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Antenna systems of plants and green algae are made up of
pigment-protein complexes belonging to the light-harvesting
complex (LHC) multigene family. LHCs increase the light-har-
vesting cross-section of photosystems I and II and catalyze pho-
toprotective reactions that prevent light-induced damage in an
oxygenic environment. The genome of the moss Physcomitrella
patens contains two genes encoding LHCb9, a new antenna pro-
tein that bears an overall sequence similarity to photosystem II
antenna proteins but carries a specific motif typical of photosys-
tem I antenna proteins. This consists of the presence of an aspar-
agine residue as a ligand for Chl 603 (A5) chromophore rather
than a histidine, the common ligand in all other LHCbs. Aspar-
agine as a Chl 603 (A5) ligand generates red-shifted spectral
forms associated with photosystem I rather than with photosys-
tem II, suggesting thatin P. patens, the energy landscape of pho-
tosystem II might be different with respect to that of most green
algae and plants. In this work, we show that the in vitro refolded
LHCb9-pigment complexes carry a red-shifted fluorescence
emission peak, different from all other known photosystem II
antenna proteins. By using a specific antibody, we localized
LHCb9 within PSII supercomplexes in the thylakoid mem-
branes. This is the first report of red-shifted spectral forms in a
PSII antenna system, suggesting that this biophysical feature
might have a special role either in optimization of light use effi-
ciency or in photoprotection in the specific environmental con-
ditions experienced by this moss.

Light energy powers photosynthesis. Sunlight is absorbed by
chlorophyll (Chl)* and carotenoid molecules bound to protein
supercomplexes embedded in thylakoid membranes, called
photosystem I and II (PSI and PSII). Each photosystem has two
moieties: (i) the core complex and (ii) the peripheral antenna
system. The core complex contains mostly plastid-encoded
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subunits, which are responsible for charge separation and for
the first steps of electron transport and are also active in light
harvesting. An additional antenna system, made of nucleus-
encoded subunits binding Chl 4, Chl b, and xanthophylls, is
localized peripherally in photosystems and is responsible for
most light harvesting, transfer of excitation energy to the reac-
tion centers, and photoprotective reactions like ROS scaveng-
ing and quenching of triplet and singlet excited states (1-3).
Reaction center protein sequences are widely conserved among
organisms, and only small differences are found in sequences of
oxygenic organism as far apart as higher plants and cyanobac-
teria (4, 5). Antenna systems are instead more variable, and in
land plants and green algae, they are composed of multiple cop-
ies of light-harvesting complex (LHC) proteins (4) assembled
around core complexes (6). Clustering analysis of LHC protein
sequences clearly distinguishes members associated with PSI
(LHCa or LHCI) from those belonging to PSII (LHCb or LHCII)
(7). In Arabidopsis thaliana, six different polypeptides were
identified for PSI (LHCal to -6) and a total of eight for PSII
(LHCDb1 to -8), including the more recent proposed addition of
LHCb7 and LHCb8 (7, 8). In the genome of the moss Physcomi-
trella patens, two sequences encoding an additional LHCb pro-
tein, named LHCDb9, were also identified (9).

The fluorescence emission spectrum of plant thylakoids at
low temperature shows two main emission peaks (i.e. 685 and
735 nm), which originate from the grana domains containing
PSII-LHCII complexes and the stroma-exposed domains con-
taining PSI-LHCI, respectively. The PSI emission originates
from Chla molecules absorbing at wavelengths higher than 700
nm, thus strongly red-shifted with respect to Chl 2 molecules in
organic solvents. For this reason, they are often called “red
Chls” or “red (spectral) forms.” Red Chls have been localized in
the PSI antenna system, particularly in LHCa3 and LHCa4 (10—
13). Mutational analysis showed that red forms in LHCa com-
plexes originate from two interacting Chls, 603 and 609 (also
known as A5 and B5 in a previous nomenclature)® (17, 18). The
nature of the ligand of Chl 603 plays a key role in the origin of
“red” forms by determining the distance between the a-carbon
chain and the bound chlorophyll. In fact, an asparagine coordi-
nates Chl 603 in LHCa3 and LHCa4 and it holds the chro-

