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A B S T R A C T   

Derivatives of poly(styrene-co-maleic acid) (pSMA), have recently emerged as effective reagents for extracting 
membrane protein complexes from biological membranes. Despite recent progress in using SMAs to study arti-
ficial and bacterial membranes, very few reports have addressed their use in studying the highly abundant and 
well characterized thylakoid membranes. Recently, we tested the ability of twelve commercially available SMA 
copolymers with different physicochemical properties to extract membrane protein complexes (MPCs) from 
spinach thylakoid membrane. Based on the efficacy of both protein and chlorophyll extraction, we have found 
five highly efficient SMA copolymers: SMA® 1440, XIRAN® 25010, XIRAN® 30010, SMA® 17352, and SMA® 
PRO 10235, that show promise in extracting MPCs from chloroplast thylakoids. To further advance the appli-
cation of these polymers for studying biomembrane organization, we have examined the composition of thyla-
koid supramolecular protein complexes extracted by the five SMA polymers mentioned above. Two commonly 
studied plants, spinach (Spinacia oleracea) and pea (Pisum sativum), were used for extraction as model bio-
membranes. We found that the pSMAs differentially extract protein complexes from spinach and pea thylakoids. 
Based on their differential activity, which correlates with the polymer chemical structure, pSMAs can be divided 
into two groups: unfunctionalized polymers and ester derivatives.   

1. Introduction 

Compared to soluble proteins, the functional and structural charac-
terization of membrane protein complexes (MPCs) still remains a chal-
lenge [1,2]. This is mostly due to the difficulties in establishing 
experimental conditions under which the proteins of interest can be 

isolated from biological membranes in their native conformations and 
lipid environments. About a decade ago researchers began using surface- 
active polymers [3], particularly poly(styrene-co-maleic acid) salts 
(pSMA-S), to solubilize lipid membranes and extract membrane proteins 
[4–7] as an alternative to traditionally used detergents. Since then there 
has been steady progress in the application of SMA copolymers for 
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extraction of native MPCs within nano-sized SMA lipoparticles 
(SMALPs). Knowing the relationship between polymer physicochemical 
properties and their solubilization efficacy can help in the design and 
synthesis of novel pSMA-S with tailored properties. However, despite 
the considerable progress in the understanding of how SMA polymers 
interact with many, well-studied membranes, there is still little work on 
the galactolipid-rich membranes found in thylakoids [13,17]. 

The highly dynamic nature of thylakoid membranes (TMs) [8,9], 
reflected both in vertical variability of grana stacking and in lateral 
heterogeneity [10], make them an interesting and challenging subject 
for study. These membrane properties suggest the existence of sub- 
domains within the thylakoids which might be functionally specialized 
[11], enabling physically distinct TM regions for photosynthetic pro-
cesses such as light harvesting, charge separation, proton pumping, 
cyclic electron transport, and ATP synthesis [12]. Previously [13], we 
tested the ability of twelve commercially available SMA copolymers 
with different physicochemical properties to extract MPCs from the most 
densely packed biological membrane – chloroplast TM. Fundamentally, 
the role of TMs in photosynthetic electron transport and energy con-
version relies on close proximity of protein complexes, which results in a 
high protein-to-lipid ratio: 75% of membrane is occupied by protein 
complexes [1]. Additionally, TM lipid composition differs significantly 
from the composition of other subcellular compartments and biological 
membranes previously used in studies with pSMA-S. TMs are charac-
terized by a low content (less than 20%) of phospholipids, mostly 
phosphatidylglycerol (PG), phosphatidylcholine (PC), and phosphati-
dylinositol (PI), and consist primarily of galactolipids: monogalacto-
syldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and 
sulfoquinovosyldiacylglycerol (SQDG) [14,15]. The efficacy of mem-
brane protein extraction by pSMAs from galactolipid-containing bio-
membrane can differ considerably [16] compared to phospholipid- 
containing membranes for which the application of SMA polymers 
have been mostly studied. 

Based on the efficacy of both protein and chlorophyll extraction, we 
have found five SMA copolymers: SMA® 1440, XIRAN® 25010, 
XIRAN® 30010, SMA® 17352, and SMA® PRO 10235, that show 
promise in extracting supramolecular protein complexes from spinach 
TMs. The current study extends earlier works that demonstrated the 
application of SMA copolymers for solubilization of higher plant [13,17] 
and cyanobacterial [18] thylakoids. To advance the application of SMA 
copolymers for studying TM organization [17] we examined the corre-
lation between physicochemical properties of five SMA copolymers and 
composition of isolated photosynthetic supramolecular protein com-
plexes extracted from two biological membranes – spinach and pea TMs. 

Appressed TMs enriched in photosystem II (PSII) were isolated from 
intact spinach and pea chloroplasts and subjected to one-step solubili-
zation with five SMA copolymers. Extracted protein-containing SMALPs 
were resolved by sucrose density gradient centrifugation (SDGC) 
yielding high-density fractions (HDFs) of large supramolecular com-
plexes. The composition of the HDFs were characterized by ultra-
violet–visible (UV–Vis) spectroscopy, 77 K fluorescence emission 
spectroscopy, polyacrylamide gel electrophoresis (PAGE), and immu-
noblotting with 22 antibodies against subunits of major thylakoid 
multiprotein complexes: PSII and its light-harvesting complexes (LHCII), 
photosystem I (PSI), and cytochrome b6/f complex (cyt. b6/f). The new 
method of membrane protein isolation utilizing pSMAs may enable 
isolation of intact complexes and allow in vitro analysis of thylakoid 
heterogeneity to be studied more accurately. This extraction technique 
is also a timely complement to the progress made in advanced imaging 
methods such as cryo-electron tomography [19–21] and single particle, 
cryo-EM analysis [22–24], which have been applied to explore 
structure-function dynamics in these photosynthetic membranes [25]. 

2. Materials and methods 

2.1. Materials 

Amido black 10B (Bio-Rad, 161-0402); acetic acid (Fisher Chemical, 
A38-12); acetone (Fisher Scientific, A949); acetone for electron micro-
scopy (Electron Microscopy Sciences, 10015); albumin standard (Pierce, 
23209); ammonium persulfate (APS; Fisher BioReagent, BP179); L 
(+)-ascorbic acid, sodium salt (Fluka, BioChemica, 11140); bovine 
serum albumin (BSA) fraction V (United States Biochemical, 70195); 
Coomassie brilliant blue R-250 (CBB R-250; Fisher BioTech, BP101); n- 
dodecyl-β-D-maltoside (DDM) (GLYCON Biochemicals GmbH, D97002); 
dry milk (instant), non-fat (NFDM; Kroger); DL-dithiothreitol (DTT; 
Gold Biotechnology, Inc., DTT100); ethylenediaminetetraacetic acid 
(ICN Biomedicals,101676); N,N,N′,N′-ethylenediaminetetraacetic acid, 
tetrasodium salt, dihydrate (United States Biochemical, 15700); L- 
glutathione reduced (Sigma, G4251); glycerol (Fisher Bioreagent, 
BP229); glycine (Gold Biotechnology, G-630); HEPES (4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid) (Fisher BioReagents, BP310); 
1-hexadecane (TCI America, H061025ML); hydrochloric acid (Fisher 
Scientific, A142); lead citrate, trihydrate (Electron Microscopy Sciences, 
17810); magnesium chloride, anhydrous (Acros Organics, 223210010); 
manganese chloride, tetrahydrate (Fisher Scientific, M–87); MES (2-(N- 
morpholino)ethanesulfonic acid) free acid monohydrate (Fisher Bio-
Reagents, BP300); methanol (Sigma-Aldrich, 179337); MOPS (3-(N- 
morpholino)propanesulfonic acid) (Gold Biotechnology, M-790); 
osmium tetroxide (Electron Microscopy Sciences; 19130); Percoll™ (GE 
Healthcare, 17-0891-09); polyoxyethylene-20-sorbitol monolaurate 
(Tween® 20; Fisher BioRegents, Fisher Chemicals, BP337); potassium 
chloride (Fisher Chemical, P217); potassium hydroxide (Fisher Scienti-
fic, P250); ProtoGel (30% acrylamide and 0.8% (w/v) N,N′-bisacryla-
mide stock solution, 37.5:1; National Diagnostic, EC-890); sodium 
carbonate, anhydrous (Fisher Scientific, BP 357); sodium dodecyl sulfate 
(SDS; Fisher Biotech, BP166); D-sorbitol (Fischer Scientific, S459); N,N, 
N′,N′-tetramethylethylenediamine (TEMED; Fischer BioReagents, 
BP150); and tris base (Amresco, 0497); uranyl acetate (Electron Mi-
croscopy Sciences, NC0788109). All reagents were used as received 
without further purification. Distilled water additionally purified by 
Milli-Q® Q-Gard® 2 (Millipore Sigma) was used in experiments. 

