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A B S T R A C T   

Knowledge about the exact abundance and ratio of photosynthetic protein complexes in thylakoid membranes is 
central to understanding structure-function relationships in energy conversion. Recent modeling approaches for 
studying light harvesting and electron transport reactions rely on quantitative information on the constituent 
complexes in thylakoid membranes. Over the last decades several quantitative methods have been established 
and refined, enabling precise stoichiometric information on the five main energy-converting building blocks in 
the thylakoid membrane: Light-harvesting complex II (LHCII), Photosystem II (PSII), Photosystem I (PSI), cy
tochrome b6f complex (cyt b6f complex), and ATPase. This paper summarizes a few quantitative spectroscopic 
and biochemical methods that are currently available for quantification of plant thylakoid protein complexes. 
Two new methods are presented for quantification of LHCII and the cyt b6f complex, which agree well with 
established methods. In addition, recent improvements in mass spectrometry (MS) allow deeper compositional 
information on thylakoid membranes. The comparison between mass spectrometric and more classical protein 
quantification methods shows similar quantities of complexes, confirming the potential of thylakoid protein 
complex quantification by MS. The quantitative information on PSII, PSI, and LHCII reveal that about one third 
of LHCII must be associated with PSI for a balanced light energy absorption by the two photosystems.   

1. Introduction 

Quantitative biology has become a crucial research area in life sci
ences. This is manifested by the fact that dozens of research institutions 
around the world, scientific journals, and college majors have ‘quanti
tative biology’ in their names. The fast development of high-resolution 
imaging techniques combined with improvements in quantitative 
biochemical and biophysical techniques pave the way for a realistic 
description and modeling of biological systems like the virtual cell [1] or 
cell signaling networks [2]. Merging computational/simulation ap
proaches with experimentally acquired quantitative data turns out to be 
a powerful tool for a mechanistic understanding of the functioning of the 
cell and its organelles at molecular resolution. Photosynthesis is a prime 
example where over the last decade computer modeling fed by 
experimentally-derived quantitative data was employed to describe the 
conversion of sunlight into chemical energy. Computational models and 
simulations ranging from coupled differential or steady state rate 

equations [3–6] and coarse grain thylakoid models [7–9] to all-atomic 
molecular dynamics simulation (reviewed in [10]) have been used for 
describing energy conversion in isolated protein complexes, thylakoid 
membranes, and whole plant CO2 fixation and beyond. These models 
require precise information about the abundances and stoichiometric 
ratios of energy-converting protein complexes. 

Thylakoid membranes host five main protein complexes that cata
lyze photosynthetic energy conversion: Photosystem (PS)II, PSI, light- 
harvesting complex (LHC)II, cytochrome b6f (cyt b6f) complex and the 
ATP synthase. All five are membrane-spanning integral protein com
plexes that are laterally non-randomly distributed between stacked 
grana thylakoids and unstacked stroma lamellae. PSII with LHCII are 
concentrated in stacked grana whereas PSI (with four LHCI) and ATPase 
are mainly found in unstacked thylakoid regions [11]. Fully active PSII 
is organized as dimeric supercomplex (C2S2M2), comprising a dimeric 
core (C2), two strongly-bound LHCII-trimers (S2), and two moderately- 
bound LHCII trimers (M2) [12,33,37]. Oligomeric states of LHCII 
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(trimer), cyt b6f complex (dimer) [12] and very recently PSI (dimer 
[13]) have been described in plant thylakoids. After the discovery of the 
‘Z-scheme’ of photosynthetic electron transport in the middle of the last 
century (reviewed in [14]), which describes the linear flow of electrons 
from the water splitting PSII to the NADP+-reducing PSI via the cyt b6f 
complex, it was initially assumed that all energy-converting protein 
complexes occur at equal stoichiometries in plant thylakoid membranes. 
Later, however, multiple experimental evidence suggests that the ratios 
of PSII, PSI, LHCII, cyt b6f complex, and ATPase are not equal but that 
their relative abundances are highly dynamic. For example, acclimation 
of photosynthetic organisms to changing environmental cues includes 
changes in relative protein complex stoichiometries in thylakoid mem
branes [15]. A well described phenomenon is photosystem stoichiom
etry adjustment wherein the relative abundance of the two 
photosystems changes in order to maximize light energy conversion 
under varying light quality conditions [16–18]. A sunlight intensity- 
induced alteration in the abundance of PSII, LHCII, cyt b6f complex 
and ATPase has also been noted [15,19]. For tracking these composi
tional acclimation responses and for serving the upcoming need of 
computational approaches to describe energy conversion, solid experi
mental methods are required that quantify the main energy-converting 
building blocks of the thylakoid membrane. In this paper we summa
rize, in our view, some of the quantitative methods for determining the 
abundance of LHCII, PSII, cyt b6f complex, PSI, and ATPase. New ap
proaches are presented for quantifications of LHCII and cyt b6f complex. 

