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Abstract

The PsbH protein belongs to a group of small protein subunits of photosystem II (PSII) complex. This protein is predicted to
have a single transmembrane helix and it is important for the assembly of the PSII complex as well as for the proper function at the
acceptor side of PSII. To identify the location of the PsbH subunit, the PSII complex with His-tagged PsbH protein was isolated
from the cyanobacterium Synechocystis sp. PCC 6803 and labeled by Ni2+–nitrilo triacetic acid Nanogold. Electron microscopy fol-
lowed by single particle image analysis identiWed the location of the labeled His-tagged PsbH protein at the periphery of the dimeric
PSII complex. These results indicate that the N terminus of the PsbH protein is located at the stromal surface of the PSII complex
and close to the CP47 protein.
  2005 Elsevier Inc. All rights reserved.

Keywords: Electron microscopy; Photosystem II; PsbH protein; Immunogold labeling
1. Introduction

Oxygenic photosynthesis is a process in which plants,
algae and cyanobacteria use light energy to drive the
synthesis of organic compounds and produce all molecu-
lar oxygen, necessary for aerobic life on Earth. The light-
harvesting and energy-transducing functions of oxygenic
photosynthesis are localized in specialized photosyn-
thetic membranes, thylakoids, and carried out by several
types of protein complexes embedded in the membrane.
Central to this process is photosystem II (PSII) complex
that catalyzes the light-induced production of oxygen,
thereby transferring electrons from water to plastoqui-
none. The PSII complex is dimer and contains more than
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25 subunits per monomer (Hankamer et al., 2001a). All
redox cofactors are bound to the central part of the com-
plex formed by the reaction center D1 and D2 proteins.
The reaction center is surrounded by the so-called inner
antenna proteins CP43 and CP47, and several low
molecular mass subunits each predicted to have a single
transmembrane helix.

PsbH protein belongs to a group of small protein
subunits of the PSII complex. The PsbH protein was
originally detected as a 10 kDa phosphoprotein
(Bennet, 1977) and subsequently sequenced in number of
prokaryotic and eukaryotic organisms (recently
reviewed by Komenda et al., 2003). The PsbH protein is
predicted to have single transmembrane helix with its 72
amino acid residues in higher plants (Shinozaki
et al., 1986) and 87 amino acid residues in the green alga
Chlamydomonas reinhardtii (Dedner et al., 1988).
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In higher plants and green algae the PsbH protein
undergoes reversible phosphorylation at two threonine
residues close to the N terminus (Michel and Bennett,
1987; Vener et al., 2001). The cyanobacterial PsbH pro-
tein is truncated at its N terminus and misses these phos-
phorylation sites (Mayes and Barber, 1991). The
function of PsbH protein in PSII complex has been asso-
ciated, through analysis of a Synechocystis mutant lack-
ing the coding gene, with control of the electron Xow
from QA to QB (Mayes et al., 1993), protection from
photoinhibition (Komenda and Barber, 1995), and
bicarbonate binding on its acceptor site (Komenda et al.,
2002). However, disruption of the PsbH subunit in C.
reinhardtii led to the disappearance of PSII from thyla-
koid membrane (O’Connor et al., 1998; Summer et al.,
1997).

Recently, three-dimensional (3-D) structures of the
PSII core complex have been solved by X-ray (Ferreira
et al., 2004; Kamiya and Shen, 2003; Zouni et al., 2001)
and electron crystallography (Hankamer et al., 2001b).
The models show that the overall organization of 22
transmembrane helices of the major PSII subunits
(CP47, CP43, D1, and D2) is preserved between higher
plant and cyanobacteria. In addition, 12 (spinach) and
14 (cyanobacteria) low molecular mass subunits, each
predicted to have single membrane-spanning �-helix,
were identiWed in each monomer of the dimeric PSII
complex. Of them only PsbE and PsbF, as components
of cytochrome (cyt) b559, were identiWed by locating the
haem group near to D2 protein of the D1/D2 reaction
center complex. So far, the assignment of the smaller
subunits in PSII is not certain and have been based on
chemical cross-linking studies (Büchel et al., 2001;
Hankamer et al., 2001a), immunogold labeling experi-
ments (Bumba and Vácha, 2003) or comparative stud-
ies of wild type with mutants depleted of the smaller
PSII proteins (Komenda et al., 2002; Shi et al., 2000;
Swiatek et al., 2001). Unfortunately, to date, all
attempts to work out the location of the small subunits
rationally have generated contradictory information
(Shi and Schröder, 2004). Recently, Büchel et al. (2001)
identiWed the location of the PsbH subunit in PSII core
complex from C. reinhardtii using a His-tagged PsbH
mutant and gold labeling. Here, we describe the Ni2+–
nitrilo triacetic acid (Ni–NTA) Nanogold labeling of
the PsbH subunit in the PSII core complex isolated
from the His-tagged PsbH mutant of the cyanobacte-
rium Synechocystis 6803. The gold label consists of a
gold cluster coupled to Ni–NTA Nanogold that has a
high binding aYnity to multiple histidine residues of
the His-tagged protein (Hainfeld et al., 1999). In combi-
nation of single particle analysis of Ni–NTA Nanogold
labeled PSII particles and molecular modeling of
known X-ray coordinates of the PSII structure we were
able to suggest the location of the PsbH subunit within
the PSII complex.
2. Materials and methods

