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ABSTRACT

Harmful Algal Blooms (HABs) are an unavoidable worldwide problem and there
is an apparent global increase in the occurrence of HABs. Consequently, there is an
ever increasing risk of occurrence of HABs which represents expanding threats to
human health, fishery resources and tourism industries. A huge and massive red tide
occurred in the coastal waters of South China Sea, including Hong Kong from
mid-March through mid-April in 1998. In Hong Kong alone, the blooms inflicted an
estimated direct economic loss of around HK$ 250 million. There is an urgent need to
understand the blooming mechanism. Although it is still not sure the extent to which
the increase in red tides can be attributed to the increase of nutrient level, there is a
strong relationship between algal blooming and the nitrogen load of coastal waters.
Therefore, nitrogen is believed to be an important factor in the initiation and
maintenance of phytoplankton blooms.

Dinoflagellates are the major HABs causative agents. Although there are many
studies on the effects of nitrogen on the growth of dinoflagellates, very little is known
about the changes in the cells at molecular level. In addition, dissection into the
proteome of dinoflagellate was not reported. Proteomic studies using 2D gels with or
without nitrogen supplements on dinoflagellates have the potential to uncover the
cellular pathways and mechanisms involved in blooming at the molecular level.

Given that no effective method for controlling blooming is available yet, the best
strategy for control is prevention. On top of it, a fore-warning system will be very
useful. Therefore, rapid identification of HABs species is another important issue of
the study of HABs. Traditional HABs species identification method is based on the

morphological features. However, this type of taxonomic identification method not
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only is time-consuming but also requires a high level of expertise. Because of the
nature of the technique, taxonomic confusion and arguments on similar looking HAB
species are common. To resolve the taxonomic debate, different types of identification
methods are being introduced, including the molecular probes using lectins, antibody
and oligonucleotide. However, none of them are entirely satisfactory. Therefore, a fast,
simple, accurate and systematic identification method is required for field
applications.

Studies described in this thesis were divided into two parts. The first part was
aimed to study protein expression profiles in the model dinoflagellate Alexandrium
affine under nitrogen stress. By investigating protein expressions in response to
nitrogen availability, we may understand more about the mechanism of growth in this
organism. Methodologies required to study protein expression profiles in
dinoflagellates were derived and streamlined to allow production of high-quality
two-dimensional gel electrophoretograms (2DE).When comparing cells grown under
nitrogen depletion conditions with that under repletions, more than 15 differentially
expressed proteins (> 5-fold differences) were annotated by 2-DE. Two of them were
found to be highly down-regulated (> 16-fold) upon N-depletion; where one of them
was 55 kDa with pl 5-6 and was successfully identified as ribulose-1,5 bisphosphate
carboxylase/oxygenase form II (Rubisco II). Another one with 50 kDa, pl 5-6 and it
was completely de novel and named as NAP50. Using a combination of N-terminal
amino acid sequencing, tandem-mass spectrometry, PCR and molecular cloning
technologies, the entire putative amino acid sequences of NAP50 were successfully
obtained. When searched against the NCBI non-redundant database, no homology

was found. Down-regulation of these two nitrogen-associated proteins (NAPs) was
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further confined to occur upon 30 hours after N-depletion through the immunoblotting
experiments. However, their mRNA expression levels remained unchanged during
N-depletion and repletion. Therefore, the down-regulation of these two NAPs seems
to be controlled at protein level rather than at transcriptional level. Down-regulation
of these NAP proteins under N-depletion could be prevented either by the
replenishment of N sources or the addition of protease inhibitors. Specifically addition
of serine protease inhibitors (AEBSF and benzamidine) could prevent the proteins
became down-regulated in vivo and in vitro. Therefore, it was speculated that specific
serine protease(s) was involved in the degradation of both proteins under the
N-depletion condition. This specific serine protease(s) was partially fractionated using
benzamidine-bound affinity column chromatography and the active fractions further
suggested that there could be a NAPs-specific serine protease(s) being activated in
response to nitrogen stress. To the best of our knowledge, this is the first study of
dinoflagellate proteome in response to nitrogen stress. The novel protein NAP50 and
the involvement of a serine protease(s) in the NAPs degradation under nitrogen stress
had never been reported as well. Results from the present study not only provide new
insights on how dinoflagellates react with nitrogen (one of the main factors thought to
trigger HABs) at molecular level, but also act as the first step to dissect proteomes of
dinoflagellates under optimal growth conditions.

In the second part, it was aimed to design and validate a fast and accurate method
for identification of dinoflagellates that is not dependent on morphological aspects.
Different dinoflagellates were identified using their respective protein/peptide mass
fingerprint profiles obtained with matrix-assisted laser desorption ionization

time-of-flight (MALDI-TOF) mass spectrometry (MS). The peptide mass fingerprint
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spectral patterns found for each species of dinoflagellates are unique and are easily
distinguishable by visual inspection. In addition to the whole mass spectra, several
specific biomarkers were identified from the mass spectrum of different species.
These mass spectral patterns and the biomarker ions form an unambiguous basis for
species discrimination. Results of our investigations clearly demonstrated the
capability of this method in rapid identification of different species of dinoflagellates
(namely Alexandrium affine, Prorocentrum minimum, Scrippsiella rotunda, Karenia
brevis and a yet to be identified species), In addition, identification and differentiation
of closely related species such as Alexandrium affine, Alexandrium catenella,
Alexandrium tamarense, Alexandrium minutum, can be accomplished easily by the
MALDI-MS analysis. The method is simple, fast and reproducible. Lastly, I had
demonstrated that it was possible to identify individual dinoflagellate species in a
mixed population of different dinoflagellate species based on characteristic peak mass
spectral patterns or species-specific signature biomarkers in the spectrum. Although
the identification process would become very complicated when more than two
species are presented in a mixed culture, it may still be possible to identify the species
compositions with the aid of computer software based on the analysis of the specific
signature biomarker peak ions. The workflow of HAB species protein/peptide peak
mass fingerprint spectral profiling is a straightforward approach. It represents an
excellent alternative to classical microscopic-based identification techniques.
Furthermore, this approach shows great potentials to be used for the continuous

monitoring of water samples for the possible occurrence of HABs.
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CHAPTER I

Literature Review

1.1 Red Tides and Harmful Algal Blooms (HABs)

1.1.1 The nature of Red Tide and HABs

Figure 1.1 Examples of red tide occurred in Hong Kong water [Adopted from
Hong Kong red tide information network (www.hkredtide.org) dated September, 2007]
From time to time, especially near the coast, surface of the sea becomes bright
red literally overnight (Figure 1.1). This phenomenon, called a red tide, has occurred
for thousands of years. However, the term “red tide” is confusing as some red tides

are not red! Further, red tides have nothing to do with the tide. They are massive



blooms of phytoplankton. Red tides may turn orange, brown, or bright green. To avoid
further confusion, the scientific community is using the term “harmful algal bloom
(HAB)” to describe all algal blooms, irrespective of whether they discolor the water
or not.

Harmful algal blooms (HABs) result from the uncontrolled and sudden growth of
a single, sometimes two, species of algae. Sudden occurrence of HABs has negative
impacts (Dortch, 2001). They are both marine and freshwater algae and they are the
foundation of all aquatic food chains. These microscopic planktonic algae are of
critical importance as they serve as food for filter-feeding bivalve shellfish (oysters,
mussels, scallops, clams) as well as the larvae of commercially important crustaceans
and finfish (Hallegraeff, 2003). In any normal column of water, a mixture of species
from many different taxonomic groups is usually present. Sometimes, one or more
species can predominate. Occasionally, a particular combination of environmental
conditions will result in high biomass with an unusual predominance of one or a few
species. Proliferation of such plankton algae up to millions of cells per liter is termed
as “algal blooms” (Hallegraeff, 2003). Sometimes, one of these species may be
harmful as they contain toxins. With or without toxin, algal blooms may inflict
harmful effects on the ecosystem and other living organisms (including human) (see
below). Therefore, these blooms are named “harmful algal blooms (HABs)”. Some of
the organisms considered HAB species do not fit all of the implied criteria (Dortch,
2001). For example, cyanobacteria which was no longer considered as algae, is still
included. Some others are not photosynthetic at all. Finally, some algae can be
harmful when they are present in very low abundance but can never form blooms.

A wide range of harmful effects are possible. Some HAB species produce



biotoxins that cause human illness or death after consumption of shellfishes or fishes
that have accumulated the toxins from their diet. These toxins are particularly
insidious because most are not destroyed by cooking (Dortch, 2001). One of the first
recorded fatal cases of human poisoning after consuming shellfishes contaminated
with dinoflagellate toxins was in 1793 (Hallegraeff, 2003). Such causative alkaloid
toxins, like PSP, are so potent that even a very small quantity (about 500ug), which
can be easily accumulated in just one 100g serving of shellfish, is fatal to human. On
a global scale, nearly 2000 cases of human poisoning with nearly 15% mortality
through fishes or shellfishes consumption are reported each year (Hallegraeff, 2003).
There are other HAB species that specifically cause mortality in fishes and other
animals. For example, whales and porpoises can become victims when they receive
toxins through the food chain via contaminated zooplankton or fish (Geraci et al.,
1989). These can result in economic losses and damages to the ecosystems.
Technically, HABs can be divided into three different types (Hallegraeft, 2003).
Table 1.1 is a summary of these three types of HABs, together with representative
examples of causative agents, ranging from dinoflagellates, diatoms, pymnesiophytes
and raphidophytes and cyanobacteria. Type 1 is HAB species that grows so dense that
they discolor the seawater, cause seawater to have a foul taste as well as odour and
cause Kkills of fish and invertebrates through hypoxia or anoxia. Type 2 is
toxin-producing species that enables accumulation of these toxins through the food
chain from filter-feeders to humans. Type 3 is species that is non-toxic to humans but
harmful to fishes and invertebrates as these HAB causative agents can damage and
clog the gills of these animals. Collectively, HAB causative agents can kill fishes in

different ways. Some can seriously damage fish gills, either mechanically or through



production of hemolytic substances. Some can kill fishes through oxygen depletion. In
addition, other algae kill fishes through the production of extracellular neurotoxins.
Whereas wild fish stocks have the freedom to swim away from problem areas, caged
fishes are extremely vulnerable to such noxious algal blooms. Nevertheless, there is
no definite correlation between algal concentrations and their potential harmful effects.
For example, some dinoflagellate species such as Dinophysis, Alexandrium and

Pyrodinium can contaminate shellfish with toxins, even at very low cell counts.

Table 1.1 Different types of harmful algal bloom. [Adopted and modified from
(Hallegraeft, 2003)]

Type of HAB Effect(s) Example(s)

1. Species produce Blooms can grow so dense Dinoflagellates: Akashiwo sanguinea,

basically harmless water that they cause indiscriminete | Gonyauldax polygramma, Noctiluca scintillans,

discolorations kills of fish and invertebrates | Serippsielia trochoidea, cyanobacteria:
through oxvgen depletion Trichodesmium erythraeum

2. Species produce potent Through the food chain to PSP Alexandrium spp.

toxins humans, causing a variety of | DSP: Dinophysis spp.
gastrointestinal and ASP: Pseudo-nitzschia spp. (diatom)
neurological illnesses CFP; Gambierdiscus toxicus

NSP: Karenia spp.
Cyanobacterial toxin poisoning: Anabaena
circinalis (freshwater)

3. Species that are non- Damaging or clogging their Diatoms: Chaetoceros concavicorne,
toxic to human but harmfil | gills dinoflagellates: Karenia mikimotoi,
to fish and invertebrates rephidophytes: Heterosigma akashivo

Growth of HAB organisms are dependent on a species-specific optimal
combination of environmental conditions, such as light, nutrient availability,
temperature, salinity, water column stability, horizontal water movements and grazing
by marine animals. Many HAB species have relatively low maximum growth rates.
Consequently, researchers are trying to determine whether HABs have unique

adaptation or requirements for growth that enable them to out compete other algae



under similar conditions. Some of the possibilities being considered include
conditions that facilitate cyst formation and other life cycle strategies, vertical
migration, development of grazer avoidance mechanisms or unique nutrient utilization
capabilities. Since HAB causative agents are so diverse in nature, it is unlikely that a

single explanation would be found.

1.1.2 Global increase of Algal Blooms

HABs are a global problem (Hallegraeft, 1993). It happens every where in the
world ranging from Europe, America, Asia to Pacific including the western and
eastern coast of The United States and Canada; Chile and Mexico; England, Spain,
Finland, Italy, South Africa, China, Japan, Taiwan, India, New Zealand and Australia.
Premazzi et al (1993) have summarized the global distribution of human intoxications

by HABs toxins (Figure 1.2).
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Figure 1.2 Global distributions of human intoxications by HABs toxins. Dots
indicate cases of human intoxication.[Adopted from (Premazzi and Volterra, 1993)]



In fact, the public health and economic impacts of HABs appear to have
increased in frequency, intensity and geographical distributions in the past three
decades (Hallegraeff, 2003). One example, Figure 1.3 shows the increased global
distribution of HAB toxins and toxicities from 1970 to 1999 (Sellner et al., 2003).
Until 1970, toxic dinoflagellate blooms of Alexandrium tamarense and Alexandrium
catenella were the only known from temperate waters of Europe, North America and
Japan (Dale and Yentsch, 1978). However, blooms from these species were well

documented throughout the Southern Hemisphere by 2000.

QPSP SUENSP O Dsp Q asp " Ciguatera Q rriesteria

Figure 1.3 Known global distributions of HAB toxins from 1970 to 1999. Number
of toxicities cases (dots) has increased from 1970 to 1999. PSP= paralytic shellfish
poisoning, NSP= neurotoxic shellfish poisoning, DSP= diarrhoetic shellfish poisoning
and ASP= amnesic shellfish poisoning. [Adopted from (Sellner et al., 2003)]



Several reasons has been proposed to explain the global increase in HABs
observed (1) increased scientific awareness of toxic species; (2) increased utilization
of coastal waters for aquaculture; (3) accelerated eutrophication; (4) unusual
climatological conditions such as global warming and (5) transportation of
dinoflagellate resting cysts in ship’s ballast water or associated with translocation of
shellfish stocks from one area to another (Anderson, 1989; Hallegraeft, 1993; Smayda,

1990; Tester et al., 1991).

1.1.3 Causes of red tides and HABs
1.1.3.1 Environmental conditions

Growth, abundance and seasonal distribution of HABs causative organisms are
closely related to the temperature, salinity, light intensity, nutrient and current regimes
in the sea. For example, different species of the genus Alexandrium show different
optimal temperature and salinity for growth. A general increase in temperature, within
the optimal range, would result in an increase in population growth and density.
Undoubtedly various factors including nutrient upwelling; nutrient input; temperature;
wind; rainfall; salinity and light have all been identified as contributory factors to

occurrence of HABs.

1.1.3.2 Eutrophication

The rate at which the dinoflagellates, the causative agents of HAB, grow depends
upon a wide range of factors including light, temperature, salinity, nutrient supply and
grazing. Despite this apparent complexity, one of the major causes of HABs has been

related to the input of nutrients. Nitrogen and phosphorus are the well known



macronutrient requirements important for growth and metabolic activities. In addition,
it is known that phytoplankton also requires small amounts of micronutrients (found
in trace amounts in the open oceanic waters) for optimal growth (Hudson and Morel,
1993). Some micronutrients like metals (Fe, Mn, Co, Ni, Cu and Zn); metalloids such
as Se and non-metals such as iodine are required in metabolic processes for both
marine and fresh water phytoplankton (Brand et al., 1983). The absence of one of
these elements may limit growth (Brand et al., 1983), while an excess amount may
also inhibit phytoplankton growth (Anderson and Morel, 1978; Brand et al., 1983).
Several HAB incidences had been correlated to the increase in the discharge of
nitrogen, phosphorus and trace metals to coastal waters (Hallegraeft, 2003). Therefore,
the amount and types of nutrients provided for the microalgae are one of the important
factors that may lead to “blooms” of such organism. However, the exact mechanisms
of how such nutrients leading to extensive and sudden algal bloom are still unclear.

On the other hand, eutrophication is a condition in a water body where high
concentrations of nutrients (mainly nitrogen and phosphorus) stimulate excessive
algal (e.g dinoflagellates) growth and blooms. Growth and blooms of most of these
algal species appear to be stimulated by “Cultural Eutrophication” from domestic,
industrial and agricultural wastes (Hallegraeft, 2003). Nitrogen inputs to rivers, lakes
and coastal areas have increased substantially from a variety of sources. This provides
higher nutrient availability and a better environment for HAB species to growth
(Dortch, 2001). Most marine systems are nitrogen-limited. Hence, when nitrogen is
added, the phytoplanktons tend to grow or “bloom” until they run out of some other
nutrients. In particular, diatoms might run out of silicate, which they need to make

their shells (Smayda, 1989). This will shift the balance in favor of dinoflagellates.



While some diatoms produce toxins, dinoflagellates are more likely to do so.
Moreover, some dinoflagellates produce more toxin when their supply of phosphorus
runs low, which is likely to happen if we pump in nitrogen and not phosphorus
(Guisande et al., 2002; John and Flynn, 2000; Touzet et al., 2007).

Several examples are listed below to show that HAB are directly related to the
increase in the discharge of nutrients. Figure 1.4 illustrates an eight fold increase in
number of red tides per year in Tolo harbour, Hong Kong, in the period 1976-1986
(Lam and Ho, 1989). During that period, there are 2.5-fold increases in nutrient
loading, mainly contributed by untreated domestic and industrial waste and this is

correlated with 6-fold increase in human population in Hong Kong.
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Figure 1.4 Correlation between the number of red-tide outbreaks per year in
Tolo Harbour and the increase in the human population in Hong Kong (bar
diagram), 1976-1986. [ Adopted from (Lam and Ho, 1989)]

Similar outcomes can be seen in one of the major fish-farm areas in Japan, the
Seto Inland Sea (Okaichi, 1989) (Figure 1.5). Between 1965 and 1976, the number of

red-tide outbreaks progressively increased 7-folds, concurrent with a 2-folds increase

in chemical oxygen demand (COD) loading, contributed mainly from untreated



sewage and industrial waste from pulp and paper factories. Afterwards, effluent
controls were initiated to reduce the COD loading by about half (see arrow in Figure
1.5), secondary sewage treatment was introduced and phosphate was removed from
household detergents. Following a time-lag of four years, the frequency of red tide
events in the Seto Inland Sea had decreased by about 2-fold and maintained at a more

stationary level.
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Figure 1.5 Long-term trends in the frequency of red tide outbreaks in the Seto
Inland Sea, Japan, 1965-1986. COD: chemical oxygen demand. [Adopted from
(Okaichi, 1989)]

Furthermore, Ho and Hodgkiss showed that HAB causative organisms were
limited primarily by macro-nutrients and their growth was optimal at an atomic N: P
(nitrogen to phosphate) ratio of about 4 to 22 (Hodgkiss and Ho, 1997). They further

suggested that changes in such N to P ratio are highly relevant to incidence of HAB of

the causative organisms.
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1.1.3.3 Unusual climatological conditions

Some scientists believed that long term climatic shifts may be responsible for the
apparent increase in both frequency and strength of HAB worldwide (Hallegraeff,
1993). Most of the studies proposed a link between both the greenhouse effect and EI

Nino-Southern Oscillation (ENSO) event to algal blooming (Hallegraeff, 2003).

1.1.3.4 Transport of dinoflagellate cysts

It is still not clear on the mechanism of how a HAB is initiated. However, an
inoculum must be present in order for one to begin, and yet the majority of HAB
causative organisms do not appear in the water column throughout the year. Therefore,
it comes to a question on how HABs spread to new places?

Some of the outbreaks of HABs in new areas have been shown to result from
transport of HAB causative agents in ballast water in ships (Hallegraeft, 1998). It was
estimated that a single ship can carry more than 300 million toxic dinoflagellates cysts
(Hallegraeff, 1998; Hallegraeff, 2003)! Dinoflagellate cysts are the resting form which
allow them to survive long period in dark ballast tanks (Hallegraeff and Bolch, 1992).
Therefore, if ballast water was taken on during an HAB in one harbor and dumped in
an area with similar environmental conditions, the chances of introducing a new
species are increased. Moreover, live shellfish can contain cysts or vegetative cells in
the water inside the shell and in the gut. Commercially activities on these
cyst-containing shellfishes will allow spreading of cyst to new areas. In both cases
high nutrient inputs in the new area are likely to increase the chance of survival for
the introduced species.

According to Hallegraeff (2003), ballast water was first suggested as a vector in

11



the dispersal of marine planktons around 30 years ago (Hallegraeff, 2003). In the
1980s, there is a strong evidence that HAB organisms in Australia have been
introduced through ballast water through commercial shellfish farm operations with
disastrous consequences (Hallegraeff and Bolch, 1992). Paralytic shellfish poisoning
(PSP) was unknown in the Australian region until the 1980s with the first outbreaks
appeared in Melbourne which was caused by Alexandrium catenella and in Adelaide
which was caused by Alexandrium minutum. In both places, the genetic affinities and
fingerprinting obtained using ribosomal gene sequencing between Australian and
Japanese strains of A. catenella as well as between Australian and European strains of
A. minutum provided circumstantial evidence for the ballast water transportation
(Scholin et al., 1995).

In addition, it was shown that the faeces and digestive tracts of bivalves were
loaded with viable dinoflagellate cells and resistant resting cysts (Scarratt et al., 1993;
Schwinghamer et al., 1994). Therefore, translocation of live shellfish stocks from one
area to another would bring about the concomitant dispersal of algae (especially the

resting cysts) into new areas.

1.1.4 Effects of HABs
1.1.4.1 Problems on human health

In some HAB causative species, for example dinoflagellates, at least 20 of them
produce toxins which can affect human health via contaminated fishes and shellfishes.
A recent estimate indicated that toxic algae caused 100,000 to 200,000 cases of
serious poisoning annually. These poisoning cases lead to 10,000 to 20,000 deaths and

a similar number of cases of paralysis as well as other serious consequences

12



(Hallegraeff, 2003). This is much higher than earlier estimates, which numbered in the
hundreds of deaths. Therefore, the problem is worse than previously realized and it is
deteriorating. Further, it should be reiterated that one does not have to eat the
shellfishes to suffer. Swimming or boating in affected water, even breathing sea spray,
can cause sore throats, eye irritation, and skin complaints.

There are several kinds of toxins produced by HAB causative agents, including
paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP), neurotoxic
shellfish poisoning (NSP), diarrhoetic shellfish poisoning (DSP) and ciguatera fish
poisoning (CFP). These major algal toxins cause different problems to human health

(Table 1.2).
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Table 1.2 Major algal toxin groups causing human health problems. [ Adopted from (Dortch, 2001)]

debromoaplysiatoxins and
oscillatoxin-A

Syndrome Toxin type Toxins Description of symptoms Duration
Paralytic Neurotoxins Saxitoxin and derivatives Tingling/burning of skin and extremities, especially mouth and fingers, Starts in 30 min; lasts up to
shellfish loss of muscular coordination, giddiness/staggering, drowsiness, dry 3 days
poisoning throat and skin, loss of speech and speech comprehension, rash, fever,
gastrointestinal distress, respiratory paralysis, death in 2—24 h without
immediate treatment
Amnesic Neurotoxins Domoic acid Gastrointestinal distress, headache, disorientation, memory loss, seizures, Starts in 2—5 h; duration
shellfish respiratory difficulty, coma, death variable
poisoning/
domoic acid
poisoning
Neurotoxic Neurotoxins Brevetoxins Tingling and numbness of tongue, throat and lips, muscular aches, Starts in 3—5 h; lasts several
shellfish gastrointestinal distress, dizziness days
poisoning
Ciguatera Neurotoxins Ciguatoxins, maitotoxin, Gastrointestinal distress, headache, itching, temperature reversal and Starts in 1224 h; usually
fish gambieric acids, okadaic other abnormal sensations, joint and muscular pain, convulsions/visual lasts 1 week, but
poisoning acid, prorocentrolid B, hallucinations, dizziness, irregular pulse/loss blood pressure occasionally months to
haemolysins years
Diarrhoetic Neurotoxins Okadaic acid, Gastrointestinal distress, chills Starts in 30 min to 12 h;
shellfish dinophysitoxins, lasts up to 3 days
poisoning pectenotoxins
None Neurotoxins Unknown toxins from Narcosis, sores, reddening of eyes, blurred vision, nausea/ vomiting, 6 months to 6 years,
Pfiesteria piscicida sustained difficulty breathing, kidney/liver dysfunction, memory loss, depending on exposure
cognitive impairment
None Neurotoxins Anatoxin-A and Staggering, gasping, muscle fasciculations, cyanosis, respiratory arrest, Minutes to hours
homoanatoxin-A death
None Neurotoxins Anatoxin-A(S) Hypersalivation, lacrymation, diarrhoea, ataxia, death Minutes to hours
None Hepatotoxins Microcystins and nodularins Short-term response to acute exposure: weakness/recumbency, pallor, Hours to days
vomiting, diarrhoea, pooling of blood in liver, respiratory arrest, death
Long-term response to acute exposure: liver failure, death
None Cytotoxins Cylindrospermopsin Vomiting, headache, abdominal pain, enlarged and tender liver, diarrhoea, | Days to weeks
severe electrolyte imbalance
None Dermatoxins Aplysiatoxins, Acute dermatitis, asthma-like symptoms Immediate
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1.1.4.2 Animal mortality

The devastating effects of HABs are not confined to human. HABs sometimes
turn the sea into a dead trap because these blooms may either used up most of the
dissolved oxygen or secrete toxins into the water. Most of the larger aquatic animals
such as fishes will die and the sea became a sea of dead fishes (Figure 1.6), creating
another health hazard. Besides fishes, HAB causative organisms affect other marine
organisms. For example, whales and sea birds that ate intoxicated fishes were also
killed. Naturally, nearly all animals in a food web will be affected and the effects of
these toxins will be biomagnified when they were passed upward through the food
chain (Work et al., 1993). Even herbivores have been affected, through they eat
aquatic vegetation. For example, manatees in Florida (U.S.A) were killed by HABs on
several occasions. They are exposed by just being in the water, or may be by breathing
in toxic spray at the surface. In 1996, about 150 manatees were killed by HABs

(Figure 1.7).

Figure 1.6 Devastating effects of HABs seen on the west coast of Florida where
the proliferation of the toxic dinoflagellate Gymnodinium breve resulted in
massive fish kills. [Adopted from The Harmful Algae Page (http://www.whoi.edu/science
/B/redtide/) dated September, 2007]
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Figure 1.7 More than 150 deaths of the Florida manatees occurred in 1996 due to
harmful effects of algal toxins produced by Gymnodinium breve. [ Adopted from
The Harmful Algae Page (http://www.whoi.edu/science/B/redtide/) dated September, 2007]

As mentioned briefly before, not all harmful effects of HABs on marine animals
are due to toxins. Fish kills can occur if the masses of phytoplankton suddenly die,
even if they are not poisonous. Their decomposition depletes dissolved oxygen in
water and fishes suffocate. In addition, thecate HAB causative agents can kill marine
animals by their spines which are sharp and pointed. They can lacerate gills. Further,
HAB causative agents can produce copious quantities of mucous and clog gills
(Dortch, 2001).

Although massive animal mortality is the most obvious sign of a problem, much
more subtle effects that are difficult to quantify are also possible (Dortch, 2001).
Ecosystem structure can be altered if some organisms succumb to algal toxins and
others do not. Fisheries recruitment can be severely and negatively affected if larval
fishes of an ecosystem die preferentially as they are more susceptible to low levels of
toxins. Moreover, the long-term survival of endangered species can be threatened, for
example the manatees in Florida that was just mentioned. Figure 1.8 has summarized

how HABs affect both human and marine animal.

16



Humans

Marine Mammals ' Birds

Piscivorous Fish

pekte” # Y% o

Planktivorous Fish

gtﬁn ’ F‘y‘?
Pian Herbivorous Zooplankton o&f%
Fish Larvae Harmful Algal Bloom Microbial Food
Benthic Larvae Web

Bivalves (Clams, Mussels, Scallops, etc)

ﬂmgs ‘ %%s

Crabs, Whelks, Drills, etc

Figure 1.8 The conceptual model above illustrates routings through which algal
toxins impact many different trophic compartments. Low oxygen levels in bottom
water caused by non-toxic algae may also have adverse effects on the ecosystem.
[Adopted from The Harmful Algae Page (http://www.whoi.edu/science/B/redtide/) dated
September, 2007]
1.1.4.3 Economical problems

HABs cost hundreds of millions of dollars in losses to tourism and, especially,
fisheries. Valuable shellfish fisheries are often closed as a result of HAB incidences or
during seasons when HABs are mostly likely to occur. Even perfectly safe seafood
may be rendered nearly worthless when the public perceives it as dangerous to eat.
Fish farms and other aquaculture facilities are especially vulnerable because the caged

fishes or other seafood cannot swim away from the contaminated area. In addition,

these marine animals are usually held in high densities. Cost of HABs damage is
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estimated at $49 million annually in the United States alone, and is many times higher
globally (Hallegraeff, 2003).

Massive HABs occurred in mid-March through mid-April 1998 in the coastal
waters of the South China Sea, including Hong Kong. It is the most serious HAB that
had ever occurred in these waters (Lee and Qu, 2004; Yang and Hodgkiss, 2004). This
HAB had invaded nearly all corners of the coastal waters of Hong Kong, including 22
of the 26 fish farms and five swimming beaches. In Hong Kong alone, 1260 fishery
households were affected, 2500 tones of fishes were killed, and a direct economic loss
of HK$ 250 million (about US$ 32 million) as estimated by the fish farmers (Yang
and Hodgkiss, 2004). While in the Guangdong waters, it was reported that this HAB
had killed more than 260 tones of fishes, causing a direct economic loss of about 40

million RMB (about US$ 4.8 million) (Yang and Hodgkiss, 2004).

1.1.4.4 Other harmful effects

Other than the effects mentioned above, HABs can also cause serious damages
on tourism and recreational activities (Dortch, 2001). Most of the damages are the
result from the accumulation of large quantities of biomass. Many species, including
many toxic ones, form easily visible coloured (e.g reddish colours) (Figure 1.1) or
bioluminescent (only some dinoflagellates) blooms. Moreover, algae produce volatile
and water-soluble compounds. Therefore, a bloom can have a distinctive smell and
impart unpleasant smell to the water. Finally, some species like Phaeocystis spp.
blooms cause billows of foam to float on water surfaces and beaches. In Hong Kong,
between 1980 and 2001, for example, about 15% of the HABs affected swimming

beaches. The production of discolorations, repellent odour, foam, mucilage during
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HAB induced negative effects on tourism and recreational activities. Figure 1.9 shows
a huge HAB occurred in June, 2007 which spread through Hong Kong waters and
affecting more than 14 beaches in Hong Kong. The HAB causative agent was
identified by the authorities as cochlodinium spp. Although it was a non-toxic
blooming, the massive cell growth (more than 10000 cells per milliliter), resulted in

discoloration, repellent odour, foam and mucilage.

Red zones

A total of 11 beaches
are now affected

e Cafeteria Old Beach,
Cafeteria New Beach,
Gold Beach, Kadoorie Beach,
Castle Peak Beach, Butterfly
Beach - (all affected yesterday)

e Deep Water Bay, Repulse Bay,
Middle Bay, South Bay, Chung
Hom Kok Beach (first hit Monday)

SCMP GRAPHIC SOURCE: HK GOVERNMENT

Figure 1.9 A huge HAB had spread through Hong Kong waters and affected
more than 11 beaches. Brownish colours and foam were formed in the HAB caused
by cochlodinium spp. in Gold Beach (Left). A total of 11 beaches were affected by the
HAB and was suspended for swimming (Top right). Red tide samples were collected
and monitored by officers from AFCD (Bottom right). [Adopted from South China
Morning Post (SCMP) dated 05 June 2007]
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1.1.5 Red tide and HABs in Hong Kong

There are several groups of phytoplankton that can cause algal blooms including
diatoms (Class Bacillariophyceae, Phylum Heterokontae), dinoflagellates (Class
Dinoflagellata, = Dinophyceae, @ Phylum  Dinophyta),  haptophytes (Class
Prymnesiophyceae or Haptophyceae, Division Haptophyta), and raphidophyceans
(Class Raphidophyceae, Phylum Heterokontae). Among these groups, dinoflagellates
and diatoms are the major groups that contribute to the HABs.

From the Agriculture, Fisheries and Conservation Department (AFCD) of the
Hong Kong Special Administrative Region, there are around 330 aquatic organisms
known to cause red tide globally and 70 of them had caused HABs in Hong Kong
The most common one was the dinoflagellate Noctiluca scintillans which accounted
for a third of the reported blooms (203 out of 634). Table 1.3 shows the occurrence
and distribution of HAB species in different water control zones in Hong Kong from
1980 to 2001.

Hong Kong is one of the places that have most frequent occurrences of HABs
throughout the world with an annual rate of 20-40 incidences (Smayda, 1990). (Figure
1.10 a). Spring is the peak season for the occurrence of HABs with more than 100
incidents from March to April (Figure 1.10 b). However, a majority of local algal
blooms are non-toxic and seldom caused large scale damages.

Nevertheless, the first scientific report of a local HAB incident was on a
Noctiluca scintillans bloom that occurred in the southern bays of Hong Kong in 1971.
However, most HABs occur in the eastern waters including Tolo Habour and Channel,
Mirs Bay and Port Shelter (Figure 1.10 ¢). From 1980 to 2001, 275 of 634 HABs

(43%) occurred in the Tolo Habour. Therefore, this site was extensively studied.
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Hodgkiss and Chan found that a total of 36 reports of blooming occurred in Tolo
Habour during 1977-1984 (Hodgkiss and Chan, 1986). As a result of studies on the
Tolo Harbour and Tai Tam Bay phytoplankton, the linkage between dinoflagellate
blooms in Hong Kong waters and nutrient enrichment, particularly the atomic N: P
ratios of 6 to 15 in seawater, has been clearly established (Hodgkiss and Ho, 1997)
and they concluded that growth of most HAB causative organisms in Hong Kong
coastal water is optimized at low N: P ratio of between 6 and 15.

As mentioned previously, the most extensive and damaging HAB in Hong Kong
occurred from mid-March to mid-April, 1998. This bloom was caused by a new
species- Karenia digitata (Yang and Hodgkiss, 2004; Yang et al., 2000). It inflicted
seriously economic losses to fish farmers, associated workers and the Hong Kong

economy.
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Table 1.3 Occurrence and distribution of red tides species in Hong Kong from
1980 to 2001.

Species

Tolo Mirs  Eastern  Port Junk  Victoria Southern North ~ Western
Harbor Bay Buffer Sheleter Bay  Harbour Waters Western Buffer

Noctiluca scintillans 57 38 1 46 4 7 203
Skeletonema costatum 23 3 7 51
Gonyaulax polygramma 21 1 2 48
Mesodinium rubrum 8 4 38
Prorocentrum mininum 32 33
Prorocentrum triestinum 33 33
Ceratium furca 10 9 26
Scrippsiella trochoidea 14 2 1 20
Prorocentrum sigmoides 14 16
Heterosigma akashlwo 10 3 15
Heterocapsa circularisquama 12 14
Leptocylindrus minimus 10 10
Karenia mikimotoi 5
Prorocentrum dentatum
Cryptomonas sp.
Dactyiiosolen fragilissimus
Chaetoceros app.

Karenia digitata
Thalassiosira mala
Thalassiosira nordenskioldii
Akashiwo sanguinae
Thalassiosira proschkinae
Thalassiosira spp.
Dictyocha speculum 2 1 1
Eutreptiella spp.
Gymnodinium sp. 1 2 1

Gyrodinium instriatum 1 1 1 1
Leptocylindrus danicus
Prorocentrum micans
Pseudo-nitzschia
Gymnodinium simplex
Plagioseimis prolonga
Pseudo-nitzschia seriata
Trichodesmium sp. 1 1 1
Alexandrium tamarense 2

Cerataulina pelagica 2

Chaetoceros curvisetus 1 1
Chattonella ovata 1 1

Chattonella sp. 1 1
Cochlodinium polykrikoides 2
Cochlodinium sp.
Gymnodinium viridescens
Nitzschia longissima
Prorocentrum spp.
Teleaulax acuta
Trichodesmium erythracum 2

Alexandrium catenella 1

Chaetoceros pseudocrinitus 1

Chaetoceros socialis 1
Chaetoceros sp.0105 1

Chaetoceros tenuissimus 1

Chattonella marina 1

Chlamydomonas sp. 1

cyclotella spp. 1

Cyttarocylis sp. 1

Eucampla zodiacus 1
Guinardla dellcatula 1

Guinardla striata 1

Gyrodinium spirale 1
Hermesinum adriaticum 1

Haematococcus pluvialls 1

Katcdinlum rotundatum 1
Leptocylindrus spp. 1
Odontella mobiliensis 1

Odontella sinensis 1

Pedinomonadaceae species 1

Prorocentrum baltlcum 1

Protoperidinium quinquecome 1

Pseudo-nitzschia spp. 1
Thalalssomonas sp. 1

Total: 70 species 275 117 1 85 5 13 88 19 19 2 674

Deep Bay Total
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Figure 1.10 Number (a), Seasonal distribution (b) and Regional distribution (c)
of red tide incident in Hong Kong from 1975-2005. Tolo habour (arrow) and its
channel have the highest number of HAB incidences. [Adopted from Hong Kong red
tide information network (www.hkredtide.org) dated September, 2007]

1.2 Toxins produced by HAB causative agents

1.2.1 Paralytic shellfish poisoning (PSP)

Paralytic shellfish poisoning (PSP) toxins are produced by some marine

dinoflagellates including species of Alexandrium, Pyrodinium bahamense var.
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compressum and Gymnodinium catenatum and a few freshwater cyanobacteria
(Dortch, 2001). The occurrence of similar toxins in such widely divergent groups of
organism is not readily explained. Organisms causing PSP are distributed globally.
The wide distributions of the causative organisms and the severity of the illness
induced make PSP one of the most serious HAB problems. Symptoms of PSP are
listed in Table 1.2. Since HAB outbreaks often occur in areas with no monitoring and
have significant local consumption of fishes and shellfishes, much human mortality
results. The first serious epidemic ascribed with certainty to PSP occurred in San
Francisco in 1927, with 102 cases of intoxication by shellfishes collected along the
coast. This was also the first time when it was hypothesized that the diet of the
shellfishes, mainly based on dinoflagellates, was the cause of poisoning

Saxitoxin (STX) is the main toxin group responsible for the syndrome of PSP
(Table 1.4). It is a low molecular weight prehydropurine family of compounds
(exemplary molecular weights around 300 Da) that act as potent Na' -channel
blockers. It was firstly found in Alaska shellfish Saxidomus giganteus and later in
several species of dinoflagellates. Some derivatives are more toxic than the others and
additional changes in the structure and toxicity can occur as the toxins are passed up
the food chain. The exact toxin profile can vary between different geographic isolates
of the same species and is therefore useful as a marker. However, the amount and
composition of toxins produced can be affected by environmental factors. Cysts are
sometimes more toxic than vegetative cells and can lead to PSP outbreaks if they are
consumed by shellfishes. On the other hand, the role of bacteria in toxin production is
much debated. Some groups believed that STX is produced by marine bacteria that

are isolated from dinoflagellates (Dantzer and Levin, 1997; Gallacher and Smith,
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1999; Kodama et al., 1990). However, some suggested that there is no strong
relationship on the PSP production and the dinoflagellate associated bacteria (Dantzer

and Levin, 1997; Lu et al., 2000).

Table 1.4 The properties of saxitoxin [Adopted from the CBWInfo collection of
factsheets on biological and chemical warfare agent (http: /www.cbwinfo.com /Biological
/Toxins/ Saxitoxin.html) ]

Structure

1H,10H-Pyrrolo[1,2-c]purine-10,10-diol,2,6-diamino-4-
CA Name [[(aminocarbonyl)oxy]methyl]-3a,4,8,9-tetrahydro-,
(3aS,4R,10aS)-

®(+)-Saxitoxin

Trivial Names ®Saxitoxin hydrate
OSTX
Molecular
Formula C1oH17N0,
Molezcular 299 3
weight

Freely soluble in water and methanol.
Solubility Limited solubility in ethanol and acetic acid.
Insoluble in lipid solvents

pKa in water 8.24

1.2.2 Diarrhoetic shellfish poisoning (DSP)

Diarrhoetic shellfish poisoning (DSP) was first documented in 1976 in Japan
where it caused major problems for the scallop fishery (Yasumoto et al., 1980). It is
the least serious of the human health problems caused by algal biotoxins. Unlike PSP,
no human fatalities have ever been reported and patients usually recover within three
days. However, the toxins are quite potent, less than 1000 cells per litre are enough to

cause a symptom (Table 1.2). The linear polyethers okadaic acid (molecular weight =
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805 Da) and dinophysitoxins (molecular weight = 2700 Da), the primary toxins
responsible for DSP, inhibit protein phosphatases. They are produced by some
members of the planktonic dinoflagellate genus, Dinophysis, and some benthic or
epiphytic Prorocentrum spp. Most outbreaks of DSP were attributed to Dinophysis
spp. because of their wider distributions. However, many planktonic Prorocentrum
spp. have never been tested for toxin production and at least one, P. minimum, was

associated with many human deaths in Japan (Hallegraeft, 2003).

1.2.3 Amnesic shellfish poisoning (ASP)

The illness is called Amnesic shellfish poisoning (ASP) because permanent loss
of short-term memory is one of the distinguishing symptoms (Table 1.2). ASP was
first described in 1987 when 107 people became sick after eating mussels from Prince
Edward Island, Canada and three people died subsequently (Dortch, 2001; Hallegraeft,
2003). The causative toxin involved in ASP is domoic acid (molecular weight =
311.33). Domoic acid was originally isolated from a red alga called "doumoi" or
"hanayanagi" (Chondria armata) in Japan. It is an analogue of the neurotransmitter
glutamate and is thought to be produced by toxic diatoms of the genus
Pseudonitzschia. However, it should be stressed that most Pseudonitzschia diatoms
are not considered toxic. As long as light and nitrogen availability in the surrounding
is adequate, domoic acid production is enhanced by factors that limit growth, such as
limitation on phosphorus or silicate or low temperature, (Hallegraeft, 2003; Pan et al.,
1998). The presence of bacteria can enhance toxin production, but is not required
(Bates et al., 1995). However, the exact mechanism is unknown.

To date, reports of ASP in seafood products have been mainly confined to North
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America and Canada. Although only in minute concentrations, they have also been
detected in other regions of the world such as Europe, Australia, Japan and New
Zealand (Hallegraeff, 2003). Numerous incidents occurred testified the seriousness of

the ASP problem.

1.2.4 Ciguatera fish poisoning (CFP)

Ciguatera poisoning is a tropical fish-poisoning syndrome well known from coral
reef area in the Caribbean, Australia, and especially in the French Polynesia. In the
period of 1960-1984 in the French Polynesia, more than 24,000 patients were reported.
This figure is more than six times the average for the whole of the Pacifics
(Hallegraeff, 2003).

Ciguatera fish poisoning (CFP) occurred after the consumption of fishes
harvested from tropical or subtropical reefs which were intoxicated with ciguatera.
Herbivorous fishes became toxic from consuming dinoflagellates that contained
ciguatera. This toxin can be biomagnified through the food chain, from small fishes
grazing on the coral reefs into the organs of bigger fishes that feed on them
(Hallegraeff, 2003).

The incidence rates and severity of CFP are highly variable. Although it is rarely
fatal, CFP is an illness severe enough to prevent the use of fishes as food sources in
many areas (Table 1.2). CFP causative species included the following: Gambierdiscus
toxicus, Ostreopsis lenticularis, O. siamensis, Coolia monotis, Prorocentrum lima, P.
concavum, P. mexicanum, P. emarginatum, Amphidinium carterae and A. klebsii.
Different genera produce a variety of toxins, which have different effects. The toxicity

can be influenced by environmental factors such as temperature and phosphate
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availability.

1.2.5 Neurotoxic shellfish poisoning (NSP)

Neurotoxic shellfish poisoning (NSP) is caused by polyether brevetoxins
produced by the unarmoured dinoflagellate Karenia brevis, which occurs primarily
along the western coast of Florida, but also can occur throughout the Gulf of Mexico
and as far north as North Carolina along the eastern US coast. Brevetoxins are a suite
of polyether toxins, which activate voltage-sensitive Na+ channels and alter synaptic
transmission. Brevetoxin-2 (molecular weight = 895.09) is the most abundant among
the nine brevetoxins that have been characterized, whereas brevetoxin-1 (molecular
weight = 867.1) is the most toxic. Initially Karenia brevis was though to be the only
producer of brevetoxins, but several raphidophytes, known to cause fish kills, have
recently been shown to produce brevetoxins as well. On the other hand, brevetoxins
have chemical and biosynthetic affinities similar to that of CFP and DSP toxins. The
amount and composition of different species of brevetoxins found within a particular
species varies between isolates and is affected by environmental conditions. Although
the toxins are not fatal, the blooms are a major threat to human health and cause
significant ecological as well as economic damages An unusual feature of this
organism is the formation of toxic aerosols that can lead to respiratory asthma-like

symptoms in human (Table 1.2).
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1.3 Dinoflagellates
Although diatoms can also produce toxic HAB, the aim of this study is to use

dinoflagellates as the model. Therefore, literature that is relevant to dinoflagellates

will be described.

1.3.1 Types of dinoflagellates

Dinoflagellates are important primary producers in coastal marine waters and are
a single-celled microorganism adapted to a range of pelagic and benthic habitats
throughout oceans of the world. Many species are cosmopolitan and they may be
photosynthetic, heterotrophic or both. Over 2000 species have been documented
worldwide and more than 50% are photosynthetic forms. There are also some
parasitic and symbiotic forms. Dinoflagellates are important foundations of our food
chain. Dinoflagellates are commonly between 5-2000 microns in length/diameter.
Majority of dinoflagellate species is found in marine, but they can also be found in
freshwater lakes, rivers and marshes. Most species are basically round in shape
(Figure 1.11a) but some have particular shapes. For example, Ceratium spp. appeared
as “folk” shape (Figure 1.11b). Dinoflagellates can be divided into armoured and
naked. Armoured dinoflagellates contain a cell wall which is divided into cellulosic
plates known as the theca (e.g. Alexandrium spp). Naked dinoflagellates contain only

the cell membrane and without the theca (e.g. Karenia spp).
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(a) (b)

Figure 1.11 Some morphological shapes of dinoflagellates. (a) Alexandrium spp.
with a typical “round” shape. (b) Ceratium spp.with a “folk” shape. [Adopted from
Hong Kong red tide information network (www.hkredtide.org) dated September, 2007]
1.3.2 Cell biology of dinoflagellates

Most of the dinoflagellates are unicellular with two distinctive flagella that
confer characteristic rotatory swimming motions. One flagellum is ribbon like and
encircles the cell in a groove, and the other flagellum extends back. An equatorial
groove or girdle divides a typical dinoflagellate cell into an epicone and a hypocone.
The posterior flagellum extends through a depression called the sulcus (Figure 1.12)
(Sze, 1998). In fact, the term “dinoflagellate” originates from the Greek word dineo,
meaning “to whirl”. Together with the cell membrane, the dinoflagellate cell covering
material is a single layer of amphiesma that is consists of several to many closely
adjacent, flattened amphiesmal (thecal) vesicles (Figure 1.13). Besides, the
amphiesma consists of a continuous outermost plasma membrane, the outer plate
membrane, and a single-membrane-bounded thecal vesicle. Inside this vesicle, there
are a number of cellulosic thecal plates subtended by a pellicular layer. The structural
component, cellulose, is mainly deposited in the thecal plates (Morrill and Loeblich,

1984). If the thecal vesicles of a species contain a thecal plate composed of cellulose;
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such species are said to be armored (Figure 1.14 a). While if the amphiesmal vesicles
of species are devoid or nearly devoid of contents, such species are referred to as

unarmored (Figure 1.14 b).
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Figure 1.12 A typical dinoflagellate cell. [Adopted from Hong Kong red tide
information network (www.hkredtide.org) dated September, 2007]
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Figure 1.13 Schematic diagram of the amphiesma of a typical thecate
dinoflagellate. [ Adopted from (Morrill and Loeblich, 1984)]
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Figure 1.14 Scanning electron microscopy (SEM) of armored and naked
dinoflagellates. (a) Scrippsiella trochoidea (Armored) and (b) Karenia digitata
(unarmored or naked). [Adopted from (Chan et al., 2004a)]

A typical dinoflagellate cell has several features: (1) theca and associated
structure (as mentioned above), (2) nucleus, (3) chloroplasts (for photosynthetic cells)
and (4) different other organelles include golgi bodies near the nucleus (Figure 1.15)
(Sze, 1998). The pusule is a distinctive dinoflagellate organelle consisting of a series
of vesicles near the base of flagella. It functions in osmoregulation, macromolecule
uptake, and secretion (Sze, 1998). Reserves are stored in the cytosol as starch or lipids
(Sze, 1998).

