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ABSTRACT: In photosynthetic membranes of cyanobacteria, algae, and higher plants, photosystem | (PSI)
mediates light-driven transmembrane electron transfer from plastocyanin or cytoclwgotoethe
ferredoxin-NADP complex. The oxidoreductase function of PSl 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 eukaryoticREICI supercomplexes is probably a
result of the structural adaptation of the Giib 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-organisms 1). Photosystems | and Il (PSland PSII,
plying Earth’s biosphere with oxygen and energy for living respectively) are major parts of the molecular photosynthetic
machinery in oxygenic cyanobacteria, algae, and higher
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thylakoid membranes. The major functions of PSIl are gatus (former nameSynechococcus elongajubas been
photooxidation of water to oxygen and providing electrons obtained by X-ray crystallography at 2.5 A resolutid (
and protons for the cytochrom®f (cyt bef) complex @). Protein Data Bank entry 1JB0). The monomeric PSI core
The PSI complex accepts electrons from thelgftomplex complex consists of 12 protein subunits binding a significant
via plastocyanin or cytochromes and further catalyzes a amount of cofactors, including 96 chlorophglimolecules,
light-driven transmembrane electron transfer to the ferre- 22 g-carotenes, four lipids, three irersulfur clusters, and
doxin—NADP complex, producing intracellular energy for two phylloquinones®) (Figure 1A). The largest transmem-
carbon dioxide assimilatiorsj. brane protein subunits, PsaA and PsaB, have a 43% amino-
The oxidoreductase function of PSI is sensitized by a acid sequence identity and form a heterodimer. The hetero-

reversible photooxidation of primary electron donor P700, dimer has two distinct structural domains related to the C-
which launches a multistep electron transfer via a series of 2nd N-termini of each protein. A palisade of five transmem-
redox cofactors of the PSI reaction center (R&)4). The brane helices in the C-terminal domain of PsaA and PsaB
excitation energy for the functioning of the primary electron form a shell enclosing the e!ectron transfer cofe_lctors of the
donor in the PSI RC is delivered via a core antenna made RC: Six Chls, two phylloguinones, and three iresulfur
up of chlorophyll (Chl) molecules bound to the protein. In centers (Figure 1B). Antenna pigments that transfer excitation
contrast to most other photosynthetic systems, where the an€nergy to the C-terminal domains, including 85 of 96 antenna

tennas and reaction centers are located on distinct complexesch!s of the PSI core (Figure 1C), are bound to the N-terminal

PSI has a combined system in which the light-harvesting domain presented by a bundle of six transmembrane helices.

Chls are associated with the same protein that binds the redoy”€"iPheral PSI core subunits, Psal., PsaK, PsaJ, PsaM, and
cofactors of the electron transfer in the RE 6). PsaX, bind the remaining 11 'Chls of the antenna.
. . The PsaA and PsaB subunits are related to each other by
During the course of evolution, both PSI and PSII have

. o L : . ; a 2-fold pseudosymmetry axis running in a transmembrane
acquired extrinsic or Intrinsic perlpheral Ilghtjharvestm.g direction through the molecule of the primary donor in the
antennas (LHC). The extension of light-harvesting capacity R i the lumenal part of the membrane and irgnlfur

is identified by the fact 'that sunlight is a relatively qlilute cluster | on the stromal side. More than 80% of the Chls
energy source. Even during a cl_oudless da_y the radiation flux bound to the PSI core are related by this 2-fold pseudosym-
of solar energy would result in absorption by each Chl' oy \ith~60% conservation of the Chi-binding sites. Most
molecule of only approximately 10 photons per secdl)d (ot the Chis form two distinct layers at the stromal and
Having the light-harvesting antennas allows photosynthetic |, ena) sides of the thylakoid membrane (Figure 1D). Within
organisms to avoid the reaction center idling wh|le waiting gach of the layers, Chls are arranged as distorted ellipses
for another photon. On the other hand, selective pressurefnieq at the distal ends by peripheral core antenna Chlis
during the evolution of the antenna complexes under Chang'(Figure 1C). The Chls in the antenna form a network since
ing environmental conditions was directed toward efficient o average interpigment distance is comparable with the
delivery of the excitation energy to the RC before its dissipa- §igmeter of the Chl molecule~@ A). The lumenal and
tion (7). Undelivered or excess energy is harmful for photo-  goma| Chl ellipses are connected to each other via several
systems since it is converted into the long-lived Chl triplet pis |ocated in the middle of the membrane. Two of these
states capable of generating reactive singlet oxyggn ( Chls, a pair of symmetrical linkers, provide a structural
For PSI, Nature solved this dilemma by acquiring antennas connection of the stromal layer with the Chls in the RC
with significant structural diversity ranging from externally (Figure 1C). A special structural feature of the PSI core is
coupled phycobilisomes9( 10) or integral membrane iron  clustering of the pigments in the stromal and lumenal layers

stress-induced CH binding proteins in cyanobacterial with a majority of the Chl clusters located within the pigment
12) to integral Chla/b binding LHCI in green algae and ellipses (8, 19).
higher plants 13—17). The remarkably different structural Prokaryotic and eukaryotic PSI core antennas seem to

forms of the various antenna complexes of PSI, including share the same location and orientation for the majority of

distinct pigment types and organizational principles, strongly Chls @, 15), which is governed by conservation of pigment-

suggest that they have evolved independently in response tdinding sites and protein folds.

