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Photosynthesis is dependent on light. Photosynthetic organ-
isms struggle their entire lives to optimize photosynthetic func-
tion and minimize photooxidative damage in response to light
quantity and quality. When the absorbed light energy exceeds
the capacity of photosynthetic energy consumption, overreduc-
tion of electron transport carriers and accumulation of excita-
tion energy in the light-harvesting-antennae may occur. The
latter favors the production of excited triplet-state chlorophyll
molecules (3Chl) that can interact with O2 to cause the forma-
tion of reactive singlet oxygen (1O2). The former favors the
direct reduction of O2 by photosystem I (PSI) and the subse-
quent generation of reactive oxygen species, such as superox-
ide (O2

�), hydrogen peroxide (H2O2), and the hydroxyl radical
(�OH) (5, 6, 75). These reactive oxygen species are able to
cause photo-oxidative damage to photosystem II (PSII), a pri-
mary target for photoinhibition (2, 4, 9), but also to PSI (59,
60), in particular under weak light at chilled temperatures
(111, 121). Thus, adaptation mechanisms that balance the en-
ergy input, through photochemistry via the photosynthetic ma-
chinery, with the energy output through CO2 assimilation and
other metabolic pathways, are essential for plant survival.

The function of the light-harvesting complexes (LHCs) is, as
the name implies, to increase the effective absorption cross-
section of the photosystems and to supply them with excitation
energy. The LHCs bind chlorophyll a and b but lack any pho-
tochemical activity of their own. Both PSI and PSII have their
own core antenna pigments, but the addition of the LHCs
increases the number of antenna pigments connected to each
reaction center by a factor of 2 to 4, depending upon the
conditions (47). Energy transfer operates in a time scale of
femtoseconds to picoseconds. The transfer time of excitation
energy between neighboring Chl molecules in the antenna has
been estimated to be 100 to 300 fs (45). It had long been known
that the pigment molecules must be closely packed to allow
such fast and efficient transfer, a supposition beautifully con-
firmed by the emergence of the X-ray crystal structures of PSI
(65), PSII (42, 66, 135), and LHCI-PSI (12) in the last several
years (see discussion below). On average, excitation energy
makes 100 to 1,000 such hops between antenna chlorophylls
before it is trapped at a reaction center. Depending upon the
arrangement of pigment molecules within LHCs and of LHCs
vis-à-vis the photosystems, excitation energy can be directed to
specific photosystems, temporarily trapped on low-energy chlo-

rophylls, or even converted to heat by “nonphotochemical
quenching.” It does not require a great stretch of imagination
to see how evolution might have taken advantage of such
possibilities for the development of regulatory mechanisms to
deal with variable illumination.

The regulation of light energy input and distribution, by the
dynamic regulation of the light-harvesting system, probably
plays the most important role in balancing the light and dark
reactions of photosynthesis. Light-harvesting systems and their
functioning in algae and vascular plants have been addressed
and discussed in numerous reviews (47, 58, 69, 101). Over the
last decade the eukaryotic unicellular green alga Chlamydomo-
nas reinhardtii has emerged as a potent model system for study-
ing assembly, function, and regulation of the photosynthetic
machinery in general (48, 51, 57, 98). Chlamydomonas has
proven to be an excellent genetic model system for investigat-
ing different features of the regulation of light energy input and
distribution, such as the role of the violaxanthin cycle in pro-
tection from photo-oxidative stress (89, 90) or the function of
a specific PSII-associated major light-harvesting protein in
nonradiative dissipation of excess excitation energy under
high-light conditions (39) and other aspects that are addressed
in more detail below. Further strengths of this model system
evolve from an ongoing genomic project (�180,000 expressed
sequence tag [EST] sequences have been obtained, and the
second version of �9-fold whole-genome shotgun coverage
was recently released by the U.S. Department of Energy Joint
Genome Institute in February 2004), powerful genetics, and
molecular techniques, as well as applicability to in-depth bio-
chemical and structural analyses. In this review it is our aim to
discuss recent developments in elucidating the composition,
structural features, and dynamics of light-harvesting proteins
in response to environment changes in C. reinhardtii.

COMPOSITION OF LIGHT-HARVESTING SYSTEMS IN
C. REINHARDTII

PSI and PSII represent the two basic types of photosynthetic
reaction centers present on this planet: type 1 (using FeS
clusters as terminal electron acceptors) and type 2 (using qui-
nones), respectively. It must be remembered that PSI and PSII
each possess a core antenna system that has been remarkably
well conserved through evolutionary time between cyanobac-
teria, green algae, and plants. The core antennae are tightly
associated with their reaction center, made of a heterodimer of
the D1 and D2 subunits in PSII and the last five �-helices of
PsaA and PsaB in PSI. In PSII, the core antenna is mainly
contributed by the CP43 and CP47 subunits. In PSI, the core
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antenna pigments are bound by the first six �-helices of the
PsaA and PsaB subunits. Thus, the arrangements of reaction
center and core antenna are very similar between PSI and PSII
(135). What differs between the two photosystems, and even
between the same photosystem from different organisms, is the
arrangement of the peripheral antenna. In the process of trap-
ping, excitation energy from photons absorbed by the periph-
eral antenna is first transferred to the core antenna and then to
the reaction center, where it drives charge separation.

