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ABSTRACT: Snake venoms are rich in enzymes such as phospholipase Ay,
proteolytic enzymes, hyaluronidases and phosphodiesterases, which are well
characterized. However, L-amino acid oxidase (LAO EC.1.4.3.2) from snake venoms
has not been extensively studied. A novel L-amino acid oxidase from Bungarus
caeruleus venom was purified to homogeneity using a combination of ion-exchange
by DEAE-cellulose chromatography and gel filtration on Sephadex® G-100 column.
The purified monomer of LAO showed a molecular mass of 55 £1 kDa estimated by
SDS-PAGE. The specific activity of purified LAO was 6,230 £ 178 U/min/mg, versus
230 % 3.0 U/min/mg for the whole desiccated venom, suggesting a 27-fold purification
with a 25% yield. Optimal pH and temperature for maximum purified enzyme activity
were 6.5 and 37°C, respectively. Platelet aggregation studies show that purified LAO
inhibited ADP-induced platelet aggregation dose-dependently at 0.01 to 0.1 yM with
50% inhibitory concentration (ICsp) of 0.04 uM, whereas at a 0.08 yM concentration it
did not induce appreciable aggregation on normal platelet-rich plasma (PRP). The
purified protein catalyzed oxidative deamination of L-amino acids while the most
specific substrate was L-leucine. The purified LAO oxidizes only L-forms, but not D-
forms of amino acids, to produce H,O,. The enzyme is important for the purification
and determination of certain amino acids and for the preparation of a-keto acids.
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INTRODUCTION

L-amino acid oxidase (LAO, EC1.4.3.2) is a flavoenzyme that catalyzes the
stereospecific oxidative deamination of an L-amino acid and act as substrate to an a-
keto acid along with the production of ammonia and hydrogen peroxide (H2O,). There
was complete decomposition of L-amino acids like leucine, isoleucine, norleucine, a-
amino butyric acid, phenylalanine, tyrosine, tryptophan norvaline, methionine,
histidine citrulline, serine, threonine, aspartic acid, glutaric acid, lysine and ornithine
by LAO.

The enzyme is widely distributed in many different organisms, including the venoms
of a variety of snake species. Snake venom components have been widely used in
medicine as diagnostic or therapeutic tools and also as models for studying
processes in cell biology. The demonstrated presence of LAOs in mouse milk
suggests a possible function of anti-bacterial role in the mammary gland (1). The
enzyme has been isolated from different venoms and its effects on platelets,
induction of apoptosis, hemorrhagic and antibacterial effects vary widely (2-9).
Venom LAOs are usually homodimeric FAD-binding glycoproteins with molecular
mass from 110 to 150 kDa (10). They share sequence similarity with human
monoamine oxidase and with bacterial and fungal LAOs only at the FAD-binding site.
In addition, these proteins share significant similarity (more than 30% identity) with
mouse interleukin 4-induced protein (1, 11). Recently, the LAO structure from
Calloselasma rhodostoma has been determined by x-ray crystallography (12). The
enzyme is structurally a dimer and each subunit consists of three domains: a FAD-
binding domain, a substrate binding domain, and a helical domain.

Reported biological activities of venom LAOs include apoptosis-inducing activity on
various human cell lines, inhibition or induction of platelet aggregation and
antibacterial effect (2, 3, 7, 13,). These activities are mainly associated with the
production of highly localized concentrations of H;O,, since catalase, a H;O;
scavenger, inhibits the biological effects of LAOs as well as those of H,O,. The
present investigation reports the purification and characterization of a novel LAO,
designated BCV-LAO, from the venom of Indian krait (Bungarus caeruleus) with

respect to its molecular mass and biochemical properties.
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MATERIALS AND METHODS

Reagents and Chemicals

Lyophilized Bungarus caeruleus venom was obtained from the Haffkine Institute,
Parel, Mumbai, India. Chemicals and column materials, including Sephadex® G-100,
were obtained from Pharmacia Biotech (Sweden). DEAE-cellulose, o-dianisidine
hydrochloride and horseradish peroxidase were from Sigma Chemicals (USA). All
other chemicals and reagents used were of analytic grade from commercial sources.
The protein concentration of the final product was determined by a protein assay kit

(Bangalore Genei Chemicals, India) with bovine serum albumin as standard.

Purification Procedures
Two-step purification of L-amino acid oxidase was carried out by the method of Wei
et al. (14).

First step: DEAE-cellulose column chromatography

The crude Bungarus caeruleus snake venom (100 mg) dissolved in 5 mL of 0.05 M
Tris-HCI buffer, pH 7.5, was loaded on a previously equilibrated DEAE-cellulose
column (1.5 x 18 cm). After washing the column with 500 mL of 0.05 M Tris-HCL
buffer, pH 7.5, the enzyme was eluted using 250 mL of 0-0.5 M NaCl linear gradient
with a 24 mL/hour flow rate of 2.0 mL fractions. The fractions showing LAO activity

were pooled, dialyzed and used in the next step.

