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Abstract

Phycobilisomes were prepared from a marine red macroalga Polysiphonia urceolata (P. urceolata) by sucrose step-gradient
ultracentrifugation. From the prepared phycobilisomes, an R-phycocyanin was isolated by gel filtration on Sephadex G-150
and then purified by ion exchange chromatography on DEAE-Sepharose Fast Flow and native polyacrylamide gel
electrophoresis (PAGE) performed in neutral buffer systems. The purified R-phycocyanins showed not only a homogeneous
trimer of 136 kDa in gel filtration and a single band in native PAGE, but also exhibited one band at about pH 5.7 in native
isoelectric focusing (IEF). By a gradient SDS-PAGE the purified R-phycocyanin was determined to contain one a subunit of
17.5 kDa (a17.5) and two b subunits of 21.3 kDa and 22.6 kDa (b21.3 and b22.6). The analysis from denaturing isoelectric
focusing and two-dimension PAGE demonstrated that a17.5, b21.3 and b22.6 had their pIs of 6.4, 5.3 and 5.4, respectively.
Furthermore, mass spectroscopy analysis of b21.3 and b22.6 by MALDI-TOF mass spectrometry demonstrated the two b
subunits had differences in peptide mass fingerprinting. These results revealed that the prepared R-phycocyanins were
composed of one a and two b subunits. (a17:5

3 b21:3
2 b22:6

1 ) and (a17:5
3 b21:3

1 b22:6
2 ), which have a structural foundation to show

their pIs too close for them to be definitely resolved by native IEF, are postulated to be the most possible trimeric forms of
the R-phycocyanins prepared from the phycobilisomes of P. urceolata.
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Introduction

Phycobilisomes (PBSs) exist only in prokaryotic cyanobacteria

and eukaryotic red algae. Cyanobacteria are primitive oxygenic

photosynthetic organisms, and the chloroplasts of eukaryotic red

algae are primary plastids that evolve by means of primary

endosymbiosis from a cyanobacterium after it is engulfed by a

heterotrophic and eukaryotic host cell. Phycobilisomes attach on

the external surface of thylakoids, where photosynthesis photore-

action takes place, and function as the main photosynthetic

accessories for sun light harvesting of the two organisms [1–6]. As

a supramolecular complex, PBSs commonly have two subdo-

mains: peripheral rods and central cores. Both of the subdomains

are made up of phycobiliproteins and their corresponding linker

polypeptides [7–10]. The phycobiliproteins are divided into three

types according to their light absorption properties: phycoerythrins

(PE; lmax = 565 nm), phycocyanins (PC; lmax = 620 nm) and

allophycocyanins (AP; lmax = 650 nm) [10]. Because of their

excellent spectroscopic properties, such as high absorption

coefficient and strong fluorescent emission, phycobiliproteins are

widely used as fluorescent probes for immunodiagnostic protein

and cell labeling in biological and medical tests [11–13].

Within phycobilisomes, phycoerythrins are located at the tip of

PBS rods, phycocyanins which are always adjacent to PBS cores

are situated at the other end of rods, and allophycocyanins are the

only type of phycobiliproteins which assemble with the aid of core

linker polypeptides to form PBS cores [7–10]. When sun light is

harvested by phycobilisomes, the light energy is transferred from

the highest-energy chromophores of PEs via the intermediate-

energy chromophores of PCs to the lowest-energy chromophores

of APs with an overall quantum efficiency closed to 100%, and it is

finally transferred to the chlorophyll a of photosystems [5,7–10].

Therefore, phycocyanins play an important role in mediating light

energy transfer from phycoerythrins to allophycocyanins as well as

in combining rod domains with core domains in PBS assembly [7–

10].

Phycocyanins are oligomeric proteins and composed of two

different kind subunits, a and b, which combine with each other to

form monomers (ab) [2,7–10,13,14]. Three monomers connect

side by side to form a trimer, (ab)3, and two trimers may further

assemble face to face to build a hexamer, (ab)3?(ab)3 or (ab)6, with

the aid of a rod linker in PBS assembly [7–10]. According to the

spectrum properties of phycocyanins, they are classified into three

types [2,7–10,13–14]: 1) C-phycocyanin (C-PC) which is mainly

observed in cyanobacteria [1–3,7–10,13–16]; 2) R-phycocyanin

(R-PC) which is mainly come from red algae [7–10,13–18]; 3) R-

phycocyanin II (R-PC II) which is identified from marine

cyanobacterium Synechococcus species [19]. Each (ab) monomer of

C-PCs contains three chromophores of phycocyanobilin (PCB),
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one of which is carried by an a subunit and the other two are

carried by a b subunit. For R-PCs, an a subunit contains one PCB

but a b subunit carries one PCB and one phycoerythrobilin (PEB).

Accordingly, C-PCs usually show a one-peak absorption spectrum

where the peak is commonly within 610–620 nm, whereas R-PCs

have a two-peak absorption spectrum in which the peak at about

550 nm comes from PEBs and that at about 615 nm from PCBs

[2,7–10,13–18].