The lhca and lhcb gene families in green plants encode
several LHC proteins that collect and transfer light energy to
the reaction centers of PSI and PSII, respectively. In vascular
plants the lhcb gene family is composed of numerous genes; 15
different lhcb genes have been described in the Arabidopsis
genome (61). In C. reinhardtii, several lhcb genes have also
been reported. Searching the Chlamydomonas EST database,
Elrad et al. (38, 39) identified nine genes that potentially en-
code Lhcb polypeptides composing the major PSII antenna
(Lhcbm). For the naming of the Lhcb proteins, we follow the
nomenclature as given by Elrad and Grossman (38). The major
PSII antenna is organized in trimers and connected to the PSII
core via minor Lhcb proteins. Two gene products (Lhcb4 and
Lhcb5) that correspond to the minor antenna proteins of vas-
cular plants (CP29 and CP26) have also been described for C.
reinhardtii (120). Separation of thylakoid membranes by two-
dimensional gel electrophoresis (2-DGE) and subsequent mass
spectrometric analysis has identified seven distinct Lhcb pro-
teins (113). Although the major Lhcb proteins are highly ho-
mologous, peptides unique for specific lhcb gene products can
be recognized. Tryptic digestion of isolated LHCII trimers,
separation of the resulting peptides by reversed-phase chro-
matography, and mass spectrometric analysis confirmed the
Lhcb proteins identified by 2-DGE and revealed the presence
of an eighth Lhcb protein (113). It is of note that the mass
spectrometric data indicated different N-terminally processed
forms of Lhcbm3 and Lhcbm6. Gene-tagging experiments con-
firmed the presence of differentially N-terminal processed Lh-
cbm6 proteins. The mass spectrometric analysis also identified
phosphorylation of a Thr residue in the N-terminal part of the
Lhcbm3 protein. Interestingly, the N-terminal protein process-
ing of Lhcbm3 leads to removal of the phosphorylation site and
may therefore represent a novel regulatory mechanism (113).
Another unexpected finding is that the transit peptide of Lhcb4
(CP29) from C. reinhardtii is not removed but undergoes acet-
ylation and phosphorylation (123), demonstrating that process-
ing of the transit peptide after protein import into the chloro-
plast is not mandatory in Chlamydomonas.

The lhca gene family in Arabidopsis is composed of the
products of six nuclear genes (lhca1 to -6), of which genes lhca5
and lhca6 are only marginally expressed. It is expected that
these latter two subunits are only present in substoichiometric
amounts compared to subunits Lhca1 to -4 (61). In C. rein-
hardtii at least seven distinct LHCI subunits have been identi-
fied (11, 120). From seven Lhca proteins, N-terminal amino
acid sequences have been obtained by Edman amino acid se-
quencing (120, 122). Separation of isolated PSI complexes
from C. reinhardtii by 2-DGE revealed the presence of about
18 LHCI protein spots, suggesting an even higher variability of
Lhca proteins (56). Mass spectrometric analysis of the 2-DGE-
separated Lhca protein spots confirmed this large variability

and identified nine different Lhca proteins from C. reinhardtii
(113). Of these nine, Lhca2 and Lhca9 were not found by
N-terminal Edman amino acid sequencing (122). For the nam-
ing of the Lhca proteins we follow the nomenclature of Stauber
et al. (113) (Table 1). Structural data obtained by electron
microscopy (EM) indicate that the LHCI-PSI complex from
Chlamydomonas is larger and contains between 11 and 14
light-harvesting proteins per reaction center compared to eight
Lhca (Lhca1 to -4) proteins per PSI complex in vascular plants
(18, 22, 44, 67). Based upon phylogenetic analysis, Lhca pro-
teins from C. reinhardtii can be separated into five distinct
classes (38, 122). Each of these classes is related to a vascular
plant homologue. In this fashion the Chlamydomonas Lhca1
and Lhca3 vascular plant homologues are represented by one
gene product and are the most conserved in respect to simi-
larity to the plant homologues among the nine polypeptides.
Lhca2-like and Lhca5-like homologues are represented each
by two gene products. A fifth class, which is represented by
three gene products in C. reinhardtii, is related to Lhca2 and
Lhca4 of vascular plants, as pointed out by Teramoto et al.
(120). It was noted that the range of Lhca protein expression in
Chlamydomonas can be rather large and may differ up to 50-
fold between the highest and lowest expressed polypeptides
(113). These data indicate that the variability of Lhca proteins,
both in their sequence and expression level, is greater in
Chlamydomonas compared to vascular plants. It is tempting to
speculate that the consequent variability in the composition of
the LHCs could be an important regulatory parameter in re-
sponse to changing physiological conditions.

