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The light reactions of oxygenic photosynthesis almost invariably take place in the thylakoid membranes, a highly specialized

internal membrane system located in the stroma of chloroplasts and the cytoplasm of cyanobacteria. The only known

exception is the primordial cyanobacterium Gloeobacter violaceus, which evolved before the appearance of thylakoids and

harbors the photosynthetic complexes in the plasma membrane. Thus, studies on G. violaceus not only shed light on the

evolutionary origin and the functional advantages of thylakoid membranes but also might include insights regarding

thylakoid formation during chloroplast differentiation. Based on biochemical isolation and direct in vivo characterization, we

report here structural and functional domains in the cytoplasmic membrane of a cyanobacterium. Although G. violaceus has

no internal membranes, it does have localized domains with apparently specialized functions in its plasma membrane, in

which both the photosynthetic and the respiratory complexes are concentrated. These bioenergetic domains can be

visualized by confocal microscopy, and they can be isolated by a simple procedure. Proteomic analysis of these domains

indicates their physiological function and suggests a protein sorting mechanism via interaction with membrane-intrinsic

terpenoids. Based on these results, we propose specialized domains in the plasma membrane as evolutionary precursors of

thylakoids.

INTRODUCTION

The appearance of eukaryotic cells is largely linked to the

acquisition of cellular organelles specialized in providing energy

and reducing equivalents. The establishment of chloroplasts as

permanent endosymbionts constitutes a key event in the evolu-

tion of plant cells. In the chloroplast, thylakoid membranes form

complicated structures known for their lateral heterogeneity. The

structural complexity of thylakoids found in higher plants, with

the formation of grana and stroma thylakoids, surpasses that of

cyanobacterial thylakoid membranes. However, the formation of

this intracellular membrane system that is entirely separated

from the chloroplast inner envelope or the plasma membrane is

one of the distinguishing features conserved in almost all organ-

isms performing oxygenic photosynthesis (van de Meene

et al., 2006). The cyanobacteriumGloeobacter violaceus (Rippka

et al., 1974), the only known exception, is devoid of thylakoids.

Accordingly, both the photosynthetic and the respiratory appa-

ratus are located in its plasma membrane.

The localization of these complexes in the plasma membrane

has major consequences for the protein subunits extending

outward into the periplasmic region between the plasma and

outer membranes (Inoue et al., 2004; Mimuro et al., 2008), as this

compartment differs significantly from the environment within

the thylakoid lumen. In particular, this can be recognized by the

low sequence homology of the peripheral photosystem II (PSII)

subunits to the sequences in other cyanobacteria (De Las Rivas

et al., 2004) and by the murein binding domain found in the PsaB

subunit (Grizot and Buchanan, 2004). Associated with the cyto-

plasmic surface of the plasma membrane is an 80-nm-thick

electron-dense layer attributed to the phycobilisomes (Guglielmi

et al., 1981), which, due to their bundle-shape structure, differ

considerably from the hemidiscoidal shaped phycobilisomes of

other cyanobacteria (Krogmann et al., 2007).

In addition to the phylogenetic analysis based on 16S rRNA

(Nelissen et al., 1995) implying a divergence ofG. violaceus prior

to the endosymbiotic event in the cyanobacterial clade, there are

several indications that G. violaceus may be considered as the

most primordial cyanobacterium yet studied: This is suggested

by comparative analysis with 14 other cyanobacterial genomes

(Mulkidjanian et al., 2006), the lack of sulfoquinovosyl diacyl-

glycerol (Selstam and Campbell, 1996), and a bacterial-type

phytoene desaturase (Steiger et al., 2005).

Due to the uniqueness of its cellular structure, G. violaceus

photosynthetic and respiratory complexes are restricted into a

single membrane, together with the transporters, enzymes, and

other components mediating the transport and biosynthetic

functions of a bacterial cytoplasmic membrane. In this regard,
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G. violaceus resembles an organism prior to the evolutionary

development of the thylakoidmembrane as an intracellularmem-

brane compartment. Therefore, analyzing the cellular structure of

G. violaceus may be valuable to define new concepts for the

emergence of specialized membrane compartments and pro-

vide insights into structural and functional aspects of thylakoid

formation due to the topological similarities to pro-plastids.

Membranes involved in bioenergetic processes show a high

level of structural organization. Proteins and lipids, the primary

constituents of biological membranes, assemble to protein

complexes, such as the well-established energy conversion

complexes, photosystem I (PSI), PSII, cytochrome b6f, and ATP

synthase, in the thylakoid membrane (Rexroth et al., 2003), and

the higher-order structures, such as the supercomplexes (Kouril

et al., 2005) or respirasomes (Schägger and Pfeiffer, 2000;

Krause et al., 2004) that are formed by respiratory complexes I,

III, and IV in mitochondrial membranes or the supercomplex

consisting of cytochrome b6f, PSI, and ferredoxin-NADP oxido-

reductase that performs cyclic electron transport in Chlamydo-

monas reinhardtii chloroplasts (Iwai et al., 2010). Recently, a

similar structural organization was also observed in bacterial

systems (Lenn et al., 2008b), where oxidative phosphorylation

complexes appear to be localized in segregated zones within the

plasma membrane called respirazones (Lenn et al., 2008a).

Segregation in biological membranes appears to be a general

structural feature for the organization of cytoplasmicmembranes

in eukaryotic systems (Simons and Ikonen, 1997; Lingwood and

Simons, 2010; Opekarová et al., 2010) but is also observed in

prokaryotic systems (López and Kolter, 2010).

In this article, the occurrence of two distinct domainswithin the

cytoplasmic membrane of G. violaceus was demonstrated by

two independent experimental approaches. The first approach

uses a simple biochemical procedure that avoids the use of any

detergent to separate the two membrane domains. The second

approach applies confocal microscopy to observe these two

membrane domains in living cells.

