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Abstract Photosystem II from transplastomic plants

of Nicotiana tabacum with a hexahistidine tag at the

N-terminal end of the PsbE subunit (a-chain of the cyto-

chrome b559) was purified according to the protocol of Fey

et al. (BBA 12:1501–1509, 2008). The protein sample was

then subjected to two additional gel filtration runs in order

to increase its homogeneity and to standardize the amount

of detergent. Large three dimensional crystals of the core

complex were obtained. Crystals of one of its chlorophyll

binding subunits (CP43) in isolation grew in very similar

conditions that differed only in the concentration of the

detergent. Diffraction of Photosystem II and CP43 crystals

at various synchrotron beamlines was limited to a resolu-

tion of 7 and 14 Å, respectively. In both cases the dif-

fraction quality was insufficient for an unambiguous

assignment of the crystallographic lattice or space group.
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Abbreviations

Bis–Tris Bis(2-hydroxyethyl)amino–

tris(hydroxymethyl)methane

CMC Critical micelle concentration

a-DDM n-Dodecyl-a-D-maltopyranoside

b-DDM n-Dodecyl-b-D-maltopyranoside

b-DM n-Decyl-b-D-maltopyranoside

HT 1,2,3-Heptanetriol

HTG Heptyl-D-thioglucopyranoside

a-OG n-Octyl-a-D-glucopyranoside

b-OG n-Octyl-b-D-glucopyranoside

PEG Polyethylene glycol

PSII Photosystem II

Tris Tris(hydroxymethyl)aminomethane

b-UDM n-Undecyl-b-D-maltopyranoside

b-UDTM n-Undecyl-b-D-thiomaltopyranoside

Introduction

Photosystem II (PSII) is a multi-protein complex that con-

sists of both membrane-embedded and soluble subunits and

is one of the crucial components in oxygenic photosynthesis.

It exploits the energy of light for charge separation, which

ultimately drives the water splitting reaction at the manga-

nese cluster of the complex and the transfer of electrons to

plastoquinone. Several medium resolution structures are

available for the PSII core complex from cyanobacteria

(Kamiya and Shen 2003; Ferreira et al. 2004; Loll et al.

2005), but so far no structural data are available for PSII of

higher plants. PSII complexes from cyanobacteria and
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higher plants are generally similar, but they differ with

respect to light harvesting machineries (extrinsic phyco-

bilisomes in cyanobacteria versus transmembrane light

harvesting complexes in higher plants), extrinsic subunit

composition (PsbU and PsbV in cyanobacteria versus sub-

units PsbP and PsbQ in higher plants) and ecological niche

of the source organisms (thermophilic versus mesophilic)

(Büchel and Kühlbrandt 2005). In this work, we report 3D

crystals of PSII core complex from Nicotiana tabacum and

of its CP43 subunit. Crystals were grown in very similar

conditions with the PSII core complex as a starting material

and diffracted to a resolution of 7 and 14 Å, respectively.

Materials and methods

Growth and cultivation of tobacco plants

The transplastomic plants of Nicotiana tabacum were

created and described by Fey et al. (2008) and carry a

hexahistidine tag sequence at the 50 end of the gene coding

for the PsbE subunit. The plants were kept at a constant

temperature of 25�C and at 50% relative humidity and

grown for 10–12 weeks under a light regime of 10 h of

light and 14 h of darkness per day, with a light intensity of

80–100 lmol photons/(s�m2). The plants were kept at a

constant temperature of 25�C and at 50% relative humidity.

PSII core complex purification

Thylakoid membranes and Photosystem II core complex

were purified as reported previously by Fey et al. (2008)

with minor modifications. The Ni–NTA elution buffer

(buffer A) had lower concentration of salt and higher

concentration of the osmoprotectant betaine (10 mM MES

pH 6.0, 5 mM NaCl, 1 M betaine, 5 mM CaCl2, 10 mM

NaHCO3, 300 mM imidazole, 0.03% b-DDM).

Size exclusion chromatography

The eluted PSII core complex was concentrated using

Vivaspin 20 ultrafiltration membranes with 100 kDa cutoff

until a final volume of 500 ll (at 0.5 mg/ml of chloro-

phylls). The protein sample was loaded on a gel filtration

column (Superose 6 10/300 GL, GE Healthcare) equili-

brated in buffer B (10 mM MES pH 6.0, 5 mM NaCl,

5 mM CaCl2, 10 mM NaHCO3, 0.03% b-DDM). The main

peak fractions were pooled and concentrated by ultrafil-

tration (Vivaspin 20, 100 kDa cutoff) to a volume of

500 ll. The obtained sample was subjected to a second gel

filtration run and the main peak was concentrated by

ultrafiltration in two steps (with Vivaspin 20, 100 kDa

cutoff, to a volume of 200 ll; and then with Vivaspin 500,

30 kDa cutoff, to a final volume of 10 ll). The chlorophyll

amount in the obtained sample was determined photomet-

rically in 80% acetone according to a protocol of Porra

et al. (1989) to be around 15 mg/ml.