both the general need to increase the absorption cross section Structural Features of PSI Trimer$n thylakoid mem-

and the specific environmental conditions such as light branes of cyanobacteria, PSI assembles as a trimer of

quality, its intensity, nutrient availability, etc. identical core complexes (homotrimer) (Figure 2). The PsalL
This review discusses the structttfeinction organization ~ Subunit of PSlis located in the trimer-forming domain, and

of light harvesting in PSI supercomplexes on the basis of itS deletion prevents trimer formatio2G, 21). Each Psal

recent structural and time-resolved spectroscopy studies ofSubunitis characterized by a specific structural rigid&g)(
prokaryotic and eukaryotic systems. and the whole trimerization domain is reinforced by elec-

trostatic and hydrophobic interactions among the transmem-
. PSI Core Antenna: A 100% Excitation Dediry to the brane helices of neighboring Psal subunifs 23, 24).
Reaction Center through an Opt|m|zed Ch|orophy” Further stabilization of the trimer is maintained by interaction
Antenna Network of PsaL with the peripheral PSI core subunits, PsaM and

Psal, as well as with the extrinsically docked PsaD subunit

Structural Organization of the PSI Core Light-Haasting at the stromal side of the compleR]( 25, 26).

AntennaThe PSI core antenna is the central structural block  Because of the rigid structure of the PsalL trimerization
of PSI supercomplexes. The detailed structure of the PSIdomain, the number of pigment contacts between the
core from the cyanobacteriufthermosynechococcus elon- monomers in the trimer is limited?). Nevertheless, these
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Ficure 1: Structure of the photosystem | 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-Al-eC-B1, excitation trap and primary donor P700; eC-A2 (eC-B2), accessory Chls; eC-A3 (eC-B3), primary
acceptor A and its symmetric counterpartx€A (Qx-B), phylloquinones (secondary acceptorsy; Fa, and s, iron—sulfur clusters. (C)

Top view of the PSI core pigment system: red for Chls in the RC, purple for connecting Chls, green for Chis bound to PsaA and PsaB
subunits, magenta for Chls bound to peripheral PSI core subunits, and orafigeafotene molecules. (D) Side view of the layer arrangement

of the PSI core Chl antenna. Atomic coordinates of PSI from the cyanobact8rietongatusbtained from the Protein Data Bank [entry

1JBO ©)]. Molecular graphics were rendered using Web Lab Viewer from Accelrys, Inc.

pigments seem to provide additional functional connections manifestation of the excitonic interactions in the pigment
of three antenna networks in the PSI trimer (see below). clusters 82, 33). These interactions favor further spectral
Principles of PSI Core Antenna Functionirithe PSI core broadening and better overlap of the fluorescence with the
monomer is the main functional unit of the cyanobacterial absorption spectrum of primary donor P700 in the reaction
PSI trimer. It is also the best studied due to extensive time- center, which leads to efficient energy trapping within-20
resolved spectroscopy studies (reviewed in &&¥s31) and 40 ps. Three experimental time scales, i.e., sub-picosecond
the availability of a high-resolution crystal structu®.( and picosecond energy equilibrations and photochemical
A dense packing of the pigments in the PSI core enhancestrapping, unambiguously observed by time-resolved spec-
the functional connectivity of the antenna via random sub- troscopy were successfully reproduced in recent modeling
picosecond hopping of the excitations in the network (Figure of the PSI excitation dynamic48—50) based on the 2.5 A
3). Time-resolved spectroscopy studies of the cyanobacterialresolution crystal structuresy.
PSI core reveals that the excitation energy transfer between Despite different modeling strategie$9( 27, 48—51),
the neighbors in the chlorophyll network occurs within 200 structure-based calculations generally agree about the clusters
600 fs (18, 31—35) (see Figure 3). Twenty-twf-carotene of the pigments with extreme red shifts. These pigments
(Car) molecules embedded into the antenna network act asnclude symmetry-related dimers in the stromal layer of the
excitonic wires connecting carotenoids with Chls via ultrafast PSI core located in the vicinity of connecting Chls, the PsalL
energy transfer, which predominantly occurs via the adjacent cluster of Chls, and a trimer on the periphery of
Car-S—Chl Q, pathway 86—38) (see Figure 1C). Energy PsaB. The relative amount of red pigments is species-
equilibration among the Chls occurs on the picosecond time dependent31, 35, 41, 43) and is related to the presence of
scale (2-5 ps) and involves pools of the longest-wavelength the Chl clusters on the periphery of the PSI core as well as
absorbing (red) pigmentd 8, 33, 39—43). Similar conclu- those induced by trimerization (see below).
sions have been made for the eukaryotic PSI cdie 42, Major pools of red pigments in cyanobacterial and
44—47). The red spectral shift that is different in magnitude eukaryotic PSI seem to play similar roles due to similar
contributing to the spectral heterogeneity in the 6700 orientations of a majority of core antenna Chls in both
nm region in PSI RCs from all organisms is a functional complexes §, 15). These pigments are structurally well
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The photochemical trapping in the PSI core {2@ ps)
is independent of the excitation wavelengi®,(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 antennad8( 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 trappind(). 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
FIGURE 2: PSI trimer of identical core complexes (homotrimer) te€rms of site energies and orientations of Ci!3 @8, 49).
from cyanobacteria. The trimer is stabilized by the interaction of Linking Chls and red pigments seems to add to the optimal
Psal (colored light blue) with two transmembrane subunits, PsaM design of the network, slightly enhancing energy transfer
(purple) and Psal (magenta), and an extrinsic subunit, PsaD (nOtqm the core antenna to P700. A functionally connected Chl
shown). This figure was rendered using atomic coordinates of PSI . 2 :
from the cyanobacteriur8. elongatusbtained at 2.5 A resolution ,network results in a robustness of the exc'ta,t'o_n dynamics
[PDB entry 1JBO 6)]. in the PSI core, and many routes of the excitation to P700
are possible. Organization of the antenna Chls in the PSI core
Q Energy trapping 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 &@. (
Functions of the PSI TrimersSpectroscopic differences
between the PSI trimers and monomers are related to the
presence of extremely low-energy red pigments induced by
\ *ﬁ trimerization with a species-dependent magnitude of the
effect. PSI trimers fronsynechocystisp. PCC6803 possess
approximately five red Chls36) 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
Excitation hopping within the pigment ellipse of the PSI core network (see
03-06ps % Figure 3). As a result, no differences in the excitation
dynamics are observed in the PSI trimers and monomers from
this speciesi8, 35, 39, 40, 43, 58, 59). PSI trimers fromT.
FiGURE 3: Functional organization of the PSI core antenna. Three €longatusbind approximately nine red Chi8§), absorbing
experimental time scales in the excitation dynamics include randomat 708 and 719 nm and emitting at 730 nm at low
sub-picosecond hopping of the excitations in the antenna network, temperatures. Monomerization of the trimer results in a
picosecond energy equilibration among Chls with different site significant decrease in absorption of the red-most spectral