Second step: Sephadex® G-100 column chromatography

The dialyzed fractions showing LAO activity were further subjected to gel filtration
chromatography on a previously equilibrated Sephadex® G-100 column (1.5 x 60
cm). After washing the column with 500 mL of 0.05 M Tris-HCL buffer, pH 7.5, the
protein fractions were eluted at a flow rate of 12 mL/hour in 1.2-mL fractions. The
fractions showing LAO activity were pooled, dialyzed, lyophilized, stored at —20°C

and subsequently used for characterization and confirming their homogeneity.

LAO Activity
The LAO activity was assayed by measuring the initial rate of hydrogen peroxide
production with a coupled peroxidase/dye assay (15). The dye formation was

spectrophotometrically measured at 436 nm and 30°C. The assay mixture, with pH
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7.6, contained 10 mM L-leucine, 0.2 M Tris-HCI buffer, 0.2 mg/mL o-dianisidine
hydrochloride, 100 U/mL horseradish peroxidase and LAO in limiting amounts. To
test the enzymatic specificity of the purified LAO, L-leucine was replaced with other
L-amino acids under identical assay conditions. The amount of purified LAO in the
reaction mixture was 4.0 pg. One unit (U) is defined as the amount of enzyme that
catalyzes the formation of 1 umol H;O, per minute. Protein concentration was
determined by the dye binding method of Bradford (16) using bovine serum albumin

as standard.

Stability Studies

To investigate the effects of the purified enzyme under freezing conditions in PBS
(pH 7.6), it was stored for two months at —80°C. The treated enzyme was incubated
for 30 minutes at 30°C. LAO activity was determined as described by Bergmeyer
(17).

Kuand Vmax Determinations

For the determination of Ky and Vmax, the enzyme concentration was adjusted to
catalyze 50% of 1 pymol H2O, per minute with 10 mM L-leucine as substrate under
optimum conditions (30°C and pH 7.6). The activity was expressed as the formation

of one micromole of H,O, per minute and all the assays were performed in triplicate

Native Polyacrylamide Gel Electrophoresis (PAGE) of Purified L-amino Acid
Oxidase

Homogeneity of the purified enzyme was tested by PAGE according to the method of
Davis (18).

Purity Criterion and Molecular Mass Determination by Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Molecular mass of the purified enzyme was determined by SDS-PAGE according to

Laemmli (19), using standard molecular mass markers.
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Molecular Mass Determination by Gel Filtration Chromatography

The molecular mass of the purified L-amino acid oxidase was estimated by gel
filtration chromatography according to Andrews (20) on calibrated columns of
Sephadex® G-75, using 0.05 M Tris-HCI buffer (pH 8.5).

Sephadex® G-75 was suspended in 0.05 M Tris-HCI buffer (pH 8.5) containing 100
mM NaCl and allowed to swell for 24 hours. The fine particles were removed by
decanting the supernatant whereas the swollen gel was deaerated by leaving it
overnight in a vacuum desiccator. The gel was packed into a column (1.5 x 60 cm) —
equilibrated with the same buffer — and the flow rate was kept at 12 mL/hour using a
peristaltic pump.

Void volume (V,) of the column was determined through blue dextran (2 mg/mL in
equilibration buffer containing 3% sucrose). The column was calibrated with standard
molecular mass markers. Each standard protein (2 mg/mL) in the buffer containing
3% sucrose was layered on the gel. The elution was carried out with the same buffer
at a constant flow rate (12 mL/hour). Three-milliliter fractions were collected on a
fraction collector (FRAC-100®, Pharmacia, Sweden), while the protein elution was
monitored by determining the absorbance at 280 nm using a Hitachi 150-20®
spectrophotometer (Japan).

The total eluent volume up to the fraction presenting maximum absorbance was
considered the eluent volume of the protein (Ve). Elution volumes of different
standard proteins of known molecular mass were determined under similar
conditions. The elution volume for the purified L-amino acid oxidase was also
determined.

A calibration curve was obtained by plotting values of V./V, against their respective
logarithmic molecular masses. Lysozyme, chymotrypsinogen A, carbonic anhydrase,
ovalbumin and bovine serum albumin were employed as standard proteins to obtain
the calibration curve. From this curve, the molecular mass of purified L-amino acid

oxidase was estimated

Platelet Aggregation Studies

Platelet aggregation was assessed according to Toyama et al. (21). Venous blood
was collected, with informed consent, from healthy volunteers who denied taking any
medication in the previous 14 days. Samples were collected by a two-syringe

technique using sterile syringes, and immediately transferred into polypropylene
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tubes containing 1/10" of the final volume of 3.8% trisodium citrate. Platelet-rich
plasma (PRP) was prepared by centrifugation of citrated blood at 200 x g for ten
minutes. Aggregation experiments were performed in ftriplicate at various

concentrations of LAO.

