalyzed by L-amino acid oxidases. Oxidase activity results in deamination
of an imino acid to form a keto acid and ammonium (blue), whereas monoox-
ygenase activity results in decarboxylation of an imino acid to form an amide
product (red). Thus, the monooxygenation catalyzed by L-amino acid oxi-
dases is apparent monooxygenation resulting from decarboxylation—not
true monooxygenase activity resulting from oxygen insertion.

(12, 13). For example, L-lysine a-oxidase from Trichoderma vir-
ide (14—16), L-glutamate oxidase (17), L-aspartate oxidase (18),
and L-phenylalanine oxidase (19, 20) has been used for L-amino
acid detection. Many 1-AAOs also show antiproliferative (21)
and antimicrobial (22) activities, suggesting their roles as pro-
tein drugs.

Many L-AAOs, such as L-phenylalanine oxidase (PAO) from
Pseudomonas sp. P-501 (23), tryptophan 2-monooxygenase
(TMO) from Pseudomonas savastanoi (24, 25), and L-lysine
monooxygenase (LMO) from Pseudomonas sp. (26), are known
to contain two activities, oxidases and monooxygenases, in the
same active sites. The monooxygenase is an apparent activity
resulting from decarboxylation of an imino acid to form an am-
ide product (Scheme 1). For some enzymes, such as LMO and
TMO, which have structural characteristics classifying them as
L-AAOQs, their native major activity is monooxygenation of L-
amino acid substrates (decarboxylation of imino acids)
(Scheme 1) (26—29). It should be noted that the monooxygen-
ation activities of these L-AAO enzymes are different from true
flavin-dependent monooxygenases, such as various phenolic
monooxygenases (30-32) or dechlorinating monooxygenase
(33, 34), in which one atom of a molecular O, is truly incorpo-
rated into the substrates via formation of a reactive C4a-
(hydro)peroxyflavin (32, 35, 36). Although the reactions of fla-
vin-dependent oxidases also involve an initial step of oxygen
activation, most oxidases cannot facilitate the formation of a
kinetically stable C4a-(hydro)peroxyflavin. The only exception
is found in the reaction of pyranose 2-oxidase, which belongs to
the class of glucose-methanol-choline oxidases in which C4a-
hydroperoxyflavin first forms before H,O, elimination takes
place (37). For L-AAOs mentioned above, which can catalyze
decarboxylation in addition to oxidation, their ability to form
the C4a-hydroperoxyflavin intermediate is not clear.

L-Amino acid oxidase/monooxygenase (L-AAO/MOG) from
Pseudomonas sp. AIU 813 is an FAD-dependent oxidase that
displays dual activities of oxidase and monooxygenase. L-Lysine
is the most preferred substrate and is considered a native sub-
strate for this enzyme. L-AAO/MOG showed significant oxi-
dase activity (19%) and it is a different enzyme from the previ-
ously explored LMO, which displayed only monooxygenation
activity (27). To avoid confusion, in this report, we will refer to
L-AAO/MOG from Pseudomonas sp. AIU 813 as L-lysine oxi-
dase/monooxygenase (L-LOX/MOG). L.-LOX/MOG is an ideal
system for investigating the mechanism controlling the dual
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activities of a flavoenzyme oxidase. L.-LOX/MOG catalyzes the
minority reaction of oxidative deamination of L-lysine to pro-
duce ammonia, H,O,, and 2-keto-6-aminohexanoic acid (KH)
and the majority reaction (81%) of oxidative decarboxylation of
L-lysine to form CO,, H,O, and 5-aminopentanamide (5-
APNM) (Fig. 1, gray panel). The oxidase activity of L-LOX/
MOG could be increased by treating the enzyme with p-chloro-
mercuribenzoate or by site-directed mutagenesis of C2541 (38).
However, rather than direct detection of product, the previous
reports measured only the formation of ammonium in the pres-
ence and absence of amidase as a readout for the first liberation
of ammonia or for the cleavage of the amide product (Fig. 1)
(38, 39). Recently, new X-ray structures of L.-LOX/MOG in
complex with L-lysine, L-ornithine, and r-arginine have been
reported (40). Nevertheless, how 1-LOX/MOG controls the
two oxidase and monooxygenase activities, structurally and
mechanistically, is unclear.

In this study, we investigated the mechanistic features con-
trolling the dual activities of L-LOX/MOG from Pseudomonas
sp. AIU 813 by analyzing the products from the reactions of r-
lysine and L-ornithine using high-resolution MS and monitor-
ing the transient kinetics of the reactions using stopped-flow
spectrophotometry. The single-turnover reactions performed
under anaerobic conditions were added H,O, under various
setups to identify key catalytic features enabling decarboxyl-
ation of 5-APNM and 5-aminopentanoic acid (5-APNA). Bind-
ing interactions of r-lysine and r-ornithine with the enzyme
were explored by quantum mechanics/molecular mechanics
(QM/MM) molecular dynamics (MD) simulations and by
detection of charge transfer of the reduced FAD and the oxi-
dized 1-lysine complex by stopped-flow spectrophotometry.
The common structural feature that facilitates decarboxylation
of imino acids and allows the oxidases to catalyze apparent mo-
nooxygenation was also explored.

Results

Screening for .-LOX/MOG substrate specificity using flavin
reduction

To identify amino acids that can reduce the enzyme-bound
oxidized FAD, a solution of L-LOX/MOG-bound oxidized FAD
was added to various types of L-amino acids under anaerobic con-
ditions. The results (Fig. S1) showed that only three L-amino acids
(L-lysine, L-ornithine, and L-arginine) could reduce the enzyme-
bound oxidized FAD to generate reduced FAD, which could be
detected by the decrease in absorbance at 462 nm. Among the
three amino acids, only the reactions of L-lysine showed complete
reduction after 20 min. In contrast, L-ornithine and r-arginine
showed significantly slower flavin reduction rates.

Catalytic reactions of .-LOX/MOG

Product analysis of the overall turnovers of L-LOX/MOG
with 1-lysine and L-ornithine—Previous studies of L-LOX/
MOG reported KH and 5-APNM as products from 1-LOX/
MOG with r-lysine and 2-keto-5-aminovaleric acid (KV) and 4-
aminobutanamide (4-ABNM) as products from the reaction
with r-ornithine. These data were based on HPLC identifica-
tion of products and a combination of enzyme assays for both
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Figure 1. The oxidase and monooxygenase reactions of L-LOX/MOG with L-lysine. Known products from previous studies are shown in the gray box. This
report newly identified 5-APNA and DKH as products from the reaction of .-LOX/MOG with L-lysine.