energies, and overall decay of the excitation via energy trapping. . . .
Shaded circles indicate locations of the Chl clusters, most probableform, C-719, which supposedly originates from pigment

candidates for the red pigments. Chis in the RC and connecting Pigment interactions in clusters of pigments adjacent to PsalL
Chls are colored red and purple, respectively. See the text for details.(35, 60). In a cyanobacteriumArthrospira platensigformer

name Spirulina platensiy PSI is thought to form a very
) ) ) stable PSI trimer@2). In addition to the spectral form at
integrated into the Chl core network (Figure 3); therefore, 708 nm, which is contributed by absorption of approximately
they not only enhance the absorption cross section of PSlseyen Chis of the PSI core monomer, there is in this organism
but also function as transient traps gathering the excitation an extremely red-shifted trimerization-induced spectral form
around the reaction center on the picosecond time st8le ( at 740 nm giving rise to a 760 nm fluorescence at low
32, 48, 52, 53). Excitation of the red pigments in the PSI temperatures24, 35, 62).
core fromSynechocystisp. PCC6803 at 710 nm was shown  Qverall, on the basis of the results of time-resolved studies,
to induce an ultrafast (0-40.7 ps) uphill energy transfer, the fast excitation dynamics of PSI trimers are dominated
suggesting the functional connectivity of the red pigments by the kinetic processes in individual PSI monomers.
(presumably A38-A37 or B37—B38 dimers) via linkersto ~ However, the photochemical trapping, which occurs in the
the Chls of the RC18, 43). fully equilibrated core antenna, slows with the increase of

Energy equilibration

~ 'y
.’»}' 2-5 ps
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the number of low-energy pigments. The lifetimes vary from  Recently, two laboratories have discovered that CRA8
25 ps in PSI fronBynechocystisrespective of trimerization  the PSI reaction center trimer from cyanobacteria form a
state (8, 35, 40, 59) to 37 and 50 ps for the PSI monomers supercomplex with a molecular mass of approximately 2
and PSI trimers, respectively, from. platensis(35). An MDa (11, 12, 79). Electron microscopy studies confirmed
increase in the trapping time in the PSI trimers is likely to that the accumulated protein assembles as a ring around the
be associated with the presence in the trimer’'s excitation PSI trimer (Figure 4A). The available X-ray structures of
dynamics of additional excitation energy equilibration among the cyanobacterial PSI trime6)( (Figure 2) and of CP43
the red pigments35, 43) or energy exchange among the from a PSIl complex&0) have been satisfactorily modeled
pools of red pigments of neighboring monomesg, (63). into a three-dimensional structure of the PEIP43 super-
Kinetic modeling based on the structure of PSI trimé&3 ( complex derived from electron cryomicrosco@i). On the
indicated the possibility of ultrafast energy transfer among basis of this structure and earlier modelirigL,(79), the
the monomers within the trimer through several connecting CP43 ring was shown to be composed of 18 copies of the
pigments. protein. In oxyphotobacteria, CP4l&ke Pch proteins have
The possible functional significance of the PSI trimeriza- been found to form similar ring structures around the PSI
tion is puzzling since the P700:Chl ratio in monomers and trimers @5, 67, 83). Moreover, in these oxyphotobacteria,
trimers is the same and trapping capacities of P700 andthe Pcb proteins, unlike CP43also form outer light-
P700 are similar 89, 64). However, trimerization-induced  harvesting systems for PSI6§, 82, 84).
red pigments extend the absorption cross section of the PSI The CP43 protein is a Chla-binding protein having an
complex further to the red spectral region (see above). PSlamino acid sequence and spatial topology similar to those
trimers are suggested to provide structural stabilization of of CP43 from PSII {1, 85) (Figure 4B,C). Available crystal
the PSI peripheral subunit%) or supercomplexes of the structures of PSII§0, 86, 87) demonstrate that the protein
PSI with peripheral antenna, such as phycobilison®3s ( part of the CP43 subunit (PsbC) of the PSII complex has a

