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Figure 1.2 Schematic representation of the mussel alimentary canal showing the location
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plates used as the enzyme substrate (B). Intact cell of Dinophysis acuminata, (C)
the arrow indicates the suture within the intercalary zone between the left and right
valves.
Figure 2.2 Changes in the numbers of whole cells and recognizable thecae remains in
the gut contents of Perna canaliculus at intervals after retrieval of shellfish.
Columns are the mean of three replicates, error bars are the 95% confidence
intervals.
Figure 2.3 The effect on dinoflagellate cells exposed to Perna canaliculus gastric fluids.
A. Intact Ceratium tripos cells exposed to gastric fluids for 4 hours with Nbromosuccinimide. B.Ceratium tripos cells with entirely dissolved cell walls after
4 hours exposed to gastric fluids. C. Dinophysis acuta with dissociated valves,
30 min after exposure to gastric fluids.
Figure 2.4 The effect of pH dinoflagellate thecal plate (A) and carboxymethyl cellulose
(B) hydrolysis by the crystalline style enzyme from Perna canaliculus. The values
are the man of 3 replicates the error bars are ± stdev around the mean.
Figure 2.5 Reducing sugar liberation and concurrent visual dissolution of Protoceratium
reticulatum thecal plates by a Perna canaliculus crystalline style extract, in citrate
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buffer (pH 5.5) at 25 °C. Arrow heads indicate the position of the same prominent
plates in each frame. Note the valves of Dinophysis acuta are unaltered.
Figure 2.6 Salting out of thecal plate hydrolysis activity. The effect (A) on
Protoceratium reticulatum thecal plates, of re-suspended pellets (in 50mM citrate
buffer @ pH 5.5) precipitated at various (NH4)2SO4 concentrations (0-60%
saturation) and corresponding liberation of reducing sugars (µg/ml glucose
equivalents) over an 8 hr period at 25°C(B).
Figure 2.7 Reducing sugar (PABAH assay) and glucose (glucose oxidase assay) of the
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Figure 2.8 Thecal plate affinity isolation of endoglucanase from the Perna canaliculus
crystalline style. A. Superdex-75 fractionation of 60% (NH4)2SO4 pellet extract. B.
Superdex-75 fractionation of 60% (NH4)2SO4 pellet extract after thecal plate
adsorption/desorption C. Superdex-75 fractionation of pooled fractions #12-15
from Superdex-75 fractionation B. D. Reducing sugar liberation from thecal plates
by fractions from Superdex-75 fractionation B.
Figure 2.9 Coomassie stained SDS-PAGE (A) and CMC zymograms (B) of the
crystalline style semi-purified endoglucanase run with reducing (DTT) and nonreducing loading buffers.
Figure 2.10 Coomassie stained SDS-PAGE (A) and CMC zymograms (B) of the
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Figure 2.11 MALDI-TOF mass spectrum of tryptic peptide fragments from SDS-PAGE
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Figure 2.12 Coomassie stained SDS-PAGE (A) and CMC zymogram (B) of final
concentrate from a Superdex-75 gel permeation fractionation, under reducing and
non-reducing conditions with and without heating prior to application on the gels.
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The numbers on the SDS-PAGE gel are the numbers assigned to gel slices de-novo
amino acid sequenced by MALDI Tof MS/MS.
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Figure 3.1 Structures of dinoflagellate polyether toxins. A. Selected pectenotoxin (PTX)
analogues. B. Okadaic analogues and esterified derivatives.
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Figure 3.3 PTX2 hydrolysis activity in filtrates passing through Centricon 30 kDa and
10 kDa ultra-filter membranes.
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Hydrophobic interaction (HIC) chromatography (Phenyl low sub) of pooled QSepharose active fractions. C. Gel filtration (Superdex-200) of pooled HIC active
fractions. D-E Hydroxyapatite (Ceramic Macro-Prep 20 µm) fractionation of
Superdex 200 pooled active fractions. D First run with linear gradient. E. Repeat
run of pooled fractions.
Figure 3.6 SDS-PAGE of final hydroxyapatite concentrate from pooled active fractions
under reducing (DTT) and non-reducing conditions. Aliquots were boiled or not
boiled (control) prior to application on the gel.
Figure 3.7 Re-fractionation of Superdex 200 pooled active fractions. A. Hydroxyapatite
(Ceramic Macro-Prep 20 µm) fractionation of Superdex 200 pooled active fractions
with a step gradient. B. Q-Sepharose FF fractionation of hydroxyapatite pooled
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active fractions with a step gradient. The numbers on the bars represent the fraction
numbers.
Figure 3.8 SDS PAGE and activity assays on pooled fractions from Q-Sepharose FF
chromatography of hydroxyapatite active fractions (see Fig. 4B). A. SDS PAGE of
fractions #7-8, #11-2 and #15-16. The arrowhead indicates the 67 kDa active band.
The amounts of protein applied to each well are in parentheses. B. PTX2
hydrolysis activity of the same fractions applied to the SDS PAGE gel. The
columns and errors bars are the mean ± standard deviation of triplicate
determinations. C. 4-nitrophenyl butyrate hydrolysis activity of the same fractions
applied to the SDS PAGE gel.
Figure 3.9 Temperature optimum (A), temperature tolerance (B) and pH optimum (C) of
PTX-2 hydrolysis activity in Perna canaliculus hepatopancreas 25% PEG-6000
extracts. The values represent the mean of triplicate determinations ± standard
deviation.
Figure 3.10 The effect of various cryo-preservatives on the maintenance of PTX2
hydrolysis activity after 4 freeze/thaw cycles. PEG = polyethylene glycol 6000; EG
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Figure 3.11 PMSF inhibition of 4-nitrophenyl butyrate hydrolysis (A) and PTX2
hydrolysis (B) in Perna canaliculus 25% PEG-6000 hepatopancreas extracts. The
values represent the mean of triplicate determinations ± standard deviation. A 10%
addition of 10mM PMSF in isopropanol was used. Control I: no addition of
inhibitor or isopropanol. Control II: addition of 10% isopropanol only.
Figure 3.12 The effect of metal (Mg2+ and Ca2+) and a chelating agent (EDTA) additions
(final concentration = 0.5mM) on PTX2 hydrolysis activity by the final
hydroxyapatite purified fraction.
Figure 3.13 Manual de novo sequencing of MALDI-TOF mass spectra of a trypsin
generated peptide (precursor mass 2385.94) from the P. canaliculus
hepatopancreas PTX2 hydrolase. The amino acid sequences are read from right to
left.
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Figure 3.14 Hydrolysis of PTX2 and PTX11 isomers (A, B) by 25% PEG-6000 extract
and hydrolysis of PTX6 and PTX1 by the highest activity fractions from the
hydrophobic interaction (phenyl-low substitution) column (C). A & B were
analyzed by HPLC-UV and C by LC-MS/MS.
Figure 3.15 The kinetics of PTX2 (A & B) and 4-nitrophenyl butyrate (C & D)
hydrolysis by the hydroxyapatite final active fraction. Each data point is the mean
of three replicates, the error bars are the standard deviation about the mean. PTX
hydrolysis was calculated from the mean of the rate of disappearance of PTX2 and
appearance of PTX2SA determined by HPLC-UV. The hydrolysis of 4-nitrophenyl
butyrate was calculated from the appearance of 4-nitrophenol by absorption at
340 nm. Lineweaver Burke plots (B & D) were used to calculate the kinetic
parameters Vmax and Km.
Figure 3.16 Kinetics of competitive inhibition of PTX2 hydrolysis by PTX2c and
PTX11. A. The rate of PTX2 hydrolysis (mmol mL-1 min-1) with a constant
concentration of PTX2 substrate and varying PTX2c inhibitor concentrations. The
x-axis shows the molar ratios of PTX2c:PTX2. B. The rate of PTX2 hydrolysis
(V = nmol mL-1 min-1) with a constant concentration of PTX2c inhibitor and
varying concentrations of PTX2 substrate [S]. C. Lineweaver-Burke plots of
substrate and substrate plus inhibitor kinetics. D. The rate of PTX2 hydrolysis with
a constant concentration of PTX2 substrate and varying PTX11 inhibitor
concentrations. The x-axis shows the molar ratios of PTX11:PTX2.
Figure 3.17 Hydrolysis of okadaic acid and DTX1 esters by the purified (hydroxyapatite
final concentrate) Perna canaliculus esterase. A. Hydrolysis of C8, C9 and C10
okadaic acid diol-esters. B. Hydrolysis of DTX1 7-O-palmitate.
Figure 3.18 Hydrolysis of 4-nitrophenyl esters of various chain length by the final
hydroxyapatite fraction. The values are the mean of triplicate determinations ±
standard deviation.
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fuschin-sulphite glyco-protein stains.
Figure 4.8 Two dimensional SDS-PAGE gels of crystalline style proteins of Perna
canaliculus (A) and Mytilus galloprovincialis crystalline styles (B). The numbers
of selected spots are shown along with annotations of homologous proteins from
the NCBI molluscan database.
Figure 4.9 MALDI-TOF-MS tryptic peptide mass spectra of major structural proteins
(spots #1, #2, #3, #4; Fig. 7A) from the Perna canaliculus crystalline style.
Figure 4.10 MALDI-TOF-MS tryptic peptide mass spectra of major structural proteins
(spots #1, #3; Fig. 7B) from the Mytilus galloprovincialis crystalline style.
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Fig. 4.11 Manual de novo sequencing of MALDI-TOF mass spectra of a tryptic peptide
with homology to a peptide within myosinase-II from Perna canaliculus (A:
Precursor mass 1864.68) and Mytilus galloprovincialis (B: Precursor mass
1679.62). Refer to Table 4.2 and Table 4.3 for the location of these peptides in the
respective proteins. The amino acid sequences are read from right to left.
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Figure 5.1A. Silver stained native-PAGE gels and α-amylase zymograms of crystalline
style extracts of Perna canaliculus (1, 2) and Mytilus galloprovincialis (3, 4). B
Silver stained native-PAGE gels and laminarinase zymograms of crystalline style
extracts of Perna canaliculus (5, 6) and Mytilus galloprovincialis (7, 8).
Figure 5.2 Cellulase (β 1,4 endoglucanase) zymograms of crystalline style extracts of the
mussels Perna canaliculus and Mytilus galloprovincialis on carboxymethyl
cellulose impregnated SDS-PAGE gels stained with Congo Red.
Figure 5.3 pH dependence of α-amylase activity (starch substrate) in crystalline style
extracts.
Figure 5.4 The effect of NaCl concentrations on α-amylase activity (starch substrate) in
crystalline style	
  extracts.	
  
Figure 5.5 The effect of calcium ion concentration on α-amylase activity in crystalline
style.
Figure 5. 6 Polysaccharidase activities in crystalline style extracts of Mytilus
galloprovincialis and Perna canaliculus.
Figure 5.7 Hydrolysis of 4MU β-galactopyranoside by crystalline style extracts and
gastric fluids of mussels (Perna canaliculus, Mytilus galloprovincialis) and oyster
(Crassostrea gigas) and a surf clam (Paphies subtriangulata) species.
Figure 5.8 An experiment to examine the effect of variations in salt concentration on the
hydrolysis of 4MU labelled chitinase substrates by crystalline style extracts. A.
Perna canaliculus; B. Mytilus galloprovincialis; C. Crassostrea gigas; D. Paphies
subtriangulata.
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Figure 5.9 pH optima of chitinases in an extracts of the crystalline style and gastric
fluids of various bivalves. 4MU-GlucNAc-ase = N-acetyl glucosaminidase; 4MU(GlucNAc)2-ase = chitobiosidase; 4MU-(GlucNAc)3-ase = endochitinase. A-B.
Crassostrea gigas; C-D Perna canaliculus.
Figure 5.9 (cont) pH optima of chitinases in an extracts of the crystalline style and
gastric fluids of various bivalves. 4MU-GlucNAc-ase = N-acetyl glucosaminidase;
4MU-(GlucNAc)2-ase = chitobiosidase; 4MU-(GlucNAc)3-ase = endochitinase. EF. Mytilus galloprovincialis; G-H. Paphies subtriangulata.
Figure 5.10 Chitinase activity in the crystalline style and gut contents of various bivalve
species. A, Crassostrea gigas; B, Ostrea chilensis; C, Mytilus galloprovincialis;
D, Perna canaliculus; E, Paphies subtriangulata; F, Paphies donacina.
Figure 5.11 Relative N-acetyl glucosaminidase (NAGase) activity in the crystalline
styles (C-S) and gastric fluids (G-F) of Mytilus galloprovincialis, Perna
canaliculus and Crassostrea gigas.
Figure 5.12 Chitinase activities in various digestive tissues of Perna canaliculus. A,
activity in crude extracts expressed per g wet wt. of each tissue; B, activity in crude
extracts expressed per mg of soluble protein in each tissue.
Figure 5.13 Assay of chitinase activity by crystalline style extracts of Crassostrea gigas
and Perna canaliculus and chitinase from Streptomyces griseus using chitin azure
as a substrate. The assays were run for 18 hr at 25°C in citrate buffer at pH 5.5.

Chapter 6.
Figure 6.1 Size and weight statistics for fast growing (8-20, 8-01) and slow growing (807, 8-10) mussel families sampled 14 Dec 2009. A, shell dimensions, B,
Crystalline style dry wt.; C, crystalline style % moisture; D, Crystalline style
soluble protein % dry wt.. The error bars represent the standard deviations around
the means, n = 6.
Figure 6.2 Size and weight statistics for fast growing (8-20, 8-01) and slow growing (807, 8-10) mussel families sampled 05 May 2010. A, shell dimensions, B, flesh wt.;
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C, crystalline style dry wt.; D, crystalline style % moisture, E, Soluble protein %
dry wt.. The error bars represent the standard deviations around the means, n = 12.
Figure 6.3 Increase in shell size by fast growing (8-01, 8-20) and slow growing (8-07, 810) families between the two sampling occasions. The error bars represent the
standard deviations around the means of measurements on 9 Dec 09 (n = 6) and 05
May 10 (n = 12).
Figure 6.4 Comparison of chitinase activity between large and small size classes of one
selected family with variable growth rates (8-24). A, shell dimensions; B, CS dry
wt.; C, soluble protein/style; D, % soluble protein/ CS dry wt.; E, CS % moisture;
F, CS chitinase activity. The error bars represent the standard deviations around the
means, n = 9.
Figure 6.5 Chitinase activities (nmol substrate hydrolyzed/ mg soluble protein/min) in
the crystalline styles of selected families, sampled 14 Dec 2009. . A, N-acetyl
glucosaminidase activity; B, chitobiosidase activity; C, endochitinase activity; D,
Results of unpaired t-tests showing the significance of differences between means;
* =P<0.05, ** = P<0.01. The error bars represent the standard deviations around
the means, n=6.
Figure 6.6 Glycogen and carboxymethyl cellulose (CMC) hydrolysis by extracts of
crystalline styles collected 14 Dec 2009. A, glycogen hydrolysis; B, CMC
hydrolysis; C. Results of unpaired t-tests showing the significance of differences
between means; * =P<0.05, ** = P<0.01, *** P<0.005. The error bars are the
standard deviation around the mean, n=6.
Figure 6.7 Chitinase activities in the crystalline styles of selected families, sampled 05
May 2010. A, N-acetyl glucosaminidase activity; B, chitobiosidase activity; C,
endochitinase activity. D. Results of unpaired t-tests showing the significance of
differences between means; * =P<0.05, ** = P<0.01, *** P<0.005.The error bars
represent the standard deviations around the means, n = 12.
Figure 6.8 Glycogen (A) and carboxymethyl cellulose (B) hydrolysis by extracts of
crystalline styles collected 05 May 2010. C. Results of unpaired t-tests showing the
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significance of differences between means; * =P<0.05, ** = P<0.01, *** P<0.005.
The error bars represent the standard deviation around the mean, n = 12.
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Figure AI.1 Structures of selected pectenotoxin analogues and derivatives.
Figure AI.2 Procedure for pectenotoxin extraction from plankton concentrates.
Figure AI.3 Extraction of PTXs from the supernatant of the plankton concentrates using
liquid/liquid partition and solid phase extraction methods. Each bar represents the
mean of 3 replicates, the error bars are the standard deviations about the mean.
Figure AI.4 Purification of PTX2 and PTX11 from plankton concentrate supernatants
(A) and cell pellets (B). Purified PTX2 (C) and PTX11 (D) preparations used as
enzyme assay substrates.
Figure AI.5 Isomers of PTX2 (A) and PTX11 (B) produced by acid catalyzed
isomerisation of parent compounds.

Appendix II
Figure AII.1 The BioRad RotoforTM isoelectric focussing apparatus.
Figure AII.2 Isoelectric focussing of enzyme activities in a Q-Sepharose FF fractionated
hepatopancreas extract. A. pH and total protein (absorbance @ 280nm) in
isoelectric focussing cells #1-20. B. 4-nitophenyl butyrate hydrolysis. C. PTX2
hydrolysis.
Figure AII.3 SDS PAGE of extracts applied to and selected fractions recovered from the
isoelectric focussing apparatus. Samples were precipitated with 15% TCA washed
2x with cold acetone, dried 40°C for 30 min, re-suspended in reducing loading
buffer and heated at 100°C prior to running on the gel.
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Figure AIV.1. Photos of surf clam species and photomicrographs of their crystalline
style structures. Paphies donacina (A & B); Paphies subtriangulata (C &D);
Paphies ventricosa (E & F); Spisula aequilatera (G & H). The scale bars on the
clam specimen photos represents 3cm, the scale bars on the photomicrographs
represent 200 µm. The arrow heads point to the very numerous spindle shaped
inclusions within the multi-layered structure of the styles.
Figure AIV.2A. Surf clam Dosinia anus (Ringed Dosinia). B. Symbiotic spirochetes
(Cristispira sp.) in the soft crystalline style of D. anus.
Figure AIV.3 Paphies subtriangulata SDS-PAGE A Coomassie stained. B. Schiff’s
stained.
Figure AIV.4 Paphies donacina SDS-PAGE A Coomassie stained. B. Schiff’s stained.
Figure AIV.5 Paphies ventricosa SDS-PAGE A Coomassie stained. B. Schiff’s stained.
Figure AIV.6 Spisula aequilatera SDS-PAGE A Coomassie stained. B. Schiff’s
stained.
Figure AIV.7 Ostrea chilensis SDS-PAGE A Coomassie stained. B. Schiff’s stained.
Figure AIV.8 Crassostrea gigas SDS-PAGE A Coomassie stained. B. Schiff’s stained.
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Mytilus galloprovincialis (Blue mussel) Crassostrea gigas (Pacific oyster).
Asterisks indicate conserved amino acid residues in all peptide. Sources of data: 1.
Watanabe and Tokuda, 2001; 2. Denoeud et al., 2010; 3. NCBI reference sequence
XP_00273947.1; 4. Suzuki et al, 2003; 5. Sakamoto et al., 2007; 6. Zhang et al.,
2012; 7. Venier et al. 2009; 8. This study. The H residue within the terminal
PHHR motif highlighted in red is catalytically important in GHF9 enzymes.
Chapter 3.
Table 3.1. The MRM transitions and parameters used in LC-MS/MS analysis of
pectenotoxin and okadaic acid analogues.
Table 3.2. PTX2 hydrolysis by crude tissue homogenates of various species in 50mM
Tris-HCl buffer at pH 8.
Table 3.3. Isolation and purification protocol for PTX2 hydrolase
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Table 3.4. Non-specific esterase (4-nitrophenyl butyrate hydrolysis) and PTX2
hydrolase activity by Perna canaliculus hepatopancreas extract fractions.
Table 3.5. De novo derived amino acid sequences of peptide fragments from the Perna
canaliculus hepatopancreas PTX2 hydrolase.

Chapter 4
Table 4.1. Composition of mussel crystalline styles.
Table 4.2. MALDI-Tof MS/MS determined de novo peptide sequences of crystalline
style structural proteins from Perna canaliculus and homology with EST derived
sequences from the ‘Mytibase’ data base. The SDS-PAGE gel slices analyzed are
illustrated in Fig. 8.
Table 4.3. MALDI-Tof MS/MS determined de novo peptide sequences of crystalline
style structural proteins from Mytilus galloprovincialis and homology with EST
derived sequences from the ‘Mytibase’ data base. The SDS-PAGE gel slices
analyzed are illustrated in Fig 12.

Chapter 5.
Table 5.1. Substrates used for assaying carbohydrase activities in crystalline style
extracts and gastric fluids of bivalves.
Table 5.2 Enzymatic hydrolysis of storage and structural polysaccharides by extracts of
the crystalline style of Perna canaliculus and Mytilus galloprovincialis (50 mM
Bis-Tris propane buffer @ pH 6.5, + 150mM NaCl, + 5mM CaCl2). Incubation at
25°C, PAHBAH reducing sugars assay, 4 replicates and 4 controls per assay,
quantified against glucose standards. Extract prepared from 0.1g wet wt. C.S. / 3ml
buffer.

	
  
	
  

Appendix II
Table AII.1 Isoelectric focussing conditions.
Table AII.2 PTX2 hydrolysis assay of extracts applied to and selected fractions
recovered from the isoelectric focussing apparatus.

Appendix III
Table AIII.1 Results of OA esterification experiment using porcine pancreatic lipase
and a crude extract of the hepatopancreas enzyme.
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List of abbreviations
AZA

Azaspiracids

BME

β-mercaptoethanol

CMC

Carboxymethyl cellulose

CS

Crystalline style

DTX1

Dinophysis toxin-1 (methyl okadaic acid)

DTX-3

Dinophysis toxin-3 (7-O-acyl esters of okadaic acid and DTX-1)

DTT

Dithiothreitol

GF

Gastric fluids

GHF9

Glycoside hydrolase family 9 cellulases

GlcNAc

N-acetyl β-D-glucosamide

GlcNAc2

β-D-N N’ diacetyl chitobioside

GlcNAc3

β-D-N N’ N’’ triacetyl chitotrioside

Glyc

Glycogen

HP

Hepatopancreas

HPLC-UV

High performance liquid chromatography with ultra violet detection

LC-MS

Liquid chromatography mass spectrometry

MALDI TOF Matrix-assisted laser desorption/ionization time of flight mass spectrometry
MeCN

Acetonitrile

MeOH

Methanol

4-MU

4-methyl umbelliferone

NAGase

N-acetyl glucosaminidase

OA

Okadaic acid

PAHBAH

para hydroxybenzoic acid hydrazide

PTXs

Pectenotoxins (PTX1 - PTX11)

PTX2Sa

Pectenotoxin 2 seco acid

PEG

Polyethylene glycol

SDS-PAGE

Sodium dodecylsulfate-polyacrylamide gel electrophoresis
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ABSTRACT
This study was primarily focussed on the identification and isolation of enzymes involved
in the digestion of phytoplankton in the bivalve gut and the assimilation and
biotransformation of secondary metabolites released by these digestive processes within
the digestive gland (hepatopancreas). The main hypothesis was that these enzymes play
important roles in algal biotoxin sequestration and elimination and an improved
understanding of the nature of these enzymes may lead to solutions to the harmful effect of
algal toxin contamination on shellfish aquaculture productivity. The function of the
crystalline style in these processes was an essential component of this objective
incorporating the hypothesis that major matrix proteins play an important role in the
gelling properties of the styles. A second objective was to identify digestive enzymes that
might be useful as biochemical indicators for the discrimination of superior family traits
within a bivalve selective breeding programme, and test the performance of these markers
against mussel families selected for differing growth capacities.
An endo β-1,4 glucanase (cellulase) that mediates the digestion of dinoflagellate thecal
plates in the bivalve gut was tentatively identified and partially purified from the
crystalline style of the GreenshellTM mussel Perna canaliculus. This enzyme appears to
play a key role in the lysis of the toxic dinoflagellate Dinophysis (spp.) thereby liberating
okadaic acid and pectenotoxins for absorption within the hepatopancreas. The enzyme was
isolated using dissociated dinoflagellate thecal plates as substrate and assayed by the
release of reducing sugars. After selective adsorption/desorption using a thecal plate
suspension the enzyme was further purified by gel filtration and an active fraction of 43-44
kDa isolated. One major band of carboxymethyl cellulose (CMC) hydrolysis activity was
observed on CMC-zymogram gels corresponding to a Coomassie stained protein of 46kDa
on non-reducing SDS-PAGE gels. Under reducing conditions the activity on zymogram
gels was maintained (at 46kDa) but the Coomassie stained band was shifted to 30kDa.
However de novo amino acid sequencing of bands from heated aliquots on an SDS-PAGE
gel revealed the presence of a 63 kDa protein which contained tryptic peptides with close
sequence similarity to glycoside hydrolase family 9 (GHF9) cellulases found in a variety
of invertebrate taxa including the blue mussel Mytilus galloprovincialis. This demonstrated
that the 46 kDa activity bands on the zymograms were possibly artifacts created by
complexing of the enzyme with probably at least two other proteins. The enzyme is almost
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certainly endogenous although this has yet to be confirmed by sequence analysis of cDNA
and genomic DNA.
An enzyme capable of hydrolyzing pectenotoxins (PTXs) and okadaic acid (OA) esters
within the hepatopancreas of the GreenshellTM mussel Perna canaliculus was isolated and
characterized. It is believed this is the first report of the purification of any esterase or
lipase from the digestive gland of a bivalve. PTX2 and PTX1 were hydrolyzed by the
enzyme but it was inactive against PTX11, PTX6 and acid isomerised PTX2 and PTX11.
PTX11 and PTX2b competitively inhibited PTX2 hydrolysis. The enzyme also hydrolyzed
short and medium chain length (C2-C10) 4-nitrophenyl-esters, okadaic acid C8-C10 diol
esters and DTX1 7-O-palmitoyl ester (DTX3). The ability of the enzyme to hydrolyze the
diol and acyl esters of okadaic acid, with which PTXs are invariably associated in natural
shellfish contamination events, raises the possibility that it may participate in other
associated process such as the synthesis of OA and PTX seco acid esters in vivo. MALDITof MS/MS determination of de novo amino acid sequence and BLAST searches of
several data bases failed to identify any similarity to known proteins.
Partial characterization of the crystalline style matrix proteins of Perna canaliculus and
Mytilus galloprovincialis was carried out to attempt to identify the biochemical basis of
differences in the physical structure of the styles. P. canaliculus has a crystalline style that
is typical of those bivalves with permanent hard-type styles while the style of M.
galloprovincialis is typical of bivalves with transient soft-type styles. The consistency of
the styles is clearly related to their respective moisture content and both style types contain
a suite of high molecular weight (>800 kDa and ~95-170 kDa) heavily glycosylated
proteins and medium molecular weight (40-50 kDa) more lightly glycosylated protein
duplexes. These protein pairs appear to play a role in gel formation, and differences in the
nature of these proteins may determine the difference between hard and soft styles. One
and two dimensional SDS-PAGE, MALDI-TOF MS/MS peptide analysis and de novo
amino acid sequencing, showed there was a high degree of similarity between the
sequences of several peptide fragments of the prominent40-50 kDa protein duplexes and
‘Myosinases’ I and II annotated within a M. galloprovincialis EST data base (“Mytibase”).
‘Myosinases’ belong to a large family of astacin-like metalloproteinases that are widely
distributed in nature, although in many cases their function is unknown. This research
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establishes a new role for this important group of proteins. Analysis of the electrophoretic
behaviour of the style proteins from a number of New Zealand endemic bivalve species
showed that medium MW lightly glycosylated proteins were a major component of them
all. It was hypothesised that astacin-like proteins determine the character of the crystalline
styles of all bivalve species.
The activities of amylase, laminarinase, cellulase and chitinase enzymes in the crystalline
styles of several New Zealand bivalve species were visualised, quantified and partially
characterised. Alpha amylase and laminarinase constituted the major activities in Perna
canaliculus and Mytilus galloprovincialis. Protein-specific N-acetyl glucosaminidase
(NAGase) activity was highest in the style of C. gigas followed by the gastric fluids of P.
galloprovincialis and the style of P. canaliculus. NAGase activity was very low in the
style and gastric fluids of the surf clam Paphies subtriangulata and the gastric fluids of P.
canaliculus. Chitobiase and chitotriase activities also varied in different ways between
styles and gastric fluids in the various species. Whether the observed activities represented
true chitinase activity was questionable because assays using chitin azure did not relate to
the relative activities observed using fluorescently labelled proxy substrates in oyster and
mussel style extracts. It was speculated that the NAGase activities observed may more
realistically represent lysozymes than chitinases.
Assays of chitinase, cellulase and amylase activities in the crystalline styles of selected fast
and slow growing families of the mussel Perna canaliculus were carried out on two
occasions over six months, during which time the shellfish were growing in a normal
mussel cultivation situation. The data did not support the hypothesis that differences in
growth rate by these families could be related to the different expression of digestive
enzymes leading to improved nutritional efficiency by faster growing families. On the
contrary faster growing families in general exhibited lower rates of enzyme activity and
these differences between families appeared to be related to the size of the individuals
rather than their genetic heritage.
Key words Perna canaliculus; Mytilus galloprovincialis; bivalves; selective breeding;
digestion; crystalline style; hepatopancreas; enzymology; cellulase; esterase; myosinase;
dinoflagellates; Protoceratium reticulatum; Dinophysis acuta; pectenotoxins; okadaic
acid; okadaic acid esters; MALDI TOF-MS

	
  

31	
  

	
  

Chapter 1. Introduction
1.1

General introduction

The aquaculture of bivalves is a rapidly growing worldwide industry that brings with it
many economically important and environmentally sustainable food-production attributes.
In New Zealand, the endemic GreenshellTM mussel (Perna canaliculus) is the basis of a
substantial shellfish aquaculture and export industry (101,311 tonnes and $NZ 253 million
per annum in 2011; Aquaculture NZ statistics) while the indigenous blue mussel (Mytilus
galloprovincialis) is an important by-crop (about 20,000 tonnes per annum). To support
the long term viability and profitability of the industry, research directed towards the
selective breeding of P. canaliculus is in progress (King, 2008) to develop stock with
special characteristics that will improve harvest yields or confer other qualities (e.g.
resistance to disease and xenobiotics, taste, appearance, nutraceutical and nutritional
quality) that will aid husbandry and processing, and enhance marketability. To date
breeding has focussed on the selection of families with superior growth characteristics
(size and flesh weight) and good progress has been achieved. However, to selectively
breed for other qualities requires a more sophisticated approach, based on an intimate
knowledge of the key biochemical processes which underpin their physiology. The
identification of biochemical and molecular markers that can be used as selection criteria is
important in achieving this. The research presented here has focussed on a few aspects of
the biochemistry of phytoplankton digestion and assimilation by bivalves which are
important in how the animals deal with natural xenobiotics and gain nourishment.
1.2

Assimilation and elimination of algal biotoxins by bivalves

The contamination of filter feeding bivalves with polyether toxins produced by a number
of common planktonic dinoflagellate species (e.g. Dinophysis spp.) is a worldwide public
health and quality assurance problem for shellfish aquaculture industries (e.g. Della Loggia
et al. 1993; MacKenzie et al., 2002; Reguera et al. 1990; Vale and Sampayo, 1999). Two
important groups of these polyether toxins are the pectenotoxins (PTX) and okadaic acid
(AO) family of toxins. The OA based toxins are responsible for severe gastrointestinal
illness in shellfish consumers (Yasumoto et al., 1980), generally referred to as diarrhetic
shellfish poisoning (DSP). The PTXs, which almost invariably accompany OA in
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contaminated shellfish, have not been conclusively shown to cause illness in humans, but
are regulated at the same level as the OA toxins (EFSA 2009), because they have severe
hepatotoxic effects in laboratory animals (Munday, 2008).

Figure 1.1 A typical algal toxin contamination and depuration curve (black line),
compared to hypothetical curves that could be achievable through enhancing toxin
elimination via increased metabolism and excretion (blue line), and inhibition of
assimilation by reducing algal cell digestion and toxin uptake (red line). Individually, or in
combination (orange line), these strategies could lead to the much reduced shellfish harvest
closure periods. The dotted line represents the EU mandated acceptable levels of okadaic
acid (OA), pectenotoxins (PTX) and azaspiracids (AZA) in shellfish of 0.16 mg/kg.
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In vivo biotransformation of these compounds by hydrolysis and fatty acid esterification in
bivalves is a problem for biotoxin monitoring programmes. This is because the multiplicity
of different derivatives produced complicates identification and quantification, and affects
their bioactivity, in vivo sequestration, and rates of elimination (Vale and Sampayo, 2002).
Prolonged closures of growing areas caused by the long term sequestration of lipophilic
toxins within shellfish tissues after the contamination phase has passed (Fig. 1.1), have
proved devastating to the economics of shellfish aquaculture (e.g. Rodríguez et al. 2011).
The period during which the shellfish become contaminated during the climax of the
dinoflagellate bloom is often only on the order of a few weeks. However, after the
contamination phase has ceased, it can take several months for the concentration of toxins
in the shellfish tissues to descend below the regulated permissible level (Fig. 1.1; EFSA
2009). Because of the slow natural-rate of toxin elimination, substantial benefits would
result if practical means could be devised to increase the rate of toxin elimination in
depuration facilities, or, through selective breeding, produce shellfish stocks with an innate
ability to more rapidly degrade or expel the toxins. If it was possible to stimulate the rate
of toxin metabolism and elimination, elevated levels of toxin may still accumulate in the
shellfish during the contamination phase, but concentrations would rapidly drop below the
regulatory levels thereafter (Fig. 1.1). If on the other hand the shellfish could be prevented
from digesting the cell walls of toxic dinoflagellates, thereby preventing cell lysis and
release of toxins for absorption in the hepatopancreas, the concentration of toxins in the
tissues may not reach such a high level. So, although the rate of elimination may remain
unchanged the time until the permissible level was reached would be reduced (Fig. 1.1). If
both strategies could be combined (Fig. 1.1) it is conceivable that a substantial shortening
of the harvest closure period could be achieved.
There is an older literature and a few more recent papers that describe enzymatic activities
(primarily polysaccharidases) in the stomach, crystalline style and hepatopancreas of
bivalves (see subsequent chapters for these). However there are surprisingly few
references to work that has focussed on the role of these enzymes on the digestion of
phytoplankton cells in general, and none that the author is aware of that focus on the cell
lysis of dinoflagellates and the release of their polyether toxins. With respect to the
crystalline β-1,4 endoglucanases, apart from the general assumption that they are involved
in the breakdown of cellulose in the diet, none of these studies have been directed towards
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identifying the ecological function of these enzymes. The only known study is that of
Brock (1989), who demonstrated the ability of the hepatopancreas extracts of the pacific
oyster (Crassostrea gigas) to digest the cell walls of green algae (Tetraselmis suecica).
Previous studies have focussed on tissue localization, enzymatic and structural
characteristics, and identification of the genes coding for these enzymes. A major objective
of this study was to obtain a greater understanding the processes of dinoflagellate cell
digestion and dinoflagellate-toxin uptake in the gut of Perna canaliculus.
The work presented here (Chapter 3) on the purification and characterisation of the
hepatopancreas enzyme responsible for PTX2 and OA ester hydrolysis was based on
earlier work by the author and his colleagues (Suzuki et al., 2001a,b.) which first identified
these activities in the bivalve hepatopancreas. There is a related literature on the dynamics
(including modelling) of polyether toxin elimination by bivalves (e.g. Blanco et al., 1999).
However most of this research is based on empirical observations of changes in toxin
burden under a variety of natural and contrived conditions and few explore the
biochemical basis of these dynamics. To the authors knowledge there are currently only
two studies that have attempted to identify the biochemical mechanisms underpinning
polyether-toxin depuration dynamics in bivalves. Rossignoli et al. (2011) demonstrated the
esterification of OA with palmitoyl –CoA by sub cellular fractions of the digestive cells
that contain active endoplasmic reticulum (ER) and Rossignoli and Blanco (2010)
suggested that lipoprotein binding may be the mechanism whereby the more lipid-soluble
esterified polyether compounds are transported and excreted from the animal in a fashion
similar to the serum transport and elimination of cholesterol.
In summary, this research was aimed at providing a better understanding of polyethertoxin transformation in shellfish tissues based on the hypothesis that key enzymes in the
alimentary canal, including the crystalline style and digestive gland (hepatopancreas), of
mussels play essential roles in mediating toxic-dinoflagellate digestion, toxin hydrolysis,
esterification, sequestration and elimination. It was envisioned that the long term benefits
of this research might include:
•

the means of manipulating biotoxin degradation and elimination dynamics,

•

identification of molecular targets to distinguish shellfish families with superior toxin
elimination qualities,
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•

isolation of proteins with highly specific toxin binding properties with the potential for
use in biosensor development,

•

development of techniques for extraction and purification of bioactive proteins from
shellfish processing waste products,

•

the means to tailor the toxin derivative cocktails from parent compounds for use as
analytical standards,

•

Identification of enzymes with novel properties that have potential biotechnology
applications (e.g. low temperature salt tolerant esterases, lipases, carbohydrases,
proteases).

