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Abstract
The assembly of large, multi-cofactor membrane protein complexes like photosystem II (PSII) requires a high level of coor-
dination. The process is facilitated by a large network of auxiliary proteins that bind transiently to unassembled subunits, 
preassembled modules or intermediate states of PSII, which are comprised of a subset of subunits. However, analysis of these 
immature, partially assembled PSII complexes is hampered by their low abundance and intrinsic instability. In this study, 
PSII was purified from the thermophilic cyanobacterium Thermosynechococcus elongatus via Twin-Strep-tagged CP43 and 
further separated by ion exchange chromatography into mature and immature complexes. Mass spectrometry analysis of the 
immature Psb27-PSII intermediate revealed six different Psb27 proteoforms with distinct lipid modifications. The maturation 
and functional role of thylakoid localized lipoproteins are discussed.
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Abbreviations
Chl	� Chlorophyll
CID	� Collision-induced dissociation
IEC	� Ion-exchange chromatography
IMAC	� Immobilized metal affinity chromatography
MS	� Mass spectrometry
PDM	� PratA-defined membrane
PG	� Phosphatidyl glycerol
RP-LC	� Reversed-phase liquid chromatography
PSII	� Photosystem II
TIC	� Total ion count
TS	� Twin-Strep

Introduction

Photosystem II (PSII), the water-splitting enzyme of oxy-
genic photosynthesis, is a large membrane protein complex 
that consists of more than 20 subunits and many cofactors 
(Umena et al. 2011). Biogenesis of PSII and its repair in 
cyanobacteria involve a stepwise assembly process facili-
tated by numerous auxiliary protein factors, which are not 
part of the active, dimeric protein complex (Heinz et al. 
2016; Komenda et al. 2012; Mabbitt et al. 2014). Psb27, one 
of these auxiliary factors, was identified in partially assem-
bled PSII complexes of cyanobacteria (Kashino et al. 2002; 
Nowaczyk et al. 2006). It binds to an inactive PSII assem-
bly intermediate, which is almost fully assembled except for 
binding of the extrinsic subunits (PsbO, PsbU and PsbV). 
Psb27 plays a role in PSII assembly as well as repair, par-
ticularly under stress conditions (Chen et al. 2006; Grasse 
et al. 2011; Roose and Pakrasi 2008). Two orthologues of 
Psb27 are present in Arabidopsis thaliana (At1g03600, 
At1g05385) and both are involved in PSII assembly or 
repair, with the latter (also referred to as LPA19) being 
more related to assembly (Chen et al. 2006; Wei et al. 2010). 
Although genes encoding similar proteins are also present 
in other photosynthetic eukaryotes like red and green algae, 
as well as diatoms, their function has not been studied yet.

The structure of isolated cyanobacterial and plant Psb27 
has been solved four times in total, two times by NMR 
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spectroscopy (Cormann et al. 2009; Mabbitt et al. 2009) and 
two times by X-ray crystallography (Michoux et al. 2012; 
Xingxing et al. 2018). All structures revealed a four-helix 
bundle with a right-handed up-down-up-down topology. The 
exact binding position of Psb27 on partially assembled PSII 
complexes and its structural function was a matter of debate 
for some time. Sequence analysis revealed the presence of 
a signal sequence that indicated a binding position at the 
PSII lumenal side, which was supported by in vitro recon-
stitution experiments (Nowaczyk et al. 2006). The Psb27 
structural models enabled in silico docking (Cormann et al. 
2009) as well as mass spectrometry (MS)-based methods for 
the identification of its binding position on PSII (Cormann 
et al. 2016; Liu et al. 2013, 2011), however with contradic-
tory results (see also Heinz et al. (2016)). Very recently, 
two groups solved structures of Psb27-containing PSII com-
plexes by cryo-electron microscopy, which show the Psb27 
binding position on PSII with atomic resolution (Huang 
et al. 2021; Zabret et al. 2021). Psb27 is oriented with helix 
2 and helix 3 towards PSII and forms specific contacts with 
the CP43 lumenal loop regions between helix 3 and helix 4, 
as well as with the E-loop between helix 5 and 6.

Association of Psb27 with free CP43 was shown previ-
ously based on biochemical data (Komenda et al. 2012) and 
its specific localization might indicate a general stabilizing 
function of Psb27 for the large lumenal E-loop of CP43 
– e.g. chaperoning the association of free CP43 to the reac-
tion center complex with CP47 (RC47)—and an indirect 
role for the assembly and photoactivation of the Mn4CaO5 
cluster, the water-splitting center of PSII. Psb27 is – as most 
of the analyzed assembly factors – not essential for PSII 
biogenesis and repair, at least under optimal growth con-
ditions (Grasse et al. 2011; Roose and Pakrasi 2008) and 
its binding does not induce obvious structural differences 
(Zabret et al. 2021). The structure of the CP43 E-loop is 
almost identical in all available structures – at least from 
thermophilic cyanobacteria—independent of the presence 
or absence of Psb27 or the extrinsic proteins (Zabret et al. 
2021). However, in Spinach this domain seems to be more 
flexible without the extrinsic proteins according to a recent 
high-speed atomic force microscopy study (Tokano et al. 
2020) and in the mesophilic cyanobacterium Synechocystis 
sp. PCC 6803 (in the following Synechocystis), binding of 
Psb27 supports PSII photoactivation, probably by stabiliz-
ing CP43 in a specific conformation (Avramov et al. 2020). 
Psb27 has only little overlap with the binding position of 
PsbO but its presence might still lower the binding affinity 
of PsbO, which would support the initial idea that Psb27 
may prevent the premature binding of PsbO to keep the site 
of cluster assembly in a more open conformation for the 
incorporation of ions (Becker et al. 2011; Nowaczyk et al. 
2006). Interestingly, a density was found in the Psb27-PSII 
structure, which might correspond to the first manganese 

atom bound to the high-affinity site in the process of PSII 
photoactivation (Zabret et  al. 2021). Moreover, the D1 
C-terminus, which is important for the coordination of the 
Mn4CaO5 cluster in mature PSII, was resolved and it clearly 
adopts a different conformation, which opens the cluster 
binding site (Zabret et al. 2021).

Another striking feature of cyanobacterial Psb27 is its 
N-terminal lipid modification. Psb27 is translated with an 
N-terminal signal sequence, which is cleaved off at a spe-
cific site during transfer through the thylakoid membrane. 
The mature protein starts with an N-terminal cysteine resi-
due, which is modified by a thioether linked diacyl-glycerol 
moiety and a single acyl chain attached to the N-terminus 
(Nowaczyk et al. 2006). Although the Psb27 amino acid 
chain was traced to the N-terminal cysteine residue, the 
actual lipid modification is not visible in the current struc-
ture of the complex (Zabret et al. 2021).

In the present study, a novel method for the isolation of 
highly purified (intermediate) complexes from T. elongatus 
via TwinStrep-tagged PSII is described. This method ena-
bled detailed mass spectrometry analysis of an intermediate 
Psb27-PSII complex, revealing six Psb27 proteoforms with 
different lipid modifications.

