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Studies on antitumor enzyme r-lysine a-oxidase from Trichoderma viride
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L-Lysine a-oxidase (LysOX) from Trichoderma viride is a homodimeric flavoenzyme that catalyzes the
oxidative deamination of r-lysine to produce a-keto-e-aminocaproate with ammonia and hydrogen per-
oxide. LysOX inhibited the growth of cancer cells but showed relatively low toxicity for normal cells. The
full-length cDNA consists of 2,119 bp, and encodes a long N-terminal propeptide composed of 77 resi-
dues (Metl-Arg77) and the mature protein (Ala78-Ile617). The LysOX gene was heterologously
expressed in Streptomyces lividans TK24 or Escherichia coli SoluBL21. The enzymatic properties of the
purified recombinant LysOX, such as substrate specificity, kinetic parameters and thermal stability, are
the same as those of the native LysOX. The LysOX precursor (prLysOX) expressed in E. coli shows weak
enzymatic activity and is activated by proteolytic processing. The crystal structure of prLysOX revealed
that the propeptide of prLysOX indirectly changes the active site structure to inhibit enzyme activity.
Moreover, the crystal structures of LysOX and its L-lysine complex revealed that the hydrogen bonding
network formed by Asp212, Asp315 and Ala440 with two water molecules is responsible for the recogni-
tion of the e-amino group of L-lysine. In addition, a narrow substrate-binding site and acidic surface at
the active site entrance both contribute to strict substrate specificity. Mutational analysis demonstrated
that Asp212 and Asp315 are essential for substrate recognition, and the D212A/D315A LysOX prefers
aromatic amino acids. Furthermore, the structural basis of the substrate specificity change has also been
revealed by the structural analysis of the D212A/D315A LysOX and its substrate complexes.
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Fig. 1  Effects of LysOX on cancer cells and normal cells®.

(A) The inhibitory effects of LysOX on proliferation of RERF-LC-AI HeLa, and HUVEC cells. The cells were treated with 0, 1
or 3 mU/ml of LysOX. The cell images (100 X magnification) after 4 days incubation are shown. (B) The proliferation of the
cells was assessed by thiazolyl blue tetrazolium bromide (MTT) assay. Cell proliferation is indicated as a percentage of prolif-
eration relative to that of the control cells. The mean + SD of quadruplicates are shown.
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Fig. 2 Properties of prLysOX and recombinant LysOX from E.
coli transformants'®.
(A) Cleavage of the propeptide region by various prote-
ases. The proteolysis products of prLysOX were exam-
ined by SDS-PAGE: M, molecular weight marker; lane 1,
prLysOX; lane 2, after treatment with trypsin; lane 3 after
treatment with chymotrypsin; lane 4, after treatment
with SGMP. (B) Effect of pH on the enzyme activities of
prLysOX (open circle) and recombinant LysOX (closed
circle). The buffers used for the enzymatic assay are as
follows: citrate buffer (pH 3.0-6.0), KPB (pH 6.0-8.0),
sodium borate buffer (pH 8.0-10.0). (C) Effect of tem-
perature on the enzyme activities of prLysOX (open cir-
cle) and recombinant LysOX (closed circle). (D)
Thermal stability of prLysOX (open circle) and recombi-
nant LysOX (closed circle). (E) Substrate specificity of
prLysOX (open circle) and recombinant LysOX (closed
circle).
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Table 1  Kinetic parameters of LysOX and LysOX mutant variants for _-lysine'”
Ku kecat keat/ Ko
(mM) (s™) (mM™-s™h)

Recombinant LysOX from S. lividans transformant 1.3%x10°* 59.1 45x10°
Recombinant LysOX from E. coli transformant 1.3%x10°% 65.5 50x10°
prLysOX 028 6.1 22

D212A LysOX 0.56 264 47

D315A LysOX 0.28 24.3 87
D212A/D315A LysOX 76 170 22

Fig. 3 Crystal structure of LysOX in complex with L-lysine (LysOX-Lys) .
(A) Homodimeric structure of LysOX-Lys. (B) A Single subunit structure of LysOX-Lys. The domain structure is depicted in
different colors : cyan, the FAD-binding domain; yellow, the substrate-binding domain; magenta, the helical domain. FAD and

the substrate L-lysine are shown in stick model.
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Fig. 4 Electrostatic potential surface of LysOX.?
Electrostatic potential surface of LysOX (A), CrLAAO (PDB : 2IID) (B) and LGOX (PDB : 2E1M) (C). The surface of the
entrance to the active site is indicated by the circles.