SMA copolymers utilized in this study and their physical properties 
are listed in Table I. 

2.2. Methods 

2.2.1. Hydrolysis of poly(styrene-co-maleic) acid anhydrides 
For this study, commercially hydrolyzed SMA copolymers – poly 

(styrene-co-maleic acid) ammonium or sodium salts without additional 
purification were used. PRO 10235 supplied as anhydride was converted 
to ammonium salt by refluxing the polymer with continuous stirring in 
the presence of ammonium hydroxide at 75 ◦C for 5 h [13]. To avoid 
photooxidative degradation of copolymers due to photo-crosslinking 

Table I 
Physical properties of styrene-co-maleic acid polymers as specified by supplier.  

Supplier Product name Styrene-to-maleic 
acid mole ratio 

Mw Mn Đ 

[kDa] [kDa] (Mw/ 
Mn) 

Polyscope 
Polymers 
B.V. 

XIRAN® SL 
30010 S30 

2:1  6.50  2.50  2.60 

XIRAN® SL 
25010 S25 

3:1  9.20  3.20  2.88 

TOTAL 
Cray Valley 

SMA® PRO 
10235 

1.5:1  7.00  2.90  2.41 

SMA® 1440H 
SMA® 
17352H 

1.7:1  7.00  2.80  2.50  
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and chromophore formation [26], aqueous polymer solutions with mass 
fraction 10% were stored away from direct sunlight at room 
temperature. 

2.2.2. Plant growth and isolation of crude thylakoid membranes from intact 
chloroplasts 

Pea seeds (Progress #9, Jung Seeds) were imbibed overnight in cold 
water (~10 ◦C), planted on coarse (A-3) horticultural vermiculite (Pal-
metto Vermiculite Company) in autoclaved trays (35 cm × 50 cm), and 
grown in Environmental Growth Chamber (EGC TC-60) with a 12 h light 
cycle at 20 ◦C and 150 μmol m− 2 s− 1 photons from fluorescent (Philips, 
F72T12/CW/HO 85 W, 4100 K, 59 CRI & Sylvania 100 W) and incan-
descent (Westinghouse, 100 W, 2700 K) bulbs. Plants were watered 
every third day. Fifteen-day-old pea seedlings were harvested before the 
end of the dark cycle. Mature spinach leaves were purchased locally and 
stored overnight in the dark at 4 ◦C. Total TMs from intact chloroplasts 
were isolated from spinach leaves or pea seedlings according to a pre-
viously described method [13] adapted from Bruce et al. [27]. All pre-
parative procedures were carried out on ice in dim lightning to minimize 
light-associated degradation of chlorophyll-containing proteins. This 
purification procedure yielded largely dark-adapted thylakoids. 

2.2.3. Removal of stromal and peripherally associated proteins from crude 
thylakoid membranes 

To remove stromal and peripherally associated proteins and facili-
tate membrane protein extraction, spinach and pea TMs were washed 
with 100 mM Na2CO3 according to a previously described procedure 
[13] adapted from Fujiki et al. [28]. Briefly, TMs were diluted threefold 
with 100 mM sodium carbonate solution and incubated on ice for 45–60 
min. The suspension was then vortexed for a few seconds and centri-
fuged at 15,000g for 10 min at 4 ◦C. To completely remove sodium 
carbonate, the membrane pellet was washed subsequently with ice-cold 
GKB-150 (50 mM glycine-KOH buffer with pH 9.0, 150 mM KCl) and 
GKSB-150 (50 mM glycine-KOH buffer with pH 9.0, 150 mM KCl, 20% 
glycerol). The pellet, containing washed TMs, was finally resuspended in 
GKSB-150 at a final chlorophyll concentration of ~2 mg/mL, aliquoted, 
and stored at − 20 ◦C until further use. 

2.2.4. Solubilization of washed thylakoid membranes 
TMs were solubilized by mixing equal volumes of washed TMs with 

protein concentration 3 mg/mL in GKSB-150 and pSMA-S solutions or n- 
dodecyl-β-D-maltoside (β-DDM) with mass fractions of 3.0 and 2%, 
respectively, in GKB-150, yielding final pSMA-S and DDM concentra-
tions of 1.5 and 1.0%, respectively. The solubilization was carried out in 
the dark for 60 min at 40 ◦C with slight mixing on an orbital shaker (250 
rpm). Non-solubilized TM fraction was then pelleted by centrifugation at 
35,000g for 10 min at 4 ◦C. The supernatants containing the solubilized 
thylakoid membranes were carefully collected without disturbing the 
pellet and used for further analysis. 

2.2.5. Separation and isolation of supramolecular membrane protein 
complexes 

Supramolecular MPCs were separated by ultracentrifugation through 
a linear sucrose density gradient (0.2–1.2 M) in GKB-150 containing 
0.01% solubilizing agent (pSMA-S or DDM) with or without a 2.0 M 
sucrose cushion. Gradients without a sucrose cushion were used to 
quantify the yield of chlorophyll-containing fractions, while gradients 
with a sucrose cushion were used for isolation, fractionation, and 
analysis of MPCs (Section 2.2.6). 

The gradients were centrifugated at 100,000g for 20 h at 4 ◦C. Low- 
density fractions containing pigment-binding proteins and high-density 
fractions (HDFs) from sucrose density gradients with a sucrose cushion 
were collected using a syringe. Pellets, HDFs, from sucrose density 
gradients without a sucrose cushion were resuspended in a minimal 
volume of resuspending buffer (GKRB-150: 50 mM glycine-KOH buffer 
with pH 9.0, 150 mM KCl, 10% glycerol). To further resolve the 

pigment-binding protein complexes from HDFs, the fractions collected 
with a syringe were overlaid onto second linear sucrose density gradi-
ents (1.2–2.0 M) and centrifugated again. 

Samples containing solubilized TM fractions and supramolecular 
protein complexes from HDFs were further analyzed by UV–Vis spec-
troscopy (Section 2.2.8), low temperature (LT) fluorescence emission 
spectroscopy (Section 2.2.9), SDS-PAGE (Section 2.2.12), and immu-
noblotting (Section 2.2.13). The total protein content was determined 
using bicinchoninic acid (BCA) assay or densiometric analysis of Coo-
massie stained polyacrylamide gels (PAGs) (Section 2.2.10), while total 
chlorophyll, chlorophyll a, and chlorophyll b was quantified after its 
extraction with 80% aqueous acetone solution (Section 2.2.11). Solu-
bilization efficacy (Section 2.2.14) was calculated according to a pre-
viously described method [13]. 

