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Introduction

Rhodobacter sphaeroides is a purple non-sulfur photosynthetic

bacterium performing anoxygenic photosynthesis [1]. The

bacterium has a specialized intracellular structure for

photosynthesis, which is an invaginated cytoplasmic

membrane (also called an intracytoplasmic membrane

(ICM) or chromatophore membrane). The ICM houses the

light-harvesting complexes (LH1 and LH2), photosynthetic

reaction center (RC), FOF1-ATPase (ATP synthase), and

proteins for the electron transport chain [2, 3]. Once light is

absorbed by LH1 and LH2 complexes, the energy is eventually

transferred to a special pair of bacteriochlorophyll a (Bchl a)

of the RC to trigger charge separation, followed by electron

transfer in a cyclic manner [4]. Then, proton-motive force is

generated inside the ICM and utilized for ATP synthesis by

ATPase [5]. 

When R. sphaeroides grown photoheterotrophically is

ruptured, its ICM readily forms a chromatophore membrane

vesicle (CMV) of approximately 70 nm diameter [6], which

contains the photosynthetic apparatus [7]. The periplasmic

content, typically cytochrome c2, is localized inside the

vesicle, whereas ATPase is exposed outside [8]. Thus, CMV

is able to perform the light-dependent synthesis of ATP in

vitro.

Enzymes and living cells can be attached or confined to

inert and insoluble material in order to sustain the bio-

catalytic activities of interest. There have been several

methods for the immobilization of biocatalysts, which

include adsorption, covalent linking, ionic binding,

entrapment, and affinity binding [9, 10]. The materials for

immobilization may be chosen among natural polymers,

synthetic polymers, or inorganic materials, depending on

the property of the biocatalyst and the nature of the

reaction [10]. The advantage of immobilization is to facilitate

the availability of the biocatalyst. Accordingly, the turnover
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The intracytoplasmic membrane of Rhodobacter sphaeroides readily vesiculates when cells are

lysed. The resulting chromatophore membrane vesicle (CMV) contains the photosynthetic

machineries to synthesize ATP by ATPase. The light-dependent ATPase activity of CMV was

lowered in the presence of O2, but the activity increased to the level observed under anaerobic

condition when the reaction mixture was supplemented with ascorbic acid (≥0.5 mM). Cell

lysis in the presence of biotinyl cap phospholipid (bcp) resulted in the incorporation of bcp

into the membrane to form biotinylated CMV (bCMV), which binds to streptavidin resin at a

ratio of approximately 24 µg bacteriochlorophyll a/ml resin. The ATPase activity of CMV was

not affected by biotinylation, but approximately 30% of the activity was lost by immobilization

to resin. Interestingly, the remaining 70% of ATPase activity stayed constant during 7-day

storage at 4oC. On the contrary, the ATPase activity of bCMV without immobilization

gradually decreased to approximately 40% of the initial level in the same comparison. Thus,

the ATPase activity of CMV is sustainable after immobilization, and the immobilized bCMV

can be used repeatedly as an ATP generator. 
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of biocatalyst is greatly increased, and product separation

and bioreactor operation get easier [11].

In this work, we prepared biotinylated CMVs (bCMVs)

by integrating biotinyl cap phospholipid (bcp) into the

membrane of CMV. The bCMV was attached to streptavidin-

linked agarose bead resin, and the immobilized bCMV

showed a higher sustainability of ATPase activity, compared

with that of free bCMV. This is the first demonstration to

immobilize CMV and characterize the sustainability of the

ATPase activity of the immobilized CMV.

Materials and Methods

Bacterial Strain and Growth Conditions 

R. sphaeroides 2.4.1 [12] was grown photoheterotrophically in

Sistrom’s succinate-based minimal medium [13] at 28oC as described

by Sistrom [14].