In previous reports [20–21], an R-PC was prepared from the

marine red macroalga P. urceolata. The R-PC extracted in diluting

phosphate buffer [20] or in distilled water [21] was first isolated by

the hydroxyapatite chromatography which was developed by a

stepwise elution with phosphate buffers. Then the R-PC fraction

was further purified by the gel filtration on Bio-Gel P300, and the

gel filtration was repeated until the absorbance ratio (A618/A280)

of the obtained R-PC was higher than 3.5. The purified R-PC

showed two absorption peaks at 550 nm and 618 nm, and

exhibited a strong fluorescent emission at 637 nm and a small one

at 566 nm [20–22]. The R-PC contained two subunits, 18.2 kDa

a and 19.4 kDa b which were determined on a Biflex III matrix

assisted laser desorption/ionization-time of flight mass spectrom-

etry (MALDI-TOF-MS); and it was assumed to take the form of a

trimer (a18.2b 19.4)3 [22]. The a subunit was proved to have 162

residues and it carried one PCB chromophore at 84Cys (a84); the

b subunit was composed of 172 residues and carried one PCB at

84Cys (b84) and one PEB chromophore at 155Cys (b155) [23]. In

crystal, the R-PC composed of three (ab) monomers assembled

around a three-dimensional axis to form a disc-shaped (ab)3 trimer

which showed about 11 nm in diameter, about 3 nm in thickness

and a central cavity about 3.5 nm in diameter [23].

The present work is to investigate the phycobiliprotein

components of the intact phycobilisomes prepared from the

marine red macroalga P. urceolata by ultracentrifugation on step

sucrose gradients [6], and it focuses on the component of R-PC

that is a key constitute to the assembly and light energy transfer of

the phycobilisomes from red algae, which are understood much

less than the phycobilisomes from cyanobacteria, by functioning as

the connecter between two PBS subdomains. From the phycobili-

somes disassociated in diluting buffer, we isolated and purified an

R-PC component by a process in which two modes of

chromatography were combined with native PAGE. In contrast

with the previously reported R-PC from the phycobiliprotein

extract [20–23], the R-PC prepared from the phycobilisomes was

proved to have one a subunit and two b subunits that were

different both in molecular mass and in pI. The heterogeneous

composition of the b subunits reveals that the R-PC may have one

more forms of trimeric complexes different in b subunit

combinations. These researches are favorable to a deeper

understating of R-PC complexes about their structure and

function in the assembly of phycobilisomes from red macroalgae.

Materials and Methods

1. Preparation of the Phycobilisome
P. urceolata used as an organism material in this work for R-PC

study is a widespread red macroalga and not a protected organism

species. It grows luxuriantly on the local seaside around Yantai city

in the area of Northern Yellow Sea of China. The alga specimens

were collected at the beach within the district under the

jurisdiction of the city government. For the marine algae which

are not protected organism species and are used as samples only

for teaching and academic or scientific investigations, there are no

regulations on the specimen collection limitation of them from the

city government and other organizations of biological diversity

protection. Therefore, the specimen collection of P. urceolata used

in the research is not required to apply for a specific permission to

government departments or related organizations. In addition,

there are no other protected organism species included in this

investigation.

P. urceolata is abundant from February to April; during this time,

temperature of the seawater where the alga grows rises from about

5 to 15uC [6]. After rinsed by seawater, the alga sample was

suspended in 900 mM phosphate buffer (pH 7.0) of 300 ml per

100 g fresh alga, and then the sample was ultrasonicated by

Ultrasonic Cell Disruptor (TY92-II, China) for ten min at room

temperature. All phosphate buffers used in this work contain

4 mM sodium azide, 4 mM EDTA-Na unless they are specified.

Phycobilisomes were solubilized off from thylakoid membranes

with 2% NP-40 in 900 mM phosphate buffer by stirring gently for

about 45–60 min at room temperature. After centrifugation of the

PBS solution (CR22GII centrifuge, HITACHI) at 30,000 g for

20 min, the purple color supernatant in middle was collected as

the PBS extract.

Intact phycobilisomes were purified from the PBS extract by

ultracentrifugation on a step density gradient of sucrose [6]. The

step sucrose gradients from low to high were 0.8 M, 1.0 M, 1.5 M

and 2.0 M. The centrifugation was carried out at 132,000 g for

3.5 h at 20uC. The intact phycobilisomes in purple color were

collected from the thick band located in the boundary between

1.0 M and 1.5 M sucrose layers.

2. Chromatography
The prepared phycobilisomes were dissociated in 50 mM

phosphate buffer (pH 7.0) at 6uC for 12 h. Then R-phycocyanin

was firstly isolated from the dissociated phycobilisomes by gel

filtration on Sephadex G-150. The column (3.5 cm 6 65 cm) of

Sephadex G-150 was eluted with 50 mM phosphate buffer

(pH 7.0) at a flow of 30 ml/h. The blue-violet fraction of R-PC

was collected, and stored at 6uC in dark.

The collected R-PC was directly applied to an ion exchange

column of DEAE-Sepharose Fast Flow (2.6 cm 6 10 cm). The

column was pre-equilibrated with 25 mM phosphate buffer

(pH 7.0) and the sample was loaded on at a flow of 15 ml/h.

The loaded column was washed with 25 mM phosphate buffer of

about 10-fold column volume at 30 ml/h so that the proteins

unbound were eluted out of the column. The chromatography on

DEAE-Sepharose Fast Flow was developed by a linear ion

strength gradient of NaCl from 50 mM to 400 mM in 25 mM

phosphate buffer (pH 7.0) of 500 ml at an elution flow of 30 ml/h.