Pigment composition for most of the plastid-containing dinoflagellates is similar,
including chlorophyll a and c, xanthophylls peridinin, B-carotene and other
carotenoids. Some of this pigment such as gyroxanthin diester, can be used as a
pigment marker for the toxic HAB dinoflagellate, for example Gymnodinium breve

(Millie et al., 1997; Richardson and Pinckney, 2004).
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Figure 1.15 Sketch of a typical dinoflagellate cells, including nucleus with
condensed chromosomes, chloroplast with protruding pyrenoid, thecal vesicles,
trichocyst, pusule, and starch grains. [Adopted and modified from (Sze, 1998)]
1.3.3 Unusual features of dinoflagellates

Dinoflagellates are unique organisms with several unusual features (Graham and
Lee, 2000; Sze, 1998). Firstly, the chromosomes of most dinoflagellates are
permanently condensed (always visible) and lack the histone proteins that are
characteristics of other eukaryotes (Figure 1.16). These chromosomes only, uncoil for
a brief time to allow DNA replication to occur (de la Espina et al., 2005; Herzog and
Soyer, 1981; Rizzo, 2003). Secondly, the dinoflagellate nuclear envelope remains
intact throughout mitosis. There is no true mitotic spindle during nuclear division and
it is entirely extra nuclear. Recently, Chan and Wong suggested that the liquid
crystalline chromosomes of dinoflagellates are alternative to the nucleosome-based
organization of chromosomes in this organism (Chan and Wong, 2007). Thirdly, DNA

content of dinoflagellates is estimated to be about 10-100 times more than that of

33



human. That means they possess genomes many times greater than that of the human
genome (approximately 3.0 pg-cell™"). For example, Prorocentrum micans has one of
the largest genomes known for photosynthetic phytoplantons, which is about 230 to
280 pg-cell ™" (Veldhuis et al., 1997). Fourthly, in photosynthetic dinoflagellate species,
the plastid or chloroplast is surrounded by three membranes rather than the typical
two or four (Gibbs, 1981). In addition, peridinin is a unique dinoflagellate chlorophyll
protein that is responsible for light harvesting. Together with chlorophyll a, peridinin
was bound to form peridinin—chlorophyll a proteins (PCPs) (Jeffrey et al., 1975;
Peltier et al., 2000). Fifthly, probably the most unusual feature, it was found that the
plastids contain form II instead of form I ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO). Rubisco II was found in some species of
anaerobic proteobacteria only (Morse et al., 1995; Rowan et al., 1996). Form II
Rubisco differs from the typical form I in that oxygen has a higher affinity than CO,
for binding to the active site of the form II enzyme than to that of the form I enzyme
(Whitney and Andrews, 1998). This observation suggests the presence of a specific
mechanism for carbon-fixing, like inorganic carbon concentrating mechanism (Leggat
et al.,, 1999). Lastly, molecular studies demonstrated that genome of dinoflagellate
plastids are encoded on small single-gene or dual-gene minicircles (Barbrook and
Howe, 2000; Barbrook et al., 2001; Hiller, 2001; Zhang et al., 2001; Zhang et al.,
1999). Furthermore, of the plastid proteins found, they are all nuclear-encoded (Fagan
et al., 1999; Hiller et al., 1995; Morse et al., 1995). Collectively, these and other
unique cytological, ultrastructural, and genetic attributes present intriguing topics of

research into the life of dinoflagellates.
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Figure 1.16 Permanently condensed chromosomes of dinoflagellate Prorocentrum
micans. [Adopted from (Graham and Lee, 2000)]
1.3.4 Physiology and growth of dinoflagellates
1.3.4.1 Reproduction and life cycle

Dinoflagellates that spend most of their life cycle as unicellular flagellates
undergo division by mitosis, and several have been documented to undergo sexual
reproduction as well (Graham and Lee, 2000). Figure 1.17 shows the life cycle of a
typical dinoflagellate. Dinoflagellate produces a resting cyst during periods of
suboptimal growth conditions. The cyst sinks to the bottom of a column of water and
they can excyst to release vegetative cells when there are favorable conditions.
Vegetative cells swim to the surface to re-introduce the seed populations for blooming.
Gametes will form again with the return of poor conditions (e.g nutrient depletion).
Diploid, motile zygotes (planozygotes) will be present following gamete fusion. The
zygotes will in turn become cyst again. In some species, temporary asexual cysts can
be form. During asexual reproduction, cytokinesis in unarmored cells may involve a

simple pinching in two along an oblique division line, with continuous synthesis of
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new amphiesma parts and the cells may remain motile during the process. In contrast,
armored cells may shed the cell covering prior to mitosis, and then each daughter cell
resynthesizes a new theca. Sexual reproduction can be induced in the laboratory by
reducing nitrogen concentration of the growth medium or by lowering the temperature.
It is assumed that these factors are also related to induction of sexual reproduction in

nature.
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Figure 1.17 Life cycle of dinoflagellate. (1) Cyst resting stages that act as reservoirs
for new population growth. (2) The resting cyst ruptures (excyst) to become
swimming cells. (3) Division to produce a vegetative population. (4) Under certain
conditions, like nutrients depletion, cell division is slowed down and gametes will be
formed. (5) Gametes fused to form zygote and then cysts. [Adopted from (Sellner et
al., 2003)]
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1.3.4.2 Cysts

Cyst is a term used to describe a non-motile cell that lacks flagella and the ability
to swim. Formation of cyst may arise from a variety of processes. It has been
attributed to adverse changes in nutrients, irradiance, photoperiod, or temperature
(Graham and Lee, 2000). Cyst development begins with formation of colorless
peripheral region of cytoplasm. The planozygote stops swimming and sheds its
flagella, after which the thecal plates separate and pull away from the cell surface.
Cysts so formed will sink to the bottom. Cyst germination is inhibited by darkness
and low oxygen. Excystment in the spring occurs through an aperture in the cyst
wall, and then a normal theca is developed. Cyst formation ensure survival during
adverse conditions, which may include temperatures that are too high or too low for
growth or other adversities. For example, some Pfiesteria cysts can survive treatment
with concentrated sulfuric acid or ammonium hydroxide (Graham and Lee, 2000).
Usually, these cyst products are generated from sexual reproduction. Dormant resting
cysts are often found in nature. For example, Gonyaulax cysts can survive in storage
for as long as 12 years (Graham and Lee, 2000). The encystment process can also be
induced by addition of indoleamines such as melatonin and 5-methoxytryptamine in
laboratory cultures (Balzer and Hardeland, 1991; Balzer and Hardeland, 1992; Tsim et
al., 1997). Like vegetative cells of toxic strains, cysts of these strains are toxic and
may be ingested by shellfishes (Oshima et al., 1992). High number of cysts is usually
found in sediments below coastal waters that had previously supported dinoflagellate
blooms. As mentioned, cysts may be transported via water currents or ship ballast

water to new locations and serve as inocula for bloom formation (see 1.1.3.4).
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1.3.5 Detection and identification of dinoflagellates

Understanding of the HAB phenomena depends greatly on identification,
detection and enumeration of specific species found in discrete water samples.
Microscope-based cell identification methods have long been the standard
methodology (Fensome et al., 1999). Usually, light-microscopic techniques; scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) are the
commonly used tools. These type of identification methods rely greatly on the
morphology of the target species. However, such traditional microscopic identification
method is time consuming and always requires a high level of expertise to
discriminate key morphological features indicative of HAB species. Moreover, it is
impossible to discriminate between “toxic” and “non-toxic” species just by using
morphological characteristics alone.

There are several techniques have been proposed for discriminating different and
even very closely related HAB species. Molecular based methods for detecting HAB
species are used routinely in many laboratories world-wide. Other methods which use
lectins (Cho et al., 2001; Costas and Rodas, 1994), antibodies (Chang et al., 1999;
Lopez-Rodas and Costas, 1999; Mendoza et al., 1995), ELISA (Xin et al., 2005) and
oligonucleotide (Hosoi-Tanabe and Sako, 2005; Hosoi-Tanabe and Sako, 2006), were
practiced. Recently, there are several other types of detection techniques had been
proposed. These methods included the use of photopigments and absorption
signatures (Millie et al., 1997) and lipid profiles (Mansour et al., 2005; Mansour et al.,
1999) of HAB causative agents. However, these methods are still not commonly
applied, and thus it would not be discussed in detail in this review. Instead, a brief

discussion would be focused on the use of ribosomal RNA-targeted DNA probes as
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this is a very common and useful method for HAB species identification.

PCR-based investigation on ribosomal gene is a very common molecular based
technique used in identification of HAB causative agents. Ribosomal RNA (rRNA)
genes are used as they usually include highly conserved regions common to most
organisms (Figure 1.18). This is advantageous as primer are available that should be
able to amplify any rRNA genes, allowing subsequent sequencing to locate unique
sequences within variable regions which can then be targeted as unique molecular
“signatures”. For example, Adachi et al. have found an Alexandrium tamarense-
specific primer TF1 (Adachi et al., 1996). On the other hand, rDNA cistron (ITS and
NTS regions) allow specificity at even finer levels because they are not structural

gene and have less conserved regions (Litaker et al., 2007).

185 5.8S 2835
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Figure 1.18 Schematic diagram of ribosomal RNA gene. ITS is the internal
transcribed spacers.

1.4 Proteomics

Besides PCR-based methodologies, two-dimensional gel electrophoresis proteome
reference maps had also been suggested for species-identification purposes (Chan et
al., 2004a). On the other hand, with the provision of proteomic technologies, study on
differential protein expression of dinoflagellates could provide insights into cellular
responses upon nitrogen depletion and repletion (see below). Therefore, these
methodologies were adopted in this study. A detailed review of proteomics and its

application in research of HAB are in the following:
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1.4.1 Proteomics and Two-dimensional gel electrophoresis (2-DE)

The term "proteome" was first coined in 1994 by an Australian postdoctoral
fellow, Dr. Marc Wilkins in Macquarie University (Wasinger et al., 1995). In his
definition, the proteome refers to the total set of proteins expressed in a given cell at a
given time; and the study of which is termed as "proteomics."

Proteomics is the large-scale study of proteins, particularly their structures and
functions, in cells. Proteomics has firmly been established as a powerful tool for
understanding various biological problems (Reinders et al., 2004). Currently, for most
proteomic investigations, proteins has to be resolved first before being separated and
identified by mass spectrometry. Two-dimensional gel electrophoresis (2-DE) or some
emerging technologies like multidimensional protein identification technology
(Mud-PIT) and shotgun peptide sequencing (Hu et al., 2007), are now the most
commonly used techniques in the quantitative expression studies of large sets of
complex protein mixtures. Very expensive setup is required for Mud-PIT and shotgun
peptide sequencing and they are not commonly available. In this investigation, 2-DE
was used.

2-DE is an important protein resolving procedure in proteomics. It was invented
more than 30 years ago (O'Farrell, 1975). The use and set up of 2-DE had recently
been extensively reviewed (Gorg et al., 2000; Gorg et al., 2004). It is a powerful and
widely used method for the analysis of complex protein mixtures extracted from cells,
tissues, or other biological samples. This technique sorts protein according to two
independent properties in two discrete steps. In the first-dimension step, isoelectric
focusing (IEF) (Figure 1.19a) was applied in which proteins are separated by their

isoelectric points (pl). In the second-dimension step, SDS-polyacrylamide gel
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electrophoresis (SDS-PAGE) (Figure 1.19b) which separated proteins according to
their molecular weights were applied. After protein visualization procedures, each
spot on the resulting 2D gel corresponds to a single protein in the sample. Hundreds
of different proteins can thus be separated. Information such as the protein pl, the
apparent molecular weight, and the amount of each protein can also be obtained.
Moreover, each protein spot can be identified by mass spectrometric techniques (see

below).

Proteins are solublized in the
IEF gel

Proteins start to migrate
according to their isoelectric
oint after current is applied

+]

Proteins reached a
position according to
their isolectric point

the SDS-PAGE

Proteins start to migrate
according to their molecular
weight after current is
applied

Proteins reached a position
according to their molecular
weight

IEF gel with the focused
proteins is placed on top of

SDS-PAGE

Figure 1.19 Schematic diagram illustrating the principle of (a) IEF (first
dimension) and (b) SDS-PAGE (second dimension). In the IEF, protein molecules
with a net positive charge will migrate toward the cathode and becoming
progressively less positively charged as it moves through the pH gradient. When it
reach a pH level that it has no net charge (pl), it will stop. Proteins with a net negative
charge will move in exactly the opposite direction. While in the SDS-PAGE, Protein
molecules are separated according to their molecular weights.
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Despite of the emerging alternative proteomic technologies such as Mud-PIT and
shotgun peptide sequencing (Hu et al., 2007), 2-DE is still one of the most commonly
used techniques in proteomics research. It is because 2-DE is relatively cheap to set
up and it provides a fast overview of the proteome of interest. It is still the only
technique that can be routinely conducted in parallel for the quantitative expression
profiling of large sets of complex protein mixtures (Gorg et al., 2004). In addition, the
primary strength of 2-DE is the detection of proteins with post-translational
modifications (PTMs) and it is easy observed in 2-DE gels. In many instances,
post-translationally modified proteins appear as distinct spot trains in the
horizontal/vertical axis of the 2-DE gels. In comparison with 2-DE protein expression
map approach, liquid-chromatography-linked-tandem-mass-spectrometry (LC-MS/
MS) based analytical methods cannot provide information on isoelectric points and
molecular masses of intact proteins. Further, it should be reiterated that 2-DE analysis
not only can provide information on protein expression levels and their PTM, it can
also allows isolation of proteins in significant amounts (even up to mg levels if
required) for downstream structural analysis or de novo sequencing by MS/MS or
Edman degradation (Celis and Gromov, 1999; Graves and Haystead, 2002; Ong and
Pandey, 2001). Figure 1.20 showing the workflow of the 2-DE/MS approach as a

proteomic analysis platform.
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Figure 1.20 Schematic diagram showing the workflow of 2-DE/MS approach as a
proteomic analysis platform.
1.4.2 Proteomics of dinoflagellates

Although the ever increasing risk of occurrence of HABs represents expanding
threats to human health and economy, many questions about these dinoflagellates are
unknown. For examples, it is currently unknown why these autotrophs would need to
produce toxins. Mechanisms of blooming and pathways by which these toxins are
synthesized are unknown. Consequently, proteomic studies on these dinoflagellates
have the potential to uncover cellular pathways and mechanisms involved in toxin
production and/or blooming at the molecular level.

Although rare, there were several proteomic studies on dinoflagellates with the
uses of 2-DE and MS approach. These studies can be divided into three broad

categories: (1) the study of blooming and toxin- producing biomarker of
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dinoflagellates (Chan et al., 2005; Chan et al., 2004a; Chan et al., 2004b; Chan et al.,
2002; Chan et al., 2006); (2) the study of cell surface proteins of dinoflagellates
(Bertomeu et al., 2003) and (3) the study of circadian expressed proteins in
dinoflagellates (Akimoto et al., 2004; Markovic et al., 1996; Milos et al., 1990).

Chan and co-authors reported that Prorocentrum triestinum grown under different
growth phases and growth conditions showed different differentially expressed
protein profiles. They found several preblooming (PB1, PB2, and PB3) and blooming
proteins (BP1 and BP2) which were differentially expressed before and after
blooming respectively (Chan et al., 2004b). In addition, by comparing protein
expression on 2DE gels from samples of toxic and non-toxic dinoflagellates, a
differentially expressed toxin biomarker (T1) was found. N-terminal sequencing of
the blooming proteins and internal amino acid sequencing of T1 were successfully
obtained (Chan et al., 2006). Complete DNA sequence of Tl was obtained
subsequently. That series of proteomic studies were the first set of investigations on
blooming as well as toxin-releasing mechanisms on dinoflagellates and some
preliminary understanding on these aspects in molecular terms were achieved.

On the other hand, the first report on surface proteins of dinoflagellates was from
Bertomeu and co-authors (2003) using I'* labeling approach. They had successfully
obtained several peptide sequences of p43, a cell surface protein that was isolated
from Lingulodinium polyedrum (a dinoflagellate) through 2-DE. Amino acid
sequences of p43 was obtained by microsequencing performed with an unspecified
mass spectrometer (Bertomeu et al., 2003). Degenerate primers derived from these
amino acid sequences were designed and subsequent PCR amplifications aiming to

obtain the full cDNA sequence were performed. The complete cDNA sequence
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encoding p43 was obtained eventually.

Proteomic technologies had also been applied to study the circadian processes of
dinoflagellates. Several cellular processes in the marine dinoflagellate Lingulodinium
polyedra (formerly called Gonyaulax polyedra) were found to exhibit circadian
rhythms. Some proteins involved in these processes were found to be regulated at the
translational level only (Mittag, 2001). Because of that, characteristics of these
proteins have to be studied at the protein level. On the other hand, Milos and
coworkers labeled proteins in vivo using cultures from the day- and night- phases
before being resolved by 2-DE (Milos et al., 1990) Several proteins were found to be
differentially expressed at different time. This approach was taken further by amino
acid microsequencing of the labeled proteins and four proteins were successfully
identified from the peptide sequences obtained (Markovic et al., 1996). These proteins
are ribulose 1,5 bisphosphate carboxylase/oxygenase (RUBISCO); the nuclear
encoded glyceraldehydes-3-phosphate dehydrogenase (GAPDH), a protein component
of the oxygen evolving complex; and the peridinin-chlorophyll a-binding protein
(PCP). All these proteins are related to photosynthesis and under circadian regulation.
In 2004, with the same L. polyedra as Bertomeu et al. (2003), Akimoto and his
collaborators (2004) had study biological rhythmicity in terms of expressed proteins
in these algae using proteomic technologies. In their studies, cells were harvested at
different time points of the light-dark regime and protein extracts from these cells
were resolved by 2-DE. Out of about 900 protein spots detected, 28 were found to
display differential expression in a diurnal pattern. 20 out of these 28 proteins were
identified by LC-ESI-MS/MS. The remaining 8 proteins, which were also found to

exhibit diurnal changes, were not identified at that time due to insufficient genome
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information of the dinoflagellates. With provision of more advanced technologies
currently available, de novo protein sequencing and bioinformatic search for protein
annotation that relied on homologous or highly conserved protein sequences can be
performed for identification of these proteins. Nevertheless, Akimoto and colleagues
had demonstrated the feasibility of applying proteomic approach in studying
differential protein expression in dinoflagellates. The combination of 2-DE,
MALDI-TOF MS and amino acid sequencing by Edman degradation or other types of
MS, has provided a useful approach for the identification and annotation of
differentially expressed proteins in dinoflagellates.

Although protein identification utilizing peptide mass fingerprints (PMFs)
obtained from MALDI-TOF MS analysis and bioinformatic searches has greatly
improved efficiency of the identification process over classical Edman sequencing
procedures, successful protein identification using PMFs required a concomitant
provision of genome information of the organisms of interest. Nonetheless, genomic
sequences of many subclasses of Dinophyceae (dinoflagellates) are completely
unknown. It should be reiterated that incomplete genome information on
dinoflagellates has limited applications of proteomic techniques in the studies on
those organisms. Thus, de novo protein/peptide sequencing is important for acquiring

protein sequences on samples of interest from these organisms.

1.4.3 De novo proteins/peptides sequencing
1.4.3.1 Edman sequencing
In the 1960s, de novo protein sequencing was performed by the Edman

degradation chemistry (Edman and Begg, 1967). It is a stepwise procedure to degrade
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proteins from their N-terminal end. Although details of Edman sequencing is outside
the scope of this review, various technical developments and advances of
microsequencing had enable fabrication of highly sensitive and fully automated
protein sequencers (Shively, 2000; Tsugita, 1987; Walker, 1994). Although Edman
sequencing continues to contribute to the field of protein biochemistry and proteomic
research, it has a number of serious limitations. The most significant limitation is the
slow speed of the sequencing reaction. One typical degradation cycle is around 45
minutes with a narrow-bore HPLC. Therefore, only a limited number of peptides can
be sequenced every day. Furthermore, eukaryotic proteins are often blocked at their
N-termini, i.e. without an o-carbon (Gevaert and Vandekerckhove, 2000).
De-blocking procedures including enzymatic digestion to open up the N-terminus
have to be performed before amino acid sequencing. However, it should be noted that
after a protein was blotted onto a PVDF membrane, each sample can only be used
once in N-terminal sequencing. There is no chance for repeating the experiment using
the same blotted sample except when it was N-terminal blocked. Inadequacy of
Edman sequencing in these respects makes it less popular than other sequencing
techniques (see below). Nonetheless, Edman sequencing still remains as a fallback
peptide sequencing method when mass spectrometric methods failed to yield useful

sequencing information.

1.4.3.2 Peptide sequencing by MALDI-TOF mass spectrometry (MS)
Provision of MS has significantly reduced the need for Edman sequencing
because it is more sensitive and provides higher sample throughput (Bienvenut et al.,

2002). MS itself can only give considerable information on the peptide mass as well
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as the amino acid compositions of peptides. MS does not determine the order of the
amino acids (Standing, 2003). Therefore, de novo peptide sequencing usually requires
tandem mass spectrometry or MS/MS. Generally, for MS/MS peptide sequencing, a
particular precursor ion is selected in the first masses scan before being fragmented
either by collision induced dissociation (CID) or metastable decay. Subsequently, the
fragmented ions can be separated by their mass/charge during the second MS scan.
This procedure may yield a series of ions with ladder like appearance which may
contain sufficient information to determine the amino acids sequences. Further, it was
found that the presence of matrix greatly facilitated the ionization process.
Matrix-assisted laser desorption ionization (MALDI) in MS was developed by
Karas and Hillenkamp in the late 1980s (Karas and Hillenkamp, 1988). MALDI de
novo sequencing has been carried out using CID and metastable decay
(Medzihradszky et al., 2000; Schilling et al., 1999; Spengler et al., 1992; Yergey et al.,
2002). There are several attractive properties for the analysis of peptides by using
MALDI MS. Firstly; it has a relatively high tolerance to salts and impurities when
compared to that of electrospray ionization (ESI). Therefore, requirement for sample
purity for MALDI analysis is relatively low and extensive sample cleaning steps can
be avoided. Secondly, the sample intended for MALDI analysis is co-crystallized with
the matrix and dried on a target plate. This allows the sample to be used until it is
depleted; so data can be obtained for different ion species produced from a single
peptide mixture. Because of these advantages, de novo peptide sequencing using
MALDI MS is becoming very popular (Spengler et al., 1992; Yergey et al., 2002);
particularly after pretreatment of the sample by derivatization such as sulfonation

(Keough et al., 2001; Keough et al., 2000; Keough et al., 2002; Keough et al., 1999),
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as described in section 1.4.3.2.2.

1.4.3.2.1 MALDI-TOF MS-PSD

There are two different fragmentation reactions in MALDI-MS. Firstly,
fragmentation of ions occurred in-source following laser impact and it can occur
within a few hundred nano-seconds (Lennon and Walsh, 1997). Another one is the
Post-Source Decay (PSD) (Kaufmann et al., 1993). It takes a longer time scale (us)
following extraction of MALDI-ions out of the source region into the field-free region
(in the flight tube) and the peptide ions decayed because of the energy departed in the
desorption process. Fragment ions maintain the same velocity as their intact precursor
ions in the field-free region. However, the fragmented ions could not travel as far as
intact ions into the reflectron field due to their lesser kinetic energy. Therefore, the
lower the mass of the ions, the sooner the ions will be ejected out of the reflectron
field. It will then appear as a lower apparent mass in the spectra. Because the dynamic
separation range is limited for most reflectron fields at a defined voltage, therefore, a
regime of gradually stepped down voltages is required to collect the complete set of
fragment masses in the range of interest (usually 10-15 segments are obtained). The
final sequences could be deduced after stitching together the spectra from different
voltage ranges. Alternatively, a “curved-field reflectron” in the TOF mass detector
will enable simultaneous focusing of a wide mass range of fragment ions generated by
metastable decay. The entire PSD fragment ions spectrum can be obtained in a single
experiment (scan) without changing voltages. Provision of the ‘curved-field
reflectron’ has therefore circumvented the time-consuming reflector voltage stepping

procedures (Cornish and Cotter, 1994).
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In addition, when delayed extraction is applied in the ion source of a MALDI MS,
precursor ions are energetically cooled down which brought about a concomitant
reduction of the rate of PSD fragmentation by at least an order of magnitude
(Kaufmann et al., 1996). Part of this loss is balanced by a better signal/noise ratio
which results from a significantly improved mass resolution of the PSD fragment ions
(M/AM up to 1800 compared with M/AM = 200-500 under prompt extraction). While
this compensatory effect is true for the middle to high mass range of PSD fragment
ions, it gradually vanishes towards the low mass end of the PSD mass scale where, in
the case of linear peptides some important immonium ions are lost. Taken overall for
most practical work with PSD, delayed extraction improves quality of the PSD spectra
and that high energy collisional post-source activation can compensate for the
occasional loss of analytical information (Kaufmann et al., 1996).

It should be stressed that there are many types of fragment ions were produced
during the fragmentation processes. Both the N-terminal fragment ions (a-, b-, c- and
d- type ions) and C-terminal fragment ions (x-, y-, and z-type ions) as well as the
internal fragment ions can be formed from double chains cleavages and they can be
observed in the PSD spectra (Chaurand et al., 1999) . [For the nomenclature of
fragment ions, please refer to (Biemann, 1988)]. These ions are complementary to
each other and can be used to validate accuracy of de-novo sequences obtained.
However, interpretation of these spectra and deduce a “de-novo” peptide sequence is a
highly skillful task. In fact, the major drawback of de-novo peptide sequencing using
PSD is that the output of fragment ions spectra is too complex. As mentioned,
interpretation of the results is complicated, labor-intensive and certainly required a

high level of proficiency. Therefore, it was argued against the use of

50



MALDI-TOF-PSD as a standard peptide sequencing method (Samyn et al., 2004).
However, it should be noted that publications in reputable journals in the proteomic
field nowadays required validation of at least one amino acid sequence per protein
identified. As validation experiments with antibodies-based are not always possible
because of lack of suitable antibodies, MALDI-TOF-PSD or MALDI-TOF-TOF
operation for sequence confirmation is fast becoming a necessity in any proteomic

laboratory.

1.4.3.2.2 Derivatization and N-terminal sulfonation

As mentioned above, in order to produce a simple but informative mass spectrum,
chemical modification or derivatization of the peptides is highly desirable. Several
derivatization techniques had been developed (Hellman and Bhikhabhai, 2002;
Keough et al., 2001; Keough et al., 2000; Keough et al., 2002; Keough et al., 1999;
Keough et al., 2003; Lindh et al., 2000; Shen et al., 1999; Sonsmann et al., 2002).
Because of its relative simplicity, a notable derivatization procedure called the
“sulfonation of the peptide N terminus” that was originated by Keough and his
collaborators (Keough et al., 2001; Keough et al., 2000; Keough et al., 2002; Keough
et al., 1999; Keough et al., 2003) is one of the most popular methods. (One version of
this sulfonation procedure” was adopted in my studies (see below)). The sulfonation
technology facilitated de novo peptide sequencing by using MALDI-TOF-PSD. In
their method, a sulfonic acid group was introduced at the N-terminus of a peptide.
This chemical modification facilitates protonation of amide bonds of the protein
backbone. Protonation destabilizes amide bonds which lead to only b- and y- type

ions being produced during PSD fragmentation. However, the negative charge at the
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N-terminus neutralizes the positive charge normally located at the C-terminus;

thereby suppressing the formation of b-ions in positive mode. Hence, a series of

y-type ions dominated the PSD spectrum will be formed (Figure 1.21). Interpretation

of this spectrum for de-novo sequence will be a much simpler operation. The three

most commonly used sulfonation reagents and their general advantages and

disadvantages are listed in Table 1.5 below.

Table 1.5 Comparison of the three most commonly used N-terminal sulfonation

reagents for de novo peptide sequencing.

sulfonation . useful
advantages disadvantages
reagents references
®  commercially available ®  too reactive to used | Keough et
[ ) quite reliable for the in water, it must be | al., 1999
derivatization of low-level used in
chlorosulfonylacetyl Argipine-terminated tryptic non-aqueous
chloride (CSAC) peptides . cond1t10n§ .
®  allows sulfonation of ®  poor stability
subpicomole quantities of ®  more purification
tryptic peptides and cleaning steps
are required
®  Developed into a ®  relatively Keough et
commercial available expensive al.,2002;
sequencing kit named ®  have to be freshly Hellman
chemically assisted prepared and
fragmentation (CAF) Bhikhabhai,
.. . (Amersham Biosciences, 2002
3-sulfopropinic acid .
NHS-ester USA), which are more
friendly to be used.
®  water compatible
®  unwanted sulfonation side
products can be selectively
reversed by using
hydroxlamine
®  commerically available ®  may need larger (Gevaert et
L] derivatization reaction is amounts of protein | al., 2001;
4-sulfophenyl efficient in aqueous solution materials Marekov
isothiocyanate ®  stable, can be prepared into (nanomoles) and
(SPITC) stock solution Steinert,
®  much less expensive 2003; Wang
et al., 2004)
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Sulfonation was first accomplished by acylation with 2-sulfobenzoic acid cyclic
anhydride and chlorosulfonylacetyl chloride (Keough et al., 1999). This procedure
was then refined by using a water soluble reagent, 3-sulfopropinic acid NHS-ester
(Keough et al., 2002) which had been commercialized as the CAF (chemically
assisted fragmentation) sequencing kit by Amersham Biosciences (Hellman and
Bhikhabhai, 2002). The procedures were further refined by guanidination of the
g-amino group of lysine-terminated tryptic peptides with O-methylisourea hydrogen
sulfate (Keough et al., 2000; Keough et al., 2002). This step converts lysine residues
into more basic homoarginine residues. This modification protects the e-amino groups
against unwanted reaction with sulfonation and therefore allows it to become suitable

for de novo sequencing reaction by MALDI-TOF-PSD.

T0sS— Ay —Asz— Az — Ay —A;—XT
(a)

fragmentation

~038 — CH2 — CO —NH - CH(R;)-COt  H.,N CH(R:H") CO:H
(b) (c)

Figure 1.21 Schematic diagram illustrating sulfonation facilitates protonation of
amide bonds of the protein backbone in PSD MALDI of tryptic peptides. (a)
Tryptic peptides containing an N-terminal sulfonic acid after sulfonation, where A; are
amino acid residues and X are Lys or Arg residue. The strong acid group at the N
terminus will be deprotonated, exactly counterbalancing the C-terminal positive
charge. The major products after fragmentation reactions have structures like (b) and
(¢), which would be produced by fragmentation of a derivatized tryptic dipeptide (R
is the basic side chain of a Lys or Arg residue). Fragments containing the N terminus
will be suppressed in the positive ion mode because the negative charge on the
sulfonate group neutralizes the C-terminal positive charge in (b). A single series of
y-type ions (¢) should be enhanced because they contain the protonated C terminus.
[Adopted and modified from (Keough et al., 1999)]
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Recently, another effective sulfonation procedure was reported using
4-sulfophenyl isothiocyanate (SPITC) as the derivatization reagent (Gevaert et al.,
2001; Marekov and Steinert, 2003; Wang et al., 2004). Wang and his collaborators
(2004) have improved the operation procedures and increased sensitivity on the
derivatized peptide. The advantage of this method is that SPITC is much less
expensive (about $16 per gram with less than 1 mg required for one reaction) and it is
relatively stable. Our laboratory found this method is simple and fast in obtaining de
novo peptide sequences of dinoflagellate proteins isolated by 2-DE gels. Figure 1.22
summarized the procedures used to obtain de novo amino acid sequences for novel
peptides/proteins isolated from dinoflagellates. Briefly, after gel plugs containing the
spots of interest were excised (visualized by protein stains such as Coomassie
Brilliant blue), it was washed and dried. Trypsin digestion was performed on the
protein inside the gel plug before dividing the tryptic digested mixture into two
portions. One fraction was analyzed by MALDI-TOF MS to yield a peptide mass
fingerprint (PMF) spectrum. This PMF spectrum can be used for identification
purposes through bioinformatic searches in the relevant genome databases. If the PMF
spectrum is not enough for identification of the novel protein, the other portion of the
tryptic digest will be subjected to SPITC sulfonation as described (Wang et al., 2004).
After cleaning-up with zip-tips, the sulfonated tryptic peptide mixtures were subjected
to another MALDI-TOF MS analysis. A PMF spectrum of these sulfonated peptides
was obtained (from the analysis of this second fraction). When compared to the PMF
spectrum obtained with the non-sulfonated portion (from the first fraction), the
sulfonated peptide was identified as the same peptide will have a mass difference of

215 Da apart in between the two spectra. This 215 Da represents the mass of SPITC.
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Subsequently, a MALDI-TOF PSD will be performed on this particular SPITC tagged
peptide. The de novo amino acids sequences would be easily deduced by the mass
distance between adjacent y ions in the spectrum. Therefore, this sulfonation
technique performed with MALDI-TOF PSD analysis provides a fast and simple way

to obtain de novo peptide/protein sequences of dinoflagellate proteins.
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Figure 1.22 Schematic diagram illustrating the procedures used to obtain de novo
peptide sequences for novel proteins by sulfonation.
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After some peptide amino acid sequences were obtained, the next question to ask
is how to get the entire amino acid sequences of the protein. Peptide sequences
obtained earlier could provide the raw information required for determining the
overall protein sequence. Further, a protein can be digested with different specific
proteases to yield different set of peptide fragments. Sequence coverage of this protein
will be increased when different types of proteases are used to generate different sets
of peptides. By getting sequences of these peptide fragments, these sequences can be
stitched together and extended. However, a complete protein sequence can only be
obtained by this method if the peptides coverage is very close to 100%. Completeness
of the coverage can be checked by a MALDI measurement of the overall protein mass.
On the other hand, we can determine the complete protein sequence even if only
limited or partial peptide sequence information is available. It is because a single
peptide sequence (if it is long enough with a minimum of 7 amino acids) allows the
construction of a short oligonucleotide probe. This probe can be used for isolation of
the gene that encodes this target protein. However, success of this approach is limited
when the peptide sequence at hand is not long enough. A long peptide sequence will
allow us to have a higher chance of success as we can design primers that have low

degeneracy (i.e amino acids encoded by one or two base triplets).

1.5 Aims and objectives

The study was divided into two main parts. The first aim was to find and
investigate differentially expressed proteins in the model dinoflagellate Alexandrium
affine under nitrogen stress. By investigating protein expression profiles in response

to nitrogen availability, we may understand more about the mechanism of the unusual
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growth behavior of this organism. This part of study was further subdivided into
several sections. Firstly, background information including growth curve, generation
time, identities, of a local species of Alexandrium affine was determined. The effects
of different nitrogen sources and different concentrations on the cell growth were also
measured. Data generated was used to establish nitrogen stress model for subsequent
proteomic analysis. Secondary, different sample preparation methodologies were
investigated in order to establish a fast and effective method for producing a
high-quality 2-DE for subsequent protein expression profiling study. Thirdly, cells
under nitrogen- depleted and repleted conditions were subjected to 2-DE analysis in
order to find the differentially expressed proteins. The differentially expressed
proteins would be identified by MALDI-TOF MS. Lastly, proteins related to nitrogen
stress and with drastically changes in the protein expression (more than 10-fold) were
chosen for further analysis. Expression changes of the proteins in relation to nitrogen
stress were further validated by using immunoblotting analysis in different nitrogen
conditions and in different time points.

For the second part of this thesis, it was aimed to identify and differentiate
different dinoflagellates with their proteins profiles by MALDI-TOF MS. Different
dinoflagellate species were first identified by analysis on their ribosomal gene
sequences before analysis with MALDI-TOF MS. In order to yield a good mass
spectrum for subsequent protein profile analysis, various sample preparation
methodologies were tested and optimized. In addition, to test the validity of the
protein-profiling based identification method, the sensitivity, specificity and
reproducibility of the method were investigated. Finally, the capability of the method

for differentiating different species in mixed cultures was determined.
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CHAPTER I

Effects of different nitrogen sources on the growth of dinoflagellates

2.1 Introduction

There is an increasing evidence that a global increase in nutrient levels of coastal
waters through riverine and sewage inputs (Hodgkiss and Ho, 1997; Middelburg and
Nieuwenhuize, 2000); atmospheric deposition (Howarth et al., 1996) and bottom layer
inputs (Mccarthy and Kamykows.D, 1972) are the major causes of algal blooming.
Although it is still not sure the extent to which the increase in HABs can be attributed
to the increase of nutrient levels, there is a strong relationship exists between algal
blooming and the nitrogen load of coastal waters. For example, a 5- fold increased in
dissolved nitrate levels between 1978 and 1985 coincided with the increased in HAB
incidences from 2 cases in 1978 to 17 cases in 1984 (Hodgkiss and Chan, 1983;
Hodgkiss and Chan, 1986; Hodgkiss and Ho, 1997).

Nitrogen is believed to be an important factor in the initiation and maintenance
of phytoplankton blooms (Paerl, 1997; Smayda, 1990). For example, the outbreaks of
high density cochlodinium polykrikoides blooms in the coastal seawaters in Korea
were found to be resulted from rainfall — initiated inflows of high levels of nitrate
(Lee, 2006). Nitrogen in both organic and inorganic forms is generally available for
phytoplankton from either endogenous or exogenous N sources. Recent studies had
shown that the blooms from dinoflagellatess tend to associate with high N
concentrations and particularly the reduced forms such as ammonium and urea
(Glibert et al., 2001; Lomas et al., 2001). Smayda (1989) pointed out that there was a
general consensus that phytoplankton growth in the sea is often nutrient limited

(Smayda, 1989). Thus, nitrogen addition tends to relax nutrient limitation and causing
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“blooms” of the cells. High concentrations of N are usually found in discharge areas
such as bays and estuaries (Matsuoka, 1999). When dinoflagellates exposed to this
high concentration of N, some physiological changes such as growth and cellular
metabolism can be expected to accelerate in these cells. Taken together, the amount
and form of N supply are regarded as an important factor for regulating the growth
and cellular metabolism in dinoflagellate cells.

Undoubtedly, there were many physiological studies that offered valuable
insights into the potential of dinoflagellates for utilizing various nitrogen sources and
their corresponding physiological effects. However, information on the proteome of
HAB organisms in response to nitrogen depletion/repletion is very limited. To the best
of our knowledge, there is no report at the proteome level upon the effects of nitrogen
availability in HAB causative organisms. As mentioned, one of the main goals of this
Ph.D. project here is try to identify and investigate the proteins that are related to the
changes of nitrogen availability status of dinoflagellates. However, it is important to
understand the effects of nitrogen sources on the growth physiology of Alexandrium
affine, the model of study, prior to subsequent proteome studies. It should be stressed
that this Alexandrium spp. was selected as a studying model based simply because of
its fast growth rate. Identity of the selected strain was confirmed through analysis of
the ribosomal genes. Growth phases and generation time of the species were also
determined. After establishing background information of the selected strain, the
effects of different nitrogen sources and nitrogen availability on the growth of these
cells were investigated. All these data gathered are important as they served as a
foundation for the establishment of a nitrogen-depletion /repletion platform for

subsequent proteomic analysis.
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2.2 Materials and methods
2.2.1 Origin of the strains available

Unialgal cultures of Alexandrium spp. were kindly donated by Prof. John I.
Hodgkiss previously of The University of Hong Kong. Totally 9 local strains of
dinoflagellate Alexandrium spp. were obtained and they were all isolated in Junk Bay,
Hong Kong. Time of collection of these 9 strains are listed in Table 2.1..

Table 2.1 Harvesting time of 9 Alexandrium strains that were isolated from the
Hong Kong seawaters.

Strains of Alexandrium spp. used Sample day
1 1997 November
1997 December
1998 March
1998 March
1998 August
1998 August
1998 October
1998 August
1998 August

Neliod EN] o YU, ) NN RUS I (O]

2.2.2 Seawater and medium

Synthetic seawater based K medium was used for culturing the dinoflagellates
(Keller et al., 1987). Synthetic seawater (Table 2.2) (Instant Ocean, USA) was
prepared with ddH»O at a salinity of 25 parts per thousand (ppt) (salinity was checked

routinely with refractrometer) and stored at 4 C before used. All synthetic seawater

was filtered with 0.45 um nylon membrane (Millipore, USA) and autoclaved in Teflon
culture bottle, prior to subculture. Nutrients required to make up K medium (Keller et
al., 1987) (Table 2.3) nutrients were added to the autoclaved synthetic seawater
aseptically. Unless stated or otherwise, all chemicals were obtained from Sigma

(USA).
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2.2.3 Cultivation and maintenance of Alexandrium spp.

Stock cultures of all dinoflagellates were kept at exponential growth phase by
transferring to new medium every five or six days in a ratio of 1:10 v/v. Vegetative
cells from cultures in mid- or late-exponential phase of growth were inoculated into
freshly prepared culture medium. Possible contamination of algal culture was
monitored by regular microscopic examination. The cultures were grown at 22°C
under a 16:8 hours light:dark cycle and at a light intensity of 120 yE Lux m’s”
provided by cool white fluorescent tubes in a Conviron growth chamber (Model EF7,

USA).

2.2.4 Cell counts
Cell density was counted at the same time daily. Briefly, 1 ml of each culture was
taken and fixed with 10 pl Lugol’s solution and counted under light microscope with a

Sedgwick-Rafter cell counter.
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Table 2.2 Composition of Instant Ocean Sea salts

Ion Instant Ocean” Seawater*
(ppm) (ppm)
Chloride 19,290 19,353
Sodium 10,780 10,781
Sulfate 2,660 2,712
Magnesium 1,320 1,284
Potassium 420 399
Calcium 400 412
Carbonate/bicarbonate 200 126
Bromide 56 67
Strontium 8.8 7.9
Boron 5.6 4.5
Fluoride 1.0 1.28
Lithium 0.3 0.173
Iodide 0.24 0.06
Barium less than 0.04 0.014
Iron less than 0.04 less than 0.001
Manganese less than 0.025 less than 0.001
Chromium less than 0.015 less than 0.001
Cobalt less than 0.015 less than 0.001
Copper less than 0.015 less than 0.001
Nickel less than 0.015 less than 0.001
Selenium less than 0.015 less than 0.001
Vanadium less than 0.015 less than 0.002
Zinc less than 0.015 less than 0.001
Molybdenum less than 0.01 0.01
Aluminum less than 0.006 less than 0.001
Lead less than 0.005 less than 0.001
Arsenic less than 0.004 0.002
Cadmium less than 0.002 less than 0.001
Nitrate None 1.8
Phosphate None 0.2

~ Data for synthetic seawater provided from Instant Ocean (USA)
* Data for seawater values were adopted from (Pilson, 1998)
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Table 2.3 Compositions of K- medium [Adopted from (Keller et al., 1987)]

Nutrients Final Concentration (M)
Tris (pH7.2) 1x107
NaNOs 8.83x10™
Na-glycerophosphate 1x10”
NH.,CI 5x107
H,SeO; 1x107
NaEDTA 1x10™*
FeCl;.6H,0 1.17x107
CuSO4.5H,0 4x107°
ZnS0,.7H,0 8x107
CoCl,.6H,0 5x107
MnCL. 4 H,0 9x107
NaMo04.2H,0 3x107°
Biotin 2.1x107
Vitamin B, 3.7x10°"°
Thiamine 3x1077

2.2.5 Selection of dinoflagellate Alexandrium strain as a study model

All 9 strains of Alexandrium were grown to 8000 cell ml" and 10 ml culture was
inoculated to 250 ml culture flask in 90 ml medium. All cultures were grown in
conditions mentioned above (see section 2.2.3). Cell density was counted at the same
time at 2-3 days intervals; 1 ml of each culture was taken and fixed with 10 ul Lugol’s
solution and counted under light microscope with a Sedgwick-Rafter counter. The

fastest growing strain was selected by comparing the growth rate of all 9 strains.

2.2.6 PCR-based identification

Selected model strain was identified by the analysis of the ribosomal gene
sequences. Fifty ml cells were collected by centrifugation (1500 x g for 10 mins at
room temperature) from mid-exponential culture and frozen in liquid nitrogen prior to
mechanical cell disruption and DNA extraction with a kit (Roche, Switzerland). ITS

regions containing the 5.8S rDNA were amplified from the extracted genomic DNA
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using ITSA and ITSB primers (Adachi et al., 1994; Adachi et al., 1996). PCR was

performed under conditions: 95°C 5 min; 35 cycles of 94°C 45 s, 50°C 45 s and 72°C
1 min; 72°C 10 min. PCR products were cloned into pGEM-T easy vectors (Promega,

USA) prior to DNA sequencing. DNA sequencing of all cloned plasmids were

performed by commercial facilities using traditional dideoxy-methodolgy.

2.2.7 Monitoring of growth phases and generation time
Growth phases and generation time can be determined and calculated from the

growth curve of the model strain. 10 ml cells in late—log phase (with 8000 cells ml™)
were inoculated to 90 ml of medium in triplicate. Cell density was counted at the
same time everyday. Growth rate can be calculated from the exponential growth phase
of the corresponding growth curve. The experiment was repeated 3 times, with
triplicate in each batch of experiment. The growth curve was plotted by cell density
against days and each data point is the mean of the results from 3 batches of
experiments.
In general,

Growth rate constant (K) = (log N;- log No)/(t;-to) (log 2)

Where, Ny and N indicate the cell numbers at time ty and t; respectively.

And,

Generation time= 1/(growth rate constant)
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2.2.8 Effects of different nitrogen sources on the growth of selected strain
Approximately 10° cells were harvested from mid-log phase culture by
centrifugation (1500 x g for 10 mins at room temperature). Harvested cells were
washed twice with sterile synthetic seawater. Cells were equally inoculated into six
lots of 100 ml K-medium with different nitrogen sources (Urea, L-aspartate, glycine,
ammonium or nitrate) added at different concentrations (5 pM-N, 10 uM-N, 20 pM-N,
40 pM-N, 100 uM-N, 200 uM-N and 400 uM-N), and each concentration was
performed in triplicates. The initial cell density of each 100 ml cells was in 500 cell
ml™" and it was checked by cell counting. The whole experiment was repeated for
three times. All cultures were grown for 20 days and cells from each culture was
count under microscope at the same time everyday. Each data point on the curve
represents the mean of triplicate results in one single run. Representative results from

the 3 batches of experiments were shown in the results section below.

2.2.9 Effects of nitrogen stress on the growth of selected strain
2.2.9.1 Nitrogen depletion

Around 10° cells were harvested from mid-log phase culture by centrifugation
(1500 x g for 10 mins at room temperature). Harvested cells were washed twice with
sterile synthetic seawater and inoculated into 100 ml K-medium (without any nitrogen
sources). The initial cell density of each 100 ml cells was in 500 cell ml™" and it was
checked by cell counting. The growth was monitored by cell count at the same time
every day. The whole experiment was repeated three times, with triplicates in each run.
Each data point on the curve represents the mean of triplicate results in one single run.

Representative results from the 3 batches of experiments were shown in the results
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section below.

2.2.9.2 Nitrogen repletion

The procedures in 2.2.9.1 were repeated, but different nitrogen sources including
Urea (200 uM-N), L-aspartate (10 pM-N), glycine (10 uM-N), ammonium (40 uM-N)
and nitrate (200 uM-N) (in the optimal concentration) were added at day 3, day 8 and
day 13 after the cells were inoculated into 100 ml K-medium that had no nitrogen
sources added. The growth was monitored by cell counts at the same time every day.
The whole experiment was repeated three times, with triplicate in each run. Each data
point on the curve represents the mean of triplicate results in one single run.
Representative results from the 3 batches of experiments were shown in the Results

section below.

2.2.9.3 Nitrate measurement

Around 10° cells were harvested from mid-log phase culture by centrifugation
(1500 x g for 10min at room temperature). Harvested cells were washed twice with
sterile synthetic seawater and inoculated into 100 ml K-medium with or without
nitrogen sources added. All cultures (with and without nitrogen) were grown and
harvested at various time points (0 hour, 24 hour, 48 hour, 72 hour and 96 hour). The
cell-free medium was subjected to nitrate measurement. Nitrate was measured by
Nitrate Test Kit (NECi, USA) and all procedures were performed according to
instruction manual of the kit. Briefly, supernatant from the cell suspensions were
removed. Fifty pl of medium samples were added to 950 pl assay buffer (25 mM

KH,POy4, 0.025 mM EDTA; pH7.5). Fifty of ImM NADH and 20 pl of 1 unit nitrate
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reductase were added to the mixture. The mixture was mixed and allowed to stand for
20 minutes at room temperature. Five hundred pl of color reagent 1 (1% sulfanilamide
in 3N HCI) and color reagent 2 (0.02% N-Naphthylethylenediamine) were added.
Samples were allowed to stand at room temperature for 10 mins and the absorbance
was measured at 540 nm.

Nitrite (NO,) concentration was measured. All steps were repeated by omitting
nitrate reductase and NADH from the samples. The amount of nitrate was expressed
as mg per 10° cells in the culture. The whole experiment was repeated three times,
with triplicate in each run. Each data point on the curve represents the mean of
triplicate results in one single run. Representative results from the 3 batches of

experiments were shown in the result section below.

2.2.9.4 Activity assay of nitrate reductase (NaR)

Around 10° cells were harvested from mid-log phase culture by centrifugation
(1500 x g for 10 mins at room temperature). Harvested cells were washed twice with
sterile synthetic seawater and inoculated into 100 ml K-medium (with or without
nitrogen sources). All cultures (with and without nitrogen) were grown and harvested
at various time points (0 hour, 48 hour and 96 hour). NaR activity was measured by
NaR Activity Assay Kit (NECi, USA) and all procedures were performed according to
instruction manual of the kit. Briefly, cell pellets were resuspended in 200 pl
extraction buffer (0.1 M potassium phosphate, | mM EDTA, pH 7.5) with 1% PVPP
(g/v), 0.08% L-Cysteine (g/v) and 10 pl/ml protease inhibitor cocktails (Sigma, USA)
were added. Cells were lysed by sonication (a total of 3 mins with short pulses of 5-10

seconds each) on ice. Lysis of cells was confirmed using light microscope.
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Supernatant from these cell suspensions were removed and subjected to the assay.
One hundred pl of samples were added to 1.8 ml assay buffer (25 mM KH,POy, 0.025

mM EDTA; pH 7.5) containing 10 mM nitrate. One hundred pl of 2 mM NADH was

added to the mixture. The mixture was mixed and time was recorded at 30C.