2. Methods 

2.1. Thylakoid membrane isolation 

Thylakoid membranes were harvested from 6 to 7 weeks old Arabi
dopsis thaliana Col-0 plants grown under 9 h of illumination a day at a 
light intensity of 120 μmol/m2/s. Leaves from two fully grown rosettes 
were harvested in cold room and immediately homogenized in 50 mL of 
ice cold grinding buffer (20 mM Tricine (pH 8.4), 400 mM Sorbitol, 10 
mM EDTA, 10 mM NaHCO3, 10 mM NaF, and 0.15 % BSA) using a 
Waring blender. The homogenate was filtered through a sandwich of a 
small Kimwipe, 4 layers of cheesecloth, and a layer of miracloth, and the 
filtrate was divided into two equal volumes in ice cold glass tubes and 
spun at 2000 ×g for 2 min using a swing bucket rotor. The supernatant 
was discarded, and the pellet resuspended in 5–10 mL of shock buffer 
(25 mM HEPES (pH 7.5), 40 mM KCl, 7 mM MgCl2, 10 mM NaF, and 0.4 
mM Pefabloc) using a fine brush until no coarse particles were visible. 
The final volume was adjusted to 40 mL and incubated on ice for 10 min 
in dark. Thylakoids were spun down in a fixed angle rotor at 4000 ×g for 
10 min. The supernatant was discarded, and the pellet resuspended in 
700 μL of storage buffer (50 mM HEPES (pH 7.5), 100 mM Sorbitol, 5 
mM MgCl2, 10 mM NaF, 0.4 mM Pefabloc, and PhosSTOP (Roche, 1 
tablet per 10 mL buffer)) using a fine brush. 300 μL of additional storage 
buffer was used to retrieve residual thylakoids from the brush. The 
thylakoid suspension was transferred to a 1.5 mL Eppendorf tube and 
washed once in storage buffer by repeating the centrifugation (1500 ×g 
for 10 min) and resuspension steps. Total volume of thylakoid suspen
sion was kept at ~1.0 mL. Protease and phosphatase inhibitors were 
always added fresh before isolation and all centrifugation steps were 
done at 4 ◦C. 

Chlorophyll determination was done according to Porra et al. [22] 
using a Hitachi U3900 spectrometer. Absorption was measured at 646.6 
nm, 663.6 nm, and 750 nm. For chlorophyll extraction, 3 μL thylakoid 
suspension was added to 1 mL 80 % Acetone solution, thoroughly vor
texed, and spun down at 18000 ×g for 10 min. 500 μL of the resulting 
supernatant was used for absorption measurement. 

2.2. Difference absorption spectroscopy 

2.2.1. Cytochromes 
Quantification of cytochromes b6, f, and b559 was done by difference 

absorption spectroscopy. For the measurement, thylakoids were resus
pended in Difference Absorption Spectroscopy (DAS) buffer (330 mM 
sorbitol, 20 mM HEPES (pH 7.6), 10 mM KCl, 50 μM EDTA and 0.18 % 
(w/v) β-dodecylmaltoside) and the absorption at a spectral range of 540 
to 575 nm was recorded with a Hitachi U3900 spectrometer (2-nm slit 
width). The DAS buffer was pre-warmed to room temperature to mini
mize spectroscopic jitter. Chlorophyll concentration in the cuvette was 
adjusted to 25 to 40 μM as determined by the maximum peak at 677.5 
nm (spectral range: 600–750 nm). Cytochromes were quantified as 
described in Kirchhoff et al. [20] with minor modifications. The redox 
change was induced by incubating samples consecutively with 1 mM 
potassium ferricyanide for 1 min, 4 mM sodium ascorbate for 5 min, and 
5 mM sodium dithionite for 5 min. A layer of paraffin oil was added on 
top of the samples after dithionite treatment to avoid reaction with air 
and the subsequent formation of dithionite decomposition products. A 
liquid form of dithionite was used for preventing artifacts produced by 
excess dithionite and for increasing the reproducibility of the results. 

2.2.2. P700 
Isolated thylakoid membranes were diluted in a buffer containing 

330 mM sorbitol, 20 mM HEPES (pH 7.6), 10 mM KCl, 50 μM EDTA and 
0.03 % (w/v) β-dodecylmaltoside at a chlorophyll concentration of 30 
μM. Oxidized minus reduced P700 redox changes was measured at 705 
nm with a homebuilt flash spectrometer. 100 μM methyl viologen was 
added as an electron acceptor for P700 and 5 mM sodium ascorbate, as 
an electron donor. A quantitative redox change was triggered by a 200 
ms long saturating light pulse (>3000 μmol photons m−2 s−). Mea
surements were repeated 4 to 9 times and averaged. A drift signal and a 
light pulse artefact signal were recorded by repeating the measurements 
but without the light pulse or without measuring light and then sub
tracted them from the signal with the light pulse. Data were analyzed 
with SigmaPlot 11 software. The maximal light-induced absorption 
change was converted into mM P700 by using a difference extinction 
coefficient of 64 mM−1 cm−1 [21]. After the measurement, the exact Chl 
concentration in the cuvette was measured spectroscopically using an 
acetonic extract of the samples according to [22]. 

2.3. Cytochrome heme staining 

Heme specific staining was done according to Fristedt et al. [23] with 
some modifications. Samples were solubilized on ice for 40 min in dark 
with 100 mM dithiothreitol (DTT) in a sample buffer (40 mM Tris, 8 % 
Glycerol, 2.5 % SDS, and 0.01 % Bromphenol blue). Incubation on ice is 
important as room temperature affects heme signal intensity (not 
shown). Thylakoid proteins were first separated by SDS-PAGE using a 5 
% stacking and a 10 % separating gel [24]. TMBZ (3,3′,5,5′-Tetrame
thylbenzidine) staining was done essentially as in Fristedt et al. [23]. 
TMBZ was first dissolved in methanol in dark. 1 M sodium acetate 
(NaOAc pH 5) was added to obtain a final concentration of 0.25 M 
NaOAc and 6.3 mM TMBZ. The gel was placed in the staining solution, 
covered, wrapped in aluminum foil, and agitated in a dark box on ice for 
45 min for a homogenous incubation. The gel was subsequently incu
bated in a 30 mM hydrogen peroxide solution until bands were visible 
and then the peroxide solution was replaced with water. After heme 
staining and documentation, the gel was subsequently stained with 
Coomassie brilliant blue (CBB) to generate corresponding controls. 
Commercially available cytochrome c (12 kDa) from equine heart was 
used as standard for heme quantification (CAS 9007-43-6, Sigma- 
Aldrich). We observed that concentration of DTT is critical for full 
development of cytochrome c heme signal. Concentrations of DTT lower 
than 75 mM showed lower staining intensity (not shown). 
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2.4. Quantitative SDS PAGE gel electrophoresis 

2.4.1. ATPase 
The ATPase protein content was determined by densitometric anal

ysis of the protein band of ATPase β-subunit on a Coomassie-stained 
SDS-PAGE gel (16 % Tris-Glycine). In order to quantify the protein, a 
dilution series of the isolated ATPase protein standards were run on the 
same gel with the sample (see Fig. 7). Using the Image-Pro Plus software, 
the staining intensity of the sample was compared with the staining 
intensity of the isolated protein standard. The results of the band anal
ysis were then presented as mmol ATPase/mol Chl [25]. 