Experimental procedures

Generation and cultivation of T. elongatus strains

The PsbC-subunit (CP43) of the Thermosynechococcus 
elongatus (T. elongatus) BP-1 wild-type was extended at the 
C-terminus by a Twin-Strep(TS)-Tag (Schmidt et al. 2013) 
with the sequence GSSAWSHPQFEKGGGSGGGSGG-
SAWSPQFEK as described previously (Zabret et al. 2021). 
For the isolation of His-tagged PSII, the same strain and 
conditions were used as described before (Grasse et al. 2011; 
Nowaczyk et al. 2006). Cultures were cultivated in BG-11 
medium at 45 °C in 25 L-photobioreactors (Bioengineering) 
supplied with 5% CO2. Light intensity was adjusted to cell 
density from 50 to 300 µmol photons·m−2·s−1 (Kuhl et al. 
2000).

Purification of photosystem II and sample 
preparation

Thylakoid membranes and proteins samples were prepared 
based on previous work (Kuhl et al. 2000; Nowaczyk et al. 
2006; Zabret et al. 2021). In brief, isolated membranes were 
resuspended and homogenized in a Dounce homogenizer 
for three times in 80 ml Buffer B (20 mM Tris pH 7.5, 
10 mM MgCl2, 10 mM CaCl2, 0.5 M mannitol). After sec-
ond homogenization, 0.05% (w/v) n-dodecyl-β-D-maltoside 
(β-DDM) were added. After centrifugation (22,000 rcf, 
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15 min, 4 °C) in a JLA16.250 rotor, pellets were resus-
pended in extraction buffer (Buffer B supplied with 1.2% 
n-dodecyl β-D-maltoside, 0.5% (w/v) Na-chelate and a spat-
ula tip DNase I) and the chlorophyll content was adjusted to 
1 mg·ml−1. After incubation for 30 min at 20 °C, the sample 
was ultracentrifuged for 1 h at 4 °C (Beckmann Type 45 
Ti Fixed-Angle Titanium Rotor, 102,800 rcf). The resulting 
supernatant was filtered and applied on the corresponding 
affinity chromatography columns. For the purification with 
the His-Tag, all buffers were used with 20 mM MES, pH 6.5 
instead of Tris-Buffers. To prevent any photodamage, all 
steps were performed in the dark or under dim green light.

Streptactin affinity chromatography was performed with 
IBA Lifescienes streptactin Superflow hc cartridges (5 ml) 
in TS-Equilibration Buffer (Buffer B with 150 mM NaCl, 
0.03% (w/v) β-DDM). Proteins were eluted in TS-Elution 
Buffer (TS-Equilibration Buffer supplied with 2.5 mM 
desthiobiotin). Immobilized Ni2+-Chelate affinity chro-
matography (IMAC) was performed as described before 
(Nowaczyk et al. 2006). After affinity chromatography, the 
elution buffers were exchanged to IEC-Equilibration Buffer 
(20 mM MES pH 6.5, 10 mM MgCl2, 10 mM CaCl2, 0.5 M 
mannitol, 0.03% (w/v) β-DDM) and proteins were further 
separated by anion exchange chromatography (IEC) (Kuhl 
et al. 2000). Samples were applied onto UNOQ6 columns 
(Bio-Rad) and eluted with IEC-Elution Buffer (IEC-Equili-
bration buffer with 100 mM MgSO4).

Analysis of proteins with polyacrylamide gel 
electrophoresis

The oligomeric state of the protein complexes was deter-
mined with Blue Native PAGE (Schägger and Jagow 1991) 
with a gradient from 3.5 to 16% polyacrylamide. Proteins 
were separated by denaturing SDS-PAGE in an 12% poly-
acrylamide gel with 5 M urea (Schägger and Jagow 1987). 
As a size standard, PageRuler #26614 (Thermo Scientific) 
was used.

Oxygen evolution measurements

Oxygen evolution was measured under continuous illumina-
tion with strong white light (Schott Fiber Optics™ KL 2500 
LCD Illuminator, 1,300 lm, color temperature: 3,300 Kelvin) 
at 30 °C in a home-made setup using a Fibox 3 system with 
an oxygen sensitive optode (DP-PSt3-L2.5-ST10-YOP, Pre-
Sens Precision Sensing GmbH). The system was calibrated 
using air-bubbled (100% O2) and sodium dithionite saturated 
(0% O2) water.

PSII samples were diluted in 1 ml of activity buffer 
(20 mM MES pH 6.5, 1 M betaine, 10 mM CaCl2, 10 mM 
MgCl2, 0.03% (w/v) β-DDM) to a final concentration of 
2–5 µg Chl·ml−1, supplied with 5 mM potassium ferricyanide 

and 1 mM 2,6-dichloro-1,4-benzoquinone (DCBQ) as artifi-
cial electron acceptors and incubated in the dark until a sta-
ble baseline was reached. After turning on the light, oxygen 
evolution was monitored for at least 20 s in the linear range.

Mass spectrometry analysis

Samples were analyzed as described previously (Thanga-
raj et al. 2010). Purified proteins were precipitated in 80% 
acetone for 1 h at − 20 °C to remove salts, detergent and 
most pigments. Proteins were resuspended in 90% formic 
acid and the different subunits of the PSII complexes were 
separated at a flow rate of 100 µl·min−1 via reversed-phase 
liquid chromatography (RP-LC) by a PLRP-S column (par-
ticles: 5 µm, pores: 300 Å, 2·100 mm; Agilent) on a 140B 
Solvent Delivery System; Applied Biosystems. The columns 
were heated to 45 °C. Proteins were eluted by a discontinu-
ous gradient from 0–90% (mobile phase: 0.05% TFA in 1:1 
1-propanole/acetonitrile; stationary phase 0.05% TFA in dis-
tilled water) over 180 min. Eluates were split, one part ana-
lyzed by ESI–MS with a low-resolution mass spectrometer 
(LTQ, Thermo Finnigan) and the other collected in a fraction 
collector and later used for high-resolution top-down FTICR 
MS (7 T LTQ FT; Thermo Scientific). There, the total ion 
count (TIC) of the protein spectra was detected in a mass 
range of 700–2,000 m/z. Analysis of the spectra was done 
with MagTran (Version 1.03. (Zhang and Marshall 1998)). 
Fractions were stored at −80 °C until usage.

Top-down MS with selected fractions from the LC–MS 
runs was performed in a FTICR MS mass spectrometer 
(Thermo Scientific) with nanospray ionization at 1.7–1.9 kV 
in metal-steamed emitter tips (Proxeon) at a flow rate of 
20–50  nl·min−1. TIC was analyzed at a mass range of 
300–2,000 m/z with a resolution of 60,000 and isolated ions 
were separated via collision-induced dissociation (CID) at 
15–20%. MS3 spectra were obtained for Psb27 via an addi-
tional ion isolation and CID. Obtained data were analyzed 
with ProSightPC (Version 2.0, Thermo Scientific) against a 
database of T. elongatus proteins.

