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Solving the structure of plant photosystem I—biochemistry is vital†
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The recently determined structure of plant photosystem I (PSI) provides the first relatively high-resolution structural
model of a supercomplex containing a reaction center and its peripheral antenna. Large amounts of highly purified
PSI were required to get enough crystals amenable for structural determination by X-ray crystallography. In addition,
a deep biochemical understanding of the large supercomplex was vital for achieving the goal. The stability of PSI was
analyzed by sucrose gradient centrifugation and gel electrophoresis. Small amounts of LHCI were detached from PSI
following a 12 day incubation under crystallization conditions. The interaction between the reaction center and the
peripheral antenna of PSI (LHCI) as well as the interactions among the LHCI monomers are flexible. Nevertheless,
the pure and homogeneous preparation of PSI allows for relatively tight crystal packing, which holds promise for
obtaining atomic resolution in the future.

Introduction
Like all the other protein complexes that carry out oxygenic
photosynthesis, PSI is present in cyanobacteria, algae and
plants.1,2 Since the discovery of P700 as the electron donor of
PSI,3,4 three well-defined biochemical preparations that catalyze
the light-induced oxidation of P700 have been described. As
shown in Fig. 1, the minimal structure that catalyzes this reaction
was termed the P700 reaction center (RC). It is composed of
two homologous polypeptides (PsaA and PsaB) and contains
about 80 chlorophyll molecules.5,6 The PSI reaction center was
defined as the minimal structure catalyzing the reaction of light-
induced plastocyanin–ferredoxin oxido-reduction containing
multisubunits and about 100 chlorophyll molecules. Today we
know that the PSI reaction center contains up to 14 different
polypeptides.7,8 The largest complex of PSI is composed of
a PSI reaction center and a membranous antenna complex
(LHCI) containing approximately 200 chlorophyll molecules.9–14

The crystal structure of plant PSI revealed the interactions
between the two loosely coupled subcomplexes of the RC and
LHCI. Plant PSI is not only the first structure of a plant
membrane protein that was solved by X-ray crystallography but
it also represents the first membrane supercomplex that was
solved by this method.15 The road to the solution of plant PSI
was paved with an enormous collection of biochemical data
together with several gut feeling assumptions that were not
substantiated. We have suggested ten parameters that may in-
fluence successful purification and crystallization procedures:15

(1) The variety of pea (Pisum sativum var. Alaska) seemed to
be important, since at least one other variety did not yield
high-quality crystals. (2) The pea seeds had to be germinated
under sunlight and grown under controlled conditions of cool-
white fluorescent light (90–130 lE m−2 s−1) in a 16 h light–
8 h darkness cycle. (3) There was a seasonal effect (perhaps
substitution of Lhca1-4 with other Lhca proteins such as Lhca5),
and only during autumn and the beginning of the winter
were good diffracting crystals obtained. (4) The preparation
of clean thylakoids (membranes) prior to the solubilization by
detergents was essential. (5) Negative purification by treatment
with low detergent concentrations was very useful. (6) During
solubilization the membrane protein concentration should be

† Dedicated to Professor James Barber on the occasion of his 65th
birthday.

Fig. 1 Subunit structure of different preparations of PSI capable of
light-induced P700 oxidation. The preparations of P700 reaction center
and PSI reaction center were analyzed on cylinder SDS-gels at their
discovery.5 The PSI complex is a current preparation from pea plants that
was used for crystallization. A likely subunit distribution is indicated.

kept high and the detergent concentration as low as possible
for sufficient solubilization of the specific protein complex. (7)
The purification procedure has to be as brief as possible and
the protein concentration should be kept high throughout the
purification procedure. (8) Better results are obtained using
primitive ion exchange columns driven by gravitation as opposed
to FPLC with high-capacity resins. (9) During the purification,
the detergent concentration should be kept as low as possible,
providing that it keeps the complex soluble and helps to get rid of
unnecessary material. (10) Finally, try to crystallize your proteinD
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with low detergent concentrations such that in the presence of
the proteins the level of free detergent is below the critical micelle
concentration.

In this paper, we discuss the biochemical procedures that are
necessary for an efficient purification of crystallizable plant PSI.

Methods
Chlorophyll concentrations were measured according to
Arnon.16 The detergent-to-chlorophyll ratio had to be carefully
optimized in all steps and proved to be a crucial factor for
producing ordered crystals. It had to be re-adjusted following
changes in pea seed batch, age or growing conditions.

