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This work focuses on the development of a molecular tool for purification of Photosystem II (PSII) from
Nicotiana tabacum (L.). To this end, the chloroplast psbB gene encoding the CP47 PSII subunit was
replaced with an engineered version of the same gene containing a C-terminal His-tag. Molecular an-
alyses assessed the effective integration of the recombinant gene and its expression. Despite not
exhibiting any obvious phenotype, the transplastomic plants remained heteroplasmic even after three
rounds of regeneration under antibiotic selection. However, the recombinant His-tagged CP47 protein
associated in vivo to the other PSII subunits allowing the isolation of a functional PSII core complex,
although with low yield of extraction. These results will open up possible perspectives for further
spectroscopic and structural studies.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Photosystem II (PSII) is a multisubunit protein complex
embedded in the thylakoid membranes of oxygenic photosynthetic
organisms, where it performs a series of light-induced electron
transfer reactions leading to the splitting of water into protons and
molecular oxygen. The core complex of PSII is composed of about
16e17 intrinsic proteins and 3e4 extrinsic polypeptides encoded
by psb genes, most of which, in the case of eukaryotic photosyn-
thetic organisms (plants and algae), are plastidial and the
erazineethanesulfonic acid;
ickel-nitrilotriacetic acid.
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remainder nuclear (Pagliano et al., 2013). It contains several co-
factors, including chlorophylls, pheophytins, carotenoids, a heme,
plastoquinones, lipids, as well as the Mn4CaO5 metallo cluster,
which is the site of water oxidation (for the highest resolution
structures available of cyanobacterial and plant PSII see (Umena
et al., 2011; Wei et al., 2016)). It has been widely believed that
the PSII core complex normally functions as a dimer and the
monomeric complex may be an intermediate form in the normal
assembly pathway or in the damage-repair cycle (Barbato et al.,
1992; Hankamer et al., 1997; Danielsson et al., 2006). In each
monomer, four large intrinsic subunits, namely D1 (PsbA) and D2
(PsbD), binding most of the redox cofactors forming the electron
transport chain, and CP47 (PsbB) and CP43 (PsbC), functioning as
inner antenna proteins, together with the small intrinsic a and b
subunits (PsbE and PsbF) of cytochrome b559, form the reaction
centre (RC) of PSII. The RC is present in all oxygenic photosynthetic
organisms and is plastome-encoded in eukaryotes. In the PSII core
there are also several integral membrane subunits with low mo-
lecular mass (<10 kDa), accounting for more than half of the entire
complex (Shi and Schr€oder, 2004; Shi et al., 2012). Although plant
PSII has a core complex similar to that of cyanobacterial PSII, there
are major differences in their lumenal extrinsic domains stabilizing
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the oxygen-evolving complex (OEC) which contains the Mn4CaO5
cluster (subunits PsbO, PsbP, and PsbQ, vs. PsbO, PsbU, and PsbV),
and in their peripheral antenna systems (intrinsic light harvesting
complexes LHCIIs vs. extrinsic phycobilisomes). Moreover, in the
plant PSII core there are at least two small subunits that are not
present in cyanobacteria, the intrinsic PsbWand the extrinsic PsbR.

