
ARTICLES

The structure of a plant photosystem I
supercomplex at 3.4 Å resolution
Alexey Amunts1, Omri Drory1 & Nathan Nelson1

All higher organisms on Earth receive energy directly or indirectly from oxygenic photosynthesis performed by plants, green
algae and cyanobacteria. Photosystem I (PSI) is a supercomplex of a reaction centre and light-harvesting complexes. It
generates the most negative redox potential in nature, and thus largely determines the global amount of enthalpy in living
systems. We report the structure of plant PSI at 3.4 Å resolution, revealing 17 protein subunits. PsaN was identified in the
luminal side of the supercomplex, and most of the amino acids in the reaction centre were traced. The crystal structure of PSI
provides a picture at near atomic detail of 11 out of 12 protein subunits of the reaction centre. At this level, 168 chlorophylls
(65 assigned with orientations for Qx and Qy transition dipole moments), 2 phylloquinones, 3 Fe4S4 clusters and 5
carotenoids are described. This structural information extends the understanding of the most efficient nano-photochemical
machine in nature.

Oxygenic photosynthesis is the principal producer of both oxygen
and organic matter on Earth1–3. Water, the electron donor for this
process, is oxidized to O2 and four protons by PSII. The electrons that
have been extracted from water are shuttled through a quinone pool
and the cytochrome b6f complex to plastocyanin—a small, soluble,
copper-containing protein. Solar energy that has been absorbed by
PSI induces the translocation of an electron from plastocyanin at the
inner face of the membrane (thylakoid lumen) to ferredoxin on the
opposite side (stroma). PSI generates the most negative redox poten-
tial in nature (21 V), and thus largely determines the global amount
of enthalpy in living systems. The structures of three of the four
complexes that catalyse oxygenic photosynthesis in cyanobacteria
have been solved at relatively high resolution, and the position of
most of their amino acids and prosthetic groups has been defined4–8.
Thus, the architecture of oxygenic photosynthesis in cyanobacteria
has largely been determined. The structure of cytochrome b6f com-
plex from chloroplasts of the algae Chlamydomonas reinhardtii has
also been solved at high resolution, and has remarkable similarity to
the cyanobacterial complex9. Recently, two high-resolution struc-
tures of light-harvesting complexes of PSII from higher plants were
published10,11.

In a previous study, we crystallized and determined the structure of
plant PSI at an intermediate resolution of 4.4 Å12,13. A model of
a-carbon chains of 16 subunits, 45 transmembrane helices, 2 phyllo-
quinones, 3 iron–sulphur clusters and 167 chlorophyll molecules was
presented. To understand better the role of the protein subunits and
individual amino acids in the binding and organization of the various
cofactors, as well as the interaction between the cofactors, we have
determined the X-ray crystallographic structure of PSI from pea
(Pisum sativum) at 3.4 Å resolution, and we describe a near atomic
model of the system.

Features revealed by the new structure

The new crystal form contains one complex in the asymmetric unit,
with unit cell parameters a 5 124.87 Å, b 5 187.27 Å, c 5 131.96 Å,
b 5 91.03u (Supplementary Information and Supplementary Fig. 1).
In the electron density map, all the previously detected 16 subunits of
PSI were identified, and PsaN was also detected (Fig. 1). Twelve of the