STRUCTURAL ASPECTS

In order to understand the molecular remodeling of LHCI
or LHCII complexes in response to changes in nutrient status
or ambient light, knowledge of the overall architecture of the
photosystems is crucial. The attainment in the last 2 years of a
2.5- and a 4.4-Å resolution structure for cyanobacterial and
plant PSI (12, 65), respectively, and the body of evidence ac-
cumulated for PSII (66, 135), currently at a 3.5-Å resolution
(42), has greatly enhanced our knowledge. Four of the five
high-resolution X-ray structures are from the cyanobacterium
Thermosynechococcus elongatus, but it is generally accepted
that the core composition and structure of the photosystems
are fundamentally similar for all organisms using oxygenic pho-
tosynthesis. Comparisons possible thus far with a higher plant
10-Å resolved PSII dimer structure, by electron crystallography
(50), have already given rise to discussion regarding observed
structural differences, proposed to be mainly due to differences
in the composition of minor, peripherally located, polypeptide
components of the PSII core complex. In terms of function,
however, these differences have brought a new focus to old
questions, such as how the light-harvesting antennae bind to
each photosystem core and how LHC remodeling operates to
optimize photosynthetic function and minimize photo-oxida-
tive stress under diverse environmental conditions.

Photosynthetic structures in the eukaryote Chlamydomonas
have only recently been probed structurally by intermediate
resolution electron microscopic techniques (44, 67, 86), includ-
ing larger structures composed not only of the reaction centers
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of PSI or PSII but also the concomitant light-harvesting as-
semblies that service them.

EUKARYOTIC PSII LIGHT-HARVESTING
SUPERCOMPLEXES

The first LHC-PS “supercomplex” observed, an LHCII-PSII
complex from spinach, forms an excitonically coupled pigment
network that captures light energy and transfers it to a dimeric
PSII reaction center (16, 21, 50). This type of supercomplex
has also been found in C. reinhardtii, and negatively stained
particles have been characterized by single-particle analysis to
a 30-Å resolution in three dimensions (86). It displays consid-
erable similarity, given allowances for negative stain, to the
nonstained cryo-EM spinach LHCII-PSII supercomplex (Fig.
1), with dimensions of �330 by 165 Å and 110 Å in depth. The
structural resolution of the spinach supercomplex has been
improved to 17 Å through the introduction of cryotechniques
(86, 87), as shown in Fig. 1a. Comparisons can readily be made
between the two structures, revealing that the PSII oxygen-
evolving core dimer is centrally located and flanked by two
clusters of the chlorophyll a/b-binding subunits Lhcb1, -2, -4,
and -5. Each cluster is composed of a LHCII trimer (Lhcb1
and -2), which is coupled, both structurally and excitonically, to
the central core dimer region via Lhcb4 and -5 monomers (49).
It is anticipated that Lhcb4 and -5, together with an Lhcb6
component, can facilitate the binding of additional LHCII
trimers, which probably contain Lhcb3, as well as Lhcb1 and
Lhcb2, to the edge of the supercomplex (49), thus allowing for
even higher-order structures, some of which have been re-
cently observed (19–21). It should be noted that Lhcb6 (CP24)
is missing in C. reinhardtii, indicating that although a similarity
between supercomplexes of spinach and Chlamydomonas has
been observed (see above) subtle difference do exist.

EUKARYOTIC PSI LIGHT-HARVESTING
SUPERCOMPLEXES

Visualization of a supercomplex composed of monomeric
PSI, surrounded asymmetrically by a light-harvesting region
composed of Lhca1 to -4 proteins, was made by using EM on
spinach PSI-200 complexes (18). This LHCI-PSI supercomplex
has now been observed in C. reinhardtii (44, 67), and a 30-Å
three-dimensional model has been calculated (67). The typical
LHCI-PSI supercomplex structure, resolved in two dimensions
in the 20- to 30-Å range, has dimensions of ca. 220 by 180 Å
and a height of 105 Å for the latter three-dimensional struc-
ture. A number of different sizes have been reported, which is
likely to reflect the inherently labile nature of such complexes
and the number of LHC components they are able to bind
under various conditions. One cannot yet discount the exis-
tence of LHCI-PSI supercomplexes with a complete ring of
LHCI components surrounding the central PSI core, but use of
milder solubilization conditions for extraction of the com-
plexes from membranes prior to imaging may be required for
their visualization. Such a situation was true for the LHCII-
PSII megacomplexes, which are composed of the more stable
LHCII-PSII supercomplex core and additional LHCII compo-
nents. It may be the case that if complexes are isolated
“locked” into the state 2, LHCI-PSI supercomplexes will be