The proper handling of the DEAE–cellulose column is crucial
for the successful purification of a crystallizable PSI. The resin is
prepared by a simple mixing of about 100 g of Whatman DE52 in
800 ml of 10 mM Tris base. The slurry is titrated to about pH 7.5
with HCl and stored at 4 ◦C. Prior to the column packing, the
material is mixed, allowed to sediment and the upper suspension
containing light particles is removed and replaced by a solution
of 10 mM Tris–Cl (pH 7.5). Depending on the consistency of
the material, this procedure may be repeated until the solution
above the sediment is relatively clear. After this treatment, one
can get high flow rates through the column using gravitation
only. The use of pumps should be avoided. After a rapid packing
of the column and a brief wash with a buffer containing 20 mM
Tricine–Tris (pH 7.4) and 0.15% n-dodecyl-b-D-maltoside (DM)
in the cold room, the column is ready for application of the
DM-solubilized material. Even though the separation of PSI,
PSII and LHCII is rather poor and all of them are present
in the collected dark-green peak, the column is necessary for
removing the remaining F-ATPase as well as partially solubilized
and denatured material that prevents the purification of PSI to
homogeneity (see below).

Crystallization trials were set up using the sitting-drop variant
of the vapor-diffusion technique at 4 ◦C.

Results and discussion
Purification of PSI

The starting material for the preparation of plant photosystem
I is shown in Fig. 2. It is a single tray containing vermiculite in
which pea seeds (Pisum sativum var. Alaska) were germinated
under sunlight for 6 days and grown for an additional 6 days
under cool-white fluorescent light (90–130 lE m−2 s−1) in a 16 h
light–8 h dark cycle. Fig. 2 shows the pea plants just before
the harvest. The two upper developed leaves are harvested from
each plant. Thylakoids were prepared essentially as previously
described.13 Care should be taken in the homogenization of
each pellet by using a glass–Teflon homogenizer such that

Fig. 2 Pea plants that were used for PSI preparation. Single tray of
pea plants (Pisum sativum var. Early Alaska) grown for 12 days in
vermiculite. Peas seeds were planted at density of 1 per 2.5 cm2 in
32 cm × 42 cm tray. On average two well-developed leaves for each
plant are harvested to give about 30 g leaves.

no aggregates are left in the preparation. The NaCl wash is
critical for the removal of ribulose bisphosphate carboxylase
and other soluble and peripheral proteins that might interfere
with the crystallization procedure. It is recommended to purify
photosystem I continuously without freezing, following the
low detergent extraction. The choice of detergents for the
preparation of PSI is critical. Remarkably, n-dodecyl-b-D-
thiomaltoside (DTM) could be used for the solubilization of the
thylakoid membranes, but under these conditions, solubilized
PSI is still attached to the membrane moieties which causes
it to migrate on sucrose gradients in much denser fractions
than after solubilization with DM (not shown). Thus, the
detergent of choice is DM, but high concentrations or prolonged
incubation results in partial stripping of the light-harvesting
(LHC) proteins from the reaction center. It was observed that
a negative purification to remove the b6f complex and the F-
ATPase is crucial. This is achieved by incubating thylakoids
at 2.6 mg chlorophyll per ml with 0.5% DM followed by
centrifugation at 150 000 g for 30 min. The resulting pellet
is immediately suspended using a glass–Teflon homogenizer
in a buffer containing 0.3 M sucrose, 20 mM Tricine (pH 8)
and 1 mM PMSF at a chlorophyll concentration of about
3 mg ml−1. PSI is solubilized by the addition of 10% DM to give
a final detergent concentration of about 1.8% (6.0 mg detergent
per mg chlorophyll). Unsolubilized material was removed by
centrifugation at 150 000 g for 15 min and all the following
steps were performed at 0 to 4 ◦C in darkness or dim light.
The supernatant was applied on a DEAE–cellulose (Whatman
DE52) column of 1.5 cm diameter and length of approximately
0.5 cm per mg chlorophyll that had been pre-equilibrated with
30 ml buffer containing 20 mM Tricine–Tris (pH 7.4) and 0.15%
DM. The loaded column is washed with the same buffer and
PSI was eluted (flow rate of >2 ml min−1) by a linear gradient
of 0 to 400 mM NaCl (150 ml in each chamber) in the same
buffer. Fractions of 5 ml were collected and usually four of them
represented about half of the eluted dark-green peak. Those were
combined and PSI was precipitated by the addition of 50% PEG
6000 (Hampton) to give a final concentration of 10%. The pellet
obtained by centrifugation at 10 000 g for 10 min was solubilized
by adding 4 ml buffer containing 20 mM Tricine–Tris (pH 7.4)
and 0.05% DTM.