3 Different nomenclatures have been proposed for Chl binding sites in LHC
proteins. Here we use the one from Ref. 14 instead of the older one from
Ref. 15 because the latter suggests occupancy of the site by Chl a or b
which is not a general property through the protein family. We also do not
use the one from Ref. 16 because it refers specifically to plant PSl antennas
and could not be generalized to other homologous proteins.
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mophore in a position allowing its strong interaction with Chl
609, which leads to formation of a charge transfer state and the
appearance of red emission forms (18-20). In LHCal and
LHCa2, the coordination by the bulkier histidine puts Chls 603
away from Chl 609, leading to a weaker interaction and a strong
reduction of red forms (18). LHCb1 to -8 polypeptides, com-
posing the antenna system of photosystem II, all have a histi-
dine as Chl 603 ligand and do not show red-shifted emissions.
LHCDb9 is an exception because it carries an asparagine residue
as the ligand for this chlorophyll (9). In this work, we report on
the characterization of the two LHCb9 isoforms encoded in the
P. patens genome. The cDNA sequence was overexpressed in
bacteria and reconstituted iz vitro with pigments. The holopro-
tein showed a fluorescence emission peak red-shifted with
respect to any other LHCb protein thus far described. We also
show that LHCb9 is found in P. patens thylakoids and is indeed
associated with PSII, in agreement with its overall sequence
similarity to LHCb proteins. The possible function of red-
shifted spectral forms in PSII and the reason for their presence
in P. patens is discussed with reference to the adaptation of
antenna systems to environmental growth conditions.

EXPERIMENTAL PROCEDURES

Sequence Retrieval and Analysis—LHCb9 and other LHC
sequences from P. patens were retrieved from expressed se-
quence tag (PHYSCObase) and genome (Department of Energy
Joint Genome Institute) databases as described (9, 21).
Sequence information from the National Center for Biotech-
nology Information and The Plant Transcript Assemblies were
mainly used for TBLASTN searches. Sequence alignments
were generated by ClustalW and manually corrected using
BioEdit. The regions of the three transmembrane helices
were considered in the analysis, as described previously in
similar works (22, 23). Phylogenetic trees were inferred using
parsimony, neighbor-joining distance, and maximum likeli-
hood approaches using the Phylogenetic Inference Package
(PHYLIP) version 3.67 and the PHYML program (24, 25), as
described previously (9).

Reconstitution in Vitro—LHCDb9.1 (XM_001756491) and
LHCb9.2 (XM_001779101) were amplified by PCR from total
P. patens cDNA and cloned in a modified pET-28a(+) (26). The
apoprotein was overexpressed in E. coli and purified as inclu-
sion bodies. Pigment-protein complexes were refolded in vitro
and purified from excess free pigments (27). The N164H
mutant for LHCb9.2 (numbers refer to the precursor sequence)
was obtained using the QuikChange™ site-directed mutagen-
esis kit (Stratagene).

Spectroscopy and Pigment Analysis—Absorption spectra
were recorded using a Cary 300 (Varian Inc.) spectrophotome-
ter, in 10 mm HEPES, pH 7.5, 0.2 M sucrose, and 0.06% n-dode-
cyl-B-p-maltopyranoside. Low temperature fluorescence emis-
sion spectra were measured using a Cary Eclipse (Varian Inc.)
and corrected for the instrumental response. Samples were
excited at 440, 475, and 500 nm. The spectral bandwidth was 5
nm (excitation) and 3 nm (emission). Chlorophyll concentra-
tion was about 0.02 ug/ml in 60% glycerol, 10 mm HEPES, and
0.03% n-dodecyl-B-p-maltopyranoside. Chlorophyll/carote-
noid ratio and Chl a/b ratio were independently measured by
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fitting the spectrum of acetone extracts with the spectra of indi-
vidual purified pigments (28) and by HPLC analysis (29).

Physcomitrella Growth and Thylakoid Isolation—Protone-
mal tissue of P. patens, Gransden wild-type strain, was grown
on PpNO3 minimum medium (30) solidified by 1% purified
agar agar (Euromedex, Mundolsheim, France). Plants were
propagated under sterile conditions on minimum medium in
9-cm Petri dishes overlaid with a cellophane disk (Cannings,
Bristol, UK) as described (31). Plates containing plant samples
were placed in a growth chamber under controlled conditions:
22 °C day/21 °C night temperature, 16 h light/8 h dark photo-
period, and a light intensity of 40 microeinsteins m~> s~ "' (10
microeinsteins m ™2 s~* for low light and 400 microeinsteins
m~ 2 s~ ! for high light). Thylakoids from 2-week-old plants
(protonemal tissue) were prepared following the same protocol
used for higher plants with minor modifications. Tissues were
harvested and freshly homogenized in cold extraction buffer
(0.5% milk powder, 0.4 M NaCl, 20 mMm Tricine-KOH, pH 7.8,
and 1 mMm e-aminocaproic acid). After filtration, samples were
precipitated by centrifugation at4 °Cat 1500 X g for 15 min and
then resuspended in an ipotonic buffer (15 mm NaCl, 5 mMm
MgCl,, and 20 mm Tricine-KOH, pH 7.8). After centrifugation
for 15 min at4 °C at 10,000 X g, thylakoids were resuspended in
abuffer containing 50% glycerol, 15 mm NaCl, 5 mm MgCl,, and
10 mm Hepes-KOH, pH 7.5. Thylakoids were frozen in liquid
nitrogen and stored at —80 °C until use. Purification of pig-
ment-binding proteins from thylakoids was performed by
sucrose gradient ultracentrifugation upon solubilization of
membranes with final 0.8% #-dodecyl-a-p-maltopyranoside.

