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Abstract
It has been found in some places around New Zealand, specifically in Tasman
Bay, Foveaux Strait and Chatham islands, that the concentration of cadmium
(Cd) in the Bluff oyster (Ostrea chilensis) is very high, and similar to that of
oysters from polluted areas. This is unexpected because both water and
sediments are very clean in these places, and the environmental concentration of
Cd is very low.
Cadmium is a hazardous heavy metal classified by the World Health
Organisation within the group 1 (Human Carcinogens) and listed by the
Comprehensive Environmental Response, Compensation, and Liability Act as
being No7 in its list of hazardous materials. However, epidemiological studies
undertaken in people consuming Bluff oysters proved no sign of Cd-intoxication
which could imply that the cadmium is not free in the oyster, but protein bound. At
present, it is unknown which protein might be responsible for the binding of Cd in
the Bluff oyster.
This study aimed to develop a procedure to localize and identify the Cd-binding
protein (Cd-BP) in the Bluff oyster. A combination of gel filtration chromatography
(GFC) to separate the proteins of the Bluff oyster, and Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) to analyse the metal content of the
fractions, proved to be the most reliable procedure and resulted in the isolation of
one candidate Cd-BP. Further analysis using MALDI MS/MS and a de novo
sequencing of the candidate identified the hypothetical protein PPAM2_20180
(Pseudomonas sp.).
The present study has also contributed to the data available on the distribution of
selected trace metals between the soluble and insoluble fractions in oyster tissue,
and made a new contribution to the literature by showing the distribution of
metals among the high molecular weight proteins (30 – 600 kDa) of the soluble
fraction of the Bluff oyster tissue.
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1 Chapter 1: Introduction
1.1

Introduction.
1.1.1

Biology of oysters.

Oysters belong to the phylum Mollusca, class Bivalvia, family Ostreacea (Bay
and Council 2004). The main characteristic of the class Bivalvia is two symmetric
shells that protect the soft tissues and the muscular foot that, in oyster species, is
used to attach to hard surfaces such as rocks or even other oysters (Fisheries).
Oysters are ﬁlter feeders; they feed on phytoplankton and algae mainly through
the gills, but some particles such as sediments, are eliminated as “pseudofaeces”
(Bay and Council 2004). The filtration rates depend on several factors such as
temperature, salinity, suspended particulate concentration, size, and/or age.
Oysters cannot regulate the temperature or salinity of their bodies; it is the same
as the environment, but the salinity tolerances of oysters can vary with the
species (Bay and Council 2004).
Most types of oysters begin life as males until they become reproductively mature
when most of them change to female, although a small proportion are permanent
males (Bay and Council 2004; Powell et al. 2011). When females, they produce
millions of eggs; spawning occurs mainly during the warm season. Fertilization
also varies with the genus. For example, in Crassostrea and Saccostrea species
it takes place in the water and so larval life occurs completely within the water
column, whereas the fertilization and the beginning of larval life in the genus
Ostrea occurs within the oyster’s shell, among the female’s gill filaments (Bay
and Council 2004). This is the reason why Ostrea species have this disagreeable
appearance and texture during summer time and it is best to not eat them at that
time. After leaving the mother’s shell, the larval life is completed in the water
column (Bay and Council 2004).
Once fully developed, larvae find a clean and hard surface to attach themselves
to for the rest of their lives by releasing a glue-like substance called byssus
cement (Troost 2010).
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1.1.2

Species of oysters in New Zealand

Oysters are very important for New Zealand from an economic point of view; they
represent an important income from both domestic and international sales. Most
commercially important species belong to three major genera: Ostrea,
Saccostrea, and Crassostrea (Bay and Council 2004).In New Zealand there are
three native species of oysters, the Bluff oyster (Ostroea chilensis), rock oyster
(Saccostrea commercialis) and flat oyster (Ostrea aupouri) (Fisheries). However,
in 1971 another species of oyster was found among the rock oyster harvest, the
Pacific oyster (Crassostrea gigas). This oyster is originally from Japan and it is
believed that it was introduced to New Zealand in the 1950’s via the merchant
ships coming to New Zealand from Japan (Smith et al. 1986).
Initially, the Paciﬁc oyster represented a problem for the oyster farmers because
these oysters live in a similar habitat to the native rock oyster; furthermore, their
growth rate is three times faster and they grow bigger, and they spawn more
often, so it became nearly impossible to eradicate (Fisheries).
Having seen the inevitable colonization of Pacific oysters in the aquaculture of
New Zealand, as well as the popularity of these oysters in Europe, USA and
Japan, farmers soon realised what an opportunity there was to establish Pacific
oysters as the oyster of choice on New Zealand’s oyster farms (Fisheries).
Aquaculture is just one part of the New Zealand oyster industry, which involves
mainly the Pacific oyster due to its ease and efficiency in farming. In fact, Pacific
oysters represent 98% of the world’s aquaculture oyster production (Fisheries).
However, in New Zealand, other wild species also make a significant contribution
to the oyster industry. In particular, the Bluff oyster grows wild in Foveaux Strait
as well as other parts of New Zealand, and they are popular in particular with
domestic consumers (Fisheries 2009).
1.1.3

The Bluff oyster.

The Bluff oyster (Ostrea chilensis) also known as the dredge oyster, can live for
eight years or more. This oyster species mature as males at 6-18 months old,
and remain as males until they are 36-42 months. At this age, most of the oysters
develop female reproductive material; 95% of adult oysters are hermaphrodite,
producing eggs and sperm at the same time (Jeffs and Hickman 2000).
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This species of oyster does not disperse more than a few centimetres from the
mother since most of the larvae settle a few minutes after release (Jeffs et al.
1997). Nevertheless, a small portion of larvae can spend some time in the water
column (up to 11 days) and spread out a bit more, but little is known about the
timing and the method that these larvae use to spread.
Bluff oysters are found in small beds all around New Zealand; the bigger beds
are located in the South Island, specifically in Foveaux Strait, Golden Bay and
Tasman Bay (Brown et al. 2010). Of these three areas, the dredge oyster fishery
in Foveaux Strait is the most important one nowadays; the area commercially
harvested has a western limit corresponding to the line that goes from Oraka
Point to Centre Island to Black Rock Point (Codfish Island) to North Head
(Stewart Island), and an Eastern boundary given by the line that goes from Slope
Point, south to East Cape (Stewart Island) (Fig. 1.1). The total area covers 3300
km2, but oysters are only distributed over 1200 km2 (Limited 2005).

Figure 1.1. Commercially harvested area of Foveaux Strait (OYU 5) Figure source
http://fs.fish.govt.nz/Doc/22242/19_OYU5_2010.pdf.ashx (Limited 2005)

The dredge oyster fishery of Foveaux Strait has a history of over 140 years (Hill
et al. 2010). During this time there have been many changes in the abundance
and distribution of oysters caused by the activity of fishing itself, but also due to
episodic infections provoked by Bonamia, a parasitic protozoa of oyster blood
cells (Cranfield et al. 2005).
3
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The worst epidemic happened between 1986 and 1992 and which caused the
oyster population in Foveaux Strait to decrease to less than 10% of that present
in 1975-1976. The Minister of Fisheries partially closed Foveaux Strait to oyster
fishing in 1992 and fully closed it in 1993 to allow the population to rebuild
(Cranfield et al. 2005).
More recently, between 2000 and 2003, when the oyster population had finally
recovered, around 1 billion legal-sized oysters died from Bonamia, again
reducing the population again drastically to around 500 million, reaching almost
the same dramatic situation as 1992. As a consequence, catches have been
relatively small in recent years compared to those recorded before 1990
(Fisheries 2009).
In addition, in the late 1990s the export of Bluff oysters was blocked because of
the new food regulations in the USA, Hong Kong and UE related to maximum
levels of cadmium allowable in shellfish used for human consumption. The
cadmium content of oysters from Foveaux Strait exceeded these values and so
these oysters are currently not exported and instead are only sold within New
Zealand (Fisheries 2009).
The reason for the ban is because cadmium (Cd) is a very toxic heavy metal
listed by The Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) as No.7 (out of 275) in its priority list of hazardous
materials, and classified by the World Health Organization (WHO) within the
group 1 human carcinogens (Wu et al. 2012).

1.2

Heavy metals in shellfish
1.2.1

Nature of heavy metals and their role in marine organisms

Cadmium, as well as being a toxic heavy metal for organisms, is also involved in
environmental contamination (Shulkin et al. 2003; Lango-Reynoso et al. 2010;
Thompson et al. 2012; Wanick et al. 2012). However, Cd is not the only toxic and
contaminant heavy metal and in general, the term ‘heavy metal’ is often
associated with toxicity and anthropogenic contamination in marine ecosystems.
One of the main problems of heavy metal contamination is that those elements
are not degraded and they bioaccumulate in the food chain (Jakimska et al.
2011).
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In most cases, toxicity of heavy metals is not apparent until a few years of
accumulation in the organisms, and the intoxication depends on many factors
such as exposure period, biochemical interference in metabolic processes, and
type of animal (Jakimska et al. 2011).
Although some heavy metals certainly are very toxic even at very low
concentrations, others are essential for life. For this reason, heavy metals can be
divided into two groups: elements essential for metabolic activity in organisms,
but toxic at high concentrations (Mn, Fe, Co, Cu, Zn, and Mo); and non-essential
elements that are toxic at low concentrations (Pb, Hg, and Cd) (Jakimska et al.
2011).
The essential metal zinc (Zn) is a constituent component of haemocyanin in
molluscs, as well as respiratory pigments and other enzymes; hence, the level of
this element is higher in these organisms (Jakimska et al. 2011).
In crustaceans, copper (Cu) is a constituent of haemocyanin, but they also need
Zn for respiratory pigments and other enzymes. That makes both Zn and Cu,
indispensable metals for the proper functioning of metabolic processes (Jakimska
et al. 2011).
Although not essential, selenium (Se) is also a very important metal involved in
the removal of other more harmful metals such as Hg and Cd (Jakimska et al.
2011).
The most toxic metals are the non-essential ones of Cd, Ni, Hg, or Pb, since they
interfere with endocrine biochemical and metabolic processes in organisms
(Jakimska et al. 2011); moreover, high levels can be lethal to humans consuming
contaminated marine organisms such as shellfish.
1.2.2

Distribution of heavy metals in the molluscs

Metals are not homogenously distributed in the bodies of the molluscs. Some
tissues, because of their biological function, tend to accumulate more metals
compared to others. The organs involved in respiration (gills), excretion (kidneys),
and digestion (digestive gland) accumulate higher amounts of Cd than foot and
other soft tissues. This tendency in Cd accumulation has been reported in several
species of different types of molluscs (Metian et al. 2007; Cooper et al. 2010;
Hedouin et al. 2010; Herve-Fernandez et al. 2010; Peake et al. 2010).
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The digestive gland tissue is known to be a major site for the accumulation of
metals in bivalves because metals coming either from the internal medium (via
blood) or from the external medium (via food) can be taken up by endocytosis or
phagocytosis in digestive cells (Marigomez et al. 2002).
The gills can also have a high metal content, because they are where molluscs
take up dissolved metal ions from the water. It is believed that Cd may enter the
gills by passive diffusion or across Ca2+ channels and a rapid binding to
intracellular ligands ensures removal of cytosolic Cd (Marigomez et al. 2002).
Integument epithelia are directly exposed to metal species present in the
surrounding medium. The major portion of the integument consists of a mucous
single cylindrical epithelium, which is known anatomically as the mantle, and this
also accumulates Cd among other metals such as Cu, Fe, Hg and Zn
(Marigomez et al. 2002).
Blood is not an important metal storage tissue, but it plays an important role in
transporting metals between tissues. Under metal exposure, numerous
hemocytes (blood cells) migrate towards gills or digestive tract and other
detoxification organs and transport metals either associated with cytosolic
proteins or within lysosomes (Marigomez et al. 2002).
The heavy metal content of the shells of marine molluscs is usually less than in
the soft tissues (Marigomez et al. 2002).
Literature reports have also involved Cd within the cell where there are three
main places it can accumulate: mitochondria, lysosomes, and cytoplasm
(Sokolova et al. 2005); moreover Cd is present in the di-cation (Cd2+) form either
as free (solvated) ion or bound to biological ligands (Marigomez et al. 2002).
Alternatively Cd can also accumulate extracellularly in mineralized concretions
(Marigomez et al. 2002). The form in which Cd2+ ion occurs is not always clear
since sometimes it is difficult to differentiate between them.
Mitochondria are key intracellular targets for metal toxicity. Furthermore, they are
very sensitive to metal exposure. Cadmium affects mitochondrial bioenergetics at
concentrations as low as 10-7 – 10-6 M, reducing its ability to produce ATP
(Sokolova et al. 2005).
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Lysosomes are an important organelle in which metals are sequestered in
molluscs (Marigomez et al. 2002). Different pathways may give rise to lysosomal
accumulation of metals in digestive cells. Metals can enter the digestive cells
together with food or from blood by phagocytosis and are directed to lysosomes.
Dissolved metals may also be incorporated from either the lumen of the
diverticula or from blood at the cell, where they are first immobilized by cytosolic
metal-binding proteins and further transported into lysosomes (Marigomez et al.
2002).
Cytoplasm metallothionein (MT) constitutes another important detoxification
mechanism to minimize the availability of metal ions to cytosolic components.
Toxicity is observed when lysosomal or MT detoxification systems are
overwhelmed, which causes destabilization of lysosomal membranes, reduced
ATPase function, and interaction of free metal ions with essential enzyme
systems (Sokolova et al. 2005).
1.2.3

Concentration of Cd and Zn in oysters.

There have been studies reporting measurements of Cd and Zn concentrations in
in oysters around the world. The main aim of many of these studies was not so
much to establish the concentration of Cd and Zn in oysters themselves, but the
relation of these metal concentrations to those in the surrounding sediments and
water, and to use oysters as bioindicators of heavy metal contamination in the
marine environment.
One example of these studies was undertaken in the Northwestern Sea of Japan,
considered polluted due to urban sewage (Shulkin et al. 2003). Concentrations of
Cd and Zn were measured up to 16.9 and 3326 μg g-1 respectively in the
sediment, and up to 27.2 and 7262 μg g-1 dry weight (dw) respectively in the
oysters living in that environment.
A similar study was undertaken in Mazatlan Bay, southeast Gulf of California
where the concentrations of Cd and Zn reported in sediments were between 0.7
– 0.9 μg g-1dw and 83.9 – 160.0 μg g-1dw respectively (Soto-Jimenez et al.
2001). The average concentration of Cd and Zn in the oysters living in these
sediments was 2.3 ± 0.4 and 1161 ± 687 μg g-1dw respectively.
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In New Zealand the Cd content in oysters has been reported to be very high in
some specific places, such as Foveaux Strait (up to 34 μg g-1dw) (Nielsen and
Nathan 1975), Chatham Islands (mean of 34±7 µg g-1 dw) (Peake et al. in
preparation (2012)) and Tasman Bay (up to 9 ug g-1 wet weight (ww))(Ecles
2000). This is unexpected because the water in these places is considered to be
very “clean” and the concentration of Cd is very low in both the seawater and
sediments. The concentration of Cd in the seawater from Foveaux Strait is 0.020.06 µg g-1 (Frew and Hunter 1995) and 0.03-0.34 µg g-1 in sediments (Frew
1997).
Although Foveaux Strait is an unpolluted location with no documented
anthropogenic contamination, Bluff oysters have Cd levels similar or even higher
than that in oysters from overseas polluted environments. It has also been
observed that Cd levels in scallops in this region are elevated in a similar manner
to the oysters (Peake et al. 2010). This observation together with the elevated
levels in both oysters and scallops sampled from the Chatham Islands where
there is no possibility of anthropogenic pollution, is a clear indication that Cd
accumulation in oysters from New Zealand is not related to anthropogenic
sources but rather to the biology of the species (McKenzie-Parnell et al. 1988)
and/or the chemical oceanographic environment in the surrounding water
column.
The Food Standards Australia New Zealand (FSANZ) has established the limit of
Cd for human consumption as 2 µg g-1ww which is less than levels found in Bluff
oysters (up to 15 µg g-1ww in Ostrea chilensis) (Ecles 2000). The limits
established for the USA, Hong Kong and EU (3.7 µg g -1ww, 2 µg g-1 and 1 µg g1

ww respectively) (Bragigand et al. 2004; Kruzynski 2004; Cheng and Gobas

2007) are lower again. The export of oyster shellfish product to the USA and EU
could be of significant economic benefit to New Zealand. It is therefore important
to try and establish the cause of these excessive Cd levels in the Bluff oyster to
ensure the future of the industry.
Initial attempts to reduce high levels of heavy metals showed that leaching by
immersing the oyster in brine can reduce trace metal levels by over 40% (Eccles
2000). Furthermore, wet weight manipulation using hyposmotic medium and
measuring the wet weight of the animal without blotting can reduce the Cd
concentration by 20% (Ecles 2000). However, these results are not enough to
bring the Cd concentration within the bounds of regulatory limits.
8
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As a consequence, further investigation is needed for a better understanding of
elevated Cd concentrations in this oyster species in conjunction with some other
shellfish, and to develop a more effective approach to reduce these levels to
within regulatory limits.