27) or iron stress-induced CP4a8ntenna 11, 12). Trimer- domain organization characterized by three distinct pairs of
ization of PSl is also a feature of the cyanobacterial-related transmembrane helices (Figure 4C). This folding pattern is
oxyphotobacteria such @&rochlorococcusand Prochloro- remarkably conserved among CP43, CP47 in PSII, and

thrix, which also have a CP48ke antenna system composed N-terminal antenna domains of PsaA and PsaB in B&H(
of Chla- and Chlb-binding Pcb proteins6—67; see below). 90). Because of sequence similarities, the organization of
In summary, functional connectivity in the PSI core Chls in CP43 is most likely to be shared with the Chls of
antenna network due to dense pigment packing results in aCP43 from cyanobacteria as well as with Chls of Pcb light-
fast spread of the excitation among the neighbors. Functionalharvesting proteins from oxyphotobacterizgéy, A 3.5 A
connectivity within the network as well as the spectral resolution model of CP438{) identified 14 Chla molecules
overlap of antenna pigments allows equilibration of the bound to the protein. Pigments are arranged in two layers
excitation energy in the depth of the whole membrane within with eight Chls in a lumenal layer, five Chls in a stromal
picoseconds and loss-free delivery of the excitation to layer, and one Chl located in the middle of the membrane,
primary donor P700 within 2650 ps. connecting the two layers. Eleven of 14 Chls have protein
ligands conserved among both CP43 and CP#Rile three
Chls seem to be stabilized by either pigmepitgment or
indirect pigment-protein interactions. Sequence alignments
of CP43 and the iron stress-induced proteins from different
Structural Features of PSICP43 Supercomplexe£y- cyanobacteria indicate the presence of some conserved His
anobacteria are major producers of oxygen in the Earth’sresidues among CP43hat are not observed in CP43,
biosphere. During adaptive evolution, this group of photo- suggesting that CP4Binds an extra Chi via the conserved
synthetic microorganisms acquired different survival strate- histidine located in helix Illl. The three other additional
gies, resulting in a dynamic rearrangement of the light- histidines found in the loop regions of CP4and not in
harvesting antennas coupled to PSIl and PSI. One exampleCP43, might also be chlorophyll binding sites.
of the regulation of light-harvesting capacity is the change In PSII, transmembrane helices V and VI of the CP43
in the extent and structure of phycobilisomes that allow protein are involved in interaction with the adjacent D1
cyanobacteria and red algae to respond to their environmentakubunit of the PSII reaction centé7). Similarly, it is likely
conditions 68, 69). Such a response occurs when cyano- that in the PSFCP43 supercomplex these helices in each
bacteria are exposed to a limiting supply of iron, a common CP43 subunit are oriented toward the membrane-exposed
occurrence in their natural environmeiid). Iron deficiency surface of the PSI trimer (Figure 4C). The shape of the outer
in cyanobacteria results in a significant decrease in phyco- CP43 ring in the PSI supercomplex is not exactly circular
biliprotein content 71) and overall reduction of the PSl level but rather distorted by interactions of the subunits with the
relative to that of PSII{2). These changes seem, in part, to PSI trimer. At the level of current resolution, it is difficult
be compensated by the accumulation of the IsiA protein to predict the specificity of these interactions. Recently, it
(CP43) encoded by the “iron stress-induce®iA genes was shown that iron-depleted cells 8fynechocystisp.
(73—75). Accumulation of proteins that are homologous with PCC6803 that lack the trimer-forming domain (PsalL) were
IsiA proteins also occurs in the Cht and Chld-containing able to maintain functional association of CP48d the PSI
oxyphotobacteria 16), suggesting that the observed phe- monomer 91). In this complex, six or seven subunits of
nomenon might be an example of a different survival strategy CP43 were associated along the edge of the PSI monomer.
in adaptive evolution of the photosynthetic supercomplexes For each PSI monomer in the PSTP43 supercomplex,
(77, 78). there are three regions where the Chls in CR48 located

II. PSI—CP43 Supercomplex: Increase of
Light-Harvesting Capacity under Low-Light and
Iron-Deficiency Conditions
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Ficure 4: Structural model of the PSI supercomplex from iron-depleted cyanobacteria. (A) Low-resolution structural model of-the PSI
CP43 supercomplex based on electron cryomicroscd).(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 Il [PDB entry83shpwing six transmembrane
helices binding 14 Chh 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 CPgfdteins are suggested to interact with the surface of the PSI core. See the text for
details.

How fast is o Recently, Boekema and colleagues reported different
' structural states of aggregated CP#3Synechocystisells

with deleted PsalL or PsaF subunits in PSI (reviewed in ref
92). Along with the assembly of the 18-mer CP4#g
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).

. o Functioning of the PStCP43 Supercomplexes in Cy-
Ficure 5: Functional organization of the PSCP43 supercom- bacteria.ln th bacterial PSICP43
plexes from cyanobacteria. Excitation dynamics of the PSI trimer anobactena.in X e Cyanq acteria superc.om-
(large circle) are dominated by the processes occurring in the PSIplexes, the major functions of the CP4@ng are light
monomers (see Figure 3). Interactions of the CP48teins in the harvesting and excitation energy transfer. In the supercom-

ring with the PSI trimer (indicated by asterisks) as well as an energy ~ ; ;

gradient between Chls in CP48nd the PSI core determine a fast pr:ex, ?90t)CIhIa m0|ebCU|ZS of6t;1§ CP43;?|9 cgntrlpute to f

energy transfer from peripheral antenna CR#®1 the PSI trimer. the main a sQrptlon an_ at g nm while the pigments o
the PSI reaction center including P700 absorb at-688)

closer to Chla clusters in PsaA, PsaB, and PsaJ with "M (69, 93). Such a redistribution of the Chlspectral forms
interpigment distances of-20-25 A (81) (Figure 5). amplified by a_n_increase in Iight—harvesting capacity_ deter-
Interactions between the adjacent CPeigbunits within the ~ Mines an efficient energy gradient from the peripheral
antenna ring seem to be tighter than those between the ring2tenna (CP4ptoward the PSI reaction center.