1.3

The anatomy and enzymology of bivalve digestion and assimilation

In reading the thesis, a basic understanding of the anatomy and physiology of the bivalve
alimentary tract is necessary and a brief discussion of its major components and their
functions is presented here. Bivalves are opportunistic and generally indiscriminate filter
feeders (Jorgensen, 1990; Dame and Olenin, 2005) that ingest mixtures of a wide variety
of phytoplankton and zooplankton, bacteria and organic and inorganic detritus, in
proportions that vary temporally and according to the habitat they occupy. In bivalves,
digestion is a combination of extra-cellular and intra-cellular processes. Extra-cellular
digestion takes place in the stomach (Fig. 1.2) by the secretion of enzymes from the
stomach wall, the digestive diverticula, and the crystalline style. Micro-particulate material
is transported from the stomach via ciliated ducts leading to the digestive tubules, where
specialized digestive cells are the sites of endocytosis and intracellular digestion (Fig. 1.2).
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Figure 1.2 Schematic representation of the mussel alimentary canal showing the location
of the stomach and crystalline style.
Within the hepatopancreas (Morton, 1983; Gosling, 1992; Gosling, 2008), the digestive
cells and tubules undergo a sequence of cytological changes over the feeding and digestive
cycles. Before food enters the lumen of the tubules, the digestive cells are in a ‘holding
phase’. As food arrives from the stomach the digestive cells swell as by endocytosis they
become filled with food particles. The digestive cells contain spherical bodies comprising
the lysosomal system that contains the enzymes necessary for processing the ingested
food. The digestive phase (reputedly when the valves of the mussel are closed) is followed
by a re-organisation phase during which digestive cells revert to the holding phase and
new tubules and digestive cells are produced by division of specialized “crypt” cells. The
products of digestion are passed from the bases of the digestive cells into the circulatory
system of the animal while waste products are packaged as fragmentation spherules that
bud off from the apices of the cells into the tubules and are transported, probably by
contractions of smooth muscle fibres surrounding the tubules, back to the stomach for
elimination via the intestine.
Disintegration of the fragmentation spherules may help with extra-cellular digestion and
they may play roles in determining the acidity of the stomach and assist in style dissolution
through the action of proteases they contain. Basophilic cells in the digestive diverticula
are also believed to be the origin of the secretions that determine stomach acidity. Morton
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(1983) maintains that during the latter stage of the digestive phase the stomach empties as
all ingested material passes either to the digestive diverticula or mid gut while the
crystalline style reforms by secretion from the A and B cells of the style sac. This is
probably not exactly the case in species such as P. canaliculus where the style is
permanently formed (Chapter 4; Appendix IV). Fragmentation spherules and secretions
from the basophilic cells entering the stomach may assist in style dissolution so that food
introduced during the next phase of the feeding cycle encounter an environment already
prepared with abundant digestive enzymes (Langton, 1977). This cyclical
digestive/feeding rhythm is probably somewhat idealised and may not take place when
animals are continuously immersed.
Early on in this study it was decided that the crystalline style was a good candidate as one
focus for this research, since it is a critical component of the digestive system and
functions at the interface between the shellfish and their environment. The crystalline style
is a clear, gelatinous, tapering-rod shaped structure (Fig.1.2) enclosed within the style sac
and rotated by the cilia which line this cavity. The anterior end of the style protrudes into
the stomach of the animal where it contacts a chitinous plate known as the gastric shield.
The style dissolves within the gastric fluids assisted by the mechanical grinding effect of
rotation against the gastric shield. The proteins and carbohydrates comprising the style
originate from specialized secretory cells that line the style sac epithelium (Judd, 1979).
Modification of the properties of the crystalline style is a potential route through which
intervention may be possible (e.g. through selective breeding or introduction of selected
symbionts) to influence characteristics of the animals (e.g. improved digestive capability,
disease resistance through the production of lysozymes and microbial/virus binding
proteins, enhanced xenobiotic elimination etc.), but to do this a better understanding of its
composition and biochemistry is needed. The bivalve crystalline style was an object of
curiosity in the early 20th century and there is quite a substantial older literature on their
form, function and enzymology (see Chapter 4 references). Much of this early research
lacked an applied context and employed relatively crude methods. Therefore many basic
questions about the biochemistry of the styles remain such as: what is the nature of the
carbohydrates and proteins that make up the style matrix? What determines the gelling
properties of the style? What is the molecular basis of the difference between hard
permanent styles and soft transient styles? How are digestive enzymes immobilised in the
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styles? What are the physiological and ecological consequences of soft versus hard-type
styles? Do enzyme activities in the styles relate to digestive efficiency by the animal?
Although these are fundamental questions their solutions may have important application
in the breeding of improved varieties for aquaculture. Selective breeding of terrestrial
animals and plants has been practised for many thousands of years whereas the
domestication of bivalve molluscs is in its infancy and considerable gains in productivity
and quality are possible.

1.3
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Chapter 2.
An endo-β-1,4 glucanase (cellulase) in the crystalline style of
the mussel Perna canaliculus initiates cell lysis of planktonic
dinoflagellates
2.1

ABSTRACT

An endo β 1,4 glucanase (cellulase) that plays an important role in the digestion of
dinoflagellate thecal plates was identified and partially purified from the crystalline style
of the GreenshellTM mussel Perna canaliculus. The enzyme was isolated using dissociated
dinoflagellate thecal plates as a substrate and its activity assayed by the release of reducing
sugars. The enzyme had no exo β 1,4 glucanase or β 1,4 glucosidase activity. The enzyme
was responsible for the cell lysis of toxic Dinophysis spp. by acting against the suture
between the valves of the hypotheca, which themselves were unaffected. The enzyme had
a pH optimum of 5.5 and was partially inhibited with N-bromosuccinimide. The enzyme
was enriched in crude extracts by sequential precipitation with 25% and 60% NH4(SO4)2.
After selective adsorption/desorption using a thecal plate suspension the enzyme was
further purified by gel filtration and an active fraction of 43-44 kDa was isolated. One
major band of carboxymethyl cellulose (CMC) hydrolysis activity was observed on CMCzymogram gels corresponding to a Coomassie stained protein with a molecular mass of
46kDa on non-reducing SDS-PAGE gels. Under reducing conditions the activity on
zymograms gels was maintained (at 46kDa) but the Coomassie stained band was shifted to
a MW of 30kDa. The 46kDa and 30kDa bands were shown to be identical by MALDITOF mass spectrometry. Enzyme activity on zymogram gels was lost after heating.
However de novo amino acid sequencing of bands from heated aliquots from an SDSPAGE gel revealed the presence of a 63 kDa protein which contained tryptic peptides with
close sequence homology to glycoside hydrolase family 9 (GHF9) cellulases found in a
variety of invertebrate taxa including the blue mussel Mytilus galloprovincialis. It is
hypothesised that the 46 kDa activity bands on the zymograms were artifacts created by
complexing of the enzyme with at least two other proteins. The enzyme is almost certainly
endogenous, though this has yet to be confirmed by sequence analysis of cDNA and
genomic DNA.
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2.2

INTRODUCTION

An improved understanding of the biochemical mechanisms by which the GreenshellTM
mussel Perna canaliculus digests and metabolizes the phytoplankton that comprise the
major part of their diet is relevant to the selective breeding of improved varieties for
aquaculture (King, 2008). There is a substantial older literature on the mechanics and basic
enzymology of bivalve filter feeding (e.g. Jorgensen, 1996; Lavine,1946; Brock and
Kennedy, 1992), the relevance this has to the ecology of natural populations (e.g. Ibarrola
et al., 2000; Fernández-Ririz et al., 2001), and more recently on the genetics underpinning
the production of various bivalve digestive enzymes (e.g. Sakamoto et al., 2007).
However, despite the importance of micro-algae in the diet of filter feeding bivalves there
has been surprisingly little research on the direct effect of bivalve digestive enzymes on
the algae themselves and how this relates to the mechanism and dynamics of their
utilization as food. The only known study is that of Brock (1989), who demonstrated the
ability of the hepatopancreas extracts of the pacific oyster (Crassostrea gigas) to digest the
cell walls of green algae (Tetraselmis suecica). He noted an apparent increase in digestive
activity in fed compared to starved oysters, but could reached no conclusion whether this
was due to enteric bacteria or endogenous processes
Dinoflagellates are frequently a major component of the phytoplankton in temperate
coastal waters, especially during periods when the water column is strongly stratified, and
they play an important role in mussel nutrition. Some common dinoflagellates produce
toxic secondary metabolites that accumulate in the shellfish, causing illness in human
consumers and leading to harvesting bans. For example, several Dinophysis species and
Protoceratium reticulatum (MacKenzie et al. , 2002; 2004; 2005) commonly contaminate
mussels with lipophilic polyether toxins (okadaic acid, pectenotoxins and yessotoxins).
One long term objective of the mussel selective breeding programme is the production of
varieties with reduced algal toxin sequestration or enhanced elimination characteristics.
Early observations made during the present study indicated that there was factor within the
gastric fluids of P. canaliculus that led to rapid dissociation and dissolving of the cell walls
of these, and other nutritionally important, dinoflagellates. The focus of the study then
became the identification, characterization and isolation of this factor (presumed to be a
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cellulase), since this was clearly important in the digestion of dinoflagellates and the
dynamics of toxin assimilation. Cellulase activity in the digestive tract and crystalline
styles of molluscs was identified many years ago (e.g. Lavine, 1946; Morton, 1952), but
this activity was assumed to originate from symbiotic micro-organisms in the style and
gut, not from the animal itself. More recently, it has become apparent (Watanabe and
Tokuda, 2001) that many invertebrate taxa, including molluscs, produce endogenous
enzymes that are capable of hydrolysing the β-1,4 glycoside bonds that link the glucose
subunits of the cellulose polymer. Endogenous cellulases have now been isolated,
characterized and cloned from the blue mussel Mytilus edulis (Xu et al., 2000; 2001) the
abalone Haliotis discus hanni (Suzuki et al., 2003) the freshwater clam Corbicula japonica
(Sakamoto et al., 2007, 2008, 2009) and the freshwater snail Ampullaria crossean (Wang
et al., 2003; Li et al., 2009; Yin et al., 2011). Apart from the general assumption that they
are involved in the breakdown of cellulose in the diet, none of these studies have been
directed towards identifying the ecological function of these enzymes. They have focussed
on tissue localization, enzymatic and structural characteristics, and identification of the
genes coding for these enzymes. To more clearly understand the processes of digestion in
P. canaliculus this study was focussed on identification of the function of the endo β 1,4
glucanase activity within the crystalline style and the isolation and characterisation of this
enzyme.

2.3

METHODS

2.3.1 Dinoflagellate cell digestion by mussel gastric fluids.
Changes in the condition of ingested phytoplankton over time were measured by sampling
P. canaliculus gut contents immediately after retrieval from the water, at 0.5 h intervals up
to 3 h, and hourly thereafter up to 6 h. Cells undergoing digestion were retrieved by
inserting a Pasteur pipette into the stomach via the mouth and sucking out the contents. On
each occasion 3 mussels were sampled in this way and samples were immediately
preserved with 200 µL of 4% glutaraldehyde in filtered seawater. The samples were
diluted 100-fold prior to examination and cells and identifiable cell fragments were
counted under an inverted microscope.
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The effects of mussel gastric fluids and dissolved freeze dried crystalline style preparations
were tested by mixing aliquots of centrifuged and syringe filtered (Sartorius Minisart® 0.2
µm) extracts with live cell concentrates (containing mainly Dinophysis and Ceratium
species)in multi-well tissue culture plates. Experimental treatments included the addition
of antibiotics (streptomycin and penicillin at 150µg/ml) heat denaturation of gastric fluids
and addition of the cellulase inhibitor N-bromosuccinimide at a final concentration of
0.3mM. Observations on the condition of cells were made at approximately 30 minute
intervals up to six hours, and photographs of affected specimens were taken.
2.3.2 Crystalline style preparations
Crystalline styles were dissected from live specimens of P. canaliculus collected from a
mussel farm in the Marlborough Sounds. The styles were frozen immediately after
dissection, lyophilized, ground to a dry powder and stored at 4oC over silica gel.
Experience showed that enzymatic activities remained stable indefinitely with this
preparation and the powders were easily dissolved in buffer to provide material for
analysis and fractionation.
2.3.3 Preparation of dinoflagellate thecal plate substrate
Bulk cell concentrates were collected using plankton-net tows during a bloom of the
planktonic dinoflagellate Protoceratium reticulatum (Fig. 2.1A) off the north-west coast of
the South Island, New Zealand (MacKenzie et al., 2002). Cells were lysed by repeated
freezing and thawing and the slurry washed through 10µm polyester mesh and glass fibre
filters with ‘Type 1’ (18.2 MΩ cm at 25 ºC) ultra-pure water (prepared using Millipore
Corp filtration equipment) and methanol to remove cell contents and pigments. Finally the
plate suspension was boiled, washed three times with repeated centrifugation and dried
over silica gel. The result was a fine white powder composed of dissociated dinoflagellate
thecal plates mostly from P. reticulatum (Fig. 2.1B) but also containing some thecal plate
remnants of other dinoflagellate species (Dinophysis acuta and Ceratium tripos). Typically
a 0.15 % (w/v) suspension of plates was used in the assays.
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Figure 2.1 A. Protoceratium reticulatum intact cell. B. Protoceratium reticulatum
dissociated thecal plates used as the enzyme substrate. C. Intact cell of Dinophysis
acuminata, the arrow indicates the suture within the intercalary zone between the left and
right hypotheca valves.
2.3.4 Assay of endoglucanase activity
Cellulase activity was assayed by measuring the liberation of reducing sugars using the phydroxybenzoic acid hydrazide (PAHBAH) colorimetric analysis of Lever (1972), adapted
to a multi-well plate format. Most assays were carried out using 1% carboxymethyl
cellulose (CMC) and a suspension of dinoflagellate thecal plates as substrates, but the
activity on other substrates (micro-crystalline cellulose, cellobiose, p-nitrophenyl-β-Dglucopyranoside, p-nitrophenyl-β-D-galactopyranoside, p-nitrophenyl-β-Dxylopyranoside), were also assayed. Reactions were carried out in 50mM citrate buffer
(pH 5.5) either in 96 well plates or 1.7mL microfuge tubes at 25°C, using appropriate
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dilutions of substrate and enzyme. Assays were run in triplicate with no substrate and no
enzyme addition controls. A typical CMC hydrolysis assay would involve a reaction mix
comprising 100 µL of 1% CMC plus 250 µL of diluted enzyme extract (e.g. 1/40 dilution)
in citrate buffer @ pH 5.5. Tubes were incubated for 60 min, with samples withdrawn at
15 minute intervals. A typical assay using dinoflagellate thecal plates involved the addition
of 20 µL of a plate suspension to replicate wells in a multiwell plate. To these wells were
added 80 µL of various dilutions of the crystalline style extracts in citrate buffer.
Individual wells were sampled at 1 hour intervals up to 6 hrs. The progress of these assays
could be observed microscopically by the visible disintegration of the plates. At each time
interval the 50 µL aliquots that were withdrawn were snap frozen by dispensing into a 96
well PCR reaction plate on dry ice. At the completion of the time series the plate was
thawed, 50 µL of the alkaline PABAH reagent added and the plate heated at 95oC for 5
min in a thermal cycler. Samples were transferred into a clear 96 well plate (NuncMaxisorb) and the absorbance was read at 405 nm in a BMG Fluor-Star plate reader. The
analysis was calibrated using D-glucose as a standard. Inhibition of semi-pure fractions of
the endoglucanase activity by n-bromosuccinamide (Nakia et al., 1965) was assayed, using
CMC as a substrate. During the hydrolysis of CMC the generation of glucose was also
assayed using the glucose oxidase assay based on the method of Bergmeyer and Bernt
(1974).
2.3.5 pH optima
The pH optimum of CMC and thecal plate hydrolysis was determined using a 50mM
citrate/Na3-citrate series for pH 3.0-6.0 and 50mM Bis-Tris for pH 6.5-8.5 with incubation
at 25oC. The assays were performed in triplicate with 50µl samples being withdrawn at 30,
90 and 180 min.
2.3.6 Protein analysis
Total soluble protein was assayed by the method of Bradford (1976) using the BioRad
protein assay dye reagent (BioRad product 500-0006) and the standard procedure for
micro-titre plates. BSA (0.1-0.5 mg/mL) was used as a standard. The procedure involved
the addition of 10 µL of each standard solution (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) and
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sample dilutions to triplicate wells, followed by the addition of 200 µL of dye reagent.
After a reaction period of 5 min the absorbance was read at 595 nm in a plate reader.
2.3.7 Electrophoresis and endoglucanase zymograms
SDS-PAGE (Davis and Ornstein, 1959) was performed using 10% gels, stained with
colloidal Coomassie ( Candiano et al. 2004). Hydrolysis of CMC on SDS-PAGE gels was
visualized using a Congo Red staining method modified from the procedures described by
Bégin (1983) and Sakamoto et al. (2008). Congo Red binds to polysaccharides containing
β-1,4 linked D-glucopyranosyl units. Enzymatically active fractions were mixed with
reducing (β-mercaptoethanol or dithiothreitol) and non-reducing loading buffers and run
on 10% SDS-PAGE gels containing 0.2% CMC. After electrophoresis the gels were
washed for 60 min with two changes of 50mM citrate buffer (pH 5.5) containing 25%
propanol and 0.1% Triton-X 100. This was followed by a brief wash with ‘Type 1’ (18.2
MΩ cm at 25°C) ultra-pure water before soaking for 45 min in 50 mM citrate buffer (pH
5.5) to remove SDS and permit refolding of the enzyme. The buffer was then replaced with
citrate buffer containing 150 mM NaCl, and incubated for various lengths of time from 2-4
hr at 25°C. The gel was stained with 0.1% Congo Red in 50 mM Tris-HCl buffer (pH 9.0)
for 15-30 min and de-stained with 1M NaCl. Alternate soaking of the gel in 1 M NaCl and
18 Mohn water was used to achieve the best contrast between stained background and
unstained bands on the gel where CMC hydrolysis had taken place. A 170-11 kDa Page
RulerTM pre-stained protein ladder (Fermentas Life Sciences) was used for molecular
weight calibration of SDS-PAGE gels.
2.3.8 Semi purification of endoglucanase
Freeze dried crystalline style preparations were extracted with 50mM citrate buffer at pH
5.5. This was a particularly important step because it solubilised the enzymatic fraction
within the styles, but much of the (‘sticky’) high and medium molecular weight structural
proteins were insoluble at this pH, and could be easily removed by centrifugation.
Endoglucanase activity assayed by CMC and dinoflagellate thecal plate hydrolysis was
partially purified using ammonium sulphate fractionation, concentration by ultra-filtration
(Pall MicroSepTM 10 kDa MWCO) and repeated rounds of size fractionation on a
Superdex-75 gel filtration column (Fig. 2.6; Table 2.1). Selective enrichment of
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endoglucanase activity was also accomplished by a thecal plate affinity procedure. After
60% (NH4)2SO4 precipitation, the pellet was re-suspended in 100 µL citrate buffer (pH
5.5) plus 100 µL of thecal plate suspension, incubated for 40 min, centrifuged and washed
with buffer to remove unabsorbed material, re-suspended in buffer and incubated at 25°C
for 24 h. After incubation, samples were centrifuged and concentrated using a 10kDa
centrifugal ultra filter (Pall Corp. MicrosepTM) with a polyethersulfone membrane. The
type of membrane in the centrifugal device was important since the enzyme absorbed to
ultra-filters containing cellulose nitrate membranes (e.g. Amicon® Ultra spin filters). A 250
µL aliquot of this protein concentrate was applied to a Superdex-75 HR 10/30 gel
permeation column. The protein was eluted with 20 mM Tris-HCl buffer (pH 8.0) +
150mM NaCl, run at a flow rate of 0.5ml/min. Fractions (0.5mL) were collected and
assayed for plate degrading activity. The gel permeation column was calibrated using a
mid-range molecular weight standards kit (Sigma MW9F200-1) comprising; cytochromeC (12.4kDa), carbonic anhydrase (29 kDa), BSA ( 66 kDa), alcohol dehydrogenase (150
kDa), amylase (200 kDa) using blue dextran (2000 kDa) to estimate the void volume (see
Appendix V).
2.3.9 MALDI-TOF protein analysis
Slices from SDS-PAGE gels were excised and prepared for mass spectrometry by in-gel
digestion with trypsin according the method of Shevchenko et al. (1996). Gel pieces were
repeatedly de-stained and washed sequentially in 80% acetonitrile (MeCN) and 50mM
ammonium bicarbonate (ABC) buffer (pH 7.9), dehydrated (80% MeCN), reduced (10mM
DTT in ABC buffer), alkylated (20mM iodoacetamide in ABC buffer), repeatedly washed
and vacuum dried. The dry gel pieces were rehydrated in ABC buffer with trypsin and
incubated for at least 4 hours at 37ºC. Peptides were eluted from the gel pieces with 70%
MeCN in 0.1% trifluoroacetic acid (TFA) mixed with α-cyano-4 hydroxy-trans-cinnamic
acid (CHCA) matrix solution and spotted onto a MALDI plate
The technique of chemically-assisted fragmentation was used to obtain de novo amino acid
sequence data from tryptic peptides. This technique is rapid, highly sensitive and results in
fragmentation spectra that contain predominately y-ions which simplifies subsequent
manual decoding of the amino acid sequence (Chen et al., 2004). Trypsin digests of
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samples were adsorbed to and derivatized on C-18 ZipTipTM (Millipore Corp.) pipette tips.
Guanidination and sulfonation procedures on absorbed peptides were carried out according
to the protocol described by Chen et al. (2004). Peptides bound to the conditioned
ZipTipTM(MeCN followed by 0.1% TFA) were derivatized (guanidinated) with 0.5M Omethylisourea hydrogen sulphate (MIS) in 0.25M Na carbonate buffer (pH 11.7) and
incubated for 3 hrs at 37ºC. The tips were then washed with ‘Type 1’ (18.2 MΩ cm at 25
ºC) ultra-pure water and sulfonated with 4-sulphophenyl isothiocyanate (SPITC) 50mM
Tris/HCl buffer (pH 8.0). Peptides were eluted with 80% MeCN in 0.1% TFA combined
with CHCA matrix and spotted onto MALDI plates.
Samples were run on an Applied Biosystems MDS SCIEX 4800 MALDI TOF/TOF
analyzer. The acquisition methods used were reflectron MS analysis in positive ion mode
and reflectron tandem MS in positive ion mode with 2kV potential difference for collision
induced dissociation. An attempt was made to identify proteins by matching the MS/MS
collision induced fragment pattern of trypsin digested peptides predicted from data bases
of in silico digested amino acid sequences (NCBI, SwissProt) using the MASCOT (Matrix
Science) search engine.
2.4

RESULTS

When the gut contents of mussels that had been feeding on high cell densities of
Dinophysis acuta and Ceratium spp. were examined at half hourly intervals after
collection, there was a rapid decline in the abundance of intact cells and recognizable cell
fragments of Ceratium spp. (Fig. 2.2A). The number of cells and identifiable thecal plates
were high (6 x103/ mussel) immediately after the mussels were lifted from the water but
after 3 hours all traces of these had vanished. High numbers of dissociated Dinophysis
acuta thecal valves (mean of 4 x105 valves/mussel) existed in the mussel gut contents
throughout the sampling period (Fig. 2.3B) though few intact cells were observed, even in
the initial samples.
Ceratium spp. cells (Fig. 2.3A) responded rapidly to contact with mussel gastric fluids and
within 1 hr showed extensive signs of degradation of the thecal plates. Within 2-4 hours all
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thecae had completely dissolved and most cells had either disintegrated or remained as
naked ‘ghosts’ which retained some of the original cell shape (Fig 2.3B).
Exposure of Dinophysis spp. to the gastric fluids caused rapid cell lysis (<30min) as a
result of cells splitting along the suture between the valves and releasing cell contents (Fig.
2.3C). The valves themselves showed no sign of degradation. Exposure of dinoflagellates
to crude extracts (in 50mM citrate buffer, pH 5.5) of freeze dried crystalline styles had the
same effect on the dinoflagellates as the gastric fluids. Addition of antibiotics had an
obvious observable effect in suppressing bacterial growth in the experimental treatments
but did not inhibit the rapid cell lysis of D. acuta or the dissolving of Ceratium spp. thecae.
Heat denaturation removed all lytic activity as did the addition of N-bromosuccinimide.
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Figure 2.2 Changes in the numbers of whole cells and recognizable thecal remains of
Ceratium spp. (A) and Dinophysis acuta (B) in the gut contents of Perna. canaliculus at
intervals after retrieval of shellfish. Columns represent the mean counts of three replicates
samples, error bars are ± stdev of the mean.
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Figure 2.3 The effect on dinoflagellate cells exposed to P. canaliculus gastric fluids. A
Intact Ceratium tripos cells exposed to gastric fluids for 4 hours with added Nbromosuccinimide. B Ceratium tripos ‘ghosts’ with cell walls completely dissolved, after
4 hours exposed to gastric fluids. C. Dinophysis acuta with dissociated valves, 30 min
after exposure to gastric fluids.
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Figure 2.4 The effect of pH on dinoflagellate thecal plate (A) and carboxymethyl
cellulose (B) hydrolysis by the enzyme fraction from Perna canaliculus crystalline style.
The values are the mean of three replicates the error bars are ± stdev of the mean.
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Salt (25-60% (NH4)2 SO4) fractionated P. canaliculus crystalline style extracts, assayed
using P. reticulatum thecal plate suspensions and CMC as substrates, had optimum activity
at pH 5.5 (Fig. 2.4). All subsequent assays were carried out at pH 5.5 using 50 mM
citrate/Na3-citrate buffer.
The release of reducing sugars was concurrent with visual degradation, and ultimately the
complete disappearance, of P. reticulatum thecal plates, although the dissociated hypo
theca valves of D. acuta (i.e. after the cells had lysed and split in two; Fig. 2.3C) were
unaffected (Fig. 2.5).
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Figure 2. 5 Reducing sugar liberation and visual dissolution of Protoceratium
reticulatum thecal plates by Perna canaliculus crystalline style extract in citrate buffer (pH
5.5) at 25°C. Arrow heads indicate the position of the same prominent Protoceratium
reticulatum plates in each frame. Note the valves of Dinophysis acuta are unaltered.
Characterization of the salting out of thecal plate hydrolysis activity (Fig. 2.6) led to a
fractionation protocol involving an initial 25% (NH4)2SO4 cut to remove inactive proteins,
followed by 60% (NH4)2SO4 precipitation of the active fraction. This protocol was
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especially useful in removing crystalline style polysaccharides and structural proteins that
caused clogging of the gel permeation column. Using the (NH4)2SO4 partition, thecal plate
adsorption/desorption and sequential gel permeation protocol the protein-specific CMCase
activity was increased by about 65 times over the initial crude extract (Table 2.1). There
was a factor that inhibited CMC hydrolysis in the extracts and the specific activity
increased after dilution. The data from the 1/50 dilution of the final concentrate was used
for Table 1, a 1/100 dilution gives a higher recovery but this dilution was not used for all
samples.
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Figure 2.6 Salting out of thecal plate hydrolysis activity. The effect (A) on
Protoceratium. reticulatum thecal plates, of re-suspended pellets (in 50mM citrate buffer,
pH 5.5) precipitated at various (NH4)2SO4 concentrations (0-60% saturation) and
corresponding liberation of reducing sugars (µg/ml glucose equivalents) over an 8 hr
period at 25°C (B).
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Table 2.1. Summary of purification of endo β-1,4 glucanase (cellulase) from the
crystalline style of Perna canaliculus using carboxymethyl cellulose as substrate.
Purification step

Total

Vol

Specific

Purification Yield

protein

(mL)

activity

factor

(mg/mL)
Initial citrate buffer
extract
60% ammonium
sulphate fraction
Superdex-75 peak
fraction

(%)

(nmol/mg/min)

2.6

10.5

7

-

100

8.8

2.5

13

2

160

0.05

6.0

200

30

33

0.76

0.20

420

65

36

Superdex-75 refractionated and
>3kDa concentrated.
Assaying the generation of glucose and reducing sugars from a thecal plate suspension
using a concentrated gel filtration fractionated extracts of P. canaliculus crystalline styles
(Fig. 2.7A) showed no evidence of an increase in glucose concentrations, while reducing
sugar concentrations (in glucose equivalents) increased over the incubation period. This
showed that the enzyme was incapable of further hydrolysing oligosaccharides or
disaccharides to glucose monomers. The rate of CMC hydrolysis was decreased by more
than 50% in the presence of 5mM N-bromosuccinimide (Fig. 2.7B) presumably through
interference with the cellulose binding module (see discussion).
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Figure 2.7 A. Reducing sugar (PABAH assay) and glucose (glucose oxidase assay) of
the product of CMC hydrolysis by the Perna canaliculus crystalline style enzyme. B.
Partial inhibition of CMC hydrolysis (PABAH assay) by N-bromosuccinimide.
Experiments to enrich the enzyme by adsorption/desorption to the thecal plate substrate
were successful in enhancing the activity peak after Superdex-75 gel filtration
fractionation (Fig. 2.8A-B). After concentration by ultra-filtration and re-running of active
fractions through the Superdex-75 column a single peak at approximately 44kDa (Fig.
2.8C) coincided with the activity releasing reducing sugars from the thecal plates (Fig.
2.8D).
Colloidal Coomassie staining of SDS-PAGE gels (Fig. 2.9A) showed that a sample run in
a non-reducing loading buffer displayed a single intensely stained band at 46 kDa plus
some more diffuse lower molecular weight (35-40 kDa) material.
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Figure 2.8 Thecal plate affinity isolation of endoglucanase from Perna canaliculus
crystalline style. A. Superdex-75 fractionation of 60% (NH4)2SO4 pellet extract. B.
Superdex-75 fractionation of 60% (NH4)2SO4 pellet extract after thecal plate
adsorption/desorption C. Superdex-75 fractionation of pooled fractions #12-15 from
Superdex-75 fractionation B. D. Reducing sugar liberation from thecal plates by fractions
from Superdex-75 fractionation B.
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Figure 2.9 Coomassie stained SDS-PAGE (A) and CMC zymograms (B) of the
crystalline style semi-purified endoglucanase run with reducing (DTT) and non-reducing
loading buffers.

