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Abstract

L-Lysine oxidase (LysOX) is a FAD-dependent homodimeric enzyme that cata-

lyzes the oxidative deamination of L-lysine to produce α-keto-ε-aminocaproate

with ammonia and hydrogen peroxide. LysOX shows strict substrate specificity

for L-lysine, whereas most L-amino acid oxidases (LAAOs) exhibit broad sub-

strate specificity for L-amino acids. Previous studies of LysOX showed that

overall structural similarity to the well-studied snake venom LAAOs. However,

the molecular mechanism of strict specificity for L-lysine was still unclear. We

here determined the structure of LysOX in complex with L-lysine at 1.7 Å reso-

lution. The structure revealed that the hydrogen bonding network formed by

D212, D315, and A440 with two water molecules is responsible for the recogni-

tion of the side chain amino group. In addition, a narrow hole formed by five

hydrophobic residues in the active site contributes to strict substrate specificity.

Mutation studies demonstrated that D212 and D315 are essential for L-lysine

recognition, and the D212A/D315A double mutant LysOX showed different

substrate specificity from LysOX. Moreover, the structural basis of the sub-

strate specificity change has also been revealed by the structural analysis of the

mutant variant and its substrate complexes. These results clearly explain the

molecular mechanism of the strict specificity of LysOX and suggest that LysOX

is a potential candidate for a template to design LAAOs specific to other

L-amino acids.
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1 | INTRODUCTION

L-Amino acid oxidase (LAAO) is a flavoenzyme that cata-
lyzes the oxidative deamination of an L-amino acid to
produce a 2-oxo acid with byproducts of ammonia and
hydrogen peroxide.1 LAAO is widely distributed in vari-
ous organisms, such as venomous snakes, mammals,
insects, fishes, mollusks, fungi, and bacteria.2 L-Lysine
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oxidase (LysOX) is an LAAO family protein that has strict
substrate specificity for L-lysine. LysOX is a unique LAAO
because most of the known LAAOs show broad substrate
specificity for L-amino acids whereas almost no activity
for L-lysine.1,2

The first LysOX was isolated from Trichoderma viride
during the search for an antitumor agent and showed
broad antitumor activity.3 T. viride secrets LysOX to the
outside of the cell, but its physiological function is still
unknown. LysOX was also found in marine organisms,
such as fish and aplysia. Chub mackerel (Scomber
japonicus) infected with larval nematode produces
LysOX, which induces apoptosis of the fish cell to impede
nematode infection and therefore is termed apoptosis
inducing protein (AIP).4 The skin mucosal of rockfish
Sebastes schlegeli contains LysOX as an antibacterial pro-
tein.5 Aplysia californica has LysOX, called escapin, in
the ink and uses it as a chemical defense weapon to
escape from predators.6 The enzyme properties of AIP
have been characterized, and two aspartic acid residues
are predicted to be involved in substrate binding.7 How-
ever, molecular mechanism of strict substrate specificity
of LysOX is not known.

LysOX from T. viride is a 540 amino acid protein and
forms a homo-dimer. It is synthesized as a precursor pro-
tein composed of 617 amino acids, and its N-terminal
77 residues are removed for maturation.8 LysOX is stable
against heat and pH change.3 LysOX retains more than
90% of the original activity after incubation at 60�C for
30 min in 0.1 M potassium phosphate buffer (KBP;
pH 7.4). The activity of the enzyme does not significantly
change in the pH range from 7 to 10. Thus, LysOX from
T. viride is a potential candidate for an enzyme-based
amino acid sensor.9 The crystal structure of LysOX with-
out substrate revealed that LysOX is composed of three
domains, the FAD-binding domain, the substrate-binding
domain, and the helical domain, like snake venom
LAAOs.8 Comparison of the substrate-binding site of
LysOX with those of other known LAAOs10–15 revealed
that the residues involved in recognition of the L-amino
acid backbone are structurally conserved although the
amino acid sequence identity to the snake LAAOs is only
around 20%, suggesting that oxidative deamination reac-
tion of LysOX proceeds in the same manner as other
LAAOs. In contrast, the residues involved in the sub-
strate side chain recognition of other LAAOs are not con-
served in LysOX. Moreover, LysOX has a negative charge
on the surface of the entrance to the active site, which
lies deep inside the molecule. Substrate docking simula-
tion suggests that D212 may interact with the ε-amino
group of L-lysine and contribute strict substrate specificity
of LysOX.8 However, the molecular mechanism of the
strict substrate specificity of LysOX is still obscure due to

a lack of information on the substrate-binding structure
of LysOX.

Here, we show the structure of LysOX in complex
with L-lysine at 1.7 Å resolution. The structure and fol-
lowing mutation analyses based on the complex structure
have revealed that the triangular arrangement of D212
and the two water molecules, which form hydrogen
bonds to D315 and to the carbonyl oxygen of A440,
around the ε-amino group of L-lysine is a key structure
for strict recognition of L-lysine. Interestingly, double
mutation of these residues changes the substrate specific-
ity of LysOX to L-amino acids with aromatic rings. The
structures of the double mutant protein and its substrate
complexes revealed the structural basis of the substrate
specificity change. These results suggest that LysOX can
be used as a template to design LAAOs specific to other
L-amino acids.

