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Abstract

Phycobilisomes (PBS) are accessory light harvesting protein complexes that directionally
transfer energy towards photosystems. Phycobilisomes are organized in a central core and
rods radiating from it. Components of phycobilisomes in Gracilaria chilensis (Gch) are Phy-
cobiliproteins (PBPs), Phycoerythrin (PE), and Phycocyanin (PC) in the rods, while Allophy-
cocyanin (APC) is found in the core, and linker proteins (L). The function of such complexes
depends on the structure of each component and their interaction. The core of PBS from
cyanobacteria is mainly composed by cylinders of trimers of a and B subunits forming het-
erodimers of Allophycocyanin, and other components of the core including subunits a' and
B'8. As for the linkers, Linker core (Lg) and Linker core membrane (L) are essential for the
final emission towards photoreaction centers. Since we have previously focused our studies
on the rods of the PBS, in the present article we investigated the components of the core in
the phycobilisome from the eukaryotic algae, Gracilaria chilensis and their organization into
trimers. Transmission electron microscopy provided the information for a three cylinders
core, while the three dimensional structure of Allophycocyanin purified from Gch was deter-
mined by X-ray diffraction method and the biological unit was determined as a trimer by size
exclusion chromatography. The protein sequences of all the components of the core were
obtained by sequencing the corresponding genes and their expression confirmed by tran-
scriptomic analysis. These subunits have seldom been reported in red algae, but not in Gra-
cilaria chilensis. The subunits not present in the crystallographic structure were modeled to
build the different composition of trimers. This article proposes structural models for the dif-
ferent types of trimers present in the core of phycobilisomes of Gch as a first step towards
the final model for energy transfer in this system.
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Introduction

Aquatic organisms, such as cyanobacteria, eukaryotic red alga and cryptophyta, present acces-
sory light harvesting protein complexes called phycobilisomes (PBS) [1]. The structure of PBS
allows the energy to be transferred directionally to photosystem II (PSII), thus improving the
use of the 400-650nm range of wavelengths. Phycobilisomes are organized in a central core
and rods radiating from it. Components of phycobilisomes in Gracilaria chilensis are Phycobi-
liproteins (PBPs): Phycoerythrin (PE), and Phycocyanin (PC) in the rods, Allophycocyanin
(APCQ) is found in the core, and linker proteins (L) present along the whole system. PBPs are
chromophorylated proteins that share a general architecture. They are organized as heterodi-
mers (o), which assembly themselves into trimers or hexamers. The subunits of PBPs are
mono or multi chromophorylated with linear tetrapyrrols covalently bound to cysteine resi-
dues. Efficient energy transfer is achieved through a combination of position and geometry of
the chromophores and the protein environment [1-3]. In the present article, we focused on
the principal component of the phycobilisomes” core, the phycobiliprotein Allophycocyanyn
or APC. The Allophycocyanin is organized as cylinders, and different numbers of these cylin-
ders have been reported for the core of PBS including bicylindrics, tricylindrics and pentacy-
lindrics, being the tricylindric the most common in cyanobacteria and red alga [4-6]. The
tricylindrical core has been proposed to be formed by a foundation of two cylinders associated
to membrane and a third cylinder is located at the top of the base forming a pyramid [7]. Four
subunits have been identified for APC in the core: a, B, o' and B'%, which are codified by
apcA, apcB, apeD and apcF genes, respectively [8]. Studies reported on Synechococcus show
that subunits o' and B'® are expressed in minor quantities, which make difficult to study the
expressed proteins in native conditions [9,10]. Indeed, studies of the same nature in eukaryotic
red alga are still missing.