The highest resolution at which the crystal structure of cyano-
bacterial PSII has been solved is 1.9 Å (Umena et al., 2011), after a
decade-long optimization process starting from 3.8 Å resolution
(recently reviewed in Shen (2015)). The structures of plant PSII core
complexes have been firstly solved through cryo-electron crystal-
lography at 8e10 Å resolution (Rhee et al., 1998; Hankamer et al.,
1999, 2001). X-ray structures of isolated plant LHCII are available
at 2.5e2.8 Å resolution (Liu et al., 2004; Standfuss et al., 2005; Pan
et al., 2011) and of OEC subunits at 1.5e2.0 Å (Calderone et al.,
2003; Ifuku et al., 2004; Balsera et al., 2005). More recently, de-
tails of the structure of a plant PSII-LHCII supercomplex obtained by
cryo-electron microscopy at 3.2 Å resolution have been reported
(Wei et al., 2016), marking a new step-forwards towards compre-
hension of the specific interactions between different PSII compo-
nents. All these studies have resolved the basic structure of the
plant PSII core complex and its associated pigment-protein com-
plexes in higher plants. Now, optimization efforts are needed to
achieve the detailed descriptions of specific structures within the
plant PSII complex, as for example, the lumenal protein environ-
ment interacting with theMn4CaO5 cluster known to be different in
higher plants with respect to cyanobacteria, to underpin details of
the water-splitting reaction, which supplies our atmosphere with
the oxygen that we breathe. In this effort, isolation of an intact and
functional PSII core complex of higher plants to study its structure-
function relationships on a routine basis still remains a major and
challenging task. Previously, Leelavathi and Reddy (2003) demon-
strated, for the first time, the feasibility of over expressing a His-
tagged recombinant protein in higher plant plastids through
chloroplast genetic engineering approach and its subsequent pu-
rification using the ligand Ni-NTA system. This method has been
successfully applied by several other groups for the purification of
recombinant proteins from transplastomic plants and green algae
(Johnson et al., 2007; Fey et al., 2008). Therefore, the aim of the
present work was to extend this approach to tobacco plants by
adding a 8x His-tag to one of the PSII core subunits and develop a
protocol for an easy purification of the entire and functional PSII
core complex. The strategy we adopted relies on the translational
fusion of eight codons coding for histidine to the plastidial psbB
gene encoding the CP47 protein. However, the challenge in this case
is to insert the His-tag in a position that does neither alter the
protein folding nor interferewith posttranslational modifications, if
any, thus producing a recombinant protein retaining native func-
tions and dynamics in order to get a biologically active PSII com-
plex. Functional His-tagged CP47 proteins have been previously
produced in the cyanobacterium Synechocystis sp. PCC6803 (Bricker
et al., 1998; Kashino et al., 2002) and in the green alga Chlamydo-
monas reinhardtii (Suzuki et al., 2003), thus supporting the feasi-
bility of this approach in higher plants. Despite several cycles of
plant segregation and regeneration, we could not achieve complete
homoplasmy for the transplastome containing a chimeric psbB
gene to which a His-tag sequence was added; nevertheless, our
approach resulted in the successful production of transplastomic
plants accumulating a significant amount of PSII having His-tagged
CP47 protein, which was sufficient to pull down PSII particles using
Ni-NTA ligand. The isolated PSII complex was found to contain all
the main PSII core intrinsic subunits and the extrinsic proteins
PsbO, PsbP and PsbQ, and was active in evolving O2 when tested
under in vitro conditions. Taken together, these results demon-
strate the feasibility of our approach for the isolation of a functional
PSII core complex from transplastomic tobacco plants that might
facilitate further structural and functional studies of higher plant
PSII.
2. Materials and methods

2.1. Transformation vectors for the expression of recombinant genes
encoding Ne or C-terminal His-tagged CP47 protein in tobacco
chloroplasts

The plastid transformation vectors pVSRCP47HisN and
pVSRCP47HisC were generated using a Polymerase Chain Reaction
(PCR) based approach. Primers were designed to contain the desired
restriction sites for cloning each of the genetic elements and
modified psbB gene into pVSR326 (GenBank Acc. No. AF527485)
vector. An 8x His-tag along with a glycine linker (Gly-Gly-Gly-Gly)
were fused to CP47 either at the N-terminus or C-terminus for
efficient purification of the PSII complex. All the primers used in the
cloning or PCR reactions are included in Table S1. The region up-
stream psbB gene, containing part of clpP, was amplified using CP47-
5A HindIII and CP47-3A SacI primers using tobacco genomic DNA as
a template. The resulting PCR product was digested with HindIII and
SacI and ligated to pVSR326 digested with the same enzymes to
create pVSRclpP vector. In the next step, the psbB gene was ampli-
fied with CP47-5Ba and CP47-3Ba primers or CP47-5Bb and CP47-
3Bb primers to generate CP47His-BEG and CP47His-END DNA
fragments, respectively. The CP47-5Ba primer was designed to
introduce a 8x His-tag at the N-terminus of CP47 and the CP47-3Bb
primer to add a similar His-tag fusion at the C-terminus. The PCR
fragments CP47His-BEG and CP47His-END were digested with SacI
and KpnI and ligated to pVSRclpP vector digested with the same
restriction enzymes to create pVSRclpP:CP47HisBEG and
pVSRclpP:CP47HisEND vectors, respectively. In the next step, a 326
bp Oryza sativa psbA 30 Untranslated Region (UTR) was PCR ampli-
fied from the pVSR326 vector using PsbARterm5 and PsbARterm3
primers. The PCR product was digested with KpnI and ligated to
pVSRclpP:CP47HisBEG and pVSRclpP:CP47HisEND vectors digested
with KpnI to create intermediate vectors pVSRclpP:CP47HisBEGT
and pVSRclpP:CP47HisENDT, respectively. The vectors having cor-
rect orientation of the psbA 3’ UTR were selected by PCR using
orientation specific primers and later confirmed by sequencing. In
the final step, the accD flanking region, present in the original
pVSR326 vector, was replaced with CP47 FLKR region having psbT,
psbN, psbH and a part of petB gene sequences using a PCR approach.
The CP47 FLKR region was PCR amplified using CP47FLKRXho5 and
CP47FLKRSal3 primers. The PCR product was digestedwith XhoI and
SalI and ligated to pVSRclpP:CP47HisBEGT and pVSRclpP:CP47Hi-
sENDT vectors digested with XhoI and treated with alkaline phos-
phatase to create the final transformation vectors pVSRCP47HisN
and pVSRCP47HisC, respectively.
2.2. Generation of transplastomic lines expressing modified CP47