and the central PSI trimer (Figure 4A). An increased number Recent time-resolved spectroscopy studies of the-PSl|
of pigments in CP43could affect the interactions between CP43 supercomplexes from iron stress-induced cyanobac-
CP43 in the ring and between the ring and the PSI. Thus, teria (9, 94) concluded that the excitation energy transfer
the CP43 organization in the antenna ring is stabilized processes within the CP48ing and energy transfer from
primarily by interactions between adjacent CPg3bunits, the CP43ring to the PSI core occur much faster than the
with a localized specific interaction with each PSI monomer. photochemical trapping by the RC.
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Despite the absence of reports on energy transfer studies
of the isolated monomeric CP43rotein, its structural
similarity with CP43 would predict similar excitation energy
transfer pathway9§). The structure of CP43 (Figure 4B,C)
shows that interpigment distances between nearest neighbor
in the stromal and lumenal layers of the protein favor sub-
picosecond energy transfer (6:2.4 ps). Chls of the stromal
layer appear to have stronger pigmeptgment 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 CP43ring (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 A from each othe|
(81). Sub-picosecond connectivity within the Chl layers of
CP43 and tight interactions of adjacent CP48bunits could FiGure 6: Structural model of the PSLHCI supercomplex from

A higher plants based on a 4.4 A resolution crystal structure [PDB
favor the ultrafast energy delocalization in the CPdA3g. entry 102V (L5)]. Top view perpendicular to the plane of the

How many subunits are involved in this process would thylakoid membrane. The color code for the subunits follows: red
certainly depend on the energy transfer from the CIRAg for PsaA, blue for PsaB, light blue for PsaF, yellow-green for PsaJ,
to the PSI trimer, which occurs within2 ps 69, 94). The orange for PsaG, yellow for PsaK, magenta for Psal, green for
energy transfer pathways toward PSI run most possibly via PsaH, and violet for LHCI subunits (Lhcalhca4). The color code

- for chlorophylls follows: dark green for the PSI core antenna, light
closely located clusters of Chl in CP43 and suggested green for the peripheral antenna, red for Chl linkers in LHCI, and

linker chlorophylls on the periphery of PsaA, PsaB, and PsaJpink for gap pigments. For visualization of the subunits, the protein
subunits in the PSI cor&9, 81) (Figure 5). On the basis of  backbone was generated from thecarbon atoms of the protein

the Foster theory 96), the energy transfer time of2 ps using the MaxSprout algorithmi$0).
would correspond to an-20 A separation between the ] o . .
excitation energy donor in CP4and the acceptor in PSI, the complexes might participate in energy spillover between
in agreement with the distance estimated from the three- PSI and PSII under low-light conditions in cyanobacteria.
dimensional cryo-EM model of the PSI supercomplé)(

The PSHCP43 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 PS+CP43 supercomplex is larger so that the fraction ~ The PSI complex in green algae and higher plants
of time that the excitation is on the excitation trap (P700), assembles as a monomer of the PSI core associated with the
and therefore available for trapping, is smaller. light-harvesting peripheral antenna, LHGB(99—-101). The

Fast energy equilibration between CP48d the PSI trimer  subunit complement of the eukaryotic PSI core complex is
in cyanobacteria is an indication of efficient functional similar to that in cyanobacteria except for the presence of
connectivity of the Chl network in the CP48ng to the additional eukaryotic-specific protein subunits, PsaG, PsaN,
antenna network of the PSI core resulting in a strong energy PsaH, PsaO, and Ps&#®,(100, 102). LHCI from green algae
coupling of the supercomplex in agreement with the struc- and higher plants belongs to a related group of integral
tural models. In such a network, there is no opportunity for chlorophyll and carotenoid binding proteins with conserved
energy dissipation as was shown to occur in uncoupled pigment-binding sites and three distinct regions of trans-
aggregates of CP4®7) since all excitation energy collected membrane helices with largely similar protein fold9,(53,
by the CP43rings around PSI in the iron-stressed low-light 103—-107). Biochemical, proteomics, and genomics studies
cells efficiently channels toward the RC. of eukaryotic PSl indicate the presence of five to six distinct

A unilateral increase in light-harvesting capacity in PSI Lhca proteins in the LHCI from higher plant4qQ8—110
under low-light conditions due to assembly of rings of and approximately seven to nine different Lhca proteins in
peripheral light-harvesting antennas consisting of either the PSI peripheral antenna from the green aljdamy-
CP43 or similar Pcb proteins would perturb the electron domonas reinhardti{111—115).
balance between the two photosystems in cyanobacteria. Structure of the PSILHCI Complex from Higher Plants.
Recent discoveries of functional association of Pcb proteins The molecular structure of the PSLHCI complex from pea
with PSII (66, 82, 84) imply that the electron balance (Pisum satium) has been obtained at 4.4 A resolution using
between PSI and PSIl is maintained under low-light condi- X-ray crystallography15) (Figure 6). The structural model
tions by assembly of a CP43-like antenna in both PSI and identifies four evenly spaced LHCI proteins, Lhcal, Lhca4,
PSII. The dynamic nature of this balance, however, might Lhca2, and Lhca3, attached to the PSI core complex on the
be associated with the presence of CP43-like proteinsside formed by the outer surface of the PsaG, PsaB, PsaF,
uncoupled from PSI in cyanobacterial thylakoids under iron Psald, PsaA, and PsaK subunits. Relatively weak protein
starvation 92) as well as their mobility98), suggesting that  protein interactions between LHCI and the PSI core as well

