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ABSTRACT

A PHYSIOCHEMICAL AND SPECTRAL CHARACTERIZATION
OF THE EXTRAPALLIAL FLUID OF
MYTILUS EDULIS

by
MILTON JOHN MISOGIANES

University of New Hampshire, August, 1979

This study was undertaken to investigate the calcifi-
cation process in molluscs by characterizing the medium from
which shell components are formed. The medium, termed the
extrapallial fluid, was analyzed for inorganic and organic
constituents. Disc gel electrophoresis revealed the presence
of at least five protein components. The insoluble fraction
was sulfated carbohydrate material while the ultrafiltratable
portion contained free amino acids. Fifteen trace metals
were present in the fluid. Sodium, calcium, magnesium, iron
and copper remained after centrifugation and dialysis.

Atomic absorption spectroscopy along with ion specific
electrode experiments showed that the concentration of cal-
cium in the fluid was 9.8 * 0.4 mM, 85% of which was complexed.
74.3% of the calcium in the fluid was bound to small molecules,
9.2% was associated with insoluble carbohydrate, 15.3% was

free, and 0.88% was associated with soluble macromolecular

xi




components. The calcium bound by these soluble macromolecu-
lar components was tenaciously bound.

EPR measurements indicated that the majority of man-
ganese present in the native fluid was also bound to small

2+ +

molecules. Titrations of the native fluid with Mn and H

established that the chelating capacity of the fluid was
nominally 10_4M. Mn2+ formed 1:1 complexes in the fluid
having an average pK' value of 5.2. Iron and copper EPR
signals observed indicated that these metals were associated
with the soluble macromolecular components of the fluid.

The protein components in the fluid were separated
into two distinct fractions (1 and 2) by gel filtration
chromatography. The apparent molecular weights of 1 and 2
were 80,000 and 30,000 daltons respectively. When each frac-
tion was subjected to anion exchange chromatography, nine
protein components were present. Two primary components, a
glycoprotein (lA) and an enzyme (1B) were studied in detail.

The glycoprotein (lA) was demonstrated to be homo-
geneous with respect to charged isomers by disc gel electro-
phoresis at three different gel concentrations. Amino acid
analyses indicated that glutamic and aspartic acid residues
accounted for one third of the total amino acids in the pro-
tein. The carbohydrate content was 30%. Optical emission
spectroscopy showed the presence of sodium, magnesium, and
calcium. Atomic absorption spectroscopy on several samples
determined the molar ratio of calcium to 1A as 3.1 * 0.3 and

magnesium to be 1.8 * 0.2,

xii




Metal binding studies with Mn2+, Mgz+, and Ca2+ were

performed using EPR, ultrafiltration and flow dialysis tech-
niques. The glycoprotein contained five divalent cation

bindings sites: two high affinity Mgz+ binding sites that

also bound Mn2+ and Ca2+.and three high affinity Ca2+ binding

sites that bound Ca2+ but not Mgz+ or Mn2+.

The glycoprotein
might serve as an initiator of calcification.

A phenoloxidase (1B) detected in the fluid was found
to catalyze the dehydrogenation of catechols to form qui-
nones. These quinones are responsible for crosslinking
presclerotin protein subunits of periostraca. The electro-
phorétic properties, activity, pH optimum, amino acid con-

tent and metal association of the enzyme were reported.

xiii




Chapter 1

Introduction

The deposition of calcium salts in skeletal struc-

tures is a widespread physiological activity in the animal

kingdom. Common examples of calcified tissue include bones

of mammals, egg shells of birds, and exoskeletons of mol-
luscs.l All skeletal materials consist of two components:
an organic phase and an inorganic phase.2 In vertebrates,
the organic and inorganic phases are the fibrous protein
collagen and apatite (Ca3P208), respectively. The organic
phase of invertebrates varies widely while the inorganic
phase is calcium carbonate (CaCO3) in the form of calcite,
aragonite, or vaterite.
;} All skeletal materials are products of extracellular
ﬁ biological processes and are characterized by a high degree
of organization of the mineral and organic phases. The
process of calcification is complex, involving genetic
?; material, enzymes, structural proteins, and carbohydrates
as well as small organic molecules and inorganic ions. The
interplay of these materials appears to dictate a highly
ordered event.

The identification of mineral and organic species in
extracellular environments where calcification occurs is

important to understanding the mechanism of nucleation and

1
4
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crystal growth. In vertebrates, skeletal material is usu-
ally deposited from the extracellular fluid3 (Figure 1.1).
The fluid is quite diffuse, therefore, direct analysis is
difficult. 1In contrast, some molluscs contain microenviron-
ments termed the extrapailial fluid. Localized in this
fluid are species important in calcification. Because
extrapallial fluid is readily accessible for direct analysis,
it could serve as a useful model for biomineralization pro-
cesses in higher animals where such analyses are difficult
to perform.

This work reports the partial characterization of the

extrapallial fluid of Mytilus edulis, with the goal of es-

tablishing the mechanism of shell deposition.

General Description of the Shell Forming
System of Molluscs :

In describing the general process of mineral deposi-
tion, it is useful to consider separately the four compo-
nents of the biomineralization system, namely the external
medium, mantle, extrapallial fluid, and shell (Figure 1.2).
All are interconnected, permitting ions to pass from one

compartment to another.

The External Medium
This compartment is either seawater or fresh water.
A portion of the carbonate, calcium, and other inorganic

species utilized in crystal formation originates here.
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ENVIRONMENTS OF CALCIFICATION
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EXTRACELLULAR FLUID * EXTRAPALLIAL FLUID
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Figure 1.1. Comparison of environments of calcification for vertebrates and

invertebrates.
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The Mantle

The mantle is a tissue separating the viscera and
external medium from the extrapallial fluid. This tissue
is responsible for synthesizing the organic components of
the shell. The mantle secretes components such as proteins,
polysaccharides, amino acids, organic acids, simple sugars,
and peptides. Present here also are solubilized calcium
and metabolic carbon dioxide, providing another source for

skeletal material.

The Extrapallial Fluid
The extrapallial fluid is the medium from which the
inorganic and organic phases of the shell are formed. The
fluid transports mantle products to the growing shell. The
composition of the fluid determines the skeletal organic

components, rate, and type of mineral formation.4

The Shell

The shell is primarily composed of CaCO3 with smaller

amounts of MgCO3, CaSO4, Si02, Ca3(PO4)2, protein and muco-
polysaccharides.s"7 Trace quantities of many other elements
8-9

have also been found. The shell consists of two or more
layers. The inner layer is mostly CaCO3 which is found in

one or more of three crystalline forms--calcite, aragonite,
or vaterite. The crystals are separated by an organic ma-

trix made of protein--mucopolysaccharide material which

serves as a cement, Covering this layer in many species

is the periostracum, an acid resistant, guinone-tanned
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protein. Tanning occurs by enzyme catalyzed oxidations

of phenolic compounds.11
During calcification of a multiple layered shell,
the following events take place within the four compartments:
1. The mantle secretes the periostracum which becomes
a substratum upon which outer crystalline shell layer is
deposited
2. Calcium ions and carbonate in the form of bicar-
bonate and metabolic carbon dioxide pass through the mantle

to the extrapallial fluid where crystals of CaCO3 are formed
3. Concurrently, the mantle synthesizes and then
deposits the organic matrix into the fluid onto the inner
shell surface
4. Crystal nucleation then occurs on the matrix on

the surface of deposited crystals. Oriented crystal growth

then proceeds in a precise fashion

" Theories of Calcification in Molluscs

The preceding discussion represents only a general
chemical description of extracellular calcification in mol-
luscs. The overall process is complicated and hence, several

theories have been postulated.

Calcium and Bicarbonate Pumps
Based upon the supposition that calcium and carbonate
ions are pumped from within mantle cells into the extrapal-
lial fluid, one theory proposes that the fluid becomes super-

saturated with CaCoO and deposition occurs. Circumstantial

3’



evidence supports this scheme. Experiments using the muscles

of molluscs have shown that intracellular Ca2+ is quite low

6

(10"°M) and is maintained in that state by outwardly di-

rected pumps.12 Power for these pumps is supplied by CaATP-

ase13 or by energy obtained from Na* pumps.14 Current

thought suggests that all cells possess Ca2+ pumps, and it
is conceivable that they could concentrate calcium at extra-

cellular sites. Bicarbonate pumps, consisting of Na+/H+

3

ous invertebrates.

and Cl /HCO exchange systems15 have been detected in vari-
To support this theory, analysis of the extrapallial
fluid of some molluscs has been performed.16 Interpretation
of the results was difficult because data on calcium binding
to organic species was not available. Moreover, there was
difficulty in estimating carbonate ion (CO32_) concentra-

tions.

Proton Removal
The proton removal theory is premised on the notion
that calcification is merely pH controlled. The scheme

posited is shown below:
. - —_
1 CO2 + OH HCO3

2. ca®t +mCO,T  ————) caco, + H'

3. HT + ou” ———3  HO



where the energy for the reactions comes from removal of
protons. Reaction 1 may be catalyzed by the enzyme car-

bonic anhydrase,17 which is found in many molluscan tis-
18-19

sues. Reaction 2 depicts the formation of mineralized

5 g CaCO3 and the release of protons while reaction 3 repre-
sents the removal of protons by hydroxyl ion. Conseguently,
a slight drop in pH at sites of calcification should be
observed. This is in accord with data shown in Table 1.1,
where the extrapallial fluid of molluscs is more acidic
than the blood.20 A major drawback to this propdsed scheme
concerns the origin of hydroxyl ions necessary for proton
removal. The hydroxyl ion concentration at these pH's is
only 10_6 - 10—?M and thus is insufficient to adequately
neutralize the protons produced.

Campbell and Speeg21 observed high concentrations of
% ammonia at sites of shell formation in molluscs. The pos-
sible effect of NH3 in the deposition of CaCO3 is shown by

equation 4:

4. NH, + HCO;” + ca®* ———3 caco, + ng,*
<____
where the proton from bicarbonate is removed by NH3. Their
hypothesis is reasonable in view of the fact that neutraliza-
tion of protons by NH3 occurs commonly in biological systems.
g For example, protons are neutralized by NH 5 in kidneys
& during acidosis22 and this reaction serves to regulate the

23 24

acidity of perspiration. Simkiss has pointed out a

:
L '
. i




Table 1.1

Comparisons of Extrapallial Fluid

and Blood pH Valuesls’lg'20

Species Extrapallial Fluid
Crassostrea virginica 7.41
Aequipecten irradians 7.43
Mytilus edulis 7.39
Mercenaria mercenaria 7.35
Chlamys nipponensis ~7.2

" Modiolus demissus 7.39
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major problem associated with the proposal of Campbell and

Speeg. Because NH, is neutral and mobile, the molecule

3
can cross cell membranes. The charged NH4+ ion, however,
cannot penetrate cell membranes easily, and would tend to

accumulate in the extrapallial fluid. If ammonia does play

a part in calcification, how is the NH4+ ion removed?

Counterion Movement
This proposal is based on the suggestion that calcium
moves through an electrochemical gradient established by
the movement of some other ion.24 In molluscs, the shell
side of the mantle is thought to be positively charged rela-
tive to the blood; a potential of this kind would tend to
move calcium away from the extrapallial fluid. Such a po-

tential could be produced by the movement of an anion such

as chloride into the animal.

The Semiconductor Theory

This hypothesis, proposed by Digby,25 suggests that
ions are continually diffusing out of the animal across the
mantle, extrapallial fluid, and shell. Various ions diffuse
at different rates, resulting in a potential gradient where
the outer surface is relatively positive. The shell behaves
as a semiconductor by creating a flow of electrons from the
inner surface rich in hydroxyl ions towards the outer sur-
face abundant in protons. The semiconductor properties of
the exoskeletons are due mainly to the periostraca of the

animals. Using Mytilus edulis as an example, Digby has
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proposed that the periostracum is polarized, being acidic
outside and alkaline inside. Formation of carbonate ions
would be favored in the inner surface, facilitating deposi-

tion of CaCO, crystals as is suggested by a pH of 9.4 in the

3
extrapallial fluid near the shell edge of M. edulis.20 In
addition, model experiments in which seawater was forced
through the periostracum produced the potential gradient and
pH changes as predicted by the hypothesis.

In order to resolve the question of the mechanism of
mineral deposition, a complete characterization of the extra-
pallial fluid in molluscs is essential. While the importance
of the extrapallial fluid has been emphasized by many,z—7
most investigations of biomineralization processes in molluscs
have concentrated on the mantle and shell, omitting considera-
tion of this fluid. The next section presents a description
of the fluid known before this work began. |

Description and Composition of the
Extrapallial Fluid of Molluscs

The organic and inorganic constituents of skeletal
material precipitate and polymerize from the extrapallial
fluid. The fluid composition determines the chemical nature
and microscopic pattern of the organic matrix and perio-
stracum, the rate and character of crystal growth, and the

prolymorphic type of CaCoO crystals.20

3
In some molluscs such as Chlamys nipponensis, the fluid

is directly exposed to the external medium, whereas in other

species such as Mytilus edulis, it is not. Regardless, the

{3
L '
y = . i
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fluid differs in composition from the external medium.ls’26

Knowledge of the composition of the fluid is limited
due to various difficulties in sampling. The volume obtain-
able from a specimen may vary from microliter amounts

(Crassostrea virginica) to several milliliters (Anodonta

lavta, Modiolus demissus). All analyses of the fluid are

confronted with the problem of changing composition due to
(1) varying rates of secretion by the mantle and (2) de-
creasing amounts of constituents during the biomineraliza-
tion process?‘0 The fluid is a complex mixture of proteins,
mucopolysaccharides, glycoproteins, amino acids, peptides,
organic acids and inorganic ions. Figure 1.3 presents a
general outline of the known make-up prior to this disserta-
tion.

In 1930,°27

deWaele provided the first analysis on the
fluid. In his study the following ions were foﬁnd to be
present: sodium, potassium, calcium, magnesium, manganese,
chloride, sulfate, and phosphate. The molluscan fluid was
thought to be equivalent to the blood of the animal, with
similar proportions of constituents present. However, later
studies indicated that the two fluids were distinct.ls"28
The presence of mucopolysaccharides in the fluid has
been shown directly for several species by electrophoresis29
and indirectly by histochemical tests in the organic matrix

of the shell.30'31

Proteins of various species have also
been examined qualitatively by electrophoretic techniques.
Of several species examined, those with strictly a calcitic

shell had a single fraction, while species with an aragonitic

29,32
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shell or a shell of both aragonite and calcite has three or

more protein components. The number of protein fractions
& also corresponded to that in the blood of the animals. This
f f difference in number of proteins in calcitic and aragonitic
‘ species implicated a relationship between protein and crystal
form.

