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Photosystem I functions as a sunlight energy converter, cata-
lyzing one of the initial steps in driving oxygenic photosynthesis
in cyanobacteria, algae, and higher plants. Functionally, Photo-
system I captures sunlight and transfers the excitation energy
through an intricate and precisely organized antenna system,
consisting of a pigment network, to the center of the molecule,
where it is used in the transmembrane electron transfer reac-
tion. Our current understanding of the sophisticated mecha-
nisms underlying these processes has profited greatly from elu-
cidation of the crystal structures of the Photosystem I complex.
In this report, we describe the developments that ultimately led
to enhanced structural information of plant Photosystem I. In
addition,we report an improved crystallographicmodel at 3.3-Å
resolution, which allows analysis of the structure inmore detail.
An improved electron density map yielded identification and
tracing of subunit PsaK. The location of an additional ten�-car-
otenes as well as five chlorophylls and several loop regions,
which were previously uninterpretable, are now modeled. This
represents the most complete plant Photosystem I structure
obtained thus far, revealing the locations of and interactions
among 17 protein subunits and 193 non-covalently bound pho-
tochemical cofactors. Using the new crystal structure, we exam-
ine thenetworkof contacts among theprotein subunits from the
structural perspective, which provide the basis for elucidating
the functional organization of the complex.

During oxygenic photosynthesis, solar energy is converted
into chemical energy for all higher forms of life on Earth. This
process is driven by a photosynthetic apparatus within the thy-
lakoidmembranes of cyanobacteria, algae, and plants. The pho-
tochemical functions are performed by twophotosystems: Pho-
tosystems I (PSI) and II (PSII).4 These photosystems are

multisubunit complexes that consist of protein and non-pro-
tein components, and drive light-dependent electron transfer
reactions, resulting in the formation of high energy products:
ATP andNADPH (1, 2). PSII catalyzes light-driven oxidation of
water, providing electrons to PSI via the plastoquinone pool,
the cytochrome b6f complex, and the water-soluble electron
carrier plastocyanin. This electron transfer is coupled to the
increase of a transmembrane electrochemical potential gradi-
ent (proton motive force), which powers ATP-synthase for
phosphorylation of ADP to ATP. PSI catalyzes light-driven
electron transport from plastocyanin at the inner face of the
membrane (lumen) to ferredoxin on the outside of the mem-
brane (stroma). The reduced ferredoxin is subsequently used
forNADPHproduction,which provides the reducing power for
the conversion of carbon dioxide to organic molecules.
Although PSII is unique in its ability to extract electrons from
water, PSI is arguably the most efficient photoelectric appara-
tus in nature, exhibiting a quantum efficiency of almost 100% in
its utilization of light for electron transport (3). The ability of PS
to convert sunlight energy is highly dependent on the precise
spatial arrangement of the protein subunits and the relative
positions of the cofactors. Therefore, understanding these
mechanisms at amolecular level requires detailed knowledge of
the three-dimensional arrangement of these complexes. How-
ever, PSI and PSII coordinate numerous pigments and com-
prise at least 19 protein subunits each,most of which transverse
the photosynthetic membrane several times, presenting a for-
midable challenge for structural analysis (4–9).
Our current understanding of the sophisticated mechanism

behind PSII sunlight-driven water oxidation and electron
transfer is derived mainly from structures determined from
cyanobacterial origin (10–12). In the field of PSI research, the
crystal structure of PSI from thermophilic cyanobacterium
Thermosynechococcus elongatus provided a breakthrough
toward understanding the unprecedented high quantum yield
of PSI in light capture and electron transfer (12). The x-ray
structure at 2.5-Å resolution revealed a PSI trimer, in which
eachmonomer is composed of 12 protein subunits and 96 chlo-
rophylls, and provided detailed insights into the molecular
architecture of this complex (14). In PSI fromhigher plants, our
previous crystal structure of the PSI core complex togetherwith
its light-harvesting complex (LHCI) at 4.4-Å resolution showed
an exquisitely organized monomeric complex of 16 protein
subunits and 167 chlorophyll molecules (15), as well as two
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proteins that are not present in the cyanobacteria counterpart,
namely PsaG and PsaH, and four proteins of the light-harvest-
ing complex (Lhca1 through Lhca4). However, the low resolu-
tion structural data allowed identification of only the main
structural elements, and important features were unavailable,
such as the identity and conformation of the amino acid side
chains. By intense analysis of plant biochemistry and systematic
investigation of membrane protein crystallization procedures,
we improved purification methods and optimized the crystalli-
zation conditions for plant PSI, which enabled the recent deter-
mination of the x-ray crystal structure at 3.4-Å resolution, by
merging data from 10 different crystals (16). However, the
peripheral parts of the complex, including the LHCI, were
poorly resolved, therefore prompting us to collect more com-
plete data. The improved crystal structure reported here was
determined from three independent and relatively complete
data sets exhibiting monoclinic P21 symmetry with the � angle
of �91.2°. A picture at near atomic detail of 12 of 18 protein
subunits is presented. The positions of 3159 amino acids were
assigned, as were those of 173 chlorophylls (145 revealing the
orientation of the Qx and Qy transition dipolar moments), 15
carotenoids, 2 phyloquinones, and 3 Fe4S4 clusters, providing
the most detailed picture of a plant PSI current available.
In this report, we evaluate the critical steps involved in

obtaining better structural information. We emphasize the
straightforward biochemical procedure, which could be extrap-
olated and utilized in improving other plant membrane com-
plex purification and crystallization protocols, as well as crys-
tallographic aspects. From the improved crystal structure, we
also examine the network of contacts among the PSI subunits
and discuss the unique structural elements of plant PSI in
respect to functional design.