observed with bound LHCII components. It should noted that
the recently published 4.4-Å crystal structure of pea PSI re-
vealed the presence of only four Lhca proteins per PSI reaction
center (12), which contrasts with the finding that up to 14 Lhca
subunits were proposed to surround the core of PSI, as as-
sessed by EM (18, 22, 44, 67). In the modeling study presented
by Kargul et al. (67), only one form (perhaps the most stable)
of an LHCI-PSI supercomplex was observed in their C. rein-
hardtii preparations. This has been updated here to reflect the
convergence with recent knowledge gleaned from crystallogra-
phy (Fig. 2). In light of the new pea PSI crystal structure, it will
be interesting to see whether the larger size of the LHCI
antenna of C. reinhardtii (44, 67) and the larger number of
Lhca polypeptides, compared to vascular plants, reflect a
greater flexibility to optimize function in various environmen-
tal conditions. It is noteworthy that recent proteomic data
revealed the presence of at least seven distinct Lhca polypep-
tides in PSI preparations from tomato (Lycopersicon esculen-
tum), strongly indicating that PSI complexes with various Lhca
compositions also exist in vascular plants (115, 134). The pea
PSI structure reveals that the Lhca proteins are bound rather
asymmetrically to the core of PSI. Lhca1 seems to be strongly
bound by PsaG and loop 1 of PsaB. The latter structural motif
is absent from the cyanobacterial PSI, whereas the other Lhca
are more weakly attached to the core. A weak interaction
between Lhca3 and PsaK can also be visualized. Therefore,
remodeling of the antenna complex is more likely to occur at
the PsaK/Lhca3 side than at the PsaG/Lhca1 side. This is
consistent with the finding that the remodeling of LHCI in-
duced by iron deficiency primarily affects PsaK and Lhca3 in C.
reinhardtii (81).

Interestingly, the “open” side of the LHCI-PSI supercom-
plex harbors subunits PsaH, PsaL, and PsaO, which form a
docking side for Lhcb polypeptides that bind to the PSI super-
complex under state 2 conditions (64, 73, 132).

Although the LHCI is closely associated with the PSI core
complex, the LHCI subunits are normally synthesized in PSI-

TABLE 1. Comparison of Lhca nomenclature used by Stauber et
al. (113), Elrad et al. (38), and Tokutsu et al. (122)a

Database annotation Protein name used by:

C. reinhardtii EST
(cDNA) contigb

Genomic gene
modelc

Stauber
et al.
(113)

Elrad et
al. (38)

Tokutsu et
al. (122)

AF104633 C_1460019 Lhca1 Lhca4 LhcI-6
20020630.8317.1 C_490067 Lhca2 Lhca9 Not listed
20020630.1214.1 C_1610027 Lhca3 Lhca6 LhcI-2
20020630.608.1 C_320083 Lhca4 Lhca5 LhcI-1
20020630.154.1 C_130138 Lhca5 Lhca1 LhcI-3
20020630.6026.2 C_430022 Lhca6 Lhca8 LhcI-5
20020630.7235.1 C_100004 Lhca7 Lhca2 LhcI-7
AY171231d

20011023.3781.1 C_270001 Lhca8 Lhca3 LhcI-4
AF244524 C_100008 Lhca9 Lhca2 Not listed

a For naming of the Lhca polypeptides, we follow the nomenclature of Stauber
et al. (113).

b The reference indicates either the C. reinhardtii EST assembly available from
the Chlamydomonas Genetics Center or the accession numbers of previously
reported genes.

c Genomic gene models differ partially from cDNA sequences; Lhca9 is only
found as a C-terminal fragment in the genomic database.

d Lacks amino acids in positions 16 to 32 of the immature protein sequence
compared to the C. reinhardtii EST contig.
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deficient mutants in C. reinhardtii (129). It should be noted that
recent results with the Arabidopsis PSI assembly mutant
HCF101 show that LHCI polypeptides are stable in vascular
plants in the absence of PSI (72, 114). The LHCI complex was
isolated from a C. reinhardtii �psaB mutant and consisted of six
Lhca polypeptides compared to nine in a LHCI-PSI supercom-
plex (117). Interestingly, Lhca3 and two minor polypeptides,
Lhca2 and Lhca9, were lost during the purification procedure,
although they were present in thylakoid membranes. This
strongly indicates that Lhca2, Lhca3, and Lhca9 are not re-
quired for the stable oligomeric structure of the LHCI complex
and that the association of these polypeptides with the LHCI
complex is stabilized by the presence of the PSI core complex.
Perhaps the Lhca2, Lhca3, and Lhca9 polypeptides function as
linker proteins that allow the stable formation of the LHCI-
PSI supercomplex. This would explain why Lhca3 is a prime
target in the adaptation to iron deficiency (see above) and why
the connection between LHCI and PSI becomes destabilized
by proteolytic processing of this subunit (Fig. 1). The fact that
an oligomeric LHCI complex can be isolated in the absence of
PSI is a surprise in light of the new pea PSI crystal structure
(12), which further underscores the differences in LHCI com-
position and structure between algae and vascular plants. From
a functional point of view it is interesting that a functional
association between LHCI and PSII has been observed in
mutants of C. reinhardtii lacking PSI (32, 129), indicating that
the presence of a LHCI complex in the absence of PSI might
be of physiological importance under conditions in which PSI
is more strongly compromised than PSII and free LHCI com-
plexes are available to interact with PSII.

