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ABSTRACT: In photosynthetic membranes of cyanobacteria, algae, and higher plants, photosystem I (PSI)
mediates light-driven transmembrane electron transfer from plastocyanin or cytochromec6 to the
ferredoxin-NADP complex. The oxidoreductase function of PSI is sensitized by a reversible photooxidation
of primary electron donor P700, which launches a multistep electron transfer via a series of redox cofactors
of the reaction center (RC). The excitation energy for the functioning of the primary electron donor in the
RC is delivered via the chlorophyll core antenna in the complex with peripheral light-harvesting antennas.
Supermolecular complexes of the PSI acquire remarkably different structural forms of the peripheral light-
harvesting antenna complexes, including distinct pigment types and organizational principles. The PSI
core antenna, being the main functional unit of the supercomplexes, provides an increased functional
connectivity in the chlorophyll antenna network due to dense pigment packing resulting in a fast spread
of the excitation among the neighbors. Functional connectivity within the network as well as the spectral
overlap of antenna pigments allows equilibration of the excitation energy in the depth of the whole
membrane within picoseconds and loss-free delivery of the excitation to primary donor P700 within 20-
40 ps. Low-light-adapted cyanobacteria under iron-deficiency conditions extend this capacity via assembly
of efficiently energy coupled rings of CP43-like complexes around the PSI trimers. In green algae and
higher plants, less efficient energy coupling in the eukaryotic PSI-LHCI supercomplexes is probably a
result of the structural adaptation of the Chla/b binding LHCI peripheral antenna that not only extends
the absorption cross section of the PSI core but participates in regulation of excitation flows between the
two photosystems as well as in photoprotection.

Photosynthesis is a fundamental biological process sup-
plying Earth’s biosphere with oxygen and energy for living

organisms (1). Photosystems I and II (PSI1 and PSII,
respectively) are major parts of the molecular photosynthetic
machinery in oxygenic cyanobacteria, algae, and higher
plants. The two photosystems operate in a concerted way in† This work was supported by NRI/CSREES/USDA Grant 2003-

35318-13665 to A.N.M., NSF Grant MCB-9727607 to R.E.B., and a
BBSRC grant to J.B.

‡ This is publication 647 of the Center for the Study of Early Events
in Photosynthesis at Arizona State University.

* To whom correspondence should be addressed: Department of
Chemistry and Biochemistry, Arizona State University, Tempe, AZ
85287-1604. Phone: (480) 965-1437. Fax: (480) 965-2747. E-mail:
Alexander.Melkozernov@asu.edu.

§ Arizona State University.
| Imperial College.

1 Abbreviations: Chla, chlorophyll a; CP43, PsbC subunit of
photosystem II; CP43′, iron-stressed induced protein encoded by the
isiA gene; cryo-EM, electron cryomicroscopy; LHCI, peripheral light-
harvesting complex of photosystem I; LHCII, peripheral light-harvesting
complex of photosystem II; Pcb, light-harvesting proteins from oxy-
photobacteria related to iron-stressed induced proteins; PSI, photosystem
I; PSII, photosystem II; P700, primary electron donor in photosystem
I; RC, reaction center.

© Copyright 2006 by the American Chemical Society Volume 45, Number 2 January 17, 2006

10.1021/bi051932o CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/20/2005



thylakoid membranes. The major functions of PSII are
photooxidation of water to oxygen and providing electrons
and protons for the cytochromeb6f (cyt b6f) complex (2).
The PSI complex accepts electrons from the cytb6f complex
via plastocyanin or cytochromec6 and further catalyzes a
light-driven transmembrane electron transfer to the ferre-
doxin-NADP complex, producing intracellular energy for
carbon dioxide assimilation (3).

The oxidoreductase function of PSI is sensitized by a
reversible photooxidation of primary electron donor P700,
which launches a multistep electron transfer via a series of
redox cofactors of the PSI reaction center (RC) (3, 4). The
excitation energy for the functioning of the primary electron
donor in the PSI RC is delivered via a core antenna made
up of chlorophyll (Chl) molecules bound to the protein. In
contrast to most other photosynthetic systems, where the an-
tennas and reaction centers are located on distinct complexes,
PSI has a combined system in which the light-harvesting
Chls are associated with the same protein that binds the redox
cofactors of the electron transfer in the RC (5, 6).

During the course of evolution, both PSI and PSII have
acquired extrinsic or intrinsic peripheral light-harvesting
antennas (LHC). The extension of light-harvesting capacity
is identified by the fact that sunlight is a relatively dilute
energy source. Even during a cloudless day the radiation flux
of solar energy would result in absorption by each Chl
molecule of only approximately 10 photons per second (1).
Having the light-harvesting antennas allows photosynthetic
organisms to avoid the reaction center idling while waiting
for another photon. On the other hand, selective pressure
during the evolution of the antenna complexes under chang-
ing environmental conditions was directed toward efficient
delivery of the excitation energy to the RC before its dissipa-
tion (7). Undelivered or excess energy is harmful for photo-
systems since it is converted into the long-lived Chl triplet
states capable of generating reactive singlet oxygen (8).

For PSI, Nature solved this dilemma by acquiring antennas
with significant structural diversity ranging from externally
coupled phycobilisomes (9, 10) or integral membrane iron
stress-induced Chla binding proteins in cyanobacteria (11,
12) to integral Chla/b binding LHCI in green algae and
higher plants (13-17). The remarkably different structural
forms of the various antenna complexes of PSI, including
distinct pigment types and organizational principles, strongly
suggest that they have evolved independently in response to
both the general need to increase the absorption cross section
and the specific environmental conditions such as light
quality, its intensity, nutrient availability, etc.

This review discusses the structure-function organization
of light harvesting in PSI supercomplexes on the basis of
recent structural and time-resolved spectroscopy studies of
prokaryotic and eukaryotic systems.

I. PSI Core Antenna: A 100% Excitation DeliVery to the
Reaction Center through an Optimized Chlorophyll
Antenna Network

Structural Organization of the PSI Core Light-HarVesting
Antenna.The PSI core antenna is the central structural block
of PSI supercomplexes. The detailed structure of the PSI
core from the cyanobacteriumThermosynechococcus elon-

gatus (former nameSynechococcus elongatus) has been
obtained by X-ray crystallography at 2.5 Å resolution (6;
Protein Data Bank entry 1JB0). The monomeric PSI core
complex consists of 12 protein subunits binding a significant
amount of cofactors, including 96 chlorophylla molecules,
22 â-carotenes, four lipids, three iron-sulfur clusters, and
two phylloquinones (6) (Figure 1A). The largest transmem-
brane protein subunits, PsaA and PsaB, have a 43% amino-
acid sequence identity and form a heterodimer. The hetero-
dimer has two distinct structural domains related to the C-
and N-termini of each protein. A palisade of five transmem-
brane helices in the C-terminal domain of PsaA and PsaB
form a shell enclosing the electron transfer cofactors of the
RC, six Chls, two phylloquinones, and three iron-sulfur
centers (Figure 1B). Antenna pigments that transfer excitation
energy to the C-terminal domains, including 85 of 96 antenna
Chls of the PSI core (Figure 1C), are bound to the N-terminal
domain presented by a bundle of six transmembrane helices.
Peripheral PSI core subunits, PsaL, PsaK, PsaJ, PsaM, and
PsaX, bind the remaining 11 Chls of the antenna.