2.1. Mutant construction

The Synechocystis 6803 PsbH-His strain with PsbH
protein tagged with the His6 epitope on its N terminus
expressed under psbA2 promoter has been constructed.
PsbH gene was ampliWed by PCR using the mix of Taq
and Pfu DNA polymerases and gene speciWc primers
with artiWcially generated restriction sites for NdeI and
BamHI and containing six histidine codons (CAT) in the
forward primer. After restriction, the PCR fragment was
cloned into NdeI and BamHI sites of the pSBA plasmid
containing the upstream and downstream regions of the
Synechocystis 6803 psbAII gene (Lagarde et al., 2000).
Ligation mix was ampliWed by PCR using the pSBA
primers amplifying the whole psbA/psbH-His region.
AmpliWcation by PCR was chosen because transforma-
tion of Escherichia coli with the ligation mix repeatedly
yielded no colonies. The PCR product containing psbH-
His gene was transformed into Synechocystis 6803
psbAII-KS strain where the psbA2 gene was replaced by
kanamycin-resistance/sacB cartridge (Lagarde et al.,
2000). The sacB gene is coding for levan sucrase leading
to sucrose sensitivity of this strain. After transformation,
Synechocystis cells were grown on BG-11 plates for four
days. Transformants were than transferred to plates with
5% sucrose and sucrose resistant colonies were checked
for kanamycin sensitivity. Resulting strain expressing
both wild type and His tagged forms of PsbH protein
has been transformed with chromosomal DNA from
PsbH¡ strain (Mayes et al., 1993). Deletion of wild type
copy of psbH gene in PsbH-His strain was conWrmed by
PCR.

2.2. Isolation of thylakoid membranes

Cells were harvested in the exponential growth phase,
resuspended in thylakoid buVer (50 mM MES/NaOH,
pH 6.5) and broken in a MiniBeadBeater (BioSpec Prod-
ucts, USA) by three breaking cycles (30 s shaking fol-
lowed by a 3 min cooling on ice). After centrifugation at
2000g for 1 min to remove cell debris, the supernatant
was centrifuged in at 30,000g for 10 min at 4 °C. Thyla-
koid membranes were resuspended in thylakoid buVer.

2.3. Isolation of PSII complex

Thylakoid membranes were solubilized with 1%
dodecyl-maltoside (DM) in thylakoid buVer with
100 mM NaCl at chlorophyll concentration of 1 mg ml¡1

for 15 min. The unsolubilized material was removed by
centrifugation for 30 min at 60,000 g and the supernatant
was used for aYnity chromatography on Fractogel
EMD Chelate (Merck) charged with Ni2+. The column
was sequentially washed with thylakoid buVer–NaCl



30 L. Bumba et al. / Journal of Structural Biology 152 (2005) 28–35
with 5 and 25 mM imidazole. PSII was eluted by 50 mM
imidazole. The PSII was further puriWed by gel Wltration
chromatography on Superdex 200HR 10/30 column
(Amersham Biosciences) connected to a HPLC pump
(LCP 3001, Ecom, Czech Republic) and photodiode
array detector Waters 996 (Waters, USA). The column
was equilibrated with 20 mM MES/NaOH (pH 6.5),
10 mM NaCl and 0.03% DM at Xow rate of 0.5 ml/min
(Bumba et al., 2004).

