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Photosystem I (PSI) is a multiprotein complex consisting of
the PSI core and peripheral light-harvesting complex I (LHCI)
that together form the PSI-LHCI supercomplex in algae and
higher plants. The supercomplex is synthesized in steps during
which 12-15 core and 4 -9 LHCI subunits are assembled. Here
we report the isolation of a PSI subcomplex that separated on a
sucrose density gradient from the thylakoid membranes isolated
from logarithmic growth phase cells of the green alga Chlamy-
domonas reinhardtii. Pulse-chase labeling of total cellular pro-
teins revealed that the subcomplex was synthesized de novo
within 1 min and was converted to the mature PSI-LHCI during
the 2-h chase period, indicating that the subcomplex was an
assembly intermediate. The subcomplex was functional; it photo-
oxidized P700 and demonstrated electron transfer activity. The
subcomplex lacked PsaK and PsaG, however, and it bound
PsaF and PsaJ weakly and was not associated with LHCI. It
seemed likely that LHCI had been integrated into the subcom-
plex unstably and was dissociated during solubilization and/or
fractionation. We, thus, infer that PsaK and PsaG stabilize the
association between PSI core and LHCI complexes and that
PsaK and PsaG bind to the PSI core complex after the integra-
tion of LHCI in one of the last steps of PSI complex assembly.

Photosynthetic electron transfer from water to NADP™ in
oxygenic photosynthetic organisms is driven by two photosys-
tems, photosystem I (PSI)* and photosystem II (PSII), operating
in series. PSII oxidizes water to O, and protons, and the elec-
trons extracted from water are transferred to plastoquinone
present in the lipid bilayer of the thylakoid membranes, pro-
ducing plastoquinol. The electrons on the plastoquinol are then
transferred to plastocyanin or cytochrome ¢, through cyto-
chrome b,f. PSI catalyzes the electron transfer from plastocya-
nin or cytochrome ¢, to NADP™ through ferredoxin and ferre-
doxin:NADP* oxidoreductase.

PSI consists of a number of subunits and more than 100
cofactors, including chlorophyll a, B-carotene, naphthoqui-
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none, lipid, and Fe-S clusters (1). PSI harvests light, photo-
chemically converts excitons to redox components, and stabi-
lizes the resulting charge separation. Ten PSI subunits (PsaA-
PsaF and Psal-Psal.) are conserved among plants, algae, and
Cyanobacteria (1). In addition to those core subunits, higher
plants and algae possess PsaG, PsaH, PsaN, and PsaO, whereas
Cyanobacteria contain PsaM, and thermophilic Cyanobacteria
additionally contain PsaX (1, 2). The structure of the PSI com-
plex has been determined in the cyanobacterial PSI core com-
plex at 2.5 A resolution (2) and in the plant PSI-LHCI super-
complex at 3.4 or 3.3 A resolution (3, 4). Although the basic
structure is highly conserved in the cyanobacterial and plant
PSI core complexes, higher plant and algal PSI core complexes
intimately associate with peripheral light-harvesting com-
plexes (LHCI) to form a PSI-LHCI supercomplex, and the cya-
nobacterial PSI core is trimeric (2—4).

The PSI reaction center (RC) consisting of a heterodimer of
homologous polypeptides PsaA and PsaB is surrounded by sev-
eral peripheral subunits; PsaC, PsaD, and PsaE are present on
the stromal side. PsaC contains two Fe-S terminal electron
acceptors, F, and Fj, and associates with PsaD and PsaE to
form a docking site for ferredoxin. PsaF has a single transmem-
brane helix and a hydrophilic domain extended on the lumenal
side that is required for the efficient electron transfer from plas-
tocyanin to P700 in plants and algae. A small hydrophobic Psa]
with a single transmembrane helix is present in proximity of
PsaF, and their two transmembrane helices are present between
the PSIRC and LHCI. On the lumenal side, PsaN is also present.
PsaH, Psal, Psal,, and probably PsaO are bound to the PSIRC on
the opposite peripheral side of the LHCI oligomer (5). PsaK and
PsaG, which contain two transmembrane helices, are pseudo-
symmetrically present at either edge of the LHCI oligomer
(3, 4).

