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Abstract

Phycocyanin is a phycobiliprotein involved in light harvesting and conduction of light to the reaction centers in cyanobacteria and red algae. The
structure of C-phycocyanin from Gracilaria chilensis was solved by X-ray crystallography at 2.0 A resolution in space group P2;. An interaction model
between two PC heterohexamers was built, followed by molecular dynamic refinement. The best model showed an inter-hexamer rotation of 23°. The
coordinates of a PC heterohexamer (o3)s and of the PC—PC complex were used to perform energy transfer calculations between chromophores pairs
using the fluorescence resonance energy transfer approach (FRET). Two main intra PC (B8 5 T8 5 108 1882 and 185°% — 1853) and two main inter

PC (53> —"B5? and B> — "BY>?) pathways were proposed based on the values of the energy transfer constants calculated for all the chromophore pairs

in the hexamer and in the complex.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phycobilisomes (PBS) are auxiliary photosynthetic complexes
present in cyanobacteria and eukaryotic red algae. They are
composed of phycobiliproteins (PBP) and linker polypeptides.
Phycobiliproteins are highly fluorescent proteins due to the
presence of covalently bonded chromophores to their cysteine
residues, which provide them the functional properties to absorb
light at a range of the visible spectrum not fully utilized by
chlorophyll. Therefore, improving the light harvesting ability of
the algae that contain them [1-3].

Phycobilisomes share a general common morphology [4] that
consists of a core of face-to-back cylinders formed by stacked
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discs of PBP and several rods that radiate from the core composed
of stacked back-to-back discs of PBP. Linker polypeptides are
responsible for the maintenance of this structure, providing the
necessary structural environment for efficient energy transfer and
for the interaction with the photosynthetic reaction center [1,5].

The phycobilisome of Gracilaria chilensis contains three
phycobiliproteins: Phycoerythrin (PE), phycocyanin (PC) and
allophycocyanin (APC) [6,7]. The absorption and emission
spectra of these proteins overlap, which allows a non-radiative,
direct and efficient transfer of the excitation energy among them
(PEA? 1ax=566 nm PEA®™.,=574 nm; PCA®,.=621 nm
PCA™ =640 nm; APCA?,,x=651 nm APCA®™ ,,,,=660 nm).
This transfer is channeled along an energy gradient from the rods
to the core and finally transferred to chlorophyll @ in the
thylakoid membrane [1,3].

In G. chilensis, the rods are composed of phycoerythrin and
phycocyanin [6]. The three dimensional structure of phycoery-
thrin from this algae was reported in 2001 [7]. The structure of the
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next component of the rods, phycocyanin, is now presented in this
paper. The structures of other phycocyanins from Fremyella
diplosiphon (1cpc) [8], Spirulina platensis (1gho) [9], Synecho-
coccus vulcanus (1i7y) [10,11] and Synechococcus elongatus
(1jbo) [12] have been reported previously. The structure of
phycocyanin from Polysiphonia ureceolata (1£99) [13] and
Cyanidium caldarium (1phn) [14] have also been reported. These
structures present a common subunit organization that consists of
one o subunit (with cyanobilin (CB) associated to Cys84) and one
B subunit (with cyanobilins covalently attached to Cys82 and
Cys153). They interact to form a heterodimer (o3) or a “pseudo
monomer” that aggregates to form an hexameric ring (o.f3)q able to
pile up to form the main frame of a rod.

The rods in phycobilisomes normally include two or more
phycocyanin hexamers and in this alga there are also one or more
PE hexamers. Theoretical and experimental studies have been
reported regarding the light transfer among chromophores inside
one hexameric ring [8,14—17], including models that represent
the energy transfer between hexamers [8,14,16]. In these studies,
preferential energy transfer pathways have been proposed from
data calculated using the Forster resonance approach [18],
considering only the chromophore—chromophore distances and
a Forster radius of 50 A as approximation [8] or the orientation
among the transition dipole moments in one trimer of
phycocyanin [19,20].