Table 1

Percentage of utilized substrates and product yields from multiple-
turnover reactions

Substrate Compounds Percentage
L-Lysine L-Lysine 100.0 * 0.1 (utilized)
5-APNM 85*1
5-APNA 0.32 £ 0.02
KH Detected
DKH Detected
L-Ornithine L-Ornithine 100 =+ 2 (utilized)
4-ABNM 0.021 + 0.002
4-ABNA 32.8 0.2
KV Detected
DKV Detected

activities that measured free NH," before and after deamina-
tion by amide hydrolase (38). In this work, we wanted to estab-
lish and clarify whether the enzyme can generate other prod-
ucts in addition to these compounds and determine the ratios
of compounds produced from the dual activities of L-LOX/
MOG. Therefore, products from the multiple-turnover reac-
tions of L-LOX/MOG with L-lysine and L-ornithine were identi-
fied by HPLC coupled with high-resolution MS quadrupole-
time-of-flight (HPLC/QTOF-MS). Quantitative measurements
were carried out by HPLC coupled with triple-quadrupole or
single-quadrupole MS. Control reactions without enzyme
added were also carried out to verify that the stability of the
substrates was constant.

Multiple-turnover reactions of L-LOX/MOG and L-lysine were
carried out for 24 h, and the resulting products were analyzed.
Results (Table 1) showed that all L-lysine was completely con-
sumed, and three compounds were detected with the major
product being 5-APNM (85 = 1%), consistent with previous
reports (38). However, we did not detect the expected product,
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Figure 2. Multiple-turnover reactions of L-LOX/MOG with L-lysine. Per-
centages of L-lysine utilization and product formation were plotted versus
reaction times for up to 24 h. At 24 h, filled black circles represent utilization
of L-lysine (up to 100%). Filled red diamonds represent formation of 5-APNM
(up to 85%). Filled green triangles represent peak area of DKH formation.
Empty blue circles represent the peak area of KH, and filled pink squares repre-
sent peak area of 5-APNA acid formation (up to 0.32%). The error bars are SD.

KH, but detected the dehydrated form of KH (DKH) instead.
Unexpectedly, we also detected a very small amount of 5-APNA
(0.32 = 0.02%). This newly detected 5-APNA may be derived
from decarboxylation of KH generated in the deamination path
(Figs. 1 and 2 and Table 1). Mass spectra of all these compounds
are shown in Table S1 and Fig. S2. Based on these data, it can be
firmly established that L-LOX/MOG catalyzes the decarboxyl-
ation of imino lysine as a major reaction (85%) and deamination
of imino lysine as a minor reaction (14.7%). HPLC chromato-
grams of the control and turnover reactions and all standard
compounds are shown in Figs. S3—S5.
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Figure 3. Multiple-turnover reactions of L-LOX/MOG with -ornithine. A, percentages of L-ornithine utilization and product formation were plotted versus
reaction times for up to 24 h. Filled black circles represent utilization of L-ornithine (up to 100%). Filled pink squares represent formation of 4-ABNA (up to
32.8%) newly identified in this work. Filled red diamonds represent formation of 4-ABNM (up to 0.021%). B, scheme of deamination and decarboxylation of L-

LOX/MOG with L-ornithine. Error bars are SD. The data are also shown in Table 1.

Multiple-turnover reactions of L-LOX/MOG and L-ornithine
were dramatically slower than that of L-lysine (data not shown).
For 24 h, all L-ornithine was consumed, and unlike the reaction
of L-lysine, only 0.021 * 0.002% of 4-ABNM from the decar-
boxylation of imino ornithine was detected, whereas a majority
of the compounds produced was KV, as expected. Different
from the previously reported data (38) but consistent with the
reaction of L-lysine discussed above, a new product, 4-amino-
butanoic acid (4-ABNA), resulting from decarboxylation of
KV, was also detected (in significant amount, 32.8 * 0.2%) (Fig.

SASBMB

3 and Table 1). Interestingly, the ratio of products from the r-or-
nithine reaction was different from that of 1-lysine. The reaction
of L-ornithine prefers to proceed via deamination to form KV and
4-ABNA more than to proceed via direct decarboxylation of im-
ino ornithine to form 4-ABNM. Nevertheless, the decarboxyl-
ation of KV also exists. HPLC chromatograms and mass spectra
of all compounds are shown in Figs. S6—S9 and Table S2.
Kinetics of flavin reduction in the reactions of 1-AAO/MOG—
bound oxidized FAD by 1-lysine and r-ornithine—The kinetics
of the L-LOX/MOG-bound oxidized FAD reduction by L-
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Table 2

kops of the reduction of L-LOX/MOG-bound FAD by 16 mm L-lysine
and L-ornithine monitored by stopped-flow spectrophotometry

kobs
1st phase 2nd phase 3rd phase
L-Lysine 0.540 * 0.002 53.2 + 08.4 X103 7.78 +0.05 X 1073
L-Ornithine 0.025 * 0.002 3.18 = 0.03 X 1073 6.5+ 0.5%x107*
E 0.25
= ———
N 0.2
({e]
<
o 0.15
(&
c
(3] 0.1
0
—
O o0.05F | oo
(7
o)
< 0 )
0.001 0.01 0.1 1 10 100 1000 10
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Figure 4. Flavin reduction of L-LOX/MOG. The reduction of L-LOX/MOG-
bound FAD by 16 mm L-lysine (solid line) and L-ornithine (dashed line) was
monitored by stopped-flow spectrophotometry.

lysine and L-ornithine were investigated by monitoring absorb-
ance changes at 462 nm (see “Experimental procedures”). The
resultant kinetic traces showed that the flavin reduction by L-ly-
sine started much quicker (0.02 s) than the reduction by L-orni-
thine (2 s). The enzyme-bound oxidized FAD could be com-
pletely reduced by vr-lysine after 0.6 h, whereas 1.6 h was
required for the reaction with r-ornithine. The kinetic traces
were triphasic in both reactions of r-lysine and r-ornithine.
Observed rate constants (ko) for the reactions of r-lysine and
L-ornithine are shown in Table 2. For r-lysine, kops of the first
phase is 0.540 = 0.002 s~ ', which is 22-fold greater than that of
L-ornithine (0.025 = 0.002 s~ !). Therefore, the flavin reduction
of L-LOX/MOG with L-lysine was dramatically faster than that
of L-ornithine (Fig. 4). This indicates that L.-LOX/MOG clearly
prefers to use L-lysine rather than L-ornithine.

