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Abstract

Phenoloxidase (PO) from the humoral fluid of amphioxus B. belcheri tsingtauense was purified using a sequential
combination of ammonium sulphate precipitation, Sephadex G-200 chromatography and DEAE Sepharose™ Fast
Flow chromatography. In PAGE, the purified enzyme exhibited a single band of 150 kDa under non-reducing
conditions, and was resolved to three bands with molecular masses of 72, 46 and 44 kDa, respectively, under reducing
conditions, suggesting that the PO in amphioxus humoral fluid seems to be a heterotrimer of three polypeptides held
together by disulphide bonds. The substrate specificity and inhibition characteristics both indicate that the PO isolated
from amphioxus humoral fluid is a tyrosinase-type enzyme. In addition, mouse antisera against the purified PO were
prepared, and their specificity was confirmed by Western blotting, facilitating the future determination of the origin of
PO in the humoral fluid and the distribution of PO-synthesising tissues in amphioxus.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Phenoloxidase (PO), is a bifunctional copper-dependent enzyme possessing both tyrosinase activity
(monophenol, rL-dopa:oxygen oxidoreductase; EC 1.14.18.1) and laccase activity (p-diphenol:oxygen
oxidoreductase; EC 1.10.3.2) [1,2]. PO catalyses the oxidation of dopa rapidly to dopaquinone, which in
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turn polymerises non-enzymatically into insoluble melanin [3]. PO has been found in a variety of animals
including both vertebrates and invertebrates [4,5]. It is not only present intracellularly in blood cells of
vertebrates and invertebrates, but also present extracellularly in cell-free plasma and in cuticle of some
insects [6—10]. In haemocytes and plasma, PO usually exists as an inactive precursor, prophenoloxidase
(proPO) [6,10]. ProPO can readily be activated to PO by both an endogenous activating system and
exogenous activators such as trypsin, lipopolysaccharide and zymosan (B-1,3-glucan) [1,11—14]. It has been
shown that the proPO system, comprising proPO together with its activating enzyme, plays a role in
defence reactions, including melanisation [15], sclerotisation [16], encapsulation [17—19] and wound healing
[20], in both arthropods and molluscs [21,22]. In addition, the proPO system is also involved in several
physiological processes such as neurotransmitter synthesis, eye pigmentation and production of inks
[23-26].

Given such important functions, numerous investigations have been carried out on the characterisation
of the enzyme PO. However, quite a few problems such as its instability, “‘stickiness” and loss of activity
during purification have prevented the detailed characterisation of PO, and it has thus far been purified
only from arthropods [11,13,14,27—31], molluscs [21] and ascidians [23]. Consequently, knowledge of the
biochemical properties of this enzyme is very limited.

Amphioxus or lancelet, an intermediary species from invertebrates and vertebrates, has long been
regarded as a basal lineage of chordates. Our previous study has shown that PO activity is present in the
epidermal cells of gill and intestine and in the humoral fluid and epidermal mucus of amphioxus
Branchiostoma belcheri tsingtauense, and PO in the mucus exhibits an antibacterial activity [32—35].
However, purification and characterisation of PO in this evolutionarily important animal remains open.
The purpose of this study was thus to purify PO from the humoral fluid of amphioxus B. belcheri
tsingtauense, and to examine its biochemical properties.

2. Materials and methods
2.1. Animals and chemicals

Amphioxus B. belcheri tsingtauense with an average body length of about 4 cm, were collected from the
“amphioxus ground” near Shazikou in the vicinity of Qingdao, and reared in the laboratory on a diet of
single-cell algae fed daily. The seawater was aerated continuously and changed once a day.

L-3,4-Dihydroxyphenyl-alanine(L-dopa), 4-methylcatechol, 3-methyl-2-benzothiazolinon hydrazonehy-
drochloride (MBTH), dopamine, hydroquinone, methylhydroquinone, phenylthiourea (PTU), sodium
cacodylate (CAC), sodium azide and sodium dodecyl sulphate (SDS) were all purchased from Sigma (St
Louis, MO). Sephadex G-200 was procured from Pharmacia Fine Chemicals (Nutley, NJ), and DEAE
Sepharose™ Fast Flow was from Amersham Biosciences (Uppsala, Sweden). All other chemicals were
analytical reagents.