2 | RESULTS

2.1 | Preparation of the LysOX substrate
complex crystals

LysOX expressed in Streptomyces lividans TK24 was puri-
fied as previously described8 and used for crystallization.
We initially tried the conventional soaking method to
prepare the substrate complex crystals. However, the
crystals were immediately cracked or dissolved after
soaking in the reservoir solution containing L-lysine.
Thus, we grew the crystals in a high-concentration aga-
rose gel to protect the crystals from the soaking dam-
age.16 The crystals were grown in a condition similar to
that applied for the previous LysOX crystals8 but
exhibited a different space group of orthorhombic C2221.
After soaked in L-lysine solution for 2.5 hr, the color of
the crystals grown in the gel was changed from yellow to
colorless, suggesting that FAD is converted from the oxi-
dized form to the reduced form, as reported for the prepa-
ration of the phenylalanine complex crystals of LAAO
from Calloselasma rhodostoma venom (CrLAAO-Phe)12

and the alanine complex crystals of LAAO from
Rhodococcus opacus (RoLAAO-Ala).17 We used the color-
less crystals for X-ray diffraction data collection.

2.2 | Overall structure of recombinant
LysOX in complex with L-lysine

The structure of the L-lysine complex of recombinant
LysOX (LysOX-Lys) has been determined at 1.7 Å resolu-
tion (Figure 1, Table 1). The N-terminal three, the
C-terminal 28, and a short loop segment of Residues
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388–391 are not modeled due to poor electron density.
The crystal contains a single dimer of LysOX-Lys in an
asymmetric unit, and the dimer subunits have an almost
identical structure with the root mean square deviation
(RMSD) of 0.08 Å for Cα atoms. The dimer forms a tetra-
mer with the neighboring dimer related by crystallo-
graphic twofold symmetry, similar to the tetramer of
ligand-free LysOX.8 LysOX-Lys is composed of three
domains: the FAD-binding domain (G3-G47, G230-L312,
and F442-L512), the substrate-binding domain
(R48-A109, P222-G229, and H313-L441) and the helical
domain (K110-K221). No significant difference was
observed in the backbone structures of LysOX-Lys and
the ligand-free LysOX.8 The LysOX-Lys structure was
superimposed onto the ligand-free LysOX structure with
the RMSD of 0.14 Å for corresponding Cα atoms.

2.3 | Structural basis of L-lysine
recognition

L-Lysine is bound in a space at the bottom of the funnel
formed between the substrate-binding domain and the
helical domain and lies on the isoalloxazine ring of FAD
(Figure 1b,c). The amino acid backbone of L-lysine inter-
acts with LysOX in the same manner as other LAAOs
(Figure 2a,b). The α-carboxy group of L-lysine forms
hydrogen bonds with R68 and Y369. The α-amino group
hydrogen bonds with the carbonyl oxygen of A475 and
forms cation-pi interaction with the indole ring of W476.
These interactions are conserved in other LAAOs
(Figure 2a,b), such as CrLAAO12 and RoLAAO.17

The side chain of L-lysine adopts an extended confor-
mation in a narrow hole formed by the hydrophobic side
chains of F216, W371, F439, A475, and W476 (Figure 2c).
Compared with the structure of CrLAAO, LysOX has

more bulky residues around the substrate side chain
(Figure 2c,d). The residues corresponding to W371, F439,
and A475 of LysOX are I374, I430, and G464 in CrLAAO,
respectively. Therefore, the hole for the substrate side
chain is long and narrow in LysOX. The side chain amino
(ε-amino) group of L-lysine interacts with the side chain
carboxy group of D212 and two water molecules: one is
bound to the carbonyl oxygen of A440, and the other to
the side chain carboxy group of D315 (Figure 2a). One of
the side chain carboxy oxygen of D212 and the two water
molecules are triangularly arranged around the ε-amino
group of L-lysine. This arrangement is reasonable because
the ε-amino group is protonated in the experimental con-
dition (pH 7). These structural features provide a high
affinity to L-lysine.

The substrate binding induces conformational
changes of the side chains of W371, Y369, and D212
(Figure 3a). The side chains of D212 and Y369 turn to
make hydrophilic interactions with the ε-amino group
and the α-carboxy group of L-lysine, respectively. The
indole ring of W371 moves toward L-lysine to directly
interact with the aliphatic part of the lysine side chain.
This movement blocks the path from the funnel to the
active site and seals the active site from the outside
(Figure 3b). No other molecule is accessible to the active
site through the long funnel after binding of the substrate
in the proper position. Therefore, W371 acts as a gate to
the active site.