Lhcad PsaF

[ll. Eukaryotic PSFLHCI Supercomplex: Striking a
Balance between Efficient Energy Transfer and
Regulation
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Table 1: Summary of Chl Binding in the Cyanobacterial PSI Core monomers and gap pigments in the cleft between the PSI

(PDB entry 1JB0) and the PSLHCI Supercomplex from Pea core and LHCI. These pigments add to the structural
(PDB entry 1QZzV) connectivity of the peripheral antenna and the PSI core
PSI subunit no.of Chisin 1JB0  no.of Chisin 1Qzv ~ antenna network. Distribution of the gap pigments in the cleft
PsaA/PsaB is very uneven with seven of 10 pigments located near the
RC 6 6 interface between the Lhcalhca4 heterodimer and the PSI
PsaA N-domain 40 40 core (Figure 6).
PsaB N-domain 39 42 Low-Resolution Structural Models of the PSIHCI
total 85 88 Supercomplex in State 1 and StatédR2cent single-patrticle
Peripheral PSI Core Subunits electron microscopy studies of the PSIHCI supercomplex
EngK ; f from C. reinhardtii (14, 16, 116), spinach 13), andArabi-

dopsis thaliana(117) confirmed the similar overall archi-

PsalL 3 4 . . .
PsaM 1 _ tecture of the eukaryotic PSI featuring Lhca proteins
Psax 1 - interacting predominantly with PsaA, PsaK, PsaF/PsaJ, PsaG,
PG bound 1 1 and PsaB surfaces of the PSI core.
isaH - L In contrast to the 4.4 A resolution crystal structure of the
saG - 1 . .
PSHLHCI supercomplex from pea (Figure 6), the projection
total 11 13 . - S
total PSI core % 101 maps of _the PStHLHCI partlclgs fromC. relnhardtnwsual— '
Peripheral Chivb-Binding Antenna ized additional .elec;ron densities suggesting a_larger penph-
Lhcal — 14 eral antenna size in green algae PSI associated with the
Lhca4 - 16 functional changes in antenna size (Figure 8A,B). Three low-
Lhca2 - 14 resolution structural models of the PSIHCI supercom-
Lhca3 - 13 plexes have been reported4( 16, 116). Kargul and
gap Chls - 10 -
votal LHCI 3 7 colleagues have related their structures to stalé)lof state
ol % 168 2 (116) associated with excitation energy redistribution

: — - _ between PSI and PSILL{8-121). In the structural model
2 Cyanobacterium-specific PSI subuni<hls ligated by phosphati-

dylglycerol (PG) in cyanobacterial PSI (Chl 11801 in 1JBO) and of PSlin S.tate 2116 (Figure 8B), some of the monomeric
supposedly in eukaryotic PSI (Chl 11901 in 1QZ¥Eukaryote- LHC proteins were bound not only to the surface of the PSI

specific subunits. subunits interacting with the LHCI belt but also to the surface
in the vicinity of the PsaH subunit that was suggested to be
as between neighboring Lhca proteins result in formation of a docking site for LHCII in response to state-dtate 2
a cleft between the PSI surface and the LHCI layer. Strong transitions {21). Association of LHCII with PSI is thought
transmembrane helixhelix interactions observed between to increase the antenna cross section in PSI at the expense
Lhcal and the PsaG subunits are thought to anchor theof PSII (119, 122).
peripheral antenna to the PSI core. External interhelical loops Biochemical and structural analysis of the PEHCI
and terminal regions of the protein subunits from both sides complex isolated fromC. reinhardtii in state 2 {116
of the interacting domains further stabilize the modular indicated that the extra density located close to PsaH was
structure. due to tightly bound phosphorylated CP29, an LHC-like
Despite the overall similar structures of the core chloro- protein normally associated with only PSII (Figure 9A). The
phyll networks between cyanobacterial and eukaryotic PSI, authors suggest that this bound phospho-CP29 possibly
the PS+LHCI supercomplex has some differences mainly provides a linker for the association of LHCII with PSI in
associated with the structural coupling of the LHCI antenna. state 2. Moreover, in light of the X-ray structure of the
Modifications include changes in the orientation of several higher-plant PS+LHCI supercomplex and taking into ac-
peripherally located Chls as well as binding of new Chls count estimates of areas of negative staining and detergent
both by the PsaB protein and by the peripheral subunits of shell, Kargul et al. 116) concluded that the isolated state 1
the PSI core, including two eukaryote-specific PsaH and PSHLHCI supercomplex has six LHC proteins (Figure 8A),
PsaG subunits. Structural coupling of the LHCI antenna not 11 as previously suggestelb). In addition to four Lhca
resulted in binding of 56 Chls that are nearly equally bound proteins along the PsaA, PsaK, PsaF/J, and PsaB surface,
to four LHCI proteins and 10 extra Chls (gap Chls), which two monomeric LHC proteins are suggested to bind in the
are located in the cleft between the LHCI belt and the PSI vicinity of PsaH and the phospho-CP29 binding site. Surpris-

core (Table 1 and Figure 6). ingly, in higher plants, the structure of the PSI supercomplex
The general structural feature of LHCI, which is shared in state 2 was found to be different. Kauet al. (117)
with LHCII, is that each of six Chh molecules (ata6) identified structural association of the P&IHCI super-

bound to conserved pigment-binding sites in helices | and complex and an LHCII trimer fromd\r. thalianaas a pear-