In addition to polymeric organic constituents, Cren-

33

shaw has detected succinic and lactic acid in the fluid

of the mollusc, Mercenaria mercenaria. Results of this study

indicated that these acids, produced by metabolism of the
animal, may be instrumental in the requlation of skeletal
material formation. A proposed reaction scheme is shown in
Figure 1.4.

In another finding, Crenshawl6-found differences
between the fluid and external medium in that all major cat-
ions and total carbon dioxide were higher in the extra-
pallial fluid. The concentrations of the principal cations
and some anions in the fluid and seawater are given in
Table 1.2. The Donnan ratios of the cations between extra-
pallial fluid and environmental water were similar within a
species and fell between 1.03 and 1.05 except for ionic cal-
cium, which was 1.15. The bound calcium appeared to occur
as a calcium-protein complex in both the extrapallial fluid

ﬁ and shell of the animals.>-®’34
The extrapallial fluid and organic matrix of the shell
are both derived from the mantle and are in intimate contact

20

with each other. However, their amino acid composition is

i ; ; \
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Table 1.2
Inorganic Composition of Extrapallial Fluids1

(Adapted from Ref. 19)

Na (mN) K (mN) Ca (mN) Mg (mN) C1 (mN) $0, (mN) co

Mercenaria mercenaria 444+9 9.6+0.8 23.6%+2.0 120410 472+8 46.1+5.1 5.2+1.9

Crassostrea virginica 44119 9.4x0.5 21.5+1.7 114x6 48019 48.3%+2.3 5.0£0.8

Mytilus edulis 442=x10 9.5%0.5 21.321.2 11616 477+8 47.3%2.3 4.2+0.5

Seawater 42719 9.0%0.1 18.5%0.4 106+5 4956+6 51.1+2.6 2.5%0.1

lNumbers exhibit means and standard deviations. mN = millinormal; mM = millimolar.
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different, as shown in analyses of several species of mol-
luscs.35-37 This implies that the mechanism by which protein
material is deposited on the inner shell surface is a selec-
tive process.

The extrapallial. fluid is a mixed solution of elec-
trolytes and contains proteins and mucopolysaccharides. 1In
such a solution, the interaction between calcium ions with
proteins, mucopolysaccharides, and small nolecules (meta-
bolic and amino acids) appears instrumental in controlling
CaCO3 deposition. Since the chemical compositioh of organic
species has not been determined, it is my belief that charac-

terizing the organic fluid components completely would provide

new insights into the process.




Chapter 2

Overview of Investigations

Molluscan biominéralization is primarily the deposi-
tion of structural CaCo,, which is intimately related to
metabolism of the animals. Theories for calcification in
molluscs were reviewed in Chapter 1. A reexamination of mol~
luscan extrapallial fluid with biophysical techniques can
contribute significantly towards the development of a compre-
hensive theory of calcification.

It is appropriate to pose questions that would be
answered by such a study.

1. What relationships exist between the composition
of the fluid and shell structure?

2. How is calcium distributed in the fluid?

3. What controls the mechanism of CaCo, calcification?

4, Does the calcification mechanism have a role in
incorporating other metals into the shell?

5. What is the relative importance of organic com-
ponents in this process?

Studies were directed in four basic areas, each of
which are developed as separate chapters in this dissertation.

The final chapter provides a base for future investigations.

18
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A Chemical and Spectral Characterization
of the Extrapallial Fluid of M. edulis

Studies were done with Mytilus edulis, the edible

blue mussel, since it is commonly found along the New Hamp-
shire coast and is readily accessible. The structure
(Figure 2.1) of the shell has been studied in detail.39'40

It is composed of three layers. The outer layer (perio-
stracum) has been recently examined.41 The blue crystalline
layer just beneath the periostracum is the prismatic region
and contains anvil-like prisms of calcite. The inner layer
(nacre) consists of aragonite crystals packed in horizontal
rows. Individual crystals in the latter two layers are sur-
rounded by the organic matrix. An important part of the study
focused on the relationship of the fluid to the composition
and structure of the shell.

A survey of the organic constituents by electrophoretic
and colorimetric techniques show the organic portion of the
fluid to consist of several proteins, polysaccharides, and
amino acids. Optical emission spectroscopy reveals the pres-
ence of many metals, of which some, including calcium, are
selectively associated with macromolecular components of the
fluid.

The distribution of calcium in the fluid is determined
using ion specific electrodes, atomic absorption spectroscopy
and dialysis procedures. The dependence of calcium binding
on the conformation of protein constituents is demonstrated
by employing ion specific electrodes.

Electron paramagnetic resonance (EPR) studies indicate
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the various oxidation states and chemical environments of
trace paramagnetic transition metal ions. EPR studies
utilizing divalent manganese establish the chelating capa-
city and apparent pK's of the chelating ligands. The de-
tailed results of these studies are presented in Chapter 3.
Separation of Protein Components
of the Fluid

Preliminary experiments with disc gel electrophoresis
revealed the presence of several protein constituents in
the fluid. Further separation would permit the determina-
tion by other techniques of structure, identity, and finally
function of particular proteins.

Column chromatography has proved to be invaluable in
the separation and purification of complex biological mix-
tures. Literally thousands of articles have been published
which describe the use of column chromatography‘in the separa-
tion of proteins. When working with complex mixtures, e.g.,
physiological fluids, substances cannot be fractionated in
a single operation, and often several steps are needed to
isolate particular species.

The separation scheme shown in Figure 2.2 is applicable
to our mixture. Centrifugation and dialysis techniques are
performed on the native fluid to reduce the amounts of
material to quantities more suitable for chromatography, and
to also remove gross contaminants. Gel filtration chroma-
tography, which separates molecules on the basis of size,

allows estimation of molecular weight and reduces the number
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of components to be subsequently separated by ion exchange
chromatography.

The fractions were concentrated by ultrafiltration.
Various fractions were then tested for homogeneity, struc-
turally characterized and evaluated with respect to function-
ality in later studies.

The protein components in the fluid were separated
into two distinct fractions by gel filtration chromatography.
The apparent molecular weights of each fraction were then
estimated.

By anion exchange chromatography, several proteins
were found in the fluid. Two primary components, a glyco-
protein (1A) and an enzyme (1lB) were studied in some detail.
The results of the chromatographic separation of protein
components are presented in Chapter 4.

Partial Characterization, Metal Binding
Properties and Proposed Function
of a Glycoprotein (1lA)
Proteins are thought to play an important part in mol-

luscan calcification processes. Initiation of crystal forma-

tion, calcium transport and storage, and regulation have all

been mentioned as possible roles. Nearly all previous studies

have concentrated on the isolation of proteins in the shell.

42

Crenshaw isolated a glycoprotein from Mercenaria mercenaria

that specifically binds calcium by ester sulfate groups.
Krampitz et al.43 also isolated a calcium binding protein

from the shell protein of the snail Nassa reticulata. This

protein has a high content of aspartic and glutamic acid

4
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residues and is believed to play a role in initiating min-
eralization. The molecular weight and amino acid composi-
tion of Krampitz's protein differs from the protein described

by Crenshaw.43

Weiner and Hood44 have studied a variety of shell
proteins and found a significant portion of them to be com-
posed of aspartic acid (15-45 mole percent) using mild hy-
drolysis techniques, which cleave proteins on both sides of
this residue. Significant quantities of glycine and serine
are released. These results indicate protein chain sequences
to be of the type (Asp-Y)n, in which Asp is aspartic acid
and Y is predominantly serine or glycine. Weiner and Hood
hypothesized that the negative charge on carboxyl groups of
aspartic acid could bind calcium and, in effect, serve as a
template for CaCO3 formation and growth.

Although proteins in the fluid have been detected,lﬁ’

29,32 experimenters have not attempted to isolate, charac-
terize, and relate them to molluscan calcification. Peak
1A, identified as a glycoprotein, was isolated through
methods described in Chapter 4. The protein is demonstrated
to be homogeneous with respect to charged isomers by disc
gel electrophoresis at three different gel concentrations.

45 show that the specie contains two iden-

Subsequent studies
tical subunits and is acidic (pI < 5.0). The amino acid
analysis and carbohydrate content are determined. Optical

emission spectroscopy shows the presence of calcium, sodium,

and magnesium bound to this fraction. The stoichiometry of
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calcium and magnesium are determined by atomic absorption
spectroscopy. Metal binding studies with Mn2+, Ca2+, and
Mg2+ are performed using a variety of techniques (EPR,
Ultrafiltration, Flow Dialysis). A function for this glyco-
protein is proposed on the basis of these measurements.
Results of the experiments are detailed in Chapter 5.
Detection, Partial Characterization,
and Preliminary Examination
of Phenoloxidase (1B)

Two enzymes are almost invariably associated with
calcification of molluscs. The first is carbonic anhydrase,
which catalyzes the hydration of carbon dioxide and is known
to exist in "high activity" and "low activity" forms.46
Secondly, there are general phosphatases which also exist

47

in various isoenzyme forms. The suggested function of

this enzyme has varied from synthesizing matrix'material48'49

to removing crystal poisons.50

In addition, phenoloxidases appear to be associated
with the calcification process. This enzyme catalyzes the
dehydrogenation of catecholic compounds to form gquinones,
which crosslink proteins in an undetermined manner. Pre-
sumably, the enzyme aids in the formation of periostraca
which is composed of quinone-~tanned protein.

The periostracum might be the most important part of
molluscan exoskeletons. Since this layer is formed before
all other portions of the exoskeleton, it must polymerize
rapidly to resist solubilization?l The reactivity of gquinones

as crosslinking agents is considered fundamental to the
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inertness and durability of this layer.

The enzyme has recently been extracted from the mantle

and periostracum of the mollusc,’Mod‘i’o‘l’us'demi‘s's'us.51 Iin

Chapter 6, the isolation and detection of a phenoloxidase
from the extrapallial fluid of Mytilus is discussed. The

electrophoretic properties, specific activity, amino acid

content, and metal association are reported.

Future Studies
This chapter will present suggestions for future work
in this area. 1In outline form, several biomineralization

studies are given below:

Current and Future Studies
I. Protein Components

A. Isolation and characterization
B. Enzymatic activity
C. Metal binding studies - Lanthanide probes
D. Function

II. Carbohydrate Components
A. Structure and function

ITI. Dialyzable Material
A. Presence of peptides, sugars, organic acids
B. Inorganic composition

C. Metal binding studies - Chelating capacity

Each of the general headings could be developed as separate
projects. A description of specific experiments will be

given in Chapter 7.

i, | : ;- '




Chapter 3
A Spectral and Chemical Characterization

of the Fluid

As part of the overall scheme in studying the calci-
fication process, the work in this chapter represents an
examination into the macro-properties of the fluid. In this
chapter, the chemical and spectral characteristics of the

fluid are reported.

Experimental Procedures
Sampling. The extrapallial fluid used in this work

was obtained from samples of Mytilus edulis periodically

from June, 1975 to October, 1978, All animals were collected
at low tide near Seabrook, New Hampshire. After opening the
valves with a scalpel, a syringe was inserted between the
mantle and nacre of each animal, being careful that the tip
of the needle was in contact with the inner surface of the
shell., The fluid was then withdrawn by gentle suction,
yielding approximately 300 pl of fluid per animal. The pH

of the pooled fluid was taken immediately and normally ranged
from 7.2 to 7.4, in agreement with values reported previous-

16 The fluid was stored in a polypropylene container at

ly.
4°C with several drops of toluene added to prevent bacterial
growth. Fluid samples were normally used within two weeks.

" Isolation and characterization of insoluble and

27
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and soluble fractions. The extrapallial fluid was centri-

fuged for 30 minutes at 8,000 x g to remove various particu-
late matter. A portion of the supernatant was passed
through an Amicon ultrafiltration apparatus fitted with
PM-10 (MW cutoff 10,000) membrane under nitrogen pressure.
The ultrafiltrate was analyzed for amino acid content.

The remainder of the supernatant was dialyzed against a
300-fold volume excess of 50 mM Tris-HCl1l buffer at pH 7.5
for 48 hours at room temperature, using Spectrapor membrane
tubing (MW cutoff 6,000 - 8,000). The precipitate which

had formed during the dialysis was then centrifuged at
10,000 x g for 30 minutes and labeled the insoluble fraction.
The resultant supernatant was labeled the centrifuged-
dialyzed fluid. |

Carbohydrate, elemental and amino acid analyses.

The carbohydrate content of the native fluid, insoluble
fraction, and the centrifuged-dialyzed fluid was determined

52 The method was calibrated

using the anthrone reaction.
using standard glucose samples. Spectral measurements were
carried out with a Bausch and Lomb Spectronic 710 spectro-
photometer using 5 cm quartz cells and a wavelength of 620 nm.
The carbon, hydrogen, and nitrogen analyses were performed

on an F and M Model 185 CHN analyzer. Samples for the amino
acid analyses were hydrolyzed with constant boiling 6M HC1l
under reduced pressure in sealed tubes at 105° for 24 hours.
The amino acid contents of the hydrolysates were determined

on a Beckman 120C analyzer by the method of Guire et al.53
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" Electrophoresis. The disc gel electrophoretic sys-

tem, described by Hedrick and Smith,54 employing a Tris-HC1l
buffering system, was utilized to estimate the distribution
pattern and number of protein bands of native fluid, centri-
fuged-dialyzed fluid and ultrafiltrate. Electrophoresis
proceded toward the positive electrode with Bromphenol blue
as the leading tracker. Gels were stained with 0.5% Napthol
blue to visualize protein components. Gel concentrations
were 7%, sample sizes were normally 150 g, and the pH was
9.5. A Beckman Acta CIII double beam spectrophotometer
with gel scanner adapter was used to scan the Napthol blue
stained gels at 600 nm.

2+ 2+ 3+
14

Metal analyses. EPR spectra of VO Mn® , Fe™ ,

and Cu2+ were measured on a Varian E-4 spectrometer operating
at X-band frequency (9.2 GHz), and 100 KHz magnetic field
modulation. A Varian Techtron Model AA~-3 spectrometer modi-
fied with AA-5 electronics was used for atomic absorption
analyses of calcium. The wavelength and slit width employed
was 422.67 nm (100 u). A Type AB-51 burner was used with

an air-acetylene flame. All samples except the centrifuged-
dialyzed fluid were diluted 100-fold in 1.2N HCl and made
1.25% in lanthanum to suppress matrix effects prior to
analysis. Standards were prepared similarly. A Baird Asso-
ciates Eagle Mount grating spectrograph was used for optical
emission work. To remove organic matter, all samples were
ashed prior to analysis in a graphite electrode crater at

550°C.