Besides PBPs, the two linkers Core (L) and core-membrane (Lcy;) have been identified in
the core [1]. The L of 7.8 kDa is codified by the apcC gene. This linker is associated to APC
trimers in cylinders, suggesting a specific role on stability and energy transfer [9,11-13]. The
structure of L has been determined by X-ray diffraction as a complex with APC trimer in
Mastigocladus laminosus (PDB ID: IB33) [14]. The Lcy, codified by the apcE gene, in a tricy-
lindrical core is a 90kDa chromophorylated linker protein that has been proposed as the final
acceptor of the light harvested by the PBS, besides its role in the anchoring of the PBS to the
photosynthetic membrane [9,12,13,15,16]. Different domains have been identified in the
linker core-membrane; for example, the N-terminal region, called PB domain, is homologous
to PBP alpha subunits, and shows 30% similarity with o subunit of APC, and also contains a
phycocyanobilin chromophore. This PB domain presents an insertion of 50 residues (PB
loop). The PB loop in cyanobacteria has been associated to fluorescence quenching by its inter-
action with the orange carotenoid protein (OCP) [17], which has not been detected in eukary-
otic alga. Zhao and his group [15] produced a recombinant chromophorylated PB domain in
absence of lyases, a fact that induced the authors to propose an autocatalytic binding of phyco-
cyanobilin to Ley. Due to their similarity, the PB domain can replace the o subunit and form a
PBB heterodimer, which can associate itself to other off heterodimers to form a trimer.

Different trimers composition present in a tricylindrical core have been reported for Syne-
chocystis [18] APC (0i35), APC_1 (coi3BsLc), APC_2 (00" BsLc) and APC_3 (0,,PBB,B'®).
Watanabe and Ikiushi [19], in an interesting review proposed also a model for the position of
each type of trimer in the three cylinders core, which in Gracilaria chilensis has not been
assessed yet.

Gracilaria chilensis (Rhodophyta, Gigartinalis) (G.ch) [20] is one of the economically
important red macroalga in the South Pacific. Our research on the structure and function of
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the PBS in this algae has been focused on understanding how the organization, i.e. composi-
tion, structure or component interactions of the PBS provides the frame for the high efficiency
of the energy transfer towards PSII. Until now, the structure of PE and PC from Gch has been
reported previously by our group [21,22], as well as information about interaction between
hexamers in a rod and its role in the function of energy transfer [23]. In this article, we report
i) the three cylinders nature of the core of the PBS in Gch, ii) the sequences of the subunits
components of the core, iii) the sequence analysis and iv) the X-ray structure for Allophyco-
cyanin from Gch (0f);. This structure was used to model the rest of the subunits, which may
also form a functional Allophycocyanin, and thereby to build the trimers proposed for the core
in cyanobacteria, as our first approach to the analysis of the contribution of both the subunits
in the core and L to the energy transfer pathways in an eukaryotic red alga.

Material and methods
Purification of phycobilisomes

PBS were purified using the condition presented in S1 File, from 200g of intertidal G.ch col-
lected at Coliumo Bay (36° 32’S, 072° 56’ W). The fraction containing complete PBS was iden-
tified by its spectroscopic properties (emission at 660nm after excitation at 566nm) and was
used for Electron Microscopy.

Electron microscopy: The micrographs were obtained in a Philips Tecnai 12 Bio Twin EM
(120kv) at the Pontificia Universidad Catdlica de Chile facility, using the methodology
described [23] for complete phycobilisomes.

The sequences of the subunits

Primers design. The primers were designed by sequence alignment of the genes reported
in literature, using the sequences displayed on S2 File. The primers were designed manually
considering the conserved sequences, the %GC, Tm and the size of the oligonucleotides. The
design was verified with Oligonucleotide PrimerCheck (http://depts.washington.edu/bakerpg/
primertemp/primermelttemp.html) and synthesized by IDT. The primers used were:

o subunit Sense: 5’ atgagtattattactaaatcaatcgttaatgctgatgcagaagctogg
3°

Antisense: 3’ ttactgcattgcacctaatgtataatcaaaataaaatcct 5’

Bsubunit

Sense: 5’ atgcaagatgctattacttctgtaattaatgcagctgatgtacaagg 3’

Antisense: 3’ ctagcttaaaccagaacaaatataatcaaaatatactccch’

o" subunit

Sense: 5’ atgagcttagttagccaaattattttaaatgcagataatgaattaagat 3/

Antisense: 3’ ttatgacataccttgtattataaaatcaaagtagggttct5’

Bl

Sense: 5’ atgcaagacgctattactacaattttaaatcgatatgatttaacaggaaa 3’

Antisense: 3’ ttagatatcttcttcgcttaagtttttaattatatattgaaatggttcaa
5 4

Sequencing of the genes codifying for the subunits of Allophycocyanin. RNA was
extracted from 0.1g of fresh washed and frozen alga, ground in a mortar with TRI-Reagent
(Molecular Research Center) using the protocol recommended by the supplier. cDNA was
obtained using Reverse Transcriptase RevertAid ™ kit (Fermentas) according to recommen-
dations of suppliers. The cDNA was used for the amplification assays by PCR according to S3
File. The sequences translated to proteins were used for the resolution of the 3D structure of
Allophycocyanin and for the molecular modeling of the subunits o and p**.
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The sequence of the linkers associated to the CORE. The PB domain of the Lcy:Primers
were designed according to the sequences reported for Lcy, of the red algae Chondrus crispus
[24] and Gracilaria tenuistipitata [25]. The sequencing and the amplification methodology
were similar to the methodology described above for o.and B subunits of APC.