Reaction was stopped by adding 100 ul 1 M zinc acetate at time 20 mins, 40 mins and
60 mins. Reaction mixtures with the same ingredients as above but omitting NADH
was used as blank. Five hundred pul of color reagent 1 (1% sulfanilamide in 3N HCI)
and color reagent 2 (0.02% N-Naphthylethylenediamine) were added. Samples were
allowed to stand at room temperature for 10 mins and the absorbance was measured at
540 nm. Background signals were also measured. One hundred ul samples were added
to 3 ml assay buffer and measured at 540 nm. The net absorbance of cell samples at
540 nm equals to the absorbance from NaR measurement minus the background
absorbance from the cellular materials per se. The final absorbance equals to the
average of (net A540 nm from 60 mins — net A540 nm from 40 mins) and (net A540
nm from 40 mins — net A540 nm from 20 mins). Activity of NaR was expressed as
nmole of nitrite produced per hour per gram of cell (wet weight). The whole
experiment was repeated three times, with duplicate in each run. Each data point on

bar chat represents the mean of results from the 3 batches of experiments.
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2.3 Results and discussion
2.3.1 Selection of dinoflagellate Alexandrium strain as a study model

The Alexandrium genus has been known to produce potent neurotoxins which
cause paralytic shellfish poisoning (PSP). It is a very common HAB causative agent
in many coastal regions around the world (Hallegraeff, 1993; Hallegraeff, 2003).
Therefore, this dinoflagellate genus was chosen as the model to study in the project.
Nine local Alexandrium strains were provided by Prof. John I. Hodgkiss previously of
The University of Hong Kong and one of them would be selected as the studying
model. The selection was based on two criteria, the selected strain should be
fast-growing and with at least 10000 cell ml" cell density in their maximum cell
capacity. Table 2.4 shows the growth rate and maximum cell capacity of all nine
strains. Strain no.9 was the fastest-growing strain among all the strains. The growth
rate of this strain was 0.92 divisions per day, while others were mostly in between
0.6-0.8 divisions per day. Although the growth rate of strain no.7 (about 0.9 divisions
per day) was comparable to that of strain no.9, the maximum cell density of strain
0.9 (12000 cell ml™) was much greatly than that of strain no.7 (7500 cell ml™"). Thus,
strain no.9 was chosen as the model to study for subsequent investigations. The high
growth rate and cell density of this strain attained would greatly facilitate success of
the project. For example, more cells for harvest from a shorter period of grow would

allow sufficient amount of samples for performing 2-DE.
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Table 2.4 Growth rate and generation time of different Alexandrium spp. Strain
n0.9 was chosen as the model to study (bold)

Strains Growth ‘rate coqstant (K) | Generation time (g) Maximulm Capacity
(generation day ™) (day) (cell ml™)

1 0.80 1.25 10000

2 0.62 1.61 9500

3 0.85 1.17 8500

4 0.76 1.31 7000

5 0.76 1.32 9000

6 0.84 1.19 8500

7 0.90 1.11 7500

8 0.63 1.60 8000

9 0.92 1.07 12000

2.3.2 PCR-based identification of selected Alexandrium strain

From the information provided by Prof. John I. Hodgkiss, the selected strain was
previously identified as Alexandrium tamarense based on morphological
characteristics. The genus Alexandrium, which consists more than 20 species (Yuki
and Fukuyo, 1992) and they share highly similar morphological details. Figure 2.1
shows the light microscopic picture of the selected Alexandrium strain and this is a
typical outlook of Alexandrium spp. However, biochemical identifications had never

been done on these strains before!

20um

Figure 2.1 Light microscopic picture of the selected strain-Alexandrium affine
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In order to clarify the identity of the selected strain, sequences of the internal
transcribed spacer (ITS) rDNA of the strain were analyzed. The ITS regions were
selected because the regions diverge rapidly during speciation and it was believed to
serve as a unique species-specific “DNA barcode” for species identification purposes
(Litaker et al., 2007). This region has been successfully used to identify a number of
HAB species (Adachi et al., 1996; Hudson and Adlard, 1996). The ribosomal gene
sequence of the region ITS1-5.8S-ITS2 of the selected strain was found matched
exactly with two Alexandrium affine species (AC1 and AS1) and highly similar to
other four Alexandrium affine species (H1, IEO-PA4V, IEO-PA8V and CCMP112)
from the NCBI database (Figure 2.2). The entire ITS region of the selected strain
contains 525 base pairs and the sequence was submitted to GenBank of NCBI with
accession number of EF579793 (Appendix V).

These results strongly suggested that this selected strain is Alexandrium affine
rather than Alexandrium tamarense as we were told! Therefore, it reaffirmed the
common notion that closely-related and looking-alike species like Alexandrium are
difficult to be identified solely by their morphological features. Therefore, other
identification methods are needed for an accurate and fast HABs species identification
purposes. A novel method for HAB species identification by protein profiling using
MALDI-TOF MS would be discussed in more detail in the second part of the project,
Chapter VL.

It should also be stressed that the ITS sequence of the selected strain matched
exactly as the two Alexandrium affine strains, AC-1 (accession no: DQ176665) and
AS-1 (accession no: DQ176664). This suggests that these dinoflagellates may

actually be the same strain. AC-1 and AS-1 were both isolated from China by the
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same group of authors (Tang X, Yu R, Yan T, Wang Y and Zhou M), while the selected
strain was isolated locally in Hong Kong water. It is often not surprising that same
strain is found from different locations of the world. As mentioned, HAB organisms
can be carried from one place to another though ballast water and live shellfish stocks
translocation (Hallegraeftf, 2003; Hallegraeff and Bolch, 1992). As in the case of HAB
occurred in Australia in 1980s, the causative agent Alexandrium catenella was found
to be the same strain as another one found in Japan. In both places, genetic
fingerprinting using ribosomal gene sequencing provided circumstantial evidences for

the identities between these strains (Scholin et al., 1995).
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Figure 2.2 Complete sequence of ITS 1, 5.8S and ITS2 of selected strain and aligned with other stains of Alexandrium affine. The
sequences region of ITS1 (1-173bp), 5.8s (174-333bp) and ITS 2 (334-525bp) are shown. Entire ITS sequences of the selected strain
(EF579793) is aligned with other A4.affine strains including H1(AB006995), AC-1(DQ176665), AS-1(DQ176664), IEO-PA4V (AJ632094),
IEO-PA8V (AJ632095) and CCMP112(AY831409). Sequence of selected strain matched exactly as that of AC-1 and AS-1; and only with

one to few nucleotide differences to the others.
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2.3.3 Growth cycle

Growth rates shown in Table 2.1 were measured in every 2-3 days for model
strain selection purposes. However, in order to determine different distinctive growth
phases of the selected A.affine strain, a comprehensive growth curve of the selected
strain was measured by cell counting every day (Figure 2.3). The growth pattern of
cells grown in batch cultures gave a typical growth curve with three distinct phases.
As indicated in Figure 2.3, inoculated cells require 1 day for adaptation (lag phase)
prior entering the log phase for exponential growth from day 2 to day 6. Cells reached
a maximum cell capacity of around 12000 cell ml"" on day 6 or 7. Since nutrients were
becoming limiting, the cells would entered to stationary phase (where rate of division
= rate of death) beyond day 7. The cells would finally in death phase from day 10
onwards (where rate of death > rate of division) because of the decline of nutrients.

In this part of the experiment, the specific growth rates derived during culturing
was around 0.94 day'1 which was similar to that calculated (0.92 day'l) in Table 2.1.
In the literature, there was only a few studies that had been conducted on A/exandrium
affine. Flynn et al. (1996) determined the effects of low nitrogen and low phosphate
medium on its growth and physiology and they found that the growth rate of cells
grown in low nitrogen is around 0.5 day™ (Flynn et al., 1996). Another study reported

the growth rates of A. affine as 0.25-0.34 day™ at 20-30°C (Band-Schmidt et al., 2003).

These results indicated that growth rates, in response to different environment, vary
among strains and isolates. Variability in growth had been shown to exist in
Alexandrium species under different environmental factors (Hwang and Lu, 2000;
John and Flynn, 2000). The large differences in the rates observed could be attributed

to the variations of growing conditions. In addition, the effects of flask swirling might
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have biased these results, as turbulence was known to affect the growth rate of some
dinoflagellates (Sullivan and Swift, 2003). Overall, by reference to the literature,
growth rates of Alexandrium species normally range from 0.1 to 0.9 day™. Therefore,
the selected A4 .affine stain of the present study exhibited a relatively higher growth

rate (0.9 day'l) when compared to most of the other strains in the genus.

)

w [&)] ~ ©
I I I I

Log Cell Density (cells mI™
o

Day
Figure 2.3 Growth curve of the selected strain (Alexandrium affine). Different

growth phases are indicated. Lag phase (day 0-day 1), Log phase (day 2-day 6) and
stationary/death phase (beyond day 7). (Bars indicates + S.D)
2.3.4 Effects of different nitrogen sources on the growth of Alexandrium affine
Recent studies showed that dinoflagellates blooms tend to associate with high N
concentration particularly with the reduced forms of N sources such as ammonium
and urea. High concentrations of N are increasingly found in discharge areas such as
bays, coastal estuaries and at the bottom layer of water column (Glibert et al., 2001;
Lomas et al., 2001). In addition, atmospheric N input is also considered as an
important source for rapid growth of phytoplankton (Peierls and Paerl, 1997).

Recently, there are considerable evidences that show various forms of nitrogen such
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as organic nitrogen (e.g amino acid), reduced nitrogen (e.g urea), in addition to nitrate
and ammonium, can support fair to good growth of dinoflagellates (John and Flynn,
1999; Leong and Taguchi, 2004). Undoubtedly, these physiological studies offer a
valuable insight into the potentials of HABs causative organism in utilization of
various nitrogen sources. However, a comprehensive comparison of the data is
difficult due to methodological differences among experiments, the influence of
growth stages, and clone-specific responses of various Alexandrium strains in
responses to different environmental conditions. Given that the selected A. affine
strain has a relatively higher growth rate when compared to most of others reported in
the literature and hence indicative of variations in physiological machineries, the
responses to different nitrogen sources and concentrations on its growth were studied.

Different nitrogen sources including nitrate, ammonium, urea, glycine and
aspartate at various concentrations were used in batch culture experiments as the sole
N source for investigating the growth of 4. affine (Figure 2.4). Results indicated that
A. affine has the ability to assimilate different kind of nitrogen sources for cell growth.
However, when these cells were exposed to different N sources with various
concentrations, some physiological alterations such as growth rate and maximum cell
capacity could be seen.

Growth rates observed in the three independent batch culture experiments were
highly similar for all N sources with all concentrations tested (Figure 2.4) (data for
experimental runs 2 and 3 not shown). With nitrate as the sole N source (Figure 2.4a),
cell abundance and growth rates of 4. affine increased with increasing concentrations
and the maximum growth rate of 0.9 day” was found at concentration of 200 uM-N

(Figure 2.5), at which a maximum cell density of 12000 cells ml" was attained
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(Figure 2.4a). However, both cell density and growth rate were greatly reduced to
9500 cells ml™ and 0.5 day™ respectively, with nitrate concentration 400 pM-N as the
sole N source. In ammonium-enriched cultures (Figure 2.4b), cells did not grow at
concentrations 5 to 10 pM-N. The cell density and growth rate were maintained at
around 2000-3000 cell ml”' and 0.1-0.2 day" respectively. Cells were found to
increase in cell numbers when ammonium concentration reaches 20 uM as the sole N
source. The maximum cell density of 7000 cell ml™ and growth rate of 0.69 day™ were
found at N concentration 40 uM (Figure 2.5). Nevertheless, cell death occurred when

N concentration > 100 uM. Cells exposed to increasing urea concentrations showed an

increase in both cell abundances and growth rates similar to those observed in
nitrate-enriched cultures (Figure 2.4c), with cell abundance of 11000 cell ml™ and
growth rate of 0.7 day™ at N concentration of 200 pM (Figure 2.5). However, it should
be noted that nitrate-enriched cultures survived better while all urea-enriched cells
died with urea concentration of 400 uM. Further, responses of 4. affine to both
inorganic and organic N (organic N-enriched cultures (i.e glycine and aspartate)) were
similar (Figure 2.4d and e). Cells showed the best growth rate at N concentration of
10 uM while the maximum growth rate and cell density are around 0.73-0.75 day™
and almost 8000 cell ml” respectively. Both growth rates and cell abundances were
greatly reduced to 0.2 day™ and 2000-3000 cell ml" respectively at N concentrations
at 20 pM and above while and cells death occurred when N concentration was raised
beyond 40 uM (Figure 2.5). Table 2.5 summarized the optimal concentrations of
various N sources and the corresponding maximum growth rates / cell densities of the
growth of 4. affine.

In this study, the highest maximum growth rate and cell abundance were
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obtained in nitrate-enriched cultures, showing that nitrate is the preferred N source for
this strain. Dinoflagellates can normally grow well with increasing nitrate
concentrations as observed in the present study, even at very high concentrations (i.e
400 puM-N equivalent to ~1800 uM nitrate). For example, some have found
Alexandrium tamarense grows very well even at nitrate concentrations of more than
800 uM (Parkhill and Cembella, 1999). However, reduced N sources such as
ammonium and urea can lead to inhibition of growth when at high concentrations. For
example, a study found that growth of Alexandrium minutum was inhibited at
concentrations > 25 pM-N of ammonium and urea (Chang and McClean, 1997).
While the present study showed that ammonium > 40 uM-N inhibited the growth of 4.
affine, and there was no inhibition of growth by urea. Instead, A.affine can utilize a
wide range of urea concentrations, just similar to that of nitrate (Figure 2.5). Our
results are similar to that described by (Leong and Taguchi, 2004). They observed that
the growth of Alexandrium tamarense was inhibited with ammonium concentrations >
50 uM-N and there was also no urea-inhibitory effects on growth. In the present study,
although ammonium becomes toxic when levels were higher than 40 uM-N, cells
showed the highest growth rate when concentration of ammonium was at 40 uM-N
(Figure 2.5). It indicates that these cells are more likely to grow with ammonium
among the N sources at concentrations that are below the toxicity level.

Dissolved free amino acids (DFAAs) are one of the most labile forms of
dissolved organic N (DON). Two DFAAs, glycine and aspartate, were used to
evaluate effect on the growth of A.affine. Similar to that of ammonium-enriched
cultures, amino acid-enriched cultures have a relative low tolerance to the amino acid

levels (Figure 2.5). A growth inhibition of the cells was observed when amino acid
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concentration > 10 pM-N. The optimal growth of A.affine was at concentration of 10
uM-N (equivalent to around 50 uM glycine and 80 uM aspartate); at which both the
growth rates and maximum cell densities were the highest among the N sources
(Figure 2.4). The optimal DFAA concentration found in this study was consistent with
other studies with the concentration was generally around 50 pM (John and Flynn,
1999). The use of amino-N as a sole N source for algal growth has long been debated
and there are only a few related studies on this issue (Dixon and Syrett, 1988; Flynn
and Fielder, 1989; John and Flynn, 1999). It is because the difficulties in ensuring the
amino-N are being used directly by the dinoflagellates rather than via bacterial
regeneration. DFAAs form a significant proportion of DON in marine waters, ranges
from 0 to 5 uM. Therefore, they could provide an additional source of nitrogen for the
growth of marine microalgae.

Differences in the results obtained from the present study and that of the
literature illustrated that the mechanism of N utilization and tolerance level for each N
substrate maybe different between species, even if they belong to the same genus of
Alexandrium.

On the other hand, it was emphasized that occurrence of algal blooms are highly
related to nutrient ratios (i.e N:P ratio) in addition to nutrient loading. Hodgkiss and
Ho (1997) estimated that the optimal N:P ratio for growth of most HABs organisms in
coastal waters of Hong Kong was between 6 to 15. However, I am unable to
determine the equivalent N:P ratios for comparison in the present study as the results
were obtained differently. The ratios reported by Hodgkiss and Ho were estimates
using data of seawater obtained during the blooms while my data are on nitrogen

artificially supplied to the cultures. Dynamic changes of nutrients in the sea are
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completely different from that in laboratory cultures.

The ability to take up, adapt and change in growth rates depending on the N
sources suggests that N sources may affect the dynamics of dinoflagellate bloom.
A.affine is able to utilize different forms of N sources supplied (nitrate, ammonium,
urea, glycine and aspartate), showing that these N sources may serve as direct N
source for growth of 4. affine in the coastal environment. Therefore, the form of N
supply can be regarded as an important factor in regulating growth of A. affine. The
ability to adapt and acclimate to different N environments of Alexandrium is a
beneficial strategy for ensuring uninterrupted growth and proliferation. This
advantage allows dinoflagellate cells to maintain high growth in the competitive

coastal environment.
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Figure 2.4 Cell growth of Alexandrium affine with different nitrogen sources. Cell
density is determined during experimental run for (a) nitrate, (b) ammonium, (c) urea,
(d) glycine and (e) aspartate; at 5, 10, 20, 40, 100, 200 and 400 uM-N for 14 days.
Closed triangle indicates 5 uM-N; closed circle indicates 10 uM-N; closed square
indicates 20 pM-N; open triangle indicates 40 uM-N; open circle indicates 100 uM-N;
open square indicates 200 uM-N and cross indicates 400uM-N.
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Figure 2.5 Growth rates of Alexandrium affine as a function of nitrogen
concentrations of various nitrogen sources. Closed circle indicates nitrate; closed
square indicates ammonium; closed triangle indicates urea; open triangle indicates
glycine and open circle indicates aspartate. Growth rate of 400 pM-N as sole N source
is 0.5 day™' and it is not shown in the figure.

Table 2.5 Summary of optimal concentration of different nitrogen sources and
the corresponding growth rate and maximum cell density of the growth of
Alexandrium affine

Nitrogen Optimal concentration | Growth rate | Maximum cell density
source pM-N uM (day-1) (cell ml'l)

Nitrate 200 880 0.9 12000

Ammonium | 40 57 0.69 7000

Urea 100 210 0.7 11000

Glycine 10 54 0.75 8000

Aspartate 10 82 0.73 7000
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2.3.5 Effects of nitrogen stress on the growth of 4. affine
2.3.5.1 Nitrogen depletion and repletion

Most marine systems are nitrogen-limited. When nitrogen is added, the
phytoplanktons tend to grow or “bloom” until they run out of something else.
Therefore, understanding the cellular responses to nitrogen stress and nitrogen
replenishment is important to understand the “blooming” mechanism. The present
study is aimed to investigate the growth physiology of A..affine under nitrogen
depletion and repletion conditions.

Growth rates in the three independent batch culture experiments were highly
similar for all N sources studied (Figure 2.6) (data for experimental runs 2 and 3 not
shown). The nitrogen-dependent growth experiments showed that when nitrogen was
depleted, the growth of the dinoflagellate cells was stopped. These cells did maintain
a small amount of growth in the first two days even when no nitrogen was added. This
was most probably because there were intracellular pools or other N reserves in the
organism and these commodities would provide some residual substrates for growth
(Boyer et al., 1987). After the first two days, cell growth were started to slow down
and maintained at a basal cell density at around 500-700 cell ml" throughout the
entire period of 14 to 18 days. Upon the replenishment of nitrogen to the N-depleted
cultures, the growth of cells was resumed. After N was re-added, N-repleted cells
would undergo a lag phase of 1 day. The growth patterns, growth rates and the
maximum cell density of the N-repleted cultures were highly similar to that of normal
cultures. Moreover, cells would resume growth when N was re-added at different time
(i.e day 3, day 8 and even day 13) to the N-depleted cultures. Their growth curves

were highly similar. These results indicated that N-depleted cells were kept in a
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“ready-to-growth” status for long period and growth would be resumed upon N
addition independent of the time when N was added back to the system. Furthermore,
as expected, the results of the replenishment of various nitrogen sources were similar.
The present study not only helps to understand the growth physiology of A.affine
under nitrogen depletion and repletion but also provide information for choosing

particular time points and N-status for subsequent proteomic analysis.
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Figure 2.6 The effect of N-depletion and repletion on the growth of Alexandrium
affine. Different nitrogen source (a) nitrate, (b) ammonium, (c) urea, (d) glycine and
(e) aspartate was used or re-added to the N-depleted culture. Closed circle indicates
the cell growth under N-depleted condition. Closed square indicates the normal cell
growth with nitrogen provided according to the optimal concentration listed in Table
2.2. Open triangle indicates nitrogen was re-added at day 3 to the N-depleted culture.
Open circle indicates nitrogen was re-added at day 8 to the N-depleted culture. Open
square indicates nitrogen was re-added at day 13 to the N-depleted culture. Arrow
indicates the time of N re-addition.
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2.3.5.2 Amount of nitrate and the NaR activity

Although growth of A.affine under the N-depleted and repleted conditions was
measured in this study, nothing is known about the amount of nitrogen uptake in both
with or without N cultures. Hence, the following study was trying to understand the
amount of N present extracellularly in the with/without N cultures by measuring the
amount of nitrate and nitrate reductase (NaR) activity.

Figure 2.7 has shown the amount of nitrate of the culturing medium of the
growing A.affine cultures with or without nitrogen. Nitrate measured in the three
independent batch cultures was highly similar (data for experimental runs 2 and 3 not
shown). In the nitrogen-depleted cultures, there was no detectable nitrate in the
culturing medium throughout the entire period (i.e 96 hours). For the nitrate-enriched
cultures, amount of nitrate in the culturing medium have dropped around 60% after 96
hours. ~ While amount of nitrate in the culturing medium of the nitrate/
ammonium-enriched cultures have only dropped around 40% after 96 hours. The
detection limited of the nitrate test is 0.05 ppm nitrate-N (equivalent to 3.6 uM
nitrate). The dropped of the amounts of nitrate in the N-enriched cultures were
probably due to the N uptake by the cells. However, the amount and rate of nitrate
uptake by the cells was much higher in nitrate-enriched cultures than that of nitrate/
ammonium-enriched cultures. This is because when both nitrogen sources are present,
the ammonium is preferentially assimilated due to lesser energy is required for
assimilating the reduced N.

Other than measuring amount of nitrate of the N-depleted and N-enriched
cultures, assay on the nitrate reductase (NaR) activity were also measured to provide

circumstantial evidence to support cellular nitrogen uptake activities. NaR is the first
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enzyme involved in the nitrogen reduction process and it is believed to be the
rate-determining step. Since NaR is generally induced by nitrate and repressed during
ammonium assimilation, it has been proposed that its assay might be a valuable tool
for indicating the nitrogen source for phytoplankton (Eppley and Coatswor.Jl, 1968;
Harrison, 1973). High NaR activity indicates that nitrate was the primary nitrogen
source. On the other hand, low or non-existent NaR activity indicates that another
form of nitrogen was being utilized or that the nitrogen source was exhausted. Figure
2.8 shows the NaR activity measured in N-depleted and N-enriched cells for 96 hours.
NaR activity of N-depleted cells was maintained for the first 24 hours and rapidly
dropped to undetectable level at and beyond 48 hours. This indicates that there was no
or very low N available for cell growth in the N-depleted cultures. On the other hand,
NaR activity of both N-enriched cells increased with time, with a sharply increased
upon 48 hours. However, NaR activity of nitrate-enriched cells was much higher than
that of nitrate/ammonium-enriched cells. These results are consistent to the nitrate
measurement study. The difference in the NaR activity of both N-enriched cells (with
and without ammonium) was most likely due to the NaR repression occurred in the

presence of ammonium.
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Figure 2.7 Amount of nitrate in the culturing medium of the growing A.affine
with or without nitrogen supplement. Closed square indicates amount of nitrate in
N-depleted culture. Closed triangle indicates amount of nitrate in nitrate-enriched
culture. Open triangle indicates amount of nitrate in nitrate/ammonium-enriched
culture. Amount of nitrite of N-depleted was not detectable through out the entire
period (data not shown).
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Figure 2.8 NaR activity of the growing A.affine with or without nitrogen
supplement. NaR activity assay performed on cells grown under N-depleted,
nitrate-enriched and nitrate/ammonium-enriched culture. (Bars represents + S.D).
Asterisk represents significant differences (p<0.01) when compared to NaR activity of
N-depleted cells.
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2.4 Conclusions

A fast-growing Alexandrium species was selected as the model strain to study
and it was positively identified as Alexandrium affine through ribosomal gene analysis.
Morphological identification in this case is misleading. Growth rate and different
growth phases were well characterized. The selected strain was shown to be able to
utilize different type of N sources (i.e nitrate, ammonium, urea, and amino acids) and
with different growth responses to each individual nitrogen source. Optimized level to
support growth for each individual N source was found which would be very useful
for subsequent analysis. Cells would not growth under N-depleted condition. However,
cell growth could be resumed by N replenishment independent of the time of N
provision. N measurement and NaR activity assay provided circumstantial evidences
that nitrate was not available in the N-depleted cultures and a rapid uptake was
occurred in the N-enriched cultures. Although the present study could not clearly
evaluate the metabolic pathways of N utilized and the assimilation of each individual
N substrate, it showed that the physiological growth response of A.affine to various N
and its nutritional status. More than that, results from the present study are important
as they serve to build a foundation for the establishment of a nitrogen-depletion

/repletion platform for subsequent proteomic analysis in this project.
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CHAPTER III

The production of  high-quality  two-dimensional gel
electrophoretograms (2-DE) of dinoflagellates

3.1 Introduction

As mentioned earlier, many questions relating to blooming/toxin-producing is
unknown. For example, questions such as the exact mechanism of how HABs
occurred, how these dinoflagellates sensed the changing nutrient and ambient
environment and mechanisms of toxin-secretion are currently unknown. Nevertheless,
there is an ever increasing risk of occurrence of HABs and that represents expanding
threats to human health, the fishery resources and tourism industries. With the
advance of proteomic technologies including 2-DE gels, researchers can attempt to
uncover differential protein expression at different stages of laboratory induced
blooming. Effects of different nutritional stages and ambient temperature etc. on
protein expression can be studied at the proteome level. Researchers in this field can
collectively aim to decipher cellular pathways, mechanisms of blooming and
environmental effects at the whole proteome level. Study of the proteome or protein
expression in HAB species is therefore important in understanding their blooming
mechanisms.

Of the limited number of publications on studies on proteomes of dinoflagellates,
most rely on the high power of resolution of 2-DE (Akimoto et al., 2004; Chan et al.,
2005; Chan et al., 2004a; Chan et al., 2004b; Chan et al., 2002; Chan et al., 2006).
Since its description more than 30 years ago (O'Farrell, 1975), 2DE has remained one
of the most commonly used techniques in proteomics research today. It allows a fast

and relatively inexpensive overview of protein changes in cellular processes. Further,

&9



2-DE allows the isolation of proteins in at least several tens of nanogram amounts and
that fit very nicely into subsequent protein identification methods such as
MALDI-TOF MS, ESI-MS, MS/MS and Edman microsequencing (Celis and Gromov,
1999; Graves and Haystead, 2002; Ong and Pandey, 2001).

A high quality 2-DE gel with well resolved protein spots is the pre-requisite for
finding differentially expressed proteins and successful MALDI-TOF MS
identification subsequently. For example, a protein spot could not be identified if it
co-migrates together with another protein in a 2-DE gel. Presence of interfering
substances in significant quantities also renders successful 2-DE of dinoflagellates
more difficult. However, to obtain a high quality protein samples of dinoflagellates
subsequent to 2-DE requires tedious sample preparatory steps (Chan et al., 2002). The
lengthy preparatory steps are necessary to remove high endogenous levels of salts,
nucleic acids (estimated at least 10-100 times more than human), polysaccharides,
phenolic compounds, pigments, and other interfering compounds. All these substances
will interfere with the IEF-focusing process, the first step of 2-DE. The classical
method includes sample cleaning up steps which take a few days and the amount of
proteins loaded cannot excess 100 pg. Therefore, it is important to develop a simple
and effective sample preparation methodology in order to produce high-quality 2-DE
for subsequent comparative protein expression study. In the study, two dinoflagellate
species, Alexandrium affine and Scrippsiella spp. were used. Five 2-DE sample
preparation methods including two lysis-buffers, acetone precipitation, TCA/acetone
precipitation and Trizol reagent; were compared and evaluated. Furthermore, methods
of cell lysis including homogenization and sonication, effects of the addition of

protease inhibitors and IEF loading methods including rehydration loading and
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cup-loading were also evaluated. A method that could produce 2-DE gels of higher
quality in terms of spot numbers, spot intensity and resolution would be used in the

subsequent studies.
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3.2 Materials and Methods
3.2.1 Dinoflagellate species and Culture conditions

Unialgal cultures of Alexandrium affine and Scrippsiella species were kindly
donated by Prof John I. Hodgkiss previously of the University of Hong Kong.
Seawater based K or f/2 media were used for culturing the dinoflagellates (Keller et
al., 1987). Stock cultures of all dinoflagellates were kept at exponential growth phase
by transferring to new medium every five or six days in a ratio of 1:10 v/v. Vegetative
cells from cultures in mid- or late-exponential phase of growth were inoculated into
freshly prepared culture medium. Possible contamination of algal culture was

monitored by regular microscopic examination. The cultures were grown at 22°C

under a 16:8 hours light:dark cycle at a light intensity of 120 uE Lux m™'s™ provided

by cool white fluorescent tubes in a Conviron growth chamber (Model EF7, USA).

3.2.2 Cell counts

One ml of each culture was taken and fixed with 10 pl Lugol’s solution and

counted under light microscope with a Sedgwick-Rafter cell counter.
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3.2.3 Preparation of protein extracts

Figure 3.1 is a flow chart summarizing workflow of the five methods evaluated.

|5 L exponential growth dinoflagellate cultures (Alexandrium & Scrippsiella) |

l

|Equa|ly divided into 5 tubes and each with equal amount of cellsl

i ! | |

\
| Cell pelletsl | Cell pelletsl | Cell pellets |
| l l |

Tris lysis buffer Urea lysis Acetone precipitation] | TCA/acetone Trizol reagent
method buffer method| |method precipitation method| | method
Tris-lysis buffer : Urea-containing lysis buffer: 7M urea, 2M isourea, 4% CHAPS, Trizol t
40mM Tris pH 8.7 | | 40mM Tris pH 8.7 20’ reagen
! ! i
lce cooled acetone |[Ice cooled acetone with ;
10% TCA '
v

! !

Protein precipitation

, : | l

Supernatant

|

Figure 3.1 Schematic diagram showing the five sample preparatory procedures
for 2-DE. (Dotted line indicates Trizol protein extraction procedures according to user
manual)

Briefly on the procedures, SL of mid-log phase cells of both dinoflagellate

species were harvested by centrifugation at 1000 x g for 15 mins at 4°C. The cell

pellets were then equally divided into five 2ml micro-centrifuge tubes (for the 5
different types of extraction procedures, see below) and equal amount of cells in each
tube were checked by cell counts under light microscope. Pellets were rinsed with

sterile seawater and centrifuged at 1000 x g again for 15 mins at 4°C . Cell pellets were

stored at -80°C until used. Proteins were extracted according to the 5 different
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extraction methods listed, including two lysis-buffers (urea-containing buffer: 7 M
urea, 2 M thiourea, 4% CHAPS, 20 mM Tris pH 8.7 and Tris-buffer: 40 mM Tris pH
8.7), acetone precipitation, TCA/acetone precipitation and Trizol extractions.

For protein extraction using lysis buffer, 500 pl of lysis buffer (urea-containing
buffer or Tris buffer) was added to the cell pellets. Cells were disrupted by sonication
(a total of 3 mins with short pulses of 5-10 seconds each) on ice. Lysis of cells was
confirmed using light microscope. Cell lysates were then centrifuged at 14000 x g for

15 mins at 4°C to collect the supernatant. Subsequently, the supernatant collected was
placed into a new eppendorf tube and store at -80°C until use.

For sample preparation relying on acetone precipitation or TCA/acetone
precipitation, 2.5 ml of ice-cold acetone or acetone with 10% TCA was added to a 500

ul protein extracts in urea-containing lysis buffer and kept at -20°C overnight to allow

precipitation of proteins. Proteins precipitated were washed twice with ice-cold
acetone before allowing to dry in the air. Subsequently, 500 pl of fresh
urea-containing lysis buffer was added to re-solubilize the protein pellet. The protein
solution was ready for 2-DE.

In protein extraction using Trizol (Roche, Switzerland), preparation was
performed according to that of the manufacturer with some modifications. Briefly, 1
ml Trizol reagent was added to the cell pellet and subjected to sonication (a total of 3
mins with short pulses of 5-10 seconds) on ice. Lyses of cells were confirmed using
light microscope. Subsequently, 200 pl of chloroform was added to the cell lysate
before shaking vigorously for 15 seconds. The mixture was allowed to stand for 5

mins in room temperature before being centrifuged at 12000 x g for 15 mins at 4°C.

The top pale-yellow or colorless layer was removed. 300 ul of ethanol was added to
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resuspend the reddish bottom layer and the mixture centrifuged at 2000 x g for 5 mins
at 4°C. Supernatant was transferred to a new tube and 1.5 ml of isopropanol was added.
The mixture was allowed to stand for at least 20 mins for precipitation of proteins to

complete. It was then centrifuged at 14000 x g for 10 mins at 4°C. Pellet obtained was

briefly washed with 95% ethanol before allowed to air dried. Five hundred pl of lysis
buffer was added to solubilize the protein pellet before loading onto the first
dimension IEF. To the evaluate on the cell lysis methods and the effects of protease
inhibitors, the above procedures were repeated but homogenization was used instead
of sonication and with/without the addition of protease inhibitor cocktails (containing
a mixture of AEBSF, E-64, pepstatin, bestatin and 1,10 phenanthroline) (Sigma,

USA).

3.2.4 Protein determination
Protein quantification in the urea-containing protein samples was performed
using a modified Bradford protein assay (Bio-Rad, USA) (Ramagli and Rodriguez,

1985).

3.2.5 Two dimensional gel electrophoresis (2-DE) and imaging analysis

Typically, 340 pl sample containing 60-80 pg of sample proteins (for silver
staining gel) in rehydration buffer (containing 7 M urea, 2 M thiourea, 4% CHAPS,
0.2% DTT and 3.4 pl of IPG buffer pH 4-7) was used to rehydrate the IPG strip (18
cm) pH 4-7 (Bio-Rad, USA) for 16 hours. For samples to be cup-loaded (for
comparative studies), protein samples were added in the sample cups after rehydration

of the IEF strips. IEF was performed using a Protean-IEF cell (Bio-Rad, USA).
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Voltage was applied according to the following: 1 hour at 100V, 2 hour at 300V, 2
hours 1000V, 2 hours 4000V and 5 hours 8000V. Following IEF, the gel strip was
equilibrated with equilibration buffer (50 mM Tris pH 8.8, 6 M urea, 30% glycerol,
2% SDS, 1% DTT and trace amount of bromophenol blue) for 15 mins. The gel strip
was then placed in fresh equilibration buffer containing 1% iodoacetamine (instead of
DTT) for another 15 mins. The second dimension SDS-PAGE was performed using
10% or 12% polyarylamide gel running at a constant current of 15 mA/gel until the
bromophenol blue dye reached the end of the gel. After electrophoresis, the gel was
silver stained. Stained gels were scanned and the images were analyzed by Melanie III

(GeneBio, Switzerland) as described in the user manual.
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3.3 Results and discussion
3.3.1 Comparison of 2-DE gels obtained by different extraction methods

The success of obtaining high-quality 2-DE electrophoretogram is greatly
dependent on sample preparations before the IEF run. Typically, IEF is tolerant of salt
concentrations up to 50 mM (Kirkland et al., 2006). Therefore, in order to have good
quality IEF for 2-DE, a thorough desalting of the sample is required. In marine
dinoflagellates, there are quite a large amount of interfering substances including salts,
nucleic acids, polysaccharides, phenolic compounds and pigments. If untreated, these
interfering substances will cause aberrant patterns in the 2-DE electrophoretograms.
Thus, sample preparation should include steps to get rid of these substances.
Application of Trizol-extraction methodology to obtain proteins for 2-DE had been
reported in halophilic proteins with satisfactory results (Kirkland et al., 2006). In
comparison with 2-DE electrophoretograms obtained using protein samples prepared
with the two lysis-buffer methods or acetone or TCA/acetone precipitation methods,
those obtained using Trizol extraction method showed better results. They have a
higher resolution of protein spots than those prepared by using the other four methods
mentioned. The results were consistently observed in the two dinoflagellates species

(Alexandrium affine and Scrippsiella spp) used in this study (Figure 3.2).
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Figure 3.2 Scanning electron micrographs (SEM) of Alexandrium spp and
Scrippsiella spp isolated from Hong Kong waters. SEM was taken at x 2120 (scale
bar = 1um) of (a) Alexandrium spp and (b) Scrippsiella spp.

Proteins extracted by direct sonication of the dinoflagellate cells in both lysis
buffers produced 2-DE electrophoretograms that had excessive horizontal and vertical
streakings (Figure 3.3 and Figure 3.4). Obviously, 2-DE from Tris-lysis buffer was
much worse than that of urea containing-lysis buffer. None of the protein spots in the
2-DE from Tris-lysis buffer were focused. There were a lot of smearing and/or
aberrant patterns. For example, there was a massive of dark area appeared in the
anode side of the gel using samples from Alexandrium spp. (Figure 3.3a) and a big
“cross” appeared in the gel using samples from Scrippsiella spp. (Figure 3.4a).
Although 2-DE from urea containing-lysis buffer was better than that of Tris-lysis
buffer, most of the proteins were still not being focused properly and appeared either
as smearing or in aberrant patterns (Figure 3.3b and 3.4b). In addition, high
backgrounds with relatively fewer spots were seen. The better results of the 2-DE
from urea containing-lysis buffer were attributed to the better protein solubilizing
power of the buffer (which containing urea, thiourea and detergents). However, the

“unremoved” endogenous interfering substances in these dinoflagellate cells have
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greatly affected focusing of the IEF step in the 2-DE. Therefore, these methods are not
the best choice for 2-DE of dinoflagellates.

As for the acetone (Figure 3.3c and 3.4c) and TCA/acetone (Figure 3.3d and 3.4d)
precipitation methods, the precipitation step was used both to concentrate proteins in
the samples and also to separate the proteins from potentially interfering substances.
Therefore, resolution and intensity of the protein spots were better than those obtained
with the two lysis-buffer extraction methods. However, phenolic and some other
contaminants were coextracted together with the proteins, resulting in several
horizontal and vertical streakings with a high background. This is easily observable in
enlarged areas of the gel (Figure 3.7). Although TCA/acetone precipitation method
had further improved the 2-DE from that of acetone precipitation alone, when
compared to Trizol extraction method for 2-DE, relatively high background in some
areas were still presented in the gel (Figure 3.3d and 3.4d). In addition, some spots
were still not well focused and appeared as indistinct image. Therefore, further
cleaning-up procedures are required to remove the substantial interfering substances
that remained in the acetone or TCA/acetone precipitated samples.

Of the five protein extraction procedures, Trizol-extraction resulted in the best
resolution of stained spots with a clear background (Figure 3.3e and 3.4e). The
Trizol-sample preparation strategy is simple and fast. There are only a few steps to
perform and the preparation time just requires a few hours. When compared to the
lengthy and complicated extraction procedures described previously (Chan et al.,
2005; Chan et al., 2004a; Chan et al., 2004b; Chan et al., 2002), the shorter time of
sample preparation of the Trizol-extraction method decreased the risk of protein

degradation and losses. The beneficial effects of Trizol extraction method included
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improvements on spot resolution, spot numbers and intensity in 2-DE. The
improvements can be attributed to the great efficiency of Trizol in the removing
nearly all of the interfering substances. Figure 3.5 shows the steps involved in Trizol
protein extractions. DNA/RNA, pigments, salts and other interfering substances like
phenolic compounds were removed sequentially. Because a relatively clean sample
was prepared, therefore proteins could be well separated and focused in the IEF. The
excellent 2-DE patterns obtained by this Trizol-extraction method would allow
comprehensive protein expression studies on dinoflagellates with 2-DE and thus
greatly contributes to the research field of proteomics.

In the literature, there is only one comprehensive study on optimizating protocols
for sample preparations of dinoflagellates for 2-DE studies (Chan et al., 2002). The
authors had compared different procedures and methods on cell disruption;
extractions buffers; and pre-electrophoretic treatments (such as addition of protease
inhibitor and RNase/DNase/endonuclease, ultrafiltration, desalting and protein
precipitation etc.). They found that Tris-extraction buffer and TCA/acetone
precipitation enabled good protein resolution on subsequent 2-DE. Between the Tris
buffer extraction and TCA/acetone precipitation procedures, Tris-buffer extraction
procedure was found to yield a greater number of spots (407 spots) than that of
TCA/acetone precipitation (387 spots). However, the optimized protocol involving
many desalting and concentrating steps. The additional desalting and concentrating
steps could improve quality of the final results, but each additional step would result
in selective losses of some proteins. Samples prepared by methodologies described by
Chan and coworkers (2002) yield only around 400 spots. Therefore, it seems that

there was a significant loss of proteins with that sample preparatory protocol. Proteins
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lost may be a consequence of the lengthy desalting and concentrating steps. Although
there is no one-step procedure for sample preparation for 2-DE, one should always
aim for a simpler sample preparatory protocol in order to minimize protein losses and

ensure reproducibility.
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facetone precipiiation

Figul_*e_3.3 2-DE of total proi:ein extracts of Alexandrium affine prepared using five different sample preparation methods. The
methods including (a) Tris-lysis buffer method, (b) Urea containing-lysis buffer method, (c) Acetone precipitation method, (d)
TCA/acetone precipitation method and (e) Trizol protein extraction method.
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(d) TCA/acetone ﬁrecipitation (e) Trizol

Figure 3.4 2-DE of total protein extracts of Scrippsiella spp prepared using five different sample preparation methods. The methods
including (a) Tris-lysis buffer method, (b) Urea containing-lysis buffer method, (c) Acetone precipitation method, (d) TCA/acetone
precipitation method and (e) Trizol protein extraction method.
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Figure 3.5 Workflow of Trizol protein extractions. Different interfering substances
were sequentially removed during the various steps of extraction.

3.3.2 Total numbers and intensity of spots

Since the spots in the 2-DE from Tris-lysis buffer extraction were not detectable,
2-DE of other four extraction methods were compared. With the help of the Melanie
III software, it was found that 2-DE gels generated using proteins extracted from the
Alexandrium affine with the urea containing-lysis buffer extraction method, the
acetone precipitation, TCA/acetone precipitation and Trizol-extraction methods
yielded an average of 1233, 1741, 1622 and 1835 protein spots respectively (Figure
3.6). On the other hand, those 2-DE using Scrippsiella spp. sample yield an average of
1147, 1527, 1410 and 1627 spots for the four extraction methods respectively (Figure

3.6).
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Figure 3.6 Comparison of total number of spots found on 2-DE gels ran using
samples obtained from the two dinoflagellates species, Alexandrium affine and
Scrippsiella spp. with the five different extraction methods. Results presented are
the mean values from three independent experiments. Numbers indicate the spot
numbers + S.D. Lysis buffer presented was the urea containing-lysis buffer. Spots
from Tris-lysis buffer prepared 2-DE was not counted due to the high background and
aberrant patterns of the gels.

Excessive streaking, smearing and weakening appearance of the 2-DE would
make it difficult to discern any appreciable number of spots in some regions in the
2-DE developed either with the lysis buffer or the acetone precipitation methods
(Figure 3.3 and 3.4). Although the corresponding region in the gel developed using
TCA/acetone precipitation shows spots that with better focusing, the Trizol method
remains the best that all spots could be resolved individually (as indicated in the circle
and rectangle regions shown in Figure 3.7). There were not only an obvious increase
in spot numbers in these regions, but also many faint protein spots could now be seen
clearly with the use of Trizol extraction method, presumably due to a clearer

background. One point should also be highlighted is that some spots in the

TCA/acetone prepared 2-DE (Figure 3.7d and 3.7i) were in different pattern to the
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other gels. Changes of the protein locations may be attributed to the protein
modifications in the extremely acidic environment with TCA. Therefore, Trizol

prepared 2-DE gels showed the highest of spot numbers, intensity and resolution.
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Tris-lysis buffer Urea containing - Acetone TCAlacetone Trizol
lysis buffer precipitation precipitation

Figure 3.7 Enlargement of 2-DE images from representative regions among the five protein extraction methods: Tris-lysis buffer;
Urea containing-lysis buffer; Acetone precipitation; TCA/acetone precipitation and Trizol-extraction method. Image (a)-(e) and
(H)-() are gels from Alexandrium affine and Scrippsiella spp. samples respectively. Circle and rectangle regions indicate some

representative spots that have progressively improved from lysis buffer extractions to Trizol extractions in term of both resolution and
intensity.
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3.3.3 Homogenization and sonication

After comparing five different extraction procedures, Trizol protein extraction
method was found to be the best. However, lyses of dinoflagellate cells were not easy
due to their surrounding thecal plates. Thus, the efficiency of cell lysis protocol was
also one of the important factors for getting more protein spots in the 2-DE gels
subsequently. Therefore, cell lysed by either sonication or homogenization was
compared. Protein yield of around 900 pg per 107 cells was found from samples that
were sonicated. On the other hand, protein yield of only around 500 pg per 107 cells
was found from samples that were homogenized. Furthermore, on 2-DE analysis,
samples obtained with sonication showed more protein spots than that with
homogenization if the same amount of proteins were loaded (Figure 3.8). Therefore,
the cell disruption efficiency for sonication seems to be much higher than that of
homogenization. Moreover, sonication was easier to perform and can handle smaller
amount of samples than homogenization. Inference of the results from the present
study was the same as that of Chan et al (2002). Therefore, based on the higher cell

disruption efficiency and ease of handling, sonication was the method of choice.
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Sonication Homogenization

Figure 3.8 Comparison of the 2-DE gels obtained using proteins extracted from
Alexandrium affine by the Trizol extraction method with two different cell lysis
protocols, homogenization (Right) and sonication (Left).
3.3.4 Effects of protease inhibitors

As elaborated earlier, there are three fundamental steps in sample preparation for
2-DE: (1) cell disruption, (2) inactivation of proteases, and (3) removal of interfering
substances (Gorg et al., 2000; Gorg et al., 2004; Herbert, 1999; Shaw and Riederer,
2003). Cell disruption and removal of interfering substances were already discussed
previously. On the other hand, presence of proteases activities is also an important
factors that have to be considered in the sample preparation of 2-DE. Although Chan
et al (2002) claimed that there were only minor differences when the extraction were
done with or without the presence of protease inhibitors, nearly 40 spots were missing
when protease inhibitors were not added. Given that their method did not resolve as
many protein spots as we did, we would like to evaluate whether the addition of
protease inhibitors to Trizol extraction buffer were necessary for minimizing

endogenous proteolytic degradation of proteins in samples before 2-DE. Figure 3.9
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shows the 2-DE electrophoretograms from samples that either with or without the
addition of protease inhibitors during the Trizol protein extraction. The number of
spots in both gels were very similar (with protease inhibitors: 1783 spots; without
protease inhibitors: 1779 spots). The result indicates that most of the endogenous
proteases were inhibited in the Trizol reagent. Therefore, Trizol extraction procedures

could be carried out in the absence of protease inhibitors.

With protease inhibitors Without protease inhibitors

Figure 3.9 Comparison of the number of spots obtained in 2-DE gels using
proteins extracted from Alexandrium affine by Trizol extraction method with
(Left) and without (Right) the addition of protease inhibitors.
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3.3.5 Rehydration versus Cup-loading method

Cup loading was reported to improve resolution of 2-DE electrophoretograms,
especially when the sample was applied in the anode side (Gorg et al., 2000).
However, only upto 100 pl could be loaded. Larger sample loads inevitably lead to
protein precipitation in the sample cup. Rehydration loading instead of cup-loading
could accommodate larger sample volumes (greater than 100 pl) and without the
problems with precipitation. In this study we found that the 2-DE patterns and spot
resolution obtained with the Trizol-extracted samples in rehydration loading mode
was similar to that obtained with the cup loading mode in the pH 4-7 range (Figure
3.10). In addition, for the other protein extraction methods, there were significant
differences in the 2-DE gel patterns obtained from samples prepared with the two
sample loading methods. Nevertheless, a high-quality 2-DE gel can be obtained
relatively straight-forward with proteins in the sample extracted by the Trizol method.
Samples could be added directly onto the IEF tray, i.e. without cup-load. The 2-DE
pattern as well as resolution obtained upon rehydration loading was highly similar to
that of cup loading (Figure 3.10). The enablement of using rehydration loading could
avoid problem of the sample cups leak and protein precipitation. It allowed larger
amount of proteins to be loaded onto the strips without limitation on the sample
volumes. These would also greatly facilitate the de novo protein/peptide sequencing

for dinoflagellate proteins.
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Figure 3.10 Comparison of the 2-DE gels of proteins extracted from Alexandrium
affine by Trizol extraction method with two different IEF sample loading
methods (Right) rehydration loading and (Left) cup loading at anode.
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3.4 Conclusions

Trizol, a monophasic mixture of phenol and guanidine isothiocyanate that is
commercially available, is typically used to isolate RNA from cell and tissue samples.
In this study, it is shown that using Trizol is a simple, fast and effective method for
preparing proteins samples for 2-DE analysis of dinoflagellates. Of the five protein
extractions evaluated, Trizol extraction method was found to be the best to produce
high-quality 2-DE gels using dinoflagellate samples. In addition, sonication was better
than homogenization for cell disruption. Most of the endogenous proteases were
inhibited in the Trizol reagent. Therefore, Trizol extraction procedures could be
carried out in the absence of protease inhibitors. It was also found that 2-DE gel
patterns and spot resolution obtained with the Trizol-extracted samples in rehydration
loading mode were similar to those obtained with the cup loading mode. Thus, a
larger amount of proteins can be loaded and this would greatly facilitate the
production of high-quality and high protein-loaded 2-DE gels (mg of proteins loaded)
for some downstream processing such as MALDI-TOF-PSD or MALDI-TOF/TOF
which requires a larger amount of proteins. This method is being used for subsequent

investigations in this thesis.
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CHAPTER 1V

2-DE analysis of protein expression profiles of dinoflagellates under
nitrogen stress

4.1 Introduction

As mentioned, dinoflagellates are the major HAB causative agents and the
mechanism of algal blooms is still poorly understood. However, it is generally
accepted that the causes of algal blooms are governed by many factors (Hallegraeff,
1993; Hallegraeft, 2003). Nevertheless, nitrogen is believed to be one of the most
important factors in the initiation and maintenance of algal blooms (Paerl, 1997;
Smayda, 1990). It is believed that nitrogen is limited in the open sea. Therefore, the
impact of increased influx of nitrogen will be drastic in the initiation of algal blooms.
Many studies were carried out to understand the effects of nitrogen sources on the
growth rate, cell density, cell size, pigment composition and toxin production on
dinoflagellates (Boyer et al., 1987; Flynn et al., 1996; John and Flynn, 2000; Lee,
2006; Leong et al., 2004; Leong and Taguchi, 2004; Parkhill and Cembella, 1999).
However, very little is known about the biochemical and molecular responses of the
cells to the effects of nitrogen. It is important to understand what is happening inside
the cells and what biochemical machinery that are operating in response to the effects
of nitrogen. However, there were no any protein expression studies on how
dinoflagellates response to the loading of nitrogen.