This paper reports the three dimensional structure of
phycocyanin from G. chilensis, the building of a docking model
of two PC hexamers refined by molecular dynamics and the
determination of the constants for the energy transfer in resonance
between pairs of chromophores. For the latter purpose the
orientation factors between pairs of chromophores were calculat-
ed from the dipole moments of their aromatic portions. The
transfer constants were used to propose preferential pathways for
the light conduction intra and inter hexamers of phycocyanin.

2. Materials and methods
2.1. Protein purification and crystallization

Phycocyanin from G. chilensis was purified according to
Gantt [21]. Phycobiliproteins were extracted from algae collected
at Coliumo Bay, Dichato, after maceration of N,;-frozen algae, in
20 mM phosphate buffer pH 7.0. The extract was fractionated
with ammonium sulphate (30% and 60% saturation). The pellet
was dissolved in distilled water and dialyzed against 5 mM
phosphate buffer pH 7.0. The phycobiliproteins were separated by
anion exchange chromatography (Fractogel EMD DEAE 650S)
in an FPLC system (Merck-HITACHI) using 5 mM phosphate
buffer as an equilibrium buffer and eluting the proteins with a
linear gradient from 5 to 300 mM sodium phosphate pH 7.0. The
phycobiliprotein content of the eluted fractions was analyzed by
absorption at 566 nm, 621 nm and 651 nm. The phycocyanin-rich
fraction was dialyzed against 900 mM phosphate pH 7.0 to
precipitate phycocyanin and separate it from other phycobilipro-
tein contaminants. The phycocyanin precipitate was dissolved in
I ml of 50 mM phosphate buffer pH 7.0. The protein
concentration was estimated by the absorption at 280 nm and

the purity was assessed by 12.5% SDS-PAGE and absorption and
emission spectra. Crystals were grown by the vapor-diffusion
method using sitting-drop insets at 291 K. 1 ml of 50 mM HEPES
buffer pH 7.0, 1.2 M ammonium sulphate was used in the
reservoir. The 10 ul droplet contained reservoir solution and
protein at a concentration of 18 mg ml™ ' in a 1:1 ratio.

2.2. Data collection, structure solution and refinement

The data was collected at the IMCA-CAT Synchrotron in
Argonne with an ADSQ detector with an exposition time of 10 s
per frame (1.=1.00 A) and processed with XDS [22]. The initial
phases were obtained by Molecular Replacement [23,24] in the
program package CNS [25] using the structure of C-phy-
cocyanin from Spirullina platensis (1gho) [9] as a searching
model. Sessions of manual rebuilding with TURBO FRODO
[26] and refinement with CNS were performed. Lateral chains
were assigned according to the residual electron density maps
and to multiple sequence alignment of homologous proteins.
After several cycles of refinement in the resolution range 60—
2.0 A the Ryon and Ry converged. The stereochemistry was
verified with PROCHECK [27] and the refined model was
deposited in the Protein Data Bank (code 2bv8).

2.3. Phycocyanin—phycocyanin interaction model

The coordinates of 2bv8 were used for the docking procedure
of two phycocyanin molecules performed with the program
ZDOCK [28,29], with 6° angular steps. The docking models were
scored by the program considering desolvation, electrostatic and
hydrophobic contributions [30—32]. The models generated were
then analyzed to select those in agreement with the reported
electron micrographs images [4]. The selected models were
characterized by the number of hydrophobic residues in the
interface using the protein—protein interaction server [33] and by
the number of H-bonds in the interface using the program
HBPLUS [34]. The highest scored rigid model was refined by
molecular dynamics using the Force Field OPLS/AA [35] with
the program GROMACS [36], with which a simulated annealing
protocol for 200 ps produced the convergence of the system. The
coordinates of the chromophores in the final PC—PC interaction
model were used to evaluate the energy transfer constants.