2.4 | Preparation of recombinant LysOX
from Escherichia coli

We previously succeeded in recombinant expression of
LysOX in S. lividans TK24.8 However, we have to culti-
vate the cells more than 20 days to obtain enough

FIGURE 1 Structure of L-lysine oxidase (LysOX) in complex with L-lysine (LysOX-Lys). (a) Ribbon representation of the dimer of

LysOX-Lys in the crystallographic asymmetric unit. One subunit is colored in rainbow from the N-terminus (blue) to the C-terminus (red),

and the other in magenta. (b) A ribbon diagram of a single subunit of LysOX-Lys. The domain structure is depicted in different color:cyan,

the FAD-binding domain; yellow, the substrate-binding domain; magenta, the helical domain. FAD and the substrate lysine are shown in

stick model colored by element: red, oxygen; blue, nitrogen; gray, carbon. The entrance of the funnel is shown by an arrow. (c) The view

from the funnel (from the right of (b)). The invisible loop segment of 388–391 are shown by yellow dotted line
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amount of LysOX for biochemical assay and crystalliza-
tion. Therefore, we tried to express LysOX in E. coli.
LysOX was successfully expressed with prosequence but
not expressed without prosequence, like in S. lividans.
LysOX expressed in S. lividans was secreted in culture
media as a mature form.8 However, LysOX was expressed
as a precursor enzyme with prosequence in E. coli and
showed low activity. Therefore, we removed the
N-terminal prosequence using a metalloprotease from
Streptomyces griseus for maturation and then purified the
mature LysOX proteins. The properties of the purified
LysOX, such as specific activity, kinetic parameters, and
substrate specificity, are almost the same as those of the

native LysOX and recombinant LysOX from S. lividans
transformant (Tables 2 and 3).

2.5 | Mutation analysis

To confirm the contribution of D212 and D315 to the
L-lysine recognition, we expressed D212A, D315A, and
D212A/D315A mutant variants of LysOX in E. coli and
determined their kinetic parameters (Table 1). The Km

values of D212A and D315A mutant enzymes for L-lysine
were increased 43-fold and 22-fold, respectively, to the
wild-type enzyme, whereas the kcat values were slightly

TABLE 1 Data collection and refinement statistics

LysOX-Lys D212A/D315A D212A/D315A-Phe D212A/D315A-Tyr

Data collection

Space group C2221 C2221 C2221 C2221

Cell dimensions

a, b, c (Å) 116.1, 170.2, 119.5 116.5, 170.3, 119.6 114.9, 169.7, 118.5 117.1, 170.5, 120.4

α, β, γ (�) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 24.0–1.7 (1.79–1.70)a 85.2–2.3 (2.37–2.3) 95.2–2.2 (2.26–2.20)a 75.3–1.8 (1.83–1.80)

Rmerge 0.097 (0.404) 0.096 (0.273 0.110 (0.334) 0.095 (0.260)

I/σI 10.2 (3.8) 8.3 (4.2) 7.0 (3.3) 9.9 (5.0)

Completeness (%) 99.7 (99.9) 99.9 (100) 99.1 (98.7) 99.8 (99.8)

Redundancy 6.0 (6.2) 3.6 (3.8) 4.4 (4.3) 5.8 (6.2)

Refinement

Resolution (Å) 24.0–1.7 (1.72–1.70) 74.9–2.3 (2.34–2.30) 69.0–2.2 (2.24–2.20) 69.6–1.8 (1.82–1.8)

No. reflections 128,462 (4,260) 52,468 (2,767) 58,264 (2,769) 110,620 (3.635)

Rwork/Rfree 17.5/20.9 (20.7/25.3) 17.9/22.5 (20.8/25.5) 18.6/23.6 (23.3/29.3) 15.9/19.0 (20.4/24.1)

No. atoms

Protein 8,134 8,020 8,087 8,068

Ligand/ion 180 158 164 166

Water 918 710 647 1,347

B-factors

Protein 14.1 20.4 22.8 17.7

Ligand/ion 14.3 21.9 20.5 18.7

Water 21.9 26.0 26.7 19.7

RMSD

Bond lengths (Å) 0.019 0.005 0.003 0.008

Bond angles (�) 1.438 0.706 0.635 1.137

Ramachandran plot (%)

Preferred regions 97.0 97.1 96.6 96.9

Allowed regions 2.9 2.9 3.3 3.1

Outliers 0.1 0 0.1 0

Abbreviations: LysOX, L-lysine oxidase; RMSD, root mean square deviation.
aValues in parentheses are for highest-resolution shell.
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decreased, indicating that these mutations reduce the
binding affinity for L-lysine. The D212A mutation showed
more effect on Km than the D315A mutation. This is
probably because that D212 directly interacts with the
ε-amino group whereas D315 indirectly. The Km value of
the double mutant variant increased 585-fold and kcat/Km

decreased more than 2,000-fold to the wild-type enzyme.
These results indicate that D212 and D315 are important
for recognition of L-lysine. However, single mutation to
D212 or D315 does not much affect substrate preference

(Figure 4). Interestingly, the D212A/D315A double muta-
tion increased relative activity for aromatic L-amino acids
(L-phenylalanine, L-tyrosine, and L-tryptophan) and
L-arginine while reduced for L-lysine (Figure 4, Tables 3
and 4). Thus, the D212A/D315A double mutation chan-
ged the substrate specificity of LysOX.