From results presented in Chapter II, cell density of 4. affine was found to
maintain at a low level (~ 500 — 1000 cell ml™") in nitrogen-depleted conditions and
cells were initiated to growth rapidly after the replenishment of nitrogen sources.

Therefore, in order to found out what and how the expression of proteins would be
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changed in the response to nitrogen depletion and subsequent repletion, 2-DE of
cellular homogenates of A. affine under both nitrogen-depletion and repletion
conditions were examined. Through the identification and expression patterns of
differential expressed proteins in responses to different N status, insights into the

molecular mechanism involved in the initiation of algal blooms may be formulated.
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4.2 Materials and methods

4.2.1 Cultivation of cells

A. affine was cultivated as described previously in preceding chapters.

4.2.2 Proteomic analysis of dinoflagellate under nitrogen stress

A. affine cells under nitrogen depletion and subsequent repletion conditions were
subjected to 2-DE analysis aiming to find differentially expressed proteins. To
prepare the nitrogen depletion samples, A. affine cells were grown to late-log phase
(day 6) (at around 10000 -13000 cell ml™") and collected by centrifugation (1500 x g
15 mins) at room temperature. The pellets were washed twice with sterile synthetic
seawater (without any N) to avoid any carry-over of nitrogen from the previous
medium. The pellets were then inoculated into a new medium that had no nitrogen
source. The N depleted cultures were subjected to growth condition as mentioned in
4.2.1., and the initial cell concentrations were determined by cell counting under
microscope. From the results in Chapter II (Figure 2.6), cell would maintain a small
amount of growth in the first day and stopped in day 2. This growth was believed to
be supported by the N reserves inside these cells. Therefore, cells harvested at 48
hours from the depleted cultures were used as “N-depleted” samples. The cells were
counted under the microscope and harvested by centrifugation (1500 x g 15 mins) at
room temperature. The harvested cell pellets were kept at -80°C until use.

For the preparation of nitrogen-repletion samples, nitrate (200 uM-N, refer to
Table 2.1) was added to the 2-day nitrogen depletion cultures. From the results in
Chapter II (Figure 2.6), cells were in lag phase in the first day and start to growth

from day 2. Therefore, cells of the nitrogen repleted cultures were harvested after 24
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and 48 hours and these samples were named as “N- repletion” samples. The cells were
counted under the microscope and harvested by centrifugation (1500 x g 15 mins) at

room temperature. The harvested cell pellets were kept at -80°C until use.

4.2.3 Preparation of protein extracts

Proteins were extracted according to the optimized method developed as
described in Chapter III. Briefly, cell pellets of either N depletion or repletion were
added with 1 ml Trizol reagent (Roche, Switzerland). The cell mixtures were
subjected to short pulses of sonication for 3 minutes on ice. Cell lysis was confirmed
by light microscopy. Subsequently, 200 ul of chloroform was added to the cell lysate
before shaking vigorously for 15 seconds. The mixture was allowed to stand for 5
minutes in room temperature before being centrifuged at 12000 x g for 15 minutes at

4°C. The top pale-yellow or colorless layer was removed. Three hundred ul of ethanol
was added to resuspend the reddish bottom layer and the mixture centrifuged at 2000
x g for 5 minutes at 4°C. Supernatant was transferred to a new tube and 1.5 ml of

isopropanol was added. The mixture was allowed to stand for at least 20 minutes for
precipitation of proteins to complete. It was then centrifuged at 14000 x g for 10

minutes at 4°C. Pellet obtained was briefly washed with 95% ethanol before allowed

to air dried. Five hundred pl of lysis buffer was added to solubilize the protein pellet

before loading onto the first dimension IEF.

4.2.4 Protein determination

Protein quantification in the urea-containing protein samples was performed

using a modified Bradford protein assay (Bio-Rad, USA) (Ramagli and Rodriguez,
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1985).

4.2.5 Two dimensional gel electrophoresis (2-DE) and imaging analysis

Typically, 340 pl sample containing 80 pg of sample proteins (for silver staining
gel while 700 pg proteins are needed for coomassie staining gel) in rehydration buffer
(containing 7M urea, 2M thiourea, 4% CHAPS, 0.2% DTT and 3.4 ul of IPG buffer
pH 4-7 or pH 3-10) was used to rehydrate the IPG strip (18 cm) pH 4-7 or pH 3-10
(Bio-Rad, USA) for 16 hours. 2DE was performed according to methodology
described in Chapter III.. After electrophoresis, the gel was either silver stained or
coomassie blue (R250) stained before being scanned by an Epson scanner (Perfection
1200U). The images were analyzed by Melanie III (GeneBio, Switzerland) as
described in the user manual. Each 2-DE sample was repeated in triplicates and the
differential protein expression was confirmed only when it was consistently present in

all three gels. Moreover, difference in spot optical density must be at least by 5-fold.

4.2.6 MALDI-TOF MS analysis

Differentially expressed proteins were excised from the coomassie blue stained
gel and transferred to a microcentrifuge tube. The gel plugs were washed twice in 25
mM NH4HCOj; in 50% Acetonitrile (ACN). Subsequently, the gel plugs were washed
with 100% ACN and dried under vacuum for 10-15 minutes. In-gel trypsin digestion
was performed by adding 20 ng/ml of trypsin in 25 mM NH4HCOj; overnight at 37°C.
For MALDI-TOF mass spectrometry analysis, 1ul peptide mixture was mixed with 1
pl matrix solution (HCCA, saturated solution in ACN: 0.1% TFA (1:1)) on the target

plate before being dried and analyzed with a MALDI-TOF mass spectrometer
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(Autoflex; Bruker, Germany) in reflector mode over a mass range of 1000-3000 Da
and using external mass calibration with the calibration standards from the
manufacturer. Spectra from 150 shots at several different positions on the target plate
were combined to generate a peptide mass fingerprint (PMF) for bioinformatic
database searches. PMF obtained was searched against the NCBI non-redundant

database using the search engine MASCOT.

4.2.7 De novo amino acid sequencing
4.2.7.1 N-terminal sulfonation and post-source decay (PSD) analysis

De-novo peptides/proteins sequencing was performed with the aid of N-terminal
sulfonation by methodologies previously described in (Wang et al., 2004). Briefly, 10
mg/ml 4-sulfophenyl isothiocyanate (SPITC) was added into the tryptic peptides and

incubated at 55°C for 30 min for the sulfonation reaction to occur. Sulfonated peptides

were cleaned by absorption onto and subsequently eluted from zip-tips before being
analyzed with MALDI-TOF mass spectrometer using post-source decay (PSD) as
described in the user manual (Autoflex, Bruker, Germany). The acquired PSD
spectrum was analyzed by the de novo sequencing function in Biotools 3.0 (Bruker,
Germany). Amino acid sequences were deduced from the ladder sequences (spectrum)

obtained and were searched against the NCBI non-redundant database.

4.2.7.2 Liquid-chromatography linked tandem mass spectrometry (LC-MS/MS)
analysis

Proteins excised from a coomassie stained 2-DE were digested by trypsin as
described previously. Dried peptide extracts were re-dissolved in 20-60 ul of water,

depending on the staining abundance of the protein spots, and 10 ul was loaded using
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an autosampler on a nano-LC-MS/MS Ultimate 3000 system (Dionex, Netherlands)
interfaced on-line to an ion-trap mass spectrometer HCTultra (Bruker, Germany). The
mobile phase was composed of 100% H2O (solvent A) and 20:80 H,O: ACN v/v
(solvent B). Peptides were first loaded onto a trapping microcolumn C18 PepMAP100
at a flow rate of 20 ml min™'. After 4 minutes, they were back-flush eluted and
separated on a nanocolumn C18 PepMAP100 at a flow rate of 300 nl min™ in the
mobile phase gradient: from 0 to 50% of solvent B in 60 min, 50-90% B in 10 min
and 100% B in 10 min; % B refers to the solvent B content in an A and B mixture.
Peptides were infused into the ion-trap mass spectrometer via a dynamic nanospray
probe and analyzed in positive mode. Three most abundant precursor ions detected in
the full MS survey scan (m/z range of 350—1500) were isolated within a 4.0 amu
window and fragmented. MS/MS fragmentation was triggered by a minimum signal
threshold of 500 counts and carried out at the normalized collision energy of 35%.
MS/MS spectra were analyzed by Data Analysis Software from Bruker (Bruker,
Germany) and de novo sequences were predicted with Biotools 3.0 (Bruker,

Germany).

4.2.7.3 Edman microsequencing

Part of the N-terminal peptides/proteins sequencing were done in the Australian
Proteome Analysis Facility (APAF) in Macquarie University. Proteins excised from a
coomassie stained 2-DE were washed twice with milli-Q water and send to APAF for
subsequent N-terminal sequencing. Briefly, the samples were first reduced and
alkylated in-gel with DTT and acrylamide. They were then in-gel digested with

trypsin at 37°C for 16 hr. The peptides were extracted from the gel and fractionated by
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RP-HPLC using a 1.0mm diameter column with a 100 ul min™' flow rate. Two minute
fractions were collected into 96-well plates. Eluting fraction that appeared to contain a
single peptide was selected for N-terminal sequencing. Ninety pl of the fraction was
loaded onto a biobrene-treated, precycled glass fibre filter and subjected to 13 cycles
of Edman N-terminal sequencing using an Applied Biosystems 494 Procise Protein
Sequencing System on a Pulsed Liquid sequencing method. Performance of the

sequencer is assessed routinely with 10 pmol B-Lactoglobulin standard.

4.2.8 cDNA sequence of NAP50
A.affine cells were grown as mentioned previously. During exponential growth,

200 ml culture were collected and centrifuged at 4°C with 1500 x g for 15 minutes.

The cell pellets were resuspended in Trizol reagent (Roche, Switzerland) for RNA
isolation according to the manual instructions. First-strand cDNA was synthesized
with approximately 2 pg of total RNA extracted. Reverse transcribing reaction was
performed by SuperScript™ III RT (Invitrogen, USA) with random primers according
to the instructions of the manufacturer. Synthesized cDNA was used as template for
PCR with degenerate primers designed from the peptide sequences of NAP50 (Table

4.1). PCR were performed under conditions: 95°C 5min; 35 cycles of 94°C 45s, 55C
45s and 72°C 2min; 72°C 10min. PCR products were cloned into pGEM-T easy

vectors (Promega, USA) prior to DNA sequencing. DNA sequencing of all cloned
plasmids were performed by commercial facilities using traditional
dideoxy-methodolgy.

The 3’ ends of NAP50 cDNA were obtained using the RACE method

(GeneRacer kit, Invitrogen, USA). This method was originally designed to synthesize
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and amplify cDNA selectively from mRNA molecules that have a poly (A) tail on the
3’ end. For the subsequent nested PCR, precisely matched primers were designed
based on the partial cDNA sequences obtained. Table 4.2 has shown all the PCR

primers used in RACE. PCR was carried out for 95°C 5min; 35 cycles of 94°C 45s,
50°C 45s and 72°C 1min; 72°C 10min. PCR products were cloned into pPGEM-T easy

vectors (Promega, USA) prior to DNA sequencing. DNA sequencing of all cloned
plasmids were performed by commercial facilities wusing traditional
dideoxy-methodolgy.

The N-terminal of NAP50 was found by N-terminal Edman protein sequencing.
The sequencing was done in The Protein Structure Core Facility (PSCF) of university
of Nebraska, US. Briefly, NAP50 from the 2-DE was transferred onto PVDF
membrane as mentioned previously. The PVDF membrane-bound proteins were
visualized by 0.1% coomassie blue R-250 in 40% methanol for 1 min, and then
destained in 40% methanol and 10% acetic acid. NAP50 was excised and subjected to

N-terminal sequencing.
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Table 4.1 Degenerate primers designed for PCR of NAP5S0 cDNA

Primer | Degenerate primer sequence (5°->3’) Peptide sequences Sources
NAPIF | GGNTTYAARGAYGAYTTYGAYGCN GFKDDFDAWR EQman .
NAPIR | NGCRTCRAARTCRTCYTTRAANCC microsequencing
NAP2F | GGNATHTGGGARGARYTNCCNAAR GIWEELPK Edman
NAP2R | YTTNGGNARYTCYTCCCADATNCC microsequencing
NAP3F | TTYGCNGAYTGGAAYGCNGARTA

AFADWNAEYE LC MS/MS
NAP3R | RTAYTCNGCRTTCCARTCNGC

F: forward primer
R: reverse primer

Table 4.2 Primers used in RACE of NAP50

Primer

Sequences (5°2>3’)

3’Race f

GCTGGGGCACTGCTGACGTGCTTTAC

3’Race_f nested

CGTGCTTTACAAGTCTGAGGCCATTG

Generacer 3’

GCTGTCAACGATACGCTACGTAACG

Generacer 3°_nested

CGCTACGTAACGGCATGACAGTG
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4.3 Results and discussion
4.3.1 Differential protein expressions of A.affine under nitrogen stress

Vegetative cells of A.affine grown in N-depleted and repleted conditions were
harvested and analyzed by 2-DE. In the beginning of the experiment, 2-D gels with
pH range 3-10 were used to analyze the protein expression (Figure 4.1). Such broad
pH range allow a large overview of the protein expressions in the 2-DE. However,
most of the proteins were located at the acidic side of the gels. It was also compatible
to the results of Chan et al. (Chan et al., 2005; Chan et al., 2004a; Chan et al., 2004b;
Chan et al., 2002; Chan et al., 2006). The 2-D gels from their studies also showed that
most of the proteins of P. triestinum were appeared in the acidic side of the gels. In
general, resolution of the 2-DE electropherogram using pH range 3-10 was
unsatisfactory because most of the protein spots were crowded at the middle part of
the gel. Therefore, it was difficult to find out the differential expressed proteins from
the gels. To better resolve the 2-DE electropherogram, we decided to perform all the
other 2-DE in the pH range 4-7 (Figure 4.2). Given that equal amounts of proteins
were loaded onto each gel and the intensities of silver staining were normalized with
standard markers, several groups of differentially expressed proteins were found
(circled in Figure 4.2). Moreover, the differentially expressed proteins in 2-DE of
N-repleted 24 hr were almost the same as that of N-repleted 48hr. It indicates that
most of the protein expressions have already changed in the lag phase (first 24 hours)
after N replenishment (refer to chapter II, Figure 2.6). Since amount of cells in
N-repleted 48hr were much higher than that of N-repleted 24hr and the higher amount
of cells would allow more proteins to be extracted, 2-DE from N-repleted 48hr would

be used to compared that with N-depleted for subsequent 2-DE analysis.
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pH 3
kDa

116 ~
84 ~
58 —

4857

36.5
26.6

N-depleted N-repleted 24hr N-repleted 48hr

Figure 4.1 2-DE protein expression profiles of 40 pg proteins extracts of A. affine over a pH range of 3 to 10. Three conditions:

N-depleted; N-repleted 24hr and N-repleted 48hr are shown as indicated. The second dimension was a SDS-PAGE with 10%
polyacrylamide gel. Protein visualization was performed with silver stained.
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36.5~
266

N-depleted N-repleted 24hr N-repleted 48hr

Figure 4.2 2-DE protein expression profiles of 60 pg protein extracts of 4. affine over a pH range of 4 to 7. Three conditions:
N-depleted; N-repleted 24hr and N-repleted 48hr are shown as indicated. The second dimension was a SDS-PAGE with 10%
polyacrylamide. Protein visualization was performed with silver stain. Differential expressed proteins are circled.
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Amounts of proteins available in silver staining gel (~ pg to ng) were generally
enough to obtain a PMFs with MALDI-TOF MS. However, proteins stained with
coomassie brilliant blue (~pg) were usually required for the de novo protein
sequencing, especially when performing MALDI-PSD. The higher the amount of
protein provided, the higher the success for amino acid sequencing. Given that most
of the genome of A. affine is unknown, it is important to obtain coomassie blue
stained 2-DE gels with higher protein loading for subsequent de-novo sequencing.
Seven hundred pg of total proteins of 4. affine from both N-depleted and repleted
conditions were subjected to 2-DE analysis (Figure 4.3). The proteins were clearly
resolved and the differentially expressed proteins found (circled) were same as that in
the 2-DE stained with silver stained (Figure 4.2). The differentially expressed proteins
were numbered (arrow) according to Table 4.3. As detected by 2-DE gel analysis
software Melanie 3, the total protein spots of both 2-DE gels from N-depleted and
N-repleted were 1736 and 1853 respectively. However, only proteins with high
expression fold changes (at least by 5 folds) were selected (Table 4.3).A total of 22
differentially expressed proteins (spotl- 22) were found from 2-DE with pH 4-7
(Figure 4.3). Although the proteins were better resolved in the 2-DE over the pH
range of 4-7 when compared to pH 3-10, some differentially expressed proteins may
still be too close to others. Since most proteins were located around pH 4-6, 2-DE gels
were repeated using IEF strips with pH range 4-5 (Figure 4.5) and pH range 5-6
(Figure 4.4). From the results of these gels, in addition to the 22 differentially
expressed proteins found previously (from Figure 4.3), a further 11 differentially
expressed proteins were found. These proteins were also numbered according to Table

4.3 and they were selected based on the 5-folds changes cut off point as mentioned
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previously. Among these 11 proteins, 5 were found from 2-DE gel with pH range 5-6
(spot 23- 27) (Figure 4.4) and another 6 were found from 2-DE with pH range 4-5
(spot 28- 33) (Figure 4.5). Therefore, by comparing the 2-DE of N-depleted and
N-repleted, a total of 33 differentially expressed proteins were found (Figure 4.6 and
Table 4.3). These proteins were selected and focused for further investigations. It
should be stressed that these proteins exhibited more than 5 folds in their protein
expression. This significantly reduces the possibility of finding false positive
differentially expressed proteins. Out of these 33 differentially expressed proteins, 12
of them showed at least 15-fold of differential expression (Table 4.3). Moreover, most
of them were up-regulated in N-repletion and only 2 (spot 22 and 30) were
down-regulated. These nitrogen responsive proteins were believed to be involved in a
wide range of cellular processes that may facilitates the cells to growth rapidly upon
resumption of nitrogen supply. Because of their tight association with the availability
of nitrogen, these differentially expressed proteins were named as nitrogen-associated
proteins (NAPs).

On the other hands, we found that the 2-DE profile of N-repleted 48hr was
highly similar to the 2-DE profile of mid-log phase (Figure 4.7). It strongly suggested
that protein expressions were resumed to their exponential growth status after nitrogen
was replenished to nitrogen-depleted cultures. Although studying the protein
expressions in different growth phases were not the scope of the present study, it can
easily be observed that there were some groups of proteins which decreased their
protein expressions when the cells went from mid-log phase of growth to stationary
phase (Figure 4.7). Therefore, these results further implied that the N-repleted cultures

were growing exponentially rather than keeping at stationary growth.
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36.5-
26.6~

N-depleted N-repleted

Figure 4.3 2-DE protein expression profiles of 700 ng of protein extracts of A. affine over a pH range of 4 to 7. Two conditions:
N-depleted and N-repleted 48hr are indicated. The second dimension was a SDS-PAGE in a 10% polyacrylamide gel. Proteins

visualization was performed with coomassie blue staining. Differential expressed proteins are circled and numbered according to Table
4.3.
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N-depleted N-repleted

Figure 4.4 2-DE protein expression profiles of 80 pg protein extracts of A. affine over a pH range of 5 to 6. Two conditions:
N-depleted and N-repleted 48hr are indicated. The second dimension was a SDS-PAGE in a 10% polyacrylamide gel. Protein visualization
was performed with silver staining. Differential expressed proteins are circled and numbered according to Table 4.3.
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26.6~

N-depleted

Figure 4.5 2-DE protein expression profiles of 80 pg protein extracts of A. affine over a pH range of 4 to 5. Two conditions:
N-depleted and N-repleted 48hr are indicated. The second dimension was a SDS-PAGE in a 10% polyacrylamide gel. Protein visualization
was performed with silver staining. Differential expressed proteins are circled and numbered according to Table 4.3.
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Figure 4.6 Differentially expressed proteins after
N-repletion. (a-1), (j-m) and (n-p) are the magnified
corresponding regions of gels as indicated in Figure 4.3,
4.4 and 4.5 respectively. Spots are numbered according
to Table 4.3.



Table 4.3 Differentially expressed proteins as analyzed by 2-DE (with expression
changes by at least 5-folds)

Spot I;:))ie;:c(t;[l)c lese(cll:]l;;) Protein expression* Folds of change b
1 53 55 up-regulated 18
2 5.4 55 up-regulated 17"
3 5.5 55 up-regulated 17.5"
4 5.6 55 up-regulated 18
5 5.7 55 up-regulated 18"
6 5.4 50 up-regulated 17"
7 5.5 50 up-regulated 18.6"
8 5.6 50 up-regulated 18.6"
9 5.7 50 up-regulated 17.3"
10 6.4 25 up-regulated 15.5"
11 6.7 30 up-regulated 6.4
12 6.8 38 up-regulated 10.9
13 6.5 38 up-regulated 10.1
14 5.9 40 up-regulated 16.2"
15 6.0 53 up-regulated 10.1
16 6.2 53 up-regulated 10.8
17 6.3 53 up-regulated 11.3
18 6.5 53 up-regulated 9.8
19 6.6 53 up-regulated 10.5

20 6.7 53 up-regulated 9.7
21 5.7 59 up-regulated 7.6
22 5.8 58 down-regulated 16.2"
23 5.9 57 up-regulated 13.2
24 5.9 55 up-regulated 13.8
25 5.7 40 up-regulated 14.8
26 5.6 40 up-regulated 14
27 53 36 up-regulated 8.2
28 4.5 26 up-regulated 10.1
29 4.5 20 up-regulated 10.4
30 43 38 down-regulated 11
31 4.7 38 up-regulated 7.1
32 4.7 38 up-regulated 7.8
33 4.7 37 up-regulated 7.3

* Protein expression according to spots in N-repleted 2-DE compared to that of
N-depleted.

P Folds of changes of protein expressions were detected in terms of optical intensity of
spots in N-repletion to that of N-depletion by 2-DE analysis software Melanie 3.

* Protein spot with differential expression over 15 -fold and selected for amino acid
sequencing
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N-repleted 48hr

e (Day 3) stationary phase (day 17)

mid-log phas

Figure 4.7 2-DE protein expression profiles of 60 pg of protein extracts of 4. affine over a pH range of 4 to 7. Three conditions:
N-repleted 48hr, mid-log phase and stationary phase are indicated. The second dimension was a SDS-PAGE in a 10% polyacrylamide gel.
Protein visualization was by silver staining. Squares indicate differentially expressed proteins in the three conditions.
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4.3.2 Protein identification by MALDI-TOF mass spectrometry

Attempts to identify all the differentially expressed proteins (as indicated in
Table 4.3) were performed using in-gel tryptic digestion and MALDI-TOF MS. After
tryptic digestion, peptide mass fingerprints (PMFs) of each protein were obtained
(spot 1-5 in Figure 4.8; spot 6-9 in Figure 4.12; spot 10 in Figure 4.17; spot 14 in
Figure 4.18; spot 22 in Figure 4.19 and the rest are in Appendix I). Out of all 33
differentially expressed proteins, only 5 protein spots were successfully identified. By
bioinformatics searches from the NCBInr databases using the Mascot search engine
with the PMFs obtained from spot 1-5 (Figure 4.8), it showed that spot 1-5 were the
same protein. It is Ribulose 1,5-bisphosphate carboxylase/oxygenase II (Rubisco II).
PMFs of these 5 protein spots were nearly identical (Figure 4.8). With the slightly
different p/ points in the 2-DE gels (p/ ranged from 5.4-5.7, and the same molecular
weights of 55kDa (Table 4.3)), it strongly suggested that these 5 proteins were
isoforms of the same protein (Rubisco II). Figure 4.9 shows results of a MASCOT
search using PMF obtained from spot 2. It shows that the protein is Rubisco II with a
MOWSE score of 98. The MOWSE score represents the probability of the query
protein matched with the identified protein from the database. According to the search
algorithm of MASCOT, any protein with score higher than 64 is considered as
significant (not by chance) and p<0.05. Besides the protein scores, sequence coverage
of the peptide masses of spot 2 to the protein sequence of the matched protein was
15.2 % (Figure 4.10). To confirm if the proteins are indeed Rubisco II, two peptides
(1000.431 and 1537.916 m/z) from the digested proteins were sulfonated and the
amino acid sequences were analyzed by MALDI-PSD (Figure 4.11). As mentioned

previously in section 1.4, sulfonation would greatly facilitate the amino acid
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sequencing with MALDI-PSD by simply generates y-type ions in the PSD spectrum.
It was clearly observed in the PSD spectrum of both sulfonated peptides (1215.55 and
1753.05 m/z) that the dominating peaks were mainly y-ions. Thus, amino acid
sequences were easily deduced from the mass difference between adjacent y-ions with
the mass tolerance limited to + 0.5 Da. Sequence tag: QF[/LJHYHR and
YWII/L]S[I/L]TEED[I/L][I/L]R were obtained. (Isoleucine and leucine have the same
molecular mass and hence that amino acid was shown as I/L.) These sequence tags
were also used to search against the NCBInr database. Sequence QF[I/LJHYHR
matched with sequence QFLHYHR of Rubisco II of the Symbiodinium spp.
(accession no. AAY51977). In addition, sequence YW[I/L]S[I/L]ITEED[I/L][I/L]R
matched with sequence YADLSLTEEDLIK of Rubisco II of the Prorocentrum
minimum (accession no. AAO13049.1). Since the monoisotopic mass of tryptophan
(W= 186.07) in YWI/LSI/LTEEDI/LI/LR is same as that of alanine (A= 71.04) +
aspartic acid (D= 115.03) in YADLSLTEEDLIK, it suggested that both sequences
were actually same as each other. Therefore, from the results of both the PMFs and
peptide sequences data of spot 1-5 confirmed that they are Rubisco II. The

significance of Rubisco II will be discussed in details in next chapter.
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Figure 4.8 Peptide mass fingerprints (PMFs) of (a) spot 1; (b) spot 2; (c¢) spot 3; (d) spot 4 and (e) spot 5 obtained using
MALDI-TOF mass spectrometry. Asterisk indicates peptides (1000.4 and 1537.9 m/z) that are found to be sulfonated and chosen for
subsequent Post-source decay (PSD) analysis.
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Figure 4.9 Representative MASCOT search results from NCBInr database
search using the PMFs obtained in Figure 4.8. Result gave an identification of
Ribulose 1,5-bisphosphate carboxylase oxygenase II (Rubisco II) of accession no as
indicated and the highest MOWSE score was 98 (scores greater than 64 are
considered as significant (p<0.05)).
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Figure 4.10 Sequence coverage of peptide masses in

matched protein in the database.
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Figure 4.11 PSD spectrums of sulfonated peptides with (a) 1215.55 and (b)
1753.05 m/z. The sulfonated peptides1215.55 and 1753.05 m/z were derived from
sulfonation of the native peptides 1000.431and 1537.916 m/z with SPITC (215 Da)
respectively. Amino acid sequences are deduced from the mass difference between
adjacent y-ions and 2 sequence tags were obtained: QF[I/LJHYHR and
YWI[I/L]S[I/L]TEED[I/L][I/L]R The second amino acid W may be actually be A and
D as shown from the database, because molecular mass of Tryptophan (W) 186.07 =
Alanine (A) 71.04 + Aspartic acid (D) 115.03.
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4.3.3 De novo protein/peptide sequencing

Because of the limited DNA and protein sequences information of dinoflagellates
in the database, it is not surprising that bioinformatic searches using PMFs obtained
from the 28 proteins were not all successful. In our establishment, to take the
identification further, the next level was de novo sequencing with sulfonation using
MALDI-PSD. However, a significant amount of protein is required, i.e. they have to
be reasonably strongly stained with Coomassie brilliant blue. Therefore, proteins that
were of very high differential protein expressions (> 15-fold) and highly stained with
coomassie blue were selected (spot 6-9, 10, 14 and 22) for amino acid sequencing
with MALDI-PSD (Table 4.3). For other proteins, attempts are currently in progress
either to obtain a sufficient enough amount for MALDI-PSD analysis, or to perform
other amino acid sequencing methods such as N-terminal sequencing and LC MS/MS.

PMFs of spots 6-9 were highly similar with almost identical peptide masses
(Figure 4.12). Results revealed that these multiple protein spots were isoforms of the
same protein. Their differences in p/ could be accounted for the post-translational
modification (PTM) of the protein. Spots 6-9 were located just slightly below that of
Rubisco II (spot 1-5) (Figure 4.3) and with around 50kDa, pI ranged from 5.4-5.7
(Table 4.3). A peptide (1152.5 m/z) was found to be sulfonated and therefore chosen
for subsequent Post-source decay (PSD) analysis. Amino acid sequences
(YHFATMNJI/L]R) are deduced subsequently (Figure 4.12). Beside Rubisco II (Spots
1-5), their differential protein expressions were the highest among all the differentially
expressed proteins found, with more than 17-folds differences (Table 4.3). Thus,
further investigations on this group of proteins were taken. In order to obtain more

amino acid sequences of this group of proteins, LC-MS/MS and Edman
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microsequencing were also performed. For the LC-MS/MS, digested peptides from
the proteins were separated by loading onto a reverse-phase C-18 column. This
fractionation was aimed to restrict the amount of peptides to one or two in each
fractions prior entering to the ion-trap mass spectrometry. The elution profile was
shown in Appendix II. Peptide with the highest amount in each fraction was selected
and further fragmented by collision induced dissociation (CID) to produce a ladder
sequence. However, one of the difficulties for performing amino acid sequencing with
LC-MS/MS is the analysis of the MS/MS spectrum. Unlike sulfonation-MALDI-PSD,
more than one type of ions would be generated from the ion-trap MS/MS. Although
ions generated would mainly be y-, a- and b- type ions, the interpretation of the de
novo amino acid sequences is complicated. Nevertheless, four relatively more reliable
sequences from four peptides were found: 626.2 (2+) m/z (Figure 4.13); 542.6 (2+)
m/z (Figure 4.14); 672.2 (2+) m/z (Figure 4.15) and 654.2 (2+) m/z (Figure 4.16). The
sequences were deduced with the aid of softwares (Data analysis and Biotools 3.0;
Bruker, Germany). Both the MS and MS/MS spectrum, together with the deduced
amino acid sequences were shown below: QVETEASNMK (Figure 4.13); ALDAPLA
(Figure 4.14); AFADWNAEYE (Figure 4.15) and FFEAESADY (Figure 4.16). For
the Edman microsequencing, the digested peptides after separated by the
reverse-phase column, instead of LC MS/MS, they were subjected to Edman
sequencing. Three peptides (P1-F-05, P1-F-06 and P1-G06) from the eluted fractions
were selected for N-terminal sequencing (Appendix III). Amino acid sequences of the
three peptides obtained were: AFA[G/D/I|[T/W/D]JAA[V/E/G][L/Y/M]YK (P1-F-05
fragment); GFKDDFDAWR (P1-F-06 fragment) and GIWEELPK (P1-G06 fragment)

(Appendix IV). The uncertain amino acid sequence of P1-F-05 was attributed to the
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likely presence of more than one peptide in the same fraction.

For spot 10, peptide (1813.9 m/z) was found to be sulfonated and chosen for
subsequent Post-source decay (PSD) analysis. Amino acid sequences
(NXYSQ[I/L]TYNQVR) were deduced from the mass difference between adjacent
y-ions of the spectrum (Figure 4.17). “X” represents gap in the peptide sequence
which contain one or more amino acids. This protein has a relatively lower molecular
mass with around 25kDa, and p/ was around 6.4 (Table 4.3). For spot 14, two peptides
(1076.4 and 1819.2 m/z) were found to be sulfonated and chosen for subsequent
Post-source decay (PSD) analysis. Amino acid sequences (AXA[I/L]NGFGR and
NXYDNEWGYSXR) were deduced from the mass difference between adjacent
y-ions of the spectrum (Figure 4.18). The molecular mass and p/ of this protein were
around 40kDa and 5.9 respectively (Table 4.3). Unlike proteins mentioned above,
protein spot 22 was found to be highly down-regulated upon the N-repletion (Figure
4.3).Two peptides (886.4 and 1682.8 m/z) were found to be sulfonated and chosen for
subsequent PSD analysis. Amino acid sequences (YFAGX[I/L]JR and
EXADI[I/LIXAADHFR) were deduced from the mass difference between adjacent
y-ions of the spectrum (Figure 4.19). The molecular mass and p/ of this protein were
around 58kDa and 5.8 (Table 4.3).

Table 4.4 has summarized the de novo amino acid sequences obtained. Searching
using these partial amino acid sequences against the NCBInr database, Protein
DataBank and SWISS-PROT by BLAST (except that for Rubisco II, spot 1-5)
revealed no any homology in the database. Nevertheless, using these amino acid
sequences data, degenerate primers could be designed for PCR amplification of the

corresponding genes. This may allow further investigation such as DNA sequencing
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to be performed. Since these differential expressed proteins were all novel and highly
associated with nitrogen, these proteins were named as nitrogen-associated proteins
(NAPs). In addition, to be more specific, spot 6-9, 10, 14 and 22 were named as
NAP50, NAP25, NAP40 and NAPS58 respectively. The number indicates the

molecular mass of the protein.
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Figure 4.13 MS and MS/MS spectrum obtained from LC-MS/MS ion trap mass
spectrometry. (a) MS spectrum of peptides eluted in fraction 50 from the LC (C-18
RP column). Asterisk indicates peptide was selected for MS/MS analysis. (b) MS/MS
spectrum of the selected peptide [626.2 (2+) m/z]. Amino acid sequences
(QVETEASNMK) derived from the y and b ions was indicated.
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Figure 4.14 MS and MS/MS spectrum obtained from LC-MS/MS ion trap mass
spectrometry. (a) MS spectrum of peptides eluted in fraction 88 from the LC (C-18
RP column). Asterisk indicates peptide was selected for MS/MS analysis. (b) MS/MS
spectrum of the selected peptide [542.6 (2+) m/z]. Amino acid sequences (ALDAPLA)
derived from the y and b ions was indicated.
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Figure 4.15 MS and MS/MS spectrum obtained from LC-MS/MS ion trap mass
spectrometry. (a) MS spectrum of peptides eluted in fraction 160 from the LC (C-18
RP column). Asterisk indicates peptide was selected for MS/MS analysis. (b) MS/MS
spectrum of the selected peptide [672.2 (2+) m/z]. Amino acid sequences

(AFADWNAEYE) derived from the y and b ions was indicated.
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Figure 4.16 MS and MS/MS spectrum obtained from LC-MS/MS ion trap mass
spectrometry. (a) MS spectrum of peptides eluted in fraction 125 from the LC (C-18
RP column). Asterisk indicates peptide was selected for MS/MS analysis. (b) MS/MS
spectrum of the selected peptide [654.2 (2+) m/z]. Amino acid sequences
(FFEAESADY) derived from the y and b ions was indicated.
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Figure 4.17 Peptide mass fingerprints (PMF) of (a) spot 10 and (b) PSD spectrum
obtained using MALDI-TOF mass spectrometry. Asterisk indicates peptide
(1813.9 m/z) that was found to be sulfonated and chosen for subsequent PSD analysis.
Amino acid sequences (NXYSQ[I/LJTYNQVR) was deduced from the mass
difference between adjacent y-ions of the spectrum. X represents gap in the peptide
sequence which contain one or more amino acids
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Figure 4.18 Peptide mass fingerprints (PMFs) of (a) spot 14 and PSD spectrum of
peptide (b) 1076.4 and (c¢) 1819.2 m/z obtained using MALDI-TOF mass
spectrometry. Asterisk indicates peptides (1076.4 and 1819.2 m/z) that were found to
be sulfonated and chosen for subsequent PSD analysis. Amino acid sequences
(AXA[ILINGFGR and NXYDNEWGYSXR) were deduced from the mass difference
between adjacent y-ions of the spectrum. X represents gap in the peptide sequence
which contain one or more amino acids
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Figure 4.19 Peptide mass fingerprints (PMFs) of (a) spot 22 and PSD spectrum of
peptide (b) 886.4 and (c) 1682.8 m/z; obtained using MALDI-TOF mass
spectrometry. Asterisk indicates peptides 886.4 and 1682.8 (m/z) that were found to
be sulfonated and chosen for subsequent PSD analysis. Amino acid sequences
(YFAGXJI/L]R and EXAD[I/L]XAADHFR) were deduced from the mass difference
between adjacent y-ions of the spectrum. X represents gap in the peptide sequence
which contain one or more amino acids
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Table 4.4 Amino acid sequences of protein spots 1-5, 6-9, 10, 14 and 22.

Spot | Protein }’;}/)Zt;de mass Amino acid sequences Sources
» | Rubisco | 1000.4 (1+) QFI/LHYHR
57 1537.9 (1+) YWI/LSI/LTEEDI/LI/LR i}l,fﬁlfff_eﬁgl)
1152.5 (1+) YHFATMNI/LR
626.2 (2+) QVETEASNMK
542.6 (2+) ALDAPLA
672.2 (2+) AFADWNAEYE® LCMS/MS
6-9° | NAP50 | 654.2 (2+) FFEAESADY
1237.5 (1+) GFKDDFDAWR *
952.4 (1+) GIWEELPK * Edman micro-
NA AFA(G/D/T)(T/W/D)AA(V/E/ | sequencing
G)(L/Y/M)YK
10 | NAP25 [1814.1 (1+) NXYSQILTYNQVR
1076.4 (1+) AXAI/LNGFGR
14| NAPA0 | 1e190(14) | NXYDNEWGYSXR E,‘ffﬁgt_elfél)
| napsg | 3864 (1) YFAGXI/LR
1682.8 (1+) EXADI/LXAADHFR

* Amino acid sequences were selected for designing degenerate primers for NAP50
P Spots believed to be isoforms of the same protein
X represents gap in the peptide sequence which contain one or more amino acids
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4.3.4 Putative cDNA sequence of NAP50

At the outset of this work, a putative amino acid sequences of NAP50 (spot 6-9)
from A. affine had been determined. Degenerate primers were designed from the
peptide sequences obtained (Table 4.1). Three PCR products with around 1100 bp
(with primers NAP1F + NAP3R); 800 bp (with primers NAP1F + NAP3R) and 300
bp (with primers NAP2F + NAP3R) were successfully obtained (Figure 4.20). DNA
sequence of the 1100 bp product including that of the 800 bp and 300 bp products,
suggesting that the three PCR products obtained were coming from the same gene.
Sequences of 3’ ends of the cDNA were found by RACE method subsequently.
Gene-specific primers were designed from the location closed to the 3’ ends (Table
4.2). Final PCR products of around 400 bp were obtained from the 3> RACE (Figure
4.20). For the N-terminal of the protein, it was found by the N-terminal Edman
sequencing.

The length of the cDNA sequence obtained was around 1.5 kb. Sequence of the
longest clone is given in Figure 4.21. This open reading frame contains 6 out of 7
peptide sequences obtained from the de novo sequencing (Table 4.4) and they were
shown in underlining in Figure 4.21. The sequence ALDAPLA was not found in the
derived amino acid sequence of NAPS50, presumably correspond to contaminating
proteins that were close and probably co-migrate with NAP50 on the 2-DE gels.
Furthermore, the derived protein sequence with 400 amino acids with a predicted
molecular weight of 47 kDa which is very close to the apparent molecular weight 50
kDa obtained from our 2-DE analyses. Therefore, it indicates that the sequence
obtained does indeed encode NAPS50. Further, the possibility that sequence of NAP50

might be derived from a bacterial contaminant in our unialgal (but not axenic) cultures
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are highly unlikely, because the cDNA (3’ RACE) was prepared from polyadenylated
RNA. Hence to summarize, full amino acid sequence of NAP50 was obtained.

The entire derived protein sequence was also used in BLAST protein searches,
but no positive identification could be found. Although it was very exciting to obtain
the entire sequence of a novel protein, it’s near zero degree of sequence identity is
insufficient to predict the function of the NAP50. Results of cellular localization
studies as well as changes in expression of NAP50 in relation to nitrogen loading are

to be presented in Chapter V.
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1100bp(NAP1F+NAP3R)
800bP(NAP1F+NAP2R)

<+ 300bp(NAP2F+NAP3R)
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— i b :
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1100bp
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(3'_race_f + Generacer 3’)

3’ end sequences found by RACE

N-terminal sequences in the 5" end
obtained from Edman sequencing

Figure 4.20 Determination of NAPS0 sequences by the degenerate primers. (a)
Three PCR products with around 1100bp (with primers NAP1F + NAP3R); 800bp
(with primers NAP1F + NAP3R) and 300bp (with primers NAP2F + NAP3R) were
successfully obtained from the PCR with the corresponding primers. (b) PCR
products of around 400 bp were obtained from the 3> RACE. (c) schematic diagram
showing NAP50.
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ggattcaaggacgacttcgacgcctggcgetectecttgagetctgaggagaaggecaatg
G FKDDFDAWRISSLSSETETE KA ANM
ctccagaagcaggcgcggaacgagtatgacaagaagttccgcaagtctgacgaattcaaa
L QK QARNEYVDI KZ KT FZRI KT SUDETFK
aagaacctgccagaggagaaggtgcagtctttcgcgaagatcttaggcaagttttttgaa
K NLPEZEZKVQSFAKTITLTGZI KZEFE
gcggagtcecegeggactacacgaaggaggtcgetgeccggtegectgactacgatggecte
AAESADYTIKEVAARZ SUPDYDGL
gccaagegtgcgggggagaagaagatggacttcagectcaagaacaagattgtcgaggtg
AAKRAGEI KIKMDZ FZ SILI KNI KTIVEYV
aaccgcgacgecgaccgecgetaccactttgecgacgatgaacatccgecgaagegecagegce
NRDADI RRYHEFATMNTIREAZQ QTR
aaaggtgagttgttcccgecagagetcaccgetcactgagaagtgggtcgtccagaatgat
K GELFPQSSPLTEZ KWVVQND
gacgaggagtcgcaccagaaggccctggatgtcctggagttcatcaagagggccaaggac
DEESHOQIKALDVVLET FTII KTZ RATZKD
gaccccagetgeccaccggacgeccaagecctacatggaggaatgggtgcagaagggeatce
DPSCPPDAKPYMETEWV QKOG
ccacccatgggcgagaacatcgagcetcccgatcceccccaggtectggegaaccagetgeat
PPMGENTIETLUPTIPOQVLANG GOQTLH
accatgtctatgatgatcaagaacggcttcgagggagectgcgaaggacaagactgaggct
TMSMMTIIKNGTEFEGAAIKDI KTE A
gaggtggcggcagaggagaagaagctgccggagattgctgecgggcaccatcaageagetg
EVAAEZEI KIKTLPETIAAGTTII KU QL
gtggacaagtacgtatctgcgegegatcaggtggagaccgaagegagcaacatgaaggcce
VDKYVSARDOQVETEASNMKA
ttcttcegtgcgcaagaggacatgccaggcaagaccaaggecagatgtgetcaaggggatce
FFRAQETIDMMPG GI KTI KA ADVTLIKGI
tgggaagagctgccaaaaaggacgaagaageccttgecccccactggacgaggaggttcett
WEELPIKRTI KI K©PLZPPLUDETEVL
gcagagctcgcggagatcccggecaaacattgaaggecaggacaageacagetggggcact
AAELAETIPANTIESGOQDI KUHSWGT
gctgacgtgctttacaagtctgaggccattgatgecttcggecatgaagtacctecttggt
ADVLYK SEAIDAFOGMIKYTVLTLSG
gtctttgaaaccaaagatgaggctcaaaaggcatttgecgactggaacgcagaatacgag
V F ETKDEAOQIKAFADWNAEYE
aaggcccgcgtggaaatgaaagetgagatggagecagtggggcaagecaggageaggcgcgce
K ARVEMIKAEMET QWGI KOQEQATR
ttggaccgtgacacttccggcccagagegecatcaagaaggtcttggaagaatcaaggcegt
L DRDTZ SOGPEZRTIIKI KV VLEET ST RTR R
gctgcatgcccgcactgcctagcccattgtattagccagtctttgcagatgcagctt
gcaacaagcaagcaggttccggtggttccatgagtgcatttttgatcgaaaaaaaaaaaa
aaaaaaaa
Figure 4.21 Putative amino acid sequences of NAP50. Peptide sequences obtained
from de novo sequencing (Table 4.4) (underlined). Stop codon (TGA) (Box with solid
line). N-terminal sequence obtained from edman sequencing (Box with dotted line).
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4.4 Conclusions

Proteomic study with 2-DE analysis of studying model A.affine under
N-depletion and repletion was performed in the present study. A total of 33
differentially expressed proteins were found. All of them showed at least 5-fold
differential expression differences upon N-depletion and subsequent repletion.
Thirty-one of them were found to be up-regulated and 2 of them were down-regulated
after the repletion of nitrogen. Of these differentially expressed proteins, 5 protein
spots  were  successfully  identified as  Ribulose 1,5-bisphosphate
carboxylase/oxygenase II (Rubisco II) and its isoforms. Further, full sequence of
NAP50 was obtained. However, no sequence homology could be found through
bioinformatic searches through the various known databases. Partial amino acid
sequences of several other NAPs were also obtained. However, cloning experiments

to obtain their full sequences were not performed due to time constraints.
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CHAPTER YV

Drastically changes in the protein expression of nitrogen-associated
proteins (NAPs) under nitrogen stress

5.1 Introduction

Nitrogen is one of the most important nutrients for the growth of dinoflagellates
and it is also believed to be associated with the causes of HABs. Since the exact
mechanism of HAB is uncertain, knowing the molecular responses of dinoflagellates
to the re-loading of nitrogen is very important. In the literature, it is generally believed
that proteins in living organism can exist in various forms and each protein has its
own life time, but generally does not exist beyond lifetime of the organism. Therefore,
turnover and quality control of proteins are physiologically important for sustaining
life of the organism (Gottesman et al., 1997). Studies in recent years have revealed the
regulatory roles that subsets of rapidly degraded proteins play in metabolic and
developmental processes in both prokaryotes and eukaryotes. Several lines of
evidence support that protein degradation occurs in plants during senescence
(Hortensteiner and Feller, 2002). It is envisioned that leaf senescence is a complex
highly regulated developmental phase characterized by protein degradation. It is
generally believed that the breakdown of some specific proteins like Rubisco is of
great physiological significance as these proteins provide additional amino acids for
mobilization to other reproductive organs of the plant. Beyond senescence, protein
degradation often occurred in responses to stress. For example, presence of proteases
have been implicated in degradation of light-harvesting phycobiliproteins in
nutrient-deprived cyanobacteria (Collier and Grossman, 1994). In addition, induction

of proteases in response to nitrogen has also been described in some diatom and

156



chlorophyte species (Berges and Falkowski, 1998). It should be noted that, in contrast
to higher plants, very little is known about proteolytic protein degradation in
microalgae and especially dinoflagellates.

Sequel to the 33 differentially expressed proteins found from the 2-DE analysis
on A. affine grown under N-depletion (Chapter IV), most of the NAPs were found to
have minimal expression levels during N-depletion. However, their expression levels
increased dramatically upon N-repletion. On the other hand, Rubisco II and NAP50
were found to be down-regulated drastically for more than 16-fold during N-depletion.
Why are these proteins down-regulated? What are the molecular mechanisms leading
to the degradation of these proteins? Is there any protease involved in the protein
degradation under the N-depletion condition? In an attempt to answer these questions,

a series of immunoblotting experiments were performed.
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5.2 Materials and methods
5.2.1 Production of antibodies against NAPS0

Antibody was raised in female Sprague Dawley rats. Coomassie blue stained
spots of NAP50 were excised from the 2-DE gels for preparation as immunogen.
Before injection into rats, identities of NAP50 spots excised were validated by
comparing their PMFs to that of NAP50. In order to have enough antigens for
immunization, eight to ten protein spots of the same protein were pooled. After
excision from the 2DE gels, these protein spots were destained by destaining solution
(40% methanol, 10% acetic acid) before being washed extensively with PBS (pH7.4)
until pH of the washing buffer is near 7.4. Subsequently, gel spots were homogenized
into a slurry-like suspension. This suspension was mixed 1:1 with Complete /
Incomplete Freund’s Adjuvant (Sigma, USA) depending whether it is the initial
injection or subsequent booster shoots. One ml of the emulsion was injected into each

rat subcutaneously near the hind limbs. The process was summarized in Table 5.1.

Table 5.1 Antibody production of NAP50

Duration * Num.b(.ar of Serum collection
Spots injected

Primary Immunization " 3 weeks 10 nil
1 booster 2 weeks 8 nil
2" pooster 2 weeks 9 nil
Final booster 2 weeks 8 From eye °
Kl“mg. and final serum nil nil From whole animals
collection

? Time duration before next injection

P Complete Freund’s Adjuvant was used in the primary immunization, and Incomplete
Freund’s Adjuvant was used in subsequent booster.

‘Serum was taken from the rats before final booster
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In order to check the antibody production progress, periodical bleeding was
performed to obtain 1ml of blood from each immunized rat. The blood was allowed to
clot in room temperature for 30 minutes before being stored overnight at 4°C.
Subsequently, the blood was centrifuged at 1500 x g at 4°C for 20 minutes. Clear
supernatant obtained was the anti-serum (containing polyclonal antibodies) produced
and was aliquoted before being stored in -20°C.. Care of these rats was performed
according to the Code of Practice for Care of the Animals of The Hong Kong SAR
Government. Ethnics approval for this part of the experiment was obtained from the

Animal Subjects Research Ethnics Subcommittee.

5.2.2 Western blotting

5.2.2.1 Sensitivity and specificity of polyclonal antibodies generated against NAP
To test the sensitivity and specificity of the anti-NAP50 antiserum, total protein

extracts of 4. affine were subjected to one- and two-dimensional gel electrophoresis.

Twenty ng and 700 pg of proteins were loaded to the 1D and 2DE gels respectively.