It should be noted that only the monomeric form of PSI,
with or without LHCs attached, has been seen in eukaryotes.
Trimers of PSI, a common oligomeric form in cyanobacterial
systems, have only been observed in the case of artifactual
association of monomers into larger oligomeric structures (18),

and this has been attributed to the truncation in eukaryotes of
PsaL (12), a polypeptide that is required for PSI trimerization
in cyanobacteria (26). Indeed, higher-order light-harvesting
structures composed of 18 copies of the IsiA polypeptide
(which resembles CP43 of PSII) bound as a ring around trim-
eric PSI have been observed in iron-stressed cyanobacteria (13,
14, 17) or constitutively in green oxyphotobacteria (15), further
emphasizing the diverse nature of the light-harvesting mecha-
nisms used in oxygenic photosynthetic organisms. The inherent
heterogeneity of higher plant and/or green algal photosyn-
thetic structures, as demonstrated by the range of lhcb and lhca
genes identified, greatly increases the difficulty of structural
studies that rely on purity (e.g., crystallization for X-ray dif-
fraction studies). To date, this has been overcome to a certain
degree by “computer purification” single-particle analysis clas-
sification methods (87, 100). Further structural knowledge of
the protein scaffold that holds and orients pigment molecules
involved in light harvesting and light dissipation will be impor-
tant for the understanding of the micromolecular dynamics of
excitation energy transfer.

FUNCTION OF LHCS: EXCITATION ENERGY
TRANSFER TO PSI AND PSII

The structures of the LHC proteins nicely explain their ca-
pabilities, which will be briefly reviewed here, before we ad-
dress the ways in which these properties might be regulated.
Energy transfer and equilibration in PSI occurs on the same
time scale as primary charge separation, making it experimen-
tally difficult to unravel these processes. Spectral equilibration
(from higher- to lower-energy chromophores) and decay of
excitations in the core PSI antenna take place with time con-
stants of �5 and �25 ps, respectively. Primary charge separa-
tion occurs with a time constant of �4 ps (53), although the
overall decay of excitations on the core antenna usually takes

FIG. 1. Structural comparisons between the internal distribution of LHCII and PSII subunits of the higher plant spinach and Chlamydomonas.
(a) Two-dimensional membrane domain region of a nonstained cryo-EM-derived spinach LHCII-PSII supercomplex three-dimensional map at 17
Å in grayscale (85); (b) overlay of the three-dimensional membrane domain sections from spinach (green) and Chlamydomonas (blue) to
emphasize the similarity in size and shape; (c) modeling of the transmembrane helical organization of the spinach core dimer derived from electron
crystallography (49). These data have been overlaid with permission and include the Lhcb components (blue cylinders), modeled as helices based
on the electron crystallographic structure of monomeric LHCII (70).
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longer (25 to 30 ps) (52). Energy transfer within the antenna of
PSI is strongly affected by a subset of Chls, the so-called “red
Chls,” which have absorption maxima of �700 nm. Excitation
energy tends to accumulate on these pigments, especially at
low temperature. The location of these Chls has been the
subject of much discussion, but it is clear that the number of
red Chls and their excitation and emission maxima are very
species dependent (45). In cyanobacteria, at least some of the
red Chls are likely to be located at the interface between
monomers in the PSI trimer because of the augmentation of
red Chl emission (�720 nm) seen upon trimerization. In the
core of eukaryotic PSI, there appears to be a small set of Chls
that absorb at 705 nm and emit at 720 nm, but the major
contributor to far-red fluorescence is LHCI, which contains
Chls that absorb at 710 nm and emit at 730 nm in vascular
plants (�710 nm) in Chlamydomonas (11, 118, 129). These
Chls appear to be localized to the Lhca1/Lhca4 heterodimer
(68, 103). Interestingly, recombinant Lhca3 reconstituted with
pigment resembles Lhca4 in its low-temperature fluorescence

emission spectrum. Both Lhca proteins exhibit the most red-
shifted fluorescence emission among the four Lhca proteins
(103, 105), indicating that the excitation energy of the antenna
may migrate via a low-energy chlorophyll of Lhca3 toward the
PSI core chlorophylls. A recent ultrafast study (77, 78) found a
50-ps energy transfer component in the reconstituted Lhca1-
Lhca4 heterodimer, which was absent in both monomers. This
was ascribed to energy transfer from Lhca1 to Lhca4, which
contains the lowest-energy (730-nm) pigment. The recent
structure of pea LHCI-PSI (12) reveals three “linker Chls” at
the interface between Lhca1 and Lhca4, which are the likely
conduits of this efficient intersubunit energy transfer. In cya-
nobacteria the red Chls seem to be near P700, and they have
been proposed to increase the efficiency of trapping by con-
centrating excitation energy near to the trap. However, they
are also likely to slow trapping, given that in Chlamydomonas
PSI, which has essentially no red Chls in its core antenna (76),
the trapping rate is much faster (83). Thus, the situation is
clearly different in eukaryotes, where the major red Chls are in