The solubilized material that was obtained from the column
chromatography and PEG precipitation was applied on 6 sucrose
gradients of 6–40% in 20 mM Tricine–Tris (pH 7.4) and 0.05%
DTM. The gradients were centrifuged in a Beckman SW40 rotor
at 37 000 rev min−1 for 15 h. The monomeric PSI appeared at
the center of the tube as a wide dark band. The bottom of
the tube was pierced and only the middle section of the band
was collected to avoid contamination by other complexes and
impaired PSI.

Fig. 3 shows the distribution of chlorophyll containing
complexes in the sucrose gradient tube. There are more pale-
green bands below the dark-green band containing the bulk of
the PSI. SDS-PAGE analysis of these bands revealed that they
contain the same subunits as the main PSI-containing band,
yet we were not able to obtain crystals from this part of the
gradient. It is not entirely clear why this form of PSI migrates into
heavier fractions. It does not seem to reflect dimerization and
trimerization of the reaction center. The SDS-PAGE analysis
shown in Fig. 3 revealed that the band above PSI contains mainly
PSII and the upper broad dark-green band contains almost
pure LHCII. It is important to note that the chloroplast F-
ATPase migrates on this sucrose gradient between PSI and PSII
and partially overlaps with them. Therefore, inefficient removal
of F-ATPase by the 0.5% DM treatment and including excess
volume of the collected fraction of the DEAE column result in
contamination of the final PSI preparation and inability of the
complex to crystallize (see Fig. 4).

The sucrose gradient fractions containing PSI were loaded
on a small DEAE–cellulose column (1 × 5 cm) pre-equilibrated
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Fig. 3 The distribution of chlorophyll–protein complexes eluted from
the DEAE–cellulose column in a sucrose gradient tube. Sucrose density
(6–40%) gradient (left) tube following 15 h centrifugation in a Beckman
SW40 rotor at 37 000 rev min−1. About 0.3 ml of the PEG-concentrated
green peak eluted from the DEAE–cellulose column were loaded. The
tube was punched at the bottom by a 21 G needle and the indicated
green bands were collected. The pale bands were concentrated by PEG
precipitation and the samples were incubated with SDS dissociation
buffer for 3 h at 42 ◦C. Five ll aliquots were electrophoresed in 15%
polyacrylamide gels and the gel was stained by Brilliant Blue R.

Fig. 4 A picture of typical PSI crystals.

with 20 mM Tricine–Tris (pH 7.4) and 0.05% DTM. After a
short wash with 3–5 ml of the same buffer and the same buffer
containing 40 mM ammonium citrate, PSI was eluted by the
same buffer containing 220 mM ammonium citrate (usually as
1 ml of a dark-green fraction). Purified PSI was immediately
precipitated by PEG 6000 and following centrifugation the pellet
dissolved in 0.2–0.3 ml (2–3 mg chlorophyll ml−1) of solution
containing 2 mM Tricine–Tris (pH 7.4) and 0.015% DTM. The
solubilized PSI was centrifuged in an Eppendorf centrifuge at
13 000 rev min−1 for 5 min and the supernatant immediately
subjected to crystallization.

Crystallization

Crystallization trials were set up using the sitting-drop variant
of the vapor-diffusion technique at 4 ◦C. Aliquots of 5 ll
purified PSI were mixed with equal volumes of reservoir solution
[22.5 mM MES–Bis–Tris (pH 6.7), 0.5% (v/v) PEG 400, 8 mM
ammonium citrate, 5–7% (w/v) PEG 6000] and equilibrated

against 0.5 ml reservoir solution. Crystals appeared within two
to three days and reached maximum size within two weeks.
Their quality was severely impaired after an additional two
weeks. The fact that the crystals formed within a relatively short
time seems to be essential for retaining the complex integrity.
Crystals were obtained at 5.7–6.2% (w/v) PEG 6000. They had
a dark-green color, elongated rectangular shape and varying
thickness. Fig. 4 shows typical PSI crystals that were used for
X-ray crystallography. Usually, crystals appear after few days
of incubation, however, in some cases crystals started to form
only after a couple of weeks. Though they did not exhibit high
resolution, it appears that PSI is stable for a long time in the
crystallization solution. The quality of the crystals is highly
related to the purity of the PSI preparation and even a very
small contamination by F-ATPase and/or PSII prevents the
crystal formation of PSI. Fig. 5 shows two almost identical
preparations of purified PSI. The one in Fig. 5A was from the
first part of the dark-green band that eluted from the DEAE–
cellulose column and the second (Fig. 5B) from the latter half of
the green peak. While the first gave very nice crystals the second
produced no crystals at all. The only observed difference is the
presence of an extremely small contamination of F-ATPase in
the preparation shown in Fig. 5B. Contamination by F-ATPase
in PSI preparations is quite common.17

Fig. 5 Purified PSI preparations obtained from the early and late
fractions eluted from the DEAE–cellulose column. PSI was purified
as described in the text and samples that were used for crystallization
were dissociated and electrophoresed as described in Fig. 3. (A) Early
fraction. (B) Late fraction. The position of aand b subunits of F-ATPase
is indicated.

