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Alexandrium catenella DHO1 is a toxic dinoflagellate species that is able to not only produce paralytic shellfish toxins, but also
cause harmful algal blooms along the coast of China. In this study, we presented a new protocol for specific labeling and detection
of the cell surface proteins (CSPs) of A. catenella DHO1 cells using CyDye difference gel electrophoresis (DIGE) fluor minimal
dyes. CSPs were identified using two-dimensional gel electrophoresis (2-DE) and MALDI TOF-TOF mass spectrometry (MS).
The results showed that the fluorescent cyanine dye Cy3 could specifically label the CSPs of A. catenella DHO1, with minimal
labeling of intracellular proteins. Among three protein extraction methods evaluated, the Trizol method was the most efficient to
extract CSPs with respect to protein spot number and resolution. Forty-one CSPs were separated and identified from A. catenella
DHOL1 by 2-DE, in which 14 were identified in the protein database using MALDI TOF-TOF MS analysis. This work represents
the first attempt to investigate the CSPs of A. catenella using the CyDye DIGE fluor dyeing method that provides a potentially
important tool for future comprehensive characterization of CSPs and elucidation of the physiological functions of CSPs in dino-
flagellates.
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Alexandrium is a dinoflagellate genus that is widely spread
throughout many regions of the world [1,2]. Many species
within this genus are able to produce paralytic shellfish
toxins (PSTs), a family of potent neurotoxins, which spe-
cifically bind to sodium channels in neural cells and result
in paralytic shellfish poisoning [3]. In the past few decades,
harmful algal blooms (HABs) formed by Alexandrium have
been significantly increasing in frequency, intensity and
distribution, resulting in serious economic and public health
related problems, which has attracted significant attention to
this genus from various aspects [4].

A free-living Alexandrium cell is covered by theca or
amphiesma consisting of a continuous outermost membrane,
an outer plate membrane and a single-membrane bound
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thecal vesicle [5]. Inside this vesicle, a number of cellulosic
thecal plates are subtended by a pellicular layer. Thecal
plates usually consist primarily of cellulose and polysaccha-
rides, with a small amount of protein [6,7]. Previous studies
of Alexandrium cell walls have been mainly based on elec-
tron microscopic and cytochemical observations [8], and
molecular information on cell wall biogenesis and dynamics
is lacking. For example, no cell surface proteins (CSPs)
have been identified from Alexandrium, and this lack of
characterization has impeded our understanding of Alexan-
drium.

A number of proteins and enzymes reside on the cell
surface and outer membrane of phytoplankton, such as
high-affinity binding proteins [9-11], transporters [12—16],
stress proteins [17,18], signaling proteins [19] and ectoen-
zymes [20-27]. These proteins play important roles in
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nutrient utilization, defense, signaling, cell adhesion, and
cell recognition. The outmost membrane of the Alexandrium
thecal wall is a subcellular component of substantial interest
with regard to the various aspects of cell surface associated
ecophysiology. However, there are few experimental data
available concerning the outer membrane of Alexandrium,
compared with those of other organisms, because of incom-
plete genome sequences of this genus. Thus far, only lim-
ited CSPs and enzymes have been identified and character-
ized at biochemical and functional levels, and the mecha-
nisms of their functions and localization have not been elu-
cidated [28-32]. Some studies indicate that CSPs and their
activities are induced or increased by factors that limit the
growth of these eukaryotic phytoplankton because of poten-
tially enhanced cell scavenging of nutrients [28-30]. How-
ever, dinoflagellate CSPs may also have other important
properties. For example, in Dictyostelium discoideum, CSPs
have been reported to be involved in signaling pathways
[19]. Evidently, CSPs present an important site of interac-
tion between algal cells and their environment. Therefore, a
better understanding of the structure and composition of the
dinoflagellate cell surface may contribute to revealing im-
portant physiological activities on the cell surface and the
mechanism that causes blooming of dinoflagellate species.