EXPERIMENTAL PROCEDURES

Purification of Plant PSI—Isolation of thylakoid membranes
from 12-day-old pea was performed based on the previously
described method (17); however, the procedure was shortened
to obtain crystallization trials as soon as possible. All proce-
dures were carried performed in dim light at 4–6 C °. For PSI
isolation, we adopted the strategy of selective extraction of the
complex from partially solubilized membranes. PSI complexes
were isolated from thylakoids that were pretreated with the
detergent n-dodecyl-�-D-maltoside (�-DM) (Glycon, Inc.) at
1.55 mg of �-DM/mg of chl for solubilization of PSII, ATP-
synthase, and b6f complexes. Approximately 20 ml of thylakoid
membranes containing 3.0 mg of chl/ml were then solubilized
by �-DM to give a final concentration of 6.0 mg of deter-
gent/mg of chl. Unsolubilized material was removed by ultra-
centrifugation at 110,000 � g for 15 min. The supernatant was
applied to a DEAE-cellulose column (DE-52, Whatman, Inc.,
1.5� 18 cm) that was pre-equilibratedwith 20mMTricine-Tris
(pH 7.4) containing 0.2% �-DM. The column was washed with
25 ml of the same buffer, and PSI was eluted with a 0–200 mM

NaCl linear gradient (130 ml in each chamber) in 20 mM

Tricine-Tris (pH 7.4) containing 0.2% �-DM. First, dark green
fractions containing mainly PSI and LHCII complexes were
properly separated from the remainders of other photosyn-
thetic complexes. Fractions containing PSI were precipitated

by the addition of 50% (w/v) PEG 6000 (Hampton, Inc.) to give
a final concentration of 8%, followed by centrifugation at
10,000 � g for 5 min. The pellet was dissolved in �6 ml of
solution containing 20 mM Tricine-Tris (pH 7.4), 0.05% n-do-
decyl-�-D-thiomaltoside (�-DTM, Glycon, Inc.). The PSI was
applied onto a 10–30% sucrose gradient containing the same
buffer and centrifuged using the SW-40 rotor (Beckman, Inc.)
at 37,000 rpm for 15 h. Supplemental Fig. S1 presents the frac-
tion of DEAE-cellulose column after sucrose gradient centrifu-
gation. The wide green band containing PSI was collected and
loaded onto a DEAE-cellulose column (0.5 � 4 cm) pre-equili-
brated with 20 mM Tricine-Tris (pH 7.4). After washing with 3
ml of buffer, PSI was eluted using the same buffer containing
200 mM ammonium acetate and 0.05% �-DTM. An essential
prerequisite for protein crystallization is a pure, homogenous
solution in which all molecules are as identical as possible. To
remove impaired and partly denatured PSI complexes, which
might be caused by the DEAE-cellulose column, another puri-
fication step was added: a second sucrose gradient. The col-
lected dark green fraction was applied onto a 10–30% sucrose
gradient and centrifuged in an SW-60 rotor (Beckman) at
57,000 rpm for 4 h. The purified PSI appeared as a dark band in
themiddle of the tube, and to avoid protein heterogeneity, only
the middle of the band was used for crystallization. The mate-
rial was precipitated with 10% PEG 6000 and 50 mM ammo-
nium acetate and subsequent centrifugation at 10,000 � g for 4
min. The resultant pellet was dissolved in �0.5 ml of a solution
containing 2 mM Tricine-Tris (pH 7), 0.015% �-DTM and
adjusted to a chlorophyll concentration of 3.0mg/ml. The iden-
tification of protein material from selected stages of purifica-
tion and analysis of PSI purity by SDS-PAGE is shown in sup-
plemental Fig. S2.
Crystallization—Crystallization trials were set up using the

sitting drop variant of the vapor-diffusion technique at 277 K.
Crystallizing PSI directly from the sucrose gradient, thus keep-
ing a considerable sucrose concentration, increased the crystal
growth reproducibility and quality. We also observed that
faster purification improved crystallization. All crystallizations
were set up manually on 24-well plates. Aliquots (4 �l) of puri-
fied proteins were mixed with equal volumes of reservoir solu-
tion (22.5mMMES-BisTris, 0.5%PEG400, 10mM succinic acid,
3.5–6.5% PEG 6000, 0.015% �-DTM, pH 6.0–6.3) and equili-
brated against 0.5 ml of reservoir solution. Crystals appeared in
an elongated rectangular shape of dark green color and varying
thickness. Initial crystals emerged after 24 h and reached max-
imum size within 7 days, a faster crystal formation compared
with our previous studies, which lead to 4.4-Å solution (15).
The speedy purification and the formation of crystals in a rela-
tively short period seem to be essential for retaining the com-
plex integrity, thereby yielding crystals of higher quality with
enhanced resolution.
Crystals were transferred in four steps of increasing PEG

6000 concentrations, up to a final concentration of 40%. After
an incubation of up to 7 days, crystals were frozen in liquid
nitrogen or directly at 100 K by the nitrogen stream at the syn-
chrotron beam line.
Data Collection and Structure Determination—X-ray dif-

fraction data were collected at the European Synchrotron Radi-
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ation Facility (ID23-2) and the Swiss Light Source (PXI and
PXIII). Image data were processed using the HKL programs
suites (18). The structure of PSI was determined by molecular
replacement (19) using the theoretical model (PDB ID: 1YO9).
The model was built using the program Coot (20) and refined
using the REFMAC program (21). Additional amino acid
sequences and cofactors were built in Coot. Structure figures
were generated and rendered with PyMOL (22).

RESULTS AND DISCUSSION

Optimization of Crystal Quality—Initially, the crystal quality
variedmarkedly within a crystallization batch, and hundreds of
crystals should have been screened to identify single crystals
that diffracted substantially better than others. Therefore, the
ability of different additives to improve crystal quality was
examined. Importantly, we found that crystals grew much bet-
ter and exhibited improved diffraction properties in the pres-
ence of 0.015%�-DTM.Thismight be due to the effect of deter-
gent on binding monomers in a crystal lattice, in agreement
with a few membrane protein structures, which show specific
interactions between protein and detergent head groups (23).
The source and batch of the detergent also played a substantial
role in successful crystallization. A similar effect was described
in the crystallization of the Na�/H� antiporter (24, 25). How-
ever, higher levels of detergent tended to inhibit crystal forma-
tion, presumably due to “empty” micelles, which prevented
contacts between protein detergent micelles.
Despite this improvement in the reproducibility and quality