The structure of plant PSI shows 12 core subunits, 4 different
membranous light-harvesting proteins (LHCI) assembled in a
half-moon shape on one side of the core, 45 transmembrane
helices, 167 chlorophylls, 3 Fe–S clusters and 2 phyloquinones.
About twenty chlorophylls are positioned in strategic locations
in the cleft between the LHCI and the core.14,18,19 The plant
RC retains the location and orientation of the electron transfer
components and all cyanobacterial transmembrane helices,
except those of subunits X and M which are not present in plants.
In addition, two RC proteins are exclusively present in plants
and green algae (subunits G and H). Subunits G (PsaG) and H
(PsaH) are 10 kDa membrane proteins where PsaH contains a
single transmembrane helix adjacent to PsaL. The position and
shape of PsaH conform well to its proposed role as a docking
site for LHCII.20 On the opposite side of the RC, PsaG, with
its two tilting transmembrane helices, contributes most to the
contact surface area for association with LHCI.14 The two new
eukaryotic subunits PsaG and PsaH were probably crucial for
the evolution of algae that inhabited the surface of the oceans
starting about 1.2 billion years ago and eventually the evolution
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Fig. 6 Partial dissociation of LHCI from PSI reaction center following 12 days incubation under crystallization conditions. The samples were treated
as was described in the text, and centrifuged, collected, concentrated, dissociated and electrophoresed as described in Fig. 3. Preincubation with 2%
DM or DTM for 3 h on ice did not enhance the dissociation of LHCI from the reaction center. The position on the gel where Lhca1-4 and PsaD are
migrating is enlarged on the right part of the figure. The decrease of Lhca1-4 intensity in relation to PsaD in the somewhat slower migrating band on
the sucrose gradient is apparent. PsaD is entirely missing from the Lhca1-4 band.

of plants that settled on land. In addition, modification of PsaL
played a role in the advancement towards monomeric PSI.18

Two subunits that were reported to be integral parts of plant
PSI (N and O) could not be detected in the structure.21,22 This
may be due to their absence in our preparation or inability to
detect them due to their high mobility in the crystal.

Stability

To analyze the stability of the preparation, purified PSI was
incubated for 12 days in crystallization solution at 4 ◦C in
darkness. The material in the wells was diluted with equal
volume of a solution containing 20 mM Tricine–Tris (pH 7.4)
and 0.05% DTM. Following a short incubation time the samples
were centrifuged at 13 000 rev min−1 in a microfuge for 10 min.
The supernatant was divided into 3 equal fractions, which were
treated with either 2% DM, 2% DTM or nothing (control).
After 3 h on ice, the samples were applied on 6–40% sucrose
gradients in a buffer containing 20 mM Tricine–Tris (pH 7.4)
and 0.05% DTM. Ultracentrifugation was performed at 4 ◦C
and 37 000 rev min−1 in a Beckman SW40 rotor for 15 h.
Fig. 6 indicates that indeed PSI is quite stable under these
conditions, even at high detergent concentrations. Most of the
sample migrated on the sucrose gradient as intact PSI. A slightly
heavier fraction that migrated towards the bottom of the tube
showed an identical subunit composition to the intact PSI. This
form of the complex was also identified in the first sucrose
gradient during the purification of PSI (Fig. 3). The modification
that causes the faster migration is not known. A green band
that migrated slightly above the main PSI band was shown
to be enriched with PSI reaction center (Fig. 5). The missing
LHCI migrated as a single green band containing approximately
equal amounts of Lhca1-4 suggesting that the light-harvesting

complex dissociated as an assembled unit of the four Lhca
proteins.

We hope that the recent biochemical observations on the
purity and stability of the PSI supercomplex will enable us to
achieve crystals with better diffraction and atomic resolution of
one of nature’s most intricate membrane complexes.

Acknowledgements
We wish to thank Dr Celeste Weiss for critical reading of the
manuscript. This work was supported by the Israel Science
Foundation Grant 403-02.