1.3

Source of Cd into the oyster

If the water and sediments in Foveaux Strait are so clean, and there is no
anthropogenic contamination, the question that remains unsolved is ‘where does
the Cd come from?’ The enzyme carbonic anhydrase (CA) may be the key to
answer that question. CA is an enzyme present in the diatoms that catalyzes the
following reaction using Zn2+ as coenzyme:
CO2 + H2O↔HCO3- + H+
Current studies suggest that Cd2+ can replace Zn2+ in diatoms living in waters that
are deficient in zinc (Xu et al. 2008). If shellfish consume diatoms with Cd–
enhanced CA, then perhaps this explains the source of cadmium.
There are five classes of CA (αβγζδ); they all have independent origins but they
all have something in common too, the use of zinc in their active site (Xu et al.
2008).
The α-class is the best characterized CA with 11 isozymes identified in mammals
(Tripp et al. 2001). The β-Class is found mainly in plants, but lately it has been
found in algae and the Bacteria and Archaea domains (Tripp et al. 2001). The γclass precedes the α-class from an evolutionary point of view; the only
characterized protein in this class is “Cam” from the archaeon Methanosarcina
thermophila (Tripp et al. 2001).
The two more recent classes of CA have been discovered in marine diatoms,
both isolated from the model species Thalassiosira wissfologii: δ-CA and ζ-CA
(Xu et al. 2008). The δ-CA form was first identified byTripp et al. (2001) and is
represented by TWCA1, a monomeric carbonic anhydrase whose active site is
similar to those of α- and γ-class, and also needs the presence of zinc. Although
TWCA1 has common properties to the three classes of CA, its gene sequence
has no significant identity with them, which justifies the origin of a new CA class
(Tripp et al. 2001).
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On the other hand, ζ-CA is represented by CDCA1, which naturally use either
Cd2+ or Zn2+ as its catalytic metal. Although Cd-bound CDCA1 is less efficient
than the Zn2+ form, it is still catalytically active and can support the catalytic
needs of fast-growing diatoms (Xu et al. 2008).
A kinetic analysis of the protein showed high CA activity with either Cd2+ or Zn2+
as the catalytic metal, although it is higher when using Zn2+(Xu et al. 2008).
Structural analysis provided a plausible explanation for spontaneous exchange.
The key factors are two metal-coordinating residues which have a stable open
conformation when the protein is metal-free. Moreover, this stable conformation
reduces the energy needed to bind the metal and facilitates metal exchange (Xu
et al. 2008).
CDCA has two characteristic properties: exchange between Zn2+ and Cd2+ and
enhanced catalytic activity in the presence of Cd2+ to other CAs. These properties
could be a consequence of the marine diatom CA evolution in a low metal
environment in oceans (Xu et al. 2008). However one question remains; how
effectively can Cd2+ replace Zn2+ if its concentration level is even lower in the
ocean? (Xu et al. 2008).
The consumption of Cd-based CA diatoms not only could explain the source of
Cd in the oyster, but also could explain the link between oysters from Foveaux
Strait and Chatham Islands. The connection could be the Southland Current
(SC), which is the result of the confluence of cool, macronutrient-rich,
micronutrient-poor sub-Antarctic Surface Water from the south with warm,
macronutrient-poor, micronutrient-rich sub-tropical Surface Water from the north
(the last one contributes approximately 10% to the current, see Fig. 2). These two
masses of water converge at the southwest of the South Island and flow together
as the SC around the south of New Zealand, then up north bordering the coast in
what is locally known as Southern Front (SF), and finally turn east through
Chatham Rise (Hayward et al. 2008). There is the possibility that this current
meets the conditions to favour the growing of diatoms with Cd-based CA, and
that could explain why the oysters growing in these two locations have higher
concentrations of Cd.
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Figure 1.2. Surface currents and fronts around New Zealand (Hayward et al. 2008).

1.4

Toxicity of Cd.

Cadmium is a chemical element that belongs to the group of heavy metals; it
appears in same column just below Zn within the periodic table, and both are
present as di-cations (Cd2+ and Zn2+) under biological conditions (Moulis 2010).
Zn is a metal commonly used as a coenzyme in the cell. It happens that under
same conditions, the ionic radius of Cd2+ is only 20% larger than that of Zn2+, and
also within 5% of another fundamental cation, Ca2+(Moulis 2010). These
similarities suggest that high concentrations of Cd2+ can interfere in the chemical
reactions catalyzed by enzymes using di-cations as coenzymes. In fact, in
biosystems the toxicity of Cd2+ is often attributed to the binding of Cd2+ to
biological thiols (such as glutathione and cysteine), pytochelatins, and proteins.
Thus, the binding mechanisms are very important for any detailed investigation of
the toxicity of either heavy metal (Wu et al. 2012).
Despite the high toxicity of cadmium, this element is widely used in industry,
especially in electroplating, pigments for paints, glass, plastics, printing inks,
rubber and lacquers, and in the production of Ni-Cd batteries (Wu et al. 2012).
Industry is not the only source of Cd in the soil; the fertilizers used in agriculture
and sewage sludge on farm land are also important sources of Cd contamination
(Jarup and Akesson 2009).
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Cadmium cannot be degraded, and its concentration in the environment
increases as a result of human actions. Cd accumulates in the soil first and
therefore along the food chain in both plants (root vegetables and shoots, such
as rice, wheat, peanuts or cocoa, tobacco) and animals (offal, crustaceans and
molluscs) (Moulis and Thevenod 2010).The concentration of Cd found in cereals
and tubers is estimated to be 0.025 µg g-1dw; however in meat, fish and fruit it is
much less (0.005 – 0.01 µg g-1dw)(Johri et al. 2010). An exceptional case is
shellfish, which can accumulate higher levels of Cd as noted above.
Once the Cd is in the food chain, it can easily go on and accumulate in adults
and children by ingestion. Although contaminated food is the main source,
inhalation of contaminated air and dust particles, and cigarette smoke are other
routes of Cd uptake (Johri et al. 2010). For example, and depending on the
brand, one cigarette can contain 1 – 2 µg g-1 Cd, from which 10% of the cadmium
content is inhaled and approximately 50% of that is absorbed in the lung (Jarup
and Akesson 2009).
Inside the body, Cd is absorbed from the gastrointestinal tract and proximal
tubular cells by the transporter DMT1. This molecule not only transports Cd but
other metals that exhibit a different degree of affinity to it (Mn> Cd > Fe >Pb ~ Co
~ Ni > Zn). It may also be responsible for the export of Cd from the endosomes
and lysosomes that have taken up the Cd-MT (Cd-metallothionein) complex
reabsorbed by the proximal tubule of the nephron. Recent studies have shown
that a Zn (and Mn) transporter, ZIP8, could be involved in Cd transport into
mammalian cells as well, and that extracellular Mn or Zn can reduce the cellular
uptake of Cd in cells expressing this transporter (Johri et al. 2010)
The Cd absorbed into the blood circulation is rapidly taken up by the liver, where
it is bound to MT and slowly released back into the circulation. The Cd-MT
complex is filtered at the glomerulus and reabsorbed by the proximal tubule. MTbound Cd has a very long half-life, between 10 and 30 years, and so it
accumulates slowly over many years. Cd exposure up-regulates MT production in
the liver and kidneys, which is a protective response to limit toxicity from free Cd
(Cd2+), but once the MT-producing capacity of proximal renal tubular cells is
exhausted, progressive tubular cell damage occurs as the intracellular levels of
Cd2+ increase (Johri et al. 2010).
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One of the first and most straightforward effects of free Cd+2 in the cell is the
accumulation of these ions in the mitochondria, where Cd2+ inhibits the
respiratory chain (and electron transfer) by acting at the level of complex III (Johri
et al. 2010). The immediate consequence is the generation of reactive oxygen
species (ROS), and mitochondrial disruption with release of cytochrome c,
leading to caspase activation and finally causing cell death by apoptosis and
necrosis (Johri et al. 2010).
Indirectly, cadmium can also cause damage at the DNA level. Cd2+ can interfere
with all major DNA repair pathways as well as with the cell cycle control due to
interactions with the DNA repair proteins. The potential binding sites are
cysteines from zinc finger motifs, structures identified in several of these DNA
repair and cell control proteins. The substitution of Cd2+ for Zn2+ leads to
conformational changes that result in the alteration of protein function (Filipič
2012).
The physiological symptoms of Cd-induced cell damage explained above vary
depending on the route of ingestion, dose, age and sex, as well as whether the
exposure is acute (10 mg) or chronic (Johri et al. 2010)
Acute cadmium poisoning after oral ingestion causes increased salivation,
vomiting, abdominal pain, vertigo and loss of consciousness and painful spasm of
the anal sphincter (Johri et al. 2010). If the exposure is by inhalation dry throat or
cough, headache and flu-like symptoms occur, including fever, vomiting, chest
pains, acute pulmonary oedema, asthma-like bronchospasm, pneumonitis,
muscle weakness, leg pains (Johri et al. 2010).
Chronic cadmium exposure leads to obstructive airway diseases, emphysema,
end-stage renal failures, diabetic and renal complications (including tubular and
glomerula

dysfunctions),

deregulated

blood

pressure,

bone

disorders

(osteomalacia and osteoporosis), femoral pain, lumbago, skeletal deformation
and immune deficiencies (Wu et al. 2012).
Cd exposure has been considered as a potential cause of cancer, specially lung,
prostate, renal, endometrial, breast, and gastric cancers (Johri et al. 2010). The
inhibition of DNA repair mechanisms and apoptosis leads to accumulation of cells
with unrepaired DNA damage, which increases the mutation rate and thus
genomic instability. For this reason, Cd has been classified as a human
carcinogen (Group 1) by the international Agency for Research on Cancer.
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Oysters can accumulate Cd very efficiently within their tissues; one of the
clearest examples is the Bluff oyster. Epidemiological studies of a group of
fisherman from the Bluff area suggest that their consumption of significant
quantities of this shellfish species has not lead to any adverse health effects and
certainly no symptoms of Cd poisoning (McKenzie-Parnell et al. 1988) and these
findings are supported by biochemical analyses that indicate the Cd is not free
but protein-bound (Sharma 1983; McKenzie-Parnell et al. 1988).

1.5

Primary studies of Cd-BP in oysters

Most of the studies concerning Cd in oysters were made from the ecotoxicology
point of view, using the oyster as a bio-indicator, which means the oyster is just a
tool to test one hypothesis. As a consequence, the only information given about
the oyster is the concentration of Cd either in the whole body or in some specific
parts of it.
More recently, some researchers have used a proteomic approach to the study
metal-binding effects in oysters by trying to find differences in protein expression
between oysters exposed to high heavy metal concentrations and control oysters
(Thompson et al. 2012). But again, the ultimate goal has always been to find
proteins to use as biomarkers for heavy metal contamination and not to establish
the actual Cd-binding protein (Cd-BP) within the oyster.
In fact, little is known about the Cd-BP in oysters. One reasonable supposition is
that the Cd-binding protein is a metallothionein (MT), which is a metal-binding
protein often associated with heavy metal metabolism. The main chemical and
physical properties of metallothionein are: 1) Molecular weight of 6000-7000
(however, because of its elongate shape, it is also possible that it behaves as a
10 kDa spherical protein), 2) High metal content (seven atoms of Cd or Zn per
MT molecule), 3) Characteristic amino acid content, recognised by its high
cysteine (Cys) content (33%) and the absence of aromatic amino acids or
histidine, 4) Optical features characteristic of metal thiolates with enhanced ultraviolet absorption at 254 nm, due to all cysteines occurring in the reduced form
and coordinated to the metal ions through mercaptide bonds (Stone and Overnell
1985), 5) a unique amino acid sequence including a conserved motif Cys-XnCys(Jenny et al. 2004) and 6) heat stability(Pedersen et al. 2007). Any protein
fulfilling all these characteristics is considered a MT.
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The first attempt to partially characterised the Cd-BP in oysters was reported by
Ridlington and Fowler (1979), using the American oyster (Crassostrea virginica).
After the exposure of the oysters to a low concentration of Cd under laboratory
conditions, and subsequent purification of proteins, they could partially
characterize the protein. The amino acid analysis of the protein showed that it is
composed of 8% Cys, and also the aromatic amino acids tyrosine (Tyr),
phenylalanine (Phe), and tryptophan (Try) are present. The molecular weight of
the protein is 7400 Da, pI ~ 5, and the protein had a low affinity for metals such
as zinc and copper. The conclusion of the authors from this study is that, even
though the protein has some metallothionein characteristics, it is not a MT.
A later study by Fowler et al. (1984) using the same species of oyster aimed to
determine the affinity of the Cd-BP for Cd2+. They concluded that the Cd-binding
site of the protein had an SH/Cd ratio of 2:1, which was different from the 4:1
ratio observed for MT.
Roesijadi et al. (1989) also observed one single Cd-BP eluted from a Sephadex
G-75 column using a sample of Crassostrea virginica. However, a further step of
separation by ion exchange and reverse-phase HPLC showed two different metal
binding proteins that they called CdBP1 (7.2 kDa) and CdMB2 (6.5kDa). Both
proteins were similar in composition (29% Cys, 16% Gly, 13% Lys, and with no
aromatic amino acids Phe and Tyr) and Cys:metal ratios of 3:1 for Cd and Zn,
and 2:1 for Cu; the only difference is a blocked NH2-terminal in CdBP2. They
concluded that these two proteins could belong to the class I of metallothionein.
A similar study was done with other two species of oysters collected from two
different places in New Zealand, dredge oyster from Foveaux Strait
(Ostrealutaria) and rock oyster from Waiheke Island (Crassostrea glomerata)
(Nordberg et al. 1986). They found that the Cd-BP in the dredge oyster was
similar to MT in its molecular size (~6.5kDa), heat stability, and high cadmium
affinity. However they did not look at the amino acid composition or sequence,
which is very important information to determine if this protein is a MT. However,
in rock oysters no Cd-BP could be detected, although there were detectable
levels of Cd in the oyster (1.4 μg g-1ww in rock oyster, 5.3 μg g-1ww in dredge
oyster).
A more recent study was made in France by Mouneyrac et al. (1999) using three
groups of oysters of the species Crassotrea gigas: control oysters collected from
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Chapter 1: Introduction
the uncontaminated Bay of Bourgneuf , autochthon oysters from a highly Cdcontaminated site La Fosse, and transplanted oysters from Bay of Bourgneuf to
La Fosse. Samples from these three groups were collected after 1 and 3 months
from the beginning of the experiment, and soft tissues were homogenized and
analyzed for each group. It was found that the transplanted oysters exhibited an
increased Cd content, but this did not reach the level of native oysters. Further
studies at the proteomic level identified four different Cd-binding proteins, three of
them thermolabile and the other one heat-stable. The expression of these
proteins varies depending on the group; the relation between molecule
expression and group of oysters is summarised in the Table 1.1 below:
Table 1.1. Expression of groups of proteins in oysters under different
environmental conditions (Mouneyracet al. 1999).