3. Gel Electrophoresis
Native-PAGE was composed of 6.5% (w/v) separating gel in

pH 7.5 Tris-HCl buffer and 3% (w/v) stacking gel in pH 5.5 Tris-

phosphate acid buffer, and Tris-Barbital of 0.01 M was used as

electrode buffer (pH 7.0) [24]. The PAGE was performed with

constant current of 2 mA per track when the samples run in the

stacking gel, and after the samples entered the separation gel the

current was adjusted up to 4 mA per track. After the electropho-

resis, the slab gel was stained in Coomassie Blue G-250 solution for

examining colorless polypeptides [6,24].

Sodium dodecyl sulfate (SDS)-PAGE was employed to analyze

subunit components of the obtained R-PC (6,24). The polypeptide

analysis of the obtained R-PC was fulfilled by a gradient SDS-

PAGE which had a separating gel of 12–21% in pH 8.8 Tris-HCl

buffer and a stacking gel of 4% in pH 6.8 Tris-HCl. Tris-Gly

buffer (pH 8.3) of 0.1 M which contained 0.2% (w/v) SDS was

employed as electrode buffer. The SDS-PAGE was carried out

with a constant current of 1–2 mA per track for about 2–3 h. After

R-Phycocyanin of the Phycobilisome of P. urceolata
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the electrophoresis, the slab gel was stained successively with

Zn(SO4)2 and Coomassie Blue G-250.

Native isoelectric focusing (IEF) was performed in a range of pH

from 4.0 to 6.5 on a polyacrylamide gel with T = 5.5% and

C = 3%. Denature IEF was carried out in a pH range from 3 to 10

on a polyacrylamide gel with T = 7% and C = 3%. Riboflavin of

0.4 mg/ml was employed to catalyze polymerization of the

polyacrylamide gels under cool light so as to overcome the fact

that polyacrylamide gel is not easy to polymerize under acidic

conditions. For the both IEFs, anode solution was 0.5 M

phosphoric acid, whereas HEPES Free Acid of 0.4 M was used

as cathode solution for the native IEF and ethanolamine of 0.5 M

for the denaturing IEF.

Samples used for denaturing IEF were prepared as following

steps: 1) samples were denatured and precipitated in 20% (w/v)

trichloroacetic acid, and then collected by centrifugation at

20,000 g for 15 min; 2) the denatured proteins were washed with

4 mM EDTA-Na2 containing 10% (v/v) glycerol for the remains

of trichloroacetic acid to be removed, and the polypeptides were

collected again by centrifugation at 20,000 g for 15 min after each

washing; 3) finally, the polypeptides in denaturing situation were

fully suspended in a sample preparation solution which was

composed of 2% (v/v) Ampholine, 0.5% (v/v) NP-40 (or Triton

X–100), 120 mM mercaptoethanol,8 M Urea and 0.003% (w/v)

bromophenol blue. The suspended polypeptides were centrifuged

at 20,000 g for 15 min so that insoluble substances were removed.

The supernatant was used as the polypeptide samples prepared for

denaturing IEF.

4. Spectrum Measurement
Absorption spectra of phycobilisome and phycobiliprotein

samples from corresponding preparation steps were recorded in

pH 7.0 phosphate buffer with UV-1900 spectrometer. Fluores-

cence spectra of the samples were examined with Cary Eclipse

fluorescence spectrometer in pH 7.0 phosphate buffer.

5. Mass Spectrum Measurements
Subunits in gels from SDS-PAGE were digested with Trypsin

(10 ng/ml) in 25 mM ammonium carbonate at 37uC overnight,

and the peptides from the digested subunits were extracted in turn

with 5% (v/v) trifluoroacetic acid and 50% (v/v) acetonitrile in

2.5% (v/v) trifluoroacetic acid. The peptides resuspended in 0.1%

(v/v) trifluoroacetic acid was used as samples for mass spectrum

measurements, and a-cyano-4-hydroxycinnamic acid (a-CHCA)

of 7 mg/ml in 50% (v/v) acetonitrile and 0.1% (v/v) trifluor-

oacetic acid was employed as the matrix. The peptide fragments of

the individual subunits were analyzed by MALDI-TOF mass

spectrometry (UltrafleXtremeTM MALDI-TOF/TOF, Bruker

Daltonics In.). The parameters set for the mass spectrum

measurement were: laser light: 337 nm; acquisition mode: shots/

sub-spectrum 50, total shots/spectrum 1000; resolution: 50,000;

mass tolerance: 60.5–0.1 Da; Min S/N: 100; mass range: from

500 Da to 3500 Da.

Results

1. The Preparation of Phycobilisomes
The phycobilisomes in purple color were layered in the sucrose

gradients between 1.0 M and 1.5 M after the ultracentrifugation

at 132,000 g for 3.5 h at 20uC (Figure 1a), and the layers above

the PBSs in red and yellow-green color were dissociated

phycobilisomes and chlorophyll-containing substances, respective-

ly. Absorption spectrum of the prepared phycobilisomes (Figure 1b)

showed that the PBSs had three absorption peeks at 500 nm,

540 nm and 567 nm, and two weak absorption shoulders at

616 nm and 650 nm. As showed in fluorescent emission spectrum

of the PBSs (Figure 1b), there were two fluorescent emission

maxima: the weak at 578 nm and the strong at 672 nm, revealing

the directional energy transfer from rod R-PEs to core APs in high

efficiency. These features demonstrated that the prepared

phycobilisomes were intact.