2.4.2. LHCII 
The LHCII content in thylakoid membranes was determined using 

comparative densitometric analysis of protein band intensity using iso
lated LHCII as protein standard. LHCII from spinach was isolated ac
cording to [26]. Thylakoid samples were first resolved along with 
known amount of LHCII protein standard on a 5 % stacking and 12 % 
separating gel containing 6 M urea according to Laemmli [27]. Samples 
were first solubilized at 50 ◦C for 30 min in a sample buffer containing 2 
% β-mercaptoethanol and spun down before loading. Coomassie staining 
of the protein gel was done overnight at room temperature with gentle 
agitation in a solution containing 50 % methanol, 10 % glacial acetic 
acid, and 0.25 % (w/v) CBB. Destaining was done in the same solution 
without CBB until no background was visible. The staining intensity was 
analyzed as before using the Image-Pro Plus software and the LHCII 
content was expressed as mmol/mol Chl. 

2.5. Reversed phase (rp) HPLC 

Isolated thylakoid samples equivalent to 1 μg chlorophyll were 
mixed with 125 μL of 87 % acetone containing 0.1 mM Tris and 
centrifuged for 2 min at 25,000 ×g. The supernatant was transferred to a 
new microcentrifuge tube and the pellet was resuspended in 150 μL of 
100 % acetone for complete pigment extraction. The resuspended pellet 
was further centrifuged for 2 min at 25,000 ×g. The supernatants from 
these two centrifugation steps were then pooled and filtered using a 
0.20 μm filter. The filtrate (pigment extract) was then analyzed using a 
reversed-phase high-performance liquid chromatography (RP-HPLC) 
(Shimadzu) equipped with a LiChrosorb RP-18 (5 μm) column, as 
described in Färber et al. [28]. The column temperature was set at 35 ◦C 
for a better separation of peaks. The mobile phase consists of solvent A 
(acetonitrile:methanol:Tris buffer (0.1 M pH 8.0) at a ratio of 87:10:3) 
and solvent B (methanol:n-Hexane at a ratio of 4:1). The gradient from 

solvent A to B starts at 9 to 12.5 min (flow rate 2 mL/min). Eluted 
neoxanthin was monitored at 440 nm and chlorophyll a (Chl a) and b 
(Chl b), at 660 nm. The area under the retention profile was calibrated to 
pmol pigment with pure pigment standards: 2.8000 × 10−4 area per 
pmol for neoxanthin, 5.2985 × 10−4 area per pmol for Chl a, and 6.2580 
× 10−4 area per pmol for Chl b. The amount of LHCII was calculated by 
the equation. 

LHCII3/Chl = (neoxanthin/Chl − 2 × PSII/Chl)/3  

2.6. Label-free quantitative mass spectrometry 

The relative abundance of PSII, PSI, cytochrome b6f complex, and 
ATPase has been quantified using label-free mass spectrometry. Thyla
koid membranes from Arabidopsis plants grown under short-day (8 h 
light/16 h dark) white light condition (~150 μmol photons m−2 s−1) 
were isolated as described earlier. Thylakoid proteins were extracted 
from the membrane by incubation in an extraction buffer (4 % sodium 
dodecyl sulfate (SDS), 40 mM dithiothreitol (DTT), and 40 mM Tris-HCl 
(pH 8.0)) at 80 ◦C for 10 min. The extracted proteins were precipitated 
from the reaction mixture using a chloroform-methanol solution in a 1:4 
chloroform:MeOH ratio, followed by centrifugation at 18,800 ×g in a 
microcentrifuge at room temperature for 10 min. The precipitated pellet 
was washed with additional methanol before pellets were dried and 
resuspended in 8 M Urea, 20 mM Tris-HCl (pH 8.0) and 3 mM EDTA and 
the protein concentration was measured by BCA assay (Pierce). Cysteine 
residues in protein samples were reduced by dithiothreitol and alkylated 
by iodoacetamide before digestion with 4 μg Trypsin/Lys-C (Promega) 
prepared in 50 mM ammonium bicarbonate at 37 ◦C for 16 h as 
described in McKenzie et al. [29]. The digested peptides were desalted 
using a C18 spin column (The Nest Group) and resuspended in 3 % 
acetonitrile and 0.1 % formic acid. Peptides equivalent to one micro
gram were analyzed by reverse-phase LC-ESI-MS/MS using the Dionex 
UltiMate 3000 RSLC nano System coupled to the Q Exactive High Field 
(HF) Orbitrap Mass Spectrometer (Thermo Fisher Scientific) as 
described earlier [29]. 

Mass spectra were searched against The Arabidopsis Information 
Resource (TAIR) proteome database (v.10). For label-free quantifica
tion, a normalized measure of molar abundance of individual proteins 
known as the relative intensity-based absolute quantification (riBAQ) 
was used [30]. It is calculated by dividing each protein's iBAQ value by 
the sum of all unfiltered iBAQ values in the corresponding sample. The 
abundance of each thylakoid protein complex is the mean riBAQ value 
of a set of constituent subunits that are common to all biological 

Fig. 1. An overview of the main protein supercomplexes in plant thylakoid membranes. Protein subunits and chromophores used for the quantification of super
complexes are highlighted in yellow with the carotenoid neoxanthin (Neo) in purple. The bottom panel summarizes the methods that have been employed for the 
quantifications. DAS, difference absorption spectroscopy; rp-HPLC, reverse-phase high performance liquid chromatography. 
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replicates as listed in [17]. The abundance of PSII and PSI was calculated 
from the values of reaction center core subunits to account for the 
differing antenna composition and antenna size. 