The Lys-H2O-flavin N5 motif is conserved in various
amine and amino acid oxidases and is proposed to be
important for the hydrolytic attack on the imino-interme-
diate18 (Figure 5). The lysine residue is thought to

FIGURE 2 Comparison of the substrate-binding site structure of L-lysine oxidase (LysOX) with that of CrLAAO. Stick representation of

the substrate-binding structure (stereo view). LysOX-Lys (a) and CrLAAO-Phe (b). Close up view of the substrate molecules in the

hydrophobic hole. (c) LysOX-Lys and (d) CrLAAO-Phe. The structures are represented by balls. The substrate molecules are colored in

green. The protein residues are shown in yellow for LysOX and gray for CrLAAO. The nitrogen and oxygen atoms are colored in blue and

red, respectively. The bound water molecules are shown as red balls. Possible hydrogen bonds are indicated by red broken lines

FIGURE 3 Structural change induced by the L-lysine binding. (a) Superimposition of the substrate-binding site structure of L-lysine

oxidase (LysOX)-Lys on that of ligand-free LysOX. The carbon atoms of LysOX-Lys and the ligand-free LysOX are colored in yellow and

green, respectively. The nitrogen and oxygen atoms are colored in blue and red, respectively. (b) Vertical section of the LysOX-Lys surface

model. Trp371 of LysOX-Lys blocks the path to the active site. (c) Vertical section of the ligand-free LysOX surface model. FAD and the

substrate lysine are represented by stick model. Trp371 is shown by ball model

KONDO ET AL. 2217



increases the nucleophilicity of the water molecule,
although no experimental evidence has been reported
yet.10,18 The Lys-H2O-flavin N5 motif is conserved in the
ligand free LysOX structure, but the water molecule is
lost in the LysOX-Lys structure. M67 adopts an alterna-
tive conformation in the crystal and one of the side
chains occupies the position of the water molecule. M67
is well conserved in various LAAOs, thus M67 may be
involved in the regulation of the reaction (Figure 5). We
prepared the M67A mutant variant of LysOX (LysOX
M67A) and examined its enzyme activity. The activity of
LysOX M67A was greatly reduced (Table 2) and was too
low to determine the kinetic parameters for L-lysine,
suggesting that M67 is involved in the reaction of LAAOs.
However, further experiments are needed to clarify the
role of M67 in the enzymatic reaction.

2.6 | Structure of the LysOX D212A/
D315A variant and its substrate complex

To elucidate the structural basis of the effect of the
D212A/D315A mutation on the substrate specificity of
LysOX, we determined the crystal structures of the
D212A/D315A mutant LysOX (LysOX D212A/D315A)
and its L-phenylalanine and L-tyrosine complexes. The
substrate complex crystals of the mutant LysOX were

TABLE 2 Kinetic parameters of LysOX and LysOX mutant variants for L-lysine

Specific activity (U/mg) Km (mM) kcat (s
−1) kcat/Km (s/mM)

Recombinant LysOX

From Streptomyces lividans 62.5 1.3 × 10−2 59.1 4.5 × 103

From Escherichia coli 66.1 1.3 × 10−2 62.8 4.8 × 103

LysOX D212A 18.5 0.56 26.4 47

LysOX D315A 22.2 0.28 24.3 87

LysOX D212A/D315A 6.4 7.6 17.0 2.2

LysOX M67A 0.7 ND ND ND

Abbreviations: LysOX, L-lysine oxidase; ND, not determined.

TABLE 3 Specific activity (U/mg) of LysOX and LysOX

mutant variants for various substrates

L-Arg L-Phe L-Tyr L-Trp

LysOX 4.8 1.3 0.9 0.0

LysOX D212A 9.4 8.6 8.5 2.3

LysOX D315A 7.2 8.5 1.9 0.8

LysOX D212A/D315A 14.3 20.5 13.4 10.0

Abbreviation: LysOX, L-lysine oxidase.

FIGURE 4 Comparison of substrate specificity profiles of

L-lysine oxidase (LysOX) and its variants. Relative oxidative

activities of wild-type, D212A, D315A, and D212A/D315A LysOX

are indicated in black, yellow, green, and purple bars, respectively.