FIG. 2. A Chlamydomonas LHCI-PSI supercomplex observed by Kargul et al. (67), grayscale, overlaid to scale with the 4.4 Å resolved,
membrane intrinsic, pea LHCI-PSI structure, obtained with permission (12). The pea structure, emphasized by the bold outline, has been
positioned by placing its four copies of LHCI (labeled Lhca1 to -4; in green) into the four-domain asymmetric crescent of density observed by
Kargul et al. (67). The remaining densities now visualized in the Chlamydomonas structure are labeled with an asterisk. Locations of other notable
Psa subunits are labeled in white. The green outer band represents the putative detergent shell of �15 Å, which will also have been encompassed
by negative stain.
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the peripheral rather than the core antenna. The addition of
LHCI to PSI has a significant effect upon the trapping rate,
with the trapping time of 22 ps in PSI increasing to ca. 70 to
130 ps in LHCI-PSI. This is attributed to three main factors:
the increase in the number of Chls, the higher proportion of
lower-energy Chls, and the longer average distance between
pigments in LHCI-PSI versus PSI.

In photosystem II, it had been assumed that trapping took
place from a state in which excitation energy was thermally
equilibrated (27, 102), but a recent theoretical study based
upon the X-ray structure of PSII came to the opposite conclu-
sion (126). Instead, it appears that there is a fast (�5 ps) phase
of antenna energy redistribution within each complex of pig-
ments followed by a much slower (100-ps) phase of redistribu-
tion between antenna and reaction center (RC) complexes.
None of the Chls in the theoretical model were at their pre-
dicted Boltzmann level during the fluorescence decay. This is a
consequence of the arrangement of pigments within the core of
PSII. Unlike the situation in PSI, in which there is a complete
ring of Chls surrounding the RC, the Chls bound by CP43 and
CP47 are relatively isolated from each other (135). As trapping
is taking place, there is constant redistribution of excitation
energy to CP47, on the periphery of which is the red-most Chl
of PSII (106). There are four antenna Chls located between the
RC and the two core antenna complexes of PSII that seem to
be especially important for transfer of excitation energy to the
trap. Omission of either of the two most important led to a
serious deviation from the fit to the experimental data ob-
tained with Synechocystis cells lacking PSI (126).

DYNAMICS OF LIGHT-HARVESTING PROTEINS

The thylakoids of higher plants, and occasionally green al-
gae, form flattened membranes that are segregated into
stacked granal and unstacked stromal lamellae. The PSI and
ATP synthase complexes are localized to the stromal lamellae,
whereas the majority of active PSII resides in the grana (3, 8).
Cytochrome b6f is present in both types of lamellae (1). In
Chlamydomonas, the asymmetry in the distribution of the pho-
tosynthetic complexes has been shown in an immunocytochem-
ical study with thylakoid membranes (125). Furthermore, the
thylakoid membrane is a highly dynamic membrane system,
where specific outer Lhcb proteins can shuttle between PSI in
the stroma and PSII in the grana in order to optimize overall
electron transport (69). In general, EM techniques of freeze-
etch and freeze fracture, coupled with comparative studies of
wild-type organisms and mutants deficient in PSI, PSII, or their
LHC antennae and with antibody labeling (91), have enabled
the localization of these protein complexes within the various
lamellae of Chlamydomonas.

Regulation of this dynamic system in response to light can be
divided into short- and long-term responses. Short-term re-
sponses include nonphotochemical thermal dissipation of ex-
cess energy (33, 58, 88), which will not be discussed here, and
the process of state transitions. The latter process leads to a
redistribution of excitation energy between PSII and PSI due
to a reorganization of the antennae (23, 32, 84). In this process,
LHCII polypeptides become phosphorylated under high-light
conditions, when the plastoquinol pool is reduced (state II),
which causes them to dissociate from PSII and migrate to the

stromal lamellae, where they are functionally incorporated into
the peripheral antenna of PSI (31, 32). Under oxidizing con-
ditions (state I), the absorbance cross-sections of the two pho-
tosystems are nearly balanced in C. reinhardtii and change to
0.15 for PSII and 0.85 for PSI under reducing conditions (state
II) (32). These changes in the distribution of excitation energy
are accompanied by changes in the way the photosynthetic
electron transfer operates. Cells perform mainly linear elec-
tron transfer in state I, whereas cyclic electron transfer domi-
nates in state II (43). Cytochrome b6f has also been observed
by immuno-EM to laterally redistribute along the thylakoids
during state transitions (124). The identification of the thyla-
koid-associated serine-threonine kinase Stt7 confirmed the im-
portance of LHCII phosphorylation in the process of state
transitions (34). A C. reinhardtii stt7 mutant is deficient in
LHCII phosphorylation and is also impaired in state transi-
tions. It appears that a homolog of Stt7 exists in Arabidopsis.
Interestingly, another thylakoid membrane protein kinase
TAK1 was identified in Arabidopsis (109). TAK1 antisense
plants displayed reduced TAK1 protein levels and exhibited
reduced LHCP phosphorylation and impaired state transitions
(108). Taken together, these results indicate that different ki-
nases may control the process of state transitions. The activity
of the kinase(s) responsible for LHCP phosphorylation appear
to be controlled by the activity and/or occupation of the Qo site
of the cytochrome b6f complex. By reverse genetics a Chlamy-
domonas mutant strain was constructed that showed no con-
certed oxidation of plastoquinol at the Qo (133). As a result,
the mutant was locked in state I, since no phosphorylation of
LHC proteins and no migration of LHCP to PSI occurred in
this mutant under state II conditions, demonstrating that plas-
toquinol binding by the Qo pocket is required for LHCII kinase
activation (133). Participation of the Qo site in the activation of
the LHCP kinase was already suggested by Vener et al. (127,
128), since activation of the kinase correlated with the pres-
ence of plastoquinol at the Qo site.