Functional and structural differences of the two separated

membrane domains are revealed by vast differences in their

proteome and pigment composition. One domain displays char-

acteristics of the thylakoid membranes isolated from common

cyanobacteria, while the other is carotenoid rich and shows

properties of a cyanobacterial plasma membrane. This separa-

tion of membrane domains correlated to their carotenoid content

shows parallels to the observation of xanthophyll-rich domains in

the thylakoid membrane of the high-light-adapted green alga

Dunaliella salina (Yokthongwattana et al., 2005).

In summary, these results provide important insight into the

evolution of membrane compartments in general and the bio-

genesis of the thylakoid membrane in particular.

RESULTS

Biochemical Separation

The primordial cyanobacterium G. violaceus was cultivated at

light intensities of 4 mmol photons m22 s21 to provide stable

photoautotrophic growth. For membrane isolation, cells were

harvested by centrifugation and subjected to a classical protocol

(Murata and Omata, 1988) (i.e., the cells were broken by French

press treatment, and sucrose density gradient centrifugation was

used to separate cellular membranes). The centrifugation re-

sulted in the separation of an orange and a green membrane frac-

tion with densities of 1.07 and 1.16 g/mL, respectively (Figure 1).

The properties of these membrane fractions in terms of protein

composition, pigment content, and buoyant density are consis-

tent with the characteristics published for cyanobacterial plasma

or thylakoid membranes (Omata and Murata, 1983; Molitor and

Peschek, 1986; Norling et al., 1997; Zak et al., 2001; Huang et al.,

2002). They clearly differ from the properties of the outer mem-

brane, which can be isolated at a density of 1.19 g/mL when the

interface between 48 and 50% layer of the first gradient is

applied to a second sucrose gradient (Figure 1D).

This result is generally observed for any cyanobacterial cell

subjected to this type of analysis and is commonly attributed to

the separation of thylakoid, plasma, and outer membrane. By

contrast, in the case ofG. violaceus, which is devoid of an internal

thylakoid membrane system, the green and orange material

originate from the plasma membrane.

Pigment Analysis

Clear differences in pigment content are observed for the two

fractions. While UV/Vis spectra (Figure 2) of the green fraction

display strong chlorophyll and significant phycobiliprotein ab-

sorption, the orange fraction is largely devoid of chlorophyll

and phycobilisomes. In both fractions, considerable amounts of

Figure 1. Sucrose Density Centrifugation of Cellular Membranes fromG.

violaceus.

(A) Schematic of the sucrose density gradients used for separation; the

dark shading at the bottom represents the area of sample application in

50% sucrose (w/w).

(B) The gradient after 16 h of centrifugation at 160,000g displays an

orange (1.07 g/mL) and a green (1.16 g/mL) membrane fraction.

(C) A distinct band is formed from the green fraction in (B) when

recentrifuged on the sucrose density gradient.

(D) A third membrane fraction with an apparent density of 1.19 g/mL

(corresponding to the outer membrane) is obtained when the boundary

between the 48 and 50% layer is applied to a second sucrose gradient

centrifugation.
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carotenoids were observed in the absorption spectra. Pro-

nounced differences can be observed when reversed phase

HPLC is employed for the separation of carotenoid species.

Figure 3 shows chromatograms obtained from extracts of the

orange and green membrane fraction. While all three pigments

found in earlier publications (Rippka et al., 1974; Jöstingmeyer

and Koenig, 1998; Tsuchiya et al., 2005), oscillaxanthin, echine-

none, and b-carotene, are present in the orange fraction, the

green fraction contains only echinenone and b-carotene (Table

1). Although the presence of oscillaxanthin in membranes of G.

violaceus has been discussed (Steiger et al., 2005), both reten-

tion time and spectra (see Supplemental Figure 1 online) strongly

suggest the presence of a hydrophilic carotenoid in the orange

fraction. While the green membrane fraction contains 20 times

more chlorophyll than the orange fraction, its carotenoid content

is only 4%. Besides chlorophyll a, 13.2-OH chlorophyll a is ob-

served by the pigment analysis as a common product of chloro-

phyll oxidation during extraction (Figure 3).

Lipid Analysis

As lipids play a key role in the domain formation in membranes of

eukaryotic membranes, the lipid composition of both membrane

fractions was characterized qualitatively and quantitatively by

electrospray ionization–mass spectrometry (ESI-MS). While this

analysis shows a higher content of monogalactosyldiacylglyc-

erol (MGDG) and a lower content of digalactosyldiacylglycerol

(DGDG) lipids in the orange fraction relative to the green fraction

(Figure 4), these differences appear too small to induce a

segregation of membrane domains. Also, length and degree of

desaturation of the fatty acid substitution in the two membrane

fractions does not differ significantly (see Supplemental Figure 2

online), although the substitution pattern of MGDG and DGDG

can be clearly distinguished from the phosphatidylglycerol (PG)

lipids by the length and higher degree of desaturation of their

fatty acid substituents. The results obtained in our investigation

are in good agreement with the lipid composition published for

whole G. violaceus cells (Selstam and Campbell, 1996).