3. Results and discussion 

The quantification of protein complexes in thylakoid membranes 
requires a reference point to which the amounts could be expressed as 
relative values. Potential reference parameters can be thylakoid mem
brane area, total thylakoid lipids, total thylakoid protein, or a reference 
protein complex. However, a straightforward measure for the amount of 
the thylakoid membrane is the chlorophyll content. Since chlorophylls 
are exclusively localized in thylakoid membranes and their content re
lates directly with the most abundant Chl-binding protein complexes 
(LHCII, LHCI, PSI, and PSII), they can be a good proxy for the membrane 
[20]. Furthermore, the chlorophyll content can easily be quantified by 
spectrophotometric measurements of organic solvent extracts [22]. 
Therefore, the following protein complexes will be quantified on a molar 
basis relative to total chlorophyll. Our approaches for quantification of 
thylakoid protein complexes and supercomplexes involve measuring the 

amount of a marker chromophore or a protein subunit within each 
complex that has a well-defined stoichiometric ratio to that complex. 
Fig. 1 gives an overview of these protein complex markers (in bold) that 
were employed in this study together with the methods that quantify 
them. This approach was made possible by the excellent high-resolution 
protein structural data that are now available for plant thylakoid 
membranes. 

3.1. Quantification of LHCII 

The LHCII protein family in higher plants can be divided into the 
major trimeric LHCII (made of Lhcb1, Lhcb2, and Lhcb3 subunits) and 
the minor monomeric CP29 (Lhcb4), CP26 (Lhcb5), and CP24 (Lhcb6) 
[31,32]. The minor LHCIIs are tightly bound to the PSII core with a 1:1 
stoichiometry of each minor LHCII subunit to PSII monomer [32]. 
Furthermore, in Arabidopsis a population of the major trimeric LHCII 
associates with the dimeric PSII core via the three minor antennae 
proteins, forming the C2S2M2 supercomplex [33] with a trimeric LHCII 
to PSII-monomer ratio of two to one. However, native thylakoid mem
branes contain a variable amount of additional ‘loosely’-bound or ‘free’ 

Fig. 2. LHCII quantification by quantitative SDS PAGE. 2A, 
Example of a gel with three thylakoid membrane samples (1 
to 3, left) and four different amounts of isolated LHCII 
standards. The fmol numbers give the amount of trimeric 
LHCII put on each lane. Blue rectangle indicates the LHCII 
25 kDa band whose intensity was profiled as an example in 
2B. MW, molecular weight standard. 2B, Intensity profile of 
the LHCII band from lane #3 with the corresponding area 
under the curve. 2C, LHCII calibration curve generated from 
isolated LHCII standard (right lanes in panel A). As an 
example, the conversion of the area deduced in panel B into 
fmol of trimeric LHCII is shown for the thylakoid sample #3. 
D, Statistical distribution of LHCII quantification data points 
for thylakoid membranes. Red lines indicate the mean value.   

Fig. 3. LHCII quantification by rp-HPLC 
method. A, Example of an rp-HPLC chro
matogram. The separated pigments are 
indicated. Detection wavelength, 440 nm; 
spectral bandwidth, 8 nm. B, zoomed-in 
view highlighting the areas (in blue) for 
neocanthin (retention time ~3.2 min), Chl b 
(retention time ~15.5 min), and Chl a 
(retention time ~16.5 min). C, Normalized 
absorption spectra of isolated pigments in 
ethanol used to generate calibration curves. 
D, Calibration curves at 440 nm for Chl a, 
Chl b, and Neo used to convert the areas 
under the pigment peaks (see B) to pmol 
pigments. The conversion factors are given 
for each pigment. The statistical analysis for 
LHCII quantification by rp-HPLC is given as 
an inset in panel B.   
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trimeric LHCII. The amount of total LHCII (bound within C2S2M2 plus 
‘loosely’-bound LHCII) per PSII reaction center depends on light con
ditions (e.g. [19]). Published ratios of total LHCII-trimers per PSII- 
monomer range from 4 under high light to over 7 in low light- 
acclimated plants [19,34,35]. The higher ratio in low light is the 
result of plants increasing their capacity for harvesting the limiting solar 
radiation. For LHCII, no specific redox-dependent difference absorption 
spectra exist. Therefore, employing difference absorption spectroscopy 
for LHCII quantification, as used for PSII, PSI, and cyt b6f complexes, is 
not possible. Two alternative approaches based on gel electrophoresis 
and HPLC are introduced below. 

3.1.1. SDS-PAGE gel quantification of the major LHCII complex 
A technique to quantify trimeric LHCII in thylakoid membranes 