The PsaA and PsaB subunits are related to each other by
a 2-fold pseudosymmetry axis running in a transmembrane
direction through the molecule of the primary donor in the
RC in the lumenal part of the membrane and iron-sulfur
cluster Fx on the stromal side. More than 80% of the Chls
bound to the PSI core are related by this 2-fold pseudosym-
metry with∼60% conservation of the Chl-binding sites. Most
of the Chls form two distinct layers at the stromal and
lumenal sides of the thylakoid membrane (Figure 1D). Within
each of the layers, Chls are arranged as distorted ellipses
flanked at the distal ends by peripheral core antenna Chls
(Figure 1C). The Chls in the antenna form a network since
the average interpigment distance is comparable with the
diameter of the Chl molecule (∼9 Å). The lumenal and
stromal Chl ellipses are connected to each other via several
Chls located in the middle of the membrane. Two of these
Chls, a pair of symmetrical linkers, provide a structural
connection of the stromal layer with the Chls in the RC
(Figure 1C). A special structural feature of the PSI core is
clustering of the pigments in the stromal and lumenal layers
with a majority of the Chl clusters located within the pigment
ellipses (18, 19).

Prokaryotic and eukaryotic PSI core antennas seem to
share the same location and orientation for the majority of
Chls (6, 15), which is governed by conservation of pigment-
binding sites and protein folds.

Structural Features of PSI Trimers.In thylakoid mem-
branes of cyanobacteria, PSI assembles as a trimer of
identical core complexes (homotrimer) (Figure 2). The PsaL
subunit of PSI is located in the trimer-forming domain, and
its deletion prevents trimer formation (20, 21). Each PsaL
subunit is characterized by a specific structural rigidity (22),
and the whole trimerization domain is reinforced by elec-
trostatic and hydrophobic interactions among the transmem-
brane helices of neighboring PsaL subunits (6, 23, 24).
Further stabilization of the trimer is maintained by interaction
of PsaL with the peripheral PSI core subunits, PsaM and
PsaI, as well as with the extrinsically docked PsaD subunit
at the stromal side of the complex (21, 25, 26).

Because of the rigid structure of the PsaL trimerization
domain, the number of pigment contacts between the
monomers in the trimer is limited (27). Nevertheless, these
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pigments seem to provide additional functional connections
of three antenna networks in the PSI trimer (see below).

Principles of PSI Core Antenna Functioning.The PSI core
monomer is the main functional unit of the cyanobacterial
PSI trimer. It is also the best studied due to extensive time-
resolved spectroscopy studies (reviewed in refs28-31) and
the availability of a high-resolution crystal structure (6).

A dense packing of the pigments in the PSI core enhances
the functional connectivity of the antenna via random sub-
picosecond hopping of the excitations in the network (Figure
3). Time-resolved spectroscopy studies of the cyanobacterial
PSI core reveals that the excitation energy transfer between
the neighbors in the chlorophyll network occurs within 200-
600 fs (18, 31-35) (see Figure 3). Twenty-twoâ-carotene
(Car) molecules embedded into the antenna network act as
excitonic wires connecting carotenoids with Chls via ultrafast
energy transfer, which predominantly occurs via the
Car-S2-Chl Qy pathway (36-38) (see Figure 1C). Energy
equilibration among the Chls occurs on the picosecond time
scale (2-5 ps) and involves pools of the longest-wavelength
absorbing (red) pigments (18, 33, 39-43). Similar conclu-
sions have been made for the eukaryotic PSI core (41, 42,
44-47). The red spectral shift that is different in magnitude
contributing to the spectral heterogeneity in the 670-710
nm region in PSI RCs from all organisms is a functional

manifestation of the excitonic interactions in the pigment
clusters (32, 33). These interactions favor further spectral
broadening and better overlap of the fluorescence with the
absorption spectrum of primary donor P700 in the reaction
center, which leads to efficient energy trapping within 20-
40 ps. Three experimental time scales, i.e., sub-picosecond
and picosecond energy equilibrations and photochemical
trapping, unambiguously observed by time-resolved spec-
troscopy were successfully reproduced in recent modeling
of the PSI excitation dynamics (48-50) based on the 2.5 Å
resolution crystal structure (6).

Despite different modeling strategies (19, 27, 48-51),
structure-based calculations generally agree about the clusters
of the pigments with extreme red shifts. These pigments
include symmetry-related dimers in the stromal layer of the
PSI core located in the vicinity of connecting Chls, the PsaL
adjacent cluster of Chls, and a trimer on the periphery of
PsaB. The relative amount of red pigments is species-
dependent (31, 35, 41, 43) and is related to the presence of
the Chl clusters on the periphery of the PSI core as well as
those induced by trimerization (see below).

Major pools of red pigments in cyanobacterial and
eukaryotic PSI seem to play similar roles due to similar
orientations of a majority of core antenna Chls in both
complexes (6, 15). These pigments are structurally well

FIGURE 1: Structure of the photosystem I core from cyanobacteria. (A) Side view of the PSI core monomer consisting of nine intrinsic
transmembrane and three extrinsic PSI subunits. (B) Side view of redox cofactors of electron transfer in the PSI RC, including two branches
of electron carriers: eC-A1-eC-B1, excitation trap and primary donor P700; eC-A2 (eC-B2), accessory Chls; eC-A3 (eC-B3), primary
acceptor A0 and its symmetric counterpart; QK-A (QK-B), phylloquinones (secondary acceptors); FX, FA, and FB, iron-sulfur clusters. (C)
Top view of the PSI core pigment system: red for Chls in the RC, purple for connecting Chls, green for Chls bound to PsaA and PsaB
subunits, magenta for Chls bound to peripheral PSI core subunits, and orange forâ-carotene molecules. (D) Side view of the layer arrangement
of the PSI core Chl antenna. Atomic coordinates of PSI from the cyanobacteriumS. elongatusobtained from the Protein Data Bank [entry
1JB0 (6)]. Molecular graphics were rendered using Web Lab Viewer from Accelrys, Inc.
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integrated into the Chl core network (Figure 3); therefore,
they not only enhance the absorption cross section of PSI
but also function as transient traps gathering the excitation
around the reaction center on the picosecond time scale (18,
32, 48, 52, 53). Excitation of the red pigments in the PSI
core fromSynechocystissp. PCC6803 at 710 nm was shown
to induce an ultrafast (0.4-0.7 ps) uphill energy transfer,
suggesting the functional connectivity of the red pigments
(presumably A38-A37 or B37-B38 dimers) via linkers to
the Chls of the RC (18, 43).

