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a b s t r a c t
This work examined the biotin modiﬁcation of bacteriorhodopsin (BR) in the purple membrane (PM). The
results of ﬂash kinetic absorption measurements showed that photocycle was maintained in biotinylated
BR. Biotinylated BR also maintained its photoelectric activity, as indicated by the photoelectric response
of the bilayer lipid membrane (BLM). Atomic force microscopy (AFM) of stretavidiin-bound biotin
revealed that biotin molecules covered both surfaces of the, but the amount of biotinylated BR on the
extracellular (EC) surface was markedly higher than on the cytoplasmic (CP) surface. Further studies
showed that, after reaction with ﬂuorescamine (FL), biotin labeling occurred only on the CP surface. These
results are informative for future work on bioconjugation of BR as well as work on oriented assembly and
the design of BR-based photoelectric devices.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Bacteriorhodopsin (BR) is the only protein that exists in the purple membrane (PM) isolated from Halobacterium salinarium. BR
consists of a single seven alpha helix polypeptide chain and a retinal chromophore that is covalently bound to Lys-216 via a protonated Schiff base [1]. BR self-assembles into trimers and associates
with lipids to form naturally two-dimensional crystalline lattices
of PM [2].
Henderson et al. [3] proved that BR could be labeled with biotin
N-hydroxy succinimide ester and concluded that, in alkaline conditions (pH 8.5–9.0), the biotin labeling occurred only on the EC surface. In general, the succinimidyl ester conjugates various
molecules onto BR, such as biotin, PEG [4,5], or pH indicators [6].
Although there are seven lysine residues in the BR molecule, only
K129 and K159, located on the EC surface and on the CP surface,
respectively, were presumed accessible to the hydrophilic bulk
phase. In addition, K159 is considered to be less exposed to the
aqueous environment than K129. Using site-speciﬁc enzymatic
digestion and SDS-PAGE electrophoresis, Sirokman et al. [4] demonstrated that only K129 or K159 was available for reaction with
m-PEG5000 succinimidyl carbonate, and Heberle et al. [6] attained
a similar result. Sharma et al. [5] performed a trypsin digestion
of the BR-PEG3400-biotin conjugate followed by MALDI-TOF-MS

characterization of the resulting fragments and inferred that
K129 was the most likely labeling site. The ambiguous question remained, however, of whether or not the lysine residues (K159) on
the CP surface of PM could react with the succinimidyl ester and, if
so, to what degree.
In this work, we directly observed the remarkable surface
topography difference in biotinylation on the surfaces of both normal and FL-modiﬁed PM via atomic force microscopy (AFM). We
also studied the change of function associated with biotinylated
PM versus normal PM.

2. Experimental methods
2.1. Materials and reagents
PM was isolated from the R1M1 strain of H. salinarium according
to standard procedures [7,8] and kept in double-distilled water at
4 °C. Streptavidin and other reagents were purchased from Sigma.
6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic acid sulfosuccinimidyl ester, sodium salt (biotin-XX, SSE) was purchased from
Molecular Probes. The buffer used in the experiments was neutral
Tris-(hydroxymethyl)-aminomethane buffer (250 mM KCl, 10 mM
Tris, pH 7.60). A solution of 50 lg/mL streptavidin in 10 mM PBS
buffer (pH 7.60) was used in the experiments.
2.2. Reaction of normal PM with FL
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A solution of FL in acetone (12 mg/mL) was added to a normal
PM suspension (4 mg/mL) in borate buffer (0.1 M, pH 9.0). After
stirring for about 1 min at 4 °C, the mixture was subjected immediately to dialysis against distilled water.
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2.3. Biotin labeling of normal PM and FL-modiﬁed PM

2.5. Photoelectric response

The biotin labeling procedure was followed as described previously [3,9]. Brieﬂy, 1 mL of a 4 mg/mL suspension of normal PM
was added to a 2 mL reaction tube containing a stir bar and was
mixed with 100 lL of a 1 M sodium bicarbonate solution (pH
8.5). Subsequently, 100 lL of 10 mg/mL freshly prepared solution
of biotin-XX, SSE was added to the reaction tube and stirred for
1 h. The sample was then washed three times by centrifugation,
resuspended in a 0.1 M sodium bicarbonate solution (pH 8.5),
and left in the same alkaline buffer for 24 h to remove unwanted
biotin. Finally, the sample was dialyzed against distilled water
for 48 h at 4 °C. The biotin labeling procedure of FL-modiﬁed PM
was the same as that of normal PM.