2. The Preparation of R-phycocyanins
R-phycocyanins were firstly isolated by the gel filtration on

Sephadex G-150 from the phycobilisomes dissociated by dialyzing

to 50 mM phosphate buffer (pH 7.0) at 4uC overnight. As shown

in Figure 2a, the chromatogram of the gel filtration developed with

50 mM phosphate buffer (pH 7.0) at a flow of 30 ml/h exhibited

that the dissociated phycobilisomes were separated into four

fractions: R-phycoerythrin, R-phycocyanin, some substances in

light red color and some chlorophyll-containing complexes

(Figure 2a). The absorption spectrum of the R-PC fraction was

showed in Figure 2b. The absorption maximum of the spectrum at

620 nm originates from the phycocyanobilin of R-PC, the

absorption peaks at 499, 546 and 565 nm indicate the existence

of R-PEs, and the absorption shoulder at about 650 nm suggests

that the R-PC fraction contains AP proteins.

The R-PC fraction collected from the Sephadex G-150

chromatography was directly loaded on the ion exchange column

of DEAE-Sepharose FF, and the column was developed with the

linear gradient of NaCl concentration in 25 mM phosphate buffer

(pH 7.0). As shown in Figure 3a, the elution curve exhibited three

peaks; the elution volume of R-PC fraction was from 260 ml to

320 ml, corresponding to NaCl gradient from 232 mM to

274 mM. Obviously, the R-PC was efficiently separated from R-

PEs (Figure 3a) by the ion exchange chromatography.

The absorption and corresponding second derivative spectra of

the R-PC fraction from the ion exchange chromatography were

showed in Figure 3b and 3c. The absorption maximum at 617 nm

is attributed to the phycocyanobilins carried by both a and b
subunits and that at 549 nm to the phycoerythrobilins carried only

by b subunits. The small absorption shoulder at about 500 nm

(Figure 3b) and the fluorescent emission at 573 nm (Figure 3c)

indicated the existence of R-PEs in the R-PC fraction.

Examined by the native-PAGE with 6.5% (w/v) separation gel

in pH 7.5 Tris-HCl buffer, the R-PC fraction from the ion

exchange chromatography showed a strong red fluorescent band

under UV-light at 365 nm (Figure 4 lane 2 (left)), but it also

showed a thin blue band after the gel was stained with Coomassie

Blue G-250 (Figure 4 lane 2 (right)). The thin blue band was

identical to that of purified R-PE (Figure 4 lane 1 and lane 2). This

demonstrated that the prepared R-PC still had the trace of R-PE

contamination, which was consistent with the conclusion from the

spectral properties of the R-PC fraction (Figure 3b and 3c).

Accordingly, the R-PC from the ion exchange chromatography

was further purified by the native PAGE performed in the neutral

buffer system and the R-PC obtained by the native-PAGE showed

a single band at about pH 5.7 in the native IEF with a pH range

from 4.0 to 6.5 (Figure 4 lane 3 and lane 4). Figure 5 showed the

spectral properties of the PAGE-purified R-PC: there were two

absorption peaks at 549 nm and 617 nm (Figure 5a), and one

fluorescent emission peak occurred at 636 nm (Figure 5b);

moreover, no R-PE absorption and fluorescence were observed

again. Molecular mass measurement of the PAGE-purified R-PC

by gel filtration on Superdex 200 (not shown) showed that the R-

PC was 136 kDa, which indicated that it was a trimer.

R-Phycocyanin of the Phycobilisome of P. urceolata
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3. The Polypeptide Composition of the Prepared R-PC
Polypeptide components of the R-PC purified by the native-

PAGE were analyzed by the SDS-PAGE with a gradient

separation gel of 12–21% in pH 9.0 Tris-HCl buffer. As shown

in Figure 6 (lane 1 and 2), after the gel was stained with Zn(SO4)2,

on the gel slab there occurred four fluorescent bands of

chromophore-charring subunits under UV-light at

365 nm(Figure 6 lane 2). The four fluorescent bands showed

exactly equivalent to four blue bands after the gel was stained with

Coomassie Blue G-250 and no other band without fluorescence

was observed (Figure 6 lane 1). The four bands located at

17.5 kDa, 21.3 kDa, 22.6 kDa and 40.8 kDa, respectively. The

three former bands corresponded with three subunits, a17.5 (a),

b21.3 (b) and b22.6 (b9), and the two b subunits exhibited about

equal content; whereas the last one was proved to be a subunit

complex which was not completely dissociated. These results

indicate that the purified R-PCs are composed of three

chromophore-carrying subunits, a17.5, b21.3 and b22.6, and contain

no colorless linker polypeptide. As a trimer, therefore, the R-PCs

may exist in two trimeric aggregates, (a17:5
3 b21:3

3 ) and (a17:5
3 b22:6

3 ) or

(a17:5
3 b21:3

2 b22:6) and (a17:5
3 b21:3b22:6

2 ). However, the prepared R-

PCs were showed only one band at about pH 5.7 in the native IEF

with a pH range from 4.0 to 6.5 (Figure 4 lane 3 and 4) and not

definitely resolved into one more bands. This reveals at least that

the different forms of the trimeric R-PCs have their pIs much too

close to be clearly separated by native IEF.