Oxygen evolution measurements

Oxygen evolution was assessed with a Clark-type electrode

(Hansatech, England) at 20�C in buffer B with 1 mM

2,6-dichloro-p-benzoquinone and 1 mM ferricyanide as

electron acceptors in the reaction mixture.

Polyacrylamide gel electrophoresis of proteins

For denaturing SDS-PAGE, 10% separating Tris–tricine

polyacrylamide/urea gels and 4% stacking gels were used.

Samples were denatured with RotiLoad (Roth) at room

temperature before loading, and after the electrophoretic

separation the gels were stained with Coomassie brilliant

blue (Neuhoff et al. 1988) or silver (Switzer et al. 1979).

Crystallization of the PSII core complex

The core complex of N. tabacum PSII was crystallized

using the sitting drop vapour diffusion method at 20�C in

the dark. The conditions tested for PSII crystallization were

based on the ones reported by Adir (1999) and Smatanová

et al. (2007). The final volume of the crystallization drops

was 10 ll and they contained 1.0–1.5 ll of protein sample

(15 mg/ml of chlorophylls) and 2.5 ll of crystallization

buffer (50 mM Bis–Tris, 1 mM CaCl2 and 4% PEG 4000,

final concentrations). Furthermore, the detergent mixture

added to the drop consisted always of two detergents: one

with high and one with low CMC prepared as 5% (w/v)

stock solutions in water (Tables 1, 2). Both detergents were

used in a final concentration of 0.5–1% (w/v). All deter-

gents were purchased from Anatrace, Maumee, USA. The

isomeric H or T forms of the additive 1,2,3-heptanetriol

(Sigma) were also prepared as a 500 mM stock solution in

water and added to the drops to a final concentration of

50–100 mM. Water was added to reach the final drops

volume of 10 ll. First crystals appeared after 4–7 days.

The reservoir buffer was composed of 10% PEG 4000,

100 mM NaCl, 50 mM Bis–Tris, pH 7.0 and used in a

volume of 0.75–1 ml.

Results and discussion

PSII purification

Transplastomic N. tabacum PSII with the N-terminally

histidine tagged PsbE subunit was purified according to a
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protocol reported by Fey et al. (2008). The obtained PSII

sample was depleted of Light Harvesting Complex II

(LHCII) impurities. In our experiments the protocol of Fey

et al. (2008) was extended by two additional gel filtration

steps, which increased the purity of the sample and made it

possible to reduce the salt concentration in the buffer as

required for crystallization trials. In the first gel filtration

step, the main peak appeared inhomogeneous and was

sometimes, but not always resolved into two peaks, pre-

sumably due to the monomer–dimer ratio of PSII. For the

second gel filtration step, the large molecular mass fractions

of the first peak were re-injected. The resulting elution

profile had its maximum slightly earlier, presumably

because the procedure enriched the PSII dimer (Fig. 1).

Biochemical characterization

The polypeptide composition of the purified PSII com-

plexes was checked by SDS-PAGE (Fig. 2). The presence

of the His–PsbE subunit was confirmed by western blotting

with anti-His monoclonal antibodies (data not shown).

Moreover, oxygen evolution was monitored. Samples were

diluted in the gel filtration buffer supplemented with 1 M

betaine and 0.01% b-DDM. The typical oxygen evolution

rate was 1.2–1.4 mmol O2 per mg chlorophyll per hour.

Crystallization

Previous experiments by Adir (1999) have shown that the

PSII complexes from Spinacia oleracea and Pisum sativum

could be crystallized in very similar conditions. Therefore,

we used the published buffer compositions in our initial

Table 1 Preliminary screening

Detergent mix Dominant crystal shape

Low CMC High CMC

b-DDM b-HTG Group A and group B

b-DDM b-OG Group A (needles)

b-DM b-HTG Group A and group B

b-DM b-OG Group A and group B

b-UDM b-HTG Group A and group B

b-UDM b-OG Group A

b-UDTM b-HTG Group A and group B

b-UDTM b-OG Group A

Influence of the detergent mixture composition on the outcome of

crystallization. The detergent stock solution contained both detergents

at a concentration of 5% and was diluted tenfold in the crystallization

drop. Crystal growth was monitored during the first 15 days. Group A

crystals (including needle shaped crystals) appeared after 6–8 days,

group B crystals appeared later

Table 2 Detailed screening

Detergent mix* Dominant crystal shape

Low CMC High CMC

b-DDM b-HTG (Sigma) Group A and group B. Hexagonally ‘‘looking’’ group B grow

slower in the apparent unique direction than perpendicular to

it
b-DDM b-HTG (Anatrace)

a-DDM b-HTG (Anatrace) Group A and group B. Hexagonally ‘‘looking’’ group B

crystals grow faster in the apparent unique direction than

perpendicular to it
a-DDM a-OG

a-DDM b-OG

b-DDM a-OG Group A (needles) and group B

* Detergent mixtures selected from the screened conditions reported in Table 1. For detergent concentrations and abbreviations see Table 1