The study of CSPs has relied on various methods to iso-
late and identify CSPs from the cell surface or outmost
membrane of dinoflagellates. A current strategy is labeling
the CSPs of intact cells using vectorial labeling [31] or bio-
tinylation [32] reagents prior to extraction. The major prob-
lem with these pre-labeling systems is the loss of protein
solubility due to multiple additions of large hydrophobic
groups to the proteins. Moreover, these methods can only
address one or a few proteins at one time. Another strategy
is isolation of CSPs by sequential extraction from whole
cells. However, this approach not only extracts CSPs, but
also other cell wall-associated proteins and results in poten-
tial cross contamination with cytosolic proteins [33]. Recent
modifications of traditional DIGE procedures have enabled
an elegant examination of CSPs by protein labeling prior to
lysis [34,35]. This method has been used to label human cell
lines in vitro and in vivo [34], bacterial CSPs [36] and the
monocyte plasma membrane [37], and has been shown to be
a powerful tool to study CSPs.

A. catenella DHO1, a major HAB species that is widely
spread in the coastal waters of China, not only produces
PSTs, but also has formed extensive blooms in the East
China Sea in recent years [38]. Thus, A. catenella DHO1 has
become an economic and public health concern, and losses
in mariculture and the threat to human life due to PST ex-
posure are increasingly documented. In this study, we de-
veloped a simple and rapid method to label A. catenella
DHOL cells with the fluorescent cyanine dye Cy3, compared
three extraction methods for CSPs and identified CSPs us-
ing MALDI-TOF-TOF mass spectrometry (MS) and data-
base searching. The goals of this study were to establish an
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efficient and reliable detection and extraction method for
CSPs from dinoflagellates, construct a two-dimensional
CSP reference map of A. catenella and characterize putative
proteins to provide a foundation for future investigation of
the function and expression of CSPs in A. catenella.

1 Materials and methods
1.1 Organism and culture conditions

A. catenella DHO1 was provided by the Culture Collection
Center of Marine Bacteria and Algae of the State Key La-
boratory of Marine Environmental Science, Xiamen Uni-
versity, China. A unialgal isolate was routinely maintained
in K medium [39] at 20°C under a 14 h:10 h light:dark
photoperiod at a light intensity of approximately 100 pmol
photons m™ s provided by fluorescent lamps. Cells for
surface labeling and CSP analysis were grown in 5 L flasks
containing 4 L K medium under the culture conditions de-
scribed above. K medium did not contain protein.

1.2 Cell surface labeling

The CSPs of A. catenella DHO1 cells were labeled using the
Ettan DIGE dyeing protocol with a minor modification.
Algal cells (1x107) were collected by centrifugation at 800
xg for 5 min at 20°C. The supernatant was removed, and the
cell pellet was resuspended in 1 mL phosphate-buffered
saline (PBS; 0.02 mol L phosphate and 0.15 mol L' NaCl,
pH 7.5) and 1 mL ice-cold Hank’s Balanced Salt Solution
(HBSS; pH 8.5) successively, followed by centrifugation at
800xg at 4°C for 2 min. The supernatant was removed, and
the cell pellet was resuspended in 200 pL ice-cold labeling
buffer (HBSS, pH 8.5, and 1 mol L! urea). Intact cells were
labeled with 600 pmol Cy3 for 20 min on ice in the dark.
The reaction was stopped by adding 20 uL 10 mmol L™
lysine and incubating for 10 min. Labeled cells were
washed twice with 500 uL. HBSS (pH 7.4), followed by
centrifugation at 800xg at 4°C for 2 min. The fluorescence
of intact Cy3-labeled algal cells was observed under a fluo-
rescence microscope (Leica DM 4500 B, Germany) using
Leica FW4000 software.

1.3 Protein extraction

Three methods of protein preparation were used to extract
the Cy3-labeled CSPs of A. catenella DHO1 [40-42].