The apparatus for measuring the photovoltage signals of PM
patches assembled into bilayer lipid membrane (BLM) was homemade, as described by Tien [12]. A 100 W tungsten lamp with heat
protection ﬁlters was used as a light source. The calomel electrodes
were protected from illumination to avoid photo effects at the electrode interfaces. The electrolytes were 100 mM KCl and 5 mM
CaCl2 (pH 6.4, unbuffered). The membrane-forming solution was
a mixture of PM suspension in water and 50 mg/ml Lecithin in decane. The planar BLM with PM or biotinylated PM was formed over
an aperture (150–200 lm in diameter) in a thin Teﬂon foil that
separated the cell into compartments A and B [13]. After the biotinylated PM was adsorbed to the bilayer and approached equilibrium, the photovoltage signals were recorded in real time. In the
control experiment, unbiotinylated PM (0.02 mg/mL) was adsorbed to the bilayer and the photovoltage was recorded.

2.4. M412
The ﬂash kinetic absorption changes that reveal the transient
accumulation of the intermediate M412 were measured using
homemade instruments [10] and analyzed by the method of Govindjee et al. [11]. All measurements were carried out at room temperature (25 ± 1 °C).

2.6. Atomic force microscopy
A commercial AFM (NanoScope IIIa, Multi-Mode AFM, Digital
Instruments) was used. The concentration of biotinylated PM stock
suspension was 0.4 mg/mL in double-distilled water. For imaging,
the suspension was diluted 10-fold with a buffer of pH value 7.6
to a concentration of 40 lg/mL. Afterwards, 10 lL of diluted suspension was deposited on freshly cleaved mica, which was glued
onto a steel disk and magnetically mounted onto the piezoelectric
scanner. The liquid cell was then set above the steel disk and 30 lL
of the same buffer was injected before imaging. AFM was operated
in tapping mode in room temperature buffer solution. Oxidesharpened Si3N4 tips (NP-S) were used for all of the experiments;
these tips have a spring constant of about 0.06 N/m and a resonance frequency of about 8.5 KHz. During scanning, the setpoint
value was adjusted as high as possible to minimize the force and
to prevent pollution of the tips. Typical scan rate was about 1 Hz.
Images were processed using the software provided with the
NanoScope instrument. First-order ﬂattening and the erase scan
line command were performed as needed.
3. Results
3.1. M412

Fig. 1. The M412 yield of biotinylated PM was about 50% that of normal PM at the
same BR concentration.

Under the same experimental conditions, M412 yield of biotinylated PM was about 50% that of PM (Fig. 1). The M412 lifetimes of PM

Fig. 2. (A) The photoelectric response signal of normal PM in BLM; (B) biotinylated PM. The photovoltages induced by either normal PM or biotinylated PM were quite similar.
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Fig. 3. Streptavidin bound to biotin, thereby labeling both the EC and CP surfaces of
normal PM via K129 and K159, respectively. Since K129 is more exposed to a
hydrophilic bulk phase, the EC surface of PM contained many more streptavidin
molecules than the CP surface. (A) Flat surface of biotinylated PM patches before
streptavidin incubation. (B) 30 min after streptavidin injection into the liquid cell.

and biotinylated PM were ﬁt by exponential decay functions of
time constants 13.15 ms and 12.09 ms, respectively, suggesting
that the M412 and related intermediates were not disturbed by
biotinylation.
3.2. Photoelectric response
The photovoltage signals of the planar bilayer formed over an
aperture were recorded in real time (Fig. 2). With random orientations, the photovoltage induced by illuminating biotinylated PM
was very close to that of normal PM. The similarity of the two pho-
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Fig. 4. Streptavidin bound to biotin, which labeled the CP surface of FL-modiﬁed PM
(A) Flat surface of biotinylated and FL-modiﬁed PM patches before streptavidin
incubation. (B) 30 min after streptavidin injection into the liquid cell.