Molecular

290-420 kDa

50-150 kDa

40-75 kDa

≤ 20 kDa

Weight

Thermolabile

Thermolabile

Thermolabile

Heatstable

95%

–

–

5%

Transplants
after 1 Month

–

–

79%

21%

Transplants
after 3 Months

–

33%

–

67%

Autochthonous

33%

–

–

67%

Control

In order to better characterise these low-molecular weight compounds, further
study was undertaken using Sephadex G-75 chromatography. Two different
compounds could be resolved in this experiment, one ~15 kDa and the other one
~7 kDa.
One of the conclusions that the authors made from these results and when
compared to the results of other studies, is that Cd is bound to other ligands
when the induced metallothionein sites are saturated.
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1.6

Studies of Cd-BP in other molluscs

Oysters are not the only bivalves that accumulate Cd; scallops and mussels have
also been largely studied, being the three organisms belonging to molluscs that
most frequently appear in the literature.
1.6.1

Scallop

One of the first studies made of the species of scallop Pecten maximus resolved
three different molecular weight components bound to Cd2+ (>150 kDa, 55 kDa
and 10 kDa) (Stone et al. 1986).
Similarly, another study made in the kidney of another scallop species,
Placopecten magellanicus, resolved two different Cd-BP of 45 kDa and 10
kDa(Fowler and Megginson 1986). It was also seen that the small Cd-BP protein
(10 kDa) was only expressed when the scallop is exposed to Cd, and the bigger
one (45 kDa), although bigger than the mammalian MT, shared some
characteristics such as high Cys content, but the aromatic amino acid Phewas
also present.
Purification of Cd-BP in the Antarctic scallop Adamussium colbecki showed a
minimal amount of high molecular weight proteins (> 50 kDa) and a low
molecular weight protein (10–25 kDa) (Ponzano et al. 2001). Aminoacid
composition of the low molecular weight protein showed 12% Cys and lack of
aromatic amino acids.
1.6.2

Mussel

The most commonly studied species of mussel is Mytilus edilus. The first Cd-BP
characterizations in this mussel resolved two different Cd-BP with different
molecular weights, which were first labelled by the authors as Cd-BP10 (~10
kDa) and Cd-BP20 (~20 kDa) (Frazier et al. 1985). In more recent literature they
are now identified as MT-10 and MT-20. These proteins differ in copper content,
Cu:Cd ratio of 1:10 in Cd-BP10 and 1:100 for Cd-BP20. Also it was found that both
molecules were made of four subcomponents, and the content of Cys in Cd-BP10
is 23.6%, slightly less than that for mammalian metallothioneins. It has been
suggested by the authors of these first partial characterization studies of Cd-BP
that such proteins have some unique properties not shared by mammalian
metallothioneins.
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Later studies showed that MT-10 is the housekeeping isoform of the protein and
MT-20 is mainly induced by Cd; and also MT-20 responds to oxidative stress
(Dondero et al. 2005). Further biochemical data were obtained from a structural
and functional characterization of these two proteins. This revealed some
interesting differences such as two additional Cys and one more Lys in MT-20
and indicates a more rigid conformation of MT-20 (Vergani et al. 2007). These
authors also showed that MT-10 is more thermostable, but MT-20 binds Cd2+
tighter than MT-10 in the presence of H2O2, which provides a better defence
against highly toxic Cd2+ ions. This information is relevant, since MT-20 is the
isoform induced by the presence of Cd2+.

1.7

Objectives of the study.

Previous reports have clearly indicated that the overall concentration of Cd in the
Bluff oyster is similar or even higher to that in oysters from polluted environments.
This finding is surprising and so far there is no explanation. Nevertheless, the
human consumption of these oysters does not lead to any observable ill health
effects, which suggests the Cd present in this oyster species does not exist as
the free ion but rather in a protein bound form.
There are different types of proteins involved in Cd-binding in molluscs. Some of
these proteins, as expected, are MT; some other proteins are known in the
literature as like-metallothionein, because they share some of the typical
characteristics of MT but not all of them. Also, there are proteins that differ
completely from mammal MT and bind Cd2+ as well. The expression of these
proteins varies with the type of mollusc, with the species and also with the time
and concentration of Cd exposure. As a result there are many potential
candidates for the particular Cd-BP may be present in the Bluff oyster.
Most of the studies involving the characterization of Cd-BP in oysters were
undertaken in the late 80’s and early 90’s, and there have been only a few
additional studies since then. Besides, any description other than elemental
features such as molecular weight, amino acid sequences and basic chemical
information is not provided, and no attempt has been made to explain the
biological function of the Cd-BP.
Other studies in oysters concerned the distribution of metals between the soluble
and insoluble tissue fraction (Mouneyrac et al. 1999; Bragigand et al. 2004;
Trombini et al. 2010), and a few of them showed the distribution of Cd, Zn and Cu
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along the low molecular weight proteins from the soluble fraction (up to 70 kDa)
(Ridlington and Fowler 1979; Nordberg et al. 1986; Mouneyrac et al. 1999).
Therefore, this project aimed to:
1. Determine the total concentration, the distribution between the soluble
and insoluble tissue fractions, and the distribution among the proteins
isolated from soluble fraction of the most biological-significant metals (Cd,
Zn, Mg, Ca, Mn, Fe, Cu and Se) present in the Bluff oyster.
2. Develop a procedure for the isolation and identification of the Cd-binding
protein(s) in the Bluff oyster species. Since this protein is still unknown,
essential information such as molecular size, sequence, structure, where
it is expressed in the oyster, etc., is not available. The only useful
information is that it binds Cd2+, so this was the starting point.
3. Use of two different approaches to test for the Cd-binding protein
identification:
a. Immobilized metal affinity chromatography (IMAC) for the isolation
of the protein in one single step.
b. Chromatography coupled with inductively coupled plasma mass
spectrometry (ICP-MS).
4. Analyse these Cd-BP candidates using MALDI MS/MS.
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2.1

Chemicals and reagents

Acetic acid (ScharlauChemie, Spain)
Acrylamide solution (Bio-Rad Laboratories, USA)
Ammonium bicarbonate (Riedel-de Haën, Germany)
Ammonium chloride (Panreac, Spain)
Ammonium persulphate (BDH Chemicals, UK)
Bicinchoninic acid (Sigma-Aldrich, USA)
Bromophenol blue (Peking chemical works, USA)
Bovine serum albumin (Gibco BRL, USA)
Cadmium acetate (M&B, UK)
Coomassie brilliant blue G250 (Sigma-Aldrich, USA)
Dolt-3 (National Research Council Canada)
Ethylenediaminetetraacetic acid (Bibco BRL, USA)
Ethanol (ScharlauChemie, Spain)
Glycerol (ScharlauChemie, Spain)
Glycine (AppliChem, Germany)
Imidazole (Merck Shuchardt OHG, Germany)
o-phosphoric acid (Fisher Scientific, USA)
Phenylmethanesulfonyl fluoride (Calbiochem, USA)
Protein molecular weight markers (Sigma-Aldrich, USA)
Sodium dodecylsulphate (Fisher Scientific, USA)
Sodium chloride (ScharlauChemie, Spain)
TEMED (Riedel-de Haën, Germany)
Tris (AppliChem, Germany)
Tween-20 (Sigma-Aldrich, USA
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All these chemical were used as received with no further purification.
All water used to prepare solutions including dilutions was ultrapure water of
"Type 1" quality (resistivity typically of the order 18.2 MΩ·cm at 25 °C) prepared
using a Millipore Corporation water filtration station.

2.2

Sample Collection

Oysters from Foveaux Strait were collected in December 2011 by fishermen from
the Bluff Oyster Management Company. They were kept on ice and delivered
within 24 h of harvest to the Department of Biochemistry of the University of
Otago, where they were frozen at -80 oC until analysis.

2.3

Homogenization

Extraction buffer: 5% ammonium bicarbonate, 0.02% Tween-20, 0.1 mM PMSF,
pH 8.5.

Figure 2.1. Diagram of centrifugation procedure.P signifies pellet; S signifies supernatant.

Ten oysters were open with a stainless steel knife, dissected in the half-shell and
mechanically homogenized using a commercial blender (Kambrook) and 2 mL of
extraction buffer were added per gram wet weight of oyster. The homogenate
was then centrifuged at 38000 g for 1 hour at 4 oC and the resulting pellet and a
portion of the supernatant stored in 15 mL Falcon tubes at -20 oC until further
analysis. The rest of the supernatant was further centrifuged at 100000 g for 60
min at 4 oC, and both supernatant and pellet were stored in 15 mL Falcon tubes
at -20 oC until further analysis.
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Ammonium bicarbonate (NH4HCO3) was used in the extraction buffer instead of
the commonly used Tris because ammonium bicarbonate is a volatile salt. This
means that the NH4HCO3 can be removed by freeze-drying avoiding the
concentration of salt, which might otherwise interfere in later protein analysis.
The detergent Tween-20 was added to the extraction buffer to prevent the
aggregation of proteins and non-specific binding of molecules.

2.4

Protein quantification by BCA assay

The bicinchoninic acid (BCA) assay (Smith et al. 1985) was used to determine
protein concentration of stored samples. BCA working reagent was prepared
containing 49 parts of BCA to 1 part of CuSO4. For each 20 µL of sample, 180 µL
of BCA reagent was added (three replicates of each protein sample) and
incubated at 37 oC for 30 min in a 96 well plate. A BSA standard curve was
constructed to estimate protein concentration in the range of 0 – 20 µg of protein
per mL at the same time in the same plate. Both samples and standard curve
were measured at 562 nm using a microplate spectrophotometer Multiskan Go
(Thermo Scientific).

2.5

SDS-PAGE

Buffers and solutions:
Resolving buffer 12%: 25 mL 1.5M Tris pH 8.5, 1 mL 10% SDS, 43.5 mL water.
For each gel:3.48 mL 12% resolving buffer, 1.5 mL 40% acrylamide, 10 µL
TEMED, 15 µL 10% APS.
Stacking buffer: 6.3 mL 0.5M Tris-HCl pH 6.8, 250 µL 10% SDS, 15.9 mL water.
For each gel: 1.12 mL stacking buffer, 125 µL 40% acrylamide, 4 µL TEMED, 6
µL 10% APS.
Running buffer: 30.3g Tris, 144 g glycine, 10 g SDS, make it up to 10 L with
water.
Loading buffer: 63 mMTris-HCl, 10% (v/v) glycerol, 2% SDS, 0.0025%
(w/v)bromophenolblue, pH 6.8.
Coomassie stain: 50 mL o-phosphoric acid, 100 mL water, 50 g AlSO4
hexadecahydrate, 1.2 g Coomassie Brilliant Blue G250, make to 900 mL with
water, 100 mL ethanol
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Coomassiedestain: 20% ethanol, 10% acetic acid, 70% water
Protein samples were also analyzed by sodium dodecyl-sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), following the protocol described by Laemmli
(1970).
Electrophoresis was performed using the Mini-protean system (Bio-Rad).
Samples were prepared by adding 5 µL of loading buffer to 20 µg of protein from
each sample. After centrifugation for 1 min at maximal velocity in the Microfuge®
16 centrifuge (Beckman), the samples were heated at 95 oC for 5 min to denature
the protein. Samples and molecular weight markers (14,000 – 66,000, catalogue
number SDS7,Sigma-Aldrich) were loaded into the sample wells, and proteins
were separated at a current of 40 mA supplied by a PowerPac 300 (Bio-Rad) unit
for approximately 60 min until the dye front was near the bottom of the gel.
Gels were stained with Coomassie stain solution overnight and destained with
Coomassie destain solution. The destain solution was changed several times
until the background of the gel was completely transparent.

2.6

Chromatography

A number of analytical columns were tested for their ability to separate or
fractionate the oyster proteins. Anion exchange was tested with various buffers
and at different pH-values; IMAC chromatography was also attempted several
times. However, none of the IMAC columns was found to be suitable, and only
the size exclusion column was found to be useful.
Samples were clarified with a single use syringe filter 0.20 µm (Minisart) before
application to the column, and buffers were carefully degassed and filtered
through a 0.22 µm nitrocellulose membrane (Millipore).
All collected fractions were stored at -20 oC until further analysis.
2.6.1

IMAC

An attempt to separate Cd-binding proteins from the remainder of the oyster
proteins in a single step was undertaken using immobilized metal affinity
chromatography (IMAC).
Since it is likely that any Cd2+ is already bound to Cd-BP, the sample was
previously treated to release any bound metal content. The SF of the oyster (1
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mL) was incubated with 5 mM EDTA (ethylenediaminetetraacetic acid) for 30
min at 4 oC, transferred to a dialysis tube (1.5 mL Screw cap tubes ST-150-SS,
Axygen Scientific), and then covered with dialysis membrane (Cellu Sep T1). This
sample was then dialysed overnight in buffer (0.02 m Tris, 0.3 M NaCl, pH8), so
that the metal-binding site of the protein is accessible to the Cd2+ attached to the
column.
The most common metals already bound to commercial beds that compose the
column are Ni2+, Cu2+ and Zn2+, but not Cd2+; for that reason, a metal free bed
was used instead.
The column was packed in an empty minicolumn support (Jena Bioscience) using
the commercial metal free bed IMAC-Select Affinity Gel (Sigma), and charged
with Cd2+ according to manufacturer’s instructions. In short, 0.5 mL of gel was
first equilibrated with buffer A (20 mMTris, 0.2 M NaCl, pH8) and then charged
with 0.5 mL of an aqueous 0.1 M cadmium acetate. Excess cadmium acetate
was removed by discarding the supernatant after centrifugation at 5,000 g for 1
min in a Microfuge® 16 centrifuge (Beckman). Dialysed SF (1 mL) was applied to
the Cd-charged column and incubated for 30 min at 4 oC. The column was
centrifuged again at 5,000 g for 1 min and this time the supernatant was collected
in a microcentrifuge tube as it contains the unbound protein fraction. The material
bound to the column was released after 30 min incubation with buffer B (20
mMTris, 0.2 M NaCl, 500 mM imidazole, 5 mM EDTA, pH8) at 4 oC, and collected
in a microcentrifuge tube following the same process as explained above. Both
fractions were analysed by SDS-PAGE.
2.6.2