Arg322

Fig. 5 Comparison of the substrate-binding site structure of LysOX with that of CrLAAO™.
(A) The substrate-binding site structure of LysOX-Lys. (B) The substrate-binding site structure of CrLAAO-Phe (PDB :
2IID). Possible hydrogen bonds are indicated by red broken lines.

Trp371

Fig. 6 Structural change induced by the substrate binding'".
(A) Vertical section of the LysOX-Lys surface model. Trp371 blocks the path to the active site. (B) Vertical section of the
ligand-free LysOX surface model.
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Fig. 7 Crystal structure of prLysOX'.

(A) Ribbon representation of the prLysOX dimer. (B) Ribbon diagrams of a single subunit of prLysOX. (C) Ribbon diagrams
of a single subunit of LysOX. (D) Surface representations of a single subunit of prLysOX. (E) Surface representations of a single
subunit of LysOX. FAD and Asp289 are shown by stick in (B) and (C). The domain structure is depicted in different colors:
cyan, the FAD-binding domain; yellow, the substrate-binding domain; magenta, the helical domain; purple, the propeptide
region; red, the C-terminal region. The entrance of the funnel is shown by white arrow in (A) and black circle in (D) and (E).
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Fig. 8 Structural comparison of substrate-binding site of prLysOX (A) and LysOX (B)'?.
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Fig. 9

Comparison of substrate specificity profiles of LysOX and its variants'”.

Relative activities of LysOX, 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 40C and pH 7.4.
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Fig. 10 Structures of substrate-binding site of D212A/D315A LysOX (A) and its L-Tyr complex (B) ™.



14 fRlE B fib1 &

PLEIZ/R L7280, LysOX o Xl o 1 A AT &
Asp212, Asp3l5MiMRFENDZEFEAFEERIZ LY, itk
FOAND AL OFRMEESE &, TGOS BV CHURTER
FAZ X DB S 7B, Asp212, Asp3l5, Ala440
E2DDKRGFIZEIEE DT I 7 L ORITIEHL
SNDIKFAGEF v BT — 7 P LysOX O\ filt i =
&S e BRI H G L QU F S L o7,
72, D212A/D315A " HZ 5 LysOX 235 &R T 3/
Bt F vy —BLFRAMRIELL M EN R ER b
WLz ers, BEREEZ NSO EL
LysOX DIERAW R TH L Z LWL E R o 72,

BbHYIC

Fiko X912, EH S51d LysOX DL 1) 72 R & 37
HHEEDOREM AW S M L. 4%1F, BETL¥ENT
Fia HWCHEZ 2 B RMGERROBIREITH L &
L2, b EmNEE 2, L c1=— 2 22k
BERERE 2 FF o8 L WEEE OB 2 D ik L 72w,

X [

1) Pollegioni L, Piubelli L, Sacchi S, Pilone MS and Molla G :
Physiological functions of p-amino acid oxidases: from yeast to
humans. Cell. Mol. Life Sci., 64, 1373-1394 (2007)

2) Izidoro LFM, Sobrinho JC, Mendes MM, Costa TR, Grabner AN,
Rodrigues VM, Saulo L. da Silva, Zanchi FB, Zuliani JP,
Fernandes CFC, Calderon LA, Stabeli RG and Soares AM :
Snake venom r—amino acid oxidases: trends in pharmacology
and biochemistry. BioMed. Res. Int., doiorg/10.1155/2014/
196754 (2014)

3) Pollegioni L, Motta P and Molla G : L-Amino acid oxidase as
biocatalyst: a dream too far? Appl. Microbiol. Biotechnol,, 97,
9323-9341 (2013)