Figure 2.10 Coomassie stained SDS-PAGE (A) and CMC zymograms (B) of the
crystalline style semi-purified endoglucanase run with a non-reducing loading buffer and
loading buffers with the two reducing agents dithiothreitol (DTT ) and β-mercaptoethanol
(BME).
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Figure 2.11 MALDI-TOF mass spectrum of tryptic peptide fragments from SDS-PAGE
gel of P. canaliculus endoglucanase. The 46 kDa and 30 kDa bands referred to are those
annotated and excised from the SDS-PAGE gel in Fig. 2.9A.
However, when the same sample was run with a reducing loading buffer (DTT), a single
Coomassie stained band was located at 30 kDa along with more diffuse material at 35-40
kDa. The corresponding CMC zymograms (Fig. 2.9B) showed cleared bands at 46 kDa
with samples run in non-reducing and reducing loading buffers. In addition, under
reducing conditions, a faint band of CMC hydrolysis was visible at 30 kDa. Usually, under
both non-reducing and reducing conditions a poorly resolved band was visible at around
50-65 kDa (arrowhead Fig. 2.9B).
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Several zymogram preparations were run to establish optimum conditions relating to
protein concentration and length of incubation. It was found that although the position of
the lower molecular weight band remained constant (at 46 kDa) the position of the higher
MW band varied (50- 65 kDa) and appeared to be related to the quantity of protein loaded
on the gel, with lower apparent MWs more prominent at higher loading. This band usually
had a wavy, appearance and sometimes it was not visible at all, especially when DTT was
used as the reducing agent. The diffusion of reducing agent from adjacent lanes clearly
affected the Coomassie staining of the 46 KDa band in non-reducing lanes (Fig. 2.10A)
and the use of mercaptoethanol as reducing agent considerably enhanced (and changed the
position) of the wavy higher molecular weight band (Fig. 2.10B) on the zymograms.
Heating of extracts (98°C for two min) destroyed all activity on CMC zymograms.
Comparison of the MALDI-Tof mass spectrum of trypsin generated fragments from the 46
kDa and 30 kDa bands on non-reducing and reducing SDS-PAGE gels respectively (Fig.
2.11) showed that these were identical in the major and minor fragments generated.
Samples that were run on CMC zymogram and SDS-PAGE gels under reducing and nonreducing conditions, with and without heating, revealed a more complex banding pattern
on the SDS-PAGE gels after heating (95°C for 2min) with two higher molecular weight
bands appearing (Fig. 2.12A). All activity on the zymogram gels was lost after heating
(Fig 2.12 B) but as observed previously, decolourised bands of hydrolysis appeared at
46kDa with poorly resolved higher MW aggregates, especially in the aliquots reduced with
mercaptoethanol. Interestingly there was a faint band of hydrolysis at ~68 kDa between the
mercaptoethanol and DTT reduced lanes possibly the result of spill-over from the loading
wells. Several unsuccessful attempts were made to obtain mass spectra from samples of
these hydrolysed bands on the zymogram gels.
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Figure 2.12 Coomassie stained SDS-PAGE (A) and CMC zymogram (B) of final
concentrate from a Superdex-75 gel filtration fractionation, under reducing and nonreducing conditions with and without heating prior to application on the gels. The numbers
on the SDS-PAGE gel are the numbers assigned to gel slices de-novo amino acid
sequenced by MALDI Tof MS/MS.
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Table 2.2 Amino acid sequences of tryptic fragments from selected bands off the SDSPAGE gel in Fig. 12A.
Band

Precursor

De novo sequences

Putative ID

No.

mass

2

Score

E-value

1059.53

VATVSI/LPR

no hit

-

-

2

1130.42

I/LYYSDVR

no hit

-

-

2

1175.4

GIALDTTNR

Lipoprotein receptor related

45

1

protein MGC03887*
2

1221.5

EHAVAVPGAR

no hit

-

-

2

1340.53

LFFADAGTNK

Lipoprotein-receptor related

46

1

protein MGC03887
2

1606.67

DGSGMNI/LI/LK

no hit

-

-

2

1795.74

DGTHEVNIGPPGPAK

Lipoprotein receptor related

64

9.2e-02

protein MGC03887
8

1130.43

I/LYYSDVR

no hit

-

-

8

1175.46

GIALDTTNR

Lipoprotein receptor related

45

1

protein MGC03887
8

1221.5

EHAVAVPGAR

no hit

-

-

8

1606.67

DGSGMNI/LI/LK

no hit

-

-

8

1835.79

IDIETGSYSAINPAK

Lipoprotein receptor related

47

1

56

5.7e-01

protein MGC01609
8

2470.06

I/LESVNTDGTGR

Lipoprotein receptor related
protein MGC03887

6

1021.39

SVWGSPR

no hit

-

-

6

1130.45

I/LYYSDVR

no hit

-

-

6

1283.54

SI/LI/LFYAAQR

no hit

-

-

6

1385.6

DI/LI/LGFGHI/LEK

no hit

-

-

6

1452.56

SQIGYALGDTGR

Endo-β-1,4 glucanase

62

1.3e-01

84

4.7e-04

144

8.0e-11

77.8

2.0e-15

MGC01674
6

2090.91

SFVGFGVNPPTQPHHR

Endo-β-1,4 glucanase
MGC01674

6

1452.56

SQIGYALGDTGRSFVGF

2090.91

GVNPPTQPHHR

Endo-β-1,4 glucanase
MGC01674

contiguous
Endoglucanase (Crassostrea
gigas)** positives 25/28(86%),
gaps 1/29 (35)
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*The numbers after the ID are the Mytilus galloprovincialis “Mytibase” database code
numbers. ** NCBI non-redundant protein sequence data base, after Zhang et al. 2012.
Table 2.3 The location of de novo amino acid sequences obtained from the analysis of
selected bands from the SDS-PAGE gel in Fig. 2.12A, within translated sequences from a
M. galloprovincialis EST data base (‘Mytibase’).
A. Consensus translation of M. galloprovincialis endo-β-1,4 glucanase EST
(MGC01674), from ‘Mytibase’ showing the location (in red) of the contiguous de novo
amino acid sequence obtained from band #6. The partial endo-β-1,4 glucanase EST
sequence is of 33.3 kDa.
PAFKITASKPGSDVAAEYAAAMTVGSLVFKDKDPAFSAKLLTHAKQLYTFAKTYTGKYSD
SVNAAAAYYRSSEFEDELTWGGAWLHRATGEASYLADAEKHYETGAAWGQSWDEKNAGNM
ILLYNMTKKDIYKQDLEATFTDWLPGGTGTAALPYSPKGLAFRLQWGSLRYASNMAFMAL
LTAELGIHPMEYRKWAKSQIGYALGDTGRSFVVGFGVNPPTQPHHRGSSCPMIPAPCSWD
QQQQKGPNPHTLYGALVGGPDQTDKYTDVRTDYVSNEVACDYNAGFQGAVAGLKSLHVRH
ILDR
B.Consensus translation of M. galloprovincialis low density lipoprotein receptor-related
protein 6 EST (MGC03887), from ‘Mytibase’, showing the location (in red) of the de
novo amino acidsequences obtained from bands #2 and #8.
IYYSDVRLHQLRSTNIDGSGMSIVKQLNGGVPDGLAIDEKNRLLFYTDYARELVAVMNLD
GSSERNVTTTGISNPRGIALDTTNRIIYWTDWGSSPKIEKSGYDGTGRQAIVTTDLSLPN
AVVLDTNTGKLIFADAGTNKIESVNTDGTGRQVIFEDTGAHFFGLDVDQTYIYFSDWNKE
GILRINKDGTHEVNIGPPS

De novo sequencing of selected bands from the SDS-PAGE gel resulted in the
identification of two proteins in 3 bands (#2, #6, #8; Fig. 2.12A) after comparison with
translated EST sequences from the NCBI non-redundant protein sequence database and
‘Mytibase’, the Mytilus galloprovincialis molecular data base (Table 2.2). There were no
hits with sequences obtained from analysis of any of the other-bands. Band # 6, which had
a putative molecular weight of ~63kDa, contained two tryptic-peptide sequences that
returned strongly positive similarities with a translated EST sequence for a fragment (33.3
kDa) of an endo-β-1,4 glucanase from Mytilus galloprovincialis and translation of the
complete genomic endo-β-1,4 glucanase DNA sequence (68.9 kDa) from Crassostrea
gigas (Table 2.2). Examination of the mass spectral sequences showed that the two
peptides were in fact contiguous and both were essentially identical with a 29 amino acid
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sequence from M. galloprovincialis and C. gigas endo-β-1,4 glucanases (Table 2.3A). The
P. canaliculus sequence had a single residue deletion at the same position with respect to
the M. galloprovincialis (deletion of a valine) and C. gigas (deletion of a cysteine)
sequences (Table 2.4). The NCBI C. gigas sequence represents a protein of 68.9 kDa.
Table 2.4 Alignment of the P. canaliculus contiguous endoglucanase peptide sequence
with the same conserved peptide sequence in a variety of prokaryotic an eukaryotic taxa:
Thermomonospora fusca (bacteria), Reticulitermes speratus(termite), Cherax
quadricarinatus (crayfish), Oikopleura dioica (tunicate), Saccoglous kowalevskii (acorn
worm) , Corbicula japonica (freshwater clam), Mytilus galloprovincialis (Blue mussel)
Crassostrea gigas (Pacific oyster). Asterisks indicate conserved amino acid residues in all
peptide. Sources of data: 1. Watanabe and Tokuda, 2001; 2. Denoeud et al., 2010; 3.
NCBI reference sequence XP_00273947.1;4. Suzuki et al, 2003; 5. Sakamoto et al., 2007;
6. Zhang et al., 2012;7. Venier et al. 2009; 8. This study. The H residue within the
terminal PHHR motif highlighted in red is catalytically important in GHF9 enzymes.
Taxa

Amino acid sequence

T. fusca

RQINYALGDNPRNSSYVVGFGNNPPRNPHHR

Source
1.

R. speratus

KQIDYALGDGGR--SYVIGFGTNPPVRPHHR

1.

C. quadricarinatus

GQIGQLLGDNSRYQSFVVGFGYNPPTRPHHR

1.

O. dioica

GQLGYALGDTGR--SFVVGFGKNPPTQPHHR

2.

S. kowalevskii

SQIHYVLGDTGR--SFVVGYGVNPPVQPHHR

3.

H. discus hannai

EQMNYILGDNKYGISYQIGFGTKYPRNPHHR

4.

C. corbicula

SQINYLLGDNKLHISYEIGFGSKYPQHPHHR

4.

C. gigas

SQINYALGDAGR--SFVCGFGVNPPEQPHHR

6.

M. galloprovincialis

SQIGYALGDTGR--SFVVGFGVNPPTQPHHR

7.

P. canaliculus

SQIGYALGDTGR--SFV-GFGVNPPTQPHHR

8.

Comparison with other published amino acid sequence data (Table 2.4), showed that this
peptide is highly conserved within the glycoside hydrolase family 9 (GHF9) across a wide
variety of prokaryotic and eukaryotic taxa. Bands #2 and #8 had peptides that showed
similarity to a translated EST sequence of a lipoprotein receptor-like protein (Table 2.2).
Although the individual sequences were short and the similarities were not strong (Table
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2.2), mapping these on the translated EST sequence convincingly showed that these
sequences originated from this protein (Table 2.3B).
2.5

DISCUSSION

Formerly it was believed that cellulose ingested by herbivorous invertebrates was digested
via cellulolytic enzymes produced by symbiotic protozoa and bacteria within their
digestive tract. However, this dogma has now been overturned by the discovery that
numerous invertebrates (arthropods, nematodes, molluscs) express nuclear encoded endo1,4-β-D-glucanase genes (Smant et al., 1998; Watanabe et al., 1998, 2001; Yin et al.,
2011). Five of the fourteen cellulase glycoside hydrolase families have so far been shown
to be produced in animals, with the glycoside hydrolase family 9 enzymes (GHF9) the
most common (Henrissat, 1991; Davison and Blaxter, 2005). Endogenous GHF9 cellulases
have now been reported from several mollusc species including the freshwater clam
Corbicula japonica (Sakamoto et al., 2007, 2008); the freshwater gastropod Ampullaria
crossean (Li et al., 2005, 2009); the abalone Haliotis discushannai (Suzuki et al., 2003);
the bay scallop Argopecten irradians ( NCBI CN782937); the blue mussel Mytilus
galloprovincialis (Viener et al. 2009) and the Pacific oyster Crassostrea gigas (Zhang et
al. 2012). Some of these (M. galloprovincialis, A. irradians) are only known from
translated EST sequences, others (H. discus, C. gigas, C. japonica, A. crossean) from
genomic sequences a well. To date native molluscan GHF9 cellulases have only been
purified from A. crossean (Li et al., 2009) and H.discus hannai (Suzuki et al., 2003).
In addition to the GHF9 enzymes, glycoside hydrolase family 10 (GHF10) and glycoside
hydrolase family 45 (GHF45) cellulases have also been identified in molluscs (Wang et al.
2003; Xu et al. 2001; Sakamoto and Toyohara, 2009) although only the latter in bivalves.
Xu et al. (2000) identified the presence of three carboxymethyl cellulose degrading
enzymes in crude whole animal extracts of the blue mussel Mytilus edulis, two around 70
kDa and one around 20 kDa. They isolated purified and characterized the low molecular
weight endo-β-1,4 glucanase (19.7 kDa) and showed that the enzyme belonged to GHF45.
Subsequently the enzyme was cloned (Xu et al. 2001) and it became the first molluscan
cellulase characterized at the DNA level. The enzyme was shown to be endogenous
because the amino acid sequence deduced from the cDNA contained a 16 amino acid 3’
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signal peptide sequence typical of eukaryotes, the gene could be isolated from gill tissue
genomic DNA, it contained two introns and the 5’ region contained typical eukaryotic
CAAT and TATA transcription initiation sites. Likewise Sakamoto and Toyohara (2009)
identified and cloned a pair of GHF45 genes in C. japonica that both coded for 22.5 kDa
proteins that showed a high degree of sequence similarity with the blue mussel GHF45
cellulase. The proteins contained secretory signal peptide sequences, several Nglycosylation motifs and 4 introns but no carbohydrate binding module. These
characteristics clearly show that the enzymes were truly endogenous, although
phylogenetic and structural analysis suggested that these GHF45 genes may have been
acquired by ancestral molluscs through horizontal transfer from fungi. No evidence of low
molecular weight cellulase activity in the P. canaliculus crystalline style preparations was
found, but a low level of CMCase hydrolysis at ~16kDa was observed on M.
galloprovincialis zymogram gels (Chapter 5; Fig. 5.2) that may have represented the
activity of a similar GHF45 enzyme.
A complete enzymatic cellulose degrading system consists of three major components,
comprising: an endo-1,4-β-D-glucanse (EC 3.2.1.4) that randomly hydrolyzes β-1,4
linkages yielding a mixture of cello-oligosaccharides; a cellobiohydrolase (i.e. exo-1,4-βD-

glucanase: EC 3.2.1.91) that attacks the non-reducing end of cellulose oligosaccharides

yielding cellobiose and a β-1,4-D-glucosidase (EC 3.2.1.21) that hydrolyses cellobiose to
glucose (Beguin and Aubert 1994). The cellulolytic activity within the crystalline styles of
P. canaliculus displays the characteristics of an endo-1,4-β-D-glucanse (EC 3.2.1.4). It
causes the release of reducing sugars from soluble CMC, suspensions of insoluble
dinoflagellate thecal plates and to a lesser extent from micro-crystalline cellulose. It does
not release glucose from CMC or thecal plate substrates nor does it hydrolyze cellobiose,
or p-nitrophenyl β-D-glucopyranoside. The enzyme functions to reduce insoluble cellulose
to soluble cello-oligosaccharides for adsorption and reduction to glucose monomers in the
digestive cells of the hepatopancreas. However, it is questionable how much direct
nutrition is gained by the mussels from cellulose digestion, since this is probably a minor
component of their diet in comparison to starch and chrysolaminarin that are the major,
more readily hydrolyzed, storage carbohydrates within their micro-algae food. The
primary role of the enzyme is probably to hydrolyse the more labile cellulose components
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of the micro-algal cell walls and via cell lysis release intracellular material for adsorption
and attack by other digestive enzymes (amylases, laminarinases, proteinases, lipases)
within the style and gastric secretions.
The thecal plates of dinoflagellates, have been shown by histochemical (Loeblich, 1970)
and X-ray diffraction studies (Sekida et al., 1999) to consist of cellulose microfibrils and,
because of their novel properties, they have recently been recognised as potential
candidates for the production of high performance nanocomposites (Lau et al., 2007). The
thecal plates of different dinoflagellate species vary in their susceptibility to dissolution in
the mussel gut, presumably reflecting fundamental differences in the nature of the
polymers from which they are constructed. In the case of Dinophysis spp., although the
cells are rapidly lysed by fission of the intercalary band between the valves, the valves
themselves remain impervious to any further digestion. The intercalary region is where
new thecal plate material is deposited to permit cell growth and, at least in the case of
Dinophysis spp., has to remain flexible to permit sexual conjugation (MacKenzie, 1992)
and ingestion of large prey items (Koike et al., 2000). Presumably this results in the
polymeric material in this part of the cell wall being more susceptible to enzymatic
degradation. It is known that dinoflagellate resting cysts have cell walls rich in
sporopollenin that are largely resistant to digestion and may remain viable after passage
through the bivalve digestive tract (Laabir and Gentien, 1999). Dinophysis species cell
walls may contain a high proportion of similarly resistant polymers. The presence of intact
but dissociated thecal valves of Dinophysis species within the gut contents of mussels, at
concentrations several orders of magnitude over those observed in the ambient water, has
been observed a number of times (Sechet et al., 1990; MacKenzie, 1998) and has been
used as a means of verifying the role of these species in diarrhetic shellfish poison (DSP)
contamination incidents. High numbers of intact Dinophysis sp. valves but the absence of
recognisable thecal remains of other co-occurring dinoflagellates in the mussel gut has
been presented as evidence of selective feeding by mussels in the past (Sidari et al., 1998).
However as the evidence presented here clearly shows, if (as in the Sidari study) the gut
contents of mussels are not sampled immediately they are taken from the water, the more
labile species of dinoflagellates can completely disappear within a short period due to the
aggressive action of the digestive enzymes.
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This study was not successful in completely explaining the behaviour of endoglucanase
enriched crystalline style fractions on SDS-PAGE and zymogram gels, and similar
complex patterns have been observed previously by other researchers (e.g. Sakamoto et al.
2007). Initial observations (Fig. 2.9) suggested that the 46 kDa protein observed on CMCzymogram and SDS-PAGE gels under non-reducing conditions was responsible for the
majority of the cellulase activity in the P. canaliculus crystalline style that hydrolyses
polymers of dinoflagellate thecal plates. The mass spectrometry of trypsin generated
fragments (Fig. 2.11) showed that this protein was identical to the 30 kDa protein observed
on reducing SDS-PAGE gels. In its 30 kDa reduced form, this protein appeared to lose
most of its activity, as only faint traces of CMC hydrolysis at 30 kDa could be observed on
CMC zymograms. The disappearance of the Coomassie stained 46kDa protein from
reducing SDS-PAGE gels yet the retention of CMCase activity on the reduced zymograms
was puzzling. It could suggest that the 46 kDa band represents a dimer with this apparent
molecular weight which when dissociated by reduction migrates to 30kDa but loses most
of its activity. However this would not explain the retention of activity at 46kDa in
reduced lanes on the zymogram gels when all the protein appears to have vanished from
this position on the Coomassie stained SDS-PAGE gel. It was notable that attempts to
obtain sequence data by directly sampling the 46 KDa hydrolysis bands on the zymogram
gels indicated there was very little if any protein remaining in these sections. A possible
explanation for this observation is that the enzyme was leached from the gel during the
zymogram gel processing steps that involved long periods of development and de-staining.
Experimentation with the heating of samples and de novo sequencing of bands on the
SDS-PAGE gels revealed the close similarity of a 28 amino acid peptide (Table 2.4) to a
highly conserved peptide common to GHF9 cellulases, including previously described
bivalve endoglucanases (e.g.Sakamoto et al., 2007, 2008; Venire et al, 2009; Zhang et al.
2012). This suggests that this enzyme may be responsible for the endoglucanase activity,
however, without further fractionation and purification of the proteins within the semipurified mixture, an explanation for the enigmatic behaviour of the enzyme on SDS-PAGE
and zymogram gels is necessarily speculative. A possible explanation is that under nonreducing conditions the enzyme is complexed, with at least two other proteins, with which
it migrates to give an apparent molecular mass of ~46 kDa. Under reducing conditions the
major protein in this complex dissociates and migrates at 30 kDa leaving behind most of
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the enzyme, possibly still associated with another protein. The effect of heating may cause
complete dissociation and unfolding of the enzyme (and loss of activity), and a substantial
increase in its effective radius so that it now migrates on the gel to ~63 kDa. This
conformational change does not require a reducing agent so the inter and intra-molecular
interactions may involve properties such as hydrophobicity. The wavy higher 50-65 kDa
band seen on most CMC zymograms and which is especially pronounced in samples
reduced with mercaptoethanol is probably an aggregate formed by interaction between the
enzyme and other proteins. It may be that the enzyme has a propensity to form complexes
with a variety of proteins and it is speculated that this may play a role in ensuring the
stability of the enzyme while it is stored in the style (possibly for quite long periods) prior
to its liberation in the mussel stomach. Sakamoto et al. (2008) also observed in crystalline
style preparations from the clam Corbicula japonica, a highly active high molecular
weight band (180kDa) on non-reducing western blots that disappeared from blots under
reducing conditions. This band was not visible at all on Coomassie stained gels. They
believed that the 180 kDa band represented a complex, containing the enzyme (CjCel9A),
formed by protein-protein interactions that were disrupted under reducing conditions.
Sakamoto et al. (2007, 2008) cloned CjCel9A from C. japonica, and showed it had
significant similarity to abalone and termite endogenous cellulases. The enzyme belonged
to GHF9 and had a calculated molecular mass of 62.3 kDa but was detected on CMC
zymograms at ~67 kDa. It had a typical eukaryotic signal peptide sequence for secretory
proteins near the N terminal. The enzyme contained a carbohydrate binding module
(CBM) and showed true endo-1,4-β-D-glucanase activity with very little glucose
production from CMC. The enzyme contained strictly conserved aspartate, glutamate and
histidine residues in the active site and there were four conserved tryptophan residues in
the CBM. The same conserved histidine residue was also present in the peptide fragment
identified from the P. canaliculus enzyme (Table 2.4) and its inhibition by Nbromosuccinimide suggests that tryptophan residues were also essential for its activity
(Nakai et al. 1965, Lamed et al. 1994).In the study of Sakamoto et al. (2008),in situ
hybridization of mRNA and immunochemical labelling of the protein showed that it
appeared to be exclusively produced in secretory cells within the digestive tubules of the
digestive gland and was also present in the matrix of the crystalline style. There was no
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evidence of mRNA expression in the style sac tissues, suggesting that the enzyme was
produced in the digestive gland and transported to the crystalline style.

2.6

CONCLUSIONS

The data presented here has shown that the rapid dissolution of cellulosic dinoflagellate
thecal plates (and probably the cell walls of other taxa) and cell lysis within the stomach of
P. canaliculus may be mediated by a 63kDa endo-β-1,4 glucanase belonging to the group
GHF9 cellulases contained within the crystalline style. However, the complex and
puzzling behaviour of the proteins and activity on SDS-PAGE and zymogram gels needs
to be resolved before it can definitely be concluded that this enzyme is solely or mainly
responsible for the endoglucanase activity in the style. It is not possible to say with
absolute certainty that the endo-1,4-β-D-glucanase identified in the style of P. canaliculus
is endogenous although this is likely given the absence of obvious symbiotic bacteria (e.g.
Cristispira spp.) and the precedent set by the discovery of endogenous GHF9 cellulases in
the crystalline styles of other bivalves (e.g. Vernier et al., 2009; Sakamoto et al.,
2007;Zhang et al., 2012). Amino acid sequencing and cDNA and genomic DNA
sequencing is required to fully elucidate the origin of the enzyme, and factors controlling
its expression in the animal.
Endoglucanase activity in the style is undoubtedly important to the nutrition of the mussel
and the assimilation of dinoflagellate secondary metabolites, including polyether
phycotoxins such as okadaic acid. If it was possible to selectively inhibit the expression or
activity of this enzyme during contamination episodes it is likely that the levels of
intoxication could be substantially reduced. There would be important economic benefits
from the minimization of harvest closures, but how to practically achieve this is would be
a challenge.
2.7
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Chapter 3.
Isolation and characterization of an enzyme from the
Greenshell TM mussel Perna canaliculus that hydrolyses
pectenotoxins and esters of okadaic acid.
3.1

ABSTRACT

An enzyme capable of hydrolyzing pectenotoxins (PTXs) and okadaic acid (OA) esters
within the hepatopancreas of the GreenshellTM mussel Perna canaliculus was isolated and
characterized. The enzyme was purified by sequential polyethylene glycol fractionation,
anion exchange, hydrophobic interaction, gel filtration and hydroxyapatite
chromatography. The enzyme was an acidic (pI ~ 4.8), monomeric, 67 kDa, serine esterase
with optimum activity at pH 8.0 and 25°C. PTX2 and PTX1 were hydrolyzed but the
enzyme was inactive against PTX11, PTX6 and acid isomerised PTX2 and PTX11. PTX11
and PTX2b competitively inhibited PTX2 hydrolysis. The enzyme also hydrolyzed short
and medium chain length (C2-C10) 4-nitrophenyl-esters, okadaic acid C8-C10 diol esters
and DTX1 7-O-palmitoyl ester (DTX3). MALDI-TOF MS/MS analysis showed that the
enzyme had some similarity to a juvenile hormone esterase from the Red Flour Beetle
Tribolium castaneum, although BLAST searches of several data bases using de novo
amino acid sequences failed to identify any close relationship with known proteins.
3.2

INTRODUCTION

The PTXs are a group of lipophilic, macrocyclic polyether lactones that are produced by
planktonic dinoflagellates within the genus Dinophysis (Miles, 2007; Suzuki, 2008).
Numerous PTX analogues have been described (Fig. 3.1A) amongst which PTX2 is
believed to be the main parent compound from which most of the other PTXs (PTX1PTX10, PTX seco acids) are derived. PTX2 and PTX11 are acutely hepato-toxic, when
administered by intra-peritoneal injection to mice (Munday, 2008).
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Figure 3.1 Structures of dinoflagellate polyether toxins. A. Selected pectenotoxin (PTX)
analogues. B. Okadaic analogues and esterified derivatives.
Suzuki et al. (2001a, 2001b) were the first to observe that the hepatopancreas of bivalves
contains an enzyme that efficiently hydrolyses the ester bond within the PTX2 lactone ring
to form the PTX2 seco acid, as a consequence of which its toxicity is eliminated (Miles et
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al., 2004; Munday, 2008). OA and its analogues (Fig. 3.1B) are also synthesized by
Dinophysis spp. (Kamiyama and Suzuki 2009) and a common benthic dinoflagellate
(Prorocentrum lima), and can cause gastro-intestinal illness in people who eat shellfish
contaminated with these toxins (Yasumoto et al., 1985; Tubaro et al., 2008; Vale, 2007).
Okadaic acid is a lipophilic linear polyether compound with a 38 carbon backbone and
several functional groups of which the C-1 carboxyl and C-7 hydroxl groups are both
commonly modified by esterification. The OA diol esters, formed by the conjugation of
unsaturated C7-C10 diols to the C1 carboxyl group of OA, occur naturally in
Prorocentrum lima and Dinophysis spp. (Suzuki et al., 2004; Miles et al., 2006;Fux et al.,
2011). In P. lima these esters are intermediate forms between more polar sulphated
precursors (DTX4 & DTX5) and secreted OA (Wright and Cembella 1998) and it is
assumed there is a similar pathway in Dinophysis spp. The OA diol esters are rapidly
hydrolysed during assimilation by bivalves. OA-acyl esters on the other hand are formed
within the bivalve tissues by the conjugation of various chain length fatty acids to OAgroup toxins at their C7 position. Numerous studies have shown that different bivalve
species have different propensities to carry out this process (Vale and Sampayo, 2002a;
Torgersen et al., 2008a, b). Fatty acid esterification of the okadaic acid and DTX-1 has an
important bearing on the in vivo storage and clearance of these compounds since it may
assist in sequestration of toxins in lipid rich tissues (Svensson and Forlin, 2004) and/or
binding to intracellular lipoproteins (Rossignoli and Blanco, 2010; Rossignoli et al., 2011).
This study was focused on the isolation and characterization of an enzyme involved in the
hydrolysis of PTXs and okadaic acid esters in Perna canaliculus. This species makes a
good experimental subject because it is an important aquaculture species in New Zealand,
it rapidly hydrolyses PTX2 (Suzuki et al., 2001a; Miles et al., 2004) and accumulates a
high proportion (>90%) of OA and DTX1 as 7-O-fatty acid esters (Holland et al., 2006).
The persistence of polyether toxin residues in bivalves, after the dinoflagellate blooms
from which they originate, can result in long periods when harvesting is prohibited. If the
duration of the toxin elimination phase could be shortened then much of the associated
economic damage would be reduced. To this end, the long term objective of this research
was to identify molecular targets that may act as markers for the selective breeding of
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shellfish with reduced biotoxin assimilation, and enhanced biotoxin metabolism and
elimination capabilities.
3.3

METHODS

3.3.1 Pectenotoxin preparation
PTX2 and PTX11 were purified for use as enzyme substrates by preparative HPLC-UV
(Miles et al., 2004) from plankton concentrates rich in Dinophysis acuta collected from a
natural bloom (Appendix I; MacKenzie et al., 2002). The spiroketal stereoisomers of
PTX2 (PTX2b, PTX2c) and PTX11 (PTX11b, PTX11c) were produced by the acid
isomerisation of the parent compounds as described in Appendix I following procedures
developed by Suzuki et al. (2003). The identity of these isomers was confirmed by the
relative retention times of peaks using the same chromatography conditions described by
Suzuki et al. (2003). Purified compounds were obtained by collection of the peak
fractions. Aliquots of purified PTX1 and PTX6 were a gift from Dr Toshiyuki Suzuki,
National Fisheries Research Institute, Japan.
3.3.2 PTX hydrolysis assay
The PTX2 hydrolysis assay was carried out in 50mM Tris-HCl buffer at pH 8.0. A typical
assay involved the incubation of a 20 µL aliquot of enzyme extract, 160µL Tris-HCl buffer
and 20µL PTX2 substrate (30µg/mL in methanol) at 25°C (Appendix I). Methanol
(MeOH) had to be added to the reaction mix as a carrier for the substrate, but
concentrations were maintained at 10% (v/v) as higher concentrations affected the reaction
rate significantly. There was a twenty-fold decrease in the rate of PTX2 hydrolysis in 20%
(v/v) MeOH compared to that in 10% (v/v) MeOH (Fig. 3.2). The reaction was stopped by
the addition of 800µL of acetonitrile (MeCN) and the solution centrifuged (20,000g) to
remove precipitated protein. The supernatant was evaporated under nitrogen, dissolved in
180µL 80% (v/v) MeOH and dispensed into vials for HPLC-UV analysis. Analysis of the
product of PTX2 hydrolysis was based on the method described by Miles et al. (2004).
This involved isocratic separation of PTX2 and PTX2 seco acid on a Phenomonex Prodigy
5µ ODS (3) 100A, 250 ✕ 4.6mm HPLC column using a mobile phase composed of 7:3
MeCN-water containing trifluoroacetic acid (0.1%; v/v), a flow rate of 1.0mL/min, an
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injection volume of 30-50µL and column temperature of 30°C. Absorption of PTXs was
monitored at 235nm with a Shimadzu SDD-M10A PDA detector.
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Figure 3.2 The effect of methanol (MeOH) concentration on the assay of PTX2
hydrolysis (disappearance of PTX2) by a 25% PEG hepatopancreas extract.
3.3

General esterase assay

Because the HPLC analysis involved in the PTX2 hydrolysis assay was laborious, a
quicker proxy screening assay for general esterase activity, based on the hydrolysis of 4nitrophenyl butyrate (Castillo et al., 1999) was used to help guide fractionation steps. This
assay measures the release of 4-nitrophenol at 340nm after hydrolysis of the ester. Other
substrates were also used to assess general esterase activity in hepatopancreas extracts
including; 4-nitrophenyl acetate (Sigma N8130), 4-nitrophenyl valerate (Sigma N4377), 4nitrophenyl octanoate (Sigma 21742), 4-nitrophenyl decanoate (Sigma N0252) and 4nitrophenyl palmitate (Sigma N2752). The reactions were calibrated using a 4-nitrophenol
standard (Sigma 1048) dissolved in methanol. Because of difficulties with the solubility of
longer chain substrates (decanoate and palmitate) these were prepared as emulsions
following procedures outlined by Vorderwűlbecke et al. (1992). This involved dissolving
the substrates in isopropanol then careful addition, with stirring, to the reaction buffer
(50mM Tris-HCl) containing 0.4% Triton X-100 and 0.1% Gum Arabic.
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Early in the development of the PTX2 hydrolase isolation procedure a proxy esterase assay
using 1-naphthyl butyrate (Sigma N8000) as a substrate (after Gobetti et al., 1997 and
Smacchi et al., 2000) was used. This assay uses the detection of the hydrolysis product (βnaphthol) following reaction and colour development with Fast Garnet GBC. Although the
assay functioned, it was abandoned in favour of the 4-nitrophenyl butyrate assay because
this was much simpler and quicker. Also because it did not require a secondary reaction
for colour development, hydrolysis assays could be monitored in real time.
An attempt was made to develop a lactone hydrolysis assay using 3,4 dihydrocoumarin
(Sigma-Aldrich D104809) as a substrate, based on a method described by Kataoka et al.
(2000). Although this might be a more realistic proxy for PTX2 hydrolysis no evidence of
substrate hydrolysis could be detected with crude hepatopancreas extracts and the use of
this assay was also discontinued.
3.3.4 Okadaic acid ester hydrolysis assays
Assay of the hydrolysis of okadaic acid diol esters and DTX1 7-O-palmitate was carried
out using various fractions from the hepatopancreas enzyme purification. Liquid
chromatography and tandem mass spectrometry (LC-MS/MS) was used for the analysis of
substrates and products in these assays (Darisci et al., 1999). The high sensitivity of LCMS/MS analysis enabled the use of much smaller quantities of scarce substrates than the
HPLC-UV PTX2 hydrolysis assay, and other components of the reaction mix were
accordingly also scaled down. A mixture of C8, C9 and C10 okadaic acid diol esters
isolated from cultures of Prorocentrum lima (gifted by Dr Patrick Holland, Cawthron
Institute, New Zealand), and DTX1 7-O- palmitate purified from contaminated scallops
(gifted by Dr Toshiyuki Suzuki, National Fisheries Research Institute, Japan) were used in
the assays. In the latter case, because of the potential problem with the solubility of the
substrate, 10% 20mM taurocholate was added to the reaction mix (Doucet et al., 2007).
Porcine pancreatic lipase (EC 3.1.1.3, Sigma L3126) was used in parallel assays as a
positive control. The LC-MS system consisted of a Waters Acquity UPLC interfaced with
a Waters-Micromass Quattro Premier XE triple-quadrupole mass spectrometer, with a ZSpray electrospray ionization source. Chromatography and ionization conditions, and the
analytical reference materials used, were the same as those described in MacKenzie et al.
(2002, 2004, 2005) and Table 3.1. Because there were no available certified analytical
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standards for the OA diol-esters it was assumed these compounds had the same response
factors as OA in the LC-MS analysis.
Table 3.1. The MRM transitions and parameters used in LC-MS/MS analysis of
pectenotoxin and okadaic acid analogues (Draisci et al., 1999; Torgersen et al., 2008c)
Toxin
Pectenotoxin 2
Pectenotoxin 1
Pectenotoxin 11
Pectenotoxin 6
Pectenotoxin 2 seco acid
Okadaic acid
Okadaic acid [M+Na]+
Okadaic acid-C8 diol ester [M+Na]+
Okadaic acid-C9 diol ester [M+Na]+
Okadaic acid-C10 diol ester [M+Na]+
DTX1 (methyl okadaic acid)
7-O-palmityol-DTX1

Ion
Mode
ES+
ES+
ES+
ES+
ES+
ESES+
ES+
ES+
ES+
ESES-

Cone
Voltage
40
40
40
40
40
150
220
220
220
220
150
150

Collision
energy
25
25
25
25
25
45
45
40
40
40
45
60

LCMS MRM
transition
876.6 >823.5
892.5>839.5
892.5>839.5
906.5>853.5
894.5>823.5
803.5>255.1
827.5>723.5
951.6>827.5
965.6>827.5
977.6>827.5
817.5>255.1
1055.7>255.1

	
  

3.3.5 Enzyme fractionation and purification
A final enzyme purification protocol guided by PTX2 and 4-nitrophenyl butyrate
hydrolysis assays was accomplished after numerous exploratory trials (Table 3.2).
Briefly, the procedure involved an initial partition of crude homogenized hepatopancreas
extract with polyethylene glycol, followed by anion exchange, hydrophilic interaction, gel
filtration and hydroxyapatite chromatography, interspersed with several ultra filtration
concentration and buffer exchange steps.
Live mussels were shucked and the hepatopancreas dissected out and stored frozen at 20°C. After thawing, the hepatopancreas sample was blended with an Ultra Turrax®
homogeniser and 200g of homogenate made up to 1,000mL with cold Tris-HCL buffer
(50mM, pH 8.0). The extract was thoroughly mixed then centrifuged at 18,000 g for
30 min. The supernatant (800mL) was precipitated (while stirring on ice) by the gradual
addition of 200 mL of 50% polyethylene glycol (PEG) 6000 to give a final PEG
concentration of 10%. The solution was again centrifuged at 18,000 g for 30 min, the
supernatant decanted and the pellet discarded. The volume of the supernatant was
determined and the volume of 50% PEG 6000 necessary to bring the final concentration to
25% added. After centrifugation of the 25% PEG solution, the supernatant was discarded
and the pellet was dissolved in 50mM Tris-HCL (pH 8.0). This crude extract was assayed
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for 4-nitrophenyl butyrate hydrolysis and PTX2 hydrolysis activity. Aliquots (30mL) of
the crude extract were applied to an anion exchange column (20 ✕ 250mm) packed with QSepharoseTM Fast Flow (GE Healthcare Life Sciences) and eluted with a linear gradient
from zero to 600mM NaCl in 50mM Tris-HCl plus 0.02% Tween 20 (v/v) at flow rate of
5mL/minute on a Pharmacia LKB FPLC system and fraction collector. Protein elution was
monitored at 215nm. Fractions (5mL) were collected and assayed for 4-nitrophenylbutryrate and PTX2 hydrolysis activity. Active fractions were pooled and the proteins
concentrated by passage through a stirred cell ultra-filtration apparatus (Amicon) with a 30
kDa cut-off (YM-30) filter membrane. It had previously been determined that PTX2
hydrolysis activity was retained by this size filer membrane (Fig. 3.3).