SDS-PAGE Electrophoresis, Western Blotting Analysis, and
Stoichiometry Calculations—SDS-PAGE analyses were per-
formed as in Ref. 32. After SDS-PAGE, polypeptides were trans-
ferred onto a nitrocellulose membrane (Sartorious AG, Gottin-
gen, Germany) using a blot system from Bio-Rad and detected
with specific homemade antibodies (supplemental Fig. 1). To
verify the identity of the LHCb9 band, antibody was preincu-
bated for 1 h with total 35 pug of LHCb9.1 and LHCb9.2 inclu-
sion bodies (17.5 ug each). In order to evaluate protein stoichi-
ometry, we loaded 0.05, 0.03, 0.02, and 0.01 ug of Chl
reconstituted protein together with 1.5, 1, 0.75, and 0.5 ug of
Chl from thylakoids. Antibody signal was quantified by densi-
tometry after checking its linearity with gel loading as in Ref. 33.
In order to estimate LHCb9/PSII stoichiometry, we assumed
that LHCDb9 binds 10 = 2 Chls/monomer. We also estimated
Physcomitrella PSII antenna size using fluorescence induction
in 3-(3,4-dichlorophenyl)-1,1-dimethylurea, whose kinetics are
known to depend on the PSII functional antenna size. As a
comparison, we used barley plants, WT and clorina f2 mutants,
where PSII antenna size is known to be 300 and 50 Chls/PSII,
respectively (34). With this method, we could estimate PSII
antenna size in Physcomitrella to be 529 * 89 Chls/PSII. Final
estimation is derived from green gels, like the ones in Ref. 9,
showing that 68% of thylakoid Chls are associated with PSII
core or antenna complexes. The latter two values led to the
calculation that in Physcomitrella thylakoids, there are 788 =
132 Chls present for each PSII.

Molecular Modeling—The LHCII structure from Ref. 14,
Protein Data Bank accession code 1IRWT, was mutated using
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FIGURE 1. Phylogenetic analysis of LHC polypeptides. The evolutionary
tree comparative analysis includes protein sequences from A. thaliana (At),
Populus trichocarpa (Pt), Oryza sativa (Os), P. patens (Pp), C. reinhardtii (Cr), and
Ostreococcus tauri (Ot). Sequences obtained from expressed sequence tag
databases of a further algal species (Mesostigma viride (Mv)) were also
included. LHCa3 from A. thaliana, P. patens, and C. reinhardtii was included as
an external outgroup. The tree was built using a maximum likelihood
approach. Bootstrap values reported in brackets were obtained from maxi-
mum likelihood, neighbor-joining distance, and maximum parsimony
approaches, respectively. For clarity, these values are not shown when con-
sistency is low or when nodes are not significant for isoform discrimination.

Swiss-PdbViewer (35). After mutating histidine into aspara-
gine, the distance between Chl and protein backbone was man-
ually corrected and fixed equal to Chl 612, which is also coor-
dinated by asparagine.

RESULTS

A New LHC Polypeptide Identified in P. patens—LHCb9 was
identified in the P.patens genome as carrying peculiar
sequence properties with respect to any other previously
known LHC isoform (9). The polypeptide sequence showed a
similarity to PSII antenna polypeptides and was thus called
LHCb9. We identified two isoforms, LHCb9.1 and LHCb9.2,
with 80% sequence identity. We observed that the number of
expressed sequence tag clones identified in P. patens databases
is particularly high for both LHCb9 isoforms; LHCb9.1 is the
most abundant transcript among antenna proteins (9). Assum-
ing that the number of expressed sequence tag clones retrieved
is roughly indicative of gene expression levels (8), LHCb9.1 is
thus presumably a highly expressed LHC gene in P. patens, sug-
gesting a relevant functional role for the corresponding poly-
peptide in the moss photosynthetic apparatus.