Statistical Analysis
The results were expressed as the mean + SEM. Data were evaluated by the

analysis of variance (ANOVA) test. The significance level was set at p < 0.05.

RESULTS

A two-step protocol was standardized for LAO purification. The first step involved
DEAE-cellulose ion exchange chromatography that had fractionated crude Bungarus
caeruleus venom in three peaks with significant protein concentrations. Fractions 25-
43 showed the highest LAO activity (Figure 1).

The second step involved gel filtration chromatography of lyophilized peak Il obtained
in step one, which was further resolved into three peaks with significant protein
concentrations. LAO activity was observed at peak Il (fractions 38-51) (Figure 2). The
enzyme was purified 27-fold with a yield of 25.8%, having a specific activity of 6,230
+ 114 U/min/mg of protein (Table 1).
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Figure 1. Crude Bungarus caeruleus snake venom (100 mg) dissolved in 5 mL of
Tris-HCI buffer, pH 7.5, was loaded on a previously equilibrated DEAE-cellulose
column (1.5 x 18 cm) after washing the column with 500 mL of 0.05M Tris-HCL buffer
(pH 7.5). The enzyme was eluted using 250 mL 0-0.5 M NaCl linear gradient with a
24 mL/hour flow rate in 2.0 mL-fractions. The fractions showing LAO activity were

pooled, dialyzed and used in the next step.
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Figure 2. The dialyzed fractions (25-37) showing LAO activity were further subjected
to gel filtration chromatography on a previously equilibrated Sephadex® G-100
column (1.5 x 60 cm) after washing the column with 500 mL of 0.05 M Tris-HCI buffer
(pH 7.5). The protein fractions were eluted at a flow rate of 12 mL/hour in 1.2-mL

fractions.

Table 1. Summary of L-amino acid oxidase purification from Bungarus caeruleus

venom
Total
Protein activity Specific o

LN Steps content 1U=1 activity .F.Old , ./°

number purification | yield
(mg) umole U/mg
H>05/min
1 Crude venom 100 2500 U 230 1 100
2 DEAE 15 1350 U 2100 9.1 54
chromatography

3 Sephi%%"@) G- 4.9 647 U 6230 27.1 25.8
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Purity Criterion and Molecular Mass Determination

The purified L-amino acid oxidase enzyme, when subjected to native PAGE, showed
a single band, indicating its homogeneity. The LAO molecular mass was estimated
by SDS-PAGE (Figure 3) and by gel filtration on Sephadex® G-100 using standard

protein molecular mass markers and was found to be 55.0 + 1.0 kDa.

97.4 KD

66.0 KD

43.0 KD
29.0 KD

20.1 KD
14.3 KD

A B C D

Figure 3. SDS-PAGE of the purified Bungarus caeruleus L-amino acid oxidase. Lane
A: molecular weight markers; lane B: crude Bungarus caeruleus venom; lane C:
purified enzyme after DEAE-cellulose column; lane D: purified enzyme after
Sephadex® G-100 column chromatography. Marker proteins used for calibration: (a)
phosphorylase b (97,400); (b) bovine serum albumin (66,000); (c) ovalbumin
(43,000); (d) carbonic anhydrase (29,000); (e) soyabean trypsin inhibitor (20,100); (f)
lysozyme (14,300) standard proteins from lane A (h) purified L-amino acid oxidase

from lane D.

Enzyme Stability
The purified enzyme was found to be stable at —20 or —80°C for two months and at
4°C for one month, whereas its activity was enhanced by the addition of 10 yM FAD
(data not shown). The enzyme activity remained unaffected between 30 and 40°C.
Freezing and thawing did not affect the enzyme activity as long as it was stored at a
pH from 6.0 to 7.0.
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LAO Substrate Specificity

The purified LAO presents broad substrate specificity when tested for a wide range of
amino acids. It revealed high specificity for L-Glu, L-Leu, L-Met, L-lle, L-Phe and L-
Arg; whereas it presented moderate specific activity for L-His, L-Trp, L-Asn, L-GIn, L-
Lys and L-Asp; it showed no specific activity for L-Thr, L-Ser, L-Pro, L-Val and L-Tyr
(Table 2).