Results

A T. elongatus mutant line with a Twin-Strep-Tag (TS-Tag) 
fused to the PsbC (CP43) C-terminus was created (Fig. 1) 
and native PSII complexes of high purity were isolated by 
Strep-Tag affinity chromatography. Further separation of 
different (intermediate) PSII complexes was achieved by 
anion exchange chromatography (IEC). The results were 
compared with a previously established PSII preparation 
via His-tagged CP43 (Grasse et al. 2011; Nowaczyk et al. 
2006) (Fig. 2a). With both techniques, two monomeric and 
three dimeric protein complexes were separated during IEC, 
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showing the same, expected subunit composition (Fig. 2b 
and c, Table 1): All isolated complexes contain the core 
subunits D1, D2, CP43 and CP47, as well as several small 
subunits. The first IEC peak corresponds to monomeric PSII 
containing the auxiliary factor Psb27, whereas the extrinsic 
subunits PsbU and PsbV are missing. PsbO is not completely 
absent in this sample, most likely due to the overlap between 
the first and the second IEC peak fraction. The fractions 2–4 
contain complexes with the protein composition of mature 
PSII. These complexes show oxygen evolution rates as 
reported before (Table 1), even though the pH was changed 
from 6.5 to 7.5 during affinity chromatography to comply 
with the requirements of the streptactin column material. 
The fifth fraction corresponds to a dimeric PSII complex 
with Psb27, but without the extrinsic subunits (Grasse et al. 
2011). In comparison, the amount of co-isolated proteins is 
clearly reduced in the PSII TS-preparation. Particularly, the 
purity of the inactive, monomeric Psb27-PSII complex is 
increased by completely removing photosynthetic complex 
I (aka NDH-1), which is usually co-purified during IMAC 
purification of His-tagged PSII (Fig. 2). However, several 
subunits of the very high abundant cyanobacterial light har-
vesting complexes (phycobilisomes) are still present in this 
PSII fraction.

Due to the high purity of the Psb27-PSII complex, it was 
an ideal candidate for further characterization by top-down 
mass spectrometry to gain novel insights into post trans-
lational protein modifications, particularly into the lipid 
modification of Psb27. In contrast to a bottom-up approach, 

where proteins are cleaved into peptides by site-specific 
enzymes (e.g. trypsin), top-down MS is focused on intact 
proteins. The method is challenging, particularly for mem-
brane proteins, as larger (and often hydrophobic) entities 
must be separated by RP-LC and subsequently analyzed 
by mass spectrometry. However, it enables precise assign-
ment of post translational modifications based on the mass 
of the intact protein and it provides also information about 
the amino acid sequence, as peptide bonds within the intact 
protein can be cleaved by collision-induced dissociation 
(CID) in a subsequent MS/MS experiment.

Consequently, proteins of the Psb27-PSII complex were 
separated in the first step by RP-LC and analyzed by MS 
to acquire low-resolution m/z values for each component. 
An aliquot of the eluates was collected, and specific frac-
tions were used for subsequent analysis by high-resolution 
MS/MS. In the primary LC–MS dataset, Psb27 was found 
in six different proteoforms (a-f) with very similar reten-
tion times (Fig. 3) and masses (Fig. 4a, 5a and 6). The 
presence of Psb27 was confirmed by high-resolution MS/
MS analysis of the different fractions (Fig. 4b and 5b), 
where initially only y-ions (those including the protein’s 
C-terminus), but no b-ions could be assigned to Psb27. 
The assignment of spectra is limited by unknown modifi-
cations due to the lack of knowledge about the exact posi-
tion, mass and quantity. Based on previous data on Psb27 
(Nowaczyk et al. 2006), the lack of N-terminal ions can 
be traced back to the lipid modification of the N-terminal 
cysteine of Psb27. The small mass differences between 

Fig. 1   Construction of the CP43-TS-Tag mutant and amino acid 
sequence of the Psb27 N-terminus. a Schematic view of the construct 
that was used to generate the CP43-TS-Tag mutant (CmR: chloram-
phenicol-resistance cassette) and b segregation analysis by PCR with 
genomic DNA from T. elongatus wild-type (WT) and mutant (MT) 
as template. c Amino acid sequence of Psb27 with its signal septide 

(underlined), the lipobox motif (grey) and the conserved N-terminal 
cysteine residue (light grey), which is  modified by lipidation after 
cleavage of the signal peptide (consensus sequence of the lipobox: 
[LVI]−3[ASTVI]−2[GAS]−1[C]1). Cleavage occurs directly before the 
cysteine (vertical line)
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the Psb27 proteoforms indicate typical variations of the 
diacyl-glycerol moiety due to heterogeneity of the fatty 

acid composition (Fagerlund and Eaton-Rye 2011). The 
first ion at the N-terminus, called b1-ion, consists of only 

Fig. 2   Purification of PSII complexes via tagged CP43 by IMAC 
chromatography (left) or purification with the TS-Tag (right). a IEC-
Chromatograms of affinity purified PSII. b Subunit composition of 

the isolated PSII complexes by SDS-PAGE and c confirmation of 
mono- and dimeric states by BN-PAGE. * and # were assigned to 
phycobilisome subunits

Table 1   Characteristics of 
isolated PSII complexes

PSII activities were determined by measuring the O2 evolution rates of isolated protein complexes

IEC Peak P1 P2 P3 P4 P5

Oligomeric state Monomeric Monomeric Dimeric Dimeric Dimeric
Relative amount (%) 11 9 50 23 7
Activity
(µmol O2·mg Chl−1·h−1)

112 2,814 4,900 2,120 0

Complex Psb27-PSII PSIIM(act) PSIID(act) PSIID(low) PSIID(inac)
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the (modified) cysteine and therefore is the most interest-
ing ion to detect. To enable the assignment of b-ions, the 
total protein mass of the different Psb27 species was cal-
culated from the m/z values acquired in the initial LC–MS 
experiment (Table 2, Fig. 4a, 5a and 6) and compared to 
the theoretical mass of the unmodified Psb27 sequence. 
Appropriate combinations of known lipids/fatty acids from 
cyanobacterial membranes (Allakhverdiev et al. 2001) 
were examined to explain the observed mass difference. 
Only by increasing the mass by 842.76 Da (C55O5H102), 
N-terminal b-ions could be assigned to species d in the 
MS/MS spectra (Fig. 4b, red ions). The detected y-ions 
(blue) remained unchanged. This mass corresponds to the 
substitution mass of a cysteine modification with glyc-
erol, two oleic acids [C18:1] and one palmitic acid [C16:0] 
(Fig. 4b, box). By applying this modification, the b1-ion 
(944.773 m/z, Fig. 4c) and the b4-ion (CmodANV, mass: 
1,228.92 m/z) were identified, suggesting a modification 
of Psb27 species d by this lipid-combination. Other fatty 
acids did not yield any comparable cross-correlations. The 
b1-ion itself was further cleaved by CID to acquire MS3 
spectra that resulted in a loss of 28 Da (Fig. 4d), which 
corresponds most likely to a dissociation of the carboxy 
group (Tabb et al. 2003), yielding the a1-ion, instead of 
further cleavage of peptide bonds.    

Similar as for species d, only y-ions were detected for 
Psb27 species c (Fig. 5b, blue). The N-terminal b-ions of 
the Psb27 species c, including the b1- (Cmod) and b4-ion 
(Fig. 5c and d, respectively), were successfully assigned 

after addition of C53O5H100 (817.35 Da), which corresponds 
to a modification of the N-terminal cysteine with two C16:0 
and one C18:1 fatty acid (Fig. 5b, box).