Subsequent to 1D or 2D electrophoresis, resolved proteins were electro- blotted onto a

nitrocellulose membrane at 100V for 2 hour at 4°C. Subsequently, the protein-blotted

membrane was rinsed with TBS buffer (20mM Tris-HCI and 137 mM NaCl, pH 7.6)
before being blocked with 5% BSA in TBS buffer for 2 hours at room temperature.
Subsequently, the membrane was probed with anti-NAP50 antiserum diluted 1:1000;
1:2000; 1:3000; 1:4000 and 1:5000 with 1% BSA in TBS for 1 hour at room
temperature. (Only 1:4000 was used for 2-DE western blot.) For probing experiments
with Rubisco II, the membrane was probed with rabbit antibodies to Rubisco II

diluted 1:4000 with 1% BSA in TBS for 1 hour at room temperature. (The polyclonal
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antibody to Rubisco II was a kind gift from Professor David Morse, Montreal
University, Canada.) After washing six times with TBS buffer containing 1% Tween
20 (TBST buffer), the membrane was probed either with anti-NAPS50 or anti-Rubisco
II. After incubation for 1 hour at room temperature, the membrane was washed again
before being incubated with either peroxidase conjugated anti-rat IgG antibodies
(diluted 1:2000 with 1% BSA in TBS; Santa Cruz Biotechnology, USA) or with
peroxidase conjugated anti-rabbit IgG antibodies (diluted 1:100000 with 1% BSA in
TBS; Santa Cruz Biotechnology, USA) for 1 hour respectively. After washing six
times with TBST buffer, expression levels of Rubisco II and NAP50 were assessed by
the amount of chemiluminescent signals generated using Supersignal
Chemiluminescent Substrate kit (Pierce Chemical, USA) with the procedures

performed according to that described by the manufacturer.

5.2.2.2 Analysis of protein expression level of NAPs under different conditions
Unless stated otherwise, all western blotting experiments were performed with the
same conditions as detailed above. Proteins extracted from equal cell amounts were

loaded onto the SDS-PAGE.

5.2.2.2.1 Nitrogen-depletion

A. affine cells at mid-log phase were harvested by centrifugation at 1500 x g at room
temperature. Cells were washed twice with sterile synthetic seawater. Cells were
inoculated into a 100 ml fresh K-medium with or without any nitrogen sources.
Unless stated otherwise, nitrate was used as the nitrogen source for the entire

experiment. The initial cell density of each 100 ml cells was set at 2000 cell ml™" and
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it was checked by cell counting. Growth of these cells was monitored by cell count at
the same time every day. Cells were harvested at various time points (from time 0 —
48 hours) and analysed by western blotting as described above. On the other hand,
proteins were loaded either according to equal protein amounts or equal cell amounts.
For equal protein loading, 20 pg of total proteins were loaded and alpha-tubulin
(Santa Cruz Biotechnology, USA) was used as loading control for protein load. For
equal cells loading, 20 pl of proteins extracted from the same amount of cells (1x 10°)
from various treatment were loaded. All the western blotting experiments were

repeated at least twice. Representative results were shown.

5.2.2.2.2 Normal growth

A. affine cells at mid-log phase were harvested by centrifugation at 1500 x g at
room temperature. Cells were washed twice with sterile synthetic seawater. Cells were
inoculated into a 100 ml fresh K-medium. The initial cell density of each 100 ml cells
was set at 500 cell ml™" and it was checked by cell counting. The cell density was
monitored by cell count at the same time every day or every 5 hours for 35 hours.
Cells were harvested at various time points (from time 0 — 35 hours or day 1-16) and

analysis by western blotting as described above.

5.2.2.2.3 Repletion of nitrogen

The procedures described in 5.2.2.2.1 were repeated. However, nitrogen sources
were added back to the N-depleted cultures at 24 and 36 hours. Cells replenished with
N at 24 and 36 hours were harvested at 36 and 48 hours respectively. These cells were

analyzed by western blotting as described above.
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5.2.2.2.4 Phosphate-depletion

The procedures described in 5.2.2.2.1 were repeated. However, instead of
nitrogen, cells were inoculated into a 100 ml fresh K-medium with or without any
phosphates. Cells were harvested at various time points (from time 0 — 72 hours) and

analysis by western blotting as described above.

5.2.2.2.5 Protease(s) activation

The procedures described in 5.2.2.2.1 were used. However, protease inhibitors
were added to the N-depleted cultures at 24 and 36 hours instead of nitrogen. 1.5 pl
/ml protease inhibitor cocktails (sigma, USA) or individual protease inhibitor
including 200 uM AEBSF (serine proteases inhibitor); 2 uM E64 (cysteines protease
inhibitor); 1 pM PepA: Pepstatin A (acid proteases inhibitor); 1 uM Best: Bestatin
(aminopeptidases inhibitor) and 100 uM Phen: 1,10 Phenanthroline (metalloproteases
inhibitor) were used. Allowing 12 hours to react, cells added with protease inhibitors
at 24 and 36 hours were harvested at 36 and 48 hours respectively. Cells were

harvested were analyzed by western blotting as described above.

5.2.3 Immunohistochemistry

A. affine cells at the exponential grow phase were fixed with 3% glutaraldehyde
in 0.3M phosphate buffer pH7.4, for 35 min. The cell sectioning and transmission
electron microscopy was performed kindly by Prof. David Morse (Montreal
University, Canada). Anti-NAP antibody was used as the primary antibody. A 20 nm
gold-labeled goat anti-rat antibody (Ted Pella, USA) was used as the detection

antibody.
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5.2.4 Analysis of mRNA expression level of NAPs by real-time PCR

A. affine total RNA was isolated from cells using the Trizol reagent (Roche,
Switzerland) according to the manufacturer’s instructions. The RNA preparation was
then subjected to on-column digestion with RNase-free DNase I from the RNeasy
Mini kit (Qiagen, Germany) to remove contaminating genomic DNA. Samples were
checked for residual genomic DNA by standard PCR or by real-time PCR using the

corresponding primers (Table 5.2).

Table 5.2 Primers used in real-time PCR

Gene Primers Sequences 5°> 3’ :’il;éduct

NAP NAP rt f | GACTACGATGGCCTCGCCAAGCGTGC 200 bp
NAP rt r | CGTCCTTGGCCCTCTTGATGAACTCCAG

Rubisco 1I RBC 1t f | GGMAACAAYCAGGGTATGGG 300 bp
RBC rt r | ATGCACTCGTTCATCTGGCA

Actin Actin 1t f | CCDGAYGGSAACATCATCAC 300 bp
Actin 1t 1 | CTTVGAGATCCACATYTGCTGGAA

RNA samples were deemed to be free of genomic DNA if no amplification
product was detected by agarose gel electrophoresis (or by real-time PCR) after at
least 30 cycles of amplification. Reverse transcriptase PCR (RT-PCR) reactions were
performed with 100 ng of total RNA and iQ™ SYBR Green Supermix (Bio-rad, USA)
according to the manufacturer's instructions. PCRs were performed with the following
conditions: denaturation at 94°C for 45 s, annealing at 55°C (60 °C for NAP50) for 45
sec., and elongation at 72°C for 1 min for 35 cycles. For real-time RT-PCR,
first-strand ¢cDNA was prepared by using Superscript III Plus RNase H™ Reverse
Transcriptase (Invitrogen, USA) with random hexamer primers as described in the

protocol provided by the manufacturer. The resulting cDNA was amplified by using
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the Smart Cycler system (Cepheid, USA) in a final reaction volume of 25 pl which
contained 3 pl of first-strand cDNA, 0.3 uM concentrations of each primer and 12.5 pl
SYBR-Green supermix (Bio-rad, USA). The amplification conditions for real-time
PCR were as follows: denaturation at 95°C for 45 s, annealing at 55°C (60 °C for
NAP50) for 45 s, and elongation at 72°C for 45 s for 45 cycles. The gene-specific
primers used in RT-PCR and in the real-time PCRs are listed in Table 5.2. The
threshold cycle for each real-time PCR was determined from a second derivative plot
of total fluorescence as a function of cycle number by using the software package
supplied with the Smart Cycler system. Real-time PCRs were carried out for three
batches of experiments with duplicates in each batch. After some real-time PCRs, the
end-point amplification products were visualized by electrophoresis in 1% agarose
gels. Determination of real-time PCR efficiencies of reference gene (actin), target
genes (NAP50 and Rubisco II) with their corresponding primers and the relative
mRNA expressions were calculated according to procedures described previously

(Livak and Schmittgen, 2001; Pfaffl, 2001).

5.2.5 Partial purification of rubisco-degrading serine protease(s) by benzamidine
column

To test whether the target protease(s) would bind to benzamidine, the procedures
described in 5.2.2.2.5 were repeated. However, 4 mM benzamidine was added to the
N-depleted cultures instead. Cells added with benzamidine at 24 and 36 hours were
harvested at 36 and 48 hours respectively. Harvested cells were analyzed by western
blotting as described previously.

In order to purify the protease, a functional assay for the protease has to be

developed. When performing this in vitro assay of the target protease(s), testing cells
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were first prepared. Equal number of log-phase cells (around 1 x 10° cells) was
harvested and aliquoted into eppendorf tubes. These cell pellets were used as testing

cells and were kept at -80 “C until use. Cell extracts of N-depleted or repleted cultures

were added to testing cells. When performing the control, buffer (0.05M Tris pHS.2
with 0.02M CaCl,) was used to replace cell extracts. In the purification process, cell
extracts, fractions or buffer containing the testing cells were disrupted by sonication (a
total of 3 minutes with short pulses of 5-10 seconds each) on ice. Lysis of cells was
confirmed using light microscope. Cell lysate was then centrifuged at 14000 x g for

15 minutes at 4°C to collect the supernatant. Subsequently, the supernatant collected

was analyzed by western blot with the anti-rubisco II antiserum as mentioned
previously.
To partially purify the rubisco-degrading protease(s), two methods were applied

and the entire purification process was performed at 4°C. Method 1: Proteins in the

total cell extracts were loaded onto a benzamidine column. After washing with buffer,
proteins that remained bound were first eluted with glycine-HC1 pH2.7 followed by
binding buffer containing 20mM benzamidine. Method 2: Proteins bound to
benzamidine column were eluted with stepwise concentrations of benzamidine (SmM,
10mM, 20mM and 40mM) before being chased by elution with glycine-HCI pH2.7.
Seventy to 150 L of N-depleted cells were harvested and kept at -80 “C until use. The
presence of the target protease(s) was checked by the degradation of rubisco II with
the western blotting analysis. Ten ml of binding buffer (0.05 M Tris-HCI, 0.5 M NaCl,
pH 7.4) was added to the cell pellets. Cells were disrupted by sonication (a total of 3
minutes with short pulses of 5-10 seconds each) on ice. Lysis of cells was confirmed

using light microscope. Cell lysate was then centrifuged at 14000 x g for 15 minutes
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at 4°C to collect the supernatant. Subsequently, the supernatant collected was loaded

onto a benzamidine column (HiTrap 1ml) (Amersham Biosciences, USA) equilibrated
with binding buffer. A flow rate of 1 ml/min was used. The column was washed with
washing buffer (1 M Tris-HCI, 0.5 M NaCl, pH 7.4) until the OD280nm was zero.
Glycine-HCI pH 2.7 or binding buffer with benzamidine (SmM-40mM) was used to
elute the bound proteases and 0.5 ml fractions were collected. Protein fractions were
pooled before concentrated and buffer exchanged to (0.05M Tris pHS8.2 with 0.02M
CaCly) by an Amicon YM-10 (Millipore, USA). One pg of proteins from the original
protein extracts, flow-through and eluted fractions were analyzed by adding to the
testing cells and assay the present of the rubisco-degrading protease(s) before being

analysed by SDS-PAGE and western blot.
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5.3 Results and discussion
5.3.1 Sensitivity and specificity of anti-serum raised against NAPS50

Antibodies of a specific dinoflagellate protein were successfully generated in rats
by using a 2-D gel spot as the antigen (Chan et al., 2006). As mentioned, anti-rubisco
II antibody was kindly provided by Prof. David Morse (Montreal University, Canada)
to allow the protein expression studies of rubisco II. However, to investigate the
changes in protein expression of NAP50 under different N conditions, measurement
of NAP50 levels were required. I therefore raised rat polyclonal antibodies to A4.affine
NAPS50 and determined its titer and specificity with the immunoblotting analysis.
Control experiments either in the absence of primary antibody or using preimmune
serum showed no reaction with 4.affine protein extracts (data not shown).

Figure 5.1 shows total proteins of A.affine probed with various dilutions of
anti-NAP antibodies. In the protein blot, there was only one single band observed with
an apparent molecular weight of 50 kDa (Figure 5.1). The signal observed was
increased when the more of the antibodies used. However, the signal from the
antibodies with dilution 1:5000 was relatively weak. Therefore, dilution with 1:4000
was used for the subsequent western blotting analysis. Although there was only one
band observed from the protein blot shown in Figure 5.1, I cannot rule out the
possibility that non-specific proteins with same molecular weight of NAP50 may be

presented.
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Figure 5.1 Western blotting analysis of total protein extracts of A.affine with
antibodies raised against NAPS0. Different titers from 1:1000 to 1:5000 (from right
to left) of anti-NAP50 anti-serum were evaluated.

To further confirm the specificity of the anti-NAP50 antibodies, total proteins
from A. affine were analyzed by 2D SDS-PAGE followed by western blot (Figure 5.2).
Four protein spots were detected from the immunoblot analysis with anti-NAP50
antibodies (Figure 5.2b). These spots have a molecular weight of 50 kDa with p/
ranged from 5.4-5.7, and they correspond to protein spot 6-9 (Figure 4.3). To further
confirm these four spots detected were NAP50, rubisco Il was probed together with
NAP50 in the western blot analysis (Figure 5.2c). Five spots of rubisco II were
observed and located just at the top of NAP50. Their appearance and relative location
bear remarkable resemblance to that of NAPS50 and rubisco II. Further, these four
protein spots were positively detected when probed by anti-NAPS50 antibodies.
Therefore, the four spots detected by the anti-NAP50 antibodies were highly likely to
be NAPS50. These spots are isoforms of NAP50 either occurred naturally or being

formed by laboratory manipulations.
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Figure 5.2 Western blotting analysis of 2-DE of A.affine with antibodies raised
against NAPS0. (a) 2-DE of 4. affine total protein extracts stained with coomassie
brilliant blue, (b) western blot of the 2-DE with anti-NAP50 antiserum and (c)
western blot of the 2-DE with both anti-NAP50 antiserum and anti-rubisco II
antiserum. Arrows indicate the corresponding spots of NAP50 and rubisco II.
5.3.2 NAPSO is specific in Alexandrium species

In order to test whether NAP50 was also presented in other dinoflagellate species,
protein extracts from different dinoflagellate species were analyzed by western
blotting (Figure 5.3). Six different dinoflagellates were tested. They included
Scrippsiella rotunda (accession no: EF579794), Prorocentrum minimum (accession no:
EF579797), Karenia brevis (CCMP 2281); Alexandrium tamarense (CCMP 1598);
Alexandrium minutum (CCMP 113) and Alexandrium affine (accession no: EF579793).
Interestingly, positive signals were only observed in Alexandrium species. Although I
cannot rule out the possibility that NAP50 may be presented in other dinoflagellate
species that were not tested in this study, it seems likely that NAP50 is specific to the
genus- Alexandrium. Therefore, if this protein is present in Alexandrium only and
tightly regulated in accordance to different nitrogen conditions, it may indicates that
the nitrogen metabolism of Alexandrium is different from that of other dinoflagellates.

Another possibility is that protein with same function but with less homology to

NAPS50 is presented in other dinoflagellates. More research has to be performed using
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more dinoflagellate cultures.

Sc Pro Ka At Am Af

<+«—NAP50

Figure 5.3 Western blotting analysis of protein extracts of different dinoflagellate
species. 20 pg of total proteins of various species were loaded for the SDS-PAGE.
Sc.: Scrippsiella rotunda (accession no: EF579794); Pro: Prorocentrum minimum
(accession no: EF579797); Ka: Karenia brevis (CCMP 2281); At: Alexandrium
tamarense (CCMP 1598), Ac: Alexandrium minutum (CCMP 113); and Af:
Alexandrium affine (accession no: EF579793).
5.3.3 Subcellular localization of NAP50

One of the important questions after a novel protein is found is the cellular
localization of this protein. Given that NAPS50 is also a novel protein, its subcellular
localization will be very interesting. The most commonly used method is
immunohistochemical localization experiments using specific antibodies. Therefore, A.
affine cells were fixed, sectioned and incubated with anti-NAP50 IgG (purified from
protein-G affinity column) before visualized using gold labeled secondary antibodies
and examination under transmission electron microscopy (TEM) (Figure 5.4). As
shown in the figure, most of the gold labeled particles were observed within the

chloroplast and there was only a few of them observed in the other regions of the

cells.
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Figure 5.4 Immunohistochemical localization of NAP50 in A. affine cell sections.
Cell sections of A4.affine incubated with the polyclonal anti-NAPS50 antibody, followed
by a gold-conjugated (20nm) rabbit anti-rat secondary antibody. Representative
electron micrographs with 25000 x magnification of (a) P: chloroplast; (b) P:
chloroplast and N: nucleus and (c¢) P: chloroplast and C: cytoplasm, were shown. Gold
labeling is concentrated on chloroplasts with little labeling apparent on other regions
of the cell. (d) the number of gold particles over micron square regions were counted,
and the SEM for each were calculated (n=5). Scale bar indicates 1 um.

Given that our previous results suggested that anti-NAP50 antibody is reasonably
specific in the concentration that was used (Figures 5.1 to 5.3), these results presented

in Figure 5.4 strongly supported that NAP50 is localized in the chloroplasts of A.

affine.
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5.3.4 Analysis of protein expression of NAPs (rubisco II & NAP50) in nitrogen
depletion and repletion conditions

5.3.4.1 Degradation of NAPs under nitrogen-depletion

In both prokaryotes and eukaryotes, most cellular proteins are stable in vivo
(Mosteller et al., 1980). However, normally stable proteins would become unstable
when under stressed or abnormal environments (Thiel, 1990). Studies in recent years
have revealed important regulatory roles of some rapidly degraded proteins in
metabolic and developmental processes. To understand the degradation mechanism of
proteins under N-depletion, comprehensive studies on possible degradation of rubisco
IT and NAP50 were performed. It was found that expressions of these proteins were
relatively stable during N-repletion. Results from equal protein loading (Figure 5.5a)
were similar to that loading with equal numbers of cells (Figure 5.5b). However, both
rubisco II and NAP50 were drastically degraded at 48 hour during N-depletion
(Figure 5.5, -48 hours). Results of the present study further confirmed the
down-regulation of these proteins found in 2-DE analysis in previous studies (Chapter
IV). Image analysis of the intensities of the degraded proteins during N-depletion and
N-repletion were performed. It was found that both rubisco II and NAP50 have
degraded at least more than 16-folds when compared to their original expression
levels in the N-repleted condition (Figure 5.6). In addition, when the intensities were
measured by software (Melanie 3.0), both proteins were around 40-folds less than that
of their original levels. On the other hand, from the western blotting analysis of serial
samples from N-depleted cells at every two hours, both proteins were found to be
degraded at the 30™ hour (Figure 5.7). Further, both proteins were found to be
degraded at a dramatic rate within two hours (from the 28™ hour to the 30" hour).

Thus, the results indicate that both proteins were rapidly degraded into small peptides
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or amino acids. Interestingly, levels of rubisco II were also found to be degraded
during N-depletion in other species including Scrippsiella rotunda (different genus)
and Alexandrium tamarense (same genus) (Figure 5.8). These result indicated that the
degradation of rubisco II under N-depletion may be a universal molecular response to

nitrogen depletion in dinoflagellates.
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Figure 5.5 Western blotting analysis of NAP50 and rubisco II of 4. affine under
nitrogen depletion. A.affine cells grown under N-depletion (-0, -24, -48) and
N -repletion (+0, +24, +48) for 48 hours; were analyzed with anti-NAP50 or
anti-Rubisco II antiserum. Proteins were loaded according to (a) equal protein
amounts and alpha-tubulin was used as control for protein load; (b) equal number of
cells.
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Figure 5.6 Levels of rubisco and NAPS0 under N-depletion. Serial dilutions of
N-repleted sample (+48) and their protein levels were shown. Protein levels of
N-depleted sample (-48) (last lane) were 16-fold less than that of +48.
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Figure 5.7 Western blotting analysis of NAPS0 and rubisco II of A. affine under
nitrogen depletion for every 2 hours time points. A.affine cells grown under
N-depletion (-24 to -46) and N —repletion (+28 and +30) for 48 hours; were analyzed
with anti-NAP50 or anti-rubisco II antiserum. Both proteins were found to be
degraded upon 30 hours under N-depletion.

Scrippsielia rotunda Alexandrium tamarense

+N -N +N -N

Figure 5.8 The degradation of rubisco II under N-depletion in other
dinoflagellate species. Levels of rubisco II was found also be degraded in other
species including Scrippsiella rotunda (different genus) and Alexandrium tamarense
(same genus).
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5.3.4.2 Unchanged expression level of NAPs in normal growth cycles and
phosphate-depletion

Both rubisco II and NAP50 were found to be rapidly degraded under nitrogen
depletion. However, it is also important to know the protein levels of both proteins

under their normal growth and daily cycles (Figure 5.9).
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Figure 5.9 Levels of rubisco II and NAP50 were found to be constant during the
(a) daily and (b) growth cycle. Closed bar and open bar represents dark and light
period respectively. Numbers correspond to the time at which protein samples were
taken. Growth curve was shown corresponding to the protein expression during day
0-16.

Image analysis of the intensities of bands in the immunoblots revealed that
rubisco II was expressed at a constant level during its daily and growth cycles.
Constant level of rubisco II expression during the daily cycle had been reported in
Gonyaulax (a dinoflagellate) (Nassoury et al., 2001). Other than nitrogen, phosphate
is another nutrient that is very important to the growth of dinoflagellates. Therefore,

the protein expressions of both proteins were also measured in phosphate-depleted

condition. No change in expression levels of both proteins were found in either
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phosphate- depleted or repleted conditions (Figure 5.10). As the amounts of proteins
are constant for the daily- and growth cycle, and because the protein expressions do
not vary in either phosphate- depleted or repleted conditions, it is highly likely that the

drastic protein degradation of rubisco II and NAP50 are due to the effect of nitrogen

depletion.
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Figure 5.10 Levels of rubisco II and NAP50 were found to be constant under the
phosphate —depletion and repletion conditions. Expression levels of these proteins
in A. affine cells grown under P-depletion (-0 to -72) and P-repletion (+0 to +72)
conditions for 72 hours were analyzed using anti-NAPS50 or anti-rubisco II antibodies.
Expression levels of both proteins were found to be unchanged under both conditions
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5.3.4.3 Protection of NAPs from degradation by the replenishment of nitrogen

Interestingly, it was found that the degradation of rubisco II and NAP50 can be
prevented by the replenishment of nitrogen sources (Figure 5.11). When different
nitrogen sources (such as nitrate, ammonium, urea, and glycine) were supplied to the
growth medium of N-depleted cells, both proteins were not degraded subsequently.
In addition, nitrogen sources added to the N-depleted cells even after the proteins
have degraded (36+N) also shows the same result. Although detail mechanisms
behind the phenomena are not yet understood, it indicates the protein degradation

processes are reversible and highly regulated by nitrogen.
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Figure 5.11 Resumption of rubisco II and NAPS50 levels after replenish of
nitrogen sources. A.affine cells grown under N-depletion (-24, -36 and -48);
N —repletion (+24, +36 and +48) and N-replenishment at specific time during
N-depletion (N added at 24 hour: 24+N; at 36 hour: 36+N) for 48 hours; were
analyzed with anti-NAPS50 or anti-rubisco II antibodies. Samples with N added at 24
hour (24+N) and at 36 hour (36+N) were analyzed at 36 and 48 hour respectively.
Different N sources including (a) nitrate and (b) ammonium, urea and glycine were
used to replenish the N-depleted cells.
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5.3.5 Analysis of mRNA expression of NAPs

To investigate whether the protein degradation process is also controlled at the
transcriptional level, real time PCR was used to determine the transcripts levels of
rubisco II and NAP50 during different nitrogen-depletion and repletion conditions
(Figure 5.12). Interestingly, the results suggested that mRNA levels for both rubisco II
and NAP50 are constant in both nitrogen-depletion and repletion conditions. Further,
their levels are independent of the addition of nitrogen or protease inhibitor (AEBSF).
There does not seem to have a correlation between mRNA abundance of rubisco II
and NAP50 with the availability of nitrogen. Thus, these observation excludes
transcriptional control as a possible mechanism for regulating both rubisco II and

NAP50 degradation in this alga.
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Figure 5.12 Real time PCR analysis on the mRNA expression levels of rubisco 11
and NAP50. Various time points and treatments including time 0 (0); N-depletion
(-24 and -36); N-repletion (+24 and +36); N-replenishment at 24 hour (24+N) and
serine protease inhibitor AEBSF added at 24 hour (24+AEBSF), were evaluated. The
RT-PCR was performed with specific primers designed for Rubisco Il and NAP50,
and B-Actin was used as internal control for each treatment (see materials and
methods). Time 0 was used as control and the fold changes of different treatments
were relative to that of control. Gel images show the end-point amplification products
visualized by electrophoresis in 1% agarose gels. The experiment was repeated three
times and with duplicate in each experiment. Bar indicates + S.D. among data from
three batches of experiments. The result indicates there were no significant differences
between the treatments and the control (p>0.05).
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5.3.6 Activation of a protease(s) under nitrogen-depletion conditions for the
degradation of NAPs
5.3.6.1 The degradation of NAPs by the actions of a protease(s)

Although the degradation of both rubisco II and NAP50 during
nitrogen-depletion was found to be controlled at protein level rather than at
transcriptional level, the next question is what are the active species that degrade these
two proteins? In plants, rubisco is known to be degraded during leaf senescence and
under various stressful conditions (Hortensteiner and Feller, 2002). There is very
limited information on the triggering mechanisms that cause rubisco degradation in
vivo. However, it is generally believed that the degradation may be triggered by a
rubisco specific protease(s). Furthermore, induction of proteases in response to
nitrogen-deprived conditions had also been described in some diatoms (Berges and
Falkowski, 1998) and cyanobacteria (Collier and Grossman, 1994). Thus, it is
interesting to investigate if the degradation of rubisco II and NAP50 was triggered by
the actions of a protease(s). A protease inhibitor cocktail including AEBSF (serine
proteases inhibitor), E64 (cysteines protease inhibitor), pepstatin A (acid proteases
inhibitor), bestatin (aminopeptidases inhibitor) and 1,10 phenanthroline
(metalloproteases inhibitor) was added to the N-depleted cells. As seen in Figure 5.13,
both proteins were prevented from degradation in the present of protease inhibitors. It
indicates that specific protease(s) are induced or activated during N-depletion and

involved for the degradation of rubisco II and NAPS50.

180



Rubisco ||
+— B5kDa

NAP50
<«— b0kDa

24 36 48 +24 +36 +48 24+P| 36+PI

Figure 5.13 The degradation of rubisco II and NAPS0 can be inhibited by the
addition of protease inhibitors under N-depletion. A.affine cells grown under
N-depletion (-0 ,-36 and -48); N —repletion (+0, +24 and +48) and N-depletion with
protease inhibitor cocktails (PI) added at 24 hour (24+PI) and 36 hour (36+PI); were
analyzed with anti-NAPS50 or anti-Rubisco II antibodies. Samples with PI added at 24
hour (24+PI) and at 36 hour (36+PI) were analyzed at 36 and 48 hour respectively.
Both proteins were found to be protected by the presence of protease inhibitors under
N-depletion.

To further identify which type of protease(s) is actually responsible for the
degradation of both proteins, individual protease inhibitor of the cocktail was added to
the N-depleted cells. From the results shown in Figure 5.14, AEBSF appeared to be
the single most effective inhibitor for protecting the degradation of rubisco II. It
therefore suggests that serine protease(s) is the dominant enzyme responsible for the
rubisco II degradation. In contrast to AEBSF, 1,10 phenanthroline was also effective
against NAP50 degradation, suggesting that NAP50 degradation was performed by
the actions of serine- and metallo-protease(s). Interestingly, it should be noticed that
the degradation of both proteins were effectively prevented by the protease inhibitors
either adding before (24+PI) or after (36+PI) the activation of protease(s) (Figure
5.13). Thus, it is likely that the degradation of both proteins was mainly performed at

post-translational level. That is, there are constitutive synthesis of both rubisco II and

NAP50. Then, one or a group of specific protease(s) are being activated in the
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response to nitrogen-depletion and degrade both proteins for some yet to be

determined functions.

Rubisco |l
«+— bhkDa

NAP50
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Figure 5.14 Serine or metallo- protease(s) were involved in the degradation of
rubisco II and NAPS0 under N-depletion. A.affine cells grown under N-depletion
(-24 and -36); N —repletion (+24 and +36) and N-depletion with specific protease
inhibitor added at 24 hour were analyzed with anti-NAP50 or anti-rubisco II
antibodies. Protease inhibitors used includes: AEBSF (serine proteases inhibitor); E64
(cysteines protease inhibitor); PepA: Pepstatin A (acid proteases inhibitor); Best:
Bestatin (aminopeptidases inhibitor) and Phen: 1,10 Phenanthroline (metalloproteases
inhibitor). Rubisco II was found to be degraded by serine protease(s) and NAP50 was
degraded by serine and metalloproteases(s) under N-depletion.

Protein degradation by specific proteolytic proteases during nitrogen stress in
dinoflagellates has never been reported. The precise functions and mechanisms of the
protein degradation during nitrogen depletion remain unknown. In addition, it cannot
be ruled out that the proteins degradation were also triggered by other means, such as
to combat the production of reactive oxygen species (ROS) as mentioned in some
recent studies (Ishida et al., 1997; Ishida et al., 1998). However, results from the
present study suggested that nitrogen deprivation leads to the possible induction or

activation of serine/metalloproteases(s) which are the main factor that mediate

degradation of rubisco II and NAPS50. Since no rudiment of semi-breakdown
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intermediates could be detected in the immuno-blots, it indicated the final products of
degradation should be amino acids. It is not sure about the purposes of the protein
degradation and possible fates of the amino acids produced. Nevertheless, the
degradation of some chloroplast proteins like rubisco is known to be closely related to
nitrogen economy in plants. Rubisco is the major protein in plant and it represents the
major fraction of chloroplast nitrogen. It is believed that the breakdown of this protein
to amino acids is to regenerate the nitrogen sources (Hortensteiner and Feller, 2002).
However, it is difficult to predict the roles of protein degradation in N-deprived
dinoflagellates. There are several reasons. Firstly, it should be stressed that plant is a
multicellular organism while dinoflagellate is a single-celled organism. Nitrogen
remobilization from one organ to another in plant is not directly applicable in
dinoflagellates. Secondary, rubisco in dinoflagellates is of the form II enzyme which
is totally different from that (form I) existed in plants. This form II enzyme differs
from typical form I enzyme in that it is composed only of large subunits that share
limited sequence homology with that of form I Rubisco (Morse et al., 1995; Rowan et
al., 1996). Importantly, unlike form I enzyme, form II enzyme has a higher affinity for
oxygen than carbon dioxide, suggesting that there may be special mechanisms to
allow the effective carbon-fixation in this photosynthetic organism (Nassoury et al.,
2001). Therefore, the hypothesis that these chloroplast proteins, rubisco and NAP50,
act as N storage proteins and the actual functions of the degraded products remained

an open question in the case of dinoflagellates.
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5.3.6.2 Degrading mechanisms of rubisco is different from that of NAP50

There is a report which showed that protein synthesis is required for proteolysis
under nitrogen starvation in cyanobacteria and that proteolysis is inhibited by
incubating the nitrogen-deprived cells in the dark (Thiel, 1990). To address the
possibility that the proteolytic protein degradation in N-deprived dinoflagellate was
also inhibited by stopping protein synthesis and with darkness incubation, a
complementary series of experiments was performed. For rubisco II, proteolysis was
inhibited by either the addition of cycloheximide or incubating the nitrogen-deprived
cells in the dark (Figure 5.15). This indicates that protein synthesis from the
cytoplasm is required for the early activation of protease(s) or that protease(s)
required for proteolysis are synthesized in response to N-depletion. In addition, the
rubisco II degradation was abolished by darkness, suggesting that either the activation
or the actions of the protease(s) is an energy- or light-dependent process. However, it
should be noticed that proteolysis of rubisco II was only inhibited by incubating the
N-deprived cells in dark before the presence of the protease(s) (0+dark and 24+dark),
but not after the presence of the protease(s) (36+dark). These results indicated that
light or energy is required for the initiations or activations of the protease(s) rather
than the proteolytic actions. The case of NAP50 is completely different from that of
rubisco II. Addition of both cycloheximide and chloramphenicol did not show any
inhibitions of the proteolysis of NAPS50, suggesting that protease synthesis or
activations of protease(s), in either the chloroplast or cytoplasm, was not required in
the process. Furthermore, incubating N-deprived cells in the dark did not completely
inhibit the NAP50 degradation. The partially inhibitions showed that the activation of

NAP50-degrading protease(s) was not totally light- or energy- dependent.
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Figure 5.15 Degradation of rubisco II was prevented by protein synthesis
inhibition and also under darkness. 4. affine cells grown under N-depletion (-24,
-36 and -48); N —repletion (+24, +36 and +48) and N-replenishment at 24 hour, during
48 hours were analyzed with anti-NAPS50 or anti-rubisco II antibodies. (a) In addition
to N-depletion and repletion, cells under N-depletion with the additions of 100 yM
cycloheximide (24+CHX); cycloheximide together with nitrate (24+CHX+N); 100
uM chloramphenicol (24+CM) and chloramphenicol together with nitrate
(24+CM+N), at 24 hour were also analyzed. (b) In addition to N-depletion and
repletion, cells under N-depletion with the introduction of darkness at time 0 hour:
(0+dark); 24 hour: (24+dark) and 36 hour: (36+dark) were also analyzed. Samples
with the additions of CHX, CM, N at 24 hour were harvested and analyzed at 36 hour.
Samples with the introduction of darkness at time 0 or 24 hour and at 36 hour were
harvested and analyzed at 36 and 48 hour respectively.

Hence, taken overall, a schematic diagram summarizing the activation of rubisco
II/ NAP50-degrading protease(s) and their subsequent proteolytic actions on the target
proteins were shown in Figure 5.16. Although both rubisco II and NAP50 are located
in chloroplast and the time when NAP50 was degraded coincided with that of rubisco
I, several lines of evidences show that the degrading mechanisms of both proteins
were completely different. Firstly, types of protease(s) involved in rubisco degradation

(serine proteases) are different from that of NAPS50 degradation (serine and
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metalloproteases). Secondly, protein synthesis is required for activation of protease(s)
in rubisco II degradation, but not in NAP50. Lastly, incubating N-deprived cells in the
dark could completely inhibit the proteolysis of rubisco II, but it only partially

inhibited the proteolysis of NAP50.
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Figure 5.16 Schematic diagram showing the activation of rubisco II/NAPS0-
degrading protease(s) and their subsequent proteolytic actions on the target
proteins.
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5.3.7 Partial purification of rubisco-degrading serine protease(s) by benzamidine
column

To further investigate the protein degradation mechanisms under nitrogen stress,
an attempt to purify and identify the rubisco II-degrading protease(s) was made. To
confirm the target protease(s) is a serine protease(s), another serine protease inhibitor
(benzamidine) was used to test whether it can inhibit the degradation of rubisco II
(Figure 5.17). These results suggested that the rubisco II-degrading protease(s) is a
serine protease(s) and the protein degradation can be inhibited by adding the serine

protease inhibitor either before (24+AE, 24+Ben) or after (36+AE, 36+Ben) the

activation of protease(s).

Rubisco Il
«— B5kDa

=24 -36 48 +24 +36 +48 24+AE 36+AE 24+Ben 36+Ben

Figure 5.17 Inhibition of rubisco-degrading serine protease(s) by benzamidine
under N-depletion. A.affine cells grown under N-depletion (-24, -36 and -48);
N —repletion (+24, +36 and +48) and N-depletion with specific protease inhibitor
including AE: AEBSF and Ben: Benzamidine added at 24 hour (24+AE and 24+Ben)
and 36 hour (36+AE and 36+Ben) were analyzed with anti-Rubisco II antiserum.
Samples with the additions of AE or Ben at 24 and 36 hour were harvested and
analyzed at 36 and 48 hour respectively.
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In addition, to ascertain that the protease is still function after cell lysis, an in

vitro rubisco proteolytic assay of the cell extracts was constructed (Figure 5.8).

Rubisco Il
«— B8kDa

+PITC B/TC -PTC -P +P -PiITC+Pl -PITC+AE -P/TC+Ben

Figure 5.18 In vitro assay of the rubisco-degrading serine protease(s). +P/TC: cell
extracts from N-repleted cells was added to testing cells; B/TC: Buffer (0.05M Tris
pHS8.2 with 0.02M CaCl,) was added to testing cells; -P/TC: cell extracts from
N-depleted cells was added to testing cells; -P: cell extracts from N-depleted cells
only; +P: cell extracts from N-repleted cells only; -P/TC+PI: cell extracts from
N-depleted cells was added to testing cells and protease inhibitor cocktails was also
added; -P/TC+AE: cell extracts from N-depleted cells was added to testing cells and
protease inhibitor AEBSF was also added; -P/TC+Ben: cell extracts from N-depleted
cells was added to testing cells and protease inhibitor Benzamidine was also added.
(Testing cells were cell pellet with 1.2x10° exponential growing cells.)
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From the results (Figure 5.18), it was obvious that rubisco was degraded in the
N-deprived cell extracts (-P/TC), but not in the buffer (B/TC) and N-repleted cell
extracts (+P/TC). It indicated that the protease is stable after cell lysis. Furthermore,
the degradation could be completely inhibited by the additions of serine protease
inhibitors (-P/TC+PI, -P/TC+AE, -P/TC+Ben) (i.e AEBSF or Benzamidine),
suggesting that the rubisco-degrading protease is a serine protease. Thus, an attempt
to purify the target protease was made using N-deprived A. affine cells and an

benzamidine affinity column (Figure 5.19).
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Figure 5.19 Elution profiles of the partial purification of rubisco-degrading
serine protease(s) of A.affine under N-depletion. Proteins were eluted from
Benzamidine-column with glycine-HCl pH 2.7. Fractions 3-5 were pooled for
subsequent analysis. Open circle indicates elution profile of column eluted with
glycine-HCI only (corresponding to Figure 5.19a). Closed circle indicates elution
profile of column eluted with Benzamidine before the glycine-HCIl elution
(corresponding to Figure 5.19b).
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The purification was performed by using benzamidine column with two slightly
different eluting methods. Method 1: Proteins bound to benzamidine column were
first eluted with acidic solution (glycine-HCl pH2.7) from the column, and then
followed by competitive elution with benzamidine. Method 2: Proteins bound to
benzamidine column were first eluted with stepwise concentrations of benzamidine,
and then followed by acidic elution (glycine-HCI pH2.7). The proteolytic activities of
the partially purified fractions were detected by the degradation of rubisco II in vitro
assay. Interestingly, degradation of rubisco II was only observed in the acidic eluted
fractions in both methods, suggesting that either the concentrations of benzamidine
used were not enough to elute the target protease or the binding interaction between
the target protease and the benzamidine ligands were too strong to be eluted. The
SDS-PAGE and corresponding western blots of the crude homogenate compared with
the partially purified sample showed that a partial purification was achieved (Figure
5.20). The purification factor was around 16-20 and the yield was around 3-3.6%
(Table A1, Appendix XI). However, the partially purified fractions contain more than
10 discrete bands appeared in the SDS-PAGE, suggesting that identification of the

target protease will be difficult to be identified.
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Figure 5.20 SDS-PAGE and western blotting analysis of the partial purified
fraction eluted from the benzamidine column. (a) Proteins bind to benzamidine
column were first eluted with glycine-HCI pH2.7 from the column, and then followed
by elution with binding buffer containing 20mM benzamidine. Lane M: protein
markers; lane 1: original protein extracts; lane 2: flow-through; lane 3: pooled
fractions from the elution with glycine-HCI and lane 4: elute using binding buffer
containing 20mM benzamidine. Each lane was loaded with 2 ug of proteins. For the
western blot analysis, 1 ug of each samples were added to the testing cells and assay
the present of the rubisco-degrading protease(s). Protein bands of the protein blot
image below the SDS-PAGE were corresponding to the sample in each lane, except B:
Buffer (0.05M Tris pHS8.2 with 0.02M CacCl,) was added to testing cells and AEBSF:
elutant from the glycine-HCI elution together with AEBSF were added to the testing
cells. (b) Proteins bind to benzamidine column were first eluted with stepwise binding
buffer containing various concentrations of benzamidine, and then followed by elution
with glycine-HCI pH2.7. Lane M: protein markers; lanel: original protein extracts;
lane 2: flow-through; lane 3: elutant eluted from 4mM benzamidine; lane 4: elute
using 12mM benzamidine; lane 5: elute using 20mM benzamidine; lane 6: elute using
40mM benzamidine; and lane 7: pooled fraction from the elution with glycine-HCL.
Each lane was loaded with 0.5 pg of proteins. For the western blot analysis, 1 pg of
each samples were loaded. Protein bands of the protein blot image below the
SDS-PAGE were corresponding to the sample in each lane, except B: Buffer (0.05M
Tris pH8.2 with 0.02M CaCl,) was added to testing cells. Ratio® indicates the ratio of
intensity (optical intensity x area) of the control protein band (testing cells added with
buffer only) to each individual protein bands. The intensities of protein blots were
detected by gel analysis software Melanie 3.0 (GeneBio, Switzerland).
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The attempt to purify the rubisco II-degrading protease(s) was not successful and
it can be attributed to several reasons. Firstly, amount of initial sample (N-depleted
cells) was not enough for a series of purification steps. However, it should be
emphasized that the target protease(s) is present only in N-deprived cells and cell
growth in such nitrogen deprived condition are inhibited. Therefore, accumulating and
the preparations of N-deprived samples are tedious, time-consuming and labor
intensive. Secondly, it was found that the protease(s) would lose their degrading
activity after freeze and thaw. The instability of the protease(s), leading to the storage
of the samples during the purification becomes very difficult. Thirdly, to the best of
my knowledge, there has never been any report on protease(s) purification in
dinoflagellates. Since there is no references and background information of the target
protease(s), more time is required for the optimization of the purification steps.

In fact, I had attempted to purify the target protease(s) of NAPS50. The
purification of NAP50 by the affinity column packed by the anti-NAP50 antibodies
was performed (Figure Al, Appendix X). It was found that NAP50 is very unstable
upon cell lysis even with the addition of an excess amount of protease inhibitors. The
unavoidable fragmentation of NAP50 after cell lysis, suggesting it is impossible to
have a functional assay for the purification of NAP50-degrading protease. Therefore,
no further attempt to purify the NAP50-degrading protease was made.

In summary, a preliminary attempt to purify the rubisco II-degrading serine
protease(s) from the N-deprived dinoflagellate A. Affine was made. Partial purification
was achieved with more attempts needed. Sample fractionated with one-step
benzamidine affinity column was not satisfactory. However, there are many

limitations for the purification of this target protease.
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5.4 Conclusions

In the present study, degradation mechanisms of two proteins (rubisco II and
NAPS50) under nitrogen depletion was investigated. NAP50 was found to be specific
to Alexandrium species and immunohistochemical experiments suggested that both
rubisco and NAP50 were located in the chloroplast. In the N-depleted conditions, it
was revealed that both rubisco II and NAP50 have degraded to at least 16-times its
original levels. There were no marked changes in both protein levels during the
growth, daily cycles as well as phosphate-depletion, suggesting that the degradation of
both proteins were strongly attributed to the N-deprived condition. Degradation of
both proteins can be inhibited by the replenishment of nitrogen sources, suggesting
that the protein degradation processes are reversible and highly regulated by nitrogen.
There is no relation of rubisco II and NAP50 mRNA abundance with the availability
of nitrogen, suggesting the degradation processes were not controlled at the
transcriptional level. Protein degradation was triggered by specific proteases, which
were activated in N-depletion. Different types of proteases were found to be
responsible for the degradation of rubisco II and NAPS50. Serine protease(s) was found
to be responsible for the degradation of rubisco II. Metallo-protease(s) and serine
protease(s) were found to be responsible for the degradation of NAP50. Although the
detail degradation mechanisms of both proteins were unknown, preliminary results
suggested that the protein degrading pathways of both proteins were different. Parial
purification of the rubisco II-degrading protease was achieved. However, because of
the time limit, further attempts were not made in the course of this thesis.
Nevertheless, the preliminary results provide important information for the

purification of the protease(s) in the near future. It should be stressed that protein
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degradation by specific proteolytic protease during nitrogen stress in dinoflagellates
has never been reported. The present study provides the first insight into protein

degradation machineries of dinoflagellates in response to nitrogen stress.
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CHAPTER VI

Rapid identification of dinoflagellates using protein/peptide profiles
obtained with matrix assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS)

6.1 Introduction

As said all along, HABs is a global problem (Hallegraeff, 1993). It occurs
globally ranging from Europe, America, Asia to the Pacific regions (Premazzi and
Volterra, 1993). The ever increasing risk of occurrence of HABs represents expanding
threats to human health, fishery resources, and the tourism industries. Toxin-secreting
species posted additional risk of intoxication when consumed either in seafood or
directly. Rapid and accurate identification of the HAB species is critical for
minimizing or controlling the damage. Microscope-based taxonomic identification
methods have long been the standard protocols by which this task is accomplished.
However, this type of taxonomic identification can be time-consuming and requires a
high level of expertise to discriminate key morphological features indicative of HAB
species. Furthermore, different criteria were used to classify different species by
different taxonomists (Steidinger and Moestrup, 1990; Taylor, 1984). Therefore,
taxonomic confusion and arguments on similar looking HAB species are common.

To resolve the taxonomic debate, different types of identification methods are
being introduced for identification of dinoflagellates. One of the common
identification methods is to analyze the sequences of the ribosomal RNA genes,
including the small-subunit (16S rDNA, 18S rDNA) (Scholin and Anderson, 1994;
Scholin et al., 1993; Scholin et al., 1994), large-subunit (28S rDNA) (Scholin et al.,
1995; Scholin et al., 1994), and the internal transcribed spacers (ITS1 and ITS2)

regions including the 5.8S rDNA (Adachi et al., 1994; Adachi et al., 1996). However,
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the success of this method depends greatly on the primers design as they must bind
effectively to the target. In addition, an incomplete description of the algal genome
has limited the success of these approaches.

On the other hand, protein/peptide mass fingerprint profiles obtained by mass
spectrometry (MS) is widely used for identification and characterization of
microorganisms and has recently been extensively reviewed (Fenselau and Demireyv,
2001). The use of matrix-assisted-laser-desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) to obtain these characteristic protein/peptide profiles
(sometimes called biomarker profiles) for identification purposes has been applied to
various microorganisms, such as viruses (Yao and Fenselau, 2001), bacteria
(Donohue et al., 2006; Krishnamurthy and Ross, 1996; Krishnamurthy et al., 1996;
Winkler et al., 1999), fungus(Amiri-Eliasi and Fenselau, 2001), parasites (Magnuson
et al., 2000), bacterial spores (Dickinson et al., 2004; Hathout et al., 1999; Ryzhov et
al., 2000) and fungal spores (Li et al., 2000; Welham et al., 2000). This type of
identification method is praised as objective, fast, simple and reliable. Nevertheless, to
the best of our knowledge, successful application of MALDI-TOF MS to obtain
protein/peptide mass fingerprints profiles of HAB causative agents such as
dinoflagellates for identification purposes has never been reported.

Therefore, attempts to use the protein/peptide profiles obtained by MALDI-TOF
MS for identification purposes were made. In this chapter, it is aimed to demonstrate
the application of MALDI-TOF MS for rapid, simple and accurate identification of
dinoflagellate species. Results of this investigation clearly demonstrated the capability
of this method in rapidly identification of different species of dinoflagellates (namely

A. affine, Prorocentrum minimum, Scrippsiella rotunda, Karenia brevis and a yet to be
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identified species), as well as between individual species of Alexandrium sp. and
Scrippsiella sp. This approach shows great potentials to be used for the continuous

monitoring of water samples for the occurrence of HABs.
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6.2 Materials and methods
6.2.1 Dinoflagellate species and strains

Dinoflagellate species used in this study are listed in Table 6.1. 4. affine,
Prorocentrum minimum, Scrippsiella rotunda, and a yet unidentified species were
kindly provided by Prof. John I. Hodgkiss previously of The University of Hong
Kong. The other species, including Alexandrium catenella (CCMP1598),
Alexandrium minutum (CCMP113) and Alexandrium tamarense (CCMP116) and
Karenia brevis (CCMP2281) were purchased from The Provasoli-Guillard National
Center for Culture of Marine Phytoplankton (CCMP). Identities of all species used,
except the unidentified species and Karenia brevis (CCMP2281), were confirmed

either by the sequence of the ribosomal RNA genes or the internal transcribed spacers

(ITS1 and ITS2).

6.2.2 Culture conditions

Seawater based K or f/2 media were used for culturing the dinoflagellates (Keller
et al.,, 1987). Stock cultures of all dinoflagellates were kept at exponential growth
phase by transferring to new medium every five or six days in a ratio of 1:10 v/v.
Vegetative cells from cultures in mid- or late-exponential phase of growth were
inoculated into freshly prepared culture medium. Possible contamination of algal
culture was monitored by regular microscopic examination. The cultures were grown

at 22°C under 16: 8 hours light: dark cycle at a light intensity of 120uE Lux m™'s™

provided by cool white fluorescent tubes in a Conviron growth chamber (Model EF7).
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6.6.3 Cell counts
Cell density was counted in the same time everyday; 1ml of each culture was
taken and fixed with 10pl Lugol’s solution and counted under light microscope with a

Sedgwick-Rafter cell counter.