Phosphorylation of PSII core subunits PsbD, PsbC, and
PsbH has been reported for Chlamydomonas (29, 30, 35). In
addition, a small protein of �5 kDa is also phosphorylated and
has been identified as the product of psbI or psbF (35). Inter-
estingly, a Chlamydomonas mutant BF4 that is strongly de-
pleted in LHCII, as well as CP29 and CP26, does not display
any PSII core phosphorylation (37). In the light of these re-
sults, it has been postulated that PSII core subunit phosphor-
ylation is a prerequisite for stable LHCII-PSII supercomplex
formation (36). However, as an alternative explanation, the
absence of LHCII may have caused the impact in PSII core
phosphorylation. Disruption of a small chloroplast-encoded
open reading frame ycf9 resulted in reduction of CP26 in C.
reinhardtii and tobacco (99, 116) and also CP29 to a lesser
extent in tobacco (116). The disruption also changed consid-
erably the phosphorylation of PSII core subunits in Chlamy-
domonas and tobacco (116). Ycf9 is shown to copurify with
PSII core complexes from C. reinhardtii and tobacco and is
absent from Fud7 and F34 mutants deficient in PSII but is
present in the BF4 mutant deficient in LHCII (116). There-
fore, Swiatek et al. concluded that the Ycf9 gene product is a
bona fide PSII subunit and named it PsbZ. The fact that CP26
is depleted from the PsbZ-deficient mutant, but PsbZ is
present in LHCII mutant BF4 strongly indicates that phos-
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phorylation of the PSII core is at least partially dependent on
the presence of CP26, whereas PsbZ is involved in binding of
CP26 to PSII and therefore in the formation of the LHCII-
PSII supercomplex. The formation of the supercomplex as a
function of the phosphorylation status of PSII and LHC
polypeptides and the functional connection to light-harvesting
and/or light-dissipation remains to be investigated.

In algae the absorbance cross-sections of the photosynthetic
reaction centers may also be modulated by long-term re-
sponses to ambient light intensity (10, 40, 71, 74, 95, 107, 119).
The importance of balancing light-harvesting capacity and
photosynthetic electron transfer to avoid overexcitation of the
antennae is brought to light by the photosensitive phenotype of
the PsaF-deficient strain (54). The psaF mutant was disrupted
in its capacity for electron transfer between plastocyanin and
PSI, showed an over-reduced QA by transient fluorescence
induction and thermoluminescence measurements, and died at
light intensities above 400 �E m�2 s�1 (41, 55). Screening for
light-resistant suppressors yielded a strain in which the LHC
polypeptides are not properly assembled within the thylakoid
membrane and not functionally connected to the reaction cen-
ters (54). Thus, the inability of a large part of the excitation
energy to reach the reaction center can provide protection
against high light in this mutant. Interestingly, it has been
shown that photoinactivation of PSII is slowed in C. reinhardtii
strains unable to photo-oxidize the PQ pool and therefore
unable to grow photoautotrophically (46, 131). This may indi-
cate that under photoinhibitory conditions linear electron
transfer from PSII to PSI may mediate the production of re-
active oxygen species at PSI, which in turn cause a decline in
PSII activity. This scenario is supported by the fact that high
light causes an increase in lipid peroxidation and a concomi-
tant decrease in PSII content in mutants affected either at the
oxidizing or reducing sides of PSI (110). Therefore, downregu-
lation of the antennae of both photosystems in order to de-
crease overall delivery of excitation energy and to balance the

input between the photosystems is crucial to minimize photo-
oxidative damage under high-light conditions.

The LHCs themselves may be responsible, at least in part,
for the light sensitivity of some C. reinhardtii mutant strains. It
has been noted that anaerobic (or microaerobic) conditions
can alleviate the photosensitivity phenotype of mutants con-
taining low levels of PSI (96, 97). Mutants with low antenna
can even partially alleviate the extreme photosensitivity of mu-
tants containing no PSI. This extreme light sensitivity is seen
even in mutants completely lacking both PSI and PSII (24), in
which all cellular chlorophyll is bound by LHC. Thus, at least
some of the photo-oxidative reactions leading to photo-in-
duced death must occur at the level of LHC pigments. These
reactions are most likely singlet-triplet exchange reactions with
molecular oxygen, leading to production of singlet oxygen (5,
6).