Because the green alga Chlamydomonas reinhardtii is ame-
nable to biochemical characterization and pulse-chase protein
labeling, it is an excellent model organism for the study of struc-
ture, function, and biogenesis of photosynthetic components. It
contains 4 chloroplast-encoded PSI genes (psaA, psaB, psaC,
and psa/) and 10 nuclear-encoded PSI genes (psaD, psaE, psaF,
psaG, psaH, psal, psaK, psaL, psaN, and psaO) as well as 9 Lhca
genes (Lhcal-Lhca9) (6-9). Single particle analysis shows that
PSI complexes from C. reinhardtii are larger than those from
higher plants but are similarly shaped (10, 11).

Assembly of the PSI complex proceeds in many steps during
which a number of subunits and cofactors become integrated
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into a functional structure (12, 13). The detailed molecular
mechanism of PSI complex assembly, however, remains elu-
sive. It is proposed that PsaB is synthesized first and acts as an
acceptor for the subsequent PSI subunits integration (14, 15).
PsaA integrates with PsaB to form a PSI RC complex, and PsaC
is subsequently assembled on the stromal side of PSI RC (16).
The three peripheral subunits, PsaC, PsaD, and PsaE, succes-
sively assemble on the stromal side (17, 18), but how the other
subunits integrate is not clear.

Several factors are involved in PSI complex assembly. Chlo-
roplast-encoded Ycf3, which is conserved in Cyanobacteria,
interacts with PsaA and PsaD and is essential for PSI complex
assembly (19, 20). Another chloroplast-encoded protein, Yc4,
thatis also conserved in Cyanobacteria, is essential for PSI com-
plex in Chlamydomonas (19). Ycf4 is also important for cya-
nobacterial PSI complex assembly (21). Chlamydomonas Y ct4
forms a large complex that associates with newly synthesized
PsaA, PsaB, PsaC, PsaD, PsaE, and PsaF (22), and this complex
may be involved in an initial step of PSI complex assembly (23).
Pyg7-1, a nuclear-encoded factor in higher plants that is con-
served in Cyanobacteria as Ycf37, is essential for PSI complex
assembly and is important but not essential for cyanobacterial
PSI complex assembly (24, 25).

Here, by applying sucrose density gradient ultracentrifuga-
tion to C. reinhardtii chloroplasts, we separated the chlorophyll
protein complexes from solubilized thylakoid membranes (26).
In addition to the PSI complex, which separated as a stable
PSI-LHCI supercomplex, we detected a small amount of a PSI
subcomplex in the present study. Pulse-chase protein labeling
experiments revealed that the PSI subcomplex was a newly syn-
thesized assembly intermediate that was slowly converted to
the mature PSI-LHCI complex by integrating PsaG and PsaKk.
We infer that these two subunits are involved in the efficient
integration and stable association of LHCI to the PSI core com-
plex. We also hypothesize a sequential PSI complex assembly
mechanism.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—We grew C. reinhardtii
wild type 137C cells to logarithmic (2-5 X 10° cells ml™") or
stationary (1.3-1.5 X 107 cells ml~') growth phase in Tris ace-
tate-phosphate medium (27) at 25 °C in light (50 —100 microe-
insteins m 25 1Y).

Separation of Chlorophyll-Protein Complexes—W'e isolated
thylakoid membranes as described previously (28). We remove
extrinsic proteins with 2 M NaBr from the thylakoid mem-
branes, solubilized them (0.8 mg of chlorophyll ml~") with 0.8%
(w/v) n-dodecyl-B-p-maltoside (DM) and 50 mwm Tricine-
NaOH, pH 8.0, and separated the thylakoid extracts by sucrose
density gradient ultracentrifugation on a swinging bucket rotor
(SW41Ti at 200,000 X g for 14 h or SW28 at 100,000 X g for
24 h) (Beckman) as described previously (29) with some modi-
fications. The gradient consisted of linear sucrose concentra-
tions from 0.4 to 1.3 mand 0.05% DM. We then fractionated the
entire gradient from the bottom to the top. We performed ion-
exchange column chromatography (2.5 X 5 cm) with DEAE
Toyopearl 650S (Tosoh, Tokyo) as described previously (7, 26)
and eluted the fractions with a linear NaCl gradient of 0—150
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mM in buffer containing 50 mm Tris-HCI, pH 8.0, and 0.05%
DM. We performed gel filtration column chromatography with
an fast protein liquid chromatography system using Superose 6
HR 10/30 (Amersham Biosciences) as described previously
(30). The elution buffer contained 50 mm Tris-HCI, pH 8.0, 100
mm NaCl, and 0.05% DM, and the flow rate was 0.2 ml min™~".
All procedures were carried out at 4 °C.