2.2. Preparation of humoral fluid

The humoral fluid was prepared by the method of Wang et al. [36]. Briefly, about 1000 amphioxus were
rinsed with distilled water, wiped out thoroughly with sterilised gauze, and then cut into about 2 mm® pieces
on ice to bleed. After centrifugation at 12,000 X g for 30 min at 4 °C, the supernatant was collected and
stored at —70 °C until used.
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2.3. Enzyme purification

All operations were performed at 0—5 °C unless stated otherwise. PO from the humoral fluid was
initially enriched by trial and sequential fractionation using (NH4),SO4 at 0—80% saturation levels
following Scopes [37]. Since the trial fractionation yielded PO activity from the humoral fluid within
0—60% (NH4),SO4 saturation, the sequential fractionation of PO was, therefore, performed subsequently
within the saturation limit. The pellet obtained with 30—40% (NH4),SO,4 saturation in the sequential
fractionation was found to contain the highest amount of PO and hence this (NH4),SO, fraction was
routinely used as the starting material for isolation of PO by gel permeation column chromatography. The
pellet was dissolved in a minimum amount of 50 mM sodium phosphate buffer (SPB), pH 7.2, and applied
to a Sephadex G-200 column (1.8 X75 cm) equilibrated with the same buffer. The elution was performed
with 50 mM SPB (pH 7.2) at a flow rate of 15 ml/h. Eluted fractions (3 ml each) were collected and their PO
activity was measured by spectrophotometric assay (see below). Fractions containing PO activity were
pooled. They were concentrated with sucrose, dialysed against 50 mM Tris—HCI (pH 7.2) and
chromatographed on a DEAE Sepharose™ Fast Flow column (1.6X20 cm) equilibrated with 50 mM
Tris—HCI (pH 7.2). Bound proteins were eluted with 50 mM Tris—HCI (pH 7.2) containing 0, 0.1, 0.2, 0.3,
0.4 and 0.5 M NaCl (50 ml each), respectively, at a constant flow rate of 240 ml/h. Collected fractions were
assayed for PO activity, and those with PO activity were pooled, concentrated with sucrose and used
directly for biochemical property assay.

2.4. PO activity assay

PO activity in the humoral fluid and eluted fractions were assayed by the method of Horowitz and Shen
[38] with slight modifications. An aliquot of 100 ul of the humoral fluid and eluted fractions was mixed with
360 ul of 10 mM sodium cacodylate (CAC) buffer (pH 7.0), 25 ul of 200 mM CaCl, and 15 pl of 1% SDS.
They were pre-incubated at 30 °C for 2 min before addition of 950 pl of distilled water and 50 pl of 20 mM
L-dopa [39]. The absorbance at 490 nm was measured every 1 min. The control was processed similarly
except that the humoral fluid or eluted fractions were substituted with distilled water. The enzyme activity
was expressed as units, where one unit is defined as 0.001 OD per milligram protein.

2.5. Electrophoresis and enzyme staining

Polyacrylamide gel electrophoresis (PAGE) was performed as described by Davis [40], and SDS-PAGE
according to Laemmli [41]. For native PAGE, the gel was run at 100 V for 2.5 h, and the molecular mass
markers used were thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase
(140 kDa) and bovine serum albumin (66 kDa) (Pharmacia). The reducing SDS-PAGE was run at 120 V for
2 h, and the molecular mass markers were myosin (200 kDa), calmodulin binding protein (130 kDa), rabbit
phosphorylase B (97.4 kDa), bovine serum albumin (66.2 kDa) and rabbit actin (43 kDa). PO activity was
detected on polyacrylamide gels by the method of Nellaiappan and Vinayagem [42] slightly modified. The
native gels were washed with 50 mM SPB (pH 6.5) and pre-incubated in 50 mM SPB (pH 6.5) with 0.1%
SDS for 15 min. The gels were then washed with distilled water twice and incubated in 50 mM SPB (pH 6.5)
containing 10 mM 4-methylcatechol and 0.3% MBTH dissolved in 25% ethanol, which was prepared
freshly. For SDS-PAGE, the gels were washed twice in ice-cold distilled water, and incubated in 50 mM
SPB (pH 6.5) containing 10 mM 4-methylcatechol and 0.3% MBTH dissolved in 25% ethanol. Both native
PAGE and reducing SDS-PAGE gels were also stained with 0.1% Coomassie brilliant blue R-250 to reveal
the total proteins in the humoral fluid and isolated enzyme.
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2.6. Inhibition assay of PO activity

The isolated enzyme was assayed for PO activity in the presence of PO inhibitors PTU and sodium azide
[22,43]. A total of 100 ul of the isolated enzyme was added to 1230 ul of 1 mM PTU or 1 mM sodium azide
in 10 mM CAC, and pre-incubated at 30 °C for 20 min. It was then mixed with 75 ul of 200 mM CaCl, and
45 ul of 1% SDS. The mixtures were incubated at 30 °C for 2 min. After addition of 50 ul of 20 mM
L-dopa, the absorbance at 490 nm was measured. The control was processed similarly except that PTU and
sodium azide were withdrawn from the reaction mixture.