Investigation of C4a-(hydro)peroxyflavin formation in the L-
LOX/MOG reaction—As C4a-(hydro)peroxyflavin is a reactive
intermediate commonly found in all flavin-dependent mono-
oxygenases (32, 41), we investigated whether this flavin inter-
mediate is involved in the decarboxylation reaction of L.-LOX/
MOG using stopped-flow spectrophotometry. Absorbance
changes at 385 nm and at various other wavelengths in the
regions where C4a-(hydro)peroxyflavin absorbs were moni-
tored. Typically, when C4a-(hydro)peroxyflavin is formed, ki-
netic traces at 385 nm show an absorbance initial increase fol-
lowed by a decrease when the intermediate eliminates H,O, to
form oxidized FAD. These kinetic traces would be clearly dif-
ferent from the data measured in the 450-460 nm region in
which only flavin oxidation is monitored (33, 42—44). A solu-
tion of reduced L-LOX/MOG was mixed with L-lysine in the

11250 J Biol. Chem. (2020) 295(32) 11246-11261
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Figure 5. Kinetic traces of the flavin oxidation. The oxidation of .-LOX/
MOG-bound reduced FAD by O, was monitored by absorbance at 462 and
385 nm (solid and light gray lines, respectively).
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Scheme 2. Workflow of the reactions from each condition to determine
the effect of H,0, added after the flavin reduction and formation of im-
ino acid. After the flavin reductions, the active enzyme reactions were added
into aerobic buffer (E1), anaerobic buffer (E2), formic acid to denature the
enzyme and H,0, in aerobic buffer (E3), H,0, in anaerobic buffer (E4), and
H,0, in aerobic buffer (E5). The effect of H,0, preincubated with the enzyme
before flavin reduction was carried out under all anaerobic conditions (E6).

presence of oxygen (details under “Experimental procedures”).
Results showed that absorbance changes at 385 nm and other
wavelengths in that area increase with the same kinetic patterns
as those at 462 nm (Fig. 5). Consequently, the oxidation of
reduced 1-LOX/MOG by oxygen does not stabilize C4a-
(hydro)peroxyflavin as an intermediate, and the reaction of the
enzyme with oxygen generates H,O, directly.

Identification of key catalytic features enabling formation of
5-APNM and 5-APNA (decarboxylation)

The necessity of H,O, bound at the active site for formation
of 5-APNM—Three sets of single-turnover experiments
(Scheme 2, E1-E3) were carried out to investigate whether
the decarboxylation of the imino acid (Fig. 1) to result in 5-
APNM requires H,O, bound in the L-LOX/MOG active site.
The enzyme-bound reduced FAD and the imino lysine were
generated by mixing the oxidized enzyme and -lysine under
anaerobic conditions. For E1, oxygen (260 um) was added

SASBMB
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Table 3

Product analysis after the flavin reduction with the active enzyme reactions in the presence of O, (E1), the absence of O, (E2), the presence

of H,0, without O, (E4), and the presence of H,0, with O, (E5)

The reaction of free H,O, was explored with the reaction in which the enzyme was denatured and in the presence of O, (E3). The effect of H,O, preincubated with the
enzyme before the flavin reduction was explored in the absence O, (E6). Expt., experiment.

Peak area

Expt. Conditions L-Lysine utilized 5-APNM 5-APNA KH DKH

% % % X 10° X 10°
El Active Buffer O, 102 = 4 63*5 1.46 = 0.02 2.82 = 0.03
E2 Active Buffer No O, 77*9 1.41 = 0.03 2801
E3 Denatured H,0, O, 78+ 8 0.54 = 0.05% 1.36 = 0.05 2805
E4 Active H,0, No O, 749 1.06 = 0.01% 1.37 = 0.05 2.77 = 0.09
E5 Active H,0, O, 95*+9 61 +2 1.00 *+ 0.03% 1.34 = 0.03 2.67 = 0.03
E6 Preincubation with HyO, 100 = 13 0.34 = 0.04 7.5+ 1.3% 148 = 0.31 2.8 0.3

into the solution after the flavin reduction was complete
(Scheme 2, E1). Based on the concentration of L-LOX/MOG
as the limiting reagent, the results showed 102 * 4% con-
sumption of r-lysine and the production of 5-APNM
(around 63 * 5%) and higher amount of products from the
oxidase path (KH and DKH) than those in E2 and E3 (Table
3). These results agree well with the product analysis done
for the above multiple-turnover reactions of L-lysine (Table 1).
For E2, the reaction was kept anaerobic with no addition of oxy-
gen after the flavin reduction or before product analysis (no
H,0, would be generated in this case). The results showed only
the products KH and DKH from the oxidase path, and no 5-
APNA and 5-APNM was detected (Scheme 2 (E2) and Table 3).
These data clearly confirm that formation of the oxidase prod-
ucts, KH and DKH, does not require H,O,, and only the hydro-
lysis by H,O enables generation of KH and DKH from the imino
acid. For E3, the enzyme was denatured after the flavin reduc-
tion, and free H,O, was added into the solution (Scheme 2, E3).
Only oxidase products (KH and DKH) were produced at
amounts comparable with those from E2, again confirming that
the oxidase path only requires H,O for imino lysine deamina-
tion and that free H,O, could not decarboxylate the imino acid.
Interestingly, whereas no 5-APNM from decarboxylation of im-
ino acid was detected, E3 showed production of a small amount
of 5-APNA (0.54 = 0.05%), which is the result of decarboxyl-
ation of KH (Table 3). These findings suggest that free H,O,
does not lead to formation of 5-APNM but rather promotes for-
mation of the decarboxylation product of a-keto acids to form
5-APNA instead. The data also imply that the decarboxylation
of the imino acid to form 5-APNM needs H,O, bound in the
active site of L-LOX/MOG, whereas reaction of free H,O, with
KH can lead to the decarboxylation to form 5-APNA. (HPLC
chromatograms of products from all reactions are shown in
Figs. S10-S12).

The role of H,O, in decarboxylation activity—We investi-
gated whether extra H,O, added may enhance the decarboxyl-
ation activity of L-LOX/MOG to form more 5-APNM. In E4
(Scheme 2, E4), free H,O, in the absence of O, was added into
a solution of reduced L-LOX/MOG and analyzed for 5-APNM
formation. The analysis did not detect significant formation
of 5-APNM, and most product was found as KH and DKH
(~74 = 9%) (Table 3). Interestingly, 5-APNA (1.06 * 0.01%)
was detected under this condition (Table 3), indicating that
adding extra H,O, after L-lysine oxidation could enhance KH
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decarboxylation to form 5-APNA. For E5, the reaction was the
same as E4 but additionally exposed to oxygen after the imino
acid was generated (Scheme 2, ES). It was carried out to provide
the system with both types of H,O,—the one produced in situ
from the enzymatic reaction and free added H,O,. The results
(Table 3) indicate that both 5-APNM (61 £ 2%) and 5-APNA
(1.00 = 0.03%) can be generated in this case, demonstrating
that HyO, generated in situ in the enzyme active site and extra
H,0, added function differently. The addition of H,O, to the
enzyme could not produce 5-APNM but led to formation of 5-
APNA instead (Table 3). To generate 5-APNM, H,O, must
come from the reaction of the L-LOX/MOG-bound reduced
FAD with O,. HPLC chromatograms of the E4 and E5 reactions
are shown in Figs. S13 and S14.

