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ABSTRACT: Although the light-harvesting chlorophyll protein complex I (LHCI) of photosystem I (PSI) is
intimately associated with the PSI core complex and forms the PSI-LHCI supercomplex, the LHCI is
normally synthesized in PSI-deficient mutants. In this paper, we compared the subunit compositions of
the PSI-LHCI supercomplex and the LHCI by immunoblot analysis and two-dimensional gel electro-
phoresis combined with mass spectrometry. The PSI-LHCI supercomplex and the LHCI were purified
by sucrose density gradient centrifugation and (diethylamino)ethyl column chromatography fromn-dodecyl-
â-D-maltoside-solubilized thylakoids of the wild-type and∆psaBmutant of the green algaChlamydomonas
reinhardtii. The PSI-LHCI supercomplex contained all of the nine Lhca polypeptides (Lhca1-9) that
are detected in wild-type thylakoids. In contrast, the LHCI retained only six Lhca polypeptides, whereas
Lhca3 and two minor polypeptides, Lhca2 and Lhca9, were lost during the purification procedure. Sucrose
density gradient centrifugation showed that the purified LHCI retains an oligomeric structure with an
apparent molecular mass of 300-400 kDa. We therefore concluded that Lhca2, Lhca3, and Lhca9 are not
required for the stable oligomeric structure of the LHCI and that the association of these polypeptides in
the LHCI is stabilized by the presence of the PSI core complex. Finally, we discuss the possible localization
and function of Lhca polypeptides in the LHCI.

Light energy used to drive photosynthetic electron trans-
port is absorbed by antenna pigments located in the thylakoid
membranes. In higher plants and green algae, antenna
pigments reside in core and accessory antenna systems. The
core antenna system is fused with reaction center proteins
such as the PsaA/PsaB heterodimer in photosystem I (PSI)1

or is intimately associated with the reaction center complex
like CP43 and CP47 in photosystem II (PSII). The accessory
antenna systems are called the light-harvesting chlorophyll
a/b complexes (LHC). LHCI is functionally related to PSI
as is LHCII to PSII. It is known that LHCI is tightly
associated with the PSI core complex, and thus the PSI-
LHCI supercomplex is easily purified after solubilizing
thylakoids with nonionic detergents (1). On the contrary,
LHCII is loosely associated with the PSII core complex, and
thus the PSII-LHCII supercomplex can be isolated only
under mild conditions (2).

LHCI forms an oligomer and consists of several distinct
Lhca polypeptides (3). Two types of LHCI have been isolated
from higher plants: LHCI-680, which consists of Lhca2 and

Lhca3 and emits 77 K fluorescence peaking at 680 nm, and
LHCI-730, which consists of Lhca1 and Lhca4 and emits
fluorescence at 730 nm (4). The number of Lhca polypeptides
present in the PSI-LHCI supercomplex currently remains
controversial. The three-dimensional structure of the PSI-
LHCI supercomplex, as characterized by single particle
analysis with electron microscopy, suggests that 8-14 Lhca
polypeptides are present (5-7). Because the Lhca polypep-
tide is estimated to bind 10-12 chlorophyll molecules, there
must be 100 or more chlorophyll molecules bound to LHCI
in the supercomplex (8). The structure of the PSI-LHCI
supercomplex also suggests that Lhca polypeptides form a
half-ring structure and are bound at one side of the PSI core
complex (5). Recently, the crystal structure of plant PSI-
LHCI supercomplex has been determined at a 4.4-Å resolu-
tion (9). The structure revealed that the supercomplex
contains only 4 Lhca polypeptides. It is of interest that the
PSI-LHCI supercomplex fromChlamydomonas reinhardtii
is significantly larger than the corresponding complex in
spinach (6). However, the assignment and function of
individual Lhca polypeptides in the PSI-LHCI supercomplex
remain to be elucidated.