of crystals, plant PSI crystals suffered from anisotropic x-ray
scattering. In protein crystallography, anisotropy of x-ray dif-
fraction occurs when the strength of lattice contacts of a crystal
is lower in one cell direction than another. Thus, changing the
detergent used for crystallization and adding different deter-
gents as additives to crystallization conditions was attempted,
however it did not lead to significant progress. Because the phe-
nomenon of an anisotropic kind of diffraction was attributed to
the spatial form of crystals, which were long but thin (supple-
mental Fig. S3a), we attempted to obtain new crystal morphol-
ogy by screening different crystallization conditions. A new
crystal form was found by substitution of 8 mM ammonium
citrate with 10 mM succinic acid and reduction of the pH
of crystallization buffer from 6.7 to 6.0. Comparison of the two
crystal forms (pH 6.7 versus pH 6.0) presented in supplemental
Fig. S3 shows that new crystals appeared to be in a quadrangle
shape and much smaller in size, yet they were thicker, propos-
ing a more homogeneous lattice formation. Comparison of the
anisotropy analysis (26) and unit cell parameters between the
two crystal forms shown in supplemental Fig. S4 demonstrates
that, for crystals of the new form, the anisotropy was notably
reduced.
Further improvement of the diffraction quality was achieved

due to post-crystallization dehydration soaking.We performed
the dehydration procedure by transferring PSI crystals through
a series of solutions of increasing concentrations of precipitant
(PEG 6000) and incubated the crystals for at least 24 h at each
dehydration solution. Crystals subjected to this controlled
dehydration showed dramatic improvement of diffraction
properties. A strong correlation was found between the length

of the dehydration period, solvent content, decrease in unit cell
dimensions, and the diffraction quality. The majority of dehy-
drated crystals diffracted beyond 4 Å at a synchrotron source,
and some exhibited diffraction of �3-Å resolution. The dehy-
dration also triggered a new crystal order, and decreased
the cell volume by �30%, compared with the previous low
resolution PSI structure (15). Essentially, this allowed more
accurate data to be collected, which eventually led to the
3.4-Å (16) and the currently improved 3.3-Å resolution
structure determination.
Data Collection—There were few caveats hidden in the data

collection process for obtaining sufficient and reliable struc-
tural information. First, relatively weak diffracting crystals did
not allow adequate x-ray scattering measurements to be
obtained using a house source generator. Thus, data collection
aswell as initial screeningwere performed at synchrotronswith
available highly intense beam sources (European Synchrotron
Radiation Facility ID23-2 and Swiss Light Source PXI). Second,
well diffracting crystals were found to have relatively small
sizes, which required only highly focused beam lines, such as
European Synchrotron Radiation Facility ID23-2. Third, plant
PSI crystals are very sensitive to radiation damage even at cryo
temperatures. Because of radiation sensitivity, the diffraction
limit dropped significantly during data collection, which for
that reason was restricted to only �20 good quality frames per
crystal portion. This, in conjunction with relatively small crys-
tal sizes, did not permit complete data collection from a single
crystal. Hence, our previous crystal structure was based on the
merged data from 10 different crystals (16). Fourth, the dehy-
dration procedure yielded considerably variable crystal geom-
etries. In some cases, the � angle of unit-cell dimensions of data
collected from crystals of the same batch varied from 91° to 98°,
changing the overall volume between 2.4 [m�8]3 and 3 [m�8]3.
Because crystallographic restrictions do not allow datawith dif-
ferent geometrical parameters to be combined, this often
meant that only limited sections of specific crystals were able to
produce usable structural information. This obstacle signifi-
cantly challenged structure determination. Together, the
inherent variability of plant PSI crystals, their fragility, and radi-
ation damage sensitivity meant that it was essential to collect
and analyze more than 200 different data sets (400 Gb of data)
to construct sufficient and relatively complete crystallographic
data from different preparations with isomorphic parameters
and reasonable statistics, which eventually led us to the previ-
ous structure determination at 3.4-Å resolution (16).
However, consolidation of data from different crystals has

obvious limitations, and the cost associatedwith this strategy of
data collection increases in the terms of the quality of structural
information. In our case, it is especially critical because plant
PSI is a super-complex that consists of two loosely bound com-
plexes (the core complex and LHCI) that may adopt somewhat
different relative positions. In addition, taking into account that
several subunits are loosely associated with the main body of
plant PSI, protein subunit composition may also differ among
crystals. Thus, to obtain homogeneity of crystallographic data
and improve the quality of the merged structural information,
we focused our efforts on finding individual crystals that would
allow complete data collection from the same crystal. Very
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recently, few such crystals were identified and despite the fact
that some inconsistency was observed for data collected from
different parts of these crystals, we were able to complete an
entire data set at 3.3-Å resolution from a single crystal. This
data set belongs to the space group P21, with unit-cell param-
eters of approximately a � 121, b � 189, c � 129, � � 91.2°
(supplemental Table S1). These parameters are distinct from
the previously published unit-cell dimensions that resulted
from a different shrinking protocol (16). Compared with our
previous work, we found a significant improvement of crystal-
lographic data in both the completeness of the data set and the
merging statistics (supplemental Table S1). The processing of
current x-ray diffraction data were associated with a distinct
improvement in the electron density (see supplemental Fig. S5
for examples), which allowed the identification of many addi-
tional structural elements discussed below.
Structure Determination Using Theoretical Model—In pro-

tein crystallography, the solution of x-ray diffraction data is
dependent on two parameters: wave amplitude (intensity) and
wave relative phase. The latter is crucial for constructing elec-
tron densitymaps; however, it is systematically lost inmeasure-
ments because light detectors are only able to measure the
intensity. Without phases, it is impossible to apply Fourier
transform to structural factors to get the electron density dis-
tribution within the unit cell of a crystal. Experimental phases
are the most difficult task in structure determination and are
usually calculated by quantitative attachment of heavy atoms,
which provide anomalous scattering. However, in our case,
despite extensive efforts to obtain experimental phases, inser-
tion of heavy atoms caused severe damage to the diffraction
properties of crystals, probably due to the delicate nature of the
protein complex and very dense crystal packing. Hence, phases
were determined using molecular replacement.
Three different models were used as initial search models: a

cyanobacterial PSI (PDB code 1JB0) (13), the 4.4-Å resolution
structure of plant PSI (PDB code 1QZV) (15), and a theoretical
atomic model of plant PSI (PDB code 1YO9) derived from the
synthesis of the two above-mentioned structures (27). Interest-
ingly, structure determination using the theoretical model
yielded better refinement statistics for the previous crystal
structure determination (16) as well as for the improved model
reported in the current report. To eliminate model bias, a com-
posite omitmapwas calculated in the final stages of refinement.
The phase determination from the model was accurate enough
to generate an electron density map that revealed additional
features that were missing from the theoretical model. This
electron density map eventually resulted in a PSI structure
composed of 18 protein subunits, 3159 assigned amino acids, as
well as 191 photochemical cofactors (Fig. 1).
Taking into account the recent progress of computational