Proteome Analysis

For characterization of the biological function, the membrane

fractions were subjected to a proteome analysis based on an

liquid chromatography (LC)-MS approach (Figure 5). To account

for the incomplete separation of the membrane domains, the

repeated occurrence of an identified protein in analytic runs of

independent replicates of either the green, the orange, or both

membrane fractions was required. This reduced the number of

proteins passing the filter criteria set for the Sequest algorithm

(Eng et al., 1994) used for protein identification criteria by 32% to

264 proteins and was a necessary step to distinguish charac-

teristic proteins from cross-contaminants. The remaining 264

proteins were classified into three groups of proteins: those that

were found either exclusively in the orange, exclusively in the

green, or in both membrane fractions. While 59 of the 264

identified proteins appeared exclusively in the orangemembrane

fraction and 42 occurred exclusively in the green fraction, 163

were found in both fractions (Figure 5B). The high proportion of

integral membrane proteins (38 and 42% identified in the orange

and green fraction, respectively) indicates that both fractions

indeed originate from cellular membranes and excludes soluble

carotenoid binding proteins as source for the orange fraction.

Table 2 contains a list of selected proteins and their occurrence in

the two membrane fractions. A comprehensive list of all 264

proteins identified in the analysis can be found in Supplemental

Data Set 1 online.

Figure 2. UV-Vis Spectra of the Isolated Membrane Fractions from G.

violaceus.

Dotted line: the green membrane fraction from the sucrose density

gradient is dominated by chlorophyll (lmax = 439 and 678 nm) absorption,

with significant amounts of carotenoids (lmax = ;450 to 500 nm) and

minor amounts of phycobilisome (lmax = 625 nm) subunits. Solid line:

orange membrane fraction from sucrose density gradient containing

mainly carotenoids, minor amounts of chlorophyll, and no significant

absorption from phycobilisome subunits.

[See online article for color version of this figure.]

Figure 3. Pigment Analysis of the Isolated Membrane Fractions from G.

violaceus by Reversed Phase Chromatography.

Dotted line, green membrane fraction; solid line, orange membrane

fraction; 1, oscillaxanthin; 2, 13.2-OH chlorophyll a; 3, chlorophyll a; 4,

echinenone; 5, b-carotene.

[See online article for color version of this figure.]
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The majority of identified proteins (163 of 264) are present in

both fractions. Forty percent of these are integral membrane

proteins, which in contrast with cytoplasmic matrix proteins are

unlikely to be bound coincidently as contaminants to both the

orange and greenmembrane domains (i.e., they rather represent

a significant part of the two membrane domains). Among them,

identical proteins are not useful to define distinct biological

functions of the two domains; however, the high number of

membrane proteins shared between them is a clear indication for

a common origin of the two membrane fractions.

The proteins present in both fractions represent abundant

integral membrane proteins, such as the large subunits of the PSI

and PSII complexes (i.e., PsaA, PsaB, D1, and D2 aswell as ABC

transporters). To estimate the relative amount of these proteins

found in the green and orange fraction, spectral counting (Liu

et al., 2004) was applied to the data obtained from the LC-MS

runs. Due to its robustness when applied to membrane proteins,

spectral counting, an established label-free technique for the

relative quantification of protein abundance (Zybailov et al.,

2006; Usaite et al., 2008), is the appropriate technique for the

characterization of the complex membrane fractions obtained

from G. violaceus. For generating an overview of the two mem-

brane fractions (Figure 5C), normalized spectral abundance

factors were employed to evaluate the distribution of proteins

over categories based on the assignment in the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) database (Kanehisa and

Goto, 2000).

Proteins exclusively present in the green fraction include

components of both respiratory and photosynthetic electron

transport. Notably, three of the four large subunits of the cyto-

chrome b6f complex (petB, petC, and petD), five subunits of the

NADH dehydrogenase complex, and five subunits of ATP syn-

thase complex, aswell as a few small subunits of the PSI andPSII

complexes, are exclusively detected in the green fraction. Com-

parison of the relative abundance of proteins present in both

fractions reveals a higher level of proteins involved in photosyn-

thetic electron transport in the green fraction: For instance, the

amount of the reaction center subunits of PSI is 5 times higher

than in the orange fraction. Interestingly, the PSII core light-

harvesting proteins CP43 and CP47 are 30-fold enriched in the

green fraction, while the reaction center proteins D1 and D2 are

only 3 times higher. The significantly higher contents of D1/D2

versus CP43/CP47 subunits indicates the absence of functional

PSII complexes within the orange membranes, which is also

indicated by data from 77K fluorescence spectroscopy (see

Supplemental Figure 4 online). Notably, the combination of these

results is in agreement with the presence of inactive premature

PSII subcomplexes as in the cytoplasmic membrane of Syn-

echocystis PCC 6803 (Zak et al., 2001). In addition to subunits of

the photosynthetic protein complexes, other proteins also show

a clear preference for the green fraction: among them are soluble

phycobilisome subunits (the a- and b-subunits of allophycocya-

nin, phycocyanin, and phycoerythrin) as well as cytochrome f,

the only subunit of the cytochrome b6f complex that is also

detected repeatedly in the orange fraction. Within the range of

error, the distribution of the photosynthetic protein complexes is

consistent with the elevated chlorophyll content observed by

pigment analysis.

Overall, the proteome analysis covered an extensive part of the

electron transport chain. For PSII, PSI, ATP synthase, and

cytochrome b6f, nearly all subunits were detected in the green

fraction. The only exceptions were some small subunits below 8

kD and two larger subunits, psbP of PSII and atpI of the ATP

synthase (21 and 27 kD, respectively). For the NADH dehydro-

genase, 10 of the 14 subunits could be identified, while subunits

ndhC, ndhD, ndhE, and ndhF were not found. The extreme

hydrophobicity of these proteins, ;1.0 on the GRAVY hydro-

phobicity scale (Kyte andDoolittle, 1982), appears not to limit the

Table 1. Carotenoid Composition of the Isolated Membrane Fractions

Peak RT (min)a Orangeb Greenb Abs Max (nm) Probable Identityc

1 4 0.034 – 466, 492, 524 Oscillaxanthin

2 10 0.005 0.115 13.2-OH Chlorophyll a

3 14 0.004 0.083 Chlorophyll a

4 22 0.013 0.002 ;461 Echinenone

5 42 0.160 0.005 425, 448, 475 b-Carotene

aRT, retention time.
bAbsorbance of carotenoid and chlorophyll species estimated at 440 and 680 nm, respectively.
cWhile there is a general agreement on the occurrence of echinenone and b-carotene (Rippka et al., 1974; Jöstingmeyer and Koenig, 1998; Tsuchiya

et al., 2005), the identity of oscillaxanthin is under debate (Steiger et al., 2005).