The LHCI complex ofC. reinhardtii was initially identi-
fied as CPO (chlorophyll protein O) by nondenaturing lithium
dodecyl sulfate polyacrylamide gel electrophoresis (10). The
relative electrophoretic mobility on the gel was lower than
that of CPI (PSI reaction center complex), suggesting that
CPO forms a high molecular weight complex. Because the
structure of the PSI-LHCI supercomplex appears similar
in C. reinhardtii and higher plants, the oligomeric structure
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of C. reinhardtii LHCI is rather stable compared with that
of higher plants. It was also found that CPO accumulates
normally in the PSI-deficient mutant (10). This indicates that
assembly of the LHCI is independent of the PSI complex
and that the oligomeric form of the LHCI accumulates stably
in vivo even in the absence of the PSI core complex. Two
types of the LHCI, LHCI-680 and LHCI-705, which emit
77 K fluorescence at 685 and 705 nm, respectively, have
been isolated from the PSI-LHCI supercomplex ofC.
reinhardtii. In contrast to LHCI-680 and LHCI-730 in higher
plants, the polypeptide composition of LHCI-680 and LHCI-
705 is very similar (3). Detailed biochemical analyses
revealed that there are nine distinct Lhca polypeptides inC.
reinhardtii (11).

In the present paper, we purified the PSI-LHCI super-
complex and the LHCI fromC. reinhardtii wild-type and
∆psaBcells and compared the polypeptide compositions by
SDS-PAGE and Western blotting. In addition, to compare
the polypeptides in the PSI-LHCI supercomplex and LHCI
at high resolution and sensitivity, we employed two-
dimensional gel electrophoresis (2DE) combined with tandem
mass spectrometry (MS/MS). We found that the LHCI from
the ∆psaBmutant still contained most of the major Lhca
polypeptides found in the PSI-LHCI supercomplex. Immuno-
blotting, however, revealed that Lhca3 (p14.1) is lost during
the preparation of the LHCI from∆psaBcells. The 2DE
identified two additional minor polypeptides that were
decreased in the purified LHCI. In conclusion, the association
of these Lhca proteins with the LHCI is stabilized by the
presence of the PSI core complex, but the presence of these
polypeptides is not required for stabilizing the oligomeric
structure of the LHCI.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions.In these studies, we used
the C. reinhardtii wild-type strain 137C and thepsaB-
deficient mutant (∆psaB). Cells were grown to mid-log phase
[(2-5) × 106 cells mL-1] in a Tris-acetate-phosphate (TAP)
medium at 25°C.

Purification of Chlorophyll-Protein Complexes.Thyla-
koid membranes were purified by discontinuous sucrose
density gradient centrifugation as described previously (12).
The thylakoid membranes (0.8 mg Chl mL-1) were solubi-
lized with 0.8% (w/v)n-dodecyl-â-D-maltoside (DM), and
the resulting extracts were fractionated by sucrose density
gradient centrifugation as described previously (13). The
sucrose gradient contained a linear concentration of sucrose
from 0.1 to 1.3 M in 5 mM Tricine-NaOH at pH 8.0 and
0.05% DM, and centrifugation was carried out at 141000g
(SW28, Beckman) at 4°C for 24 h. The chlorophyll-protein
complexes were further separated by column chromatography
on (diethylamino)ethyl (DEAE) Toyopearl 650S (Tosoh,
Tokyo, Japan). Fractions were eluted with a linear gradient
of NaCl (25-175 mM) in 50 mM Tris-HCl at pH 8.0 and
0.05% DM. Chlorophyll concentrations were determined as
described in ref14.

Western Blotting.Polypeptides were solubilized with 2%
SDS and 0.1 M dithiothreitol at 100°C for 1 min and
separated by SDS-PAGE according to ref15. D1 was
resolved by urea-SDS-PAGE as described in ref13. To
improve the separation of LHCI polypeptides around 20-

30 kDa, an SDS-PAGE system with a high Tris buffer and
gradient acrylamide concentration (15-22.5%) was used in
the resolving gel (16). Separated polypeptides were electro-
phoretically transferred to nitrocellulose filters and then
probed with specific polyclonal antibodies. The signals were
visualized by enhanced chemiluminescence.

2DE and MS.The 2DE was performed as described in
ref 17, and mass spectrometric analyses were conducted as
described in ref11.

Measurement of Fluorescence Emission Spectra.Fluores-
cence emission spectra were measured at 77 K with a Hitachi
fluorescence spectrophotometer F-4500. Samples were ex-
cited with an actinic light at 430 nm.