The particle delivery method described previously by Leelavathi
and Reddy (2003) was followed to generate stable transplastomic
tobacco (Nicotiana tabacum L. cv. Petit Havana) plants. Standard
procedures were followed to confirm stable integration and
expression of transgenes in the transplastomic plants (Sambrook
et al., 1989). PCR was used to identify the putative transplastomic
lines regenerated on spectinomycin (500 mg L�1) containing RMOP
medium (Leelavathi et al., 2003). Three rounds of regeneration on
spectinomycin selection were carried out to select homo-
transplastomic plants.
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2.3. Molecular characterization of transplastomic plants expressing
modified CP47

Plants confirmed positive for the presence of modified psbB
gene and selection (aadA) gene in the PCR analysis were further
analyzed by Southern blot analysis to confirm the site-specific
integration and the replacement of native wild-type psbB with
psbBHisN or psbBHisC gene, depending on the construct used.
Total genomic DNA isolated from different independently trans-
formed lines was digested with EcoRV and SpeI, electrophoresed
on 0.8% agarose gels and blotted onto Hybond-Nþ membrane.
Blots were probed with the coding region of psbB.

2.4. Thylakoid isolation from soil-grown plants

Transplastomic tobacco plants were transferred from culture
boxes to the soil and grown for ten weeks inside a growth chamber
(SANYO MLR-351H), at 20 �C, 60% humidity under a light regime of
8 h light and 16 h darkness per day, with a light intensity of
150 mmol m�2 s�1 photons. The same growth conditions were used
for wild-type plants.

For thylakoids extraction, tobacco leaves were homogenized in
50 mM HEPES pH 7.5, 300 mM sucrose, 5 mM MgCl2 and 6% (w/v)
polyvinylpyrrolidone in a ratio 100 g fresh leaves:200 mL buffer.
The homogenate was filtered on four layers of cotton cloth and
membranes sedimented by centrifugation at 1500g for 10 min.
Resulting pellets were washed once by centrifugation in the same
buffer. Pellets were resuspended in 5 mM MgCl2 and subsequently
diluted 1:1 with 50 mM MES pH 6.0, 400 mM sucrose, 15 mM NaCl
and 5 mM MgCl2 and spun down at 3000g for 10 min. Resulting
pellets were washed in 25 mM MES pH 6.0, 10 mM NaCl and 5 mM
MgCl2 and centrifuged at 4500g for 10 min. Finally, thylakoids were
resuspended in 25 mMMES pH 6.0, 100 mMNaCl, 5 mMMgCl2 and
0.5 M glycine betaine. If not immediately used, thylakoid mem-
branes were flash frozen in liquid nitrogen and stored at �80 �C.

