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Abstract

C-phycocyanin and allophycocyanin from the green
alga Spirulina platensis were isolated and crystallized
by gel-acupuncture techniques. A novel two-step
chromatographic procedure was used for purification.
Blue hexagonal crystals were obtained by diffusing
magnesium chloride into the protein solution for a
week, followed by diffusion of PEG 6000 in order to
complete the reduction of the solubility of the protein in
the capillary tube used as a growth cell. In the case of
allophycocyanin, crystals with a size of 0.4 x
0.3 x 0.3 mm were characterized by X-ray diffraction.
They belong to space group P6,22 with unit-cell
parameters a = b = 102.04, ¢ = 131.22 A. The crystals
of C-phycocyanin belong to either space group P6 or
P6;  with unit-cell constants a=b = 182.38,
c=6087A, a=8=90, y=120°. The crystals
diffract beyond 2.4 and 2.5 A resolution, respectively,
using a rotating anode as an X-ray source.

1. Introduction

Biliproteins are proteins with covalently attached open-
chain tetrapyrrole pigments. They form light-harvesting
supramolecular complexes called phycobilisomes
(PBS), that are attached to the outer surface of thylakoid
membranes of cyanobacteria (blue-green algae), red
algae and cryptomonads. The major biliproteins are: the
phycoerythrins which have the red chromophore
phycoerythrobilin as the major prosthetic group; the
phycocyanins (C-PC from cyanobacteria) which contain
either a mixture of the phycocyanobilin and phyco-
erythrobilin chromophores or just phycocyanobilin,
depending on the species of origin; the phycoerithro-
cyanin (PEC) which have both phycocyanobilin and a
phycobiliviolinoid tetrapyrrole chromophore; and allo-
phycocyanin (APC) with phycocyanobilin as prosthetic
group. All PBS consist of a core of two or three
cylinders composed of APC aggregates and a number of
rods made up of discs of trimeric or hexameric units of
either the same or different types of biliproteins
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connected in a hemidiscoidal array (for reviews, see
Glazer, 1985, 1988, 1989; Scheer, 1982; Cohen-Bazire
& Bryant, 1982; Zuber, 1987, 1993).

The spatial arrangement of the components makes the
phycobilisome an ideal light transducer with a quantum
efficiency of approximately 100% (Sauer, 1975). Time-
resolved fluorescence emission spectra of intact cells
show the energy-transfer pathways from the periphery
of the PBS to APC, and eventually to chlorophyll a
(Yamazaki et al., 1984).

The introduction of biliproteins as fluorescent tags of
cells and molecules (Oi, Glazer & Stryer, 1982) was
followed by widespread application of these macro-
molecules in cell sorting, cell analyses, flow cytometry
and immunoassay (Glazer & Stryer, 1984). APC and
C-PC have been shown to be particularly useful using
either tunable dye lasers or higher wavelength helium-
neon lasers (Shapiro, Glazer, Christenson, Williams &
Strom, 1983; Parks, Hardy & Herzenberg, 1984). The
fact that the excitation and emission maxima for APC
lie in the red is particularly important because of the
lack of interfering emissions from most biological
materials in this region of the spectrum. However, the
widespread use of APC has been somewhat limited by
high cost of the purified biliprotein.

On the other hand, antenna systems of some
cyanobacteria, i.e. Spirulina platensis, are composed
of only C-PC and APC at an approximate 10:1 ratio.
Moreover, S. platensis grows easily in waters along the
Mediterranean coast, serving as an inexpensive source
material of these biliproteins.

C-PC from cyanobacteria have been crystallized and
characterized in several species. The three-dimensional
structures of C-PC from Mastigocladus laminosus
(Schirmer, Bode, Huber, Sidler & Zuber, 1985;
Schirmer, Bode & Huber, 1987; Duerring, Huber &
Bode, 1988), Agmenellum quadruplicatum (Schirmer et
al., 1986, 1987) and Fremyella diplosiphon (Duerring,
Schmidt & Huber, 1991) were determined by high-
resolution X-ray crystallography. Crystallization and
preliminary X-ray diffraction studies of C-PC from the
red alga Porphyra tenera were also reported (Miki et
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the same buffer, and freeze dried for storage until
utilization. Typically, only the bands corresponding to
the o and B subunits are detected on analysis of purified
biliproteins by SDS-PAGE, indicating that the linker
polypeptides were effectively removed in the purifica-
tion procedure. Fig. 1 contains the electrophoretic
results for C-PC.