subunits (PsaA, B, C, D, E, F, G, H, I, J, L, and N; ref. 14) were
interpreted with the known amino acid sequences from pea and
Arabidopsis thaliana plants (Supplementary Tables 1 and 2). The
position of 3,038 out of 3,443 predicted amino acids was assigned;
for 2,909 of them, side chains were built into the model. Part of
PsaK could be modelled as polyalanine, because the electron density
was not as well defined in this part of the supercomplex. Subunit O
(ref. 15), which was identified in preparations of plant PSI, was not
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Figure 1 | The structural model of plant photosystem I at 3.4 Å resolution.
View from the stroma of the structure of plant PSI. Novel structural
elements that are not present in the previous model are shown as red ribbon
structures. Chlorophylls with detected phytyl side chains, revealing the
orientation of the Qx and Qy transition dipole moments, are yellow. The rest
of the reaction centre chlorophylls are cyan, gap chlorophylls are blue and
chlorophylls of LHCI are green. The positions of PsaG, H, K, L and N, as well
as the various LHCI monomers, are indicated. Each individual subunit is
coloured differently.
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present in the crystal and there was no space for it to be accommo-
dated. Subunit P (ref. 16) could not be positively identified, but
unassigned electron density close to PsaH could possibly be assigned
to this subunit. PsaN, which was not detected in the 4.4 Å structure,
was identified and its amino and carboxy termini were determined by
partial amino acid tracing (Fig. 1). The entire length of PsaG was
traced and the interaction of its loop with PsaB gives credence to the
conclusions of a recent mutational analysis17. The positive amino
acids that are present in the loop are protected from proteases by
close proximity to the membrane (Lys 59), salt bridge formation
(Arg 50 with Glu 306 of PsaB) and tight interaction with PsaB
(Lys 52). A major part of Lhca1–4 was assigned using the correspond-
ing amino acids, but parts of the loops that could be detected were
modelled by amino acids without side chains. Tracing amino acids of
the transmembrane helices of Lhca1–4 allowed positive identification
of the four light-harvesting subunits. For the 168 chlorophylls, the
position and Qz orientation of the head groups were determined. For
65 of the chlorophylls, the ring substituents (and part of their phytyl
side chains) could be modelled into the electron density map, reveal-
ing the orientation of the Qx and Qy transition dipole moments.

The PSI reaction centre complex

The two principal subunits of the reaction centre, PsaA and PsaB,
share similarities in their amino acid sequences and constitute a
pseudosymmetric structure that evolved from an ancient homodi-
meric assembly3,18. Together, the subunits harbour the electron trans-
port chain (ETC), which is the heart of PSI and functions in the
photoelectrochemical reaction of the system. In addition, two reac-
tion centre proteins are exclusively present in plants and green algae
(subunits G and H). The position and shape of PsaH conform well to
its proposed role as a docking site for light harvesting complex
(LHC)II (ref. 19). Part of the N terminus that was not detected in
the previous report was traced in the current study (Fig. 1) and was
found to form an additional surface that may be used for controlled
binding of LHCII and other auxiliary factors. On the opposite side of
the reaction centre, PsaG and its two tilting transmembrane helices
contribute most of the contact surface area for association with LHCI
(ref. 13). Twenty amino acids of the PsaG C terminus (Fig. 1) pro-
trude out of the generally compact structure in this area; this may
provide a binding surface for other membrane complexes such as the

cytochrome b6f complex. The electron densities at the centre were
clear enough to correct potential sequencing mistakes (Supplemen-
tary Fig. 2). For example, there is an arginine residue in the sequence
of pea chloroplasts at position 220 of PsaA; in all other plants, there is
a glycine residue at the same position. The electron density obtained
here leaves little doubt that, in PsaA from pea, there is also a glycine
residue at this position. On the luminal side, the most noticeable
distinction between plant and cyanobacterial reaction centres is the
helix–loop–helix motif contributed by the longer N-terminal domain
of plant PsaF (Fig. 2a and Supplementary Fig. 3). This domain
enables more efficient plastocyanin binding in plants and, as a result,
two orders of magnitude faster electron transfer from the copper
protein to P700 (ref. 13). On the stromal side of PSI, where ferredoxin
and ferredoxin-NADP-reductase bind, almost all amino acids of
PsaC, PsaD and PsaE were traced. The hypothetical amino acid chain
T was not visible in the current electron densities.