2.7. Substrate specificity assay of PO

The substrate specificity assay was carried out according to the method of Andersen [44]. A reaction
mixture containing 100 pl of the isolated enzyme, 360 pl of 50 mM SPB (pH 7.0), 25 pl of 200 mM CaCl,
and 15 pl of 1% SDS was incubated at 30 °C for 2 min, and then 1 ml of 50 mM SPB (pH 7.0) with 1.5 mM
of different substrates was added. The absorbance at 490 nm was monitored every 1 min against the control
consisting of SPB, substrate and SDS in the presence of Ca’>". Substrates used were 4-methylcatechol,
dopamine, L-dopa, hydroquinone and methylhydroquinone.

2.8. Polyclonal antibody production

Specific polyclonal antisera against the isolated PO were raised in mice. In brief, approximately 80 pg of
the purified PO was emulsified with Freund’s complete adjuvant and injected subcutaneously at multiple
sites of the mice. Two booster injections of the same amount of antigen mixed with Freund’s incomplete
adjuvant were administered subcutaneously at intervals of 2 weeks. Eight days after the final booster, blood
was collected and serum prepared. The antisera were aliquoted and stored at —70 °C. Antibody titre in the
sera was determined by dot blot assay [45].

2.9. Western blotting analysis

The humoral fluid and isolated enzyme were run on native PAGE gel and reducing SDS-PAGE gel. The
gels were washed for 15 min in the transfer buffer of 100 mM SPB containing 0.1% Tween-20, and proteins
on the gels were blotted on nitrocellulose membrane (Hybond, Amersham Pharmacia). Blotted membranes
were incubated at 30 °C for 1.5 h in 100 mM SPB containing 3% defatted milk powder, and then for 2 h in
mouse anti-PO sera, diluted 1:100 with 100 mM SPB containing 3% BSA and 0.1% Tween-20. After
washing in 100 mM SPB, membranes were incubated at 30 °C for 2 h in peroxidase-conjugated anti-mouse
antibody, diluted 1:300. Bands were visualised using DAB and 0.03% H,O,.

2.10. Protein determination

The protein concentrations were determined by the method of Bradford [46] with bovine serum albumin
as standard.

2.11. Statistical analysis

All experiments were repeated at least three times. The values are the means (+SD) of three assays
performed. Significance was determined with Student’s ¢ test and differences between results were
considered significant at p<0.05.
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Table 1
Summary of the isolation of PO from the humoral fluid of amphioxus B. belcheri tsingtauense
Step Total volume Total protein Total activity Specific activity Purification

(ml) (mg) (U min™") (U min~' mg~! protein) (-fold)

Humoral fluid 20 276 1982 7.18 1
(NH4),SO,4 2.4 12.84 750 58 8.1
Sephadex G-200 3 1.31 120 92 12.8
DEAE- FF 3 0.189 80 423 60
3. Results

PO was purified from the humoral fluid of amphioxus B. belcheri tsingtauense using a sequential
combination of ammonium sulphate precipitation, Sephadex G-200 chromatography and DEAE
Sepharose™ Fast Flow chromatography. The purification scheme and results are summarised in Table 1.

Fig. 1A is the typical elution profile of PO isolated from 2 ml of amphioxus humoral fluid after passing
(NH,4)>SO,4 fraction through Sephadex G-200. PO was detectable in fraction numbers 27—35, which
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Fig. 1. Purification of PO. (A) Sephadex G-200 chromatography of the proteins obtained with 30—40% (NH4),SO, saturation.
Column (1.8 X75 cm) equilibrated with 50 mM SPB (pH 7.2) buffer; flow rate 15 ml/h. (B) DEAE Sepharose™ Fast Flow ion exchange
chromatography of PO-containing fractions eluted from Sephadex G-200 column. Column (1.6X20 cm) equilibrated with 50 mM

Tris—HCI (pH 7.2); flow rate 240 ml/h.
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coincided with the second prominent peak of proteins from the column. Among these fractions, fraction
numbers 29—33, that were found to contain the highest amount of PO, were pooled and concentrated. The
concentrated sample was subjected to separation by DEAE Sepharose™ Fast Flow ion-exchange
chromatography, and resulted in the elution profile shown in Fig. 1B. From this profile, it is clear that most
of the high molecular weight non-PO proteins were eluted early from the column, and were well separated
from the PO elution peak. The PO activity in these isolated fractions was highly enriched, amounting to
a 60-fold purification from the humoral fluid and a specific activity of 423 U min~' mg~' protein (Table 1).

Native PAGE of the purified protein revealed a single band with an estimated molecular mass of
approximately 150 kDa with the specific enzyme activity (Fig. 2A). When subjected to reducing SDS-
PAGE followed by Coomassie brilliant blue staining, it was resolved to three bands with molecular masses
of 44, 46 and 72 kDa, respectively (Fig. 2B). All three bands were also stained positively for PO activity
(Fig. 2B).