methodologies (28, 29), which is based on rapid expansion of
the structural membrane protein data base (30), it is evident
that the consistently developing theoretical models are becom-
ing closer to valid protein structures (31). Thus, we suggest that
the theoretical models based on advanced computational mod-
eling techniques may provide a useful and reliable source for
the initial phase determination of x-ray diffraction data of large

protein complexes for which experimental phasing provides a
challenging barrier.
Overall Structure—Plant PSI consists of two separate func-

tional units: the PSI core, and the LHCI peripheral antenna.
The plant core complex is similar to that of cyanobacteria,
whereas LHCI is unique to plants and green algae. The core
complex consists of 12 protein subunits, and the largest 2, PsaA
and PsaB, form a symmetry-related dimer, which binds the
majority of pigments. The symmetry arises from gene duplica-
tions of the ancient gene, and forms a fundamental building
block of PSI transmembrane electron transfer (32, 33). LHCI
functions to increase the effectiveness of the photosynthetic
process in plants by engaging light harvesting in a broader spec-
tral region and delivering the photon excitation energy to the
core complex. In addition, LHCI plays an important role in
photoprotection (34). Overall, the quality of electron density
maps has considerably improved, permitting not only the
refinement of previously identified structural elements but also
the assignment of many details that were not found in the pre-
vious structure of plant PSI. Differences in the improved quality
of the electron density from previous structural data are dis-
cussed in supplemental Fig. S5.
In the current 3.3-Å crystal structure, the entire plant PSI

super-complex contains over 10% more atoms than previously
described and reveals a previously unidentified small protein
subunit. The elusiveness of these elements in the previous
structure may be attributed to the generally poorer data, or
because it was not presented in some or the majority of the 10
crystals fromwhich the datawere derived. The overall structure
is shown in Fig. 1, and the newly identified elements are indi-
cated. The current improved plant PSI model at 3.3-Å resolu-
tion includes 18 protein subunits, 173 chlorophylls, 15 �-caro-
tenoids, 3 Fe4S4 clusters, and 2 phyloquinones. 10 of 12 plant

FIGURE 1. Overall structure. View is from the stroma. Novel structural ele-
ments that have not been found in the previous model are highlighted in
ribbons for proteins and sticks for cofactors. Chlorophylls for which the circular
orientations of the porphyrin ring were identified are shown in green for core
chlorophylls, blue for LHCI chlorophylls, and red for gap chlorophylls. Newly
found carotenoids are orange. The rest of the chlorophylls and carotenoids
are shown in transparency. Each individual protein subunit is colored differ-
ently. Positions of several subunits are indicated.
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PSI core complex subunits (PsaA, PsaB, PsaC, PsaD, PsaE, PsaF,
PsaI, PsaJ, PsaK, and PsaL) are closely related to the PSI of
cyanobacteria and show remarkable uniformity in the compo-
sition and homology of individual protein sequences. Other
plant subunits of the core complex (PsaG and PsaH) perform
unique structural functions related to the harboring of LHCI
and LHCII, respectively, and are discussed elsewhere (35, 36).
Additionally, an electron density was observed at the PsaK

side of the core complex (supplemental Fig. S6). Because none
of the additional subunits known to be assembled into PSI
(PsaO (37) and PsaP (38)) could be unambiguously traced in the
density, we tend to ascribe it to an unidentified polypeptide,
namely PsaR, and thus modeled it as polyalanine. This protein
contains a single transmembrane helix that has no direct con-
tacts with the PsaA-PsaB heterodimer and, according to the
structure, is unable to bind PSI in the absence of PsaK. PsaR is
located in between the PsaK and Lhca3 subunits, suggesting
that it may be involved in LHCI stabilization. A relatively weak
electron density of this protein subunit suggests loose associa-
tion with the core of PSI, which might be the reason for its
absence in the previous crystallographicmodel derived from 10
different crystals (16). It is tempting to suggest that the pres-
ence of this alleged subunit resulted in a larger unit-cell volume
and the � � 91° crystal form.
Chlorophylls—In the core complex, the positions and orien-

tations of most chlorophyll molecules were the same andmany
were refined. However, in addition to the previously identified
168 chlorophylls, 5 more chlorophyll molecules were found in
the structure of plant PSI. One of these newly found chloro-
phylls is Chl1303, which is located in the gap region between
the core complex and LHCI (Fig. 2a). Gap chlorophylls are crit-
ically important, because they mediate excitation energy trans-
fer between the two complexes. The presence of gap chloro-
phylls is rather unique to plant PSI, because experiments
performedwith PSII super-complexes showed that dissociation

into individual pigment proteins does not produce a significant
loss of pigments (39). In addition, gap chlorophylls cannot be
reconstituted with a protein moiety by in vitromethods due to
their unique location. Thus, the crystal structure of plant PSI
provides important insights into this exclusive phenomenon,
which would be unobservable by the other available methods.
In our structure, the gap chlorophyll Chl1303 is found between
subunit PsaB and two neighboring light-harvesting proteins
Lhca1 and Lhca4 (Fig. 2a). Chl1303 is situated �16 Å from
Chl4010 of Lhca4, and as close as 14 Å to Chl1003 of Lhca1.
This range is favorable for fast excitation energy transfer. From
the opposite side, the two gap chlorophylls 1302 and 1305 are
located in close proximity (11 Å and 13 Å, respectively). Thus,
the structure suggests that the Chl1303 position is sufficient for
excitation energy transfer from the Lhca1–4 dimer to the core
through chlorophylls 1302 and 1305. Importantly, the detec-
tion of Chl1303 at this position now provides a structural logic
for the location ofChl1302, because, in the previously described
model (16), Chl1302 was not linked to any other chlorophyll
coordinated by one of the LHCI units, and we were unable to
explain its functional significance.
The data at 3.3-Å resolution also allowed the refinement of

the position of another gap chlorophyll, Chl1308, and permit-
ted assignment of Chl2005 coordinated by Lhca2 (Fig. 2b).
Although Chl2005 is located in a similar position as in LHCII
(40), in our previous work, the electron density contained no
structural information with respect to this chlorophyll.
Chl1308 considerably contrasts with its previously identified
position; however, the improved electron density at this region
allowed not only unambiguous identification of its location, but
also of the circular orientation of the porphyrin ring. This chlo-
rophyll is located between Chl2005 (11-Å distance) and addi-
tional gap Chl1309 (10-Å distance), mediating the excitation
energy transfer from Lhca2 to the core complex. Overall, as the
resolution improves, more important details begin to emerge

