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Abstract

Light-harvesting complex II (LHCII) absorbs light energy and transfers it primarily to photosystem II in green algae and
land plants. Although the trimeric structure of LHCII is conserved between the two lineages, its subunit composition and
function are believed to differ significantly. In this study, we purified four LHCII trimers from the green alga Chlamydomonas
reinhardtii and analyzed their biochemical properties. We used several preparation methods to obtain four distinct frac-
tions (fractions 1-4), each of which contained an LHCII trimer with different contents of Type I, III, and IV proteins. The
pigment compositions of the LHCIIs in the four fractions were similar. The absorption and fluorescence spectra were also
similar, although the peak positions differed slightly. These results indicate that this green alga contains four types of LHCII
trimer with different biochemical and spectroscopic features. Based on these findings, we discuss the function and structural

organization of green algal LHCII antennae.
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CBB Coomassie brilliant blue
Chl Chlorophyll

Cv Column volume
o-DDM Dodecyl-a-D-maltoside

f-DDM Dodecyl-p-D-maltoside

LHCII Light-harvesting complex 11

MES 2-(N-morpholino) ethanesulfonic acid

PSII Photosystem II

PSI Photosystem I

SDG Sucrose density gradient

SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis

UPLC Ultra-performance liquid chromatography
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Introduction

Light-harvesting complex II (LHCII) absorbs solar energy in
green algae and land plants and transfers it primarily to pho-
tosystem II (PSII) to produce chemical energy. LHCIIs form
three transmembrane and two short a-helices (Janik et al.
2017) with chlorophyll (Chl) a and b and carotenoids (vio-
laxanthin or zeaxanthin, neoxanthin, and lutein) (Liu et al.
2004; Standfuss et al. 2005). Oligomerization of LHCIIs
into either trimers or monomers has been demonstrated by
structural biological studies.

LHCII trimers are composed of three trimeric LHCII
proteins, including Lhcb1, Lheb2, and Lheb3, where Lhebl
is coded for by multiple genes and Lhcb2 and Lhcb3 are
coded for by smaller number genes (Jansson 1999). LHCII
trimers are thought to form homotrimers of Lhcb1 or Lhcb2
and heterotrimers of Lhcb3 and Lhebl and/or Lheb2 (Jack-
owski et al. 2001; Caffarri et al. 2004), whereas the minor
monomeric LHCIIs consist of CP24 (Lhcb6), CP26 (Lhcb5),
and CP29 (Lhcb4) (Jackowski et al. 2001; Caffarri et al.
2004; Wei et al. 2016). LHCII trimers can be categorized as
strongly (S) or moderately (M) bound LHCII trimers based
on the strength of their interaction with the PSII core (C).
Recent cryo-electron microscopy analyses of the structure of
the C,S,M,-type PSII-LHCII complex showed that Lhcb3 is
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the LHCII monomer in the M-trimer in contact with CP24
(Su et al. 2017).

In contrast to plant LHCII, LHCII subunits in the green
alga Chlamydomonas reinhardtii consist of the products
of nine genes (LhcbM1-9): Type I (LhcbM3, LhcbM4,
LhcbM6, LhebMS8, and LhebM9), Type IT (LhcbMS5), Type
[T (LhcbM2 and LhcbM7), and Type IV (LhcbM1) (Mina-
gawa et al. 2004; Drop et al. 2014; Natali and Croce 2015).
Previous studies proposed the following functions for each
Chlamydomonas LHCII: Type I (LhcbMD9) acts as a quencher
under conditions of sulfur deficiency (Nguyen et al. 2008;
Grewe et al. 2014); Type II functions as a monomer and is
involved in state transition in Chlamydomonas (Takahashi
et al. 2006); Type III (LhcbM2 and M7) is also thought to
be involved in state transition in Chlamydomonas, similar to
Type II (Ferrante et al. 2012); and Type IV (LhcbM1) plays
a role in thermal dissipation but not state transition (Elrad
et al. 2002; Natali et al. 2015).

A prominent feature of green algal LHCII is that the
PSII-LHCII complex includes a third LHCII trimer known
as loosely (L)-bound LHCII trimers, in addition to the S-
and M-trimers. L-trimers are associated with the PSII core
instead of CP24, thereby forming a C,S,M,L,-type PSII-
LHCII complex (Tokutsu et al. 2012). However, there is no
biochemical evidence clearly indicating whether the LHCII
trimers of green algae are composed of a single type or mul-
tiple types of LHCII subunit (Minagawa et al. 2004; Drop
et al. 2014; Natali and Croce 2015).