Fig. 1 Gel filtration profiles. a Profile of the first gel filtration: the

protein that eluted from the Ni–NTA resin was concentrated and

loaded onto the gel filtration column. The sample eluted in one main

peak. The asymmetry of the peak and the high molecular mass

shoulder pointed to heterogeneity of the eluted fractions. b Profile of

the second gel filtration: the peak fractions of the first gel filtration

were again loaded onto the same column. In the second gel filtration

run, the sample eluted as a symmetric peak
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attempts to crystallize the hexahistidine tagged PSII from

N. tabacum. As in the prior work, we used a mixture of

two detergents with low and high CMCs. We tested the

combinations recommended by Adir (1999), but also

several other mixtures, including different anomers of

alkyl maltosides and glucosides (Tables 1, 2). As another

important factor, Adir (1999) used the amphiphile HT as an

additive in his trials. In this work, we carefully evaluated

the effect of the HT on the crystallization process.

Effect of HT

HT is a mix of four stereoisomers that come in enantio-

meric pairs, which are diastereomeric with respect to each

other. The HT diastereomers (but not enantiomers) can be

separated by melting point and are commercially available

as high-melting (H) and low-melting (T) HT fractions. The

choice between the H and T fraction of HT affected the

time of crystal growth, and also crystal shape and dimen-

sions. The H fraction proved superior to the T fraction. The

best results (with respect to the rate of crystal growth and

the final crystal size) were obtained when the H isomers of

HT was used in 0.05–0.1 M concentration.

Effect of the detergent mixture

The use of high/low CMC detergent mixtures was found

to be crucial in Adir’s crystallization experiments with

S. oleracea and P. sativum PSII complexes (Adir 1999).

Very similar results were obtained for the N. tabacum PSII

described here. If a single detergent was present in the

drops, only spherulites could be grown. More promising

crystals were grown in mixtures of a- or b-DDM with a- or

b-OG (similar results were obtained if the n-HTG instead

of OG anomers were used) (Table 2). The most successful

combination contained a-DDM and b-OG. In these con-

ditions, at least two types of morphologically distinguish-

able crystals were grown. The balance between the two

crystal forms depended on the amount of the detergent

mixture in the crystallization drop (0.1–2%). With

0.2–0.5% (w/v) concentration of every component of the

detergent mixture mainly group A crystals (Fig. 3) were

formed after 7 days. Smaller group B crystals (Fig. 4)

appeared later, after 12–15 days. An increase of the

detergent concentration shifted the balance from group A

to group B crystals. At the highest detergent concentra-

tions, the growth of group A crystals was completely

suppressed and only group B crystals were formed.

Analysis of group A crystals

Crystals of group A could be routinely reproduced with a

mixture of a-DDM and b-OG at a concentration 0.5%

(w/v) and 50 mM of the H isomers of HT. Crystals grew in

6–8 days and reached a considerable size (maximal linear

dimension 0.4–0.6 mm). Coomassie stained SDS-PAGE

analysis of the protein mixture in the crystals showed a

typical PSII core complex pattern plus the His–PsbE

(Fig. 3). In order to cryoprotect crystals, a ‘‘mock’’ crys-

tallization experiment without protein but with 17% PEG

400 or 22% glycerol in the usual crystallization buffer

(1 mM CaCl2, 50 mM Bis–Tris, pH 7.0, 4% PEG 4000,

0.5% a-DDM, 0.5% b-OG, 50 mM H isomers of HT) was

set up. Mock crystallization drops were equilibrated against

the standard reservoir buffer for 1–2 days. The pretreat-

ment of crystals in the equilibrated drops significantly

reduced damage (cracking) upon their transfer to the cryo-

buffer. Crystals that were pretreated diffracted to a

Fig. 2 SDS-PAGE analysis of

the PSII samples at different

stages of purification. PSII was

pooled after affinity

chromatography (lanes 1 and 2,

10 and 12 lg, respectively),

subjected to a first gel filtration

step (lanes 3 and 4, 10 and

12 lg, respectively) and then re-

subjected to a second gel

filtration step (lanes 5, 10 lg).