2.4. Polyacrylamide gel electrophoresis and Western 
blotting

Protein composition was determined by SDS–PAGE
using a 12–20% linear gradient of polyacrylamide gel
carried out using Tris/glycine gel containing 7 M urea.
Gels were stained with Coomassie brilliant blue stain.
After electrophoresis, proteins were transferred to
PVDF membrane (Hybond-P, Amersham Biosciences)
using wet blotting system. Blotted membranes were sub-
jected to immunoblot analysis using the PsbH antibody
(1:6000 dilution) or polyHistine antibody (Sigma H 1029,
1:3000 dilution). Primary antibody was detected with
peroxidase-conjugated secondary antibody. PsbH anti-
body has been prepared in rabbit using PsbH-GST
fusion protein expressed in E. coli as an antigen (Halbh-
uber et al., 2003).

2.5. Pigment analysis

Room temperature absorption spectra were recorded
with a UV300 spectrophotometer (Spectronic Unicam,
UK). Fluorescent emission spectra were measured at liq-
uid nitrogen temperature using a Fluorolog spectroXuo-
rometer (Jobin Yvon, USA) with an excitation
wavelength of 430 nm.

2.6. Oxygen evolution

Oxygen evolution was measured using a Clark-type
oxygen electrode (Hansatech). Samples at a chlorophyll
concentration of 10�g(Chl) ml¡1 were suspended in a
medium containing 20 mM MES (pH 6.5), 0.3 M sucrose,
20 mM CaCl2, 10 mM NaHCO3, 10 mM NaCl, supple-
mented with electron acceptors, 2,5-dichloro-p-benzo-
quinone at a concentration of 500 �M and ferrycyanide
at a concentration of 2.5 mM and illuminated with satu-
rating white light.

2.7. Electron microscopy and image analysis

Freshly prepared PSII complexes were placed on
glow-discharged carbon coated copper grids and
excessive liquid was removed using Wlter paper. The
grid was then placed upside-down on a droplet of a
Ni2+-nitrilotriacetic acid Nanogold (Ni–NTA Nano-
gold) solution (Nanoprobes, USA). After 15 min incu-
bation at room temperature the grid was removed
from the droplet, rinsed with water and negatively
stained with 0.75% uranyl acetate. Electron micros-
copy was performed with Philips TEM 420 electron
microscope using 80 kV at 60,000£ magniWcation.
Micrographs free from astigmatism and drift were
scanned with a pixel size corresponding to 4.5 Å at the
specimen level. Image analyses were carried out using
SPIDER software (Frank et al., 1996). From 85 micro-
graphs of the PSII cores, about 3500 top-view projec-
tions of unlabeled particles and 260 top-view
projections of labeled particles were selected for analy-
sis. Both separate data sets were rotationally and
translationally aligned, and treated with multivariate
statistical analysis in combination with classiWcation
(Harauz et al., 1988; van Heel and Frank, 1981). Clas-
ses from each of the subsets were used for reWnement
of alignments and subsequent classiWcations. For the
Wnal sum, the best of the class member were summed,
using a cross-correlation coeYcient of the alignment
procedure as a quality parameter. The resolution of
the images was calculated by using the Fourier ring
correlation method (van Heel, 1987). For molecular
modeling, the coordinates were taken from Protein
Data Bank (www.rcsb.org/pdb) under the code 1S5L
for PSII structure at 3.5 Å resolution (Ferreira et al.,
2004). The overlay cartoon was generated by freeware
program Accelrys ViewerLite 4.2.

3. Results

3.1. Biochemical characterization of the PsbH-His PSII 
complex

Functional integration of the PsbH protein tagged
with the His6 epitope on its N terminus into PSII in
PsbH-His strain of Synechocystis 6803 has been con-
Wrmed by high light treatment. Unlike PsbH¡ strain,
PsbH-His strain was able to grow at light intensity of
200 �mol (photons) m¡2 s¡1 with growth rate compara-
ble to that of wild type (not shown).