2.4. Energy transfer calculations

Forster theory has been confirmed to be a good approximation
to study the light transfer processes occurring in phycobilisomes
[19.,20]. Forster defines [18] a transfer constant kp 4, as a measure
of the frequency of events of energy transfer between a Donor
(D) and an Acceptor (A). By introducing appropriate constants,
the Forster equation can be expressed as a product of four terms.

kpa=C-G-S-1 (1)
where C is a collection of constants that considers a refraction

index n=1.567 [19,20,37,38], S include the spectroscopic
properties of the interacting chromophores, 7 is the overlap
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Table 1
Data collection, refinement and Ramachandran plot statistics

Data collection

Space group P2,
Unit cell A)

a 101.99

b 151.80

c 101.55

a=7y 90.00

p ) 117.45
Resolution (A) 2.0
Number of observed reflections 178,325
Number of unique reflections 172,985
Completeness (last bin) (%) 93.6 (80.4)
Rsym (last bin) (%) 6 (30)
o (1) (last bin) 18.9 (5.8)
Last resolution shell 2.0-2.12
Refinement
Protein atoms 15,024
Water molecules 1,008
Heterogenic atoms 780
Ruonc/ Ritee ) 19.9/23.1
Average B-factor, protein (Az) 28.4
Average B-factor, solvent (AZ), 53.4
Rms deviations bond length (A) 0.022
Rms deviations bond angle (°) 2.3
Rms deviations dihedral angle (°) 18.8
Ramachandran plot
Residues in core (%) 1,707 (95.2)
Residues in additional allowed (%) 81 (4.5)
Residues in not allowed (%) 6(0.3)
Non-glycine non-proline residues 1,794
Total number of residues 2,004

integral between the emission and absorption spectra of the
donor and acceptor chromophores respectively as described in
[20]. Considering the homology among phycocyanins [39] and
the structural similarity of the residues in contact with the
chromophores (Fig. 1), the experimental values included in the
terms S and / were assigned as those reported for Synechococ-
cus sp PCC 7002 [19,20]. The geometric factor G,
2
G =12t )
Rp4

includes the distances between the centers of mass for each pair
of chromophores R4, and the dipole orientation coefficient k4
as described in Eq. (3).

Kpa = fp Ly =3(p  Ppa) (fLyFpa) (3)

where [ip and fi4 are unit vectors describing the direction of the
transition dipole moments of the donor and acceptor chro-
mophores respectively and 7p 4 is the unit vector describing the

Fig. 2. Conformation of chromophores at &®*. A) Fo—Fc electron density map
showing the electron density of chromophore at o** in chain K. B) Superposition
of the chromophores at o®* in chains A (also representing chains C, M and O)
and E (also representing chain K).

direction of the line that connects the centers of mass of the
interacting chromophores. The transition dipole moments were
approximated to the dipole moments of the conjugated frag-
ments [40] of the chromophores reported in 2bv8 and calculated
by applying the semi empirical method PM3 Hamiltonian im-
plemented in the software Gaussian98 [41]. Energy transfer
steps with constants higher than 20 ns ' and 10 ns™ ' (transfer
times shorter than 50 ps and 100 ps) were used to define intra
and inter phycocyanin preferential light transmission pathways
respectively.

Fig. 1. Sequence and structural alignment of phycocyanin from G. chilensis. Sequence and structural alignment of o(A) and (B) subunits of C-phycocyanin from
G. chilensis (2bv8), F. diplosiphon (1cpc), Polysiphonia urceolata (1£99), S. platensis (1gho), S. vulcanus (1i7y) and S. elongatus (1jbo). The rmsd in A for the o and
B subunits on this comparison are respectively: lcpe: 0.64-0.78; 1£99: 0.43-0.52; 1gho: 0.62—0.74; 1i7y: 0.50-0.66; 1jbo: 0.51-0.64. The conserved regions are
shown with squares. The conserved helical regions are indicated by cylinders drawn at the top of the alignment. The cysteines to which the chromophores are bound are
indicated with a full grey inverted triangle. The conserved residues in contact with the chromophores in these structures are indicated by black triangles.
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3. Results and discussion

Although other phycobiliproteins are purified along with
associated linker polypeptides [42], SDS-PAGE analysis of the
purified phycocyanin of G. chilensis showed no presence of other
polypeptides besides the o and 3 subunits (data not shown).