6.6.4 Ribosomal gene and Internal Transcribed Spacers (ITS) sequencing

Cells were collected by centrifugation (1500 x g for 10 min at room temperature)
from mid-exponential culture and frozen in liquid nitrogen prior to DNA extraction.
DNA was extracted by an extraction kit (Roche, Switzerland) following mechanical
cell disruption by a quick homogenization. ITS regions containing the 5.8S rDNA
were amplified from the extracted genomic DNA with PCR by using the ITSA and
ITSB primers (Adachi et al., 1994; Adachi et al., 1996), or using ITSF1 (forward
primer): 5’TgAACCTTAYCACTTAgAggAAggA3’ and ITSR1 (reverse primer):
5’gCTRAgCWDHTCCYTSTTCATTC3’, which these two primers were designed by
the alignment of the 3’ end of 18S rDNA sequences and the 5° end of 28S rDNA
sequences from the database of different dinoflagellate species. PCR were performed

under conditions: 95°C 5min; 35 cycles of 94°C 45s, 50°C 45s and 72°C 2min; 72°C

10min. PCR products were cloned into pGEM-T easy vectors (Promega, USA) prior
to DNA sequencing. DNA sequencing of all cloned plasmids were performed by

commercial facilities using traditional dideoxy-methodolgy.
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6.6.5 Sample preparation to obtain protein/peptide mass fingerprints

About 250 ml cultures were grown to mid-exponential growth phase. Around 10°
cells were collected by centrifugation (1500 x g for 10 min at room temperature). Cell
pellets were resuspended in 0.1 % trifluoroacetic acid (TFA) (Aldrich, USA). These
cells were broken by sonication for 20 seconds on ice. Cell debris was removed by
centrifugation at 14000 x g at 4°C for 5 minutes. Inorganic salts in the samples were
cleaned up by absorbing the proteins/peptides onto C-18 zip tips (Millipore, USA) and
subsequently washed with several volumes of 0.1 % TFA and 5% methanol in water.
Proteins/peptides were eluted from the zip-tip with 0.1% TFA in 50% acetonitrile. 1 pl
of eluted proteins/peptides solution were mixed with 1 pl of matrix solution. Martix
solution contained saturated sinapinic acid (SA) in 50/ 50 (v:v) 0.1 % TFA/
acetonitrile. The resulting mixtures were then vortexed before spotting 0.5 pl volume
onto a mass spectrometer target plate (MTP AnchorChip™ 600/384 T F) (Bruker,
Germany). For testing the effects of different preparation steps, above procedures
were repeated but with some changes including (1) without sonication, (2) without
cleaning up by zip tips, (3) without cleaning up by zip tips but samples were dried by
speed vacuum and resuspended with 0.1% TFA in 50% acetonitrile and (4) dried by
speed vacuum and resuspended with 0.1% TFA in 50% acetonitrile, then clean-up
with zip tips. After that, effects of using two different matrices (HCCA and SA) and

different concentration of ACN were also evaluated.
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6.6.6 MALDI-TOF MS analysis

Proteins/peptides mass fingerprints in all samples were obtained with a
MALDI-TOF mass spectrometer (Autoflex, Bruker, Germany) in linear mode at an
accelerating voltage of 20 kV by using a 300ns delay time and over a mass range of
2000-20000Da. For each sample, spectra from 500 laser shots at several different
positions were combined to generate a mass spectrum. The mass spectra were
calibrated using Protein Calibration Standard I (Bruker, Germany) and were used to
provide a mass accuracy of 1 part in 3000. The calibrant mixture contains Insulin
(5734.51 Da), Ubiquitin (8565.76 Da), Cytochrom ¢ (12360.97 Da) and Myoglobin
(16952.3 Da). Fresh calibration was performed for everyday for different samples and

for different experiments.
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6.3 Result and discussion

6.3.1 Comparison of MALDI mass spectrum obtained by different sample
preparatory methods

Although there were many studies on microorganisms using MALDI, there is no
golden sample preparation method for MALDI analysis. Different optimized methods
have to be developed for different types of samples. Thus, it is important to determine
how a good mass spectrum that with discrete peaks from the dinoflagellate samples
could be produced prior to the protein profiling studies on different dinoflagellates.
Five sample preparations of the dinoflagellate samples (4. affine) for MALDI analysis
were evaluated (Figure 6.1). In Figure 6.1a where the cells were suspended in 0.1%
TFA and without cell lysis before MALDI analysis, there were no obvious discrete
peaks observed in the spectrum. Two very tiny peaks appeared in 5000-6000 m/z
indicates that little proportion of the cells were lysed in 0.1 % TFA. Although the
intensities of these peaks were increased after cells lysis with sonication, the
intensities and numbers of the peaks were still small (Figure 6.1b). This may be
attributed either to the presence of inhibitors/salts that prevent the ionization of the
mass ions (peptides), or simply because there is not enough amount of dissolved
peptides. Therefore, the protein/peptides extracts were either concentrated by speed
vacuum (Figure 6.1¢) or cleaned-up with zip tips (Figure 6.1d) prior to MALDI
analysis. Although the intensities and numbers of peaks in both spectrums were
increased, peaks in the spectra with cleaned-up procedures using zip tips were better
in terms of both intensity and number. In addition, there was no further improvement
if both concentrating (speed vacuum) and cleaned-up (zip tips) procedures were
combined (Figure 6.1¢). These indicate that the removal of salts/contaminants from

the peptides were very important for the subsequent ionization which in turn affect
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quality of the MALDI mass spectrum. It should also be noted that concentrating the
samples with speed vacuum will not improve the spectrum even if the samples were
cleaned-up after the concentrating step. This is mainly due to difficulties in

re-solublization of the dried peptides.
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Figure 6.1 MALDI mass spectra of A.affine that with different sample preparation methods. The mass range depicted is from m/z
2000 to 20000. (a) cell suspensions (in 0.1% TFA) without cell lysed by sonication; (b) supernatant of cell lysate (in 0.1% TFA); (c) same
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cleaned-up with zip tips and (e) same as (c) but sample was cleaned-up with zip tips.
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Although some peptides are dissolved in aqueous solutions readily, a significant
number of peptides (especially those containing hydrophobic amino acids) have very
low solubility or even insoluble. Therefore, solubility of peptides with different
concentrations of acetonitrile (ACN) was evaluated. The number of peaks increased
with the percentage of ACN (Figure 6.2). More than 10 discrete peaks were observed
when 70% of ACN used (Figure 6.2d). This indicated that the peptides/proteins of
dinoflagellates were relatively hydrophobic and a higher concentration of ACN is

required to solubilize the peptides/proteins.
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Figure 6.2 MALDI mass spectra of 4. affine that samples were resuspended in
different concentration of ACN with 0.1% TFA. The mass range depicted is from
m/z 2000 to 12000. (a) 10% ACN; (b) 30% ACN; (c) 50% ACN and (d) 70% ACN.
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In the MALDI analysis, the ionization process is triggered by a laser beam
(nitrogen laser). A matrix is used to protect the biomolecule from being destroyed by
direct laser beam and to facilitate vaporization and ionization. Therefore, choice of
matrix is also one of the important determinant for high quality MS spectrum. Two
commonly used matrices, a-cyano-4-hydroxycinnamic acid (HCCA) and sinapinic
acid (SA), were compared (Figure 6.3). It was obviously that the intensities and
numbers of discrete peaks from SA (Figure 6.3b) were much higher than that of
HCCA (Figure 6.3a). SA is generally more suitable for ionization of peptides/proteins

with higher molecular mass. Therefore, SA was used in the later part of the

experiments.
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Figure 6.3 MALDI mass spectrums of A. affine that with two different matrixes.
The mass range depicted is from m/z 2000 to 12000. (a) saturated
a-cyano-4-hydroxycinnamic acid (HCCA) and (b) saturated sinapinic acid (SA)
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6.3.2 Protein profiling and PCR-based identification

As elaborated earlier, the dinoflagellates cultures used in this study were from 2
sources. Some of the dinoflagellates were purchased from CCMP (The
Provasoli-Guillard National Center for Culture of Marine Phytoplankton) and their
identities had been validated. All the other cultures used in this study were a kind gift
from Prof. John 1. Hodgkiss, previously of The University of Hong Kong. Identities of
these dinoflagellates were provided by taxonomists and were never validated by
molecular biological tools. Hence, these dinoflagellates were subjected to PCR-based
identification by analyzing the ITS sequences (Table 6.1) (Appendix V-IX). The
readers are reminded of the fact that one of the supposedly 4. tamarense turned out to
be A. affine (Chapter 2). Therefore, identification with molecular biological tools is
necessary. However, PCR of the ribosomal genes of one species (temporary called an
unidentified species) was not successful with the three different sets of universal
primers; ITSA and ITSB (Adachi et al., 1994; Adachi et al., 1996), ITSFI:
5’TgAACCTTAYCACTTAgAggAAggA3’  (forward primer) and  ITSRI:
5’gCTRAgCWDHTCCYTSTTCATTC3’ (reverse primer), ITS 1 and ITS 4
(D'Onofrio et al., 1999). It should be stressed that choices of primers are very
important for the success of the PCR-based identification. In addition, the annotation
process of this perhaps new/different species could be time-consuming and certainly
not within the theme and scope of this thesis, therefore, I would to leave that as it is at
the moment. Furthermore, in contrast to PCR-based methodology, the protein
profiling based identification method needs no initial assessment of unknown HAB

samples which result in a simple and fast identification method.
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Table 6.1 Dinoflagellate species and strains used in this study

Species/strains Source Collection site (Date) Confirmed .
sequences Accession
Karenia brevisccmp22s1) CCMP  Gulf of Mexico, Florida, USA nil nil
Alexandrium catenella (ccmp1598) CCMP gf;lyga Bay Guan-dong (Canton) Province, Hong 18S* AY 027906
Alexandrium minutum (ccMmp113) CCMP Riade Vigo, Spain (September,1987) 18S and ITS* AYS831408
Alexandrium tamarense ccmpiley CCMP  Ria de Vigo, Spain (June, 1984) ITS* AJ005047
Alexandrium affine IJH Junk Bay, Hong Kong (August,1998) ITS EF579793
Prorocentrum minimum IJH Junk Bay, Hong Kong (1998) ITS EF579797
Scrippsiella rotunda 1 IJH Junk Bay, Hong Kong (March,1997) ITS EF579794
Scrippsiella rotunda 2 JH Kat O, Hong Kong (October,1998) ITS EF579795
Scrippsiella rotunda 3 IJH Junk Bay, Hong Kong (1998) ITS EF579796
Unidentified species UH Junk Bay, Hong Kong (1997) # #

CCMP: The Provasoli-Guillard National Center for Culture of Marine Phytoplankton
IJH: Donated by Prof. John I. Hodgkiss previously of The University of Hong Kong

ITS: Internal transcribed spacers

* Ribosomal DNA sequencing was done by other authors
# PCR of the ribosomal gene regions was not successful by using primers mentioned in the materials and methods section and the
universal primers (ITS 1 and ITS 4) described by other authors (D'Onofrio et al., 1999)
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6.3.3 MALDI-TOF mass spectra

The key success of this methodology is the ability to see either different sets of
characteristic protein/peptide mass fingerprint spectra or individual signature mass
biomarker (individual species specific mass fingerprint) for different species of
dinoflagellates. Further, the differentiation between species with different sets of
characteristic protein/peptide mass fingerprint spectra or individual signature mass
biomarker should ideally be seen in a desirable mass/charge (m/z) range in the
MALDI analysis. In this study, mass spectra (protein/peptide mass fingerprints) of the
dinoflagellate samples generally exhibited around ten discrete mass peaks ranging
from m/z 2000 to 20000. MALDI-TOF identification of other microbes showed
similar numbers of discrete mass peaks over the same m/z range (Fenselau and
Demirev, 2001). Moreover, MALDI-TOF MS analysis of /2 and K medium returned
no significant peak signals in the 2000 to 20000 m/z range (data not shown).
MALDI-TOF MS peak mass fingerprint spectra obtained from the different genus of
dinoflagellates studied are easily distinguishable by visual inspection (Figure 6.4) and
each set of peak mass fingerprint spectra from different species are distinct. In
addition to the unique peak mass spectral patterns, a number of unique and
consistently occurring signature peak mass ions (biomarkers) can be identified that are
characteristic at the genus and species level (Table 6.2). Therefore, either the peak
mass spectral fingerprints or the individual characteristic peak mass biomarker can be
used for identification purposes. Software and algorithms may be designed and
applied to aid in the analysis of such spectral markers (Jarman et al., 2000; Jarman et
al., 1999). Coupled with a universally accepted taxonomic database with DNA

information, this methodology will allows unambiguous identification of HABs
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causative agents.

Table 6.2 Biomarkers observed in MALDI-MS of dinoflagellate species

Species

Signature peak mass biomarkers (m/z)

Alexandrium canetella (ccMp1598)

Alexandrium minutum (CCMP113)
Alexandrium tamarense (CCMP116)
Alexandrium affine

Prorocentrum minimum
Scrippsiella rotunda

Karenia brevis (ccmp2281)
Unidentified species

2194, 2519, 2897, 3123, 3561, 8399, 8618, 12381,
17230

2673, 4984, 5520, 10580, 12545, 15614, 17257
2418, 4094, 4473, 6169, 8024, 9050, 10085, 15494
2615, 3603, 5445, 5656, 5936, 10388

4852, 6662, 9704,

2175, 3803, 5017, 8724, 10045, 10256, 16089

3910, 4139, 6665, 7462, 9866, 9974, 12086, 19101
2753, 4802, 7916, 9817, 10716
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Figure 6.4 MALDI-TOF MS protein profiles of dinoflagellate species in different
genus. The mass range depicted is from m/z 2000 to 20000. Individual species are

listed.
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6.3.4 Specificity and sensitivity

Another important issue associated with this developed methodology is the
ability to differentiate between species that have similar morphologies. Dinoflagellate
species within the genus of Alexandrium are highly similar in their morphological
appearances when observed under microscope. They are difficult to be distinguished
by their morphological features. Hence, this is not surprising that there are taxonomic
confusion and argument on classification within this genus. In this study, however, the
peak mass fingerprint spectral patterns obtained for different Alexandrium species are
different (Figure 6.5). As mentioned previously, characteristic signature biomarker
mass peaks that permit differentiation and identification of a particular Alexandrium
sp. are also identified (Table 6.2). Therefore, this MALDI-TOF MS identification
technology is an excellent alternative to classical microscopic identification
techniques for the identification of closely-related HAB species.

Specificity of identification by using MALDI-TOF MS mass fingerprint spectral
pattern methodologies on microorganism had been shown down to individual strains
or even sub-species level (Krishnamurthy and Ross, 1996). However, in this study,
dinoflagellates could only be distinguished from each other down to the species level.
In my hands, there are three different local strains of Scrippsiella rotunda (Table 6.1)
which were collected separately at different time. Three strains have different growth
rate (data not shown). However, when these three strains were analyzed by the
MALDI-TOF MS under identical conditions, the peak mass fingerprint spectral
patterns of the three strains obtained were almost identical (Figure 6.6).

With respect to amount of samples required for the analysis, it was found that

10° of dinoflagellates cells are enough to generate a reasonable peak mass fingerprint
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spectrum with the presence of all the representative peaks. We have tried to use 10*
cells for the MALDI-TOF MS analysis, but only the most abundant peak masses were
seen. Nevertheless, although this is not within the scope of this thesis, modifications
of sample preparatory procedures before MALDI-TOF MS analysis could be studied

further aiming to improve on the sensitivity of this method.
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Figure 6.6 MALDI-TOF MS protein profiles of different strains of Scrippsiella
rotunda. The mass range depicted is from m/z 2000 to 20000.
6.3.5 Reproducibility

The mass profiles presented in Figures 6.4 and 6.5 were representatives of three
different batches of the same samples and each experiment was performed in different
date. Given that sample preparation and measurement were performed under the same
conditions, the acquired peak mass fingerprint spectra are the same between different
batches of the same samples.

Further, in order to be qualified as a rapid and reliable identification method, it is
important that a reproducible peak mass fingerprint spectral pattern can be obtained
with the MALDI-TOF MS analysis irrespective of specific stages in the growth cycle
and growth conditions. When applying this methodology to other microbes, it is
reported that peak mass fingerprint spectral pattern distributions were dependent on

different compositions of growth media (Evason et al., 2000; Valentine et al., 2005).
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However, species and genus level distinctions are possible when the growth and
experimental conditions had been properly controlled (Evason et al., 2000; Valentine
et al., 2005). Therefore, in order to investigate if growing conditions have any effects
on the MALDI-TOF mass spectra, peak mass fingerprint spectral patterns of a
dinoflagellate species grown under two different culture media (f/2 and K medium)
were compared. Highly similar peak mass spectral patterns were observed for both
samples (data not shown). It seems that growth media has no observable effect in the
peak mass spectral patterns observed. In addition, we had found that an identical
amount of 4. affine cells (about 10° cells) collected at different growth states exhibited
the near-identical sets of specific peak mass spectral patterns (Figure 6.7). Cells in the
lag phase of growth (Day 1) show a very similar peak mass spectral pattern as cells in
mid-log (Day 3), late-log (Day 6), stationary or early death phase (Dayl3). The
remarkable similarity of the peak mass spectral patterns were based on the
measurement of constantly expressed highly abundant proteins in the dinoflagellate
proteomes, for example the ribosomal proteins (Ryzhov and Fenselau, 2001).
Therefore, it is not surprising that most of the peak mass ions, especially major ones
such as 5445, 5656, 5936, 9527, 9949, 10388 m/z are not affected by growth states of

the cells (Figure 6.7).
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Figure 6.7 MALDI-TOF MS protein profiles of Alexandrium affine in different
growth phases. (a) Growth curve of Alexandrium affine. Cells were counted every
day, each data point was from the means of triplicate counts. (b) Protein profiles of
Alexandrium affine in different growth phases. Day 1: lag phase; Day 3: mid-log
phase; Day 6: late-log phase and Day 13: stationary phase. The mass range depicted is
from m/z 2000 to 12000.The corresponding day of cells harvest are listed.
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6.3.6 Recognition of different species of dinoflagellates in a mixed culture

In the real world with a real red tide, usually one or two HAB species from
different taxonomic groups would predominate (Hallegraeff, 1993). Therefore, it is
important to investigate whether it is possible to differentiate different dinoflagellate
species from a mixed-culture. Two different species, Prorocentrum minimum and
Scrippsiella rotunda (in different genus) (Figure 6.8a); Alexandrium canetella and
Alexandrium affine (in same genus) (Figure 6.8b) were grown in a mixed culture. The
mixed culture was harvested and analyzed by the MALDI-TOF MS under the same
conditions as described in the Methods section. The results obtained showed that
several species-specific notable signature peak masses can be easily identified from
the peak mass fingerprint spectrum of the mixed cultures. In Figure 6.8a, signature
biomarker peak masses of Prorocentrum minimum (P) m/z 4852, 6662, 9610, 9704,
10415 and biomarker peak masses of Scrippsiella rotunda (S) of m/z 2175, 3803,
5017, 10045, 10256; are easily identified from the peak mass spectrum of the mixed
culture (P+S). In addition, individual biomarker peak mass can still be identified from
the mixed culture containing two looking-alike species, Alexandrium sp (Figure 6.8b).
Further, other notable biomarker peak masses of m/z 2194, 2897, 3759, 9979 from
Alexandrium canetella (Ac) and m/z 2615, 5445, 5656, 5936, 9549, 9927 from
Alexandrium affine were also easily identified from the mixed culture spectrum

(ActAf).
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Figure 6.8 MALDI-TOF MS protein profiles of mixed populations of different
dinoflagellate species. (a) Protein profiles of P: Prorocentrum minimum,; S:
Scrippsiella rotunda and P+S: Prorocentrum minimum and Scrippsiella rotunda. (b)
Protein profiles of Ac: Alexandrium canetella; Af: Alexandrium affine and Ac+Af:
Alexandrium canetella and Alexandrium affine. The mass range depicted is from m/z
2000 to 12000.
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6.3.7 Potential of the technique used in the identification of field samples
Although ability of the peptide/protein profiling-based identification in different
cultured dinoflagellate samples were successfully demonstrated, one may have
concerns on the potential of successful application of this technique in the field or real
red tide samples. I strongly believed that the proposed identification method having
great potential applied to the actual situation after the fulfillment of some
requirements. Firstly, the fingerprint spectrum and the signature peaks of different
existing HAB species should be well identified and annotated. Secondary, all the
identified signature peaks obtained should be well documented and developed into a
database with a software program, for example MALDI BioTyper (Bruker, Germany).
Thirdly, a “standard” sample preparation procedure including all the instrumental
settings should be developed for all users to avoid any variations when different
methods were applied by different users. By having more studies on this issue and
having the above requirements fulfilled, the technique may be transferred to technical
personnel in the Government or Monitoring Agencies for identification and

monitoring purposes.
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6.4 Conclusions

I had demonstrated that it is possible to identify dinoflagellate species either in a
single cell culture or in a mixed population of different dinoflagellate species based on
characteristic peak mass spectral patterns or species-specific signature biomarkers in
the spectrum. Identification and differentiation of closely related species such as
Alexandrium affine, Alexandrium catenella, Alexandrium tamarense, Alexandrium
minutum, can be accomplished easily by the MALDI-TOF MS analysis. Although the
identification would become complicated when more than two species are presented
in the mixed culture, it may still be possible to identify the species compositions with
the aid of computer software based on the analysis of the specific signature biomarker
peak ions. The workflow of HAB species protein/peptide peak mass fingerprint
spectral profiling is a straightforward approach. The method is simple, rapid, accurate
and reproducible. It represents an excellent alternative to classical microscopic-based
identification techniques. The peak mass fingerprint spectral pattern is unique for
different dinoflagellate species and is easily distinguishable by visual inspection. In
addition to the whole peak mass spectra, several specific signature biomarkers were
identified from the mass spectra. Therefore, the signature biomarker ions and the peak
mass fingerprinting spectral profiles form an unambiguous set of criterion for

identification of dinoflagellate species.
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CHAPTER VII

Concluding remarks

HAB is a global problem and the incidence of its occurrence is rising. Although
the mechanism of of the sudden bloom is unknown, it has long been speculated that
pollution caused by human activities and industrialization is root of the evil. Among
the excessive nutrients presented in the polluted water system, nitrogen is believed to
be an important factor in the initiation and maintenance of phytoplankton blooms.
Although there are many studies on the effects of nitrogen on the growth of
dinoflagellates, very little is known about the changes inside the cells at the protein
level. Dissection into the proteome of dinoflagellate was not reported. It would be of
great interest to pinpoint proteins that are either directly related to the blooming
process or growth in response to various nitrogen concentration. Proteomic studies on
these causative organisms of HABs have the potential to uncover cellular pathways
and mechanisms involved in blooming at the molecular level.

A fast-growing dinoflagellate species Alexandrium affine was chosen as the
model to study. 4. affine has the ability to assimilate different kind of nitrogen sources
including nitrate, ammonium, urea, glycine and aspartate for cell growth. The highest
maximum growth rate (0.9 day") and cell abundance (12000 cells ml™) obtained in
nitrate-enriched cultures showed that nitrate is the preferred nitrogen source. The
nitrogen-dependent growth experiments showed that when nitrogen was depleted, the
growth of these cells stopped and was maintained at a basal cell density of around
500-700 cell ml" throughout the entire period of 14 to 18 days. After N was
re-introduced as the N source, these N-repleted cells would undergo lag phase for the

first day after N addition afterwhich the growth of these cells resumed. In the
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nitrogen-depleted cultures, there was no detectable nitrate. From the results of nitrate
measurement and assay on the nitrate reductase (NaR) activity, it is implicated that
nitrate was not available in the N-depleted cultures and a rapid uptake of N occurred
in the N-enriched cultures.

On another front, a high quality 2-DE gel with well resolved protein spots is a
pre-requisite for finding differentially expressed proteins and subsequent success
MALDI-TOF MS identification. In comparison with 2-DE electrophoretograms
obtained using protein samples prepared with the usual urea-thiourea lysis buffer
method or acetone/TCA/acetone precipitation methods, those obtained using a Trizol
extraction method showed the best results. The 2DE gels obtained subsequently have
a higher number of resolved protein spots than those prepared by using the other four
methods. The results were consistently observed in two different dinoflagellates
species (Alexandrium affine and Scrippsiella spp). The Trizol-sample preparation
strategy is simple and fast. There are only a few steps to perform and the preparation
time is a few hours. In addition, sonication was better than homogenization for cell
disruption. Most of the endogenous proteases were inhibited in the Trizol reagent. It
was also found that the 2-DE patterns and resolved spots obtained with the
Trizol-extracted samples in rehydration loading mode was similar to that obtained
with the cup loading mode. Thus, the Trizol method allows larger amount of proteins
to be loaded onto the strips without limitations on the sample volumes and would
greatly facilitate the production of high-quality and high protein—loaded 2-DE gels
(mg of proteins loaded) for downstream analysis that require a larger amount of
proteins. The excellent quality of 2-DE patterns obtained by this Trizol-extraction

method would allow comprehensive protein expression studies on dinoflagellates to
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be performed.

After finding an optimized method for sample preparation for high quality 2DE
gels, the next step was to study differential protein expression with or without
nitrogen. A. affine grown in N-depleted and repleted conditions were harvested and
analyzed by 2-DE. By comparing the 2-DE of N-depleted and N-repleted samples, a
total of 33 differentially expressed proteins were found. These proteins were
consistently detected to exhibit at least 5-folds of differential expression. Moreover,
12 of them showed at least 15-fold of differential expression. However, of all 33
differentially expressed proteins, only 5 protein spots were successfully identified.
Using the PMFs obtained and the Mascot search engine to search against the NCBInr
database, these 5 proteins were identified as isoforms of ribulose 1,5-bisphosphate
carboxylase/oxygenase II (rubisco II). These groups of proteins have an apparent
molecular weight of around 55kDa and p/ ranged from 5.3-5.7. On the other hand, a
few of the peptides obtained from these 5 spots were analyzed with tandem mass
spectrometry. Two amino acid sequences (YWJ[I/L]STEED[I/L][I/L]JR and
QFI/LHYHR) which also corresponded to rubisco were found. In addition, with the
provision of sulfonation technology and post-source decay analysis of the
MALDI-TOF MS, proteins that consistently exhibited a 15-fold or more differential
expression were subjected to de novo amino acid sequencing. Some peptide sequences
were obtained using these differentially expressed proteins. Bioinformatic search
using these partial amino acid sequences against the NCBInr database revealed no
homology in the literature. However, it should be stressed that one of the major
difficulties in protein identification of dinoflagellate origin was the lack of genome

sequence data for this organism.
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By PCR amplification with suitable degenerate primers, an amino acid sequence
of NAP50 was successfully determined. However, there was no protein in the NCBInr
database that matches a significant portion of the protein sequence of NAP50.

Degradation mechanism of two proteins (rubisco II and NAP50) under nitrogen
depletion was investigated. NAP50 was found to be specific to Alexandrium species
and immunohistochemical experiments suggested that both rubisco and NAP50 were
located in the chloroplasts. It was found that both rubisco II and NAP50 had been
degraded more than 16-folds when compared to their original expression level in the
N-depleted condition. Degradation of both proteins can be inhibited by the
replenishment of nitrogen sources, suggesting that the protein degradation processes
are reversible and highly regulated by nitrogen. There is no corelation of the mRNA
abundance of rubisco II and NAP50 with the availability of nitrogen, suggesting the
degradation processes were not controlled at the transcriptional level. Protein
degradation was found to be triggered by specific protease(s). However, because of
the lack of starting materials, attempts to purify a rubisco II-degrading protease to
homogeneity was not successful. Only a partial purification was achieved.

Protein degradation by specific proteolytic proteases during nitrogen stress in
dinoflagellates has never been reported. Characterization of the proteins involved in
the response to nitrogen will provide an unambiguous picture of which pathways are
involved in the rapidly growth of this organism. Nevertheless, there is still a long way
to go in our understanding of the “blooming” mechanism.

Lastly, given that no effective method for controlling blooming is currently
available, the best strategy for control is prevention. Therefore, quick identification of

HABs causative agents is another important area in the study of HABs. A rapid and
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accurate identification method will minimize the damage caused. My study had
demonstrated that it is possible to identify dinoflagellate species based on
characteristic peak mass spectral patterns or species-specific signature biomarkers in
the MALDI-TOF mass spectrum. The peak mass fingerprint spectral pattern is unique
for different species of dinoflagellates and is easily distinguishable by visual
inspection. In addition, differentiation of closely related species such as Alexandrium
affine, Alexandrium catenella, Alexandrium tamarense, Alexandrium minutum, can be
accomplished easily by this MALDI-TOF MS analysis. It has also been found that it
is possible to identify individual dinoflagellate species in a mixed population of
different dinoflagellate species based on the presence of characteristic peak mass
spectral patterns and species-specific signature biomarkers in the spectrum. Coupled
with a universally accepted taxonomic database underpinned by genome information
of dinoflagellates, this methodology will allows unambiguous identification of HABs
causative agents. The newly developed method represents an excellent alternative to

classical microscopic-based identification techniques.
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Peptide mass fingerprints (PMFSs)
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Appendix 11:

Chromatogram of the tryptic peptides of NAPS0 for LC-Ms/MS

Intens. A-Fat_GBZ_01_62.d: TIC +All MSn

ala m
10 20 30 40 50 Time [min]

The upper panel is the elution profile of the tryptic peptides of NAP50. The lower

panel is the elution profile of the tryptic peptides of blank gel (control)
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Appendix II1:

Chromatogram of the tryptic peptides of NAP50 from RP-HPLC for Edman sequencing

mAU |
184

DAD1 D, Sig=220,8 Ref=360,100 (NT270607\NAPINJO01.D)
DAD1 D, Sig=220,8 Ref=360,100 (NT270607\BLINJ01.D)

/Fractlon P1-F-05

Fraction P1-G-06

Fraction P1-F-06

30

40 50 60 min
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Appendix IV: Edman sequencing results from APAF

>
|: Analysis performed by: Judith Lysaght (Australian Proteome Analysis Facility) australian proteome
] analysis facility
O
E Result:  P1-F-05
I
%KD CYCL MAJOR MINOR COMMENTS
< E # SIGNAL SIGNAL
L
@)) 1 A
L 2 F S,E,L
o 3 A W, P
<_EI 4 G D,I
= 5 T, W,D
O 6 A N
— 7 A F,D
Iq_: 8 V,E, G
Z 9 LY,M
e 10 Y E, K I
@) 11 K
2 12 -
S 13 -
<
Comments:

® There appears to be 3 sequences present in this peak fraction. It was possible on
some cycles to see a single main sequence but on others it was not possible to

clearly call and 3 amino acids have been included.
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Result: P1-G-06

CYCL MAJOR MINOR COMMENTS
E # SIGNAL SIGNAL
1 G
2 F
3 K
4 D E
5 D
6 F
7 D
8 A
9 (W) () = tentative call
10 R
Comments:

® There was a clear main sequence with an initial yield of about 6 pmol. Only the W in

cycle 9 is not a definite call but it is the most likely amino acid.
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Result: P1-F-06

CYCL MAJOR MINOR COMMENTS
E # SIGNAL SIGNAL
1 G
2 I
3 (W) E,A K
4 E
5 E
6 L N
7 P
8 K A
9 -
10 -
11 -
12 -
13 -
Comments:

e There was a clear main sequence with an initial yield of about 2 pmol. Only

the W in cycle 3 is not a definite call but it is the most likely amino acid.
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Appendix V: ITS sequences of Alexandrium affine (EF579793)

Y %

o, r M
" ke e SNucleotide wwwnE
PG £ WukIeolle Frakin Greme = P Taceremy oMM
Search | Corelucleotide | fr
Limit= Previan/Ind e Histany Clipboard Details
Displyy |FenBank ¥ gz |5 W[ Sendte W omge: O coquerce O alltor zere, 0D S md wF
Fange:froen |begin to |end O Rewerse complamsted stramd — Featires: 1|

C01: EEST9793 . Reports Slexandrinm affing . [=1:147937255] Links

Features

Segquence

Locu3

DEFINITION

P& gene, and internal transcribed spacer £, complete =zegquence.
ACCESSION EF5737492
VERSION EF579792.1 EI: 147927555
EEYWORD 3 -
ZO0UTERCE &l exandrium affins
OPFANISM  Alexandrium affines
Eukaryota; Alweclata; Dinephyceas; Fonvaulacale=; Gonyaulacaceas;
&l eszandr ium.
BEETERENCE 1 [(ba=es 1 to SE5)
ETTHOERS Lee,F.W.F. and Lo,.3.C.L.
TITLE Jequence analy=is of ribo=zomal EN& gene [(zDHA] of &lexandrium =pp.
JOTEN AL Tnpubl izhed
PETERENCE £ [ba=es 1 to SE5)
ETTHOERS Lee,F.W.F. and Lo,.3.C.L.
TITLE Direct Submission
JOTEN AL Submitted [EZ6-AFR-Z007)] &pplied Eiclogy and Chemical Technel ogyr.
The Hong Kong Folyktechnic Tniwver=ity, Hong Kong, China
FEATVRES Location/ Qualifiec=
=ouUrCe 1..525
forgani=sm="Al exandrium affine"
fmel wype="genomic DNAY
Fdb_xref="taxon:23452"
misc PHNA 1..173
fproduct="internal tran=cribed spacer 1"
rEH& 17d. 222
fproduct="5_83 ribo=omal ENa"
mizc ENZ 274, 525
fproduct="internal tran=cribed spacer "
ORIGIN
1l goacatgbct chbcaacaca argtbcoadatg atabtghggg chEgeggothg chgghottgc
El thcaagotgg targhobhge cobgggotgs atvggcktgca arcgcaacca Hgbgtgctaa
121 ttgtatttac aaggcataac ghggocattgc taatgbgokbt gactbtbtaca tgtbaatatgt
1l&l tttgcaaaga abgbckttagc tcaatagatg atgaagaatg cagcaaaatg cattatgcoat
£3]l tgbgaattgc agaatbcocgt gagocaatktg atghttgaat ghtacttgoca cocbbogggat
201l atgeottgaag grttgottga thcaatrgocd atactobbcoc aagtgtatct ghgotgotaa
261 goattgotgt gagotgbtaa gogbcaatgt ghgttgocabt gyacotbbgt gotbgoagat
471 gtgbtgcaac ctgaacatbga ttaattgggy ctgacchbhbt tcatcatttg thggttgcota
45l ttgcatatca btbbtgokbbatt ggbgaaatgh tgaacattga caakg
£

EFS737492

525 bp
&l esrandrium affine internal transcribed spacer 1,

DN

linezar

FLN z7-Ma¥-zZoo?
5.83 ribo=omal
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Appendix VI: ITS sequences of Scrippsiella rotunda 1 (EF579794)

% L

e i M
SNucleotide pign E

b T SRR

e e

Frokin e

M for

Prr i et SIn d e

FLERY &4

Hupdz o lide = Y iy

Search | CoreMuclectide

Limits Historny Clipboard Cretailz

Disply | FenBank ¥ a5 W Sendto W) mide: [ cequence [ alltu zene, 0D 5 and mwF
Fange: from |begin o |end O Rewerse complemerted strand  Feanmes: ¥
O01: EF579794. Reports Senppeiella rotu. [z1:1479378645] Lirke
Featurez Sequence
LoCu3 EF579794 57E bp DHa linear PLE Z7-M&T-Z007
DETINITION GScrippsiella retunda =train 1l internal transcribed spacer 1, 5.83
ribo=zomal ENA gene, and internal transcribed spacer £, comnplete
maguance .
ACCESSION ETs797394
VERI ION EF579794.1 EI: 1947327565
EEYTWOEDS -
SO0TERCE Scripprizlla rotunda
QRANIEM Scripp=izlla rotunda
Eukarvota; &lweoclata; Dinophiyrceae; Peridiniale=; Peridiniaceas;
Scripp=iella.
EETERENCE 1l (base= 1 to 57E)
ATTHORS Lee ., F.W.F. and Lo,3.C.L.
TITLE Jequence analy=i=s of ribko=omal BW& gene (rDHA)] of Scripp=iella spp.
JOUTREHAL Unpubl ished
EETEFENCE £ [(base=x 1 to STE)
ETTHORS Lee,F.W.F. and Lo,3.C.L.
TITLE Direct Bubmis=zion
JOTEHAL Submitted [Z6-APR-Z007] &pplied Bioclogy and Chemical Technologyr.
The Hong Kong Folytechnic Tniver=sity, Hong Hong, China
FEATUERES Location/ Qual ifiecs
TouIce 1l..872
forgani=m="3crippriaella rotunda"
fmeol type="genomic DHA"
f=train="1"
Jdb_wref="taxon: 106541
mizmec BHA 1..ZE&0
fpreduct="internal tran=cribed =pacer 1"
ZEN EELl..273
fproducts="5_&E5 ribo=omal BHA"
mi=ec BHA& 2E0. 572
fpreduct="internal tran=cribed =pacer "
ORIGIN
1l aataccacktyg tgaattctktg gogbgaggbt tbEgobbgggg atggagatgc thgocatcgat
El accccocettge akcagotcoaad gogcggcagy JIctEggatgg gEgottgbca cobockhbtoa
121l gbtcgbgbcg tocaccokbooo tbbgocttaad tataaghbgoc choctbgogoca gobbbbttta
13l catcctgaaqg tggbbgbghc cackbbobbt chtacaactt tocagogatcg abghbctogge
£4]1 tcgaacaacg atgaagggcg cagogaagtg tgataagoat tgbgaattgc aggattoogt
201 gaaccaatag ggacttgaac gracactgcg chkbttocgggat atcccoctbgaaa gocakgoctgo
261l thcaghbghbcc attoccbbbca thochbggoadc dcctococcaca thbchghgge accghtgott
421 cagtgbgbtt ghgogbtaga ghgochbbtgog goctockbgacg cgoctaadabtc abagggathth
43l cckokbbgogg cacgoaactt gotaaacatc thggatgbaa cobghbgokg tgokbbtcoatg
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Appendix VII: ITS sequences of Scrippsiella rotunda 2 (EF579795)

% L ;
D e SNucleotide gwu p

Fubfl ed Hudeclide Frokin [Tyt Shuchoe T orvoimny [IAN A
Search | CoreNuclaotide | oy
Limits Preari e Ind ess Histary Clipboard Details

risplay GenBank | guon |5 W[ Sendto | g O sequence O alltngt zeme , CT S and mF
Fange: from |[begin o | end O Bewverse comvplamerte d stravd  Feahmes: ﬂ
O1: EFS79795. Reports Schppeiella rotu.. [zi:147937268] Links=
Features Seguence
LociTs EF573795 572 bp DHa linear FLN zZ7-MaAY-Zz007
DEFINITION Scrippsiella retunda =train & internal transcribed spacer 1, 5_&3
ribo=xomal BEMNA& gene, and internal transcribed spacer &, complete
Teguence.
ACCESZION EF573735
VEERS ION EF573735.1 G&I: 147327566
EESWORD 3 -
SOUTRCE Scrippsiella rotunda
ORFANISM Scrippsiella rotunda
Eukarvota; &lweclata; Dinophyceas; Feridiniales; Feridiniaceae;
Scrippeiella.
EETEFENCE 1l [bases 1 to STE)
ETTHORS Lee,F.W.F. and Lo.53.C.L.
TITLE Sequence analy=i= of ribe=zomal BN& gene [rDHA] of Scrippsiella spp.
JOTRN AL Tnpubkl ished
BEEFERENCE £ I[base=s 1 tao 57Z)
ATTHORS Lea,F.W.F. and Le,53.C.L.
TITLE Direct Bubmis=zion
JOUTEN &L Submitted [Z6-APR-Z007)] &pplied Eiology and Chemical Technologyr,
The Hong Kong Polstechnic Tniwvers=ity, Hong Heng, China
FEATITRES Location/ualifiars=
Source 1._572
forgani=m="Zcripp=ieslla rotunda"
fmal type="genomic DHA"
S=train="gn
Ffdb wref="taxon: lOG541"
mizc_ENA 1..zz0
fproduct="internal tran=scribed =pacer 1"
IENE Zzl..3279
fproduct="5_53 ribo=omal BHA"
mizc EHA 2E0. .57
fproduct="internal transcribed spacer &"
URI-IN
l aaraccacktg tgaartcttg goghgaggbt thEgoctbgggg avrggagargc thgocatcogar
Bl accoccoccockkbge atcagotcaa gggoggcdgg ggctggatgy ghgotbghca cotococtbboa
1lZl gttoghbghbcg tocaccobooc Thbgocttad tataaghtgo cbctbgogod gobtttbtta
151 catccoctgaag Eqqrtgbgtc cackbEbohhE obtacaactt tocagogatcg abgqtotoggc
£4l tcgaadcaadcqg dtgaagggcyg cagcgdadghg tgataagoatr tgbgaattgc aggattoogh
201 gaaccaatag ggacktgadc ghadcackgog obbbogggar akccctgaaa goakgochgo
261 tEcaghgbcc artoctttoa thochEggcaadc dcctoocadca BhEEcEghEggc Accgqbtgott
2Z]l cagtghghtt gtgogttaga gEgotttgcg goctotgacg cgctadattc atagggartt
431 cototbgogg cacgoaackt gotaaacatc ttggatgtada cobgbbgotg tgohbtoatg
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Appendix VIII: ITS sequences of Scrippsiella rotunda 3 (EF579796)

2 2%

SNucleotide saw &

e e

Fubfl ed Hudeclide Frokin [Tyt Shuchoe T orvoimny [IAN A
Search | CoreNuclaotide | oy
Limits Preari e Ind ess Histary Clipboard Details

Displyy |S2nBank ¥ g [5 W Sendte %) mEide O sequence [ allbo gene , CD S and mF
Fange: from |begin o | end O Bewverse comvplamerte d stravd  Feahmes: ﬂ
O1: EES79796. Reports Schppsiella rotu.. [g1:147937867] Links=
Features Seguence
LocTs ETS73796 5TE bp DWa linear FLR Z7-MAY-Z007
DEFINITION Scrippsiella retunda =train 2 internal tran=scribed =spacer 1, 5_&3
ribo=xomal BEMNA& gene, and internal transcribed spacer &, complete
Teguence.
ACCESZION EFS73796
VEERS ION ETS73796.1 G&I: 147327567
EESWORD 3 -
SOUTRCE Scripp=siella rotunda
ORFANISM Scrippsiella rotunda
Eukarvota; &lweclata; Dinophyceas; Feridiniales; Feridiniaceae;
Scrippeiella.
EETEFENCE 1l [bases 1 to STE)
ETTHORS Lee,F. M. F. and Lo,5.C.L.
TITLE Sequence analy=i= of ribe=zomal BN& gene [rDHA] of Scrippsiella spp.
JOTRN AL Tnpubkl ished
BEEFERENCE £ I[base=s 1 tao 57Z)
ETTHOERS Lea,F.W.TF. and Le,5.C.L.
TITLE Direct Bubmis=zion
JOUTEN &L Submitted [Z6-APR-Z007)] &pplied Eiology and Chemical Technologyr,
The Hong Kong Polstechnic Tniwvers=ity, Hong Heng, China
FEATITRES Location/ualifiars=
=ource 1..572
forgani=m="Zcripp=ieslla rotunda"
fmal _type="genomic DHA"
S=train=ngn
Fdb_wref="taxen: lOE541"
mizc EHA 1..&&0
fproduct="internal tran=scribed =pacer 1"
ZEN2 gzl..279
fproduct="5_53 ribo=omal BHA"
mizc EHA 2E0. .57
fproduct="internal tran=scribed =pacer 2"
URI-IN
1l aataccacktg tgaattocttg goghgaggbt BEgoctbgggg acggagatgc thgoatogars
Bl accoccoccockkbge atcagotcaa gggoggcdgg ggctggatgy ghgotbghca cotococtbboa
1lZl gttoghbghbcg tocaccobooc Thbgocttad tataaghtgo cbctbgogod gobtttbtta
151 catccoctgaag Eqqrtgbgtc cackbEbohhE obtacaactt tocagogatcg abgqtotoggc
£4l tcgaadcaadcqg dtgaagggcyg cagcgdadghg tgataagoatr tgbgaattgc aggattoogh
201 gaaccaatag ggacktgadc ghadcackgog obbbogggar akccctgaaa goghgoctgc
261 tEcaghgbcc artoctttoa thochEggcaadc dcctoocadca BhEEcEghEggc Accgqbtgott
2Z]l cagtghghtt gtgogttaga gEgotttgcg goctotgacg cgctadattc atagggartt
431 cototbgogg cacgoaackt gotaaacatc ttggatgtada cobgbbgotg tgohbtoatg
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Appendix IX: ITS sequences of Prorocentrum minimum (EF579797)

& O

i ¥ M
SNucleotide mwn

PubR 24 Hudeolde Frokin G ruchre FRS Taxoremy Lol ]
Search | CoreNucleatide | oy
Limits PrevienIndes Histony Clipboard Details
Dvisplyyr | F2nBank | Zymr |2 W Sendto W) mige: O cequenmce [ alltnmt geme,CD S amd mF
Fange: fram |begin o [end DRwersecnmplemumadstrmd Feahmes: ﬂ
O1: EES79797. Reports Proroce whnn roind.. [z 14793 7T86%5] Links

Features Sequence
LocT3 EFST27397 555 bp IH& linear PLH Z7-Ma¥-z0o7
DEFINITION Frorocantrum Tminimam internal transcribed spacer 1, §5.33 ribkosomal
EHM& gene, and internal transcribed spacer &, complete =mequence.
ACCE3SION EFS73797
VERS IOH EFST2797.1 =I:147227568
EEYWORD 3 -
SOURCE Frorocentrum minimam
ORESHIEM Prorocentrum minimmm
Eukarzrota; &lweoclata; Dinophyrceas; Prorocentrales; Prorocentraceas;
Frorocentrum.
EEFEFENCE 1l (ba=se=s 1 to 555)
AUTTHOERS Lee , F.W.F. and Lo,3.C.L.
TITLE Sequence analy=si= of ribesomal BN& gene [(rDN&)] of Frorocentrum spp.
JOUTENAL Trnpubl i=hed
EEFERENCE Z (ba=se=s 1 o 555)
ATTHOERS Lee,F.W.F. and La,53.C.L.
TITLE Direct Submisz=zion
JOTEH AL Submitted [Z6-APF-Z007)] &pplied Ficlegy and Chemical Technologsr.
The Hong Kong Polykechnic Uniwver=ity, Hong Kong, China
FEATITRES Location/ (ual ifier=
=ouTce 1..555

mi=c ENA

forganism="Prorocentrum nir iz
fmel type='genomic DHA"

Fdb xref="taxon:29439"

1..555

fnote="contain= internal tran=scribed =pacar 1, §.55

ribo=xomal FN& and internal transcribed =pacer "

ORIGIN

61
121
151
231
01
261
3z 1
431
531

goacgcatcc
atagcatcga
tgtgocctgizc
agtggtctcc
acgatgaagg
tagggacttg
totattoctgt
agggcgccct
aggagagt gt
coagggocat

attcgaatca
tgcccccatg
cttgoctgbcg
actctcacar
gogcagogaa
dacgtatact
atcattccag
goggoctoctg
ctgaggggar
cctaa

ttgtgaacaa
cagagactca
gatgtcttcc
ctacttacaa
gegtgaraag
Jegobttogg
cttctggoct
gggcatitcag
atgbgccccc
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cagttggtga
agggcagcad
tgatctizctg
ctttcagoga
cattgtgaar
gatatccctg
gtccagaacqg
agJcgcacggt
gEtgtgtggg

ggetotgggt
gJocaggctca

tgtttttgaa
cggatgitcto
tgcagaatto
daagcatgcc
ctEgtg gt
gotEtccacgo
goggggcate

ggggatggag
Jaccgbctic

ttockctoctg
Jgctcgaaca
cgtgaaccaa
tgottcagtg
tobgtEgbgoc
gagogacagy
gotgtagtgt



Appendix X: Purification of NAP50

Lane 1 2 3
kDa

116
84

58
48.5

i65
26.6

’
Coomassie stained Western Blotting by
SDS-PAGE Anti-NAP50

Figure Al. Fragmentation of NAPS0 during cell lysis and purification. Lane 1:
boiled A.affine cell extracts. Lane 2: cell extract after cell lysis by sonication. Lane 3:
eluted fractions from the affinity column (packed with anti-NAP50 antibody). The
size of the product shown in lane 3 from the western blotting is same as that from the
coomassie stained SDS-PAGE (arrow), suggesting that the fragmented product
detected is NAPS50.
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Appendix XI:

Table Al. Partial purification of Rubisco II-degrading protease(s) from A.affine

(a)

(b)

Fraction ;l'nt;tg‘f;l protein g‘l?)tal activity :lljlf:.::)c acti\iityl ::)lllziﬁcatinn Yield (%)
Protein extract 75 0.075 0.001 1 100
Benzamidine -colurnn - 0,167 0.0027 0.0163 16.3 36
Kraction ;[I:tg:;l protein (T[(J))tal activity (Sl[;;::ll;m acﬁ\rityI fI';l;;iﬁcaﬁnn Yield (%)
Protein extract 104.4 0.104 0.001 1 100
Benzamidine -colurnn - 0,157 0.0032 0.0202 202 3.076823077
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Appendix XII: Gordon research conference —poster presentation

Protein identification using de novo sequencing of N-terminal sulfonated peptides from the toxic

desorption/ionization time-of-flight mass spectrometer (MALDI-TOF)

Q a dinoflagellate (Alexandrium spp.) species with post-source decay on a matrix-assisted laser

Ev Fred Wang-Fat Lee, John Hon-Kei Lum, Samuel Chun-Lap Lo *
The Proteomic Task Force, Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic

University, Hong Kong SAR, China. (*Email of SCL Lo: bcsamlo@ )
Introduction T p—
! ] pesvae
Protein sequence is fu y imporiant for understanding many -~
physiclogical processes al the molecular level With minule amount of sample
avallable for protein identfication, methods such as using peplide mass fingerpnnts 1 1000.43 1121555 |QFVLHYHR
(PMF) obtained by matnx-assisted laser desorptonfionization ume-of-fight mass YA
spectrometer (MALDI-TOF-MS) has become more and more popular. This work 1108.74' 130112 FOR
well when protein sequence of the target protein is available in protein sequence 1537.84 | 1752 02 | YWILSULTEEDILIR
databases However, protein sequence data of dir (the agents
of harmful algal bloom) is very limiled. Therefore, the success rate in identifying
proteins ined from dir is very low with PMF and de novo protein or r TTTEER 072 AR
peptide sequencing of the target protein would be extremely heipful or mandatory 2 |886.39 |110 AGCVI
Post source decay (PSD) analysis of precursor ions generated from MALDI-TOF-
MS is a powertul lool for amino acid sequencing, but the result is very difficult to 105101, [1800.08 | ANADULEULAMRER
interpret due 1o the formation of different types (ab.c.xy.z-senes) of ions in the 3 101059 |1225 21 |XWRSPHATR
PSD [1] N 5L has an d strategy in .
facilitating de novo peplide sequencing by the formation of predominale single-type ’ Lot " |4 [102861 (124356 |SHVGILTFILR
igure 1. (a) Scanning slection microscopy (SEM), (B) kght mictoscopy (LM) and () 2
ion senes (y-ons) in MALDI-TOF PSD $pectra [1.2]. Here, we J8MONSUaLe the 08 OF | Aigandnum spp Seven pratems wars seisciad fom the 2.0F for de novo
novo peplde sequencing of different proteins isolated from a towc dinoflagellate pepude saquencing 105321 [1268.11 |XVEFYR
(Alexandnum .) by u: PSD-dala obtained
ol A 5 [1211.11 [1426.33 [XULWLPGFEA
i T - - [T
Methods and Matsrials v v v ” » " e . 6 |115251 |1367 47 |XYHFATMX
10° dinoflageilate cell was harvested and lysed by sonication Proleins were ' : : : i e o ot
extracted and dissolved in lysis buffer. 0.5mg proteins were loaded for two 1 H l 2 E—— Ope——
dimensional gel electrophoresis (2-DE). The 2-D gel was then coomassieé blue —— N ——— 4 21808 — « D tovs rapiute Sequéhos SER papades

stained Proteins of interested (spols) were picked and cut from the 2-D gel
Proteins in the gel plug were in-gel digested with trypsin into peptides. 10mg/ml 4-
sulfophenyl isothiocyanate (SPITC) was added inlo the tryplic peptides and
incubated at 55°C for 30min for the sulfonation reaction (2] Sulfonated peptdes
were cleaned by zip-tips and analyzed by MALDI-TOF-MS. Amino acid sequences
were deduced from the PSD spectrum obtained.