Ion exchange chromatography

Column: HiTrapTMCaptoTM Q 5 mL (GE Healthcare)
Running buffers (two sets of buffers tested):
Buffer A: 20 mMTris, 0.02% Tween-20, pH 8
Buffer B: 20 mMTris, 0.02 Tween-20, 1 M NaCl, pH 8
Buffer A: 10 mM ammonium bicarbonate (NH4HCO3), pH 8.8
Buffer B: 10 mM Ammonium bicarbonate, 500 mMNaCl, pH 8.8
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Cleaning and equilibration of the column was carried out according to the
manufacturer’s instructions and using an ÄKTA prime plus system (GE
Healthcare). A sample of 500 µL of the soluble fraction (SF) diluted to a final
volume of 2 mL was manually injected into a 5 mL loading loop and then into the
column at a flow rate of 5 mL min-1. Unbound material was first flushed with
running buffer A (low salt), and the elution was monitored at a UV wavelength of
280 nm. The conductivity meter was used to monitor salt concentration. Bound
material was eluted by a linear salt gradient of 20 column volumes (to get optimal
separation of the protein) using buffer B; fractions of 2 mL were collected
2.6.3

Desalting and size exclusion chromatography

Proteins from the SF were separated using a size exclusion column. However,
the sample was first loaded onto a desalting column with the aim of removing any
contaminant or large aggregation of the sample that could subsequently damage
the size exclusion column.
2.6.3.1 Desalting chromatography
Column: HiTrapTM Desalting 5 mL (GE Healthcare)
Running buffer: 5% ammonium bicarbonate, 0.02% Tween-20, pH 8.5
Cleaning and equilibration of the column was carried out according to the
manufacturer’s instructions using an ÄKTA prime plus system (GE Healthcare).
The SF of the oyster (20 mL) was loaded in fractions of 1 mL; each 1 mL was
manually injected into a 2 mL loading loop and then loaded into the column at a
flow rate of 5 mL min-1. The absorbance at 280 nm was used to monitor protein
elution and the conductivity meter was used to monitor salt elution. Fractions of 1
mL were collected.
From each 1mL of sample injected, two well differentiated peaks were observed;
the first peak corresponded to protein and macromolecules, the second peak
contained smaller molecules and salts. The sample fractions corresponding to all
the first peaks (20 in total) were pooled and concentrated by freeze-drying.
Protein was resolubilized in water to a final volume of 1.5 mL, centrifuged for 5
min at maximal speed in the Microfuge® 16 (Beckman) and filtered using a single
use syringe filter 0.20 µm (Minisart). A volume of 900 µL was recovered after
filtration, from which 100 µL was frozen and 800 µL was loaded onto a size
exclusion column.
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2.6.3.2 Size exclusion chromatography
Column: HiLoadTM 26/60 SuperdexTM 200 (GE Healthcare)
Running buffer: 20 mMTris, 150 mM NH4Cl, 0.02% Tween-20, pH8
Cleaning and equilibration of the column was carried out according to the
manufacturer’s instructions using an ÄKTA purifier system (GE Healthcare). The
sample was manually injected into a 2 mL loading loop and applied to the column
at a rate of 1 mL min-1. The absorbance at 280 nm was used to monitor the
protein elution and the conductivity meter used to monitor salt concentration.
Fractions of 2 mL were collected and frozen until further analysis.

2.7

Metal analysis procedures
2.7.1

Laboratory ware

Glassware, vessels, pipette tips and all other laboratory ware used for the trace
metal analysis were first acid-washed for at least 24 hours in 50% HCl, rinsed
with Type I water, and then dried in a metal-clean flow hood cabinet to prevent
any trace metal contamination that could give a false positive in any subsequent
metal analysis.
2.7.2

Sample preparation

Trace metals can bind to the organic matrix of a biological sample and this can
interfere with their subsequent measurement using techniques such as
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). This organic matrix
must therefore be first removed and degraded before any trace metal
measurements are undertaken. This process involves a number of steps: freezedry the sample to remove the water, digest the dry tissue to remove and degrade
the biological matrix and free the trace metals to form a solid inorganic matrix,
resuspend the inorganic material in 2% HNO3, and then make up to a final
volume.
2.7.2.1 Freeze-drying
Samples were freeze-dried using a Freezone 2.5 Plus (Labconco) freeze dryer
over a period of 24 h.
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2.7.2.2 Digestion
Three digestion methods are widely reported in the literature: wet, dry and
microwave digestion (Ashoka et al. 2009; Altundag and Tuzen 2011; Bakircioglu
et al. 2011; Sun et al. 2011). Although wet and dry digestions have been shown
to be reliable, microwave digestion was found to be a more accurate method
(Altundag and Tuzen 2011; Bakircioglu et al. 2011). Also, dry and wet digestions
are slow and time consuming, while microwave digestion is fast, simple and less
prone to trace metal contamination.
Unfortunately, the equipment to undertake microwave digestion was not available
when the experimental work of the present study started, and so dry digestion
was initially used to digest the oyster samples.

2.7.2.2.1

Dry digestion

Approx. 100 µg of freeze-dried tissue was placed in acid-cleaned conical flasks
fitted with reflux caps and then dry-ashed in a muffle furnace at 520 oC for 24 h.
In order to ensure complete oxidation of any remaining organic material, the
ashed sample was treated with 3 mL of Quartz-distilled HNO3 (qHNO3), 2 mL
30% H2O2 and 2 mL water and heated on a hot plate (220 oC) to dryness.
Finally, the samples were made up to a volume of 100 mL in volumetric flasks.
Five of these 100 mL samples were accurately pipetted into plastic ICP-MS vials
and analysed by ICP-MS.
Sometimes the amount of biological material was limited, and so it was important
to make sure that there was enough sample so as to not dilute it too much when
making up to final volume. Since only 5 mL of digested sample solution are
needed for the metal analysis by ICP-MS, one experiment was designed to scale
down the final volume and avoid that risk without losing accuracy. This
experiment consisted of dry-digesting two replicates of different volumes (10, 5,
2, and 1mL) of a solution with known concentrations of Cd and Zn, and
resuspension of the residue in a proportional final volume (100, 50, 20 and 10 mL
respectively).
However, while performing this ‘scaled down’ experiment, some random
contamination occurred and so another set of experiments was designed in order
to try and identify the source of contamination.
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Water, 2% HNO3, and glassware were tested as the contamination source by
pouring 5 mL of water into plastic ICP-MS vials, pouring 2% HNO3 into ICP-MS
vials, pouring 2% HNO3 into the volumetric flasks and then into an ICP-MS vial,
and analysing all these samples by ICP-MS. Five replicates of each analysis
were undertaken.
The results excluded the 2% HNO3 and the glassware as the possible sources of
contamination, and so further studies were undertaken on water. Five mL of
water from the Millipore Corporation water filtration station was poured into the
ICP-MS vial, and so was 5 mL of water from the bottle used to date, and another
5 mL of water from another bottle that had been previously acid-cleaned. Again
five replicates of each were run. The levels of contamination decreased in these
water experiments, but it was not completely removed.
The most likely source of contamination was finally traced to the corrosion of the
filters in the laminar flow hood used to prepare the samples. This contamination
source was eliminated by replacing the filters. Other potential sources of
contamination involved the 24 h ashing step when the sample had to be kept
open to the atmosphere within the muffle furnace, and the transference of the
sample to at least two different types of glassware, one for the digestion step and
the other one to make up to the final volume.
These contamination problems were subsequently solved by using microwaveassisted acid digestion in a clean room.

2.7.2.2.2

Microwave digestion

Microwave digestion is a “cleaner” and faster method with the advantage of
avoiding potential sources of contamination from “dirty” glassware, since the
samples remain in the microwave digestion vessel until the final step of preparing
a solution in an ICP vial.
Also, all digestion and dilution steps were undertaken in a clean room, minimizing
the risk of any contamination from the surrounding environment.
A weighed sample of dry biological tissue was placed in a pre-cleaned digestion
vessel with 10 mL of qHNO3, capped and then digested in a MARS 6 Microwave
Reaction System (CEM). The digestion program used was ‘Animal tissue’ as
implemented by the software controlling the microwave instrumentation,
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consisted of ramp to 200oCover 20 min., hold at 200 oC for 15 min, and then
allowed to cool down over a period of 1 h.
The resulting solutions were taken to the clean room, placed in the heating wells
of a hot plate and heated at 90 oC to dryness. The remaining solid inorganic
material was resolubilized in 200 µL of qHNO3 and made up to 10 mL with water
to give a final HNO3concentration of 2%.
A 500 µL aliquot was taken from each 10 mL sample and accurately made up to
5 mL in an ICP vial. This step was the equivalent of the 100 mL final volume
achieved by the dry digestion.

2.7.2.2.3

Digestion of fractions

The fractions resulting from the chromatography are more diluted than the rest of
the samples analysed by ICP-MS in the present study, and do not have the
organic matrix of raw biological samples. For that reason, microwave digestion
was not considered necessary for these samples and instead another gentler and
less time-consuming digestion was undertaken.
For this latter digestion procedure, 4 mL of qHNO3 was added to each sample
already accurately weighed into Teflon vessels, and these were then capped and
heated for 2 h at 104 oC. The samples were allowed to cool, the caps were
removed, and the samples were then heated to dryness at 80 oC. The solid
residue was resuspended in 0.05 mL qHNO3 and made up to a final volume of
2.5 mL with water to give a final concentration of 2% HNO3.
2.7.3

Reference material

In order to verify the accuracy of the digestion procedures, the certified reference
material (CRM) DOLT-3 (liver dry tissue of the dogfish obtained from National
Research Council Canada) was used in both types of digestion. Three replicates
of this CRM of 100µg were treated in the same way as the samples.
2.7.4

Blanks

Blanks were prepared in the same way as the sample for both types of digestion,
but omitting only the sample of biological material. Each digestion batch
contained at least one blank.
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2.7.5

ICP-MS analysis

Various spectral methods can be used for metal determination such as flame
atomic absorption spectrometry (FAAS), graphite furnace atomic absorption
spectrometry

(GFAAS),

inductively

coupled

plasma

atomic

emission

spectroscopy (ICP-AES), and inductively coupled plasma mass spectrometry
(ICP-MS). Among these techniques, ICP-MS was chosen because it is currently
the most sensitive technique that is routinely available for multi element
determination (Ammann 2007).
An ICP-MS instrument is reliable and robust with very low detection limits (parts
per trillion, ppt), and is capable of not only fast and simultaneously multi-element
detection, but also the detection of the isotope ratio of those elements(Proefrock
and Prange 2012).
In the present study, the determination of 40 trace elements in samples, blanks
and the CRM was conducted using an Agilent 7500 ICP-MS instrument.

2.8

Mass spectrometric analysis

Mass spectrometry is one of the main approaches currently used for protein
identification (Wysocki et al. 2005; El-Aneed et al. 2009; Cucu et al. 2012).
Essentially, the procedure is to digest the proteins and to introduce fragments
into the mass spectrometry, where they are first ionized and the resulting ions
then detected according to their mass/charge ratios (m/z) (El-Aneed et al. 2009).
The resulting data obtained are finally searched against an amino acid sequence
database.
Mass spectrometers are composed of two parts: the ionization source to form
parent ions from the sample, the mass analyzer which separates the ions based
on their m/z ratio and then these individual ions are detected. There are different
types of ionization techniques and mass analyzers, resulting in numerous
configurations that differ in speed, ionization methods, resolution, and sensitivity
(Wysocki et al. 2005; El-Aneed et al. 2009)
Electrospray ionization (ESI) and matrix assisted laser desorption ionization
(MALDI) are the two more important ionization techniques nowadays, although
MALDI is currently predominant in proteomic research (Wysocki et al. 2005; ElAneed et al. 2009). To ionize fragments using MALDI, the sample is mixed with
one matrix (the choice of the matrix is determined by experiment) and both
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sample and matrix are co-crystallized. Then, a laser beam is used to irradiate the
sample-matrix crystal; the absorption of energy by the crystal and subsequent
desorption ionizes the sample by a mechanism that is still not fully understood
(El-Aneed et al. 2009).
On the other hand, there are four types of mass analyzers commonly used that
can be combined with either ESI or MALDI ionisation: quadrupole (Q), time of
flight (TOF), quadrupole ion traps (QIT), and Fourier transform ion cyclotron
resonance (FTICR). They differ in size, resolution, mass range, and the ability to
perform tandem mass spectrometry (MS/MS) (Wysocki et al. 2005; El-Aneed et
al. 2009).
TOF accelerates and measures the time it takes for the ions to reach the detector
at the other end of a 1 – 2 m length tube, which depends on the m/z value of the
ion (El-Aneed et al. 2009). The advantage of TOF is the capability of detecting a
high mass range of molecules, but the resolution can sometimes be poor (ElAneed et al. 2009).
This limitation in resolution of MALDI-TOF can be improved by the utilization of
additional MS units viz. tandem spectrometry (MS/MS), which offers the
possibility of selecting specific ions in the first analyzer fragmenting them in the
collision cell, and then measuring the m/z of those fragment ions in a final
analyzer (Wysocki et al. 2005; El-Aneed et al. 2009). This has been found to give
superior sequence information for samples of digested peptides.
In the present study, tandem spectrometry MALDI TOF/TOF analysis was chosen
in order to obtain as much information as possible from the samples of unknown
protein content.
Samples were submitted to the Centre of Protein Research located at the
Department of Biochemistry, University of Otago, and digested from a 1-DE gel
with trypsin using the method of Shevchenko et al. (1996). They were analysed
on a 4800 MALDI tandem Time of Flight Analyzer (MALDI TOF/TOF, Applied
Biosystems, MA). All MS spectra were acquired in positive-ion mode with 8001000 laser pulses per sample spot. The 15-20 strongest precursor ions of each
sample spot were selected for MS/MS collision-induced dissociation (CID)
analysis. CID spectra were acquired with 2000-4000 laser pulses per selected
precursor using the 2 kV mode and air as the collision gas at a pressure of 10-6
torr.
31

Chapter 2: Methods
The observed m/z data were searched against the UniProt/SWISS-PROT amino
acid sequence database (downloaded in May 2010) using the Mascot search
engine. The search was set up for full tryptic peptides with a maximum of three
missed

cleavages.

Carboxyamidomethylcysteine,

oxidized

methionine,

pyroglutamate (E, Q) were included as variable modifications.
2.8.1

De novo sequencing of peptides using MALDI-PSD

A de novo sequencing of the candidate peptides was undertaken following the
procedure described by Chen et al. (2004).
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3 Chapter 3: Results
3.1

Development of the metal analysis protocol.

Accurate weights of freeze-dried tissue isolated from the soluble fraction (SF) of
oyster were digested using a furnace and analysed by ICP-MS as described in
Chapter 2. The concentration of up to 40 metals could be detected using this
analytical method, but only the concentrations of the two metals of concern to the
present study (Cd and Zn), as well as the most significant metals from a
biological point of view, are shown in Table 3.1.
Results shown for the analysis of the DOLT-3 Certified Reference Material (Table
3.1) compare well with the certified values in terms of both accuracy and
precision. However, the precision for the analysis of some metals in the oyster
sample is not as good as that achieved for DOLT-3. One possible explanation
could be that a fractionation process occurred during the freeze-drying of the
sample. This could be addressed in future studies by improved homogenization
of the wet sample and dividing it into smaller sub-samples before freeze-drying it.
Another issue that needed to be considered was how to scale-down the metal
analysis protocol for small amounts of sample without losing accuracy and
precision. This issue was addressed by analysing different volumes of a stock of
known concentrations of Cd and Zn, and applying the same dilution factor to all of
them with the aim of establishing if it was possible to determine the same final
metal concentrations using different initial volumes of sample solution. The
composition of the stock consisted of known concentrations of Cd and Zn diluted
in 2% HNO3, with the results shown in Table 3.2 for just these two metals.
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Table 3.1. Concentration of selected metals in digested certified reference material and dry oyster tissue using a furnace (µg g-1dw).The dash (-) indicates the concentrations
were estimated to be below the detection limit for the ICP-MS instrument.