In Fig. 1, the sequence of LHCb9 is compared with those
of other LHCb proteins. In the phylogenetic tree, LHCb9
sequences are located between monomeric LHCb proteins
(LHCb4, LHCb5, and LHCb6) and the components of the
major LHCII antenna complex (named LHCbm1 to -13 in
P. patens). In fact, although LHCb9 sequences cluster with
major antenna polypeptides, the consistency of this config-
uration is low, ranging from 32 to 56 —100, depending on the
algorithm employed. In fact, LHCDb9.1 has 50% similarity and
30% identity with both sequences encoding major antenna
polypeptides (i.e. PpLHCbm1 and -2 and PpLHCb3) and the
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minor antenna protein PpLHCb5. Similarity is instead lower
when compared with PpLHCb4 and PpLHCb6 sequences.

Sequence analysis is useful to infer information on protein
biochemistry and activity. We therefore looked closer at Chl-
binding residues highly conserved in LHCs (14, 15, 36) and
found that they are all conserved in LHCb9 (Fig. 2). An LHCb9
peculiarity is that Chl 603 is coordinated by an asparagine
rather than a histidine as in all other LHCb polypeptides.
Because both asparagine and histidine can coordinate the
Mg>" in Chl rings, pigment binding is probably unaffected (Fig.
2). A further characteristic of LHCb9 is the non-conservation of
the histidine residue, as reported for LHCb6 polypeptide (7). It
should be noticed, however, that an extra histidine is found in a
nearby position in helix D and could coordinate Chl 614
according to the hypothesis that helix D assumes a different
orientation than in other LHC proteins (Fig. 2).

Xanthophyll coordination in LHC proteins is most likely due
to multiple interactions with the polypeptide, and sequence
motifs for carotenoid binding are not well defined yet. Sites L1
and L2 are conserved in all LHC members analyzed so far (37,
38) and are likely to be present in LHCb9 as well. A conserved
tyrosine residue in LHCb1, LHCb4, and LHCb5 has been
shown to be fundamental for neoxanthin binding to site N1
(26). This tyrosine is also conserved in LHCb9 (position 209;
Fig. 2), suggesting that it binds neoxanthin.

The capacity of LHCII polypeptides to form trimers depends
on the presence of residues in the N-terminal domain WYR
(indicated as a trimerization motif in Fig. 2) (39). A WYR motif
is also found in LHCb5, although this is normally associated
with PSII as a monomer (40) and only trimerizes in LHCII-
depleted plants (41). In LHCD?9, the first tryptophan of the motif
is substituted by a tyrosine, suggesting a low probability of find-
ing trimers, including LHCb9, in P. patens W'T thylakoids.

In Vitro Reconstitution of LHCb9 Recombinant Protein—The
presence of an asparagine replacing the more common histi-
dine as a ligand for Chl 603 is typical of LHC members associ-
ated with PSI, such as A. thaliana LHCa3 and LHCa4 (9, 42),
and LHCa2, LHCa4, and LHCa9 in Chlamydomonas rein-
hardtii (43). The asparagine in PSI antenna is responsible for
red-shifted Chl absorption (18), and up to now, LHCb9 is the
only case where this ligand for Chl 603 is found outside the
LHCa subfamily.

In order to verify if the asparagine ligand can induce red-
shifted Chl spectral forms even within a LHCb-like sequence,
we cloned and expressed the two LHCb9 isoforms in E. coli
using total P. patens cDNA as a template. LHCb9 apoproteins
were purified from inclusion bodies and refolded in vitro in the
presence of pigments using a well established procedure (27).
Both LHCb9 polypeptides yielded stable monomeric pigment-
binding proteins. Pigment compositions of the reconstituted
complexes are reported in Table 1, together with reference data
from Hordeum vulgare LHCb2 reconstituted in vitro using the
same procedure (44). HVLHCb2 was chosen because its pri-
mary sequence is the most similar to LHCb9 among the LHCb
isoforms characterized previously. Chl a/b ratios are very sim-
ilar in all complexes (from 1.4 to 1.5; Table 1), suggesting that
LHCDb9 has a high affinity for Chl b, similar to LHCII members
and different from monomeric LHCs, which have a higher Chl
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FIGURE 2. Chlorophyll and carotenoid binding sites in LHCb9 sequence. LHCb9.1 and LHCb9.2 polypeptide sequences have been aligned with LHCb1,
LHCb2, and LHCb5 from A. thaliana and LHCbm1 from P. patens. The putative trimerization motif as well as residues known to be involved in coordination of
Chl and carotenoid (Car) are indicated and discussed under “Results.”

a/b ratio (i.e. a Chl a/b ratio of 2.0-2.2 and 3.0 for LHCb5 and
LHCb4, respectively) (26, 45). In contrast, xanthophyll-binding
properties of LHCb9 are more similar to those of minor LHCbs
because it preferentially binds violaxanthin and lutein, whereas

neoxanthin content is low with respect to LHCb2, a component
of the major LHCII trimeric antenna.