The photochemical trapping in the PSI core (20-40 ps)
is independent of the excitation wavelength (18, 40, 41, 43),
but there is no overall agreement about how to interpret this
experimental fact. In a trap-limited interpretation, kinetic
processes in the RC would limit the overall decay of the
excitation in the PSI core antenna (18, 41, 42, 54, 55).
Structural coupling of the Chl antenna network and the redox
active Chls in the RC via connecting chlorophylls (linkers)
allows excitations to make multiple visits to the trap before
the photochemical quenching due to the primary charge
separation in the RC. In a transfer-to-trap limited interpreta-
tion, the overall distance between the PSI core antenna
network and the exciton trap, P700, as well as the number
of red pigments in the antenna determines the observed
photochemical trapping (30). Recent structure-based kinetic
modeling studies appear to reconcile both approaches
concluding that both transfer-to-trap and trap-limited excita-
tion dynamics are equally responsible for the observed
trapping time (19, 48, 49).

The PSI core antenna network has an optimal design in
terms of site energies and orientations of Chls (19, 48, 49).
Linking Chls and red pigments seems to add to the optimal
design of the network, slightly enhancing energy transfer
from the core antenna to P700. A functionally connected Chl
network results in a robustness of the excitation dynamics
in the PSI core, and many routes of the excitation to P700
are possible. Organization of the antenna Chls in the PSI core
is on the whole conserved between cyanobacteria and higher
plants, suggesting that an optimization of the PSI light-harvest-
ing system was attained more than 1 billion years ago (56).

Functions of the PSI Trimers.Spectroscopic differences
between the PSI trimers and monomers are related to the
presence of extremely low-energy red pigments induced by
trimerization with a species-dependent magnitude of the
effect. PSI trimers fromSynechocystissp. PCC6803 possess
approximately five red Chls (35) with two spectral forms
contributing to the red-most absorption band at 708 nm. The
PSI core monomers demonstrate weak interactions in the
trimer (57), which indicates that the red pigments are located
within the pigment ellipse of the PSI core network (see
Figure 3). As a result, no differences in the excitation
dynamics are observed in the PSI trimers and monomers from
this species (18, 35, 39, 40, 43, 58, 59). PSI trimers fromT.
elongatusbind approximately nine red Chls (35), absorbing
at 708 and 719 nm and emitting at 730 nm at low
temperatures. Monomerization of the trimer results in a
significant decrease in absorption of the red-most spectral
form, C-719, which supposedly originates from pigment-
pigment interactions in clusters of pigments adjacent to PsaL
(35, 60). In a cyanobacteriumArthrospira platensis(former
nameSpirulina platensis), PSI is thought to form a very
stable PSI trimer (61). In addition to the spectral form at
708 nm, which is contributed by absorption of approximately
seven Chls of the PSI core monomer, there is in this organism
an extremely red-shifted trimerization-induced spectral form
at 740 nm giving rise to a 760 nm fluorescence at low
temperatures (24, 35, 62).

Overall, on the basis of the results of time-resolved studies,
the fast excitation dynamics of PSI trimers are dominated
by the kinetic processes in individual PSI monomers.
However, the photochemical trapping, which occurs in the
fully equilibrated core antenna, slows with the increase of

FIGURE 2: PSI trimer of identical core complexes (homotrimer)
from cyanobacteria. The trimer is stabilized by the interaction of
PsaL (colored light blue) with two transmembrane subunits, PsaM
(purple) and PsaI (magenta), and an extrinsic subunit, PsaD (not
shown). This figure was rendered using atomic coordinates of PSI
from the cyanobacteriumS. elongatusobtained at 2.5 Å resolution
[PDB entry 1JB0 (6)].

FIGURE 3: Functional organization of the PSI core antenna. Three
experimental time scales in the excitation dynamics include random
sub-picosecond hopping of the excitations in the antenna network,
picosecond energy equilibration among Chls with different site
energies, and overall decay of the excitation via energy trapping.
Shaded circles indicate locations of the Chl clusters, most probable
candidates for the red pigments. Chls in the RC and connecting
Chls are colored red and purple, respectively. See the text for details.
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the number of low-energy pigments. The lifetimes vary from
25 ps in PSI fromSynechocystisirrespective of trimerization
state (18, 35, 40, 59) to 37 and 50 ps for the PSI monomers
and PSI trimers, respectively, fromA. platensis(35). An
increase in the trapping time in the PSI trimers is likely to
be associated with the presence in the trimer’s excitation
dynamics of additional excitation energy equilibration among
the red pigments (35, 43) or energy exchange among the
pools of red pigments of neighboring monomers (61, 63).
Kinetic modeling based on the structure of PSI trimers (27)
indicated the possibility of ultrafast energy transfer among
the monomers within the trimer through several connecting
pigments.

The possible functional significance of the PSI trimeriza-
tion is puzzling since the P700:Chl ratio in monomers and
trimers is the same and trapping capacities of P700 and
P700+ are similar (39, 64). However, trimerization-induced
red pigments extend the absorption cross section of the PSI
complex further to the red spectral region (see above). PSI
trimers are suggested to provide structural stabilization of
the PSI peripheral subunits (27) or supercomplexes of the
PSI with peripheral antenna, such as phycobilisomes (23,
27) or iron stress-induced CP43′ antenna (11, 12). Trimer-
ization of PSI is also a feature of the cyanobacterial-related
oxyphotobacteria such asProchlorococcusandProchloro-
thrix, which also have a CP43′-like antenna system composed
of Chl a- and Chlb-binding Pcb proteins (65-67; see below).

In summary, functional connectivity in the PSI core
antenna network due to dense pigment packing results in a
fast spread of the excitation among the neighbors. Functional
connectivity within the network as well as the spectral
overlap of antenna pigments allows equilibration of the
excitation energy in the depth of the whole membrane within
picoseconds and loss-free delivery of the excitation to
primary donor P700 within 20-50 ps.