Cd

Zn

Mg

Ca

Mn

Fe

Cu

Se

D.L. *

0.1

2

20

100

0.5

20

0.15

5

C.V.**

19.4

86.6

1330

581

10.4

1484

31.2

7.06

Blank

–

3

–

–

–

–

0.5

–

–

–

–

–

–

–

0.3

–

17.7

95.9

1156

1712

29

1295

31.8

–

17.9

98.0

1128

221

37

1331

32.5

–

16.8

93.3

1121

1591

24

1219

31.3

–

26.3

262.4

7889

3926

10

88.1

53.7

–

26.8

136.1

4190

5056

12

44.3

26.6

–

DOLT-3

Oyster

D.L.* Detection limit (ppb)
C.V.** Certified value for Dolt-3 (µg g-1 dw)
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Table 3.2. Volume dependence of concentrations determined by the furnace digestion
method.

Concentrations (ppb)
Cd

Zn

D.L.*

0.1

2

Blank

3.0

5

Flask 100 mL

23.4

126

37.2

233

41.9

243

48.9

271

36.0

273

41.7

220

38.1

175

54.6

370

40 ± 9

239 ± 72

Flask 50 mL

Flask 20 mL

Flask 10 mL

Mean
D.L. * Detection Limit (ppb)

The variability of the results shown in Table 3.2 was high; moreover, there was
no clear trend that could explain such variability. This suggested that some sort of
contamination might be occurring using this digestion method.
The potential candidates for the source of contamination were the HNO3, water
and the glassware and so additional experiments were undertaken to test these
suggestions. Concentrations of Cd and Zn were measured in the 2% HNO3 and
in water on their own or in the acid-washed glassware, as outlined in the Methods
chapter, to give the results shown in Table 3.3.
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Table 3.3. Testing of 2% HNO3, glassware and Type I water as potential sources
of contamination n=5.The dash indicates concentrations under the detection limit.

Concentrations (ppb)

D.L. *1
2% HNO3

2% HNO3 + glassware

Type I water

Cd

Zn

0.1

2

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

1.5

2.8

1.1

2.7

0.8

2.3

0.7

2.8

0.5

2.1

D.L. * Detection limit (ppb)

These results eliminated 2% HNO3 and the glassware as sources of
contamination and instead suggested the Type I water. However, the possibility
of water being a source of contamination is unlikely since the concentrated
quartz-distilled HNO3 is diluted to 2% HNO3with the same water as used for this
contamination experiment. So the next concern was whether the contamination
was arising from the wash bottle containing the water rather than from the water
itself. Water from the Millipore Corporation water filtration station, from the wash
bottle of water, and from a previously acid-washed bottle was analysed for their
Cd and Zn metal content to give the results shown in Table 3.4.
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Table 3.4. Further contamination experiments involving Type I water n=5. The
dash indicates concentrations under the detection limit.

Concentrations (ppb)

D.L. *
Millipore station

No acid-washed bottle

Acid-washed bottle

Cd

Zn

0.1

2

–

–

–

–

–

260

–

2.4

–

–

–

–

–

–

–

–

–

–

0.6

–

0.2

2.2

–

–

–

–

–

–

–

–

D.L.* Detection limit (ppb)

Although the contamination seemed to have generally been reduced, there were
still some random unacceptably high levels. One other possibility was that the
contamination came from the laminar flow hood used in the sample preparation
as the air filters were found to be rusted and therefore potentially able to
introduce particles into the hood. This issue was addressed by renewing the air
filters in this hood.
Another possibility was identified in the 24 h long ashing step in the furnace,
which could have led to contamination of the samples. The ashing step was
subsequently avoided by using microwave-assisted acid digestion in a closed
Teflon vessel instead. Dry tissue from the SF of the oyster was weighed, digested
using the microwave-assisted method and analysed by ICP-MS to give the
results shown in Table 3.5.
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Table 3.5. Concentrations (µg g-1dw)of selected metals in digested certified reference material and dry oyster tissue using a microwave. The dash indicates concentrations
under the detection limit.

Cd

Zn

Mg

Ca

Mn

Fe

Cu

Se

D.L.*

0.1

2

20

100

0.5

20

0.15

5

C.V.**

19.4

86.6

1330

581

10.4

1484

31.2

7.06

Blank

–

12

42

208

–

30.7

0.4

–

–

9.4

–

108

–

–

0.24

–

–

9.3

–

–

–

–

–

–

18.4

88.6

1245

589

9.8

1502

31.1

7.1

19.1

90.2

1259

585

9.9

1507

32

7.1

18.5

89.2

1226

560

10.1

1516

30.5

6.2

15.1

105

5783

1607

6.0

45.5

19.1

–

11.3

80.8

3998

1172

4.2

36.4

13.9

–

DOLT-3

Oyster

D.L. * Detection Limit (ppb)
C.V. ** Certified Value for Dolt-3 (µg g-1dw)
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The concentrations measured in the DOLT-3 (Table 3.5) were even more
accurate and precise using the microwave-assisted digestion relative to the
certified values for this reference material, compared to those determined using
dry ashing (Table 3.1). From this result it was concluded that microwave-assisted
digestion was a more accurate and precise method than the digestion involving
dry ashing in a furnace.
Results for the microwave-assisted digestion of the oyster sample (Table 3.5)
were also more precise, but still somewhat variable. The bulk freeze-dried oyster
material was sticky and it proved difficult to transfer it to the Teflon digestion
vessels without losing some material. This might explain such variability. This
issue was subsequently avoided by performing the freeze-drying of the samples
in acid-cleaned 5 mL Teflon vessels, after which the samples could be much
more easily transferred.
Another scale-down experiment using this microwave-assisted digestion protocol
was designed in order to avoid differences in sample digestion that could lead to
additional variability in the results. This time the dilutions were undertaken using
the same digested oyster sample. A replicate was measured and the results are
shown in Table 3.6, which demonstrated that precision and accuracy for small
volumes was as reliable as that for larger volumes, and also showed the absence
of contamination.
In summary, microwave-assisted digestion proved to be a clean, fast and
accurate

method

of

trace

metal

determination

which

minimised

any

contamination issues; therefore, it was chosen as the digestion method for the
present study.
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Table 3.6. Concentrations (µg g-1dw) of selected trace metals in the volume dependence experiments using microwave digestion. The dash indicates concentrations under the
detection limit.

Cd

Zn

Mg

Ca

Mn

Fe

Cu

Se

D.L.*

0.1

2

20

100

0.5

20

0.15

5

Blank

0.1

7.5

–

–

–

47

0.58

–

100 mL

10.2

81

3516

1025

3.7

–

11.9

–

50 mL

10.1

79

3381

1009

4

30

11.6

–

25 mL

9.7

81

3412

1041

3.8

40

11.7

–

10 ± 0.3

80 ± 1

3436 ± 71

1025 ± 16

3.8 ± 0.1

–

11.7 ± 0.2

–

100 mL

9.9

82

3407

1067

3.8

19

12

–

50 mL

10

83

3376

1022

4

34

11.6

–

25 mL

9.7

81

3655

1029

3.9

42

11.5

–

9.9 ± 0.2

82 ± 1

3479 ± 153

1039 ± 24

3.9 ± 0.1

32 ± 12

11.7 ± 0.3

–

Sample 1

Mean
Sample 2

Mean
D.L.* Detection limit (p
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3.2

Distribution of Cd and other metals in oyster material.

Previous research involving measurements of the concentrations of at least Cd
and Zn in the specific NZ oyster generally reported just the total metal
concentration in the whole oyster (Sharma 1983; Nordberg et al. 1986). Only a
few investigations were concerned with the Cd distribution within the
oyster(Mouneyrac et al. 1998; Mouneyrac et al. 1999; Sokolova et al. 2005);
while a few others have been concerned with aspects of the toxicity of Cd intake
via oysters (Sharma 1983; McKenzie 1986; McKenzie-Parnell et al. 1988). The
toxicity of Cd depends on its bioavailability which in turn depends at least in part
on its aqueous solubility (Ettajani et al. 2001). For that reason, in the present
study, the concentration of Cd was measured both in the whole oyster
homogenate and also in the pellets and supernatants obtained after performing
several centrifugation steps on the homogenised material, in order to obtain
information on the distribution of Cd between the soluble and insoluble tissue
fractions of oyster (labelled SF and IF respectively) (Fig. 2.1).
Assuming there is no redistribution occurring during the centrifugation steps, the
results from Table 3.7 indicate that the IF contains ~ 1.5 times more Cd than the
SF. In addition, the amount of Cd in the P1 is ~ 1.4 times higher than S1.
The distribution of Zn and Cu showed an approximate 1:1 ratio for both P1:S1
and SF:IF.
In contrast, almost 70% of the Ca was retained in P1, and the ratio of Ca
between IF:SF was 10:1. Similarly, 67% of Fe was also retained in P1, but in this
case the amount of Fe in the SF was ~1.6 times higher than IF.
The concentration of Se, once more, was under the detection limit. However, a
small quantity of Se was detected in the three replicates of P1. It was also noted
that the amount of Mg and Mn in P1 in the three replicates was greater than the
whole oyster homogenate (OH). Since that result was repeated in the three
replicates, contamination in the digestion vessel was discounted; instead, it was
suspected that some sort of particle contamination occurred in the P1
centrifugation tube from which the three replicates were prepared.
Nevertheless, it was observed that Mg and Mn were mainly retained in the IF.
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Table 3.7. Distribution of metals in the oyster. Ten oyster samples were homogenised and a metal analysis for the oyster homogenate (OH), the pellets and the supernatants obtained after the
centrifugation steps outlined in Fig. 2.1 were undertaken (three replicates for each). The concentrations are expressed in µg g-1dw, the total amount of the metals and percentages refer to sum in a
total of 10 oysters. The dash indicates measurements under the detection limit.

Cd

Zn

Mg

Ca

Mn

Conc.
(µg g-1)

Tot.
(µg)

%

Conc.
(µg g-1)

Tot.
(mg)

%

Conc.
(µg g-1)

Tot.
(µg)

%

Conc.
(µg g-1)

Tot.
(µg)

%

Conc.
(µg g-1)

OH

12.8

344

100

256

6.9

100

2.1

56.5

100

1.1

29

100

4.8

P1

15.7

213

62

292

4.0

58

4.9

66.0

117

1.5

20

69

S1

12.9

152

44

250

3.0

43

1.0

11.8

21

0.8

9

31

IF

17.1

91

26

265

1.4

20

2.0

10.4

18

1.7

9

31

4.8

SF

8.6

60

17

205

1.4

20

0.2

1.3

2

0.2

1

3

Tot.
(µg)

Fe

Cu

Se

%

Conc.
(µg g-1)

Tot.
(mg)

%

Conc.
(µg g-1)

Tot.
(µg)

%

129

100

130

3.5

100

18.2

491

100

11

150

116

230

3.1

67

17.1

233
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2.2

25

19

70

0.8

23

20.5

241

49

25

19

60

0.3

9

20.3

108

22

70

0.5

14

17.2

120

24

Conc.
(µg g-1)

Tot.
(µg)

2.4

33

42

%
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Despite the fact that the amount of Cd is higher in the IF, it is likely that Cd-BP of
the Bluff oyster species is a protein residing in the cytoplasm and so the
remaining investigation was undertaken using just the SF.

3.3

Isolation of Cd-BP from SF by IMAC and MALDI MS/MS analysis.

To investigate whether a Cd-BP would also bind to a metal bound resin, 500 µL
of SF was treated and dialysed to release the metals from the proteins, and then
loaded into a column filled with Cd-bound gel. Two fractions were collected, the
unbound protein fraction (UP) that contained protein material that did not bind
Cd, and the bound protein fraction (BP) that contains the Cd-binding proteins.
Both fractions, together with the SF and the markers, were analysed using SDSPAGE electrophoresis (Fig. 3.1).

Figure 3.1. SDS-PAGE of fractions from IMAC.M molecular weight protein standard; SF proteins from soluble
fraction; BP protein bound to the column; UP protein unbound to the column; arrow indicates the band analysed by
MALDI MS/MS

Only one of the bands of the BP fraction with a molecular weight ~19 kDa was
not detected in the UP fraction (shown with the arrow in Fig.3.1), meaning that
this band could be a protein that binds Cd. Further analysis of this band was
undertaken by MALDI MS/MS. The peptides detected with this technique
resulting from the trypsin digestion of proteins from that band, were searched
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against the user-defined NCBI database using the Mascot search program,
resulting in the identification of human keratin (Table. 3.8).
A fundamental assumption made by any data base is that the proteins isolated
for mass spectrometric study are described in a data base either specifically or in
a closely homologous form (Yergey et al. 2002). This assumption may not be
totally true for the present study since the genome of the oyster has not been
sequenced yet. For that reason, it is desirable to check the correlation between
the protein identified with the signals of the spectrum obtained. In that case the
human keratin was assigned to a few low m/z peaks of the spectrum, indicating
that there is some sort of background contamination, but the higher signals
remained unidentified (Table 3.9)
Table 3.8.Peptides from the ~19 kDa molecular weight band were identified as human keratin according to
the significance threshold of p<0.05.The proteins with the highest sequence coverage and the best peptide
identifications get the highest protein score and are ranked first. Proteins that match exactly the same set of
peptides get the same protein score and are equally ranked as protein groups (below the table). Observed:
measured m/z value of the ion i.e. the protonated peptide molecule pp; Mr (expt.): uncharged peptide mass (minus
proton) calculated from the measured m/z value of the charged peptide (plus proton); Mr (calc.): predicted mass of
the uncharged peptide (without proton); ppm: calculated error in parts per million (Mr(expt) – Mr(calc)) / Mr(calc);
Sc.: Individual ion score; Exp.: Expected value.
gi|28317

Mass: 59492

Score: 845

Matches: 9(9)

Sequences: 8(8)

unnamed protein product [Homo sapiens]
Observed

Mr (expt.)

Mr (calc.)

Ppm

Sc.

1090.5122
1234.6615
1365.6201
1796.9739
1796.9863
2224.0979
2367.2219
2872.3433

1089.5049
1233.6542
1364.6128
1795.9666
1795.9790
2223.0906
2366.2146
2871.3360

1089.5237
1233.6717
1364.6320
1796.0043
1796.0043
2223.1344
2366.2553
2871.3855

-17.22
-14.16
-14.07
-20.99
-14.08
-19.68
-17.21
-17.22

3052.5713

3051.5640

3051.6200

-18.34

Exp.