Purification of CMV and Preparation of bCMV

CMV was purified as previously described [15] with some

modifications. All procedures were carried out in an anaerobic

chamber (Model 10; Coy Laboratory Products, USA) filled with

90% N2, 5% H2, and 5% CO2. The photoheterotrophic culture of

R. sphaeroides was harvested by centrifugation at 4,000 ×g for

10 min. The pellet was resuspended in buffer A (10 mM Tris-Cl,

pH 8.0, containing 10% (w/v) sucrose, 5 mM sodium ascorbate,

and EDTA-free protease inhibitor cocktail (cOmplete; Roche,

Swizerland)). Cells were lysed by sonication, followed by

centrifugation at 6,000 ×g for 10 min to obtain the supernatant.

The cell-free supernatant was subjected to ultracentrifugation at

150,000 ×g, 4oC for 2 h using a Beckman SW41Ti rotor, and the

resulting membrane pellet was resuspended in buffer A. The

membrane suspension was layered on a discontinuous sucrose

gradient composed of 20% (w/v), 40%, and 60% sucrose in buffer A.

After ultracentrifugation at 110,000 ×g, 4oC for 4 h using a Beckman

SW41Ti rotor, the CMV at the interface between the 20% and 40%

sucrose layer was collected and diluted by the same volume of

buffer A. For the preparation of bCMV, all the procedures were

exactly the same except that 2.0 mg of bcp (1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-cap biotinyl; Avanti Polar Lipids,

USA) was added per 1010 cells immediately before cell lysis. The

CMV concentration was quantified by determining the Bchl a

content and the CMV-incorporated bcp was analyzed through

determination of the biotin level. 

Quantification of Bcp of bCMV through Determination of Biotin

The bcp in the outer leaflet of the membrane was considered

only in this work. The outward-facing biotin was released by

digestion of bCMV with 10 U phospholipase C (P7633; Sigma,

USA) in 50 mM Tris-Cl (pH 7.3) containing 5 mM CaCl2 at 37oC for

12 h. The liberated biotin was determined with a FluoReporter

Biotin Quantitation Assay Kit (Thermo Fisher Scientific, USA).

Varying amounts of bcp were treated in the same way to plot a

standard curve of bcp vs. biotin.

ATPase Assay

The ATPase reactions of CMV and bCMV were performed in a

reaction buffer (50 mM Tris-Cl (pH 8.0), 10 mM Na2HPO4, 10 mM

MgCl2, 5 mM sodium ascorbate (added only under aerobic

condition), and 1 mM ADP) under the illuminated condition of

15 W/m2. When the ATPase activity of the immobilized bCMV

was determined, 100 μM of DAPP (diadenosine pentaphosphate)

was added to the reaction mixture to block adenylate kinase activity.

The ATP level was determined with an ATP Bioluminescent

Assay Kit (Sigma, USA).

Determination of Bchl a

Bchl a from CMV and bCMV was extracted in acetone-methanol

(7:2 (v/v)), and the Bchl a level in the extract was determined with

an extinction coefficient (ε) of 83.9 mM-1 cm-1 at 771 nm [16].

Determination of Light-Harvesting Complexes

CMV in phosphate-buffered saline (pH 7.4) was spectrally

analyzed by a UV-Vis spectrophotometer (UV 2550; Shimadzu,

Japan). The level of B875 complex was calculated with A878-820 and

an extinction coefficient of 73 mM-1 cm-1, and that of B800-850

complex was calculated with A849-900 and an extinction coefficient

of 96 mM-1 cm-1 [17].

Immobilization of bCMV to Streptavidin Resin

Varying amounts of bCMV were mixed with streptavidin [18]-

linked agarose bead resin (Strep-Tactin Sepharose 50% suspension;

IBA Lifesciences, Germany) pre-equilibrated with a binding buffer

(10 mM Tris-Cl (pH 8.0) containing 150 mM NaCl). The mixture

was incubated at 25oC for 5 min and transferred onto an empty

column. Non-bound bCMV was removed by washing the column

with binding buffer. The bCMV-bound streptavidin resin was

taken from the column and stored at 4oC in the binding buffer

supplemented with 5 mM sodium ascorbate. To determine the

amount of bCMV bound to resin, the resin was soaked in acetone-

methanol (7:2 (v/v)). After 5-min incubation at 25oC, the extract

was separated from the resin and Bchl a was determined as

described above.