using gel electrophoresis is shown in Fig. 2 [20]. This method is based on 
comparing the Coomassie staining intensity of the 25 kDa LHCII band in 
thylakoid samples with that of isolated LHCII protein, which is used as 
standard and run on the same denaturating SDS-PAGE gel (Fig. 2A). 
Under our gel running conditions the 25 kDa band contains the Lhcb1, 
Lhcb2, and Lhcb3 isoforms that make up the trimeric LHCII. The minor 
CP26 and CP29 proteins run higher on an SDS-PAGE gel whereas CP24 
as well as the LHCI subunits run below the 25 kDa band [36–38] as 
expected from their theoretical molecular weight [31]. Thus, the protein 
band around 25 kDa mass is ideal for trimeric LHCII quantification as it 
is devoid of other protein subunits. The isolated LHCII standard has a 
small contamination from CP24 [36,37], seen as a faint band below the 
dominant 25 kDa band. However, the intensity of this band is negligible 
(~5 % CP24 band intensity relative to 25 kDa band intensity). An 
important prerequisite for protein quantification by an SDS PAGE gel is 
the linearity of the (Coomassie) stain signal over a certain range of 
protein amount. Fig. 2C demonstrates that this linearity is obtained for 
the range of LHCII standard loaded on the gel covering an order of 
magnitude. Note that the staining intensity of the 25 kDa band of the 
unknown thylakoid sample is within the range of the LHCII standard 
regression curve (Fig. 2C), ensuring its proper quantification. From the 
calibration curve in Fig. 2C, the fmol LHCII in the thylakoid samples is 
deduced and set in relation to the Chl content of this sample. For 
example, from the 7.17 fmol of LHCII for the thylakoid sample #3 
(Fig. 2C) and the 1 pmol of Chl put on the gel a LHCII to Chl ratio of 7.17 

mmol/mol Chl is given. This method gives a mean value of 7.8 mmol 
LHCII trimer per mol of Chl (Fig. 2D). 

3.1.2. Major LHCII quantification by reversed phase (rp)HPLC 
Fig. 3 presents a new method for the quantification of the major 

LHCII protein complex in thylakoid membranes. This approach makes 
use of the observation that the xanthophyll neoxanthin (neo) is exclu
sively found in LHCII proteins [33,39]. Moreover, high-resolution PSII 
structures reveal that each trimeric LHCII contains three non-covalently 
but tightly bound neoxanthins (one per monomer). The monomeric 
CP29 and CP26 each contain one neoxanthin as well [33]. Thus, neo 
serves as an excellent marker pigment for LHCII quantification. The 
quantification of thylakoid pigments from organic extracts of thylakoid 
membranes by reversed phase HPLC at 440 nm detection wavelength 
(Fig. 3A) is a well-established method [28,40]. The areas under the 
peaks in Fig. 3A (Fig. 3B is a zoomed-in image) are directly proportional 
to pmol pigments. For the conversion of area to pmol pigments, cali
bration curves with isolated pigments were conducted. The purity of the 
pigments was verified by HPLC runs and their concentration quantified 
by absorption spectroscopic measurements (Fig. 3C). The calibration 
curves in Fig. 3D reveal good linearity for Chl a, Chl b, and neo for the 
given pmol range. The conversion factors for the three pigments (given 
in Fig. 3D) agree with literature values [28]. Slight differences are ex
pected since HPLC settings like optical bandwidth can lead to small 
deviations. Since the PSII-bound CP26 and CP29 each contain one neo 
the measured neo values were corrected by subtracting 2-times the 
amount of PSII (for PSII quantification see below). In case that the PSII 
amount cannot be determined the uncorrected neo content is still a good 
estimate for the major LHCII content. For example, the amount of LHCII 
for our Arabidopsis thylakoids would change from 0.61 pmol LHCII 
(without correction for the CP26 and CP29 contribution) to 0.49 pmol 
LHCII (with correction), i.e. the error for the uncorrected values is a ~ 
20 % overestimation. The final LHCII-trimer to Chl ratio is calculated by 
dividing the corrected neo values by the Chl content (in mol) and by 
three (three neoxanthins per trimer) giving a LHCII trimer to Chl ratio of 
8.3 (inset Fig. 3B). The advantages of rp-HPLC-based LHCII quantifica
tion is that this method is more quantitative than SDS PAGE-based 
quantification and that it can be applied to organic leaf extracts. 
Regardless, both methods give a consistent LHCII-trimer quantification 

Fig. 4. Quantification of thylakoid cyto
chromes by DAS. A, Reference spectra with 
differential extinction coefficients (Δε) for 
hemes of the two cyt b559 forms, cyt b6, and 
cyt f. B, Examples of chemical induced DAS 
for a thylakoid sample. The cytochromes 
showing up at different redox treatments are 
indicated in blue. Red lines give the fitted 
curves that are sums of the blue curves. 
Black circles represent measured data points 
and the blue arrows indicate the amplitude 
values (in Δabs units), which were used to 
calculate the cytochrome concentrations. C, 
Statistics of cyt quantifications of thylakoid 
membranes. For the quantification of total 
PSII, cyt b559(hp) and cyt b559(lp) were 
added, and for quantification of cyt b6f, the 
average of cyt f and cyt b6/2 was used.   
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of about 8 mmol LHCII per mol of Chl. 

3.2. Quantification of PSII and cyt b6f complex 

3.2.1. Difference extinction coefficients of cytochrome α-bands 
A wide range of extinction coefficients ranging from 15 to 23.4 

mM−1 cm−1 for the α-band of reduced minus oxidized cyt b559 has been 
reported [41]. This holds also for the cytochromes of the cyt b6f complex 
[42]. Before applying difference absorption spectroscopy for quantifi
cation of cytochromes in thylakoid membranes, the exact extinction 
coefficients have to be determined. Arguing for a higher value, a critical 
analysis of the cyt f reduced minus oxidized difference extinction co
efficients by [42] provides plausible reasons for the discrepancy found in 
the literature. For reevaluation of the cyt b559 extinction coefficient, we 
used a PSII preparation isolated from the cyanobacterium Synechococcus 
elongatus, (kind gift from Dr. Mathias Rögner, University of Bochum, 
Germany). From HPLC-based quantifications of phaeophytin and chlo
rophylls at 660 nm, a Chl/PSII monomer ratio of 39 was determined for 
this preparation (not shown). The midpoint redox potential of the high 
potential (HP) cyt b559 (370–435 mV) [43] allows its complete oxi
dization and reduction by potassium ferricyanide and sodium ascorbate, 
respectively. Further addition of sodium dithionite induces a quantita
tive redox change in oxidized/reduced low potential (LP) form of cyt 
b559 since its redox midpoint potential is 0–80 mV [43]. The corre
sponding reduced minus oxidized difference absorption spectra of cyt 
b559(HP) and cyt b559(LP) of the PSII preparation are shown in Fig. 4A. 
Although these absorption difference spectra were recorded from a 
cyanobacterium the shapes of the absorption spectra are very similar to 
the ones reported for higher plants [43], i.e. the absorption maximum is 
at 559 nm and the full width at half maximum is 10.0 nm. The extinction 
coefficients for the cyt b559 difference absorption spectra were deter
mined from the maximum difference absorption signal at 559 nm minus 
the isosbestic point at 548 nm, the Chl concentration in the spectrometer 
cuvette, and the Chl/PSII monomer core ratio of 39, leading to a coef
ficient of 25.1 mM−1 cm−1 for both the high and low potential forms 
(Fig. 4A). 