The PsaA/B part of the ETC is formed by six chlorophylls, two
phylloquinones and one out of the three Fe4S4 clusters of PSI (Fig. 2a).
The chlorophylls and quinones are arranged in two branches (A and
B) as pairs of molecules related by a pseudo-C2 axis. The two chlor-
ophylls that constitute the P700, and most other chlorophylls at the
centre, seem to be identically positioned to those reported for the
cyanobacterium Synechococcus elongatus4. The amino acids involved
in Mg21 coordination and hydrogen bonding to the second and third
Chla pairs of the ETC are strictly conserved between the PsaA and
PsaB, in species from cyanobacteria to higher plants4. One of the
unsolved questions in the mechanism of the ETC is whether the
Chla from one, or both (PsaA and PsaB), branches are active in
electron transport8. Several electron paramagnetic resonance (EPR)
experiments with cyanobacterial PSI suggest that most of the electron
transfer is conducted by the A branch20; however, fast spectroscopic
experiments with algae suggest an equal share of the two branches in
electron transfer21. Even though small changes in the cofactor posi-
tions were detected, the current resolution does not permit a definite
answer to this question.

Chlorophylls and carotenes at the reaction centre

The core complex (reaction centre) of plant PSI contains approxi-
mately 100 chlorophyll molecules, of which a vast majority main-
tain an almost identical position, as in cyanobacterial PSI13. For 65
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Figure 2 | Position of b-carotenes in relation to the ETC. a, The ETC, two
additional chlorophylls and three b-carotene molecules are depicted on the
background of the subunit structure of PSI. Red, P700 chlorophylls 9010 and
9011; green, ETC chlorophylls 9012, 9013, 9022 and 9023; cyan, chlorophylls
1239 and 1140; yellow,b-carotenes 6011and 6018; and blue, phylloquinones.

The three sulphur–iron clusters are shown as spheres in red (iron) and
yellow (sulphur). b, The 2FoFc electron density map (1s), covering
b-carotenes 6018 and 6020 (BCR18 and BCR20), chlorophyll 1239
(CL1(1239)), and phylloquinone 5002 (PQN2), as well as part of PsaB
(amino acids 707–719). Colour codes correspond to Fig. 3a.
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molecules, the electron densities were good enough to trace part of
their phytyl side chains, revealing the Qx and Qy transition dipole
moments (Fig. 1). These chlorophylls exhibit a remarkable conser-
vation in their position and orientation compared to those of S.
elongatus4. As expected, the chlorophylls that are coordinated to
subunits M and X in cyanobacteria were missing in the plant reaction
centre.

The construction of our model was aided by a theoretical atomic
model of plant PSI that was built by combining the low-resolution
model of plant PSI13, the high resolution structure of the cyanobac-
teria PSI4, and a new approach of molecular dynamics22. The position
and orientation of most chlorophyll molecules of the current model
are in accordance with the theoretical model. However, the refined
position of several chlorophyll molecules was significantly different
from the theoretical model. Plant PSI contains 19 chlorophyll mole-
cules, including 9 gap chlorophylls (Fig. 1), that are not present in the
cyanobacterial reaction centre and are not part of the LHCI mono-
mers23,24. In the neighbourhood of PsaK, we modelled four chloro-
phyll molecules, some of which may have an important role in
excitation energy transfer from LHCII to PSI (see below). This side
of PSI is poorly resolved not only in the larger plant PSI but also in the
high-resolution PSI of S. elongatus4.

Over 20 carotene molecules are expected to be present in plant PSI
(ref. 22). Relatively good electron densities allowed for the assign-
ment of five b-carotene (BCR) molecules in various locations of the
reaction centre (Fig. 2). BCR11 is situated in a strategic location in the
vicinity of the proposed excitation energy transfer pathway from the
reaction centre antenna to the ETC—approximately 10 Å away from
P700—and one of its poles is 3 Å away from Chl1126 and thus adja-
cent to Trp 747/A and His 389/A. The second pole is 6 Å away from
Chl1230, which is coordinated by His 439/B, and 4.5 Å from Chl1229,
and is in the vicinity of Phe 90/F. This BCR is located at a similar
position to b-carotene in the cyanobacterial PSI and in the proposed
theoretical model of plant PSI22. However, BCR16 moved consid-
erably from its position in S. elongatus4—because subunit X is not
present in plant PSI, the chlorophyll molecule that it coordinated is
missing and two gap chlorophyll molecules (Chl1302 and Chl1303)
were added to the plant complex. One of the poles of BCR16 is as
close as 3.3 Å to Chl1303, and the other pole is situated 5 and 4.3 Å
from Trp 99/F and Trp 136/F, respectively. Most of the b-carotenes in
cyanobacteria were located in pockets of hydrophobic residues that
are highly conserved between cyanobacteria and plants. This arrange-
ment may protect not only from triplets that are formed by the