Chl/protein binding stoichiometry of LHCb9 is not known,
but it is most likely comprised between 9 and 12 Chls/mono-
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TABLE 1
Pigment binding properties of LHCb9 reconstituted in vitro

Chl and carotenoid binding properties are reported for reconstituted LHCb9.1 and LHCb9.2. Carotenoid data are normalized to 100 Chls (a + b) because Chl/polypeptide
stoichiometry is not known for LHCb9. Maximum S.D. is 0.05 for Chl a/b and 0.5 for carotenoids.

Chl a/Chl b Carotenoids Neoxanthin Violaxanthin Lutein
PpLHCDb9.1 1.35 24.9 3.7 4.4 16.7
PpLHCb9.2 1.34 27.4 5.3 5.3 16.8
HvLHCb2 1.36 23.6 8.2 1.2 14.1
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FIGURE 3. Spectroscopic properties of LHCb9 reconstituted in vitro. A, comparison of LHCb9.1 and LHCb9.2 absorption spectra (black and red, respectively)
with barley HVLHCb2 (blue). B, red region of spectra shown in A. C, fitting of LHCb9.2 absorption spectrum (black) with Chl absorption forms. Chl b and Chl a
forms are shown in cyan and green, respectively. The two red-most Chl a forms, with a maximum at 683 and 690 nm, are shown in blue. D, low temperature
fluorescence spectra upon excitation at 500 nm of LHCb9.1, LHCb9.2, and barley HvLHCb2, shown in black, red, and blue, respectively. All spectra are

normalized to the maximum value in the Q, region. a.u., arbitrary units.

mer, as found experimentally in LHCb5 and LHCb2, respec-
tively, reconstituted in vitro. For all values within this interval,
normalization of data in Table 1 to Chl stoichiometry suggests
the presence of three carotenoid binding sites, one specific for
lutein, one binding lutein or violaxanthin, and the last one spe-
cific for neoxanthin. This is similar to all LHCb1 to -5 proteins
(26, 45) and is consistent with the conserved motifs from
sequence analysis.

Absorption spectra showed a Chla Q, peak at 675.5 nm (Fig.
3, A and B), and an efficient energy transfer from xanthophylls
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and Chl b to Chl g, typical for all functional LHC proteins, was
observed by the constancy of fluorescence emission spectra
upon excitation at 430 nm (Chl ), 470 nm (Chl b), and 500 nm
(xanthophylls) (not shown). LHCb9 absorption spectra are sim-
ilar to that of HYLHCb2 (Fig. 3A), in agreement with their sim-
ilar pigment content (44). However, the red-most part of the
spectra showed differences, and both LHCb9 isoforms have a
more red-shifted absorption with respect to HvLHCb2 (Fig.
3B). The fitting of the Q, region of the spectrum with spectral
forms of Chl a in a protein environment yields information on
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FIGURE 4. Role of Chl 603 ligand in LHCb9 red-shifted forms. Low temper-
ature fluorescence spectra upon excitation at 500 nm of LHCb9.2 WT and
N164H mutant are shown by a solid and dashed line, respectively. All spectra
are normalized to the maximum value. a.u., arbitrary units.

pigment composition and protein structure (28). In order to
reconstruct LHCb9.1 and LHCb9.2 spectra, at least one red-
shifted spectral form at 685—690 nm had to be introduced in
order to obtain a satisfactory fitting (Fig. 3C). This is different
from all other LHCbs, where the red-most Chl is consistently
found around 680 nm using the same analysis (45). Consistent
with this red-shifted absorption, the low temperature fluores-
cence emission spectra peaked at 683 and 687 nm, respectively,
for LHCb9.1 and LHCb9.2 with respect to the 679 nm of HvL-
HCb2 (Fig. 3D). Such a property is unique among LHCb pro-
teins, which all show very similar fluorescence emission peaks
at 679 — 680 nm (44, 45).

