ELSEVI

Available online at www.sciencedirect.com

ScienceDirect

S
ER Comparative Biochemistry and Physiology, Part B 149 (2008) 439 —446

CBP

www.elsevier.com/locate/cbpb

o-Diphenol oxidase activity of molluscan hemocyanins

Rumyana Hristova ®, Alexandar Dolashki ®, Wolfgang Voelter °,
Stefan Stevanovic ¢, Pavlina Dolashka-Angelova **

# Institute of Organic Chemistry, Bulgarian Academy of Sciences, G. Bonchev 9, Sofia 1113, Bulgaria
® Interfacultary Institute of Biochemistry, University of Tiibingen, Hoppe-Seyler-Strafie 4, D-72076 Tiibingen, Germany
¢ Department of Immunology, Institute for Cell Biology, University of Tiibingen, Auf der Morgenstelle 15, D-72076 Tiibingen, Germany

Received 28 September 2007; received in revised form 17 November 2007; accepted 19 November 2007
Available online 24 November 2007

Abstract

Diphenoloxidase activities of two molluscan hemocyanins, isolated from the marine snails Rapana venosa and garden snails Helix vulgaris
were studied using o-diphenol and L-Dopa as substrates. The dimers of H. vulgaris Hc show both, diphenol (K,,=2.86 mM and K_,,=4.48) and
L-Dopa activity due to a more open active sites of the enzyme and better access of the substrates. The K, value of molluscan H. vulgaris Hc is very
close to those of Helix pomatia and Sepia officinalis Hcs, but several times higher compared to those of Rapana and Octopus Hes. Also HvH has a very
high enzyme activity compared with other molluscan Hcs. Kinetic measurements with native RvH and both structural subunits, RvH1 and RvH2, show
that RvH and only one structural subunit, RvH2, exhibited only o-diphenol activity, but no L-Dopa oxidizing activity.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Type-3 copper proteins have evolved from a dinuclear
processor which segregated into hemocyanins (Hcs), tyrosinases
(Ty) and phenoloxidases. Molluscan and arthropodan Hcs as
well as tyrosinases are copper-containing proteins with similar
active sites, but they differ largely with respect to size, primary,
tertiary and quaternary structure and their physiological func-
tions (Dolashka et al., 1996; Dolashka-Angelova et al., 2005;
Jaenicke and Decker, 2004a,b; Van Holde et al., 2001). While
hemocyanins transport dioxygen, phenoloxidase uses one
oxygen of the dioxygen molecule for chemical transformations.

Hemocyanins are large multisubunit copper proteins com-
posed of different subunit types and found freely-dissolved in

Abbreviations: EM, electron microscopy; Hcs, hemocyanins; HvH, Helix
vulgaris He; K., Michaelis—Menten constant; RvH, Rapana venosa He; RvH1
and RvH2, subunit isoforms of Rapana venosa Hc; SDS, Sodium dodecyl
sulphate; Ty, tyrosinase; Viax, maximum velocity.
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the hemolymph of arthropods and molluscs (Markl and Decker,
1992; Salvato and Beltramini, 1990; Van Holde and Miller
1982; Van Holde and Miller, 1995). Their dioxygen transport
and storage function is based on their capability to bind re-
versibly molecular oxygen at their active sites to which a pair
of copper ions is attached (dinuclear-coupled copper site; Van
Holde and Miller, 1995).

Phenoloxidases catalyze o-hydroxylation of monophenols
(cresolases), oxidation of o-diphenols to quinones (catecholox-
idase) or both substrates (tyrosinases) (Ashida and Brey, 1995;
Decker et al., 2000; Decker and Terwilliger, 2000; Hearing and
Tsukamoto, 1991; Itoh and Fukuzumi, 2007; Johansson and
Soderhall, 1996; Sanchez-Ferrer et al., 1995; Soéderhéll and
Cerenius, 1998; Solomon et al., 1996). So far, only one crystal
structure of a phenoloxidase is available, that of a catecholox-
idase from sweet potato ([pomoea batatas; Klabunde et al.,
1998) which is related to a molluscan hemocyanin with respect
to sequence similarity (about 25%) and its active site (Klabunde
etal., 1998). Two different types of tyrosinases can be classified
based on their sequences. One type is more related to molluscan
hemocyanins, and the other type, found in arthropods together
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Fig. 1. Electron micrograph of native Rapana venosa hemocyanin (RvH) in
50 mM Tris/HCI buffer, pH 7.0, containing 20 mM CaCl, and 5 mM MgCl,.
Staining with 1% uranyl acetate was performed as described in Materials and
methods. The scale bar indicates 100 nm.