The L¢: The sequence of the Linker core of Gracilaria chilensis was obtained from a direct
analysis of the transcriptome (AN: SRX1507975) [26].

Purification of Allophycocyanin

APC was obtained as reported in S4 File. The pure protein was characterized by its spectro-
scopic properties of absorption (A ax = 651nm) and emission (A%, = 660nm) and the rela-
tionship Ags;/A,g as purity index. This sample was used for the determination of the
oligomerization state of Allophycocyanin, the spectroscopic studies and for crystallization.

Determination of the oligomerization state

50uL of 1 mg/mL of purified APC was separated in a Superdex200 HR/30 column (Amershan
Biosciences), equilibrated with 5mM phosphate buffer pH7, and associated to a Merck-Hitachi
FPLC with a flux of 0.5ml/min provided by a L6210 Intelligent Pump with a L-4250 UV-Vis
Detector. For the calibration, BioRad standards were used. The elution of the proteins was fol-
lowed at 651 and 280nm.

Protein crystallization

A general screening was performed in the robotic unit at Universidad de Chile. The final crys-
tallization conditions were 2mg/mL protein concentration, 300mM NaCl, 20% v/v PEG 6000,
and 100mM MES pH7.

Determination of the three dimensional structure of APC

Crystals were diffracted at Soleil Synchrotron up to 2.3 A resolution. The phases were obtained
by molecular replacement using the data of 1KN1 [27] and the software Phenix [28]. The final
model was built in Coot [29] and refined by Phenix Refine [30].

Molecular models for the different trimers present in the core

The trimer for APC was obtained by crystallographic symmetry (P321). The different subunits
were modeled with Modeller v 9.1 [31]. The templates were the o subunit of APC from the
structure reported here (PDB ID: 5TJF), the PB domain in 4XXI [32], and the B subunit of
5TJF for oY, PB domain and [318, respectively. Trimers APC_1, APC_2, APC_3 were built by
substitution of the corresponding subunits followed by a molecular dynamics protocol for ste-
ric rearrangement of residues. L was modelled also with Modeller using the chain O of the
reported structure for Mastigoclaudus laminosus (PDB ID: 1B33) [14] as template, and a dock-
ing procedure was performed between the L and (of8); or (™o, 5) using ClusPro [33] with-
out restrictions. Each final model was evaluated with PROSA [34] and RAMPAGE [35].

Results and discussion
The phycobilisome’s core of G. chilensis is tricylindrical

The PBS enriched fractions were analyzed by electron microscopy. The absorption spectrum
(Fig 1A) showed the assembly of the PBS. Upon excitation at 566nm corresponding to the
absorption maximum of PE (Phycoerythrin). The only emission corresponded to the emission
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Fig 1. Characterization of phycobilisomes of Gracilaria chilensis. A) Absorption(-) and emission(..)
spectra. B) Transmission electron micrograph of purified phycobilisomes.The inserts show amplified images.
Schematic drawings of PBS are also shown.

https://doi.org/10.1371/journal.pone.0177540.g001

of APC, which means that the assembly was intact. Moreover, the energy has been transferred
through the complex to emit at 660nm. The micrograph (TEM) for the PBS is shown in Fig
1B. The image clearly showed three cylinders core of phycobilisomes, which are compatible
with the presence of 90kDa Ly, and 5-6 rods formed by the piling of 3-4 hexamers. This is
the first time that a photomicrograph of a phycobilisome of Gracilaria chilensis is reported,
and at least in shape and organization resembles the PBS from prokaryotes [2].