Site-directed Mutagenesis on Chl 603-binding Residue of
LHCb9.2—In order to verify experimentally if the red-shifted
emission in LHCb9 originated from the Chl 603 as in the PSI
antenna, we generated site-directed mutants substituting the
asparagine ligand with a histidine, which was effective in reduc-
ing red forms in Lhca (18). The Asn to His mutation does not
alter significantly the Chl binding properties, as suggested by
the invariance of the Chl a/b ratio (1.29 * 0.07 in the mutant
versus 1.36 = 0.05 in WT). Fluorescence emission is instead
influenced and is clearly blue-shifted from 686 to 681 nm (Fig.
4). It is worth pointing out that the fluorescence emission spec-
trum of the Asn to His mutant is now very similar to that of
other LHCb proteins, demonstrating the key role of this amino
acid substitution in inducing the spectral shift.

Localization of LHCDY in P. patens Thylakoids—In order to
locate the LHCb9 polypeptides in P. patens thylakoids, we pro-
duced a polyclonal antibody using recombinant LHCb9.1 poly-
peptide as antigen. Among P. patens thylakoid proteins sepa-
rated by SDS-PAGE, the anti-LHCb9 antibody recognized a
band with apparent molecular mass of 29,300 Da (i.e. the mass
of LHCb9 mature protein). Other bands are also highlighted in
the 20-30 kDa range, where LHCs are expected to migrate
(supplemental Fig. 1) and are probably due to binding to con-
served LHC epitopes. To confirm this attribution, we repeated
the Western blotting analysis by preincubating the antibody
with LHCb9.1 and LHCb9.2 inclusion bodies. As shown in sup-

AUGUST 19,2011 +VOLUME 286+-NUMBER 33

Red Forms in Plant Photosystem Il

LL CL HL

Chlng 1.0 20 30 0510 15 1.0 20 3.0
|

a - Lhcb9 . e I e o

FIGURE 5. LHCb9 accumulation in different light conditions. Western blot-
ting against LHCb9 in P. patens thylakoids purified from plants grown under
different light regimes. Different dilutions of the same sample were loaded to
ensure signal linearity. As indicated, to achieve similar signal intensities, dif-
ferent Chl amounts of low light (LL), control light (CL), and high light (HL)
thylakoids have been loaded. a. u., arbitrary units.

plemental Fig. 1, the band attributed to LHCb9 is depleted by
the preincubation differently from other bands with lower
apparent molecular mass, implying that the upper band was
indeed LHCDb9. Moreover, we verified that antibodies against
LHCb1 to -3, LHCb4, LHCb5, and LHCb6 (9) recognized bands
with lower apparent molecular weight with respect to that iden-
tified as LHCb9 (not shown). It should be noted that the anti-
LHCb9.1 did recognize both recombinant LHCb9.1 and
LHCDb9.2 isoforms with similar affinity, as expected from their
high sequence similarity (supplemental Fig. 1).

We then proceeded to LHCb9 immunotitration in P. patens
thylakoids in order to evaluate its approximate stoichiometry
with respect to other thylakoid proteins. With this aim, we first
determined the affinity of the antibody for LHCb9.1 by mea-
suring the signal obtained from gels loaded with different
amounts of recombinant LHCb9.1 reconstituted in vitro with
pigments. On the same gel, we also loaded different amounts of
thylakoid membranes (for details, see “Experimental Proce-
dures”). Densitometric quantification showed that the same
immunoblotting signal was obtained by loading 407 = 53 Chls
from thylakoids and one Chl from recombinant LHCb9.1 pro-
tein. This value can be used to estimate a stoichiometry of
0.19 = 0.06 LHCb9 copies/PSII, by using the Chl/LHCb9 mon-
omer and Chl/PSII values of 10 = 2 and 788 = 132, respectively
(see “Experimental Procedures” for details). This result must be
taken with some caution because it depends on several estima-
tions; nevertheless, it suggests that LHCDb? is a significant com-
ponent of P. patens thylakoids.

We also used the anti-LHCb9 antibody to assess if protein
accumulation is modulated by light intensity during plant
growth. We found that LHCb9 is more abundant in control
conditions with respect to both low light and high light condi-
tions (Fig. 5). Antenna proteins have normally similar regula-
tory patterns; the isoform with a preferential role in light har-
vesting is normally induced in low light, whereas proteins
involved in photoprotection as LHCSR or PSBS are induced in
strong light (8, 46, 47). Instead, here LHCb9 has a unique reg-
ulation with an increased expression in intermediate light
conditions.