0.08

µmol mL-1 min -1

0.06

0.04

0.02

0.00
Control

<30 Kda

<10 kDa

Figure 3.3 PTX2 hydrolysis activity in filtrates passing through Centricon (Millipore
Corp.) 30 kDa and 10 kDa ultra-filtration membranes. The values represent the mean of
triplicate determinations ± standard deviation.
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Table 3.2. Isolation and purification protocol for PTX2 hydrolase
Dissection of hepatopancreas, homogenization and centrifugation (50mM Tris-HCl, pH
8.0)
Precipitation with 10% PEG 6000, discard pellet
Precipitation of supernatant with 25% PEG 6000
Dissolve pellet in 50mM Tris-HCl pH 8.0
Anion exchange chromatography with a 30mL column of Q-Sepharose FF (GE
Healthcare)
(linear gradient 50mM Tris-HCl to 50mM Tris-HCl +600mM NaCl, pH 8.0 +0.02%
Tween 20)
Concentration by ultra-filtration of peak active fractions (Amicon stirred cell >30 kDa)
Hydrophobic interaction chromatography with a phenyl low sub, 25ml column (GE Health
Care),
(step salt gradient, constant buffer: 100%, 50%, 0% B: start B @ 50mM Tris-HCl +
600mM NH4SO4, pH 8.0)
Concentration of peak active fractions by ultra-filtration (Millipore centrifugal Ultra-4
>30 kDa)
Gel filtration with a Superdex 200 HR 10/30 column (GE Health Care)
(mobile phase 50mM Tris-HCl + 150mM NaCl + 0.02% Tween 20))
Concentration of peak active fractions and buffer exchange by ultra-filtration (Millipore
centrifugal Ultra-4 >30 kDa)
Hydroxyapatite chromatography with a 10ml, 20µm Macro-prep Ceramic hydroxyapatite
column (BioRad)
(step gradient 0%, 33%, 66%, 100% B: 10mM pH 6.6 to 200mM pH 6.9 sodium
phosphate buffer)
Repeat anion exchange chromatography with Q-Sepharose FF; 3x in series Hi Trap 1 mL
cartridges
(step gradient 0, 20%, 30%, 40%, 60%, 80% 50mM Tris-HCl +600mM NaCl pH 8.0)
Pooled fractions concentrated by ultra-filtration (Millipore centrifugal Ultra-4 >30 kDa)
SDS-PAGE
MALDI TOF mass spectrometry and de novo sequencing of proteins in gel slices
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The volume of the protein concentrate was measured and sufficient crystalline (NH4)2SO4
added to bring the salt concentration to 600mM. Aliquots (5mL) were applied to a
hydrophobic interaction column (HiPrepTM 16/10 Fast Flow low substitution: GE Health
Care Life Sciences) and eluted with constant 50mM Tris-HCl buffer and a 3 step salt
gradient at a flow rate of 5mL/min. The gradient started with 100% of the salt /buffer
solution (50mM Tris-HCl + 600mM (NH4)2SO4), after 50mL this was reduced to 50% salt
and after a further 50mL to Tris-HCl buffer with no salt for a further 50mL. Active
fractions were pooled and concentrated to ~1mL volume using a 30kDa cut-off Ultra-4
spin filter (Millipore Corp.). Size fractionation of the protein extract was carried out by the
application of 250µL aliquots to a Superdex 200HR 10/30 gel filtration column with a
mobile phase consisting of 50mM Tris-HCl + 150mM NaCl + 0.02% Tween 20 at a flow
rate of 0.5 mL/min. Active fractions were pooled and transferred into 10mM phosphate
buffer by repeated centrifugation and buffer exchange through a 30kDA Ultra-4
centrifugal filter. Aliquots (200-350µL) were applied to a 10 ✕180mm column packed
with 20µm Macro-Prep Ceramic hydroxyapatite (BioRad) at a flow rate of 1mL/min. A
step gradient from 10mM phosphate buffer pH 6.8 (mobile phase A) to 200mM phosphate
buffer pH 6.8 (mobile phase B) was run in increments of 33%, 66% and 100% B with a
total elution volume of 100mL and the collection of 2mL fractions. Active fractions were
pooled concentrated and buffer exchanged with 50mM Tris-HCl through Ultra-4 30kDa
spin filters. SDS-PAGE showed that the final extracts still contained traces of a higher
molecular weight (~84 kDa) impurity so active fractions from the Superdex-200 column
were re-run through the hydroxyapatite fractionation column with the same step gradient.
Active fractions from this chromatography were run through three 1mL HiTrapTM Q anion
exchange Sepharose FF columns in series, with a step gradient from 100% mobile phase A
(50mM Tris-HCl, pH 8.) to 80% mobile phase B (50mM Tris-HCl + 600mM NaCl, pH
8.0) with 20%, 30%, 40% and 60% intermediate increments. Fractions from prominent
peaks were pooled, concentrated and the salt removed by repetitive ultra-filtration (Ultra-4,
30kDa), assayed for 4-nitrophenyl-butyrate and PTX2 hydrolysis activity and aliquots run
on a reducing SDS PAGE gel.
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3.3.6 Isoelectric focussing
A BioRad RotoforTM isoelectric focussing apparatus (Appendix II) was used to achieve
enrichment of various extracts with general esterase and PTX2 hydrolysis activity
(fractions from anion exchange and hydrophobic interaction chromatography). A 2%
ampholyte addition (Biolyte 3/10) was made to the pooled dialyzed extracts and focussed
for 4 hr.
3.3.7 Total protein assay
Total soluble protein was assayed by the method of Bradford (1976) using the BioRad dye
reagent (BioRad product 500-0006) and the standard procedure for micro-titre plates. BSA
(0.1-0.5 mg/mL) was used as a standard. The procedure involved the addition of 10 µL of
each standard solution (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) and sample dilutions to
triplicate wells, followed by the addition of 200 µL of the dye reagent. After a reaction
period of 5 min the absorbance was read at 595 nm in a plate reader.
3.3.8 SDS-PAGE
Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using 10% gels (Davis and Ornstein, 1959) and stained with colloidal Coomassie
(Candiano et al. 2004).
3.3.9 MALDI-TOF/TOF mass spectrometry
Slices from SDS-PAGE gels were excised and prepared for mass spectrometry by in-gel
digestion with trypsin according the method of Shevchenko et al. (1996). Chemically
assisted fragmentation was used to obtain de novo amino acid sequence data from tryptic
peptides. Trypsin digests of samples were adsorbed to and derivatized on C-18 ZipTipTM
(Millipore Corp.) pipette tips. Guanidination and sulfonation of adsorbed peptides were
carried out according to the protocol of Chen et al. (2004). Samples were assayed on an
Applied Biosystems MDS SCIEX 4800 MALDI TOF/TOF analyzer. Data were acquired
by reflectron MS analysis in positive ion mode and reflectron tandem MS in positive ion
mode with 2kV potential difference for collision induced dissociation. The MASCOT
(Matrix Science) search engine and NCBI and SwissProt databases was used to search the
MS/MS collision induced fragment pattern of trypsin digested peptides. The NCBI data
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base and an EST data base (“Mytibase”) of transcribed sequences of Mytilus
galloprovincialis (Venier et al. 2009) were also searched for homologous amino acid
sequences.
3.4

RESULTS AND DISCUSSION

3.4.1 PTX2 hydrolysis by various species and tissues
A survey of a variety of marine biota (Table 3.3) showed that crude hepatopancreas
homogenates (in 50mM Tris-HCl, pH 8.0) of all bivalves tested exhibited enzymatic PTX2
hydrolysis at similar levels of protein-normalised activity. No activity was detected in
stomach contents, the crystalline style or by other bivalve tissues. Similarly, no activity
could be detected in the hepatopancreas of marine gastropods (Cookia sulcata and Haliotis
iris), the hepatopancreas and liver of bivalve consuming paddle crabs (Ovalipes catharus)
or fish (Parapercis colias) or by mammalian (porcine) esterase and lipase. The enzyme is
apparently constitutive in the bivalve hepatopancreas since the various shellfish used as the
source of the tissues extracted in these experiments had not been exposed to OA/PTX
producing algal blooms. All New Zealand bivalve species assayed to date have this
activity and since PTX2-SA has been identified in a number of species elsewhere (e.g.
Krock et al., 2009; Torgersen et al., 2008b) it appears to be a common property of bivalves
worldwide.
3.4.2 Fractionation and purification
Experimentation with the precipitation of general esterase activity within crude
hepatopancreas homogenates showed that treatment with 10% PEG-6000 resulted in a
50% reduction in soluble protein, a slight increase in the volume-normalised esterase
activity of the supernatant and an increase in the protein-normalised esterase activity. In
addition to the removal of large amounts of extraneous soluble protein, this initial 10%
PEG-6000 cut was useful in the removal of fine particulates and insoluble lipophilic
material. Increasing the concentration of PEG-6000 in the extract to 25% resulted in
precipitation of over 90% of the esterase activity, which after centrifugation, was readily
re-dissolved in 50mM Tris-HCl buffer. The esterase activity was adsorbed to anion
exchange resin (Q-Sepharose FF) at pH 8.0, and was desorbed at concentrations of NaCl
between 0.1M and 0.6M.	
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Table 3.3. PTX2 hydrolysis by crude tissue homogenates of various species in 50mM
Tris-HCl buffer at pH 8.0.	
  
Species

Tissue

Activity
nmol PTX2 mg protein-1 min-1

Perna canaliculus(GreenshellTM mussel)

Hepatopancreas
Stomach contents
Crystalline style
Pericardial gland
Gonad

0.072
nd
nd
nd
nd

Mytilus galloprovincialis (Blue mussel)

Hepatopancreas
Stomach contents
Crystalline style
Gonad

0.054
nd
nd
nd

Paphies subtriangulata (Tuatua –surf
clam)

Crystalline style

nd

Hepatopancreas

0.046

Paphies donacina (Tuatua – surf clam)

Crystalline style
Hepatopancreas

nd
0.046

Pecten novaezealandiae (Scallop)

Hepatopancreas

0.078

Crassostrea gigas (Pacific oyster)

Hepatopancreas

0.025

Cookia sulcata (Cook’s Turban Shell)

Hepatopancreas

nd

Haliotis iris (Paua –abalone)

Hepatopancreas

nd

Ovalipes catharus (Paddle crab)

Hepatopancreas

nd

Parapercis colias (Blue Cod)

Liver

nd

Porcine lipase (Sigma L3126)

Pancreas

nd

Porcine esterase (Sigma E-2884)

Liver

nd

nd = no activity detected
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Table 3.4 Non-specific esterase (4-nitrophenyl butyrate hydrolysis) and PTX2 hydrolase
activity by P. canaliculus hepatopancreas extract fractions.
Activity
4-nitrophenyl butyrate hydrolysis

(µmol/mg

Purification
factor

protein/min)
Crude HP homogenate
Re-suspended pellet after 25% PEG

0.14
4.9

35

Q-Sepharose FF pooled peak fractions #29-38

5.8

41

Final hydroxyapatite/Q-Sepharose fraction

27.6

197

fractionation

Activity
PTX2 hydrolysis

(nmol/mg

Purification

protein/min)
Crude HP homogenate
Re-suspended pellet after 25% PEG
fractionation

factor

0.07
4

0.3

Peak Q-Sepharose fraction

0.9

12

HIC (phenyl low substitution) fraction

1.2

17

Superdex200 fraction

1.5

21

Final hydroxyapatite/Q-Sepharose fraction

29.0

414

These data guided the elution gradient used in the subsequent anion exchange
chromatography of the 25% PEG-6000 extract. Ultra-filtration of the PTX2 hydrolysis
fraction after preliminary Q-Sepharose FF chromatography showed that >95% of esterase
activity was retained by a 30kDa cut off filter membrane (Fig. 3.3) and a variety of
filtration media (stirred cells and centrifugal filters) with this capability were used in
subsequent protein recovery and concentration. Two peaks of esterase activity (4nitrophenyl butyrate hydrolysis) were observed after Q-Sepharose FF chromatography of
25% PEG-6000 extracts (Fig. 3.4A). The earlier minor peak eluted at about 0.1M NaCl
and had no detectable PTX2 hydrolysis activity but both activities coincided with the
second major peak eluting between 0.2-0.3M NaCl. Isoelectric focussing of dialysed peak

	
  
	
  

fractions from the Q-Sepharose FF column provided an estimate of pH 4.7-4.9 as the
isoelectric point of the enzyme (Fig. 3.5).
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Figure 3.4 Sequential chromatographic fractionation of PTX2 (shaded bars) and 4nitrophenyl butyrate (open bars) hydrolysis activity. A. Anion exchange chromatography
(Q-Sepharose FF) of 25% PEG fractionated crude HP extract. B. Hydrophobic interaction
(HIC) chromatography (Phenyl low sub) of pooled Q-Sepharose active fractions. C. Gel
filtration (Superdex-200) of pooled HIC active fractions. D-E Hydroxyapatite (Ceramic
Macro-Prep 20 µm) fractionation of Superdex 200 pooled active fractions. D First run
with linear gradient. E. Repeat chromatography of pooled fractions using a step gradient.
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Figure 3.5 Isoelectric focussing of enzyme activities in a Q-Sepharose FF fractionated
hepatopancreas extract. A. pH and total protein (absorbance @ 280nm) in isoelectric
focussing cells #1-20. B. 4-nitophenyl butyrate hydrolysis. C. PTX2 hydrolysis.
Hydrophobic interaction chromatography of pooled peak fractions (Fig. 3.4B) showed that
PTX2 hydrolysis activity and general esterase activity (not shown) was strongly bound to
the column under high and moderate salt ((NH4)2SO4) concentrations, eluting only when
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all salt had been removed. PTX2 hydrolytic activity eluted at about 95kDa after size
fractionation on a Superdex-200 column (Fig. 3.4C).

Figure 3.6 SDS-PAGE of final hydroxyapatite concentrate from pooled active fractions
under reducing (DTT) and non-reducing conditions. Aliquots were boiled or not boiled
(control) prior to application on the gel.
Hydroxyapatite chromatography (Fig. 3.4D-E) of fractions from the Superdex-200 size
fractionation step (Fig. 3.4C) proved effective in further separating PTX2-hydrolysis
activity from most other contaminating proteins, achieving a large increase in activity
(Table 3.4) and revealing an intense band on SDS PAGE gels at around 67kDa (Fig. 3.6).
There was no change in the migration of this band under reducing or non-reducing
conditions, indicating that this protein does not possess intra-molecular disulphide bonds.
However a faint band at around 84kDa was also present and this may have been associated
with the enzymatic activity. To eliminate this contaminant, another hydroxyapatite
chromatography separation was performed using a step gradient (Fig. 3.7A) followed by
buffer exchange and re-running on a Q-Sepharose FF anion exchange column (Fig. 3.7B),
also with a step gradient. This was effective in reducing and finally eliminating the higher
MW band (Fig. 3.8A) from later fractions (#15-16) that retained high levels of activity
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(Fig. 3.8B & C), proving that the 67kDa band was indeed the esterase. There was a
suggestion of paired banding with fractions #15-16 (Fig 3.8 A). It is believed this was
probably due to small modifications of the same protein.

Figure 3.7 Re-fractionation of Superdex 200 pooled active fractions. A. Hydroxyapatite
(Ceramic Macro-Prep 20 µm) fractionation of Superdex 200 pooled active fractions with a
step gradient. B. Q-Sepharose FF fractionation of hydroxyapatite pooled active fractions
with a step gradient. The numbers on the bars represent the fraction numbers.
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Figure 3.8 SDS PAGE and activity assays on pooled fractions from Q-Sepharose FF
chromatography of hydroxyapatite active fractions (see Fig. 4B). A. SDS PAGE of
fractions #7-8, #11-2 and #15-16. The arrowhead indicates the 67 kDa active band. The
amounts of protein applied to each well are in parentheses. B. PTX2 hydrolysis activity of
the same fractions applied to the SDS PAGE gel. The columns and errors bars are the
mean ± standard deviation of triplicate determinations. C. 4-nitrophenyl butyrate
hydrolysis activity of the same fractions applied to the SDS PAGE gel.
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3.4.3 The effect on enzyme activity of temperature, pH and inhibitors
PTX2 hydrolysis had a temperature optimum of 25°C (Fig. 3.9A) and a temperature
tolerance up to 35°C (Fig. 3.9B) after which the stability of the enzyme decreased
substantially. The enzyme permanently lost activity after being held at temperatures >4045°C for 30 min. The pH optimum for PTX2 hydrolysis was 8.0 (Fig. 3.9C). These results
defined the conditions used for all assays (i.e. 25°C, pH 8.0).
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Figure 3.9 Temperature optimum (A), temperature tolerance (B) and pH optimum (C) of
PTX-2 hydrolysis activity in Perna canaliculus hepatopancreas 25% PEG-6000 extracts.
The values represent the mean of triplicate determinations ± standard deviation.
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Figure 3.10 The effect of various cryo-preservatives on the maintenance of PTX2
hydrolysis activity after 4 freeze/thaw cycles. PEG = polyethylene glycol 6000; EG =
ethylene glycol; PG = propylene glycol; Gly = glycerol. The values are the mean of
triplicate assays ± standard deviation.
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Figure 3.11 PMSF inhibition of 4-nitrophenyl butyrate hydrolysis (A) and PTX2
hydrolysis (B) in Perna. canaliculus 25% PEG-6000 hepatopancreas extracts. The values
represent the mean of triplicate determinations ± standard deviation. A 10% addition of
10mM PMSF in isopropanol was used. Control I: no addition of inhibitor or isopropanol.
Control II: addition of 10% isopropanol only.
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In Tris-HCl buffer, PTX2 hydrolysis activity in HP extracts was susceptible to degradation
by freezing and thawing although activity was protected and in some cases enhanced (e.g.
by PEG) by a variety of cryo-protectants (Fig. 3.10). General esterase (4-nitrophenyl
butyrate) and PTX2 hydrolysis activities in reconstituted 25% PEG extracts were strongly
inhibited (Fig. 3.11) with 0.5mM phenyl methanesulfonyl fluoride (PMSF), a potent
inhibitor of serine esterases (Fahrney and Gold, 1963). This precluded the use of PMSF as
an inhibitor of serine proteases in the extraction protocol. Fortunately, after the initial
polyethylene glycol fractionation steps, protease degradation was not a problem and
esterase activity was maintained by extracts on cold (4°C) storage for at least a week.

nmol mL-1 min-1

6

4

2

EDTA

Mg2+

Ca2+

Control

0

Figure 3.12 The effect of metal (Mg2+ and Ca2+) and a chelating agent (EDTA) additions
(final concentration = 0.5mM) on PTX2 hydrolysis activity by the final hydroxyapatite
purified fraction. The values represent the mean of triplicate determinations ± standard
deviation.
Although there was the suggestion of an increase in PTX2 hydrolysis activity after the
addition of Ca2+ this was not significantly different (p<0.05) from the control (Fig. 3.12).
3.4.4 MALDI-TOF mass spectrometry analysis
MALDI-TOF MS/MS analysis of tryptic digests of the 67 kDa band and comparison with
the NCBI protein database showed that the peptide fragment pattern had significant,
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though weak similarity (a MOWSE score of 86 where >59 indicates identity or extensive
homology at p<0.05) with a juvenile hormone esterase from the Red Flour Beetle
Tribolium castaneum.
Several amino acid sequences were successfully obtained by the de novo sequencing of
tryptic peptides (Fig. 3.13, Table 3.5) derived from the 67kDa band. However, applying
these sequences to BLAST searches of several data bases (NCBI mollusca; ‘Mytibase’)
failed to identify any homologous peptides from known proteins. The paucity of bivalve
protein sequence information in accessible data bases is probably the reason why we were
unable to find any homology with other molluscan proteins.

Figure 3.13 Manual de novo sequencing of MALDI-TOF mass spectra of a trypsin
generated peptide (precursor mass 2385.94) from the Perna canaliculus hepatopancreas
PTX2 hydrolase. The amino acid sequences are read from right to left.
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Table 3.5 MALDI-TOF MS/MS derived de novo amino acid sequences of peptide
fragments from the Perna canaliculus hepatopancreas PTX2 hydrolase.
Precursor mass

Amino acid sequences

(guanidinated and
sulfonated)
1262.5

T F Q/K Y V F S R

1485.6

FHSSGSPGK

2385.9

T D P I/L Q/K D I/L N D A S S E T S Q/K F F R

1889.8

A I/L A Q/K S G T V S E I/L S I/L T Q/K K

1612.7

N S P V V E T P Q/K G S I/L K

1533.6

M I/L E F H S S G S P G K

1549.5

F I/L E F H S S G S P A R

3.4.6 PTX substrate specificity
The susceptibility to hydrolysis of a number of pectenotoxin analogues was tested (Fig.
3.14). There was no detectable hydrolysis of either of the PTX2 stereoisomers PTX2b and
PTX2c nor the C-34 hydroxylated pectenotoxin analogue PTX11 or either of its isomers
(PTX11b and PTX11c). The resistance of PTX11 to hydrolysis by crude hepatopancreas
extracts of P. canaliculus has been reported previously (Miles et al., 2004). Likewise,
although PTX1, the C-43 alcohol derivative of PTX2, was hydrolyzed, the more oxidised
C-43 carboxylic acid (PTX6) was not (Fig. 3.14C).
3.4.5 Enzyme kinetics
The PTX2 and 4-nitrophenyl butyrate esterase kinetics of hydroxyapatite final fractions
were determined at 25°C and pH 8.0 (Fig. 3.15). PTX2 hydrolysis (combined PTX2
disappearance and PTX2-seco acid appearance) gave a Vmax of 30.0 nmol mg-1 min-1 and a
half saturation constant (KM) of 2.0 µM. The corresponding values for 4-nitrophenyl
butyrate hydrolysis were a Vmax of 27.0 µmol mg-1 min-1 and KM of 0.2 mM. The fact that
the specific activity of the enzyme against 4-nitrophenyl esters was several orders of
magnitude higher than that of PTX2 suggests that the enzyme’s primary function is in
general lipid digestion and fatty acid metabolism in the bivalve. The ability to hydrolyze
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dinoflagellate polyether toxins may be incidental although the lack of any activity in
tissues other than the hepatopancreas suggests it has a specific dietary role.
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Figure 3.14 Hydrolysis of PTX2 and PTX11 isomers (A, B) by 25% PEG-6000 extract
and hydrolysis of PTX6 and PTX1 by the highest activity fractions from the hydrophobic
interaction (phenyl-low substitution) column (C). A & B were analyzed by HPLC-UV and
C by LC-MS/MS.
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Figure 3.15 The kinetics of PTX2 (A & B) and 4-nitrophenyl butryrate (C & D)
hydrolysis by the hydroxyapatite final active fraction. Each data point is the mean of three
replicates, the error bars are the standard deviation about the mean. PTX hydrolysis was
calculated from the mean of the rate of disappearance of PTX2 and appearance of
PTX2SA determined by HPLC-UV. The hydrolysis of 4-nitrophenyl butyrate was
calculated from the appearance of 4-nitrophenol by absorption at 340 nm. Lineweaver
Burke plots (B & D) were used to calculate the kinetic parameters Vmax and Km.
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Figure 3.16 Kinetics of competitive inhibition of PTX2 hydrolysis by PTX2c and
PTX11. A. The rate of PTX2 hydrolysis (nmol mL-1min-1) with a constant concentration of
PTX2 substrate and varying PTX2c inhibitor concentrations. The x-axis shows the molar
ratios of PTX2c:PTX2. B. The rate of PTX2 hydrolysis (v = nmol mL-1 min-1) with a
constant concentration of PTX2c inhibitor and varying concentrations (µM) of PTX2
substrate [S]. C. Lineweaver-Burke plots of substrate and substrate plus inhibitor kinetics.
D. The rate of PTX2 hydrolysis with a constant concentration of PTX2 substrate and
varying PTX11 inhibitor concentrations. The x-axis shows the molar ratios of
PTX11:PTX2. No replicates were used in these assays because of the large quantities of
rare substrates required.
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Both PTX2c and PTX11 were competitive inhibitors of PTX2 hydrolysis (Fig. 3.16) and in
the case of PTX2c (Fig. 3.16A-C) the kinetics of inhibition were determined. When a
constant concentration of PTX2 and enzyme was maintained, increasing levels of PTX2c
resulted in a decreasing rate of hydrolysis (Fig. 3.16A). At a 4:1 molar ratio of inhibitor to
substrate about 84% of hydrolytic activity was suppressed. Varying PTX2 substrate
concentrations at a constant concentration of PTX2c inhibitor (5.8µM) resulted in an
estimate of the inhibitor dissociation constant Ki of 2.2µM (Fig. 3.16B & C). No estimate
of the Ki of PTX11 inhibition was made, because under these HPLC conditions PTX2
seco acid co-elutes with PTX11, masking the product of the reaction.
The lactone ring of PTX2 that is hydrolyzed by this enzyme is essential to its bioactivity,
both in terms of its acute affect when administered to whole animals (Miles et al., 2004),
and its effect on the actin cytoskeleton of cells (Ares et al., 2007). It is therefore tempting
to speculate that the role of the enzyme in bivalves is to detoxify these compounds.
However this does not explain the pattern of substrate specificity shown in this study,
where of eight PTX analogues tested, only PTX2 and PTX1 were susceptible to
hydrolysis. For the PTX2 isomers PTX2b and PTX2c, stereo-chemical re-orientation or
formation of a 6 member ring around the C7 chiral centre (see Fig. 3.1) eliminated
susceptibility to hydrolysis. Nothing is known of the toxicity of PTX2b and PTX2c. They
were produced by acid isomerisation of PTX2 and are laboratory artefacts probably not
normally found in nature.
PTX11 on the other hand is a major component of the toxin complement of Dinophysis
acuta (Suzuki et al., 2006). PTX11 and its stereo-isomers (PTX11b and PTX11c) were
completely impervious to hydrolysis, though toxicology (Munday, 2008) and molecular
studies (Ares et al., 2007) have shown that PTX11 has the same acute toxicity (~250
µg/kg: LD50 by ip administration) to laboratory mice as PTX2 (~260 µg/kg: LD50 by ip
administration) and induces a strong depolymerising effect on the actin cytoskeleton in
human neuroblastoma cells. The hydroxyl group on C-34 of PTX11 analogues and its
proximity of to the ring closing ester linkage (Fig. 3.1) may hinder its access to the
enzyme’s active site, possibly by hydrogen bonding between the C-34 hydroxyl group and
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the C-1 carbonyl oxygen (Suzuki et al., 2006). The finding that both PTX11 and PTX2c
act as competitive inhibitors of PTX2 hydrolysis (Fig. 3.16) indicates they are capable of
interaction with the binding pocket on the enzyme although the ester linkage within the
lactone ring of these analogues is protected (probably for different structural reasons). To
more fully understand the cause of the specificity of the enzyme, a complete structure of
the protein is needed, preferably in the presence of substrate or an inhibitor.
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Figure 3.17 Hydrolysis of okadaic acid (OA) and DTX1 esters by the purified
(hydroxyapatite final concentrate) Perna canaliculus esterase. A. Hydrolysis of C8, C9
and C10 okadaic acid diol-esters. B. Hydrolysis of DTX1-7-O-palmitate ester (DTX3) to
DTX1.
Uniquely amongst bivalves, the Japanese scallop Patinopecten yessoensis has been
observed (Suzuki, 2008) to have the ability to sequentially oxidise PTX2 to the C-18
alcohol (PTX1), C-18 aldehyde (PTX3) and C-18 carboxylic acid (PTX6). However, it
also apparently lacks the enzyme necessary to hydrolyse PTX2, and it may be the lack of
this enzyme which enables the more oxidised analogues to accumulate. In other species the
rapid hydrolysis of PTX2 may prevent these reactions from taking place. We observed that
PTX1 was readily hydrolyzed by the P. canaliculus esterase but not PTX6, although the
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latter (like PTX1) is acutely toxic to laboratory mice (500µg/kg: Munday, 2008). In the
case of PTX6, the carboxyl group which prevents its hydrolysis is on C-18, far from the
lactone-ring closing ester linkage. Therefore the structural determinant that prevents
hydrolysis of PTX6 is presumably somewhat different than that that which prevents
PTX11 hydrolysis.
3.4.7 Okadaic acid ester hydrolysis
The purified esterase hydrolyzed okadaic acid diol-esters and DTX1 7-O-palmityol ester
(Fig. 3.1; Fig. 3.17). In the case of the palmitoyl ester, the maximum linear rate of
hydrolysis (0.32 nmol mg protein-1 min-1) by the hepatopancreas enzyme exceeded by at
least an order of magnitude, rates of hydrolysis mediated by the porcine pancreatic lipase
(0.03 nmol mg protein-1 min-1) used as the positive control. It is conceivable that the
formation of OA esters may be a response by the shellfish to protect themselves from the
effect of the toxins, because esterified forms have substantially lower protein phosphatase
(PP2A) inhibitory activity (Mountfort et al., 2001), and consequently lower toxicity, than
the free toxins. However, although most OA is esterified in P. canaliculus, free OA
predominates in other bivalve species such as M. galloprovincialis (Holland et al., 2008)
without any apparent harm to the animals. OA-esterification does not reduce the toxicity to
shellfish consumers, as these can be hydrolyzed in the human stomach and there are
several recorded instances of human intoxication by shellfish containing high levels of OA
acyl esters (Vale and Sampayo, 2002b; García et al., 2005). Esterification may assist in
sequestration of polyether toxins in lipid rich tissues (Svensson, 2003) and/or binding to
intracellular lipoproteins (Rossignoli and Blanco, 2010). In the latter case, it has been
suggested that lipoprotein binding may be the mechanism whereby the more lipid-soluble
esterified polyether compounds are transported and excreted from the animal in a fashion
similar to the serum transport and elimination of cholesterol. If this is the case, higher rates
of esterification and lipoprotein synthesis could, individually or together, lead to increased
rates of toxin elimination. Vale (2006) has in fact shown that in the clam Donax trunculus
the elimination of esterified toxins was faster than that of free toxins.
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3.4.8 Hydrolysis of 4-nitrophenyl ester substrates
Chain length had a major effect on the susceptibility of 4-nitrophenyl esters to hydrolysis
by the purified (hydroxyapatite final concentrate) enzyme (Fig. 3.18) with the C-8 ester (4nitrophenyl octanoate) showing maximum reactivity. The much lower rate of 4nitrophenyl decanoate (C10) hydrolysis, and the lack of detectable 4-nitrophenyl palmitate
(C16) hydrolysis, is not believed to be the result of poor solubility since effective
emulsions of these substrates were prepared that were susceptible to hydrolysis by crude
and PEG fractionated aqueous hepatopancreas extracts. It is interesting that although the
enzyme was capable of hydrolyzing DTX1 7-O-palmitate it was largely incapable of
hydrolyzing the artificial substrate 4-nitrophenyl palmitate.
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Figure 3.18 Hydrolysis of 4-nitrophenyl esters of various chain lengths by the final
hydroxyapatite fraction. The values are the mean of triplicate determinations ± standard
deviation.
It is well known that shifts in the thermodynamic equilibrium under hydrophobic
conditions can result in the reversal of reactions such as the hydrolysis of fatty acid esters
(e.g. Stamatis et al., 2001), and it is conceivable that the PTX2 hydrolase could mediate
their synthesis in hydrophobic micro environments within the hepatopancreas tissues.
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Rossignoli et al. (2011) have recently demonstrated the esterification of OA with palmitoyl
-CoA by sub cellular fractions of the digestive cells that contain active endoplasmic
reticulum (ER). Their findings are consistent with previous observations of the important
role that fatty acid-CoA conjugates and ER acyl-transferases play in the esterification of
xenobiotics in other molluscs (e.g. Janer et al., 2004; Janer et al., 2005). Interestingly,
Rossignoli et al. (2011) made the observation that the acyl transferase activity for OA was
lower than that observed for other xenobiotics and speculated that the enzymes were less
efficient for OA. An alternative explanation could be that in their assays they did not have
optimal conditions for the activity of an enzyme such as our PTX2/OA-ester hydrolase to
function as an acyl transferase. The ability to enzymatically synthesize OA-fatty acid
esters would be an important technology breakthrough in the area of marine biotoxin
surveillance, because there is a limited supply of these compounds (which are generally
purified from contaminated shellfish) for use as analytical reference materials.
3.5