(i) The urea/amidosulfobetaine-14 (ASB-14) extraction
method. Pre-chilled urea/ASB-14 extraction buffer (0.5
mL) containing 7 mol L™ urea, 2 mol L™ thiourea, 1%
ASB-14 (w/v), 1% DTT (w/v) and 2% carrier ampholytes
was added to the cell pellet. Then, the cell pellet was soni-
cated on ice. Cell debris was removed by centrifugation at
20000xg for 30 min at 4°C, and then 0.5 mL pre-chilled
20% trichloracetic acid (TCA)/acetone (w/v) was added to
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the supernatant followed by incubation for 30 min at —20°C
to precipitate proteins. The solution was then centrifuged at
20000xg for 30 min at 4°C, and the supernatant was re-
moved. The cell pellet was washed three times with ice-cold
acetone containing 20 mmol L™ DTT by centrifugation at
20000xg for 30 min at 4°C each time. Residual acetone was
removed in a speed Vac, and proteins were dissolved in 50
pL rehydration buffer containing 7 mol L™ urea, 2 mol L™
thiourea, 1% ASB-14 (w/v), 2 mmol L™ tributylphosphine
(TBP) (w/v), 0.5% immobilized pH gradient (IPG) buffer
and a trace amount of bromophenol blue.

(ii)) The CaCl,-LiCl sequential extraction method. The
cell pellet was extracted twice with 2 mL CaCl, solution (5
mmol L™ acetate buffer, pH 4.6, and 0.2 mol L™ CaCl,),
followed by two extractions with 2 mL LiCl solution (5
mmol L™ acetate buffer, pH 4.6, and 2 mol L' LiCD) [33].
Protein precipitation was performed as described above.
Proteins were dissolved in 50 pL rehydration buffer con-
taining 7 mol L™ urea, 2 mol L ! thiourea, 4% CHAPS, 65
mmol L™ DTT (w/v) and 0.5% IPG buffer.

(iii) The Trizol extraction method. Trizol reagent (1
mL) was added to the cell pellet, followed by sonication on
ice. Then, 200 puL chloroform was added to the cell lysate
before shaking vigorously for 15 s. The mixture was al-
lowed to stand for 5 min at room temperature before cen-
trifugation at 12000xg for 15 min at 4°C. The top
pale-yellow to colorless layer was removed, 300 pL ethanol
was added to resuspend the reddish bottom layer, and the
mixture was centrifuged at 2000xg for 5 min at 4°C. The
supernatant was transferred to a new tube and 2 mL isopro-
panol was added. Then, the mixture was stored at —20°C for
at least 1 h to precipitate proteins. The mixture was then
centrifuged at 14000xg for 30 min at 4°C, and the recovered
pellet was briefly washed with 95% ethanol and then air
dried. Fifty microliters of rehydration buffer (7 mol L™ urea,
2 mol L™ thiourea, 4% CHAPS, 65 mmol L' DTT (w/v)
and 0.5% IPG buffer) was added to dissolve proteins.

For the three extractions described above, protein quanti-
fication was performed using a 2D Quant kit (GE Health-
care, Piscataway, NJ).

1.4 Two-dimensional gel electrophoresis (2-DE) analysis

Rehydration, isoelectric focusing (IEF) and equilibration
were performed as described elsewhere [40]. Briefly, pro-
tein (400 pg) obtained from dye-labeled A. catenella DHO1
cells was subjected to IEF using an IPGphor III system
(Amersham Biosciences, Xiamen, China) with 24 cm IPG
strips (Immobiline Drystrip™, pH 3-10 and 4-7; Amer-
sham Biosciences) and then resolved on a 12.5% slab gel
with sodium dodecylsulfate polyacrylamide gel electropho-
resis. The gel was overlaid with 0.5% agarose (dissolved in
running buffer containing bromophenol blue) and 2-DE was
run using an Ettan DALTsix Vertical System (GE
Healthcare, USA) at 1 W/gel for 30 min, and then at 15
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W/gel until the dye front reached the bottom of the gel.

1.5 Protein visualization

After 2-DE, gels were scanned for Cy3-labeled proteins
using a Typhoon™ 9400 Imager (GE Healthcare) at a reso-
lution of 100 pixels and an excitation wavelength of 532 nm.
Total proteins were visualized by staining gels with SYPRO
Ruby (Molecular Probes™, Invitrogen, USA), following the
standard protocol, and then scanned. After scanning, pro-
teins were visualized using silver staining according to the
method by Wang et al. [41].