The difference absorption coefficients for the α-bands of cyt f and cyt 
b6 were derived from isolated dimeric cyt b6f complex from tobacco 
plants. The reduced minus oxidized difference spectrum of cyt f (sodium 

ascorbate minus potassium ferricyanide), peaking at 554 nm (Fig. 4A), is 
identical to published spectra [42,44]. The extinction coefficient for cyt f 
at 554 nm, corrected for the isosbestic point at 554.3 nm, was set to 25.2 
mM−1 cm−1 [42]. The amplitude of the reduced minus oxidized differ
ence absorption spectrum of cyt b6 (corrected for the isosbestic point at 
543 nm, [44]) in our cyt b6f complex preparation is twice as high as for 
cyt f (exact number 2.02). Our approach to determine the extinction 
coefficient of cyt b6 is to assume a molar cyt b6 to cyt f ratio of two since 
this is the settled stoichiometry of hemes revealed by the high-resolution 
structures of this complex [45,46]. It thus follows that the reduced 
minus oxidized difference extinction coefficient for cyt b6 at 563 nm is 
25.5 mM−1 cm−1 (2.02 / 2 [b6 per b6f complex] * 25.2 mM−1 cm−1 [for 
cyt f]). The re-evaluation of the difference absorption coefficients in the 
α-band region reveals very similar numbers for all four cytochromes 
(~25 mM−1 cm−1) as speculated earlier [42]. The reference spectra 
shown in Fig. 4A pave way for quantification of cytochromes from dif
ference absorption spectroscopy. 

3.2.2. Quantification of PSII and cyt b6f complex by difference absorption 
spectroscopy 

In the literature PSII has been quantified by different methods like 
estimation of atrazine-binding sites [47], EPR of tyrosine D [48,49], and 
reduced-minus-oxidized difference absorption spectroscopy of different 
redox active PSII centers like the so-called C550 signal (related to 
pheophytin) [20,50], the primary quinone acceptor QA (at 320 nm) 
[51], and cyt b559 [20,48]. Our choice to quantify PSII by cyt b559 dif
ference absorption spectroscopy is based on the facts that (i) spectros
copy is highly quantitative, (ii) cyt b559 is an excellent marker for all PSII 
complexes since it has a fixed 1:1 stoichiometry per reaction center, and 
(iii) it is found in all structural forms of PSII ranging from the C2S2M2 
holocomplex to truncated PSII monomers [33,52], and (iv) it is techni
cally not costly, i.e. it requires only an absorption spectrometer. The 
same advantages are also apparent for using cyt f and cyt b6 difference 
absorption spectroscopy for quantification of the cyt b6f complex. 

Fig. 4B presents examples of chemically induced difference absorp
tion spectra measured on intact thylakoid membranes in the cytochrome 
α-band region. The upper panel shows difference spectra for sodium 
ascorbate (reduced) minus potassium ferricyanide (oxidized). Under 
these conditions only cyt f and cyt b559(HP) signals appear. The lower 

Fig. 5. Quantification of cyt f in thylakoid samples by heme staining. A, Example of a Coomassie stained SDS PAGE showing two thylakoid samples (4.44 nmol Chl 
per lane) with molecular weight standard (MW). B, TMBZ staining of the same gel (also containing cyt c standards that are not shown in A). The positions of cyt f and 
cyt c are indicated (red). Quantifications of band intensities was done as with LHCII gels (see Fig. 2) C, A plot of the band intensity area versus the amount of the cyt c 
standard demonstrating that the sample concentrations were in the linear range. D, Statistics of cyt f quantification by heme staining. 
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panel gives the spectra of sodium dithionite (reduced) minus sodium 
ascorbate (oxidized) with contributions from cyt b559(LP) and cyt b6. To 
eliminate spectral contributions of non-cytochromes, redox active 
chromophores (e.g. P700 or PC), the spectral range was set narrowly 
around the peaks of the cytochromes (545 to 570 nm for cyt f and cyt 
b559(HP), 550 to 575 nm for cyt b6 and cyt b559(LP)). Furthermore, 
baselines were subtracted for these spectral regions to remove flat 
spectral contributions of redox active chromophores. The corrected 
difference absorption spectra displayed in Fig. 4B are highly enriched in 
cytochromes. For the separation of the two cytochromes in both dif
ference spectra, a mathematical fitting procedure has been applied by 
using the baseline-corrected reference spectra in Fig. 4A with their 
amplitudes as the only free fitting parameters. For both conditions, the 
fitted spectra (red lines) described the measured data (black circles) 
well. The high quality of the mathematical fitting indicates the depletion 
of non-cytochrome chromophores. The contributions of the individual 
cytochromes are shown in blue (Fig. 4B). From the maximum ampli
tudes (blue arrows) and the difference absorption coefficients (Section 
3.2.1), the cytochrome concentrations in the measuring cuvette can be 
calculated. These concentrations were divided by the total Chl concen
tration in the cuvette providing molar cyt/Chl ratios summarized in 
Fig. 4C. The numbers for the PSII and cyt b6f complex content agree with 
published numbers [53]. For the cyt b6f complex concentration, the 
average of the cyt f/Chl and the (cyt b6/2)/Chl was used and for the total 
PSII amount in thylakoid membranes, the sum of cyt b559(HP) and cyt 
b559(LP). The statistical analysis reveals that the thylakoid membranes 
contain ~2.7 PSII complexes per cyt b6f complex (Fig. 4C). 