2.5. PSII purification by Ni-NTA affinity chromatography

To isolate His-tag PSII cores, thylakoid membranes of trans-
plastomic plants at a chlorophyll (Chl) concentration of 1 mg mL�1

were solubilized with 50 mM n-dodecyl-b-D-maltoside (b-DDM)
for 10 min on ice, under gentle stirring. Unsoluble material was
removed by two centrifugation steps at 21000g for 10 min at 4 �C
and the supernatant was loaded on a Ni-NTA column previously
pre-equilibrated with a buffer composed of 25 mM MES pH 6.0,
100mMNaCl, 5 mMMgCl2, 0.5 M glycine betaine,10mM imidazole
and 0.03% (w/v) b-DDM (equilibration buffer). Binding of the ma-
terial to the Ni-NTA resin was enhanced through batch loading and
incubation for 1 h. After the column had beenwashed oncewith the
equilibration buffer, further washing continued with a buffer made
of 25 mM MES pH 6.0, 100 mM NaCl, 5 mM MgCl2, 0.5 M glycine
betaine, 20 mM imidazole and 0.03% (w/v) b-DDM (washing
buffer), until the absorbance at 675 nm was below 0.0005. Elution
of PSII cores was performed using a buffer with the same compo-
sition of the washing buffer, with the exception of an increased
imidazole concentration of 250 mM. Eluted PSII particles were
washed with a buffer made of 25 mM MES pH 6.0, 100 mM NaCl,
5 mM MgCl2, 1 M glycine betaine, 0.03% (w/v) b-DDM and 10 mM
NaHCO3, and finally concentrated by membrane filtration via
Amicon Ultra 100 kDa cut-off devices (Millipore) and flash frozen
for storage at �80 �C, if not immediately used.

2.6. Spectroscopic analyses

The Chl concentration was measured spectrophotometrically
after extraction in 80% (v/v) acetone according to Arnon (1949).
Native absorption spectra were recorded using a Lambda25 spec-
trophotometer (Perkin Elmer) at 12 �C.

2.7. Polyacrylamide gel electrophoresis of proteins and western
blotting

Sodiumdodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out using either the Laemmli's system
(Laemmli, 1970) with a 12.5% acrylamide resolving gel containing
5 M urea or the Tris-Tricine system (Sch€agger, 2006) with a 16%
acrylamide resolving gel containing 6 M urea. The separated
proteins were either stained by Coomassie brilliant blue R-250 or
transferred onto nitro-cellulose membrane and immuno-detected
with a specific His-tag antibody (GenScript code A00174), by using
the alkaline phosphatase conjugate method, with 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium as chromo-
genic substrates (Sigma-Aldrich). Pre-stained protein size markers
(Precision plus, Bio-Rad) were used for the estimation of apparent
size of isolated PSII core components. The identity of bands on the
SDS-PAGE was assessed by comparing the electrophoretic pattern
to that of similar plant PSII preparations obtained in our laboratory
and characterized by western blotting or mass spectrometry
(Pagliano et al., 2011; Barera et al., 2012).

2.8. Oxygen evolution measurements

The oxygen evolution was measured at 20 �C using a Clark type
oxygen electrode (Hansatech) under saturating light intensity
(1000 and 5000 mmol m�2 s�1 photons, respectively for thylakoids
and PSII cores). Measurements were performed on three inde-
pendent replicates in the presence of 0.2 mM 2,6-dichlor-
obenzoquinone and 2 mM K3 [Fe(CN)6] as electron acceptors in
25 mM MES pH 6.5, 5 mM CaCl2, 10 mM NaCl, 10 mM NaHCO3 and
1 M glycine betaine and with Chl concentrations of 10 and
5 mg mL�1, respectively, for isolated thylakoids and PSII cores.

3. Results and discussion

3.1. Development of vectors for the replacement of tobacco native
psbB gene with chimeric psbB genes to which a His-tag sequence
was added to encode Ne or C-terminal His-tagged CP47

Leelavathi and Reddy (2003) successfully used a His-tag based
approach for the purification of recombinant proteins accumu-
lated in the chloroplast. In the present study, a similar approach
was used to express a chimeric psbB gene with a His-tag at Ne or
C-terminal end of the CP47 protein, a crucial component of the
PSII complex. In addition to 8x His-tag, a Gly-linker was intro-
duced to improve the binding of the His-tagged CP47 to Ni-NTA
and preserve the PSII complex intactness.