The substrate that showed the highest activity was set as 100%

relative activity. Enzyme activities were measured with 1 mM

substrates at 40�C and pH 7.4

TABLE 4 Kinetic parameters of

LysOX D212A/D315A for various

substrates

Substrate Specific activity (U/mg) Km (mM) kcat (s
−1) kcat/Km (s/mM)

L-Arg 14.3 5.6 30.1 5.4

L-Phe 20.5 3.8 36.7 9.6

L-Tyr 13.4 1.9 18.5 9.7

L-Trp 10.0 1.0 15.3 15.3

Abbreviation: LysOX, L-lysine oxidase.
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prepared by the soaking method. LysOX D212A/D315A
crystals belong to the same space group as the LysOX-Lys
crystal with similar cell dimensions and molecular pack-
ing (Table 1). The LysOX D212A/D315A structure is
almost the same as that of wild-type LysOX with the
RMSD value for corresponding Cα atoms of 0.18 Å. The
mutation does not affect the conformation of the residues
in the substrate-binding pocket except for W371, which
interacts with the hydrophobic side chain arm of L-lysine
in LysOX. The side chain of W371 adopts an alternative
conformation in the substrate-binding site of LysOX
D212A/D315A (Figure 6a,b). One conformation resem-
bles W371 in ligand-free LysOX, and therefore the gate to
the active site is open (Figure 6a). The other conforma-
tion shows a T-stacking interaction with F439, and the
gate is fully closed (Figure 6b). Thus, the gate to the
active site sometimes closes in the ligand-free state of
LysOX D212A/D315A.

The substrate complex structures of LysOX D212A/
D315A revealed that the aromatic side chain rings of
L-phenylalanine and L-tyrosine are accommodated in the
hydrophobic hole formed by F216 W371 F439, A475, and
W476, like the hydrophobic arm of the L-lysine side chain
in the LysOX-Lys structure. However, the ring conforma-
tions of both substrates are totally different (Figure 6c,d).
The aromatic ring of L-phenylalanine directly contacts
with Cβ of A212 whereas it has no direct contact with
F439. The aromatic ring plane is nearly parallel to the
W476 ring and perpendicular to the W371 ring
(Figure 6c). In contrast, the aromatic ring plane of
L-tyrosine turns 90� from that of L-phenylalanine. Thus,
the ring plane is nearly perpendicular to the W476 ring
and parallel to the W371 ring. The ring does not contact
with Cβ of A212 but closely contacts with F439
(Figure 6d). L-Tyrosine is unable to adopt the same con-
formation as L-phenylalanine due to steric hindrance
between the hydroxy group of L-tyrosine and the methyl

group of A212. Thus, L-tyrosine and L-phenylalanine
show different conformation in the active site.

L-Tyrosine is more closely packed in the hydrophobic
hole than L-phenylalanine. This is consistent that Km for
L-tyrosine is twice of that for L-phenylalanine (Table 4).
However, the backbone atoms of L-phenylalanine are
almost in the same positions as those of L-lysine bound in
LysOX whereas those of L-tyrosine are in slightly differ-
ent positions. The LysOX-Lys structure showed that the
distance between the carbonyl oxygen (O) of A475 and
the backbone nitrogen (N) of the substrate is 2.69 Å, the
angle defined by O, N, and Cα of the substrate is 118.1�,
and the torsion angle defined by O, N, Cα and the car-
boxyl carbon atom of the substrate backbone is −174.9�.
The corresponding distance and angles of the L-
phenylalanine complex are 2.66 Å, 121.7�, and −173.1�,
and those of the L-tyrosine complex are 2.73 Å, 113.3�,
and −151.9�, indicating that the amino acid backbone of
L-phenylalanine adopts a very similar orientation to
L-lysine in the active site whereas that of L-tyrosine is
slightly distorted. Therefore, L-phenylalanine has a more
favorable orientation for enzymatic reaction than L-tyro-
sine. This is consistent that kcat for L-phenylalanine is
twice of that for L-tyrosine (Table 4).

3 | DISCUSSION

Unlike other LAAOs, LysOX displays strict substrate
specificity for L-lysine.3 The Km and kcat/Km values of
LysOX for L-lysine are 0.013 mM and 4,700 s/mM, respec-
tively, whereas those of Cr-LAAO are 10 mM and
0.165 s/mM, respectively.19 Our substrate complex struc-
ture has revealed how LysOX exerts high specificity for
L-lysine. A narrow hydrophobic hole formed by F216
W371 F439, A475, and W476 and the acidic surface pro-
duced by D212 and D315 are responsible for the strict

FIGURE 5 Structural comparison around the Lys-H2O-flavin N5 motif in LAAO. (a) The structure of L-lysine oxidase (LysOX)-Lys. The

nucleophilic water molecule is lost in LysOX-Lys. Instead, one of the side chains of M67 alternative conformation occupies the

corresponding position. (b) The structure of ligand-free LysOX. LysOX conserves the Lys-H2O-flavin N5 motif in the ligand-free form.