.

Figure 2. PSD spectium. with y-ens. of peaplde with 1215 55 muz (digested from
protwin 1 in Figuie 1c) The sulfonated peplide (1215 55miz) was derived fom sulfonation of the nalive

R its and Di ion pepuds (1000 431miz) wrth SPITC (215 Da) Aminc acid ssquences are deduced from the mass
differance between adjacent y-ons of the speclium (shown n (8¢ colour)

Proteins of a toxic gt P Al drium spp., were separated by two-

dimensional electrophoresis (2-DE) (Figureic). Di I pep from Acknowledgement

the coresponding protein (Table 1) were selected for post-source decay (PSD)

Our result show that PSD spectra dominated with y-ions senes were ay  This his s by a grant from The Hong Kong Polylechnic University (A/C: RGD4)

generaled (Figure 2) and the amino acid sequences of the peptdes selected from

different proteins were easily obtained from the specira (Table 1)
References

To conclude, N-lerminal 1 of tryplic pep with MALDI-PSD prowides an
effactive, fast and easy way for de novo protein sequencing in dinoflagellale. This
strategy provides a useful in the pr study of the loxic dinoflageliate
species

|1) Keough T, Youngquisi RS, Lacey MP Proc Natl Acad Sc U S A 1888, 86(13) 7131-6
[2] wang D, Kaib SR, Colter RJ Rapid Commun Mass Specirom 2004,18(1) 86-102

from the corresponding protein spots n Figurslc (X
represents gap in the psptde ssquence which contan
one of More AMING acids)




Appendix XIII:

Currewt Promomice, 20071, 4, 67-78 &7

Proteomic Study of Micro-Algae: Sample Preparation for Two-
Dimensional Gel Electrophoresis and De Nove Peptide Sequencing
Using MALDI-TOF MS

Fred Wang-Fat Lee' and Samuel Chup-Lap Lo'**

The Proteomic Task Force, Deparment of Applied Biology and Chemical Techrology, The Harrg Kang Polytechnic
University, Hong Kong and *Siate Key Laboratory of Traditional Chi Medicine and Molecular Pharmacology,
Shenzhen, Ching

Abstract: Protelns arc the raxjor players it most processes of living cells and study of the proteome bas great relevance to
investigations on celis and organtsms st the molecular level. 2-DE is # core and powerful proweomic lechmique to study
prokein expression and function in living ocganipmns and it allows a fasi ovaview of changes that vecurresd in colls ot the
proteome level Although deta on DNA sequences from large scele genomic sequencing projects has greatly fusilitted the
identitication and chatacterization ol'pmtml. ;enomc wquwcu of many orgatliams, including that of many microalgee
are eiill unknown. Thus, de move protein) i e important for acqulring amlno acld sequences
of proteing from crganisms with l.nnompldn seuome data. Tuke dinoflugelintcs as an cxampie of micro-algas for discus-
sion purposss, they are the major causative agenis of harmful algal blocms (HAB). Lack of well desaribed genome in-
formation"of dineflagellales has limited progress of profeomis: studies oo these orgmnisms. Nevenheloss, 2-DE combined
with de novo proteln/peptide sequencing could provide an altemnative rouls for ideatification and anmoting proteins of in-
tevest in these organisms. However, preparation of high-quality samples of dinoflagellate oell extracts for 2-DE eualysis is
difficult duc to the preseace of high codogenous levels of mucleic acids, polysaccharides, salts, pigments, and olber iter-
fering cornpounds. Thus, an opdmized protocol of sunple preparation ia a pre-requisite for obiaining wtisfactory and re-
producible 1-DE profifes. In Ught of these perceived problems, we had reviewsd cument methods wvsilable for preparing
dinoflagellate samples for 2-DE asalysis with some wordng altcrnatives from the authory’ laborstory. Momover, de-nove
pmteinlpepﬁde saquenciog methods by MALDLTOF MS assisted by offective derivatization protocols were also de-

Key Words: Dinomgellaus, de nova protein/peptide sequencing, MALDI-TOF M8, sulfonation, 2-DE,

L. INTRODUCTION

©  Proteomics ia the lsrge—sca]e study of proteing, partica-
larly their structires’ and functions, in cells, Proteomics Lias
firnly been established as a powerful toel for understanding
varicus biological problems (Reinders e al, 2004). Cur
rently, for most proteomic investigations, proteing have first
o be resolved and scparated first before subjected to {denti-
fication and annoiation procedures. While two-dimensional
gel clectrophoresis (2-DE} is still an important protein
resolving procedure in proteomics, it was inveoted more than
30 ycara ago {OFarrell, 1975). The use and set up of 2-DE
had recently been extensively reviewed (Gorg er of., 200D,
Gorg ¢ al., 2004). 2-DE is still one of the mogt commonly
uged techmigues in proteomics rescarch because it is rela-
fively cheap o et up snd it provides & fast overview of the
proteome of interest, In addition, 2-DE allows the isolation
of proteing with sufficient quantitics (in nanograms gr more)
for subssquent protein identification by MALDI-TOF MS,
ESI-MB, LC-MS8/MS or Edman microssquencing (Celia
and Gromov, 1999; Ong and Pandey, 2001; Graves and
Haystead, 2002). Edman saquencing, sometimes also ceDed
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N-terminal sequencing, is cspecially helpful in fanctional
analysis of proteins isolated from organisms such as
dinoflagsllates whose genome information are not well de-
scribed.

Dinoflagellates are single celled micro-algas. They are
one of the most common causative agents of Harmiful Algal
Blooms (HABs). Somc of these dinofiageliates can produce
toxins, The ever increasing risk of occurrence of RABs rep-
resents expanding threate to human health, fishery resources
and the tourism industries, Howecver, many questions about
thess dinoflagellates arc unkmown. For examples, it i2 cur-
reatly unlmown why these sutotrophs would nesd o produce
toxins. Mechanisme of blooming and pathways by which
these toxing are synthezized are uoknown, Consequenily, the
study of global changes i protein expression in these
dinoflageilates in different environmental and growth condi-
tioes using 2-DE gels can be very rewarding

Proteomsic studicy on these dinoflageilates have the po-
tential o uncover collular pathways and mechanisms in-
volved in toxin production muifor biooming at the molecular
level. Despite of the emerging altcroative proteomic tech-
nologies ke multidimensional protcin identification tech-
uology (Mud-PIT) and peplide sequencing (Hu of
al., 2007), 2-DE is still the only techpigue that can be rou-

C2087 Brwibam Sciener Foblighars Led.
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tincly conducted in parallel for the quaatitative expression
profiling of large sets of complex protein mixmras (Gorg ef
al, 2004). The prithary streagth of 2-DE ix the detection of
proteins with post-wansiational modifications (PTMs) and
they are easy observed in 2-DE gels. In many instences,
paost-translationally modified proteins appear as digtinct spot
traing in the horizontalfvertical axis of te 2-DE gels, In
comparison with 2-DE protein expression map approach,
LC-MS/MS based snalytical methods canmot provide infor-
mation on iscelectric paints 28 well as molecular masses of
inxct proveins. Further, stable isotope labeling is required for
quantitative analysis. More importantly, 2-DE analysis aot
only provides information on protein expression kevels and
thelr PTM, it also atlows isalation of proteiss in significant
amoonts (even up o mg levels if required) for downstream
structural anatygis or de move sequencing by MS or Edman
degradation. However, despite its popular appiications io
proteomic studies on anitnal, plant, yeast and bacterial cells,
there is limited information on the use of 2-DE in tesearch in
dinoflageliates!

In order to proceed on proteomic investigations on
dinoflegellates onder different growth sad envirenmentul
conditions, it is important to abtain high guality 2-DE im-
ages with good resalution first for finding differentially ex-
pressed proteins. However, the preparation of high-quaity 2-
DE gelz from dinoflageilate samples are difficult duc to the
presence of high endogenous levels of slis, nuclcic acids
(estimated to be at least 10-100 times that of human), poly-
asccharides, phenolic compounds, pigments, and other inter-
fering compounds. Pressnce of all these interfering sub-
amnces would lead to a failars in the IEF-focmsing process,

the first electrophoretic phase in 2-DE, To establish routine -

procedures for maning 2-DE on dinofisgetlates, m efficient
sampls preparation protocol for producing high-quality 2-DE
gela for dinoflogellates has to be developed. Further, protein
identification ntilizing peptide mass fingerprins (PMF3)
obtained from MALDI-TOF MS analysis and bioinformatic
seerches has greatly improved officiency of the identiflcation
process over classical Edman sequencing procedures. How-
cver, bivinformatic searches using PMFs data required a
concomitent provision of large amount of genome informa-
tion of the orgunisms of interest. Nooetheless, genomic ae-
quences of many subclasses of Dinopkyceas (dinoflagsl-
laics) arc completcly uolnowm. Thus, da mowo pro-
tein/peptide scquencing is important for scquiring protain
sequenices on smmples of interest From these organisma, It
should be reitcrated that incomplecte genome Infonmation on
dinoflageliates bas limited applications of proteamic tech-
niques in the stwlics on those organisms. However, 2-DE
combined with de now proteinfpeptide sequencing could
gready enhance the success of proteomic studies on these
dinoflagallates,

In thia review, we shall elsborate on curreat methods
used for preparing protein extracts fiom dinoflagellates for
2-DE. Various strategies will be discusscd and soms work-
ing protocols from the authors” labortory will be described.
In addition, various commonly used protein/peptide sequenc-
ing methods will be discussed. We shall also focus on some
offective derivatization stratcgics for de nowo peptide se-
quencing which ar¢ compatible with MALDI-TOF MS.
Thess illustrate bow rescarchers can obtain novel pro-
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tein/peptide sequences from micro-algae which have incom-
pletely deseribed genomes,

2. PROTEOMICS OF DINOFLAGELLATES

Although rare, thers were sevoral proteomic studies on
dinoflagellates with the uscs of 2-DE and M8 approach,
Thess studies can be divided into three broad categorias: (1)
the study of blooming and toxin- producing bicmarker of
dinoflagellates (Chan ef af,, 2004a; Chas er af., 2004b; Chan
et al., 2005; Chan et al, 2006); (2) the study of cell muface
proteins of dinoflagellaics (Bertomeu ef af, 2003) and (3)
tiee study of circadian expressed proteins in dinoflagellates
(Milos e af., 1999; Markovic et al., 1996; Akimoto e al.,
2004).

Chen and co-suthors bave found different differentiaily
expressed proteius of Prorocentrum triestinum growa under
different growth phases and growth conditions. They found
several preblooming (PB1, PB2, and PB3) and bloaming
proteing (BP1 and BP2) which were differentially axpressed
before and after blooming (Chan ef 2L, 2004). In addjtion, by
comparing profcin cxpression on 2DE gels from samples of
taxic and non-toxio dinoflagellates, a differentiaily exprossed
toxin biomerker (T1) was found. N-termingl sequence tags
of the blooming proteing and intarnal amino acid sequence of
Tl were successfully obitained by Edman micro-sequencing
(Chan e al, 2006). DNA zequence of T1 was obilained sub-
sequontly. That series of proteomic studies was the first act
of investigations on blooming as well #5 toxin-relensing
mechanisms on dinoflagellates and soms preliminary under-
standing on these aspects In moleculer tarms were achicved,

On the other hand, the firgt report on surface proteins of
dinuﬂa?;sllutw was from Beriomeu and co-authors (2003)
using I'™ labeling. They had successfully obtained several
peptide yequences of p43, & cell surface protsin that waa iso-
lated Gom- Lingulodinium polyedrion (a dinoftzgellate)
throngh 2.DE. Amino acid sequences of p4d was oblaincd
by microsequencing performed with an unspesificd mass
specirometer (Bettomen & of, 2003} Degencrutc primers
derived from thess amino acid saquences could be designad
and subsequent PCR amplifications iming to obtain the fatl
¢DNA sequence could be performed. The complete cDMNA
sequence eacoding p43 was obtsined evontuatly,

Protcomic technologies bad slso been applicd to stdy
the circadian processcs of dinoflageilates, Several cellular
processes in the wmarine dinoflagellate Lingulodinium polye-
dra (formerly called Gonpaulax polyvedra) were found to
cxhibit circadian rhythms, Some proteing involved in these
processcs were found to be regulated et the transiational
lcvel only (Mlittag, 2001). Because they aro controlled only
at the traoslationsl level, chargcteristics of thesc proteins
have to be studied ot the proteia level, In their studies, Milos
t al. (1950) labeled prodvins i vivo using cultures from the
day- and uight- phases before being resalved by 2-DE. Sev-
eral proteiny were found to be differentially cxpressod wi
different time, This approach was taken further by amino
acid microscquencing of the Iabeied proteing and four pro-
icins were successfully identified from the peptide sequences
obteincd (Markovic er al., 1996), These protoing are ribu-
loso 1,3 bisphosphate carboxylassfoxygeonse (RUBISCO):
the nuclear encoded glyceraldehydes-3-phosphatc debiydro-
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genase (GAPDH), a protein component of the oxygen evalv-
ing complex; and the peridinin-chlorophy!l a-binding protein
(PCP}. ANl these proteing arc related to photosynthesis and
under circadian regulation. In 2004, with the same L. polye-
dra a3 Bertomeu et al. (2003), Akimoto and his collsborators
(2004} had study biological rhythmicity in terms of ex-
pressed profeing in these algae using proteomic technologics.
In their study, cells were harvesied at different time points of
the light-dark regime and protein exiracts from these cells
were reselved by 2-DE. Out of about 900 protein spots de-
toeted, 28 were found to display differential expression it a
diumal pattern. 20 out of these 28 proteins were identified by
LC-ESI-MS/MS. The remaining 8 proteins, which wers also
found 10 exhibit diwrnal changes, wers oot identified =t that
time due 1 insufficient genome information of the dinoflag-
elates. With provision of more advanced technologies thesc
dayz, de novo protein sequencing snd bioinformetic sexrch
for protein annctation that relicd on komologons or highly
conserved protein sequences can be performed for identifica-
tion of these proteins. Novertheless, Akimoto and colleagues
had demongirated the feasibility of applying proteomic ap-
preach in studying differential protein expeoesion in
dinoflagellates. The combination of 2-DE, MALDI-TOF MS
and amino acid sequencing by Edman degradation or other
types of MS, has provided a useful approach for the identifi-
cation gnd ennotation of differentially expressed proteius in
dinoflagellates.

3. SAMPLE PREPARATION FOR 2-DE

As claborsted carlier, efficient and reproducibie sample
preparation methods for sampies of different origing are key
to successful 2-DE (Rabilloud, 1999; Macri e al, 2000;
Molloy, 2000). There srs four fundamentr] steps in sample
proparation: (1) cell disruption, (2) tnactivation of proteases,
(3) removai of interfering substances and (4) solubilization
of the proteinz (Herbert, 1999; Rabilloud, 1999; Gorg ef al,
2000; Shaw and Riederer, 2003; Gorg #f of., 2004). To have
a high resolution 2-DE gol with protzin spots weil resplved
from cach other, the sampie have o be adequately denatured,
disaggregated, reduced mnd solublized to achieve complcte
disruption of melecolar interactiont among the protcing
(Gotg er al, 2004). Obvicusly, the major ffort for obiaining
a high-quality 2-DE gel is to remove all the interfering sub-
sunces during the protein extraction procedures. Although
there are many 2-DE sample preparstion protocols that were
published, there it no single method of sample preparation
thet can be universally applied to ail types of samples.
Therefote, one has to opfimize their samples baged on the
published protocols.

In general, sample preperations for 2-DE starts with ocll
disruption and it can be achicved by methods like osmotic
lysis (Dignam, 1990), frecoo-thaw cycling (Toda ef al,
1994), detesgent or enzymatic lysis {Cull and "y
1990; Jazwinski, 1990), sonication (Gorg ef al., 1988), ho-
mogenization (Diguam, 1990; Gegenheimer, 1990), French
press high pressure disruption (Cull and McoMenry, 1990;
Jazwinski, 1990) and grinding with liquid nitrogen. These
ethods cen be vsed individually or in combination. Afer
cell Iysia, tbe aext thing to do 38 to block activation of en-
dogenous proteazes which would lead to protein dagradation.
Twao of the most common methods used are (1) to inactivate
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proteasea by adding proteass ichibitors (Rabilloud, 1996)
and (2) to precipitate proteing by adding either TCA/acetone
(Gorg et al., 2004) or acetone only (Holloway and Arundel,
1988; Flengstud and Kobro, 1989), K protcase inhibitors
were added (o control protesse activation, the mtrmsicatly
presented interfering substmcea (including salts, nucieic
scids, lipids, polysaccharides etc.} had to be removed before
performing 2-DE. Presence of thesc substances would fead
o unsuweessful IEF-focusing which eventuslly yvielded aber-
rant patierns with streaking and unfocused spots in the 2-DE
gels obtained {alto ses below). The protein Precipitation
methods control protease activation and also scparate pro-
teing from these interfering pbatances in the rumple (Gorg
ef al, 2004). Among these methods, acetone precipitation
and TCA/acetone precipitation (Granier, 198%; Taugita er gl
1996}, were the most commonly uged precipitation protocal.
Lastly, the protcing precipltated must be brought into an ap-
propriats buffer and in a condition sujtable for IEF electro-
phoresis (Yosic ot al., 2005).

3.1. Sample Preparation of Dineflagellates

As elaborated carlier, 2 high quality 2-DE gel with well
resolved protein spots is the pre-requisite for finding differ-
entially expressed proteins and suceoss MALDLTOF MS
identification subsegueatly. For example, a protein spot
could not be identified if it co-migrates together with another
protein in a 2-DE pel. Presence of interfering subwtances in
significant quantities slso renders successful 2.DE of
dinoflagellates difficult. Nevertheleas, proteomic studics on
dinoflagellates by using 2-DE arc becoming tmore common.
In the literature, there is ouly one comprehensive stody on
optimizating protocols for sample preparations of dinicflagel-
lntes for 2-DE studies (Chan er al, 2002). The suthors had
compared different procedures and methods on cell disrup-
tion; extractions buffers; and pre-eloctrophorctic treatnents
(such as addition of protzase inhibitor and HNase/DNase/

* tadonuclease; wiirafiitration, desalting and protein precipita-

tion ete). They found that sonication was the most affective
cell dismuption method for breaking the dinoflageliate cells,
especially the thecas forms. From their results with different
independent cxtraction procedures, Tris-exmaction buifex
and TCA/aostons precipitation sasbled good protein regolu-
tion on subscquent 2-DE. Batween (he two extraction proge-
dures compared, Tris buffer extraction procednre was found
to yicld a greater mumber of spots (407 spots) than that of
TCA/acetone precipitation (387 spots). Although the suthors
cinimed that there were minor differences when the extrac-
tion were done with or without the prescuce of protease in-
hibitors, nearly 40 spots were found to bo degraded when
protease inhibilors were not added. ‘Therefore, addition of
protesse inhibitors to extraction buffir was recommended in
order to minimize endogenous proteotytic degradation of
proteins in samples before 2-DE. Further, in order 1o remove
nucleic scids, DNase/RNase or endonucleases were added to
the cxtraction buffer, A clearer 2-DE protein expression pro-
filc was observed after the removal of nucleic acids, Morco-
ver, three desalting protocols (desslting by Biospin column,
ultrafllitration and acetone precipitation) were cvaluated for
their abilities to remave interfering substances prior o IEF,
The suthors claimed that Biospin coturmy is casier to camry
wilk and gave good 2-DE protetn expression pattern.
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Flg, {1} sumnemasized the optlmized method that Chan ef
. hnd dewelopad nod used (n sobsequent proteomic snuwies
on digoflagelates (Choo & of, 2002 Chon et o, HE4a;
Chinn e al, 2004b; Chan ef al, 2005, Chan er al, 20046), The
optimized protem exirction by Chan and co-suthors
enabled ihe prodiction of good quality 2-DE gel wilh rea:
goasble vesalution of spoes. Fig. (1B} & a represeniative 2-
DE gel propared by the optimized methodalagy with severs]
differeitially exproassd blooming-relsted proteios (FBI,
PHZ, PR3, BFI mnd BPZ) foond (Chan ef al, 2004} The
additiona| d=salting and concentruting stegs could improve
quslity of the final renilin, but each sdditional sep would
result [n aglective lomes of some proteins, Samples prepared
oy jes described by Chon mnd coworker yield
catly n few hundred of spots, Therefore, it soems that there
was & slgnificant Jow of proteing with that smple preparn-
urypmml_rmtmlndnuphlmmntth-
lengrhy desaliing and concemtrating steps, Although there is
no ome-giep procedire fof mmpls prepamtion for 2-DE, ons
should alwuys sim for o simple sample prepamtony protocol
i order io minlmise protein odses and ensure reproducddl-
ity.

After these earlier studies (Chan ef al, 20403, Chap of ad.,
HM0de; Chin ef @, J088; Chan o al, J005), We Bad sinoe
embarked on smdies siming o fled o more gipdified
method for sumple preperation of dinoflagellsies. Trizol, &
commencial reagent of mooophasic mivtare of phenel asd
groridine (sothiocynnate which i typically used o isobsbs

{a) Tris buffer extraction method

| Dincllageliste ceils |

Weorienily - o [ Lymin butor (A0mM Tris-HC1 pH 8.7)]

I

I Froiease intidilors I

irpdnnim mrcogE i
rrolanmm L

-
Homesn foibee @0l -'I

| RNasa/ONase and endonucieases |
Ca | mapn .]' E‘m

Sample ready for [EF

SoromTEeta of piokE i -I

Frarvzve i el oiber
niprde g sptmlaiden

Laat atend L

RNA fram cell and tese samples, lad been studisd Ve
foad that Trizol allowed a much simpler and et anmple
prepuration prooenl for dinoflagellsies for producing bigh
quality 2-DE gela (Fig. 1a), This extraction method is effec-
tive in produce high-quality 2-DE gels with more than 1800
distinetly resolved prodein apets found afler silver sainiog
{Fig. Ib), Successful application of Trizolextraction in
studying proteins from o halophific archaes (Haloferos wof-
caril) luad been reported (Kirkland ef al, 2006). Therefore,
we hsd sdopted the method with modifications. Subse-
quenily, we compared the 2-DE gels of 0 model dinaflagsl-
Inte —Alevandrium spp ohinined using the three different pro-
tein extruction methods: inchodlang & buffer containing Thi
ures, XM Thivures, #% CHAFS, 40mb Tris pH 8.7 (which
we called lysin buffer), scetone peocipaintbon and Trizel ex-
wactiona. 1o oar hends, 2-DE gels of dinoflagellste protein
gaimples prepared wing Trieol extraction method revealed a
higher resohution of protsin spots when compared o the
ather methods (Fig. 3. On 4 2-DE gel, protein extoted by
directly bomogenixing the dinoflagellate calls in Lysis boffer
prodiced sicessive horizootal and vertical stresking (Fig.
3a). Many proicios were nol bemg focused and appesred
ciiher ms smearing or sbormot patierns, In sdididen, high
hackgromnd with relsitwely few proteins spots was seen, Ol-
wioualy, the “unremoved” sndogenos inferfening subatances.
in these dinaflagsiiste colla have grostly affecied focusiog of
proieins during the IBF atep in the 2-DE. As for the acetone
precipltation method, the pracipiation sep served both e
conceEiirate proteins in te aamples and also (o separnto these

(b)

51 = -
J Ao
s v i
r* . i o

Fig. (1), (s} Workilow of Teis-buller profedn extraction peocedures ai describied (Can o of , 2002), (b} 2-D8 of el peoteln extmets of

Alnafugallates (Mo rersnine e

dﬁ,"ﬁﬁl aplfer evtrmeninn metnnd a1 deanribed (Chan af al | BHFE: Chan af al, 2004% Dl fferesiially
eapressed protning (RE'L, BF2, PBE, PR md PR} wern fomnd highly

In & peak blnoming conditione. The 3-DE gl was losded

eperegilated
wiith 201 of proteing o the pH3-10 mose [EF strip before beies resolved with & |3% resobving pobvacrylamide gel
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(a)
Trizol-extraction method

| Dincfiageliate cetls |
s ety
[l L]
casmmie
v.::.r-— { lE:r'llcl'ulu:um n-mctinn]
et |
== |

Sample ready for IEF

Flg (2} (2} Workflow of Trimwl peotein eximction
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for dimoflagelimes. (b} 2-DE of otal protein mtracts of diooflagsflMos

procedures
[Alesmmedriomn spp. ) msing Trizol-extaction meibods. 2-DF wm losdod with 0y proteing in 10% polyeeylamdde gel and with [EF in e pH

moge of4-7,

proteing from poleotially interfering subatances, The number
of protein spots resolved and ingensity of these spots wers
better ihan that obtaine] osisg the lysis uffe extmotion
method [Fig. 3b). Howeves, phenolic and some contaminania
were co-cxtracted . together with the protems, resulting in
several horizontal and vertival streakmg with & bigh back-
grotad, This s easily obeerved mn the enlarged ares of the
gel (Fig: 3b). Furiher cleaning-up procedures are required to
remove the subatantinl interfering submances that remained
in the sgetone precipitiled snmple, Token overmll, the Trizl-
extmotion mothod guve protein extmcta that yiclded the
highesi resolution of suined spots wiih & cleir background in
a 2-DE gel (Fig. 2b undd 3¢). The Trizol-sample prepamtion
sirubegy i8 sample and fost na (e will finlsh in a
fow tenaa, The Tileokaxtrsstion metbed i by far muoch -
porior o exiting published pootocols for sampls preparation
of dinoflagellate calls, For ihustration purposes, et in the
rectangle mnd circle reglons in Fig. (3) bave shown o grester
intengity in the Trizel prepaced 3-DE sample when compared
to thost preparcd with the other two methods. [n sddiiion,
noame spats wern migstng i the 2-DE prepared from prolein
exiracts prepared by Lysis buller (for example, see spots 1-7,
Fig. 3). Although ihese apots (#1-7) were seen in both the
sostone precipitotion mnd Trimol prepared 2.DE (Fig. 3b and
¢, these spots were much focused and with & higher resolu-
tiod iia the Trizel prepared 2-DE sample than thal of the sce-
tome precipitution prepared,

Using this Trizol-protein exiraction methed, we wre cur-
renily nvestignting several difTerentially expressed proteins
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from 2-DNE geln obtehed usng proteins extracied from
dipcflagellnies exposed in diffevent nuiridonal streas (Fig. 4).

4, DE NOVD FROTEIN/FEFTIDE SEQUENCING

A {mipe i prerequisite for efficlent protecinic stady &
terms of protein dentifioation is e presmos of compleis
DA sequences databases for the given clase or species of
organise of imerest These databases should weally coves
sequences of the entire genome as well as the EST ge-
guences. However, when DMA sequences of the ooganisr(z)
of interest are either pot wvailsble or are oaly evailabls n s
very lmited mumbers, ooe must rely on the homology of
gimjlar proeing in ofher organisma. Given that the gmome

Intes ure incomplete, de rowo in
mmm; llwlmpnrmhﬁnpmm F;'IIH-

4.1, Edinsn Seqoencing

In the 1950, the Edman degrdaimn chemisry which
could be used for de mowe protein sequencing, was descrived
(Bdrmnz aml Begg, 1967} It s & gepwise o de-
rals prodems from tioir H-terminal end. Although deinila of
Edman sequensiog & catmide the scope of his review, vuri-
oug technical developments aod acdvances of microsequenc-
ing bad ensble fabrication of highly sesaitive and fully
mutomated protemn sequencers (Tsuginn, 1YE7; Wolker, 1994,
Shively, 2000). Although Edman sequencing contimes to
contribite 1o the febd of protaia blochemistry and protesmic
research, il bos 8 mwmber of verious [imdtations. The maoat
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significant limitation is (hat the sequencing reaction is slow.
Onc typical degradation cyck is around 45 minies with a
nerrow-bore HFLC. Therefore, only a limited number of
prptides can be sequenced every day. Furthermore, cukary-
otie proteing are often blocked at their N-termini, i.e. without
zn o-tarbonm {Geovacri and Vandckerckhove, 2000). De-
blocking procedures or enzymatic digestion to open np pep-
tide chainz with subsequent HPLC separation have to be
performed befors amine ecid sequencing eould be performcd
again. However, it should be noted that after & protein was
blotted onto a PYDF mmmbranc, cach samplke can only be
used onoe in N-terminal gequencing. There is no chance for
repeating the experiment using the same blotted sample. In-
adequacy of Edmen sequencing in these respects makes it
less popular than other sequencing technigues (see below).
Nonetheless, Edman sequencing still remeins a9 a faltback
peptide saquencing method when mass spectrometric meth-
odds failed to yield usefu) sequancing information,

4.2. Peplide Sequenciag by MALDI-TOF Mass Spec-
iromctry (MS) )

Provision of MS has significantly reduced the need for
Edman sequencing because it is more sensitive and provides
bigher sample tiroughput (Bienvennt of of , 2002). MS itsslf
can only give considersbls information on the peptide mass
a3 well as the amino acid compositions of peptides, MS doey
not determine the order of the amino acids (Standing, 2003).
Therefore, de nove peptide sequencing usually requires tan-
dem meass spectromenty of MS/MS. Generally, for MS3/MS
peptide sequencing, a particular precursor ion 8 deleoted in
the frst masses sean before being fragmented either by CID
of mctasiable decay. Subsequently, the fragmented ions can
be separated by their masticharge dwng the second M5
zcan, This procedure may yield a series of ions with Iadder
like appearance which may contsin aufficient infarmation to
determioe the amino acide sequences. Futther, it waz found
that (ke prescnce of matrix greatly facilitated the ionization
process,

Motrix-assisted laser desorption ionization (MALDI) in
MS wesg developed by Knras and Hilicokamp in the late
19806 (Karns and Hillenkamp, 1988). MALDI de nove se-
quencing has been carried out wsing CID and metastable
decay (Spengler et al, 1992; Schilling et al., 1999; Medzi-
hradezky of al., 2000; Yogey e al,, 2002). There are several
attrastive propertics for the anslyyis of peptides by using
MALD! M8, Firstly, it hes a relatively high tolerance to salts
and jrapuritiecs when compared fo that of ESL. Therefore,
requirement for smmple puarity for MALD] analysis is rela-
lively low and exteosive samplc cleaning steps can be
avoided. Secondly, the samplc intended for MALDI analysis
is co-crystallized with the matrix md dricd on a target plate.
Thia allows the sample to be used until it is depleted; so data
can be obtained for different ion species produced from a
single peptide mixture. Because of these advantages, de nove
peptide sequencing using MALDI MS is becoming very
popular (Spengler of al., 1992; Yergey ef al., 2002); particu-
larly after pretreatment of ihe semple by derivatization such
a5 sulfonation (Keough & ai., 1999; Keough ar al, 2000;
Keough & al, 2001; Keough et of., 2002), as described in
sectiom 422,
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4.2.1. MALDI-TOF M5-FSD

There ere two differenl fragmeniation reactions in
MALDI-MS. Firstly, fragmentation of ions occured in-
source following laser impact and it can oecur within a few
hundred neno-seconds (Lemnon and Walsh, 1997). Another
ope iz the Post-Sovrce Decay (PSD) (Kaufmann et af,
1593). It takes a longer time soale (us) following extraction
of MALDI-icus out of the source region inte the ficld-free
region (in the flight tube) and the peptide jons decayed be-
cause of the energy departed in the dcsorption process.
Fragment ions maintain the same velocity as their intact pre-
curzat jonss in the field-free region. However, the fragmented
ions could not ravel far as inteet ions into the reflectron field
due to their leager kivetic energy, Therefore, the lower the
tiass of the ions, the sconer the ions will be ejected out of
the reflectron field. It will then appear mg 2 lower apparent
masz in the spectta. Becanse the dynamic scparation range is
kmited for most reflectron Reldz at o defined voltnge, there-
fore, 8 regime of gradually stepped down voltages is required
to collect fhre complete set of fmgment masses in the range of
interest {usually 10-15 segments are oblained), The final
sequcnces could be deduced afier stitohing together the spec-
tra fiom differcot voliage ranges. Akernatively, a “ourved.-
field reflectron™ in the TOF mass detector will enable simul-
tancous focusing of 4 wide maes range of fragment jons gen-
cratcd by meiastable decay. The enlire PSD fragment ions
spectrum can be obtained in a single sxperiment (scan) with-
out changing voltages, Provision of the ‘curved-field reflec-
tron” has since circumvented the time-consuming reflector
voltege stepping procedures (Comish snd Colter, 1994).

In addition, when delayed extraction is applied i the ion
source of & MALDI M5, precursor ions are encrgetically
cooled down which bronght sbout a concomitant reduction
of the rate of PSD fragracntation by at lsast an order of mag-
nitude (Kaufmenn e af., 1996}, Part of this losa is balanced
by. 2 better signal/ucise ratic. which results from a signifi-
cantly improved mass regolution of the PSD fragment ions
(M/AM up to 1800 compered with M/AM = 200-500 undex
prompt exiraction). While this compensatory effect is tme
for the middle to high mass range of PSD fragment jons, it
gradually vanishes towards the low masa end of the PSD
mass scale where, in (he casc of linear paptides zome impor-
tant immonium ions arc lost, Taken overall for most practical
work with PSD, delayed axtraction improves quality of the
PSD specira and that high energy collisional post-source
sctivation can compeasate for the occasional loss of analyti-
<a) information (Kaufmamm e af., 1995),

It should be stregsed that there are many types of fag-
men jons were produced during the Bagmentation proc-
eezes. Both the N-terminal fagment ioas (a-, b-, ¢- and d-
type ions) and C-terminal fragment ions (x-, y-, and z-type
ions) as well a5 the internal fragment jons can be formed
from double chaine cleaveges sud they can be observed in
the PSD spectra (Chaurand er al., 1999) . [For the nomancla-
ture of fragment ions, picase refer to (Biemann, 1988)).
Thess ions are complementary to each other and can be uged
to validate accuracy of de-nove sequences obisined, How-
ever, interpretation of these specira and deduce s “de-navo™
peptide sequence is a highly skillful task, In fact, the major
drawback of de-novo peptide sequencing using PSD is that
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the output of fragment jons spectra is too cormplex., As men-
toned, interpretation of the results i complicated, labos-
intensive and certsinly required a high level of proficicacy.
Thecefore, MALDI-TOF-PSD cansot be used as a standard
peptide sequencing mathod (Sawyn &f ol., 2004).

4.1.2, Derivatization and N-Terminal Snilfonation

As mentioped mbove, in order to produce a simple but
informative mass spectrurn, chemical modification or da-
rivatization of the peptides is highly desirable. Several de-
nivatization techniques had been developed (Keough ef alf,
1999; Shen ¢ ai.,, 1999; Keough #f 21, 2000; Lindh & al,
2000; Kecugh ez o/, 2001; Hellman and Bhikhabhai, 2002;
Keough er al., 2002; Sonsmaon ef al., 2002; Keough ef af,,
2003). A notable derivatization that we wonld like o high-
light is “suifonation of the peptide N tecminus™, This is origi-
nated by Keough and his collaborators (eough o af, 1999;
Keaugh ef o, 2000; Keough ef I, 2001; Keough ef af,
2002; Keough & af, 2003). Their technique has facilifated
de novo peptide sequencing by using MALDI-TOF-PSD. In
their method, s sulfonic acid group was iatroduced at the N-
erminus of & peptide. This chemical modification facilitates
protonation of amide bonds of the protein beckbons, Proto-
oation destabilizes amide bonds which lead to only b- and y-
type ions being produced during PSD fragmentation. How-
ever, tha negative chargs at the N-temminug neutrulizes the
positive charge normally located at the C-terminos; thoreby
sappressing the formation of b-ions in positive mode. Henee,
a series of y-type ions dominated the PSD spectrum ob-
sexved. The three most commonly used sulfonation reagents
and their general advantages and disadvantages were listed
in Tabte 1. Sulfonation was first accomplished by acylation
with 2-gulfobenzoic acid cyclic anhydride and chlorosul-
fonylacetyl chioride (Krcough ef al., 1999). This procedure
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wag then rofined by using & water soluble reagent, 3-
suifopropinic acid NHS-ester (Keough of al, 2002) which
had been commercialized as the CAF {chemically assisted
fmgmentation) sequencing kit by Ameshams Biosciences
(Hetiman and Bhikhabhai, 2002), The procedures were fix-
ther refined by guanidination of the s-amine group of lysine-
terminated tryplic peptides with O-msthyligoursa hydrogen
gulfate (Keough ef al., 2000; Keough ef o, 2002). This step
canveris lysine residues into more basic homoarginine resi-
ducs. This modification protzects the s-amino groups against
urwanted reaction with sulfonation and thercfore allows it to
become suitable for de wowe sequencing reaction by
MALDI-TOF-PSD.

In the tnst fiew years, another effective sulfonation proce-
dure was reperted using 4-sulfophenyl isothiocyanata
(SPITC) as the devivatization reagent (Govaert ef al, 2001;
Marekov and Steinert, 2003; Wang ef al., 2004), Wang and
his collaborators (2004) have improved the operation proce-
dures and inceeased sensitivity on the derivatized peptide,
The advantage of this method is that SPITC Is much less
expensive (about §$46 per gram with css then 1 mg required
for one reaction) and it is really stabls. Our Iaboratory found
this method gimple and fast in oblaiming de nove peptide
sequences of dinoflagellate protetns isolatcd by 2-DE gels.
Fig. (8) summarized the routine procedures used to obtain de
nove peptide scquences for povel protcins isolated from
dinoflageliates. Briefly, aftar gol plugs containing the spots
of interest were excised (visualized by stains such as
Coomaszie Brilliant blue), it was washed and dried. Trypsin
digeation was performed on the protein inside the gel plug
before dividing the tryptic digesied mixture into two por-
tions. One fraction was analyzed by MALDI-TOF M3 1o
yisk 2 peptide ranss fingerprimt (PMF) spectrum, This PMF
spectrum can be used for identification purposes throngh

Tablel. Most Commuenly Used N-Tu’nlnll-ﬂull‘bﬁ.auon R.e:g.en.ls Tor dit neve Prptide Selqne;l.clng

"'“:'::-t“ Advastages Disndvantagss Usefial Refertnces
dilorsulfmylcod | ¢ commercially availabls *  tooresctive to nsed it wanee, it muat Keough o/ af, 1999
chlaride (CSAC) *  quite relinble for the detivet: ol baw- be used in non-aquecus conditon
el Arginine-lerminated tryptic peptides +  poor stability
+ allows sudfonation of abpis de quantitiey *  moro parifastion and cleaning stane
of ryptic paptide ) ars required
3-tuMoprapinic acid |« developed into 2 commereisl available en- +  mlatively expensive Kaough af ai, 2002;
MELS-cster quencing kit nemed cheicslly asxivtnd frag- *  have to ba fresbly propared Hallman and
mentation (CAF) (Amarsham Bicgnienres, Bhikhabui, 2002
USA), which i mars Sriendly o be used.
+  water compatible
*  ymwanted solfomtion tide products can be
selectively roversed by using bydronlams:
#-sulfophenyl . ically availahl ¢ mosy peod lurger amounts of grolein Gevuert ¢y ai, 200];
inothiocyanate ¢ desivatization reaction b efficiant in aq ialds { das) Marekov and Steinert, 2003,
(EPITC) solution Wang 2t af , 2004
»  stable, can be peepared into stock sotution
*  muoch laas sxpaosive
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Dinofingellates

4

-

With addition of sulfonation
groups to tryptic paptides

¥
MALDI PMF specirum
Y

Without addition of sulfonation
groups to tryptic peptides

¥
| MALDI PMF spacstrum ]"
e

Datnbase
Saarch

identify the sulfonated peptides
'
MALDI-PSD
¥

Amino acld sequences deduced from the mass

difference betwean adjacent y-lons of the spectrum

Fig. (%) Routine preteca e werk{bow used for the snnatation of novel proisics bn dinkdisgelltes.

bilolnformatc searchies (o (he rebovant genome databases, 11
the PMF spectrum |3 not esough for identification of the
novel protein, the other poriion of the trypiie digest will be
subjected o SPITC sulfonstion as described (Wang ef al,
2004), After cloaning-up with mp-tips, the sulfonsted wyptic
peptide mixtures were subjocted to mother MALDI-TOF
M5 mmalyuly, A FMF spectis of hisse nilfonstcd popiidea
wid ohinined (from the analysis of this sscomd faction).
When compared 1o ibe PMF spectum obiained with the non-
mifomsted portion (from the firsl fraction), the el fonneed
pepiide was idestified as the same peptide will hove a mass
difference of 215 Dn mpart in betwsen the two apectm. This
215 Du represents the mass of SPITC. Subsequentdy. a
MALDI-TOF PED will be performed on thin particulas
SFITC tagged peptide. The de novo nmino acids sequences
would be easfly deducsd by e mans distance between adja-
cenl ¥ iond in the apectnam. For an sxample, @ kncwn protels
iMublsco ) of dinoflagellstes was subjeciad to the SPTTC-
gulfbnatzd MADLL-TOF PAD alyels us mentionsd (Fig. §).
A muliennied peptide from the Rubisco [1 prolein spat was
used to demonsirale pepide de move soquencing with the
MALDI-TOF PSD analysis. An wnine acid sequencs
OFVLHYHR was ensily deduced from the mass dilTerencs
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betwoen adjacent y-ions i the spectrum, The g sequence
wiis tmed bo search o the NCDInr database and it msiched
with ribulose 1,5-bisphosphate carboxylase sxygennse (Hu-
bigco IT) of & Symbicdiniun gp, (scoessicn oo, AAYS1FTT)
Therefore, this  sulfonation  techoiqoe  performed  with
MALDI-TOF PSD snatysia provides o faset and simple way
b wltnin de sove peptidefprotein sequences of dinoflags|inte
proteing,

After pome peptide amino scid sequences were obiained,
the next question to ask i how to gel the enlire umine scid
seqquences of the protein. Peptide sequences ohtained earlier
could provide the mrw information requirsd for determining
the overall profein . Further, a protein can be di-
pesied with different specific protesses to yield different set
of peptide fragments, Sequence opverage of this protein will
be nceated when different trpes of protenses sre wied o
genernis different sets of peplides. By geiting sequances of
thase peptide frugments, thess sequences can ba eiitched
ingether and extended. Hewever, B complete proein ae-
quemics can only e obtained by this method if the peptides
covernge in very close w 100%. Completeness of the oover-
age can be checked by a MALDK measurement of the oversll
protein mass, On the sdber hand, we can determing the com-
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Fig. (6). De novo sequencing of & major dinoflageiiate proteins (Rubiscn IT) from 2-DE gels that wers uzed to resolve Trizob-based mxtracted
pooteing. PSD spectrum, of sulfonsted peptide ((digesicd from a Rublsoo IT contsining gel spot resolved enrlier with snother 2-DE gel) which
waa dominated with y-ions) with » ovz ratio of 1215.55. The sulfonwtod poptide 1215.55 pv'z was derfved from sulfomation of the native pPep-
tide 1000.43 1avz with SPITC (215 Da). The amino acid sequence was daducad from the mass difference between adiscent y-lons of the
spactram. The sequence tag: QFI/LHYHR obtainod was searched agsinst the NCBlor database, Then, the ssqusnces matched writh ibulase
1 5-bisphosphato earboxylase oxygenase (Rubisca) of the Symbipdintum pp. {(soocssion no. AAY 51977) with 1004 match, Scora = 28 6 bits

(60), Bxpoot vatus = 0.006.

plete peotelit sequence even if only limited or partial peptide
scquence information is available. It is because a single pep-
tide sequence (if it i long enough with 7 smino acid is the
minimumn) allows the construction of a shont oligonucleatide
probe. This probe can be used for {soiation of the gene that
encodes this target protein. However, success of this ap-
proach is limited when the peptide sequence at hand iz not
long eoough. A long peptide sequence will allow us to have
2 higher chance of success as we can design primers thet
have low degeneracy (Le amino acids encoded by one or two
base wiplet). As meationed previously, Bertomen &f af.’

(2003) had successfiilly obtained the full cONA seguence of ™

a surface protein p43 by using degenerate primers derived
from the peptide sequencex abtained from MS.

CONCLUSBION

Although it is generally belicved that HABx in induced
by cutrophication which in furmn is caused by various kinds of
humag activitics, many questions relating to blooming is
unknown. With the advance of proteomic technologies in-
cluding 2-D gels and dz novo sequencing by MS, ressarchers
in the disciplime can collectively sim to deciphor cellular
pathways and mechantzms of bloeming and toxin-produsing
it the whole proteome level, The suggested Trizol-protsin-
extraction method has greatly simplified protein extraction
and cleaning-up procedures for dincflagellate samples. High
quality 2-DE gels can be generated using these “cleancr™
protein samples. The excellent 2-DE pattcrns obisined by
this methed would enable comprehensive proicin cxpression
stadies oo dinoflugellates o be performed. Different de-
rivatization procedures have greatly enhanced the case of
obtaining e move peplide sequences by mass specaometry.
Of thase derivatization methods, sulfoustion provides a fant
and simple way to obtain de novo pepti in scquences.
Although the limited DNA datsbescs information of
dinoflagellates mekes protecmic study of this class of organ-
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iwm challenging, the 2-DE/derivatization/M3 procedures
provide o practical and wotkable proteomic workflow for
dinoflagelistes research.
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. ABBREVIATIONS .
2-DE' 7 = Tuw dimensivnal gel clectrophoresis’
CAF = Chemically sssisted frogmentation
CID = Collision induced dissqciation
ESI = Electrospray ionization
EST = Expressed sequence tag
GAFDH = Glyceraldehydes-3-phasphate dehydrogenase
HABs = Harmfhl algal blooms
HPLC = High performance liquid chromatography
IEF = Isoelectric focusing
LC = Liquid chromatography
MALDI = Mazirix assisted laser desorption/ ionization
MS = Mass spectronetey
KrP = Peridinio-chiorophyll a-binding protein
PCR = Polymerssc chain reaction
PITC « Phenylizathiocyaoate
MY = Feptide mass fingerprint
D = Pout gource decay
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Abstract

The occumrence of harmiul algul biooms (HARBs) or red tides is an important and expanding threat to human healih, fishery resources, and the
tourism industries. Toxic species post an additional treat of intoxication when consumed ¢ither in seafood or directly swallowed. Rapid and
accurate identification of the BAB species is critical for minimizing or controlling the damage. We report the use of prowrin/pepude mass
fingecprint profiles obtained with matrix-assisted laser desorption ionization ime-of-flight (MALDI-TOF) mass specteometry (M5} for the
identification of dinoflagellates, common cousative agents of HABs. The method is simple, fast and reproducible, The peptide mass fingerprim
spectral patterns are unique for differemn dinoflageilate species and are easily distinguishable by visual inspection. In addition (o the whole mass
spectra, several spesific biomarkers were identified from the mass spectra of different specics. These biomarker fons snd the mass spectral patterns

form an unambiguows basis for species discrimination.
© 2007 Blsevier B.V, All rights reserved.
Keywords: Dinofagell L

ful algal b

{HABs); Tdentificalivn; MALDH; Frotein profiling

1, Introduction

Hurmful algal blooms (I LABs}) or red tide is a global problem
(Hallegraeff, 1993). It occurs globally ranging from Europe,
America, Asia to the Pacific regions {Prcmazzi and Vollema,
1993). The ever increasing risk of occurrence of HABs
represenls eapanding threats to human bealih, fishery
resources, and the tourism industries. Toxin-secreting specics
posted addiliona! risk of intoxication when consumed either in
seafood or directly. Dinoflage!lates are one of the mast cammen
causative agents of HABs. Rapid and accurate identification of
the HAR specics is ctitical for minimizing or controlling the
damage, Microscope-based taxonomic identification meihods
have Jong been the standard methods by which this task is
accomplished. However, this type of taxonomic identification
method can be time-consuming and requires a high level of

*+ Corresponding author at: The Proteanic Tusk Farce, Deperiment of Applied
Biology and Chemical Techoology, The Hong Kong Polylechnic Universily,
Hong Kong, SAR, China. Tel.: +B52 34008669, fux: +852 23649932

E-mail address: besamlo@ i5.-L. Lo,

1568-9883/% - sec front matier © 2007 Elscvicr B.V. All rights reserved.
dod: 10 10164, hal 20G7.12.001
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expertise to discriminate key morphological feawres indicative
of HAB specics. Furthermore, diffetent criteria were vsed 10
classify different species by different 1axonomists {Taylor,
1984; Sieidinger and Moesirup, 1990). Therefore, taxonomic
confusion and arguments on similar leoking HAB specics arc
common,

To resolve the taxonomic debatw, different types of
identification methods are being introduced for identification
of dinoflagetlates. One of the common identification methods is
w analyze the sequences of the ribosomal RNA genes,
including the small-subunit {165 rDNA, 185 rDNA) (Scholin
et al., 1993, 1994; Scholin and Anderson, 1994), large-subunit
{288 DNA) (Scholin et al,, 1994, 1995}, and the internal
transcribed spacers (ITS) and ITS2) regions including the 588
rDNA (Adachi et al., 1994, 1996), However, the success of this
method depends greatly on the primers design as they must bind
effectively 10 the target. In addition, an incomplete description
of the algal genome has limited the success of these approuches.