To allow the site-specific recombination required to replace
native CP47 with a His-tagged CP47, the genomic region upstream
of the psbB gene, containing part of the clpP coding sequence, was
placed flanking the left side of the His-tagged psbB and the psbT,
psbN, psbH and a partial coding region of petB gene flanking the
right side of the selection marker aadA gene (Fig. 1A). The
selectable aadA gene was placed downstream to His-tagged psbB
without disrupting any native gene. The promoter and 5’ UTR of
native psbB were kept intact to allow physiological transcription of
the His-tagged psbB. A rice derived psbA terminator was inserted
for efficient termination of transcription, avoiding undesired ho-
mologous recombination events. The restriction map of the vec-
tors, possible site-specific recombination sites with the native
plastome and the partial chloroplast DNA map of the



Fig. 1. Introduction of the mutant psbB gene into the tobacco plastid genome. (A) Restriction map of vectors pVSRCP47HisN and pVSRCP47HisC, partial chloroplast DNA of tobacco
(cpDNA) and the transformed tobacco plant (Nt. 326CP47HisC-14) partial plastid DNA. The psbBHisN or psbBHisC are under the 50 expression signals of native psbB and 30 expression
signals of rice psbA. Lines with double arrow indicate the size of DNA fragments after the restriction digestion with relevant enzymes, EcoRV and SpeI. psbB probe (double arrow
with dashed line) used in Southern hybridization is also shown. Southern hybridization using psbB probe to show site-specific integration of psbBHisN (B) and psbBHisC (C) into
tobacco plastid genome. The arrow indicates the expected size band ~4.0 kb in the transplastomic plants; the ~2.0 kb band corresponds to native tobacco plastome.
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transplastomic plant are shown in Fig. 1A.
3.2. Generation of transplastomic tobacco plants containing a
modified psbB gene encoding a His-tagged CP47

The particle bombardment of leaf tissue with gold particles
coated with pVSRCP47HisN or pVSRCP47HisC plasmid DNA was
performed for generating transplastomic plants under spectino-
mycin selection (Leelavathi et al., 2003). For each construct, about
20e30 green shoots were recovered following spectinomycin se-
lection. In order to achieve homoplasmy of transplastomic plants,
three rounds of plant regeneration under spectinomycin selection
were carried out.
3.3. Molecular analysis for the stable integration and replacement
of native psbB with the modified psbB gene encoding a His-tagged
CP47

Southern hybridization was carried out to confirm the stable
integration of the chimeric His-tagged psbB genes into the plastome
of the spectinomycin-resistant lines. Four transplastomic plants
obtained from the transformation with pVSRCP47HisN vector were
found to contain the transformation cassette when analyzed by
Southern blotting. A band of ~4.0 kb in size was observed only in
the spectinomycin-resistant lines and was absent in the wild-type
plant (Fig. 1B). Similarly, six out of seven plants transformed with
pVSRCP47HisC were found to be positive in Southern hybridization.
An expected band of ~4.0 kb was present in all the positive plants,



C. Pagliano et al. / Plant Physiology and Biochemistry 111 (2017) 266e273270
while the same sized band was absent in the untransformed wild-
type plant (Fig. 1C). These results clearly demonstrate that a
sequence encoding a His-tagged CP47 had replaced the sequence
encoding the native CP47 in the tobacco plastome. However, a
~2.0 kb band corresponding to native psbB was still present in all
the transplastomic plants analyzed, suggesting that these plants
were still heterotransplastomic despite three cycles of regeneration
under spectinomycin selection. Even after a forth cycle of regen-
eration under same conditions, no homoplasmic line was obtained.
A possible explanation is that the native CP47 is able to integrate
into the PSII complex more efficiently than the His-tagged CP47,
suggesting that PSII complex assembly might be favoring the native
gene thus acting as a selective pressure. Nevertheless, more than
50% of the plastome copies in these plants contained the modified
psbB gene and significant amount of His-tagged CP47 should be
expected to be inserted in the PSII complex. This was evident in the
pull-down experiments where His-tagged CP47 was able to bind to
the Ni-NTA agarose column. Further biochemical and functional
analyses showed the presence of an active PSII complex containing
His-tagged CP47 protein.
3.4. Characterization of transplastomic plants with a C-term His-
tag CP47 subunit