(c) The structure of Cr-LAAO in complex with L-phenylalanine shows conserved Lys-H2O-flavin N5 motif. Possible hydrogen bonds are

indicated by red broken lines
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side chain recognition (Figure 2). The narrow hydropho-
bic hole prefers binding of L-amino acids with long linear
aliphatic side chains, such as L-lysine, L-arginine, L-orni-
thine, and L-methionine. The acidic surface above the

hydrophobic hole accepts basic amino acid side chains
but refuses others. Therefore, L-lysine, L-arginine, and
L-ornithine can be substrates for LysOX, but hydrophobic
L-methionine cannot (Figure 4). The triangular

FIGURE 6 Structures of the substrate-binding site of L-lysine oxidase (LysOX) D212A/D315A variant and its substrate complexes. (a,b)

W371 adopts two conformations; the gate-open form (a) and the gate-closed form (b). (c) Substrate-binding site of LysOX D212A/D315A in

complex with L-phenylalanine. (d) Substrate-binding site of LysOX D212A/D315A in complex with L-tyrosine. Stereo views of the substrate-

binding sites are shown in stick representation in left and middle panels. The hydrophobic holes are shown in ball representation in right

panel. The substrate molecules are colored in green. The nitrogen and oxygen atoms are colored in blue and red, respectively. Possible

hydrogen bonds are indicated by red broken lines
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arrangement of oxygen atoms of D212 and the two water
molecules best fits the protonated ε-amino group of
L-lysine, whereas the guanidino group of L-arginine may
not form tight interactions with these atoms. The side
chain amino group of L-ornithine is a little too far to
make tight interaction with D212 because its side chain
arm is shorter than L-lysine. Thus, the structure of the
substrate-binding site of LysOX is optimized for L-lysine
binding. LysOX does not react with amino acids with
small side chains. This is probably because they are not
firmly fixed in the ligand-binding site with the proper ori-
entation for the reaction.

Recently, the ligand complex structure of LAAO/
monooxygenase (MOG) from Pseudomonas sp. AIU
813 has been determined.20 L-AAO/MOG shows strict sub-
strate specificity for L-lysine, similar to LysOX but rather
high relative activities for other positively charged L-amino
acids, such as L-arginine and L-ornithine, compared with
LysOX. L-AAO/MOG has an aspartic acid (D238) that
directly interacts with ε-amino group of L-lysine in the
substrate-binding pocket. D238 lies above the ε-amino
group of L-lysine, whereas D212 of LysOX locates on the
side and surrounds the ε-amino group with two water mol-
ecules. Although some water molecules are present near
the ε-amino group in the L-AAO/MOG structure, they are
not triangularly arranged. Therefore, LysOX shows strict
specificity for L-lysine more than L-AAO/MOG.

The D212A/D315A double mutation increased activ-
ity for amino acids with aromatic rings. The structures of
the variant revealed that the mutation does not largely
change the conformation of the residues in the substrate-
binding pocket. A212 directly interacts with the aromatic
ring of L-phenylalanine but has no interaction with
L-tyrosine. Both substrates have no interaction with

A315. These facts suggest that direct hydrophobic interac-
tion is not the primary factor for the increased activity for
aromatic amino acids. The hydrophobic hole of LysOX
can accommodate the aromatic side chain by changing
the W371 conformation caused by rotation of the Chi2
angle (Figure 7), although it may not be well adjusted to
the aromatic amino acids. However, the negatively
charged surface around the substrate-binding site pro-
duced by D212 and D315 may not allow the binding of
aromatic amino acids in the wild-type LysOX. The double
mutation eliminated the negative charge and enabled the
binding of the aromatic amino acids.

The LAAOs of snake venom show broad substrate
specificity for L-amino acids with aromatic or hydropho-
bic side chains.21 The snake LAAOs, such as CrLAAO,
LAAO from Agkistrodon halys pallas venom, LAAO from
Bothrops jararacussu venom, and LAAO from Vipera
ammodytes ammodytes venomic, also have a hydrophobic
hole in the ligand-binding site but its size is wider than
that of LysOX because some residues that form the hydro-
phobic hole are replaced by small residues.11–14 Although
the residues corresponding to F216 and W476 of LysOX
are conserved in these LAAOs, W371 and F439 are rep-
laced by isoleucine, and A475 is replaced by glycine. As a
result, the relatively wide hydrophobic hole of the snake
LAAOs prefers amino acids with bulky side chains.11–14

The color of the L-lysine complex crystals was color-
less, indicating that the FAD is reduced form and retains
the reduced state with the substrate. A similar phenome-
non was observed in the CrLAAO-Phe and RoLAAO-Ala
crystals.12,17 The concentration of L-lysine was 50 mM,
which is much higher than the concentration of oxygen
dissolved in the solution (0.3 mM). This condition is very
similar to that of the CrLAAO-Phe crystal. Therefore, as

FIGURE 7 Conformational change of W371. (a) Superimposition of the substrate-binding site of L-lysine oxidase (LysOX), LysOX

D212A/D315A and their substrate complexes. The nitrogen and oxygen atoms are colored in blue and red, respectively. The carbon atoms

are color coded: ligand-free LysOX, green; LysOX-Lys, yellow; ligand-free LysOX D212A/D315A, cyan; the L-phenylalanine complex of