toelectric signals showed that biotinylated PM can also maintain
its photoelectric response capacity [13–15]. Our previous work
showed that oriented assembly can improve the photoelectric signal by about 20-fold [9] despite the proton pump activity of an
individual BR molecule being reduced.
Circuit analysis of photocurrents induced by the light-activated
proton pump of bacteriorhodopsin demonstrated that currents were
dominated by oriented PM fragments on the EC surface of the bilayer, as shown in previous works [16]. It was conceivable, therefore,
that there was preferential adsorption on the EC surface facing the
BLM bilayer, where K129 was located. The precise reason for this
preferential adsorption has not been deﬁnitively determined,
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though it may be attributable to a difference in surface charge density. In any case, biotinylation of PM could preferentially enhance
the orientation where the EC surface faced the BLM bilayer.
3.3. Asymmetric distribution of biotin labeling on normal PM
Using AFM, we monitored in situ the process of streptavidin
binding to the biotinylated PM surface. After adsorption of biotinylated PM onto mica but prior to streptavidin incubation, topographical imaging was performed and revealed smooth, ﬂat membrane
patches with a diameter of nearly 0.5 lm (Fig. 3A). Subsequently,
a 10 ll drop of 50 lg/mL streptavidin, used as an antibody for biotin, was injected into the liquid drop located between the mica and
liquid cell of the AFM, and images were taken in real time during
the incubation. The streptavidin binding was completed within
30 min on both membrane patch surfaces. We detected streptavidin attachment on both membrane patch surfaces, with coverage
on one surface much less prominent than on the other (Fig. 3B).
Streptavidin molecules appeared as bright dots roughly 3 nm in
height. There was no obvious surface topography change when
incubation time was increased from 30 to 60 min or by doubling
the concentration of streptavidin (data not shown). To further prove
that streptavidin binding was a result of biotinylation on PM as opposed to nonspeciﬁc adsorption, control experiments with normal
PM and streptavidin were undertaken in the same conditions as
above. No streptavidin could be detected on the surfaces of normal
PM patches, even after prolonged time of antibody incubation or
after the concentration of streptavidin was doubled (data not
shown). Therefore, there was no nonspeciﬁc adsorption of streptavidin to PM under our experimental conditions.
This result did not coincide with Henderson et al. [3], who inferred that biotin labeling in alkaline conditions occurred only on
the EC surface of the PM via K129. We inferred that one membrane
patch surface in the scan area to which streptavidin was densely
attached was the EC surface of the PM and the other was the CP
surface.
3.4. Biotin labeling occurred only on the CP surface of FL-modiﬁed PM
Fluorescamine (FL) is a surface-labeling and amino-group selective reagent. Modiﬁcation of PM with FL has been shown to modify
only K129 on the EC surface [17]. After chemical modiﬁcation of
PM by FL and subsequent biotinylation, we monitored streptavidin
binding to the sample in situ using AFM. The procedure was the
same as described in Section 3.3 and showed similar ﬂat, smooth
patches (Fig. 4A). Subsequently, a 10 lL drop of 50 lg/mL streptavidin was injected and images were taken in real time during incubation. We detected no attachment on one membrane patch
surface, but some attachment on the other (Fig. 4B). We concluded
that the membrane patch with no streptavidin attachment was PM
with its EC surface facing upward, while the other with some streptavidin attachment was PM with its CP surface facing upward. On
the CP surface, we detected streptavidin molecules as bright dots
roughly 3 nm in height. The same control experiments with FLmodiﬁed PM and streptavidin were undertaken as in Section 3.3.
We also found that there was no nonspeciﬁc adsorption of streptavidin to FL-modiﬁed PM.
In Fig. 4B, the membrane patch attached by streptavidin, with
its CP surface facing upward, had a similar coverage to the one in
Fig. 3B, which was less densely attached by streptavidin. Because
the experimental conditions in Fig. 3 were the same as those in
Fig. 2, we could conclude that, in Fig. 3B, the membrane patch surface in the scan area to which streptavidin was less densely attached was the CP surface of the PM and that the other
membrane patch surface was the EC surface of the PM. This supported our former conclusion.