Il is involved in interaction with a closely located pigment, shaped PStLHCI—LHCII particle with the LHCII trimer
resulting in formation of strongly interacting dime£s3(106) docked to PsaH, PsaL, PsaA, and PsaK surfaces of the PSI
(Figure 7). The majority of the pigments in both complexes core (Figure 9B). The authors have not ruled out a possibility
occupy similar positions; however, it seems that the orienta- of the second LHCII trimer-docking site in the symmetry-
tions of some of them are significantly different. This is a related position covered by the PsaH, Psal, PsaB, and PsaG
result of adjustment of the LHCI pigment orientations relative subunits.

to the PSI core antenna. The changes also involve the Structural differences in the PSI supercomplexes observed
apparent binding of extra pigments, including linkers in LHCI under state 2 conditions in green algae and higher plants
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Lhca4

stromal layer

linker 3

linker 1
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Ficure 7: Structure of the Chdvb-binding light-harvesting complex from the peripheral LHCI antenna of photosystem I. (A) Overlap of
the o-carbon traces of LHCII from spinach [red, PDB entry IRWID@], LHCII from pea [blue, atomic coordinates courtesy of W.
Kihlbrandt 05)], and Lhca4 from the PSILHCI supercomplex from pea [yellow, PDB entry 1QZY5j]. (B) Top view of the three-

dimensional model of the Lhca4 polypeptide based on secondary structure prediction and structural homologies of LHCI arEBLHCII (
107). N and C label the N- and C-termini, respectivelylV 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 méktiiodoéiKu

et al. 105). Linker pigments are labeled according to the method of Ben-Shem dt5al. (

Ficure 8: Structure of the PSILHCI supercomplexes from the
green algaC. reinhardtii in different functional states. (A) Top-
view projection of an electron microscopy image of the-PISHICI
supercomplex in state 1. (B) Complex in state 2. The projections are
overlaid with outlines of the X-ray structural model of the PEHCI
supercomplex from pea (PDB entry 1QZV). The scale bar is 50 A.
Reprinted with permission from réfL6 Copyright 2005 Blackwell.

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 PStLHCI SupercomplexThe main
functions of the peripheral LHCI antenna in the PEHCI
supercomplex from photosynthetic eukaryotes are accessor
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 PStLHCI supercomplexes from green algae
and higher plants are poorly understood. For a long time,

analyses of the energy transfer processes in the-B3CI
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 2&j. 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 cord, 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 Lhcal or Lhca4 rapidly populates the
main Chla spectral forms within 0.30.7 ps (23-127).
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 d¥)ltoward Chla

molecules bound to conserved pigment binding sites of
transmembrane helix | or lll (Figure 7).

Each Chlain this group approaches a carotenoid molecule
(lutein) at a distance of-45 A. 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 @nholecules
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o

LHCII trimer

Ficure 9: Comparison of structural models of PSIHCI supercomplexes in state 2 from green algae (A) and higher plants (B). The
projection map for the state 2 PSLHCI supercomplex fronC. reinhardtiiis modeled using higher plant coordinates from 1di) (vith

the PSI core (green), the LHCI antenna (red), and the PsaJ (yellow), PsaK (magenta), PsaG (purple), Psal (orange), PsaL (cyan), and PsaH
(white) subunits. The additional density observed in the state 22B3CI supercomplex, which is able to accommodate an additional

LHC subunit, is colored blue and is suggested to be phospho-CP29. Panel A is modified frbhé. rg8) Projection map of the state 2
PSHLHCI—LHCII supercomplex fromAr. thalianafitted with high-resolution structures of PSI (yellow%) and trimeric LHCII (green;

106). Panel B reprinted with permission from rét7. Copyright 2005 American Chemical Society.

within ~100 fs via the $-Q, channel {26, 127). In a re- Eﬂe*wf'?.;gf'ﬂg
verse direction (Chh to carotenoids), this pathway would Energy equilibration ps
supposedly work as a photoprotective valve enabling either 2-5ps Excitation hopping

quenching of the Chl excitation via direct electron charge
exchange between Chland the carotenoid molecul&Z8,
129 or quenching of unused (or undelivered) excitation in

0.3- 0.6 ps

the form of Chla triplet states by carotenoids that prevents d ]
formation of toxic singlet oxygenlQ5). How slow is s ‘%
Within 3—5 ps, the excitation was shown to be redistrib- _energy & &
equilibration * :

uted among the major Ch forms in both lumenal and  poveen LHe! &
stromal pigment layers with significant localization of the and Psicore?
excitation on the low-energy absorbing pigments (red pig-

ments) in the 686710 nm spectral regionl3—125). In

all Lhca proteins uncoupled from the PSI core, the red

i : - . Competition between energy subunits
pigments serve as terminal emitters characterized by a loss at terminal emitters and
significant red shift of the fluorescence (260 nm) (L30— energy transfer to PS core?

135. The extent of the red shift in different Lhca proteins Ficure 10: Functional organization of the PSIHCI supercom-
is thought to be determined by the specific molecular plexes from higher plants. Excitation dynamics in the PSI monomer
environment of pigment cluster ab5 in the helix Fhelix is similar to that in cyanobacteria (see Figure 3). The cause of slow

. _ . . excitation equilibration (78100 ps) between LHCI and the PSI
Ilinterface 63, 107, 134-137) (Figure 7). In LHCII trimers, core is suggested to arise either from slow energy equilibration

the terminal emitter is located in a different place and petween Lhca subunits or from competition between energy losses
involves different pigments1Q6). in LHCI and energy transfer to PSI. The color code for Chls

In vitro, Lhca proteins tend to form dimer4@g. In follows: dark green for PSI core Chls, light green for LHCI Chis,
Lhcal-Lhca4 heterodimers that are characterized by as-€d for linkers between LHCI, and magenta for gap pigments.