LysOX D212A/D315A, orange; and the L-tyrosine complex of LysOX D212A/D315A, magenta. (b) View from the bottom of (a). (c) The Chi1–
Chi2 plot of W371. The favorable angle regions for tryptophan are shaded in blue. The Chi1 and Chi2 angles of W371 are plotted with circles

with the same color code as (a)
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discussed by Moustafa et al., the substrate may be bound
to LysOX before reoxidation of FAD because of high sub-
strate concentration. Structural comparison of the
CrLAAO with its substrate complex revealed that the
reduced form of the isoalloxazine ring of FAD is more
bent than the oxidized form.12 Although the bending
angle was much smaller than that of CrLAAO, LysOX
also showed more bending in the ligand-binding form
than that in the ligand free form, supporting that FAD is
in the reduced form in the LysOX-Lys crystal. The N, Cβ,
and C atoms of the bound ligand in the CrLAAO-Phe
structure are not in the same plane with the Cα atom but
arrange in a near-tetrahedral geometry around the Cα
atom, indicating that the ligand is not in imino form but
in amino form in the ligand complex structure.12 The
corresponding atoms of the ligand in the LysOX-Lys crys-
tal adopt tetrahedral geometry. Thus, the ligand is in
amino form in the LysOX-Lys crystal.

4 | MATERIALS AND METHODS

4.1 | Expression and purification of
recombinant LysOX

Recombinant LysOX is expressed in S. lividans TK24 and
purified as the mature form as previously described.8

4.2 | Preparation of LysOX crystals

The crystals were grown in a high-concentration agarose
gel according to the method previously described.15 Aga-
rose powder (SeaPlaque agarose, Lonza, Switzerland) was
added to the water with a final concentration of 4%
(wt/vol), stirred at room temperature and completely dis-
solved at 373 K. The agarose solution was then cooled
down to gelate and stored at 277 K until use it. The 4%
(wt/vol) agarose gel was melted at 316 K and mixed with
LysOX solution (7.1 mg/ml, 20 mM HEPES pH 7.1) in the
ratio of 1:1, and the mixture was immediately sucked into
a glass capillary. The capillary was placed in a vessel with
a reservoir solution containing 2 M ammonium sulfate,
4% (vol/vol) PEG400, and 0.1 M HEPES at pH 7.0, and
the vessel was sealed and stored at 293 K for 2 months.

4.3 | Preparation, data collection, and
structure determination of the LysOX-Lys
crystal

The gel containing LysOX crystals was pulled out from
the capillary and cut. The crystals in the gel were soaked

in a solution prepared by mixing the reservoir solution
containing 50 mM L-lysine with 10% glycerol for 2.5 hr.
The crystals were then transferred into liquid nitrogen
for freezing. The diffraction data were collected at
Spring-8 beamline BL41XU with the approval of the
Japan Synchrotron Radiation Research Institute
(Proposal Nos. 2014A1388 and 2017A2585) under 90 K
nitrogen gas flow. The data were processed and scaled
using MOSFLM22 and SCALA23 from the CCP4 program
suite, respectively. The structure was determined by
molecular replacement using the structure of LysOX
(PDB ID: 3X0V) as a search model with Phaser.24 The
molecular model was built with Coot25 and refined to
1.7 Å resolution with PHENIX.26 The statistics of the data
collection and the structure refinement are summarized
in Table 1.

4.4 | Enzyme assay

The enzyme activity of LysOX was measured by
detecting hydrogen peroxide using the color develop-
ment method with 4-aminoantipyrine, phenol, and
horseradish peroxidase.27 One unit of enzyme activity
was defined as the amount of enzyme catalyzing the
formation of 1 μmol of hydrogen peroxide per
minute. The assay mixture contained 100 mM KPB at
pH 7.4, 10 mM L-lysine, 300 U�ml−1 horseradish
peroxidase, 15 mM 4-aminoantipyrine, 50 mM phenol
and an appropriate amount of enzyme in a total
volume of 1.0 ml. The reaction was monitored by
measuring absorbance at 505 nm using a spectropho-
tometer (Shimadzu UV-1240, Shimadzu Corp., Japan)
at 40�C for 3 min. Protein concentration was deter-
mined with Bio-Rad Protein Assay (Bio-Rad) using
BSA as a standard. The apparent kinetic parameters,
kcat and Km, were calculated from reaction rates
determined at various concentrations of substrate
L-amino acids.

4.5 | Construction of the plasmid for
expression in E. coli

The codon usage of the lysox gene encoding LysOX of
T. viride was optimized for expression in E. coli
(Figure S1). The codon-optimized gene, lysox3, was syn-
thesized by GeneScript Inc. (Tokyo). lysox3 was cloned
into the Nde I/EcoR I-digested pCold IV, yielding an
expression plasmid, pCold IV-lysox3. The lysox3 gene was
under the control of the promoter of the cold shock gene
(cspA) and the lac operator inserted downstream of the
cspA promoter.
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4.6 | Site-directed mutagenesis

Site-directed mutagenesis was conducted by inverse PCR
using a pair of oligonucleotide primers containing a point
mutation and pCold IV-lysox3. The PCR program was as
follows: 25 cycles of 10 s at 98�C, 30 s at 61�C, and
3.5 min at 68�C. The PCR products were treated with
DpnIat 37�C for 1.5 hr to digest the template. Then the
PCR products were transfected into competent cells of E.
coli Top10. The transformants were cultivated at 37�C
with shaking at 230 rpm in Luria–Bertani medium con-
taining 50 μg/ml ampicillin, and the plasmids were
extracted from the cells. After confirmation of the
sequence, the extracted plasmids were transfected into
E. coli SoluBL21 as a host strain for heterologous expres-
sion in E. coli.