RESULTS

Purification of PSI-LHCI Supercomplex from Wild-Type
Cells. LHCI is tightly bound to the PSI core complex so
that the PSI-LHCI supercomplex can be isolated from
thylakoids solubilized with nonionic detergents under moder-
ate conditions (15). Figure 1A shows the separation profile
of the chlorophyll-protein complexes. The thylakoids puri-
fied from wild-type cells were solubilized with 0.8% DM,
and the resulting extracts were separated by sucrose density
gradient centrifugation. The gradient was collected from the
bottom, and the fractionation profile was monitored by
measuring the absorption at 670 nm. Three major peaks were
clearly detected (A-1, A-2, and A-3 from the top of the
gradient). Western blotting using anti-PsaD antibody indi-
cates that most of the PSI is present in A-3 (fractions 6-8),
and a small amount of PSI is in A-2 (fractions 9 and 10).
PSII was exclusively present in A-2, while LHCII was
separated in A-1 as described in refs15 and 18. Western
blotting using LHCI antibodies (anti-p14.1, p15, and p18.1)
revealed that the separation profile of LHCI is almost
identical to that of PSI, indicating that LHCI is copurified
with PSI on the sucrose density gradient. Two signals in A-1
(fractions 11-15), which were visualized with anti-p15, are
ascribed to its cross-reaction to LHCII proteins.

Fraction A-3 was subsequently loaded onto a DEAE
column and separated with a buffer containing a linear
gradient of NaCl (Figure 1B). We identified a single peak
containing both PSI and LHCI proteins, indicating that the
PSI and LHCI are stably associated to form a homogeneous
PSI-LHCI supercomplex. In addition, this chromatographi-
cal purification step improved the fluorescence emission
spectrum at 77 K; a shoulder peak at 685 nm, which may
be ascribed to a small contamination of the LHCII and/or
PSII, was almost removed (data not shown). The chlorophyll
a/b ratio was estimated to be 5.1, which is consistent with
the reported value of 4.4-5.1 (3, 6).

Purification of LHCI from ∆psaB Cells.The LHCI is
synthesized normally and stably accumulated in the absence
of the PSI core complexes (10). The C. reinhardtii LHCI
consists of several distinctive polypeptides (3, 11), and as
shown in Figure 1, all of the LHCI polypeptides detected in
the present study are associated with the PSI complex. We
compared the polypeptide compositions of the wild-type
PSI-LHCI supercomplex and the LHCI from the PSI-
deficient mutant∆psaB(19). Thylakoids from∆psaBcells
were solubilized under the same conditions as wild-type
thylakoids and were separated by sucrose density gradient
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centrifugation (Figure 2A). We found two major bands (A-1
and A-2) as well as a shoulder (A-3). Band A-1 contained
the LHCII, while A-2 consisted of the PSII core complex.
Western blotting using LHCI antibodies indicated that LHCI
is present in A-3 (fractions 5-12). Because this mutant lacks
PSI, A-3 was detected as a shoulder. The apparent molecular
mass of the LHCI on the sucrose density gradient was
estimated to be 300-400 kDa, indicating that the LHCI
polypeptides form a large complex even in the absence of
PSI. Of great interest is that the majority of the p14.1 (Lhca3)
polypeptide was separated at a slightly higher position than
the LHCII (fraction 16). Other LHCI polypeptides were not
detected in this fraction. This indicates that most of the p14.1
polypeptide was present as a monomer in the thylakoids or
was easily dissociated from the oligomeric form of LHCI
during solubilization and purification. Whether this polypep-
tide still binds pigments is unknown.

Because A-3 was still contaminated by other polypeptides,
we subjected this fraction to DEAE column chromatography
to further purify the LHCI. The LHCII separated into
fractions 2-16, which contained low concentrations of NaCl,
and a small amount of LHCI eluted into factions 8-18
(Figure 2B). The main portion of LHCI eluted at approxi-
mately 100 mM NaCl (fractions 24-30). In these fractions,
Lhca3 remaining in the LHCI-enriched fraction copurified
with other LHCI polypeptides. The third peak, eluting at a
higher concentration of NaCl, contained the PSII complex.
These observations indicate that the DEAE column chro-
matography effectively removed the contaminating LHCII

and PSII complex from the LHCI (Figure 2B). The chloro-
phyll a/b ratio of the purified LHCI was estimated to be 2.7,
which is more similar to the ratio of 2.8 in LHCI-705 than
2.1 in LHCI-680 (3).