The reaction of extra H,O, pre-bound at the 1-LOX/MOG
active site—Based on the previous results, which indicated that
H,0, produced in situ (not extra HyO, added) is required for
the generation of 5-APNM, we further investigated in E6
(Scheme 2, E6) whether preincubation of H,O, in the active
site could lead to formation of 5-APNM. The results show that
the preincubation of H,O, with the enzyme before carrying out
the experiments did not increase the amount of 5-APNM
formed (0.34 = 0.04%), but instead significantly increased the
amount of 5-APNA, the decarboxylation product of KH, by
about 7-fold (Scheme 2 (E5 and E6) and Table 3). These results
agree with the data in E3, E5, and E6 which indicate that extra
H,0O, added only reacts with KH to enhance the generation
of 5-APNA, not 5-APNM. The catalytic reaction generating
5-APNM, the native major product, mainly requires H,O,
generated from the reaction of the enzyme-bound reduced
FAD with oxygen. This is possibly due to the proper orien-
tation of H,O, to be suitable to readily attack the imino acid
of L-lysine generated during the flavin reduction (see Fig.
11A and see below). HPLC chromatograms of E6 reactions
are shown in Fig. S15.

In addition, we also carried out the multiple-turnover reac-
tions of L-LOX/MOG in the presence of catalase to remove
extra H,O,, outside the active site. The results indicate that add-
ing catalase does not affect the amount of 5-APNM formed
(Fig. S16). Altogether, our data reported here illustrate that for-
mation of 5-APNM from the decarboxylation of the imino ly-
sine via the monooxygenase activity results from the proper
binding of H,O, and timing of its generation in situ in the
active site of the enzyme (see Fig. 11A4).
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Figure 6. Distances between N5 of FAD and Ca of the imino acid of L-lysine (filled blue diamonds) and L-ornithine (filled orange squares). The data

were analyzed using MD simulations of L-LOX/MOG for 8 ns.

Investigation into the proper interactions required to catalyze
the decarboxylation of imino acids from t-lysine and .-
ornithine

Results from the multiple-turnover reactions (Table 1) indi-
cate that the ratios of oxidase and monooxygenase products are
different between the reactions using -lysine and L-ornithine as
substrates. L-Ornithine resulted in 0.021% of decarboxylation of
imino ornithine, whereas L-lysine resulted in 85% of decarboxyl-
ation of imino lysine. This is interesting because 1-lysine and r-or-
nithine have similar structures, but L-ornithine is one carbon
shorter than 1-lysine. These data imply that the proper binding
distance and orientation of H,O, may be important for the reac-
tion of H,O, and these imino acids. We therefore probed the dis-
tance of imino acid binding to active-site residues of L-LOX/
MOG using two approaches—MD simulations and measurement
of charge transfer formation.

Distances between Ca of imino lysine and imino ornithine
to NS of isoalloxazine ring investigated by MD simulations—
MD simulations monitored during 8.0 ns in equilibrium were
carried out to estimate the distance between the N5 position of
FAD and Ca of imino lysine or imino ornithine bound in the
active site of L-LOX/MOG (see “Experimental procedures”). The
geometry of the complex was also probed. The enzyme structure
used for this calculation was based on the structure of L-LOX/
MOG with 1-lysine and L-ornithine bound (40). Results indicate
that the distance between the N5 of FAD and the Ca of imino ly-
sine (7.1 A) (Fig. 6) is shorter than the distance between the corre-
sponding atoms in the complex with imino ornithine (10.2 A). It
correlates with the distance of the N5 of FAD to Ca from crystal
structures of L-lysine and L-ornithine (Fig. 7). In addition, the char-
acteristics of the enzyme 1-lysine complex also shows less flexibil-
ity in movement compared with that of L-ornithine (data not
shown). Altogether, the data indicate that the binding of imino ly-
sine results in closer interaction with the enzyme-bound flavin
than that of imino ornithine. This is likely a key factor explaining
why the reaction of L-lysine can form more of the decarboxylation
product of the imino acid than the reaction of L-ornithine.

In addition, results from MD simulations can also explain
the larger rate constant of flavin reduction in L-lysine than in -
ornithine (Fig. 4). With regard to the N5-Ha-Co angle, the L-ly-
sine complex has a slightly wider angle (137 = 9 degrees) than
the L-ornithine complex (128 * 10 degrees) (Fig. S17), implying
that L-lysine has a greater possibility of transferring the Ha to
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Figure 7. Crystal structures of the active sites of L-LOX/MOG with L-lysine
(A) and L-ornithine (B) bound. Distances of N5—Ca to L-lysine and L-orni-
thine are 3.7 and 3.9 A, respectively.

the N5 of the isoalloxazine ring of FAD. Results from the MD
simulations agree well with the results from monitoring of
charge transfer complex (see below).

Probing the distance of 1-amino acid binding by charge trans-
fer complex—To probe the difference in the ligand binding envi-
ronment in L-LOX/MOG with L-lysine and L-ornithine, we
explored formation of a charge transfer complex that can be
used to indicate a close distance between the ligand and flavin
in the active site of flavoenzymes (45, 46). A solution of an L-
LOX/MOG-bound oxidized FAD was mixed with solutions of
L-lysine, L-ornithine, and r-arginine under anaerobic condi-
tions, and the spectra of the reactions were monitored. The
spectra indicate that only the reaction of L-lysine showed the
characteristics of a charge transfer complex (around 550-700
nm). It likely indicates close interactions between reduced FAD
and the imino acid (Fig. 84). However, no charge transfer com-
plex could be detected for the reactions of L-ornithine and L-ar-
ginine (Fig. 88 and Fig. S18). The data suggest that the imino
acid of r-lysine likely binds closer to the N5 position of the
reduced FAD, consistent with the MD simulation results
described in the previous section. These results strongly sug-
gest that the decarboxylation of imino acids in the decarboxyl-
ation path requires proper binding positioning of H,O,. Other-
wise, the reaction will proceed via the oxidase path as in the
reaction of L-ornithine.

Structural analysis—The previous structural studies of L-
LOX/MOG identified a flexible loop designated as a “plug
loop”. The plug loop is encoded by eight residues near the sub-
strate-binding site, from Val-228 to Trp-235, consisting of

SASBMB


https://www.jbc.org/cgi/content/full/RA120.014055/DC1
https://www.jbc.org/cgi/content/full/RA120.014055/DC1

>

sl e e e s laaaal Tl

Absorbance

Oi.l....l....l....l.... — .
350 400 450 500 550 600 650 700

Wavelength (nm)

Dual activities of the single active site of .-LOX/MOG

=

0.2}
0.15f
0AEff

0.05F

Absorbance

0-'In..I....I....I....I....I....I....I:
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 8. Spectra of flavin reduction during the reaction of L-LOX/MOG with L-lysine (A) and L-ornithine (B). Shown are spectra of the enzyme-bound
oxidized FAD (solid line), the reduced flavin (dashed line), and the species detected midway through the reduction, which indicates formation of a charge trans-

fer species in the case of the L-lysine reaction (dotted line).