SDS-Polyacrylamide Gel Electrophoresis and Immuno-
blotting—We performed SDS-PAGE as described previously
(7) or with 6 M urea in a resolving gel (31). For immunoblotting,
polypeptides were electrophoretically blotted onto nitrocellu-
lose filters, probed with antibodies, and visualized by enhanced
chemiluminescence (ECL). We detected signals with a LAS-
4000 mini luminescent image analyzer (Fujifilm, Tokyo) and
quantified them with MultiGauge Version 3.0 software
(Fyjifilm).

We generated an antibody against PsaG in rabbits using the
oligopeptide CKTTGATYFEELQK, conjugated at the cysteine
residue with the carrier protein, keyhole limpet hemocyanin
(Sigma Genosys). We also generated an antibody against Psa]
obtained from overexpression of the chloroplast psa/ gene
product. We amplified the entire coding region of the psa/ by
polymerase chain reaction using chloroplast DNA as the
template and a pair of oligonucleotides, 5'-CATATGAAA-
GATTTTACTACTTATTTATC-3" and 5'-CATATGTTA-
AAATGAAAATACAAGTGGATC-3" (underlines denote
Ndel restriction sites at both ends of the amplified DNA frag-
ment). We cloned the psaJ into a pET3X-c vector at the Ndel
site in the appropriate orientation. We purified the overex-
pressed protein by preparative SDS-PAGE, homogenized the
gel slices containing the protein, and injected the mixture into
rabbits as described previously (26).

Pulse-Chase Labeling of Cellular Proteins—We performed
pulse-chase labeling experiments of total cellular proteins as
described previously (32) with some modification. Cells grown
to mid-log phase (4 X 10° cells ml™') in sulfur-reduced TAP
medium were collected by centrifugation, resuspended at 25 ug
of chlorophyll ml™ ! in sulfur-free TAP medium, and incubated
for 2 h. We labeled total cellular proteins with [**S]Na,SO, (GE
Healthcare) at 50 uCi ml™" under low light for 1 min and
stopped the labeling by adding cycloheximide (10 ug ml~") and
chloramphenicol (100 ug ml~"') and immediately freezing the
cells. We performed chase experiments in the presence of 10
mM Na,SO, and chloramphenicol (100 ug ml™?) for 2 h. We
lysed the cells by vigorously vortexing them with glass beads
and purified the thylakoid membranes by discontinuous
sucrose gradient ultracentrifugation. We washed the thylakoid
membranes with 2 M NaBr, solubilized them with 0.8% DM, and
fractionated the resulting extracts by sucrose density gradient
ultracentrifugation (0.1-1.3 M sucrose) with a Beckman TLS-55
(259,000 X g for 3 h) (Beckman).

PSI Activity Measurements—We monitored the continuous
light-induced P700 photo-oxidation of PSI preparations (10 ug
of chlorophyll ml™ ') with a Shimadzu UV-2450 spectropho-
tometer (Kyoto, Japan) in the presence of 5 nm plastocyanin and
100 um sodium ascorbate as described previously (33). Actinic
light was passed through a 4-96 filter (Corning) at 100 micro-
einsteins m ™~ > s~ ! with a cut-off VR-68 filter (Toshiba, Tokyo,
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Japan) and an interference filter (A, = 700 nm, 7, = 82.4%,
A\, 5 = 18.4 nm) (Nihonshinku, Tokyo) in front of the photo-
multiplier. We measured the NADP™ photoreduction activity
of the PSI preparations (10 pg of chlorophyll ml™') in the
presence of 10 mm sodium ascorbate, 100 mm dichloropheno-
lindophenol, 2 mm NADP*, 10 mm MgCl,, ferredoxin, and
ferredoxin:NADP* oxidoreductase with a Shimadzu UV-2450
spectrophotometer. Actinic light was passed through a cut-off
VY-50 filter (Toshiba) at 1300 microeinsteins m~ 2> s~ ! with a
band pass filter U340 (Hoya, Tokyo, Japan) in front of the
photomultiplier. Plastocyanin, ferredoxin, and ferredoxin:
NADP™ oxidoreductase were purified from extracts ob-
tained after freeze-thaw lysing of Chlamydomonas cells. We
purified plastocyanin and ferredoxin from the extracts by
DEAE Toyopearl 650 S column chromatography followed by
Macro-Prep ceramic hydroxylapatite Type I (Bio-Rad) col-
umn chromatography. We purified ferredoxin:NADP™ oxi-
doreductase from the extracts by DEAE Toyopearl 650 S
chromatography followed by Toyopearl AF-Red-650ML
(Tosoh) affinity chromatography.