To elucidate the characteristics of Chlamydomonas
LHCII, we performed biochemical analyses of LHCII trim-
ers. Four distinct trimeric forms of LHCII with different
subunit compositions but similar molecular weights were
purified by ion-exchange chromatography via sucrose den-
sity gradient (SDG) ultracentrifugation. The pigment com-
position and spectroscopic properties of all four trimeric
forms were similar, although the peak positions differed
slightly. These findings suggest that the four LHCII trimers
have similar light-harvesting capability, whereas the struc-
tural and interaction properties of LHCII monomers vary.

Materials and methods
Strain and culture

The PsaA-His strain JVDI1-1B[pGG1-46]) was used in
this study (Gulis et al. 2008). The mutant was grown in
Tris—acetate—phosphate medium (Gorman and Levine 1965)
under low light (<20 pmol photons m~2 s~!) with ambient
air bubbling at 23 °C until reaching mid-log growth phase
(3-6x 10° cells/mL). Freshly harvested cells were used to
prepare thylakoid membranes.
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Isolation of thylakoid membranes and purification
of LHCII trimers

Cells were disrupted twice using a BioNeb® cell disrup-
tion system (BioNeb Limited, London, England) at 7.5 kg/
cm?, and thylakoid membranes were isolated as described
previously (Tokutsu et al. 2012). Thylakoid membranes
were solubilized with 1.4% (w/v) dodecyl-a-D-maltoside
(a-DDM) at a Chl concentration of 0.5 mg/mL for 30 min
at 4 °C in the dark. In this study, we used a-DDM instead
of dodecyl-p-D-maltoside (B-DDM) for solubilization
because the detergent type affects the oligomerization of
LHCII and homogenous LHCII trimers cannot be obtained
by solubilization with -DDM (Tokutsu et al. 2012). The
resultant supernatant was subjected to nickel-affinity
column chromatography to remove photosystem I (PSI)-
LHCII complexes. The fraction that was passed through
the Ni column was subjected to SDG ultracentrifugation
(Tokutsu et al. 2012). The LHCII trimer fraction in the
upper region of the SDG (Fig. la, inset photographs)
was then subjected to chromatography on an AKTA-
pure system (GE Healthcare Life Sciences, Chicago,
IL, USA) equipped with an OMNIFIT column (50 mm
diameterx 300 mm length; International Scientific Instru-
ment Supply Co. Ltd., New Delhi, India) packed with
Q-Sepharose high-performance resin (GE Healthcare Life
Sciences) and equilibrated with a buffer containing 25 mM
2-(N-morpholino) ethanesulfonic acid (MES)-NaOH (pH
6.5), 0.02% (w/v) a-DDM, and 1.0 M betaine (buffer A).
The column was washed with buffer A until the eluate
became colorless. Four LHCII fractions were separated by
a 0-500 mM NaCl linear gradient in three column volumes
(CVs) (1 CV =10 mL) at a flow rate of 1.0 mL/min. Each
of the four fractions was subjected to further SDG ultra-
centrifugation to obtain pure LHCII fractions.

Sodium dodecyl sulfate and blue native
polyacrylamide gel electrophoresis

Sodium dodecyl sulfate (SDS)—polyacrylamide gel electro-
phoresis (PAGE) was performed according to the method
described by Ikeuchi et al. (Ikeuchi and Inoue 1988) and
carried out at room temperature with a 16-22% poly-
acrylamide gradient gel and stacking gel containing 7.5 M
urea. The reservoir buffer described by (Laemmli 1970)
was used for SDS-PAGE. Samples (3 pg of Chl) were solu-
bilized in a buffer containing 2% lithium dodecyl sulfate,
60 mM dithiothreitol, and 60 mM Tris—HCI (pH 8.5) on
ice for 5 min before loading onto the gel.