with hemocyanins is very similar to them (Decker et al., 2001;
Nakahara et al., 1983; Salvato and Beltramini, 1990; Salvato
et al., 1983; Solomon, 1981; Van Gelder et al., 1997; Wilcox
et al., 1985).

Besides exhibiting similar copper oxygen-binding sites, phe-
noloxidases and hemocyanins have another feature in common:
their enzymatic properties can be activated in similar ways by
proteolitic cleavage of N- or C-terminal fragments and dis-
turbing their protein structures. Hemocyanins of arthropods and
molluscs also exhibit o-diphenoloxidase activity after exposure
to chaotrophic salts like sodium dodecyl sulphate (Decker et al.,
2001; Pless et al., 2003), urea (Morioka et al., 2006) or low pH
values (Baird et al., 2007; Salvato et al., 1998; Zlateva et al.,
1996).

Several physicochemical properties and functions of Hcs are
very similar to those of phenoloxidases (Decker and Rimke, 1998;
Decker and Tuczek 2000; Salvato and Beltramini, 1990; Salvato
et al., 1998). For example, some Hcs have monophenolase and
diphenolase activities (Nakahara et al., 1983), but with much
lower efficiency as compared to tyrosinases. Studies on the
interaction of o-diphenols with the He from the molluscs Octopus
vulgaris, Helix pomatia and Sepia officinalis give information on
the specific properties of the active site which are relevant for the
appearance to catalytic activity (Siddiqui et al., 2006). A reaction
mechanism is based on oxy-Hc as active species and on substrate
radical formation as a result of substrate interaction.

Comparative studies on the interaction of Hc and Ty with
exogenous molecules showed that the active site of both proteins
reacts in the same way with respect to exogenous species. Within
Hcs, the proteins from mollusks are more reactive toward ex-
ogenous ligands as compared to arthropod Hes (Nakahara et al.,
1983; Nellaiappan and Vinayakam, 1993).

Here we investigated the catalytic activities of oxy-Hcs
isolated from the mollusc Rapana venosa and Helix vulgaris
against o-diphenol and 3,4-dihydroxy-L-phenylalanine (L-Dopa)
as substrates in comparison to those of other Hes from molluscs
and arthropods.

2. Materials and methods
2.1. Purification procedures

R. venosa Hc was isolated from the hemolymph of marine
snails living in the west coast of the Black Sea near Varna. The
hemolymph was centrifuged at 5000 xg at 4 °C and
phenylmethanesulfonyl fluoride (PMSF) was added to inhibit
proteases. Hemocyanin was isolated by preparative ultracen-
trifugation, using a Beckman L-80 ultracentrifuge, equipped
with a Ti 45 UZ rotor, at a speed of 24000 rpm for 4 h at 4 °C.
The protein was stored at —20 °C in the presence of 20% sucrose.

The two subunits, RvH1 and RvH2, were isolated by the
procedure described in (Dolashka-Angelova et al., 2003). The
native He was dialyzed in 0.13 M glycine/NaOH buffer, pH 9.6,
for 24 h. The dissociated fractions were loaded on an ion
exchange chromatogramphy DEAE-Sepharose CL-6B column,
equilibrated with 50 mM Tris/HCl buffer, 10 mM EDTA, pH 8.2.
The structural subunits were separated by elution with the same
buffer and a linear sodium chloride gradient (0.15-0.40 M NaCl)
with a flow rate 0.2 mL min™ .