In the denaturing IEF with the gel concentration of 7% in a pH

range from 3.0 to 10.0, as shown in Figure 6 lane 3 and lane 4, the

Figure 1. Preparation and spectral properties of the phycobilisomes from the red macroalga Polysiphonia urceolata. The
phycobilisomes were prepared by sucrose step-gradient ultracentrifugation (a): a large fraction of phycobilisomes was situated within the boundary
between 1.0 M and 1.5 M sucrose layers, and a small one was situated in the boundary between 1.5 M and 2.0 M sucrose layers; the former was used
as samples for phycobiliprotein isolation and purification. Absorption (b solid line) and fluorescence emission (b dash dot line) spectra of the
prepared intact phycobilisomes were recoded in pH 7.0 phosphate buffer at room temperature in which the phycobilisomes were excited at 498 nm.
doi:10.1371/journal.pone.0087833.g001
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three subunits of the obtained R-PC exhibited fluorescent bands

under UV-light at 365 nm (Figure 6 lane 3), and native color of

the band at pH 6.4 was blue and that of the other two at pH 5.4

and 5.3 was purplish red. After the gel was stained with Coomassie

Blue G-250 (Figure 6 lane 4), the three subunit bands in blue color

were identical to those (Figure 6 lane 3) under the UV-light.

Absorption spectra of the three subunits (Figure 7) demonstrated

that the subunit with pI 6.4 showed a strong absorption band from

chromophore PCB at about 597 nm and the other two subunits

with pI 5.3 and 5.4 exhibited a strong absorption band from PEB

at about 553 nm as well as an absorption shoulder from PCB at

about 600 nm. As shown in Figure 8, the 2D-PAGE analysis of the

R-PC subunits demonstrated that the subunit with pI 6.4 was

a17.5, and the subunits with pI 5.4 and pI 5.3 were b22.6 and b21.3,

respectively.

Fig. 9 gave the mass spectra of the two b subunits obtained by

MALDI-TOF mass spectrometry. The mass spectra adequately

exhibited the differences of b22.6 (Fig. 9 a) and b21.3 (Fig. 9 b) in m/

Figure 2. Isolation of the R-phycocyanin by gel filtration and
spectral properties of the isolated R-phycocyanin. (a) the
chromatogram of the R-phycocyanin isolation from the dissociated
phycobilisomes by the Sephadex G-150gel filtration and (b) the
absorption (solid line) and second derivative (dash dot line) spectra of
the obtained R-phycocyanin fraction. The gel column (3.9 cm665 cm)
was eluted with 50 mM phosphate buffer (pH 7.0) at 30 ml/h.
doi:10.1371/journal.pone.0087833.g002

Figure 3. Purification of the R-phycocyanin by ion exchange
chromatography and spectral characteristics of the purified R-
phycocyanin. (a) The chromatogram of R-phycocyanin purification
from the gel filtration fraction by ion exchange chromatography on
DEAE-Sepharose Fast Flow, (b) absorption (solid line) and second
derivative (dash dot line) spectra of the obtained R-phycocyanin
fraction and (c) the fluorescence emission spectra of the R-phycocyanin
fraction at room temperature when the fraction was excited at 495 nm
(solid) and at 580 nm (dash dot). The ion exchange column
(2.6 cm610 cm) was eluted with the NaCl ion-strength gradient from
50 mM to 400 mM in 25 mM phosphate buffer (pH 7.0) at 30 ml/h.The
spectra were recorded in pH 7.0 phosphate buffer.
doi:10.1371/journal.pone.0087833.g003
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z peaks. For example, within the range of m/z from 1000 to 1300,

b22.6 showed two m/z peaks respectively at 1127.467 and

1283.714 but b21.3 had one at 1077.593; within the range from

1400 to 1600, two peaks occurred at 1449.747 and 1567.745 for

b22.6 with respect to one peak of b21.3 at 1417.743; moreover, the

peaks of b22.6 and b21.3 also exhibited the differences within the

ranges from 1600 to 2000 and 2400 to 2800. These mass spectrum

results further demonstrated that b22.6 and b21.3 were two different

subunits of the prepared R-PC trimer.

The polypeptide analysis by the gradient SDS-PAGE deter-

mined that the PAGE-purified R-PC contained the one a subunit

and the two b subunits (Figure 6). However, the difference of the

two b subunits in apparent molecular mass (about 1.3 kD) may not

make the prepared R-PCs show their trimeric aggregates different

in molecular size to a degree large enough for them to be resolved

into two groups by gel filtration on Superdex 200. The

characterization of the R-PC subunits by the 2D-PAGE

(Figure 8) demonstrated that the a subunit was homogeneous in

apparent molecular mass (a17.5) as well as in isoelectric point (pI

6.4), whereas the two b subunits were different not only in

apparent molecular mass (b22.6, b21.3) but also in isoelectric point

(pI 5.4, pI 5.3). But the difference of the two b subunits in pI

(about 0.1 pH) is seemingly not make the prepared R-PC trimers

have their electronic charge variation large enough for them to be

separated into one more bands by the native PAGE performed in

neutral buffer system (Figure 4 lane 2) and have their pI differences

large enough for them to be clearly resolved into one more groups

by the native IEF (Figure 4 lane 3 and lane 4).

Discussion

R-PC in the phycobilisome from red algae, especially red

macroalgae which grow in natural environments, is a minor

biliprotein component relative to the major component of R-PE.