II. PSI-CP43′ Supercomplex: Increase of
Light-HarVesting Capacity under Low-Light and
Iron-Deficiency Conditions

Structural Features of PSI-CP43′ Supercomplexes.Cy-
anobacteria are major producers of oxygen in the Earth’s
biosphere. During adaptive evolution, this group of photo-
synthetic microorganisms acquired different survival strate-
gies, resulting in a dynamic rearrangement of the light-
harvesting antennas coupled to PSII and PSI. One example
of the regulation of light-harvesting capacity is the change
in the extent and structure of phycobilisomes that allow
cyanobacteria and red algae to respond to their environmental
conditions (68, 69). Such a response occurs when cyano-
bacteria are exposed to a limiting supply of iron, a common
occurrence in their natural environment (70). Iron deficiency
in cyanobacteria results in a significant decrease in phyco-
biliprotein content (71) and overall reduction of the PSI level
relative to that of PSII (72). These changes seem, in part, to
be compensated by the accumulation of the IsiA protein
(CP43′) encoded by the “iron stress-induced”isiA genes
(73-75). Accumulation of proteins that are homologous with
IsiA proteins also occurs in the Chlb- and Chld-containing
oxyphotobacteria (76), suggesting that the observed phe-
nomenon might be an example of a different survival strategy
in adaptive evolution of the photosynthetic supercomplexes
(77, 78).

Recently, two laboratories have discovered that CP43′ and
the PSI reaction center trimer from cyanobacteria form a
supercomplex with a molecular mass of approximately 2
MDa (11, 12, 79). Electron microscopy studies confirmed
that the accumulated protein assembles as a ring around the
PSI trimer (Figure 4A). The available X-ray structures of
the cyanobacterial PSI trimer (6) (Figure 2) and of CP43
from a PSII complex (80) have been satisfactorily modeled
into a three-dimensional structure of the PSI-CP43′ super-
complex derived from electron cryomicroscopy (81). On the
basis of this structure and earlier modeling (11, 79), the
CP43′ ring was shown to be composed of 18 copies of the
protein. In oxyphotobacteria, CP43′-like Pcb proteins have
been found to form similar ring structures around the PSI
trimers (65, 67, 83). Moreover, in these oxyphotobacteria,
the Pcb proteins, unlike CP43′, also form outer light-
harvesting systems for PSII (66, 82, 84).

The CP43′ protein is a Chla-binding protein having an
amino acid sequence and spatial topology similar to those
of CP43 from PSII (11, 85) (Figure 4B,C). Available crystal
structures of PSII (80, 86, 87) demonstrate that the protein
part of the CP43 subunit (PsbC) of the PSII complex has a
domain organization characterized by three distinct pairs of
transmembrane helices (Figure 4C). This folding pattern is
remarkably conserved among CP43, CP47 in PSII, and
N-terminal antenna domains of PsaA and PsaB in PSI (87-
90). Because of sequence similarities, the organization of
Chls in CP43 is most likely to be shared with the Chls of
CP43′ from cyanobacteria as well as with Chls of Pcb light-
harvesting proteins from oxyphotobacteria (76). A 3.5 Å
resolution model of CP43 (87) identified 14 Chla molecules
bound to the protein. Pigments are arranged in two layers
with eight Chls in a lumenal layer, five Chls in a stromal
layer, and one Chl located in the middle of the membrane,
connecting the two layers. Eleven of 14 Chls have protein
ligands conserved among both CP43 and CP43′, while three
Chls seem to be stabilized by either pigment-pigment or
indirect pigment-protein interactions. Sequence alignments
of CP43 and the iron stress-induced proteins from different
cyanobacteria indicate the presence of some conserved His
residues among CP43′ that are not observed in CP43,
suggesting that CP43′ binds an extra Chla via the conserved
histidine located in helix IIII. The three other additional
histidines found in the loop regions of CP43′, and not in
CP43, might also be chlorophyll binding sites.

In PSII, transmembrane helices V and VI of the CP43
protein are involved in interaction with the adjacent D1
subunit of the PSII reaction center (87). Similarly, it is likely
that in the PSI-CP43′ supercomplex these helices in each
CP43′ subunit are oriented toward the membrane-exposed
surface of the PSI trimer (Figure 4C). The shape of the outer
CP43′ ring in the PSI supercomplex is not exactly circular
but rather distorted by interactions of the subunits with the
PSI trimer. At the level of current resolution, it is difficult
to predict the specificity of these interactions. Recently, it
was shown that iron-depleted cells ofSynechocystissp.
PCC6803 that lack the trimer-forming domain (PsaL) were
able to maintain functional association of CP43′ and the PSI
monomer (91). In this complex, six or seven subunits of
CP43′ were associated along the edge of the PSI monomer.
For each PSI monomer in the PSI-CP43′ supercomplex,
there are three regions where the Chls in CP43′ are located
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closer to Chl a clusters in PsaA, PsaB, and PsaJ with
interpigment distances of∼20-25 Å (81) (Figure 5).
Interactions between the adjacent CP43′ subunits within the
antenna ring seem to be tighter than those between the ring
and the central PSI trimer (Figure 4A). An increased number
of pigments in CP43′ could affect the interactions between
CP43′ in the ring and between the ring and the PSI. Thus,
the CP43′ organization in the antenna ring is stabilized
primarily by interactions between adjacent CP43′ subunits,
with a localized specific interaction with each PSI monomer.

Recently, Boekema and colleagues reported different
structural states of aggregated CP43′ in Synechocystiscells
with deleted PsaL or PsaF subunits in PSI (reviewed in ref
92). Along with the assembly of the 18-mer CP43′ ring
around the PSI trimer in wild-type cells, in the mutants CP43′
can form single or double rings around the monomeric PSI
and can even exist as single or double rings without PSI.
Formation of unusual ring structures is largely observed in
the mutants after long iron starvation and might be related
to a more complex physiological phenomenon such as a
response to oxidative stress. These processes are far from
being understood and are beyond the scope of this review
(78, 92).

Functioning of the PSI-CP43′ Supercomplexes in Cy-
anobacteria.In the cyanobacterial PSI-CP43′ supercom-
plexes, the major functions of the CP43′ ring are light
harvesting and excitation energy transfer. In the supercom-
plex,∼290 Chla molecules of the CP43′ ring contribute to
the main absorption band at 673 nm while the pigments of
the PSI reaction center including P700 absorb at 685-710
nm (59, 93). Such a redistribution of the Chla spectral forms
amplified by an increase in light-harvesting capacity deter-
mines an efficient energy gradient from the peripheral
antenna (CP43′) toward the PSI reaction center.