CONCLUSIONS

This is believed to be the first report of the purification and characterisation of any native
esterase or lipase from the digestive gland of a bivalve. Previous work on bivalve esterases
has been confined to evaluation of digestive capabilities by assay of crude extracts with
model substrates (e.g. Patton and Quin, 1973) and the use of esterase assays as markers for
the detection of environmental xenobiotics (e.g. Ozeretic and Krajnovic-Ozretic, 1992;
Janer et al., 2005). The ability of the esterase from the hepatopancreas of P. canaliculus to
hydrolyse PTX analogues does not appear to relate to the toxicity of these compounds and
suggests that PTX detoxification is not the primary function of the enzyme. However there
have been no investigations of the relative toxicity of PTXs in bivalve tissues and it cannot
necessarily be assumed that mammalian models reflect the real expression of toxicity (e.g.
of PTX11) in these animals. The ability of the enzyme to hydrolyze the diol and acyl esters
of okadaic acid, with which PTXs are invariably associated in natural shellfish
contamination events, raises the possibility that it may participate in other associated
process such as the synthesis of OA and PTX seco acid esters in vivo. To understand the
role of the PTX2/OA esterase in the physiology of bivalves, elucidation of the complete
amino acid sequence, genomic and transcribed nucleic acid sequences and successful
cloning and determination of the 3D structure of the protein and its active site is needed.
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Chapter 4.
Matrix proteins in the crystalline style of the marine mussels
Perna canaliculus Gmelin and Mytilus galloprovincialis Lamark
4.1

ABSTRACT

Characterization of the major proteins from the crystalline style of Perna canaliculus and
Mytilus galloprovincialis was carried out to identify the molecular basis of differences in
the physical structure of the styles and their biochemical significance. P. canaliculus has a
crystalline style that is typical of those bivalves with permanent hard-type styles while the
style of M. galloprovincialis is typical of bivalves with transient soft-type styles. The
consistency of the styles is clearly related to their respective moisture content and both
style types contain a suite of high molecular weight (>800 kDa and ~95-170 kDa)
glycosylated proteins and medium molecular weight (40-50 kDa) protein pairs.
Polysaccharides make up a small proportion of the mass of the style. It is suggested that
these 40-50 kDa proteins play a role in the formation of the protein gel that establishes the
structural integrity of the style. Their solubility is minimal at pH 4.5 to 5.5, which broadly
corresponds to the pH of the gastric fluids. The proportion of low solubility putative gel
forming proteins (at ~pH 5.5) is higher in the hard styles of P. canaliculus than in the soft
styles of M. galloprovincialis. One and two dimensional SDS-PAGE and MALDITOF/TOF peptide analysis of style proteins showed that the major digestive enzymes
(cellulases, amylases, laminarinases) make up only a minor proportion of total protein
content of the styles. Amino acid de novo sequencing showed that there was close
similarity between the sequences of several peptide fragments of the prominent 40-50 kDa
protein duplexes and Myosinases I and II annotated within a M. galloprovincialis EST data
base (“Mytibase”). Myosinases belong to a large family of astacin-like metalloproteinases
that have numerous functions and are widely distributed in nature although in many cases
their role is unknown. It has yet to be determined whether these proteins have enzymatic
activity, however they are clearly important as part of the style matrix of these two mussels
species and probably the crystalline styles of other bivalve molluscs as well.
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4.2

INTRODUCTION

The crystalline style of filter-feeding bivalves is an essential component of their digestive
anatomy. They are found in all bivalve taxonomic groups except the subclass
Protobranchia and they also occur in some orders of herbivorous gastropods. They have
been the object of curiosity and scientific investigation for a long time and their role as a
source of digestive enzymes, first suggested by Coupin (1900), is now well established
(Alykrinskaya, 2001; Bailey and Worboys, 1960; Edmondson, 1920; Horiguchi and Lane,
1965; Jacober and Rand, 1980; Judd, 1987; Kristensen, 1972; Lavine, 1946; Morton, 1952;
Nelson, 1918; Trainer and Tillinghast, 1982). In combination with these enzymes, the
mechanical properties of the style are important in reducing the size of food particles
which renders them suitable for transport via ciliated ducts to the cells that line the
digestive tubules the digestive diverticula where endocytosis and intra-cellular digestion
takes place (Morton, 1983). The style may also play an important role (Nelson, 1981;
Kristensen, 1972; Bernard, 1973) in moving gut contents through the alimentary tract, and
in assisting the sorting of food particles from inorganic material.
The style is a clear or opaque, gelatinous, tapering rod, enclosed and rotated by cilia lining
the style sac (Fig. 1.1) with its anterior end protruding into the stomach where it contacts
the gastric shield, a hard chitinous structure that forms a mortar-like socket into which the
style is inserted (McQuiston, 1970). The style is liquefied by contact with the gastric juices
and the abrasive effect of rotation against the shield. The proteins and carbohydrates
comprising the style originate from the secretory cells lining the style sac epithelium
(Judd, 1979), although it has recently been demonstrated that some important digestive
enzymes are actually expressed in the digestive gland and transported to the style
(Sakamoto et al., 2008).
Various researchers have commented upon the differences in the physical nature of styles
in different mollusc taxa and it is well known that in some species (e.g. Crassostrea gigas;
Bernard, 1973) the style has an ephemeral existence, forming and dissolving with tidal
rhythms in intertidal populations, whereas in other species (e.g. Mya arenaria; Edmondson
1920) the style is a firm, robust, permanent structure. The intrinsic biochemical differences
between ‘hard’ and ‘soft’ styles has not been explained, but presumably this is of some
physiological and ecological significance. Within this context P. canaliculus and M.
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galloprovincialis make good experimental subjects. The former has a hard-type permanent
style, the latter a soft-type transient style. Both are important aquaculture species with
different characteristics which influence their interactions and husbandry. On natural
substrates and on mussel culture ropes, M. galloprovincialis is a more vigorous competitor
for space than P. canaliculus (Lachowicz, 2005) which results in it being regarded as a
pest in some situations. P. canaliculus naturally colonises a much wider depth range than
M. galloprovincialis which is mostly intertidal. The only known studies that have
examined the crystalline structural proteins are those of Bedford and Reid, (1969) and
Judd (1987) who focussed on comparing the electrophoretic banding patterns of the
proteins as taxonomic markers. Bedford and Reid, (1969) also carried out a rudimentary
polyacrylamide gel fractionation of amylase in the style extracts.
This study did not set out to test the hypothesis that the differences in the autecology of
these mussel species relates to the differences in the characteristics of the crystalline style
but was designed to provide biochemical data which it is hoped may assist in answering
this question in the future. The study applied a variety of biochemical and proteomic
techniques to characterize the crystalline style proteins of P. canaliculus and M.
galloprovincialis. Insights into the possible role of major proteins in gel formation were
obtained and a new role for members of an important group of metalloproteins was
revealed. This study complemented other studies on various digestive enzymes within the
crystalline style and hepatopancreas of several bivalve species and their role in the
digestion and assimilation of seston presented here in Chapters, 2, 3, 5 and 6.

4.3

MATERIALS AND METHODS

4.3.1 Crystalline style preparations
Fresh preparations of crystalline styles were examined microscopically using Normaski
differential interference optics. Crystalline styles (CS) were dissected from live specimens
of P. canaliculus and M. galloprovincialis collected from mussel-farm long lines in the
Marlborough Sounds. The styles were frozen immediately after dissection, lyophilized,
ground to a dry powder and stored at 4°C over silica gel. It was necessary to dissect out the
styles of M. galloprovincialis within 1-2 hr of removal from the water otherwise styles
dissolved and became impossible to retrieve. Experience showed that proteins remained
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stable (e.g. the specific activities of enzymes remained constant) indefinitely with this
preparation and the powders were readily dissolved in buffer to provide material for
subsequent analysis and fractionation. The solubility of both crystalline styles was
maximal in 50mM Tris-HCl buffer at pH 8.0 (see results section 4.4) and this buffer was
used for the preparation of initial extracts for electrophoresis, glycoprotein staining, total
protein and polysaccharide analyses.
4.3.2 Electrophoresis
One dimension (1D) sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDSPAGE) was performed using 10% gels (Davis and Ornstein, 1959) stained with colloidal
Coomassie ( Candiano et al., 2004) with non –reducing and reducing (dithiothreitol and
mercaptoethanol) loading buffer with and without heating to 100°C for 2 min. The first
dimension of two dimension (2D) electrophoresis was carried out using immobilized pH
gradient (IPG) ImmobilineTM DryStrips (pH 3-10) run on an IPGphorTM IEF system.
The sample was added to the re-hydration buffer which contained pH 3-10 IPG buffer (GE
Health Care), 7M urea, 2M, thiourea, CHAPs, (2%) 50 mM DTT and 4 mM TCEP. The
IEF strips were run for 24 hrs with the voltage ramped up over this period from 200 volts
for 2 hrs at the beginning of the run to 8000 volts for 10 hours its conclusion. After
reduction (130 mM dithiothreitol) and alkylation (135 mM iodoacetamide) the second
dimension was run on large format (1.5mm ✕ 20cm ✕ 26cm) 12.5% polyacrylamide gels
on a Ettan DALT II separation unit. After second dimension electrophoresis the gels were
fixed with 10% methanol/7% acetic acid and stained with colloidal Coomassie.
4.3.3 Glycoprotein staining
The staining of glycoproteins on SDS-PAGE gels essentially followed the procedure
described by Judd (1987) using Schiff’s fuchsin-sulfite reagent (Sigma-Aldrich S5133).
After electrophoresis the gels were fixed in 30% (v/v) methanol, 7% (v/v) acetic acid for
1h followed by rinsing with 18 Mohn water and transfer to 15% (v/v) periodic acid in 5%
(v/v) acetic acid for 1 h. Gels were thoroughly rinsed with several changes of water for 1
hr, soaked in 0.5% (w/v) potassium meta-bisulfite for 30 min then transferred to the
Schiff’s fuchsin-sulfite reagent for 1 h in the dark. Gels were finally washed in 0.5% (w/v)
meta-bisulfite overnight then photographed.
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4.3.4 Total protein estimation
Soluble protein in the crystalline style extracts was assayed by the method of Bradford
(1976) using the BioRad protein assay dye reagent (BioRad product 500-0006) and the
standard procedure for micro-titre plates. Bovine serum albumin (0.1-0.5mg/mL) was used
as a standard. The procedure involved the addition of 10 µL of each standard solution
(0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) and sample dilutions to triplicate wells, followed by
the addition of 200 µL of the dye reagent. After a reaction period of 5 min the absorbance
was read at 595 nm in a plate reader. Total protein of lyophilized crystalline style
preparations was estimated from the total nitrogen content determined on a CHN analyzer
by the Campbell Microanalytical Laboratory University of Otago.
4.3.5 Carbohydrate analysis
Total carbohydrate analysis of crystalline style extracts were carried out based on the
phenol-sulphuric acid method of Dubois et al. (1955) adapted for multi-well plate analysis
by Masuko et al. (2005). The analysis was calibrated with glucose standards in the range
204.3.6 MALDI-TOF/TOF mass spectrometry
Slices and spots from 1D and 2DSDS-PAGE gels respectively were excised and prepared
for mass spectrometry by in-gel digestion with trypsin according the method of
Shevchenko et al. (1996). Gel pieces were repeatedly de-stained and washed sequentially
in 80% acetonitrile (MeCN) and 50mM ammonium bicarbonate buffer (ABC buffer;
pH>7.9), dehydrated (80% MeCN), reduced (10mM DTT in ABC buffer), alkylated
(20mM iodacetamide in ABC buffer), repeatedly washed and vacuum dried. The dry gel
pieces were rehydrated in ABC buffer with trypsin and incubated for at least 4 hours at
37°C. Peptides were eluted from the gel pieces with 70% MeCN in 0.1% trifluoroacetic
acid (TFA) mixed with α-cyano-4-hydroxy-trans-cinnamic acid (CHCA) matrix solution
and spotted onto MALDI plates.
The technique of chemically-assisted fragmentation was used to obtain de novo amino acid
sequence data from tryptic peptides. This technique is rapid, highly sensitive and results in
fragmentation spectra that contain predominately y-ions which simplifies subsequent
manual decoding of the amino acid sequence. Trypsin digests of samples were adsorbed to
and derivatized on C-18 ZipTipTM (Millipore Corp.) pipette tips. Guanidination and

120	
  	
  

sulfonation procedures on adsorbed peptides were carried out according to the protocol
described by Chen et al. (2004). Peptides bound to the conditioned ZipTipTM (MeCN
followed by 0.1% TFA) were derivatized (guanidinated) with 0.5M O-methylisourea
hydrogen sulphate (MIS) in 0.25 M Na carbonate buffer (pH 11.7) and incubated for 3 hrs
at 37°C. The tips were then washed with ‘Type 1’ (18.2 MΩ cm at 25°C) ultra-pure water
and sulfonated with 4-sulphophenyl isothiocyanate (SPITC) 50mM Tris/HCl buffer (pH
8.0). Peptides were eluted with 80% MeCN in 0.1% TFA combined with CHCA matrix
and spotted onto MALDI plates.
Samples were run on an Applied Biosystems MDS SCIEX 4800 MALDI TOF/TOF
analyzer. The acquisition methods used were reflectron MS analysis in positive ion mode
and reflectron tandem MS in positive ion mode with 2kV potential difference for collision
induced dissociation. An attempt was made to identify proteins by matching the MS/MS
collision induced fragment ion spectra of un-derivatized trypsin digested peptides
predicted from data bases of in silico digested amino acid sequences(NCBI, SwissProt)
using the MASCOT (Matrix Science) search engine. The NCBI data base and an EST data
base (“Mytibase”) of transcribed sequences of Mytilus galloprovincialis (Venier et al.
2009) were also searched for similarities to amino acid sequences determined using the de
novo sequencing procedure.

4.4

RESULTS

4.4.1 Visual observations of crystalline style structure
The styles of M. galloprovincialis were soft and completely dissolved in shellfish that had
been out of the water for more than a few hours. Microscopically the style was
homogenous with no visible structure (Fig. 4.1A). After dissection these styles lost their
form and melted into an amorphous viscous mass over a period of 30-60 min at room
temperature.
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Figure 4.1 The micro-structure of the crystalline styles of Mytilus galloprovincialis (A)
and Perna canaliculus (B) observed with Normaski interference contrast optics.
The style of P. canaliculus (Fig. 4.1B) was a firm and permanent structure within the
mussel, irrespective of how long it has been out of the water. After dissection P.
canaliculus styles retained their form indefinitely. The style had a twisted central core and
was composed of many (>50) clearly defined layers within which were embedded large
numbers of spindle shaped vesicles (15-17µm ✕ 3-5µm). These vesicles had a granular
internal appearance, and were flattened within the plane of the layers with their long axes
obliquely crossing the longitudinal axis of the style itself.
4.4.2 Composition of styles
The relative hardness of the styles was reflected in their moisture content (Table 4.1). The
styles of M. galloprovincialis and P. canaliculus had moisture contents of 87 % and 78%
(w/w) respectively. The ash content of lyophilized styles of M. galloprovincialis (16.8%)
was higher than that of P. canaliculus (10.2%) but on a wet weight basis they were nearly
identical (2.1% and 2.2% respectively). The soluble protein content (dissolved in 50mM
Tris at pH 8.0) of CS powders were similar at 45-46%. There was no accurate estimate of
the insoluble protein content. Total protein calculated from the total nitrogen content was
higher in P. canaliculus (74%) than M. galloprovincialis (66%) but there was possibly a
significant, contribution by amino sugars to the total nitrogen. The pH of the gastric fluids
of P. canaliculus and M. galloprovincialis, measured on several occasions, had means of
6.5 and 5.7 respectively (Table 4.1).
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Table 4.1. Composition of mussel crystalline styles.
Moisture content (lyophilisation)

P. canaliculus

M. galloprovincialis

78.6 ± 1.1% (n=12)*

87.3 ± 6.2% (n=3)*

% dry wt.
Ash (ignition @ 660°C)

10.2

16.8

Soluble protein ( @ pH 8.0)**

46

45

Total protein (6.25 ✕ total-N content)***

74

66

6.2-7.0

5.2-6.4

pH of gastric fluids
*n = numbers of individual batches of dried styles

The moisture content is the mean of dried batches ± stdev of the mean
**Determined by the Bradford reaction
***Total nitrogen was analyzed with a CHN analyzer
4.4.3 The effect of pH on protein and carbohydrate solubility
The solubility of fresh P. canaliculus and M. galloprovincialis styles was pH dependent
(Fig. 4.2), as shown by the release of soluble protein from intact styles placed in various
buffers. Within 20 min at pH 7.0 and 8.0, practically all traces of M. galloprovincialis
styles had disappeared, and the concentration of soluble protein had reached a maximum,
while at pH 6.0 the dissolution of the styles was much slower. With P. canaliculus styles,
at each pH, the release of soluble protein was much slower. Even after 4 hrs at pH 7.0 and
8.0 the styles appeared substantially intact while those at pH 6.0 appeared to be completely
unaffected.
That the pH dependent solubility of the crystalline style was possibly due to the protein
fraction of the style was suggested by the inverse relationship between the concentration of
soluble protein in the supernatant and the dry weight of the residual gelatinous pellet (Fig.
4.3) in different pH buffers. The minimum solubility of the P. canaliculus and M.
galloprovincialis styles occurred between pH 4.5-5.5 and 4.5-5.0 respectively which is
slightly below the measured pH of the gastric fluids in each species (Table 4.1). The
smaller residual pellet dry weight at pH 7.0-8.5 in P. canaliculus, may suggest increased
solubilisation of carbohydrate components at higher pH.

	
  

123	
  

	
  

A

Perna canaliculus
0.4

pH 8.0
pH 7.0
pH 6.0

Protein (mg/ml)

0.3

0.2

0.1

0.0
0

20

40

60

80

100

120

Minutes

Mytilus galloprovincilais

B
0.5

pH 8.0

pH 7.0

pH 6.0

Protein (mg/ml)

0.4
0.3
0.2
0.1
0.0
0

20

40

60

80

100

120

Minutes

Figure 4.2 Release of soluble proteins from fresh crystalline styles of Perna canaliculus
(A) and Mytilus galloprovincialis (B) in different pH buffers.
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Figure 4.3 The effect of pH on the release of soluble proteins and the dry weight of
residual pellets from freeze-dried crystalline styles of Perna canaliculus (A) and Mytilus
galloprovincialis (B). The samples were incubated in the various pH buffers for 1hr at
25°C before centrifugation and measurement of soluble protein and pellet dry weight.
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Figure 4.4 Repetitive extraction of souble proteins (A) and carbohydrates (B) from
freeze dried crystalline styles of Perna canaliculus and Mytilus galloprovincialis and
sequential extraction with pH 5.5 (citrate/Na3-citrate) and pH 8.0 (Tris-HCl) buffers. The
bars represent the mean of 3 replicates, the error bars represent the standard deviation
around this mean.
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Repeated extraction of CS powder with successive pH 5.5 and pH 8.0 buffers (Fig. 4.4)
showed a greater proportion of acid insoluble proteins existed in P. canaliculus than M.
galloprovincialis styles because substantially more soluble protein (56% of the total) was
released from the former when they were re-extracted in pH 8.0 buffer. The majority of
this protein solubilised in the first pH 8.0 fraction (fraction #4, Fig. 4.4A insert) was
composed of a 40-50 kDa duplex. Most of the total soluble protein (95%) was released
from M. galloprovincialis styles at pH 5.5. In this experiment the total amount of soluble
protein released by 50 mg of the CS powders of each species was similar (32.4 and 29.5
mg) representing a soluble protein content of 60-65% of the dry wt. Proportionally more
soluble carbohydrate was released at pH 5.5 from M. galloprovincialis CS powder and the
total amount of soluble carbohydrate (6.1mg) released during the entire extraction process
(~12% of dry wt.) was about twice that (3.1 mg) released from P. canaliculus CS powder
(~6% of dry wt.)

4.4.4 Size fractionation of crystalline style proteins
Gel permeation of dilute P. canaliculus and M. galloprovincialis crystalline style Tris-HCl
extracts (pH 8.0) on a Superose-6 broad-range column had similar though also distinctly
different elution patterns. (Fig. 4.5). Both had small peaks at the void volume followed by
high molecular weight peaks (590 and 940 kDa respectively) followed by major peaks at
70-80 kDa and several minor, broad, low molecular weight peaks. Reducing SDS-PAGE
of fractions from the Superose-6 gel permeation experiment showed that these major peaks
were derived from intense bands of medium molecular weight (~40-50 KDa) proteins (Fig.
4.6).
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Figure 4.5 Gel permeation fractionation (Superose- 6 column) of proteins from pH 8.0
extracts of fresh crystalline styles of Perna canaliculus (A) and Mytilus galloprovincialis
(B). The sample was prepared with 0.25% (w/v) of freeze dried crystalline style powder
dissolved in 20 mM Tris-HCl buffer (pH 8.0) and clarified by centrifugation. The
chromatography conditions included a sample size of 300 µL, flow rate of 0.3 ml/min,
elution buffer 20 mM Tris-HCl + 150nM NaCl + 0.02% Tween 20 and a fraction size of
1mL.
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Figure 4.6 SDS PAGE of fractions from Superose-6 gel permeation fractionation of
Perna canaliculus (A) and Mytilus galloprovincialis crystalline styles (B).
4.4.5 Gel electrophoresis of crystalline style proteins
One dimensional SDS-PAGE of non-fractionated P. canaliculus and M. galloprovincialis
CS powder extracts (Fig. 4.7) revealed similar patterns of protein and glyco-protein
distribution in both species but with some important differences in the major structural
forms. The degree of glycosylation of the proteins was revealed by the intensity of the red
Schiff’s-reagent staining. Heavily glycosylated high molecular weight bands (>800kDa)
that barely penetrated the resolving gel, and an aggregation of heavily glycosylated bands
between 97-140 kDa were typical, though these mid range bands in M. galloprovincialis
were more prominent than their counterparts in P. canaliculus.
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Figure 4.7 SDS-PAGE of crystalline style proteins of Perna canaliculus (A & B) and
Mytilus galloprovincialis (C & D) with colloidal Coomassie (A & C) and Schiff’s
fuschin-sulphite glycoprotein stains.
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Major proteins in both species consisted of pairs of low molecular weight proteins (40-50
kDa) with lesser amounts of associated carbohydrate. These protein pairs showed different
behaviours. In P. canaliculus (Fig. 4.7A & 4.7B) heating of the extracts (100°C for 2 min)
was required to completely resolve these bands and under reducing conditions there was a
shift in these bands, with the higher MW band shifting to a greater extent (44 to 50 kDa)
than the lower (39 to 42 kDa). In M. galloprovincialis (Fig. 4.7C & 4.7D) heating was not
required for resolution of the major structural proteins and reducing conditions only caused
an increase in the apparent MW of the lower band (40-47 kDa), resulting in merging of the
two bands.
Reducing 2D SDS-PAGE followed by MALDI-TOF MS analysis of tryptic peptides
revealed more detail about the nature of these proteins (Fig. 4.8, Fig. 4.9, Fig. 4.10). In
both species they comprised two families with distinctively different MS fingerprints of
tryptic-peptides (Fig. 4.9, Fig. 4.10), containing members with small differences in their
isoelectric points as shown by the spot-trains associated with these proteins (Fig. 4.8). The
P. canaliculus mass spectra (Fig. 4.9) showed identical peptide patterns for protein spots
#1 and # 2 and for protein spots #3 and #4 (Fig. 4.8A) but clear differences between these
protein pairs. Likewise the M. galloprovincialis mass spectra (Fig. 4.10) showed clear
differences in peptide patterns between proteins spots #1 and #3 (Fig. 4.8B).
Of the 45 spots that were excised from the P. canaliculus gel (Fig. 4.8A) and analysed by
MALDI-TOF MS/MS, only one spot had identifiable peptide similarity with a protein
from the NCBI molluscan data base. This was a relatively high MW protein that had
trypsin fragmentation similarity (Expect value = 0.00039; MOWSE score of 47 where a
score of >24 indicated identity or significant similarity at p<0.05) to a cellulase from the
Japanese clam Corbicula japonica (Fig. 4.8A). Of the 38 spots analyzed from the M.
galloprovincialis gel (Fig. 4.8B) four had indications of similarity with previously
described proteins.
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Figure 4.8 Two dimensional SDS-PAGE gels of crystalline style proteins of Perna
canaliculus (A) and Mytilus galloprovincialis crystalline styles (B). The numbers of
selected spots are shown along with annotations of homologous proteins from the NCBI
molluscan data base.
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These included; a low MW endo 1,4 β-D glucanase from the mussel Mytilus edulis (expect
value = 5.2e-007; MOWSE score of 162 where a score of >41 indicates identity or
significant similarity at p<0.05) a barely significant similarity with a cellulase from the
abalone Haliotis discus (expect value = 0.076; MOWSE score 27 where a score of >25
indicated identity or significant similarity at p<0.05), and two spots suggesting similarity
to endo 1,3 β-D-glucanases from the scallop Chlamys albicus and Mizuhopecten
yessoensis. In the latter case the relationship was not statistically significant (mowse scores
of 22 where a score of >25 indicated identity or extensive similarity).

4.4.6

De novo sequencing of major proteins

Manual sequencing of the MALDI MS/MS spectra (Fig. 4.11) of derivatized tryptic
peptides from the 39 & 44 kDa and 42 & 50 kDa proteins(non-reducing and reducing 1D
SDS-PAGE gels) of P. canaliculus crystalline styles (Fig. 4.7) provided 13 amino acid
sequences with an average length of 11 residues. BLAST analysis of these sequences
(Table 4.2) against derived amino acid sequences from a Mytilus galloprovincialis EST
data base (‘Mytibase’) showed that 7 of these had similarity to fragments of Myosinase I &
II (designated MGP00054 and MGP00069 respectively). Expect (E) values ranged from
4e-05 to 5e-10. No identity could be assigned to the remaining six de novo sequences in
BLAST searches of ‘Mytibase’ or the NCBI protein data base. Similarly (Table 4.3), the
sequencing of 40 and 46 kDa bands from non-reducing SDS-PAGE gels of M.
galloprovincialis crystalline styles (Fig. 4.7) resulted in nine amino acid sequences with an
average length of 11 residues. Five of these sequences showed similarity with the same
Myosinase I & II fragments as those of the P. canaliculus peptides with E values of 8e-10 –
9e-12. Comparison of sequenced peptides with the protein Myosinase II fragment
(MGP00069) showed that two peptides provided a continuous sequence of 26 amino acids,
with an E value of 4e-21 (Table 4.3). Most differences between determined and data base
peptides involved amino acid substitutions, although there were also a couple of deletions
observed (Table 4.3).
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Figure 4.9 MALDI-TOF-MS mass spectra showing tryptic peptides from the major
structural proteins (spots #1, #2, #3, #5; Fig. 4.7A) extracted from the crystalline style of
Perna canaliculus.
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Figure 4. 10 MALDI-TOF-MS mass spectra showing tryptic peptides from the major
structural proteins (spots #1, #3; Fig. 4.7B) extracted from the crystalline style of Mytilus
galloprovincialis.

	
  
	
  

Figure. 4.11 Manual de novo sequencing of MALDI-TOF mass spectra of a tryptic
peptide with similarity to a peptide within myosinase-II from Perna canaliculus (A:
Precursor mass 1864.68) and Mytilus galloprovincialis (B: Precursor mass 1679.62).
Refer to Table 4.2 and Table 4.3 for the location of these peptides in the respective
proteins. The amino acid sequences are read from right to left.
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Table 4.2. MALDI-TOF MS/MS determined de novo peptide sequences of crystalline
style structural proteins from Perna canaliculus and similarity with EST derived sequences
from the ‘Mytibase’ data base. The SDS-PAGE gel slices analyzed are illustrated in Fig.
4.7A. The residues in red indicate amino acid substitutions.
Gel band

Precursor

Amino acid sequence

Putative ID

Expect

(refer Fig. 4.6A)

mass

44 kDa non-red

1767.81

IPITFSPSVTGYTK

Myosinase I *

1e

-07

44 kDa non-red

1663.75

PYAYAK

Myosinase I *

4e

-05

44 kDa non-red

1663.75

FFFPYAYAK

Myosinase II **

4e

-05

39 kDa non red

1527.55

NDPTADFEFTR

Myosinase II **

5e

-09

50 kDa red

1697.73

SVTFFFPYAYAK

Myosinase II **

5e-10

42 kDa red

1511.61

NDPTADFEFTR

Myosinase II **

5e

-09

42 kDa red

1846.68

FYYHFYGDNVHK

Myosinase II **

2e

-08

value

*Fragment MGP00054 **Fragment MGP00069
Sequence homology of Perna canaliculus CS peptides (P. can) with Myosinase
I (My-1) fragment MGP00054
My-I
MISLRLAASLAVLLQCVFCAPQGRSGDNVELWPFGRIPITFASSVNGFTRERVLASIQEI
P. can
IPITFSPSVTGYTK
My-I
QFDTYSGGRECITYIPRKNEVDFVEFSTESQDSFGRVAKPGRIGGRQVVKVTDSMAKADI
P. can
My-I
MQLLMYTMGSYNAFRRPDRDNFVQVNYDNIPTAFQTFFAKVNDTTFFKSPFDYNSVTFFY
P. can
My-I
PFAYAKDSTRPTMQAKYEGEVFPWSVSLSDFDIENVRAGYGCGRVGDVIHRQNLLSGAVK
P. can PYAYAK
Sequence homology of Perna canaliculus (P. can) CS peptides with Myosinase
II (My-II) fragment MGP00069
My-II RRPDRDSFVNVMYDNIKDEYKQYFAISNDTTFVQSRFDFDSITFFYPYAYAKDASKPTLT
P. can
SVTFFFPYAYAK
My-II AKYEGEAIPWKVSLSISDVHNLKRGYGCGGETNNRMDLLKGLSHCNFENDLCTYQ
P. can
My-II NDPTADFEFQRRRGPTPTTMTGPNSDYSSGIGYYLLAEARTNNMENARLLSQTIAAGEYCVR
P. can NDPTADFEFTRNDPTADFEFTR
My-II FYYHMFGDNVRKLRIMARNDGNDVLLEEMEGNQGNEWHRYTNAFTFTQPTVLVVEAIVG
P. can FYYHFYGDNVHKFYYHFYGDNVHK
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Table 4.3. MALDI-Tof MS/MS determined de novo peptide sequences of crystalline
style structural proteins from Mytilus galloprovincialis and similarities to EST derived
sequences from the ‘Mytibase’ data base. The SDS-PAGE gel slices analyzed are
illustrated in Fig 4.7C.
Gel band

Precursor

(refer Fig

mass

Amino acid sequence

Putative ID

E
value

4.6C)
10

46 kDa red

1763.78

LVSPEIAAGTYGCLR

Myosinase I *

2e-

46 kDa red

1724.77

IPITFASSVDGFTR

Myosinase I *

9e

-12

40 kDa red

1568.73

VSLSISDVHNLK

Myosinase II **

2e

-10

40 kDa red

1795.79

LLSQTIAAGEYCGVR

Myosinase II **

2e

-11

40 kDa red

1679.62

FYYHFFGDNVR

Myosinase II **

8e

-10

40 kDa red

1795.79 +

LLSQTIAAGEYCGVRFYYHFFGDNVR

Myosinase II **

4e

-21

1679.62

*Fragment MGP00054 **Fragment MGP00069
Sequence homology of M. galloprovincialis CS peptides (M. gal) with
Myosinase I (MY-I) fragment MGP00054
My-I
M. gal
My-I
M. gal
My-I
M. gal
My-I
M. gal
My-I
M. gal
My-I
M. gal

MISLRLAASLAVLLQCVFCAPQGRSGDNVELWPFGRIPITFASSVNGFTRERVLASIQEI
gal
IPITFASSVDGFTR
QFDTYSGGRECITYIPRKNEVDFVEFSTESQDSFGRVAKPGRIGGRQVVKVTDSMAKADI
MQLLMYTMGSYNAFRRPDRDNFVQVNYDNIPTAFQTFFAKVNDTTFFKSPFDYNSVTFFY
PFAYAKDSTRPTMQAKYEGEVFPWSVSLSDFDIENVRAGYGCGRVGDVIHRQNLLSGAVK
CSFENDLCKWTQDSLNDFDFVRNNGPTKSNGTGPAFDYSNGIGYYALAEAHGHHNQKARL
VSPQLAAGTY CLRFYYYMSGKDVNRATVNIRVGSVTKEFKALEREQANQWNVFNDEFTVG
VSPELAAGTYGCLR

Sequence homology of M. galloprovincialis (M. gal) CS peptides with
Myosinase II (My-II) fragment MGP00069
My-II
M. gal
MY-II
M. gal
MY-II
M. gal

AKYEGEAIPWKVSLSISDVHNLKRGYGCGGETNNRMDLLKGLSHCNFENDLCTYQNDPTA
VSLSISDVHNLK
DFEFQRRRGPTPTTMTGPNSDYSSGIGYYLLAEARTNNMENARLLSQTIAAGEYC VRFYY
LLSQTIAAGEYCGVRFYY
HMFGDNVRKLRIMARNDGNDVLLEEMEGNQGNEWHRYTNAFTFTQPTVLVVEAIVGRSDT
HFFGDNVR
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4.5