RESULTS

Detection of a PSI Subcomplex on Sucrose Density Gradient—
As we observed previously (26), sucrose density gradient ultra-
centrifugation of the DM extracts of thylakoid membranes sep-
arated three major chlorophyll protein complexes, A-1, A-2,
and A-3, from the top to the bottom (Fig. 1A, upper and middle
panels). The polypeptide profiles of the fractions from cells at
logarithmic growth phase revealed that A-1, A-2, and A-3 con-
tained mainly 25- and 30-kDa polypeptides of LHCII, 33-, 43-,
and 45-kDa polypeptides of the PSII core complex, and 68-kDa
polypeptides of the PSI reaction center (PsaA and PsaB) and
several 20—27-kDa LHCI polypeptides (Fig. 1A, lower panel).
We also detected a small quantity of PSI polypeptides in A-2,
and immunoblotting analysis confirmed the presence of PSI
polypeptides, PsaA, PsaC, PsaD, PsaE, and PsaF in A-2 (Fig. 1B,
upper panel). We estimated that the amounts of PsaE and PsaF
in fractions 8 —12 in A-2 were 4 and 5% of PsaE and PsaF in the
entire fractions, respectively. Because the PSI complex was
smaller in A-2 than PSI-LHCI was in A-3 (see Fig. 3), the PSI
complex in A-2 could be a subcomplex derived from partial
dissociation of the PSI-LHCI separated in A-3. It is noteworthy
that neither PsaG nor PsaK was detected in either A-2 or the
upper gradient fractions where monomeric polypeptides were
separated.

When the thylakoid membranes from cells at stationary
phase were solubilized and fractionated, the peak height of

FIGURE 1. Separation of chlorophyll-protein complexes. A, shown are sep-
aration and fractionation profiles of thylakoid extracts of wild type C. rein-
hardtii cells at logarithmic (L) and stationary (S) growth phase (upper panel).
Polypeptide composition of chlorophyll-protein complexes of logarithmic
growth phase cells (lower panel) is shown. The thylakoid membranes were
solubilized with DM and separated by sucrose density gradient ultracentrifu-
gation. Polypeptides of fractions 1-20, which included A-3, A-2,and A-1, were
separated by SDS-PAGE and stained with Coomassie Brilliant Blue. B, immu-
noblot analysis of fractions 1-20 from logarithmic (upper panel) and station-
ary (lower panel) growth phase cells using antibodies against PSI polypep-
tides (PsaA, PsaC, PsaD, PsaE, PsaF, PsaG, and PsaK), LHCI (Lhca6), and PSII
polypeptide (PsbA) is shown. Abs, absorbance.
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FIGURE 2. Pulse-chase labeling of cellular proteins. C. reinhardtii wild type
cells were pulse-labeled for 1 min with [**SINa,SO, (A) and subsequently
chased for 2 h. B, thylakoid membranes were isolated, and chlorophyll protein
complexes were separated as shown in Fig. 1. The polypeptides of each frac-
tion were separated by SDS-PAGE, and the labeled polypeptides were visual-
ized by autoradiography. Left, positions of molecular size markers. Right, sizes
of the major labeled polypeptides: 68 kDa, PsaA and PsaB; 45 kDa, PsbB; 43
kDa, PsbC; 33 kDa, PsbA (D1) and PsbD (D2), 30 and 25 kDa, LHCII polypep-
tides; 19 kDa, PsaD and PsaF; 9 kDa, PsaC; dots, LHCl polypeptides, PsaD/F, and
PsaC.

A-2 was slightly reduced (Fig. 14, middle panel) and the PSI
polypeptides were barely detected or significantly reduced in
A-2 (Fig. 1B, lower panel), indicating that the subcomplex accu-
mulated only in logarithmic growth phase cells. Thus, we
inferred that the subcomplex accumulated only in cells actively
synthesizing the photosynthetic apparatus.