pigment molecules but also from destruction of aromatic amino
acids by ultraviolet light. BCR17 is coordinated by Trp 648/B and
Trp 646/B; Phe 652/B and Phe 719/B are situated in its vicinity
(Fig. 2). BCR17, 18 and 20 are close to each other, suggesting poten-
tial radiation damage in this part of the reaction centre.

Light-harvesting complex I

The LHCI belt, with its associated chlorophylls, is the most prom-
inent addition to PSI structure by plants and green algae. The LHCI
belt contributes a mass of 160 kDa out of approximately 600 kDa in
PSI. LHCI is composed of four nuclear gene products (Lhca1–Lhca4)
that are 20–24 kDa polypeptides and belong to the LHC family of
chlorophyll a/b binding proteins. The archetype of this family, and
the most abundant membrane protein in nature, is the major LHCII
protein (Lhcb1–2), the structure of which was recently elucidated by
X-ray crystallography at 2.7 (ref. 10) and 2.5 Å (ref. 11) resolution.
The identification of the four Lhca proteins in plant PSI was based on
a large body of biochemical experiments13,25–27. We were able to posi-
tively identify the four LHCI units as Lhca1, Lhca4, Lhca2 and Lhca3,
starting at the G-pole of the reaction centre, respectively. This was
achieved by assigning electron densities to corresponding amino
acids with large side chains that are unique to each LHCI protein.
Binding of LHCI to the reaction centre is asymmetric, namely, much
stronger on the G-pole than on the K-pole of the core (Fig. 1). The
other LHCI proteins interact with the core mainly through small
binding surfaces at their stromally exposed regions (Fig. 1). Lhca4
binds to PsaF, Lhca2 associates weakly with PsaJ, and Lhca3 binds
weakly to PsaA.

Even though the light harvesting chlorophyll a/b binding proteins
that constitute the peripheral antennas of PSI (LHCI) and PSII
(LHCII) share sequence and structural homology, their oligomeric
states vary considerably. Whereas LHCI proteins assemble into
dimers, the light harvesting proteins that associate with PSII form
either trimers (LHCII), or monomers as minor antenna members
CP24, CP26 and CP29 (ref. 1). The current model permitted a closer
look at the dimer formation and mode of interaction between the
LHCI monomers and reaction centre subunits (Fig. 3a). Both Lhca1–
4 and LHCII bind 14 chlorophyll a/b molecules each (Fig. 1), and
possess the LHCII general fold10,11,13,28. The absorption peak of the
‘bulk’ chlorophylls of LHCI proteins is also shifted to lower energies
compared with LHCII13,24,29. Dimerization in LHCI is mediated by
relatively small contact surfaces at the luminal side by the C terminus
and at the stromal side of the N-terminal domain of the Lhca
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Figure 3 | The position of PsaN in relation to Lhca2 and Lhca3, and the
unique fold of Lhca3. a, The 2FoFc (1s) electron density map covering PsaN,
and the structure of the Lhca2–Lhca3 heterodimer. Cyan, Lhca2; magenta,

Lhca3; green, chlorophylls; yellow, magnesium atoms. b, Left panel,
superposition of LHCII (magenta) on Lhca2 (green); right panel,
superposition of LHCII (magenta) on Lhca3 (green).
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proteins13 (Fig. 3a). A similar mode of association is observed
between LHCI dimers, which allows all LHCI proteins to have their
wider side turned to the reaction centre, enabling the maximum
number of chlorophylls to face the core24. This arrangement results
in relatively long distances between the membrane domains of adja-
cent monomers.