DISCUSSION

This study sheds new light on the nature of the bivalve crystalline style through the
identification and characterisation of some of the major constitutive proteins in the styles
of the marine mussels Perna canaliculus and Mytilus galloprovincialis. Various authors
(e.g. Alyakrinskaya, 2001) have noted the physical differences between hard and soft
styles in a number of bivalve species, although there has been no explanation of the
biochemical basis for these differences, nor their ecological significance. The study has
provided evidence that suggests that medium MW (40-50 kDa) protein pairs, in association
with high molecular weight (MW) mucin-like proteins, may play a role in the different
gelling properties of the styles. The style solubility (Fig. 4.4), the gel permeation
chromatography (Fig. 4.5 & 4.6) and the 1D and 2D electrophoresis experiments (Fig. 4.7
& 4.8) showed that a major proportion of the proteins in the styles are comprised of these
40-50 MW proteins. That these proteins are involved in the formation of an important
portion of the gel was shown by the pH dependent solubility of hard-type styles (Fig. 4.4).
These predominated in the protein fraction released when the residual pH 5.5 insoluble gel
was dissolved at pH 8.0. The substantially higher carbohydrate content of the soft transient
styles of M. galloprovincialis, suggests that polysaccharides may play a more important
role in gel formation in this species.
The discovery, by de novo sequencing, that the medium MW protein duplexes are
affiliated with the myosinase group of astacin-like proteins was unexpected, and the
significance of this finding is not yet clear. For example, in addition to their possible role
in formation of the style matrix gel, it is not yet known whether these proteins possess any
enzymatic activity. Myosinases were first identified as novel metalloproteinases in squid
(Todarodes pacificus) mantle tissue by Okamoto et al. (1993). The proteins were in two
forms (myosinases I & II) distinguished by their interaction with chelating resins and
hydrolysis of heavy chain myosin into different size fragments. Subsequently Tajima et al.
(1998) and Tamori et al. (1999) established that myosinases occurred in non-muscle
tissues and identified a new form (myosinase III) that had sequence homology to the
astacin group of zinc-dependent endopeptidases (Titani et al. 1987). The astacins are an
important group of membrane-bound and secreted metalloproteins that are widely
distributed in nature (Dumermuth et al., 1991, Bond and Beyon 1995). Although many of
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their functions have yet to be discovered they are known to have unique roles in each
tissue in which they are expressed including; digestion, hatching, embryonic development,
tissue regeneration, immunity and hormone activation. The squid myosinases are now
more correctly referred to as astacin-like squid metalloproteinases (ALSMs) because it is
believed that myosin is unlikely to be their primary native substrate. Kanazawa et al.
(2005) using in situ hybridization determined that ALSM mRNA expression could only be
detected in the liver of juvenile and adult squid though the mature proteins were identified
in the digestive organs, mantle and tentacle muscle tissues. Expressed sequence tags
(ESTs) coding for proteins similar to myosinase I and II have been identified in three
bivalve molluscs; the pearl oyster Pinctada martensii (Wang et al., 2010), the mussel
Mytilus galloprovincialis (Venier et al., 2009) and the Pacific oyster Crassostrea gigas
(Boutet et al., 2004), although no function in these organisms has been ascribed to them. In
the case of C. gigas, myosinase-I mRNA was reputably up-regulated after exposure to
hydrocarbons. The identification of myosinase I & II-like proteins as important matrix
proteins in the crystalline styles of P. canaliculus and M. galloprovincialis reveals a new
role for this versatile group of proteins as an essential component of the digestive
apparatus of these animals. Importantly these proteins appear to play a role in determining
whether styles are of the soft or hard type. Other bivalve species including surf clams
(Paphies spp. Spisula aequilatera) and oysters (Ostrea chilensis, Crassostrea gigas) have
similar 40-50 kDa non-glycosylated structural proteins as major components of their
crystalline styles (Appendix IV) and it would not be surprising if further investigation
reveals that these are also affiliated with astacin-like proteins. To completely resolve the
function of these proteins in the digestive physiology of bivalves, determination of the
genomic DNA and cDNA sequences that code for these proteins is needed and cloning
into a suitable vector that will facilitate their expression is also required.
The greater proportion of high molecular weight proteins (>500 kDa) in the P. canaliculus
style (Fig. 4.5) suggests these proteins may be important in the hard, permanent nature of
these styles, perhaps through interaction with the medium MW proteins. These high MW
proteins are associated with the bulk of the carbohydrate in the P. canaliculus style and it
is speculated that these proteins have the form of glycosylated mucins. In earlier
publications (Bailey and Worboys, 1960; Morton, 1952; Nelson, 1981) the proteins
comprising the crystalline style matrix have often, rather loosely, been referred to as
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mucin-like. Mucins are filamentous glycoproteins that are commonly secreted by epithelial
cells. Some mucins are small with a few hundred amino acids others are amongst the
largest known proteins (Perez-Vilar and Hill, 1999). The structural properties of mucins
relates to their extensive O-linked glycosylation which maintains the protein core in an
extended configuration to create long filamentous structures. The abundant
oligosaccharides associated with mucins give them considerable water holding capacity
and they may form gels through cross-linking of disulphide bonds between cysteine
residues in the C and N terminal regions of the molecule. The groups of higher MW (>800
and 98-170 kDa) polysaccharide associated proteins in the P. canaliculus and M.
galloprovincialis styles (Figs 4.6, 4.7 & 4.8) appear to have mucin-like properties though
there was no evidence of the disassociation of these bands when run under reducing
conditions as would be expected for disulphide bond-linked multimers. Enzymatic deglycosylation experiments on the high molecular weight fractions may assist in further
elucidating the form and function of these proteins.
A primary role of the crystalline style is as a source of digestive enzymes in the bivalve
stomach. Polysaccharidase activities in particular are of considerable functional
importance to the animal (see Chapters; 2, 5, 6), although as this study shows, they only
comprise a small proportion of the total protein content. The majority of the proteins in the
styles appear to be matrix components which give the style the gelling properties and
solidity to perform their mechanical triturating function. The author is not aware of any
previously published 2D SDS-PAGE gels of crystalline style proteins (Fig. 4.8), and
further work to elucidate the protein comparison of styles using this approach with various
prior fractionation methods would be useful. The highest scoring hit, from the comparison
of MS/MS collision induced fragment patterns and data base searches of trypsin digested
peptides, was that of a low MW spot on the M. galloprovincialis 2D gel (Fig. 4.9B) that
had significant similarity with the low MW endo 1,4 β-D glucanase from the mussel
Mytilus edulis described by Xu et al. (2000).There were also less significant hits for higher
MW cellulases from other molluscs. Although the similarity detected between two spots
on the M. galloprovincialis gel (Fig. 4.8B) and a laminarinase (endo-1,3 β-D-glucanase)
from Chlamys albicus was not significant it is believed that this identification may be real.
It is interesting that there are similar prominent spots in the same relative position on the P.
canaliculus gel (Fig. 4.8A). The low number of spots that were able to be identified from
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these gels is an indication of the paucity of data currently on molluscan proteins on
molecular data bases.
The structure of bivalve crystalline styles is not related to their habitat. Predominately hard
substrate, intertidal species such as M. galloprovincialis and Crassostrea gigas, and soft
substrate sub-tidal species such as Ostrea chilensis and Dosinia anus all have soft styles.
Predominately low-intertidal and sub-tidal species such as P. canaliculus, Paphies and
Spisula species (surf clams) have hard styles. A plausible hypothesis for the existence of
soft styles in bivalves is that they may allow the colonization of the styles by symbiotic
spirochetes such as Cristispira spp. (Noguchi, 1921). These bacteria are frequently
abundant (though not ubiquitous) in species with soft styles but not in species with hard
styles. It has been speculated that Cristispira spp. are the source of some digestive-enzyme
activities within the crystalline styles of soft-style bivalve species (Newell, 1953), however
attempts to attribute specific enzymatic (e.g. chitinase) activities to them have proved
unsuccessful (Mayasich and Smucker, 1987). Cristispira spp. were not observed in the soft
styles of any M. galloprovincialis specimens used in this study. The small ellipsoid bodies
found in the style of P. canaliculus (Fig. 4.1) have been observed in all New Zealand
species with hard styles that have been examined to date (see Appendix IV) and it seems
likely that their occurrence is widespread in many if not all bivalve taxa with hard styles,
though only rarely have they been noticed and reported (Edmondson, 1920; Nelson, 1918).
The composition and function of these inclusions is unknown although it is tempting to
speculate that they may have a functional role such as the location of immobilized
digestive enzymes.
In summary; a conceptual model of the structure of the mussel crystalline style is one of a
composite material composed of robust linear structural elements probably of mucin-like
proteins (the glycosylated high MW proteins) within a protein gel primarily composed of
the medium MW (40-50kDa) protein pairs stabilized by polysaccharides and inorganic
salts within which the low abundance but essential digestive enzymes are immobilized.
The protein pairs may play a key role in determining the fundamental nature of the style
(i.e. transitory or permanent) and possibly have a significant role in shaping the physiology
and ecology of the animals. The fact that these proteins belong to the very widespread and
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highly versatile astacin-like family of metalloproteinases suggests they may have other
functions beyond determining the structural properties to the styles.

4.6
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Chapter 5
Comparative enzymology of the crystalline styles and gastric
fluids of New Zealand bivalves
5.1

ABSTRACT

The activities of amylase, laminarinase, cellulase and chitinase enzymes in the crystalline
styles of several New Zealand bivalve species were quantified and the optimum conditions
essential for their isolation and characterisation (pH optima, salt and cation requirements)
defined. Alpha-amylase and laminarinase constituted the major activities in the crystalline
styles of Perna canaliculus and Mytilus galloprovincialis and these activities were
visualised on native-PAGE zymogram gels. Cellulase activities were visualised on SDSPAGE zymogram gels and molecular weights of the active proteins were estimated. M.
galloprovincialis had a major active band at 37 kDa while P. canaliculus had a major
active band at 46-48 kDa under non-reducing conditions. Under reducing SDS-PAGE
additional activity bands appeared at 50 kDa and 65 kDa respectively that may indicate the
true molecular mass of the enzymes. There was no evidence of any reducing sugar
production when cellobiose, or fucoidan were used as substrates and only trace activity
against κ-carrageenan was observed. Likewise there was no evidence of any α or βglucosidase and galactosidase activity in any crystalline style extracts and only low levels
of β-galactosidase activity in the gastric fluids of mussels and a surf clam, Paphies
subtriangulata. Using fluorescently labelled substrates, the putative chitinase activities in
the styles and gastric fluids of a number of bivalve species were evaluated. Proteinnormalised N-acetyl glucosaminidase (NAGase) activity was highest in the style of
C. gigas followed by the gastric fluids of P. galloprovincialis and the style of P.
canaliculus. NAGase activity was very low in the gastric fluids of P. canaliculus and the
style and gastric fluids of P. subtriangulata. Chitobiase and chitotriase activities also
varied in different ways between styles and gastric fluids in the various species. The
observed activities may however not represent true chitinase activity. Assays using chitin
azure did not relate to the relative activities observed using fluorescently labelled proxy
substrates in oyster and mussel style extracts, and the NAGase activities may represent
lysozyme activities.
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5.2

INTRODUCTION

The digestive enzyme characteristics of a number of economically important New Zealand
bivalves were assayed for several essential activities that enable bivalves to effectively
exploit the food resources within their environment. This research was focussed on the
initial stages of extracellular digestion in the bivalve stomach of the main structural
(cellulose and chitin) and storage (starch, glycogen, chrysolaminarin) polysaccharides
found in the plankton. The aims were to develop assays and define the optimum conditions
necessary for the evaluation of the activities of these enzymes in the crystalline styles and
gastric fluids of selectively bred mussel families (Chapter 6).
5.2.1 α-amylase activity
Starch (D-glucose monomers with α-1,4 glycoside bonds) is the main storage
polysaccharide of many phytoplankton groups including the prasinophytes, cryptophytes
and dinoflagellates (Painter 1983) which make up a major proportion of the diet of filter
feeding bivalves. Glycogen, an important energy storage compound found in planktonic
copepods, is also a α-1,4 glycoside bond linked polymer, with α-1,6 linked branches.
5.2.2 Laminarinase activity
Chrysolaminarin (a linear polymer predominately of β 1,3 glycoside bonds but also some β
1,6 glycoside bonds) is the main form of storage polysaccharide in diatoms and
haptophytes (Beattie et al. 1961). These taxa frequently comprise an important component
of the diet of bivalves.
5.2.3 Chitinase activity
Chitin is a polymer of N-acetyl glucosamine subunits linked by β 1,4 glycoside bonds. A
chitinase enzyme system includes three activities: endochitinases that randomly cleave
internal bonds within the polymer and release oligosaccharides, chitobiosidases that
release disaccharides from chitin oligosaccharides and N-acetylglucosaminidases that
hydrolyse the disaccharides or cleave N-acetyl glucosamine residues from the terminal
ends of the chitin polymer. Chitin is the major component of the exoskeleton of
crustaceans (e.g. planktonic copepods). At some times the consumption of zoo-plankton
(including cannibalism of their own larvae) can significantly contribute to the energy
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budget of wild mussel populations (Alfaro 2005). Zeldis et al. (2004) and Davenport et al.
(2000) observed the preying of P. canaliculus and Mytilus edulis on meso-zooplankton,
including large (430 µm) adult copepods, in studies designed to assess the ecosystem
effects of large scale mussel farming. They found that the gut contents of mussels
contained numerous whole copepods and copepod fragments but analysis of faecal
samples indicated complete digestion of these components. This suggests that mussels
have enzymes (chitinases) capable of breaking down the exoskeletons of these animals.
Chitin is also a component of the cell walls of planktonic diatoms (McLachlan et al., 1965;
Durkin et al., 2009) and chitinases may be important in mediating the lysis of diatom cells
in the gut. As lysozymes (antimicrobial enzymes), N-acetyl glucosaminidases are also
involved in the fission of the β 1,4 glycoside bond between N-acetyl glucosamine and Nacetyl muramic acid residues in the peptidoglycan polymers comprising the cell walls of
bacteria. They play important roles in host defence (Xue et al., 2004) and digestion of
bacteria (McHenry et al., 1986) in bivalves.
In locations where there is a high biomass of macro-algae, bivalves frequently obtain a
large part of their nutrition by consuming macrophyte derived detritus (Alber and Valiela,
1994; Bracken et al., 2012). The gut of filter feeding bivalves is therefore a promising
environment where potentially valuable enzymes that have specific activities against
important macro-algal polysaccharides may exist.
Carrageenans are structural polysaccharides in red algae (Rhodophyta) that consist of
alternating 1,3 linked β-D galactopyranosyl and 1,4 linked α-D-galactopyranosyl units.
Carrageenans (e.g. κ, λ, ι) differ in the amount and type of substitutions (e.g. sulphate ester
and pyruvate-acetyl) on the glycosidic backbone. Apart from their useful gelling properties
various carrageenan oligosaccharides have been shown to have bioactivities (including
anti-tumour and antiviral activities) that have therapeutic potential (Smit et al., 2004).
Hydrolytic enzymes with the ability to produce carrageenan oligosaccharides with
bioactive potential are sought after (Haijin et al., 2003).
Oligosaccharides of fucoidan, a structural polymer of sulphated fucose subunits, found in
brown algae, have biological activities (e.g. as anticoagulants) that also have promising
therapeutic properties (Berteau and Mulloy, 2003). Enzymes that can hydrolyse and
modify these polymers have applications in research and development. Fucoidan
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degrading enzymes have been located in the digestive gland of the scallop Pecten maximus
(Daniel	
  et al., 1999).

5.3

METHODS

5.3.1 Extraction of crystalline styles
Mussel specimens (Perna canaliculus and Mytilus galloprovincialis) were collected from
long-line mussel farms in Pelorus Sound on several occasions. Specimens of the oysters
Crassostrea gigas and Ostrea chilensis were obtained from stock held at Cawthron’s
“Glenhaven” hatchery and surf clam specimens (Paphies subtriangulata, Paphies
donacina), were collected from wild sub-tidal populations at Rabbit Island, Nelson. Gut
contents of live animals were extracted from the animals by Pasteur pipette and crystalline
styles were dissected out immediately after removal of the animals from the water. This
was essential with species processing soft styles (e.g. oysters), because these dissociate
rapidly after active feeding ceases. All samples were chilled on ice and crystalline style
samples were frozen within 3-4 hours of collection. In earlier experiments extracts from
frozen crystalline styles of P. canaliculus and M. galloprovincialis were prepared by
grinding 0.1g wet weight of freshly thawed crystalline style in 3ml of buffer (50mM BisTris propane pH 6.5) with acid washed sand. The extract was centrifuged and diluted as
appropriate. In later experiments frozen crystalline styles of all species were lyophilised,
ground to a fine powder and stored desiccated at 4°C. Extracts were prepared by
dissolving portions of the powders in the various buffers appropriate for the particular
assay.
5.3.2 Amylase, laminarinase and cellulase zymograms
The preparation of amylase and laminarinase zymograms followed methods described by
Skea et al. (2005) and Côté et al. (1989) respectively. Hydrolysis of carboxymethyl
cellulose (CMC) on SDS-PAGE gels was visualized using a Congo Red staining method
modified from the procedures described by Béguin (1983) and Sakamoto et al. (2008).
Details of the method used for carrying out the CMC zymograms are provided in Chapter
2.

	
  

151	
  

	
  

Samples for electrophoresis were prepared from either 50-100 mg wet wt. of fresh or
frozen crystalline styles, or 5-10mg dry wt. of freeze dried crystalline styles in 1mL native
loading buffer. Native PAGE gels were prepared with a 3.7% stacking gel and 8%
resolving gel. In the case of the laminarinase zymograms the resolving gel contained
1.5mg/mL of laminarin from Laminaria digitata (Sigma L9634). Gels were run at 4°C.
After electrophoresis the gel used to test for amylase activity was soaked for 1.5 hr in a 1%
solution of soluble starch at 4°C then incubated at 25°C for 1.5 hr in Tris-Bis propane
buffer (pH 6.5), containing 150mM NaCl and 5mM CaCl2. The gel was rinsed with 18
Mohn water and stained with Lugol’s iodine solution for visualization of clear bands
where starch hydrolysis had occurred. After electrophoresis the laminarinase zymogram
gels were incubated at 25°C in pH 6.5 buffer for 2-3 h, rinsed with ‘Type 1’(18.2 MΩ cm
at 25°C) ultra-pure water and incubated for 15 min in 1N NaOH containing 0.1% 2,3,5
triphenyl tetrazolium chloride (TTC). TTC reacts with reducing sugars released from the
hydrolysis of the laminarin incorporated within the gel. Gels were layered onto the bottom
of a crystallization dish and held in a boiling water bath for a few min until the colour
developed, the reaction was stopped with 10% v/v acetic acid
5.3.3 Enzyme assays
Assays for the generation of reducing sugars from a variety of polysaccharide substrates
(Table 5.1) were carried out in 96 well micro-titre plates (Nunc F96 Maxisorp) with a
format comprising; 25 µL substrate (e.g. 1% CMC), 25 µL enzyme (C.S. extract at an
appropriate dilution) and 300 µL 50mM P-buffer plus 150mM NaCl at pH 6.5. Plates were
incubated at 25°C in a water bath. Each assay was run in quadruplicate against no-enzyme
and no-substrate controls. The reactions were initiated by addition of the enzyme and 50 µl
samples withdrawn at each interval. The reactions were stopped by sub-samples being
immediately snap frozen on dry ice in 96 well PCR plates. The production of reducing
sugars was assayed using a modification the PAHBAH method of Lever (1972). The
frozen sub-samples were thawed and 50 µL of PAHBAH reagent added. For colour
development the PCR plate was placed in a thermal cycler and heated to 100°C for 12 min
followed by a step wise cooling sequence (85°C/3 min, 70°C/1 min, 50°C/1 min, 30°C/1
min) that prevented the formation of precipitates in the tubes. After colour development,
80µL of each sample was transferred to a 96 well micro-titre plate and the absorbance at
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405nm read on a BMG ‘FLUOstar’ micro-plate reader. Glucose and galactose standard
curves (10-200 µg/mL) were used to calibrate the analysis.
To assay α-amylase activity, a 1% starch solution was prepared by dissolving soluble
starch in the sodium phosphate buffer (50mM) and brief heating in a boiling water bath
until the solution became clear. When glycogen was used as a substrate it did not need to
be heated to dissolve it. For amylase activity, initial experiments were carried out to
determine the conditions necessary to optimize the enzyme activity including; pH, salt
(NaCl) and cation (Ca2+, Mg2+) concentrations. To test the effect of pH the following
buffers were used: 25% McIlvaine phosphate-citrate buffer (pH 3.0-5.5), 50mM phosphate
buffer (pH 6.0-7.5) and 50mM Tris-HCl buffer (pH 8.0-9.0).
Substrates with chromogenic (4-nitrophenol) and fluorescent (4-methyl umbelliferone)
labels were used in α and β glycosidase assays, N acetyl hexoaminidase, chitobiase and
chitinase assays. Assays were quantified using 4-nitrophenol and 4-methyl umbelliferone
standard curves. Stock solutions of labelled substrate were made up as 1 mM solutions and
diluted to give 0.2mM solutions prior to analysis. A typical assay format, using 4-methyl
umbelliferone labelled substrate, was 120 µL enzyme, 120 µL substrate, 960 µL citrate
buffer at a of pH 5.5 incubation at 25°C in microfuge tubes. At various time intervals
200uL was withdrawn and the reaction stopped with 100 µL 1N NaOH (the fluorescence
intensity of 4-methyl umbelliferone increases with increased pH to a maximum at pH 10)
in black 96 well plates. Fluorescence was measured using excitation and emission
wavelengths of 355nm and 460nm respectively in the plate reader. Assays with 4nitrophenol labelled substrates were similar except clear 96 well plates were used for
assaying the generation of 4-nitrophenol by measuring adsorption at 400 nm in the plate
reader.
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Table 5.1. Substrates used for assaying carbohydrase activities in crystalline style
extracts and gastric fluids of bivalves.
Enzyme

Substrate

α-glucosidase

4-methylumbelliferyl α-Dglucopyranoside ( Sigma M9766)

α-galactosidase

4-methylumbelliferyl α-Dgalactopyranoside ( Sigma 7633)

β-glucosidase

4-methylumbelliferyl β-Dglucopyranoside (BDH Biochem )

β-galactosidase

4-methylumbelliferyl β-Dgalactopyranoside (BDH Biochem )

α-amylase (endo1,4 α-glucanase: EC 3.2.1.1)

Soluble starch (BDH product 102713R)
Glycogen from oysters (Sigma G-8751)

Laminarinase (endo 1,3 β-glucanase: EC

Laminarin from Laminaria digitata

3.2.1.6)

(Sigma L-9634)

Cellulase (endo 1,4 β-glucanase: EC 3.2.1.4)

Carboxymethyl cellulose (Sigma C-1263)

Cellobiase (β-glucosidase: EC3.2.1.21)

Cellobiose (Sigma C-7252)

kappa carrageenase (kappa-carrageenan 4-

Kappa carrageenan (Sigma F-5631)

beta-D-glycanohydrolase:EC3.2.1.83)
Fucoidinase (α 1,6 fucosidase: EC 3.2.1.51)

Fucoidan (Sigma F-5631)

β-N-acetylhexosaminidase (EC 3.2.1.52)

4- nitrophenyl-N acetyl β-Dglucosaminide(Sigma N-9376)
4-methylumbelliferyl β-Dglucosaminide,(Sigma M-2133)

Chitobiase (β-N-acetylhexosaminidase: EC

4-methylumbelliferyl β-D- N N’

3.2.1.52, formerly EC 3.2.1.29)

diacetylchitobioside(Sigma M-9763)

Chitinase (1,4-β-poly-N-

4-methylumbelliferyl β-D- N N’N’’

acetylglucosaminidase: EC 3.2.1.14)

triacetylchitotrioside (Sigma M-5639)
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5.3.4 Total protein analysis
Total soluble protein in the crystalline style extracts was assayed by the method of
Bradford (1976) using the BioRad protein assay dye reagent (BioRad product 500-0006)
and the standard procedure for micro-titre plates. BSA (0.1-0.5 mg/mL) was used as a
standard.

5.4

RESULTS AND DISCUSSION

5.4.1 Amylase, laminarinase, cellulase assays
The activities of amylases, laminarinases and cellulases were readily observed on
zymogram gels prepared with P. canaliculus and M. galloprovincialis crystalline style
extracts (Fig. 5.1, Fig. 5.2). The amylase and laminarinase zymograms that were run on
native PAGE gels were not very informative, except it was apparent that the enzymatic
activities were not associated with the major proteins in the styles. The cellulase (CMC)
zymograms were run on SDS-PAGE gels where removal of the SDS from the gel enabled
refolding of the protein to revive its activity. This appeared to make it possible to estimate
the putative molecular weight of the proteins and observe their behaviour under nonreducing and reducing conditions. M. galloprovincialis and P. canaliculus both showed
prominent redox-stable bands of CMC hydrolysis at 37 and 46-48 kDa respectively. These
bands consistently appeared on gels run at different times with specimens of these species
from different locations under reducing and non-reducing conditions (see Chapter 1).
Under reducing conditions higher molecular weight bands appeared at about 50 and 65
kDa on the M. galloprovincialis and P. canaliculus bands respectively (Fig. 5.2). It
subsequently transpired that the lower molecular weight hydrolysis bands on the CMCzymogram gels of P. canaliculus did not accurately represent the true molecular weight of
the active protein (see Chapter 2) presumably as result of the formation of protein
complexes. The true molecular weight of the enzyme was in fact around 63-65 kDa. It is
likely that the zymogram patterns observed with M. galloprovincialis style extracts were
equally misleading and it is speculated that the 50 kDa band in the reducing lane may
represent the true molecular mass of the active protein in this species.
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The optimum pH for amylase activity in style extracts was around 7.0 (Fig. 5.3) and the
enzyme had an optimum requirement for 150mM NaCl and a Ca2+ concentration of at least
1mM (Fig. 5.4, Fig. 5.5). The activity of the enzyme and the stability of the reactions were
enhanced by these additions to the reaction buffer. The activity of the laminarinase was not
optimised and relative activities may be underestimated. The cellulase activity assayed in
these experiments was an underestimate of the real relative activity since these assays were
run at a pH of 6.5 which was later found to be suboptimal for this enzyme (see Chapter 2).
Unsurprisingly, given that starch, glycogen and chrysolaminarin are major storage
products in phytoplankton and zooplankton, style α-amylase and laminarinase activities
were high (Fig. 5.6; Table 5.2). Only trace κ-carrageenase activity and no fucoidinase
activity was detectable under these assay conditions (Table 5.2). There was little detectable
enzymatic activity resulting in the generation of glucose or galactose monomers.
Cellobiase activity was undetectable (Table 5.2) as was all α-glucopyranosidase and αgalactopyranoside activity in the crystalline style extracts or gastric fluids of all bivalve
species tested. Low levels of β-galactopyranosidase activity were detected (Fig. 5.7) at low
pH in the gastric fluids of mussels (P. canaliculus and M. galloprovincialis) and a surf
clam (P. subtriangulata), but was undetectable in the oyster C. gigas. Previous studies
(e.g. Mayasich and Smucker, 1986) have shown that reduction of carbohydrates to their
constituent monomers takes place mainly in the digestive cells of the hepatopancreas.
Alpha-amylase as the predominant enzyme in the crystalline style of bivalves has been
reported numerous times (Brock et al., 1986; Wojtowicz, 1972; Fernandez-Reiriz et al.,
2001; Trainer and Tillinghast, 1982).
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Figure 5.1 Panel A. Silver stained native-PAGE gels and α-amylase zymograms of
crystalline style extracts of Perna canaliculus (lanes 1, 2) and Mytilus
galloprovincialis (lanes 3, 4). B. Silver stained native-PAGE gels and laminarinase
zymograms of crystalline style extracts of Perna canaliculus (lanes 5, 6) and
Mytilus galloprovincialis (lanes 7, 8).

Figure 5.2 Cellulase (β 1,4 endoglucanase) zymograms of crystalline style extracts of
the mussels P. canaliculus and M. galloprovincialis on carboxymethyl cellulose
impregnated SDS-PAGE gels stained with Congo Red.
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Figure 5.3 pH dependence of α-amylase activity (starch substrate) in crystalline style
extracts.

	
  

Figure 5.4 The effect of NaCl concentrations on α-amylase activity (starch substrate) in
crystalline style	
  extracts.	
  

	
  

Figure 5.5 The effect of calcium ion concentration on α-amylase activity in crystalline
style.
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Figure 5.6 Polysaccharidase activities in crystalline style extracts of Mytilus
galloprovincialis and Perna canaliculus. The bars represent the mean of 4 replicates,
the error bars are the standard deviation around the means.
Table 5.2 Enzymatic hydrolysis of storage and structural polysaccharides by extracts of
the crystalline style of Perna canaliculus and Mytilus galloprovincialis (50mM BisTris propane buffer at pH 6.5, + 150mM NaCl, + 5mM CaCl2). Incubation at 25°C,
PAHBAH reducing sugars assay, 4 replicates (± Stdev) and 4 controls per assay,
quantified against glucose standards.
Enzyme (substrate)

P. canaliculus
µmol
nmol
glucose/g
glucose/mg
wet wt./min
protein/min

M. galloprovincialis
µmol
nmol
glucose/g
glucose/mg
wet wt./min
protein/min

α-amylase (starch)

38.9 ± 3.5

649.4 ± 58.4

52.5 ± 2.6

530.3 ± 26.5

α-amylase (glycogen)

14.7 ± 1.8

272.2 ± 32.7

28.4 ± 1.7

277.9 ± 16.6

Laminarinase (laminarin)

10.6 ± 0.8

175.8 ± 14.1

8.7 ± 1.8

88.2 ± 18.5

Cellulase (CMC)

2.2 ± 0.3

46.7 ± 6.0

1.9 ± 0.1

18.5 ± 0.7

Cellobiase (cellobiose)

nd

nd

nd

nd

Carrageenase (κ-carrageenan)

0.03 ± 0.006

0.62 ± 0.1

0.05 ± 0.007

0.49 ± 0.05

nd

nd

nd

nd

Fucoidinase (fucoidan)
nd= not detected
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Figure 5.7 Hydrolysis of 4MU β-galactopyranoside by crystalline style (CS) extracts and
gastric fluids (GF) of mussels (Perna canaliculus, Mytilus galloprovincialis) and
oyster (Crassostrea gigas) and a surf clam (Paphies subtriangulata) species.
The relatively high activity of laminarinase in the mussel crystalline style preparations
undoubtedly reflects the importance of this storage polysaccharide in the marine
environment, particularly in the case of shellfish in suspended culture where diatoms
containing chrysolaminarin make up a substantial part of their diet. Laminarinases have
previously been reported from many bivalves (Sova et al., 1970a, 1970b; Privalova and
Elyakova, 1978; Alexander et al., 1979; Wojtowicz, 1972; Onishi et al., 1985;
Bezukladnikov and Elyakova, 1986, 1990) and in a few case these enzymes have been
isolated and characterised. Sova et al. (1970b) isolated a laminarinase from the crystalline
style of the clam Spisula sachalinensis using gel filtration followed by ion exchange
chromatography. The enzyme had a molecular wt of 22 kDa, and pH and temperature
optima of 5.8 and 45°C.Privalova and Elyakova (1978) isolated a laminarinase from the
crystalline style of the bivalve Chlamys abbidus that had pH and temperature optimum of
4.4 and 35°C. The enzyme had a molecular weight of 20kDa, a pI of 7.5 and was stable
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over a pH range from 3.5-7.5. Kozhemyako et al. (2004) cloned an endo-1,3-β-D-glucanse
from S. sachalinensis. The mature enzyme had 316 amino acids and close homology with
a lipo-polysaccharidase from Pacifastacus leniusculus (North American freshwater
crayfish), a β-1,3 glucan binding protein from the earth worm (Lumbricus terrestris), and a
β-1,3-glucanase from the sea urchin Strongylocentrotus purpuratus. Kovalchuk et al.
(2006) purified an endo-1,3-β-D-glucanse from the scallop Mizuhopecten yessoensis that
catalysed the hydrolysis of laminarin to glucose, laminaribiose and higher oligosaccharides
at pH and temperature optima of 4.5 and 45°C respectively. If it is deemed of interest in
the future to further explore the structure and function of laminarinases from New Zealand
bivalves there is a good body of information on closely related enzymes to guide this
research.

5.4.2 Chitinases
An experiment to examine the effect of variations in salt concentration on the hydrolysis of
4MU labelled chitinase substrates by crystalline style extracts (Fig. 5.8) was prompted by
the observations of Goto et al. (2007) that under high salt concentrations a dramatic
increase in activity followed the salt mediated dissociation of the chitinase dimer.
However, up to a concentration of 2.0 M NaCl there was no apparent increase in chitinase
activity by crystalline extracts of any bivalve species tested. No additional salt was added
to the assay buffers used in subsequent experiments.
There were striking differences in the specific hydrolysis activity of fluorescently labelled
chitinase substrates between different bivalve species, and between the crystalline style
and gastric fluids of the same animals (Fig. 5.9; Fig. 5.10). However, in comparison to
amylase and laminarinase, chitinase activities (in glucose equivalents) were low (0.1-30
nmol mg-1 min-1 substrate hydrolysis cf. 100-600 nmol mg-1 min-1for amylase and
laminarinase). In C. gigas the relative activities of N-acetyl glucosaminidase (NAGase),
chitobiase and chitotriase (Fig. 5.9A and B) were essentially the same in the crystalline
style and gut contents but their magnitude was about 3 times less in the latter. The NAGase
activity in the style of C. gigas (~25-30nmol mg-1 min-1) was consistently the highest of
any bivalve measured. NAGase activity in the style of the flat oyster O. chilensis was
nearly undetectable (Fig. 5.10B).
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Figure 5.8 An experiment to examine the effect of variations in salt concentration on the
hydrolysis of 4MU labelled chitinase substrates by crystalline style extracts. A.
Perna canaliculus; B. Mytilus galloprovincialis; C. Crassostrea gigas; D. Paphies
subtriangulata.
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Figure 5.9 pH optima of chitinases in an extracts of the crystalline style and gastric
fluids of various bivalves. 4MU-GlucNAc-ase = N-acetyl glucosaminidase; 4MU(GlucNAc)2-ase = chitobiosidase; 4MU-(GlucNAc)3-ase = endochitinase. A-B.
Crassostrea gigas; C-D Perna canaliculus.
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Figure 5.9 (cont) pH optima of chitinases in an extracts of the crystalline style and
gastric fluids of various bivalves. 4MU-GlucNAc-ase = N-acetyl glucosaminidase;
4MU-(GlucNAc)2-ase = chitobiosidase; 4MU-(GlucNAc)3-ase = endochitinase. E-F.
Mytilus galloprovincialis; G-H. Paphies subtriangulata.
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Assays of the styles and gut contents of the mussels P. canaliculus and M.
galloprovincialis were repeated several times and the activity patterns were consistent.
NAGase activity in the style of P. canaliculus was always substantially higher than in the
gut contents (Fig. 5.9C, D; Fig. 5.10 D), where it was barely detectable. NAGase activity
in the gut contents of M. galloprovincialis was approximately 10-fold higher than in the
styles (Fig. 5.9E, F; Fig. 5.10 C). All chitinase activities in the styles of both surf clams
species (P. subtriangulata and P. donacina) were low in comparison to activities in the gut
contents (Fig. 5.9 G, H; Fig 5.10 E, F) and NAGase activities were low to negligible in
most cases. The pH optimum for most chitinase activities was around 4.5-5.5. The
consistent differences in NAGase activity between the two mussel species and C. gigas are
summarised in Fig 5.11. Detectable chitinase activity was observed in intestine and style
sac tissues of P. canaliculus, but these rates were much lower than in the style itself (Fig.
5.12).
It was possible that the activity of the NAGase enzyme in the crystalline styles of M
galloprovincialis and P. canaliculus was activated by contact with the gastric fluids. To
test this hypothesis, several experiments were carried out by pre-incubating CS extracts
with aliquots of fresh (centrifuged) stomach contents. However there was no evidence of
activation of NAGase activity in the crystalline style extracts by exposure to gastric fluids.
The relatively high NAGase activity in the gut contents of M. galloprovincialis is
presumably due to its secretion from the stomach or digestive gland.
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Figure 5.10 Chitinase activity in the crystalline style and gut contents of various bivalve
species. A, Crassostrea gigas; B, Ostrea chilensis; C, Mytilus galloprovincialis; D,
Perna canaliculus; E, Paphies subtriangulata; F, Paphies donacina. Assayed at pH
5.5 and 25°C
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Figure 5.11 Relative N-acetyl glucosaminidase (NAGase) activity in the crystalline
styles (C-S) and gastric fluids (G-F) of Mytilus galloprovincialis, Perna
canaliculus and Crassostrea gigas.