Blue native PAGE was performed according to the
method described by Wittig et al. (2006), with slight
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Fig. 1 Purification of the four types of LHCII trimers. a LHCII trim-
ers isolated by the first SDG ultracentrifugation (inset photograph)
were separated into four fractions of LHCII by anion-exchange chro-
matography (fractions 1-4). b LHCII trimers isolated by the second
SDG ultracentrifugation. ¢ Blue native PAGE analysis of the four
LHCII fractions. Fractions 1-4 were purified by the second SDG

modifications. The LHCII samples (3—4 pg of Chl) were
buffer exchanged with a buffer containing 25 mM MES-
NaOH (pH 6.5), 25% (w/v) glycerol, and 10 mM MgCl,
to a final Chl concentration of 0.5 mg Chl a and b/mL,
and then solubilized with 1.0% (w/v) a-DDM followed by
incubation on ice for 5 min. LHCII samples were mixed
with a Coomassie brilliant blue (CBB) solution containing
5% (w/v) Serva brilliant blue G-250 and 750 mM g-amino-
n-caproic acid at a ratio of 10:1 (v/v) and immediately
loaded onto the gel. Electrophoresis was performed at a
constant voltage of 100 V until the samples entered the
stacking gel, and then carried out at a constant current of
5 mA.

The gels were stained with CBB solution consisting of
CBB R-250, 40% (v/v) methanol, and 10% (v/v) acetic acid

Type - e - -
— p—
—

Typewf -t e -

Type II1

ultracentrifugation after chromatography. d SDS-PAGE analysis of
the four LHCII fractions obtained by the second SDG ultracentrifuga-
tion after chromatography. Lane 1, mixture of LHCII isolated by the
first SDG ultracentrifugation; lanes 2-5, fractions 1-4 purified after
the second SDG ultracentrifugation

for 3 h, and then destained overnight at room temperature in
a destaining solution consisting of 25% (v/v) methanol and
10% (v/v) acetic acid. The stoichiometries of each LHCII
type in the four LHCII trimers were determined by den-
sitometric analysis of a CBB-stained gel (Fig. 1d) using a
gel imaging system (ChemiDoc XRS + system; Bio-Rad,
Hercules, CA).

Absorption and fluorescence spectroscopy

Absorption spectra were acquired at room temperature
using an ultraviolet—visible spectrophotometer (UV-2600;
Shimadzu Co., Kyoto, Japan). Fluorescence spectra were
measured at 77 K using a fluorescence spectrophotometer
(RF-5300; Shimadzu Co.) equipped with a red sensitive
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photomultiplier (R928-08, Hamamatsu Photonics, Hama-
matsu City, Japan) using an excitation and emission band-
width of 1.5 nm. The excitation wavelength was set at
440 nm.

Pigment analysis

Pigments were extracted from purified LHCII with metha-
nol-acetone (50:50, v/v). In brief, the methanol-acetone
treated samples were centrifuged at 20,000Xg in the dark
at 4 °C for 5 min to remove insolubilized materials, and the
resulting supernatants were used for the following pigment
analysis. The pigments in the supernatant were separated by
ultra-performance liquid chromatography (UPLC) using an
H-class system (Waters Corp., Milford, MA, USA) equipped
with an 2.1 X 150 mm ACQUITY UPLC HSS C18 column
(Waters Corp.), as described previously by Tokutsu and
Minagawa (2013).

Results

Figure 1 shows the separation of LHCII complexes from
Chlamydomonas. The PSI-LHCII complex was sepa-
rated from the PsaA-His mutant by nickel-affinity column
chromatography, and the fraction that passed through the
affinity column was subjected to SDG ultracentrifuga-
tion. A major, clear green band, corresponding to LHCIISs,
was obtained (inset in Fig. 1a), and then fractionated by
anion-exchange chromatography (Fig. 1a). Four distinct
peaks, namely fractions 1-4, were separated, and each
of the four fractions was positioned at the same layer in
the SDG (inset in Fig. 1a), indicating that the four LHCII
trimers have similar molecular weights but different sur-
face charges properties. Each fraction was purified further
by SDG ultracentrifugation (Fig. 1b). Similar molecular
weights among the four LHCII trimer fractions were also
observed by blue native PAGE (Fig. 1¢). The main band in
each of the fractions appeared slightly above the molecu-
lar weight marker of 146 kDa, which is the characteris-
tic molecular weight for LHCII trimers (Garcia-Cerdan
et al. 2011). Two bands at a lower molecular weight in the
LHCII trimer band were thought to be LHCII monomer
and dimer, respectively (Janik et al. 2017). The composi-
tions of the subunits of the four LHCII trimers were ana-
lyzed by SDS-PAGE (Fig. 1d). The LHCII trimers isolated
in the first SDG ultracentrifugation (mixture of LHCIIs)
exhibited three characteristic bands corresponding to
subunit Types I, III, and IV (lane 1), whereas fractions
1-4 had different subunit compositions (lanes 2-5). Frac-
tion 1 contained two subunits, Types I and III, at a ratio
of 2:1 but did not contain Type IV. Fraction 2 contained
subunit Types I, III, and IV with a similar stoichiometry.
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Fraction 3 contained subunit Types I and III at a ratio of
1:2, although faint bands corresponding to Type IV were
detected. Fraction 4 contained subunit Types I, III, and
IV at a ratio of 1:2:1. These results clearly indicate that
Chlamydomonas accumulates at least four trimeric forms
of LHCII with different combinations of Types I, III, and
IV subunits. The subunit compositions of fractions 1-4 are
summarized in Table 1.