More severe treatment of the PSI-LHCI supercomplex
generates two types of LHCI, LHCI-680 and LHCI-705 (3).
However, one main type of LHCI was isolated from the PSI-
deficient mutant (Figure 2). Fluorescence emission spectrum
measured at 77 K showed a peak at 708 nm and a shoulder
at 685 nm, reminiscent of those of LHCI-705 and LHCI-
680, respectively (Figure 3). The fluorescence peaking at
708 nm may correspond to a typical emission band from an
oligomeric form of LHCI, and the fluorescence at 685 nm
might be derived from a more modified form of LHCI (3).
This suggests that, during the purification process, there is
a small modification to the structural integrity of the purified
LHCI.

We next compared the polypeptide profile of the PSI-
LHCI and LHCI preparations. The left panel in Figure 4
shows the polypeptides separated on the SDS-polyacryl-
amide gel, which has an improved resolution in the 20-30-
kDa range (15, 16). In addition to PsaD and PsaF in the
PSI-LHCI supercomplex, this gel resolved at least seven
polypeptide bands (a-g). Band e appeared as a diffuse band
migrating above f, and re-electrophoresis of the excised gel
containing bands e and f clearly showed two distinct bands.
These bands from a to g are assigned as Lhca4 (p14), Lhca6
(p18.1), Lhca3 (p14.1), Lhca5 (p15.1), Lhca7 (p15), Lhca8
(p18), and Lhca1 (p22.1), respectively (Table 1) (20).

FIGURE 1: Purification of the PSI-LHCI supercomplex from wild-type cells. Thylakoids purified from wild-type cells (0.8 mg chl/mL)
were solubilized with 0.8% DM and subsequently separated by sucrose density gradient centrifugation (A). The gradient was collected
from the bottom to the top, and the fractionation profile was monitored by an absorption at 670 nm. The resulting fractions were analyzed
by Western blotting using antibodies against PsaD and LHCI polypeptides (p14.1, p15, and p18.1). Anti-p15 and anti-p18.1 antibodies
cross-reacted against other Lhca polypeptides; arrowheads indicate p15 and p18.1 bands. Fraction A-3, which is enriched in the PSI-LHCI
supercomplex, was further purified by DEAE column chromatography (B). The fractions were eluted with a linear gradient of NaCl (25-
150 mM) in 50 mM Tris-HCl at pH 8.0 and 0.05% DM, and they were monitored by an absorption at 670 nm. The collected fractions were
analyzed by Western blotting using the same antibodies as in A.
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Furthermore, as expected, neither PsaD nor PsaF was
detected in LHCI from the∆psaB strain, and band c,
corresponding to Lhca3 (p14.1), was deficient or significantly
reduced on the gel. This one-dimensional SDS-PAGE did
not reveal any other differences between these two prepara-
tions. This was confirmed by the fact that Western blotting
showed that p15 and p18.1, as well as several anti-p18.1
cross-reacting bands, which may correspond to bands a-f,
were at essentially equal levels in the PSI-LHCI and LHCI
preparations. However, as expected from the results in Figure

2, the amount of Lhca3 was significantly reduced in the
LHCI but fully present in the PSI-LHCI supercomplex.

To determine in more detail which Lhca polypeptides are
tightly associated with the PSI-LHCI supercomplex, we
separated the polypeptides by 2DE and stained the gel with
silver (Figure 5). To identify the Lhca polypeptides that do
not copurify with the complex in the absence of PSI, the
polypeptides of the LHCI isolated from∆psaB were
independently separated by 2DE, and the protein map was
compared to the protein map from the PSI-LHCI super-
complex. Recent investigations of detergent-solubilized PSI-

FIGURE 2: Separation of the LHCI from∆psaBcells. Thylakoids purified from the∆psaBcells (0.8 mg chl/mL) were solubilized with
0.8% DM and subsequently separated by sucrose density gradient centrifugation as described in Figure 1A. The gradient was collected
from the bottom to the top, and the fractionation profile was monitored by an absorption at 670 nm. The resulting fractions were analyzed
by Western blotting using antibodies against PsaD and LHCI polypeptides (p14.1, p15, and p18.1). Anti-p15 and anti-p18.1 antibodies
cross-reacted against other Lhca polypeptides; arrowheads indicate p15 and p18.1 bands (A). Fraction A-3, which is enriched in LHCI, was
further purified by DEAE column chromatography (B). The fractions were eluted with a linear gradient of NaCl concentration (25-175
mM) in 50 mM Tris-HCl at pH 8.0 and 0.05% DM, and they were monitored by an absorption at 670 nm. The collected fractions were
analyzed by Western blotting using the same antibodies as in A.