Localization of LHCb9 in PSII-LHCII Supercomplexes—Data
presented so far showed that LHCb9.1 and/or LHCb9.2 are
indeed present in P. patens thylakoids. Red-shifted Chl forms
have not been described before in a PSII antenna protein, and
this might suggest that LHCb9 is associated with PSI, despite its
sequence similarity with LHCb proteins. In order to assess
whether LHCb9 is associated with PSI or PSII, we fractionated
thylakoid pigment-binding complexes by sucrose gradient
ultracentrifugation upon solubilization with a mild detergent
(Fig. 6A). Green bands were identified from their migration,
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FIGURE 6. LHCb9 distribution in P. patens thylakoids. A, sucrose gradient
ultracentrifugation pattern from solubilized thylakoids purified from plants
grown in control light conditions. Pigments are distributed in six bands cor-
responding (from the top) to free pigments, monomeric and trimeric antenna
proteins, and PSI-LHCl and PSII-LHCII supercomplexes of two different sizes. A
seventh expected band corresponding to the PSll core is very faint. B, Western
blotting against LHCb9 on different bands from sucrose gradient. In the first
row (i), 1 ng of Chl was loaded in each lane, whereas in the second row (ii), the
same band volume was loaded. 1 ug of Chl of thylakoids was always loaded as
reference.

absorption spectra, and SDS-PAGE profile. PSI and PSII
antenna complexes are well separated by this method. In fact,
although LHCas are stably associated with the reaction center
complex of PSI upon detergent solubilization, LHCbs are easily
dissociated in two major bands corresponding to monomeric
and trimeric antenna proteins, although a relevant fraction of
LHCb proteins in P. patens migrates at the bottom of the gra-
dient as PSII-LHCII supercomplexes (9). We tested these
sucrose gradient bands for the presence of LHCb9 and found
that this protein is enriched in monomeric antennas and PSII
supercomplexes (Fig. 6B), strongly suggesting its association
with PSII.

A further support for the association of LHCb9 to PSII reac-
tion center was found by exploiting its peculiar emission at low
temperature (i.e. red shift with respect to all other known LHCb
polypeptides). This feature allows identification of this poly-
peptide even when it is mixed with other PSII antenna proteins.
The 77 K fluorescence emission spectrum from the monomeric
antenna fraction (sucrose band 2; Fig. 6A4), enriched in LHCb9,
is wider than spectra from the trimeric fraction, and a shoulder
can be resolved at 685 nm in the former fraction, consistent
with the LHCb9 emission (Fig. 7, A and B).

The second derivative analysis of the spectra (Fig. 7B)
allowed highlighting of the presence of a contribution peaking
at 685 nm in the monomeric fractions, which is completely
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missing in the trimer antenna fraction. We also noticed that the
monomeric and trimeric fractions purified from A. thaliana
thylakoids have very similar fluorescence emission spectra con-
sistent with the absence of LHCD9 in this plant. In particular,
the red-most contribution is missing, thus further strengthen-
ing the correlation between LHCb9 and the red-shifted fluores-
cence emission signal.

In Fig. 7C, the LT fluorescence of P. patens PSII supercom-
plexes is shown together with LHCb trimers and monomers,
used as a reference for the absence and the presence of LHCb9,
respectively. In the supercomplex spectrum, the main peak cor-
responds to the emission from antenna proteins, whereas a
shoulder at around 695 nm is due to PSII core emission. In these
samples, emissions in the 725-740 nm interval is also visible
due to a small contamination from PSI-LHCI supercomplexes.
The blue-most peak from the antenna, however, is clearly wider
than that from LHCII trimers alone and very similar to that
from monomeric antennas, consistent with a red-shifted con-
tribution from LHCb9 in PSII supercomplexes, confirming its
association with PSII-LHCII supercomplexes suggested by
immunoblotting.

DISCUSSION

LHCDbY Is a New Photosystem II Antenna Polypeptide—In this
work, we characterized LHCb9, a new LHC polypeptide with
peculiar properties in the moss P. patens. Antenna polypep-
tides associated with PSI and PSII can be distinguished based on
their amino acid sequence because of their early divergence
during the evolution of plants (4, 48). We first defined this poly-
peptide as a photosystem II antenna because of the high simi-
larity with LHCb antenna proteins (9). LHCb9 sequence and
pigment binding prediction showed similarity to both mono-
meric (LHCb5) and trimeric (LHCbm) PSII antenna proteins,
and thus LHCb9 could not be assigned to one or the other
subgroups. Immunoblotting with an antibody directed against
LHCb9, however, localized this protein in fractions containing
monomeric LHCbs (LHCb4, LHCb5, and LHCb6) rather than
in those containing the trimeric peripheral LHCII. Consis-
tently, LHCb9 was found to be part of the PSII-LHCII large
supercomplex (Figs. 6 and 7). Thus, although the possibility
that LHCb9 transiently associates to photosystem I during state
transition cannot be excluded, its identification as a genuine
PSII antenna is consistent with all experimental results. Mono-
meric LHCbs have been localized between the PSII core com-
plex and the peripheral antenna LHCII (49, 50). In P. patens,
genes encoding monomeric LHCb4, LHCb5, and LHCb6 sub-
units are all transcribed, and the corresponding polypeptides
accumulate (9). Thus, LHCb9 does not substitute completely
one or more of LHCb4 to -6 in PSII-LHCII architecture. It is,
however, possible that LHCb9 might take the place of LHCb4 to
-6 in a fraction of PSII supercomplexes, consistent with its sub-
stoichiometric abundance with respect to the PSII core com-
plex. Alternatively, it might bind to the PSII core in parallel with
LHCDb4 to -6 on the peripheral antenna layer.