PSI Subcomplex in A-2 Is Newly Synthesized—To address
whether the PSI subcomplex in A-2 was a dissociated or newly
synthesized subcomplex, we pulse-chase labeled total proteins
of cells grown at logarithmic growth phase, isolated the thyla-
koid membranes, solubilized them with DM, and subjected
them to sucrose density gradient ultracentrifugation. We frac-
tionated the entire gradient, separated the labeled polypeptides
by SDS-PAGE, and visualized them by autoradiography (Fig.
2A, upper panel). We detected a 33-kDa band, which corre-
sponded to the PSII reaction center polypeptides, D1 and D2,
mainly in A-1 and A-2. A 43-kDa band, which corresponded to
the CP43 apoprotein, and a 45-kDa band, which corresponded
to the CP47 apoprotein, were much less intensely labeled and
were separated in a similar manner as D1 and D2. These obser-
vations suggest that a portion of the newly synthesized PSII
polypeptides, which was separated in A-1, might not have been
fully assembled in the mature PSII core complex. We detected
several PSI polypeptides exclusively in A-2; a 68-kDa band (PSI
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reaction center polypeptides, PsaA and PsaB), a 19-kDa band
(PsaD and PsaF), and a 9-kDa band (PsaC). We also detected
weak bands of around 25 kDa, which corresponded to LHCI
polypeptides, in A-2. These observations indicate that the
newly synthesized PSI and LHCI polypeptides separated exclu-
sively in A-2.

Fig. 2B shows the pulse-chase-labeled polypeptides. Labeled
PSII polypeptides were detected exclusively in A-2, indicating
that the pulse-labeled PSII polypeptides were fully integrated
into the PSII core complex during the chase period. The 19-kDa
band of PsaD and PsaF and the 9-kDa band of PsaC, in contrast,
were detected exclusively in A-3. In addition, we observed the
labeled LHCI polypeptides in A-3. We detected the 68-kDa
band of PsaA and PsaB in A-3, although a similar band was still
present in A-2. The 68-kDa band in A-2, however, was slightly
up-shifted, corresponding to a D1-D2 aggregation. It is, there-
fore, possible that the 68-kDa band in A-2 comprised mostly
aggregated forms of heavily labeled D1 and D2. These observa-
tions lead us to conclude that the newly synthesized PSI
polypeptides were rapidly integrated into the PSI subcomplex
in A-2 and were converted to the PSI-LHCI supercomplex in
A-3, suggesting that the PSI subcomplex in A-2 was an assem-
bly intermediate.

Subunit Composition of the PSI Subcomplex—On gel filtra-
tion column chromatography (Fig. 3), A-3 yielded a single peak
containing the PSI-LHCI of apparently 700 kDa as we reported
previously (30). A-2, in contrast, was heterogeneous; its peak
contained the PSII core (430 kDa), the PSI subcomplex (330
kDa), and the cytochrome bf (300 kDa), and a shoulder con-
tained LHCI (540 kDa), indicating that LHCI remained oligo-
meric. The separation of the PSI subcomplex and the LHCI
complex on gel filtration indicates that they were separate enti-
ties. We could not determine, however, whether they were also
separate entities in the thylakoid membranes or whether they
became dissociated during the solubilization or fractionation.

On DEAE chromatography (Fig. 4), A-3 mainly yielded a sin-
gle peak that contained the PSI-LHCI, as expected. A-2, in con-
trast, yielded five peaks (a—e) and one shoulder (f), as previously
reported (26). Based on their polypeptide composition, we
identified the peaks and shoulder as followings; a, LHCIL; b,
CP43 and cytochrome bf; ¢, CP47; d, PSI subcomplex; e, PSII
core complex; f, PSII complex lacking CP43 (Fig. 4). As previ-
ously reported in PSI-deficient mutants (7), LHCI complex
accumulated and remained oligomeric but eluted from the
DEAE column at broad NaCl concentrations. Those observa-
tions suggest that the oligomeric LHCI complex that discon-
nected from the PSI complex had heterogeneous structure but
was made up of similarly sized entities (Fig. 3). PsaF remained
associated with the PSI subcomplex during sucrose density gra-
dient ultracentrifugation (Fig. 1) but dissociated from it during
DEAE chromatography and separated into fractions that eluted
at NaCl concentrations that were lower (around fraction b) and
higher (between fractions d and e) than the concentrations at
which the PSI subcomplex was separated (Fig. 3).