FIGURE 3: Fluorescence emission spectra of the PSI-LHCI
supercomplex and LHCI at 77 K. These complexes were purified
as described in Figures 1B and 2B, suspended in 50 mM Tris-HCl
at pH 8.0 and 0.05% DM, and excited with an actinic light at 430
nm.

FIGURE 4: Comparison of the polypeptide profiles from wild-type
and∆psaBmutant strains. The purified LHCI from∆psaBmutant
cells (1) and the PSI-LHCI supercomplex from wild-type cells
(2) are shown. Although seven distinctive Lhca polypeptides (a-
g) were observed in the PSI-LHCI supercomplex, band c appears
to be missing from the LHCI. Western blot analysis revealed that
Lhca3 is significantly reduced in the LHCI.
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LHCI supercomplex using 2DE coupled to Western blotting
and MS/MS analysis (11, 17) have identified the Lhca
polypeptides present in individual 2DE spots and have shown
that 2DE coordinates are reliable parameters for assigning
protein identity. We therefore used these detailed 2DE maps
for our current studies. In some cases, the identity of proteins
in 2DE spots was confirmed by MS/MS analysis of tryptic
peptides coupled with database searching (Table 2). In all
cases, these results in Figure 5 confirmed previous analyses
(11, 17).

Comparison of the 2DE maps from PSI-LHCI and LHCI
revealed that protein spots containing Lhca1 (p22.1; spots 2
and 29), Lhca7 (p15; spots 3, 4, 6-8, and 26), and Lhca8
(p18; spots 25 and 31) are enriched in the LHCI (Figure 5).
In particular, spot 2, which is primarily composed of Lhca1
(p22.1), is the most intensely stained spot among the LHCI
polypeptides on the 2DE gel. Spots 25 and 26, which are
composed of only Lhca7 (p15) and Lhca8 (p18), respectively,
are also enriched in the 2DE gel of the LHCI. In contrast to
the spots containing the Lhca1, Lhca7, and Lhca8 proteins,
the spots containing Lhca2 (p19; spot 8) and Lhca9 (p22.2;
spot 1) are less intensely stained on the 2DE gel of the
purified LHCI compared to those of the PSI-LHCI super-
complex. Spot 1, which is composed of only Lhca2-like
polypeptide (p22.2), and spot 8, which is primarily composed
of Lhca2 (p19), are present on the 2DE map of the∆psaB
thylakoids (see open circles in Figure 5a) and on the 2DE
map of the PSI-LHCI supercomplex but not on the 2DE
map of the LHCI (Figure 5). This indicates that these proteins
are present in the thylakoid membrane but do not associate
stably with the LHCI in the absence of PSI.

Spot 34 was detected on the 2DE gel of the PSI-LHCI
supercomplex but not on the 2DE gel of the LHCI. The MS/
MS analysis indicates that this spot corresponds to theR
subunit of cytochrome b559. Although the PSI-LHCI super-
complex is highly purified by sucrose gradient centrifugation
and DEAE chromatography, the presence of other thylakoid-
membrane proteins in this fraction is not completely ex-
cluded. The presence of this PSII-RC polypeptide with the
PSI-LHCI supercomplex is thus probably an artifact of the
purification procedure.

The protein spots containing Lhca5 (p15.1; spots 6-10),
Lhca6 (p18.1; spots 7 and 9-11), and Lhca4 (p14; spots 7
and 33) are, for the most part, less intensely stained on the
2DE gel of the LHCI, although p14 (spot 33) may be slightly
enriched in the LHCI. These Lhca polypeptides constitute
minor components of the purified LHCI. In addition, Lhca3
(p14.1) is less abundant in the LHCI than in the PSI-LHCI
supercomplex when the spot volumes were analyzed by
Phoretix 2D software. This agrees with the immunoblots and
the SDS-PAGE analyses (Figure 3).

Interestingly, a new protein spot appears on the 2DE gel
of the purified LHCI (Figure 5). This 2DE spot is induced
in thylakoids isolated fromC. reinhardtii grown in iron-
deficient media and was identified as an Lhca protein by
Western blotting (21). Analysis of this 2DE spot with MS/
MS suggests that this polypeptide is an N-terminal-processed
form of Lhca3 (Stauber, E. J. and Hippler, M., unpublished).
This is not surprising because Lhca3 is expected to be more
susceptible to proteolytic degradation in the absence of PSI.