Possible Physiological Role of LHCh9—LHCD9 is the only
known case of a PSII antenna having an asparagine as Chl 603
ligand instead of histidine. Asparagines coordinate chloro-
phylls as well as histidines, but the size of the lateral chain is
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FIGURE 7. Spectroscopic evidence for the presence of LHCb9 among P. patens antennas. A, LT fluorescence spectra of band 2, containing monomeric
LHCbs and trimeric LHCII, shown as solid and dashed lines, respectively. B, second derivative of spectra shown in A. C, comparison of LT spectra of bands from
a sucrose gradient containing PSII-LHCII supercomplexes (dotted line) and monomeric (solid line) and trimeric (dashed line) antenna fractions from P. patens. All
spectra were normalized to the peak value. Excitation was set at 500 nm. a.u., arbitrary units.

smaller, bringing the ligand closer to the protein backbone. In
this case, Chl 603 also becomes closer to Chl 609. In this con-
text, the strength of the Chl-Chl interaction is higher and leads
to the formation of a charge transfer state and of red-shifted Chl
absorption forms (18 —-20). In the case of LHCb9.2, this effect
can be shown by the 6-nm shift observed in fluorescence emis-
sion between the WT and Asn to His mutant (Fig. 4).

Thus, our data show that red-shifted forms are indeed pres-
ent in LHCD9. It is worth underlining that although transition
energies in this complex are higher than in the PSI antenna,
these are nevertheless relevant because they are associated with
PSII, where the reaction center energy (P680) is higher than in
PSI (P700). Furthermore, trapping time is much slower in PSII
than PSI, and thus any exciton delocalization is expected to
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have a stronger effect on photochemistry here with respect to
the case of PSIL. Certainly, LHCb9 significantly affects energy
distribution in PSII-LHCII supercomplexes as shown by the LT
fluorescence spectra; here, in fact, the LHCb9 effect can be
detected despite the fact that this protein is present in far lower
amounts with respect to other non-red-shifted antenna sub-
units (Fig. 7).

Red forms in PSI have been suggested to increase light
absorption, providing an advantage in a spectrally filtered light
caused by self-absorption and shading (51-53). Alternatively,
red forms of PSI have been proposed to play a relevant role in
PSI photoprotection by concentrating excitation energy in pro-
tein domains specialized for Chl singlet/triplet quenching (54,
55). Because an LHCb9 homologous has not yet been found in
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any other plant but mosses, we might speculate that this protein
plays a role related to specific environmental conditions expe-
rienced by P. patens. Mosses grow in a dim light environment,
where red-shifted forms can provide some advantage in a shade
environment when the light spectrum is altered by self-absorp-
tion (52).

As for the photoprotection role, it is worth mentioning that
plants growing shaded by overhanging canopies are exposed to
sudden light increase during sun flecks, a highly stressful con-
dition leading to oxidative stress (56). It has been recently
shown that the interaction between Chl 603 and Chl 609 is
needed for the formation of a carotenoid radical cation whose
fast recombination yields heat dissipation (57). We can thus
hypothesize that red forms within the PSII antenna system of
P. patens may also function in focusing excitons within a low
energy sink, where they can be safely dissipated. As in the
case of PSI, thus also for LHCb9, red-shifted Chls may play a
role both in light harvesting and photoprotection, and
according to analysis of protein accumulation, its effect is
more helpful in intermediate light conditions. In order to
verify LHCD9, this hypothesis on their physiological role, a
reverse genetic analysis of the two LHCDb9 isoforms is
required that can be performed thanks to the unique prop-
erty of P. patens of performing homologous recombination,
as recently exploited for the determination of the function of
LHCSR and PSBS proteins (58).
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