3.2.3. Quantification of cyt b6f complex by heme staining of cyt f 
The hemes in cytochromes of thylakoid membranes are usually non- 

covalently attached to their apoproteins. Rare exceptions are the heme 
of cyt f (c-type heme, f for frons (lat.) = leaf) that is covalently bound to 
the cyt f apoprotein [54] and the heme cn bound to the cyt b6 subunit 
[44,55,56]. The covalent heme-binding of c-type cytochromes leads to 
quantitative retention of their hemes during SDS-PAGE [57]. This fa
cilitates the quantification of cyt b6f from the cyt f content in a dena
turating SDS-PAGE gel, i.e. under conditions in which all non-covalently 
bound hemes are washed away. Fig. 5A shows an example of Coomassie 
stained SDS-PAGE gel of two thylakoid membrane preparations. The 
corresponding TMBZ-based heme staining of the same gel in Fig. 5B 
confirms that only the cyt f (molecular weight 33 kDa) is visible on the 
gel. For reasons that are unclear the covalently-bound heme cn of the cyt 
b6 subunit (~24 kDa) is usually not visible or seen as a faint band in our 
gels. For the quantification of the cyt f heme signal, isolated cyt c 
standard samples from equine heart in two different quantities were run 
in parallel on the same gel (Fig. 5B, right). We checked that the two cyt c 
concentrations fall into the linear signal intensity range (Fig. 5C, two 
data points in the middle). The two cyt c reference bands were used to 
quantify the cyt f content by comparison of band intensities. The sta
tistical analysis (Fig. 5D) gives 0.94 mmol cyt f per mol Chl. This 
biochemically-derived value is very close to the 1.00 mmol cyt b6f 
complex per mol Chl derived from difference absorption spectroscopy 
(previous section). 

Fig. 6. Quantification of P700 by DAS. A, Example of a light induced absorption change (Δabs) at 705 nm reflecting a P700 to P700+ redox change. The blue arrow 
indicates the maximal Δabs used for P700 quantification. B, Comparison of (Δabs) signals from isolated PSI preparation [21] and the light-induced Δabs (example in 
A) from Arabidopsis thylakoid membranes. C, Statistics of P700 quantification by DAS. 

Fig. 7. SDS PAGE-based quantification of 
the ATP synthase β-subunit in thylakoid 
membranes. A, Example of an SDS PAGE 
with isolated ATPase standards in different 
amounts (left) and five different thylakoid 
samples (right). The positions of the ATPase 
α- and β-bands are indicated by red arrows. 
B, Intensity profiles of the α- and β-bands, 
showing good separation of the two bands. 
The area for the β-band is shaded in blue. C, 
Calibration curve for the β-subunit deduced 
from the isolated ATPase protein standards 
(panel A, left). An example for quantifica
tion of the β-subunit from the area under the 
gel band (see B) is shown by blue arrows. 
Right, Statistics of ATPase quantification of 
thylakoid membranes by SDS-PAGE 
method.   
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3.3. Quantification of PSI 

The reaction center chlorophyll of PSI, P700, is a good candidate for 
the quantification of this protein complex since it has a well-established 
one-to-one stoichiometry with PSI and has a very specific difference 
absorption spectrum characterized by a strong bleaching of the ab
sorption signal at 702 nm caused by the oxidized P700 species (P700+) 
[21]. A quantitative reduced to oxidized redox change of P700, as 
induced by a strong light pulse, in detergent-solubilized thylakoid 
membranes is shown in Fig. 6A. For this measurement, the electron 
donor sodium ascorbate was added. Electron flow from PSI was facili
tated by the addition of the electron acceptor methylviologen. We 
further tested whether the light induced absorption change under our 
conditions reflects solely of P700 redox changes by comparing its 
wavelength dependency with a published P700+ minus P700 spectrum 
of isolated PSI [21]. The congruence between both spectra in Fig. 6B 
confirms that the signal in Fig. 6A reflects the reduced to oxidized 
change of P700 only. From the difference spectroscopic analysis, a ratio 
of 1.7 mmol PSI per mol of Chl was deduced (Fig. 6C), which is in line 
with published numbers for Arabidopsis PSI [29,58]. 

3.4. Quantification of ATP synthase 

In contrast to respiratory membranes, which contain mostly dimeric 
ATP synthase complexes, the ATPase in thylakoid membranes occurs as 
monomers [59]. The quantification of the ATP synthase is probably the 
most challenging one among the main thylakoid protein complexes since 
it is redox inactive and contains no pigments. For this reason, quanti
tative SDS-PAGE gel electrophoresis is a viable approach [20,60]. The α- 
and β-subunits of the CF1 part of the ATP synthase represent good 
markers for quantitative SDS PAGE analysis of thylakoid membranes 
because no other protein subunits migrate in this molecular weight re
gion (Fig. 7A). To this end, a protein gel-based approach similar to that 

used for LHC II was employed (Fig. 2). In detail, thylakoid samples were 
run together with a known amount of isolated ATPase complex on the 
same gel (Fig. 7A). From the band intensity profile of the β-subunit, the 
area under the profile was deduced (Fig. 7B). The dilution curve of the 
ATP synthase standard in Fig. 7C verifies the linearity of the stain in
tensity. From the regression line of the isolated ATPase protein standard, 
the pmol ATPase of the thylakoid sample can be calculated and 
normalized to the Chl amount (Fig. 7C, right). An ATP synthase con
centration of ~1.2 mmol/mol Chl agrees with published data [61]. 