H. vulgaris hemolymph was collected from garden snails
from the Sofia area and centrifuged at 5000 xg for 15 min to
remove hemocytes. Hc was sedimented in a Beckman L-80
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Fig. 2. o-Diphenoloxidase activity of native (didecamers) Rapana venosa
hemocyanin, expressed as initial velocity (A 4475 nm/min) of quinone formation
in the standard assay: 20 mM phosphate buffer, pH 6.8, 25 °C. (A) Time courses
of quinone formation in the presence of R. venosa Hc at different concentrations
of o-diphenol: (a) 1.25x107> M, (b) 2.5x10°> M, (¢) 5.0x107* M, (d)
10x1072 M, (e) 15.0x107* M, (f) 20.0x107> M, (g) 25.0x107> M, (h)
30.0x10"* M. (B) The Lineweaver—Burk plot was constructed from data
obtained at different concentrations of the substrate o-diphenol.
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Kinetic parameters of o-diphenol oxidase activity of molluscan Rapana venosa and Helix vulgaris hemocyanins in comparison with other molluscan and arthropodan

Hes, and tyrosinases

Substrates o-diphenol L-Dopa
Km Vmax Kcal Kcat/Km Km Vmax KC'&( Kcat/Km
(mM) (mM min~ ") (min~ 1) (mM 'min ") (mM) (mM min~ ") (min~ ") (mM 'min ")
Molluscan Hes
R. venosa
Native (didecamers) 28.57 0.08 2.66 0.093 g g
RvH2 (subunits) 23.81 0.105 3.5 0.147 g g
H. vulgaris
Native (didecamers) 2.86 0.137 4.48 1.57 0.77 0.018 1.8 232
Octopus vulgaris
Native (decamers) 35° 0.37¢ 10 0.28°
Helix pomatia
Native (didecamers) 3.1° 0.01 0.21° 0.068° g
Dimers of subunits 2.6° 0.05 0.62° 0.23° g
Sepia officinalis
Dimers of subunits 3.8° 0.08 1.0° 0.26"
Arthropodan Hcs
Carcinus aestuarii
(16S native) 142°¢ 0.023¢ 1.7 0.012°
Induced by NaClO, 182° 0.091° 6.8° 0.037°
16S CmSS 3 250° 0.15¢
5S CmSS2 219¢ 1.01°
Cancer magister 0.02¢ 0.16 ¢ 1.70 ¢ 0.236¢
H. americanus 200° 0.15° 11.0° 0.055
Modified Hcs
Limulus polyphemus SDS¢
Euripelma califonicum SDS¢
H. pomatia Subtilisin®
Helix aspersa SDS¢
O. vulgaris SDSP
Tyrosinases
Illex argentinus
(Native ST94) 9.3¢ 2000° 215°
Ipomoea batatas
(Native) 2.5° 138.000° 55.000°

References: ® (Salvato et al., 1998), ® (Siddiqui et al., 2006), ¢ (Zlateva et al., 1996), ¢ (Terwilliger and Ryan, 2006), ¢ (Decker et al., 2001), ¥ (Bhagvat and Richer,

1938). g — do not show activity.

ultracentrifuge, equipped with a Ti 45 UZ rotor, at a speed
of 24000 rpm for 4 h, at 5 °C. The blue pellet of native
hemocyanin was resuspended in 50 mM Tris—HCI buffer,
pH 7.5, containing 20 mM CacCl, and 10 mM MgCl,.

Before use, Hes were dialyzed in 20 mM phosphate buffer, pH
6.0. Protein concentration was determined spectrophotometri-
cally from the absorption at 280 nm, using the value E=1.36 mL/
mg/cm for Rapana He and E=1.416 mL/mg/cm for Helix Hc.
Absorption spectra were recorded on a Shimadzu spectropho-
tometer, model Mini-1240.

2.2. Electron microscopic measurements

Studies on EM specimens were performed using a Philips
CM 10 electron microscope with a 30 mm objective aperture.
Samples were adsorbed for 60 s to a glow-discharged pistoform/
carbon-coated support film, washed three times with droplets of

distilled water to remove buffer salts and then negatively stained
with 1% uranyl acetate. Electron micrographs were routinely
recorded at an instrumental magnification of 52,000.