4) Kusakabe H, Kodama K, Kuninaka A, Yoshino H, Misono H
and Soda K : A new antitumor enzyme, 1-lysine a-oxidase
from Trichoderma viride. Purification and enzymological
properties. J. Biol. Chem., 255, 976-981 (1980)

5) Arima J, Tamura T, Kusakabe H, Ashiuchi M, Yagi T, Tanaka H
and Inagaki K : Recombinant expression, biochemical charac-
terization and stabilization through proteolysis
L-glutamate oxidase from Streptomyces sp. X-119-6. J.
Biochem., 134, 805-812 (2003)

6) Arima J, Sasaki C, Sakaguchi C, Mizuno H, Tamura T, Kashima A,
Kusakabe H, Sugio S and Inagaki K : Structural characteriza-
tion of p-glutamate oxidase from Streptomyces sp. X-119-6.
FEBS. ], 276, 3894-3903 (2009)

of an

FBILKZRZFEFME®RE Vol 11

7 ) Utsumi T, Arima J, Sakaguchi C, Tamura T, Sasaki C, Kusakabe H,
Sugio S and Inagaki K : Arg305 of Streptomyces 1.-glutamate
oxidase plays a crucial role for substrate recognition. Biochem.
Biophys. Res. Commun., 417, 951-955 (2012)

8) Kusakabe H, Kodama K, Kuninaka A, Yoshino H and Soda K :
Effect of p-lysine a-oxidase on growth of mouse leukemic
cells. Agric. Biol. Chem.,, 44, 387-392 (1980)

9) Amano M, Mizuguchi H, Sano T, Kondo H, Shinyashiki K,
Inagaki J, Tamura T, Kawaguchi T, Kusakabe H, Imada K and
Inagaki K : Recombinant expression, molecular characteriza-
tion and crystal structure of antitumor enzyme, -lysine
a-oxidase from T7ichoderma viride. ]J. Biochem., 157, 549-559
(2015)

10) Fung J, Seki T and Maeda H : Therapeuic strategies by
modulating oxygen stress in cancer and inflammation. Adv.
Drug. Deliv. Rev., 61, 290-302 (2009)

11) Kondo H, Kitagawa M, Matsumoto Y, Saito M, Amano M,
Sugiyama S, Tamura T, Kusakabe H, Inagaki K and Imada K :
Structural basis of strict substrate recognition of r-lysine
a-oxidase from T7ichoderma viride. Protein Sci., 84, 927-935
(2020)

12) Kitagawa M, Ito N, Matsumoto Y, Saito M, Tamura T, Kusakabe
H, Inagaki K and Katsumi Imada : Structural basis of enzyme
activity regulation by the propeptide of -lysine a-oxidase
precursor from T7ichoderma wviride. ]. Struct. Biol. X. 5.
100044 (2021)

13) fREE =, HFEE, -V vy a-F v ¥ —EBOREHE
T 5682115575 . 2021-01-08.

14) Moustafa IM, Foster S, Lyubimov AY and Vrielink A : Crystal
structure of LAAO from Calloselasma rhodostoma with an
L-phenylalanine substrate: insights into structure and mecha-
nism. J. Mol. Biol, 364, 991-1002 (2006)

15) Faust A, Niefind K, Hummel W and Schomburg D : The
structure of a bacterial —amino acid oxidase from Rhodococcus
opacus gives new evidence for the hydride mechanism for
dehydrogenation. J. Mol. Biol,, 367, 234-248 (2007)

16) Ullah A : Structure-function studies and mechanism of action
of snake venom r—amino acid oxidases. Front. Pharmacol,, 11,
110 (2020)

17) Takatsuka H, Sakurai Y, Yoshioka A, Kokubo T, Usami Y,
Suzuki M, Matsui T, Titani K, Yagi H, Matsumoto M and
Fujimura Y : Molecular characterization of 1-amino acid oxi-
dase from Agkistrodon halys blomhoffii with special reference
to platelet aggregation. Biochim. Biophys. Acta., 1544, 267-277
(2001)

18) Geueke B and Hummel W : A new bacterial L—amino acid
oxidase with a broad substrate specificity: purification and
characterization. Enzyme. Microb. Technol,, 31, 77-87 (2002)