FIGURE 2. Positions and newly identified chlorophylls in the gap region between the core complex and LHCI. The comparison of chlorophyll arrange-
ment between the current (blue) and the previous model (yellow orange) (16) reveals that positions and orientations of several chlorophylls in the gap region
were refined, and additional chlorophylls were identified. On the top panel the enlarged region is depicted by the white quadrangle. a, chlorophylls 1003, 1302,
1303, 1305, and 4010 are depicted. Gap chlorophyll 1303 was not identified previously at this position. Center to center distances suggest that Chl1303 mediate
excitation energy transfer between Chl1003 (Lhca1) and Chl1302 (gap) and also possibly between Chl4010 (Lhca4) and Chl 1305 (gap). b, chlorophylls 1308,
1309, 2005, and 2012 are depicted. Chl2005 (Lhca2) was not identified previously at this position. The position and orientation of Chl1308 (gap) was refined in
the current model. Center to center distances suggest that these chlorophylls form a pathway for excitation energy transfer from Lhca2 to the core complex.
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and yieldmore accurate data and further insights into the struc-
tural role of gap chlorophylls in PSI. Importantly, the structure
also suggests that gap chlorophylls impose geometrical and
functional constraints, which play a part in the construction of
unique Lhca binding sites, contributing to the structural integ-
rity of the PSI�LHCI super-complex.
In addition, Chl1125 was identified, which is coordinated by

PsaA at a position conserved with the cyanobacterial counter-
part (13). Chlorophylls 1145 and 1148 may occupy artificial
positions, because they are relatively distant from their neigh-
bors and are situated in the alleged site where LHCIImay inter-
act with PSI during state transition (41–43). New chlorophylls
coordinated by PsaK were also found.

Carotenoids—In addition to the previously identified 5 caro-
tenoids, 10 new carotenoids are found in the current 3.3-Å res-
olution structure and modeled as complete �-carotenes
(BCRs). The carotenoids are embedded into the lipid phase and
coordinated by PsaA (BCR2, BCR3, BCR11, BCR12, BCR14,
and BCR18), PsaB (BCR4, BCR5, BCR6, BCR10, BCR17, and
BCR21), PsaF (BCR14 and BCR 16), PsaG (BCR6), PsaJ
(BCR12), PsaI (BCR 18, BCR19, BCR20, and BCR21), and PsaL
(BCR19). Carotenoids play an important role in photoprotec-
tion (44). In addition, because in several carotenoids each pole
of �-carotene is coordinated by different subunits or by distant
parts of the same subunits, they are vital for the structural integ-
rity of PSI. Most of the �-carotene positions and coordinations
are conserved between cyanobacteria and plants (Fig. 3). Previ-
ously we found that BCR16 moved considerably from its posi-
tion inT. elongatus, because cyanobacterial subunit PsaX is not
present in plant PSI. In the current crystal structure, a similar
situation is observed for BCR21 and the subunit PsaM also
missing from plant PSI. Although one pole of BCR21 is as close
as 5.5 Å to Chl1201 (PsaB), the other pole is situated 5 Å from
Chl1243, instead of in contact with PsaM as in the cyanobacte-
rial structure (13). Interestingly, in the region between Lhca2,
Lhca3, and PsaA, there is an additional relatively strong elec-
tron density, whichwe attribute to the unique carotenoid in the
gap region between the core complex and LHCI.
Subunit PsaK—Subunit K is poorly resolved in all PSI struc-

tures, including the high resolution structure of T. elongatus
(13). Although the overall spatial arrangement between the
plant PSI transmembrane core and corresponding cyanobacte-
rial part is highly conserved, there is considerable diversity in
the location of PsaK subunit (Fig. 4). PsaK, a nuclear-encoded,
9-kDa subunit located on the PsaA side of the core complex,
shares the same genetic origin with PsaG, which evolved via
gene duplication (45). In the previous crystal structure, the
position of PsaK was poorly resolved, and likely part of its
alleged assignment was incorrect. The current maps enabled
modeling of this subunit. PsaK contains two transmembrane
�-helices connected by a positively charged stromal loop, such
that both the N and C termini are located in the luminal side of
thylakoid membrane. In the plant PSI structure, the position of
PsaK is relatively closer to the PsaL pole than its position in the

available crystal structure from cya-
nobacteria (13). In the cyanobacte-
rial PSI trimer, PsaK is positioned in
the region facing the adjoining
monomer. Thus, PsaK might some-
how contribute to trimer stabiliza-
tion in cyanobacteria. However, PSI
in eukaryotes functions as a mono-
meric unit. Interestingly, PsaK was
recently identified in marine virus
genomes containing PsaA, PsaB,
PsaC, PsaD, PsaE, PsaK, and a
unique PsaJ-PsaF fusion protein
(46). Even though PsaL, PsaI, PsaM,
and PsaX are absent in these
genomes, the presence of PsaK sug-
gests its importance and antiquity.

FIGURE 3. Carotenoids in plant PSI. Comparison of carotenoid arrangement
between plant and cyanobacterial PSI. View is from the stroma with the same
orientation as in Fig. 4. Carotenoids of plant PSI are blue; carotenoids of cya-
nobacterial PSI are red. Cyanobacterial subunit PsaM is shown in as a red
schematic. Chlorophylls are shown in transparency for reference. Conserva-
tion of the most of carotenoid positions and configurations is demonstrated.
On the left, a considerably moved position and different coordination of
BCR21 is shown. While in cyanobacteria the luminal pole of BCR21 is coordi-
nated by the unique PsaM subunit (Val-13), in plants additional Chl1241 is
found at the respective coordination position of BCR21. Phytol chains were
removed for clarity.