Based on the successful identification of the lipids of 
Psb27 species c and d, the modifications of the remaining 
species a, b, e and f were assigned by comparing the mass 
differences of the detected intact ions (Fig. 6a–d) with the 
theoretical mass of Psb27. Only specific combinations of the 
masses of stearic acid (C18:0), oleic acid (C18:1), palmitic 
acid (C16:0) and palmitoleic acid (C16:1), together with the 
diacyl-glycerol moiety, fit to the calculated mass differences 
and were therefore assigned as modifications of the Psb27 
N-terminus (Table 2). The presence of five different fatty 
acids reveals a high variability of the Psb27 lipid modifica-
tion. However, our data does not distinguish, which fatty 
acid residue is at the N-terminal amine, or the sn1 or sn2 
position of the glycerol sidechain residue.

Discussion

Achieving high protein purity is one important goal in pro-
tein biochemistry, as all further steps of characterization 
depend on sample quality. Integrity of the sample and its 
homogeneity are for example important criteria for structural 
or spectroscopic investigations. Large, multi-subunit mem-
brane protein complexes, like PSII, are particularly chal-
lenging to isolate due to their high complexity and hydro-
phobic nature. Moreover, PSII assembly intermediates are 
even more challenging to isolate due to their low abundance 
and intrinsic instability, as reviewed in Heinz et al. (2016). 
Therefore, highly specific affinity purification methods are 
of great importance for these approaches.

Here, we compared the isolation of PSII complexes from 
T. elongatus by two different affinity chromatography meth-
ods: immobilized metal affinity chromatography with His-
tagged CP43 and streptactin affinity chromatography by use 
of Strep-tagged CP43, respectively. Based on our previous 
experience with Strep-tagged membrane protein complexes 
(Schuller et al. 2019, 2020) we selected the sequence of two 
Strep-Tag II affinity markers (WSHPQFEK) separated by a 
spacer sequence (GGGSGGSGGSA). This Double- or Twin-
Strep-Tag (TS-Tag) increases the affinity towards the strep-
tactin affinity matrix, as it binds to two of the four Strep-Tag 
binding sites within the streptactin tetramer (Schmidt et al. 
2013). The affinity purification step was followed by IEC to 
separate five different PSII species, which differ in protein 
composition and oligomeric state (Grasse et al. 2011). The 
first IEC fraction represents a PSII assembly intermediate 
with bound Psb27 and particularly the purity of this frac-
tion was improved by use of the TS-Tag/streptactin system. 
Photosynthetic complex I, which is the main contaminant 
of Psb27-PSII isolated via CP43-His from T. elongatus is 

Fig. 3   LC–MS TIC (basepeak) of Psb27 species a to f of inactive, 
monomeric PSII (Peak 1, PSII(M,inac)) after separation by RP-HPLC. 
The masses of the Psb27 species are shown in Table 1
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absent if CP43-TS-Tag is used. Moreover, the TS-Tag has 
no negative effect on the growth of the culture, the oxy-
gen evolution rate or the stability of the isolated complex. 
The isolated Psb27-PSII complex was further analyzed by 
top-down mass spectrometry to investigate the Psb27 lipid 
modification in detail.

An estimated amount of 1%–3% of all bacterial genes 
encode lipoproteins and for T. elongatus, 0.44%–0.81% of all 
proteins are predicted lipoproteins (Babu et al. 2006). They 
are targeted to lipidation by the lipobox sequence motive, 
which is part of the cleavage site of an N-terminal signal 

peptide (Fig. 1c). After cleavage of the signal sequence by 
signal peptidase II during transport through the membrane, 
the conserved N-terminal cysteine residue is modified by 
diacyl-glyceryl transferase with the diacylglycerol moiety 
of a phosphatidyl glycerol (PG) molecule (Gan et al. 1993). 
Finally, the processed N-terminus is additionally acylated 
with a single acyl chain by N-acyl transferase (Tokunaga 
et al. 1982).

The role of lipoproteins in cyanobacteria may be under-
estimated because detailed knowledge about their structure 
and function is often missing. In Syncechocystis, at least 40 

Fig. 4   Top-down MS of Psb27 
proteoform d. a Distribu-
tion of intact ions of Psb27d 
proteoform. b MS2-spectrum 
at 1,043.40 m/z after CID. 
b-ion series are labelled in red, 
y-ion series in blue. *indicates 
b-ions found after addition of 
the proposed modification at the 
N-terminus by a specific lipid 
modification with a mass of 
842.76 Da. Box: Modification 
(black) of the cysteine (light 
blue) of the b1-ion. Brack-
ets (grey): additional amino 
acids of the b4-ion. c Closer 
view of the b1-ion from b and 
its isotopic pattern. d MS3-
spectrum of the Psb27d b1-ion 
at 945.00 m/z. The reduced 
mass (− 28 Da) results from 
the loss of the carboxy group of 
Psb27 by cleavage. The possible 
remaining a1-ion is shown on 
the top-right (box)
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lipoproteins have been identified, and at least four of these 
are related to photosynthesis, as reviewed by Wada and 
Murata (2007). However, the precise function of the lipid 
modification itself is still elusive. Proteins might be tethered 
to the membrane just to limit diffusion in a two-dimensional 
space, which can be also mediated by a transmembrane helix 
(e.g. evolved from a former signal peptide) or the lipid moi-
ety might play an additional role in the localization of the 
protein in a specific membrane or part of a membrane (Fer-
guson 1991; Okuda and Tokuda 2011; Juneau et al. 2016). 
For photosynthesis associated CyanoQ, the lipidation is 
essential for processing and accumulation of the protein 
in the thylakoids, independent of the signal peptide itself, 

which emphasizes the importance of the process (Juneau 
et al. 2016).

In general, the observed variance of the Psb27 lipid modi-
fication is typical for cyanobacterial lipoproteins since these 
proteins tend to bind lipids with different fatty acids (Fager-
lund and Eaton-Rye 2011; Knoppová et al. 2021; Nowac-
zyk et al. 2006; Ujihara et al. 2008), which originate from 
membrane phospholipids (Chattopadhyay and Wu 1977; 
Lai and Wu 1980). Therefore, the type of lipid modification 
is determined by the fatty acid composition of the mem-
brane, which in turn changes depending on environmental 
conditions (Allakhverdiev et al. 2001; Gombos et al. 1997; 
Mironov et al. 2012).