Figure 2 shows absorption spectra measured at room
temperature for fractions 1-4 obtained by anion-exchange
chromatography. The peaks around 672 and 650 nm rep-
resent the Qy bands of Chls a and b, respectively, and the
peaks in the shorter wavelength region were assigned as
the Soret bands of Chl a (435 nm) and of Chl » (470 nm)
and carotenoids (450-500 nm) (panel A). The spectra were
normalized to the Qy peak intensity of Chl a. In the Qy
band of Chl a, the peak positions were very similar (panel
B). The relative intensity of the Qy peak of Chl b increased
in the order fraction of 3>2=1>4 (panel B). In the Soret
region (panel A), the relative intensity among the trim-
ers differed slightly, and the intensity tended to decrease,
similar to the intensity of the Chl »-Qy band. Figure 3
and Table 2 show the pigment composition (based on the
molarity of Chl a) of each LHCII trimer after UPLC. The
contents of Chl » and various carotenoids (neoxanthin,
violaxanthin, lutein, and B-carotene) among in the four
fractions were very similar; however, there was a slight
difference in the spectral intensity of the Qy peak of Chl b
(Fig. 2). Although p-carotene was detected in fractions 1
and 2, it was considered a contaminant. Figure 4 shows the
fluorescence spectra of fractions 1-4 at 77 K. The spec-
tra exhibited a single peak at approximately 680 nm. No
fluorescence peaks associated with photosystem reaction
centers I and II were observed. The overall shapes of the
spectral peaks of the four fractions were almost identical,
and the spectral intensity of the longer wavelength region
was very similar, ranging from 700 to 760 nm, which is
regarded as indicative of Chl vibration bands (Lamb et al.
2018) (Fig. 4a). On the other hand, the fluorescence peaks
were slightly shifted to a shorter wavelength in the order
of fractions of 4>2>3>1 (Fig. 4b).

Table 1 Subunit composition of the four LHCII trimers

Fraction Subunit composition

1 LHCII Type I/III/IIT

2 LHCII Type I/II/IV

3 LHCII Type I/III/(IV)*

4 LHCII Type (I)*/III/(IV)?

*LHCII subunits in parentheses are probable contamination from
other fractions, LHCII dimer, or LHCII monomer
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Fig.2 Absorption spectra of the four LHCII fractions at room tem- Chl a. Panel A, whole region; Panel B, expanded view of the Qy band
perature. Fractions 1-4 are depicted as black, blue, red, and green, region of Chls a and b
respectively. The spectra were normalized to the Qy peak intensity of

Fig.3 Pigment composition

of the four forms of LHCII as
determined by UPLC. Fractions
1-4 are depicted as black, blue,
red, and green bars, respec-
tively. Data are presented as

the mean+ SEM (n=3). ND
indicates not detected

Table 2 Relative composition
of chlorophylls and carotenoids
in the four LHCII trimers

1.0
S
=
O
g
=
g
h ND ND
Neoxanthin Violaxanthin Lutein Chl b [B-carotene
Fraction Pigment composition/LHCII monomer

1 8.0 Chla, 6.2+0.2 Chl b, 4.0+0.4 Neo, 3.7+0.2 Vio, 1.2+0.0 Lut, 0.8 +0.2 Car
2 8.0 Chla, 6.7+0.1 Chl b, 3.1+0.4 Neo, 3.6+0.4 Vio, 1.2+0.0 Lut, 0.3+0.3 Car
3 8.0 Chla, 6.4+0.3 Chl b,4.1+0.5 Neo, 3.8+0.3 Vio, 1.1+0.0 Lut, 0.0+0.0 Car
4 8.0 Chl a, 6.3+0.2 Chl b, 5.3+0.4 Neo, 4.1+0.2 Vio, 1.0+0.2 Lut, 0.0+0.0 Car