FIGURE 4. Position of PsaK in plant PSI. Superposition of plant PSI core complex (blue) on cyanobacteria
counterpart (red). a, view from the stroma; b, view along the membrane normal. Conserved transmembrane
subunits are shown as ribbon structures. Unique subunits are shown in schematic and surface representation.
Note the differences in location of PsaK subunit between plant and cyanobacterial structures. Stromal subunits
PsaC, PsaD, and PsaE as well as plant LHCI complex were removed for clarity.
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Apossible rationalization for conserving this subunit in eukary-
otic PSI might be 2-fold: Firstly, PsaK was shown to regulate
uncoupling of the LHCI antenna in Chlamydomonas cells sub-
jected to iron-deficiency conditions (47, 48), underpinning the
importance of this subunit in the regulation of light harvesting
under stress. Secondly, PsaK might have a role in state transi-
tions (49). The 16-Å resolution electron microscopy data of
single particle analysis of the PSI�LHCII super-complex inAra-
bidopsis thaliana showed a large density at the side of PsaH/L/
A/K,whichwas assigned to the LHCII trimer (41). These results
are in agreement with the previously suggested docking site for
phosphorylated LHCII (36). In addition, themodel of interaction
between PSI and LHCII based on x-ray crystal structures (16, 50)
fits quite well with the possible interaction between the PsaK loop
and the N terminus of LHCII. Following this logic, during the
course of evolution, the relative position of PsaKmight have been
refinedbynatural selection foroptimizing theadaptationofhigher
eukaryotic organisms to their ecological niche.
LightHarvestingComplex, LHCI—Several aspects of theLHCI

arrangement in the crystal structure are worth noting. The elec-
tron densitymap in the LHCI region is relatively poor but allowed
better assignment of Lhca1–4 subunits. In the current structure,
large parts of the loop regions in both the luminal and the stromal
sides, which were not previously identified, were assigned (Fig. 1).
Consequently, much information was derived concerning con-
tacts not only among these subunits, but also between LHCI and

the core complex; this is discussed in more detail below. In addi-
tion, the improved structural information allowed better tracing
of transmembrane helices of Lhca1 and Lhca3. Importantly, in
Lhca3, theconservationof transmembranehelix3 isnowapparent
and does not seem to significantly differ from the other three
monomers, giving credence to the biochemical analysis of recon-
stituted Lhca3 (51) and in agreement with sequence analysis (40).
The current model includes 15 chlorophylls in Lhca1, which is 1
chlorophyll more than previously reported; 14 chlorophylls in
Lhca2, 1 less thenpreviously reported (since 1Chlwas found to be
coordinated by the core complex), although the positions of a few
chlorophylls in the current structure are different; 17 chlorophylls
in Lhca3, 3 more chlorophylls than previously reported; 15 chlo-
rophylls in Lhca4, which is the same as previously reported. This
gives rise to a total of 61 chlorophylls associated with LHCI in the
current structure of plant PSI. In addition, some non-assigned
electron densities are still present in this region, but we could not
ascribe it to either additional pigments (39, 52, 54) or any of the
Lhca paralogs (55–57). Overall, the current structure provides a
muchmore realisticpictureof the spatial organizationof theLHCI
complex and how it is bound to the core complex. However, we
should also point out that the quality of the electron densitymaps
within LHCI is far less well defined than for the core complex. A
structurewith considerably better resolution,whichwouldbe able
to identify positions of different types of carotenoids and bound

FIGURE 5. Analysis of interactions between protein chains. Center, overall structure of plant PSI, represented in surface and schematic, view from the stroma.
Each individual of 17 protein subunits is colored as in Fig. 4. Positions of most of the subunits are indicated. On the left the schematic diagram of interactions
between protein chains is shown with each chain represented as a sphere. The area of each sphere is proportional to the surface area of the corresponding
protein chain. Interacting proteins are joined by lines, representing the relative tightness of contacts. The diagram was generated with EMBL-EBI structural tools
(EMBL-EBI Structural Databases, available on-line). On the right the summary of interface statistics is shown.
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lipids,will provide additional insights regarding the functional role
of LHCI.
Functional Organization and Inter-protein Contacts in PSI—

The improved structural model at 3.3-Å resolution also paved
the way to a better understanding of the functional organiza-
tion of plant PSI. We examined the structure in the terms of
amino acid contacts between protein subunits, shown in Fig. 5.
The PsaA/PsaB heterodimer is closely held together and also
connected with other subunits of the core through an extensive
series of interfacial contacts. This intimately bound protein
network explains the difficulty of fractionating the PSI core
compared with the PSII core, which can be purified into sepa-
rate parts.
LHCI Binding to the Core—The analysis of the protein-pro-

tein interface network of plant PSI, shown in Fig. 5, reveals, for
the first time, the bilateral relationships between the core and
LHCI complexes, and highlights the roles of several subunits.
LHCI is composed of four subunits, Lhca1–4, that are assem-

bled into two heterodimers arranged like a belt on the “south-
ern hemisphere” of the core. The protein contacts between the
core complex and LHCI appear to be relatively weak, which
explains the biochemical sensitivity of the PSI�LHCI super-
complex to detergent attack (58–60). It is clear, however, that
each of the four light-harvesting proteins fits its specific binding
site, because the interface of the core complex formed by sub-
units PsaG, PsaB, PsaF, PsaJ, PsaA, and PsaK is asymmetric
(supplemental Fig. S7). Lhca1 antenna protein is bound to the
core through PsaB and PsaG. Previous studies showed that
plants in which psaG gene expression was suppressed by anti-
sense technology or eliminated by transposon tagging (61, 62)
exhibited compromised stability of the antenna and weaker
binding of LHCI to the core. Thus, it was proposed that PsaG
somehow stabilizes the peripheral antenna. Our model now
provides the structural support for these studies.
Fig. 2 and supplemental Fig. S7 show that interactions

between the protein backbone of Lhca4 and Lhca2 and the PSI
core occur through small contact surfaces of PsaF and PsaJ,
respectively (Lhca2 also interacts with PsaA). Plants lacking
PsaF retained an intact antenna complex, however they were
severely affected in energy transfer from LHCI (63). �psaJ
tobacco plants showed impaired antenna binding and excita-
tion transfer to the PSI core, whereas the functional size of the
antenna was not affected (64, 65). Our structure agrees with
these studies, suggesting that PsaF and PsaJ were optimized for
the interactionswith LHCI, although they are probably not cru-
cial for the assembly of the antenna onto the core of PSI. It is
noteworthy that the connection of Lhca4 and Lhca2 is also
mediated through gap chlorophylls situated in the gap between
the two complexes (supplemental Fig. S7). The efficient and
specific coupling of Lhca4 and Lhca2 to the core is also con-
firmed by biochemical analysis (66–68).
Lhca3 appears to interact with PsaA. However, the position

of newly traced subunit PsaK suggests that it also binds Lhca3.
PsaK was proposed to stabilize LHCI organization, and PSI
lacking PsaK, isolated from Arabidopsis plants, showed
30–40% less Lhca3, whereas associations with Lhca1 and
Lhca4were unaffected (61, 62). It is likely that additional poten-
tial contacts between the two subunitsmay be also in the future.