Table 2. Substrate specificity of L-amino acid oxidase

L-amino acid Specific activity (U/mg)
L-Glu 25.9
L-Leu 33.6
L- Met 30.5

L-lle 225
L-Phe 215
L-His 12.7
L-Gly 0.00
L-Trp 10.3
L-Arg 18.9
L-Asn 412
L-Glu 3.45
L-GIn 2.35
L-Lys 0.95
L-Asp 0.94
L-Cys 0.33
L-Thr 0.0
L-Ser 0.0
L-Pro 0.0
L-Val 0.0
L-Tyr 0.0

Note: the reaction mixture consisted of 1.0 ug purified LAO, 20 ug peroxidase, 65 ug o-dianisidine and
2 mM of L-amino acid as substrate in 1 mL of 0.1 M Tris-HCI buffer (pH 8.5); the experiments were

conducted at 25°C.
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Temperature and pH Effects on Enzyme Activity
The optimum pH for L-amino acid oxidase activity is 4.5 while the best temperature is
37°C.

Determination of K, and Vimax
The effect of varying concentrations of L-leucine at the initial LAO velocity showed a
typical hyperbolic saturation curve. The K, value for L-amino acid oxidase, as

determined in the Lineweaver-Burk plot, was found to be 48.61 uM/mL.

Platelet Aggregation

The LAO, preincubated with normal PRP for two minutes, inhibited ADP-induced
platelet aggregation dose-dependently at 0.01 to 0.1 pM with ICsy of 0.04 yM. This
inhibition was completely lost when PRP and LAO were incubated with catalase (0.3
mg/mL) before adding ADP (Figure 4). LAO at a concentration of 0.08 uyM did not

induce appreciable aggregation in normal PRP (Figure 5).
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Figure 4. Effects of LAO on human platelet aggregation in PRP. Platelet
aggregometer values of ADP-induced (10 uM) human platelet aggregation inhibited
by LAO (0.025 to 0.1 pM).
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Figure 5. LAO concentration-dependent inhibition on ADP-induced human platelet

aggregation studies. Results are shown as mean £ (n = 3).

DISCUSSION

Snake venoms are commonly used as tools for the development of new therapeutic
approaches since these substances present a broad range of pharmacological
activities (22, 23)

In the present investigation, the Bungarus caeruleus venom L-amino acid oxidase
was purified and its molecular mass characterized. The purified LAO from B.
caeruleus Indian krait venom showed a single band of 55 + 1 kDa. This corroborates
a previous report by Tan and Swaminathan (24), in which the enzyme had a
molecular mass of 57.4 kDa, as determined by SDS-PAGE. The crude venom was
fractionated and the active component purified. The biochemical properties of the
purified enzyme were consistent with snake L-amino acid oxidases found by other
authors (25).

The molecular mass and structure of LAO, found in our experiments, were also
described in numerous L-amino acid oxidases, ranging from 50 kDa in the
monomeric form to 150 kDa as a dimer (26-28). The presence of multiple isoforms of
this enzyme in some snake venoms was also reported (29, 30). The purified enzyme
in the present study was called BCV-LAO. By the enzymatic assay, the LAO

presented 28-fold more activity than crude venom, suggesting a significant degree of
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purification. LAO catalyzes the oxidative deamination of L-amino acids to produce the
corresponding B-ketoacid, hydrogen peroxide and ammonia (31, 32).

The optimum pH and temperature for isolating LAO in B. caeruleus were,
respectively, 6.5 and 37°C, consistent with previous findings for other snake L-amino
acid oxidases (33). Before the 1990s, snake venom LAOs were mainly utilized to
identify optical isomers of amino acids and to prepare of a-keto acids (34, 35).
Usually, the oxidizing activity is determined using L-Leu as substrate. In the case of
viperid venoms, hydrophobic amino acids (including L-Leu) are the best substrates
for LAO (36, 37). The substrate specificity of B. caeruleus LAO is in accordance with
other studied snake venom LAOs. Hydrophobic amino acids (L-Phe, L-Met, L-Leu
and L-lle) are the best substrates, while L-Ser, Gly, L-Lys, LThr and L-Pro are not
oxidized.

The catalytic differences may be explained by differences in side chain binding sites
responsible for the enzyme substrate specificity. The presence of three to four
hydrophobic subsites and two amino-binding subsites have been hypothesized for
the enzymes isolated from the elapid venom of Naja naja kaouthia (28) as well as for
the C. rhodostoma LAO (32).

Several LAOs inhibit whereas others induce platelet aggregation (in the same
concentration range) by some supplementary mechanisms in addition to H>O;
release (38). One reason for such inhibition may be reduced ADP binding in platelets
exposed to H»O, (38). The inhibitory activity might also be explained by the
interference of peroxide in the interaction between activated platelet integrin
GPIlIb/llla and fibrinogen. The induction of aggregation is connected with peroxide
formation and subsequent tromboxane A, synthesis requiring Ca®', but is
independent of ADP release (1). Snake venom LAOs are interesting multifunctional
enzymes owing their effects, at least partly, to hydrogen peroxide release in the
oxidation process. Ascertainment of the exact mechanisms of pharmacological

activities require further studies.
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