Other protective mechanisms operate when Chlamydomo-
nas cells experience nutrient deprivation. In general, lack of
sulfur, phosphorous, nitrogen, or iron, as well as low CO2

availability, lead to a downregulation of photosynthetic activity
in C. reinhardtii (7, 81, 92, 94, 112, 130). In the case of nitrogen
deficiency a specific loss of the cytochrome b6/f complex has
been reported (25, 94). The importance of adjusting photosyn-
thetic activity in response to nutrient deficiency is dramatized
by the phenotype of the sac1 mutant (28), which is unable to
reduce photosynthetic electron transfer capacity when sulfur
levels fall and dies in the light within 2 days. A new response
has been described that occurs during adaptation of C. rein-
hardtii to iron deficiency and leads to the alteration and re-
modeling of the LHC system even before downsizing of the
photosynthetic machinery is induced (81). Changes in the phys-
ical coupling between the LHCI antenna system and PSI are
already evident at iron levels (1 �M iron) at which a chlorosis
phenotype is not obvious but expression of a marker gene for
the iron nutritional status of the culture is maximally induced
(81). Low-temperature fluorescence emission spectra, as well

FIG. 3. Model of the progressive adaptation to iron depletion. Iron-deficient conditions induce remodeling of photosystem I antenna,
degradation, replacement,and change in subunit associations. Further iron limitations result in a downregulation of abundance of the LHCI-
photosystem I complex.
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as biochemical data, indicate that functional coupling between
LHCI and PSI is largely lost at this iron concentration. Based on
the observation that the PSI subunit PsaK is more strongly af-
fected at the onset of iron deficiency than other PSI subunits,
Moseley et al. (81) proposed that this disconnection is mediated
by a change in the physical properties of PsaK in response to a
change in plastid iron content. This is in line with the fact that
PsaK is a peripheral PSI chlorophyll-binding subunit (65) and
functions in the connection of the Lhca2/Lhca3 heterodimer to
PSI (62, 63). Interestingly, PsaK is largely depleted from the PSI
complex in the crd1 mutant grown under normal conditions. The
crd1 mutant was originally described as a copper response defect
mutant (80) that has a strong chlorotic phenotype under condi-
tions of copper deficiency, where it loses PSI and LHCI (80). The
crd1 gene product is an iron-dependent aerobic oxidative cyclase.
C. reinhardtii contains two isoforms of this protein, Crd1 and
Cth1, which display a complementary pattern of expression de-
pendent upon oxygen supply and copper nutritional status (82).
These cyclases are supposed to function in the chlorophyll bio-
synthetic pathway, as shown for a bacterial homologue (93).
Given the fact that PsaK is affected by a change in cyclase activity,
Moseley et al. (81) proposed further that the chlorophyll-binding
sites of PsaK are sensitive to flux through the chlorophyll biosyn-
thetic pathway, which in turn is affected by the activity of the
Cth1/Crd1 enzymes (Fig. 3). Consequently, a drop in the plastid
iron levels would reduce cyclase activity and thereby result in a
functional uncoupling between LHCI and PSI (Fig. 3). Adapta-
tion to more severe iron-deprivation results in remodeling LHCI,
leading to degradation of the Lhca polypeptides and possibly to
the induction of novel LHC proteins. Mass spectrometric analyses
demonstrated that one of these new LHCI subunits is actually an
N-terminally processed Lhca3 (Chlamydomonas) Lhca3 is closely
related to the vascular plant Lhca3 (113, 122; E. J. Stauber and M.
Hippler, unpublished data). Interestingly, the N termini of the
Lhca1 and Lhca4 proteins have been reported to be important in
functional interactions with each other (104). Therefore, differ-
ential processing of Lhca3 may well alter the functional connec-
tions in the antenna network and contribute to the uncoupling of
LHCI and PSI. Immunochemical analyses revealed that the abun-
dance of LHCII subunits is also subject to change before chlorosis
symptoms become visible (81), which indicates that the LHCII
antenna may also be remodeled in response to iron deficiency.
Furthermore, severe iron deficiency seems to induce the decou-
pling of LHCII from PSII, as indicated by 77-K fluorescence data,
a phenomenon that has also be reported for land plants by using
PSII-associated fluorescence (79). The protective function of
these adaptations as a defense program to cope with photo-oxi-
dative stress is illustrated by the enhanced growth of a PsaF-
deficient strain either in iron-deficient conditions or in combina-
tion with the crd1 mutation (81), both of which lead to
downregulation of LHCI. Therefore, adaptation to iron defi-
ciency is another example where photosynthetic function is opti-
mized by graduated modulation of light harvesting to minimize
photo-oxidative damage.

CONCLUSIONS

In light of recent and in expectation of future high-resolu-
tion X-ray structures of algal or higher plant photosystems, it
will still be necessary to translate the structural information

into mechanisms of how the light-harvesting systems couple
functionally to their respective reaction center cores. All this
will need to be understood in terms of the dynamic processes
ranging from initial biogenesis, through to the state transitions,
and any adaptation to different environmental conditions. One
would hope that an organism, such as Chlamydomonas, which
is suitable for reverse genetics, genomic, and proteomics, cou-
pled to a structural classification technique such as single-
particle analysis, will lead to rapid advances in our structural
understanding of these dynamics.
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