Figure 4. Distribution of Lipid Head Groups DGDG, MGDG, and PG in

the Isolated Membrane Fractions from G. violaceus as Observed by ESI-

MS.

Dotted bars, green membrane fraction; solid bars, orange membrane

fraction.

[See online article for color version of this figure.]
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detection, as a number of hydrophobic proteins with similar or

even higher hydrophobic indices were observed in the analysis.

Subunits of the cytochrome c oxidase were only detected in a

single LC-MS run analyzing the green membrane fraction; be-

cause we required identification in independent replicates, they

were not taken into account for our analysis. However, these

data suggest a low abundance of cytochrome c oxidase under

our cultivation conditions in comparison to the other respiratory

and photosynthetic protein complexes.

The group of proteins found exclusively in the orange fraction

contains a significant number of enzymes involved in the me-

tabolism of terpenoids, such as squalene-hopene cyclase, a

tocopherol-cyclase homolog (glr3089), phytoene dehydrogen-

ase, and cytochrome P450, but also a large amount of proteins

with unknown functional assignment. Another protein signifi-

cantly overrepresented in the orange fraction is a type 2 NADH

dehydrogenase (glr3503), which is enriched by a factor of 6

relative to the green fraction. Also, a homolog of the PrtA protein,

which is involved in thematuration of PSII (Klinkert et al., 2004), is

exclusively located in the orange fraction.

Proteins present in both the green and the orange fraction

in comparable amounts involve highly abundant membrane-

associated and cytosolic proteins, like the phycobilisome core

membrane linker protein apcE and the chaperone GroEL.

In summary, the proteomic analysis shows the presence of two

distinguishable domains in the plasmamembrane ofG. violaceus

originating from a single cellular membrane: one domain harbors

mainly protein complexes of the photosynthetic and respiratory

electron transport. The other contains accumulated carotenoids

and enzymes involved in their synthesis and turnover; with the

exception of a type-2 NADH dehydrogenase and a putatively

functional PSI, this domain is devoid of proteins involved in

electron transport.

To avoid artificial domain formation, in all experiments, the use

of any detergents and organic solvents was omitted, as their

effects on biological membranes are unpredictable in detail. As

various other factors like temperature shifts or even counterions

of charged lipids may conceivably have an impact on segrega-

tion of domains within the membrane, several control experi-

ments have been conducted. In control experiments, a focus

was set on temperature shifts as well as freezing and storage of

theG. violaceus cells, as phase transitions in the lipid membrane

were considered an important factor. However, by keeping the

cells and samples during preparation at 218C (i.e., the cultivation

temperature of G. violaceus), we could show that temperature

shifts do not influence the segregation of the domains. Further-

more, modifying pH or ion composition (from sodium to potas-

sium) of the buffers did not have any impact on the separation

(data not shown).

Figure 5. Summary of the Proteomic Analysis of the Two Membrane

Fractions Isolated from the Cytoplasmic Membrane of G. violaceus.

(A) HPLC separation of tryptic peptides and applied reversed phase

gradient (dotted line). The analysis is based on four analytical runs and

three biological replicates for each membrane fraction.

(B) Number of proteins detected exclusively in the green, exclusively in

the orange, or in both fractions (bars) and the proportion of integral

membrane proteins (solid areas in circular charts) present in each of the

three groups of proteins.

(C) Functional overview over the two membrane fractions based on the

proteins identified. Dotted bars, green membrane fraction; solid bars,

orange membrane fraction. The assignment of proteins to categories is

based on the Kegg database (Kanehisa and Goto, 2000). The diagram

displays the proportion of proteins assigned to a certain category in

relation to total protein amount in the respective fraction. Quantitation of

proteins is based on normalized spectral counts of 222 and 205 distinct

proteins for the orange and green fraction, respectively. An alternative

figure displaying the absolute number of different proteins identified for

the two membrane fractions is found in Supplemental Figure 3 online.

[See online article for color version of this figure.]
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Confocal Microscopy

Although no influence of the above parameters on the separation

of themembrane fractions was observed, an independent in vivo

approach should unambiguously rule out induced artificial seg-

regation of lipid phases. Fresh G. violaceus cultures with cell

dimensions of;1.7 by 2.5mmwere observed in their logarithmic

growth phase by confocal fluorescence microscopy at 218C

(i.e., the routine growth temperature of the cells) (Figure 6). With

the focal plane set at mid-cell height, the cell membranes show

a halo-like appearance around the perimeter of the cell. As ex-

pected, no indications for intracellular membranes were found.

Image sequences for chlorophyll (Figure 6A), phycocyanin (Fig-

ure 6B), and phycoerythrin (Figure 6C) were recorded with 3-s

intervals between individual images. For all three pigments,

bright patches appear in the perimeter, and these patches can

be tracked in successive images. They clearly show a hetero-

geneous membrane, evidently displaying high local concentra-

tions of photosynthetic pigments in or associated with the

membrane. The fluorescent patches appear randomly distrib-

uted over the cell surface. In two-dimensional confocal optical

sections, they appear as bright spots around the perimeter of the

cell. Quantification of size and distribution of the fluorescent

patches by images of chlorophyll fluorescence (Figure 6A)

resulted in center-to-center spacing of 570 6 130 nm (6SD).