References
1 J. Barber, Photosystem II: a multisubunit membrane protein that

oxidises water, Curr. Opin. Struct. Biol., 2002, 12, 523–530.
2 N. Nelson and A. Ben-Shem, The complex architecture of oxygenic

photosynthesis, Nat. Rev. Mol. Cell Biol., 2004, 5, 971–982.
3 B. Kok, Absorption changes induced by the photochemical reaction

of photosynthesis, Nature, 1957, 179, 583–584.
4 B. Kok, Partial purification and determination of oxidation-

reduction potential of the photosynthetic chlorophyll complex
absorbing at 700 nm, Biochim. Biophys. Acta, 1961, 48, 527–533.

5 C. Bengis and N. Nelson, Purification and properties of the photo-
system I reaction center from chloroplasts, J. Biol. Chem., 1975, 250,
2783–2788.

6 C. Bengis and N. Nelson, Subunit structure of chloroplast photosys-
tem I reaction center, J. Biol. Chem., 1977, 252, 4564–4569.

7 H. V. Scheller, P. E. Jensen, A. Haldrup, C. Lunde and J. Knoetzel,
Role of subunits in eukaryotic Photosystem I, Biochim. Biophys. Acta,
2001, 1507, 41–60.

8 P. E. Jensen, A. Haldrup, L. Rosgaard and H. V. Scheller, Molecular
dissection of photosystem I in higher plants: topology, structure and
function, Physiol. Plant,, 2003, 119, 313–321.

1 0 1 4 P h o t o c h e m . P h o t o b i o l . S c i . , 2 0 0 5 , 4 , 1 0 1 1 – 1 0 1 5



9 J. E. Mullet, J. J. Burke and C. J. Arntzen, Chlorophyll proteins of
photosystem I, Plant Physiol., 1980, 65, 814–822.

10 R. Bassi and D. Simpson, Chlorophyll–protein complexes of barley
photosystem I, Eur. J. Biochem., 1987, 163, 221–230.

11 R. Croce, T. Morosinotto, S. Castelletti, J. Breton and R. Bassi, The
Lhca antenna complexes of higher plants photosystem I, Biochim.
Biophys. Acta, 2002, 1556, 29–40.

12 N. Nelson and A. Ben-Shem, Photosystem I reaction center: Past
and future, Photosynth. Res., 2002, 73, 193–206.

13 A. Ben-Shem, N. Nelson and F. Frolow, Crystallization and initial
X-ray diffraction studies of higher plant photosystem I, Acta
Crystallogr., Sect. D: Biol. Crystallogr., 2003, D59, 1824–1827.

14 A. Ben-Shem, F. Frolow and N. Nelson, The crystal structure of
plant photosystem I, Nature, 2003, 426, 630–635.

15 N. Nelson and A. Ben-Shem, in Photosystem I. Structure, Function
and Regulation of Plant Photosystem I, ed. J. H. Golbeck, Kluwer
academic publishing, Dordrecht, 2005, in press.

16 D. I. Arnon, Copper enzymes in isolated chloroplasts. Polyphenolox-
idase in Beta vulgaris, Plant Physiol., 1949, 24, 1–15.

17 S. Zhang and H. V. Scheller, Light-harvesting complex II binds to
several small subunits of photosystem I, J. Biol. Chem., 2004, 279,
3180–3187.

18 A. Ben-Shem, F. Frolow and N. Nelson, Evolution of Photosystem
I - from Symmetry through Pseudosymmetry to Asymmetry, FEBS
Lett., 2004, 564, 274–280.

19 A. Ben-Shem, F. Frolow and N. Nelson, Light-harvesting features
revealed by the structure of plant photosystem I, Photosynth. Res.,
2004, 81, 239–250.

20 C. P. Lunde, P. E. Jensen, A. Haldrup, J. Knoetzel and H. V. Scheller,
The PSI-H subunit of photosystem I is essential for state transitions
in plant photosynthesis, Nature, 2000, 408, 613–615.

21 A. Haldrup, H. Naver and H. V. Scheller, The interaction between
plastocyanin and photosystem I is inefficient in transgenic Arabidop-
sis plants lacking the PSI-N subunit of photosystem I, Plant J., 1999,
17, 689–698.

22 J. Knoetzel, A. Mant, A. Haldrup, P. E. Jensen and H. V. Scheller,
PSI-O, a new 10-kDa subunit of eukaryotic photosystem I, FEBS
Lett., 2002, 510, 145–148.

P h o t o c h e m . P h o t o b i o l . S c i . , 2 0 0 5 , 4 , 1 0 1 1 – 1 0 1 5 1 0 1 5