Recent time-resolved spectroscopy studies of the PSI-
CP43′ supercomplexes from iron stress-induced cyanobac-
teria (59, 94) concluded that the excitation energy transfer
processes within the CP43′ ring and energy transfer from
the CP43′ ring to the PSI core occur much faster than the
photochemical trapping by the RC.

FIGURE 4: Structural model of the PSI supercomplex from iron-depleted cyanobacteria. (A) Low-resolution structural model of the PSI-
CP43′ supercomplex based on electron cryomicroscopy (81). The photosystem I trimer is surrounded by 18 copies of the iron stress-
induced CP43-like antenna pigment protein. (B) Side view of CP43 from photosystem II [PDB entry 1S5L (87)] showing six transmembrane
helices binding 14 Chla molecules arranged in lumenal (green) and stromal (red) layers. (C) Top view of CP43 with three pairs of
transmembrane helices. Helices V and VI in CP43′ proteins are suggested to interact with the surface of the PSI core. See the text for
details.

FIGURE 5: Functional organization of the PSI-CP43′ supercom-
plexes from cyanobacteria. Excitation dynamics of the PSI trimer
(large circle) are dominated by the processes occurring in the PSI
monomers (see Figure 3). Interactions of the CP43′ proteins in the
ring with the PSI trimer (indicated by asterisks) as well as an energy
gradient between Chls in CP43′ and the PSI core determine a fast
energy transfer from peripheral antenna CP43′ and the PSI trimer.
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Despite the absence of reports on energy transfer studies
of the isolated monomeric CP43′ protein, its structural
similarity with CP43 would predict similar excitation energy
transfer pathways (95). The structure of CP43 (Figure 4B,C)
shows that interpigment distances between nearest neighbors
in the stromal and lumenal layers of the protein favor sub-
picosecond energy transfer (0.2-0.4 ps). Chls of the stromal
layer appear to have stronger pigment-pigment interactions;
therefore, they are likely to be involved in formation of the
terminal emitter. Excitation equilibration among the Chls is
in the direction toward the Chl(s) with the lowest energy
(terminal emitter) and occurs on the picosecond time scale
(2-4 ps).

In the CP43′ ring (Figures 4A and 5), these fast energy
transfer processes would compete with the energy transfer
among adjacent subunits and the energy transfer from CP43′
to the PSI core. The structural model predicts that the Chls
in adjacent subunits can be as close as 10 Å from each other
(81). Sub-picosecond connectivity within the Chl layers of
CP43′ and tight interactions of adjacent CP43′ subunits could
favor the ultrafast energy delocalization in the CP43′ ring.
How many subunits are involved in this process would
certainly depend on the energy transfer from the CP43′ ring
to the PSI trimer, which occurs within∼2 ps (59, 94). The
energy transfer pathways toward PSI run most possibly via
closely located clusters of Chla in CP43′ and suggested
linker chlorophylls on the periphery of PsaA, PsaB, and PsaJ
subunits in the PSI core (79, 81) (Figure 5). On the basis of
the Förster theory (96), the energy transfer time of∼2 ps
would correspond to an∼20 Å separation between the
excitation energy donor in CP43′ and the acceptor in PSI,
in agreement with the distance estimated from the three-
dimensional cryo-EM model of the PSI supercomplex (81).

The PSI-CP43′ supercomplex exhibits a longer photo-
chemical trapping time (40 ps) compared to that in the PSI
trimer (25 ps). This reflects the fact that the entire antenna
in the PSI-CP43′ supercomplex is larger so that the fraction
of time that the excitation is on the excitation trap (P700),
and therefore available for trapping, is smaller.

Fast energy equilibration between CP43′ and the PSI trimer
in cyanobacteria is an indication of efficient functional
connectivity of the Chl network in the CP43′ ring to the
antenna network of the PSI core resulting in a strong energy
coupling of the supercomplex in agreement with the struc-
tural models. In such a network, there is no opportunity for
energy dissipation as was shown to occur in uncoupled
aggregates of CP43′ (97) since all excitation energy collected
by the CP43′ rings around PSI in the iron-stressed low-light
cells efficiently channels toward the RC.

A unilateral increase in light-harvesting capacity in PSI
under low-light conditions due to assembly of rings of
peripheral light-harvesting antennas consisting of either
CP43′ or similar Pcb proteins would perturb the electron
balance between the two photosystems in cyanobacteria.
Recent discoveries of functional association of Pcb proteins
with PSII (66, 82, 84) imply that the electron balance
between PSI and PSII is maintained under low-light condi-
tions by assembly of a CP43-like antenna in both PSI and
PSII. The dynamic nature of this balance, however, might
be associated with the presence of CP43-like proteins
uncoupled from PSI in cyanobacterial thylakoids under iron
starvation (92) as well as their mobility (98), suggesting that

the complexes might participate in energy spillover between
PSI and PSII under low-light conditions in cyanobacteria.

III. Eukaryotic PSI-LHCI Supercomplex: Striking a
Balance between Efficient Energy Transfer and
Regulation

The PSI complex in green algae and higher plants
assembles as a monomer of the PSI core associated with the
light-harvesting peripheral antenna, LHCI (13, 99-101). The
subunit complement of the eukaryotic PSI core complex is
similar to that in cyanobacteria except for the presence of
additional eukaryotic-specific protein subunits, PsaG, PsaN,
PsaH, PsaO, and PsaP (99, 100, 102). LHCI from green algae
and higher plants belongs to a related group of integral
chlorophyll and carotenoid binding proteins with conserved
pigment-binding sites and three distinct regions of trans-
membrane helices with largely similar protein folds (10, 53,
103-107). Biochemical, proteomics, and genomics studies
of eukaryotic PSI indicate the presence of five to six distinct
Lhca proteins in the LHCI from higher plants (108-110)
and approximately seven to nine different Lhca proteins in
the PSI peripheral antenna from the green algaChlamy-
domonas reinhardtii(111-115).