2.2.6. Fractionation and analysis of supramolecular membrane protein 
complexes 

Supramolecular MPCs, after being separated by sucrose density 
gradient centrifugation (SDGC) (Section 2.2.5), were additionally frac-
tionated and analyzed using the density gradient fractionator (ISCO, 
model 185) which consists of the tube holder with an attached on the top 
UV absorbance flow cell, a pump, and an absorbance/fluorescence 
monitor (ISCO UA-5). Absorbance was measured at 254 nm with a flow 
rate of 0.75 mL/min. Data points were extracted using the DATA 
acquisition software (DATAQ instruments). 

2.2.7. Transmission electron microscopy and chloroplast structure analysis 
Isolated intact chloroplasts from pea seedlings and spinach leaves 

were prepared for transmission electron microscopy (TEM) via high- 
pressure freezing and quick freeze-substitution [29]. Briefly, an intact 
chloroplast pellet was mounted in an aluminum specimen holder with 1- 
hexadecene as a cryoprotectant. Samples were frozen with a Wohlwend 
Compact 02 high-pressure freezer (Technotrade International, Inc.) and 
placed into fixation tubes with 1% osmium tetroxide and 0.1% uranyl 
acetate in acetone and stored in liquid nitrogen. Quick freeze- 
substitution was performed according to the previously described 
method [29]. Once at room temperature, samples were washed with 
100% acetone and embedded in Embed 812 epoxy resin (Electron Mi-
croscopy Sciences, 14,120). Blocks were thin-sectioned and sections 
were mounted on copper mesh grids (Ted Pella, Inc., 1GC400). Mounted 
sections were stained with Reynold’s lead citrate and imaged with a 
JEOL 1400 Flash transmission electron microscope operating at 80 kV. 
Number of grana per chloroplast section, grana height, and the number 
of layers per granum were determined for both spinach and pea samples 
using Fiji, an open-source image processing package based on ImageJ 
[30]. 

2.2.8. UV–vis spectroscopy 
UV–vis spectra of samples, diluted with GKRB-150 to 2–20 μg/mL of 

total chlorophyll, were recorded between 200 and 800 nm (1 nm 
bandwidth, 240 nm/min) in a quartz cuvette with a pathlength of 1 cm 
using double/split beam UV–vis spectrophotometer Evolution 300 
(Thermo Scientific). All spectra were background corrected. 

2.2.9. LT fluorescence emission spectroscopy 
Fluorescence emission spectra of samples diluted with GKRB-150 to 

4–5 μg/mL of total chlorophyll were recorded within 600–800 nm 
wavelength range (3 nm slit width, 1 nm step, 0.5 s integration time) at 
77 K (− 196 ◦C) using a Photon Technology International Quanta Master 
fluorometer (Horiba Scientific). The samples were excited at 435 nm. 
Three spectra were averaged for each measurement, background cor-
rected, and deconvoluted with three Gaussian functions in OriginPro 
2018. The maximum for the three peaks at approx. 680, 695, and 725 
nm and the area ratio of peak 3 to peak 2 were calculated. 
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2.2.10. Protein quantification 
BCA protein colorimetric assay (Pierce BCA Protein Assay Kit, 

23227) was used to quantify the total protein content in samples ac-
cording to the manufacturer’s microplate protocol. Absorbance at 540 
nm was measured at 25 ◦C using a Labsystem Multiscan MCC/340 
(Fisher Scientific) microplate reader. The average absorbance of a blank 
solution was subtracted from the average absorbance of individual 
standards and samples. The BSA calibration curve (0–2 mg/mL), fitted 
to a quadratic function (Anorm = aC2 + bC), was used to estimate the total 
protein concentration in samples. The protein concentration in HDF- 
SMALPs was quantified densiometrically in Coomassie stained poly-
acrylamide gels (12% RunBlue™ bis-tris protein gels [Expedeon, 
NBT01227] run with MOPS buffer [Expedeon, NXB75500]). Total pro-
tein concentration was estimated using BSA calibration curve (0.1–2.5 
μg per well) fitted to a linear function (Is = aC + b). The signal intensity 
(Is) was measured in Image Studio Lite (LI-COR Biosciences, version 
5.2). The protein yield was normalized to untreated TM control. 

2.2.11. Chlorophyll quantification 
Chlorophyll a and b were extracted from the samples (25 μL) with 

80% aqueous acetone solution (975 μL) according to a previously 
described method [13], and quantified using equations derived by Porra 
et al. [31]. The chlorophyll yield was normalized to untreated TM 
control. 

2.2.12. Electrophoresis 
The polypeptide profile of samples using discontinuous glycine‑so-

dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
[32] with 15% resolving gel, tricine-SDS-PAGE [33] with 12% resolving 
gel, or precast 12% RunBlue bis-tris protein gels run with MES buffer 
(Expedeon, NXB70500) or MOPS buffer. RunBlue lithium dodecyl sul-
fate (LDS) sample buffer (Expedeon, NXB32010) and RunBlue DTT 
reducer (Expedeon, NXA32001) were used to prepare reduced samples 
for protein electrophoresis. All samples were denatured by heating for 
15 min at 65 ◦C. Electrophoresis was carried out at constant voltage of 
75 V and 150 V for stacking and resolving gels, respectively, for glycine/ 
tricine-SDS-PAGs or by running precast gels at 175 V. Mark 12 unstained 
(Invitrogen, LC5677) or Precision Plus Protein all blue prestained (Bio- 
Rad, 1610373) protein standards were used to estimate polypeptide 
apparent size in ImageLab 6.0.1 (Bio-Rad). Proteins were visualized 
directly in the gel by staining with CBB R-250 [13], InstantBlue Protein 
Stain (Expedeon, ISB1L), or transferred onto polyvinylidene difluoride 
(PVDF) membrane and further immunodetected with specific antibodies 
(Section 2.2.13). Gels were imaged using ChemiDoc MP imaging system 
(Bio-Rad, 12003154). 

2.2.13. Immunoblot analysis 
Twenty-two specific antibodies (listed in Table II) against subunits of 

major thylakoid MPCs were tested. Polypeptides separated by gel elec-
trophoresis were subsequently electrotransferred for 30 mins at 25 V 
onto 0.45 μm Immobilon-FL (Millipore Sigma, IPFL00010) or 0.20 μm 
PVDF membrane (Invitrogen, LC 2002) using trans-blot turbo transfer 
system (Bio-Rad) and Towbin transfer buffer (TB) [34] containing 25 
mM tris base, 192 mM glycine, 20% methanol with 0.01% SDS, pH 8.3. 
Standard immunodetection procedure was used for protein identifica-
tion. Tris-buffered saline containing 0.1% Tween-20 (TBS-T) was used 
for washing, while TBS-T with 5% non-fat dry milk (TBST-T-NFDM) – for 
blocking and incubation with primary and secondary antibodies. 