By the methods of biliprotein estimation summarized by Rowan

[25], based on the PBS absorption spectrum (Figure 1b) the three

types of phycobiliproteins in the phycobilisomes of P. urceolata are

estimated to have approximate proportions: hexameric R-PE:

trimeric R-PC: trimeric AP = 7: 1: 2. The proportion of 7: 1

makes the R-PE hexamers be the key component to influencing

the trimeric R-PC preparation from P. urceolata phycobilisomes:

they may cause large interference with the efficiency of R-PC

preparation in chromatographic procedures, and in the meantime

bring contaminants to the individual R-PC fractions obtained

from each step of the preparation procedures. If the purpose to

prepare R-PC from the phycobilisomes of red algae is to

investigate the properties and functions of R-PCs on PBS

assembly, it is necessary to have the prepared R-PC to the most

degree maintain its natural status identical to that in phycobili-

somes. For this reason, the preparation process, especially main

isolation and purification procedures, needs to be designed and

performed under conditions as mild as possible.

In the present work, the three main methods which were

elaborately selected and designed were employed for the R-PC

preparation from the intact phycobilisomes of the marine red

macroalga P. urceolata: the gel filtration on Sephadex G-150

developed with pH 7.0 phosphate buffer of 50 mM, the ion

exchange chromatography on DEAE-Sepharose FF developed by

Figure 4. PAGE and IEF analysis of the R-phycocyanin purified
by the chromatography on DEAE-Sepharose Fast Flow. The
native-PAGE of the purified R-PE (lane 1) and the R-PC (lane 2) purified
by the ion exchange chromatography and the native-IEF (lane 3 and 4)
of the R-PC prepared by the native-PAGE: the PAGE with a separating
gel of 6.5% was performed in a neutral pH system, and the gel was
stained with Coomassie Blue G-250 after it was imaged under UV-light
at 365 nm; the native-IEF with a gel of 5.5% was performed in a pH
range from 4.0 to 6.5, and the gel was visualized under UV-light at
365 nm (lane 3) and by staining with Coomassie Blue G-250 (lane 4).
doi:10.1371/journal.pone.0087833.g004

Figure 5. Spectral properties of the R-phycocyanin purified by
the native-PAGE performed in a neutral pH system. The
absorption (a solid line) and second derivative (a dash dot line) spectra
of the purified R-PC in was recorded in pH 7.0 phosphate buffer. The
fluorescence excitation (b solid line) and emission (b dash line) spectra
of the R-PC were recorded at room temperature in pH 7.0 phosphate
buffer respectively on the examination at 640 nm and the excitation at
580 nm.
doi:10.1371/journal.pone.0087833.g005
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a linear ionic strength gradient of NaCl in 25 mM phosphate

buffer (pH 7.0) and the native PAGE performed in a neutral buffer

system. Of the three procedures, the gel filtration is the mildest of

all chromatography techniques because there is almost no

interaction between gel particles and proteins, compared with

hydroxyapatite chromatography the chromatography on DEAE-

Sepharose FF is much milder because the ion exchanger with

minimized non-specific interactions with sample components

couples with acidic proteins like phycobiliproteins only simplest

by static electronic charges, and the native PAGE performed in a

neutral buffer system is more favorable to maintaining the stability

of R-PC complexes by preventing them from situating in alkaline

buffer systems because the R-PCs of P. urceolata disassociate easily

under alkaline conditions. These procedures give adequate

foundations for accomplishing the preparation of the P-PC

complexes which are distinct in subunit composition from the P-

PCs previously reported from P. urceolata.

Unlike the R-PC preparation reported in the previous work

[20–22], here the minor R-PCs in the dissociated phycobilisomes

were first separated from most of the major R-PEs by the gel

filtration on Sephadex G-150 based on the difference in molecular

size between trimeric R-PC and hexameric R-PE. Owing to its low

content in the dissociated phycobilisomes, the R-PC fraction

hardly showed elution peak in the chromatogram of the gel

filtration when the elution was monitored by protein absorption at

280 nm (Figure 2a), but the R-PC fraction could conveniently be

resolved by its specific absorption at about 617 nm. Compared

with the PBS absorption spectrum (Figure 1b), the spectrum of the

isolated R-PC confirmed that most of the R-PE was removed by

the gel filtration. However, the R-PC fraction not only inevitably

still contained a small number of the R-PE hexamers, but also had

some R-PE which has been proved to exist in the dissociated

phycobilisomes in their aggregates smaller than trimers. The

existence of R-PEs in forms smaller than hexamer is characteristic

of P. urceolata phycobilisome.

The R-PC sample in 25 mM phosphate buffer diluted from

50 mM was directly loaded on the DEAE-Sepharose column

equilibrated with 25 mM phosphate buffer (pH 7.0), and the

column was eluted with a NaCl linear gradient of 0.7 mM/ml (or

0.35 mM/min). One R-PE fraction eluted before the R-PC at

about 150 mM NaCl was proved to be the R-PEs smaller than

trimers, and the other R-PE fraction eluted after the R-PC at

about 306 mM NaCl was the R-PE hexamers rich in the

phycobilisomes (Figure 3a). This process where the gel filtration

was combined with the ion exchange chromatography accords

with the principle of multidimensional chromatography [26] and is

verified to be convenient and efficient for the R-PC preparation

from the dissociated phycobilisomes of P. urceolata.