Purple crystals appeared in one week and continued to grow
for three weeks as rombohedral sheets of 0.1 mm high and 1 mm
wide. The diffraction pattern of the crystals identified the P2,
space group with a=101.99 A, »b=151.80 A, b=101.55 A,
a==90.00°, y=117.45°. The structure was solved as de-
scribed in Materials and Methods, with data collection up to
2.0 A. Results on the data statistics, refinement and stereochem-
istry are shown in Table 1. The good quality of the molecular
replacement allowed fitting the template (1gho) onto the electron
density maps obtained and substituting the residues as required
by the electron density. The lateral chains of highly conserved
regions in the structures were maintained (Fig. 1). One hexamer
(af)e was identified in the asymmetric unit. As non-crystallo-

Fig. 3. Representation of the structure of phycocyanin from G. chilensis. A) Ribbon
representation of the o (light blue) and S (blue) subunits of C-phycocyanin of
G. chilensis. The chromophores are shown in ball and stick representation. B) The
molecule in the asymmetric unit. Ribbon representation of the heterohexamer (o)s.
The o subunits are chains A, C, E, K, M, O and the ff subunits are chains B, D, F, L,
N, P according to the structure deposited in the Protein Data Bank.

115A

Fig. 4. PC-PC docking model. Ribbon representation of the refined PC—PC
model. The general dimensions are indicated. The chromophores are shown in
black.

graphic symmetry was not used, each subunit was solved
independently 6 times providing confidence in the sequences
reported for the o and ff subunits. The higher similarity obtained
with BLAST [43] was, as expected, with PC from Gracilaria
tenuistipitata. Nevertheless, there is also a clear sequence and
structural similarity with all the other phycocyanins deposited at
the Protein Data Bank, as it is shown on Fig. 1. The final model
converged to a Ryox Of 19.9% and Rye. of 23.1%. The
stereochemistry was also adequate and it is reported on Table 1,
with the exception of Thr”®, which occupied a disallowed region
of the Ramachandran plot. This finding is present in all the
structures of phycobiliproteins reported until now, regardless the
type of phycobiliprotein or the space group. Asn 72 are
methylated in all solved PC, including the one reported in this
paper. The crystallographic data has been deposited at the
Protein Data Bank under the accession code 2bvS.

Phycocyanin from G. chilensis is formed by six o subunit (162
residues and one phycocyanobilin covalently bound to C**) and
six f3 subunit (172 residues and two phycocyanobilins associated
to C* and C'*). Fig. 2A shows the 2Fo—Fc electron density map
corresponding to phycocyanobilin associated to Cys 84 in chain
K. Both subunits contain a globulin like fold and they interact to
form a heterodimer (o) that oligomerises to a hexamer (of8)s as is
shown on Fig. 3. The structure allows the piling up and
organization in phycobilisome rods. The hexamer is stabilized
by hydrogen bonding and hydrophobic interactions. The
structural analysis shows that H-bonds that involve o subunits
are participating in the stabilization of the hexamer and those
between atoms of the 8 subunits are responsible for the lateral
stabilization of the trimer (o);. Aspartic acids (DL, D[lf , D,3;9)
interact with A and D rings of the respective chromophore. The
involvement of Aspartic acids maintaining the curvature of
phycobilins has been reported in all the phycobiliproteins [7,44]
and it may be a relevant feature for the biological activity.
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The docking procedure performed by ZDOCK [29] involved
a rigid body interaction of two hexamers of phycocyanin (PC).
The models generated were evaluated by the program using
desolvation, electrostatic properties and hydrophobic interac-
tions. The top models ranked by ZDOCK reproduced the piling
of PBPs as proposed by electron micrographs of the rods [4].
Even though it has been reported that for surface recognition a
rigid body approach is adequate, a molecular dynamics
procedure with the whole structure was performed in order
optimize contacts and to obtain better packed interaction
surfaces [45]. The docking complex with the highest hydro-
phobic character in its interaction surface was refined by
molecular dynamics as described in Materials and Methods.
This produced modifications in the surfaces while preserving
the relative position of the chromophores. The refined model
presents a surface with less hydrophobic patches and an in-
creased number of H-bonds (30 to 35) and salt bridges (3 to 7)
between hexamers. The final complex is shown on Fig. 4. A
rotation between hexamers was detected, which has previously
been reported by Stec et al. [14] in a docking model of
phycocyanin from C. caldarium. Thus, the best packing of the
hexamers in a rod should be accomplished by a rotation of one
over the other. This model allows a better packing of the side
chains, increasing the number of interactions and improving the
stability of the complex. This stable model was used to establish
the coordinates of every chromophore for the determination of
the energy transfer network in a PC—PC complex. Previous
studies performed by our group [40] for phycocyanin from F.
diplosiphon, show that a 20.5° rotation not only improves the
packing of hexamers in a PC—PC complex, but also allows the
participation of all the chromophores in the light transfer pro-
cess, explaining the high efficiency of the system.