Structure of the PSI-LHCI Complex from Higher Plants.
The molecular structure of the PSI-LHCI complex from pea
(Pisum satiVum) has been obtained at 4.4 Å resolution using
X-ray crystallography (15) (Figure 6). The structural model
identifies four evenly spaced LHCI proteins, Lhca1, Lhca4,
Lhca2, and Lhca3, attached to the PSI core complex on the
side formed by the outer surface of the PsaG, PsaB, PsaF,
PsaJ, PsaA, and PsaK subunits. Relatively weak protein-
protein interactions between LHCI and the PSI core as well

FIGURE 6: Structural model of the PSI-LHCI supercomplex from
higher plants based on a 4.4 Å resolution crystal structure [PDB
entry 1QZV (15)]. Top view perpendicular to the plane of the
thylakoid membrane. The color code for the subunits follows: red
for PsaA, blue for PsaB, light blue for PsaF, yellow-green for PsaJ,
orange for PsaG, yellow for PsaK, magenta for PsaL, green for
PsaH, and violet for LHCI subunits (Lhca1-Lhca4). The color code
for chlorophylls follows: dark green for the PSI core antenna, light
green for the peripheral antenna, red for Chl linkers in LHCI, and
pink for gap pigments. For visualization of the subunits, the protein
backbone was generated from theR-carbon atoms of the protein
using the MaxSprout algorithm (150).
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as between neighboring Lhca proteins result in formation of
a cleft between the PSI surface and the LHCI layer. Strong
transmembrane helix-helix interactions observed between
Lhca1 and the PsaG subunits are thought to anchor the
peripheral antenna to the PSI core. External interhelical loops
and terminal regions of the protein subunits from both sides
of the interacting domains further stabilize the modular
structure.

Despite the overall similar structures of the core chloro-
phyll networks between cyanobacterial and eukaryotic PSI,
the PSI-LHCI supercomplex has some differences mainly
associated with the structural coupling of the LHCI antenna.
Modifications include changes in the orientation of several
peripherally located Chls as well as binding of new Chls
both by the PsaB protein and by the peripheral subunits of
the PSI core, including two eukaryote-specific PsaH and
PsaG subunits. Structural coupling of the LHCI antenna
resulted in binding of 56 Chls that are nearly equally bound
to four LHCI proteins and 10 extra Chls (gap Chls), which
are located in the cleft between the LHCI belt and the PSI
core (Table 1 and Figure 6).

The general structural feature of LHCI, which is shared
with LHCII, is that each of six Chla molecules (a1-a6)
bound to conserved pigment-binding sites in helices I and
III is involved in interaction with a closely located pigment,
resulting in formation of strongly interacting dimers (53, 106)
(Figure 7). The majority of the pigments in both complexes
occupy similar positions; however, it seems that the orienta-
tions of some of them are significantly different. This is a
result of adjustment of the LHCI pigment orientations relative
to the PSI core antenna. The changes also involve the
apparent binding of extra pigments, including linkers in LHCI

monomers and gap pigments in the cleft between the PSI
core and LHCI. These pigments add to the structural
connectivity of the peripheral antenna and the PSI core
antenna network. Distribution of the gap pigments in the cleft
is very uneven with seven of 10 pigments located near the
interface between the Lhca1-Lhca4 heterodimer and the PSI
core (Figure 6).

Low-Resolution Structural Models of the PSI-LHCI
Supercomplex in State 1 and State 2.Recent single-particle
electron microscopy studies of the PSI-LHCI supercomplex
from C. reinhardtii (14, 16, 116), spinach (13), andArabi-
dopsis thaliana(117) confirmed the similar overall archi-
tecture of the eukaryotic PSI featuring Lhca proteins
interacting predominantly with PsaA, PsaK, PsaF/PsaJ, PsaG,
and PsaB surfaces of the PSI core.

In contrast to the 4.4 Å resolution crystal structure of the
PSI-LHCI supercomplex from pea (Figure 6), the projection
maps of the PSI-LHCI particles fromC. reinhardtiivisual-
ized additional electron densities suggesting a larger periph-
eral antenna size in green algae PSI associated with the
functional changes in antenna size (Figure 8A,B). Three low-
resolution structural models of the PSI-LHCI supercom-
plexes have been reported (14, 16, 116). Kargul and
colleagues have related their structures to state 1 (16) or state
2 (116) associated with excitation energy redistribution
between PSI and PSII (118-121). In the structural model
of PSI in state 2 (116) (Figure 8B), some of the monomeric
LHC proteins were bound not only to the surface of the PSI
subunits interacting with the LHCI belt but also to the surface
in the vicinity of the PsaH subunit that was suggested to be
a docking site for LHCII in response to state 1-state 2
transitions (121). Association of LHCII with PSI is thought
to increase the antenna cross section in PSI at the expense
of PSII (119, 122).

Biochemical and structural analysis of the PSI-LHCI
complex isolated fromC. reinhardtii in state 2 (116)
indicated that the extra density located close to PsaH was
due to tightly bound phosphorylated CP29, an LHC-like
protein normally associated with only PSII (Figure 9A). The
authors suggest that this bound phospho-CP29 possibly
provides a linker for the association of LHCII with PSI in
state 2. Moreover, in light of the X-ray structure of the
higher-plant PSI-LHCI supercomplex and taking into ac-
count estimates of areas of negative staining and detergent
shell, Kargul et al. (116) concluded that the isolated state 1
PSI-LHCI supercomplex has six LHC proteins (Figure 8A),
not 11 as previously suggested (16). In addition to four Lhca
proteins along the PsaA, PsaK, PsaF/J, and PsaB surface,
two monomeric LHC proteins are suggested to bind in the
vicinity of PsaH and the phospho-CP29 binding site. Surpris-
ingly, in higher plants, the structure of the PSI supercomplex
in state 2 was found to be different. Kourˇil et al. (117)
identified structural association of the PSI-LHCI super-
complex and an LHCII trimer fromAr. thalianaas a pear-
shaped PSI-LHCI-LHCII particle with the LHCII trimer
docked to PsaH, PsaL, PsaA, and PsaK surfaces of the PSI
core (Figure 9B). The authors have not ruled out a possibility
of the second LHCII trimer-docking site in the symmetry-
related position covered by the PsaH, PsaI, PsaB, and PsaG
subunits.

Structural differences in the PSI supercomplexes observed
under state 2 conditions in green algae and higher plants

Table 1: Summary of Chl Binding in the Cyanobacterial PSI Core
(PDB entry 1JB0) and the PSI-LHCI Supercomplex from Pea
(PDB entry 1QZV)

PSI subunit no. of Chls in 1JB0 no. of Chls in 1QZV

PsaA/PsaB
RC 6 6
PsaA N-domain 40 40
PsaB N-domain 39 42

total 85 88

Peripheral PSI Core Subunits
PsaJ 3 2
PsaK 2 4
PsaL 3 4
PsaMa 1 -
PsaXa 1 -
PG boundb 1 1
PsaHc - 1
PsaGc - 1

total 11 13
total PSI core 96 101

Peripheral Chla/b-Binding Antenna
Lhca1 - 14
Lhca4 - 16
Lhca2 - 14
Lhca3 - 13
gap Chls - 10

total LHCI - 67
total 96 168

a Cyanobacterium-specific PSI subunits.b Chls ligated by phosphati-
dylglycerol (PG) in cyanobacterial PSI (Chl 11801 in 1JBO) and
supposedly in eukaryotic PSI (Chl 11901 in 1QZV).c Eukaryote-
specific subunits.
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indicate either differences in structural coupling of LHC
proteins and the PSI core or species-dependent functional
differences in regulatory state 2.