Chl chlorophyll, Neo neoxanthin, Vio violaxanthin, Lut lutein, Car p-carotene
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Fig.4 Fluorescence spectra at 77 K of the four fractions of LHCII
excited at 440 nm. Fractions 1-4 are depicted as black, blue, red, and
green, respectively. The spectra were normalized to the maximum flu-

Discussion

In this study, we isolated four distinct trimeric forms of
LHCII from Chlamydomonas. A detailed biochemical char-
acterization (Fig. 1) showed that the four LHCII trimers are
composed of different combinations of Type I, III, and IV
subunits, indicating that the four LHCIIs form different trim-
ers. Fractions 1 and 2 contained heterotrimers consisting of
subunit Types I and III at a ratio of 2:1 and subunit Types
I, IV, and III at a ratio of 1:1:1, respectively, whereas frac-
tion 3 contained subunit Types I and III at stoichiometry
of 1:2. Fraction 4 contained an LHCII trimer composed
mainly of the Type III subunit and a small amount of Type
I and IV subunits, which were considered to be contami-
nants (Table 1). The separation pattern in Fig. 1a suggests
that Type I and IV subunits in fraction 4 may have come
from fraction 3 (Fig. 1d), indicating that fraction 4 is an
LHCII trimer consisting of subunit Types III, III, and IV or
only Type III. The plant-type LHCII trimers, S-trimer and
M-trimer, were identified as a homotrimer and heterotrimer,
respectively (Jackowski et al. 2001; Caffarri et al. 2004; Su
et al. 2017). Thus, the present findings provide solid evi-
dence that the subunit compositions and organizations of
LHCII trimers differ in green lineage oxygenic photosyn-
thetic organisms.

Several studies have examined the function of LHCII sub-
units. Type I (LhcbM9) acts as a quencher under conditions
of sulfur deficiency (Nguyen et al. 2008; Grewe et al. 2014).
We clearly showed that Type I subunit was present in all four
fractions (Fig. 1), suggesting that the four LHCII trimers
are involved in the quenching of excitation energy, but in
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different ways. Type IV (LhcbM1) plays a role in thermal
dissipation, but not state transition (Elrad et al. 2002; Natali
et al. 2015). Type IV subunit was contained in fraction 2
(Fig. 1d), but it was considered a contaminant in fractions 1,
3, and 4. This suggests that the Type IV subunit contained in
fraction 2 is involved in thermal dissipation. Type III subunit
(LhcbM2 and M7) was suggested to be involved in state
transition (Ferrante et al. 2012; Takahashi et al. 2014; Natali
et al. 2015). In our preparation, Type III subunit was present
in all LHCII trimers to different extents (Fig. 1d), indicat-
ing that Type III is the ubiquitous subunit of LHCII trimer
in Chlamydomonas. In a previous study, Type II subunit
was not observed within the PSII-LHCII supercomplex but
rather constituted an “extra” LHCII population (Drop et al.
2014). This feature may explain why we could not identify
the Type II subunit in the four LHCII trimers obtained from
the PSII-LHCII supercomplex.

There were minimal differences in the pigment composi-
tion of each LHCII trimer (Fig. 3, Table 2). Fractions 1 and
2 contained p-carotene, which may have been present due
to contamination of the reaction center and/or LHCII com-
plexes, as f-carotene is usually not a component of LHCII
trimers in land plants. The absorption and fluorescence spec-
tra of the four LHCII trimers were similar, except for very
minor differences in peak positions and intensities (Figs. 2
and 4). Further investigations of the excitation energy
dynamics in the LHCII preparations are required to elucidate
the function of the four LHCIIs in Chlamydomonas.

One of the major questions remaining to be addressed
concerns the localization of the four LHCII trimers in thyla-
koids. It has been reported that Chlamydomonas PSII-LHCII
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complexes are C,S,M,L,-type supercomplexes and a cer-
tain amount of Type I, III, and IV LHCII is involved in the
C,S,M,L,-type supercomplex (Tokutsu et al. 2012). To
clarify whether those four LHCII trimers (fractions 1-4)
are practically associated with PSII, it is necessary to try
the purification of LHCII trimers from the C,S,M,L,-type
supercomplex by a careful and reproducible method.
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