Fig. 5   Top-down MS of Psb27 
proteoforms. a Distribution of 
intact ions of Psb27c pro-
teoform. b MS2-spectrum at 
1,040.72 m/z after CID. b-ion 
series are labelled in red, y-ion 
series in blue. *indicates b-ions 
found after addition of the 
proposed modification at the 
N-terminus by a specific lipid 
modification with a mass of 
814.76 Da (box). Box: Modi-
fication (black) of the cysteine 
(light blue) of the b1-ion. 
Brackets (grey): additional 
amino acids of the b4-ion. c 
Examples of assigned ions. 
Closer view of the b1-ion (left) 
and b4-ion (right) and their 
isotopic pattern
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Cyanobacterial lipoproteins have been reported both 
in thylakoid and cytoplasmic membranes (Liberton et al. 
2016), but in contrast to the Sec-pathway itself (Liberton 
et al. 2016; Nakai et al. 1993; Srivastava et al. 2005), a 
maturation pathway for lipidation was not yet identified 
in cyanobacterial thylakoid membranes (Agarwal et al. 
2010; Liberton et  al. 2016), apart from low abundant 
apolipoprotein N-acyltransferase. If the maturation sys-
tem is not present in the thylakoid membrane, Psb27 and 

other photosynthesis related lipoproteins must be trans-
ferred efficiently after lipidation to the thylakoid mem-
brane, as they are absent or only in low abundance in the 
plasma membrane (Ishikawa et al. 2005; Knoppová et al. 
2021; Selão et al. 2016). Alternatively, lipoproteins might 
be specifically modified in the PratA-defined membrane 
(PDM) region at the interface between plasma and thyla-
koid membrane (Rast et al. 2016) and the transfer could be 
mediated by maturation centers, where both membranes 

Fig. 6   Distribution of intact ions from different Psb27 species acquired from LC–MS: Spectra of intact ions correspond to the elution peaks a, b, 
e and f in Fig. 3. Labels indicate the detected m/z and charge state of the ions
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are supposed to interact (Rast et al. 2019; Stengel et al. 
2012). Interestingly, lipidation of Ycf48, another auxiliary 
protein involved in early PSII assembly, occurs during or 
after its association with the D1 precursor protein (Knop-
pová et al. 2021; Zak et al. 2001), most likely within the 
PDM (Komenda et al. 2008; Rast et al. 2016), which would 
further support a localization of the lipidation machinery 
in the PDM.

A more complex role of the lipidation might be indi-
cated by a recent study, which investigated the effect of 
externally supplied free fatty acids on cyanobacterial 
photosynthesis (Jimbo et al. 2020). The addition of 16:0 
and 18:0 fatty acids, which are important components of 
the lipid modification as shown here for Psb27, increased 
protein – and particularly D1 – synthesis, as well as the 
rate of PSII repair (Jimbo et al. 2020). In contrast, addi-
tion of polyunsaturated fatty acids like 18:3 had an oppo-
site effect (Jimbo et al. 2020) or hampered overall growth 
(Berlepsch et al. 2012). These effects might be, at least 
partially, related to the altered function or deregulation of 
photosynthetic lipoproteins.

Detailed investigations of the protein network involved 
in PSII assembly and repair in the past several years have 
led to comprehensive knowledge of the spatial–temporal 
organization of the process. Particularly, technical develop-
ments in the field of structural biology in combination with 
molecular dynamics simulations are now the main driver 
for a molecular-mechanistic understanding of the assembly 
process and the involved assembly factors. However, integra-
tion of the lipid or small molecule sphere is still missing due 
to experimental limitations and further studies are needed 
to investigate the protein-lipid interplay and its role in PSII 
assembly.

Acknowledgements  We thank C. König, M. Völkel-Lambertz and 
R. Oworah-Nkruma for excellent technical assistance. This work was 
funded by the German Research Council (DFG) within the framework 
of the research unit FOR2092 (NO 836/3-2 to M.M.N.)

Author contributions  J.P.W. and M.M.N conceived the research. 
MS analysis and processing was performed by J.L., P.L. and J.P.W. 

Biochemical analysis was done by P.L. and M.M.N. J.L. and M.M.N. 
wrote the manuscript and prepared the figures with the contributions 
of all other authors. All authors approved the final version of the 
manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The article is funded by Deutsche Forschungsgemeinschaft, 
NO 836/3–1, Marc Nowaczyk.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Agarwal R, Matros A, Melzer M, Mock H-P, Sainis JK (2010) Hetero-
geneity in thylakoid membrane proteome of Synechocystis 6803. 
J Proteomics 73:976–991. https://​doi.​org/​10.​1016/j.​jprot.​2009.​
12.​011

Allakhverdiev SI, Kinoshita M, Inaba M, Suzuki I, Murata N (2001) 
Unsaturated fatty acids in membrane lipids protect the photosyn-
thetic machinery against salt-induced damage in Synechococcus. 
Plant Physiol 125:1842–1853

Avramov AP, Hwang HJ, Burnap RL (2020) The role of Ca2+ and 
protein scaffolding in the formation of nature’s water oxidizing 
complex. Proc Natl Acad Sci USA 117:28036–28045. https://​doi.​
org/​10.​1073/​pnas.​20113​15117

Babu MM, Priya ML, Selvan AT, Madera M, Gough J, Aravind L, 
Sankaran K (2006) A database of bacterial lipoproteins (DOLOP) 
with functional assignments to predicted lipoproteins. J Bacte-
riol 188:2761–2773. https://​doi.​org/​10.​1128/​JB.​188.8.​2761-​2773.​
2006

Becker K, Cormann KU, Nowaczyk MM (2011) Assembly of the 
water-oxidizing complex in photosystem II. J Photochem Pho-
tobiol B, Biol 104:204–211. https://​doi.​org/​10.​1016/j.​jphot​obiol.​
2011.​02.​005

Chattopadhyay PK, Wu HC (1977) Biosynthesis of the covalently 
linked diglyceride in murein lipoprotein of Escherichia coli. Proc 
Natl Acad Sci USA 74:5318–5322. https://​doi.​org/​10.​1073/​pnas.​
74.​12.​5318

Chen H, Zhang D, Guo J, Wu H, Jin M, Lu Q, Lu C, Zhang L (2006) A 
Psb27 homologue in Arabidopsis thaliana is required for efficient 
repair of photodamaged photosystem II. Plant Mol Biol 61:567–
575. https://​doi.​org/​10.​1007/​s11103-​006-​0031-x

Cormann KU, Bangert J-A, Ikeuchi M, Rögner M, Stoll R, Nowac-
zyk MM (2009) Structure of Psb27 in solution: implications for 
transient binding to photosystem II during biogenesis and repair. 
Biochemistry 48:8768–8770. https://​doi.​org/​10.​1021/​bi901​2726

Table 2   Lipid-modifications of the Psb27 proteoforms a to f

Possible fatty acid combinations of the proteoforms are summarized. 
RT retention time, MW molecular weight

Species RT (min) MW (Da) Modification Possible fatty acids

a 92.86 13,491 C51O5H96 C14:1, C16:0, C16:1
b 94.58 13,493 C51O5H98 C14:1, 2 C16:0
c 95.62 13,519 C53O5H100 2 C16:0, C18:1
d 97.50 13,545 C55O5H102 C16:0, 2 C18:1
e 98.56 13,521 C53O5H102 2 C16:0, C18:0
f 99.63 13,547 C55O5H104 C16:0, C18:0, C18:1

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jprot.2009.12.011
https://doi.org/10.1016/j.jprot.2009.12.011
https://doi.org/10.1073/pnas.2011315117
https://doi.org/10.1073/pnas.2011315117
https://doi.org/10.1128/JB.188.8.2761-2773.2006
https://doi.org/10.1128/JB.188.8.2761-2773.2006
https://doi.org/10.1016/j.jphotobiol.2011.02.005
https://doi.org/10.1016/j.jphotobiol.2011.02.005
https://doi.org/10.1073/pnas.74.12.5318
https://doi.org/10.1073/pnas.74.12.5318
https://doi.org/10.1007/s11103-006-0031-x
https://doi.org/10.1021/bi9012726