2.3. Amino acid sequence determination

HPLC-purified fractions were dissolved in 40% methanol,
1% formic acid and subjected to automated Edman degradation
(Procise 494A Pulsed Liquid Protein Sequencer, Applied
Biosystems GmbH, Weiterstadt, Germany).

2.4. Kinetic measurements

The o-diphenol oxidase activity of Hcs was assayed at 25 °C.
Proteins were dissolved in 20 mM phosphate buffer, pH 6.8.
This pH was chosen to minimize autoxidation of the substrate.
The reaction was initiated by adding the substrate solutions,
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Fig. 3. Electron micrograph of native Helix vulgaris hemocyanin (HvH) in
50 mM Tris/HCI buffer, pH 7.0, containing 20 mM CaCl, and 5 mM MgCl,.
Staining with 1% uranyl acetate was performed as described in Materials and
methods. The scale bar indicates 100 nm.

where the concentrations of R. venosa Hc and its structural
subunits RvH2 ranged between 1.25-30x 10" M and those of
H. vulgaris He between 0.31-25x 10> M. Quinone formation
was followed via a Shimadzu UV-2100 double-beam spectro-
photometer monitoring the absorbance at 400 nm for o-diphenol
and 475 nm for 3,4-dihydroxy-L-phenylalanine for 10—40 min.
The reaction velocity was measured from the initial quasi-linear
portion of the curves (usually 0—2 min) and Lineweaver—Burk
plots were used to determine the kinetic parameters K, K.
and V.« for the He species. For calculation of o-quinone con-
centration a molar absorption coefficient of 1417 M~ ! cm ™!
was used (Zlateva et al., 1996).

3. Results

Recently, quite a few reports appeared about the phenolox-
idase activity of hemocyanins. Therefore, the diphenoloxidase
activity of two hemocyanins, isolated from R. venosa (RvH)
marine snails and H. vulgaris (HvH) garden snails, as well as
the structural subunits from RvH1 and RvH2, were studied
using o-diphenol and L-Dopa as substrates.

R. venosa Hc and its structural subunits RvH1 and RvH2
were isolated as described before (Dolashka-Angelova et al.,
2003) and the purities of the samples were controlled by 7.5%
polyacrylamide gel electrophoresis (Laemmli, 1970). Electron
microscopic investigations confirmed that the isolated biomo-
lecules from native aggregates form didecamers or decamers as
shown in Fig. 1.

The capability of R. venosa Hc to catalyze the oxidation of o-
diphenol to the corresponding o-quinone was measured at different
concentrations of o-diphenol (from 1.25x10°% M to
30.0x10* M) (Fig. 2) following the reaction by the increase of
the absorbance at 400 nm, observed upon incubation of the
substrate with native oxy-Hc at a concentration of 1.25 mg mL ™'
in 20 mM phosphate buffer, pH 6.8. The time courses of quinone
formation versus a special protein concentration of the native
molecule of R. venosa Hc are presented in Fig. 2A. Based on these

parameters, the Lineweaver—Burk plot was drawn (Fig. 2B), and
the kinetic parameters (K,,=28.57 mM, K,=2.66 min ', K.,/
Kn=0.093 mM ! min ! and V,,,,=0.08 mM min ') for R.
venosa Hc were determined (Table 1) and compared with other
molluscan (O. vulgaris, H. pomatia and S. officinalis) and several
arthropodan Hcs (Solomon et al., 1996; Van Gelder et al., 1997).

Applying the same method, diphenoloxidase activity of
molluscan H. vulgaris Hc was analysed. The hemocyanin was
isolated from the hemolymph of garden snails after centrifuga-
tion at 5000 xg for 15 min and sedimentation a Beckman L-80
ultracentrifuge, equipped with a Ti 45 UZ rotor at a speed of
24000 rpm for 4 h, at 5 °C. The native hemocyanin was
resuspended in 50 mM Tris—HCI buffer, pH 7.5, containing
20 mM CaCl, and 10 mM MgCl, and investigated by electron
microscopy. The native molecule was additionally purified on
Superdex 300 column (date not shown). As seen from Fig. 3,
only didecameric forms are observed which confirm that the
isolated protein adapted a native structure.