VGFGTGGW. Previous work suggests that the plug loop may
play a role in substrate binding and product release (40). How-
ever, the location of the plug loop in the complex of L-LOX/
MOG with L-lysine is different from that found in the ligand-
free L-LOX/MOG (Fig. S194) (40). We hypothesize that the posi-
tion of this plug loop may play a role in governing whether the
reaction will proceed via the decarboxylation or deamination
paths for the imino acid. Therefore, we carried out the alignment
of structures of L-LOX/MOG bound with 1-lysine, L-ornithine,
and r-arginine (Fig. 94). The data indicate that the position of the
plug loop of ligand-free L-LOX/MOG or the bound forms with 1.-
ornithine and vr-arginine are similar and are positioned in the
“opened” conformation. However, the position of the loop in
these complexes is clearly different from the conformation found
in the L-LOX/MOG with L-lysine bound. The distinctive plug
loop conformation shows more of a “closed” conformation in the
L-lysine—bound structure, which is the only decarboxylation of
imino acid that takes place. It suggests that the “closed” plug loop
conformation as in the L-LOX/MOG and L-lysine complex may
be a factor promoting the decarboxylation of the imino acid
(monooxygenase activity) (Fig. 94 and Table 4).

To explore how widespread and common the features of this
plug loop conformation are, we explored structures of other L-
AAOs that are known to carry out monooxygenation of L-
amino acids, such as PAO with r-phenylalanine bound and
TMO with indole-3-acetamide (IAM) bound. The data indicate
that all of these enzymes have their plug loops in the “closed”
conformation as in the structure of .-LOX/MOG with r-lysine
bound (Fig. 9B). Interestingly, L.-AAO, which cannot catalyze
decarboxylation, does not contain any loop with a similar con-
formation as the .L-LOX/MOG plug loop (Fig. 9C). A similar sit-
uation was also found in MAO B (49) (Fig. S19B). These data
imply that the presence of the plug loop in the “closed” confor-
mation may be a key factor governing the ability of amino acid
oxidases to catalyze decarboxylation of imino acids, such as in
the reaction of .-LOX/MOG.

Discussion

Our studies reported here elucidate the mechanistic features
important for allowing the single active site of .-LOX/MOG to
catalyze the two reactions of apparent monooxygenation and
the (classical) oxidation of flavoprotein oxidase. We have
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Figure 9. The crystal structures of L-LOX/MOG showing the plug loop
with eight residues from Val-228 to Trp-235 (VGFGTGGW). A, .-LOX/MOG
with L-lysine bound (gray), L-ornithine bound (orange), and L-arginine bound
(cyan). The plug loop of the t-lysine-bound structure is shown in magenta. B,
structure of L-LOX/MOG with L-lysine bound (gray) and plug loop (magenta)
is aligned with PAO from Pseudomonas sp. P-501 with L-phenylalanine bound
(purple) and TMO from P. savastanoi with IAM bound (orange). These two
enzymes can also catalyze decarboxylation of their imino acids. C, the struc-
ture of L-LOX/MOG with L-lysine bound (gray) is aligned with the structure of
L-AAO from C. rhodostoma with L-phenylalanine bound (yellow). .-AAO can-
not catalyze the decarboxylation of imino acids, and the alignment does not
show any plug loop in the L-AAO structure.
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Table 4

Conformation of the plug loop based on the crystal structures of L-LOX/MOG with L-lysine, L-ornithine, and L-arginine bound; PAO with L-phe-
nylalanine bound, TMO with IAM bound, .-AAO with -phenylalanine bound, and MAO B with N-[(E)-methyll(phenyl)-N-[(E)-2-propenylidene]

methanaminium (NYP) (MAO B inhibitor) bound

Ca-RMSDs from alignments are shown in comparison with the structure of L-LOX/MOG and 1-lysine (5YB6).

Product from imino acid

PDB Enzyme Ligand Conformation of the plug loop Decarboxylation Deamination RMSD Reference
A
3WEO L-LOX/MOG Opened - - 0.531 38
5YB6 L-LOX/MOG L-Lys Closed ++ + 40
5YB7 L-LOX/MOG L-Orn Opened + ++ 0.206 40
5YB8 L-LOX/MOG L-Arg Opened ND* ND* 0.417 40
3AY] PAO L-Phe Closed ++ + 4.384 23
4IV9 TMO IAM Closed +++ - 1.177 24, 47
211D L-AAO L-Phe No plug loop - +++ 2.525 48
1GOS MAOB NYP No plug loop - +++ 8.857 49

“ND, not determined.

shown that the monooxygenation, which is essentially decar-
boxylation of imino acid to form an amide product, requires
H,0, generated in situ. Extra addition of H,O, results in decar-
boxylation of a-keto acid instead. Only the reaction of L-LOX/
MOG with the native substrate, L-lysine, results in a majority of
decarboxylation to yield 5-APNM. In contrast, the reaction with
the smaller substrate analog, L-ornithine, results in more process-
ing through the oxidation path to form keto acid followed by de-
carboxylation of the keto acid to form 4-ABNA. Analysis by MD
simulations and charge transfer complex formation studies indi-
cated that this may be due to the larger distance between the
FAD cofactor and r-ornithine. Structural analysis of L-LOX/
MOG and other flavoprotein oxidases indicate the presence of an
interesting plug loop in a closed conformation in L-LOX/MOG,
which may be important for decarboxylation by H,O,.

The properties of L-LOX/MOG that allow it to catalyze dif-
ferent reactions with different substrates (i.e. more decarboxyl-
ation with L-lysine and more deamination with r-ornithine)
(Figs. 3 and 4 and Table 1) are similar to those of many L-amino
acid oxidases. The reaction of TMO with L-tryptophan yields
only products of the decarboxylation path, but mutation of
Arg-98 resulted in a variant that can catalyze both deamination
and decarboxylation of imino acids (25, 50). Similar to TMO,
ORF7, which is a gene in a polyene polyketide biosynthesis
gene cluster from Amycolatopsis arientalis ATCC 43491,
shows only an oxidase activity with arginine, but with N°>~-meth-
ylarginine it mainly catalyzes decarboxylation of the imino acid
to form an amide product (51). For PAO, the enzyme mainly
catalyzes decarboxylation with r-phenylalanine and mainly
deamination (oxidase activity) with L-methionine. Based on a
crystal structure of the enzyme, a shorter distance between the
Ca of L-methionine and H,O in the active site may be a factor
promoting the oxidase activity (52). For LMO, the reaction
with r-lysine showed only decarboxylation of imino acid to
form 5-APNM, whereas the reaction with L-ornithine gener-
ated only a-keto acid (26, 28). The reaction of LMO is clearly
different from the reaction of L-LOX/MOG reported here.

The reaction of reduced L-LOX/MOG with oxygen does
not stabilize C4a-(hydro)peroxyflavin or another flavin-oxygen
adduct intermediate (Fig. 5). In addition to C4a-(hydro)peroxyfla-
vin, it has been found that a flavin-N5-(hydro)peroxide interme-
diate can also act as an oxygen-transferring species for monooxy-
genases such as in the reactions of RutA (amide monooxygenase)
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and EncM (1,3-diketone oxidation) (53, 54). Both C4a-(hydro)per-
oxyflavin and flavin-N5-(hydro)peroxide have spectral characteris-
tics different from oxidized and reduced flavin species. As the flavin
oxidation of L-LOX/MOG with L-lysine did not show any interme-
diate that resembled the flavin-oxygen adducts mentioned, it is
unlikely that these flavin intermediates are involved with the decar-
boxylation of imino acid in the L-LOX/MOG reaction.