Peptide

75
68
67
97
(67)
101
113
161

0.0019
0.011
0.011
1.6e-05
0.016
8.8e-06
5.3e-07
9.8e-12

164

5.3e-12

K.VTMQNLNDR.L
R.LKYENEVALR.Q
R.SQYEQLAEQNR.K
R.NVQALEIELQSQLALK.Q
R.NVQALEIELQSQLALK.Q
K.ADLEMQIESLTEELAYLKK.N
K.NQILNLTTDNANILLQIDNAR.L
R.NVSTGDVNVEMNAAPGVDLTQ
LLNNMR.S
K.TIDDLKNQILNLTTDNANILLQI
DNAR.L

Proteins matching the same set of peptides:
gi|21961605

Mass: 58792

Score: 845

Matches: 9(9)

Sequences: 8(8)

Score: 845

Matches: 9(9)

Sequences: 8(8)

Keratin 10 [Homo sapiens]
gi|114667511

Mass: 58244

PREDICTED: keratin, type I cytoskeletal 10 isoform 3 [Pan troglodytes]
gi|195972866

Mass: 58766

Score: 845

Matches: 9(9)

Sequences: 8(8)

Matches: 9(9)

Sequences: 8(8)

keratin, type I cytoskeletal 10 [Homo sapiens]
gi|269849769

Mass: 58792

Score: 845

RecName: Full=Keratin, type I cytoskeletal 10; AltName: Full=Cytokeratin-10; Short=CK-10;
AltName: Full=Keratin-10; Short=K10
gi|114667509

Mass: 62761

Score: 842

Matches: 9(9)

Sequences: 8(8)
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PREDICTED: keratin, type I cytoskeletal 10 isoform 1 [Pan troglodytes]
gi|119581085

Mass: 63308

Score: 842

Matches: 9(9)

Sequences: 8(8)

keratin 10 (epidermolytic hyperkeratosis; keratosis palmaris et plantaris), isoform CRA_b
[Homo sapiens]
gi|297701258

Mass: 62363

Score: 842

Matches: 9(9)

Sequences: 8(8)

PREDICTED: keratin, type I cytoskeletal 10-like [Pongoabelii]

Moreover, human keratin is one of the most common contaminants reported in
these types of experiments, and since the peptide fragments were derived from a
weak electrophoretic band, contamination from this source was more
pronounced.
Table 3.9. List of sequences of peptides from the ~19 kDa band that were not identified with any protein of
the NCBI database.
Observed

Mr (expt.)

Mr (calc.)

1493.7172
1193.5924
1393.6830
1277.6879
1118.4911
1434.7471
1109.4739
1460.7719
1300.5562
1407.6975
1737.8190

1492.7099
1192.5851
1392.6757
1276.6806
1117.4838
1433.7398
1433.7398
1459.7646
1299.5489
1406.6902
1736.8117

1492.7270
1192.6088
1392.7779
1276.7027
1117.5013
1433.7626
1108.5401
1459.7922
1299.5877
1406.7591
1736.8944

1917.9540
2298.9932
1336.6547
1647.6731

1916.9467
2297.9859
1335.6474
1646.6658

1933.9548
1665.6908

Ppm

Sc.

Exp.

Peptide

-11.42
-19.85
-73.33
-17.27
-15.65
-15.91
-66.24
-18.90
-29.84
-48.99
-47.62

56
55
52
47
47
47
42
40
37
37
35

0.2
0.19
0.41
1.5
0.74
1.7
1.9
8.5
5.7
16
26

1916.9745
2298.0845
1335.7120
1646.6849

-14.47
-42.88
-48.32
-11.56

32
32
32
32

60
40
43
18

1932.9475
1664.6835

1932.9211
1664.7577

13.7
-44.53

31
30

74
27

1737.8240
1383.6650
2402.0796

1736.8167
1382.6577
2401.0723

1736.7822
1382.6902
2401.1689

19.9
-23.50
-40.23

30
28
26

78
88
2.1e+02

2314.9966

2313.9893

2314.0820

-40.06

26

1.6e+02

2327.0283

2326.0210

2326.0682

-20.26

26

1.9e+02

2466.0769

2465.0696

2465.2328

-66.20

25

2.5e+02

1638.7996

1637.7923

1637.8348

-25.92

22

4.9e+02

SQYEQLAEQNRK
YEELQVTVGR
QVWIKQLWHR
LALDLEIATYR
HGNSHQGEPR
IRLENEIQTYR
EVSGFSVAQGK+ Deamidated (NQ)
VDLLNQEIEFLK
NHEEEMKDLR
DQGLLKQIMAYK
QQLFITNNTDAKKKS
+
2
Deamidated (NQ)
NATLWQLSSASFPSGVPR
VMAQNSRELENKRGGGMTFR
LHGRGAEDRLGR
NSDHWYEVDPAADK
+
Deamidated (NQ)
QASLDGLQQLRDNMGLR
VNTVYRHMQDTQR
+
2
Deamidated (NQ)
GATIDLTMQQCAADGSR
QAGHSQLAESLSR
NSLFNGGNVQFTIGVDIETFVK + 3
Deamidated (NQ)
IDNFANRLQQSKELETMMK + 3
Deamidated (NQ)
EVEQFALECCVKRQTSGER+
2
Carbamidomethyl (C)
ATQTVTLSVPGMTCSACPITVKK+2
Carbamidomethyl
LMGHSVRVAYYAQK + Oxidation
(M)

Since there is no specialised database for the identification of oyster proteins, the
other option for the identification of the protein(s) was a de novo sequencing.
However, a higher concentration of the sample is required for a de novo
sequencing; for this reason a larger amount of sample (1 mL) was loaded into the
column and analysed by SDS-PAGE (Fig. 3.2).
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Figure 3.2. SDS-PAGE of fractions from IMAC.M molecular weight protein standard; SF protein from soluble
fraction; BP protein bound to the column; UP protein unbound to the column; arrow indicates the band analysed by
MALDI MS/MS.

The second gel showed a similar band pattern. The molecular weight band of
~19 kDa previously analysed was also present this time in the UB fraction. The
most pronounced band arising from the UP fraction, with a molecular weight of
~40 kDa, (indicated with an arrow in Fig. 3.2) was selected for MALDI MS/MS
analysis. The peptides from the trypsin digestion of proteins from the band were
again searched against the user defined NCBI database using the Mascot search
program, and resulted in the identification of tropomyosin (Table 3.10). This time
the tropomyosin corresponded to the higher signals of the spectrum obtained
from the MALDI MS/MS.
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Table 3.10. Peptides from the ~40kDa molecular weight band were identified as tropomyosin according to
the significance threshold of p<0.05. The proteins with the highest sequence coverage and the best peptide
identifications get the highest protein score and are ranked first. Proteins that match exactly the same set of
peptides get the same protein score and are equally ranked as protein groups (below the table). Observed:
measured m/z value of the ion i.e. the peptide molecule plus protons; Mr (expt.): uncharged peptide mass (minus
proton) calculated from the measured m/z value of the charged peptide (plus proton); Mr (calc.): predicted mass of
the uncharged peptide (without proton); ppm: calculated error in parts per million (Mr(expt) – Mr(calc)) / Mr(calc);
Sc.: Individual ion score; Exp.: Expected value.
gi|3668408

Mass: 18433

Score: 324

Matches: 6(6)

Sequences: 6(6)

tropomyosin [Crassostreavirginica]
Observed

1286.7363
1387.6971
1515.7855
1721.8843
1843.9556
2073.0647

Mr (expt.)

Mr (calc.)

ppm

Sc.

Exp.

Peptide

1285.7290
1386.6898
1514.7782
1720.8770
1842.9483
2072.0574

1285.7241
1386.6739
1514.7688
1720.8631
1842.9323
2072.0385

3.80
11.5
6.20
8.08
8.71
9.12

85
54
66
87
67
89

6.6e-008
6.5e-005
4.3e-006
4.1e-008
2.7e-006
2.1e-008

R.KLAITEVDLER.A
R.KLAITEVDLER.A
R.KVLENLNNASEER.T
K.LIAEEADKKYDEAAR.K
K.EVDRLEDELLAEKER.Y
K.VLENLNNASEERTDVLEK.Q

Proteins matching the same set of peptides:
gi|15419048

Mass: 26851

Score: 324

Matches: 6(6)

Sequences: 6(6)

tropomyosin [Crassostreagigas]

Again, a number of peptides did not match with any protein listed in NCBI
database, shown in Table 3.11.
Table 3.11. List of sequences of peptides from the band ~40kDa that were not identified with any protein of
the NCBI database.
Observed

Mr (expt.)

Mr

(calc.)

ppm

Sc.

Exp.

2201.1687
1792.8563
987.5102
1776.8781
1374.7540
1653.7775
913.5492
1637.7882
1751.7455

2200.1614
1791.8490
986.5029
1775.8708
1373.7467
1652.7702
912.5419
1636.7809
1750.7382

2200.1335
1791.8308
986.5661
1775.8359
1373.7375
1652.7134
912.5505
1636.7701
1750.8416

12.7
10.1
-64.08
19.7
6.71
34.4
-9.38
6.62
-59.05

24
23
19
19
13
10
10
9
7

0.09
0.06
0.13
0.21
0.65
1
0.52
1.5
2.3

1497.6710
1962.9492
1980.9149

1496.6637
1961.9419
1979.9076

1496.7583
1961.9624
1979.9272

-63.19
-10.45
-9.88

7
6
6

2
4.3
3.5

1402.7067
1410.7631
964.5768
1481.6868

1401.6994
1409.7558
963.5695
1480.6795

1401.8013
1409.7667
963.5362
1480.6841

-72.69
-7.70
34.5
-3.12

6
5
5
4

3.7
4.2
2.4
6.3

1946.9454
1625.7804
2999.6257

1945.9381
1624.7731
2998.6184

1945.9640
1624.7805
2998.7188

-13.28
-4.52
-33.46

4
3
1

6.8
6.9
10

1962.9460

1961.9387

1962.0687

-66.24

1

16

Peptide
KVLENLNNASEERTDVLEK
IQLLEEDMERSEER + Oxidation (M)
FRGLIPER
IQLLEEDMERSEER
SNRITITNDKGR
RDVSDAMQPMGSESK + Oxidation (M)
KSIGGKAPR
KPYNEADCAINLMR
DVSMTGIICTIVPACR +
Carbamidomethyl (C)
KHGLVGNSNEDLSK
DLADTCAQVCPKAMLGIIT
NAAAVGEASCTWSGHLPPR +
Carbamidomethyl (C)
LVKEKKLMEER
KSYVDARISPFK
LNRTPHAR
APGMPGGGGGVGGPQNR + Oxidation
(M)
VRAQCEEVGDTVESLRR
ENIASHNDEINTLR
MRCLPVFVILLLLIASTPSVDARAKTR +
Oxidation (M)
ELGLKSVLFTEGFGRPGR
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The sequences of the peptides not assigned to proteins from the ~19 kDa band
and the ~40 kDa band were searched against the Mytibase, which is a
specialised database derived from mussels cDNA sequences. This resulted in
the identification of more proteins (Table 3.12).
Table 3.12. Identification of proteins of bands with a molecular weight of ~19 and ~ 40 kDa using the
Mytibase database.
Pepides not assigned to proteins

Proteins identified by Mytibase
database

Sequences from ~19 kDa band
NSLFNGGNVQFTIGVDIETFVK

Sequences from ~40 kDa
SNRITITNDKGR

ID: MGC07839
Description: Heat shock 70kDa protein (Fragment)
Score: 59
Exp.:2.2e-01
NSLFNGGNVQFTIGVDIE
++L G N+Q+T+GVDIE
SALVTGRNIQYTVGVDIE
ID: MGC07839
Description: Heat shock 70kDa protein (Fragment)
Score: 58
Exp.: 1.6e-01
SNRITITNDKGR
SN+ITITNDKGR
SNKITITNDKGR
ID: MGC01310
Description: HSP70
Score: 54
Exp.: 4.5e-01
NRITITNDKGR
N+ITITNDKGR
NKITITNDKGR
ID: MGC02267
Description: Heat shock cognate 71
Score: 54
Exp.: 4.5e-01
NRITITNDKGR
N+ITITNDKGR
NKITITNDKGR

DLADTCAQVCPKAMLGIIT

NAAAVGEASCTWSGHLPPR

ELGLKSVLFTEGFGRPGR

ID: MGC07350
Description: Malate dehydrogenase
Score: 55
Exp.: 1
DLADTCAQVCPKAMLGIIT
DL
CPKAM+ IIT
DLVSAIGDFCPKAMICIIT
ID: MGC01385
Description: SCO-spondin precursor
Score: 45
Exp.: 1
GEASCTWSGHLPPR
G S + GHLPPR
GSTSVLFPGHLPPR
ID: MGC05986
Description: Plant-metabolite dehydrogenase
Score: 47
Exp.: 1
GLKSVLFTEGFGRP
G S+ FT+GFG P
GCSSIWFTDGFGSP
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One of the biggest drawbacks of using IMAC with a raw sample is that the
proportion of the target protein relative to the total amount of proteins is very low,
and so, difficult to isolate in just one step. This approach was therefore deemed
inappropriate, at least at this early stage of the investigation, and was set aside.

3.4

Troubleshooting and developing of a protocol for protein
separation and Cd distribution in the soluble fraction.
3.4.1

Separation of protein by ion exchange chromatography.

The anion exchange chromatography method was chosen to separate the
proteins present in the SF because it was a routine technique that had been well
established in the laboratory for other protein samples.
As described earlier (Chapter 2), 500 µL of SF was eluted at a flow rate of 5 mL
min-1 with a gradient of 0 to 1 M NaCl, and fractions of 2 mL volume were
collected. A chromatographic profile was produced by monitoring the absorbance
of the eluting material at 280 nm (Fig. 3.3). Most of the proteins eluted at the
beginning of the chromatography and this result indicated that the separation of
protein from the sample using this approach was unsuccessful.

Figure 3.3. Ion-exchange chromatogram of 500 µL SF using a linear gradient up to 1 M NaCl. The blue line
indicates absorbance of protein at 280 nm; the green line indicates theoretical salt concentration; the red line
indicates conductivity; the Y axis is the scale of UV absorbance; red numbers in X axis are the fractions collected;
black numbers in X axis is the measure of the time duration of the run.
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Sometimes, when the protein is too concentrated it binds weakly to the column.
In order to confirm this suggestion, 500 µL of the sample was diluted to 2 mL and
loaded into the column under the same conditions. The chromatogram obtained
with the diluted sample (Fig. 3.4) showed a profile similar to that in the undiluted
sample, with most of the protein eluted in the first few fractions.

Figure 3.4. Ion-exchange chromatogram of 500 µL of SP diluted to a final volume of 2 mL of oyster
homogenate using a linear gradient up to 1 M NaCl. The blue line indicates absorbance of protein at 280 nm;
the green line indicates theoretical salt concentration; the red line indicates conductivity; the Y axis is the scale of
UV absorbance; red numbers in X axis are the fractions collected; black numbers in X axis is the measure of the
time duration of the run.

Another buffer with a different pH was tested to try to improve the protein
separation. Also, a larger volume of the sample (2 mL diluted to a final volume of
4 mL) was loaded into the column in order to increase the concentration of the
protein eluted after the first peak. However, the chromatogram still showed the
same protein elution profile as before (Fig. 3.5).

50

Chapter 3: Results

Figure 3.5. Ion-exchange chromatogram of 2 mL SF to a final volume of 4 mL using a linear gradient up to
0.5 M NaCl. The blue line indicates absorbance of protein at 280 nm; the green line indicates theoretical salt
concentration; the red line indicates conductivity; the Y axis is the scale of UV absorbance; red numbers in X axis
are the fractions collected; black numbers in X axis is the measure of the time duration of the run.