Integration of PsaG and PsaK—Fig. 5 compares the polypep-
tides of the PSI subcomplex from A-2 with those of the PSI-
LHCI supercomplex from A-3. The PSI-LHCI contained most
of the PSI and LHCI polypeptides as shown previously (7). In
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FIGURE 3. Gel filtration chromatography of A-2 and A-3. A-2 (solid line) and
A-3 (dashed line) separated on sucrose density gradient were subjected to gel
filtration chromatography, and the resulting fractions were analyzed by
immunoblotting using antibodies against PsaA, PsaF, PsbA (D1), Lhca6, and
PetB (cytochrome by). A single peak separated from A-3 (PSI-LHCI supercom-
plex) and was estimated to be 700 kDa. One peak and several shoulders were
separated from A-2.LHCI (a) eluted as an early shoulder and was estimated to
be 540 kDa. PSII (b) eluted in the peak and was estimated to be 430 kDa. PSI
(330 kDa) (c) and Cyt bsf (300 kDa) (d) eluted late in the peak.

contrast, the PSI subcomplex was deficient in PsaK, PsaG, Psa],
and PsaF. A-2lacked PsaK and PsaG and lost PsaF during DEAE
chromatography (Fig. 4). The absence of LHCI might have
destabilized the binding of PsaF and most probably Psa] to the
PSI subcomplex because the two polypeptides are localized
between the PSI core and the oligomeric LHCI complex.
Because the LHCI complex eluted broadly, the small amount of
LHCI polypeptides in the PSI subcomplex probably repre-
sented contamination. Taking those findings together, we infer
that the assembly of PSI components into the PSI subcomplex
proceeds rapidly, whereas the subsequent integration of PsaG
and PsaK proceeds slowly and is among the last assembly steps.

Electron Transfer Activity of the PSI Subcomplex—Fig. 6A
shows light-induced reversible absorption decreases at 699 nm.
The absorption decrease corresponded to the photo-oxidation
of P700, whereas the recovery of the absorption decrease cor-
responded to the re-reduction of P700™ by plastocyanin. We
ascribed the smaller signal of the PSI-LHCI from A-3 to the
larger antenna contributed by the presence of the LHCI. The
rate of P700 ™" reduction by plastocyanin in the subcomplex was
about 10% that of the rate in the PSI-LHCI (Fig. 6A4). We
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FIGURE 4. Separation of chlorophyll-protein complexes by DEAE chroma-
tography. A-2 and A-3 were subjected to DEAE column chromatography
with a buffer containing a linear gradient of NaCl (0-150 mm). One peak and
one shoulder were resolved from A-3, whereas five peaks and one shoulder
(a—f) were separated from A-2. a, LHCII; b, CP43 (PsbC) and cytochrome bf; c,
CP47; d, PSI subcomplex; e, PSIl core complex; f, PSIl complex lacking CP43.
LHCI eluted broadly. The polypeptides of each fraction were separated by
SDS-PAGE and stained with Coomassie Brilliant Blue or detected by immuno-
blotting using an antibody against PsaF (lower panels). Abs, absorbance. FP,
free pigments.

ascribed that to the absence of PsaF, which is involved in the
efficient electron transfer from plastocyanin to P700™ (34). We
also measured NADP* photo-reduction activity by monitoring
light-induced absorption increases at 340 nm, which corre-
sponded to photoreduction of NADP™ (Fig. 6B). Both PSI prep-
arations showed similar activities, indicating that the PSI sub-
complex transferred electrons from plastocyanin to ferredoxin
in light and was, therefore, fully active.