We propose a mechanism for the decarboxylation of imino
acid in which the H,O, generated from the flavin oxidation
near N5 of the isoalloxazine ring can attack the Ca of imino
lysine to form an intermediate and release CO, and H,O to
yield 5-APNM (Figs. 6 and 10A). This result contradicts the
previously proposed mechanism of PAO in which C4a-
hydroperoxyflavin was proposed to be involved in the pro-
cess of oxidative decarboxylation (23). The mechanism of
L-LOX/MOG proposed here is also different from the mech-
anism of oxidative denitrification in nitronate monooxygen-
ase, in which an anionic flavosemiquinone and a radical
superoxide anion are proposed to be involved in the oxida-
tive denitrification (36, 55). The H,O, in the L.-LOX/MOG
reaction must also be in the bound state because free H,O, could
not react with imino acid to generate decarboxylated product
(Scheme 2, E3 and E4). The addition of catalase does not interfere
with product formation (Fig. S16). These findings are similar to a
previous report of L-lactate monooxygenase (LaMO), in which
mixing free HO, with keto acid does not generate acetate as a
decarboxylated product (56), and addition of catalase does not
interfere with the reaction (57).

Interestingly, extra addition of H,O, either by supple-
menting .-LOX/MOG (E3-E5) with H,O, directly into the
reaction mixture, or by preincubation of the H,O, with the
enzyme (E6) prior to the addition of the other substrates
enhances the decarboxylation of a-keto acid to yield 5-
APNA (Table 1). These results are similar to the decarboxyl-
ation of pyruvate by LaMO. The reaction of reduced FAD
with oxygen results in formation of H,O, that reacts with
the enzyme-bound pyruvate (generated from the flavin
reduction) (58). The mechanism of decarboxylation of keto
acid by L.-LOX/MOG can be explained as H,O, attacking the
Ca of the keto acid after hydrolysis of the imino acid to yield
acid, CO,, and H,O (Fig. 11B).

For the partition reactions between the two paths of L-LOX/
MOG to form decarboxylated product and hydrolyzed imino
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Figure 10. The active sites of .-LOX/MOG with imino acids of L-lysine (A) and L-ornithine (B) bound as analyzed by MD simulations for 8 ns.

acid, it can be seen that plentiful H,O can react to form the keto
acid product. The active site of L-LOX/MOG is fine-tuned to
facilitate the decarboxylation of imino acid by H,O, to form 5-
APNM. In E2 and E4, where oxygen is absent and, thus, no in situ
H,0, could be generated, the 5-APNM almost could not form.
Most of the products were keto acids from the hydrolysis of im-
ino acid. These data indicate that there are plenty of H,O mole-
cules bound at the active site, but under regular turnover condi-
tions, such as in experiment E1, this H,O cannot compete with
H,0, generated by the enzyme in the decarboxylation path.
However, the preincubation of H,O, in the absence of oxygen
(E6) could not yield 5-APNM, as under regular turnover condi-
tions. The data indicate that H;O, must be bound at the proper
position to react with an imino acid. In addition, when free H,O,
was added to a free imino acid liberated after the enzyme was
denatured (E3), no 5-APNM was formed, and only products
from the hydrolysis path could be detected. These data all suggest
that the fine-tuned positioning of H,O, at the active site of L-
LOX/MOG is important for controlling the decarboxylation
reaction.

Proper distance between the bound substrate and FAD
must be a key factor controlling the decarboxylation activity
of L-LOX/MOG. A close distance of interaction between
reduced flavin and imino acid indicates that only the reac-
tion of L-lysine—not L-ornithine (Fig. 8) nor L-arginine (Fig.
S18)—-could form the charge transfer species. This indicated
that only the ligand that can bind closely to the FAD binding
site is poised for the decarboxylation reaction. A short dis-
tance between H,O, and the imino acid may allow H,O, to
react quickly, resulting in the achievement of decarboxyl-
ation before the hydrolysis reaction can take place (Figs. 6,
10, and 11A). The interaction of ligand bound at the active
site is mediated by the negatively charged side chain of Asp-
238, which can interact with a positive charge of the amino
or imino acid (Figs. 7 and 10). The previous mutation of
Asp-238 also confirmed that the residue is important for
substrate binding (40). The interactions between the sub-
strate and active site in PAO are also similar to those of L-
LOX/MOG with regard to water bound in the active site. In
PAO, one water molecule, W1, forms a hydrogen bond with
Lys-478, whereas another one, W2, is located near Trp-660.
Similar water molecules were found in the active site of L-
LOX/MOG. Both L-LOX/MOG and PAO structures have a
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tunnel structure, and W1 is located at the end of the tunnel
and close to the surface of the enzyme. It has been suggested
that this tunnel may be a tunnel for O, diffusion into the
active site (Fig. S20) (23, 40).

Structural analysis has shown that the plug loop confor-
mation may be an important feature promoting some flavo-
protein oxidases to catalyze monooxygenation of L-amino
acids. The “closed” conformation of the plug loop found in
L-LOX/MOG may slow down H,O, diffusion and force it to
react with the imino acid. This hypothesis is supported by
the mutation of C2541 of L-LOX/MOG located far from the
active site but close to the plug loop area, which resulted in
only oxidase activity (38). These results are also consistent
with results of TMO (23, 25, 59), PAO (23), and LaMO (60)
mutations, which may affect the conformation of the plug
loop. Interestingly, the effects of sulfhydryl reagents, such as
p-chloromercuribenzoate, which react with the thiol groups
of cysteine residues to induce a conformational change in L-
LOX/MOG, demonstrated that this led to modulation of the
dual activities of L-LOX/MOG by increasing oxidase activity
(38, 61). For LaMO, Loop 4 was proposed to serve as a lid for
the active site when it is in a specific conformation, acting to
prevent the release of imino acid after flavin reduction (Fig.
S21) (62). In the case of L-LOX/MOYX, the plug loop near a
substrate-binding site may play an important role as a gate
to prevent or enhance the release of product, depending on
the reaction steps. For a totally different enzyme system, a
similar phenomenon can be found in AHAS which catalyzes
not only the conversion of pyruvate to acetoacetate, but also
the minor conversion of pyruvate to acetaldehyde. The ratio
of the two activities depends upon the substrate concentra-
tion, because a high concentration of pyruvate causes a con-
formational change in the enzyme that promotes only the
PDC activity (6). Therefore, a particular conformation of
the active site loop, such as a plug loop in L-LOX/MOG, may
be a key factor in controlling dual activities of the enzyme by
keeping the H,O, locally confined and thereby maintaining
a high local concentration.