On the other hand, protein/peptide mass fingerprint profile
obtained by mass spectrometry (MS) is widely used [or
idemification and charactenzation of microorganisms and has
recently been extensively reviewed (Fenselau and Demirey,
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2001). The vse of mulnx-assisied laser desorplionfionization
time-of-flight mass spectrometry (MALDI-TOF MS$) to obtain
these characteristic proicin/peptide profiles (sometimes called
biomarker profiles) for identification purposes has been applied
to varicus microorganizms, such as viruses (Yao and Fenselaw,
2001), bacteria (Krishnamurthy and Ross, 1996; Krishna-
murthy st al., 1996; Winkler et al., 1999; Donchue et al., 2006),
fungus (Amiri-Eliasi and Fenselau, 2001}, parasites (Magnuson
et al., 2000), bacterial spores (Hathout et al., 1999, Ryzhov
ct al., 2000; Dickinson ¢t al., 2004) and fungal spores (Li ct al.,
2000; Welham et al., 2000). This type of identification method
is praised as objective, fast, simple and reliable, Neverheless,
10 the best of vur knowledge, successful application of MALDI-
TOF MS e obtain protein/paptide mass fingerprints profiles of
HAB causative agents such as dinoflagellates for identification
purpuses hus never been reported.

This is the first repernt for the identification of dinoflagellates
specics by using protein/peptide mass fingerpriol prufiles
obtained with MALDI-TOF MS. In this paper, we demonstrese
the application of MALDI-TOF M3 for rapid, simple and
accurate identification of dinoflagetlate species. Results of our
investigations clearly demonstrated the capability of ihis
method in rupidly identification of different species of
dinoflagellates (namely Alexandrium affine, Prorocemirum
minimum, Scrippsiella rotunda, Karenig brevis and a yet o
be identified species), as well as between indlvidual species of
Alexandrium sp, and Scrippsielia sp. This approach shows great
potentials 10 be used for the continuous monitoring of water
samples for the occurrence of HABs.

2, Materials and methods
2.1, Dingflagellate species and strains

Dinofagellute species used in this study are listed in Table 1.
A. affine, B minimum, 8. rotundg, and a yet unidentified specics
wete kindly provided by Prof. John 1. Hodgkiss previously of
The University of Hong Kong. The other species, including
Alexandrium cotenella (CCMP1598), Alexandrium minsutum

(CCMPI113) and Alexandrium tamarense (CCMP116) and X.
brevis (CCMP2281) were purchased from The Provasoli-
Guillard National Center for Cultare of Marine Phytoplankton
{CCMP). Tdentities of all specics used, except the unidentified
species and X, brevis (CCMP2281), were confirmed either by
the sequence of the ribosomal RNA genes or the internal
transcribed spacers (TTSt and 1TS2).

2.2, Culture conditions

Seawater-based K or {72 media were used for culturing the
dinoflagellaies (Keller et al, 1987). Stock culures of all
dinoflagellales were kepl at exponential growth phasc by
transferring to new medium every 3 or 6 days ina raliv of 1:10
{viv), Yegetative cclls from cultures in mid- or late-exponential
phase of growth were inoculated into freshiy prepared culture
medium, Possible contamination of algal cubture was monitared
by regulur microscopic examination. The cultures were grown
21 22 °C under a 16-h light:8-h dark cycle at a light intensity of
120 pE lx m™' 5" provided by ¢ool whise fluorescent tubes in
a Conviron growth chamber (Model EF7).

2.3. Cell counts

Cel! densily wes counted in the same time cveryday: | mi. of
each culture was taken and fixed with $0 wL Lugol’s solution
und counled under light microscope with a Sedgwick-Rafier
cell counter.

2.4. Ribosomal gene and internal franscribed spacers
(15} sequencing

Cells wete collecied by centrifugation (1500 % g for 10 min
at rom lemperature) from mid-exponential culture and frozen in
liguid nitrogen prior to DNA extraction. DNA was extracted by
an extraction kit (Roche, Switzerland) following mechanical cell
disruption by a quick homogenization, ITS regions containing
the 5.85 rDNA were amplified from the extracted genomic DNA
using ITSA and [TSB primers (Adachi ct al., 1994, 1996), or

Table 1

Dinoflagellate species and strains used in this study

Speciesistiaing Source Collection gite (Drate) Confirmed sequences Acression
Karenia brevis (CCMP2281) CCMP (ulf of Mexrica, Flomda, LISA Nil Mil
Alexandrivm cateneila (CCMPL9E) CoMmp Da-ya Bay Guan-dong (Cwnion} Provinee, Hong Kong 138" AY027906
Alexandrum minanen {CCMPIT) CCMP Ria de Vige, Spain (Sepiember, 1987) 185 and [TH* AYEI1408
Alezandrium tamarenze (CCMPILEG) CCMP Rin de Vigo, Spain (June, 1984) st AJOOS(47
Alexandrium affine IH Junk Bay, Hong Kong (August, 1998} TS EF5719731
Prorocenirum minimum un Junk Bay, liong Kong (1998) ITS CFS19797
Scripprieila rotunda | H Junk Bay, Hong Eeng (March, 1997) ITs EFS79794
Scrippsicila retunda 2 IH Knt O, Hong Kong (Ocrober, 1998) s LFS79795
Seripprietia rotunda 3 UH hunk Bay, Hung Kong (199%) ITS EF5797%
Unidentified species s Junk Bay, Hong Kong (1997) ¢ -

CCMP: The Provasoll-Goillard National Center far Culluce of Marins Phyloplan H: D ! by Prof, John |. Hodgkiss proviously of The University of Hung
Kung. ITS: Internal wanscribed spacens,

* Rib | DNA sequencing was done by uther authors.

® PCR of the ik ] gene egions was nel ful by uging primers ioned in Section 2 and the und 1 primers (ITS | and ITS 4) described by othe

anthnrs (TY Onafric e al.. 19991,
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ITSF1: 5'TgAACCTTAYCACTTAgARgAARRAY (forward pri-
mery and ITSRI: 5gCTRAgCWDHTCCYTSTTCATTC?
(reverse primer), which these two primers were designed
by the alignment of the 3’ end of 185 rDNA sequences and
the 5 end of 288 rDNA sequences from the database of
different dinoflageliate specics. PCR were performed under
conditions: 95 °C 5 min; 35 eycles of 94°C 455, 50°C 45
and 72 °C 2 min; 72°C 10min. PCR products were cloned
intg pGEM-T emsy vectors (Promega, USA) prior to DNA
sequencing. DNA sequencing of all cloned plasmids were
performed by commercial facilitles using traditional dideoxy-
methodolgy.

Table 2
Biomackers observed in MALDI-MS of dinoflagellate species

2.5. Sample praparation fo obiain protein/peptide mass
Sfingerprines using MALDN-TOF MS

About 250 mL colturcs were grown to mid-exponential
growth phase. Around 10* cetls were collected by centrifuga-
ton (1500 x g for 10 min at room temperatuse). Celt pellets
were resuspended in 0.1% trifluorcaceric acid (TFA) {Aldrich,
USA). These cells were broken by sonication for 205, Cell
debris was removed by centrifugation at 14,000 x g at 4 °C for
5 min. Inorgenic salts in the samples were cleaned up by
absarbing the proteins/peptides oniw C-18 zip tps (Millipore,
USA) and zubscquently washed with several volumes of 0.1%

Species

Signature peak mass biomackers {m/z)

Alexandrium catenelie (CCMP15%8)
Alexandrium minutom (CCMP113)
Alexandriven famarenss (CCMP116)
Alexandrium affine

Provocensrum minimum

Serippsiella rorunda

Karenia brevis (CCMP2281)
Unidentified species

2194, 2319, 2897, 3123, 3561, B399, 8618, 12,381, 17,230
2673, 4984, 5520, 10,580, 12,545, 15614, 17,357

2418, 4094, 4473, 6169, 8024, 9050, 10,085, 15494
2613, 3603, 3445, 5656, 3436, 10,388

4852, 6662, 9704,

2175, 3803, 5017, 8724, 10,045, 10,256, 16,089

39111, 4125, 6665, T462, U866, 074, 12,086, 19,101

2753, 4802, 7916, 9817, 10,716
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TFA and 5% methanol in water. Proteins/peptides were eluted
from the zip tip with 0.1% TFA in 50% acetonittile, 1 pL of
cluted protcins/peptides solution were mixed with 1 pL of
matria solution. Matrix solution contained saturated sinapinic
acid (SA) in 70:30 (v/v} 0.1% TFA/acctonitrile. The resulting
mixtures were then vortexed befors spotting 0.5 wl. volume
onto & masy spectrometer target plate (MTP AnchorChip™
600/384 T F) (Bruker, Germany).

2.0. MALDI-TOF MS analysis

Proteins/peptides mass fingerprints in all samples were
obtained with a MALDL-TOF mass spectrometer (Autoflex,
Bruker, Germany) in lincar mode at an accelerating voltage of
20 kV by using a 300 ns delay time and over 4 mass renge of
2000-20,000 Da. For each sample, spectra from 500 laser shots
at seyeral different positions were combined (o generate a mass
spectrum. The mass spectra were calibrated using Proiein
Calibration Standard I (Bruker, Germany) snd were used 10
provide a mass accuracy of 1 part in 3000. The calibrant
mixiure contains insulin {5734.51 Da), ubixyuitin (565,76 Da),
cytochroms ¢ (12360.97 Da} and myoglobin (16952.3 Da).

Fresh calibration was performed for everyday for different
samples and for different experiments.

3. Results and discussions
3.1, Protein profiling and PCR-based identification

All the species kindly dopated by Prof. John I Hodglass
previously of The University of Hong Kong used in this siody
have been subjected tothe PCR-based identification by analyzing
the ITS sequences (Table 1). However, the PCR of the ribosomal
penes of a species (iemporary called an unidentified species) was
not successful by using three diffcrent set of universal primers;
ITSA and ITSB (Adachi et al, 1994, 1996}, ITSFL:
S"TgAACCTTAYCACTTAgAggAARRAY (forward primer)
and ITSR1: ¥gCTRAgCWDHTCCYTSTTCATTCY (reverse
primer), ITS 1 and [T5 4 (D' Onolric et al,, 1959}, We are not sure
if this 1entatively unidentificd species is a novel species and hence
cannot be identificd by existing universel primers, Nevertheless,
we would like to point out that choices of primers are very
importunt fur the success of the PCR-bascd identification. In
addition, the annotation process of this perhaps new/different
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specics conld be time-cunsuming and certainly not the theme of
this paper, we would like 10 leave that as it is at thc moment.
Funher, in contrast to PCR-based methodolagy, the protein
profiling based identification method needs no initiat assessment
of unknown HAB samples which result in a simple and fast
identification method.

3.2, MALD! mass spectra

The key success of this methudulogy is the ability to see
either different sets of characteristic prowin/peplide mass
fingerprint spectru wr individual signature mass biomarker
(individual species-specific mass fingerprint) for different
species of dinoflagellutes. Further, the differentiation hetween
species with different sets of characteristic protein/peptide
mags fngerprint specira or individual zignature mass
biomarker should ideally be scen in a desirable muss/charge
(m/7) runge in the MALDI analysis. In this study, mass spectra
(protein/peptide mass fingerprinis) of the dinoflagellate
samples generally exhibited around ten discrete mass peaks
ranging from m/z 2000 10 20,000. MALDI-TOF identification
of ather microbes showed similar numbers of discrete mass
peaks over the same m/g range (Fenselau and Demirev, 2001).
Murcover, MALDL-TOF MS analysis of £/2 and K medium
returned no significant peak signals in the 2000-20,000 m/z
runge (data not shown). MALDI-TOF MS peak mass
fingerprint spectra oblained from the different genus of
dinoflagellates studied are cagsily distinguishuble by visual
inspection (Fig. 1) and each setof peak mass fingerprint spectra

from different species is distinet. In addition te the unique peak
mass spectral pattemns, a number of unique and consisiently
occurming signature peak mass ions (biomarkers} can be
identified that are characteristic at the genus and species kevel
(Table 2). Therefore, either the peak mass spectral fingerprints
or the individual characteristic peak mass hiomarker can be
used for identification purposes. Software and algorithms may
be designed and applied to aid in the analysis of such spectral
murkers (Jarman et al., 1999, 2000). Coupled with a
universally accepied taxonomic database with DNA informa-
tion, this methodology will allows unambiguous identification
of HABS causative agems.

3.3, Specificity and sensitivity

Another important issuc associated with this developed
methodeology is the ability to differentiate between species that
have similar morphologics. Dinoflagellate species within tbe
genus of Alexandrium arc highly similar in their morpholo-
gicel uppearances when observed under micrescope, They are
difficult 1o be distinguished by their morphological features.
Hence, this is not surprising that there ar¢ taxcnomic
confusion and argument on classification within this genus,
In this study, however, the peak mass fingerprint spectral
patterns obuained for differcmt Alexandrium specics are
distinet (Fig. 2). As mentioned previously, characteristic
signature biomarker mass peaks that permil differentialion and
identification of a panicular Alexandrizm sp. are also
ideptified {(Table 2). Therefure, this MALDI-TOF MS
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identification technology is an excellent altemnative to
classical microscopic identification techniques for the
identification of closely related HAB species,

Specificity of identification by using MALDI-TOF MS mass
fingerprint spectrnl patiem melhudelogies on microorganism
had been shown down to individual strains or even sub-species
levei (Krishnumurthy and Koss, 1996). However, in our swdy,
we can only distinguish dinoflagellates species down to the
species level. In the three different local strains of 5. rotunda
{Table 1) which were collected separately a1 different time.
Three strains have different growth rate (data not shown).
However, when these three strains were analyzed by the

MALDI-TOF MS under identical conditions, the peak mass
fingerprint spectral patterns of ihe three strains obtained were
almost dentical (Fig. 3).

With respect to amawnt of samples required for the analysis,
we found that 10° of dinoflageliates cells are ennugh to penerale
a peak mass fingerprint spectrum with the presence of all the
represeniative peaks. We have thed to use 0% cells for the
MALDI-TOF MS anulysis. but only the most abundant peak
masses were seen. Nevertheless, although this is not within the
scope of this puper. modifications of sample preparatory
procedures before MALDI-TOF MS analysis shuuld be able 10
improve un the sensitivity of the assay.

Growth curve of Alexandrium affine

4.5
4.3
4.1

(a}

azy L5
as
as
ail ’ff
79
erf
26

Log cell caralty (coliml)

2 __/’{"-—-i ----- -{-.._-‘—.- I‘“““I“----I--_‘_

o
L]
-~
-]
]

10

fo)

107

5450

-~ M e
Py,

et [u|

38607

Day1

1 9832
10317

2557

£443

o

814

b}

o0

Day3

] rsl

§548

10387

xig*
203
1.5
1.49

5445

1
0

5456

0.0

10588

bilak

5448

N

v

. o

Doyl

9557
935
18417

" P

ot

T T T T Y

4000

W

Fig. 4 MALDI-TOF MS protein profiles of Al

affine in dift

woe

'z

L I e B LI B e e
000 10000 TG

growth phases. (a) Growth corve of Aleaandrinm affine. Cells were counted every doy,

each dta point was frem the means of tnplicate counts. (b) Protein profiles of Alexendnium yffine in different growth phases. Day [: lag phese; Day 3: mid-log phase;
Day 6: late-lag phase and Day 13: stationery phase. The mass range depicred Is from miy 2000 e 11,000. The comesponding day of cells harvest are iisted.

292



“ARTICLE IN PRESS

F-F Lee er at /Harmfial Algae xox (2008) vov-xxc 7

3.4. Reproducibility

The mass profiles presented in Figs. 1 and 2 were
represeniatives of three differeny batches of the same samples
and each experiment was performed in different date. Given
that sample preparation and measurement were performed
under the same conditions, the acquired peak mass fingerprint
specira are the same between different bustches of the same
samples.

Furiher, in order to be qualified as a rapid and reliable
identification method, it is important that a reproducible peak
mass fingerprint spectral pattern can be obtained with the
MALDI-TOF M5 analysis irrespective of specific stages in the
growth cycle and growth conditions. When applying this
methodelogy to other microbes, it is reported that penk mass

fingerprint spectral pattem distributions were dependent on
different compositions of growth media {Evasor et al., 2000;
Valentine et al, 2005). However, species and genus level
distinetlions are possible when the growth and experitnental
conditions had been properly contrelled (Evasen et al., 2000;
Valentine et al., 2005), Therefore, we tried to compare peak
mass fingerprint spectral patterns of a dineflagellaie specicy
grown under two different culture media (£/2 and K medivm).
Highly similar peak mass spectral patterns were observed for
both samples (data not shown), It seems that growth media has
no observable cffect in the peak mass spectral patterns
observed. In addition, we bad found thal sume amount of A.
affine cclls (about 10° cells) collected at different growth slales
and analyzed by the MALDI-MS (Fig. 4) exhibited the near-
identical sets of specific peak mass spectral patterns. Cells in
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the lag phase of growth (Day 1} show a very similar pcak mass
speciyal pattern as cells in mid-log (Day 3), lme-log (Day 6),
stgtionary or early death phase (Dayl3). The remarkable
similarity of the peak mass spectral patterns were bused on the
measurement of constantly expressed highly abundant proteing
in the dinofugellate proteomes, for example the ribosomal
proteins (Ryzhov and Fenselau, 2001). Therefore, it is nol
surprising that most of the peak mass ions, especially major
oncs such as 5445, 3656, 5936, 9527, 9949, 10,338 m/z are not
affected by growth states of the ceils (Fig. 4).

3.5, Recognition of different species of dinoflagellates in a
mixed cullure

In the reat world with a real red tide, usually one or two HAB
species from different taxonomic groups would predominate
{Hallegraeff, 1993}, Therefore, it prompts us o investigate
whether it is possible to differentiate different dincflagellate
species from & mixed-culture. Two different species, P
mindmum and S, rorunda (in different genus) (Fig. 3a); A
catenelig and A. affine (in sume genus) (Fig. 5b) were grown in
a mixed culture, The mixed culture was harvesied and analyzed
by the MALDI-TOF MS under the same condilions as
deseribed in Section 2. Our results shown that several
species-specific notable signature peak mass van be easily
identified from the peak mass fingerprint spectrum of the mixed
cultures. In Fig. Sa, signature biomarker peuk masses of P
minimum (P) miz 4852, 6662, 9610, 9704, 10,415 and
biumarker peak masses of 5. rotunda (8) of miz 2175, 3803,
5017, 10,045, 10,256; are casily identified from the peak mass
spectrum of the mixed culture (P + 8). In addition biomarker
peak mass can still be identified from the mixed culture
containing two looking-alike species, Alexandrium sp.
(Fig. 5b). Funther, other ncotable biomarker peek masses of
miz 2194, 2897, 1759, 9979 from A. carenella (Ac) and m/iz
2613, 5445, 5656, 5936, 9549, 9927 from A. qffine were also
casily identified from the mixed culture spectrum (Ac + AfF).

3.6. Porenmtial of applying the identification rechnigue in
field samples

Althvugh we have successfully demonstrated the ability of
protein/peptide mass fingerprints profiling-based identification
in different cultured dinoflagellate samples, one may concern the
efficacy of this technique when applied 10 ficld or real harmful
algal bloom samples. We swtrongly belicved that the idemificaton
method described have great potentials when applied in real
world scenarios, Nevertheless, there are several pre-requisites to
ensure success and general application of this methodology.
Firstly, protein/peptide mass fingerprints spectra and signalure
peaks of different HAB causative agenls should be adequately
idantified and annotated. This will involve de nove amino acid
sequencing of characteristic biomarker peaks for proper
annctation. Secondly, ail the identified and annotated signature
peaks obtained should be well documented, stored in a daabaze
or library aided by bicinformaric softwares and freely available
to interested parties. Thirdly, a unified and generally ugreed-upon
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“standard” sample preparation procedurc including all the
instrumental settings shauld be developed for all users 1o follow
aiming te minimize unoecessary variatons when different
versions of the methodology are applied by different users.
Fourthly, already it is easily suid Ihan done, studies on real lifz
HAB causative zgent samples should be done 1o study the effects
of various environmental conditions, salinity and presence of co-
exlsting microbes, etc. on the test resulis, By having more studies
on this methodology and having the above requirements fulfilled,
the technique can be easily implemented by technical personnel
in local governments, monitoting agencies andfor large scale
fish-farming and aguaculture companies.

4, Concluslon

tere we have demonstrated thal il is possible to ideniify
dinoflagellate species either in a single cell culture or in a mixed
population of different dinoflageflale speciey based on
characteristic peak mass specirat patiemns or species-specific
signature biomarkers in the spectrum. ldentification and
differentiation of closely related species such as A, affine, A,
catenella, A. tamarense, A. minutum, can be accomplished
essily by the MALDI-MS analysis. Although the identification
would become complicated when more than two species are
presented in the mixed culture, it may still be possible to
identify the species comnpasitions with the aid of computer
softwarc based on the analysis of the specific signature
biomarker peak ions. The workflow of HAB species protein/
peptide peak mass fingerprint speciral profiling is a straightfor-
ward approach. The method is simple, upid, aceurate and
reproducible, It represents an excellent alternative to classical
microscopic-based identification technigues, The peak mass
fingerprint spectral pattem is anique for different dinoftagellate
species and iy ensily distingwishable by visual inspection. In
addition to the whole peak mass spectra, several specific
signaturc biomarkers were identified from the mass spectra.
Therefore, the signature biomurker ions and the peak mass
fingcrprinting speciral profiles form an unambiguous set of
criterion for identification of dinoflageliale specics.
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Abstract

Two-dimensional gel elecirophoress (2-[3E) 15 one of the most efficient ways of
resolving eomplex protein mixtures based oo the isoelectric point (pf) and molecular
sy LWL Adthouph it bas been extensively used in proteomie studies of anmmal, plant,
vepst and bacterial oclls, there 15 loled intemmuation on the wse of 2-D5 1 research
with dinotlagellaes (hurmlul alpal hlnams cauzative agents). The preparatinn f
high-quality satples fram dinnflageliate cells far Z-i35 s difficulc due to high
endoganous levels of sals, nucleie acids, polvsaccharides, phenolic compounds |
pigments, and other iolerlening vompounds. DesuHing and conceplmliog sleps anc
usually requicsd Tor the prepuration of dincoflagelkie prolein sample proioc lo e ICF
and hese sleps can be lenpthy and complicated. In cthis study, we reporl the wee ol
Trieol (o monophasic solution of phencl and gunniding isothiocyanoie} for the
cxtraction of prowms from dinollagellale cells [or 2-DE. The method is simplz and
tast. 2-DE probles oblained fron this Tricol wrealment are ol very high-guality m
wrms of esululion, spot numiber and spol ioensee, The method greatly simplify ibhe
protein extraglion proceduces on dinoflagetlote swoples Tur oblaining » high gualivy
wrel reprodpetive 2.0F profile and thereface preatly contributes to pooteoinie works in

these algal samples.

Keywords: [Dhnoflagellate; 1IADBs; protein extraclion; protesmics; Trizel; Two-

dimensional gel electrophoresis; 2-DE
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Intrnduction

Dinoflaeellate is one of the most conunon causative agents of Hammibul Algal
Blewirm (HABs) Although it is generally believed that [LATs are induced by
entrophication which in fwm is caused by varinus kinds of homan activides, many
questions relating to blosmmgtoxin-praducing is anknown. With the advanee of
protecimic technolegics meludmg 2-D pels, rescarchers in the ficld can collectively
aim ter deciphet cellular pathways and mwchanisms of blosming and enyvironmencal
ellcels at the whele proteome level, Study ol the prulevmes or prolein cxprossion in
HAB speeies i3 thereluore importanl [or wndersianding more about their Blooming and
laxin-pruducing mechamsns.

Of the limited nermber of publications on studies on proteames of dinaflagelates,
maeatfy boly on the high power of eesolotion of 2-0E (Akimato ot al., 200d; Chan et al.,
2005, Clign o al, 2004; Chon et al, 2004, Chan et al, 2008, Sines s deseriplion
more thi M years ago {C'Farzell, §975), it has romained one of the most commonly
used techniques in protconics rescarch today It allows a fast and relaovely
imcxpensive averview ol changes in cell processes by analyzing of the entive protecine
of cclls, However, to oblain a high qualily protein samples subsequent o 2-DE
redquired Tealious sample preparatory s1ens (Chan et al,, 24864, Chan el al., 20(4; Chan
gl al., 2002} The lenpthy preparatary Seps are necesiary to remove high endogenous
lavals ot rals, nucleic acids {catimatcd at lcast =100 times more than human),
polysaccharides, phenehic compeunds, pronents, and other interfering compoinds of
dinnflagzcllates, All these compounds will inlerfere with the [EF- focusing process, the
first srep of 2-DE. The classical method includes sample clcanmg up steps which ke
a fow davs and Lthe amounl of profeing kxaded cannol be in excess of 100 pg, In this
stwdy, we report the use of a commercially available reagent Trizal {phenol/gumiedine
izcthiccyanate) tor the extraction of proteins trom dinotlagellate cells tor 2-DE. There
are several advamlages im using this method, Fizstly, the method is simple, fast and
will only take several hours Secondly, most of the interfering muateciuly (nuslels peids,
salts. pipment. noo-proteinaccous componcits ctc) will be effectively remmoved.
Thirdly. proteing exiracled with lbe proceduces can be used dircctly to the first
dimension IEF step wilhout any lurther treatments like protein concenbrating and

elesalting steps. ourthby, peoteins in the lrizal reapent are well peolecied 1Ttom
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priveases degradation and adding of proleases imhibitors 1z therelere ool reguired.
Lastly., cxtracled prolein ssmples vao be used in in-gel reloedeation luacig mods in
the 1EF siep which yielded high-quality 2-13E prodiles that are comnparutde will these
abtained with the cop-leading methed.

To demonstrate oor point, two dioellagellste specics. dlesvandrinm spp and
Scrippyicila spp. were Used in this sidsy. The Z-1D1E protiles abtained with this Tnzol
treatment pave high—quality Z-121¢ electrapharetagrams in terms of resalulion, spat
numhbcrs and spot moensity, Fuethce, we had alse attempeed and  successfilly
comploted the dentificalion o a mjor prewin in lbe dineflagellate 2-[H
clectrophurelayroy ubtpioed wsing peplide mass Ningerpriol (PMEF) and e wovo
pepide seguencing with MALDI-TOF maoss spectrometcs, Tuken uverall, vur melhad
deseribed  here has  greatly simplificd the protein extraction and  cleanimp-up
provedures [or dinollagellale samples for 2-DE and it would preatly conteitnmzs o

prolevmiv wurks w Uhis Hiekl

Maulerials and Mothods
Dinoflagellate apecies used and Culture condiliony

Cnialzal cultures of Alexandrive spp and Scrippeiso spp were kindly dunated
by Prot John L Hodgkiss previcusly of the University of Hong Kong. Seawnter bayed
K or 72 medin were used Lot culluring the dinollagellates (Keller ot al., 1987). Stock
cultures of all dincllagellales were kepl sl caponential growth phase by transfereing to
new medigm every five ar siv days inoa ratio af 1170 wiv, YVegetalive cells from
cnlwres in mid= o late-cxponential phase of prowth were inocolated imin fTeshly
prepared culture mediam, Passible contamination of alpal culture was monitored by
regular micrnseapic examination. ‘Uhe culres were arown al 22T under 16 § hours
light: dark cycle at a light intensity of 1200 Lux m''s"! provided by coel white
fluereseent ubes in & Conviton grnwth chamber {Maodel EF7, USA).
Cell county

Cell density was counted i the sane time everyday. Briefly, Lol ol each cullure
was taken and fixed with 10pl Lugol’s solution and counted under Light micrmscope
with g Bedpadck-Rafter cell oanmier,

Preparation of protein extracts

303



4l of mid-log phase vells ol laah dinoflagellate species were harvestod by
centrifugation al 1000 x g for 15 miowes al 40 The cell pellets were then equally
divided inte three 2ml micro-ceninifugs lwbes (lor the 3 differemt types vl extoastion
procedures, see below) and equal wpewmnt of cells in each tabe were checked by cell
counts wnder light micrescepe. Pellets were rinsed with sterile seawater and

cenlrifuged al 1000 x & ugain [or 13 minotes at 4777 Cell pellets were sporedl a, -30°0C

ont] wsed. Proleins were eafoaeled secording e the tree JilTeren calmetion methods
ineluding Iysis buller (7% vrew, 206 thioyeed, 4% CHAPS, 40mM Triy pl 3.7)
aelone precipilation and Telzol extractions.

Fow protein extraction using lyvsis buffer (70 urea. 26 thioures, 4% CHAPS,
A0mM Tris pbl 873, 50001 ol besis butter was added 10 the cell pellets as previously
desuribed (Chan et al. 20023 Cells were distapred by sanicatian f2 Wal o 3 minwes
with shart pulses of 5-10 scconds cach} oo icc. Lysis of colls was confirmed asing
light moieoasseuape, Cell Dysate wos then centilpged ol 14080 5 g lor 15 minuwes al 475
e volleel the supernaml, Subsequently, the supematunt collecled was placed inle &
new cppendorl tube and slore sl =307 unuil wse.

For samplc preparation rolying on sectone precipitation, 2.5ml of iccecold
acetons was added to a S0pl protein oxtracts m |ysis buffer and kept ac -20°
overnighl 1y allow precipitation ol proteing. Proleins precipilaled were washed twice
with ice-cakl acetone before air dry. Subsequently, 5001 of fresh lvsis bufler was
adsled 1o re-soluhi lize the protein pellet. The protein solutian is ready Tor 2-DL.

In procein ewirrction using CLrizol {Woche, Switrarland), preparation  was
perivmmied acenrding to manufactucer’s instructinns with some mnditications. Hredly,
Lml Triznl veapent was added to the cell pellet and subjected to sonieation (a total of 3
mimutes with short pulses of 5=10 scconds) on we. Lyses of cclls were confirmed
using light microscope. Subseguently, 200u] of chlorelomm was added 10 the eell
Tyszte bedure shakimg vigoosly T B3 seconds, The rmisiee was allowed 10 siznd Tor
5 mimutes m room emperatore betore being centrifuged at 12000 ¢ g for 13 minutes

at 417 . The mop pale-yellow or colorless layer was removed, W ol ethanel was

added to resuspend the reddish bellom layer and the mixlure conbibuged at 2000 x ¢

for 5 mioutes a1 A7, Supernatant was bansferred o oa new whe and 1.5 ml of



isopropanol was added. ‘I'he mixture was allowed (o stand [or al least 20 mioules lor
precipitation of proteins at room lemperature. 10 was Lhen eceotrifveed a 000 5 ¢ Jar

L0 mainutes at 4%, Pellet abtained was bricfly washed wilh 93% clthane] belote

alfowed to air dry. S00pl of Ivsis buffer was added to salubilize the protzin pellet
betore loading anto the first dimension [E1
[rotein determination

Proiein guantilicalion o thee ures-condaioiong prolein samples wis periormed
ueing 4 modilied Bradiond protem assay (Bio-Rad, USA) (Ramagh and Rodrgues,
1953,
Two dimcusinnal gel eleetrophoresis (2DE) and imaging analysis

Typically, 3H0u! sample comaining 6lpe ol sample prolgims (lor silver stainimg
gl while 200pe protems are necded (0F coomassie staining geld m rehydration buller
[cotaing ™ vrea, 28 thiourea, 4% CHAPS, 0.2% OTT and 3 4pl of TP bulTer
pH 4-T) was used to rehydrate the [PG saip (18 cm) pB 4-7 (Bio-Rad, T:5A) for 16
houes, For samiples 1o be cup-lasded (lor comparative studies), protein samples were
added 1o the sample cop aller rehydration of the ILF srips, IEF was pertfommed using
a Proean-111 cell (Hin-Rad, [15A) Yoltape was applied acconding o the [olfowing: |
houe at 141Y, 2 howre ac 3000, 2 hoars TH00Y, 2 hours 000 and 5 houes BO00Y,
Follewing LEF, the gol stop was cquilibrated with cquilibraticn buffer (30mM ‘Triz pl |
H.4, 6M urca, 30% ghecoral, 2% 5D5, 1% DTT and trace amount of bromophetcl
blue) for 15 minotes, The gel sirip was lhen placed in fresh cquilibracgon buffer
conlyining 1% woduaseturine (wstewst o DTTY for snwether 15 minwes, The seeond
dimensivn SDE-PAGE was performed using 10% polyvorylomide pel ruoming s. o
constunt eurrenl of 13 mAsge] wotil the bromopheno! blue dve veacled the end uf Lhe
weel, Afler electrophoresis, the gel was either silver stained or coomasaie blos (R2500)
stained. Stnined gels were scanned and the imoges were analyzed by Melanie 1)
(GeneBic, Switzeriand} as described in the user manwal.
Immunablatting anatvsis

Subsequent b 2-DE, separmted proteins wene eleclroblutied onle 2 nitrecellulose

mombrane &l J06Y Jor | hour al 47, Subscguently, the blolicd membranc was rinsced

with 'BS buffer (20mM Trs-HCL pH 7.8 and 137 mbd Mall) and blocked with 5%
BSA in TBS bhuffer for 2 houes. The membrane was then probed with rebbil sntibodics
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o Ribulosc | 5-bisphosphate vurboxyluse/uxygenase (Robiseo II) (andly provided by
Professor David Morse, Muntreal Uneversiey, Canada)y diluted 4000 with 1% BSAin
TES [or 1 huor ot coom temperatore. After washing sis tines with TBS bufter with
199 Twaen 20 (TBEST buffery, the membrane was incubated with peraxidase
conugated anti-rabhic Ip0 antibadies {diluted T:LOOU0I with 1% BSA in THS: Sanfa
Cruy Nintechinology, LAY for | houe, After washing six times wich TS| bufter, the
chemilumincscent signal was deleeled wsing Supersigmal Chemilumineseenl Substrate
kit {1Merce Chemieal, USAY Lollowing the muaoulactorer’s insbruclions,
MALL-TOF mass spectrometry analysis

Guided by the results of Western-blots with samples extmoied  with e
Tricol-extroction method described obove and resolved by 2-DE with subsegquent
prabing with anti-Rubisco 1 antibodies, location of the protein Rubisco 1T could he
reeounized wnd matched W o correspondioe covimuszie blue stuined 2-DT gel, This
proledn spot wos eaciged foom the coomoessie blue stained wel and tmosterred o oa
mcracentrifupe tube. The gel plug was washed twice in 23mM NH4EIC0y i 50%:
acetonitrile [ACN). Subscquently, the gel plug was washed with 10004 ACM amg diied
under vacuum tor 10-1% minutes. Io-gel trypsin digestion was performed by adding
2ing'ml trypsin in 25mM NHJHCO. ovemight at 3730, For MALDI-TOF mass
speciegmet sy analvsis, 1ol peptide mixtuee weas oiaed with Tpl orostix sululion
(CHCA, satwated solution in AN 01%% TEA 11:10) on the target plate belone being
dried and smalyzed with a MALDETOF mass spechometer {Awntoflex; Bruoker,
Crermnany in reflector mode over a mass rangc of 1000-3000 Da and wsing externgl
mass calibration with the manutiaciurers’ cahbration standards). Spectia from 150
thots at several dilterent posilions on the largest plate were combined o gencrate a
peptide mass Dngeming (PMIY) for datahase searches. The PME oblatned was
searched  against the WO non-redundapt database using the search  engine
Ml AN

Da-pova sequeneing was performed wilh the aid ol N-teminal sultonaticn
(Wang ot al, 20040 liriefly, 10maiml d-gulfophenyl isothiocyanate (SPITC) was
pdcecd into the oyptic peptides and incobated at 55°C for 30min for the sulfonapon
reaction Lo veewr, Solfuneted peprides were glepned by absarptien wnlo sl

subsequently cluted from zip-fips belore bemg analveed with MALDI-TOF mass
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spoctromcter. Amino acid sequences were deduced from the ladder scquences

Capeetourn b ublained ond were searched against the NCBL non-redundant datsbase,

Results and Discussion
Comparison  of 2ZDE electrophorctaogrami  obtained  using  the acetone
precipitation methnd and ‘Lrizol-protein extraction method

Tha success of oblaining high-gualily 2-DE clectrophorelograms is groally
dependent oo sumple prepuralions belors the IEF run, Typically, [EF 35 wleranl ol sal
concenrations up ke 30 (Kirklond <o ol 2006). Therefore, i order o have goed
yuality IEF for 2-DE, a thatough desalting of the sample is required. In dinoflagelates,
there are guite a large amount of interfering substances including salts, oncleic acids,
polvsaccharides, phenclic compounds and pigments. [t untreated, these interfering
subslances will cawse sberunt pattemns 0 the 2-DE elecirephorelograms. Thos,
sunple preepacation should nclude steps to pet id of these substmwes,  Using
Trizol-extracted proteins for 2-DE has been reported in halophilic protems with
satistactory  results  (Kirkland ot al. 2000), In compaison  with 2-DE
clectrophovetograms obtained uwsing prolewn samples prepared either with the lvsis
bwller maetlcnd of acetone precipicaion method, fhase obiained using Trzol extraction
methed showed betler results, They have higher resohnion of proiein spots than thosc
preparcd by ather Twn mathads. The results were ennsistently ahsgrved in the twi
dinaflagellates specics (Alexandrivm sppr and Scrippsicfle spp) vsed i this stody
(Figure 1),

Proleins catraeled by direcl homoseniestion ol the Adexaredriunr cells o lvsis
buillvr produced 2-DE electrophoreiogrmns thet have excessive hurieonls] snd verlical
streakiogs {TFigure 201, Most of the praeing were nol being loeused properly snd
appeared either as smeariog or o pberrant patterns, In addition, high bachagrounds
wilh relatively Fewer spols were seen, Obviously, the “unremoved” endogeqous
inerforing substances in these dineflagellale eclls have preatly affocted focusing of
the IEF step in the 2-DE. Therelors, this method is nod ibe besl choice for 2-0k of
dinmglagellates.

A for the acetone precipitation methed, the precipieation step was used both g

concentrale proteins in the samples and also to separate the prokeins from potentially
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inlerferioy, substances. Therefore, reschition and intensity of the protein spots were
belter thaty thoze obtaimed with the lwvsis bolfer exiraction method (Figure 2hh
However, phenolic and some other confaminanis weare coextracted fopether with the
proteing, resuliing in several horizontal and vertical streakings with a high background.
This is zasily nhservable in cnlarged arcas of the gel (Figure 3). | herefore, further
cleanimg-up procedurcs are reguired W remeyve Lhe subsiaolial inlerleong substances
that remained 0 Lthe seclene precipilated sumples,

O Lhe Wiree prowein ealragtion progedores, Trieol-exinclion rssulued inlhe best
resulution of stained spots with a clear background {Figuee 2k The Trivcel-samples
preparation stratcgy 15 simple and tast, There arc only a tow steps to perform and the
preparalion Time jus! regquites s dew hours. When compared to the lengthy and
eomplicated extraction proceduras described previously {Chen et al., MM04; Chan el al..
2004; Chan et al., 20023, the shortet time of sample preparation decreased the psk of
protein dogradation and Iesses, The beneticial coffters that Trizol extraction roetlwsd
has ou the unprovement ol prelen vield, spot vesolution, nwmbers and intensity in
2-DE s compared with the other twa methods i this study, are attnbuted to the great
alfwiency in the remawal of all the interfering substanves. Simitar results were
akserved in Serippeiclla spp (data not shown). ‘The exeellent 2-1115 patterns ohained
by this mcthod would allow comprchensive protein cxpression  stodies  on
dineflagetlales and thus greally conlributes 1o proleomics wotking,

‘lotal numbers and intensity of apots

Wilh the help of the Melaoiv L sollwuare, it was [ound hat 2D pels penerated
wsing protuins cxlroeled [tom the Alexendein spen wilh the Lvsis buller-calraction
meethusl, the geelons presipiation s Tricolealmclion msthods vielded an gverape uf
1223, 1741 pud 1833 protein spots respectively (Figure 43 On the olher hond, these
20 gels using Serippsiclla spp. sample yicld an average of 1147, 1527 and 1627 spots
for the thres exiraciion methods respeclively (Figore 1), Excessive streaking,
singaring amd weakening appenrance of the 210 gels would make o Jillicull o Jdiseen
any apprecighle mumber of spots in some reglong io the 2-IDF developed <ither wilh
the lvsis baffer or the acetene precipitation methods (Figuee 3} Howevern, the
gutresponding reglon in the gel develeped vsing Trizol method had shown a numlsers

ol spoty that could be discerned individually (Eigare 3¢ and 1), There were not only
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an chyvious inerease in gpel numbers o Diese tegans, bot also many faint protein spots
con novs by seen clearly with the use of Trizol extraction method, presumably dug to a
¢learer backpround. For example, spots in the rectangle and cirele regions in Figure 3
had shown a greater infensity ot the Trizal prepared 2-1317 than that of the nther fwa
metheds. Iy addition, some apots weve missing in the 2-13H prepared by Lvsis boffer
{for exanple, sec spot 1-7, Figure 3. Albhough these spols were appeared in both ihe
acctone precipiladion and Tricol prepured 2-DE (Figurs 3b and 300, spoly were much
lucused und with g higher resoluation in the Trizol prepared 2-12F han that ol 1he
geelane precipitatien prepared 2-0OF.
Rehydrution versus Cup-loading metlod

Cup  loading has  been reported to improve the  quality of 21K
clectrophorelograms ablaingd and Feegquently yields belter resalution. cspecially when
sarmple was applied o the anode side (oo e ol 20000 Elowever. 1F haz [Imited
sample volumes te be loaded of up to 100pl. Larzer sample loads ineviably leud 1o
protein precipitation in the sample cup. Rehydration loading instead of eup-loading
conld accommodale larger sample volumes {erealer 1han 100ul b and protein loading
without 1he profein precipitation peablems. In this study we (ound that the 2-DE
pattern and spat reaolution obtained with the Irizal-extracted samples in rehpdragtion
lnading mode was simitar to that obtained with the cup loading mode in the pl| 4-7
raoipe. 'arther, we have cxperichecd that some other samples (e.g bacteria) extracted
with lysis buffer wall nol vicld high-qualily 2-DE gels without using cop leading. In
addition, there are sienmilicent dillerenees in the 2-DE gel palivme oblained from
zamples prepared wilh Lthe two sample Jouding methods. However, o high=-guality
2-DE wel vun be oblained relulively stoaighl-lorward wilh ssmple proleins exiracted
by the Trize! methud. Samples could be added direclly unie the IEF Ly, 14, withoul
cup-lowd. The 2-13F pattetn as well o5 resolution from rehydeation loading obleined is
sitmilar W that of cap loading (data not shown). Using rehsdration loading ven avoid
the problems of the ssmple cup leak and prolein precipiiation that would be likely
happened when cup losding methed 15 wied, Lo wddition, withoul the limilation oo the
surnple loadiog volwoes (maee than 100U, larger acwoynl o sumple can e loaded
unf the TEF strips. Thas, it will preatly facilitates the prodoenon of high-guality and

high prodeim-loaded 2-T21 gels {mpr ol prodeing loaded} Tor some downstream analysis
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which usuatly tequire 8 larwer umount ol proteios, for example the MALD-TOF mass
spectrometry in Posl-Source-LDecay {(FSD) mode.
MALDI analysiz af sclected spot (Rubisco IT)

A known proteio {Rubisce 1) of dinotlagellates was subjected to the
MALDI-TOR mass spectrometry analyvsis (Figuee 3). Lacation of this peotein spot on
the 211 chrommarogram was confimmed by westorn blolting (Fipure 3a). Furlhee, after
-zl tryptic digestion and MALDI-TOF mass  spectometric  anslysis, the
comresponding peplide mass lingerprints (PMEs) genenuled were subjovlod o searches
in the NCBInr dutabazse (Figure 5B With the MASCOT probubilivy oblained, o was
sugpested  thot  the  protein spet was  indeed  Ribulose 1 5-bisphosplwte
carboxylascioxygenase (Fublsce W) (accession ne. AAOIS07S). Identification
through PME search is only wortkable when the penome al the organisn s available
in e datolise. Since the protein sequence database of dinoflage latey Is very lhiniked,
determination of the pephido/protein sequetces (e nave sequencing) is therefore very
important tor identitication and description of novel proteing. The PSD fragmentation
of the typtic peplide lons geaerated tom e MALDI-MS always resulbts in complex
spectta and inferprefing these daly can Irequendly be o challenge, Theetore,
MALEM-MSR-1"81) s less popular than other sequencing technbques soch as the
[£'hA%YEN and edman sequencing. Nonctheless, N-temninal sulfonation conpled with
MALIM-ME-1'50 can act as fallback sequencing method when the other sequencing
methods are not availablc. Rocently, an -termimal sulfonation technique was found to
facilitate de move peptide sequencing with the MALDI-TOF-PSD (Keowgh ct al,
2000; Heoush ef al. 199%), Here, 4-sullopheny] isothiceyvanale {SPITC) was used ta
sullooate the wyplie peplisles mum Hie selevted spot and provide the sming acid
sequeneey vl the sullonated peplide with the MAED-TOP-PSD analvsis (Wany ot al,,
20047 i addition, this method was successfully applicd to enhance the protein
identification afficiency of an arganism that with uvnkonown genome {Loon ot al, 2007
Twa sullonated peptides from the Rubisco 11 protein spol were used 1o demonsioate
peptide o meve sequencing with e MALDL-TOF-PSD analysis {Figure 5¢) An
aming weid sequence QFVLHYHR and ¥Y'WELSFLTEREDALETR were easily deduved
[rom he mass diffecenee between adjacent y-eans in the twao spected, Sequence lug;
QFLELHYITR and YWLLSVITUEDALL LR were searched against with the NCBIor
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database. Scqueoce QFFLHYHE mulched with sequence GELIIYIIR of Ribulgse
L.5-bisphosphele curboaylpe oaygenase [ [Rubisco T}y of the Spmbiodinien spn.
facvessivn no. AAYSTS7Y). While sequence YWELSIYLTEERLILE'LE matched with
seguence YLADNLSLTEEDLIK of Ribulose 1,5-bisphosphaie exchoxvlase oxvecnase
IT (Rubizco I} ol the: Proracenirym miniompom [Aoeession noe AAQTI040.1) Therelor:,
beside (he other scandard amine acid sequencing methods auch as |LO-RRSIS and
edrnan acquencing, this N-termimal sulfonation technique provides an altcrhacive way

o decipher the oy move peptide/prowein sequences of dinoflagellale proleins.

Cooclusion

Trezol, a monophasic mixtore of phenol and puanidicg iseehiveyanue thal s
coromercially available, iz typically used to isolate BN A from cell and tissue sormples.
In this swedy, i s shoven that Triee] catmaction 15 a simple, (838t and cffoetive mothod
[or preparing proteios sanples for 2-13E analysis of dinollTagellules, With the model
organistns wsed: Afevandrine and Serippsiefla species, it was shown gl proein:
were offcctively separated {rom variows types of IEF imterfering substonces, The
cleaner protein samples prepaved by Trizol-cxtraction protocol was able to produce
high-quality 2-DE gels in which mote than 1600-1800 distinetly resolved protein
spols were delecied afler sliver staining, We also demonsiraled the feasebility of an
identificarion methed of a selected peotein spat (Hubisco 1) by PV search and oe
piovn sulfimated poptide sequencing with MALISTOFPSI. This work provides an

elleienl and lewsible 2-DEMS woerklew [er pruleomiv analvsis of dinoflapellates.
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Figure 1. Sonnning eleotron micrographs (SEM) of Afewaerdleiven spe and Serppesfelio
apm tsarlotied Goin Hong Bong witers. SEM was when ol 5 2120 (seale bor = 1um) of
{0 Alexanarini sap nnd By Scrigrsieia spn
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Flgure 2. 2D of il profein exieacts of Afexandriom spp peepared wsing the (o}
Iysis buller method, (k) seetone precipitation method and (2) the Treizal protein
catrnction method,
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Figure 3. Enlangement of 1-DE images from representative regions among the theee
proteiit esteaction methods: lvais holTes; ncetone precipdintion and Trivnl-eximetion
methad. (uj{e) and (d}-(f) are gels from Adlevandedfam spe and Seeippsiella spp
mintples reapectively, Arravea indicate spots 1-7 and they were miasing in the Mah gel
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Figure 4 Camparison of total number of apots of the 2-DE from three differens
extrnerion meghods of the =00 of the twa dinofagellanes species, Alerafarium spp
and Sergpowiefla spp, Resuls were the mean values from three  independent
experimeanis,
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Figure 5, Profein Mentification of & E"’I spot {Hubizsee 10 I'n;lrrl. thie 2-DdE
slectrophavetegram obtained with Trizol-based entraction methad, (a) Gels elehe
stiined with cosmassle Bog o Immunatloned with Anti=Rublsea 11 antibodies an the
2DE gels prepared from proteing extrocled from the Alevandviam gop (B} Peptide
mings finperprint (PME) of RBubiees 11 (@) PRI spectram of sulfonated  peptides
120555 m/x and 175305 mix , The sulfonnted peptidel215.55 miz and 1731,05 m/e
were derived from sulfanation of the native peptides 104 mee and 15379 miz
respectively (asterisk in 30} with SP1ITC (213 Da},
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