Allophycocyanin is mainly present as trimer (af)s, despite the
transcription of other subunits

The absorption and emission spectra of the purified samples of Allophycocyanin are shown in
Fig 2A. This sample was used to determine the oligomerization state using size exclusion chro-
matography (Fig 2B).
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Fig 2. Spectroscopic characterization and oligomerization state of Allophycocyanin. A) Absorption (-) and emission (—) spectra
of purified Allophycocyanin. B) Molecular sieve chromatogram; the standards and the sample are indicated.

https://doi.org/10.1371/journal.pone.0177540.9002
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The result showed that Allophycocyanin from Gracilaria chilensis was purified in an oligo-
meric state (0f);. The purified APC was shown to contain only o and B subunits by mass
spectrometry experiments. Studies reported in Synechocystis [19] and our results from the
sequencing of the genes of the phycobiliproteins in the core of Gracilaria chilensis, revealed
that they also contain o' and B'®, which are not present in the Allophycocyanin purified.
Therefore, in this article the sequences of these two additional subunits are also reported (Fig
3). The sequences for apcA, apcB, apcD and apcF genes (corresponding to o, B, o' and B'®
subunits, respectively) are shown in S5 File. Fig 3 shows the amino acid sequence of the o and
B subunits corresponding to the apcA and apcB genes, respectively, and comparison with
sequences of their homologous subunits o and B (genes apcD and apcF, respectively). The
sequence of the PB domain and the L used for this work are also displayed. These sequences
were confirmed by transcriptomics analysis [26].

The analysis of the sequences showed that o: and o' subunits have 161 residues. They
shared 41% identity and the position of the cysteines is conserved (Cys81) in both molecules.
Band B'® subunits have 161 and 169 residues, respectively. They share 43% identity and the
position of cysteines are also conserved (81 and 82, respectively). The sequence of o subunit
and the fragment of the linker core-membrane used for modeling (PB domain) shared 22%
identity (Fig 3), with an insertion of 55 amino acids in the PB domain. Cys81 in o subunit is
replaced by Ser153 in the sequence alignment, but the chromophore is bound to Cys191 in the
sequence of PB domain according to the reported recombinant structure reported (PDB ID:
4XXI) [32].

The X-ray structure of Allophycocyanin form G. chilensis showed a high
structural conservation

The purified APC was used for crystallization experiments. The statistics and the refinement
data are shown in Table 1. The coordinates have been deposited at the Protein Data Bank
under the accession code 5T]JF.

The crystal structure of Allophycocyanin from G. chilensis was determined in the space
group P321 with one heterodimer aff per asymmetric unit using molecular replacement. The
final structure was refined to 2.3A resolution with a final R-work and R-free of 25.7 and 28.69
respectively (Table 1). The resolution allowed the chromophores to be clearly defined in the
electron density map (|2Fo-Fc|) (Fig 4B).

The structure of the (of heterodimer is shown in Fig 4A. Indeed, o and B subunits con-
tained one phycocyanobilin bound to cysteine 81 and are stabilized by Asn71, Arg83 and
Asp84 in o subunit, and by methyl-Asn71 (Asm71) and Asp84 in B subunit. The biological
unit is a trimer of heterodimers as it was determined by size exclusion chromatography. The
structure reported in this article is very similar to the structures of APC previously reported,
1B33 that contains the Lc [14] and 1KN1 from the rhodophyta Porphyra yezoensis [27].

The environment of the chromophore phycocyanobilin is highly
conserved among different subunits

Subunits o', B'® and PB domain were modeled and analyzed. A comparison among subunits

in APC of M. laminosus [14], P. yezoensis [27], G. chilensis (PDB IDs 1B33, 1KN1, and 5TJF
(this paper), respectively) and the o' model showed that the residues interacting with the phy-
cocyanobilin chromophore are highly conserved (S1 Table). There is also high degree of con-
servation for the conformation of the chromophore (ASA) [36, 37], which is confirmed by the
distances between rings A and D in the phycocyanobilin (Fig 5A and S1 Table). Instead the PB
domain presents a SSA conformation that could account for the different spectroscopic

PLOS ONE | https://doi.org/10.1371/journal.pone.0177540 May 18,2017 6/15


https://doi.org/10.1371/journal.pone.0177540

@' PLOS | ONE

The core of PBS from Gracilaria chilensis: The structure of different composition trimers

ApcA
ApcD

ApcA
ApcD

ApcA
ApcD

ApcB
ApcF

ApcB
ApcF

ApcB
ApcF

ApcA

ApcE_PB

ApcA
ApcE_PB

ApcA
ApcE_PB

ApcA
ApcE_PB

1 10 20 30 40 50 60
MSIITKSIVNADAEARYLSPGELDRIKSFVLSGQRRLRIAQILTDNRELIVKQGGQQLFQ

* . Kk Kk ok * * Kk Kk K * Kk Kk . .