315Photosynthesis Research (2022) 152:305–316	

1 3

Cormann KU, Möller M, Nowaczyk MM (2016) Critical assessment of 
protein cross-linking and molecular docking: An updated model 
for the interaction between photosystem II and Psb27. Front Plant 
Sci 7:157. https://​doi.​org/​10.​3389/​fpls.​2016.​00157

Fagerlund RD, Eaton-Rye JJ (2011) The lipoproteins of cyanobacte-
rial photosystem II. J Photochem Photobiol B, Biol 104:191–203. 
https://​doi.​org/​10.​1016/j.​jphot​obiol.​2011.​01.​022

Ferguson MA (1991) Lipid anchors on membrane proteins. Curr Opin 
Struct Biol 1:522–529. https://​doi.​org/​10.​1016/​S0959-​440X(05)​
80072-7

Gan K, Gupta SD, Sankaran K, Schmid MB, Wu HC (1993) Isolation 
and characterization of a temperature-sensitive mutant of Salmo-
nella typhimurium defective in prolipoprotein modification. J Biol 
Chem 268:16544–16550. https://​doi.​org/​10.​1016/​S0021-​9258(19)​
85453-4

Gombos Z, Kanervo E, Tsvetkova N, Sakamoto T, Aro EM, Murata N 
(1997) Genetic enhancement of the ability to tolerate photoinhi-
bition by introduction of unsaturated bonds into membrane glyc-
erolipids. Plant Physiol 115:551–559. https://​doi.​org/​10.​1104/​pp.​
115.2.​551

Grasse N, Mamedov F, Becker K, Styring S, Rögner M, Nowaczyk MM 
(2011) Role of novel dimeric photosystem II (PSII)-Psb27 protein 
complex in PSII repair. J Biol Chem 286:29548–29555. https://​
doi.​org/​10.​1074/​jbc.​M111.​238394

Heinz S, Liauw P, Nickelsen J, Nowaczyk M (2016) Analysis of pho-
tosystem II biogenesis in cyanobacteria. Biochim Biophys Acta 
1857:274–287. https://​doi.​org/​10.​1016/j.​bbabio.​2015.​11.​007

Huang G, Xiao Y, Pi X, Zhao L, Zhu Q, Wang W, Kuang T, Han G, 
Sui S-F, Shen J-R (2021) Structural insights into a dimeric Psb27-
photosystem II complex from a cyanobacterium Thermosynecho-
coccus vulcanus. Proc Natl Acad Sci USA 118(5):e2018053118. 
https://​doi.​org/​10.​1073/​pnas.​20180​53118

Ishikawa Y, Schröder WP, Funk C (2005) Functional analysis of the 
PsbP-like protein (sll1418) in Synechocystis sp. PCC 6803. Photo-
syn Res 84:257–262. https://​doi.​org/​10.​1007/​s11120-​005-​0477-8

Jimbo H, Takagi K, Hirashima T, Nishiyama Y, Wada H (2020) Long-
chain saturated fatty acids, palmitic and stearic acids, enhance the 
repair of photosystem II. Int J Mol Sci 21:7509. https://​doi.​org/​
10.​3390/​ijms2​12075​09

Juneau AD, Frankel LK, Bricker TM, Roose JL (2016) N-terminal lipid 
modification is required for the stable accumulation of CyanoQ in 
Synechocystis sp. PCC 6803. PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01636​46

Kashino Y, Lauber WM, Carroll JA, Wang Q, Whitmarsh J, Satoh K, 
Pakrasi HB (2002) Proteomic analysis of a highly active photo-
system II preparation from the cyanobacterium Synechocystis sp. 
PCC 6803 reveals the presence of novel polypeptides. Biochem-
istry 41:8004–8012. https://​doi.​org/​10.​1021/​bi026​012

Knoppová J, Yu J, Janouškovec J, Halada P, Nixon PJ, Whitelegge JP, 
Komenda J (2021) The photosystem II assembly factor Ycf48 
from the cyanobacterium Synechocystis sp. PCC 6803 is lipidated 
using an atypical lipobox sequence. IJMS 22:3733. https://​doi.​org/​
10.​3390/​ijms2​20737​33

Komenda J, Nickelsen J, Tichý M, Prásil O, Eichacker LA, Nixon PJ 
(2008) The cyanobacterial homologue of HCF136/YCF48 is a 
component of an early photosystem II assembly complex and is 
important for both the efficient assembly and repair of photosys-
tem II in Synechocystis sp. PCC 6803. J Biol Chem 283:22390–
22399. https://​doi.​org/​10.​1074/​jbc.​M8019​17200

Komenda J, Sobotka R, Nixon PJ (2012) Assembling and maintaining 
the Photosystem II complex in chloroplasts and cyanobacteria. 
Curr Opin Plant Biol 15:245–251. https://​doi.​org/​10.​1016/j.​pbi.​
2012.​01.​017

Kuhl H, Kruip J, Seidler A, Krieger-Liszkay A, Bunker M, Bald D, 
Scheidig AJ, Rögner M (2000) Towards structural determination 

of the water-splitting enzyme. Purification, crystallization, and 
preliminary crystallographic studies of photosystem II from a 
thermophilic cyanobacterium. J Biol Chem 275:20652–20659. 
https://​doi.​org/​10.​1074/​jbc.​M0013​21200

Lai JS, Wu HC (1980) Incorporation of acyl moieties of phospholip-
ids into murein lipoprotein in intact cells of Escherichia coli by 
phospholipid vesicle fusion. J Bacteriol 144:451–453. https://​doi.​
org/​10.​1128/​JB.​144.1.​451-​453.​1980

Liberton M, Saha R, Jacobs JM, Nguyen AY, Gritsenko MA, Smith 
RD, Koppenaal DW, Pakrasi HB (2016) Global proteomic analysis 
reveals an exclusive role of thylakoid membranes in bioenergetics 
of a model cyanobacterium. Mol Cell Proteomics 15:2021–2032. 
https://​doi.​org/​10.​1074/​mcp.​M115.​057240

Liu H, Huang RY-C, Chen J, Gross ML, Pakrasi HB (2011) Psb27, a 
transiently associated protein, binds to the chlorophyll binding 
protein CP43 in photosystem II assembly intermediates. Proc Natl 
Acad Sci USA 108:18536–18541. https://​doi.​org/​10.​1073/​pnas.​
11115​97108

Liu H, Chen J, Huang RY-C, Weisz D, Gross ML, Pakrasi HB (2013) 
Mass spectrometry-based footprinting reveals structural dynamics 
of loop E of the chlorophyll-binding protein CP43 during photo-
system II assembly in the cyanobacterium Synechocystis 6803. J 
Biol Chem 288:14212–14220. https://​doi.​org/​10.​1074/​jbc.​M113.​
467613

Mabbitt PD, Rautureau GJP, Day CL, Wilbanks SM, Eaton-Rye JJ, 
Hinds MG (2009) Solution structure of Psb27 from cyanobacte-
rial photosystem II. Biochemistry 48:8771–8773. https://​doi.​org/​
10.​1021/​bi901​309c