DISCUSSION

PSI Assembly Intermediate Subcomplex—PSI complex
assembly proceeds step by step as a number of subunits and
cofactors are integrated into the maturing PSI complex (12, 13).
Assembly is rapid, however, so the opportunity to detect inter-
mediate subcomplexes is fleeting. Rapid assembly is essential
because intermediates are generally unstable and may show
only partial photochemical and electron transfer activities and,
thus, generate harmful chemical species and strong reductants
or oxidants. In the present study we identified a PSI subcom-
plex that accumulates in logarithmic growth phase cells at
4-5% of total PSI complexes. The separated PSI subcomplex,
which was disconnected from the LHCI complex, was appre-
ciably smaller than the mature PSI-LHCI supercomplex (330
versus 700 kDa). The subcomplex was detected in logarithmic
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FIGURE 5. Comparison of polypeptides of PSI complexes from A-2 and
A-3. Polypeptides of PSI-LHCI supercomplex and PSI subcomplex purified by
DEAE chromatography from A-3 and A-2, respectively, were separated by
SDS-PAGE and stained with Coomassie Brilliant Blue (A) and visualized
by immunoblotting (B). Each sample was normalized to the quantity of PSI RC
proteins, PsaA and PsaB.

growth phase cells but was significantly reduced in stationary
phase cells and was specifically pulse-labeled, indicating that it
was newly synthesized. In addition, the subcomplex was con-
verted to the PSI-LHCI supercomplex at a relatively slow rate
(which is why we were able to detect it). These observations
strongly suggest that the subcomplex was an assembly interme-
diate rather than a partially dissociated subcomplex of the PSI-
LHCI supercomplex. The subcomplex was functionally compe-
tent and not likely to generate any harmful chemical species
despite its accumulation at a detectable level.

Does the PSI Assembly Intermediate Bind LHCI?—Although
the purified PSI subcomplex did not bind LHCI, a similar
amount of the oligomeric form of LHCI (540 kDa) was present
in A-2 and was newly synthesized (Fig. 2A). It seems likely that
the newly synthesized PSI subcomplex and LHCI had formed
an immature PSI-LHCI supercomplex that was unstable and
dissociated during solubilization or fractionation. The struc-
tural instability was likely related to the subcomplex lacking
two homologous subunits, PsaK and PsaG, as the stable PSI-
LHCI supercomplex that separated in A-3 retained the two
subunits. In the higher plant PSI-LHCI supercomplex, PsaG
and PsaK are located on either edge of the LHCI tetramer that
consists of Lhcal, Lhca2, Lhca3, and Lhca4 (3, 4). The LHCIs
interact with the PSI core (PsaA and PsaB heterodimer) mainly
through small binding surfaces exposed to stroma. Structural
details around PsaG reveal that this subunit provides significant
contact surfaces for association with Lhcal. This structure
must be important for the stabilization of the interaction
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FIGURE 6. PSI activities of PSI complexes. A, P700 photo-oxidation activity
was monitored via light-induced absorption changes at 699 nm of the PSI-
LHCI from A-3 (a) and the PSI subcomplex from A-2 (b) upon illumination in
the presence of plastocyanin and ascorbate as electron donors and methyl
viologen as an electron acceptor. B, NADP* photoreduction activity was
monitored via light-induced absorption changes at 340 nm of the PSI-LHCI (a)
and the PSI subcomplex (b) in the presence of dichloroindophenol and ascor-
bate as electron donors.

between PSI and LHCI, although the accumulation of LHCI
was barely affected in PsaG-deficient Arabidopsis mutants (35,
36). Although the structure of PsaK is less defined in the crystal
structure, it is peripherally located on PsaA near Lhca3. The
involvement of PsaK in stabilizing the association between PSI
and LHCI has been noted in PsaK-deficient Arabidopsis
mutants, where the accumulation of LHCI is partially decreased
(35, 37). In addition PsaK might be involved in regulation of
LHCI disconnection during iron deficiency (38). Interestingly
the additive effect of the absence of PsaG on the accumulation
of LHCI was observed in the double mutant in which both PsaG
and PsaK were deleted (35). Thus, we infer that PsaG and PsaK
stabilize the interaction between PSI core and LHCI by acting
together like a buckle and that the instability of the LHCI in the
newly synthesized PSI-LHCI supercomplex could follow from
the absence of PsaG and PsaK. However, it is possible that the
integration of the newly synthesized PSI subcomplex and the
oligomeric LHCI complex proceeds slowly, and they were not
yet integrated.