1.6 MS analysis

CSP spots were manually excised from silver stained 2-DE
gels, and then gel pieces were destained for 5 min with 200
pL destaining solution (15 mmol L™ FeK4(CN)s and 50
mmol L™ Na,S,0;). After removing the destaining solution,
gel pieces were washed three times with 800 pL. water and
vortexed for 10 min each time at 50°C. Acetonitrile (200 pL)
was added to the mixture, followed by incubation at room
temperature with occasional vortexing until gel pieces be-
came white and shrunken, and then the acetonitrile was re-
moved. Trypsin buffer (typically, 5 ng pL™" Promega Se-
quencing Grade Modified Trypsin in 10 mmol L
NH,HCOs3) was added, depending on the quantities of pro-
tein loaded for 2-DE, to cover the dry gel pieces that were
then placed in an ice bucket or fridge. After saturation for
30 min and when the gel pieces were completely rehydrated,
the trypsin was removed. Next, 10-15 pL 10 mmol L
ammonium bicarbonate buffer was added to cover the gel
pieces for enzymatic cleavage. Tubes containing the gel
pieces were then placed into an air circulation incubator at
37°C for 4-16 h.

After gel digestion, 1.4 uL peptide solution was mixed
with 0.4 pL matrix (4-hydroxy-o.-cyanocinnamic acid) in
30% acetonitrile (CAN) and 0.1% trifluoroacetic acid (TFA)
before spotting onto the target plate. MALDI-TOF and tan-
dem TOF/TOF MS were then carried out using an AB
SCIEX MALDI TOF-TOF™ 5800 Analyzer (AB SCIEX,
Shanghai, China). Peptide mass maps were acquired in pos-
itive reflection mode, averaging 1000 laser shots per
MALDI-TOF spectrum and 2000 shots per TOF/TOF spec-
trum (the resolution was 20000). Calibration mixtures (Ap-
plied Biosystems) were used to calibrate the spectrum to a
mass tolerance within 0.1 Da. Parent mass peaks with a
mass range of 800—4000 Da and a minimum signal to noise
ratio of 50 were chosen for tandem TOF/TOF analysis.

1.7 Database search

The contaminant m/z peaks originating from human keratin,
trypsin autodigestion or matrix were included in the exclu-
sion list used to generate the peptide mass list used for
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database searching. Database searching used internal
MASCOT (Version 2.2, Matrix Science, London, UK)
software to match MS and MS/MS data against NCBInr
databases (updated December, 2010, containing 4607655
entries) without taxonomic restriction. Searches were con-
ducted using the following setting: one missed cleavage, P
< 0.05 significance threshold, 50 ppm peptide mass toler-
ance, 0.25 Da fragment mass tolerance, 50 ppm peptide
mass tolerance, 0.1 Da MS/MS ion tolerance, carbami-
domethylation of cysteine as a fixed modification, and me-
thionine oxidation as a variable modification. Once the con-
fident identifications were removed after searching against
the NCBInr database, the rest was searched against the di-
noflagellate expressed sequence tag (EST) database (down-
loaded from NCBI, updated December, 2010, containing
171550 entries). Protein identification, performed using
MASCOT software, was considered to be correct at a
> 95% confidence interval for the protein score, and hits
were considered to be significant when the total ion confi-
dence interval (C.I., %) was > 95 and the E-value was be-
low ¢ or less for EST search results.

2 Results and discussion
2.1 Surface labeling of A. catenella DHO1 cells

The principle of CyDye surface labeling is based on the
chemistry of minimal labeling CyDyes to covalently bind
the e-amine of lysine with their N-hydroxysulfosuccinimide
ester group via an amide linkage. Impermeability of the
amphiesma of A. catenella to fluorescent dyes is a crucial
requirement for selective labeling of CSPs. Thus, in this
study, both amphiesma permeability and active uptake of
CyDye fluorophores by cells were conducted in suspension.
About 1x107 viable A. catenella cells were labeled with Cy3.
After labeling, excess dye was removed and cells were ob-
served under fluorescence microscopy. Cy3-labeled cells
were red with a ring-shaped membranous staining pattern
(Figure 1). Such fluorescent images of Cy3-labeled cells
indicated that these cells remained intact and their CSPs
were labeled with Cy3.