Calcium electrode. Calcium measurements were made

on various fluids during the calcium titrations with an

Orion model 710 recording electrometer fitted with an Orion

model 92-20 calcium ion electrode and a Corning saturated
calomel reference electrode. Solutions were made to 0.1M
KCl for the titrations of the centrifuged-dialyzed fluid
with urea. The supporting electrolyte for the standards
used for all other Ca2+ ion determinations by selective
electrode was .05M NaCl, .001M KCl, and .005M MgClz. Samples
were adjusted to the appropriate pH with .01M HCl or NaOH.
The calcium electrode was standardized just prior to and
immediately after each titration and sample measurement.

Materials. Stock solutions of vanadyl sulfate VOSO0, *
5H,0 (Fischer Scientific) 2 x lO-ZM, were standardized

lM_l at 750 nm.55

spectrophotometrically using ¢ = 18.0 cm
( Thiourea, glucose and anthrone were purchased from Sigma
Chemical Company and used without further purification. All

other chemicals were the best commercially available.

Results

Characterization of components—--native fluid profile.

The profile of protein components in dialyzed extrapallial
fluid was estimated using polyacrylamide disc gel electro-
phoresis. The results are shown in Figure 3.1. At least
five protein components are present in the dialyzed fluid.

The amino acid compositions of the native fluid, periostracum,
and total shell matrix, less periostracum are listed in

Table 3.1. A 1 mg sample of lyophilized dialyzed fluid was
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. Figure 3.1l. Profile of protein components in the fluid by disc gel electrophoresis.




Lysine
Histidine
Arginine
Aspartic acid
Serine
Threonine
Glutamic acid
Proline
Glycine

Alanine

Table 3.1
Amino Acid Analysis of Native Extrapallial Fluid, Centrifuged-
Dialyzed Fluid, Ultrafiltrate, Periostracum, and
Decalcified Shell Matrix, Less Periostracum of'g.'eduiis

(Amino Acid Residues per 1000 total)*

Centrifuged-
Native dialyzed . . - : .

fluid ' fluid - Ultrafiltrate Periostracum’
42 53 42 15

8 10 7 12
26 30 16 46
72 127 17 52
64 101 11 15
41 62 : 9 19
91 123 31 " 60

3 9 -— 24
316 104 592 510
121 72 178 38

Shell matrix!tt

- less perio,

19
5
25
118
98
17
41
15
291

216

43



Cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine

Phenylalanine

Table 3.1 - Continued

Centrifuged-
Native dialyzed

fluid © fluid " Ultrafiltrate
2 5 -

48 74 15

12 18 3

44 67 5

51 66 39

27 33 14

30 46 21

Shell matrix~H~

' P‘er’io‘s‘tra‘cum+ less perio.

43 11

le 29

27 ) 6

2 18

3 48

97 20
21 17

*
To convert from Residues total to molar concentration, use the equation:

Residue/1000 x [Amino acid]

total = [Amino acid], where

[Amino ac1d]tota

[Amino acid]total(Centrifuged-dialyzed) = 11.0 x 10 °M

[Amino ac1d]tota

+Reference 56

tt

Reference 57

1 (Ultrafiltrate) = 9.02 x 107 °M

1 (Native fluid) = 20.1 x 10 °M

5
5
5

£e
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found to be 40% carbohydrate by weight expressed as hexose
by the anthrone reaction.

Ultrafiltrate. The amino acid analysis is presented

in Table 3.1l. Ensuing qualitative tests to detect the
presence of small protein or peptide moieties which could
pass through the PM-10 ultrafiltration membrane were nega-
tive. No bands could be observed with disc gel electrophor-
esis experiments. Moreover, attempts to precipitate out
protein species with trichloroacetic acid were unsuccessful,

and the characteristic purple color normally observed for

proteins or peptides, was not produced by the biuret reaction.

These results suggest that a significant fraction of the
amino acids in the ultrafiltrate exist in their free form.

Centrifuged-dialyzed fluid. Disc gel electrophoresis

of the centrifuged-dialyzed fluid exhibited identical gels
to that of the dialyzed fluid. The carbohydraﬁe content was
found to be 15% by weight. The amino acid analysis is pre-
sented in Table 3.1.

Insoluble fraction. A 1 mg sample of the insoluble

fraction was determined by the anthrone reaction to be 95%
carbohydrate. The elemental analysis C-29.30%, H-4.01%, N-
6.26% is likewise consistent with carbohydrate material.
These compare favorably with values reported for sulfated
glucosamine polymers, common in various invertebrates:59
C-30%, H-3.9% and N-6.0%. The presence of sulfate was con-

firmed by the appearance of a BaSO4 precipitate when BaCl2

was added to a hot solution of the fraction that had been

2’ 7
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digested in 6N HNO No further work was done on this

3.
fraction.

Metal content and association. Qualitative optical

emission spectroscopy of the native fluid evaporate indi-
cates the presence of large amounts of Na, Mg, Ca, and K
and trace quantities of Cu, Fe, Mn, Al, Cr, Pb, Ti, Ag, Sn,
Sr, and Ba. The centrifuged-dialyzed fluid evaporate shows
the presence of significant amounts of Na, Mg, Ca, Fe, and
Cu, which must be associated with the macromolecular com-—
ponents of the fluid. The results are summarized in Figure
3.2.

Atomic absorption spectroscopy was used to determine
the distribution of calcium in the fluid. The value of
9.8 £ 0.4mM for the nativeffluid based on five different

samples is in good agreement with the results previously
16,20

4

reported. Dialysis reduces the calcium vaiue to 0.90
0.04 mM, indicating that approximately 90% of the calcium
in extrapallial fluid is not strongly associated with macro-
molecular components. Centrifugation of the dialyzed f£luid
further reduces the calcium level to 0.087 * 0,.004mM based

on 10 samples. This result demonstrates that approximately
10% of the calcium in the native fluid is strongly associated
with the precipitating carbohydrate component. Less than 1%
of the calcium originally present in the native fluid re-
mains associated with the soluble macromolecular components

after centrifugation and dialysis. This calcium is termed

tightly bound. Figure 3.3 outlines the relative distribution




METALS DETECTED IN EXTRAPALLIAL FLUID OF M. EDULIS - OPTICAL EMISSION SPECTROSCOPY

Figure 3.2,

spectroscopy.
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DISTRIBUTION OF CALCIUM IN EXTRAPALLIAL FLUID OF M. EDULIS

ATOMIC ABSORPTION SPECTROSCOPY

NATIVE FLUID ( {Ca} = 9.8mM)
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Figure 3.3. Relative distribution of calcium in the fluid.
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of the metal in the fluid. Subsequent calcium ion electrode
measurements on samples, diluted 10-fold with distilled-
deionized water, of the native fluid, ultrafiltrate and sea
water indicate that only 15% of the calcium exists in an
unbound ionic form in the extrapallial fluid, while 92% of
the calcium in diluted sea water is ionized (Figure 3.4).

This demonstrates that the majority of calcium in the fluid

is complexed to small chelates. Table 3.2 summarizes the
distributions of calcium in the extrapallial fluid expressed
as percentages.

EPR spectroscopy-trace metal speciation and binding

of manganese by native fluid. Figure 3.5A shows the room-

temperature solution EPR spectrum of the native fluid at

pPH 7.4, The 6~line first-derivative spectrum is character-

istic of free Mn2+, I =5/2, In most instances only un-

chelated Mn2+ ions are observable in room-temperature solu-

60

tions by EPR. When 25 ul of 12N HC1 is added to 500 ul

of native fluid there is a reduction in pH to 1.2 and con-

+

comitant large increase in the Mn(H20)62 EPR signal inten-

2

sity, indicating that much of the Mn + present in the fluid

is complexed in some fashion. By comparison of the acidi-
fied fluid with that obtained from MnCl2 solutions of known

concentration, we estimate the total Mn2+ concentration in

the fluid to be 9 x 10_6M. Details of this type of analysis

have been given elsewhere.61

Addition of 1 nl of 2 x 1072M VOSO, to a 500 ul sample

4

of the native fluid results in a two-fold increase in the

B
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Table 3.2

Calcium in Extrapallial Fluid of M. edulis

Calcium species

Free
Bound to small chelates
Bound to insoluble carbohydrate

Bound to soluble macromolecular components

40

% Total
15.3 + 0.5
74.3 * 0.8

9;2 + 0.6

0.88 + ,04



Figure 3.5. (A) Room temperature X-band EPR spectrum

of the native fluid, pH 7.4. (B) 500 pl of the native fluid

with 1 ul of 2 x 107°M VoS0, added, pH 6.9.

41




42

9 009¢




43

Mn(H20)62+ signal intensity. (A small reduction in pH from
7.3 to 6.9 is observed but is not sufficient to account for
the increase.) Eight additional lines appear in the EPR

spectrum (Figure 3.5B) because of the presence of complexed

VO2+ ion, I = 7/2, It is apparent that the VO2+ ion com-

petes with the Mn2+ ion for some of the binding sites. The

resulting isotropic V02+ spectrum is typical of a VO2+ -

small chelate specie.62 Uncomplexed VO2+ exists as an EPR

silent hydroxide species at pH 7.0.63

In order to further examine the manganese binding
capabilities of the native fluid, a titration was performed.
1.0 ml of native extrapallial fluid was placed in an acid
washed test tube. The pH = 7.4 was recorded, and the con-
centration of free manganese ion was measured by the inten-
sity of its electron spin resonance spectrum compared to that
of a series of solutions of known concentration. A pre-
determined amount of stock MnCl2 dissolved in distilled-
deionized water (2 x 10_3M, pH = 5) was delivered to the
fluid by microliter syringe such that the resultant concen-

5

trations covered the range of (1.4 to 11.9) x 10 °Mn total.

After each successive addition, the pH was taken and the EPR
spectrum of free manganese was monitored. 1In Figure 3.6,
a plot of EPR signal height divided by the instrument gain

vs. concentration of Mn2+ (original plus added) shows a

5

break at 8 x 10 °M, thus establishing the chelating capacity

2+ 4

of the native fluid for Mn as nominally 10 “M.

The intensity of the solution spectrum of Mn2+ in
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the native fluid increases markedly as the pH is reduced by
the addition of 12N HCl. The displacement of Mn2+ from its
ligands by acid was monitored from pH 7.25 to 2.4. Approxi-
mately 10_4 equivalents of H+ per liter were needed to obtain
maximum signal intensity, in accord with a chelation capa-
city of n10"4M (Figure 3.7). This result indicates that
only one functional group is ionized per Mn2+ ion found,
i.e., a 1l:1 complex is formed. The data were plotted in the

form of a Henderson-Hasselbalch equation,

. h ~h
1 ‘(base) 1 max
= ' = adse! 1 = as
pH = pKa + o log (acid) pKa + o log h

where h is the peak-to-peak height of the Mn(H20)62+ EPR

signal at a particular pH and hmaX is the maximum signal

height obtained in a completely acidified solution, pH = 2.4.
n is the number of functional groups ionized per ligand
bound to the metal. A linear regression yields n = 0.82 and

pK' = 5.2 with a correlation coefficient of 0.96 (Figure 3.8).

A plot similar to that described by Scatchard et al.64
was used to verify the chelation capacity and the stability
constant, K, for the metal-ligand association. Bound Mn2+

for the plot was determined by the relationship [Mn2+]bound =

[Mn2+ where [Mn2+]f is measured
ree

2+
]added = [Mn ]free,
directly from the EPR intensity. If there is one class of

sites then the data should obey the equation:

2+
[Mn ]bound

+ n[L]

= -K [Mn total

2+]
bound

2+
[Mn ]free
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where n is the ligand to metal ratio in the complex and

[L]total is the total concentration of ligand. 1In this case

n =1 (vide supra) and [L]total is therefore the chelation

capacity. The data are plotted in Figure 3.9 from which we

obtain [L] = 9.0 x 10°°M and K = 1.7 x 10°M L.

total
Figure 3.10 shows the 77°K spectra of lyophilized
native fluid and lyophilized centrifuged-dialyzed fluid.
The native fluid exhibits a weak Fe resonance at g = 4.3 and
a Mn2+ spectrum at g = 2.0 (Figure 3.10A). Centrifugation
and dialysis of the fluid followed by lyophilization pro-
duces the spectrum obtained in Figure 3.10B. The strong
resonance near g = 4,3 and the associated line at g = 9.5

3+ complexed in a low sym-

are characteristic of high spin Fe
metry environment. These signals are frequently observed
with non-heme iron proteins.65 Note the absence of Mn sig-
nals in Figure 3,10B after dialysis indicating that the metal
is associated with small chelates and/or weakly bound to
macromolecules. The appearance of a signal in Figure 3.10B
near the g = 2.2 region and the associated hyperfine split-
ting to slightly lower field show the presence of Cu2+.

The room~temperature solution spectrum is anisotropic, indi-

66 The relatively

cative of a copper-macromolecule complex.
sharp line at g = 2.0 suggests that possibly a radical species
is present. This resonance may be related to those observed

in the nacre and periostracum of the shell.40

" Calcium binding by the centrifuted-dialyzed fluid.