DISCUSSION

In the present paper, we used sucrose density gradient
centrifugation and DEAE column chromatography to purify
the PSI-LHCI supercomplex from wild-typeC. reinhardtii
and the LHCI the PSI-deficientC. reinhardtiimutant∆psaB,
and we compared the polypeptide composition of the two
complexes. Relatively strong solubilization treatments are
required for dissociation of LHCI from wild-type cells
because of the tight association between the PSI core and
LHCI. As a result, two types of LHCI, LHCI-680 and LHCI-
705, are separated from wild-typeC. reinhardtii (3). Al-
though these LHCI subfractions emitted different low-
temperature fluorescence emission maxima, the polypeptide
composition was not distinguishable. Because the LHCI is
synthesized normally in the PSI-deficient∆psaBcells (10)
but is not associated with the PSI complexes, it was easily
purified under mild conditions. In addition, only one main
type of LHCI was isolated from the mutant cells, probably
as a result of these mild conditions, and we suggest that the
two types of LHCI isolated in the former study correspond
to different aggregation states caused by the detergent
treatment (3). Thus, it appears that the LHCI isolated from
the ∆psaB mutant maintains its structural and functional
features to a higher extent than the complex isolated from
the wild-type cells. Finally, on the basis of the apparent
molecular mass of the LHCI on sucrose density gradients,
we can conclude that the core of the LHCI fromC.
reinhardtii forms a stable multiprotein complex that is
different from the apparent dimeric structures of LHCI from
vascular plants.

The comparative analyses of the polypeptide composition
of the PSI-LHCI supercomplex and the LHCI provided for
us some new insight into the subunit structure of LHCI in
C. reinhardtii. Western blotting of fractions from sucrose
density gradients and DEAE column chromatography re-
vealed that almost all of the Lhca polypeptides copurified
with PSI polypeptides. The one-dimensional SDS-PAGE
system optimized for separation of Lhca polypeptides
resolved seven distinct polypeptides (corresponding to a-g)
from the PSI-LHCI supercomplex (Figure 4). In addition,
the 2DE system showed highly detailed polypeptide profiles
of Lhca polypeptides as reported previously (11, 17). The
immunochemical results showed that most of Lhca3 (p14.1)
dissociated from the oligomeric LHCI from∆psaB cells,
although this polypeptide was tightly associated with the
PSI-LHCI supercomplex. Thus, the purified LHCI from the
mutant contained a significantly reduced amount of Lhca3
(p14.1) (Figure 3). The 2D protein maps of the PSI-LHCI
supercomplex and the LHCI indicated that, in the LHCI
compared to the PSI-LHCI supercomplex, Lhca1 (p22.1),
Lhca7 (p15), and Lhca8 (p18) are enriched, whereas Lhca2
(p19), Lhca3 (p14.1), and Lhca9 (p22.2) are diminished. This

Table 1: Genes of LHCI Polypeptides inC. reinhardtii

gene protein band on the gel

Lhca1 p22.1 g
Lhca2 p19 minor polypeptide
Lhca3 p14.1 c
Lhca4 p14 a
Lhca5 P15.1 d
Lhca6 p18.1 b
Lhca7 p15 e
Lhca8 p18 f
Lhca9 p22.2 minor polypeptide
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suggests that a majority of the Lhca2 (p19), Lhca3 (p14.1),
and Lhca9 (p22.2) polypeptides in the thylakoids are weakly
associated with the oligomeric LHCI or remain as a
monomer. In either case, the presence of the PSI core
complex is required for the stable binding of these three
polypeptides to the LHCI. In addition, we propose that Lhca
polypeptides, Lhca1 (p22.1), Lhca7 (p15), and Lhca8 (p18),

together with the minor polypeptides, Lhca4 (p14) and Lhca6
(p18.1), form a stable multiprotein complex independent of
the assembly of the PSI core complex in the thylakoid
membrane.