Several cell surface labeling methods, such as isotope
vectorial labeling [31] and biotinylation labeling [32], have
been developed to investigate the CSPs of dinoflagellates.
However, these methods lead to loss of CSP solubility due
to the complex procedure involved in labeling intact cells.
Moreover, these methods can only address one or a few
proteins at one time. Fluorescent labeling of CSPs with Et-
tan DIGE dyes is a newly developed method and has been
widely applied to study the CSPs of various human cell
lines [34], bacteria [36] and the monocyte plasma mem-
brane [37]. The results demonstrate that CyDyes can spe-
cifically bind to CSPs, with minimal labeling of cytosolic
proteins because CyDyes cannot penetrate the outmost
membrane of living cells [43-47]. Moreover, labeling is
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Figure 1 Surface labeling of living cells. Cy3-labeled algal cells were
examined using a fluorescence microscope with the excitation wavelength
of Cy3. Images show how Cy3 selectively labels the CSPs of live cells, a
ring-shaped staining pattern (marked by arrows) and that the staining pro-
cedure does not compromise the integrity of the cell wall.

performed under mild conditions (HBSS, pH 8.5) that are
less likely to alter the structure of the algal cell surface [36].
Importantly, cyanine dyes are small and do not alter protein
migration in gels [48]. The present study used Cy3 to label
the CSPs of A. catenella DHO1 by a similar method used for
labeling human cell lines [34]. This method was simple
compared with other methods to detect algal CSPs (e.g.
biotinylation), and did not require specific treatment or des-
ignated facilities to perform, as is the case using radioactive
materials to label proteins.

2.2 CSP extraction

The 2-DE profiles of A. catenella DHO1 CSPs prepared
using three extraction methods are shown in Figure 2.
Among them, the Trizol method obtained the optimal result
with regard to protein spot number and resolution, and 41
CSP spots were identified by 2-DE (Figure 2(c)). The ma-
jority of proteins were separated in the molecular mass
range of 20-98 kD and had an isoelectric point range of
4.5-7.0. The urea/ASB-14 extraction with TCA/acetone
precipitation method (Figure 2(a)) also yielded 34 CSPs
spots, while the CaCl,/LiCl extraction method yielded just
12 CSPs (Figure 2(b)).

The 2-DE patterns, stained using SYPRO Ruby (Figure
3(b)) and silver staining (Figure 3(c)), were also determined
in this study. Cy3-labeled proteins (Figure 3(a) and (b))
could be accurately aligned and silver stained spots corre-
sponding to SYPRO Ruby and Cy3-labeled CSPs were eas-
ily discerned. The results suggested that we selectively tar-
geted proteins by fluorescent labeling of algal cells to iden-
tify CSPs using MALDI TOF/TOF MS analysis.

2.3 Protein identification

Thirty-eight protein spots were visualized using fluores-
cence scanning and silver staining, which were excised
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Figure 2 2-DE protein profiles of CSPs extracted using three methods
(pH 3-10). (a) Urea/ASB-14 extraction; (b) CaCl,/LiCl sequential extrac-
tion; (c) Trizol extraction. Protein spots in the circular regions in (c) show
unique proteins on the 2-DE gel obtained using Trizol extraction, com-
pared with that of the other two methods.

from silver stained gels (Figure 3(c)) and trypsinized prior
to MALDI TOF/TOF MS analysis. The nine confident iden-
tifications of Cy3-labeled CSPs searched against the
NCBInr database are shown in Table 1, and the five EST
search results are listed in Table 2. The remaining 24 pro-
tein spots could not be positively identified as protein
orthologs in the protein database and were assigned as un-
known or novel proteins.