As the reaction of L-LOX/MOG can be useful for biotechnol-
ogy, the knowledge gained from this work is important for future
work on enzyme engineering of this system. For example,
engineering to gain only the oxidase activity of L.-LOX/
MOG will allow the enzyme to be applied in biosensors for
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Figure 11. Reaction mechanisms of L-LOX/MOG with -lysine and L-ornithine. A, mechanism of imino acid decarboxylation to yield 5-APNM. B, mechanism

of keto acid decarboxylation to yield 4-ABNA.

detection in food industries (63, 64). Engineering to gain
an enzyme with only decarboxylation activity can be used
in biocatalysis applications such as to synthesize 4-ABNA,
which is an inhibitor of neurotransmitters (65, 66).

In conclusion, our findings here have expanded the mech-
anistic understanding of catalysis by flavoenzyme oxidases,
particularly those that can catalyze apparent monooxygen-
ation of decarboxylation by H,O,. We have elucidated how
two activities can be catalyzed in the same single active site
of 1-LOX/MOG. This understanding will be useful for
future enzyme engineering and directed evolution to recon-
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struct or repurpose enzymes of interest to be compatible
with these useful applications.

Experimental procedures
Chemical reagents

Commercially available substances were purchased from
Merck, Sigma—Aldrich, and Tokyo Chemical Industry Co., Ltd.
Standard compounds of 5-APNM and 5-ABNM were pur-
chased from Enamine, Ltd. Solvents (HPLC grade) were pur-
chased from Honeywell Burdick & Jackson™.
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Plasmids and bacterial strain

The L-LOX/MOG gene from Pseudomonas sp. AIU 813 in
pET15b-LAAO plasmid containing the r-lox/mog gene was
obtained as a gift from Toyama Prefectural University (39).

Spectroscopic studies

A HP8453 diode-array spectrophotometer (Agilent Technol-
ogies), 2501 PC spectrophotometer (Shimadzu), or Cary 300Bio
spectrophotometer (Agilent Technologies) was used to record
UV-visible absorption spectra. All spectrophotometers were
equipped with thermostated cell compartments.

Determination of the molar absorption coefficient of .-LOX/
MOG-bound FAD

Previous studies have used the same molar absorption coeffi-
cient of L-LOX/MOG-bound FAD as for free FAD (€44, of 11.3
mM *cm 1Y) (39). To determine the molar absorption coefficient
of the L-LOX/MOG-bound FAD, the UV-visible spectrum of a
solution of L-LOX/MOG complex was recorded. The enzyme
absorbs a visible light maximum at 462 nm. The solution was
then denatured by adding 2% (w/v) SDS to obtain the spectrum
of free FAD. A molar absorption coefficient of L-LOX/MOG-
bound FAD was determined based on the liberated free FAD
(Amax at 450 nm and €450 of 11.3 mm ' ecm ™) (67). The molar
absorption coefficient of L.-LOX/MOG-bound FAD was thus
determined as €44, 0f 11.15 = 0.09 mm ™ ' cm ™! (data not shown).

Substrate specificity studies of flavin reduction

To investigate the substrate specificity for the flavin reduction
of L-LOX/MOG, spectra of the enzymes upon the addition of
substrates under anaerobic conditions were used to identify
which amino acid can reduce the flavin. The spectrum of L.-LOX/
MOG-bound FAD (E:FAD,,) solution (20 um) in 50 mMm sodium
phosphate buffer, pH 7.0, was recorded. Various 1-amino acids
(18.18 mm), including L-lysine, L-arginine, L-ornithine, L-aspara-
gine, L-aspartic, L-glutamine, L-glutamic acid, and 1-histidine, rep-
resenting positively charged, negatively charged, and polar
uncharged side chains were then added into the enzyme solution.
The reaction without substrates was carried out as a control. The
addition of L-lysine into a solution of free FAD was carried out to
determine a dilution effect in the spectra measured. The UV-visi-
ble spectra of the mixed solutions were then recorded to identify
which amino acids could reduce L-LOX/MOG-bound FAD.

Product analysis

Products from multiple-turnover reactions obtained from
mixing 1 and 10 pum L-LOX/MOG-bound FAD with 2 mm L-ly-
sine or 20 mM L-ornithine, respectively, in 50 mm sodium phos-
phate buffer, pH 7.0, were analyzed with HPLC/MS.

To determine the effect of catalase on 5-APNM formation,
multiple-turnover reactions containing L-LOX/MOG-bound
FAD (1 pum) with r-lysine (300 um) and catalase (2%, w/v) in 50
mwm sodium phosphate buffer, pH 7.0, were carried out. Positive
and negative controls were reactions without catalase and with-
out L.-LOX/MOG, respectively.
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To determine the effect of O, and H,O, on product forma-
tion, single-turnover reactions under anaerobic conditions
were carried out by mixing a solution that contained 1-LOX/
MOG-bound FAD (100 um) as a limiting reagent with L-lysine
(400 um) inside an anaerobic glove box (Belle Technology Ltd.)
for 6 h to fully reduce the enzyme. The reaction was divided
into two portions. To the first portion was added 0.4 M formic
acid at a ratio of 1:1 to denature L.-LOX/MOG and quench the
reaction (E3). To the second portion, 50 mm sodium phosphate
buffer, pH 7.0, was added, and the solution was kept under an-
aerobic conditions the entire time so that the L-LOX/MOG-
bound FAD was maintained in the reduced FAD form. For E1
and E2, 50 mMm sodium phosphate buffers at pH 7.0 with (E1) or
without O, (E2) were added. For E4 and E5, 400 um H,O, with
(E5) or without Oy (E4) were added and incubated for 1 h. In
the final step, the previously denatured L-LOX/MOG-bound
reduced FAD (E3) was added to 50 mm sodium phosphate
buffer, pH 7.0, whereas solutions of 1.-LOX/MOG from other
all other experiments were quenched with 0.4 M formic acid at
a ratio of 1:1 to denature L-LOX/MOG. All reactions were fil-
tered using an ultrafiltration device (size 0.5 ml and 10,000 kDa,
Amicon® Ultra from Merck Millipore Ltd.) to separate small
molecules from enzyme samples.

To determine the effect of extra HyO, on the decarboxyl-
ation reaction, 400 um H,O, was preincubated with 100 um L-
LOX/MOG-bound FAD for 1 h before adding 400 uMm L-lysine
(final concentration) for 6 h. The control without L-LOX/
MOG-bound FAD was also carried out in comparison. All
reactions were quenched with 0.4 m formic acid at a ratio of 1:1
to denature L.-LOX/MOG and then filtered using an ultrafiltra-
tion device to remove proteins from solutions.