Proteins of interest were detected using fluorophore-conjugated 
secondary antibodies (StarBright Blue 520 goat anti-rabbit IgG, Bio- 
Rad, #12005870; Alexa Fluor Plus 555 goat anti-chicken IgY, Invi-
trogen, #A32932; Alexa Fluor Plus 488 goat anti-rabbit, Invitrogen, 
#A32731), or goat anti-rabbit horseradish peroxidase-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories, # 111-035- 
144) detected using the SuperSignal™ West Dura Extended Duration 
Chemiluminescent Substrate (Thermo Scientific, #34076) was used as a 

chemiluminescent substrate. After proteins of interest were immuno-
detected and imaged, all proteins were visualized by staining with 
amido black [34]. Blots were imaged using ChemiDoc MP imaging 
system and analyzed in ImageLab 6.0.1. Image studio Lite 5.2 was used 
for quantification of fluorescent and chemiluminescent signals. 

2.2.14. Solubilization efficacy 
Solubilization efficacy [%] of pSMA-S and DDM was estimated as a 

ratio of total protein or total chlorophyll in solubilized TM fraction to the 
concentration of proteins or chlorophylls in the sample before centri-
fugation [13]. 

2.2.15. Statistical analysis 
The data are presented as an arithmetic mean ± confidence interval 

for 1 σ (~68%) [13,35]. The representative experiments have been 
shown in the paper. The experiments on chlorophyll and protein 
quantification have been repeated ~40 times using TMs from at least 3 
different preparations. The experiments including sucrose gradient ul-
tracentrifugation and chlorophyll fluorescence emission and UV–vis 
spectroscopy have been repeated at least 3 times, while the analysis and 
fractionation was carried out t times using the same TM preparations. 
Western blot experiments were repeated at least twice for each antibody; 
different TM preparations were used. One-way analysis of variance 
(ANOVA) with Dunn-Sidak comparison test or two-tailed t-test were 
used for significance testing with a significance level of α = 0.05. Mann- 
Whitney U tests for nonparametric data were performed in GraphPad 
Prism (GraphPad Software, Inc.). All other calculations were performed 
using Microsoft Excel (Microsoft), while OriginPro 2018 (OriginLab 
Corporation, version b9.5.0.193) were for plotting graphs, analyzing 
and deconvoluting peaks, nonlinear and linear fitting, statistical anal-
ysis, and graphical residual analysis. MarvinSketch 2017 (ChemAxon, 
version 17.4.3) was used for drawing and displaying chemical 
structures. 

Table II 
Information on primary antibodies: company name, product number, and 
dilution used. 

Membrane protein 
complex Primary antibody Company Product 

number Dilution

LhcbII

α-Lhcb1 Agrisera AS01 004 1 : 2000
α-Lhcb1 PhytoAB PHY0487S 1 : 1000
α-Lhcb2 PhytoAB PHY0086S 1 : 5000
α-Lhcb3 PhytoAB PHY0087S 1 : 1000
α-Lhcb4 PhytoAB PHY0044A 1 : 5000
α-Lhcb5 PhytoAB PHY0667S 1 : 10,000
α-Lhcb5 PhytoAB PHY0088S 1 : 5000
α-Lhcb6 PhytoAB PHY0089S 1 : 1000

PSII

α-PsbA PhytoAB PHY0103 1 : 1000
α-PsbB Agrisera AS04 038 1 : 1000
α-PsbO PhytoAB PHY0344 1 : 5000
α-PsbO PhytoAB PHY0094A 1 : 1000
α-PsbP PhytoAB PHY0061S 1 : 1000
α-PsbP PhytoAB PHY0646S 1 : 1000
α-PsbQ PhytoAB PHY0081S 1 : 1000
α-PsbR PhytoAB PHY01100A 1 : 1000
α-PsbW PhytoAB PHY01110A 1 : 100

PSI
α-PsaD BDB lab n/a 1 : 15,000
α-PsaF BDB lab n/a 1 : 1000

Cytochrome 
α-subunit IV BDB lab n/a 1 : 5000
α-cytochrome b6 BDB lab n/a 1 : 5000
α-cytochrome f BDB lab n/a 1 : 15,000

Note: the antibody highlighted with gray did not cross-react with both spinach 
and pea TMs under the studied conditions. 
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3. Results and discussion 

3.1. Extraction efficacy 

The main challenge of sample preparation for structural and func-
tional analysis of membrane proteins is establishing experimental con-
ditions under which the protein complex of interest can be isolated from 
biological membranes in its native conformation and lipid environment. 
In previous studies [1,36], it was shown that subtle changes of detergent 
properties could alter their towards thylakoids, when it was reported 
that two isomeric forms (α- and β-) of the traditional detergent n- 
dodecyl-D-maltoside (DDM) have different solubilizing effects on TMs. 
However, to date there has not been a report on how chemical modifi-
cations of the SMA copolymers can alter solubilization of lipids [37] or 
membrane proteins [38]. To study the solubilizing effect of copolymers 
during extraction of thylakoid supramolecular MPCs we utilized five 
SMA polymer derivatives: three unmodified poly(styrene-co-maleic 
acid) salts (pSMA-S) (PRO 10235 and 30010 and 25010) and two esters 
(1440 and 17352). The schematic structures of polymers are shown in 
Fig. 1. The polymer physical properties can be found in Table I. 

Spinach and pea TMs were solubilized in a single step with 1% 
β-DDM (positive control) or 1.5% pSMA-S (Section 2.2.4). To facilitate 
the membrane protein extraction from densely packed thylakoids, the 
solubilization was carried out at 40 ◦C for an hour with mixing. Unso-
lubilized TM was separated from solubilized fraction (SF) by high-speed 
centrifugation (35,000 g) and the solubilization efficacy was estimated 
(Section 2.2.14). The solubilization efficacy of SMA polymers depends 
not only on the physicochemical properties of the polymers but it is also 
defined by the intrinsic properties of the starting thylakoids (Fig. 2). As 
we have observed previously [13,18], SMA polymer 1440 has the 
highest extraction yield for TMs from both chloroplasts and cyanobac-
teria, yet with SMA 1440 solubilization yields are always below the 
DDM recovery. Interestingly, the SMA1440 which is the highest per-
forming SMA is a modified form of PRO 10235, which is the lowest 
performing SMA based on protein and chlorophyl extraction in both 
spinach and pea thylakoids. This suggests that the functional group, 
butoxyethanol, increases this polymers interaction with thylakoid 
membranes and/or ability to solubilize chlorophyll-containing mem-
brane proteins. 

3.2. Thylakoid structural morphology differences between spinach and 
pea chloroplasts 

Interestingly, we observed higher extraction yield of both proteins 
(32.6 (± 12.4) % on average) and chlorophylls (61.7 (± 6.7) % on 
average) from pea chloroplasts then from spinach chloroplasts (Fig. 2B 

and C, respectively). The increase in protein-to-chlorophyll and chlo-
rophyll a/b ratio indicates the enrichment of a particular membrane 
protein complexes. These results could be due to differences in growth 
conditions such as temperature and illumination level, or the maturity 
and greening state of the plant, or both. In addition, fundamental dif-
ferences in membrane lipid composition and protein-to-lipid ratio can 
also affect solubilization efficacy. To help clarify the differences in the 
starting thylakoids, we studied the structure of isolated intact chloro-
plasts using TEM (Fig. 3). The results of microscopy indicate clear dif-
ferences in the thylakoid organization in these two types of chloroplasts. 
The size and number of stacks in the grana are much larger in the 
spinach chloroplast (Fig. 3A) compared to the pea chloroplasts (Fig. 3B). 

Morphometric analysis of hundreds of chloroplasts from both or-
ganisms revealed that although spinach chloroplasts did not have 
significantly more grana than pea chloroplasts (~30 per cross-section, 
Fig. 3C, p = 0.2633), on average the grana of spinach had more stacks 
than pea (~12 vs. 7, Fig. 3D, p < 0.0001) and the thickness of the 
spinach grana were significantly higher (250 nm vs. 150 nm, p <
0.0001). This analysis confirms the visual observation that pea chloro-
plasts have more stromal lamellae than grana lamellae, resulting in a 
much higher thylakoid surface area per unit protein or chlorophyll as 
compared to the spinach grana with higher protein density. This may be 
one of the reasons for the difference in the higher yield of pea complex 
extraction. 