After treatment of the native Hc (concentration 1.15 mg
mL~ ") with o-diphenol as substrate, o-diphenoloxidase activity
was determined. Different concentrations of o-diphenol (from
0.31x107° M to 25.0x10™° M) were used for the oxidation
experiments and, both, time courses and dependence of the rate
of quinone formation in the presence of H. vulgaris Hc are
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Fig. 4. o-Diphenoloxidase activity of native (didecamers) Helix vulgaris
hemocyanin, expressed as initial velocity (A4475 nm/min) of quinone formation
in the standard assay: 20 mM phosphate buffer, pH 6.8, 25 °C. (A) Time courses of
quinone formation in the presence of Helix vulgaris He at different concentrations
of o-diphenol: (a) 0.31x107° M, (b) 0.625x10 > M, (c) 1.25x10> M, (d)
25x107° M, (e) 5.0x107% M, (f) 15.0x107> M, (g) 20.0x10° M, (h)
25.0% 10> M. (B) The Lineweaver—Burk plot was constructed from data obtained
at different concentrations of the substrate o-diphenol.
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shown on Fig. 4A, B. The calculated kinetic constants Ky, K
and V.« give evidence for a very high enzymatic activity
of H. vulgaris He (K,=2.86 mM, K.=4.48 min ', K./
Kn=1.57mM "min" " and V,,,x=0.137 mM min"_ ") (Fig. 4B).

When the assay was performed with the decameric structural
subunits RvH1 and RvH2 (see Fig. 5A, B), only the second
structural subunit RvH2 exhibited phenoloxidase activity, while
RvHI, did not catalyze o-diphenol oxidation. The activity of RvH2
against this substrate is higher compared to the native molecule, but
still lower than that observed for the native H. vulgaris hemocyanin
(Table 1). The reaction kinetics for oxidation of o-diphenol in the
presence of 1.5 mgmL ™' of RvH2 is shown in Fig. 5A and B using
different concentrations of o-diphenol (from 2.0x107° to
30.0x 10> M). From the Lineweaver—Burk plot the kinetic values
K.,,=23.81 mM, Ko=3.5 min !, K2/Kn=0.147 mM ' min !
and Ve =0.105 mM min~ ' were calculated (Table 1).

Quinone production from L-Dopa was also studied as a
function of Hc concentration with R. venosa Hc, its structural
subunits RvH1 and RvH2, and H. vulgaris He, confirming that
only H. vulgaris He, but neither RvH nor its structural subunits
show any o-diphenol activity. Time courses of quinone formation
from L-Dopa in the presence of H. vulgaris Hc at different
concentrations of substrate (from 0.15x107° M 10.0x 10 > M)
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Fig. 5. o-Diphenoloxidase activity of structural subunit RvH2 isolated from Ra-
pana venosa hemocyanin, expressed as initial velocity (AA4475 nm/min) of quinone
formation in the standard assay: 20 mM phosphate buffer, pH 6.8, 25 °C. (A) Time
courses of quinone formation in the presence of He (1.5 mg mL ™) at different
concentrations of o-diphenol: (a) 2.0 x 10> M, (b) 2.5x 10> M, (c) 5.0x 10 > M,
(d) 10x1073 M, (e) 15.0x107> M, () 20.0x10* M, (g) 25.0x10> M, (h)
30.0x 10" M. (B) The Lineweaver—Burk plot was constructed from data obtained
at different concentrations of the substrate o-diphenol.
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Fig. 6. Helix vulgaris He-catalyzed oxidation of L-Dopa in the standard assay:
20 mM phosphate buffer, pH 6.8, 25 °C. (A) Time courses of quinine formation
in the presence of H. vuigaris Hc at the different concentrations of L-Dopa: (a)
0.15x1073 M, (b) 0311073 M, (c) 0.625x10> M, (d) 1.25x10 > M, (e)
25%x10° M, (f) 5.0x107> M, (g) 10.0x10 > M. (B) The Lineweaver—Burk
plot was constructed from data obtained at different concentrations of the
substrate L-Dopa.

are shown in Fig. 6A. The kinetic values K,,, (0.77 mM), V,ax
(0.018 mM min "), Koo (1.8 min~ ") and K /Ky (2.32 mM !
min~ ') present in Table 1 were calculated from the Lineweaver—
Burk plot (Fig. 6B).