The apparent diameter of the patches was estimated for well-

separated patches by extracting a line profile along the perimeter

of the cell and measuring the width of the profile (full width at

half maximum), resulting in a mean apparent diameter of 400 6
90 nm.

However, since the optical point spread function will be very

significant at these scales, the real diameter is considerably

smaller. In these images, the point spread function could be

measured directly by taking line profiles perpendicular to the cell

Table 2. Relative Amount of Selected Proteins Present in the Analyzed Membrane Fractions

Proteina IDb Distributionc Ratiod

Cell division protein FtsY glr0251 Orange –

Cobalamin biosynthesis protein CbiM gll0292 Orange –

DnaJ protein glr4267 Orange –

Phytoene dehydrogenase glr0867 Orange –

Shc; squalene-hopene cyclase glr4057 Orange –

Hypothetical protein

(S-isoprenylcysteine O-methyltransferase)

gll2461 Orange –

Hypothetical protein (tocopherol cyclase) glr3089 Orange –

Cytochrome P450 gll3063 Orange –

Cytochrome P450 gll3064 Orange –

Hypothetical protein

(hopene-associated glycosyltransferase HpnB)

gll4056 Orange –

Hypothetical protein (PrtA homolog) glr1902 Orange –

Hypothetical protein (YCF19) gsr3540 Both 7.9

Hypothetical protein (steroid epimerase fam) gll3484 Both 7.1

Probable type-2 NADH dehydrogenase glr3503 Both 5.6

PgsA; phosphatidylglycerophosphate synthase glr0301 Both 1.7

GAPDH glr0530 Both 0.9

petE; plastocyanin glr2276 Both 0.74

psbD; PSII D2 glr2323 Both 0,37

psaA; PSI, PsaA glr3438 Both 0.27

psbA; PSII D1 glr1706 Both 0.23

petA; cytochrome f glr3039 Both 0.16

psaB; PSI, PsaB glr3439 Both 0.13

psbB; PSII, CP47 glr2999 Both 0.04

psbC; PSII, CP43 glr2324 Both 0.03

atpG; ATP synthase, subunit b’ gll2908 Green –

atpH; ATP synthase, subunit c gsl2909 Green –

petD; cyt b6f, subunit 4 gll1918 Green –

petB; cyt b6f, cytochrome b6 gll1919 Green –

petC; cyt b6f, Rieske subunit glr3038 Green –

ndhB; NDH-1, subunit 2 glr3120 Green –

psbE, PSII, cytochrome b559 a gsr0856 Green –

aA comprehensive table with all 265 proteins can be found in Supplemental Data Set 1 online. Homologies for hypothetical proteins detected based on

amino acid sequence are denoted in parentheses.
bAccession number as published on Cyanobase (http://genome.kazusa.or.jp/cyanobase).
cObservation of identified proteins exclusively in the orange fraction, exclusively in the green fraction, or in both fractions.
dAbundance ratio (orange/green fraction) obtained using normalized spectral abundance factors according to Zybailov et al. (2006). Exclusive

occurrence in only one of the two fractions is denoted by a dash.
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perimeter, since the thickness of the membrane is negligible.

These line profiles were approximately Gaussian in form, with a

mean width (full width at half maximum) of 2606 40 nm. The real

physical dimensions of the patches could then be roughly

estimated by subtracting the width of the point spread function

from the apparent diameter, resulting in amean diameter (6SD) of

1406 100 nm and a mean area of;15,400 nm2. As a typical G.

violaceus cell has a dimension of;1.73 2.5 mm, it has a surface

area of ;12 mm2 (estimated by approximating the cell as a

prolate spheroid). The density of the spots can be estimated from

the mean center-to-center spacing as;1 per 0.26 mm2. For this

reason, a typical cell will contain;46 6 14 fluorescent patches

in its membrane, and the fluorescent patches will occupy;6%

of the membrane area. Figure 7 shows a model representing the

dimensions and distribution of the fluorescent membrane do-

main in the cytoplasmic membrane of G. violaceus.

In summary, these results clearly show a heterogeneity of the

membrane on a 100- to 200-nm scale and confirm the results

from the biochemical experiments.

DISCUSSION

Separation of Membrane Domains

Analysis of membrane fractions isolated from G. violaceus has

provided new insights into the membrane structure of this

atypical cyanobacterium. Two distinct membrane fractions (a

green chlorophyll-rich and a carotenoid-containing orange frac-

tion) are obtained by applying traditional protocols for the sep-

aration of cyanobacterial membranes (Omata and Murata, 1983;

Molitor and Peschek, 1986). As it is generally accepted that G.

Figure 6. Confocal Fluorescence Micrographs Obtained in Vivo from G.

violaceus Cultures, Showing Optical Sections in Which the Cytoplasmic

Membrane Appears as a Ring around the Periphery of the Cell.

A heterogeneous distribution of fluorescence is clearly observed for

chlorophyll (A), phycocyanin (B), and phycoerythrin (C). Fluorescence is

concentrated in distinct spots, which display a very low diffusion rate.

Figure 7. Membrane Domain Distribution in the Cytoplasmic Membrane

of G. violaceus as Inferred from Confocal Microscopy.

The green domains displaying intense fluorescence emission have a

mean diameter of 140 nm with a mean center-to-center distance of 570

nm (dotted line).
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violaceus (Rippka et al., 1974; Guglielmi et al., 1981) contains no

internal thylakoidmembranes,weconcluded that bothmembrane

fractions originate from the plasma membrane and that they

constitute two distinct membrane domains within this membrane.