4.7 | Expression and purification of
recombinant LysOX and its variants in
E. coli

E. coli SoluBL21 cells harboring expression plasmid
encoding wild-type or each mutant LysOX protein were
cultured in 20 ml of 2× yeast extract-tryptone
(YT) medium supplemented with 50 μg/ml ampicillin at
37�C with shaking at 230 rpm for 16 hr. Then, 10 ml cul-
ture was inoculated into 1.2 L of 2 × YT medium sup-
plemented with 50 μg/ml ampicillin. Cells were
cultivated at 37�C with shaking at 230 rpm until the cul-
ture density reached OD600 of around 0.4. The expression
of LysOX was induced by incubation at 15�C for 30 min
followed by the addition of 1 mM IPTG. The culture was
continued for 24 hr at 15�C with shaking at 180 rpm.
Cells were harvested by centrifugation (10,000g for
20 min at 4�C), suspended in 20 mM KPB at pH 7.4, and
disrupted by sonication on ice. After removal of the cell
debris by centrifugation (10,000g for 20 min at 4�C),
metalloprotease from Streptomyces griseus (Sigma-
Aldrich, USA) (50 mg/ml) was added to the supernatant
in 1/50 amount of the protein to cleave the prosequence.
The reactant was stored at 37�C for 16 hr and then
heated at 60�C for 15 min to inactivate the protease,
because the enzyme was stable at 60�C for, at least,
15 min. After centrifugation at 10,000g for 20 min at 4�C,
ammonium sulfate was added at 65% saturation to the
supernatant, and the solution was stored at 4�C for
30 min. After centrifugation at 10,000g for 20 min at 4�C,
the precipitate was dissolved in 20 mM KPB (pH 7.4) and
dialyzed against 20 mM KPB (pH 7.4) containing ammo-
nium sulfate at 20% saturation. The protein solution was
loaded on a Butyl-Toyopearl 650M column (Tosoh Biosci-
ence, Japan) equilibrated with 20 mM KPB (pH 7.4)

containing 20% saturated ammonium sulfate. The bound
protein was eluted with 20 mM KPB at pH 7.4 containing
10% saturated ammonium sulfate. The enzymatically
active fractions were concentrated using Amicon Ultra
centrifugal filters (30 kDa cut-off) (Merck Millipore), and
dialyzed against 20 mM KPB (pH 7.4). The dialyzed solu-
tion was applied to a DEAE-Toyopearl 650M column
(Tosoh Bioscience, Japan) equilibrated with 20 mM KPB
(pH 7.4). The bound protein was eluted with 20 mM KPB
(pH 7.4) containing 200 mM NaCl. The enzymatically
active fractions were concentrated using Amicon Ultra
centrifugal filters. The purity of the protein was examined
by sodium dodecyl sulfate polyacrylamide gel
electrophoresis.

4.8 | Crystallization, data collection, and
structure determination of LysOX (D212A/
D315A) and its substrate complexes

Crystallization was carried out using the sitting-drop
vapor-diffusion method. Crystallization drops were pre-
pared by mixing the protein solution (3.1 or 7.5 mg/ml)
with an equal volume of reservoir solution. Crystals were
grown at 20�C from drops prepared by mixing 1 μl pro-
tein solution (3.1 or 7.5 mg/ml) containing 20 mM potas-
sium phosphate at pH 7.4 with the equivalent volume of
reservoir solution containing 2–2.1 M ammonium sulfate,
1% (vol/vol) PEG400 and 0.1 M Tris–HCl (pH 7.5) or
HEPES (pH 7.4). The crystals belong to the space group
C2221 with unit cell dimensions of a = 116.5, b = 170.3,
and c = 119.6 Å.

The substrate complex crystals were prepared by the
soaking method. The double mutant variant crystals were
transferred into a reservoir solution containing 10%
(vol/vol) glycerol and 15 mM L-phenylalanine or 2.4 mM
L-tyrosine and were stored at 20�C until the yellow color
disappeared (typically 5 min).

X-ray diffraction data were collected at Spring-8
(Harima, Japan) beamline BL41XU (Proposal
No. 2017A2585). Crystals were frozen in liquid nitrogen
and mounted in nitrogen gas flow at 100 K. The diffrac-
tion data were processed with MOSFLM22 and were
scaled with AIMLESS.28 The statistics of the diffraction
data are summarized in Table 1. The structures were
determined by the molecular replacement method using
the structure of wild-type LysOX (PDB ID: 3X0V) as a
search model with Phaser.24 The atomic models were
built with Coot25 and refined to 2.3, 2.2, and 1.8 Å resolu-
tion for LysOX (D212A/D315A), its L-phenylalanine com-
plex and L-tyrosine complex, respectively, with
PHENIX.26 The refinement statistics are summarized in
Table 1.
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