Functioning of the PSI-LHCI Supercomplex.The main
functions of the peripheral LHCI antenna in the PSI-LHCI
supercomplex from photosynthetic eukaryotes are accessory
light harvesting and efficient delivery of the excitation to
the PSI core complex before its dissipation or conversion
into the long-lived triplet states giving rise to the deleterious
singlet oxygen species. Mechanisms of the delivery of the
excitation energy from the LHCI peripheral antenna to the
PSI core in the PSI-LHCI supercomplexes from green algae
and higher plants are poorly understood. For a long time,

analyses of the energy transfer processes in the PSI-LHCI
supercomplex from green algae and higher plants were
complicated by kinetic heterogeneity associated with vari-
ability in lifetimes of excitation energy transfer processes
and the photochemical trapping (reviewed in ref28). Since
the excitation dynamics in eukaryotic and cyanobacterial PSI
core antennas are largely similar (see above), such a
heterogeneity was suggested to originate from a specific
energy coupling of LHCI to the PSI core (46, 59).

(1) Energy Transfer in LHCI Monomers and Dimers.
Binding of Chlb, Chl a, and carotenoids by LHCI provides
an additional increase in the absorption cross section of the
PSI reaction center. Time-resolved studies revealed that
excitation of Chlb in Lhca1 or Lhca4 rapidly populates the
main Chl a spectral forms within 0.3-0.7 ps (123-127).
This sub-picosecond energy transfer process corresponds to
energy redistribution among the neighboring pigments within
the stromal or lumenal layers of the LHCI monomer. Within
each layer, the excitation energy flow is directed from
peripherally located pigments (usually Chlb) toward Chla
molecules bound to conserved pigment binding sites of
transmembrane helix I or III (Figure 7).

Each Chla in this group approaches a carotenoid molecule
(lutein) at a distance of 4-5 Å. This contact establishes an-
other energy transfer pathway in LHCI, which is remarkably
able to function in both directions. It enables transfer of the
excitation energy from carotenoids to central Chla molecules

FIGURE 7: Structure of the Chla/b-binding light-harvesting complex from the peripheral LHCI antenna of photosystem I. (A) Overlap of
the R-carbon traces of LHCII from spinach [red, PDB entry 1RWT (106)], LHCII from pea [blue, atomic coordinates courtesy of W.
Kühlbrandt (105)], and Lhca4 from the PSI-LHCI supercomplex from pea [yellow, PDB entry 1QZV (15)]. (B) Top view of the three-
dimensional model of the Lhca4 polypeptide based on secondary structure prediction and structural homologies of LHCI and LHCII (53,
107). N and C label the N- and C-termini, respectively. I-IV are the transmembrane helices. (C) Stromal (top panel) and lumenal (bottom
panel) layers of pigments in Lhca4. For the sake of comparison, the majority of pigments are labeled according to the method of Ku¨hlbrandt
et al. (105). Linker pigments are labeled according to the method of Ben-Shem et al. (15).

FIGURE 8: Structure of the PSI-LHCI supercomplexes from the
green algaC. reinhardtii in different functional states. (A) Top-
view projection of an electron microscopy image of the PSI-LHCI
supercomplex in state 1. (B) Complex in state 2. The projections are
overlaid with outlines of the X-ray structural model of the PSI-LHCI
supercomplex from pea (PDB entry 1QZV). The scale bar is 50 Å.
Reprinted with permission from ref116. Copyright 2005 Blackwell.
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within ∼100 fs via the S2-Qy channel (126, 127). In a re-
verse direction (Chla to carotenoids), this pathway would
supposedly work as a photoprotective valve enabling either
quenching of the Chl excitation via direct electron charge
exchange between Chla and the carotenoid molecule (128,
129) or quenching of unused (or undelivered) excitation in
the form of Chla triplet states by carotenoids that prevents
formation of toxic singlet oxygen (105).

Within 3-5 ps, the excitation was shown to be redistrib-
uted among the major Chla forms in both lumenal and
stromal pigment layers with significant localization of the
excitation on the low-energy absorbing pigments (red pig-
ments) in the 680-710 nm spectral region (123-125). In
all Lhca proteins uncoupled from the PSI core, the red
pigments serve as terminal emitters characterized by a
significant red shift of the fluorescence (20-50 nm) (130-
135). The extent of the red shift in different Lhca proteins
is thought to be determined by the specific molecular
environment of pigment cluster a5-b5 in the helix I-helix
II interface (53, 107, 134-137) (Figure 7). In LHCII trimers,
the terminal emitter is located in a different place and
involves different pigments (106).

In vitro, Lhca proteins tend to form dimers (108). In
Lhca1-Lhca4 heterodimers that are characterized by as-
sembly of extra Chlb molecules (130, 131), time-resolved
absorption (123) and fluorescence spectroscopy studies (126,
138) revealed an extra energy transfer component with
lifetimes varying in the range of 15-30 ps. This energy
transfer process was ascribed to intersubunit energy redis-
tribution within the LHCI dimers, specifically in Lhca1-
Lhca4 heterodimers (138). Similar processes were shown to
occur in LHCII trimers (139).

The slow intersubunit energy equilibration in the Lhca1-
Lhca4 heterodimer might be explained by a large distance
(∼40 Å) between a5-b5 of the energy donor and a5-b5 of
the energy acceptor, at least between Lhca1 and Lhca4
(Figure 10). Furthermore, the presence of Chlb between
Lhca subunits in the LHCI belt could be a cause of this slow
energy transfer process due to the fact that Chlb is higher

in energy than Chla. The crystal structure of LHCII (106)
demonstrates that Chlb molecules are located largely in the
intersubunit interface due to a peripheral binding of Chlb
within each subunit. If a similar situation occurs in the LHCI
dimers, it might affect the excitation dynamics in the PSI-
LHCI supercomplex (see below).