Although it is evident that the two chloroplasts have different ul-
trastructure, the reasons for this are unclear. One possibility can be 
related to the plant growth conditions, for example, the spinach plants 
were field grown and would have been exposed to the much higher light 
intensities (~1500 μmol m− 2 s− 1) than the light conditions used to grow 
pea seedlings (150 μmol m− 2 s− 1). In addition, the spinach leaves were 
from mature plants while the peas were harvested from 15-day old 
seedlings. It is possible, that advanced leaf maturation and the higher 
light intensity contributed to the increase stacking of the spinach grana 
and an overall decrease in the solubilization efficacy. 

Banerjee et al. [44] demonstrated that the intactness of solubilized 
MPCs depends on the coextraction of lipids with the protein complex. 
Thus, it is also possible that the difference in the solubilization efficacy 
between two types of TMs may be explained by species-specific differ-
ences in the lipid and fatty acid composition (Table SI) and/or protein- 
to-lipid ratio which can be affected by difference in growth conditions. 

Membrane properties such as fluidity, thickness, lateral pressure, 
and charge density all contribute to the protein extraction by SMA 
polymers [37]. Although the lipid class composition of spinach and pea 
TMs is similar (Table SII), in spinach an 18C:16C lipid ratio of fatty acids 
is 4.4 ± 0.9, reflecting the fact that spinach is a 16:3 plant. However, in 
pea, which is an 18:3 plant, this ratio is much higher, approaching 14.8 

Fig. 1. Chemical structure of polymer solubilizing agents: derivatives of poly(styrene-co-maleic acid) – unmodified polymer salt (A) and ester modification (B). Note: 
n and m stand for number of styrene and maleic acid units. 
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± 3.0. In both species, all lipids are predominantly unsaturated. Based 
on previously published data [39] we estimated the unsaturation degree 
or index of hydrogen deficiency (IHD). For both species, spinach and pea 
TMs, IHD was 2.7 ± 0.3. Despite the difference in growth temperature, 
only a slight difference in fatty acid unsaturation degree is expected for 
the plants [40]. Chapman et al. [40] also showed that the most clear 
change in TM composition due to temperature difference was in the 
protein-to-lipid mass ratio, which was higher in the warm-grown pea 
plant TMs for which the ratio was equal to 1.724. This difference may be 
important since the protein-to-lipid ratio could be one of the main fac-
tors which contributes to the regulation of membrane fluidity. Thus, 
higher solubilization efficacy of pea TMs compared to spinach TMs 
could also be explained by increased membrane fluidity and lateral 
pressure due to the presence of higher amount of longer (18:3) unsat-
urated fatty acids in addition to the lower protein-to-lipid ratio. Future 
work will help to clarify the differences in how SMA copolymers interact 
with thylakoid membranes. 

Besides differences in solubilization efficacies, the protein-to- 
chlorophyll and chlorophyll a/b ratios (Fig. 2D and E) also differ 
significantly for TMs solubilized with polymers when compared to the 
positive control – β-DDM (for p-values refer to Table SIII). This could be 
due to the differential extraction of membrane proteins by SMA co-
polymers and is further addressed in Section 3.3. 

3.3. Analysis of extracted thylakoid membrane protein complexes 

Supramolecular protein complexes from spinach and pea solubilized 
TM fractions were further separated using 0.2–1.2 M sucrose density 
gradient centrifugation (Section 2.2.5), analyzed (Fig. S2), and frac-
tionated. The samples were loaded onto the gradients with a sucrose 
cushion based on equal total chlorophyll content (Fig. 4) or without a 
sucrose cushion based on equal volumes (Fig. S1). 

Fig. 4A and C illustrate the sucrose density profiles of separated 
spinach and pea pigment-containing protein complexes from TMs sol-
ubilized with β-DDM and SMA copolymers. Low-density bands (red 

dots) were more diffuse and only partially resolved, suggesting either 
heterogeneity or variations in assembly of extracted membrane protein 
complexes (Fig. 4). High-density bands (purple squares) were observed 
for TMs solubilized with SMA (Fig. 4A and C). Due to the increased in-
terest in isolation of intact PSII-LHCII complex for biochemical and 
structural studies [36], we further tried to resolve the supramolecular 
protein complexes, which we denoted as HDF-SMALPs, using a second 
1.2–2.0 M SGDC (Fig. 4B and D). 

Solubilization of TMs yields HDF-SMALPs between 10% and 35% 
based on starting chlorophyll (Fig. S3). In the case of spinach TMs, SMA 
polymers 25010 and 30010 are the most efficient in extraction of 
pigment-containing supramolecular MPCs, and PRO 10235 is the least 
efficient. For pea TMs, the efficacy in extraction of supramolecular 
protein complexes decreases in the following series: PRO 10235 ≈
30010 ≈ 25010 > 17352 > 1440. 

From Fig. 4A and C, it can be concluded that SMA polymers 30010 
and PRO 10235 extract supramolecular protein complexes with smaller 
sizes and/or lower density. To assess the heterogeneity of HDF-SMALPs, 
they were further separated on 1.2–2.0 M linear sucrose density gradi-
ents. Fig. 4B and D reveal that some HDF-SMALPs consist of at least two 
discrete pigment-containing particle populations. The number of pop-
ulations in HDF-SMALPs is defined by the polymer type and the intrinsic 
properties of the starting thylakoids. No correlations have found neither 
with styrene-to-maleic acid ratio (s/ma) nor polymer molecular weight. 
Based on the number and heterogeneity of distinct bands in HDF- 
SMALPs, we classified the polymers into two distinct groups. The first 
group contains two unmodified polymers (30010 and PRO 10235) 
which yield one or two low density bands for HDF-SMALPs, while the 
second group contains three pSMAs (two esters, 1440 and 17352, and 
one non-ester polymer 25010). The polymers from the latter group 
extract a larger and/or denser MPC in addition to the diffuse band 
containing smaller and/or less dense MPCs. Given that previously we 
have not been able to find the correlation between physical properties 
and solubilization efficacy [13], these differences may be explained by 
the differences in polymer surface-active properties, which depends on 

Fig. 2. Characterization of TMs solubilized with SMA polymers. Photo of solubilized spinach and pea thylakoid membranes (A) and protein and chlorophyll 
quantification (B-E): solubilization efficacy estimated based on total protein content (B) or total chlorophyll content (C); protein-to-chlorophyll mass ratio (D); and 
chlorophyll a/b mole ratio (E). Samples in D and E whose means significantly differ from the control DDM sample at the 0.05 level are marked with an asterisk. 
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polymer chemical composition and structure. The difference in surface- 
active properties can result in different polymer-lipid and polymer- 
protein interactions with TMs and yield distinct SMALPs with different 
sedimentation properties. 

SMA copolymers contain two chromophore groups: a carbonyl group 
and a benzene ring which absorb at 180 nm (ε = 65,000), 200 nm (ε =
8000), and 254 nm (ε = 240). To identify the free polymer and non- 
pigment-containing SMALPs we analyzed the absorption profiles of su-
crose density gradients (Fig. S2). The SMA copolymer distribution was 
determined from absorption profiles of sucrose density gradients 
measured at 254 nm (Fig. S2). Free SMA polymer and low-density 
SMALPs were observed at the top of sucrose density gradients as over-
lapping peaks. The high-density SMALPs were located towards the 
bottom (Fig. 4). Additionally, we observed a few discrete populations of 
non-pigment containing supramolecular complexes eluted between 600 
and 700 s for solubilized thylakoid membranes with 1440, 25010, 
30010, and 17352 polymers. 