Products from multiple-turnover reactions were analyzed
using HPLC (Agilent Technologies 1100, 1260 or 1290 Infinity se-
ries) with an electrospray ionization mass spectroscopic detector
(MSD) (Agilent Technologies 6120 Quadrupole LC—MS, Infinity-
Lab LC/MSD) and an Ultimate 3000 HPLC (Thermo Fisher Sci-
entific) equipped with electrospray ionization and combined with
QTOF (Bruker). A ZORBAX Eclipse Plus C18 reverse phase col-
umn containing 5-um particle size in 4.6 X 250-mm column size
(Agilent Technologies) was used as a stationary phase. Mobile
phases were 0.5% formic acid (Sigma—Aldrich) in an H,O/aceto-
nitrile (Burdick & Jackson Scientific Co., Ltd.) gradient. For
HPLC/MS, the flow rate and injection volume were 0.5 ml/min
and 1 pl, respectively. A positive mode of MSD was used for scan-
ning a range of mass to charge ratios (m/z) from 50 to 500, and
specific m/z values were selected to monitor substrates and
expected products. HPLC/MSD profiles of substrates and prod-
ucts were compared with those of standard compounds. For
determination of products from single-turnover reactions (E1-
E6), a UPLC (Agilent Technologies 1290 Infinity series) with an
Agilent Technologies 6470 Triple Quad (LC-MS QQQ-MS) was
used. MS conditions with each compound were set to MRM
mode to monitor L-lysine, and all products are shown in Table S3.

Transient kinetics of the .-LOX/MOG reactions

A characteristic spectrum of the charge transfer complex in
the flavin reduction was determined by mixing r-amino acids
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(50 mm L-lysine or L-ornithine) with L.-LOX/MOG-bound oxi-
dized FAD (36 uMm for L-lysine and 20 uMm for L-ornithine) in an-
aerobic buffer, pH 7.0, and the reactions were monitored by a
SF-61SX stopped-flow spectrophotometer using diode array
and photomultiplier tube detectors from TgK Scientific at
25°C. To remove oxygen from the stopped-flow unit and solu-
tions, anaerobic buffer (50 mm sodium phosphate buffer, pH
7.0) and an oxygen-scrubbing solution (p-glucose (400 um),
glucose oxidase (1 mg/ml), catalase (4.8 mg/ml) in 50 mm so-
dium phosphate buffer, pH 7.0) were flushed through the flow
systems, and the oxygen-scrubbing solution was allowed to
stand in the flow system overnight. To monitor flavin reduction
and flavin oxidation, 20 uMm oxidized and reduced L.-LOX/MOG
solutions were prepared in an anaerobic glove box, respectively.
To prepare reduced L-LOX/MOG, 0.25 mM L-lysine or an
equivalent reducing amount of dithionite was added into a so-
lution of oxidized L-LOX/MOG in 50 mm sodium phosphate
buffer, pH 7.0. Oxidized and reduced enzyme solutions were
placed into tonometers under anaerobic conditions, and the so-
lution was loaded into the stopped-flow machine. To monitor the
flavin reduction, L-LOX/MOG-bound oxidized FAD was mixed
with 32 mum of anaerobic L-lysine and L-ornithine solutions in 50
mm sodium phosphate buffer, pH 7.0. Kinetic traces were
observed, and the absorbance was monitored at 462 nm at 25 °C.
To monitor flavin oxidation, the reduced L-LOX/MOG solution
was mixed with buffers containing oxygen concentrations of 0.13
mM. Kinetic traces were observed, and the absorbance at 462 and
385 nm was monitored at 4 °C. Traces were plotted as a function
of L-lysine and oxygen concentrations using KaleidaGraph soft-
ware. Observed rate constants were analyzed by the ProgramA
software (C. J. Chiu, R. Chang, J. Diverno, and D. P. Ballou, Uni-
versity of Michigan, Ann Arbor, MI, USA).

Computational chemistry

To investigate formation of a charge transfer complex in the
active site of L-LOX/MOG with L-lysine, the location of imino
acids of L-lysine and L-ornithine and their interactions with
FAD were characterized by computational chemistry. The
structures of L.-LOX/MOG with L-lysine bound were obtained
from the Protein Data bank (PDB) with code 5YB6. Chain A
was selected to be a center of the model system in this study.
The system was truncated to a 25-A sphere with the center on
carbon atom Ca of the L-lysine molecule (Scheme 2). The posi-
tions of the hydrogen atoms were located in the enzyme using
the CHARMM procedure HBUILD (68). Hydrogen atoms of
amino acid residues were added by considering results from
Propka (69). The atom types in the topology files were assigned
based on the CHARMM27 parameter set (70).

For investigation of the charge transfer complex, the system
was divided into two parts, which are QM and MM parts for
QM/MM simulations. The QM part consisted of the r-lysine
and FAD molecules. The system was minimized using 1,000
steps of adopted basis Newton—Raphson minimization with
the AM1/CHARMM?27 method. Next, AM1/CHARMM?27
molecular dynamics using the leapfrog Langevin dynamics
with a time step of 0.001 ps was performed at 300 K. The rest
of the protein and water molecules were treated as the MM
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part. The system was equilibrated with QM/MM MD for 120
ps. The structures of this equilibration were saved every 20 ps.
To investigate the dynamics of different substrates, L-lysine was
replaced by L-ornithine and L-arginine. The distance between
the flavin ring and reacting atoms was determined.

For the location of imino acids with FAD in the active site,
the structure of L.-LOX/MOG was solvated in a cubic box of
TIP3P with water extending at least 15 A in each direction
from the solute. The dimensions of the solvated system are
85 X 100 X 100 A. MD (71) simulations were carried out using
the NAMD program (72) with simulation protocols adapted
from NAMD tutorials (73, 74) and our previous work (75). The
simulations were started by minimizing hydrogen atom posi-
tions for 3,000 steps followed by water minimization for 6,000
steps. The system water was heated to 300 K for 5 ps and then
equilibrated for 15 ps. The whole system was minimized for
10,000 steps and heated to 300 K for 20 ps. After that, the whole
system was equilibrated for 180 ps followed by production stage
for 8 ns. To investigate the substrate effect on binding in the
active site of the enzyme, imino lysine was replaced by imino
ornithine, and then the same procedure as applied on the imino
lysine substrate was also applied on imino ornithine.

Structural analysis

Crystal structures of all enzymes were aligned together using
PyMOL to identify a common structural factor that may allow
L-LOX/MOG to carry out decarboxylation by HyO,. Structures
of L-LOX/MOG from Pseudomonas sp. AIU 813 with free-
ligand, L-lysine, L-ornithine, and L-arginine bound were obtained
from PDB with codes 3WEO, 5YB6, 5YB7, and 5YBS, respectively.
Structures of lactate monooxygenase from Mycobacterium smeg-
matis and lactate oxidase from Aerococcus viridans obtained from
PDB entries 6DVI and 2E77, respectively, were aligned. Crystal
structures of L-phenylalanine oxidase from Pseudomonas sp. P-
501 with L-phenylalanine bound (PDB code 3AY]), tryptophan 2-
monooxygenase from P. savastanoi with IAM bound (PDB code
41V9), 1-AAO from Calloselasma rhodostoma with L-phenylala-
nine bound (PDB code 2IID), and MAO B from Homo sapiens
with N-[(E)-methyl](phenyl)-N-[(E)-2-propenylidene] methana-
minium bound (PDB code 1GOS) were aligned with 1.-LOX/
MOG to identify common and divergent structural features.

Data availability

All data are included in the article and supporting information.
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