Results and Discussion

Characterization of CMV

Given the photosynthetic machineries of CMV sufficient

for light-driven ATP formation, ATP has to be synthesized

from ADP and inorganic phosphate in light. As expected,

ATP was formed by the purified CMV in a light-dependent

manner (Fig. 1). The kinetic parameters of CMV for ATP

synthesis were determined at 30oC under anaerobic condition.

Approximately 2,481 Bchl a molecules are assumed to be
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present per CMV, which is calculated from the number of

its light-harvesting complexes and RC complex [19]. The

apparent Km of CMV ATPase for ADP was 11.0 ± 4.7 µM,

which is similar to the average Km 9.3 ± 6 µM of E. coli

ATPase on putative inside-out membrane vesicles [20]. The

apparent kcat for ATP synthesis by CMV ATPase was

approximately 27.7 ± 9.7 s-1. Since one CMV is supposed to

have two ATPase complexes [19], the kcat for ATP synthesis

by a CMV would be 55.4 s-1. Recently, Cartron et al. [19]

theoretically proposed that kcat for ATP synthesis by a CMV

was approximately 101 under the illumination intensities

between 10 and 30 W/m2. The kcat shown in this work was

about half that of the theoretical value, the reason for

which is not yet clear but may reside in the low purity of

CMV. The ICM has to be sealed with the inside-out

orientation to form a functional CMV. If ICM is sealed with

the right-side-out orientation, the vesicle may look similar

to a functional CMV, but it would no longer have active

ATPase. The way to estimate the purity of CMVs remains

to be determined.

Since R. sphaeroides performs anoxygenic photosynthesis

[21], the ATPase activity of CMVs could be affected by O2.

As expected, the activity decreased by 70% under ambient

atmospheric condition compared with the control measured

under anaerobic condition (Fig. 2). Excitation of Bchl a in

light and subsequent electron flow in the chromatophore

membrane under aerobic condition may generate reactive

oxygen species [21]. Interestingly, addition of ascorbate,

which is known as a superoxide scavenger [22], resulted in

alleviation of the oxygen effect in a dose-dependent manner

(Fig. 2). However, ascorbate at 50 mM instead decreased

the ATPase activity. It has been known that high-dose

ascorbate may act as a prooxidant in the presence of a

catalytic metal [23]. In the following experiments, the

ATPase activity of the CMV was measured under ambient

atmospheric conditions in the presence of 5 mM ascorbate,

which fully alleviated the oxygen effect. Moreover, it was

10-fold higher than the minimal ascorbate (0.5 mM)

showing no oxygen effect (Fig. 2).

Construction of Biotinylated CMV

The specific interaction between biotin and streptavidin

[18] was exploited for the immobilization of CMVs. In

order to label CMVs with biotin, 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-cap biotinyl was added to the cell

suspension right before sonication for cell lysis. Sonic wave

disturbs the membrane and the bcp can be integrated into

the membrane of the CMV to generate bCMV. Most CMVs

in this treatment were thought to have bcp integrated, and

the resulting bCMV was isolated by ultracentrifugation. 

The CMV-incorporated bcp level increased in proportion

to bcp added to the cell suspension before lysis (Fig. 3A),

but the percentage incorporation of bcp (CMV-incorporated

bcp/bcp added) was in a range of approximately 7% to

10%. In order to know the relative bcp incorporation per

Fig. 1. Light-dependent ATP generation of chromatophore

membrane vesicles (CMVs).

The ATPase reaction of CMV (1 µg Bchl a/ml) was performed in light

(open circle) and in the dark (closed circle) under anaerobic

condition. The experiments were independently repeated three times;

data shown represent the means with standard deviation (SD) from

triplicate experiments. 

Fig. 2. Reduction in the ATPase activity of chromatophore

membrane vesicles (CMVs) by O2 and its restoration by

ascorbate.