Lane 6 was loaded with

molecular marker
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resolution of 7.0–7.8 Å at the ESRF microfocus beamline

ID23-2, Grenoble (Fig. 3).

Analysis of group B crystals

The crystals of group B appeared hexagonal with regular or

irregular shape and dimensions between 0.02 and 0.2 mm

on the hexagonal face (Fig. 4). The time of growth and

crystal morphology were correlated. In the presence of a

low amount of detergent, group B crystals took 6–15 days

to grow and were rather irregular. In the presence of a high

amount of detergent (1–2% w/v), crystals took only about

3 days to appear and were more regular. The final size

of group B crystals was dependent on the amount of HT

(H isomers). When a lower amount of HT (25 mM) was

used, crystal dimensions (across the hexagonal face) were

limited to 0.01–0.05 mm. With higher amounts of HT

(50–100 mM), bigger crystals with dimensions in the

0.05–0.1 mm range were obtained. The protein content of

group B crystals was analyzed by SDS-PAGE followed by

silver staining. Only a single band was observed, which

migrated slightly faster than the 45 kDa molecular mass

marker suggesting that the band represented the PSII core

subunit CP43, which is known to be separable from the

PSII core (Rhee et al. 1997; Büchel et al. 2000). Test

exposures of the hexagonal crystals at Diamond (Didcot,

UK) and at the ESRF ID23-2 (Grenoble, France) resulted

in diffraction to a maximum resolution of 12–14 Å, but

only for one orientation of the crystals. The recorded image

showed features of diffuse scattering. We attributed this to

Fig. 3 Crystals of PSII core complex. a Typical morphology of

crystals in the crystallization drops. b Diffraction pattern under

cryogenic conditions with a limiting resolution of 7.0–7.8 Å. c SDS-

PAGE analysis (Coomassie staining) of the protein content of the

crystals. Crystals were harvested from a crystallization drop, washed

extensively and dissolved in loading buffer. Lane 1 was loaded with

molecular marker, lane 2 with washing buffer and lane 3 with the

solution containing the dissolved crystals. The complex was com-

posed of the subunits CP47, CP43, PsbO, D1, D2 and PsbE. The

subunit identification was based on the analyses of Barber et al.

(1997) and Fey et al. (2008)

Fig. 4 Crystals of CP43. a Typical morphology of crystals in the

crystallization drops. b Diffraction pattern recorded at room temper-

ature with a limiting resolution of 12–14 Å. c SDS-PAGE analysis of

the protein content in the crystals. Lane 1 shows the molecular

marker, lanes 2 and 3 (Coomassie and silver stained, respectively)

show the protein sample obtained from the dissolved crystals after

extensive washing. The observed single band was attributed to the

CP43 subunit of PSII
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random lattice disorder, with a short correlation length and

large amplitude of displacement. Consistent with this

interpretation, we observed almost no diffraction when the

spindle axis was rotated by 90� (Fig. 4).

Conclusions

In this work, we report the formation of two types of

crystals from preparations of the PSII core complex. In the

presence of a low amount of detergent mixture, crystals of

the intact core complex formed first, but eventually, the

CP43 core subunit alone also crystallized in the same

drops. Increasing amounts of the detergents shifted the

balance between the two crystal forms towards the for-

mation of the CP43 crystals. Our findings are consistent

with prior observations that the CP43 subunit can disso-

ciate from the core complex of PSII in some conditions

(Rhee et al. 1997; Büchel et al. 2000).

Outlook

Dehydration of membrane protein crystals has often

improved diffraction quality. Therefore, controlled dehy-

dration experiments were carried out on the crystal free

mounting system (Kiefersauer et al. 2000) at Proteros

(Martinsried, Germany) and directly at the ESRF, beamline

ID14-2 (Grenoble, France). In the experiments at the syn-

chrotron beamline, diffraction improved significantly when

crystals were dehydrated from 97 to 90% relative humidity.

Further dehydration did not change diffraction quality,

until a drastic loss of diffraction occurred at 85% relative

humidity. The diffraction could be recovered when the

humidity was increased in several steps from 85 to 90%

and persisted up to a relative humidity of 97%. The main

improvement during the dehydration steps was the

appearance of diffraction spots smeared into lines up to a

resolution of approximately 8 Å. Rehydration of the crys-

tals tended to resolve spots, but at the expense of resolu-

tion. Protein crystallization itself is an efficient protein

purification technique, and therefore we expected that

crystal quality might be improved by recrystallization.

Unfortunately, initial attempts with CP43 crystals were

unsuccessful, because the protein precipitated when crys-

tals were dissolved in buffer B.
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