His-tagged PSII complex was puriWed by a single-step
Ni2+ aYnity column chromatography. The PSII fraction
was eluted with a concentration of 50 mM imidazole.
The polypeptide composition of the puriWed PsbH-His
PSII complex was analyzed by SDS–PAGE (Fig. 1). The
PSII complex consisted of at least CP47, CP43, D2, D1,
cytochrome b559 as conWrmed by Western blot (not
shown). The presence of PsbH protein in the PSII prepa-
ration was probed by immunodetection with anti psbH
and anti His antibodies. As shown in Fig. 1, there was a
clear shift (about 1 kDa) in the mobility of the PsbH-His
protein in comparison to the PsbH caused by the six
additional histidines.

http://www.rcsb.org/pdb
http://www.rcsb.org/pdb
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Room temperature absorption spectrum of the PSII
fraction is shown in Fig. 2A. The PSII fraction exhibited
absorption maxima at 438 nm and 674 nm and lacked
the signiWcant absorbance around 550 nm indicating
that the sample is free of phycobiliproteins. Seventy-
seven Kelvin Xuorescence emission spectrum of PSII
fraction showed a single emission peak with maximum
at 692 nm characteristic for PSII complex (Fig. 2B). The
PSII complexes were active in oxygen evolution and
yielded 386 § 45�mol(O2) mg(Chl)¡1 h¡1.

The PSII fraction was further puriWed by gel Wltration
chromatography (Fig. 2C). Gel Wltration analysis of PSII
fraction shows a major peak eluting at 18.2 min that cor-
responds to the dimeric PSII complex with a molecular
mass of about 500 kDa. Small peaks eluting at 22 min
and 26 min may be interpreted as monomeric PSII com-
plex and free PSII proteins, respectively. For electron
microscopy, the dimeric PSII complexes were collected
from the maximum of the main peak of the gel Wltration.

3.2. Electron microscopy and gold labeling of the 
PsbH-His PSII complex

To identify the location of the His-tagged PsbH sub-
unit within PSII, the dimeric PSII complexes were
immobilized on glow-discharged carbon-coated elec-

Fig. 1. Protein composition of PSII complex isolated from Synechocys-
tis 6803. PSII complex puriWed from wild type (WT) and the mutant
psbH-His strain (HHis) by Ni2+ aYnity (Ni) followed by gel Wltration
chromatography (NiGF) was analyzed by SDS–PAGE. Proteins were
either stained with Coomassie Blue (stained gel) or blotted onto
PVDF membrane and immunodecorated using either antibody
against PsbH-GST conjugate (anti-PsbH) or antibody against His6

epitope (anti-His).
tron microscopy grid and labeled with Ni–NTA Nano-
gold (Büchel et al., 2001). The advantage of this labeling
lies in a more accurate localization of the targeted site
since no additional protein densities are present as com-
pared with conventional immunogold labeling proce-
dures. This approach gave speciWc labeling of multiple
His sites on the protein complexes (Fig. 3). The eVective-
ness of the procedure was conWrmed by carrying out the
labeling in a buVer containing 30 mM imidazole which,
due to competition with the His-tag for the Ni–NTA
sites, abolished any labeling of proteins (Büchel et al.,
2001).

Labeled PSII complexes were then negatively stained
and visualized in electron microscope. A typical EM
images in Fig. 3 clearly show that the preparation con-
tains dispersed particles with uniform size and shape and
almost free of contaminants. The image shows that the
preparation contained dimeric PSII particles, mostly in
their top-view projections (i.e. perpendicular to the origi-
nal membrane plane). Fig. 3 also shows that only a few
PSII dimers exhibited gold label. Although diVerent
labeling conditions, such as incubation time, label con-
centration, pH and temperature were employed to
improve gold labeling, no signiWcant changes in the
extent of labeling were observed (not shown).

3.3. Image analysis

To reveal the exact location of the gold label within
PSII dimers, both labeled and unlabeled particles were
extracted from the micrographs, and separately aligned,
treated with multivariate statistical analysis and classi-
Wed. The most representative class averages of both
labeled and unlabeled particles are depicted in Fig. 4.
Although no symmetry has been imposed during the
image analysis clearly two-fold rotational symmetry
around the center of the complex is visible. The class
averages were similar in size and shape, and they closely
resembled PSII core complexes without the His-tagged
PsbH protein (Boekema et al., 1995; Bumba et al., 2004;
Kuhl et al., 1999; Nield et al., 2000). All the projections
had the same type of handedness and no mirror images
were detected, thus indicating preferred orientation of
the PSII dimers with their stromal side to the carbon
support Wlm. Therefore, the relatively low number of
labeled particles probably reXects the preferential bind-
ing of the PSII particles. Since a His-tag of the PsbH
protein is located on the stromal side of the complex, the
labeling site is inaccessible when the particles are orien-
tated with their stromal sides to the carbon support Wlm.
A Wnal sum of labeled PSII core complexes is presented
in Fig. 4E. The averaged top-view projection indicates a
particle with single label located at the periphery of the
complex. The resolution of the Wnal projections was cal-
culated by means of the Fourier ring correlation method
(van Heel, 1987) and found to be 26 Å for class average
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of gold labeled PSII dimers and 21 Å for unlabeled class
averages.