The R-PC fraction from the ion exchange chromatography still

contained a trace number of R-PEs. This was evidently indicated

by the characteristic fluorescent emission of R-PEs at 577 nm and

by the very small absorption shoulder at about 500 nm (Figure 3b

and 3c). Moreover, the R-PE contaminant also caused the

absorption valley of R-PC to be red-shifted from 570 nm

(Figure 3a) to 576 nm (Figure 5a). The existence of the thin R-

PE band revealed by the native PAGE with a neutral buffer system

Figure 6. Polypeptide analysis of the prepared R-phycocyanin by SDS-PAGE and denaturing IEF. The SDS-PAGE (lane 1 and 2) had a
gradient separating gel from 12% to 21% in pH 9.0 Tris-HCl buffer and the denaturing-IEF (lane 3 and 4) was a gel of 7% in a pH range from 3.0 to 10.
The SDS-PAGE gel was examined under UV-light at 365 nm after it was stained with Zn(SO4)2 (lane 2) and then by staining with Coomassie Blue G-250
(lane 1). The denaturing-IEF gel was visualized under UV-light at 365 nm (lane 3) and by staining with Coomassie Blue G-250.
doi:10.1371/journal.pone.0087833.g006

Figure 7. Absorption spectra of the R-phycocyanin subunits.
The subunit with its pI of 6.4 (solid line) and the two subunits with their
pIs of 5.4 and 5.4 (dash line) were obtained from the denaturing-IEF in a
pH range from 3.0 to 10, and the spectra were measured by UV-
microspectrometer (NanoDrop-1000).
doi:10.1371/journal.pone.0087833.g007
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(Figure 4 lane 2) definitely supported the conclusion derived from

the spectral features of the R-PC fraction. In contrast, the R-PC

purified by the native PAGE exhibited no fluorescent emission at

577 nm and absorption shoulder at about 500 nm (Figure 5),

demonstrating that the R-PE contaminant was adequately

eliminated. Based on the present work, it has to be accentuated

that the R-PC from P. urceolata behaviors gradually fading during

the native PAGE performed in alkaline buffer systems, indicating

that the R-PC is easily denatured in alkaline environments. This

was the reason for us to employ a native PAGE performed in

neutral buffer systems.

In addition, Ma and coauthors reported that the R-PC prepared

from P. urceolata and its b subunit showed a fluorescent emission

band at 566 nm [22]. But this emission was not observed in the

present work. There is an argument about the emission at 566 nm:

the fluorescent band of the prepared R-PC trimer may originate

from the coexistent b subunit which comes from partial

dissociation of the R-PC trimers, especially in low concentration

[10,12].

The SDS-PAGE with a gradient concentration of 12%–20% in

pH 9.0 Tris-HCl buffer (Figure 6 lane 1 and lane 2) and the

denaturing IEF in a pH range from 3.0 to 10 (Figure 6 lane 3 and

lane 4) demonstrated that the R-PC purified by the native PAGE

was composed of one a subunit of 17.5 kDa and two b subunits of

21.3 kDa and 22.6 kDa. The two b subunits, b21.3 (b) and b22.6

(b9), was approximately in an equal proportion considering that

the R-PC subunits may have different stability in alkaline

environments. The 2D-PAGE (Figure 8) demonstrated that a17.5,

b21.3 and b22.6 showed pI 6.4, 5.3 and 5.4, respectively.

Furthermore, the absorption spectra of the subunit bands from

the denaturing IEF (Figure 6 lane 3 and lane 4) demonstrated that

the two subunits with pI 5.3 and 5.4 carried both chromophore

PCB and PEB, whereas the subunit with pI 6.4 merely contained

PCB, supporting the 2D-PAGE. The fact that the R-PC prepared

from the intact phycobilisomes of P. urceolata contains two different

b subunits is a noticeable difference from the previously reported

R-PC which was prepared from the phycobiliprotein extract of P.

urceolata [20–23] as well as the R-PCs reported from other red

algae [7,10,13–18]. The heterogeneous subunit composition of

phycobiliproteins was reported in some previous papers on the

subunit components of allophycocyanins from cyanobacteria, such

as Synechococcus 6301 [27–28], Synechocystis 6701 [3,7,8,29–31],

Mastigocladus laminosus [7,32–37], Anabaena sp. PCC 7120 [7,38,39]

and Myxosarcina concinna [24]. However, there are few reports on

heterogeneous subunit composition of phycocyanins and phyco-

erythrins.

Except that trimeric complexes of the purified R-PCs composed

of a17.5, b21.3 and b22.6 exhibited single band in the native PAGE,

they were also not definitely resolved into one more bands by the

native IEF a (Figure lane 3 and 4 lane). This adequately

demonstrated that although b21.3 and b22.6 showed differences in

molecular mass and pI, the prepared R-PCs exhibited a nearly

equal ratio of charge to mass in native PAGE and very close pIs in

native IEF as well as a homogeneous molecular size in gel

filtrations and very similar net charge features in ion exchange

chromatography. These facts also revealed that the differences of

the two b subunits in pI and molecular mass could hardly make

trimeric aggregates of the purified R-PCs, in which the two b
subunits exhibited equal ratios to a one, show distinctive enough

for the trimeric R-PCs to be resolved into one more groups even

by native IEF.