(2) Energy Transfer from LHCI to the PSI Core.Time-
resolved spectroscopy studies of the PSI-LHCI supercom-
plex from green algae and higher plants show a biphasic
overall decay of the excitation consisting of 20-50 ps
photochemical trapping in the PSI core antenna (see section
I) and the slower excitation trapping phase with the lifetime
varying in the range of 70-150 ps (46, 140-142). It is

FIGURE 9: Comparison of structural models of PSI-LHCI supercomplexes in state 2 from green algae (A) and higher plants (B). The
projection map for the state 2 PSI-LHCI supercomplex fromC. reinhardtii is modeled using higher plant coordinates from 1qzv (15) with
the PSI core (green), the LHCI antenna (red), and the PsaJ (yellow), PsaK (magenta), PsaG (purple), PsaI (orange), PsaL (cyan), and PsaH
(white) subunits. The additional density observed in the state 2 PSI-LHCI supercomplex, which is able to accommodate an additional
LHC subunit, is colored blue and is suggested to be phospho-CP29. Panel A is modified from ref116. (B) Projection map of the state 2
PSI-LHCI-LHCII supercomplex fromAr. thaliana fitted with high-resolution structures of PSI (yellow;15) and trimeric LHCII (green;
106). Panel B reprinted with permission from ref117. Copyright 2005 American Chemical Society.

FIGURE 10: Functional organization of the PSI-LHCI supercom-
plexes from higher plants. Excitation dynamics in the PSI monomer
is similar to that in cyanobacteria (see Figure 3). The cause of slow
excitation equilibration (70-100 ps) between LHCI and the PSI
core is suggested to arise either from slow energy equilibration
between Lhca subunits or from competition between energy losses
in LHCI and energy transfer to PSI. The color code for Chls
follows: dark green for PSI core Chls, light green for LHCI Chls,
red for linkers between LHCI, and magenta for gap pigments.
Shaded circles show locations of terminal emitters in LHCI. See
the text for details.
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puzzling that the experimentally observed slower excitation
energy decay in the PSI-LHCI supercomplex is associated
with Chl a/b binding peripheral LHCI antenna since the
presence of the gap pigments between LHCI and the PSI
provides structural connectivity that would enable fast energy
equilibration between the periphery and the core antenna
(15). Indeed, kinetic modeling based on the crystal structure
of the PSI from higher plants (56) predicted an overall
excitation lifetime of the PSI-LHCI network of 49 ps and
computed excitation energy transfer times from LHCI to the
PSI core via unevenly distributed gap pigments (see Figures
6 and 10) in the range from 1.5 ps for the Lhca1-Lhca4
form, 2.5 ps for Lhca3, and 6 ps for Lhca2. The experimen-
tally observed slower excitation equilibration between LHCI
and the PSI core is in contrast to excitation dynamics in the
PSI-CP43′ supercomplexes from cyanobacteria with excita-
tion equilibration of the peripheral antenna and the PSI core
antenna occurring long before the photochemical trapping
in the PSI RC (59; see section II and Figure 5). The origin
of the observed slow energy equilibration between the LHCI
peripheral antenna and the PSI core is under debate.

Recently, Ihalainen et al. (141) have found a difference
in the slow energy trapping time in the PSI-LHCI super-
complex fromAr. thaliana (83 ps) andC. reinhardtii (68
ps). The slower trapping phase in the PSI-LHCI supercom-
plex from higher plants was interpreted as an effect of a
larger amount of red pigments in LHCI from higher plants
even though the functional antenna size in the PSI-LHCI
supercomplex from green algae seems to be bigger as
visualized by recent low-resolution electron microscopy
studies (14, 16, 116). Red pigments in LHCI are involved
in localization of the excitation on terminal emitters (see
above). Chl clusters forming terminal emitters of LHCI
(largely in Lhca3 and Lhca4) were suggested to slow energy
equilibration between LHCI and PSI through competition
between the LHCI-to-PSI energy transfer channel and the
energy loss channel in the terminal emitter (53, 142) (see
Figure 10). At low temperatures, the red pigments in LHCI
act as deep excitation traps, resulting in a possible functional
uncoupling of LHCI from the PSI core (142). The energy
losses in terminal emitters might result in the observed
variation of the lifetime (80-120 ps) of the slow energy
excitation decay in the PSI-LHCI supercomplex fromC.
reinhardtii (46, 142).

Kinetic evidence of possible energy losses in the peripheral
antenna at physiological temperatures is associated with
detection of excitation decay processes in isolated LHCI
dimers with lifetimes ranging from tens of picoseconds to
several hundred picoseconds (53, 126, 127, 138, 140, 141).
Recent target analysis of the time-resolved fluorescence of
the PSI-LHCI supercomplex fromAr. thaliana and C.
reinhardtii (141) suggested that these excitation energy decay
processes might be a cause of the decrease to∼80% of the
photochemical trapping yield in the PSI-LHCI supercom-
plex as compared to the∼95% yield in the PSI-LHCI
supercomplex calculated in the crystal structure-based kinetic
modeling (56). Energy dissipation of chlorophyll clusters in
LHCI is likely to be related to photoprotection against excess
energy, although this has not been experimentally established.
Recently reported increased levels of de-epoxidation of
violaxanthins in Lhca3 and Lhca4 (143) indicate the possible
involvement of carotenoids in the process.

Structural changes of the LHCI peripheral antenna in
response to changed environmental conditions (144) are
among the factors, although far less studied, influencing the
efficiency of the energy transfer from LHCI to the PSI core.
Iron stress of green algae was shown to result in an impair-
ment of the excitation energy transfer in the peripheral
antenna associated with N-terminal processing of Lhca3 (145).
A specific Lhca5 subunit of LHCI in PSI from higher plants
(146-148) was suggested to interact with Lhca2 or Lhca3
under high-light intensity conditions. A 120 ps component of
energy trapping in the PSI-LHCI supercomplex fromAra-
bidopsismutants depleted of the majority of Lhca proteins
was associated with functioning of this LHCI subunit (149).

The kinetic consequences of binding of LHCII to the PSI-
LHCI supercomplex under state 2 conditions (see Figures 8
and 9) are unknown. Additional Chls observed in the
eukaryotic PSI core in the region adjacent to PsaL and PsaH
are likely to provide functional connectivity of Chls in LHCII
complexes docked to the PSI core with a cluster of red
pigments associated with the linker Chl (B37-B38). It is
interesting to suggest whether this pigment cluster could
participate in downhill enhancement of energy transfer from
LHCII to the PSI core (53).

In conclusion, the functional connectivity of LHCI and
PSI via gap pigments and the relative location of the terminal
emitters in Lhca proteins might play an important role in
determining the dynamic ratio between the direct energy
transfer from largely isoenergetic peripheral antenna and the
PSI core and possible energy losses in the peripheral antenna.
Energy coupling in the eukaryotic PSI-LHCI supercom-
plexes is probably a result of the structural adaptation of the
LHCI peripheral antenna that not only extends the absorption
cross section of the PSI core but also participates in
regulation of excitation flows between the two photosystems
as well as in photoprotection.
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