The calculation of kp, between all chromophores pairs was
performed using the extended Eq. (1) with the orientation
factors calculated from the dipole moments as described in
Materials and Methods.

Our results confirm that the transfer constants are very de-
pendent on the geometric and spectroscopic factor of the
chromophores, but the dependence is stronger for the distances
between chromophore pairs as it is shown on Table 2. At iden-
tical distances, the geometric factor becomes more important.
Energy transfer steps for all chromophore pairs in our system
were calculated and the value of the inverse of the transfer
constant expressed in ps for the intra- or inter-phycocyanin steps
are shown on Table 2. As hexamers of phycocyanin present high
symmetry, in previous works, the analysis of possible light
transfer pathways were performed in 1/3 of the biological unit. In
our case, as the structure was solved with one hexamer per
asymmetric unit, slight differences in the conformation of
equivalent chromophores were detected, specially for the chro-
mophores at chain E(a3*) and K(o5*), which present a rotation of
ring D as shown on Fig. 2B. This conformational diversity also
contributes to the differences in the values of kp, or k,p for
equivalent pairs of chromophores. The most significant dif-
ferences are observed in the inter-hexamer steps of the pathway
shown on Table 2. Differences of distances and orientation
factors explain the different times obtained for equivalent steps.

Table 2

Characteristics of energy transfer steps between pairs of chromophores
Intrahexamer

Pair Distance(A) Angle (°) Kappa 1/kpy (ps)  1/kap (ps)
Internal energy transfer pathways

ot g3 20.6 61.33 -126 627 4.07
o 20.5 93.81 -1.17 717 4.66
oSt pi2 20.7 64.70 -127 639 4.15
<a— 32> 20.6 6.61 429
ool 25.6 66.75 1.18  16.90 16.90
o5t 25.6 88.71 137 13.10 13.10
ost—odt 25.6 81.03 126  15.00 15.00
<o®—oB> 25.6 15.00 15.00
e 20.7 74.45 -133 587 3.81
ot g2 20.6 64.13 -134 548 3.56
ot g 20.6 93.04 -1.12 784 5.09
<o 2> 20.6 6.39 4.15
External energy transfer pathways

B3t 26.2 158.08 152 563 5.63
B3 26.0 161.90 155 522 5.22
pP-p? 26.1 162.65 150 6.06 6.06
<p'B-p%3>  26.1 5.63 5.63
Interhexamer

Pair Distance(A)  Angle (°) Kappa 1/kps (ps)  kqp (ps)
Internal energy transfer pathways

g5t 22.02 72.24 098 12.67 12.67
g8z 1ps? 22.78 64.65 1.06  13.39 13.39
g2 12 21.23 74.14 098 1021 10.21
<Lp2Np> 22,03 12.09 12.09
External energy transfer pathways