The influence of the protein denaturing agent urea on the

_nﬂﬁ&hiih-_____; ;
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Figure 3.10. (&) 77°K X-band EPR spectrum of lyo-
philized native fluid.  (B) 77°K X-band EPR spectrum of

lyophilized centrifuged~dialyzed fluid.
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calcium binding of the centrifuged-dialyzed fluid was de-
termined by titration. The centrifuged-dialyzed fluid was

titrated with freshly prepared 10M urea while the ionic cal-

g cium was monitored with a calcium electrode. The results,
adjusted for dilution effects, are shown in Figure 3.11,
divided by [Ca2+]

where [Ca versus urea concen-

2+]
free total
tration is plotted. At 2M urea concentration, the amount of
calcium released corresponds to 90% of the tightly bound
calcium (0.087 mM) of the centrifuged-dialyzed fluid. These
results demonstrate that the complexation of the.tightly
bound calcium is dependent on the conformation of the protein
or possibly other macromolecular components of the f£luid.
Dialysis of the centrifuged-dialyzed fluid against a
300-fold volume excess of 0.1M sodium ethylenediaminetetra-
acetate (EDTA), pH 7.2 for 48 hours results in no appreciable
loss of the tightly bound calcium. Moreover, only 10% of
the tightly bound calcium is released, as monitored by a
calcium ion electrode, when the pH of the fluid is reduced
to 4.1. However, when both 0.1M EDTA and a reduction in pH
to 4.6 are employed, 90% of the calcium is removed by dialysis.
The calcium binding in the centrifuged-dialyzed fluid
is reversible. A sample was dialyzed against 300-fold ex-
cess 0.1M EDTA, pH 4.6 to remove 90% of the tightly bound
calcium. After the EDTA was removed by dialysis against 4mM
sodium citrate, pH 4.2, the sample was further dialyzed
against 0.5M CaCl2 in 4mM sodium citrate at pH 4.5 for

48 hours. The pH of the dialysate was then slowly brought
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up to pH 7.0 with 0.1M NaOH and the sample was dialyzed for

an additional 24 hours. The sample was then divided into
two fractions; one of which was dialyzed against 50 mM

Tris buffer, pH 7.1, while the other against 0.1M EDTA, pH
7.1. The concentration of calcium (0.16 mM) by atomic
absorption spectroscopy in the fraction dialyzed against
Tris buffer was nearly twice the 0.086 mM of the other sample
(which was the same as the original tightly bound Ca2+).
These results show that at pH 7.1 EDTA removes the intro-
duced calcium which is not tightly bound. Moreoﬁer, some of
the introduced calcium binds weakly to the components of the
centrifuged-dialyzed fluid and is not easily removed by

dialysis against buffer alone.

Discussion

The shell of Mytilus edulis contains two types of cal-

cium carbonate, calcite and aragonite. Disc gel electro-
phoresis experiments reported here indicate the presence of
at least five protein components in dialyzed f£luid. This is

29,32 who found that three

in accord with work done by others
or more proteins were always present in the extrapallial
fluid of several molluscs that had both aragonite and calcite
components in their shell. These results suggest, but do
not demonstrate, that crystal type may be influenced by the
protein components of the fluid.

The insoluble fraction of the fluid is carbohydrate

material, probably an acid mucopolysaccharide, commonly found

in the extrapallial fluid of molluscs. Acid mucopolysaccharides
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have been implicated in calcium carbonate formation,67’68

and they may play a role as ion exchange agents binding
metal ions, thereby regulating the deposition of calcium car-
bonate crystals. This is consistent with our observations
that almost 10% of the Ca2+ in extrapallial fluid precipi-
tates with the polysaccharide material.

Amino acid analyses of the native extrapallial fluid
of M. edulis and its constituents show their composition is
different from that of shell protein components. These find-

35-37 i, which the

ings are.in accord with studies by others
amino acid content of the extrapallial fluid and shell com-
ponents varied greatly.

Results obtained with the ultrafiltrate component
suggest that free amino acids are present in the native fluid.
These amino acids along with other small organic molecules
may function as chelating agents for various mefal ions as
observed for VO2+ added to the fluid. The spectrum of the
vanadyl complex has a vanadium nuclear hyperfine splitting

69

of 99G, similar to that of VO(gly)z. This result is con-

sistent with the large amounts of glycine found in the fluid
(Table 3.1). Some of the Mn2+ is probably complexed with
this amino acid as well.

Recently interest has arisen in the possibility of
using EPR spectroscopy to obtain information on trace para-

61,70

magnetic metal ions in calcified tissue. Blanchard and

40

Chasteen have investigated the EPR spectrum of different

regions of the shell of Mytilus edulis and found iron,
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manganese, and radical species in varying amounts. A man-
ganese signal due to substitution of the Mn2+ for Ca2+ in
calcite was observed in the prismatic region. Iron signals
similar to those observed in the centrifuged-dialyzed fluid
are seen in the periostracum, and radical species noted in
both the nacre and periostracum are suggestive of quinone
type radicals.

RoomQEemperature studies with native fluid show the
presence of free manganese in solution. The majority of
manganese was found to be complexed, and substitution of
VO2+ into the fluid with a concomitant increase in manganese
signal suggests that significant amounts of the manganese
exists as a small chelate. The characteristic VO2+ small
chelate spectrum obtained supports this view. The manganese
signal at both room and liquid nitrogen temperatures com-
pletely disappears upon dialysis, suggesting the presence of
small chelates or weak association with the macromolecular
components. Further work involving titrations of the native
fluid with Mn2+ and H+ indicate that the binding capacity of
the fluid for manganese is on the order of 10_4M. The
observed apparent pKa' of 5.2 is consistent with carboxylic
acid ligation. Recent studies in this laboratory have demon-
strated that calcium readily disvlaces the bound manganese,
showing that manganese and calcium also bind to the same
ligands in some instances.

Optical emission spectroscopy measurements show that

several trace metal ions are present in the native fluid,
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some of which may have a physiological role. Some sodium,
magnesium, calcium, iron, and copper remain associated with
the centrifuged-dialyzed fluid and appear to be tenaciously
bound. - The observed iron and copper EPR signals may be due
to metalloenzymes important in the regulation of calcium
carbonate deposition or formation of shell matrix components.

Calcium electrode measurements indicate that over 85%
of the calcium in native fluid is bound as compared to sea
water, where less than 10% is complexed. By atomic absorp-
tion spectroscopy experiments, it was shown that‘91% of the
metal was also dialyzable and ultrafiltratable. This result
along with Ca2+ ion electrode measurements indicates that
the bulk of the calcium in extrapallial fluid is complexed
to small chelates.

The calcium binding properties of the centrifuged-
dialyzed fluid appear to be unique in that the metal is
bound rather tenaciously. This is not usually observed for
typical extracellular calcium binding proteins in the animal
kingdoml where binding constants are of the order of only
103 - 10%M71.

When the centrifuged-dialyzed fluid is subjected to
an excess of calcium, additional calcium becomes associated
but is readily removed by dialysis against 0.1M EDTA, pH 7.1.
These additional weak binding sites must be quite different
in structure from those which bind the tightly associated

calcium. The tightly bound calcium sites are probably buried

in the interior of the macromolecules and become accessible
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to EDTA only through reductions in pH or the addition of
urea. The ability of the centrifuged-dialyzed fluid to
bind calcium strongly is dependent on the conformation of

the protein components and implies that the bound calcium

is a polydentate complex. The concomitant loss of binding
at pH 4.6 is probably caused by protonation of ligands or
unfolding of the protein structure in acid medium. These
proteins might provide the correct spatial relationship for
strong calcium chelation.

The chelation of calcium may be an important factor
in controlling calcification. Calcification occurs from
solutions which exceed the solubility product of calcium
carbonate. The apparent solubility product of calcium car-
bonate in a seawater matrix at a specified temperature,

pressure and salinity may be expressed as:

K'sp = M a2+ - M 2= (1)

where MCa2+ and MCO32- are the total concentrations of cal-
cium and carbonate ions in moles/kilogram of seawater. Prob-
lems arise in determining solubility products in seawater
solutions because the "constant" varies with crystal form,

127 In addition, organic matter

purity, and particle size.
in extrapallial fluids can affect calcium carbonate solubil-
ity in two major ways. The organics may coat solid calcium

carbonate, essentially taking the particles out of equilibrium

with the solution. Organic matter can also prevent the

__‘ﬂJiI--.____#, S | A.




59

nucleation of calcium carbonate crystals from solution.
Concepts of solubility products are fundamental however,
since they stipulate equilibrium conditions necessary for
minerals to exist in solid phases with solutions.,

The use of thermodynamic solubility product constants
requires the single ion activity coefficients of calcium

and carbonate. Because of discrepancies of coefficient

72,128

values in previous published results, it is more con-

venient to utilize apparent solubility product constants for
calculations. At a specified temperature, pressure, and

salinity apparent solubility products can be determined with-
out the knowledge of activity coefficients.73

The K'sp of calcite in 35% artificial seawater is

7 73

4.76 x 10~ molesz/Kg2 at 13°C and one atmosphere pressure.

Values for K'sp's of calcite in seawater matrices are directly

127

proportional to salinity. The salinity of the extrapallial

fluid is 32%, thus K'sp (adjusted) = 4.3 x 10.-7 molesz/ng.

The ion product (MCa2+ M 2-) of calcium carbonate

CO3

in the extrapallial fluid was estimated. MCa2+total = 9.5 x
-3

10 as determined by atomic absorption spectroscopy while

MCO32- was determined as follows. Total inorganic carbon

was measured on a D,0.C., analyzer (Barnstead and Sybron)

and found to be 3.6 x 107 SM. MHCO3" was assumed to be 3.6 x
3 L]

10" °M. The PK, of carbonic acid in a seawater matrix at

13%, 32% salinity and one atmosphere pressure is 9.32.129

We now calculate MCO32_ from the Henderson-Hasselbalch equa-

tion,
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Meo32-

1)
PH = pkK + log
2 Mycos-

By taking the pH of the fluid to be 7.4, we calculate

Mog32- = 4.3 x 1072, The ion product using the total cal-
7

cium concentration would therefore be 4.1 x 10~ molesz/ng,

a condition of saturation. However in the fluid, the con-

3M, or only 15.3%

8

centration of ionic calcium is 1.45 x 10
of the total. This leads to an ion product of 6.2 x 10
molesz/ng, which is below that needed to precipitate the
mineral. The fluctuations in the ion products suggest that
small chelates could control the deposition of célcium car-
bonate in the extrapallial fluid.

In addition, the observation that Mn2+ substitutes
for Ca2+ in the calcitic and aragonitic shells of molluscs
40,70,71 and that both metals appear to be associated mostly
with small molecules suggests that Mn2+ ions might be profit-
ably used to probe calcification processeé by EPR spectros-

copy. The preliminary experiments reported here for Mn2+ as

well as the other EPR active metals, Cu2+, Fe3+, and V02+,
indicate that useful information might be obtained from such

studies. More detailed investigations along these lines are

currently underway in our laboratory.




Chapter 4

.Separation of Protein Components in the Fluid

Many biochemical.and physical studies have been under-
taken to study protein components in molluscan shells.
These studies have centered on the products of calcification
and conclude little about the processes that occur.l6’19’26
In contrast, I believe an examination of the protein con-
stituents of the extrapallial fluid can aid in understanding
details of the calcification process. The first phase of
this investigation required the development of suitable pro-
cedures for the separation and isolation of constituents.
Centrifugation and dialysis techniques were first
carried out to remove insoluble material, low molecular
weight species and particulate matter from the fluid. Gel
filtration chromatography separated the fluid proteins into
two components (1 and 2). The apparent molecular weights
of each component were then estimated. Anion exchange chroma-
tography on 1 and 2 showed that the fluid is composed of nine

proteinaceous constituents. The details are presented in

this chapter.

Experimental Methods
Materials
Sephadex G-200, G-25, DEAE-A50, human serotransferrin

(81,000), bovine serum albumin (68,000), bovine carbonic

61
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anhydrase B (29,000), and bovine myoglobin (17.200) were
purchased from Sigma Chemical Company and used without fur-
ther purification. Human y-globulins (160,000) and Dextran
Blue were gifts of the Biochemistry Department at the Uni-
versity of New Hampshire. All other materials were obtained

from several commercial sources.

Separation of Protein Components

Step l: Centrifugation, dialysis and concentration of

native fluid. Centrifuged-dialyzed fluid was prepared as

described in Chapter 3. In a typical preparation, centrifuged-
dialyzed fluid was preconcentrated from 20 ml to 5 ml using

an ultrafiltration cell model 12 (Amicon Corp.) fitted with

a PM-10 membrane (MW cutoff 10,000) and under nitrogen pres-
sure (v15 psi).

" Step 2: Gel filtration chromatography. A Sephadex

G-200 (Pharmacia) column, 1.5 x 55 cm, was equilibrated with
several bed volumes of 0.05M Tris-HCl buffer, 0.02% NaN3,

PH 7.5, under a hydrostatic pressure of 20 cm to remove soluble
carbohydrate material. The sample (approximately 40 mg in

5 ml) obtained from the previous step was applied to the column
and eluted with the equilibrating buffer at a flow rate of

6 ml per hour. Fractions of 2 ml were collected and analyzed
for protein content at 280 nm on a Bausch and Lomb Spectronic
710 spectrophotometer. Two different fractions were detected
and each was pooled for ion exchange chromatography.

" Step 3: Anion Exchange Chromatography. DEAE-50 anion

exchanger was suspended in 0.05M Tris-HCl buffer, pH 7.5,
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0.02% NaN3 for 48 hours. A column, 2.0 x 20 cm, was poured

with a slurry of the resin and allowed to settle by gravity.

0.5 cm of G-25 Sephadex was added to the top of the column to

protect the bed surface. Components 1 and 2 obtained from the

gel filtration step were each applied to the column and
eluted with the Tris-HCl buffer and a linear salt gradient
to 1.0M NaCl. The flow rates were maintained at 10 ml/hour
under a hydrostatic pressure of 10 cm. Fractions of 3 ml
volume were collected and analyzed for protein content as
described in Step 2. Fractions associated with each peak
(1a-B, 2A-G) were pooled, dialyzed exhaustively against dis-

tilled~deionized water, and stored at 4°c,

Molecular Weight Determination of Components 1 and 2

The apparent.molecular weights of components 1 and 2
were determined according to the method of Andrews74 using
a Sephadex G-200 column equilibrated as before. Elution
positions were determined by absorbance at 280, 410, or 660
nm for the standard proteins and the unknowns (see Materials
section). The apparent molecular weights were determined
by comparison of the observed distribution coefficient, Xd,
with a calibration curve of log molecular weight vs. K4 pre-
pared with the standard proteins of known molecular weights

(vide supra).

Results
The chromatograph of the extrapallial fluid separated

on Sephadex G-200 is given in Figure 4.1. In a routine
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Figure 4.1. Elution profile of centrifuged-dialyzed
fluid chromatographed on Sephadex G-200. The bars above
each peak denote those fractions which were pooled for fur-

ther experiments.
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experiment 40 mg of centrifuged-dialyzed fluid applied to
the G~200 column yielded 20 mg of component 1 and 8 mg of
component 2. Approximately 6 mg of soluble carbohydrate
material was detected in the void volume by the anthrone
reaction;52

The apparent molecular weights of each component were
determined by gel filtration chromatography and employing
the standard curve in Figure 4.2. Component 1 eluted as a
single peak on a Sephadex G-200 column with a distribution
coefficient Kd, slightly higher than that of human sero-
transferrin (HST) which corresponds to an apparent molecular
weight of ~80,000 daltons for component 1 (Figure 4.2).
Similar treatment of component 2 yielded a Kd value slightly
lower than that of carbonic anhydrase (CA) and an apparent
molecular weight of 30,000 daltons.