Mabbitt PD, Wilbanks SM, Eaton-Rye JJ (2014) Structure and func-
tion of the hydrophilic Photosystem II assembly proteins: Psb27, 
Psb28 and Ycf48. Plant Physiol Biochem 81:96–107. https://​doi.​
org/​10.​1016/j.​plaphy.​2014.​02.​013

Michoux F, Takasaka K, Boehm M, Komenda J, Nixon PJ, Murray 
JW (2012) Crystal structure of the Psb27 assembly factor at 1.6 
Å: implications for binding to Photosystem II. Photosyn Res 
110:169–175. https://​doi.​org/​10.​1007/​s11120-​011-​9712-7

Mironov KS, Sidorov RA, Trofimova MS, Bedbenov VS, Tsyden-
dambaev VD, Allakhverdiev SI, Los DA (2012) Light-dependent 
cold-induced fatty acid unsaturation, changes in membrane fluid-
ity, and alterations in gene expression in Synechocystis. Biochim 
Biophys Acta 1817:1352–1359. https://​doi.​org/​10.​1016/j.​bbabio.​
2011.​12.​011

Nakai M, Sugita D, Omata T, Endo T (1993) Sec-Y protein is localized 
in both the cytoplasmic and thylakoid membranes in the cyano-
bacterium Synechococcus PCC7942. Biochem Biophys Res Com-
mun 193:228–234. https://​doi.​org/​10.​1006/​bbrc.​1993.​1613

Nowaczyk MM, Hebeler R, Schlodder E, Meyer HE, Warscheid B, 
Rögner M (2006) Psb27, a cyanobacterial lipoprotein, is involved 
in the repair cycle of photosystem II. Plant Cell 18:3121–3131. 
https://​doi.​org/​10.​1105/​tpc.​106.​042671

Okuda S, Tokuda H (2011) Lipoprotein sorting in bacteria. Annu 
Rev Microbiol 65:239–259. https://​doi.​org/​10.​1146/​annur​
ev-​micro-​090110-​102859

Rast A, Rengstl B, Heinz S, Klingl A, Nickelsen J (2016) The role of 
Slr0151, a tetratricopeptide repeat protein from Synechocystis sp. 
PCC 6803, during photosystem II assembly and repair. Front Plant 
Sci 7:605. https://​doi.​org/​10.​3389/​fpls.​2016.​00605

Rast A, Schaffer M, Albert S, Wan W, Pfeffer S, Beck F, Plitzko JM, 
Nickelsen J, Engel BD (2019) Biogenic regions of cyanobacte-
rial thylakoids form contact sites with the plasma membrane. Nat 
Plants 5:436–446. https://​doi.​org/​10.​1038/​s41477-​019-​0399-7

Roose JL, Pakrasi HB (2008) The Psb27 protein facilitates manganese 
cluster assembly in photosystem II. J Biol Chem 283:4044–4050. 
https://​doi.​org/​10.​1074/​jbc.​M7089​60200

https://doi.org/10.3389/fpls.2016.00157
https://doi.org/10.1016/j.jphotobiol.2011.01.022
https://doi.org/10.1016/S0959-440X(05)80072-7
https://doi.org/10.1016/S0959-440X(05)80072-7
https://doi.org/10.1016/S0021-9258(19)85453-4
https://doi.org/10.1016/S0021-9258(19)85453-4
https://doi.org/10.1104/pp.115.2.551
https://doi.org/10.1104/pp.115.2.551
https://doi.org/10.1074/jbc.M111.238394
https://doi.org/10.1074/jbc.M111.238394
https://doi.org/10.1016/j.bbabio.2015.11.007
https://doi.org/10.1073/pnas.2018053118
https://doi.org/10.1007/s11120-005-0477-8
https://doi.org/10.3390/ijms21207509
https://doi.org/10.3390/ijms21207509
https://doi.org/10.1371/journal.pone.0163646
https://doi.org/10.1371/journal.pone.0163646
https://doi.org/10.1021/bi026012
https://doi.org/10.3390/ijms22073733
https://doi.org/10.3390/ijms22073733
https://doi.org/10.1074/jbc.M801917200
https://doi.org/10.1016/j.pbi.2012.01.017
https://doi.org/10.1016/j.pbi.2012.01.017
https://doi.org/10.1074/jbc.M001321200
https://doi.org/10.1128/JB.144.1.451-453.1980
https://doi.org/10.1128/JB.144.1.451-453.1980
https://doi.org/10.1074/mcp.M115.057240
https://doi.org/10.1073/pnas.1111597108
https://doi.org/10.1073/pnas.1111597108
https://doi.org/10.1074/jbc.M113.467613
https://doi.org/10.1074/jbc.M113.467613
https://doi.org/10.1021/bi901309c
https://doi.org/10.1021/bi901309c
https://doi.org/10.1016/j.plaphy.2014.02.013
https://doi.org/10.1016/j.plaphy.2014.02.013
https://doi.org/10.1007/s11120-011-9712-7
https://doi.org/10.1016/j.bbabio.2011.12.011
https://doi.org/10.1016/j.bbabio.2011.12.011
https://doi.org/10.1006/bbrc.1993.1613
https://doi.org/10.1105/tpc.106.042671
https://doi.org/10.1146/annurev-micro-090110-102859
https://doi.org/10.1146/annurev-micro-090110-102859
https://doi.org/10.3389/fpls.2016.00605
https://doi.org/10.1038/s41477-019-0399-7
https://doi.org/10.1074/jbc.M708960200


316	 Photosynthesis Research (2022) 152:305–316

1 3

Schägger H, von Jagow G (1987) Tricine-sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis for the separation of proteins in 
the range from 1 to 100 kDa. Anal Biochem 166:368–379. https://​
doi.​org/​10.​1016/​0003-​2697(87)​90587-2

Schägger H, von Jagow G (1991) Blue native electrophoresis for iso-
lation of membrane protein complexes in enzymatically active 
form. Anal Biochem 199:223–231. https://​doi.​org/​10.​1016/​0003-​
2697(91)​90094-A

Schmidt TGM, Batz L, Bonet L, Carl U, Holzapfel G, Kiem K, Mat-
ulewicz K, Niermeier D, Schuchardt I, Stanar K (2013) Develop-
ment of the Twin-Strep-tag® and its application for purification 
of recombinant proteins from cell culture supernatants. Protein 
Expr Purif 92:54–61. https://​doi.​org/​10.​1016/j.​pep.​2013.​08.​021

Schuller JM, Birrell JA, Tanaka H, Konuma T, Wulfhorst H, Cox N, 
Schuller SK, Thiemann J, Lubitz W, Sétif P, Ikegami T, Engel BD, 
Kurisu G, Nowaczyk MM (2019) Structural adaptations of photo-
synthetic complex I enable ferredoxin-dependent electron transfer. 
Science 363:257–260. https://​doi.​org/​10.​1126/​scien​ce.​aau36​13

Schuller JM, Saura P, Thiemann J, Schuller SK, Gamiz-Hernandez 
AP, Kurisu G, Nowaczyk MM, Kaila VRI (2020) Redox-coupled 
proton pumping drives carbon concentration in the photosyn-
thetic complex I. Nat Commun 11:494. https://​doi.​org/​10.​1038/​
s41467-​020-​14347-4