1g}33_11pls3 39.37 151.30 147 6530 65.30
g3 _tgls3 38.38 148.87 149 57.15 57.15
1gi53_ligiss 36.91 147.15 151 4632 46.32
<ps3_tiphsss 3802 56.26 56.26
Other possible connections

lo§*-11p52 33.20 13.04 -1.65 41.93 64.55
To§t 182 31.66 10.21 -1.75 28.02 43.19
Al o 32.16 29.92 -1.86 27.18 41.86
LB g 3234 33.71 49.85
To§* Mot 31.57 76.12 134 4752 47.52
To§ Mo 29.83 96.98 145 29.19 29.19
Tod4 554 31.18 98.73 147  36.62 36.62
<dof > 30.86 37.77 37.77
1832 M5 32.64 10.94 -1.72 5349 34.74
182 1584 32.81 11.96 -1.63 6136 39.85
132 My 31.60 29.28 -1.89  36.53 23.73
<p2lgdts 3235 50.46 32.77

Distance: Distance between the donor acceptor mass centers, Angle: Measured
between the dipolar moments, Kappa: Geometric factor, 1/kp4: Donor—Acceptor
transfer rate, 1/k,p: Acceptor—Donor transfer rate. The identity of the hexamers
of the PC—PC complex is indicated by the roman numbers in superscripts: I for
the upper hexamer and II for the lower hexamer.

These effects may be additive considering that the PC—PC
complex is the result of a docking procedure.

The analysis of the energy transfer constants suggests two
main intra-phycocyanin pathways: '5° —'of* —To§* — 1582
and 'p3°* — 153 (these pathways are reproduced in each third
of the hexameric ring in equivalent subunits). Two preferential
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Fig. 5. Energy transfer pathways in a PC—PC complex. A) Representative internal energy transfer pathway. B) Representative external energy transfer pathway. The
protein is shown as a transparent matrix in which the chromophores are represented as sticks in different shades of grey in the three dimensional context. The darker
chromophores show the pathways. The average acceptor—donor transfer rates for each pair of chromophores are indicated.

energy transfer pathways from one PC hexamer to the next are
also described 52 — 5% and "BL3* — B33, These pathways
are indicated on Fig. 5. The total average transference time of
the internal and external preferential pathways shown in Fig. 5
is 63 ps and 68 ps respectively. Experimental values in the
range of 1 ps to 20 ps for the excitation transfer between
trimers and 45 to 130 ps between hexamers in a rod have been
reported [15,20,46,47]. In addition, calculated values using
comparable approaches in other C-PC show a similar ps time-
scale [14,16].

Most of the calculations performed with phycocyanin
hexamers indicate that the transfer between trimers in one
phycocyanin ring occurs through o® and identify %2 as the
donor between two PC hexamers. A complementary external
pathway can be also described through B'>>. As the chromo-
phore groups are distributed along the antenna in the biological
structure, every chromophore will receive light continuously
either from other chromophores or from the environment, which
validates the pathways through '>>.

4. Conclusions

Literature describes the analysis of the energy transfer
pathways using heterodimers (o) trimers (o3); or subcom-
plexes of phycobilisomes. In cases where the hexamer was used,
it was built using crystallographic symmetry. In this article, the
hexameric structure of phycocyanin from G. chilensis was
solved experimentally. As the asymmetric unit was the hexamer,
it was possible to detect slight differences between equivalent
subunits, representing more accurately the biological functional
unit.

The structure allowed to build a reliable model of the PC—PC
complex, a minimum unit of a rod in phycobilisomes and to

describe the light transfer pathways along the rod. The
theoretical approach used the Forster equation, previously
validated for monomers and trimers, was applied to the higher
complex PC—PC, describing two main transfer pathways: An
internal pathway of 63 ps that involves ** and o and an
external of 68 ps that involves 2.

The existence of two preferential independent pathways,
which repeat three times within the complex, explains the high
efficiency of the energy transfer in the phycobilisome. This
assures that every chromophore that absorbs light has an
acceptor, minimizing energy loss, constituting one of the
designs of nature that could be imitated for biotechnological
purposes.
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