At first sight, a preferential rupture of the membrane at the

boundaries between these domains during the French press

treatment (a prerequisite to facilitate the subsequent separation

of the two membrane fractions) appears surprising. However,

considering the fact that such domains are induced by phase

separation with internal molecular interactions that have to be

stronger than the interactions at the boundaries between differ-

ent domains, it appears reasonable to assume such a preferen-

tial rupture. Accordingly, the boundaries between the domains

should be considered as weak spots in the structural integrity of

the membrane. A selective rupture of membranes at boundaries

ofmembrane domains bymechanical force in the absence of any

detergents or organic solvents was also observed for other

membrane systems with lateral heterogeneity. Examples are the

isolation of purple membranes from Halobacterium salinarum by

osmotic shock (Becher and Cassim, 1975) and Y-100 stroma

thylakoid particles from chloroplasts by Yeda Press (Andersson

and Anderson, 1980).

Composition of the Domains

Although a perfect separation of both membrane domains can-

not be expected from the applied isolation procedure, any

additional purification step would inevitably introduce new po-

tential artifacts and make the interpretation of the results more

difficult and ambiguous. The restriction to the simple isolation

procedure increases the robustness of the analysis, even if minor

details of the domain composition remain elusive.

Based on the biochemical analysis of protein, pigment, and

lipid composition of the two membrane fractions, the segrega-

tion of the membrane domains is determined by proteins and

pigments, while the lipid composition seems to play a minor role.

This is in contrast with the situation in lipid rafts (Simons and

Ikonen, 1997) where lipid composition is the driving force for

formation of microdomains.

The distribution of proteins between the two membrane do-

mains of G. violaceus resembles the distribution of membrane

proteins between plasma and thylakoid membrane in other

cyanobacteria (Norling et al., 1997; Zak et al., 2001; Huang

et al., 2002). In particular, the exclusive localization of NADH

dehydrogenase (Ohkawa et al., 2001; Zhang et al., 2004) and

cytochrome b6f complexes (Aldridge et al., 2008; Schultze et al.,

2009) in the thylakoid membrane (and their absence from the

plasma membrane) has been shown for the cyanobacterium

Synechocystis PCC 6803. This agrees well with the restriction of

components from photosynthetic and respiratory electron trans-

port chain to the green fraction. However, this is in contrast with

the presence of respiratory complexes in the plasma membrane

reported for other cyanobacterial species (Peschek et al., 1994),

although, from an evolutionary point of view, similarities should

be expected. Corresponding to the situation in Synechocystis

PCC 6803, in the orange fraction, only PSI and a type 2 NADH

dehydrogenase (Pisareva et al., 2007) are present as compo-

nents of an electron transport chain, while the presence of the

PSII subunits D1 and D2 (and minor amounts of the subunits

CP47 and CP43) was explained by the biogenesis of PSII (Zak

et al., 2001). The exclusive location of a homolog of the PrtA

protein (Klinkert et al., 2004) mediating the processing of the PSII

D1 subunit in the orange fraction supports this interpretation.

Evidence for Membrane Domains in Living Cells

Confocal fluorescence microscopy of living G. violaceus cells

confirmed the heterogenous distribution of the three photosyn-

thetic pigments chlorophyll, phycocyanin, and phycoerythrin

within the cells. These photosynthetic pigments form patches

with diameters of ;140 6 100 nm, which are apparent by their

strong fluorescence emission. Interestingly, these dimensions

are within the order of magnitude reported for lipid rafts in

eukaryotic systems, ranging from <70 to 300 nm (Munro, 2003;

Eggeling et al., 2009). However, they are significantly smaller

than grana membranes in higher plant thylakoids with diameters

of 300 to 500 nm (Mehta et al., 1999; Kaftan et al., 2002;

Staehelin, 2003; Shimoni et al., 2005).

Coincidentally, the dimensions of the heterogeneous struc-

tures in the plasma membrane of G. violaceus match the esti-

mated size of patches enriched in cytochrome bd-I complexes in

Escherichia coli (Lenn et al., 2008b) quite well. However, a

striking difference between both systems is the small diffusion

rate observed for the patches in G. violaceus, which may be due

to the murein binding domain in the PsaB subunit ofG. violaceus

(Grizot and Buchanan, 2004).

Based on size and center-to-center distances of the fluores-

cent patches,;6%of the total membrane surface appears to be

covered with the bioenergetically active patches. The compar-

atively small amount of these patches, which are enriched in

photosynthetic pigments, is confirmed by the density gradient

centrifugation (Figure 1). The fact that the chlorophyll band is

faint compared with the orange band is a striking difference

compared with common cyanobacteria, in which the bioener-

getically active thylakoidmembrane predominates. For instance,

electron micrographs of low-light grown cells of Synechococcus

sp PCC 7942 (Mullineaux and Sarcina, 2002) suggest that

thylakoids constitute ;80 to 90% of the total membrane area

(thylakoid plus cytoplasmic membrane). As no hints for hetero-

trophy in G. violaceus have been observed, the small content

of membrane domains with bioenergetic activity appears to be

correlated to its slow growth. It might be this slow growth lifestyle

that gives G. violaceus the selective advantage over more

evolved photoautotrophic organisms in its nutrient-poor habitat.