Integration of PsaG and PsaK Is the Latest Assembly Step—
Fig. 2 revealed that the assembly of the PSI subcomplex and the
oligomeric LHCI complex proceeded rapidly, whereas the
unusually slow integration of PsaG and PsaK, which may stabi-
lize the association of LHCI to the PSI core, was rate-limiting.
Because the presence of PsaG and PsaK in the PSI subcomplex
could interfere with the integration of the LHCI oligomer
according to the three-dimensional structure of the PSI-LHCI
supercomplex, it seems likely that the oligomeric LHCI com-
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FIGURE 7. A working model for PSI assembly. PsaB is synthesized, then
dimerizes with PsaA, and the heterodimer then integrates peripheral sub-
units (PsaC, PsaD, PsaE, PsaF, PsaH, Psal, PsaJ, and Psal) to form the PSI core
complex. Synthesis and oligomerization of LHCI proceed independently, and
then the complex associates with the PSI core complex to form a immature
PSI-LHCI supercomplex. In the latest assembly steps, PsaG and PsaK and PsaN
are integrated to form the stable mature supercomplex.

plex associates with the PSI subcomplex before the integration
of PsaG and PsaK, which would make the latter the last assem-
bly step. In vitro experiments indicated that PsaG insertion
occurs spontaneously without the assistance of any known
chloroplast protein-targeting machinery (39) and that may
explain the slow integration of PsaG. Alternatively, PsaG and
PsaK synthesis may be slow. Our observation that the purified
PSI subcomplex photo-oxidized P700 and participated in elec-
tron transfer indicates that the PSI subcomplex that lacked
PsaG and PsaK was fully active. Thus, it is likely that accumu-
lation of the PSI subcomplex without PsaG and PsaK generated
no light-induced harmful species. This finding is consistent
with the result that the PsaG/PsaK-deficient Arabidopsis dou-
ble mutants show PSI activity and grow photoautotrophically
(35). In Cyanobacteria, the PSI complex lacks LHCI and forms a
trimeric structure. Interestingly, PsaK is involved in regulation
of the trimerization, and the integration of PsaK into the com-
plex is the latest assembly step (40).

Sequential PSI Complex Assembly Process—In Fig. 7 we pres-
ent a working model for the PSI complex assembly based on this
and previous studies. The RC complex, consisting of PsaA and
PsaB, is the first unit assembled. PsaB is synthesized first and
acts as an acceptor for the subsequent sequential integration of
PSI polypeptides to form the PSI RC (15). Subsequently, PsaC
together with PsaD and PsaE is integrated into the stromal side
of the RC complex, forming a docking site for ferredoxin (16).
In Chlamydomonas, Ycf4 is part of a large complex and may
provide a molecular scaffold for the PSI complex assembly (22).
Integration of several newly synthesized PSI subunits such as
PsaA, PsaB, PsaC, PsaD, PsaE, and PsaF into a PSI assembly
intermediate subcomplex is facilitated on the Ycf4-containing
complex. The Ycf4 mutation that substitutes Gln for Glu at
positions 179 and 181 completely blocks the integration of all
peripheral subunits (23). Thus the Ycf4 complex is involved in
initial steps of PSI complex assembly. It is also possible that Psa]J
is integrated into the PSI subcomplex together with PsaF
because of its proximity and is destabilized when PsaF is deleted
(41, 42). Because PsaF and PsaJ have one transmembrane helix
and are located between the PSI core and LHCI, it is likely that
PsaF and Psa]J are integrated before the LHCI attaches to the PSI
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subcomplex. The absence of PsaF and PsaJ, however, does not
significantly affect the LHCI attachment (42— 44).

Four subunits, PsaH, Psal, PsaL, and PsaO, are located on the
PSI RC on the opposite side of LHCI, and how they are inte-
grated into the PSI intermediate subcomplex remains elusive.
According to the crystal structure of PSI complex, PsaH, Psal,
and PsaL form a cluster and are present on the opposite side of
the LHCI tetramer in the PSI-LHCI supercomplex. It is likely
that Psal and PsaL are integrated first and then PsaH is assem-
bled. Because PsaO is easily lost from the PSI-LHCI supercom-
plex without affecting the stability of PsaH, Psal, and PsaL (Fig.
5), PsaO is integrated as the last step among those four
polypeptides.

According to the analyses using PSI-deficient mutants, the
PSI core and LHCI complexes are assembled independently (7).
As already discussed above, PsaG and PsaK may be integrated
after the LHCI is assembled into the PSI core complex. In
higher plants, PsaN is located on the lumenal side of LHCI (3,
45). Thus, PsaN integration should also occur in the last assem-
bly step.
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