The pigment composition of both SFs and HDF-SMALPs was analyzed 
using UV–vis spectroscopy (Section 2.2.8). The light harvesting capa-
bilities of the reaction centers in higher plants is extended by membrane- 
embedded light-harvesting systems that contain both chl a and b. These 
pigments are associated with membrane-bound antenna complexes 
known as light-harvesting complexes (LHCs) [41]. In higher plants, two 
distinct classes of LHCs can be distinguished: four LHCs which are 
exclusively associated with PSI (Lhca1–4) [41,42], and six LHCs – 
associated preferably (Lhcb1 and Lhcb2) or exclusively with PSII 

(Lhcb3–6) [41,43]. Interestingly, although the chl a/b ratios are quite 
similar for DDM extracts of pea and spinach thylakoids (ratio ~2.5), 
extraction using the different pSMAs is species-specific and yields MPCs 
with higher chl a/b ratio compared to DDM control (Fig. 2E). The 
highest chl a/b ratio was observed for both spinach and pea thylakoid 
MPCs extracted with PRO 10235. When we carefully investigated the 
spectra of MPCs (unfractionated and HDF-SMALPs), we also found 
considerable variations in the content of carotenoids and other UV 
absorbing molecules (300–350 nm range). From a comparison of the 
absorbance spectra of solubilized spinach and pea TM fractions (Fig. 5A 
and B), one can see that SMA polymers have a similar trend in extracting 
pigment-containing complexes from two types of plant TMs. Notably, 
the relative content of chl a, chl b, and different types of carotenoids 
depends on the nature of the solubilizing agent. Comparing the ab-
sorption spectra around 650 nm, it is evident that the complexes isolated 
with PRO 10235 contain the least amount of chl b resulting in the 
highest chl a/b mole ratio, which is in accordance with determined chl 
a/b ratios (Figs. 2 and S4). The clear increase in chl a/b ratio in SFs and 
HDF-SMALPs may reflect an increased content of PSI and/or PSII. 
Alternatively, it may reflect the selective removal of the Chl b-containing 
LHC complexes. The carotenoid content (maximum around 470 nm) is 
the highest for DDM fraction followed by the 1440 fractions and it is the 
lowest for PRO 10235 fractions, with three other polymers in between. 
This observation supports a reduction in LHC content in these fractions. 

To examine the association of LHCII trimers with PSI and PSII 
complexes for SFs and HDF-SMALPs, we studied low temperature 

Fig. 3. Analysis of chloroplast morphology by TEM: representative electron micrograph of intact spinach (A) and pea (B) chloroplasts; grana number per chloroplast 
section (N = 39 (spinach) and 33 (pea); C), number of layers per granum (N = 574 (spinach) and 573 (pea); D), and grana thickness (N = 1105 (spinach) and 1038 
(pea); E). Scale bar is 500 nm (A) and 1 μm (B). Asterisks denote statistical significance according to Mann-Whitney U test (p < 0.05). 
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fluorescence emission (Fig. 6). To avoid artifacts during spectra collec-
tion (due to scattering and self-absorption/quenching, which lead to 
relative decrease in fluorescence yield of the bands associated with PSII 
(685 and 695 nm) and the red shift of fluorescence emission spectra), a 
dilution series were used to find an optimal sample concentration 
(Fig. S5). The SFs have a fluorescence emission maximum around 680 

nm, characteristic of free chlorophyll and LHCII, with pronounced 
shoulders on both sides, while HDF-SMALPs are characterized by the 
presence of three maxima: around 680, 695, and 725 nm which can be 
assigned to CP47/CP43, CP47/PSII core complex, and PSI core complex, 
respectively [44]. In plants, chlorophyll associated with the PSII reac-
tion center fluoresce at 685 and 695 nm – due to the main transition 

Fig. 4. Separation of supramolecular membrane protein complexes isolated from spinach and pea thylakoid membranes by sucrose density gradient ultracentri-
fugation: photos of solubilized spinach (A) and pea (C) pigment-binding protein complexes separated on 0.2–1.2 M linear sucrose density gradient with 2.0 M 
cushion; photos of spinach (B) and pea (D) high-density fraction (HDF, indicated by purple squares in A and C) after separation on 1.2–2.0 M linear sucrose density 
gradient. Gradient volume is 10 mL; sample loading – 150 μg of total chlorophyll for A († 75 μg for PRO 10235 fraction) and D and 25 μg for B (‡ 20 μg for PRO 10235 
fraction) and C. Red dots indicate pigment-containing protein bands. Note: s/ma stands for styrene-to-maleic ratio. 
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emission, and around 725 nm – due to self-absorption enhanced fluo-
rescence in this region [44]. The absence of the 680 nm fluorescence 
emission peak confirms that the HDF-SMALPs do not contain free 
chlorophyll and moreover, the low relative fluorescence at 695 nm 
suggest that the SMA isolation largely preserves the supramolecular 
organization with the peripheral antennae chlorophyll remaining effi-
ciently coupled to the PSI/PSII reaction centers. Fluorescence emission 
from chlorophylls within the PSI reaction center is emitted as a single 
broad band centered around 725 nm. These two peaks can be observed 
in solubilized TM fractions (Fig. 6A and B), indicating the presence of 
both intact and partially disassembled PSI- and PSII-containing com-
plexes. To estimate the ratio between PSI and PSII/LHCII in HDF- 
SMALPs, the fluorescence spectra was deconvoluted (Fig. S6), and 
peak maximum and the area ratio of peaks centered at ~696 and ~720 
nm for spinach or ~697 and 722 nm for pea were determined (Table III). 
The data suggest that the ratio of PSI-to-PSII/LHCII in the HDFs is var-
iable for both spinach and pea isolations, and, depending on the type of 
SMA copolymer, it decreases in the following order: PRO 10235 >
30010 > 17352 > 25010 > 1440. Although peak integrations are only 
proportional and not absolute indicators, the variability in this ratio 

would suggest that the different SMA polymers may yield different su-
pramolecular complexes, they do follow a similar trend with the peak 
area ratios (A725/A695) that vary from 0.8 to 10.2 for spinach and from 
1.7 to 95.7 for pea samples. 

The polypeptide profile for spinach and pea solubilized fractions 
(Fig. S7) indicates the differential solubilization of MPCs as local 
changes in polypeptide profile. The overall purity and polypeptide 
composition of HDF-SMALPs was assessed by gel electrophoresis under 
equal chlorophyll loading (0.2 μg per well). The polypeptide profiles of 
HDF-SMALPs and TMs are shown in Fig. S8. HDF-SMALPs are highly 
depleted of proteins in 30–50 kDa molecular weight region, exhibiting 
major bands around 55 kDa, 20–30 kDa region, and a few bands around 
15 kDa (Fig. S8). 