- Shaded circles show locations of terminal emitters in LHCI. See
sembly of extra Chb molecules 130, 131), time-resolved the text for details.
absorption 123 and fluorescence spectroscopy studieg(
138 revealed an extra energy transfer component with in energy than Ché. The crystal structure of LHCII1(06)
lifetimes varying in the range of 1530 ps. This energy = demonstrates that Chimolecules are located largely in the
transfer process was ascribed to intersubunit energy redis-intersubunit interface due to a peripheral binding of Ghl
tribution within the LHCI dimers, specifically in Lhcal within each subunit. If a similar situation occurs in the LHCI
Lhca4 heterodimersl@8). Similar processes were shown to dimers, it might affect the excitation dynamics in the PSI
occur in LHCII trimers (39). LHCI supercomplex (see below).

The slow intersubunit energy equilibration in the Lheal (2) Energy Transfer from LHCI to the PSI Coréime-
Lhca4 heterodimer might be explained by a large distance resolved spectroscopy studies of the PSHCI supercom-
(~40 A) between a5b5 of the energy donor and &b5 of plex from green algae and higher plants show a biphasic
the energy acceptor, at least between Lhcal and Lhcadoverall decay of the excitation consisting of 280 ps
(Figure 10). Furthermore, the presence of Ghbetween photochemical trapping in the PSI core antenna (see section
Lhca subunits in the LHCI belt could be a cause of this slow 1) and the slower excitation trapping phase with the lifetime
energy transfer process due to the fact that ICid higher varying in the range of 70150 ps 46, 140-142). It is
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puzzling that the experimentally observed slower excitation  Structural changes of the LHCI peripheral antenna in
energy decay in the PSLHCI supercomplex is associated response to changed environmental conditioh44) are
with Chl a/b binding peripheral LHCI antenna since the among the factors, although far less studied, influencing the
presence of the gap pigments between LHCI and the PSlefficiency of the energy transfer from LHCI to the PSI core.
provides structural connectivity that would enable fast energy Iron stress of green algae was shown to result in an impair-
equilibration between the periphery and the core antennament of the excitation energy transfer in the peripheral
(15). Indeed, kinetic modeling based on the crystal structure antenna associated with N-terminal processing of Lhtd3)(
of the PSI from higher plants56) predicted an overall A specific Lhca5 subunit of LHCI in PSI from higher plants
excitation lifetime of the PStLHCI network of 49 ps and  (146—148) was suggested to interact with Lhca2 or Lhca3
computed excitation energy transfer times from LHCI to the under high-light intensity conditions. A 120 ps component of
PSI core via unevenly distributed gap pigments (see Figuresenergy trapping in the PSLHCI supercomplex fronAra-
6 and 10) in the range from 1.5 ps for the Lhedhca4d bidopsismutants depleted of the majority of Lhca proteins
form, 2.5 ps for Lhca3, and 6 ps for Lhca2. The experimen- was associated with functioning of this LHCI suburit9).
tally observed slower excitation equilibration between LHCI  The kinetic consequences of binding of LHCII to the PSI
and the PSI core is in contrast to excitation dynamics in the LHCI supercomplex under state 2 conditions (see Figures 8
PSHCP43 supercomplexes from cyanobacteria with excita- and 9) are unknown. Additional Chls observed in the
tion equilibration of the peripheral antenna and the PSI core eukaryotic PSI core in the region adjacent to PsalL and PsaH
antenna occurring long before the photochemical trapping are likely to provide functional connectivity of Chls in LHCII
in the PSI RC §9; see section Il and Figure 5). The origin  complexes docked to the PSI core with a cluster of red
of the observed slow energy equilibration between the LHCI pigments associated with the linker Chl (B3B38). It is
peripheral antenna and the PSI core is under debate. interesting to suggest whether this pigment cluster could
Recently, lhalainen et al141) have found a difference  participate in downhill enhancement of energy transfer from
in the slow energy trapping time in the PSIHCI super- LHCII to the PSI core %3).
complex fromAr. thaliana (83 ps) andC. reinhardtii (68 In conclusion, the functional connectivity of LHCI and
ps). The slower trapping phase in the PEHCI supercom-  PS| via gap pigments and the relative location of the terminal
plex from higher plants was interpreted as an effect of a emitters in Lhca proteins might play an important role in
larger amount of red pigments in LHCI from higher plants determining the dynamic ratio between the direct energy
even though the functional antenna size in the-RS$iCl transfer from largely isoenergetic peripheral antenna and the
supercomplex from green algae seems to be bigger asps| core and possible energy losses in the peripheral antenna.
visualized by recent low-resolution electron microscopy Energy coupling in the eukaryotic PSLHCI supercom-
studies {4, 16, 116). Red pigments in LHCI are involved  plexes is probably a result of the structural adaptation of the
in localization of the excitation on terminal emitters (see [HCI peripheral antenna that not only extends the absorption
above). Chl clusters forming terminal emitters of LHCI cross section of the PSI core but also participates in
(largely in Lhca3 and Lhca4) were suggested to slow energy regulation of excitation flows between the two photosystems
equilibration between LHCI and PSI through competition as well as in photoprotection.
between the LHCI-to-PSI energy transfer channel and the
energy loss channel in the terminal emittéB,(142) (see REFERENCES

Figure 10). At low temperatures, the red pigments in LHCI . .
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