4. Discussion

The structural and spectroscopic properties of the active sites
of Hes were shown to be remarkably similar to those of
tyrosinases (Decker et al., 2004, 2007; Decker and Jaenicke,
2004; Solomon et al., 2001). In both proteins, each metal ion is
bound by imidazole ligands to a dinuclear site. However, the
two proteins have different biological functions. Based on the
recent structure of tyrosinase (Matoba et al., 2006), the
mechanism of the catalysis of Ty was proposed (Decker et al.,
2000; Land et al., 2007).

In the case of Hcs, in addition to the oxygen transport and/or
storage function, it is conceivable that Hc exhibits other re-
activities in the presence of suitable exogenous molecules, to be
consider as a side property of the metal-dioxygen active site
adduct. Quite a few reports confirm the possible conversion of
the oxygen-binding functions of hemocyanins to phenol oxidase
activity as has recently been observed for arthropodan Hcs from
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Homarus americanus, Limulus polyphemus, Carcinus maenas
and the molluscan Hcs from O. vulgaris, H. pomatia and
S. officinalis hemocyanins (Nellaiappan and Sugumaran, 1996;
Salvato et al., 1983; Salvato et al., 1998; Terwilliger and Ryan,
20006; Zlateva et al., 1996).

Our study, presented here, clearly shows that the molluscan
hemocyanins from H. vulgaris and R. venosa also exhibit phe-
noloxidase activity. The dependence of the initial rate of quinone
production from o-diphenol and L-Dopa for Rapana and He-
lix Hcs, together with the kinetic parameters calculated from
Lineweaver—Burk plots (Table 1) give a clear indication of their
o-diphenoloxidase activity. The calculated Michaelis—Menten
constant of the native Rapana hemocyanin (K,,=28.57 mM) is
approximately the same as that of the O. vulgaris Hc
(Km=35.0 mM), but its magnitude is, about 10 times larger
compared to the He of H. vulgaris He (K,,=2.86 mM) (Table 1)
and thus close to those of Hcs of the molluscs H. pomatia and
S. officinalis (Siddiqui et al., 2006). Also the native molecule
of H. vulgaris hemocyanin showed a larger enzymatic
activity (Kea/Km=1.57 mM ' min~ ") compared to those of
Rapana venose, O. vulgaris, H. pomatia and S. officinalis (K ./
K.,=0.093; 0.28; 0.068 and 0.26, respectively) (Table 1).

In general, it was found that the molluscan Hcs are far more
efficient than the arthropodan Hes (Salvato et al., 1998; Zlateva
et al., 1996). These differences in their activities between of
molluscan and arthropodan Hcs could be based on their
structures. As shown from the X-ray structures, the arrangement
of the domains to each other differs in arthropodan and
molluscan hemocyanins (Decker et al., 2007; Decker and
Terwilliger, 2000; Jaenicke and Decker, 2004; Van Holde et al.,
2001). Each functional unit in molluscan hemocyanins consists

of two domains N- and C-terminal (Cuff et al., 1998), which are
similar to the second and third domains of arthropodan
hemocyanins. In both species the access to the active site is
covered by the C-terminal domain in a functional unit of mollusc
hemocyanin or by the N-terminal domain I in arthropodan
hemocyanins (Decker and Terwilliger, 2000; Decker et al.,
2004). This could be explained a very low catalytic activity of
molluses Rapana and Octopus Hces or arthropods Carcinus
aestuarii and L. polyphemus hemocyanins where the entrance to
the active site is probably blocked by Leu or Phe residues,
respectively (Table 2) (Decker and Tuczek, 2000).

Recently a hypothesis was presented that activation of he-
mocyanin opens a large entrance for phenolic substances to the
active site by removal of an N-terminal or C-terminal peptide of
the arthropods or molluscs, respectively (Decker and Rimke,
1998). This phenoloxidase activation has been attributed to a
conformational change in the hemocyanin molecule, creating
access to the active site for phenolic substances (Decker and
Rimke, 1998, Decker et al., 2006). As indicated from X-ray
structures, the active sites of native Hcs are only well accessible
for small-sized molecules like dioxygen (e.g., (Cuffet al., 1998)
while that of sweet potato catecholoxidase (Eicken et al., 1999)
allows an open entrance for phenolic substrates.