MSLVSQIILNADNELRYLSIGELQSIQSYLETGETRIGISTKLRNNEKEIIQQAGKAIFQ

70 80 90 100 110 120
KRPDVVSPGGNAYGEEMTAT LRDLDYYLRLVTYGIVAGDVTPIEEIGLVGVKEMYNSLG
: -:**** * kx Kk * -****:***:-: H -:**:*******
IHPEYIAPGGNAEGPKKRSL LRDYGWYLRLITYGVLTGDKNSVEKIGVIGVREMYNSLG
130 140 150 160
TPISGVAEGVRSMKNVACSLLAGEDSAEAGFYFDYTLGAMQ 161
* . * kK
VPVIGMIDSINCLKKATVKILEENEIVIVEPYFDFIIQGMS 161
1 10 20 30 40 50 60
MQDAITSVINAADVQGRYLDDNSLDKLRGYFQTGELRVRASATIAANAATIIKDSVAKAL
*x k Kk k Kk * *:*** . ***--
MQDAITTILNRYDLTGKYLDSIAIEELNNYFISASNRIKAIEVINRQASKIIKEAAAR..
70 80 90 100 110
LYS———DITRPGGNMYTTRRYAA IRDLDYYLRYATYGMLAGDPSILDERVLNGLKETYN
* ok H * Kk Kk Kk K *********:**::******:* :**** * x * *
LYEEQPELLRPGGNSYTTRRYAA LRDIEYYLRYASYAIVAADTNILKERVLDGLQDVYN
120 130 140 150 160
SLGVPIIGATIQAVQAMKEVTSS---LVGPDAGKEMGVYFDYICSGLS---- 161
* * * Kk *x **:::: ::** N * * * . H *:** * ok
SLNVPIAPTIRSIKLLQEVIEAEMKLQNIDAINWVVEPFQYIIKNLSEEDI 169

10 20 30 40 50 60
MSIITKSIVNADAEARYLSPGELDRIKSFVLSGQRRLRIAQILTDNRELIVKQGGQQLFQ

* ok k... . * Kk . kK Kk K K ke kK kK Kk . K

7777777777 AEQQDRFLQLGELNQLVAFLNSGNRRLTIADILTKNANVLVAKAADKIFT
28 30 50 60 70

70
———————— KRPDV-[VSPGGNA|- -~ - - - ——— = = = - m = = = — m o — m — — — — —— ————— - - -
. . * * .

FVPNDNé

GGS[EISYLERPOAS SETTSVNSSILSSTNESLDNVKSDNINELLRTANSNDPGJF
80 90 100 110 120 130
80 90 100 110 120
——————— YGEEMTRTEMLRDLDYYLRLVTYGIVAGDVTPIEEIGLVGVKEMY -NSLGTPI|S
‘k*: * kK kK k kK o o Kk K * K * k ok Kk K H H *::‘k- *: H :
KPINVTRYGNTRMKKSLRDLDWFLRYLTYAIVAGD—PNILSVNIRGLRELIDNA.SSZ—\AZ—\
140 150 160 170 180 190
130 140 150 160
GVAEGVRSMKNVACSLLAGE-DSAEAGF-YFDYTLGAMQ 167
. . . -k Kk K .
SVA—~IREMRKVAVTLFSNDLESAEIVVQYFNVVI~—~~ 229

200 210 220

Fig 3. Sequence comparison between a and o' (ApcA and ApcD), B and '8 (Apcb and ApcF) and a and the PB_domain of the Ly
(ApcA and ApcE). Chromophore binding region are enclosed in green rectangles, and the conserved residues are highlighted in green. The
cysteine residues that bind the chromophores are shown in red background. The PB-loop sequence is enclosed in blue lines.

https://doi.org/10.1371/journal.pone.0177540.9003

characteristics of the Lcy. A comparison between the B and B'® subunit is also shown in Fig
5B. In general, there are not important differences between B and B'® subunits and between o
and o' subunits as it was expected by the sequence identity.