A number of replicates of each experiment were undertaken (data not shown),
but they all

gave the same protein elution profile; as a consequence, ion

exchange chromatography was discarded as a suitable method for protein
separation at least for the present study of oyster-derived material.
3.4.2

Separation of protein of SF by size-exclusion chromatography.

As an alternative to the ion exchange chromatography, size exclusion
chromatography was used for protein separation. The sample was initially loaded
onto a desalting column to remove any contaminant or large aggregation that
could subsequently damage the size exclusion column.
3.4.2.1 Desalting column.

SF (20 mL) was loaded onto the desalting column in aliquots of 1 mL at a flow
rate of 5 mL min-1 and fractions of 1 mL were collected. A chromatographic profile
was produced by monitoring the absorbance at 280 nm of eluting material (Fig.
3.6).
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Figure 3.6. Desalting column chromatogram of a series of 1 mL oyster homogenate. The blue line indicates
absorbance of protein at 280 nm; red numbers in X axis are the fractions collected; black numbers in X axis is the
measure of the time duration of the run. Each vertical pink line corresponds to each sample injection.

The first peak of each injection corresponded to protein and macromolecules,
while the second peak contained smaller molecules and salts. The fractions
corresponding to all of the first peaks (20 in total) were pooled and concentrated
by freeze-drying. The protein was then resolubilized in water to give a final
volume of 1.5 mL and filtered. A volume of 900 µL was recovered after filtration,
from which 100 µL was frozen, and 800 µL was loaded onto a size exclusion
column.
3.4.2.2 Size exclusion column.

The desalted and filtered sample (800 µL) was loaded onto a size exclusion
column at a flow rate of 1 mL min-1 and fractions of 3 mL volume were collected.
A chromatographic profile was produced by monitoring the absorbance at 280 nm
of eluting material (Fig. 3.7).
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NOEP oyster (08 11 12)Superdex200010:10_UV
NOEP oyster (08 11 12)Superdex200010:10_Fractions

NOEP oyster (08 11 12)Superdex200010:10_Cond
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Figure 3.7. Size exclusion chromatogram of pooled protein from desalting column. The blue line indicates
absorbance of protein at 280 nm; the brown line indicates conductivity; the Y axis is the scale of UV absorbance;
red numbers in X axis are the fractions collected; black numbers in X axis is the measure of the time duration of the
run.

These results clearly indicated that the protein fraction had now been
successfully separated by size exclusion chromatography. The next issue to
address was: which fraction(s) contained the Cd-binding protein? The standard
SDS-PAGE analysis of the fractions would not give an answer to this question.
Instead, a profile distribution of Cd along the fractions was expected to give a
better indication of which protein fraction was binding the most Cd.
3.4.3

Distribution of Cd and other metals in the SF.

A total of 120 fractions were collected using size exclusion chromatography.
Fractions were grouped and pooled as indicated in Fig. 3.8 A in order to minimize
the number of samples analysed. The distribution of Cd and Zn among the
pooled fractions is shown in Fig. 3.8.B and C respectively. The distribution of
other significant metals is shown in Table 3.12.
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Figure 3.8. A) Pools of fractions analysed for trace metals, * indicates the pools containing Cd; B)
Distribution of Cd along the pools of fractions, the numbers in the X axis correspond with the pool
number, the numbers above the bar correspond to the concentration (ppb)of Cd in that pool; C)
Distribution of Zn among the pools of fractions, the numbers in the X axis correspond with the pool
number, the numbers above the bar correspond to the concentration (ppb)of Zn in that pool.
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Table 3.13. Metal concentrations (ppb) in pooled fractions prepared by size exclusion chromatography. The dash indicates concentrations under the detection limit.

Cd

Zn

Mg

Ca

Mn

Fe

Cu

Se

D.L.*

0.1

2

100

100

0.5

20

0.15

5

Blank

–

58

–

214

–

28

0.4

–

Pool 1

1.8

138

–

1086

1.2

31

2.7

–

Pool 2

1.4

103

–

152

0.8

154

6.0

–

Pool 3

0.9

178

–

394

0.5

107

9.0

–

Pool 4

1.6

100

–

143

0.8

169

14.5

–

Pool5

1.3

162

–

293

0.6

49

19.0

–

Pool 6

0.5

55

–

–

0.8

129

29.4

–

Pool 7

20.0

454

110

1293

3.7

130

46.4

–

Pool 8

0.7

127

–

317

1.9

46

35.4

–

Pool 9

24.0

57

–

151

–

21

26.9

–

Pool 10

0.8

90

–

277

1.5

300

33.8

–

Pool 11

0.6

136

–

242

–

40

40.5

–

Pool 12

2.0

104

–

314

1.2

217

38.8

–

Pool 13

1.1

40

–

128

2.0

572

47.9

–

Pool 14

0.8

61

–

106

–

–

48.3

–

Pool 15

0.4

83

–

102

–

–

54.2

–

Pool 16

0.3

89

–

187

0.5

164

79.5

–

D.L.* Detection Limit (ppb)
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Cd was detected in mainly in pooled fractions 7 and 9, and therefore, the same
metal analysis was undertaken for each fraction composing just these two pools
in order to try to refine the location of the Cd-binding protein (Table 3.13).

Table 3.14.Cd and Zn concentrations (ppb) in fractions from the pools
containing Cd. The dash indicates concentrations under the detection limit.

Sample

Fraction

Cd

Zn

–

34

0.2

28

–

24

D2

0.3

27

D3

10.3

171

D4

0.9

32

D5

–

19

D6

0.1

17

D7

0.7

26

E2

0.1

27

E3

0.1

26

E4

0.4

24

E5

0.2

18

Blank

Pool 7

Pool 9

3.5

Mass spectrometry analysis of Cd-BP candidates.

It was believed that the Cd-BP were present in those fractions with high
concentrations of Cd. In order to confirm this suggestion, pools 7 and 9 were
analysed by SDS-PAGE gel. The protein in200 µL of each fraction was
precipitated, resuspended in a final volume of 10 µL, and loaded onto an
electrophoresis gel (Fig. 3.9). One single band of a molecular weight of ~40 kDa
was detected for each fraction, and each band was analysed separately by
MALDI MS/MS.
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Figure 3.9. SDS-PAGE gel of fractions of Pool 7 and Pool 9.M molecular weight protein standard; SF soluble
fraction after desalting column.

The same protein was identified in each fraction viz. the hypothetical protein
PPAM2_20180 (Pseudomonas sp) which was rather unhelpful in the present
study (Table 3.14). However, most of the peptides analysed were not assigned to
any protein from the NCBI database (Table 3.15) and so they were searched
against the Mytibase database, resulting in the identification of several more
proteins shown in Table 3.16.
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Table 3.15. The bands obtained from the pools 7 and 9 were identified as hypothetical protein PPAM2_2018
according to the significance threshold of p<0.05. The proteins with the highest sequence coverage and the
best peptide identifications get the highest protein score and are ranked first. Proteins that match exactly the same
set of peptides get the same protein score and are equally ranked as protein groups (below the table). Observed:
measured m/z value of the ion i.e. the peptide molecule plus protons; Mr (expt.): uncharged peptide mass (minus
proton) calculated from the measured m/z value of the charged peptide (plus proton); Mr (calc.): predicted mass of
the uncharged peptide (without proton); ppm: calculated error in parts per million (Mr(expt) – Mr(calc)) / Mr(calc);
Sc.: Individual ion score; Exp.: Expected value.
gi|395498427 Mass: 41815

Score: 360

Matches: 5(2)

Sequences: 5(2)

hypothetical protein PPAM2_20180 [Pseudomonas sp. PAMC 25886]
Observed
1019.5858
1088.5994
1200.6182
1254.5980
1737.8604

Mr (expt.)
1018.5785
1087.5921
1199.6109
1253.5907
1736.8531

Mr (calc.)

Ppm

1018.5811
1087.6066
1199.6081
1253.5888
1736.8516

-2.56
-13.34
2.37
1.54
0.88

Sc.
57
53
44
72
134

Exp.

Peptide

0.08
0.22
1.9
0.002
1.8e-09

R.TGPITVIYR.K
R.FVPLPTTWK.T
K.SNICNGIGRPL.- + Carbamidomethyl
K.ENSGTTELFTR.F
K.TVNLSVNDLCGVFSGR.L +
Carbamidomethyl (C)

Table 3.16. List of peptide sequences from the bands recovered from size exclusion column that were not
identified with any protein.
Observed

Mr (expt.)

Mr (calc.)

1347.6902
2190.0105
1653.7668
3447.7751

1346.6829
2189.0032
1652.7595
3446.7678

1346.6942
2189.1440
1652.8092
3446.6342

2614.4766
1635.8453
1665.7677
1542.7085
1893.9446
1112.5054
1359.6868
1214.6262
2174.0291
1751.8677
1513.9111
1147.6824
1525.7222
2038.9443
1570.7327
1100.5647
1159.6886
1570.7161
1382.6890
1031.5951
1680.8248
1719.8940
1410.7240
1266.6344
1124.5226
996.5780

2613.4693
1634.8380
1664.7604
1541.7012
1892.9373
1111.4981
1358.6795
1213.6189
2173.0218
1750.8604
1512.9038
1146.6751
1524.7149
2037.9370
1569.7254
1099.5574
1158.6813
1569.7088
1381.6817
1030.5878
1679.8175
1718.8867
1409.7167
1265.6271
1123.5153
995.5707

2613.4602
1634.8641
1664.8300
1541.7546
1892.9704
1111.5556
1358.6790
1213.6601
2173.1426
1750.8962
1512.7945
1146.6761
1524.6483
2038.0193
1569.7682
1099.5509
1158.6509
1569.7859
1381.6698
1030.5712
1679.8202
1718.8587
1409.7263
1265.6034
1123.5986
995.5148

ppm

Exp.

-8.41
-64.32
-30.03
38.8

Sc
.
43
40
39
36

Peptide

3.48
-15.96
-41.77
-34.65
-17.47
-51.75
0.38
-33.94
-55.57
-20.44
72.2
-0.84
43.7
-40.39
-27.22
5.89
26.2
-49.11
8.62
16.1
-1.61
16.3
-6.78
18.7
-74.12
56.1

34
34
34
34
33
32
31
31
30
29
29
29
28
28
28
27
27
27
26
25
23
23
20
19
13
11

11
17
15
13
24
14
33
34
41
49
28
41
52
55
60
77
68
63
1e+02
1.2e+02
2e+02
2.2e+02
3.9e+02
5.3e+02
1.4e+03
1.8e+03

2.1
3.2
4
7.5

ASSNSGLLLWSGR
LVYETPSITVNQLTRENGR
RGSGGEGTHRGGDGVVR
TAKDSAQFLNQMATLNIPMVGTDPAMVLC
YR + 3 Oxidation (M)
IAGQLKLQVSAGSATPSPPIGPALGQR
RKAAAPVGGPDWPTGR
IVQTMPMGLSMNALK + 2 Oxidation (M)
RQDGNGSPLPSTTGR
AESARTAASSALFNLQTR
NGSPHGLMKR + Oxidation (M)
TLNQVGELDSAGR
EVMRSLGVAPR
AKKPRFTQAAATPMEQAVGR + Oxidation
DDVAKGRDLPGDLPAGR
GPVWMPVNMLVVR + Oxidation (M)
TGPITVIYRK
MCQAVMNNIADGSR + Oxidation (M)
LSEKIGYAMGDAAAGGITWK
SRCDALLPPGRDDR
EELPPTTTGR
LAGEPLPAHVR
QPLESREQAGVGGSR
EAGAAPAPGRADSGR
LHFAPKYR
CGVDHLPNGWVSLAR +Carbamidomethyl
KLNELNLADNEFSGR
KGTLSGIFSNSSGR
SAPTTTERMTR + Oxidation (M)
VPGVPGTPGTSR
QIDSHLQR
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Table 3.17. Identification of proteins in pools 7 and 9 using Mytibase database.
Pepides not assigned to proteins

Proteins
database

identified

by

Mytibase

VPGVPGTPGTSR

ID: MGC02559
Description: Macrophage receptor MARCOScore: 44
Exp.: 1
PGVPGTPG
PG PGTPG
PGAPGTPG
ID: MGC00222
Description: Macrophage receptor with collagenous
structure
Score: 44
Exp.: 1
PGVPGTPG
PGVPG PG
PGVPGAPG

SNICNGIGRPL

ID: MGC09056
Description: RCC1 domain-containing protein 1
Score: 47
Exp.: 1
NICNGIGRP
+ICNG+GRP
SICNGVGRP

SACNKGLPTLPPCK

ID: MGC01325
Description: Similar to PACRG
Score: 48
Exp.: 1
CNKGLPTLPPC
CNK L LPPC
CNKALMLLPPC

MYRIDDHVGIAIAGLTSDAR

ID: MGC09419
Description: Proteasome subunit alpha type
(Fragment)
Score: 80
Exp.: 7.3e-04
IDDHVGIAIAGLTSDAR
IDDHVG+AIAGLT+DAR
IDDHVGVAIAGLTADAR
ID: MGC07233
Description: Proteasome subunit alpha type
Score: 66
Exp.: 3.1e-02
MYRIDDHVGIAIAGLTSDAR
++ ID H+G+A+AGL +DAR
IFNIDRHIGMAVAGLLADAR

RLGPLMGGPLTDCPTPKGR

ID: MGC04386
Description: Hepatopancreaskazal-type proteinase
inhibitor
Score: 46
Exp.: 1
GPLMGGPLTDCPTP
GP M GP+ CP P
GPDMTGPVPTCPPP
ID: MGC07402
Description: ATP-binding domain 1 family member
C
Score: 46
Exp.: 1
PLMGGPLTDCP
PL GP+T+CP
PLPAGPITNCP
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ID: MGC03996
Description: Outer arm dynein light chain 1
Score: 46
Exp.: 1
RLGPLMGGPLTDCPT
RLGPL+ GP+ P+
RLGPLIEGPIPSLPS
LGNQGGQGSPGSR

ID: MGC00211
Description: Precollagen-D
Score: 43
Exp.: 1
GNQGGQGSPGS
G++G QGSPG+
GDRGNQGSPGA

Again, most of the peptides remained unidentified. The alternative for the
identification of Cd-PB of interest was a de novo sequencing. The fragments from
the bands analysed were pooled and sequenced by MALDI-PSD, resulting in the
identification of the same hypothetical proteins PPAM2_20180 of Pseudomonas.
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4 Chapter 4: Discussion
4.1

Comparison of dry-ashing and microwave-assisted digestion.