Figure 5.12 Chitinase activities in various digestive tissues of P. canaliculus. A, activity
in crude extracts expressed per g wet wt. of each tissue; B, activity in crude extracts
expressed per mg of soluble protein in each tissue. Assayed at pH 5.5 and 25°C, each
determination is the mean of 3 replicates ± Stdev. .
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Figure 5.13 Assay of chitinase activity by crystalline style extracts of Crassostrea gigas
and Perna canaliculus and chitinase from Streptomyces griseus using chitin azure
as a substrate. A. Absorption at 544 nm after incubation of chitin azure with
crystalline style extracts and Streptomyces. griseus chitinase. B. Absorption at 544
nm normalised to total protein content of the extracts. The assays were run for 18
hr at 25°C in citrate buffer at pH 5.5.
These experiments have revealed some interesting and consistent differences in the
apparent digestive chitinase-like activities between different indigenous bivalve species.
The most striking differences were the high level of NAGase activity in the style of C.
gigas, the contrasting relative activities of NAGase activity in the style and gastric fluids
of P. canaliculus and M. galloprovincialis and the low NAGase activities in P.
subtriangulata. These differences may have ecological significance which is relevant to
the husbandry of these species in aquaculture situations, however further fractionation,
characterisation and experimentation would be necessary to reveal the physiological
meaning of these differences. For example the NAGase activity observed using the
fluorescently labelled substrates may in fact be indicative of lysozyme activity and reflect
the differences in the ability of these species to utilise bacteria as food or defend
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themselves against bacterial infection. The assays using chitin azure as a substrate (Fig.
5.13) suggest this may be the case. Low chitin hydrolysis activity was detected in both P.
canaliculus and C. gigas style extracts using this substrate and there was no evidence of
higher activity in the C. gigas extracts.
Although the hydrolysis of the chitobiase (4MU-GlcNAc2) and chitotriase (4MUGlcNAc3) substrates may more realistically represent true endochitinase activity this also
cannot be definitively concluded from these results. By assaying a crude extract it is not
possible to unambiguously conclude that an endochitinase exists when using labelled
chitin substrates such as GlucNAc3, since terminal N-acetyl glucosamine residues could be
hydrolyzed by exochitinases (i.e. N-acetyl glucosaminidases) that are also present in the
extract (Ren et al., 2000).
Evidence of endogenous chitinases in the digestive organs of bivalves has existed for a
long time and there are a number of older published studies which characterise their
activity in the crystalline style and hepatopancreas (Sanchez-Mozo et al., 1977; Birbeck
and McHenery, 1984; Smucker and Wright, 1984, 1986; Mayaasich and Smucker, 1987),
although there has been no previous work on the digestive chitinases of most of the species
used in my study. Sanchez-Mozo et al. (1977) purified and elucidated some of the
properties of two isozymes of β-N-acetyl glucosaminidase (assayed using p-nitrophenylN-acetyl-β-D-glucosaminide) in the hepatopancreas of Mytilus edulis. The hepatopancreas
contained high levels of these enzymes with pH optima of 4.0-5.1. The apparent molecular
weight of both forms, determined by gel filtration, was 120 kDa and by SDS-PAGE each
enzyme was shown to have two subunits of 62 and 58 kDa. Sanchez-Mozo (1977) also
made the observation that N acetyl galactosamine was hydrolysed preferentially over Nacetyl glucosamine. Birbeck and McHenery (1984) showed that the highest levels of
chitinase activity, (assayed by the release of N-acetyl glucosamine from colloidal chitin),
were found in the crystalline style and digestive gland of Mytilus edulis. Partial
purification of this activity found it was associated with two proteins with molecular
weights of 60 kDa and 76 kDa. Smucker and Wright (1984) also demonstrated the
presence of chitinase activity (using 3H-labelled chitin) in the crystalline style of the
American oyster Crassostrea virginica with pH and temperature optima of 4.8 and 34°C
respectively. Fractionation of this activity with anion exchange chromatography revealed
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eight peaks of chitinase activity. The activity was stimulated by 10mM Ca2+ and
Mg2+(Wright and Smucker, 1986).Because several of these studies have been carried out
without the use of artificial proxy substrates it can be assumed that they represent real
chitinase activities. A recent study (Banni et al., 2011) has shown using a microarray assay
that the expression of chitinase genes in the digestive gland had a seasonal cycle with up
regulation in the warmer months. However whether this is indicative of changes in chitin
nutrition is debatable since there are numerous functions of chitinases and chitinase-like
proteins in various bivalve tissues including shell formation, embryo development, tissue
growth and remodelling and immunity (Bardariotti et al., 2006; Wang et al., 2012).
Although many chitinase-like proteins have close homologies with active chitinases, many
have lost the ability to hydrolysis chitin but retain a strong affinity for it. There is evidence
of a role for GH18 family chitinases in embryo development and immunity in the oyster
C. gigas that may prove valuable in improving the hatchery production of these bivalves
(Badariotti et al., 2007a, 2007b).

5.5

CONCLUSIONS

Assays were developed for nutritionally important polysaccharidase activities in the
crystalline styles and gastric fluids of several New Zealand bivalve species. The optimum
conditions necessary for the evaluation of the activities of these enzymes were defined as a
guide to further work on the fractionation, characterisation and purification of these
enzymes. Because starch and chrysolaminarin are the main storage polysaccharides in
phytoplankton, as expected, α-amylase (endo 1,4 α-glucanase) and laminarinase (endo 1,3
β-glucanase) were the highest activities detected in the crystalline styles. Cellulase (endo
1,4 β-glucanase) activities were significant in the styles of P. canaliculus and M.
galloprovincialis but no α or β-glucosidase and galactosidase activity in any crystalline
style extracts could be detected and only trace levels of β-galactosidase activity in the
gastric fluids. It appears from these results that adsorption and metabolism within the
digestive cells of the hepatopancreas is necessary for the complete reduction of
polysaccharides to their constituent monomers. Putative chitinase activities were assayed
using fluorescently labelled substrates. These assays revealed some interesting and
consistent differences in the apparent digestive chitinase-like activities between different
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indigenous bivalve species. Variations in N-acetyl glucosaminidase (NAGase) activity
were particularly notable with levels in the C. gigas style consistently much higher than in
other species. This presumable represents a fundamental difference in the nutritional
capabilities of this species however the true nature of this activity (e.g. is it true chitinase
or lysozyme activity) has yet to be established.

5.6
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Chapter 6.
Polysaccharidases in the crystalline styles of selectively bred
Greenshell TM mussel (Perna canaliculus) families.
6.1

ABSTRACT

Assays of chitinase, cellulase and amylase activities in the crystalline styles of selected fast
and slow-growing families of the mussel Perna canaliculus were carried out on two
occasions over six months, during which time the shellfish were growing in a normal
mussel cultivation situation. The data did not support the hypothesis that differences in
growth rate by these families could be related to differences in the expression of digestive
enzymes in the styles, leading to improved nutritional efficiency by faster growing
families. On the contrary, the styles of faster-growing families in general exhibited lower
rates of enzyme activity. Differences in enzyme activities between families appeared to be
related to the size of the individuals rather than their genetic heritage. The crystalline styles
of larger more mature shellfish contained less moisture and less soluble protein, and the
lower rates of enzyme activity in larger individuals may be indicative of a reallocation of
style protein synthesis towards higher levels of insoluble structural proteins.

6.2

INTRODUCTION

The endemic GreenshellTM mussel (Perna canaliculus) is the foundation of an important
shellfish aquaculture and export industry in New Zealand (97,000 tonnes and $242
million/per annum in 2006) and there are ambitious plans (Burrell et al., 2006) to
substantially expand the size and value of this business. To help achieve this goal,
selective breeding research is in progress (King, 2008) to develop stock with special
characteristics that will improve harvest yields and confer other attributes that will aid
husbandry and enhance marketability. Progress to date has seen gains of up to 20% live
weight and 10% shell growth over wild stock per generation, and the first commercial
crops from improved brood stock are currently being grown (Ragg, 2010).
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An understanding of changes in the nature and rates of biochemical processes that
underpin characteristics that effect the growth, health and fecundity of the animals is
pertinent to the selection of families with desirable qualities, and for the identification of
biochemical markers that will assist in the efficient selection and maintenance of superior
brood stock. Within this context, the mechanisms by which the bivalves digest, and
metabolize the micro-organisms that comprise the majority of their food may be
particularly relevant, and in this process the crystalline style plays an important role.
In bivalves the crystalline style is important in reducing complex dietary mixtures of
planktonic and benthic micro-algae, zooplankton, meiofauna, bacteria and organic detritus,
into forms which can be assimilated by the animal. This is accomplished by the mortar and
pestle-like action of the style as it is rotated and abraded against the gastric shield, and by
the simultaneous release of a variety of digestive enzymes (Alykrinskaya, 2001).
Polysaccharidases that break down the structural polysaccharides (e.g. cellulose, chitin,
peptidoglycan) within the cells walls of ingested micro-biota, and reduce their storage
polysaccharides (e.g. starch, glycogen, chrysolaminarin) to sub units that can be readily
absorbed within the digestive tubules of the bivalve digestive gland, are the most important
enzymes secreted by the style (see chapter 5).
In this study the activities of polysaccharide-hydrolyzing enzymes within the crystalline
styles of several selectively bred mussel families were assayed, to test the hypothesis that
there is a relationship between digestive efficiency, as measured by the magnitude of these
enzyme activities, and the growth-performance of these families. There is no existing
literature on whether differential digestive efficiency of selectively bred shellfish relates to
growth. However bivalves digest and assimilate particulate organic matter with
efficiencies that can vary from ~20% to 90% (Bayne and Newell, 1983; Kreeger and
Newell, 2001) depending on the susceptibility of the particles to enzymatic breakdown a
significant proportion of some phytoplankton cells go through the mussel gut unaltered.
Different mussel families grow at different rates with access to the same food resources so
it is a plausible hypothesis that that their ability to efficiently digest their food has an
impact on growth.
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6.3

METHODS

6.3.1 Selected mussel families
The mussel families used in these experiments were produced by single parent mating
between unrelated parents, and form part of a commercial-scale selective breeding
programme (King, 2008) that uses recurrent between-family selection to improve growth
performance. The families chosen had undergone one generation of selection on the basis
of either above-average or below-average growth performance. Families were spawned in
May 2008 and seeded out in February 2009 on mussel grow-out ropes, at conventional
stocking densities as used for commercial mussel culture. The samples used in these
experiments were collected during the course of routine sampling to evaluate the relative
growth performance of these families grown under identical environmental conditions.
These families were subsequently classified as fast-growing (families 8-01 and 8-20),
slow-growing (families 8-07 and 8-10) or with variable growth (family 8-24).
Mussels from selected families were collected from culture ropes in Southeast Bay,
Pelorus Sound on two occasions. On the first occasion (14 Dec 2009) six individuals were
collected from two fast-growing and two slow-growing families. On the second occasion
(05 May 2010) 12 individuals were collected from the same families and from an
additional family in which the growth of individuals was variable and spanned a greater
size range. Individuals from the latter family were partitioned into small and a large size
groups. Shell dimensions and flesh weight (05 May 2010 only) measurements were made
and the animals were dissected to remove the crystalline styles which were weighed,
frozen and later lyophilized, re-weighed, and ground to a powder.
6.3.2 Crystalline style preparations
Each freeze dried crystalline style was extracted in a 1.7 microfuge tube with repeated
vortexing over 2 hr at room temperature in pH 5.5, 50 mM citrate buffer, centrifuged
(14.5✕103rpm for 5 min) and the supernatants recovered.
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6.3.3 Enzyme assays
Chitinase activities in crystalline style extracts were assayed using the fluorescently
labelled substrates; 4-methylumbelliferyl β-D- N N’N’’ triacetyl chitotrioside (Sigma M5639), 4-methylumbelliferyl β-D- N N’ diacetyl chitobioside (Sigma M-9763) and 4methylumbelliferyl β-D- glucosaminide (Sigma M2133). Respectively, these substrates are
designed to target; endo-chitinases which internally hydrolyse the polymer into
oligosaccharide fragments, chitobiosidases that release disaccharides from these
oligosaccharides and N-acetylglucosaminidases that sequentially release N-acetyl
glucosamine residues from the intact polymer and from oligosaccharide and disaccharide
fragments. Substrate solutions at a concentration of 0.2 mM were made by dissolving the
powdered substrate in 200 µL dimethyl sulfoxide (DMSO) which was then diluted 25-fold
with 18 Mohn water. Reactions were carried out in black 96 well plates and all assays were
run in triplicate. A typical reaction format was 20 µL CS extract, at an appropriate dilution
that provided a linear rate of reaction, 20 µL substrate (final concentration 20 µM) and 160
µL citrate buffer (pH 5.5). After incubation at 25°C for 30-40 min the reaction was
stopped with the addition of 100 µL 1N NaOH (an alkaline pH is necessary for the
optimum fluorescence of methyl umbelliferone) and immediately read at excitation and
emission wavelengths of 355 nm and 460 nm respectively, in a BMG FLUOstar plate
reader. Assays were quantified from a standard curve constructed with concentrations of 4methyl umbelliferone (Sigma M-1381) from 1-30 µM.
Carboxymethyl cellulose (CMC) sodium salt (Sigma 419273) and glycogen (Glyc) from
oysters (Sigma G-8751) were used as substrates for crystalline style cellulase and amylase
activities. Substrate hydrolysis was measured by the liberation of reducing sugars using the
ρ-hydroxybenzoic acid hydrazide (PAHBAH) colorimetric analysis of Lever (1972)
adapted to a multiwall plate format. The assays were carried out using 1% CMC and 1%
Glyc in 50mM citrate buffer (pH 5.5) in 96 well plates at 25°C and appropriate dilutions of
the CS extracts that produced linear rates of reaction. All assays were run in triplicate. A
typical format was 20 µL of substrate, 50 µL CS extract and 180 µL buffer. At each
sampling time 50 µL aliquots were withdrawn from the reaction wells and snap frozen by
dispensing these into a 96 well PCR reaction plate on dry ice. At the completion of the
time series the plate was thawed, 50 µl of the alkaline PAHBAH reagent added and the
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plate heated at 95°C for 5 min in a heating block. Samples were transferred into a clear 96
well plate (Nunc Maxisorb) and the absorbance read at 400 nm in a BMG FLUOstar plate
reader. The analysis was quantified using D-glucose as a standard and results expressed as
nmol glucose equivalents released/ mg soluble protein/minute.
6.3.4 Protein analysis
The total soluble protein content of style extracts in 50mM citrate/Na3-citrate buffer (pH
5.5) was determined by the method of Bradford (1976) using the BioRad protein assay dye
reagent (BioRad product 500-0006) and the standard procedure for micro-titre plates. BSA
(0.1-0.5 mg/ml) was used as a standard. The procedure involved the addition of 10 µL of
each standard solution (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) and sample dilutions to
triplicate wells, followed by the addition of 200 µL of the dye reagent. After a reaction
period of 5 min the absorbance was read at 595 nm in a plate reader.
6.3.5 Statistical analysis
The significance of differences between the means of the physical characteristics (e.g.
crystalline style dry weight) and enzyme activities (e.g. chitinase) between the different
families were evaluated using unpaired t-tests (GraphPad Software).

6.4

RESULTS

There were clear differences in the growth of the mussel families (Figs. 6.1-6.3) over the
sampling period.
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Figure 6.1 Size and weight statistics for fast-growing (8-20, 8-01) and slow-growing (807, 8-10) mussel families sampled 14 Dec 2009. A, shell dimensions, B,
Crystalline style dry weight; C, crystalline style % moisture; D, Crystalline style
soluble protein % dry weight. The error bars represent the standard deviations
around the means, n = 6.
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Figure 6. 2 Size and weight statistics for fast-growing (8-20, 8-01) and slow-growing (807, 8-10) mussel families sampled 5 May 2010. A, shell dimensions, B, flesh
weight. C, crystalline style dry weight; D, crystalline style % moisture, E, Soluble
protein % dry weight. The error bars represent the standard deviations around the
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Figure 6. 3 Increase in shell size by fast-growing (8-01, 8-20) and slow-growing (8-07,
8-10) families between the two sampling occasions. The error bars represent the
standard deviations around the means of measurements on 9 Dec 09 (n = 6) and 05
May 10 (n = 12).
These differences were reflected in shell dimensions and whole flesh and crystalline styles
weights, and these differences became more pronounced as the animals aged (Fig. 6.3).
During the period between the first (14 Dec-09) and second (5 May-10) sampling, the
fastest growing families (8-01 & 8-20) increased in average shell length by 21%, while
slower growing families (8-07 & 8-10) increased in shell length by 12% (Fig. 6.3). The
larger, faster growing mussels contained larger, heavier, crystalline styles, which contained
higher proportions of pH 5.5 soluble protein / style dry weight (Fig. 6.1D, Fig. 6.2E) and a
tendency for lower water content, though this was only statistically significant (P<0.05) in
one case (Fig. 6.1C, family 8-20). Between different size classes within the same family
(Fig. 6.4) similar patterns were apparent. Larger individuals had larger styles with
significantly (P<0.005) lower proportions of soluble protein (at pH 5.5) on a dry weight
basis (Fig. 6.4D) although the absolute amounts per style were higher (Fig. 6.4C).
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The pH of the stomach contents of P. canaliculus has been measured on numerous
occasions (see Chapter 4) and has been found to range between pH 6.2 and pH6.6. The
optimum pH for enzyme activity in crystalline style extracts was pH 5.5 for N-acetyl
glucosaminidase, pH 5.0-5.5 for chitobiosidase, pH 5.0-6.5 for endochitinase and pH 5.5
for carboxymethyl cellulase activity (see chapter 5). Previous experimentation has shown
that the optimum pH for amylase activity in P. canaliculus crystalline style is pH 6.5-7.0
(see Chapter 5) so the activity rates measured here were probably under estimates of real
potential activity. However it was necessary to choose a single pH for extraction of the
dried styles and pH 5.5, as well as being optimum for the cellulase and chitinases,
permitted some selectivity in the extraction of the enzymatically active fraction. At this pH
much of the structural protein forming the bulk of the style is insoluble and can be
removed by centrifugation (see Chapter 4).
Chitinase assays carried out on the fast and slow-growing families collected in Dec 2009
showed consistent and statistically significant (P<0.05 or less) lower rates of activity in the
fast growing families. This was the case when rates were expressed relative to the volume
of extract (nmol/mL/min) or the soluble protein content (nmol/mg/min) of the dissolved
styles (shown in Fig. 6.5). There was also a tendency for lower rates of hydrolysis of
glycogen (Fig. 6.6) in the fast-growing families. Family 8-01 was significantly lower
(p<0.01) than all other families and also significantly lower than the other fast-growing
family (8-20). A similar pattern was observed with CMC hydrolysis with family 8-07
showing marginally (p<0.05) higher rates of activity than both the other slower-growing
family and the two faster-growing families (8-01, 8-20).
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Figure 6.5 Chitinase activities (nmol substrate hydrolyzed/ mg soluble protein/min) in
the crystalline styles of selected families, sampled 14 Dec 2009. A, N-acetyl
glucosaminidase activity; B, chitobiosidase activity; C, endochitinase activity; D,
Results of unpaired t-tests showing the significance of differences between means;
* =P<0.05, ** = P<0.01. The error bars represent the standard deviations around
the means, n=6.	
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hydrolysis; C. Results of unpaired t-tests showing the significance of differences
between means; * =P<0.05, ** = P<0.01, *** P<0.005. The error bars are the
standard deviation around the mean, n=6.
	
  
	
  
	
  

	
  

	
  

187	
  

	
  

A

B

4MU-GlcNAc

4MU-GlcNAc2

4.0

3.0

2.0

nmol/mg/min

nmol/mg/min

3.0

2.0

1.0

1.0

0.0

0.0
8-01 8-20
fast families

D

4MU-GlcNAc3

C
3.0

nmol/mg/min

8-01 8-20
fast families

8-07 8-10
slow families

4MU-GlcNAC hydrolysis
8-01
8-20
ns
8-07
ns
8-10
**
4MU-GlcNAC2 hydrolysis
8-01
8-20
ns
8-07
ns
8-10
*

2.0

1.0

0.0
8-01 8-20
fast families

8-07 8-10
slow families

4MU-GlcNAC3 hydrolysis
8-01
8-20
ns
8-07
ns
8-10
*

8-07 8-10
slow families

8-20

8-07

*
***

ns

8-20

8-07

ns
*

ns

8-20

8-07

ns
*

ns

Figure 6.7 Chitinase activities in the crystalline styles of selected families, sampled 05
May 2010. A, N-acetyl glucosaminidase activity; B, chitobiosidase activity; C,
endochitinase activity. D. Results of unpaired t-tests showing the significance of
differences between means; * =P<0.05, ** = P<0.01, *** P<0.005.The error bars
represent the standard deviations around the means, n = 12.
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crystalline styles collected 05 May 2010. C. Results of unpaired t-tests showing the
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P<0.005.The error bars represent the standard deviation around the mean, n = 12.
	
  
When the assays were repeated on individuals from the same families six months later, by
which time the disparities in the size of the families had increased markedly (Fig.6.3),
broadly similar patterns, with lower mean activities in fast-growing families, were
apparent (Fig.6.7, Fig. 6.8). However, the rates of chitinase activity were generally higher
in the slow-growing family samples from the first sampling (Figs. 6.5, 6.7) than during the
second, while amylase and cellulase activities were lower (Figs. 6.6, 6.8). This led to
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differences in activities between the family groups being much less significant than during
the first sampling. Only one of the slower-growing families (Family 8-10) showed
significantly higher chitinase activities than the two fast growing families and the pattern
of variation between the families with respect to amylase and cellulase were unconvincing
that real differences existed. No significant differences in chitinase activity between the
large and small size classes of the mixed growth family (Family 8-24; Fig. 6.4) were
observed, although there was a tendency for higher rates in smaller styles.

6.5

DISCUSSION

These data do not support the hypothesis that mussel families selectively bred for higher
growth rate have higher capacities to digest and assimilate ingested food because of the
enhanced expression of essential polysaccharidases in the crystalline style. On the contrary
faster growing families in general exhibited lower rates of enzyme activity and these
differences between families appeared to be related more to the size of the individuals
rather than their genetic heritage. In the light of these results, were the enzyme activities
assayed appropriate targets within the context of mussel nutrition? It has been known for
some time that the bivalve crystalline style contains endogenous chitinase activity (
Birbeck and McHenery 1984; Mayasich and Smucker, 1986, 1987; Molodtsov and Vafina
1972; Smucker and Wright 1984, 1986; Wright and Smucker 1986) and there are various
possible functional roles for chitinases in the digestive tract of bivalves. Observations have
shown that zooplankton may at times provide a significant part of the diet of bivalves
(Davenport et al. 2000; Zeldis et al., 2004), there is recent recognition that chitin is
integral to the organization of the diatom cell wall (Durkin et al. 2009; Tesson et al. 2008)
and digestive chitinases are possibly a first line of defence against infection by fungal,
bacterial and invertebrate pathogens such as Bonamia (Xue and Renault 2000). Starch and
glycogen are major storage polysaccharides in phytoplankton (excluding diatoms) and
zooplankton respectively, and it is well known that α-amylase is the predominant enzyme
in the crystalline style of bivalves (Brock and Kennedy 1992; Fernandez-Reiriz et al.,
2001; Trainer and Tillinghast, 1982). Changes in the expression of bivalve crystalline style
α-amylase in response to variations in food supply have been observed a numbers of times
(Huvet et al., 2003; Moal et al, 2000). Cellulose is the main structural component of most
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micro-algae cell walls (excluding diatoms) and it might be expected that enhanced
production of cellulases in the shellfish gut may lead to more efficient digestion of cells
that might otherwise pass through the digestive tract undigested or only partially digested.
The presence of cellulase activity in the digestive tract and crystalline styles of molluscs
was previously assumed (e.g. Lavine, 1946) to originate from symbiotic micro-organisms
in the style and gut, not from the animal itself. Within the last decade however it has
become apparent that many invertebrate taxa (Watanabe and Tokuda, 2001) produce
enzymes that are capable of hydrolysing the β-1,4 glycosidic bonds that link the glucose
subunits of the cellulose polymer. In marine molluscs endogenous cellulases have now
been isolated, characterized and cloned from the blue mussel Mytilus edulis (Xu et al.,
2000 & 2001) the abalone Haliotis discus hanni (Suzuki et al., 2003) and the freshwater
clam Corbicula japonica (Sakamoto et al., 2008). An endogenous cellulase from the
crystalline style of P. canaliculus which has activity against the cellulose plates of the
dinoflagellate theca has been isolated and partially characterized (see chapter 2). In light of
the above, it seems reasonable to expect that detectable variations in the expression of
genes coding for these crystalline style enzymes could be related to differences in
digestion efficiency, and hence the growth, of selected families.
Surprisingly, the results of the first set of experiments suggested that faster-growing
families in fact had lower levels of chitinase, α-amylase and cellulase activity than slowergrowing families. This initial pilot study was followed by a repeat experiment on the same
families six months later (Fig 6.2, Figs 6.7-6.8) using identical methods but increasing the
number of replicates. The families with the higher growth rates (families 8-01 & 8-20) had
substantially increased in size relative to the slower growing families (families 8-10 & 807) by this time and, although there continued to be a suggestion of higher specific
activities in the slow-growing families, the differences were less significant In fact the
closer similarity of chitinase activities between the two groups during the second sampling
was the result of a decrease in specific activity of slow-growers but little change in the
fast-growers. It is important to note that by the time of the second sampling the size of the
slow-growers had increased to approximately the size of the fast families collected during
the first sampling (Fig. 6.3). These data, together with those that showed significant
differences in the moisture and soluble protein content (Figs. 6.1, 6.2, 6.4) of the styles
between large and small specimens, suggest that differences in enzyme activity may be
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associated with the size and maturity of the individual shellfish, rather than genetic
differences that may be related to an increased growth capacity. An additional experiment
(Fig. 6.4) to test whether there was a difference in enzyme activities between two size
classes of the same family grown under identical environmental conditions also showed
that there was a tendency for higher specific activity in smaller individuals, although this
was not statistically significant. Smaller individuals in this family also had styles with a
higher moisture and soluble protein (at pH 5.5) content. Differences in amylase and
cellulase activities between families were less apparent than for the chitinases.
Overall these data were not sufficient to conclude that important differences existed
between fast and slow-growing families, though some significant differences were
apparent (Figs 6.7 and 6.9) and there was a tendency for lower activities in fast-growing
families. Amylases have been the most studied of any molluscan digestive enzymes (e.g.
Le Moine et al., 1997) and their expression has been shown to be regulated by food supply
in some species (e.g. Huvet et al., 2003). Simultaneous changes in mRNA and α amylase
levels in the digestive gland of the oyster Crassostrea gigas and abalone Haliotis discus
during feeding cycles have also shown that this enzyme is regulated at the level of
transcription (Moal et al., 2000; Nikapitya et al., 2009). Fernández-Reiriz et al. (2001)
showed an effect of past feeding history on amylase and cellulase activities in the
crystalline styles of the mussel Mytilus chilensis, and demonstrated that significant
changes occur when animals are shifted between sub-tidal and inter-tidal habitats to
optimize energy gains through more efficient digestion. In the present .study, although the
activities of amylase and cellulase between sampling occasions may have been influenced
by changes in abundance and quality of planktonic food, all the families were grown side
by side at the same location and had identical feeding histories.
Perna canaliculus has a permanent hard-type crystalline style with a multi-layered
structure. This is in contrast to the styles of bivalves such as Mytilus galloprovincialis and
Crassostrea gigas that have soft, transient styles with a homogeneous structure that rapidly
dissolve and reform, often in synchrony with the tides (Morton, 1952). Insoluble proteins
that reinforce the integrity of the style are important structural elements in hard-style
species such as P. canaliculus (see Chapter 4). It is possible that the size related
differences observed in this study (lower moisture, lower soluble protein content, lower
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enzyme activities) could be explained by larger animals reprioritizing synthesis of
crystalline style proteins towards these structural proteins. Perhaps polysaccharide
hydrolyzing enzymes play a more crucial role in smaller shellfish that have less robust
styles than mature adults in which the mechanical triturating of food by the grinding action
of the style against the gastric shield plays a more important role.
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CHAPTER 7
CONCLUSIONS
7.1 Synthesis of research findings
This study set out to elucidate some fundamental biochemical properties of digestion and
assimilation in several New Zealand bivalve species, relating to the metabolism of
polyether dinoflagellate toxins and the breeding of improved varieties for aquaculture. The
research undertaken here:
(i)

Isolated an endo β 1,4 glucanase (cellulase) in the crystalline style of P.
canaliculus that may play an important role in the lysis of phytoplankton
(including toxic dinoflagellate species) in the gut through its activity against
cell wall polymers. The enzyme had close amino acid sequence similarity to
glycoside hydrolase family 9 (GHF9) cellulases found in a variety of
invertebrate taxa including other bivalve molluscs. This research identifies for
the first time what is probably the major function of this enzyme in bivalves.

(ii)

Purified and characterised an enzyme responsible for the hydrolysis of
polyether dinoflagellate toxins (pectenotoxins (PTXs) and okadaic acid (OA)
esters within the hepatopancreas of P. canaliculus. This is believed to be the
first native esterase/lipase that has been isolated and purified from the digestive
gland of a bivalve mollusc. The enzyme may function to detoxify PTXs, and
possibly (via catalysis of OA-ester synthesis in non aqueous tissue
compartments) the long term retention of the okadaic acid family toxins.

(iii)

Showed that two major matrix proteins within the crystalline styles of P.
canaliculus and M. galloprovincialis may be important in their different gelling
properties, and identified these as belonging to the astacin-like group of
metalloproteins. It was observed that similar medium molecular weight lightly
glycosylated proteins are common and abundant in a variety of other bivalve
taxa (Appendix IV), and it is likely that astacin-like proteins are a important
component of the protein make up of many, if not all, bivalve crystalline styles.

(iv)

Characterised and quantified the major polysaccharidase activities within the
crystalline styles and gastric fluids of several New Zealand bivalves, Interesting
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differences in the hydrolysis of chitin-proxy substrates by the styles and gastric
fluids of various species were revealed, most strikingly the high levels of Nacetyl-glucosaminidase (NAGase) activity in the oyster Crassostrea gigas.
(v)

Evaluated the utility of polysaccharidase activities as biochemical markers for
growth potential (postulated to relate to digestive efficiency) in P. canaliculus
families selectively bred for different growth performance. The objective was
to test the hypothesis that there was a relationship between growth rate and
digestive enzyme activities that might be used as a screening tool. As it turned
out, the data did not support the hypothesis that differences in growth rate by
these families could be related to differences in the expression of digestive
enzymes in the styles.