4. Discussion

Here we present the study to identify the location of
the PsbH protein within the PSII core complex. The
combination of Ni–NTA Nanogold labeling of His-
tagged protein and single particle analysis provides an
excellent tool to localize protein subunits within a multi-
subunit protein complex (Büchel et al., 2001). The
advantage of this labeling lies in a more accurate locali-
zation of the targeted site since no additional protein
densities are present as compared with conventional
immunogold labeling procedures. Although low number
of labeled particles was collected from the micrographs
this approach gave speciWc labeling of His-tag sites,
enabling us to locate the PsbH in the PSII core complex
(Fig. 3).

Biochemical and spectroscopic characterization of
isolated PSII complex with His-tagged protein revealed
that incorporation of recombinant PsbH protein into
PSII has no evident eVect on its structure and function.
The PSII dimers were active in oxygen evolution indicat-
ing the integrity of the extrinsic polypeptides located at
the lumenal side of the complex. In addition, a compari-
son of the top-view projection map of the dimeric PSII
complex isolated from the wild type with that of the
PsbH-His PSII complex suggested identical size and
shape of the complex (not shown).

His-tag of the PsbH protein is linked to the N-termi-
nal end of the polypeptide and faces the stromal side of
the PSII complex. In our experiments, electron micros-
copy and image analysis revealed that both labeled and
unlabeled PSII dimers attach preferentially with their
stromal sides to the carbon support Wlm (Fig. 5). This is
in contrast with the results obtained using PSII core
complexes isolated from C. reinhardtii, where the gold
labeled complexes bind to the electron microscopy grid
by the lumenal surface. This is probably one of the rea-
sons why we were able to observe only one label per
whole PSII complex compared to the results of Büchel
et al. (2001) who had labeled both sides of the PSII
complex.

We suppose that in our case only those particles
which were tilted in respect to the carbon support Wlm
were labeled, allowing the gold particles to reach the
Fig. 2. Absorbance and Xuorescence properties of PSII complex with His-tagged PsbH protein isolated from Synechocystis 6803: (A) room tempera-
ture absorbance spectrum; (B) Xuorescence emission spectrum at 77 K excited at 430 nm; (C) gel-Wltration chromatography elution proWle of PSII
fraction obtained from Ni2+ aYnity column chromatography. The chromatogram was detected at 435 nm for chlorophyll containing proteins.
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binding His-tag site as it is demonstrated in Fig. 5B.
Another reason for the lower gold-label aYnity may be
the fact that in cyanobacteria the N terminus of the
PsbH protein is 19 amino acids shorter compared to the
C. reinhardtii, and thus, the potential labeling site is
located more inside the complex. Such location might be
partially covered by neighboring amino acid side chains
making the His-tag labeling site less accessible to the
gold label. On the other hand, the shorter N terminus of

Fig. 3. Electron micrographs of dimeric PSII complexes labeled with
Ni–NTA Nanogold and negatively stained with 0.75% uranyl acetate.
The labeled particles are in circles.
the Synechocystis PsbH protein enabled us to identify
the location of the His site more precisely within the
PSII complex. A careful comparison of the location of
the gold clusters in C. reinhardtii and Synechocystis PSII

Fig. 5. Schematic representation of the preferred orientations of unla-
beled (A) and labeled (B) PSII core complexes with respect to the car-
bon support Wlm. The gold labels are shown as black circles. The C2
symmetry axis of PSII dimer are shown as twofold symbols and bro-
ken lines. The labeled particle is tilted in respect to the support carbon
Wlm to expose His-tag labeling site.
Fig. 4. Single particle analysis of top-view projections of unlabeled (A–D) and PsbH-His PSII core complex labeled with Ni–NTA Nanogold (E). The
projections are presented as facing from the lumenal side of the thylakoid membrane and the number of summed images is: 530 (A), 483 (B), 385 (C),
542 (D), and 185 (E). The overall dimensions of the class average of the unlabeled PSII dimers are 23 £ 16 nm, whereas the dimension of labeled PSII
dimer is 23 £ 17 nm.
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complexes revealed that gold label in Synechocystis
preparation is slightly shifted with respect to the longer
edge of the complex.