Between the two most possible trimeric pairs of the prepared R-

PC complexes, (a17:5
3 b21:3

3 ) and (a17:5
3 b22:6

3 ), and (a17:5
3 b21:3

2 b22:6
1 )

and (a17:5
3 b21:3

1 b22:6
2 ), each pair of which exists in disk-shaped

trimer forms with equal ratios of individual b to a and shows

positively no difference in molecular size in gel filtrations, and each

of which is composed of a17.5 and one of the two b subunits (b21.3

or b22.6) more probably shows differences in pI between the two

trimers to a certain extent enough for them to be separated by

native IEF and even by native PAGE owing to the difference in pI

between three b21.3 and three b22.6. In contrast, (a17:5
3 b21:3

2 b22:6
1 )

and (a17:5
3 b21:3

1 b22:6
2 ) may show differences in pI between

(b21:3
2 b22:6

1 )and (b21:3
1 b22:6

2 ) so little that they could not be resolved

into two distinct groups even by the native IEF in the pH range

from 4.0 to 6.5 (Figure 4). Therefore, (a17:5
3 b21:3

2 b22:6
1 ) and

(a17:5
3 b21:3

1 b22:6
2 ) are postulated to be the two forms of the R-PC

trimers purified from the intact phycobilisomes of P. urceolata.

The feature that the proportion of R-PE hexamers to R-PC

trimers is estimated to be 7:1 according to the absorption spectrum

of the P. urceolata phycobilisomes (Figure 1b) suggests that each rod

domain of the prepared phycobilisomes may consist of one copy of

R-PC trimer and seven copies of R-PE hexamers. The R-PC

trimer attaches on the AP core of phycobilisomes with the aid of a

rod-core linker polypeptide, one R-PE hexamer stacks on the R-

PC trimer by face to face with the aid of a PE-PC rod linker, and

the other six R-PE hexamers pile up in turn face to face with the

aid of c subunits or other rod linkers [10]. This differs from the

common understanding that phycocyanins take part in the

Figure 8. The SDS-PAGE of the R-PC subunits after the denaturing-IEF. The SDS-PAGE with a separating gel of 16% was carried out in pH 8.8
Tris-HCl buffer, and then the gel was imaged by staining with Zn(SO4)2 (right) and silver (left), respectively.
doi:10.1371/journal.pone.0087833.g008
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assembly of PBS rod domains in hexamer form [1,3,7–10].

Considering that an R-PC trimer is about 3 nm in thickness [23]

and an R-PE hexamer is about 6 nm in thickness [40], the rod

domain assembled by one copy of R-PC trimer and seven copies of

R-PE hexamers may be about 45 nm in length. This length of the

PBS rods is at least one time more than those reported from

Figure 9. Mass spectra of the two b subunits. The two b subunits, b22.6 (a) and b21.3 (b), from the 2D-PAGE were digested with Trypsin in gel and
the peptides ware analyzed by MALDI-TOF/TOF mass spectrometry in a mass range from 500 Da to 3500 Da.
doi:10.1371/journal.pone.0087833.g009
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cyanobacteria and red algae [41]. The high proportion of R-PE

hexamers to R-PC trimers and the longer rod domains demon-

strate that P. urceolata needs adequate R-PEs to harvest enough

light for its optimal growth during its growing season from

February to April, for R-PEs can more efficiently absorb the light

from 450 nm to 570 nm in which chlorophylls poorly absorb and

both of R-PCs and APs also less efficiently harvest. In this way, P.

urceolata acclimatizes itself to the most favorable extent to the sun

light of its living environments.

In conclusion, by contrast to the previous reports on the R-

phycocyanins from P. urceolata [20–23] and other red algae

[7,10,13,15–18], the results from this work have a few striking

aspects which need to be accentuated: 1) the successful preparation

of the R-PC with two different b subunits from the intact

phycobilisomes of P. urceolata was accomplished by employing a

process where the two chromatographic modes of gel filtration on

Sephadex G-150 and ion exchange chromatography on DEAE-

Sepharose FF were combined with the native PAGE performed in

neutral buffer systems; 2) the prepared R-PC was determined to be

composed of one a subunit (a17.5) and the two b subunits different

in apparent molecular mass (b21.3 and b22.6), differing from the R-

PC prepared from the phycobiliprotein extract of P. urceolata [20–

23]; 3) the denaturing IEF and the two-dimension PAGE

demonstrated that a17.5 has pI 6.4 and that the two b subunits

of b21.3 and b22.6 with equal proportions have pI 5.3 and 5.4,

respectively. This heterogeneous subunit composition has not been

reported in previous papers on phycocyanins from red algae; 4) in

the native IEF, the purified R-PC showed one band at pH about

5.7, which demonstrated that the R-PCs existed in the trimers

similar to each other to such a degree that they behaved as the

aggregates consistent in pI other than in the ratio of charge to mass

and in molecule size; 5) on the basis of the present work, the two

trimers are postulated to be (a17:5
3 b21:3

2 b22:6
1 ) and (a17:5

3 b21:3
1 b22:6

2 )

which are the most possible complexes to behave as the trimers of

the prepared R-PCs homogeneous in pI other than in the ratio of

charge to mass. These results can proffer a favorable reference for

the preparation and characterization of R-PC from other marine

red macroalgae, and furthermore they may also provide some

certain advantages to the promotion of investigations on R-PC

complexes and phycobilisome organization of red macroalgae.
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