The same comparison was performed between o subunit of 5TJF, the structure reported for
the PB domain from Nostoc sp. (PDB ID: 4XXI) [32], and the model for the PB domain in
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Table 1. Information on the data collection and refinement for the determination of the three dimen-
sional structure of Allophycocyanin from Gracilaria chilensis.

Data collection Allophycocyanin

Space Group P321

Cell Dimensions

a,b,c(A) 97.41, 97.41,63.83
a,B,v() 90, 90, 120
Resolution range (A) 42.18-2.3 (2.38-2.30)
Rmerge 0.1303 (0.3568)
/ol 6.18 (2.16)
Completeness (%) 97 (97)
Redundancy 2.9(2.6)
Refinement

Resolution (A) 2.3

Ne° reflections/N° reflections used 84722(7757)/29317(2937)
Rwork / Rfree 25.70/28.65

N° atoms 3035
Protein 2422
Ligand/ion 135

Water 478
B-factors 31.75
Protein 32.01

Ligand 29.65

Water 31.04

r.m.s. deviation

Bond lengths (A) 0.004

Bond angles (°) 1.56

The values in parenthesis correspond to the last resolution shell.

https://doi.org/10.1371/journal.pone.0177540.t001

Gracilaria chilensis. The PB domain can replace an o subunit in a trimer of heterodimers. Nev-
ertheless, there are obvious differences, such as the insertion of 55 residues between residues
81-136 in the PB domain; 58% of this sequence was recognized as intrinsically disordered by
Disprot [38] and also contains 12 Ser, 4 Thr and 1 Tyr, all hydroxylated residues. Four of these
residues (Ser98, Ser99, Thr101 and Thr102) were recognized as phosphorylation sites by PRO-
SITE and one of them (Thr101) in a motif recognized by protein kinase C. In prokaryote, this
peptide segment has been described as an interaction region for the Orange Carotenoid Pro-
tein (OCP), which has not been reported in eukaryotes yet, and also a site for regulation by
phosphorylation [39], fact that has not been tested in eukaryotic red algae for potential
significance.

Attention is drown to the fact that the Lcy; and its chromophore have been proposed to be
responsible for the final transfer of energy towards chlorophylls in Photosystems. In this
regard, it was important to analyze the differences in the binding site of phycocyanobilins in o
subunit, the modeled PB domain and the structure reported at the PDB ID: 4XXI [32]. The
position of Cys81 in the alignment (Fig 3), which binds the PCB in all the other o subunits, is
occupied by Ser153 in the PB domain. The Cys191 is the residue that binds to the phycocyano-
bilin. In our model, the chromophore was stabilized by Asp156, Argl55, Trp159, and Phel60
(S1 Table). Besides the difference in the cysteine residue, it is possible to see minor differences
in the stabilization of the ligand (Fig 5A and S1 Table). Considering the binding site and the
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Fig 4. Crystallographic structure of Allophycocyanin from Gracilaria chilensis. A) Ribbon representation
of the asymmetric unit, the heterodimer. B) A section of the |2F-Fo| omit electron density map is shown for
phycocyanobilin in a subunit. The residues interacting with the chromophore are also shown.

https://doi.org/10.1371/journal.pone.0177540.9004

conformation of the chromophore, the phycocyanobilin in the PB domain has a SSA confor-
mation instead of ASA for the chromophore in thea subunit [36, 37]. This conformation is the
same in the crystal structure of PB domain from Nostoc sp. (PDB ID: 4XXI) [32]. The absorp-
tion spectrum, calculated for phycocyanobilin in the model of the PB domain of G¢h, using
Gaussian 09[40] with a ZINDO-MN semiempirical approach [40], gave the A 2° = 661nm,
which agreed with the maximum absorption of the PB domain reported for Nostoc sp. Other
relevant difference is that Cys 81 of o subunit binds from the top of PCB, while Cys 165 binds
from the bottom in the PB domain (See Fig 5). This difference may be related to the fact that
PCB needs a specific cysteine lyase to be bound to Cys 81 in o subunit. However, it has been
reported that for Lcy, the process of binding the chromophore would be autocatalytic [15]. It
has been also reported a mechanism for the addition of PCB to Cys 155 in Phycocyanin in cya-
nobacteria. It involves the presence of an aspartic acid participating in the formation of an acy-
limmonium cation on ring A of the phycocyanobilin. After that, the addition reaction to
cysteine is produced with the assistance of a tyrosine residue. The authors also report that after
the addition, a conformational change is produced in the chromophore. The PB domain
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Fig 5. Binding sites of phycocynobilin. A) Sticks representation of binding site of phycocyanobilin in a subunit of 5TJF (this paper), a'
and the PB domain in APC_3. The chromophores are represented in green. B) Sticks representation of B subunitin 5TJF and '8 in APC_3.
The chromophores are also in green.