2.3. SDS-PAGE

Electrophoresis was carried out according to
Laemmli (1970) using a 12.5%(w/v) polyacrylamide
slab gel, 1.5 mm thick, containing 0.1%(w/v) SDS with
a stacking gel of 4% acrylamide and 0.1% bis-
acrylamide. Samples were preincubated with 2% (w/v)
SDS, 10%(v/v) glycerol, 4.5%(v/v) B-mercaptoethanol,
0.025%(w/v) bromophenol blue, and 60mM Tris,
pH6.8, for about Smin at 368K. Gels were run at
room temperature, and visualized by staining for 12h
with 0.1%(w/v) Coomassie Brilliant Blue R-250,
40%(v/v) methanol with 7%(v/v) acetic acid and
destained in dilute acetic acid. For calibration, marker
proteins purchased from LKB were used.

2.4. Absorption and fluorescence spectroscopy

Absorption and fluorescence spectra, were recorded
using a Perkin Elmer Lambda 16 spectrophotometer and
a Shimadzu RF 5001 spectrofluorometer, respectively.
Both were equipped with a controlled temperature cell
holder with stirring system and computerized data
acquisition. To determine molar absorption coefficients
an accurately measured amount of freeze-dried protein
was solubilized in 20 mM phosphate buffer, pH 7.0 and
the spectrum recorded. The band widths of the
excitation and emission monochromators were both
equal to 1.5nm.

2.5. Crystallization

Crystallization was performed using a typical gel-
acupuncture technique set-up (Garcia-Ruiz, Moreno,
Viedma & Coll, 1993; Garcia-Ruiz, Moreno, Parraga
& Coll, 1995) (Fig. 2). We used a vessel 2.5cm in
diameter and 10cm high. The silica gel layer was
prepared by neutralization of sodium metasilicate
solution (1.06 gml™!) with 1 M acetic acid to reach
pH7.0. The gel settled in about 4h. X-ray capillary
tubes with an internal diameter of 0.5 mm were filled by
capillarity with a protein solution of concentration of
30mgml~! prepared in buffer phosphate 100mM,
pH 7.0. The open part of the capillaries was carefully
sealed using a green clay mounting (Hampton-HCMM).
The capillary tubes were punctuated into the gel whilst
trying to keep a penetration length less than 10 mm
inside the gel layer. Subsequently, 6.0ml of aqueous
magnesium chloride solution 20 %(w/v) were added onto
the gel using a syringe. The system was closed to avoid
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evaporation and then we waited for a week to permit the
slow diffusion of the magnesium solution through the
protein solution filling the capillary tube. After that
time, this solution was removed and replaced by 6.0 ml
of PEG 6000 30%(w/v) (prepared in Tris-HCI pH 7.0
100mM). 30d later, small blue hexagonal crystals
appeared along the capillary tube. The maximum crystal
size was obtained after two months. All the experiments
were carried out at laboratory temperature (293 £ 1 K).

2.6. X-ray diffraction studies

The crystals, grown inside the capillary tubes, were
maintained with a trace of the mother liquor and cooled
to 273 K. These crystals were analyzed using a MAR
Research imaging-plate system with Cu Ko« radiation
generated by an Enraf-Nonius rotating-anode genera-
tor, operated at 40kV and 100 mA with a fine-focus
filament. The crystal-to-film distance was set to 100 cm.

3. Results and discussion

Sonication and (NH,),SO, addition to 70% of saturation
results in a precipitate which contains C-PC and APC.
In preliminary studies, we have tested columns with
different bed volumes, 2.5 x 20,40,60 and 80cm in
length and different flow rates in the range 30-
90mlh~'. Fractions of 3ml were collected. These
fractions were analyzed by UV-vis spectroscopy and
SDS-PAGE. The better resolution was obtained with
60cm long columns. Likewise, the optimum flow rate
was 50mlh~!. In these conditions, SDS-PAGE showed
that three fractions contain biliproteins mixture of
roughly 50%. The other coloured fractions showed
enriched C-PC or APC solutions, though other
contaminant proteins appear in all fractions. For
example Fig. 1 shows the electrophoretic results for
C-PC.

The results obtained by size-exclusion chromato-
graphy indicate that purification of biliproteins from S.
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Fig. 2. Experimental set-up for biliprotein crystal growth.
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