As noted in the Methods chapter, no microwave digestion facilities were available
at the start of this project, so a dry-digestion involving a furnace was initially
investigated. Nevertheless both methods were evaluated for their accuracy and
precision for determination of trace metals in oyster tissue. The accuracy of the
digestions was assessed by comparing the concentrations of the reference
material DOLT-3 measured (three replicates) to the certified values. The
variability of the values was considered as an indication of the precision. A
minimum of two blanks were analysed in each run to test the “cleanness” of the
digestion.
Microwave-assisted digestion proved to be more accurate than dry-ashing
digestion in a furnace. The concentrations of the two metals of concern in the
present study, Cd and Zn, are closer to the certified values using microwavedigestion compared to dry-ashing digestion. The better precision of microwave
digestion is more obvious for other metals such as Ca, Mn and Se, and also
considerably better for Mg and Fe. Cu was the only element whose
concentrations showed the same accuracy in both digestions. The concentrations
of Se in DOLT-3 digested in a furnace were below the ICP-MS detection limit for
some unknown reason.
The precision of the microwave digestion method was also better. The variability
of concentrations of metals measured using microwave digested DOLT-3 was not
appreciable; in contrast, concentrations of Zn, Ca and Mn in DOLT-3 digested in
a furnace were much more variable.
The blanks used for dry-ashing digestion were “cleaner”, with concentrations
below the detection limit for most of the metals. However, that method showed
random contamination. Blanks of microwave assisted digestion contained Zn, a
metal found ubiquitously and always difficult to avoid contamination effects. Also,
one of the three blanks contained detectable levels of Mg, Ca, Fe and Cu,
probably because a particle or some other sort of contamination was present in
the Teflon vessel.
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Microwave assisted digestion was chosen as the digestion method in the present
study because it proved to be more accurate, precise, clean and fast, which
agrees with the conclusions of other studies. Ashoka et al. (2009) evaluated six
different digestion methods for determination of trace metal levels in fish tissue
and concluded that for a wide range of metals, microwave digestion is the most
suitable method.
Dry, wet and microwave digestions were compared in other tissues, such as fruit
(Altundag and Tuzen 2011), cheese (Bakircioglu et al. 2011) and wool (Aydin
2008), and they all agreed that microwave digestion is more accurate, simple and
faster than the other methods tested.
In brief, it can be concluded from the present results that microwave digestion is
the optimal digestion method in terms of accuracy, precision, cleanness and time,
independent of the type of biological tissue digested.

4.2

Distribution of cadmium and other metals in the Bluff oyster.

The concentration of Cd and Zn in samples of the Bluff oyster measured in the
present study is 12.8 µg g-1and 256 µg g-1dw respectively, approximately half of
that reported in previous studies (Nielsen 1974; Frew 1997).
Other studies of Bluff oyster reported whole tissue concentrations of Cd and Zn of
5.3 µg g-1 and 100 µg g-1ww(Nordberg et al. 1986), 5.8µg g-1 and 67 µg g1

ww(Sharma 1983) and 3.9 µg g-1 and 66 µg g-1ww respectively (Nielsen and

Nathan 1975). Considering that these are wet weight concentrations, it is difficult
to confirm whether or not they are consistent with our results. But assuming an
approximate value of ~ 80 % moisture content (Ecles 2000), one can estimate
dry weight concentrations of Cd and Zn from these wet weight values of 26.5 µg
g-1 and 500 µg g-1dw for that measured by Nordberg et al. (1986), 29 µg g -1 and
335 µg g-1dw for Sharma (1983) and 19.5 µg g-1 and 330 µg g-1dw for Nielsen
and Nathan (1975) respectively.
As expected, it was noticed that the concentrations of Cd measured in the
present study are similar or greater to that reported in other oyster species from
polluted areas. For example, Shulkin et al. (2003) analysed the metal content of
the oyster Crassostreagigas from a polluted area at the north-western part of the
Sea of Japan and found concentrations of Cd between 4.7 and 27.2 µg g-1dw.
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The distribution of Cd (and other metals) between soluble and insoluble fractions
of the oyster tissue was also evaluated in the present study. The amount of Cd in
the insoluble fraction was greater than that in the soluble fraction, which
disagrees with the results reported by Sharma (1983) who showed a ratio of 1:1
between both fractions. However, these findings are in accordance with previous
studies in bivalves where metals are frequently associated with insoluble
fractions of the tissue material.Mouneyrac et al. (1999) studied the distribution of
Cd between the soluble and insoluble fractions in the species of oyster
Crassostrea gigas collected from a clean area, from a polluted area, and from
oysters transplanted from a clean area to a polluted area. They found that in all
cases the amount of Cd bound to the insoluble fraction was greater than in the
soluble fraction. The same Cd distribution profile was reported in the species
Crassostrea gigas by Bragigand et al. (2004) and Crassostrea angulata by
Trombini et al. (2010).
Regarding the remainder of the trace metals, the present results indicate that Mg,
Ca and Mn were mainly retained in the insoluble fraction (IF) as well, whereas
Zn, Fe and Cu were more equally distributed between IF and SF with a ratio
close to 1:1. These results are again in disagreement with those of Sharma
(1983) who reported a ratio between the SF:IF of 3:1 for Zn and 4:1 for Cu. Our
results are also different to the metal distribution reported by Bragigand et al.
(2004) in Crassostrea gigas, who reported higher concentration of Ag, Zn and Cu
in the IF, but partially agree with Trombini et al. (2010), who also reported higher
concentration of Cu, Zn, Mn, Fe, Ni and Co in the IF of the digestive gland and
gills of the Crassostrea angulata species.
A possible explanation for the bioaccumulation of metals in the insoluble fraction
was given by Langston et al. (1998) and Ettajani et al. (2001) arguing that it
occurs as a consequence of biological processes such as compartmentalization
into lysosomes, membrane-bound vesicles and biomineralization into granules.
Another noteworthy finding from the present study of Bluff oysters is that the
concentration of Se in every metal analysis was below the ICP-MS detection limit,
which disagrees with the epidemiological study undertaken by McKenzie
(1986)on adults consuming Bluff oysters. The author of this study concluded that
the normal consumption of Bluff oyster can increase the intake of Se by a factor
of two above a normal New Zealand intake of Se; moreover, the consumption of
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one Bluff oyster can increase the normal daily intake of Se by about 10%
(McKenzie-Parnell et al. 1988).

4.3

Isolation of Cd-BP by IMAC.

IMAC is a widely used technique for purification of proteins with engineered
histidine tags or with naturally surface-exposed histidine residues(Cheung et al.
2012). It has shown to be an effective method to resolve protein mixtures, and it
is used as purification step in many biochemical studies (Abebe et al. 2007;
Tekiner et al. 2012; Yavuz et al. 2012; Martinez Cristancho et al. 2013).
Cd-BPs have been successfully isolated from the cell-free blood plasma of
bivalves using IMAC, including the species of oyster Crassostrea virginica(Abebe
et al. 2007). Therefore, IMAC was tested in the present study as a possible
method for Cd-BP isolation in one single step from native proteins of the SF of
the Bluff oyster.
Analysis by SDS-PAGE of the fractions recovered from this IMAC technique
confirmed that the BP fraction contained different protein bands, most of them
also present in the UP fraction (Fig. 3.1). Only one band of ~19 kDa was
identified in the UB fraction that was not present in the BP fraction, and it was
analysed by MALDI MS/MS resulting in the identification of human keratin.
However, most of the peptides could not be assigned to any protein from the
database used (NBCI). This is perhaps not surprising since little investigation has
been undertaken to identify Cd-BP in oysters.
Further research on the non-identified sequences using Mytibase, a database
derived from mussels cDNA sequences, assigned one peptide to a heat shock 70
kDa protein (Table 3.11), a chaperone involved in the correct folding of new
proteins and the prevention of protein aggregation(Meimaridou et al. 2009).
However, this protein does not bind Cd2+ (or any other dication), and most of the
sequences remained unidentified.
A replicate of this experiment showed a similar pattern band (Fig. 3.2), but the
band of ~19 kDa previously analysed was also present in the UP fraction. There
was one band of ~40 kDa that remained as the most apparent in all fractions and
in all replicates and this band was further analysed by MALDI MS/MS, and
identified as tropomyosin. Again, the peptides not assigned to any protein were
also searched against the Mytibase database resulting in the identification of
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more chaperones (heat shock proteins), malate dehydrogenase, SCO-spondin
precursor, and plant-metabolite dehydrogenase (Table 3.11).
Tropomyosin is a protein involved in muscle contraction and binds Ca2+(Crabos
et al. 1991; Nevzorov and Levitsky 2011); malate dehydrogenase is an enzyme
that catalyses the conversion of oxalacetate and malate into pyruvate using Mg 2+
or Mn2+ as coenzyme (Danis and Farkas 2009); SCO-spondin is a protein
involved in cell adhesion and binds Ca2+(UniProtKB 2013); and plant-metabolite
dehydrogenase probably uses a dication as co-enzyme in the same manner as
families of dehydrogenases (Auld and Bergman 2008). The isolation of dicationBPs can be explained by the interaction of these proteins with the Cd2+ bound to
the IMAC column.
Nevertheless, most of the peptides obtained from the present trypsin digestion in
both replicates of the experiment remain unidentified.
The mixture of proteins in the SF of oyster is much more complex than the
proteins from the free-cell blood plasma used in other studies. Therefore, it is
reasonable to assume that the proportion of Cd-BP proteins among the total
proteins in the SF is lower than that in the free-cell blood plasma, and the mixture
of proteins is very complex to resolve in just one step. One solution would be to
remove some of the proteins in order to increase the concentration of Cd-BP, but
since there is no information available about the Cd-BP protein in the Bluff oyster
other than it binds Cd2+, it would be difficult to remove the appropriate non Cd-BP
proteins.
Also, it is possible that the Cd-binding site of the protein is located in a pocket
within the protein which it is not accessible to the Cd-IMAC column, which would
make this approach unsuitable.
For all these reasons, IMAC was set aside as a method for the isolation of the
Cd-BP.

4.4

Isolation of Cd-BP by combining chromatography and ICP-MS.

This approach is based on previous studies that identified low molecular weight
Cd-BP in different species of oysters by combining chromatography on a
Sephadex G-75 column and atomic absorption spectrophotometry (Ridlington
and Fowler 1979; Sharma 1983; Nordberg et al. 1986; Roesijadi et al. 1989).
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However, it should be mentioned that the oysters used in these previous studies
were collected from polluted areas or, alternatively, had been previously exposed
to high concentrations of selected metalions in the laboratory. The aim in all
cases was to identify MT or like-MT proteins, which justified the use of a
Sephadex-75 column in these other studies.
As noted in the Introduction, the concentration of MT increases at high levels of
metals. Bluff oysters live in very clean oceanic water; hence the expression of
MTs is unlikely to be induced under these conditions, which leads us to the
presumption that the Cd-BP is not a MT. For that reason, it was necessary to
adapt the methods used in the previous studies in order to answer the specific
questions posed in the present study.
The first adaptation introduced was a change of the chromatography column
used to separate proteins. Sephadex G-75 separates proteins up to 80 kDa;
since we did not know the size of the protein(s) we were looking for, we chose a
column with a wider range of protein separation (ion-exchange and Superdex
200 columns).
Furthermore, the methods for the metal analysis available nowadays have been
improved since these studies were undertaken, and it was needed to adapt the
metal analysis to these new resources such as the ICP-MS technique.
4.4.1

Separation of proteins from the SF and the distribution of
metals.

The first chromatography tested was the ion-exchange column. One advantage
of using this type of chromatography is that proteins are separated by charge;
therefore, the proteins from the sample were separated regardless of their size.
However, ion-exchange chromatography showed little value as a protein
separation method. Most of the protein eluted in the first fractions, meaning that
the proteins of the samples did not interact with the column. Use of other buffers
with different pH did not improve the protein interaction with the column. There
appeared to be no explanation for that lack of interaction, and so the separation
of protein using ion-exchange chromatography was abandoned.
However, Superdex 200 column (range 30 – 600 kDa) was successful in the
separation of the high molecular weight proteins. The fractions resulted from this
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chromatography were pooled together, as shown in Fig. 3.8, and analysed for
metal content by ICP-MS.
Previous studies reported the distribution of Cd, Zn and Cu in the low molecular
weight proteins (Ridlington and Fowler 1979; Nordberg et al. 1986; Roesijadi et
al. 1989; Mouneyrac et al. 1999). However, the present study showed the
distribution of Cd, Zn, Mg, Ca, Mn, Fe Cu and Se in the high molecular weight
protein of the SF of the Bluff oyster (Fig. 3.8 and Table 3.12). This is a novel
contribution to the knowledge of the distribution of metals in oyster species.
The distribution of Cd showed very low concentrations in all pools (within the
range of 0.3 – 2.0 ppb) except for pools 7 and 9 (20 and 24 ppb respectively).
The highest Zn concentration was also detected in pool 7 (454 ppb), but one of
the lowest Zn concentrations was measured for pool 9 (57 ppb, versus the lowest
of 55 ppb). It is interesting to note that pool 7 is rich in metals and is the only one
containing Mg, but on the contrary pool 9 is poor in metals. Once again, Se was
not detected in any fraction.
Surprisingly, when considering the concentrations of metals in the fractions
comprising pools 7 and 9 (Table 3.14), both Cd and Zn “disappear”, and only one
fraction from pool 7 (D3) still showed high concentrations of Cd and Zn. At
present, we have no explanation for this result and more analysis needs to be
undertaken.
4.4.2

MALDI MS/MS of Cd-BP candidates

The proteins from pools 7 and 9 where further analysed by SDS-PAGE, showing
one single band of ~40 kDa in each fraction. However, the size of the protein
separated in the SDS-PAGE gels is smaller than that determined by gel
permeation chromatography, indicating that the protein probably forms a
complex.
The single bands detected in the fractions containing Cd were further analysed
by MALDI MS/MS resulting in the identification of the hypothetical protein
PPAM2_20180.
The non-identified peptides were also searched against the Mytibase with the
identification of: macrophage receptor with collagenous structure (MARCO),
which is a member of the class A receptor family and part of the innate
antimicrobial immune system (NCBI 2013); RCC1 domain-containing protein 1, a
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regulator of chromosome condensation(Hadjebi et al. 2008); protein similar to
PACRG (parkin coregulated gene); proteasome subunit alpha type, a highly
complex ATP-dependent protease responsible for degradation of ubiquitinated
proteins in eukaryotic cells (Klinbunga et al. 2012); hepatopancreaskazal-type
proteinase inhibitor; ATP-binding domain 1 family; outer arm dynein light chain 1;
and precollagen-D.
None of these proteins seemed to be very useful in our study and a de novo
sequencing of the protein was done, resulting in the identification of the same
hypothetical protein PPAM2_20180 Pseudomonas. Unfortunately, no more
information about this hypothetical protein could be found.

4.5

Conclusion.

This project aimed to develop a reliable protocol for the identification of Cd-BP in
the bluff oyster. The combination of size exclusion chromatography, ICP-MS and
electrophoresis analysis proved to be the most suitable procedure, resulting in
the isolation of one candidate identified as a hypothetical protein PPAM2_20180
Pseudomonas.
The present study has also expanded the data available on the distribution of
selected trace metals between the soluble and insoluble fractions in oyster tissue,
and made a new contribution to the literature by showing the distribution of
metals among the high molecular weight proteins (30-600 kDa) of the soluble
fraction of the Bluff oyster.

4.6

Future directions.

The high content of Cd in the IF of the Bluff oyster could be a consequence of a
poor breaking of the cells during the homogenization process. This situation
could be avoided by adding more detergent to the homogenization buffer, which
helps to solubilise the membranes and releases Cd into the soluble fraction.
This study has developed a general procedure to isolate and identify Cd-BP, but
in future research other size exclusion columns can be used in order to cover a
wider range of protein sizes.
It would be also interesting to undertake a more detailed study of the insoluble
fraction, since it contains a relatively large amount of the total Cd content of the
oyster.
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It is also recommended that the same set of experiments be performed with
samples of Bluff oyster collected over a period of one year to evaluate seasonal
changes. The same experiments should be undertaken with samples from
different sites in Foveaux Strait as well as the Chatham islands in order to find
out if there is any correlation between the trends of total Cd levels in the oysters
and the nature and amount of Cd-BPs.
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