MS analysis of the CSPs of A. catenella DHO1 led to
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Figure 3 Fluorescence and silver stained 2-DE pattern of proteins ex-
tracted from the Cy3-labeled cells of A. catenella using the Trizol method.
Proteins were resolved on non-linear, pH 47 IPG strips in the first dimen-
sion followed by separation on precast polyacrylamide gels (12.5%) in the
second dimension. (a) A typical 2-D pattern of the CSPs of Cy3-labeled
Alexandrium cells; (b) two-color image of 2-D-separated CSPs (blue) and
total proteins (red) labeled with Cy3 and SYPRO Ruby, respectively; (c)
the corresponding silver stained image. Spots marked with a number were
subjected to MALDI TOF/TOF analysis.

identification of two proteins with chaperone functions,
namely heat shock protein (HSP) 70C (spot 2) and HSP70
(spot 3). Cell surface localization of chaperones has been
reported in several studies [49-51]. HSP70, previously
characterized as a chaperone, regulates apoptosis in re-
sponse to heat shock and oxidative stress by preventing the
release of cathepsins and cytochrome ¢ [52]. This protein
prevents lysosome-mediated sudden death by binding to
lysosomal cathepsins B, D, L and H and providing structur-
al stability to lysosomal membranes [37,53]. It is unclear
how the localization of these HSPs is targeted to the cell
surface, but it is unlikely to be the classic secretory pathway
(endoplasmic reticulum (ER) to Golgi to plasma membrane).
A previous study demonstrats that thioredoxin H-type 5
(spot 28) is secreted in a non-classic manner that is inde-
pendent of the ER-Golgi pathway [51].

Spot 5 was identified as a homologue of the cell division
protein FtsH that has an integral cytoplasmic membrane
protein spanning the membrane twice and a large cytoplas-
mic carboxyterminal with a putative ATP-binding domain
[54]. FtsH participates in the assembly of proteins into and
through the membrane and is required for cells to ensure
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efficient stop-transfer of some transmembrane proteins [55].
Moreover, FtsH is significantly homologous to members of
an ATPase family found in eukaryotic cells [56].

It should be noted that several intracellular proteins were
identified in this study, such as luciferin-binding protein
(spot 6) and chloroplast sedoheptulose-1,7-bisphosphatases
(spots 19, 20 and 21). Presently, we have no explanation for
these results. One possibility is that CSPs were contaminated
by intracellular proteins during labeling, but no other intra-
cellular high abundance proteins were found in this study.
Moreover, all proteins identified in this study were low
abundance proteins in silver stained gels. Therefore, we
postulate that these proteins might be transmembrane pro-
teins or channel proteins associated with the outermost
membrane. It is known that the chloroplast of A. catenella
has a radiating structure from the central pyrenoid complex
to the cell wall, which contacts the plasma membrane [58].
In addition, cells organized as chains are interconnected by
a cytoplasmic connection that passes through the so-called
attachment pore of the pore plate and a pore in the posterior
sulcal plate [57,58]. This connection between cells is prone
to breakage by mechanical disturbance, and proteins located
on or associated with the plasma membrane are released
from the attachment pore and labeled with CyDye. Potential
direct physical connections may occur between the plasma
membrane and the cell wall and/or interactions at the plas-
ma-cell wall interface [59]. In addition to the above proteins,
a small number of proteins were identified as hypothetical
proteins or functionally unknown proteins. This result was
not surprising because the dinoflagellate genome has not
been completely sequenced and few studies have been con-
ducted on the CSPs of dinoflagellates.

In conclusion, this study developed a rapid and simple
method for specific labeling and detection of the CSPs of A.
catenella cells using CyDye DIGE fluor minimal dyes,
which provides a potential tool for further proteomic studies
of CSPs from Alexandrium and other dinoflagellate species.
The fluorescent labeling used in this study does not interfere
with subsequent identification of proteins excised from gels
by MS because most peptides do not contain the label. Be-
cause cyanine dyes are compatible with 2-DE and MS, they
can be used in proteomic approaches to identify dinoflagel-
late CSPs. More insights can be expected into the rapid
analysis of many CSPs, as well as the characterization of
the proteomic changes occurring at the cell surface in re-
sponse to environmental stress, which will ease the identi-
fication of new surface-exposed targets that may improve
our understanding of the relationship between cells and en-
vironmental variations.
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