To further examine the composition of HDF-SMALPs we performed 
immunoblot analysis with antibodies against subunits of major thyla-
koid MPCs: photosystem II and light-harvesting complex II, photosystem 
I, and cytochrome b6/f. Fig. 7 and Table SIV & V show that HDF-SMALPs 
are highly depleted of PsbO, PsbP, PsbQ (pea), cyt. b6, cyt. f, subunit IV, 
and PsaF indicating that they do not have detectable amount of oxygen- 
evolving complex (OEC) of PSII and cytochrome b6/f. The antibodies 

Fig. 5. Absorption spectra: UV–vis spectra of solubilized spinach (A) and pea (B) thylakoid membranes and spinach (C) and pea (D) HDF-SMALPs. The spectra are 
normalized to the maximum in the red region. Solubilized and high-density fractions were diluted 25 and 2 times, respectively, in GKRB-150, pH 9.0. 
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against PsbR, and PsbW cross-reacted neither with spinach nor with pea 
samples, while PsbQ had a low cross-reactivity against spinach samples. 

The near total removal of the extrinsic OEC subunits (PsbO, PsbP, 
and PsbQ) is possibly not surprising considering the chemistry of this 
treatment and the mode of OEC association with PSII core subunits. The 
interaction of PsbO with the PSII core is largely mediated by interactions 
between highly conserved acidic residues, including a central motif D/ 
E167 to D/E194 and a C-terminal region of E225 to D339 [45]. Many of 
these residues are easily modified using 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) [46]. Upon covalent modification with 
EDC, the modified PsbO lost affinity for PSII and greatly reduced levels 
of oxygen evolution [47]. This role of carboxyl containing amino acids 
for binding was confirmed by site directed mutagenesis [48,49] where 
changing of D to A reduced binding of PsbO to PSII. Moreover, it has 
been known for a long time that washing of thylakoids with solutions 
containing high (~250 mM NaCl) salt concentrations will inhibit oxygen 
evolution and largely remove the extrinsic subunits: PsbP and PsbQ 
[50]. Treatment of the thylakoids with alkaline buffers with pH ~9.8 
also resulted in total loss of the PsbO, PsbP, and PsbQ subunits [50]. 

PsbO is bound to PSII by electrostatic and hydrogen bonding forces. The 
SMA polymer salts all have a high carboxylic acid content indicated by 
the maleic acid content as shown in Table II. It is possible that the 
insertion of the SMA copolymer is able to displace the OEC subunits by 
replacing the key carboxylate groups responsible for OEC binding to the 
core. It is also possible that the high pH (pH ~10) used in the thylakoid 
washing with Na2CO3 may have removed or partially weakened this 
interaction prior to solubilization step with SMA copolymer, yet these 
washed thylakoids still show the presence of these subunits. 

Generally, HDF-1440, HDF-25010, and HDF-17352 are enriched in 
Lhcb1–6, while HDF-30010 and HDF-PRO 10235 are depleted in Lhcb5 
and Lhcb6. This result combined with the previous data suggest that 
LHCII trimer (M) did not get solubilized together with PSII by SMA 
polymers 30010 and PRO 10235. All HDF-SMALPs are enriched in PsaD, 
PsbA, and PsbB (for spinach samples only). This indicate the presence of 
PSI and PSII core reaction centers in HDF-SMALPs. Thus, based on the 
results we can conclude that PSI, PSII, and LHCII are present in HDF- 
SMALPs, probably as a mixture of PSI–LHCII and PSII–LHCII supramo-
lecular protein complexes. 

Fig. 6. Association of LHCII trimers with PSI and PSII complexes: chlorophyll fluorescence emission spectra at 77 K of solubilized spinach (A) and pea (B) thylakoid 
fractions and spinach (C) and pea (D) HDF-SMALPs. The reference lines at 685 and 695 nm are shown as light red solid lines. Samples were diluted in GKRB-150 with 
pH 9.0 to 4 μg/mL (A and B) and 5 μg/mL (C and D). 
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Recently, there has been considerable progress in elucidating the 
structure and function of the light harvesting complexes associated with 
PSI and PSII [51–53]. Following extraction with SMA copolymers, the 
antennae complexes (LHCII and possibly LHCI) associated with the su-
pramolecular membrane proteins appeared to be energetically coupled 
to PSII and possibly PSI based on 77 K chlorophyll fluorescence emission 
spectroscopy study. The estimated ratio of PSI-to-PSII/LHCII in the HDF- 
SMALPs varies for both spinach and pea samples, and decreases 
depending on the type of SMA copolymer in the following order: HDF- 
PRO 10235 > HDF-30010 > HDF-17352 > HDF-25010 > HDF-1440. 
The chlorophyll a/b mole ratio increases in the series HDF-1440 < HDF- 
25010 < HDF-17352 ≈ HDF-30010 < HDF-PRO 10235 ranging from 
1.7 ± 0.1 to 3.4 ± 0.5. The high chlorophyll a/b ratio for HDF-PRO 
10235, combined with the high A3/A2 ratio, suggest that the SMA 
copolymer PRO 10235 predominantly extracts a highly coupled LHCI- 
PSI supramolecular complex. Future work will need to be done to 
investigate the structure and function of the multiple Lhca subunits 
associated with PSI especially in light of how variable these complexes 
can be depending on growth conditions [54]. 

It has been reported that in green algae the number of Lhca subunits 
can vary from 7 in Dunaliella [55] to ~10 in Chlamydomonas [56] and 
Bryopsis [57]. In Chlamydomonas, two types of supercomplexes have 
been observed and are referred to as PSI – 8 LHCI and PSI – 10 LHCI. In 
PSI – 8 LHCI the eight LHCI complexes are organized in two layers at one 
side of the PSI core outside of where the PsaF is located. Each layer 
contains four LHCI complexes arranged in an arc, forming an inner and 
outer LHCI belt [54]. It would appear that in some algae there is also the 
ability to form an unusual Lhca dimer [57]. However, it is also believed 
the algae have a larger and more diverse antenna organization that 
enables a higher light-harvesting capability than what has been 
observed thus far in land plants with only four Lhca subunits observed in 
pea [58,59]. Possibly the other Lhca subunits are lost during detergent 
solubilization. Interestingly, PsaF also seems to be lost in these higher 
plant PSI – SMALP complexes (Fig. 6C) as was reported earlier in the 
SMA isolation of cyanobacterial trimeric PSI complexes [18,60]. 

Although we still lack a high-resolution structure of the LHCII–PSII 
core structure we know that this complex can exist in different oligo-
meric forms from the minimal C2S2 up to the much larger C2S2M2 
[61–64], where C is for the core PSII dimer that has a two-fold access of 
symmetry, and the S and M represent different trimeric LHCII complexes 
that flank the core complex. These S and M trimers are composed of 
Lhcb1–3 subunits in different ratios depending on light levels. However, 

from combining a structural model with recent chemical crosslinking 
and proteomics [65,66] we now have a fairly good model of the pea 
LHCII – PSII supramolecular complex, which is shown schematically in 
Fig. S9. The work investigated the composition of these complexes in 
pea plants grown under different light levels. It was evident that main 
light-dependent variability is in the composition of the LHCII subunits 
associated with these larger supramolecular complexes. 