ATPase activities of CMVs were measured under anaerobic and

aerobic conditions. The detrimental O2 effect on the ATPase activity

of the CMV was relieved by ascorbate in a dose-dependent manner

except for concentration at 50 mM. The experiments were

independently repeated three times; the average values are shown

with the SD on each bar.
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CMV, the data were further expressed as the ratio of CMV-

incorporated bcp (µg) per Bchl a (µg) (Fig. 3A), which also

increased in proportion to bcp added. The levels of the

B875 complex and B800-850 complex of CMV were not

much affected by bcp, but 10% reduction in LH complexes

was observed at 1.68 CMV-incorporated bcp ratio (Fig. 3B).

The ATPase activity was significantly reduced at the same

CMV-incorporated bcp ratio (Fig. 3C). The phospholipids

surrounding the ATPase of the CMV may be occupied

significantly by bcp at the high CMV-incorporated bcp

ratio, which might affect the ATPase structure and activity.

Accordingly, bCMV at 1.25 CMV-incorporated bcp ratio,

whose ATPase activity was not affected by bcp, was used

in the following experiments.

Immobilization of bCMV to Streptavidin Resin

In order to characterize the binding of bCMVs to

streptavidin resin, varying amounts of bCMV were mixed

with a fixed amount of streptavidin resin. Then, the resin

was washed and bCMV bound to streptavidin resin was

quantified with Bchl a. It was found that the amount of

bCMV bound to resin was proportionally increased with

the level of bCMV in binding buffer until the resin was

saturated (Fig. 4). The capacity of streptavidin resin to bind

bCMV was calculated as approximately 24 µg Bchl a/ml

resin from the binding curve. It was also found from the

linear range of the binding curve that approximately 60% of

bCMV was immobilized to streptavidin resin. The binding

Fig. 3. Optimization of the biotinyl cap phospholipid (bcp)

level to construct biotinylated chromatophore membrane

vesicles (bCMVs).

(A) Varying amounts of bcp were added to the cell suspension

immediately before cell lysis, and bCMVs were purified to determine

the CMV-incorporated bcp. The same data were also expressed as the

ratio of CMV-incorporated bcp (µg) per bacteriochlorophyll a (Bchl a)

(µg), whose values are specified on top of each bar. CMV without bcp

was included as a control. (B) The light-harvesting (LH) complex and

(C) the relative ATPase activity were determined with bCMVs having

a CMV-incorporated bcp ratio from 0 to 1.68. The experiments were

independently repeated three times; the average values are shown

with the SD on each bar.

Fig. 4. Binding of biotinylated chromatophore membrane

vesicles (bCMVs) to streptavidin resin.

Varying amounts of bCMV were mixed with streptavidin-linked

agarose bead resin (400 µl, open circle; 200 µl, open triangle), followed

by removal of non-bound bCMV by washing. The amounts of

immobilized bCMV were determined by measuring bacteriochlorophyll a

(Bchl a) after extraction of the bCMV-bound resin with acetone-

methanol (7:2 (v/v)). The experiments were independently repeated

three times; the data shown represent the means with standard

deviation from triplicate experiments.
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of biotin-free CMV to streptavidin resin was negligible

(Fig. 5), so nonspecific binding between the CMV and

streptavidin resin was ignored. 

We found that the streptavidin resin used in this study

has adenylate kinase activity, which catalyzes the transfer

of phosphate between two ADP molecules, resulting in

formation of ATP and AMP [24]. Thus, the ATPase activity

of the immobilized bCMV is overestimated owing to the

resin-associated adenylate kinase activity. The inhibitor

DAPP was used to block the effect by adenylate kinase [25].

As DAPP increased above 100 µM, the adenylate kinase

activity decreased by approximately 90% (Fig. 6A).

However, the ATPase activity of CMV was not affected by

100 µM DAPP (Fig. 6B). Therefore, the ATPase activity of

the immobilized bCMV was measured in the presence of

Fig. 6. Inhibition of adenylate kinase associated with streptavidin resin by diadenosine pentaphosphate (DAPP) and its effect on

ATPase activity of chromatophore membrane vesicles (CMVs).