Application of component 2 to Sephadex DEAE-A50 yielded
seven peaks (Figure 4.3) which were not examined further.
Similar treatment of component 1 produced two peaks 1A and

1B (Figure 4.4) which were subjected to further analysis.

Discussion
It has been demonstrated that the extrapallial £fluid
of M. edulis, like other physiological fluids, contains carbo-
hydrate matter and several protein components. A three-step
procedure was developed to separate the various macromole-
cules. Proteins in the fluid were first separated from low
molecular weight solutes by dialysis. Sample concentration

prior to chromatography was done by ultrafiltration techniques.

DY
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Figure 4.2. Estimation of the molecular weights

of components 1 and 2 by gel filtration chromatography.
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Figure 4.3. Chromatographic separation of component

2 on Sephadex DEAE-A50. Elutant: 0.05M Tris-HC1l buffer,
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Gel filtration chromatography of centrifuged-dialyzed
fluid sorted the proteins into two components: 1 and 2. The
apparent molecular weights of each component were then de-
termined. Component 2 (Figure 4.3) contains seven species
(2A-G) that have molecular weights around 30,000. Carbonic
anhydrase, with a molecular weight near 30,000 and found in

some molluscs,ls’19

might be present in this fraction.
Component 1, with a molecular weight around 80,000

contains two species, 1A and 1B. 1A accounted for 68% of

the total protein composition in the fluid while iB was only

detected periodically in very small amounts (3% of total pro-

tein content). These results support the concept that some

proteins in the f}uid are present as stable components

while others (i.e., enzymes) vary according to the current

rate or stage in shell formation of the animal.32 Interest-

73 found shell proteins of M. edulis to consist

ingly, Jope
of one main polypeptide and other proteins in smaller amounts,
in accord with my findings in the extrapallial fluid.

In addition to proteins, carbohydrates are also candi-
dates for the regulation of calcium carbonate deposition.
The results obtained in Chapters 3 and 4 show that 40% of
dialyzed extrapallial fluid is polysaccharide material.
This material can be separated into two fractions. Almost
10% of the calcium in extrapallial fluid is bound to an in-
soluble carbohydrate fraction. This binding is probably

accomplished by sulfate groups present in this component.

Eighteen percent of centrifuged-dialyzed fluid is soluble
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high molecular weight polysaccharide material. Upon review-
ing the literature, I found only one other experimental

study undertaken in this area. Analysis of the non-dia-
lyzable material in the extrapallial fluid of M. mercenaria,
showed that polysaccharide accounted for 91% of the imper-
meate.16 The large differences in polysaccharide content of
M. mercenaria and M. edulis extrapallial fluids cannot be
explained at this time. Further work to examine the possible
relationship between polysaccharides and mineralization is

in order.

In summary, the extrapallial fluid of Mytilus edulis

contains several proteins and significant amounts of carbo-

hydrate. These species are probably necessary for synthesis

of an organic matrix capable of binding and depositing cal-

cium carbonate crystals in a characteristic crystalline
configuration. Subsequent studies were carried out to charac-
terize components 1A and 1B with respect to structure, ele-
mental analysis, spectroscopic properties, and functional

groups.




Chapter 5
Partial Characterization, Metal Binding
Properties~ahd Proposed Function

of a Purified Glycoprotein (1A)

Molluscan biomineralization is characterized by a
high degree of organization due primarily to involvement of
organic macromolecules. These components have a wide vari-
ety of possible roles such as crystal orientation and ini-
tiation, metal transport, and catalysis of specific reactions.
In order to understand their function, the composition and
structure of these macromolecules must be determined.

Virtually all previous investigations have focused on
the macromolecular components in the shell. Organic matrices
within the crystallites of molluscan shells have been identi-

42,76-78 56,79,80

fied, analyzed for amino acid composition,

and reported to consist of more than one macromolecule.57
Molecular conformation studies of proteins constituting the
molluscan shell have been reported by Hotta.81 The infrared
spectra of several decalcified shell layer films have been
studied in the 4000 to 7000.cm“l region. The protein struc-~
ture is coiled and has a B conformation.

The only report on the extraction and partial purifica-~

42

tion of a shell protein comes from Crenshaw, who isolated

a glycoprotein from Mercenaria mercenaria. The glycoprotein

was evenly distributed throughout the shell and proved to be

71
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homogeneous as determined by gel filtration chromatography
and electrophoresis. The apparent molecular weight was
160,000 daltons. Titration of this component in the presence
of excess sodium, potassium, and magnesium showed that cal-
cium was selectively bound. Calcium binding was eliminated
at urea concentrations above 3M. Crenshaw42 suggested that
the glycoprotein plays a role in initiation of calcification.
The present chapter describes the first isolation and partial
characterization of a glycoprotein component, 1A, from the

extrapallial fluid of a mollusc.

Experimental Methods
Materials
LaCl3-7H20 and EGTA [ethylenebis (oxyethylenenitrilo) ]-
tetraacetic acid were purchased from Alfa Inorganics.45
CaCl2 (2m Ci) and Bray's solution were bought from New
England Nuclear. Calcium, magnesium, and manganese chlorides
were all of analytical grade. All other inorganic, organic,

and biochemicals were, when possible, of reagent grade or

better.

Electrophoresis

The disc gel electrophoretic system (Hoefer Scientific,

54 was utilized

Model DE-102), described by Hedrick and Smith,
to estimate the purity of 1A at pH 8.9 and varying gel con-
centration, Samples containing approximately 1 mg/ml were

applied in 100 ul volumes to the gels (10 cm in length).

Electrophoresis was carried out at room temperature toward

_-‘dh.-______f e N }
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the anode at a constant current of lmA/sample. The gels
were stained with Napthol Blue Black and destained with a

Quick Gel Destainer (Hoefer Scientific).

Carboh?drate and Amino Acid Analysis

The carbohydrate.content of 1A was determined by the
anthrone reaction.52 Spectral measurements were carried
out with a Bausch and Lomb Spectronic 710 spectrophotometer
using 5 cm quartz cells and a wavelength of 620 nm. Samples
for amino acid analyses were hydrolyzed in 6N HCl under
reduced pressure in sealed tubes at 105° for 24 hours. The
hydrolysates were dried under reduced pressure and then re-
dissolved in 0.2M sodium citrate buffer, (pH 2.2), and ana-
lyzed on a Beckman 120C analyzer by the method of Guire

et al.53

Purified samples were weighed carefully by a techni-
cian and placed in appropriate volumes of buffer to give
1 mg/ml concentrations. The absorbance at 280 nm was mea-
sured on three samples. The values obtained were used for

further work in estimating protein concentration.

Metal Analyses

A Varian Techtron Model AA-3 spectrometer modified
with AA~5 electronics was used for atomic absorption analyses
of calcium and magnesium. The wavelengths and slit widths
employed were 422.6 nm (100 u) and 285.2 nm (100 p) respec—

tively. All samples and standards were acidified and made
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1% in LaCl; to suppress matrix effects. A Baird Associates
Eagle Mount grating spectrograph was used for optical emis-
sion measurements. The protein sample was ashed first to

remove .organic matter.

Removal of Metals

Metal removal from 1A was accomplished by the scheme
shown in Figure 5.1. The fraction was first dialyzed for
48 hours against 10mM EDTA in Tris-HCl buffer, pH 7.7 at
20°Cc. Exhaustive dialysis against distilled-deionized water,
pH 7.0, for 48 hours removed most of the EDTA present.
Samples were then dialyzed against 10mM NaClO4, pPH 7.2, for
48 hours to remove the rest of the chelate. Final dialyses
were against distilled-deionized water for 48 hours, pH 7.0,
to remove Na+ and ClO4_ ions. After this procedure, normally
0.15 + 0.06 gram—atoms of magnesium remained. These protein
samples were formulated as Ca3lA (Figure 5.1, top).

2+ and Ca2+, the following procedure

To remove both Mg
was employed (Figure 5.1, bottom). Samples of 1A were dia-
lyzed against 100mM EDTA, pH 4.6, for 48 hours at 20°c,
then 4mM sodium citrate buffer, pH 4.5, for 48 hours to
remove EDTA. The pH of this dialysate was carefully brought
to 7.0 with 0.1M NaOH and dialysis was resumed for 24 hours.
Finally, the samples were dialyzed for an additional 24
hours against distilled-deionized water to remove sodium
and citrate ions. These samples were formulated as "Apo" 1A.

To check for EDTA binding to protein, V0s0, (10-4M) was

added to various 1A samples at pH 7.5 and the EPR spectrum
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2

was recorded. No EPR signals due to either a VO +—lA or

V02+—EDTA complex were observed, indicating no binding of
the chelate to the macromolecule. All samples were dialyzed

against 500 fold excess of the appropriate buffer prior to

metal binding experiments.

Mn2+ and‘Mq2+'Binding

All solutions were made in 0.1M TriE-HCl buffer, pH
7.4. In the presence of "Apo" 1A, the free manganese was
measured by the intensity of its EPR spectrum at‘room tempera-
ture using a Varian E~4 spectrometer operating at X-band
frequency (~9.5G Hz), and 100K Hz magnetic field modulation.

Procedures for a typical binding experiment were as

follows. Exactly 300 pl of 14 x 10~ °

M "Apo"lA were added to

a capillary flat cell. A 2000G scan (2400 - 4400G) was re-
corded to detect the presence of any paramagnetic transition
metal ions in the sample. Mn2+ was then added to the flat
cell. The contents were carefully withdrawn by a 500 ul
syringe twice and reinserted into the cell to insure thorough
mixing of the metal and protein. The flat cell was positioned
very carefully into the instrument cavity and the spectrum

was recorded. To insure that the instrument was tuned properly,
the sample was removed, then reinserted and retuned, and the
spectrum was rerecorded until a consistent signal height

(+ 3%) was obtained. This procedure was followed upon suc-

cessive additions of metal throughout the titration such

that the final solutions covered the range of 0.3 to 5.5

| | }
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equivalents Mn2+ per equivalent 1lA. After the manganese
titration was complete, the concentration of free manganese
was redetermined on the sample containing 5.5 equivalents
Mn2+ per 1A equivalent. Aligquots of Mgz+ were then added
to the sample and the relative signal intensity of the free
manganese ion was recorded. Final protein dilution effects

were small (v6%).

Flow Dialysis —'Ca2+'Binding

The calcium binding properties of the protein were
investigated in a flow dialysis system similar to that
described by Colowick and Womack.82 Solutions for all ex-
periments in this section were made in 0.1M Tris-HCl buffer,
pH 7.9. All experiments were conducted at room temperature
(20°C). The dialysis cell consisted of an upper chamber con-

taining the protein sample (typically 1-2 x lO-SM) and 45-

a2+ (1-2 x lO_GM), separated by a membrane from a lower

C
chamber through which buffer was pumped at a constant rate
and from which the effluent was sampled for radioactivity
(Figure 5.2). The cell (1 ml size) was adapted from a
Technilab cell (Bel-Art Products) for flow dialysis. The
upper chamber (19mm in diameter x 5mm) was deepened to 9mm
to make the capacity to 1.8 ml (with stir bar) and a hole
(3.2mm in diameter) was drilled through the center to permit
additions of small amounts of metal ion to the protein
solution during the course of a binding measurement. To

the lower chamber (19mm in diameter x 10mm) a hole (3.2mm

in diameter) was drilled 180° from one already there. The
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Figure 5.2. Diagram of the apparatus for measuring

Ca2+ binding to 1A by flow dialysis.
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i lower chamber had a capacity of 2.0 ml (with stir bar).
The membrane, a square piece of Spectrapor 132650 membrane
tubing (MW cutoff 6-8,000), was clamped between the two
chambers by stainless steel screws.

The flow rate in all measurements (with and without
protein) was 8 ml/min and the effluent was collected in 2 ml
aliquots with a Gilson model FC-80E Microfractionator (Gilson
Electronics). One ml samples from even numbered fractions
were added to 10 ml of scintillation fluid and were counted
in a Unilux model 6850 liquid scintillation counter. Pro-
tein concentrations were checked before and after each ex-
periment. Dilution effects and protein loss through leaks

of the membrane were small (+5%).

" Ultrafiltration Techniques = Mg2+'Binding

An Amicon Model 12 stirred cell with a 25mm, PM-10
membrane (Amicon Corp.) was used to study the magnesium
binding properties of the protein. All solutions were made
in 0,1M Tris~HCl buffer, pH 7.9. The apparatus is shown in
Figure 5.3. The entire assembly was made firm by clamping.
A magnetic stirrer was placed below to effect mixing. This
maintained a uniform bulk composition in the compartment
and also prevented adhesion of protein to the membrane sur-
face. Accordingly, preliminary experiments were performed
with 1A in the sample cell to study any exchange. No detect-
able binding or absorption to the membrane was observed.

It was necessary to evaluate the permeation of dif-

fusible ions through the membrane in order to (1) measure
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the void volume of the effluent collection assembly and
(2) to determine possible binding of metal ions to the mem-

brane. The void volume of the system was determined in the

following manner. The entire apparatus (including tubing
from the filtrate port to the fraction collector) was

weighed (179.90 g). Exactly 10 ml of distilled-deionized
water was added to the cell and ultrafiltration was carried
out until the void Vélume was filled with effluent. The vol-
ume of the remaining contents in the cell was 6.3 ml, while
the apparatus with the filled void volume weighed 183.70 g.
The void volume of the system was therefore 3.75 ml.

+
2 solutes was

The permeability of the membrane to Mg
determined by passing fixed volumes of magnesium ions
through the membrane and comparing the effluent concentra-
tion to the original. Concentrations of 10 and 100 x 10_6M
Mg2+ were found to vary 7% as determined by atomic absorp-
tion spectroscopy. Diffusion between the void volume and
cell contents was checked with a dye solution (0.01% Napthol
Blue) and found to be small.

Binding profiles of magnesium to Caq 1A and "apo" 1A
were determined accordingly. The void volume of the assembly
was completely filled with buffer. Exactly 10 ml of 1A
solution (%lO_SM) were added to the cell and stirred for
10 minutes. The solution was filtered down to 1 ml with
18 psi N2 pressure; two fractions (4.5 ml each) were collected

in the fractionator. Next, 9 ml of buffer with Mg2+ were

added to the ultrafiltration cell and stirred for 10 minutes.