The three-dimensional structure of the PSI-LHCI super-
complex from green plants has been recently examined by
electron microscopy. This analysis indicates that, in contrast

FIGURE 5: 2DE analysis of Lhca polypeptides. The thylakoids proteins from∆psaBcells (a), PSI-LHCI supercomplex from wild-type
cells (b), and LHCI from∆psaBcells (c) were visualized by silver staining. The identity of the protein spots and labeling of Lhca polypeptides
was inferred from the previous 2DE analysis of PSI particles or MS/MS analysis of thylakoids (11). Spots that were reanalyzed by MS/MS
are indicated with an asterisk. Open circles in panel c show polypeptide spots that are lacking in the LHCI for the∆psaBmutant but are
present in the PSI-LHCI supercomplex for wild-type cells. Analysis of spot volumes from LHCI and PSI-LHCI maps resulted in the
following ratios for PSI-LHCI/LHCI spots: 1:10.5, 2:0.85, 3:3.6, 4:2.3, 8:8.3, 9:0.9, 25:0.6, 26:0.2, and 29:0.8. Analysis of the spots was
done using Phoretix 2D version 2004 (Build 1440.1) software using automatic spot picking and default values.
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to the trimeric form of the PSI core complex in cyanobacteria,
the PSI-LHCI supercomplex of green plants is a monomer
and that LHCI complexes consisting of 8-14 Lhca polypep-
tides form a half-ring structure that binds to one side of the
PSI core complex (6, 7). It appears that the oligomeric
structure of the LHCI is located close to PsaK, PsaJ, PsaF,
and PsaG, which possess one or more transmembrane helices,
but is not close to PsaL, which is required for trimerization
of the PSI core complex in cyanobacteria (22). Indeed, in
agreement with the proposed structural model, interactions
between PsaK and the LHCI as well as between PsaK/PsaG
and the LHCI have been reported (23, 24). However, how
distinct Lhca polypeptides are organized into the oligomeric
form of the LHCI is not currently clear. The proposed model
also suggests that eight Lhca polypeptides form four dimers,
while three additional Lhca polypeptides are monomers in
the oligomeric LHCI structure (7). This heterogeneous
localization of the Lhca polypeptides suggests different
functions of each Lhca polypeptide in the oligomeric LHCI.

Recent determination of the crystal structure of the PSI-
LHCI supercomplex from a higher plant has revealed that
the LHCI of 150 kDa consists of only four Lhca polypeptides
(9). In contrast, the LHCI fromC. reinhardtii consists of
seven major Lhca polypeptides, and its size was estimated
to be 300-400 kDa. In fact, the particle size of the PSI-
LHCI supercomplex fromC. reinhardtii estimated by
electron microscopy and image analysis is significantly larger
than that of a higher plant (6).

Although the LHCI purified from∆psaBcells forms an
oligomeric structure, it is not known whether it retains the
half-ring structure in the absence of the PSI core complex.
The remarkable decrease in Lhca2, Lhca3, and Lhca9 in the
purified LHCI indicates that there is no significant involve-
ment of these three polypeptides in the oligomerization of
the other Lhca polypeptides. This suggests that these three
Lhca polypeptides might be located in an interface between
the oligomeric structure of the LHCI and the PSI core
complex and that their association with the LHCI is stabilized
by the presence of the PSI core complex. This intimate
structural interaction between these Lhca polypeptides and
the PSI core complex may suggest a functional role in the
transfer of light energy absorbed by the LHCI to the PSI

core complex. Lhca3 (p14.1) and Lhca1 (p22.1) are relatively
well-conserved inC. reinhardtii and higher plants and are
classified as type III and type I proteins, respectively,
according to phylogenic analyses (25). These two polypep-
tides are reminiscent of the minor light-harvesting complexes
of PSII, CP24, CP26, and CP29, which are located between
the PSII core complex and the major LHCII. These three
complexes are involved in excitation energy transfer from
the major LHCII to the PSII core complex. Interestingly,
except for Lhca1 and Lhca3, the Lhca proteins are rather
variable among green algae and higher plants. Together,
Lhca3, as well as Lhca2, Lhca9, and probably Lhca1, could
be directly bound to the PSI core complex and thus could
participate in transferring excitation energy from a more
peripheral LHCI consisting of Lhca4, Lhca5, Lhca6, Lhca7,
and Lhca8 to the PSI core complex.

In conclusion, our results support the concept that, for the
PSI-LHCI supercomplex ofC. reinhardtii, the PSI complex
and LHCI first assemble independently and then integrate
into the thylakoid membrane (26). The integration of the two
complexes appears to allow the stable association of the
Lhca2, Lhca3, and Lhca9 polypeptides to the LHCI. In
addition, the biochemical properties suggest that the LHCI
of C. reinhardtii is approximately two times larger than that
of a higher plant.
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