These findings have materially added to our basic knowledge of the biochemistry of
digestion and assimilation within P. canaliculus in particular and bivalves in general.
However, a large number of tasks remain to be accomplished which would bring these to a
more complete conclusion, answer outstanding questions, and leading to practical
applications.
7.2

Future directions

Further purification of the P. canaliculus endo β 1,4 glucanase could be accomplished
using a combination of cellulose-affinity and other chromatographic separation methods.
Good quantities of P. canaliculus crystalline styles are easy to obtain and the enzyme
appears to be relatively abundant within the styles. The preliminary partitioning of crude
extracts with pH 5.5 buffer was a simple but important breakthrough leading to significant
enrichment and enabled the removal of the bulk of the high and medium molecular weight
matrix proteins which complicate other fractionation process, especially gel filtration.
Since the approximate molecular weight of the enzyme is now known and there is good
comprehension regarding complex formation, purification of sufficient quantities of the
pure protein for production of an antibody for use in Western blotting and
immunohistochemical staining would be achievable. This capability would be essential for
further fundamental work on the regulation of enzyme synthesis and to test the hypothesis
that the numerous spindle shaped vesicles observed in all hard-type styles are the sites of
enzyme immobilisation and storage. There is probably sufficient amino acid sequence
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information to enable sequencing of the transcribed cDNA and genomic DNA, either by
conventional cloning techniques or next generation sequencing technology, to enlarge our
understanding of this nutritionally important enzyme. There are several potential
applications for an enzyme of this nature. Cellulases with novel properties are in demand
for use in biomass conversion processes and the high salt environment in which this
enzyme functions may confer on it a specialist role. Because of its effect on the
dinoflagellate thecae, the enzyme could have a role in the preparation of dinoflagellate
protoplasts in the research lab. Within the context of controlling the uptake of algal toxins,
if the activity of this enzyme could be inhibited for the duration of the contamination
phase, so that a larger proportion of toxic dinoflagellate passed through the gut undigested,
harvest closure periods could be reduced.
The PTX2 hydrolase enzyme appears to have diverse functions as a general esterase within
the digestive gland of P. canaliculus and may play key roles in dietary lipid digestion and
metabolism, and neutralisation of other xenobiotic factors aside from the dinoflagellate
polyether toxins. Another round of purification, building on and refining the process
developed so far, would be useful. This would procure sufficient purified enzyme for
production of an antibody to enable Western blotting, and to obtain more extensive amino
acid sequencing (de-novo MALDI-TOF and N-terminal sequencing) data and ultimately
transcribed and genomic DNA sequences. Because the ability to hydrolyse PTX2 seems to
be a property of most if not all bivalves, it likely that there are closely related enzymes in
all species. Curiously, although there is an extensive literature on the use of esterase
activities within sentinel bivalves as indicators of environmental contamination (e.g. Nilin
et al. 2012), to my knowledge this is the first account of the actual purification of any
bivalve esterase. There may biotechnological applications for this enzyme. As already
referred to in a previous discussion, the most obvious is its potential to synthesise the
esters of okadaic acid analogues. There is a small, though valuable market for these
compounds as analytical reference materials, which can currently only be supplied by their
isolation and purification from natural sources.
Algal toxin contamination of cultivated shellfish is occasionally a significant constraint on
production. It is fortunate that bivalves contain PTX2 hydrolase otherwise this would be a
much more important problem for the aquaculture industry, because PTX2 is an acutely

200	
  	
  

toxic compound with serious hepato-toxic effects. Unfortunately the okadaic acid family
of toxins are very stable compounds and are immune to simple hydrolysis within the
bivalve hepatopancreas. If OA was to become a more significant problem for the industry
the selective breeding of families with the capacity to more rapidly eliminate OA residues
would become a viable option. Since it is clearly involved in OA-ester hydrolysis, as
discussed earlier (Chapter 3), it is conceivable that the enzyme may also function as an OA
acyl transferase resulting in the esterification of OA and its elimination via a lipoprotein
mediated pathway. Further research is required to obtain better understanding of the
pathways of OA sequestration and elimination in the bivalve digestive gland though it is
likely that the PTX2 hydrolase plays an important role in the esterification process.
Another potential biotechnological application of the enzyme might be in the area of tissue
engineering. The organisation of actin scaffolding inside stem cells is an active area of
tissue engineering research (Sart et al., 2012). PTX 2 is known to have potent actin
proliferation inhibition properties and might provide a tool for modulating actin
proliferation, in which case PTX2 hydrolase could provide a useful method of rapidly and
precisely stopping this activity.
The comparative study on the crystalline styles of the two mussel species (Chapter 4)
identified the factors that are most likely responsible for the fundamental biochemical
differences between soft and hard-type styles. Given that these unique anatomical features
of bivalves have been the object of curiosity and scrutiny for centuries without this
question being seriously addressed, let alone resolved, this is a significant finding. Good,
fragmentary amino acid sequence data was obtained for the gelling proteins of P.
canaliculus and M. galloprovincialis but complete sequences of these proteins will be
required to precisely identify the structural characteristics that determine the interactions
between the Myosinase I & II proteins in each species and how they differ between
species. These proteins are abundant in the styles, and the mRNA coding for these proteins
is no doubt also abundant either in style sac or hepatopancreas tissues. Conventional
cloning or next generation sequencing of cDNA libraries constructed from these tissues
would accomplish this. The ecological significance of hard versus soft styles remains
obscure although there are clearly selective pressures which retain these characteristics
within individual taxa (e.g. Mytilus vs. Perna). In terms of bivalve aquaculture it would be
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interesting to attempt selection of varieties with reversed style properties to see what the
consequences for the phenotypes would be. The differences in the gelling properties of the
styles may only be due to changes in a few strategically located amino acid residues which
could act as selection markers. A possible function of soft type styles may be that they
provide a habitat for symbiotic bacteria (e.g. Cristispira spp.) which could benefit the host
in many ways (e.g. nutrition, nutraceutical properties, disease resistance). Inoculation of
juvenile bivalves with tailored symbiotic bacteria might be a route through which desirable
properties (e.g. disease immunity) could be conferred on a bivalve cohort.
The selection of crystalline style polysaccharidase activities as potential indicators of
superior nutritional efficiency in selectively bred families was probably somewhat naive,
but worth a try as small increments in efficiency at this level of the digestive process could
lead to significant increases in scope for growth over time. The most interesting finding to
come out of this work was the difference in the relative rates of N-acetyl glucosaminidase
between species. To determine the significance of this finding, it will firstly be necessary
to establish whether this activity represents true chitinase or lysosomal activity, what
selective advantage this confers on C. gigas and how this might be exploited in the
breeding and aquaculture context.
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APPENDIX I

Isolation and purification of PTXs from plankton concentrates
for the preparation of enzyme assay substrates and secondary
analytical standards.
For the purification of the PTX2 hydrolase enzyme from shellfish tissues it was essential
to devise an assay system that could sensitively, and relatively rapidly, quantify activity in
extract fractions. Pectenotoxins (Fig. AI.1) are rare compounds and only a dilute solution
of PTX2 is commercially available as a certified calibration standard (NRC, Institute for
Marine Biosciences Certified Reference Materials Programme). The NRC standard is too
expensive and limited in quantity to be used as an assay substrate for which a moderately
concentrated solution was needed.
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Plankton-net (20 µm) concentrate
in seawater
Filter (GFC/GFF)

Supernatant

Adsorb PTXs on StrataX SPE
column (33µm, 200mg/6mL;
Phenomonex part # 8B-S100-FCH)
Condition: MeOH/Milli-Q H2O
Load: 150-200mL of seawater
Wash: 18 Mohn H2O
Elute: 100% MeOH
Preparative HPLC
Column: Phenomonex 10µ Luna Prep C18 (2),
250 ✕ 10 mm, part # 00G-4324-N0
Flow rate: 4mL/min
Mobile Phase: 80% MeCN/20% H2O
Column temp: 30°C
Adsorption @ 235nm measured with Shimadzu
SPD-M10A PDA detector

Caked cell deposit on filter
Sonication of cake in 100%
MeOH, filter and rinse;
roto-evaporation

Re-suspension of dry
deposit in DCM: rotoevaporation
Re-suspension in MeOH

Clean up of extracts on
SePak® Plus C-18 cartridge
(Part # WAT020515)
Preparative HPLC
	
  

Roto-evaporation of fractions,
dry under N2 blow down, resuspension in MeOH
Analytical HPLC
Column:Phenomonex Prodigy 5µ ODS (3)
100A, 250 ✕ 4.6 mm, part # 00G-4097-E0
Flow rate: 1.0 mL/min
Mobile phase: 70% MeCN/30%- 0.1% TFA
Column temp:30°C
Absorption @ 235 nm measured with
Shimadzu SPD-M10A PDA detector

Roto-evaporation, dry under
N2 blow down and resuspension in MeOH

Analytical HPLC
	
  

Figure AI.2 Procedure for pectenotoxin extraction from plankton concentrates

	
  

205	
  

	
  

To obtain enough material, it was necessary to extract and purify PTXs from frozen
phytoplankton concentrates that have been in storage at the Cawthron Institute since they
were collected off the South island west coast in early 2001 (MacKenzie et al., 2002). The
cell concentrates were obtained by pumping water from aggregated layers of the
dinoflagellate Dinophysis acuta (MacKenzie et al., 2004) in mid water column through
fine mesh nets (20 µm) during a period when the numbers of the dinoflagellate were
exceptionally high. The opportunity to obtain this material was a lucky event that proved
to be of considerable value in the long-term. The current NRC analytical standards for
PTX2 and PTX2-seco acid (NRC CRM-PTX2, NRC CRM-PTX2-SA) were produced
using these concentrates. The first identification of PTX11 (Suzuki et al., 2005), new
isomers of PTX2 and PTX11 (Suzuki et al., 2002), diol esters of okadaic acid produced by
D. acuta (Suzuki et al., 2003), identification of PTX-13 and –14 (Miles et al., 2006a)
andidentification of a cis-C8-diol ester of okadaic acid from Dinophysis acuta (Miles et
al., 2006b) came about through the fractionation and analysis of this material. The
relatively large quantities of PTX2 made a proper evaluation of the toxicology of PTX2
possible (Munday, 2008). It was from the conversion of PTX2 to PTX2 seco acid within
these concentrates that the toxicology work needed to prove that PTX2-seco acid was not a
hazard to the health of consumers was obtained (Miles et al., 2003). This permitted the deregulation of PTX2-seco acid as a controlled contaminant and, because it is common in
shellfish from some regions, prevented this from causing significant economic damage to
the shellfish industry.
Experimental evaluation of supernatant extraction methods
The PTX extraction and purification method was a variation of that described by Miles et
al. (2003) and is summarized in the extraction flow diagram (Fig. AI.2). Various trials
throughout the extraction procedure were undertaken to streamline the process, improve
recoveries and economize on consumables. Unlike Miles et al. (2003), the caked cell
deposit after filtration was also extracted and yielded useful additional quantities of PTXs.
The initial extraction of the supernatant was carried out using a solid-phase extraction
method.
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Figure AI.3 Extraction of PTXs from the supernatant of the plankton concentrates using
liquid/liquid partition and solid phase extraction methods. Each bar represents the mean of
3 replicates, the error bars are the standard deviations about the mean.
Experiments were carried out to test the relative recovery of PTXs from the concentrate
using a liquid/liquid partition with dichloromethane (DCM) and two solid phase media
(Fig. AI.3). The two solid phase substrates used were sample prep columns containing a
polymeric absorbent (Phenomonex Strata X, 33µm, 200mg/6mL) and an octadecyl silica
reverse phase absorbent (Phenomonex Strata C-18). The solid phase extraction columns
were conditioned according the manufacturer’s instructions and triplicate aliquots of the
filtered supernatant (125mL) were passed through them. After washing the columns
(12mL ‘Type 1’ultra-pure water) the PTXs were eluted with 15mL of 100% MeOH.
The results showed that each method resulted in similar recoveries (Fig. AI.3). Extraction
with the Strata-X polymeric columns was chosen as the preferred method on the grounds
of ease of use and economy of consumables. Further experimentation showed that after
repeated use and reconditioning of the Strata-X columns there was no decrease in the
recovery of these compounds. However care had to be taken that the elution step took
place immediately after the washing step and the sucking dry of the column under vacuum.
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Delaying elution after this step resulted in significantly lower recoveries, presumably as a
result of the PTXs becoming irretrievable bound to the polymer.

Extraction of caked cell deposit
The cell cake was scraped off the glass fibre filter, sonicated, filtered and repeatedly rinsed
with 100% MeOH. The extract was roto-evaporated to dryness and the deposit resuspended in 100% DCM. Extraction with DCM was effective in removing good
quantities of pigments, DCM insoluble lipophilic material and salt from the crude MeOH
extract, while recovering 97-98 % of the PTXs. The DCM extract was roto-evaporated to
dryness and re-suspended in MeOH. This extract in a concentrated form was still highly
pigmented so a further clean up step was required before passing it through the HPLC
preparative column. This was achieved using a Sep-Pak® Plus C-18 (Waters part #
WAT020515) sample clean up cartridge. After experimentation with a variety of solvent
column conditioning and elution combinations the following procedure was adopted:
Condition: 5mL MeOH followed by 5mL ‘Type 1’ (18.2 MΩ cm at 25°C) ultra-pure water
Load: 1mL of extract
No wash
Elution: 10mL 80% MeOH in ‘Type 1’ (18.2 MΩ cm at 25 °C) ultra-pure water
Recoveries after reuse of the Sep-Pak® cartridges three times were identical and high
(>80-100%) and resulted in most of the highly pigmented material being retained on the
cartridge.

Preparative HPLC
The cleaned up supernatant and cell cake extracts (Fig. AI.4A, AI.4B) were further
purified by preparative HPLC under the following conditions.
Column: Phenomonex 10µm Luna Prep C18, 250 ✕ 10mm
Mobile phase: 80% MeCN/20% ‘Type 1’(18.2 MΩ cm at 25°C) ultra-pure water
Flow rate: 4mL/min
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Injection volume: 500-600µL
Column temp: 30°C
Detection: Absorption @ 235nm with a Shimadzu SDD-M10A PDA detector.
Fractions were collected manually, roto-evaporated to dryness, re-suspended in MeOH for
removal from evaporator flasks, dried under N2 blow down @ 50°C and re-suspended in
MeOH.

Analytical HPLC
The purity and quantification of the purified fractions (Fig. AI.4C, AI.4D) was carried out
by analytical HPLC under the following conditions.
Column: Phenomonex Prodigy 5µm ODS (3) 100A, 250 ✕ 4.6 mm
Mobile phase: 70% MeCN/30% -0.1% TFA
Flow rate: 1.0 mL/min
Injection volume: 30-50 µL
Column temp: 30°C
Detection: Absorption @ 235nm with a Shimadzu SDD-M10A PDA detector

Quantification
Quantification of PTX2 was by reference to the PTX2 instrument calibration solution
(NRC CRM-PTX2) produced by the Certified Reference Materials Program of the Institute
of Marine Biosciences, National Research Council of Canada (NRC). The calibration
solution has a concentration of 10.0 µmole/L or 8.6 µg/mL. For the quantification of
PTX11 it was assumed that its UV absorption response was identical to PTX2.
The final concentrations of PTX2 and PTX11 of the purified solutions (Fig. 4C-D) for
use as enzyme assay substrates and secondary standards were 91.4 µg/mL and 87.1
µg/mL respectively.
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Acid catalyzed isomerisation of PTX2 and PTX11
The formation of two novel spiroketal stereoisomers of PTX named PTX2b and PTX2c
(Fig. AI.1) by the acid treatment of the parent compound were described by Suzuki et al.
(2003). Similar acid catalyzed epimerization of PTX1 and PTX6 to form respectively
PTX4 and PTX8 and PTX7 and PTX9 had previously been demonstrated by Sasaki et al.
(1998). The formation of PTX8 and PTX9 requires the opening, re-arrangement and
closing of the A/B ring systems and these structural rearrangements of the molecule result
in a substantial decrease in their bio-activity in the mouse bioassay. In an analogous
manner to the method described by Saki et al. (1998), it was found that by using 0.1%
TFA in the mobile phase of the prep-HPLC, after selection of PTX2 and PTX11 fractions
and drying under N2 blow down, two late eluting peaks of both compounds were formed
(Fig. AI.5A, AI.5B). These peaks corresponded exactly in terms of relative retention time
to those observed by Suzuki et al. (2003) for PTX2a and PTX2b and PTX11a and
PTX11b. These extracts were re-chromatographed and the isomers isolated as pure
compounds. Approximately 155 µg and 810 µg of PTX2b and PTX2c respectively and 80
µg and 393 µg of PTX11b and PTX11c respectively were obtained. These purified
compounds were used in the PTX2 hydrolase specificity and inhibition experiments
(Chapter 3).
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Figure AI.4 Purification of PTX2 and PTX11 from plankton concentrate supernatants
(A) and cell pellets (B). Purified PTX2 (C) and PTX11 (D) preparations used as
enzyme assay substrates.

	
  

211	
  

	
  

Figure AI.5 Isomers of PTX2 (A) and PTX11 (B) produced by acid catalyzed
isomerisation of parent compounds
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APPENDIX II
Use of a BioRad Rotofor TM preparative isoelectric focussing cell
for fractionation of general esterase and PTX2 hydrolysis
activity.
SUMMARY
Several attempts were made using a BioRad RotoforTM isoelectric focussing apparatus to
achieve enrichment of various extracts (fractions from anion exchange and hydrophobic
interaction chromatography) with general esterase and PTX2 hydrolysis activity.
The method was successful in providing partial separation of esterase activity but sample
preparation was time consuming and presented some difficulties, such as protein
precipitation during dialysis, and the level of enrichment was inconsistent and
disappointing. Once sufficient concentration of esterase activity was achieved using
hydrophobic interaction chromatography, this approach was abandoned. However, the
method did provide an estimate of the isoelectric point of the enzyme (pH 4.7-4.9) and in
retrospect it appears that the method may have been successful in separating the higher
MW contaminant that persisted throughout the purification up until the final anion
exchange step. In any further attempts to fractionate bulk quantities of the enzyme this
method may be worth re-visiting, perhaps at a later stage of chromatographic purification.
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Figure AII.1 The BioRad RotoforTM isoelectric focussing apparatus.
Experiments to test isoelectric focussing method.
Fresh hepatopancreas extract was prepared, fractionated with 10% and 25% PEG, and run
on a Q-Sepharose FF anion exchange column. Fractions with 4-nitrophenyl butyrate
hydrolysis activity (#28-37) were pooled and dialyzed against Milli Q water at 4°C for 24
hr. The RotoforTM cell was preconditioned twice using Milli-Q water. A 2% ampholyte
addition (Biolyte 3/10) was made to the pooled dialyzed extract. The protein extract was
focussed for 4 hr on the RotoforTM apparatus.
TableAII.1 Isoelectric focussing conditions.
Time

Volts

mA

11.00

750

16

11.15

720

17

11.45

870

14

12.00

1020

12

12.15

1160

10

13.00

1255

10

13.15

1360

9

13.45

1380

9

14.00

1400

8

14.30

1400

8

15.00

1400

8

Precipitate visible in cells #5-9
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pH
Ab @ 280

2.5

8

2.0

6

1.5

4

1.0

2

0.5
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0.0

Ab @ 280nm

pH
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20
19
18
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2
1
IEF f raction #

µmol mL-1 min-1

B
2.0

1.5
1.0
0.5
0.0

20
19
18
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16
15
14
13
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11
10
9
8
7
6
5
4
3
2
1

IEF f raction #

nmol mL-1 min-1

C 0.5
0.4
0.3
0.2
0.1

0
20
19
18
17
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15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
IEF Fraction #

Figure AII.2 Isoelectric focussing of enzyme activities in a Q-Sepharose FF fractionated
hepatopancreas extract. A. pH and total protein (absorbance @ 280nm) in isoelectric
focussing cells #1-20. B. 4-nitrophenyl butyrate hydrolysis. C. PTX2 hydrolysis.
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Figure AII.3 SDS PAGE of extracts applied to and selected fractions recovered from the
isoelectric focussing apparatus. Samples were precipitated with 15% TCA washed 2x with
cold acetone, dried 40°C for 30 min, re-suspended in reducing loading buffer and heated at
100°C prior to running on the gel.
TableAII.2 PTX2 hydrolysis assay of extracts applied to and selected
fractions recovered from the isoelectric focussing apparatus.
Fractions

nmol mL -1 min -1

PEG fraction I

3.7

PEG fraction II

4.2

Q-Sepharose pooled fraction #28-37 dialyzed

3.7

Q-Sepharose pooled fraction #28-37 not dialyzed

4.0

Q-Sepharose pooled fraction #28-37 ultra-filtered

5.0

IEF fraction #6

2.8

IEF fraction #7

0.4

There were two further attempts to carry out RotoforTM enrichment of active fractions. In
the second attempt, on freshly prepared and dialyzed active fractions from the QSepharose column, the initial fractionation was repeated by solubilising the active
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precipitated fractions in 3M and 5M urea according to the manufacturer’s suggestion. The
migration of proteins after this treatment was different from the original separations and
even after dialysis no PTX2, and only slight 4-nitrophenyl butyrate hydrolysis activity
could be detected.
In the third attempt, pooled active fractions from hydrophobic interaction chromatography
(Phenyl low sub) were run on the RotoforTM with 25 4/6 ampholyte. Separation of 4nitrophenyl butyrate hydrolysis active fractions was achieved, however no PTX2 activity
could be detected. At this point it was decided to terminate any further experimentation
with the RotoforTM because of the lack of significant progress in purification and the time
consuming sample preparations required.
CONCLUSIONS
The use of the RotoforTM apparatus did provide some selection of PTX2 hydrolysis and
general esterase activity (Fig. AII.2) with peak PTX2 hydrolysis activity corresponding to
a pH of 4.7-4.9. However, because of the relatively crude material (25% PEG and QSepharose fractionated HP extracts) run on the apparatus a considerable amount of other
proteins co-eluted (Fig. AII.3) and it was judged that the level of enrichment achieved was
not sufficient, given the amount of time required in sample preparation (e.g. dialysis), to
make it worthwhile continuing with this method.
Re-running of active fractions may have led to a significantly higher enrichment however
the only effective means of re-dissolving precipitated protein in the active fractions was
1:10 dilution with pH 8.0 Tris buffer. Dilution with ‘‘Type 1’(18.2 MΩ cm at 25°C) ultrapure water or ampholytes was ineffective while solubilisation in 3M urea was effective in
solubilising the protein however this destroyed most general esterase and all PTX2
hydrolysis activity which could not be re-established after a second fractionation run on
the RotoforTM apparatus. Re dissolving precipitated fractions in pH 8.0 Tris buffer would
have entailed further dialysis and addition of ampholyte before this could be re-run.
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APPENDIX III

Experiments to attempt to reverse the OA-ester hydrolysis
reaction in non aqueous solvents
INTRODUCTION
The experiments that showed that the PTX2 hydrolase enzyme within the hepatopancreas
of Perna canaliculus (Chapter 3) was capable of hydrolysing acyl esters of okadaic acid
(OA) suggested that this may mediate the reverse esterification reaction in vivo. If that was
the case, then it may be possible by changing reaction conditions, to reverse the reaction
and use this enzyme to synthesise OA esters in vitro. To accomplish this would be an
important technical breakthrough because currently the only source of OA acyl esters is
their extraction from naturally contaminated shellfish, which is a laborious and expensive
process with low yields. Good quantities of the major OA-fatty acid esters found in
shellfish would enable the development of certified analytical standards of these
compounds for which there is a high-value market. LC-MS analytical methods are now
being used extensively around the world for algal toxin monitoring, but the lack of
certified reference materials for the OA esters precludes their direct analysis. In most cases
analysis before and after alkaline hydrolysis of samples is necessary to enable an estimate
of the proportion of esterified toxins within them.
Enzymes which catalyze the hydrolysis of esters in aqueous environments will catalyze the
reverse reaction when they are manipulated so that they function in organic solvents.
Several experiments were carried out to test whether OA ester synthesis could be achieved
using the hepatopancreas enzyme and porcine pancreatic lipase. One of these experiments
is reported here. To accomplish this it was necessary to activate and stabilize the enzymes
by lyophilisation of emulsions comprised of the enzyme preparations and a hydrocarbon
solvent (Maruyama et al., 2000, 2001) or polyethylene glycol (Mine et al., 2001;
Murikami & Hirata, 1999). The predominant OA ester found in shellfish is the OA 7-Opalmityol ester (Holland et al., 2008) so the experiments focussed on attempting to obtain
the synthesis of this compound. A variety of palmitate derivatives (including palmitate
phospholipids) were used as substrates.
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METHODS
Activation of enzymes
Freeze dried preparations (0.05g) of porcine pancreatic lipase (Type-II Sigma L3126) and
esterase-active fractions from the hydrophobic interaction chromatography step (Chapter
3) were dissolved in 5ml aliquots of 10mM Tris-HCl, pH 8.0 containing 1mM CaCl2 and
10mM NaCl. Hexane, iso-octane or benzene (0.5 mL) was added, the samples vigorously
shaken and sonicated for 30 seconds to create an emulsion then immediately shell-frozen
over dry ice in the lyophilisation flasks.
Reaction format
The reaction mixture was comprised of: 0.005-6 g dry weight. of the activated enzyme
preparation, 10 µL okadaic acid (OACS-1 NRC calibration solution @ ~20 µg/ml), 10 µL
of the palmitate substrate and 500 µL of the appropriate solvent. Incubation was for 48 hrs
@ 18°C. At the conclusion of the incubation the samples were spun and the supernatant
removed and dried down at 60°C under N2, re-suspended in 200 µL 80% MeOH , spun
and dispensed into analysis vials. The PEG treated samples were re-suspended in 80 %
MeOH and dried down again under N2 and again re-suspended in MeOH (the second time
the amount of PEG deposit onto the side of the tubes appeared much reduced). The final
concentration of OA in the 200 µL samples analyzed was calculated to be
approximately1.0 µg/mL. The samples were analyzed by LC-MS for OA and palmitoylOA using the LC conditions describe in MacKenzie et al. (2005) and the MRM transitions
and parameters shown in Table 3.1., Chapter 3.
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RESULTS
There was no evidence of the generation of OA-palmitoyl acyl ester in any sample.
However in every sample except for those incubated with benzene there was an almost
complete disappearance of OA.
Table AIII.1 Results of OA esterification experiment using porcine pancreatic lipase
and a crude extract of the hepatopancreas enzyme.
Activation solvent
Incubation solvent
Palmitate
substrate
Palmitic anhydride
Palmitate vinyl ester
1,2 Dipalmitoyl-racglycero-3phophocholine
1,2 Dipalmitoyl-synglycero-3phophocholine

Porcine pancreatic lipase
HP enzyme
Hexane Benzene
Octane
PEG
Hexane
PEG+
20,000
Hexane
Hexane Benzene
Octane
Hexane
Hexane
Hexane
Sample #
(OA recovered ng/ml)
1
(5.9)
7
(4.4)
13
(8.2)

2
(834.6)
8
(686.5)
14
(388.9)

3
(31.9)
9
(29.4)
15
(62.9)

4
(-)
10
(0.4)
16
(49.5)

5
(72.1)
11
(44.7)
17
(112.8)

6
(90.6)
12
(39.7)
18
(48.6)

19
(47.6)

20
(581.6)

21
(55.8)

22
(49.6)

23
(125.9)

24
(76.3)

CONCLUSIONS
This experiment, and several similar preceding experiments, failed to show any evidence
of OA ester synthesis. It is unknown why there was such poor recovery of OA from the
reaction mix in all but the benzene-incubated samples. However, it is suspected that it may
be an absorption artefact since in benzene the enzyme precipitate residue remained
relatively loose, while in the others a compact and cohesive pellet was formed.
There are many possible reasons why no ester synthesis was observed in this rather crude
experiment. These might include; lack of successful activation and stabilization (or
inactivation) of the enzyme, inappropriate activation agents and incompatible solvents and
substrates. There are numerous other approaches that could be tried to achieve successful
enzymatic synthesis; including immobilization of the enzyme on solid substrates (e.g.
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Zaidi et al., 1995, Mustranta et al., 1993), interfacial activation-based molecular
imprinting (Mingarro et al., 1995) or the use of water-in oil emulsions (e.g. Stamatis et al.,
2001). In further work to attempt to demonstrate the production of OA esters it would
probably be best to focus most effort on establishing a workable protocol using a
commercially available enzyme such as the porcine pancreatic lipase which is known to
catalyze OA ester hydrolysis in aqueous solution.
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APPENDIX IV

SDS-PAGE of proteins and glycoproteins in the crystalline
styles of various New Zealand bivalves
INTRODUCTION
When running SDS-PAGE gels on the crystalline styles of P. canaliculus and M.
galloprovincialis, to examine the molecular weight distribution of major proteins and the
degree of glycosylation (Chapter 4), I took the opportunity to also run samples of several
other bivalve species. I hoped that comparison of the protein/glycoprotein patterns in a
wider variety of bivalves with hard and soft styles would reveal consistencies in these
patterns that might shed further light on the biochemical basis of these differences. The
species examined included the endemic surf clams Paphies subtriangulata (Tuatua),
Paphies donacina (Tuatua), Paphies ventricosa (Toheroa) and Spisula aequilatera
(Triangle Shell) the indigenous flat oyster (Ostrea chilensis)and introduced Pacific
oyster(Crassostrea gigas). All the surf clams had permanent hard type styles similar to
those of P. canaliculus with a multi-layered structure heavily populated with small spindle
shaped inclusions (Fig. AIV.1). Both oysters had soft styles with no visible internal
structure that were only present when the animals were actively feeding.

METHODS
The methods used were identical to those described in Chapter 4. Briefly, this involved
extraction of crystalline styles in 50mM Tris-HCl buffer (pH 8.0) and running extracts on
10% SDS-PAGE gels after preparation in non-reducing and reducing (DTT) loading
buffer, without heating and with heating to 100°C for 2 min. Proteins were stained with
colloidal Coomassie and glycosylated proteins were discriminated by staining with
Schiff’s fuchsin-sulfite reagent as previously described.
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Figure AIV.1. Photos of surf clam species and photomicrographs of their crystalline
style structures. Paphies donacina (A & B); Paphies subtriangulata (C &D);
Paphies ventricosa (E & F); Spisula aequilatera (G & H). The scale bars on the
clam specimen photos represents 3cm, the scale bars on the photomicrographs
represent 200 µm. The arrow heads point to the very numerous spindle shaped
inclusions within the multi-layered structure of the styles.
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Figure AIV.2A. Surf clam Dosinia anus (Ringed Dosinia). B. Symbiotic spirochetes
(Cristispira sp.) in the soft crystalline style of D. anus.
RESULTS AND DISCUSSION
SDS-PAGE of the hard styles of the Paphies species (Figs AIV.3-AIV.5) revealed these
had consistent characteristics corresponding to their taxonomic relatedness. Each species
had two high molecular weight heavily glycosylated proteins. The lower of these showed a
substantial apparent decrease in MW under reducing conditions, from >200 to ~130kDa,
perhaps the result of inter-chain disruption of a homodimer. A secondary less abundant
protein appeared on each gel at about 60 kDa, that increased to about 65 kDa under
reducing conditions. These proteins had a negligible degree of glycosylation associated
with them. The other surf clam species (Spisula aequilatera; Fig AIV.6) had a similar
pattern with predominantly high molecular weight heavily glycosylated proteins and
prominent medium MW (40-60 kDa) proteins that were only lightly glycosylated if at all.
SDS-PAGE of oysters with soft styles (Figs AIV.7-AIV.8) showed little obvious
fundamental differences with hard style species, although there may have been a increased
proportion of very high molecular weight heavily glycosylated protein that only under
reducing conditions were capable of penetrating the stacking gel. The major proteins were
high molecular weight heavily glycosylated forms that were found at the top of the resolve
gel. Bands were diffuse in C. gigas gels under both non-reducing and reducing conditions
and samples required heating to produce better defined bands. Both oysters had prominent
medium-MW bands at about 45 kDa, which increased to about 50 kDa on reduction.
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Figure AIV.3 Paphies subtriangulata SDS-PAGE A. Coomassie stained. B. Schiff’s
stained.

Figure AIV.4 Paphies donacina SDS-PAGE A. Coomassie stained. B. Schiff’s stained.

Figure AIV.5 Paphies ventricosa SDS-PAGE A. Coomassie stained. B. Schiff’s
stained.

	
  

229	
  

	
  

Figure AIV. 6 Spisula aequilatera SDS-PAGE A. Coomassie stained. B. Schiff’s
stained.

Figure AIV. 7 Ostrea chilensis SDS-PAGE A. Coomassie stained. B. Schiff’s stained.

Figure AIV.8 Crassostrea gigas SDS-PAGE A. Coomassie stained. B. Schiff’s
stained.
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The only known studies that have examined the crystalline styles of indigenous New
Zealand bivalves are those of Bedford and Reid, (1969) and Judd (1977, 1987). These
studies focussed on comparing the electrophoretic banding patterns of the crystalline style
proteins of bivalves, as taxonomic markers. Judd (1987) in a survey of banding patterns of
bivalve crystalline style proteins (not including M. galloprovincialis) was unable to discern
any obvious relationship between the banding patterns of species with very firm styles
from those with softer, easily dissolved, styles. However, as my observations show (Figs.
AIV.3-AIV.5), there were clear similarities in the protein banding patterns and physical
nature of the style (i.e. hard or soft) in closely related species (e.g. between the three
Paphies species). Similar strong electrophoretic similarities were also observed between P.
canaliculus and P. perna styles (results not shown).
Judd (1987) also showed that the crystalline styles of all 12 bivalve species he examined
(that included 9 species not included in those I analysed) had several prominent high
molecular weight glycoproteins and major non-glycosylated proteins with molecular
weights in the range 37-62 kDa. Therefore there is good evidence that the prominent
medium MW non-glycosylated proteins, are a common property of the crystalline styles of
all bivalves. As I have shown (Chapter 4), these non-glycosylated proteins probably play
an important role in the gelling properties of the styles and differences in the nature of
these proteins may hold the key to explaining the fundamental structural differences
between permanent hard-type styles and transient soft-type styles. A plausible hypothesis
is that these proteins all belong to the same family of astacin-related proteins as the
proteins identified as “myosinases” in the crystalline styles of P. canaliculus and M.
galloprovincialis. The astacins are an important group of membrane bound and secreted
metalloproteins that are widely distributed in nature (Bond and Beyon 1995) but their
function in many tissues has yet to be elucidated. My research demonstrates that this
family of proteins plays an essential role in the digestive apparatus of filter feeding
bivalves. It is possible that these proteins have roles (e.g. proteinase functions) beyond
simply providing structural integrity to the styles, which have yet to be discovered.
The observations made here of large numbers of small spindle shaped inclusions in the
hard type multi-layered crystalline styles examined also shows this is a common property
of these types of styles. Microscopic examination was not informative as to the nature of
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these inclusions, aside from revealing that they had a granular internal appearance. The
inclusions were not visible in freeze fracture scanning electron micrographs of hard type
styles although the multi-layered structure of these styles was apparent. In hard styles
digestive enzymes must be immobilized for an extended period before they become
released and activated when the style is abraded against the gastric shield in the bivalve
stomach. It is speculated that the inclusions contain these immobilised enzymes. It was
hoped that the work on the identification and purification of the P. canaliculus style
endoglucanase (Chapter 2) would enable the fabrication of an anti-endoglucanase antibody
that could be labelled and used as probe to test this hypothesis, but unfortunately this was
not achieved.
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APPENDIX V Molecular weight calibration of gel permeation columns
Calibration of Superdex-75 gel permeation column
50mM citrate buffer @ pH 5.5, flow rate 0.3 ml/min, 250 µL injections
KDa
Elution vol
Ve/Vo
(ml)
Blue dextran
2000
8.7
1.00
Cytochrome-C
12.4
13.2
1.52
Carbonic anhydrase
29
12.1
1.39
Bovine serum albumin
66
10.1
1.16
Alcohol dehydrogenase
150
9.4
1.07
Amylase
200
8.8
1.01
y = 37964e-5.25x

MW (KDa)

1000

100

10
1

1.1 1.2 1.3 1.4 1.5 1.6
Ve/Vo (ml)

Calibration of Superose-6 gel permeation column
20 mM Tris-HCl buffer pH 8.0, flow rate 0.3 ml/min, 250 µL injections
KDa
Elution vol
Ve/Vo
(ml)
Blue dextran
2000
7.11
1.00
Cytochrome-C
12.4
18.19
2.56
Bovine serum albumin
66
15.33
2.16
Lactose dehydrogenase
140
15.26
2.15
Thyoglobulin
670
11.49
1.62
Including LDH
y = 68997e -4.20x

y = 63407e-4.24x
1000

MW (kDa)

MW (kDa)

1000

Excluding LDH

100

10

100

10

1.6 1.8 2.0 2.2 2.4 2.6
Ve/V0

1.6

1.8

2.0

2.2

Ve/Vo

2.4

2.6
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Calibration of Superdex 200 gel permeation column
20 mM Tris-HCl buffer pH 8.0, flow rate 0.3 ml/min, 250 µL injections
KDa
Blue dextran
Cytochrome-C
Bovine serum albumin
Lactose dehydrogenase
Thyoglobulin

Elution vol
(ml)
8.42
18.32
14.38
13.87
9.72

2000
12.4
66
140
670

Including LDH
y

1.00
2.18
1.71
1.65
1.15

Excluding LDH
y = 59217e-3.92x

= 67789e-3.94x
1000

MW (KDa)

MW (KDa)

1000

Ve/Vo

100

10

100

10
1.0

1.5
Ve/V0

2.0

2.5

1.00

1.50
Ve/Vo

2.00

2.50
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