Mouse antisera against the purified PO with a titre of 1:1600 were obtained. They were capable of
recognising one band of approximately 150 kDa on native PAGE gels corresponding to the PO band in the
zymogram (Fig. 3A). The antisera also cross-reacted with three bands of 72, 46 and 44 kDa on reducing
SDS-PAGE gels (Fig. 3B).

As shown in Fig. 4, the PO activity was poorly inhibited by sodium azide, but strongly inhibited by PTU.
Table 2 shows the substrate specificity of activated PO. Dopamine, L-dopa and 4-methylcatechol were all
suitable substrates, while hydroquinone and methylhydroquinone were poor ones.

4. Discussion

Previously, we have demonstrated the presence of PO activity in the humoral fluid of amphioxus
B. belcheri tsingtauense [32]. Here we describe for the first time the purification of PO from the humoral fluid.
The purified enzyme exhibited a single band of 150 kDa under non-reducing conditions, and was resolved to
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Fig. 2. Electrophoresis and enzyme staining. (A) Native PAGE. Lane 1, marker proteins; lane 2, the humoral fluid; lane 3, the pellet
obtained by 30—40% (NH,4),SO, saturation; lane 4, PO-containing fractions eluted from Sephadex G-200 column; lanes 5 and 6, PO-
containing fractions eluted from DEAE Sepharose™ Fast Flow column. Lanes 1—5, stained with Coomassie brilliant blue R-250; lane
6, stained with 4-methylcatechol and MBTH. (B) SDS-PAGE under reducing conditions. Lane 1, marker proteins; lane 2, the humoral
fluid; lanes 3 and 4, PO-containing fractions eluted from DEAE Sepharose™ Fast Flow column. Lanes 1—3, stained with Coomassie
brilliant blue R-250; lane 4, stained with 4-methylcatechol and MBTH.
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Fig. 3. Electrophoresis and immunoblotting. (A) PAGE and immunoblotting of the humoral fluid and purified PO. Lane 1, marker
proteins; lanes 2 and 5, the humoral fluid; lanes 3 and 4, the purified PO; lanes 1—3, stained with Coomassie brilliant blue R-250; lanes
4 and 5, stained with mouse anti-PO sera. (B) SDS-PAGE under reducing conditions and immunoblotting of the humoral fluid and
purified PO. Lane 1, marker proteins; lanes 2 and 5, the humoral fluid; lanes 3 and 4, the purified PO. Lanes 1—3, stained with
Coomassie brilliant blue R-250; lanes 4 and 5, stained with mouse anti-PO sera.

three bands with molecular masses of 72, 46 and 44 kDa, respectively, under reducing conditions, that were
all cross-reactive with mouse anti-PO sera. It has been shown that PO and proPO generally exist as
a homodimer [23,47] or heterodimer [28,48]. However, our results here suggest that the PO in amphioxus
humoral fluid seems to be a heterotrimer of three polypeptides held together by disulphide bonds.
Interestingly, the yellow mosquito proPO also contains three subunits of 76, 62 and 58 kDa [25].

The substrate specificity and inhibition characteristics both indicate that the PO isolated from
amphioxus humoral fluid is a tyrosinase-type enzyme, not a laccase-type enzyme. This is similar to the
enzymes from the haemocytes of Penaeus californiensis and Pacifastacus leniusculus, and from the egg
masses of Biomphalaria glabrata [22,47,49].

PO activity (units/mg/min)

Control " NaN, PTU

Fig. 4. Effects of PTU and sodium azide on activity of the purified PO. The purified enzyme was assayed for PO activity in the presence
of 1 mM PTU or 1| mM sodium azide. The control was processed similarly except that PTU and sodium azide were withdrawn from the

reaction mixture.
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Table 2

Activity of the purified PO in the humoral fluid of B. belcheri tsingtauense towards various substrates

Substrate PO activity
4-Methylcatechol 9960.2+£138.5
L-dopa 9073.4£424.6
Dopamine 16296+ 698.5
Hydroquinone 269.6+33.4
Methylhydroquinone 253.5+54.6

All experiments were performed at least three times. The values are the means (+SD) of the three assays done.

PO enzyme in the body surface mucus of the amphioxus has been suggested to originate from the
secretion of the epidermal cells [34]. The source of PO in the humoral fluid remains unknown at present.
Mouse antisera against the purified PO have been prepared, and their cross-reactivity has been confirmed
by Western blotting. This will contribute to the future determination of the origin of PO in the humoral
fluid and the distribution of PO-synthesising tissues in amphioxus.
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