The fluorescent patches can be directly linked to the biochemi-

cally isolated green membrane fraction containing the vast

majority of fluorescent photosynthetic pigments. While the for-

mation of photosynthetic patches is unambiguous, a localization

of the orange membrane fraction is difficult due to the lack of

fluorescent pigments. Also, introducing fluorescent protein tags

is unpredictable and extremely time-consuming due to the long

doubling time (17 d) of G. violaceus. On the other hand, assign-

ment to the dark nonfluorescent part of the cell is quite evident

and consistent with the proteomic analysis: Due to the high number

of membrane proteins shared between both fractions, a common

origin of the green and orange membrane fractions is very likely.
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Functional Implications of Membrane Segregation

The formation of stabilized membrane regions with decreased

membrane fluidity in G. violaceus may have functional implica-

tions as membrane regions with photosynthetic complexes are

separated from regions involved in biogenesis, turnover, and

repair of membrane protein complexes. Also, the orange do-

mains seem to be enriched in carotenoids, in other terpenoids,

and in the proteins involved in their synthesis, processing, and

turnover. As these orange membranes are largely devoid of

functional photosynthetic protein complexes, they are accessi-

ble from the cytosol. This facilitates the approach of ribosomes to

the membrane surface, which in turn is necessary for the co-

translational insertion of membrane proteins into the membrane.

The existence of defined regions for the preferential insertion of

newly synthesized membrane proteins in turn supports the for-

mation of protein complexes due to the increased local concen-

tration of protein subunits.

From an evolutionary perspective, chloroplasts share several

properties with cyanobacteria: Thylakoid membranes from chlo-

roplasts of higher plants show a similar lipid composition with a

high proportion of galactolipids containing unsaturated fatty

acids. In consequence, the thylakoid membrane is a relatively

fluid system (Gounaris and Barber, 1983) in comparison to other

biological membranes. This membrane contains no choles-

terols or other readily detectable sterols (Benson, 1964). Besides

their essential function in oxidative stress, terpenoids, such as

a-tocopherol (Trebst et al., 2002), and carotenoids (Demmig-

Adams and Adams, 1996) help to regulate the fluidity of thylakoid

membranes (Fryer, 1992; Havaux, 1998). This is evident from the

zeaxanthin-related heat tolerance of thylakoids in intact leaves of

higher plants (Havaux et al., 1996; Tardy and Havaux, 1997).

Carotenoids that are substituted with polar groups decrease the

membrane fluidity by a rivet-like mechanism due to their well-

defined orientation almost perpendicular to the membrane

(Subczynski et al., 1992); in this case, their polar substituents

are anchored in the two opposite polar regions of the mem-

brane. Structural significance of xanthophylls is suggested

by the isolation of a xanthophyll-rich fraction from the thyla-

koid membrane of the high-light-adapted green algae D. salina

(Yokthongwattana et al., 2005). Segregation of membrane com-

partments involved in biosynthesis of isoprenoids and photo-

synthetic electron transport is also observed in chloroplasts of

higher plants. Besides the carotenoid transformations in the xan-

thophyll cycle, the synthesis of carotenoids has been shown to be

restricted to the inner chloroplast envelope (Joyard et al., 2009).

Mechanism of Membrane Domain Segregation

Besides the different content of photosynthetic and respiratory

protein complexes, the twodomains are also very different in their

carotenoid composition. Notably, the high carotenoid concen-

tration in the orange fraction is paralleled by an increased amount

of enzymes involved in the metabolism of carotenoids and other

terpenoids. The preferential localization of both carotenoid-

processing enzymes and their substrates might indicate a self-

organizing mechanism in which release of carotenoids into the

membrane induces the recruitment of carotenoid processing

enzymes nearby. Proteins and components with affinity to

carotenoids will preferentially be localized in this area.

Since phase separation between membrane domains often

correlates with regions of varying membrane curvature (Jülicher

and Lipowsky, 1993; Parthasarathy et al., 2006), the segregation of

such domains with distinct molecular composition might be suffi-

cient to induceslight invagination or buddingofmembrane regions.

Thismight be supportedbydifferences in thepreferredcurvatureof

the components forming the membrane (Fan et al., 2010).

Evolutionarily, the segregation of functionally distinctmembrane

domains with well-defined protein content must precede the

formation of specialized vesicles. Consequently, the initial prefor-

mation of membrane patches with protein complexes mediating

photosynthetic and respiratory functions within the cytoplasmic

membrane of a primitive cyanobacterium is a prerequisite for the

emergence of a specialized thylakoid compartment.

In the future, analysis of unusual photoautotrophic organisms

like G. violaceus should provide new insights into sorting mech-

anisms and selective transport processes, which are too com-

plex to be easily observed in more developed plant systems.

METHODS

Culture Conditions

Gloeobacter violaceus SAG 7.82 (corresponding to PCC 7421, ATCC

29082) was cultivated photoautotrophically in Allen’s medium (Allen,

1968) as 600-mL cultures in continuous white light (4 mmol photons m22

s21) at 218C and was shaken by hand once per day. Cells were harvested

after 6 months at culture densities of ;108 cells/mL, while still in the

exponential growth phase, by centrifugation at 10,000g at 208C for 10

min. The pellet was resuspended in Allen’s medium with 15% (w/w)

glycerol, frozen in liquid nitrogen, and stored up to two months at2808C.

In control experiments, the freezing step was omitted and cells were

processed directly without any freezing.

Isolation of Membrane Fractions

Cell disruption and separation of membrane fractions was performed by

French press treatment and density gradient centrifugation according to

Omata and Murata (1983) with slight modifications. For the French press

treatment, a pressure of 1.2·108 Pa was applied to a cell suspension at a

density of 1.5·1010 cells/mL in BEK buffer (10 mM borate, 10 mM EDTA,

and 10 mM potassium chloride, adjusted to pH 9.5 with KOH) at 48C.

Unbroken cells were removed by centrifugation (25,000g, 10 min, 48C).

Subsequently, cytoplasmic membranes were sedimented by centrifuga-

tion (150,000g, 45 min, 48C), resuspended in BEK buffer containing 50%

(w/w) sucrose, and applied at the bottomof a sucrose density stepgradient

with concentrations (w/w) of 40, 30, 20, 10, and 0% sucrose (Figure 1A).