The half-moon shape of LHCI and the relatively loose and flexible
coupling among its monomers may serve two important functions:
(1) achieving the most efficient light harvesting and excitation energy
migration, and (2) providing the basis for coping with ever-changing
light intensities. Increased light intensities result in a sharp decrease
in antenna size associated with the vulnerable PSII30; however, such
an effect was not observed in LHCI. The composition—rather than
the size—of this peripheral antenna varies with intensity31. It is pos-
sible that replacement of the Lhca2–Lhca3 heterodimer with an
Lhca3–Lhca3 dimer results in longer trapping times, decreased effi-
ciency in energy migration to the reaction centre, and dissipation of
energy localized on Lhca3 by carotenoids.

The conservation of amino acid sequences between LHCII and the
four LHCI monomers was found to be relatively poor. The four LHCI
monomers share the LHCII general fold; that is, two long, tilted,
intertwined transmembrane helices (A and B) and a shorter one
roughly perpendicular to the membrane (C). The conservation of
the fourth helix (D) was not apparent, and the fine structure of Lhca3
was found to be significantly different from the other three LHCI
monomers (Fig. 3b). In Lhca3, helices A and B were much closer to
each other, were almost parallel and were less intertwined. Conse-
quently, Lhca3 bound its chlorophylls in a somewhat different posi-
tion than the other three LHCI monomers. Recent reconstitution
experiments clearly demonstrate that Lhca3 shares a similar fold to
the others and binds its chlorophylls in the same fashion32. It there-
fore seems that when Lhca3 assembles by itself, it results in a similar
structure to the others, but when it assembles in the context of the rest
of PSI, it adopts a different conformation.

Subunit N

An electron density was identified at the luminal side of PSI close to
Lhca2 and Lhca3. Because the volume of the density and the position
at the lumen could be ascribed only to PsaN, we modelled into it the
amino acids of this subunit (Fig. 3a). We used the available sequence
from the plant Phaseolus vulgaris (accession number AA049652),
which is expected to be almost identical to that from the related
pea plants and differs from that of A. thaliana by only nine conser-
vative substitutions. The electron densities in the region of PsaN are
well defined, but at 3.4 Å resolution did not allow tracing of the
amino acids sequentially. The positions of N and C termini were
determined by secondary structural analysis, which suggested an
approximately 30-amino-acid-long, predominantly a-helical stretch,
at the N-terminal part of PsaN. In line with biochemical evidence33,34,
the structure of PsaN exhibits weak interactions with Lhca2 and
Lhca3 (Fig. 3a).

Subunit N was first identified in a high ionic strength wash of PSI
preparation from spinach chloroplasts33,34. The complete sequence of
PsaN was first reported from barley35 and has subsequently been
reported in several other species of higher plants and green algae.
An extensive crosslinking study revealed minimal interaction
between PsaN and other small PSI subunits36. Putative crosslinking
products between PsaN and PsaG and between PsaN and PsaF have
been found, and specific inactivation of a nuclear gene encoding a PSI
subunit N in A. thaliana plants has been reported37. The lack of PsaN
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Figure 4 | Model for PSI–LHCII interactions. The structural models of plant
PSI and the LHCII trimer were fitted by accommodating a possible binding
site at the PsaK side. In this position, LHCII could be readily crosslinked to
subunits PsaL and PsaH, but it is too far to crosslink with PsaI. The initial
docking was made by modified PatchDock software (http://
bioinfo3d.cs.tau.ac.il). The fit was manually improved to better agree with
experimental data. a, A view from the stroma of plant PSI together with a
LHCII trimer (Protein Data Bank code, 2BHW; ref. 11). The PSI complex
(orange), PSI chlorophylls (green), LHCII trimer (red), LHCII chlorophylls
(blue) and chlorophyll magnesium atoms (yellow) are shown. b, c, An
enlarged view from the stroma (b) and a view along the membrane plane