When N-term CP47 His-tag and C-term CP47 His-tag mutants
were grown under standard conditions (20 �C, 8 h 150 mmol
photons s�1 m�2 light) on spectinomycin containing medium, a
remarkable reduction in the growth rate was observed in the N-
term CP47 His-tag mutant (Fig. 2). Since this mutant clearly dis-
played impaired growth, the C-term tagged mutant, hereafter
referred to as CP47 His-tag plant, was chosen for subsequent
transfer to the soil. When grown in soil under the same standard
conditions, wild-type and CP47 His-tag plants did not show sig-
nificant differences in the overall morphology, size, and growth
rate (data not shown). Oxygen evolution measurements per-
formed on isolated thylakoids to estimate directly the PSII activity,
showed similar rates of oxygen evolution both in the His-tagged
CP47 mutants and wild-type plants (188 ± 12 vs.
183 ± 13 mmol O2 mg Chl�1 h�1), with values comparable to those
reported in the literature for higher plants (Pagliano et al., 2011).
This demonstrates that the His-tagged complexes are functionally
active. The only difference detected between wild-type plants and
those expressing His-tagged CP47 was a slightly lower Chl a/b ratio
Fig. 2. Visual phenotype of CP47 His-tag tobacco mutants. N-term CP47 His-tag (A) and C
regeneration cycle on spectinomycin (500 mg L�1) containing medium.
in the thylakoids of transplastomic plants (3.24 ± 0.18) as
compared to that of wild-type tobacco (3.47 ± 0.04), a feature
already observed in other His-tagged PSII tobacco plants (Fey et al.,
2008).
3.5. Isolation and biochemical characterization of His-tag CP47 PSII
cores

Thylakoid membranes from transplastomic tobacco plants were
solubilized with b-DDM and loaded on a Ni-NTA column. The His-
tag PSII complexes were eluted and checked by western blotting
with a specific antibody against the His-tag. This analysis
confirmed the recombinant nature of the CP47 His-tag PSII cores
of the isolated particles (Fig. 3A). The content of pigment binding
protein complexes was evaluated by recording absorption spectra
of the isolated particles in the wavelength region from 350 to
750 nm. Fig. 3B shows spectra of CP47 His-tag PSII cores (solid
line) and solubilized thylakoids (dashed line), normalized to the
maximum in the red region for an easier comparison. Solubilized
thylakoids, similarly to flow-through fractions (data not shown),
showed the characteristic peaks of Chl a, Chl b and carotenoids.
Structural studies on photosynthetic complexes isolated from
higher plants clearly assessed that Chl b and high amounts of
xanthophylls (lutein, neoxanthin and violaxanthin) are bound to
the antenna complexes of both PSI and PSII, but not to their
respective cores (Ben-Shem et al., 2003; Liu et al., 2004; Amunts
et al., 2007; Umena et al., 2011; Wei et al., 2016). The spectrum
of the CP47 His-tag PSII cores showed marked reductions in the
absorption of Chl b (~647 nm) and xanthophylls (~480 nm) of the
antenna complexes, indicative of absence of LHCII polypeptides
bound to the cores. These results demonstrate that the protocol
developed for the purification allows isolating PSII cores free of
outer antenna proteins from thylakoid membranes.

The polypeptide composition of His-tag PSII complexes isolated
from mutant plants were investigated by denaturing SDS-PAGE
(Fig. 4). This analysis revealed that the isolated PSII particles
contained all the main subunits expected in a plant PSII core: the
intrinsic subunits D1 and D2 of the reaction centre, the inner
antenna proteins CP47 and CP43, and the extrinsic polypeptides
PsbO, PsbP and PsbQ. In addition, some small subunits were visible
in the low molecular mass region of the Tris-Tricine SDS-PAGE
(Fig. 4), suggesting the presence of a full complement of low
molecular mass PSII subunits in this preparation. However, a
-term CP47 His-tag (B) tobacco mutants inside culture boxes at the end of the third