(A) The activity of streptavidin-resin-associated adenylate kinase was determined with 500 µl of streptavidin resin in the presence of varying

concentrations of DAPP, an adenylate kinase inhibitor. The reaction buffer consisted of 50 mM Tris-Cl (pH 8.0), 10 mM Na2HPO4, 10 mM MgCl2,

and 1 mM ADP. (B) Since adenylate kinase activity was severely inhibited at 100 µM DAPP, the ATPase activity of the CMV was investigated in

the presence or absence of 100 µM DAPP. The experiments were independently repeated three times; the data shown are one of three

representative experiments. 

Fig. 5. Non-specific binding of biotin-free chromatophore

membrane vesicles (CMVs) to streptavidin resin.

Biotinylated CMV (bCMV) was prepared at the CMV-incorporated

bcp ratio of 1.25. CMV prepared without bcp was used as a control.

Both CMV and bCMV (each at 10 µg Bchl a) were mixed with 200 µl of

streptavidin resin, followed by determination of bound Bchl a. The

experiments were independently repeated three times; the average

values are shown with the SD on each bar.

Fig. 7. ATPase activity of free and immobilized biotinylated

chromatophore membrane vesicles (bCMVs).

The ATPase activity of the bCMV immobilized to streptavidin resin

was measured and compared with that of free bCMV after

normalization with the bacteriochlorophyll a level. The experiments

were independently repeated three times; the average values are

shown with the SD on each bar.
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100 µM DAPP.

The ATPase activity of the immobilized bCMV was

measured and compared with that of free bCMV after

normalization with the Bchl a level (Fig. 7). Approximately

30% of the ATPase activity of bCMV was lost by

immobilization. The reason for the decrease of ATPase

activity is not yet clear, but one plausible explanation is the

masking of the CMV ATPase by immobilization. The

binding of bCMV to streptavidin resin may be through

multiple biotins, and the surface region of bCMV, which is

enclosed by biotin-streptavidin interactions, might be in

direct contact with the resin, affecting ATPase. If ATPase is

located in that region, it may not work properly.

Sustainability of the Immobilized bCMV 

The ATPase activity of the immobilized bCMV was

examined for a week and compared with that of free

bCMV. Both bCMVs were kept at 4oC during the period.

Remarkably, the ATPase activity of the immobilized bCMV

was not affected during 7 days, whereas that of the free

bCMV gradually decreased, reaching 40% of its initial

value in 4 days, and then remained constant (Fig. 8). The

mechanisms of the stabilization of bCMV by immobilization

is not yet clear. However, immobilization of soluble

enzymes has been found to exhibit better functional

properties, including enzyme stability [26-28]. Although

the enhancement of enzyme stability appears to be

dependent on the immobilization method, it has been

proposed that the increase in enzyme rigidity, reduction in

conformational change leading to enzyme inactivation, and

protection of the enzyme from contact with any hydrophobic

interface or material could result from immobilization [26,

29]. Immobilization might also provide the bCMV with

structural consistency, leading to its enhanced sustainability.

It has been shown that cells were permeated by the

surfactant Triton X-100 and it was used as the ATP-

generating source in the presence of glucose [30-32]. The

immobilized bCMV shown in this work may be used as a

sustainable supplier of ATP without using energy-rich

chemicals. Once ATP is used in an ATP-consuming reaction,

the released ADP and inorganic phosphate are condensed

to form ATP again by immobilized bCMV in light,

constituting ATP-ADP recycling. Moreover, the immobilized

bCMV can be easily separated from the reaction mixture

and reused in other cycles. One intrinsic limitation of this

method is the low ratio of bCMV binding to streptavidin

resin (24 µg Bchl a/ml resin), which is attributed to the

limited surface area of the resin and the relatively large size

of CMV. However, the binding ratio may be increased

significantly by orienting the CMVs in multilayers on the

resin, which can be achieved by direct cross-linking of

bCMVs through free streptavidin exogenously added to

the solution.

In summary, bCMV was prepared by integrating bcp

into the membrane of CMV, and bCMV was bound to

streptavidin resin. The immobilized bCMV showed a

higher sustainability of ATPase activity compared with

that of free bCMV. 
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