3.5. MS-based relative quantification of thylakoid protein complexes 

With the latest advancement in ionization and detection technolo
gies, label-free shotgun LC-MS-MS has become a powerful tool for 
quantification of the entire proteome. Calculation using normalized 
precursor ion intensity in the form of the riBAQ method allows quanti
fication over a wider dynamic range and removes bias against low 
abundant proteins. Results from the label-free mass spectrometric 
quantification of thylakoid protein complexes are presented as ratios to 
PSI in Fig. 8A. The ratios are in good agreement with those derived from 
spectroscopic and quantitative gel electrophoresis methods. For quan
tification of multiunit complexes, the MS-based label-free method has 
turned out to be especially robust as it benefits from the averaging of 
riBAQ values of multiple subunits of each complex. The label-free and 
the more versatile metabolic labeling methods of quantitative mass 
spectrometry have been widely used for the comparative analysis (as 
ratios) of photosynthetic proteomes under different treatments and ge
netic backgrounds. However, these methods do not give the absolute 
abundance or concentration of thylakoid protein complexes or individ
ual proteins per total protein or chlorophyll. The development of stable 
isotope-labeled synthetic peptide standards makes absolute quantifica
tion now possible for thylakoid proteins. 

3.6. Conclusions 

In this study, a complementary set of biophysical and biochemical 
methods including mass spectrometry is presented that allows quanti
fication of the protein complexes of thylakoid membranes. These 
methods are not only applicable for isolated entire thylakoid membranes 
but also thylakoid subfractions (e.g. stacked or unstacked thylakoid 
domains), chloroplasts, protoplasts, or even leaves if crude thylakoid 
extraction protocols are available. Furthermore, the methods presented 
here can be used for other species including gymnosperms and algae as 
long as a thylakoid isolation protocol is available. Isolated thylakoid 
membranes are required for all gel electrophoresis-based quantifications 
since interference by non-thylakoid proteins with similar molecular 
weights will lead to incorrect quantifications. For LHCII and cyt b6f 
complex quantifications new methods are presented, which give 
numbers for the protein concentration that agree well with numbers 
derived using other published protocols. 

Fig. 8 summarizes the protein concentrations of thylakoid mem
branes by combining all methods.The upper panel of Fig. 8 shows the 
protein complex abundances in Arabidopsis thylakoid membranes rela
tive to PSI as derived from both quantitative spectroscopic and MS 
methods. As reported earlier (e.g. [19,53,61]), the relative stoichiome
tries are far from equal. An interesting observation is that the cyt b6f 
complex, which carries out the rate limiting reaction of the photosyn
thetic electron transport chain, is the least abundant protein complex 
(~57 % relative to PSI and ~36 % to PSII). The sub-stoichiometric 
amount of the cyt b6f complex relative to the two photosystems en
sures strong control of steady-state electron transport by this complex 
using regulatory processes like photosynthetic control [6]. For example, 
if cyt b6f complex to PSII ratio would instead be larger, then the control 
capability of cyt b6f complex on electron transport would be lowered 
because of an increase in the rate limiting enzyme (see ‘control theory’, 
[62]). 

Fig. 8. Summary of the quantification of the main protein complexes in 
thylakoid membranes. A, Content of the protein complexes as normalized to 
PSI. For LHCII and cyt b6f complex abundance, values from the two indepen
dent methods were averaged. Red circles show protein complex stoichiometries 
as obtained by the MS method. B, Protein contents normalized to Chl. MS- 
derived stoichiometries are riBAQ-based recalculations of an earlier published 
data set [29]. 
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Another intriguing stoichiometric mismatch is between both photo
systems with PSII being ~1.6 times more abundant than PSI. Although 
the PSII/PSI ratio changes under different environmental conditions (e. 
g. light quality or intensity [16,19]), the question arises as to how the 
light harvesting is balanced between the two photosystems in particular 
under low light intensities when the efficiency of photosynthetic light 
energy conversion should be maintained high. In this respect, the dis
tribution of LHCII to both photosystems is crucial. Evidence exists that 
up to 15 % of PSII in thylakoid membranes is functionally inactive, i.e. 
that they are unable to reduce the secondary quinone acceptor QB 
(reviewed in [63]). Based on our PSII/PSI ratio, it follows that the PSII 
(active)/PSI ratio can drop from 1.6 to ~1.4 if inactive centers are 
considered. To estimate the fraction of LHCII connected to PSI in 
Table 1, we assumed that either all (100 %) or 85 % of PSII are active. It 
follows that 35 to 40 % of the major LHCII pool must be functionally 
attached to PSI, with the rest to PSII, to establish an equal Chl distri
bution between both photosystems (Table 1). These numbers might in 
fact be a bit lower since the energy conversion efficiency of PSII is lower 
(~85 %) than that of PSI (~100 %), i.e. 30 to 34 % of LHCII should be 
attached to PSI. The prediction that ~1/3 of the total LHCII pool is 
attached to PSI is in line with the recent postulate that a significant 
fraction of LHCII trimers is attached to PSI probably in the margins of 
grana thylakoids (reviewed in [32]). Furthermore, knowledge of the 
molar protein complex to Chl ratio (lower panel in Fig. 8) allows esti
mation of the protein densities in thylakoid membranes (# particles per 
μm2) using a few assumptions (see legend to Table 2). The conversion of 
protein concentration to particle densities in thylakoid membranes 
(Table 2) reveals a good agreement with published protein density data 
derived from electron microscopic studies (column “Measured/ 
Literature”). 
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