Removal of the N-terminal or C-terminal peptides from
arthropodan or molluscan pulls a Phe 49 in Limulus (arthropodan
Hc) or Leu 2830 (in mollusc Octopus Hc), respectively, out of the
substrate-binding pocket, which are highly conserved among
arthropods and molluscs, respectively. As a result of this cleavage,
a channel in Hcs is opened and the binuclear copper active site
becomes accessible. The opening of the entrance to the active site
of Hcs could be achieved by proteolysis or a conformational

Table 2

Alignment of the N-terminal or C-terminal peptides of the arthropodan or molluscan hemocyanins

Molluscs

H. vulgaris DCTFGGRFSL LGGPLEAPWA YNRLYKREIT QYLGNIHI

O. vulgaris ECTFGGTFCI LGGEHEMFWA FDRLFRYDIT TSLKHLHLDA HDDFDIKVT
RvH 2-E ECTHAGYFDV LGGSLETPWQ FDRLYKYEIT DVLESKGLDV HDVFDIKIT
Helix G HCEFAGTFAI LGGPLEHPWA FDRLFKYDVT DVFSKLHLRP DSEYHFNIH
Helix D CNHKAGVFSV LGGELEMPFT FDRLYKLQIT DTIKQLGLKV NNAASYQLK
Sepia 1-A CDNYAGEFFI LGGIHEMPWD FSYPYLHEIT DTVNSLGLPL SGNYYVQAI
Sepia 1-B NEFMAGSIAV LGGSKEMSWR FDRVYKYEIT AALAALGVDK YAEYTLRVD
Sepia 1-C NKMKAGEFYV LGSENEMPWK FDRAYKSDIT HVMDEMKLHY TDKYHVEYK
Sepia 1-D CDHYAGIFSV LGGETEMPWQ FDRLFRYEIS HALNALELTH KSDFTIKVE
Sepia 1-E NCHDGSHFSV LGGSTEMPWA FDRLYRIEIT DILKDMGLQF DSHFTIKVN
Sepia 1-F DCKEAGTIFI LGGETEMAWH FDRNYRFEIT SVLEEMKIPF DKLFEHESK
Sepia 1-G ECHFGGTFCV LGGQHEMAWA FDRLFLYDIT KALNKLHLDA YDDFLINVS
Sepia 2-A CDNYAGEFFI LGGIHEMPWD FAYPYLHEIT DTVNSLGLKL DSNYYVIAE
Sepia 2-B NEFSVGSIAI LGGSKEMTWR FDRVYKHEIT HALESLGVDK FAEYTLRVD
Sepia 2-C NKMKAGEFYV LGSENEMPWK FDRAYKSDIT HVMDEMKLHY TDKYHVEYK
Sepia 2-D CGNYAGIFSV LGGVTEMPWR FDRLFRYEIT NELKKLSLNQ NSHFRVAME
Sepia 2-E CDNYAGTFAV LGGETEMPWN FDRLFHYEIT DYMNKLHLTQ ESKFHLTTK
Sepia 2-F DCHEGSHFSV LGGSAEMPWA FDRLYKMEIT DILHDMKLNF DSHFTIKTK
Sepia 2-G DCHEAGVVFV LGGETEMPWH FDRNYKMDIT DVLHEMHIPM EALFENDSK
Sepia 2-H ECKFGGTFCV LGGQHEMAWA FDRLFLYDIS RTLLQLRLDA HDDFDVKVT
Arthropods