Centrifugation was performed in a swinging bucket rotor at 160,000g and

48C for 16 h (Omata andMurata, 1983). Membrane fractionswere removed

from the gradient and stored at 2808C. Refractometry was applied to

estimate the density of the isolated fractions based on their sucrose con-

tent. In control experiments, theBEKbuffer was replacedbyHENbuffer (20

mMHEPES, 10mMEDTA, and 5mMNaCl, adjusted to pH 7.4 with NaOH)

or, alternatively, the temperature was kept to 218C to avoid freezing of the

samples during harvest, cell disruption, and membrane separation.

Proteome Analysis

Fractionated membrane samples containing 100 mg protein were di-

gested overnight with trypsin (Promega) in solution (Blonder et al., 2006)
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at a trypsin to protein ration of 1:100. Subsequent to trypsin treatment,

peptideswere collected and the remainingmaterial was further incubated

with both trypsin and chymotrypsin in 60%methanol for 6 h (Fischer and

Poetsch, 2006). Lyophylized peptide samples from both digestion steps

were dissolved in 20 mL buffer A (95% water, 5% acetonitrile, and 0.1%

formic acid) and analyzed on a 12-cm analytical C18 column (ID 100 mm;

Phenomenex Luna, 3 mm, C18) with a 5-mm emitter tip. For reversed

phase chromatography, a linear gradient of 120 min from buffer B (10%

water, 85% acetonitrile, 5% isopropanol, and 0.1% formic acid) to buffer

A (95% water, 5% acetonitrile, and 0.1% formic acid) was used with a

flow rate of 200 nL/min (Thermo Accela; Thermo Fisher Scientific). An

online coupled Thermo LTQOrbitrapmass spectrometer was operated in

duty cycle consisting of one 300 to 2000 m/z FTMS and four MS-MS LTQ

scans. Sequest algorithm (Eng et al., 1994) implemented in the Bioworks

3.3.1 software (Thermo Scientific) was applied for peptide identification

versus the protein database derived from the G. violaceus genome

sequence (Nakamura et al., 2003). False discovery rates were estimated

by the number of spectral matches to a decoy database (Käll et al., 2008).

Acceptance criteria and filters were set to achieve a false positive rate of

<5%. Four independent samples of each membrane fraction originating

from three independent biological replicates were used for the analysis.

Spectral counting was used as a parameter for protein abundance (Liu

et al., 2004). Normalized spectral abundance factors were calculated

(Zybailov et al., 2006) for the estimation of relative differences in protein

abundance (Usaite et al., 2008; Zybailov et al., 2008; Zhang et al., 2009).

Functional categories were assigned to the identified proteins based on

the assignments in the KEGG database (Kanehisa and Goto, 2000).

Pigment Analysis

Reversed phase chromatography coupled to a diode array detector was

used for pigment analysis as published previously (Patzlaff and Barry,

1996). Samples containing 100 mg protein were extracted with 20%

methanol in acetone under sonication (Elmasonic S 30; Elma Ultrasonic)

at 48C. The extracts were separated on a C18 column (Sperisorb ODS-2;

Macherey and Nagel) applying an isocratic flow of methanol. Chromato-

graphic traces at 440 and 665 nm were used for the estimation of carot-

enoidandchlorophyll contents, respectively, applying extinction coefficients

of 136,400 M21 cm21 (Craft and Soares, 1992) and 71,430 M21 cm21

(Porra et al., 1989), respectively.

Lipid Extraction and Analysis

Lipids were extracted from separated membranes according to the

method of Bligh andDyer (1959). One part of extract was used for analysis

of MGDG and DGDG after dilution with a solvent mixture with a final

composition of chloroform:methanol:50mMsodium acetate in water. For

sulfoquinovosyl diacylglycerol and PG analysis, the extract was used

after dilution in a solvent mixture with a final composition of chloroform:

methanol:300 mM ammonium acetate in water. Lipids were analyzed by

ESI-MS/MS after direct infusion of 5 mL/min into a triple quadrupole

tandem mass spectrometer (TSQ Vantage; Thermo). Prior to analysis,

standards for MGDG and DGDG (Matreya) as well as PG (Laurodan) were

added. The precursors of lipid head group–derived fragments were

detected using the selected reaction monitoring scans adapted from the

settings listed by Welti et al. (2002, 2003).

Confocal Microscopy

Cell suspensions were spotted onto agar plates (1.5% Bacto-Agar in

growth medium), and the excess liquid was allowed to dry and absorb.

Small blocks of agar with cells were then cut out and placed in a custom-

built temperature-controlled sample holder with a glass cover slip on top

(Mullineaux and Sarcina, 2002). All measurements were performed at

218C. Cells were imaged with a confocal laser scanning microscope

(Nikon PCM2000) using a360 oil immersion objective. A 20-mmconfocal

pinhole was used, giving a point spread in the Z-direction of;1.3 mm (full

width at half maximum). Chlorophyll fluorescencewas imaged by exciting

with the 488-nm line of an argon laser (Spectra-Physics), with emission

defined by a Schott RG665 red-glass filter transmitting wavelengths

longer than 665 nm. Phycoerythrin fluorescence was imaged by exciting

with a 543-nm green helium-neon laser, with emission defined by an

interference band-pass filter transmitting between 590 and 618 nm.

Phycocyanin was imaged by exciting with a 633-nm red helium-neon

laser, with emission defined by a 650-nm long-pass interference filter.

Measurements were performed on the images and line profiles extracted

using Scion Image software. For measurement of the point spread

function, Gaussian curves were fitted to the line profiles using SigmaPlot

10.0 (Systat Software).
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