(b), of the suggested PSI–LHCII interaction site. LHCII (red) interacts with
PSI subunits PsaH (magenta), PsaL (cyan), PsaA (orange) and PsaK
(brown). Two LHCII a-chlorophylls (numbers 602 and 607, in blue) have
energy transfer distances of 13 Å to 12 Å from two PSI chlorophylls
(numbers 1151 and 1153, in green), respectively, that are coordinated by
PsaA.
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results in effects on plant growth and development under suboptimal
conditions. Under standard growth conditions, plants compensate
for deficient PSI by increasing the relative PSI content. It was pro-
posed that PsaN is necessary for efficient interaction of PSI with
plastocyanin. Our structure reveals no direct interaction with
PsaG, PsaF or plastocyanin, but, as frequently occurred, indirect
effects of the missing subunit might lead to the reported effects.
Recent findings indicate that Lhca5 assembles onto Lhca2 (ref. 38);
the position of PsaN (Fig. 4a) suggests it is involved in this process.

The PSI–LHCII supercomplex

The determined structure of plant photosystem I (PSI) provides the
first relatively high-resolution structural model of a supercomplex
containing a reaction centre and its peripheral antenna. This highly
efficient nano-photoelectric machine is expected to interact with
other proteins in a regulated and efficient manner. The most import-
ant interaction of PSI at the membrane level is with LHCII during
state transition8. Plants adapt to changes in light quality by redistrib-
uting excitation energy between the two photosystems to enhance
photosynthetic yield39. At high light intensities, LHCII migrates from
PSII to PSI40. State transitions in higher plants are limited. In state II,
additional light harvesting by PSI does not exceed 20% (ref. 41) and
corresponds to an addition of up to a single LHCII trimer to PSI, for-
ming a supercomplex of reaction-centre–LHCI–LHCII. Numerous
experiments conducted in higher plants, including single particle
analysis42,43, support this model, but the detailed mechanism of state
transitions remains unclear44–46. Even though LHCII is likely to inter-
act with PSI at the PsaK side (which is less well resolved than the PsaG
side), we superimposed LHCII on the current structure and found
only one position with good fit (Fig. 4). In this model, only one of the
three LHCII monomers was found to interact with the reaction cen-
tre, indicating that monomers may also fit well to the binding site.
Recently it was reported that, in C. reinhardtii, CP29 associates with
PsaH of PSI and was proposed to act as a docking site for LHCII
during state transition45. Our model for the complex PSI–LHCII is
compatible with the possibility that a similar interaction may take
place in higher plants.

The complexity of PSI belies its efficiency: almost every photon
absorbed by the PSI complex is used to drive electron transport. It
is remarkable that PSI exhibits a quantum yield of nearly 1 (refs 47,
48), and every captured photon is eventually trapped and results in
electron translocation. The structural information on the proteins, the
cofactors and their interactions that is described in this work provides
a step towards understanding how the unprecedented high quantum-
yield of PSI in light capturing and electron transfer is achieved.

METHODS

PSI was isolated from pea and crystallized by a modified procedure that was

described previously12,13,49. Changes to the procedure included additional suc-

rose gradient centrifugation in a SW60 rotor (Beckman) at 57,000 r.p.m. for 4 h,

as well as substitution of citrate by succinate and adjustment of the pH to 6.0

for crystallization (see Supplementary Information). A crystal form was obtained

by prolonged incubation with cryo solution containing a high concentration of

PEG 6000. A similar procedure was used previously with crystals containing

high water content (see Supplementary Information). The cryo solution con-

tained 22 mM citrate, 22.5 mM MES/bis Tris (pH 6.7), 0.5% PEG 400, and 40%

PEG6000. The crystals were washed in the same solution containing only 20%

PEG 6000 and after 1 h were placed in the above solution for approximately

1 week. Before mounting, the crystals were incubated at room temperature for

1 day and frozen by liquid nitrogen or a nitrogen stream at 100 K. Detailed

information on the X-ray data collection, evaluation and refinement at 3.4 Å

resolution are provided in the Supplementary Information. As shown in

Supplementary Fig. 1, the crystal lattice was changed from two PSI complexes

in the asymmetric unit to a single complex maintaining the symmetry of P21.
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