CaeSS 2 LSFPDLSGHY DDDGVSAKRL MKELNEHRLL QQSHWFSLFN

LplIl HLFEQLSSAT VIGDG DKKH SDRLKNVGKL QPGAIFSCFH
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transition of the first domain in arthropods carrying Phe49 or N/
terminal domain in molluscs carrying Leu2830 (Baird et al., 2007;
Jaenicke and Decker, 2004a,b). In evidence for the hypothesis
of a conformational transition was the pH dependent activation
of O. vulgaris hemocyanin (Salvato et al., 1998). Based on this
hypothesis could be explained the different reaction after testing
for phenoloxidase activity of the native molecule of RvH and
subunits RvH1 and RvH2. Both structural subunits were isolated
as described before (Dolashka-Angelova et al., 2003) after
dissociation of the native molecule in 0.13 M Gly/NaOH buffer,
pH 9.6. Only structural subunit RvH2 exhibits higher dipheno-
loxidase activity than the native molecule using o-diphenol as a
substrate, which most probably could be ascribed to a better
accessibility of the active sites when the protein is in the
dissociated state. The different behavior which was identified for
the first structural subunit RvH1 not catalyzing o-diphenoloxida-
tion fits to the published results for L. polyphemus, H. pomatia,
H. aspersa that after further depolymerisation of structural
subunits, also not all subunit types exhibit phenoloxidase activity
(Table 2). Only three of the eight bands of dissociated
L. polyphemus hemocyanin appeared to be capable of o-diphenol
activity (Decker et al., 2001; Nellaiappan and Sugumaran, 1996).
While in E. californicum hemocyanin, only subunits b and ¢
showed SDS-activated o-diphenoloxidase activity. Analogous
result was detected for molluscan hemocyanins where only FU f
of H. pomatia Hc showed o-diphenoloxidase activity after
subtilisin treatment and also a significantly induced limited
proteolysis for o-diphenoloxidase activity was observed only for
FU g, from the eight FUs of subunit 2 of Sepia Hc (Siddiqui et al.,
20006).

The activation of these functional units could be explained
with pulling out Leu residue and opening the entrance to the active
site. The comparison of the C-terminus of FUs of several molluscs
and N-terminus of domain I in arthropodan hemocyanins, the
positions of Phe49 in arthropods and Leu2830 in molluscan Hes
are conserved as shown in Table 2. This suggests that after pulling
out these two specific residues from the active site each FUs
should exhibit activity. However only few of these FUs show
activity which could suggest that not only Phe49 and Leu2830 are
related to the activity of arthropodan and molluscan hemocyanins.
In Cancer magister (Cm) Hc all subunits exhibited some o-
diphenoloxidase activity, but subunits Cm IVand Cm V gave the
strongest reactions (Durstewitz and Terwilliger, 1997; Jaenicke
and Decker, 2004a,b) (Table 2). Also the arthropodan hemocya-
nins from a chelicerate, the tarantula Eurypelma californicum,
L. polyphemus and C. magister (Decker et al., 2001) have shown
phenoloxidase activity after proteolysis with SDS (Table 2).
Hemocyanins from the two chelicerate species, develop o-diphe-
noloxidase activity in response to submicellar concentrations of
SDS, a reagent commonly used to identify phenoloxidase activity
(Nellaiappan and Sugumaran, 1996; Nellaiappan and Vinayakam,
1993). The functional conversion of Hc may be induced by a
conformational change. This activation is restricted to only a few
of the various subunit types of each hemocyanin (Baird et al.,
2007; Decker et al., 2001).

In Table 1 it is shown that even Leu2830 is present in the
polypeptide chain of H. vulgaris He (Table 2), this hemocyanin

exhibits not only the high o-diphenol activity, but it was also found
to react with L-Dopa as a substrate, which is unusual for other Hes
(Table 1). Only the dimers of subunits of Sepia Hc showed a small
intrinsic activity (Siddiqui et al., 2006). In case of hemocyanins of
L. polyphemus and E. californicum they converted L-Dopa, dopa-
mine, and catechol after activation by SDS (Table 2). No activity
was observed for H. pomatia Hc when L-Dopa was used as a
substrate but after treatment with subtilisin hemocyanin showed a
small o-diphenol activity against L-Dopa (Table 2).

Based on the obtained results it could be suggested that not
only Leu2830 is responsible for the high phenoloxidase activity
of H. vulgaris Hec as well as the different behavior of hemo-
cyanins. It may depend on the C-terminus of the domains in
HvH which are not so close to the entrance of the active site.
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