Interestingly, recent genetic analysis of PSI from the red algae,
Galdieria sulfuraria, revealed that it contains the PsaK subunit
and one Lhc gene product, which shows significant homology
to plant Lhca3 (69).
It is important to note that contacts between the core and

LHCI complexes may also be mediated through lipid contribu-
tion and phytol moiety of chlorophylls, which are not charac-
terized in the current model. Therefore, a higher resolution
structure is needed to address these possibilities.
PsaN is the only subunit located entirely in the thylakoid

lumen and can be dissociated from PSI at a high ionic strength
(70). In the crystal structure, the position of PsaN ismodified in
its C terminus, but the section that interacts with Lhca2 and
Lhca3 is maintained, suggesting that this subunit may stabilize
the heterodimer. However, PsaN might also be involved in ori-
enting the N-terminal domain of PsaF that is crucial for effi-
cient electron transport between the donor (plastocyanin) and
PSI (53, 66).
Overall, the 3.3-Å resolution crystal structure provides new

information concerning the composition of the subunits of
plant PSI and their possible arrangement. The analysis of the
intersubunit contact map from the improved structural model
presented heremay be useful for providing insights into under-
standing how plant PSI is assembled and turned over after
photodamage.

Acknowledgments—We thank the personnel in the European Syn-
chrotron Radiation Facility (ESRF) and Swiss Light Source for excel-
lent assistance. Special thanks to Dr. Gordon Leonard, ESRF,
Grenoble, for constant help and support of our project. We thank
Maya Antoshvili, Etti Kadosh, and Inbal Nafshi for help in the prep-
aration of thylakoid membranes.

REFERENCES
1. Nelson, N., and Ben-Shem, A. (2004)Nat. Rev. Mol. Cell. Biol. 5, 971–982
2. Fromme, P., andGrotjohann, I. (2008) Results Probl. Cell Differ. 45, 33–72
3. Nelson, N., and Yocum, C. F. (2006) Annu. Rev. Plant Biol. 57, 521–565
4. Iwata, S., and Barber, J. (2004) Curr. Opin. Struct. Biol. 14, 447–453
5. Fromme, P., and Mathis, P. (2004) Photosynth. Res. 80, 109–124
6. Vacha, F., Bumba, L., Kaftan, D., and Vacha, M. (2005) Micron 36,

483–502
7. Müh, F., Renger, T., and Zouni, A. (2008) Plant Physiol. Biochem. 46,

238–264
8. Amunts, A., and Nelson, N. (2009) Structure 17, 637–650
9. Andersen, B. (1994) Structure and Function of Photosystem I, Doctoral

Dept. of Plant Biology, Royal Veterinary and Agricultural University, Fre-
deriksberg C, Denmark

10. Ferreira, K. N., Iverson, T. M., Maghlaoui, K., Barber, J., and Iwata, S.
(2004) Science 303, 1831–1838

11. Loll, B., Kern, J., Saenger, W., Zouni, A., and Biesiadka, J. (2005) Nature
438, 1040–1044

12. Guskov, A., Kern, J., Gabdulkhakov, A., Broser,M., Zouni, A., and Saenger,
W. (2009) Nat. Struct. Mol. Biol. 16, 334–342

13. Jordan, P., Fromme, P.,Witt, H. T., Klukas, O., Saenger,W., andKrauss, N.
(2001) Nature 411, 909–917

14. Fromme, P., Jordan, P., and Krauss, N. (2001) Biochim. Biophys. Acta
1507, 5–31

15. Ben-Shem, A., Frolow, F., and Nelson, N. (2003) Nature 426, 630–635
16. Amunts, A., Drory, O., and Nelson, N. (2007) Nature 447, 58–63
17. Amunts, A., Ben-Shem, A., and Nelson, N. (2005) Photochem. Photobiol.

Sci. 4, 1011–1015

Structure Determination and Improved Model of Plant PSI

JANUARY 29, 2010 • VOLUME 285 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 3485

 by guest on D
ecem

ber 19, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M109.072645/DC1
http://www.jbc.org/cgi/content/full/M109.072645/DC1
http://www.jbc.org/cgi/content/full/M109.072645/DC1
http://www.jbc.org/


18. Otwinowski, Z., and Minor, W. (1997)Methods Enzymol. 276, 307–326
19. Vaguine, A.A., Richelle, J., andWodak, S. J. (1999)ActaCrystallogr. DBiol.

Crystallogr. 55, 191–205
20. Emsley, P., and Cowtan, K. (2004)Acta Crystallogr. D Biol. Crystallogr. 60,

2126–2132
21. Vagin, A. A., Steiner, R. S., Lebedev, A. A., Potterton, L., McNicholas, S.,

Long, F., and Murshudov, G. N. (2004) Acta Crystallogr. D Biol. Crystal-
logr. 60, 2284–2295

22. DeLano, W. L. (2002) The PyMOL Molecular Graphics System, DeLano
Scientific LLC, San Carlos, CA

23. Palsdottir, H., and Hunte, C. (2004) Biochim. Biophys. Acta 1666, 2–18
24. Hunte, C., Screpanti, E., Venturi, M., Rimon, A., Padan, E., andMichel, H.

(2005) Nature 534, 1197–1202
25. Screpanti, E., Padan, E., Rimon, A.,Michel, H., andHunte, C. (2006) J.Mol.

Biol. 362, 192–202
26. Strong, M., Sawaya, M. R., Wang, S., Phillips, M., Cascio., D., and Eisen-

berg, D. (2006) Proc. Natl. Acad. Sci. U.S.A. 103, 8060–8065
27. Jolley, C., Ben-Shem, A., Nelson, N., and Fromme, P. (2005) J. Biol. Chem.