Again, the solution was filtered until 1 ml of protein con-
centrate remained in the cell. This procedure was repeated
several times with varying concentrations of Mg2+ in the 9 ml
of the added buffer. Effluent samples were analyzed for
magnesium content by atomic absorption spectroscopy. Total
magnesium (free plus bound) concentration in the cell was

measured upon completion of the binding experiment.

Results

The purity of component 1A was estimatad by disc gel
electrophoresis employing a Tris-HCl buffering system :and
using gels of 7, 10, and 17% acrylamide concentration (Figure
5.4). As seen, the component migrates as a single species
in each of the gels. A plot of log (mobility x 100) versus
percentage gel shows a linear relationship. These results
indicate that the protein is homogeneous with respect to
charged isomers.54 Recent findings with SDS (sodium dodecyl
sulfate) disc gel electrophoresis indicate that the protein
consists of two identical subunits of 40,000 daltons each.45

The amino acid analysis of 1A is reported in Table 5.1.
The carbohydrate content is 30%, which suggests a glycopro-
tein. Preliminary isoelectric focusing experiments reveal

45 a result consistent with the

an isoelectric point of 4.6,
large amounts of glutamic and aspartic acid residues present.
Protein concentration was estimated by the absorbance at 280
nm. The molar absorbance, ¢, based on 1 mg/ml samples, is 5.4

4 -1

x 10°M cm_l, using the molecular weight of 1A as 80,000 dal-

tons (Chapter 4).

il | ,
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Figure 5.4. Disc gel electrophoresis analysis of

component lA in 7, 10, and 17% gel concentrations.
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Table 5.1

Amino Acid Composition of lA3

Residues/1000 amino
acid residues

Lysine 41
Histidine , 12
Arginine 24
Aspartic acidl 217
Threonine 73
Serine 68
Glutamic acid? 114
Proline 12
Glycine 140
Alanine 69
Cysteine 11
Valine 31
Methionine 13
Isoleucine 41
Leucine 64
Tyrosine 30
Phenylalanine 40

1 . . . , .
Value is given as sum of asparagine and aspartic acid.

2Value is given as sum of glutamine and glutamic acid.

3Precision to within 6%.




Metal Content and Stoichiometry

Qualitative optical emission spectroscopy on lyophil-
ized 1A samples indicate that calcium, magnesium and sodium
are present., Calcium and magnesium stoichiometries were
determined on several 1A samples by atomic absorption spec-
troscopy. The molar ratios of calcium and magnesium to pro-
tein were found to be 3.1 * 0.3 and 1.8 *+ 0.2 respectively,
based on an apparent molecular weight of 80,000 daltons.
Therefore 1A is formulated as Ca3Mg21A.

Dialysis of the native protein, Ca3Mg21A égainst the
chelating agent EDTA at pH 7.7 removed both Mg2+ ions but not
the three Ca2+ ions, yielding the component Ca3lA. Dialysis
against the chelate at pH 4.6 induces removal of both metal
ions ("Apo" 1A). It appears that the calcium sites are ac-
cessible to EDTA only through reductions in pH or possible
conformational changes brought about at its iséelectric

point (pI 4.6).

Binding of Mn2+ and Mg2+ Using EPR

This spectroscopic method was done by measuring the
intensities of the EPR peaks of the free manganese ion.

EPR has been used previously for determining association

57,83

constants of manganese complexes with proteins. The

measurement is based on the fact that the broad, room-tempexr-

ature EPR signal of the protein bound manganese has a
neglible contribution to the free manganese signal.84
In this study, a constant "Apo" 1A concentration

(1.4 x lO-SM) was titrated in the concentration range 10“6

D
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to 10—4M. The pH, checked before and after the experiment,

was 7.9 * 0.2, The amounts of free manganese were determined
from a calibration curve while bound manganese was determined

by the relationship:

[Mn2t [M

2+ 2+
(MR~ Iy, und lagdea = M1 lgree

To determine the binding constant, number, and classes of

sites, the data was cast in the form of a Scatchard plot.64

This type of plot is described by the law of mass action:85

n.K.[Mn2+]f
ivi

11+ Ki[Mn2+]f

<@
Il
I e

i

where V = moles of manganese bound per mole of "Apo" 1lA; n, =
the number of sites per class, i; Ki = the association con-
stant for type i sites and [Mn2+]f = free manganese concen-
tration. If there is one class of sites, a plot of 3/[Mn2+]f
versus v should yield a straight line such that when v = 0,
3/[Mn2+]f = nK and when 3/[Mn2+]f =0, ¥ = n and the slope

of the line = -K.

When the titration data is put into such a form, the
data obtained in Table 5.2 are obtained. Figure 5.5 shows
the Scatchard plot of this data and indicates, within experi-
mental error, that there is only one class of sites. There
are approximately two sites with an association constant of
5,~1

1.1 x 10°M .

B



Table 5.2

Data from the Titration for Scatchard Plot

v

[Mn2+]free [Mn2+]bound [Mn2+]free

(x_10%m) (x_10°m) ¥ (x 107°M)
2.08 4,59 0.33 1.58
4.43 8.91 0.64 1.44
7.68 12,32 0.87 1.15
16.20 17.14 1.23 0.76
26.38 20.29 1.46 0.55
32.47 20.87 1.50 0.46
39.08 20.92 1.51 0.38
45.70 20.97 1.51 0.33
50.99 22,35 1.61 0.31

87
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"Apo" 1A with Mn®T.
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Competitive Binding between Mn2+ and Mg2+

Figure 5.6 shows the displacement of Mn2+ from its

sites by Mgz+. Here, the relative EPR signal intensity of

free manganese is plotted as a function of Mg2+ added to the
final Mn2+—1A solution from the previous experiment. Mg2+

displaces Mn2+ completely as evidenced by the sharp increase

in the Mn2+ free EPR signal intensity which levels off after

~v2 equivalents of Mg2+ are added. These results indicate

high affinity of the sites for Mg2+.

From the equation:

2+
K = (Mg 1a]

g®¥1 121

where: [Mg lAla = the increase in [Mn2+]free as measured by EPR

+ 2

+
laadeq — Mg~ 1A]

2+ 2
[Mg ]free = [Mg

and [1A] = n[lA] IMg?t1a7,

total

the lower limit for KMg for each site can be determined. In
6

this experiment n[lA]total = 28 x 10 °M which equals the in-

crease in the concentration of free Mn2+ after two equiva-

+] is
free

on the order of ~5%; therefore the [Mg2+]free can only be

measured down to ~5% of [Mg2+] . Accordingly, this places
added

6y~1,

lents of Mg2+ are added. The uncertainty in [Mn2

a lower limit on KMg of 2.5 x 10

Ca2+ Binding by 1A - Flow Dialysis

Flow dialysis is based on the principle that the rate

of diffusion across a membrane is proportibnal to the
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concentration of free diffusible 45Ca2+ ions; the rate will

be constant when equilibrium is achieved with the protein

in the upper chamber and a steady state flow in the lower

chamber is maintained. Equilibrium is reached in a few

seconds, and constant diffusion rate occurs within 1.5 min-

utes when the effluent volume pumped through the lower

chamber is about four times the volume of the lower chamber.82
At the beginning of a metal binding experiment,

45Ca2+ was introduced into a solution in the upper chamber

at a concentration (mlO_GM) below that of the macromolecule

('\:lO—5

40Ca2+

M). As soon as a constant diffusion rate was reached,
was added to the upper chamber. A new equilibrium
was reached. An increased fraction of the total metal was

free and hence diffusible. Because of the exchange, the

2+ diffusing across the membrane is a measure of the

total free Ca2+. Additions of 40Ca2+ were made repeatedly,

45Ca

and a series of values was obtained for the fractions of

40Ca2+

free metal jion at each concentration of . The final

40Ca2+ concentration (mlo_zM) was in large excess relative
to the protein concentration, hence the fraction of bound
metal became negligible.
. . 45 2+ . .
Figure 5.7 shows a typical Ca diffusion rate pro-
file of calcium binding to "Apo" 1A in the presence of 1mM

Mg2+. At time zero 1 x 10~ °mM %°ca?*

was added to the medium
in the presence or absence of protein. The medium and di-
alysis buffer contained 0.1M Tris-HCl buffer (pH 7.9) and

ImM Mgz+. The upper curve is a control curve in the absence

‘T _ A
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‘Figure 5.7. Measurement of calcium binding to "Apo"lAa

in presence of 1 mM Mg2+ at varying calcium concentrations.
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of protein. The lower curve represents the diffusion rate

profile of 45Ca2+ in the presence of "Apo" 1A (2.6 x lO-SM)

at various 40Ca2+ concentrations as indicated in Table 5.3.
Eight 2 ml fractions were collected before the next aliquot

40Ca2+ was added. The data for these experiments were

of

first plotted in this manner to allow calculation of the

extent of Ca2+ binding for each step. Values of free and

bound Ca2+ were then derived. For example, from Figure 5.7

and Table 5.4, at a total Ca2+ concentration of 2 x lO_SM,

2,519 counts/min
12,502 counts/min
that the values of free and bound Ca2*% are 0.4 x lO_SM and

the fraction of Ca2+ free is or 0.2, so
1.6 x lO_SM respectively. From these values and the protein
concentration, a Scatchard plot can be constructed. If
there is more than one tyée of site, the plot should yield
a curve which is concave upward. When the parameters of
each site are known and the value of vV corrected for these
contributions, the final plots are straight lines.

The Scatchard plot shown in Figure 5.8 reveals two
classes of sites for Ca2+ binding to "Apo" 1A in the presence

of excess Mg2+; a high affinity site accommodating lCa2+

(n = 0.86) and K 1 and weak sites with KCa =

1

— Sy~
ca = 6 x 10°M

and a stoichiometry of ~2 (n = 2.36). No

observable binding of Ca2+ to Ca3Mg21A could be detected by

flow dialysis or calcium ion specific electrode methods.

3.3 x 10°M”

These results do not preclude the possibility of other low

affinity Ca2+ binding sites with K < 103M"l however.

The binding of Ca2+ to component Ca3lA was examined.




Table 5.3

' Concentrations of Unlabeled Calcium Added at

Various Intervals in Figure 5.7

Fraction No.

8
16
24
32
40
48

.56
64

72

I

40Ca2+

1(x 10°M)

1.0
2.0
3.0

15.0

10~2M
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Table 5.4

2+ Binding

2+

Data for Scatchard Plot of Ca

to "Apo"lA in Presence of 1mM Mg

n

v

[Ca2+]free [Ca2+]bound [Ca2+]free'

(x 10°M) (x 10%m) ¥ (x 10=4M)
1.0 9.0 0.35 35.0
4.0 16.0 0.62 15.0
9.3 20.7 0.80 8.6
19.0 31.0 1.20 6.3
29.9 40.1 1.55 5.2
43.1 46.9 ' 1.81 4.2
63.4 56.6 2.19 3.4
83.6 66.4 2.56 3.1
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Figure 5.8. Scatchard plot of the data derived from

the steady state values in Figure 5.7.
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Data for this experiment is presented in Table 5.5 and cast
into a Scatchard plot (Figure 5.9). One class of sites
accommodating ~2 Ca2+ ions (n = 2.34) and an association

constant of 2.5 x 1047t is evident.

Mgz+ Binding to 1A - Ultrafiltration

and Atomic Absorption Spectroscopy

For the simple reaction of a metal such as Mg2+ bind-

ing to a protein,

Mg2+ +p == M92+P

the equilibrium constant for 10 ml of solution in an ultra-

filtration cell is

2+
[Mg PJO

Mg®*1, [P1,

where [Mg2+]0 = the concentration of free Mgz+, [P]O = the
concentration of unbound protein, and [Mgz+P] = the concen-
tration of bound Mg2+. When the solution is concentrated

down to 1 ml, the new equilibrium expression is

2+
K [Mg PJl
. mg?*1, [P
g N 1

. 2+ 2+

Since [Mg P]l = 10[{Mg P]O’ [P]1 = lO[P]0 and [Mg]0 = [Mg]l;
_ . . 2+

then K0 = Kl as it should be. Since we know [Mg ]total’ and

2

can measure [Mg2 . we can calculate [Mg +P] from the

i
free
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Table 5.5

Data for Scatchard Plot of Ca2+

Binding to Ca, ia

v

[Ca2+]free [Ca2+]bound [Ca2+]free

(x 10%M) (x 10°m) ¥ (x 10™%w)
5.1 4.9 0.27 5.3
10.9 9.1 0.51 4.7
16.7 13.3 0.74 4.4
31.2 18.8 1.04 3.3
44.6 25.4 1.41 3.2
62.5 27.5 1.53 2.4
90.4 29.6 1.64 1.8

118.9 31.1 1.73 1.4
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Figure 5.9. Scatchard plot of Ca31A binding to

calcium using flow dialysis.
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2+

] Mg®*p] + (Mg?*1.___ . When more

expression [Mg total =
2+

Mg and buffer are added to the system and the volume

2+

brought to 10 ml, [Mg [M92+] + [M92+P] +

]total - added
ngzg%izﬁﬁ. From here the calculation of Mg2+ binding at
various metal concentrations can proceed. Data for the bind-
ing of Mg2+ to "Apo" 1A and Caq 1A using this method are
shown in Tables 5.6 and 5.7 respectively. Total Mg2+ (free
plus bound) was measured after completion of each binding
experiment.

The results for Mgz+ binding to "Apo" lA'and Ca, 1a
are shown in Figures 5.10 and 5.11 respectivelv. In Figure
5.10, the plot of [Mgz+]bound (#) versus equivalents of Mg2+
addgd is linear and breaks off sharply at approximately 2
equivalents of Mg2+ added. This establishes that there are
2 magnesium binding sites on the macromolecule. A plot of
[Mg2+]free (A) versus equivalents of Mg2+ added implies that
site 1 has a higher affinity for Mg2+ than site 2. This
2

+] in
free

the region where 1-2 equivalents of Mg2+ are added. Simi-

can be explained by the resulting increase in [Mg

larly, the same trend for component Ca3 1A can be shown
using metal binding data in Table 5.7 and Figure 5.11.

The lower limit of KMg for site 1 can be approximated
from step #2 from each metél binding experiment. Calcula-
tion for this value can be done using the conditions below:

Mgt + 1A = Mg®tia




bata for Equivale

"Apo"1A with Mg2T

[Mgz+]bound
Step # (x lOGM)
1 5.0
2 10.0
3 19.5
4 27.8
5 33.1
6 33.2
7 31.0
8 28.9
9 29.0

lDetection limit £
spectroscopy = 3 x 10~7M.