At the present time, there are three published X-ray
crystal structures of cyanobacterial PSII at, respectively,
3.8 Å (Zouni et al., 2001), 3.7 Å (Kamiya and Shen, 2003)
and 3.5 Å resolution (Ferreira et al., 2004). All the three
models are almost identical with respect to the location
of the major PSII subunits and the arrangement of
cofactors. SigniWcant diVerences exist in the assignment
of the single transmembrane helices representing the low
molecular mass PSII subunits (Fig. 6, grey helices). In
case of PsbH subunit, Zouni et al. (2001) tentatively
assigned the PsbH protein to one of the three helices
clustered at the contact of two monomers, while Kamiya
and Shen (2003) placed the PsbH protein on the outside
of the monomer close to the D2 protein. In the latest
model, Ferreira et al. (2004) assigned the PsbH protein
as a single transmembrane helix next to the CP47 sub-
unit.

To locate the PsbH protein within the PSII complex
we have overlaid a model of transmembrane helix orga-
nization of PSII into top-view projection map of the

Fig. 6. Top-view projection map of the PsbH-His PSII core complex
labeled with Ni–NTA Nanogold overlaid with the cyanobacterial X-
ray model of the dimeric PSII core complex resolved at 3.5 Å resolu-
tion (Ferreira et al., 2004), Protein Data Bank accession number 1S5L.
Carbon atoms and amino acid side chains of the major PSII subunits
are in color spaceWll representation; i.e. CP47 (blue), CP43 (green), D1
(yellow), D2 (orange) and cytochrome b559 (violet). Single transmem-
brane helices assigned to low molecular weight PSII subunits are rep-
resented as solid ribbons in gray color except for subunits PsbH (in
red). Heteroatoms and extrinsic proteins are not shown. The Ni–NTA
Nanogold label is observed only at the one side of the complex (black
arrow). Since PSII particle is dimeric two PsbH subunits are present
within two fold rotational symmetry around the center of the complex
(red arrows).
gold labeled PSII particle. Fig. 6 shows that Ni–NTA
gold label is found to be close to the transmembrane
helices of the CP47 protein. This would suggest that the
PsbH protein corresponds to a single transmembrane
helix in the vicinity of the CP47 protein. Although we
have detected only one label attached to the PSII core
complex, the observed particle is a PSII dimer and,
therefore, two PsbH subunits are present within a two-
fold rotational symmetry around the center of the com-
plex (Fig. 6, red helices). The location of the PsbH
subunit is in good agreement with the assignment of the
PsbH subunit in the model of Ferreira et al. (2004) and it
seems highly likely that single transmembrane helix close
to the CP47 subunit corresponds to the PsbH protein.

Our results are also supported by the fact that the
PsbH protein plays important role in the biogenesis and
structure of PSII complex (Komenda et al., 2004; Suorsa
et al., 2004). Deletion of the PsbH subunit in C. reinhardtii
leads to the complete disappearance of PSII complex from
the thylakoid membrane documenting its role in the stable
assembly of PSII complex (O’Connor et al., 1998; Sum-
mer et al., 1997). A role of the PsbH protein in the stabil-
ization of the PSII complex has been recently supported
by recent data in which the isolated PSII complex from
the psbH deletion mutant of Synechocystis 6803 was sub-
jected to non-denaturing electrophoresis (Komenda et al.,
2002). In contrast to the isolated PSII complex from the
wild type, a large amount of the reaction center complex
D1–D2-cyt b559 appeared on the gel indicating that the
PsbH protein stabilizes the binding of the CP47 subunit to
the D1–D2 heterodimer. Such a role could also explain
the instability of the PSII core complex in C. reinhardtii,
since weak binding of CP47 to the heterodimer could
allow a fast proteolysis of PSII subunits before the com-
plex becomes fully assembled (Komenda et al., 2003).

5. Conclusions

Ni–NTA Nanogold label consists of a gold cluster
coupled to Ni2+–NTA (nitrilotriacetic acid) (Hainfeld
et al., 1999). The high binding aYnity of Ni2+ to multiple
histidine (His) sites was employed to label His-tagged
PsbH protein. Using a mutant of Synechocystis 6803
with a His-tag on the N terminus of the PsbH subunit,
we were able to identify the location of the PsbH subunit
within the PSII complex in electron microscope. Our
analysis suggests that labeling of His sites using Ni–
NTA gold cluster is a powerful approach to locate spe-
ciWc proteins within multisubunit protein complex.
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