280, 33627–33636
28. Qian, B., Raman, S., Das, R., Bradley, P.,McCoy, A. J., Read, R. J., andBaker,

D. (2007) Nature 450, 259–264
29. Landau,M., Herz, K., Padan, E., and Ben-Tal, N. (2007) J. Biol. Chem. 282,

37854–37863
30. White, S. H. (2009) Nature 459, 344–346
31. Barth, P.,Wallner, B., andBakerD. (2009)Proc.Natl. Acad. Sci. U.S.A.106,

1409–1414
32. Blankenship, R. E. (1992) Photosynth. Res. 33, 91–111
33. Ben-Shem, A., Frolow, F., and Nelson, N. (2004) FEBS Lett. 564, 274–280
34. Alboresi, A., Ballottari, M., Hienerwadel, R., Giacometti, G. M., and Mo-

rosinotto, T. (2009) BMC Plant Biol. 9, 71–85
35. Amunts, A., and Nelson, N. (2008) Plant Physiol. Biochem. 46, 228–237
36. Lunde, C., Jensen, P. E., Haldrup, A., Knoetzel, J., and Scheller, H. V. (2000)

Nature 408, 613–615
37. Knoetzel, J., Mant, A., Haldrup, A., Jensen, P. E., and Scheller, H. V. (2002)

FEBS Lett. 510, 145–148
38. Khrouchtchova, A., Hansson, M., Paakkarinen, V., Vainonen, J. P., Zhang,

S., Jensen, P. E., Scheller, H. V., Vener, A. V., Aro, E. M., and Haldrup, A.
(2005) FEBS Lett. 579, 4808–4812

39. Ballottari, M., Dall’Osto, L., Morosinotto, T., and Bassi, R. (2007) J. Biol.
Chem. 282, 8947–8958
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Supplementary Figure 1 – The distribution of chlorophyll containing complexes eluted
from DEAE-cellulose column in a sucrose gradient tube
Six pigment-containing bands were resolved and identified as: B1, LHCII monomers; B2,
LHCII trimers; B3, PSII core; B4-B6, PSI-LHCI. The main PSI-LHCI containing band B4
was isolated and subsequently used for crystallization.

Supplementary Figure 2 – Purification of pea PSI
Samples from selected purification procedure stages are presented. MW; lane 1: thylakoid
membranes; lane 2: thylakoid membranes after removing of ATP-synthase and PSII; lane 3:
first dark-green fraction of DEAE-cellulose column; lane 4: fraction loaded on sucrose
gradient; lane 5: material used for crystallization. A likely subunit distribution is indicated.

Supplementary Figure 3 – Typical plant PSI crystals
Crystals that were crystallized in ammonium citrate and pH 6.7 conditions (on the left) grew
in shape of elongated thin plates. Crystals that were crystallized in succinic acid and pH 6.0
conditions (on the right) grew to smaller sizes with quadrangle shape and wider thickness.
The final volume of the crystallization drop was 4 _l (1:1 protein : precipitant) in a 6 mm
diameter well.

Supplementary Figure 4 – Anisotropy analysis of the two crystal forms
(a) Anisotropy analysis results of crystals grown in pH 6.7 conditions. (b) Anisotropy
analysis of crystals grown in pH 6.0 conditions. The F/sigma (structure factor / average error)
is plotted for the three principle directions of the crystal (red, green, blue) against the
resolution limit. Values of F/sigma < 3 are generally considered as not recommended for
consideration for X-ray crystal structure determination. For the new crystal form (b) the
anisotropy is significantly improved along axes a and c, which proposes a better crystal
packing. The anisotropic analysis was performed with Diffraction Anisotropy Server [38].

Supplementary Figure 5 – Examples of improved electron density at 3.3 Å resolution
On the left, electron density (blue, with contour level 1 _) for Chl1132 (a), embedded in PsaA
(wheat) and for Chl1226 (c) embedded in PsaB (wheat) at 3.4 Å resolution [16]. The circular
orientation of the porphyrin rings could not be determined and the phytol chains could not be
traced due to the limited electron density. On the right (b, d), nearly the same view of
respective Chl molecules with corresponding electron density at 3.3 Å resolution allows
identification of additional structural elements.

Supplementary Figure 6 – PsaR polypeptide
Additional electron density (blue, with contour level 1.2 _) observed between PsaK and
Lhca3 subunits, view along the membrane normal. PsaR polypeptide was modeled into the
electron density as polyalanine transmembrane helix (lightblue ribbon). The rest of PSI is
shown in wheat. Subunits PsaK and Lhca3 are indicated. Chlorophylls of the core complex
are green, chlorophylls of the LHCI are blue.

Supplementary Figure 7 – Interface of the core complex facing LHCI
On the left, view from the stroma; on the right, view from lumen. PSI core complex is shown
in ribbon and surface representation according to the color scheme used in Figure 3. LHCI is
shown in ribbon, Lhca1 in green, Lhca4 in yellow, Lhca2 in cyan and Lhca3 in pink, gap
chlorophylls which are located between Lhca2/Lhca4 and the core are in red sticks.
Additional chlorophylls and subunit PsaN were removed for clarity.
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Supplementary Table 1
Data collection statistics

Dataset Native 1 Native 2 Native 3 Ref [16]
X-ray source ID23-2, ESRF ID23-2, ESRF PXI, SLS ID23-2, ESRF

Wavelength (Å) 0.873 0.873 1 0.873
Resolution (Å) 50-3.3 50-3.5 50-3.5 50-3.4
Space group P21 P21 P21 P21

Cell, a x b x c (Å) 121x189x129 121x189x129 120x190x130 120x189x127
Cell, ß (º) 91.2 91.2 91.5 95.2

Unique reflections 88964 76867 72787 69848
Redundancy 4.3 2.9 5.3 3.4

Completeness 99.0 (95.2) 98.2 (94.0) 97.3 (78.5) 91.2 (78.6)
Rmerge (%) 0.10 (0.40) 0.13 (0.37) 0.13 (0.37) 0.14 (0.44)

I/σI 17.2 (2.8) 14.1 (3.6) 14.1 (2.3) 16.6 (3.5)

* Values for the highest resolution shell are shown in parentheses.

Crystallographic refinement statistics
Dataset Native 1 Native 2 Native 3 Ref [16]

Resolution (Å) 30-3.3 30-3.5 30-3.5 40-3.4
Rwork/Rfree 36/36 37/37 39/42 35/40

Number of atoms 36397 36479 36051 29868
RMSD bond (Å) 2.3 2.5 2.2 4.1
RMSD angle (º) 0.02 0.021 0.015 0.017

Average B-factor (Å2) 23.1 23.1 24.7 44.1