102

Table 5.6

nce Plot for Titration of

. ["Apo"1A] = 1.75 x 10~ °M

l[Mg2+]free Equivalents Mg2+
(x 10°M) Added
<0.3 0.29
<0.3 0.58
0.5 1.14
1.9 1.69
5.2 2.19
22,1 3.16
24,7 3.18
29.4 3.22
110. 5.85

or Mg2+ by atomic absorption
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Table 5.7

Data for Equivalence Plot of the Titration

of Compdnent Ca3lA with Mg2+

[Cayla] = 2.1 x 107°M

2+ 1 2+ ) 2+
[Mg™ )y suna [MI™ Terae Equivalents Mg
Step # (x 106M) o (x 106M) Added
1 5.0 <0,3 0.26
2 10.0 <0.3 0.52
3 20.0 <0.3 1.05
4 30.0 <0.3 1.58
5 38.0 2.0 2.10
6 41.0 17.0 3.30
7 43.3 19.4 3.43
8 44,2 20.9 3.49
9 42.8 107.5 6.14

lDetection limit for Mg2+ by atomic absorption
spectroscopy = 3 x 10-7M.
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KoMg = [Mg>*1a]
179 < 2+
[Mg ]free [lA]l
. 2+ 2+
wherev[lA]l = [lA]total (for site 1) - [Mg™~ 1A}, [Mg ]free

is the detection limit for Mg2+ by atomic absorption spec-

troscopy (3 x 10-7M), and [Mg2+1A] is calculated. K. Mg for

1
site 1 > 3.9 x 10°m7 L.

To determine K2Mg for site 2, we use these conditions:

MgZtia + Mgt —= Mg22+lA
_ [Mg?*1a]
KoMg = 2+
[Mg leree [1A]2
where [1a], = [1Al__, . (for site 2) = [1Al__, . - (Mg°*1a +

M922+1A), [Mgz‘*']free is measured, and [Mg22+lA] is calculated.

from step #5 in each metal binding experiment, we calculate

K,Mg = 1.8 x 10°

K2Mg are in good agreement with values obtained with EPR

M_l for site 2. The values for KlMg and

measurements.
These results suggest that Mgz'+ does not bind to the

Ca2+ sites but does bind to the Mg2+ sites tightly.

Discussion
The three~step isolation procedure described in Chap-
ter 4 yielded a calcium-magnesium binding glycoprotein (1la)

: from the extrapallial fluid. The electrophoretic properties

AHM | .
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of the component indicated the absence of any major protein

contaminants.

Several molecular properties of 1A have been charac-

terized. 1A has a high content of carbohydrate (30% by
weight). Although uncharacterized, the carbohydrate portion
may contain acidic side groups (e.g., sulfate) that can bind
metal ions. The low isoelectric point (4.6) of 1A appears
compatible with its amino acid composition (Table 5.1) and
is due to the presence of acidic side chains on the protein-
aceous or carbohydrate portions of the molecule. The high
proportion of dicarboxylic amino acids (33% in 1lA) is also
found in other high affinity calcium binding proteins.86-89
In addition, such proteins have normally been found to have
pI's in the range of 4 - 5.

Mathjia and Degens9l and Wilbur and Simkiss57 have
proposed that binding of calcium by carboxyl groups of glu-
tamic and aspartic acid residues could concentrate calcium
ions. However, Crenshaw92 states that these residues are
present as their amides which would bind little or no calcium.
The small amount of basic amino acid residues (e.g., lysine
and arginine) present and the low pI of 1A seem to refute
this finding but no conclusions should be drawn until the
carbohydrate portion is characterized.

1A has a molecular weight of 80,000 (Chapter 4) and

45

appears to consist of two subunits of identical size. The

interaction of these subunits appears to be disulfide-depen-
dent. Further, other factors such as Ca2+ or Mg2+ ions

might also be involved in the subunit assembly of the protein.
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Qualitative optical emission spectroscopy on 1A shows
the presence of calcium and magnesium. Atomic absorption
spectroscopy on several purified samples indicates there are
three Ca2+ ions and two Mgz+ ions associated with each mole-
cule. The native component for metal binding studies was
formulated Ca3MgzlA.

Ensuing dialysis experiments to remove the divalent
metals suggests that the\binding sites are located in differ-
ent regions of the protein. Dialysis of Ca3MgzlA against
EDTA at physiological pH readily removes the twoMg2+ ions
but not Ca2+ (CaBlA). The Mg2+ sites are probably located
on the surface of the molecule. The three Ca2+ ions are only
removed upon dialysis against a chelating agent at pH 4.6,
the isoelectric point of the protein. It appears that the

2+ sites are located in the interior of the molecule and

Ca
become accessible only through a reduction in pH to where the
net charge of the molecule is zero and possible alteration
of the protein occurs. This is substantiated by recent
findings. When "Apo" 1A was reconstituted with Ca2+ and
dialyzed against EDTA or EGTA at pH 7.0, the metal was
readily removed, suggesting that the Ca2+ sites on the pro-
tein have been altered after a reduction in pH to 4.6.

My findings reveal that the metal binding properties
of 1A are unique. The results are summarized in Table 5.8.
1A contains one Ca2+ binding site that has an affinity of

1 1

6.0 x 10°M T and two with an affinity of 3.3 x 10%m™t. These

sites appear highly specific for calcium, as evidenced by
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the absence of Mg2+ or Mn2+ binding. These results suggest

that the protein possesses three binding sites with a high
degree of stereospecificity and that Ca2+ binding is not a
result of simple electrostatic or ionic interactions.1

Since solubilized calcium is continually available in the

2

fluid (~10 “M), the calcium affinity of 1A should guarantee

that the protein is bound with its full complement of Ca2+

ions. If binding to the protein portion of the molecule is
assumed, the magnitude of the association constant can be
compared with stability constants for Ca2+ binding to model
compounds.93 The results suggest that three or more car-

2+ .
ion.

boxyl groups of 1A are coordinated with each Ca
Recently carboxylic groups of eggshell matrix have
been modified according to the procedure of Hoare and
Koshland.94 When the groups were blocked with water-~soluble
carbodiimides, the Ca2+ binding affinity of the matrix de-

95 The implied dependence of Ca2+ binding

creased rapidly.
to 1A on the presence of ionized carboxyl groups is impor-
tant and needs to be resolved. Further studies along these
lines are needed.

1A also contains two Mg2+ binding sites which also

bind Mn2+ and Ca2+. The order of affinities for these three

cations is as follows: Mg2+ > Mn2+ > Ca2+. This selectivity
series can be rationalized by their corresponding radii
(Table 5.8) and suggests that radial size is an important

factor in determining binding affinity for these particular

sites. Mg2+ appears to have the optimum radial size for
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Summary of Metal Binding Studies for the Glycoprotein 1A

Table 5.8

Component Used

Mg®t "high

affinity"” Sites

Ca2+

Specific Sites

KCa=2.5x10 M

Metal Method of Study
Mn2+ EPR spectroscopy "Apo" 1A One class of sites No binding
5 n=1.91,
(r=0.80A4) _ 5,1
KMn—l.lxlo M
Mg?t Indirect Mn22+ 1A K, »2.5x10%M-1 No binding
Mg
EPR spectroscopy
(r=0.654) 1
Ultrafiltration and "Apo" 1A and (31tel)23 9x10 M No binding
AA spectroscopy Ca3 1A (31te2) 1. 8x106M
Ca2+ Flow dialysis Ca3Mg2 1a No binding No binding
(r=1.0621) Flow dialysis "Apo" 1A with No binding Two classes of
1mM Mg2+ sites
n=0.86, 1
Kcg=6.0x10°M~
n=2.36, 1
Kcg=3. 3x104M
Flow dialysis Ca3 1a One class of sites
n=2,34,
4 -1  \  _____

OTT
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these sites which appear to be tight and preferential for

Mg2+.
To summarize the metal binding data here, the glyco-

protein 1A contains five cation binding sites: three Ca2+—

specific sites that do not bind Mn2+ or Mg2+ and two Mg2+

sites that also bind Mn2+ and Ca2+.

The role of Mg2+ is not clear. Speculation about the
function of Mg2+ seems unwarranted without more evidence.
The role of the bound Ca2+ ions might very well be in main-
taining protein structural integrity. Clearly ﬁhese sites
are altered significantly upon reduction in pH to 4.6, the
pl of the protein. This suggests that the metal has an im-
portant role in protein conformation. Additionally, calcium
has been shown to impart thermal stability to several pro-
teins.88790

At present there are several proteins which have been
reported to possess specific and/or physiologically signifi-
cant calcium and magnesium binding activity.l Many of these

proteins are associated with metal-transporting systems,

97 98

including intestines,96 kidneys,
99

the parathyroid gland,

and avian shell glands.100

the pancreas, Calcium-mag-
nesium binding proteins are also present in several intra-
cellular metal-regulating systems, e.g., mitochondria and
the sarcoplasmic reticulum.l

The exact function of this glycoprotein in relation
to the calcification process is not clear. Normally three

events take place in metal transport systems: (1) selective




112

binding of a metal to a carrier molecule, (2) transport of
the metal-carrier species to various locations, and (3) re-

lease of the metal by a change in the binding affinity of

the carrier molecule. Since 1A meets criterion (1) by

having a selective affinity for Ca2+, further studies to

meet criteria (2) and (3) might prove beneficial in defin-
ing additional properties of the protein. However, since
the calcium bound by this protein is such a small fraction
of the total calcium in the fluid, 1A is probably not impor-
tant in metal transport.

1A might act as a localizer of calcium at the inner
shell surface, providing Ca2+ for the next step in the bio-
mineralization process. Further, 1A appears to exist in
several polymeric forms, depending on the concentration of
a2+.45

5 c This implies that the quaternary structure is

changed by the presence of Ca2+. The protein could in effect

serve as a templaté for crystal initiation and growth.




Chapter 6
Partial Characterization of an

Isolated Phenoloxidase (1B)

The enzyme phenoloxidase is responsible for tanning

reactions throughout the phylogenetic scale. Many, but not
all, phenoloxidases are capable of. catalyzing two distinct
reactions: (1) the ortho hydroxylation of phenols and (2) the

: dehydrogenation of catechols to form gquinones.

% oH OH
(1) + 0, + 2H ——) @r OH H,0
| R R

OH J

i (2) 2 OH + 0, —— 2 0 + 2H,0
E R

i R

Quinones from reaction 2 are thought to initiate the brown-
ing process by crosslinking proteins in an undetermined
manner. °1

Phenoloxidase has been detected in the mantles and

periostraca of the molluscs Pteria martensii, Cristaria
51

plicata and Modiolus demissus. The enzyme presumably aids

in the crosslinking of presclerotin protein subunits of the
periostracum.

;; 113
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A phenoloxidase (1B) from the extrapallial fluid of
Mytilus was isolated and partially characterized. The elec-
trophoretic properties, activity, amino acid content and

metal ‘association are reported.

Exéerimental Methods
Materials
3,4-L-dihydroxyphenylalanine (L-dopa), L-tyrosine,
and o chymotrypsin, gifts of the Biochemistry Department,
University of New Hampshire. All other chemicals were rea-

gent grade or better.

Isolation of 1B

Details of the isolation of 1B are described in Chap-
ter 4. In brief, centrifuged-dialyzed fluid was prepared
and chromatographed as previously for enzyme studies with
the exception that 0.1M Tris-HC1l buffer, pH 7.9, was used

for all experiments.

Electrophoresis and Amino Acid Analysis

The disc gel electrophoretic system described by
Hedrick and Smith,54 employing a Tris-HCl buffering system
at pH 8.9 was utilized to estimate the number of protein
bands in 1B at two different gel concentrations. Samples
containing approximately 0.5-1 mg/ml were applied in 200 ul
volumes to the gels. Electrophoresis was run at room temper-
ature using Bromphenol Blue as the tracker dye. The gels
were stained with Napthol Blue Black and destained with a

Quick Gel Destainer (Hoefer Scientific).
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Samples for amino acid analyses were prepared in the

same manner as for 1A (Chapter 5).

Determination of €580
Lyophilized samples of 1B were weighed out by a tech-
nician and placed in aépropriate amounts of buffer to give
1 mg/ml concentrations. The absorbance -at 280 nm was mea-
sured on the samples using a Bausch and Lomb Spectronic 710
spectrophotometer. Values obtained were used for further

studies in estimating 1B concentrations.

Metal Analyses

A Baird Associates Eagle Mount grating spectrograph
was used for optical emission analyses. A Varian Techtron
Model AA-3 spectrometer was used for atomic absorption
analyses of copper. The wavelength and slit width employed

were 324.7 nm and 50 ﬁ, respectively.

Enzyme Assay

For 3,4-L-dihydroxyphenylalanine (L-dopa) as a sub~
strate, one unit of enzyme activity is defined as 1 umole
of L-dopa oxidized per minute in 0.1M Tris-HCl buffer (pH
7.2, 25°C). The oxidation product of the reaction, dopa-
chrome (2-carboxy-2,3 dihydroindole-5,6 quinone), absorbs
maximally at 475 nm with an extinction coefficient of 3600
cm-lM—l.lOl Activity measurements were carried out with a
Bausch and Lomb Spectronic 710 spectrophotometer using 1 cm

qguartz cells in which the sample cell contained 0.1M Tris-

HCl buffer (pH 7.9), 1 mM L-dopa, 25 ug/ml chymotrypsin and
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enzyme, The reference cell contents were identically pre-

pared with the exception that the enzyme solution was heated

; : in a water bath at 90°cC for'30 minutes.

Results

The purity of 1B was estimated using polyacrylamide
disc gel electrophoresis (Figure 6.1). Inv7% gel, the com—
ponent migrated as a single sharp band. In contrast, three
closely spaced bands were observed in the 17% gel. Many
previous studies have shown that preparations of this enzyme
may be separated by electrophoretic techniques into several
enzymatically active species. It is therefore possible that
1B contains three isozymes.

The amino acid analysis is presented in Table 6.1l.
The enzyme contains a large amount of aspartic acid. Consis-
tent with the analyses reported for other phenoloxidases,105-'107
1B was also found to be free of carbohydrate.

Protein concentration was estimated by absorbance at
280 nm. The molar absorbance, ¢, based on 1 mg per ml samples,

5M'-lcm_l, using the molecular weight of 1B as

is 1.4 x 10
80,000 (Chapter 4).

Optical emission spectroscopy on lyophilized samples
indicate that copper, iron, and sodium are associated with
1B. Copper and iron stoichiometries were determined by
atomic abosrption spectroscopy. The molar ratio of copper

to protein was 1.5 while the ratio of iron to 1B was 0.9,

based on a molecular weight of 80,000 daltons. EPR




Figure 6.1,

concentrations.