Extraction of HDF-SMALPs of varied composition with different de-
rivatives of SMA polymers may be a subtle way of identifying these 
different LHCII – PSI assemblies. For example, our immunoblotting re-
sults reveals a clear difference in Lhcb subunit composition of the pea 
and spinach HDF-SMALPs using different SMA copolymers (Fig. 7A and 
B). Although not quantitative, all five SMA copolymers tested show 
strong reactivity with the antibodies against Lhcb1, Lhcb2, and Lhcb3. 
Lhcb1 emerged as the most abundant LHCII component, with intensity 
levels at least two-fold higher than Lhcb2 and Lhcb3 with all SMA co-
polymers. This is interesting since all three of these Lhcb subunits are all 
assembled into the heterotrimeric complexes, S and M. However, solu-
bilization using two of the SMA polymers (30010 and PRO 10235) 
produces an HDF with considerably reduced levels of Lhcb4, Lhcb5, and 
Lhcb6 in both pea and spinach. Unfortunately, the α-Lhcb6 antisera used 
does not show strong cross-reactivity in pea thylakoids with Lhcb6 being 
undetectable following isolation with 30010 and PRO 10235. Due to the 
high sequence similarity cross-reactivity between the isoforms using 
antibodies is a concern and the future proteomic analysis of these 
distinct complexes will be needed to verify these observations in more 
detail. However, these results would reveal that the monomeric Lhcb 
subunits (Lhcb4, Lhcb5, and Lhcb6) are more labile and/or in some type 
of rapid equilibrium that makes the solubilization with SMA polymers 
able to capture a smaller, truncated, or core complexes. The different 
supramolecular complexes from HDF-SMALPs are as a group enriched in 
LHCII, PSII, and PSI to different extents depending on the polymer 
modification. However, in all cases the HDF-SMALPs do not appear to 
include the cytochrome b6/f complex which has been observed to form 
supramolecular complexes with PSI previously (Fig. 6D) [67,68]. 
Similar to the use of amphipols [69], the use of SMA copolymers may be 
a good method to isolate lager and more intact thylakoid supramolecular 
complexes which may be stabilized by the native lipids in these com-
plexes [70]. 

4. Summary 

We have described an efficient, one-step method for the extraction of 
supramolecular protein complexes from spinach and pea TMs isolated 
from intact chloroplasts. The described method is not limited to pea or 
spinach thylakoids and could be applicable to other galactolipid-rich 
membranes such as the thylakoids from all oxygenic organisms 
including cyanobacteria, algae, and all vascular plants. In addition, 
these methods may also be applicable to membranes from other 
photosynthetic prokaryotes such as Chloroflexus [71] and even the non- 
photosynthetic members of the Apicomplexa [72], whose membranes 
have been shown to contain galactolipids. 

The composition of HDF-SMALPs separated by sucrose density 
gradient ultracentrifugation was experimentally studied using UV–vis 
spectroscopy, chlorophyll fluorescence emission spectroscopy at 77 K, 
gel electrophoresis, and immunoblot analysis with 22 antibodies against 
subunits of major thylakoid MPCs. We showed that the efficacy of SMA 
copolymers in membrane protein extraction depends on the intrinsic 
properties of the starting thylakoid membrane and on the polymer 
structure. The difference in thylakoid organization studied by TEM, 
particularly in the number of stacks per grana and the grana thickness, 
indicates that the spinach thylakoids contain more grana than lamellae 
regions. Thus, the higher solubilization efficacy, based on the efficacy of 
both protein and chlorophyll extraction, of the pea TMs can be explained 
by increased membrane fluidity due to higher surface area, lower 
protein-to-lipid ratio, and lateral pressure due to presence of higher 

Table III 
Deconvolution results of fluorescence emission spectra: peak maximum 
and area ratio. The values are color-coded with the white/yellow color 
corresponding to the lowest value and the red/green – to the highest value. 

sp
ec

ie
s

HDF-SMALP
λmax [nm] Peak area [counts] /

peak 2 peak 3 [a.u.]

sp
in

ac
h

HDF-PRO 10235 696.0 724.6 12910±782 131302±139 10.2± 0.6

HDF-30010 696.2 720.3 22779±1754 174944±2140 7.7 ± 0.7

TM 698.4 725.0 98623±2207 246197±5003 2.5 ± 0.1

HDF-17352 698.0 720.9 45849±3283 99401±3576 2.2 ± 0.2

HDF-25010 696.0 723.7 74656±2886 133099±2927 1.8 ± 0.1

HDF-1440 695.7 716.1 114350±10677 96710±11036 0.8 ± 0.2

pe
a

HDF-PRO 10235 695.3 722.4 2039±477 195216±217 95.7± 22.5

HDF-30010 698.0 721.3 7391±2583 141010±2984 19.1± 7.1
HDF-17352 697.6 722.0 36011±1919 194470±2228 5.4 ± 0.3

TM 698.1 723.3 69755±2451 265094±2448 3.8 ± 0.2

HDF-25010 696.6 727.2 72490±1610 164969±1491 2.3 ± 0.1

HDF-1440 695.9 718.0 123864±5033 204781±5877 1.7 ± 0.1
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amount of longer (18:3 vs. 16:3) unsaturated fatty acids. 
After separation and fractionation of membrane protein complexes, 

we showed that the density, number of populations of supramolecular 
protein complexes within HDF-SMALPs and composition of HDF- 
SMALPs based on immunoblot analysis mostly depends on the type of 
SMA polymer used for membrane protein extraction. We also found out 
that SMA copolymers exhibit differential preferences as to which com-
plexes they extract and that polymers can be divided into two distinct 
groups. The classification correlates with the polymer chemical struc-
ture and consolidates unfunctionalized polymers in one group, while 
ester derivatives and 25010 – into another group. In the case of pea TMs, 
two populations of complexes have been found for ester derivatives 
(HDF-1440 and HDF-17352) and HDF-25010, while only one population 
was observed for HDF-30010 and HDF-PRO 10235. For spinach TMs, for 
currently unknown reasons, the trend is opposite. 

Our results indicate a fundamental correlation between polymer 
chemical structure and membrane protein extraction. However, the 
detailed mechanism still remains unclear and further study will be 
necessary to study the correlations between polymer properties and 
solubilization efficacy in more detail. 

5. Further directions 

This work has clearly shown that thylakoids from chloroplasts of 
different organisms can yield distinct membrane complexes that reflect 
intrinsically different thylakoid structure and subunit composition using 
a non-detergent solubilization with SMA copolymers. The non- 
disruptive nature of these polymers may enable larger supramolecular 
complexes to be isolated. Although SDGC is one widely used method of 
separation, additional fractionation methods may be employed to 
improve separation and subsequent SMALP characterization. It remains 
to be determined how broadly compatible SMA extraction is with other 
methods of separation such as tandem affinity purification [73], BN- 
PAGE [74,75], mass spectrometry [76], phase partitioning [77], mag-
netic immunoselection [78,79], and 2D electrophoresis [80,81]. More-
over, the larger, more native complexes generated by SMA solubilization 
may be preferred for further structural and functional analysis offered by 
cryo-EM [82–84], time-resolved FRET [85], fluorescence correlation 
spectroscopy [86,87], lipidomics [88], spin labeling EPR [89], and solid- 
state NMR [90]. The ability to capture the recently described periprotein 
lipidome [91] may offer new insights into the dynamics of protein-lipid 
interactions with unprecedented precision. Finally, the relative ease and 

Fig. 7. Composition of HDF-SMALPs: immunoblot analysis with antibodies against subunits of LHCII (A), PSII (B), PSI (C), and cytochrome b6/f (D) in spinach and 
pea TMs and HDF-SMALPs. The determined molecular weight for each subunit and the conditions are listed in Table SV. The apparent MW was calculated using the 
10 molecular weight pre-stained protein standards from BioRad Precision Plus Protein™ All Blue that range from 10 to 250 kDa and is shown on the CBB stained gel 
similar to that in Fig. S7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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rapid speed of this separation may allow some of the highly dynamic 
processes associated with chloroplast membranes such as intermediates 
in state transitions [92] and the zeaxanthin cycle [93], plastid devel-
opment/greening [94], PSII repair/degradation [95], protein trafficking 
[96,97], and other membrane remodeling processes [98,99] to be 
studied at a new level of in vitro resolution. 
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