Selão TT, Zhang L, Knoppová J, Komenda J, Norling B (2016) Pho-
tosystem II assembly steps take place in the thylakoid membrane 
of the cyanobacterium Synechocystis sp. PCC6803. Plant Cell 
Physiol 57:95–104. https://​doi.​org/​10.​1093/​pcp/​pcv178

Srivastava R, Pisareva T, Norling B (2005) Proteomic studies of the 
thylakoid membrane of Synechocystis sp. PCC 6803. Proteomics 
5:4905–4916. https://​doi.​org/​10.​1002/​pmic.​20050​0111

Stengel A, Gügel IL, Hilger D, Rengstl B, Jung H, Nickelsen J (2012) 
Initial steps of photosystem II de novo assembly and preloading 
with manganese take place in biogenesis centers in Synechocystis. 
Plant Cell 24:660–675. https://​doi.​org/​10.​1105/​tpc.​111.​093914

Tabb DL, Smith LL, Breci LA, Wysocki VH, Lin D, Yates JR (2003) 
Statistical characterization of ion trap tandem mass spectra from 
doubly charged tryptic peptides. Anal Chem 75:1155–1163. 
https://​doi.​org/​10.​1021/​ac026​122m

Thangaraj B, Ryan CM, Souda P, Krause K, Faull KF, Weber APM, 
Fromme P, Whitelegge JP (2010) Data-directed top-down Fourier-
transform mass spectrometry of a large integral membrane protein 
complex: photosystem II from Galdieria sulphuraria. Proteomics 
10:3644–3656. https://​doi.​org/​10.​1002/​pmic.​20100​0190

Tokano T, Kato Y, Sugiyama S, Uchihashi T, Noguchi T (2020) Struc-
tural dynamics of a protein domain relevant to the water-oxidizing 
complex in photosystem II as visualized by high-speed atomic 

force microscopy. J Phys Chem B 124:5847–5857. https://​doi.​org/​
10.​1021/​acs.​jpcb.​0c038​92

Tokunaga M, Tokunaga H, Wu HC (1982) Post-translational modifi-
cation and processing of Escherichia coli prolipoprotein in vitro. 
Proc Natl Acad Sci USA 79:2255–2259. https://​doi.​org/​10.​1073/​
pnas.​79.7.​2255

Ujihara T, Sakurai I, Mizusawa N, Wada H (2008) A method for ana-
lyzing lipid-modified proteins with mass spectrometry. Anal Bio-
chem 374:429–431. https://​doi.​org/​10.​1016/j.​ab.​2007.​11.​014

Umena Y, Kawakami K, Shen J-R, Kamiya N (2011) Crystal structure 
of oxygen-evolving photosystem II at a resolution of 1.9 Å. Nature 
473:55–60. https://​doi.​org/​10.​1038/​natur​e09913

von Berlepsch S, Kunz H-H, Brodesser S, Fink P, Marin K, Flügge U-I, 
Gierth M (2012) The acyl-acyl carrier protein synthetase from 
Synechocystis sp. PCC 6803 mediates fatty acid import. Plant 
Physiol 159:606–617. https://​doi.​org/​10.​1104/​pp.​112.​195263

Wada H, Murata N (2007) The essential role of phosphatidylglycerol 
in photosynthesis. Photosyn Res 92:205–215. https://​doi.​org/​10.​
1007/​s11120-​007-​9203-z

Wei L, Guo J, Ouyang M, Sun X, Ma J, Chi W, Lu C, Zhang L (2010) 
LPA19, a Psb27 homolog in Arabidopsis thaliana, facilitates D1 
protein precursor processing during PSII biogenesis. J Biol Chem 
285:21391–21398. https://​doi.​org/​10.​1074/​jbc.​M110.​105064

Xingxing C, Jiuyang L, Huan Z, Fudong L, Shuya Z, Min X, Ke R, 
Yuhua W, Aigen F (2018) Crystal structure of Psb27 from Arabi-
dopsis thaliana determined at a resolution of 1.85 Å. Photosyn 
Res 136:139–146. https://​doi.​org/​10.​1007/​s11120-​017-​0450-3

Zabret J, Bohn S, Schuller SK, Arnolds O, Möller M, Meier-Credo J, 
Liauw P, Chan A, Tajkhorshid E, Langer JD, Stoll R, Krieger-
Liszkay A, Engel BD, Rudack T, Schuller JM, Nowaczyk MM 
(2021) Structural insights into photosystem II assembly. Nat 
Plants 7:524–538. https://​doi.​org/​10.​1038/​s41477-​021-​00895-0

Zak E, Norling B, Maitra R, Huang F, Andersson B, Pakrasi HB (2001) 
The initial steps of biogenesis of cyanobacterial photosystems 
occur in plasma membranes. Proc Natl Acad Sci USA 98:13443–
13448. https://​doi.​org/​10.​1073/​pnas.​24150​3898

Zhang Z, Marshall AG (1998) A universal algorithm for fast and auto-
mated charge state deconvolution of electrospray mass-to-charge 
ratio spectra. J Am Soc Mass Spectrom 9:225–233. https://​doi.​
org/​10.​1016/​S1044-​0305(97)​00284-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/0003-2697(87)90587-2
https://doi.org/10.1016/0003-2697(87)90587-2
https://doi.org/10.1016/0003-2697(91)90094-A
https://doi.org/10.1016/0003-2697(91)90094-A
https://doi.org/10.1016/j.pep.2013.08.021
https://doi.org/10.1126/science.aau3613
https://doi.org/10.1038/s41467-020-14347-4
https://doi.org/10.1038/s41467-020-14347-4
https://doi.org/10.1093/pcp/pcv178
https://doi.org/10.1002/pmic.200500111
https://doi.org/10.1105/tpc.111.093914
https://doi.org/10.1021/ac026122m
https://doi.org/10.1002/pmic.201000190
https://doi.org/10.1021/acs.jpcb.0c03892
https://doi.org/10.1021/acs.jpcb.0c03892
https://doi.org/10.1073/pnas.79.7.2255
https://doi.org/10.1073/pnas.79.7.2255
https://doi.org/10.1016/j.ab.2007.11.014
https://doi.org/10.1038/nature09913
https://doi.org/10.1104/pp.112.195263
https://doi.org/10.1007/s11120-007-9203-z
https://doi.org/10.1007/s11120-007-9203-z
https://doi.org/10.1074/jbc.M110.105064
https://doi.org/10.1007/s11120-017-0450-3
https://doi.org/10.1038/s41477-021-00895-0
https://doi.org/10.1073/pnas.241503898
https://doi.org/10.1016/S1044-0305(97)00284-5
https://doi.org/10.1016/S1044-0305(97)00284-5

	Mass spectrometry analysis of the photosystem II assembly factor Psb27 revealed variations in its lipid modification
	Abstract
	Introduction
	Experimental procedures
	Generation and cultivation of T. elongatus strains
	Purification of photosystem II and sample preparation
	Analysis of proteins with polyacrylamide gel electrophoresis
	Oxygen evolution measurements
	Mass spectrometry analysis

	Results
	Discussion
	Acknowledgements 
	References