IB

705 17%

Disc gel electrophoresis analysis of component 1B in 7% and 17% gel

LTT



Lysine
Histidine
Arginine
Aspartic Acid
Threonine
Serine
Glutamic Acid
Proline
Glycine
Alanine
Cystine
Valine
Methionine
Isoleucine
Leucine
Tyrosine

Phenylalanine

Table 6.1

Amino Acid Composition of lBl

lEstimated error =

6%.

Residues/1000 amino

acid residues
74
47
22
257
56
59
66
13
62
58
14
39
18
65
77
47
26
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measurements with native solutions of the enzyme suggest

that all or most of the copper is present as Cu(I) as in

all other phenoloxidases. When the enzyme is lyophilized
however, and reconstituted into distilled-deionized H20,

pH 7.0, a distinctive EPR signal due to Cu(II) is apparent,
suggesting alteration of the protein. Figure 6.2 shows the
77°K EPR spectrum of reconstituted 1B (2.5 x 10-4M) in the

g = 2 region. The observed hyperfine structure is suggestive
of two nitrogen ligands around the copper nucleus. This

102 who postu~

observation is in agreement with Fling et al.
late that two histidine residues are bound to the copper

atom at the active site in Neurospora crassa phenoloxidase.

In addition, a high spin Fe(III) signal in the g = 4.3 region
can ‘be observed in lyophilized enzyme samples.

Initial assay experiments to detect phenoloxidase ac-
tivity in the centrifuged-dialyzed fluid showed the presence
of the enzyme (Figure 6.3). At t = 0, 300 ul of 10 mM L-dopa
was added to 2700 ul of chymotrypsin treated solutions in
the sample and reference cells. The contents in the refer-
ence cell had been boiled prior to the assay. Maximal activity
was achieved after 45 minutes.

Gel filtration chromatography on the centrifuged-
dialyzed fluid showed that phenoloxidase was totally associ-
ated with component 1 (Chapter 4). Further fractionation of
peak 1 to Sephadex DEAE-A50 indicated that 1B exhibits the

majority of enzyme activity in the fluid.
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Figure 6.2. 77°K EPR spectrum in the g = 2 region

of reconstituted fluid phenoloxidase. Modulation aptitude =
6.3G; Microwave power = 5mW; Scan rate = 200G/min; Time

constant = 1 sec.; Frequency =.9.175 GHz.




~
N
—~

2001 |

«H




122

100,

1B(1mg/mi)

%aclivily

)
Q

C~D Fluid(2mg i)

251

10 20 30 40 50 60

Timc(miq)

Figure 6.3. Phenoloxidase activity profile of

centrifuged-dialyzed fluid and component 1B.
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Specific Activity of 1B

One unusual feature of the fluid phenoloxidase is the
dependence on chymotrypsin for activation. Little activity
could be observed in any fluid samples without prior addi-
tions of the proteolytic enzyme.

Figure 6.3 shows the activity profile of 1B (1.25 x

6

10"°M). Maximal activity was achieved after ten minutes.

The specific catecholase activity of 1B was determined by
the method of Fling et al.102 and found to be 0.33 units/mg.
Table 6.2 shows the specific activities of 1B and other
phenoloxidases from the work of others. The activity of the
fluid enzyme appears to be guite low when compared to phenol-
oxidases from other sources. Two different explanations can
account for this: (1) the separation method described in
Chapter 4 is unable to separate inactivated molecules of
phenoloxidase from those which retain their activity or
(2) the requirements of the animal are such that only a low
activity enzyme is needed. Interestingly, the specific ac-
tivity of a partially purified phenoloxidase from the mantle
of M. demissus is also low (see Table 6.2).

Cresolase activity was attempted by an assay procedure

103

using L-tyrosine as a substrate. Surprisingly, no creso-

lase activity was observed with any fluid samples,

' pH Effects on Activity

Partially purified 1B was used for estimation of the
optimal pH for this enzyme. In the range pH 6-10.5, maximal

activity was observed in the interval pH 7.5-8.0 (Figure 6.4).
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Table 6.2
Specific Activities of Various Phenoloxidases

Using L-dopa as a Substrate

Specific Activityl

" Source (units/mg protein present)
Mantle, M. demissus51 0.24
Extrapallial fluid, M. edulis 0.33
Periostracum, M. ‘d‘em‘issus51 212.0
N. crassal?®? 398.0

. 107
A. bisporus 900.0

lOne unit of enzyme activity is defined as 1 umole
of 3,4-L-dihydroxyphenylalanine (L-dopa) oxidized per minute.
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Discussion

A phenoloxidase was isolated from the extrapallial
fluid of Mytilus and is unusual in two respects. The fluid
enzyme differs from classically described phenoloxidases in
its (1) apparent low specific activity and (2) its dependence
on chymotrypsin for activation. The absence of activity with
L-tyrosine as a substrate is surprising but does not preclude
the possibility of phenoloxidase activity toward other phen-
olic substrates.

The fluid enzyme is presumably stored in mantle cells

51 The cellular storage of

lying along the epithelial edge.
phenoloxidase and activation after secretion are important
biological adaptations because the reaction catalyzed by
the enzyme is harmful to living cells. Phenoloxidases in
mantles and periostraca of some molluscs alsoc undergo acti-

51 Although nothing is known about

vation by chymotrypsin.
the activating mechanism in the fluid, it is very possible
that one of the seven species observed in component 2 (Chap-
ter 4) is a proteolytic enzyme.

1B appears to exist as at least three different forms.
Multiple forms of phenoloxidase have been reported in mush-

rooms,104 potatoes,105'106 107,108

and mammalian tumors.
In a detailed study of the multiplicity of mushroom phenol-
oxidase,109 it was found that the isozymes are interconvert-
ible, depending on conditions of pH, ionic strength, and

protein concentration. Several reasons have been suggested

for the multiplicity of phenoloxidases: (a) various degrees




127

of polymerization of like subunits, (b) various combinations
of unlike subunits, (c) conformational changes of a single
protein, or (d) combinations of the three.

110 has assembled data for a number of pro-

- Van Holde
teins, classifying them as "single chain" or "multi-chain"
and correlating this with the percentage of five hydrophobic
residues (leucine, isoleucine, proline, valine, and phenyl-
alanine). A hydrophobic residue content over 30% constitutes
single chain proteins while less than 30% indicates multi-
chain proteins. 1In 1B, the content of these five hydro-
phobic residues is 22.0%, indicative of a multi-chain protein
and consistent with electrophoretic results.

Metal analyses indicate the presence of copper and
iron with the enzyme. The iron is probably a contamination
that is generally observed with many marine samples. Like
all phenoloxidases, 1B contains copper in significant amounts.
The copper content is 0.12%, as compared to 0.19% for other

104-108 gy ¢ suggests that samples of the

phenoloxidases.
fluid enzyme might contain inactivated molecules and could
help explain the apparent low specific activity observed.
Total copper was determined on lyophilized samples of 1B.
These particular samples gave a characteristic Cu2+ EPR sig-
nal (Figure 6.2). It is well known that inactivation of the
enzyme is associated with the presence of EPR detectable
copper. When the EPR spectrum is taken on unlyophilized
samples of 1B, no signal due to a Cu2+—polymer species is

observed. The fluid enzyme might be immobilized upon lyophil-

ization.
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Molluscan mantles have been shown to be abundant in
aromatic compounds, including L-~dopa, halogenated tyrosine

111-113 Since no catecholic sub-

and halogenated tryptophan.
strate has yet been identified in the fluid, more studies

along these lines are in order.




Chapter 7

Future Studies

So much accomplighed, so much left to be done. 1In
the final chapter, I have divided prospective studies into
three areas: (1) protein components, (2) carbohydrate com-
ponents, and (3) dialyzable material. Each area is multi-
faceted and could provide interesting research opportunities
for analytical, physical or bioinorganic chemists. The
objective of this chapter is to present a basic plan of
attack and generate interest for other chemists to enter

this field of research.

Protein Components

" Component 2--Isolation and Characterization

Peak 2, composed of seven different species, was not
examined in this work. These species are undoubtedly impor-
tant in the mineralization process. Examination of these
components, particularly peak 2D (see Figure 4.3), appears

crucial in furthering our knowledge.

" Detection of Carbonic Anhydrase and

Alkaline Phosphatase

These two énzymes have been detected in the mantles
and periostraca of molluscs and are likely present in the

extrapallial fluid.,

129
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Alkaline phosphatase activity can be measured routine-
ly in the fluid by following any release of p-nitrophenol
from p-nitrophenyl phosphate through the change in absorbance
at 410Anm.114

Carbonic anhydrase activity can be detected similarly
by measuring the amount of p-nitrophenol produced from the
hydrolysis of p-nitrophenyl acetate.115 If detected, these

enzymes could be isolated by procedures similar to those

developed here.

3+

Binding of Tb to 1A

The trivalent lanthanide ions have approximately the
same charge ratio radius (~1.008) and form electrostatic com-
plexes analogous to those of calcium. In contrast to the
calcium ion, however, the rare earth metal ions exhibit a
wide range of maghetic and spectroscopic properties. Conse-
quently, there has been great interest in the use of these
ions to probe calcium binding sites in biopolymers.ll6—118

Certain lanthanides (i.e., Tb3+), when complexed with
organic ligands, exhibit characteristic fluorescence spectra.
These spectra arise from intramolecular energy transfer from
the electronic states of the ligands to the 4f levels of the

119

lanthanide ions. Strong emission is observed when the

ligand has a triplet state lying above the 4f level of the
ion. Thus proteins, being abundant in aromatic residues,

119

are amenable to such studies. The intensity of the fluo-

rescence spectrum of Tb3+ is greatly enhanced upon the
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120-122 1 pave observed similar

binding to several proteins.
effects with 1A as described below:
Fluorescence measurements were recorded on a Mark I

spectrofluorimeter (Ferand Optical). All solutions were made

i in 10 mM MOPS buffer (Morphilinopropane sulfonic acid), pH

| 6.53. The inherent fluorescence intensity of Tb3+ solutions
at various concentrations (0-0.2 M) were then recorded. The
excitation and emission wavelengths used were 295 nm and 545

> M 1A solution

nm respectively. To 1500 uL of a 6.2 x 10
was added 1500 yL of 0.1 M Tb ' and allowed to equilibrate
overnight. The fluorescence intensity of the sample was re-
corded at 545 nm on the spectrofluorimeter. The intensity
was enhanced upon the binding of the metal ion to the protein.
Aliquots of 10 mM Ca2+ were then added to the sample. After
each addition the contents were withdrawn with a 500 uL
syringe and reinserted into the fluorescence cell to ensure
thorough mixing. The emission intensity at 545 nm was re-
corded after five minutes.

The results of this titration are shown in Figure 7.1.

Ca2+ completely displaces Tb3+ until 1.56 equivalents are

3+

added. It is not clear whether Tb is bound to the 2 inher-

ent Mg2+ sites or Ca2+ sites. Future studies with components
Ca31A and "Apo" 1A will help determine which sites are in-
volved. The magnitude of the fluorescence enhancement could
also be used to characterize these metal binding sites fur-

ther by determining:

A. The Ka's for Tb3-lA complexes
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Fluorescence Intensity(545nm)

0o

1
Equiv.Ca2*added

Figure 7.1. Plot of intrinsic fluorescence inten-

2+

sity of Tb3+-lA complex versus equivalents of Ca added.

«
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B. The pK's of the coordinating ligands
C. Number of H20 molecules bound to the metal ion

D. The distance between the metal binding sites.

Structure of 1A in Solution--

Circular Dichroism

In recent years, much use has been made of circular
dichroism (CD) to investigate the structure of proteins in

solution.123

There are now standard proteins which exhibit
CD spectra characteristic of their structural content (o
helix, B structure, or random). Comparison of these spectra
would qualitatively determine the conformation of 1A and its
components ("Apo" 1A, Ca3Mg21A, Ca3lA) and enable us to

determine whether the metal ions are involved in maintenance

of protein integrity.

Carbohydrate Components

Soluble and insoluble carbohydrate material has been

found in the fluid and binds almost 10% of the calcium present.

The structure and function of this material remains to be

investigated.

Dialyzable Material

Organic Material

This dissertation suggests that molluscan calcifica-
tion appears to be controlled by the chelation of calcium by
small molecules., The theory could be confirmed by determining

the identity and concentration of the chelates. The presence

of amino acids in the ultrafiltrate has been shown (Chapter 3).
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Chromatography of the fluid by the method of Barker and
Summerson124 would determine the presence and amount of
various metabolic acids. The presence of simple sugars
could be tested with the anthrone reaction.

Aromatic compounds that are candidates as substrates

for the phenoloxidase could also be tested for accordingly.

Metals

There are seventeen metals present in the fluid. It
seems likely that the metal content in shells would reflect
the composition of this fluid. No wofk has been done to
establish if such a correlation exists. Determination of
the concentrations of the metals would help in evaluating
whether the calcification process has an important role in
incorporating metals into the shell.

Nd3+ Binding to Small Chelates--
pK's of Ligands

The 4f orbitals of the lanthanides are not significant-
ly involved in bonding. However, the f-f transitions that
do arise are very sensitive to complex formation. The f£-f
transitions of trivalent neodymium (Nd3+) in the 500-600 nm
region have been found to be particularly useful in detecting

125

spectral changes. These changes are quite small and a

difference spectrum must be recorded to observe them. The
Nd3+ difference spectrum observed with extrapallial fluid
ultrafiltrate (MW 10,000) is shown in Figure 7.2. The sample
cell contained 1500 uL of 0.1 M NdCl3 and 1500 yL of ultra-

filtrate. The reference cell contained 1500 uL of 0.1 M
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A ABSORBANCE
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Figure 7.2. Difference absorption spectrum of a

0.05M Nd3+ solution in ultrafiltrate (MW = 10,000) portion

of the fluid.

Ll




136

NdCl3 and 1500 uL of distilled~deionized H20. The pH of
both samples was 6.1 and the spectrum was obtained on a

Cary 14 spectrophotometer using a 0~0.l1 absorbance slidewire.
It is clear that intensity changes have occurred. The inten-
sities of difference spectra obtained with ligands in other

126 It is obvious from this

studies vary markedly with pH.
spectrum that complexing agents are present in the fluid.
The pH dependence of the spectral intensity could be used

for determining the pK's of the coordinating fluid ligands.
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