Fig. 3. Western blot analysis and absorption spectrum of the PSII cores isolated from CP47 His-tag tobacco mutants. (A) Western blot analysis using the His-tag antibody of wild-
type thylakoids (Wt Thyl), CP47 mutant thylakoids (CP47 His-tag Thyl) and PSII cores isolated by Ni-NTA affinity chromatography from CP47 mutant thylakoids solubilized with b-
DDM (CP47 His-tag PSII). 5 mg Chl for thylakoids and 1 mg Chl for PSII were loaded on a SDS-PAGE performed according to Laemmli's system (Laemmli, 1970). Marker, pre-stained
protein markers (Precision plus, Bio-Rad) with their apparent molecular weight (kDa) indicated. (B) Absorption spectrum of CP47 His-tag PSII cores (solid line) isolated by Ni-NTA
affinity chromatography and, for comparison, a spectrum of solubilized thylakoids (dashed line) loaded onto the chromatographic column. Spectra are normalized to the maximum
in the red region.
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certain amount of some polypeptides not belonging to PSII was
found in the sample. Based on their positioning on the gel, and on
earlier reports about impurities using the Ni-NTA technique with
thylakoid membranes (Fey et al., 2008), they likely correspond to
PSI and ATP-synthase subunits that have a natural affinity for the
matrix. Despite such impurities, the purification protocol adopted
in this work succeeded in the isolation of His-tag PSII core com-
plexes functionally active, as demonstrated by the rate of oxygen
evolution measured around 516 ± 28 mmol O2 mg Chl�1 h�1. This
value is comparable with activities displayed by some PSII cores
preparations obtained from other His-tagged PSII tobacco plants
(Fey et al., 2008). Considering the direct involvement of the inner
antenna protein CP47 in the energy transfer pathway within PSII
(Wei et al., 2016), such high rate of oxygen evolution indicates that
the insertion of the His-tag operated at the C-term of CP47 does
not interfere with its native folding and binding to the reaction
centre subunits and ultimately does not compromise the photo-
catalytic activity of the PSII core in the transplastomic plants.
These results demonstrate that the isolated His-tag PSII core
complexes are suitable for further functional and structural ana-
lyses requiring fully active preparations, such as spectroscopic
measurements and single-particle cryo-electron microscopy,
which are still needed to thoroughly elucidate the structure-
function relationships of PSII in higher plants. For instance, CP47
His-tag PSII particles retaining the full complement of OEC sub-
units isolated from dark-adapted and illuminated plants could be
used for cross-linking experiments of the extrinsic subunits in
combination with single-particle cryo-electron microscopy for
high-resolution probing of local conformational changes expected
to occur in the flexible regions of PsbP and PsbQ when they bind
to the PSII core in an active catalytic state, ultimately contributing
to the understanding of the water-splitting reaction and its envi-
ronment in higher plants.

3.6. Yield of extraction

In higher plant thylakoids, the PSII/PSI stoichiometry varies
roughly between 1 and 2.5, depending on light quality differences
during plant growth (Fan et al., 2007). Within PSII, the majority of
the Chl molecules are not bound to the PSII core in vivo, but to LHCII
peripheral antenna complexes. The plant PSII core contains 35 Chl
per reaction centre (Wei et al., 2016), and the total Chl per PSII
reaction centre is considered to be around 600, depending on plant
growth light conditions (Wild et al., 1986). Thus, the maximal yield
of PSII cores, which can be expected in terms of chlorophyll, is only
around 6%. In our preparations, approximately 0.25% of chlorophyll
of the starting thylakoids was retrieved in the purified His-tag PSII
cores, thus we can estimate a yield of about 4% of pure PSII cores.
The molecular tool developed for isolating PSII from N. tabacum
described in this work could provide a one-step method of purifi-
cation of functional PSII cores directly from thylakoid membranes,
alternative to longer and less efficient procedures (i.e., sucrose



Fig. 4. SDS-PAGE of the PSII cores isolated from CP47 His-tag tobacco mutants. Coo-
massie stained Tris-Tricine SDS-PAGE performed according to Sch€agger (2006) of wild-
type thylakoids (Wt Thyl), CP47 mutant thylakoids (CP47 His-tag Thyl) and PSII cores
isolated by Ni-NTA affinity chromatography from CP47 mutant thylakoids solubilized
with b-DDM (CP47 His-tag PSII). 10 mg Chl were loaded for thylakoids and 5 mg Chl
were loaded for PSII. Marker, pre-stained protein markers (Precision plus, Bio-Rad)
with their apparent molecular weight (kDa) indicated.
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density gradient ultracentrifugation), that can be applied on a
routine basis for studying structural and functional aspects of PSII
in higher plants.

4. Conclusions

A successful attempt has been made to express a His-tagged
CP47 protein in tobacco chloroplasts through genetic trans-
formation approach. C-term His-tag CP47 plants did not show
significant differences in growth parameters and overall
morphology with respect to wild-type plants. The C-term His-
tagged CP47 subunit has been found to integrate itself into the
PSII core complex. Pull-down experiments using Ni-NTA affinity
chromatography, protein profile analysis and steady state oxygen
evolution measurements showed the feasibility of isolating an
intact and functional PSII core complex with a His-tag CP47 sub-
unit from transplastomic tobacco plants. These findings may open
up new opportunities to elucidate further structural and func-
tional aspects of the PSII complex from higher plants.
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