https://doi.org/10.1371/journal.pone.0177540.9005

model from Gch locates also a tyrosine and an aspartic acid in the vicinity of the phycocyanobi-
lin; however the position of the functional groups seems to be located too far in the binding
state. It is possible that before the reaction to occur and the positioning of the chromophores,
these residues could be part of the catalysis, and after the binding their location changes to the
final position in the molecule.

The crystal structure of Allophycocyanin allowed the building of the
different type of trimers present in the core

Fig 6 shows the models created for APC, APC_1, APC_2 and APC_3 using the structure of
APC reported here, with the corresponding substitution of subunits as is shown.

Each trimer was analyzed considering the number and type of interactions among subunits,
the interaction surfaces on each trimer as a whole and considering the substitutions. (The data
is shown in S2 Table). A comparison between trimers as follows:

1. APC/APC_I: The presence of the Lc (Chain G) did not affect the interaction surface
(aprox.1450 A?) between subunits, yet the number of hydrogen bonds between heterodi-
mers decreases. The Lc interacted mainly with the B (chains B, D and F) subunits by hydro-
gen bonding.
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Fig 6. Structural models proposed for each trimer of Allophycocyanin. A) Schematic representation of the different composition trimers. B) Structure of
APC, APC_1, APC_2, and APC_3.

https://doi.org/10.1371/journal.pone.0177540.9006

2. APC_I/APC_2: Both trimers contained the Lc, but APC_2 has the substitution of o by o
(Chain A). The interactions of Lc in both oligomers were very similar with 3 chains, espe-
cially with chain D.

3. APC/APC_3: The substitution of chain A (c) by PB domain and chain F (B) by B'® produced
a trimer that contained these two special subunits in neighbor heterodimers. The of he-
terodimers conserved the interactions (H-bonds/salt bridges), but less salt bridges were
observed in heterodimers with the substitutions. The interaction surfaces in both trimers
are similar (aprox 1450A2), except for the lower value measured for the interaction between
subunits F and E (1154 A?)

The structural analysis of the models proposed in this article allowed to arrange them face
to face to form hexamers, which interact back to back with other hexamers to organize the cyl-
inders present in the core as it was proposed for Synechococcus [41].

The experimental data available so far, for the subunit composition of trimers proposed
in this article, indicated that Lcy; (PB_domain) and B'® were not in the same heterotrimer
with o' [41]. According to spectroscopic data obtained by Kuzminov et al [42], B'® should
transfer energy to the LCy;, a fact that could be accomplished only if they are in the same
trimer but neighboring heterodimers. Finally, they propose that B'® is a mediator in the
energy transfer towards the final emitter, with the chromophore present in the Lcyy
(PB_domain).

The modeling of the 55 extra residues (PB_loop) and the analysis of the sequence (Fig 3)
indicated a very disordered region that is probably interacting with other proteins. Cross-link-
ing experiments involving cyanobacterial phycobilisomes [43] do not provide information on
the possible interactions of this segment of PB domain.

The model for the Linker core fits very well the space in the center of APC; clearly, this
small molecule contributes to give asymmetry to allophycocyanin. It has been reported that
the L modifies the spectroscopic properties of the PCB in APC_1 and APC_2. According to
our results and those from Reuter ef al [14], in the trimeric state, one explanation is the differ-
ent environment of the chromophore upon binding of L.
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Future perspectives

Our work on the structure of the phycobilisome components of an eukaryotic algae such as
Gracilaria chilensis, including the study of the components of its core in this article, pretends
to fill a gap produced by the enormous amount of information published in prokaryotes, espe-
cially Synechocystis and the small amount of information produced about this system in
eukaryotic organisms. From the beginning, the purpose of our study on Phycobilisomes was to
understand how the structure of this super complex supported the high efficiency of the energy
transfer towards the photosystems. In this article, we are reporting new pieces of the big
puzzle.
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