4. Discussion
Previous research has seldom addressed whether or not biotinylation of BR could affect the protein’s structure and function. After
biotinylation, the UV-VIS absorption spectrum of PM suspensions
hardly shifted (data not shown), suggesting that the tertiary structure of BR and the microenvironment of the retinal had not been
disturbed. The ﬁtting results of the ﬂash kinetic spectrum of M412
suggest that the essential photocycle properties of BR had only
slightly been affected by biotinylation [11,18], but the decrease
in M412 by about 50% after biotinylation was probably due to
modiﬁcation at the biotinylated sites.
The photoelectric response of oriented patches of biotinylated
PM mediated by streptavidin was 20 times that of the control
patches [9]. Because there was no nonspeciﬁc adsorption of streptavidin onto PM, the imperfect degree of orientation of about 80%
caused by molecular recognition was mainly due to the biotinylation of K159 [9,19]. Based on our experimental results, it was possible to achieve a higher degree of orientation for a biotinylated PM
assembly by modifying or mutating K159. Moreover, a K129 mutant could also provide speciﬁc modiﬁcation to the CP surface of
PM due to the limited labeling accessibility of K159 so that different surfaces of oriented PM patches could be assembled. Combining the oriented assemblies of biotin-labeled PM with other
technologies may enable the use of such applications as photoelectronics devices with long-lifetimes, mechanical stability and
high efﬁciencies.
In contrast to Henderson’s results, we detected biotin molecules covering both surfaces of PM using streptavidin binding,
but the amount of biotinylated BR on the EC surface was remarkably higher than on the CP surface. Further studies showed that
after reaction of BR with FL, biotin labeling occurred only on
the CP surface supporting our conclusion that biotinylation could
occur on both surfaces of normal PM. Although there were seven
lysine residues in the BR molecule, only K129 and K159, located
in the DE loop on the EC surface and in the EF loop on the CP surface, respectively, were presumably exposed to hydrophilic bulk
phase. In addition, K159 was considered to have been less exposed to the aqueous environment than K129. Therefore, in normal PM, both K129 and K159 were available for reaction with
biotin.
In summary, three conclusions can be made from this study: (1)
biotinylation of BR in PM reduces the yield of M412 by about 50%;
(2) biotinylation of BR in alkaline conditions occurs not only on the
EC surface of PM via K129 but also on the CP surface via K159, with
the amount of biotin labeling on the former surface remarkably
higher than on the latter; and (3) after reaction of BR with FL, biotinylation of BR occurs only on the CP surface via K159.

5. Abbreviations
PM
purple membrane from Halobacterium salinarium
BR
bacteriorhodopsin
AFM
atomic force microscopy
Biotin-XX, SSE 6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic
acid sulfosuccinimidyl ester sodium salt
EC
extracellular
CP
cytoplasmic
FL
ﬂuorescamine
BLM
bilayer lipid membrane
Acknowledgments
This work was supported by Project 973 of the Ministry of
Science and Technology of China (grant No. 2007CB935703).

T. Su et al. / Journal of Photochemistry and Photobiology B: Biology 92 (2008) 123–127

References
[1] D. Oesterhelt, W. Stoeckenius, Rhodopsin-like protein from the purple
membrane of Halobacterium halobium, Nat. New Biol. 233 (1971) 149–152.
[2] J. Müller, C. Münster, T. Salditt, Thermal denaturing of bacteriorhodopsin by Xray scattering from oriented purple membranes, Biophys. J. 78 (2000) 3208–
3217.
[3] R. Henderson, J.S. Jubb, S. Whytock, Speciﬁc labelling of the protein and lipid on
the extracellular surface of purple membrane, J. Mol. Biol. 123 (1978) 259–274.
[4] G. Sirokman, G.D. Fasman, Refolding and proton pumping activity of a
polyethylene glycol-bacteriorhodopsin water-soluble conjugate, Protein Sci.
2 (1993) 1161–1170.
[5] M.K. Sharma, H. Jattani, M.L.J. Gilchrist, Bacteriorhodopsin conjugates as
anchors for supported membranes, Bioconjugate. Chem. 15 (2004) 942–947.
[6] J. Heberle, N.A. Dencher, Surface-bound optical probes monitor proton
translocation and surface potential changes during the bacteriorhodopsin
photocycle, Proc. Natl. Acad. Sci. USA 89 (1992) 5996–6000.
[7] D. Oesterhelt, W. Stoeckenius, Isolation of the cell membrane of Halobacterium
halobium and its fractionation into red and purple membrane, Methods
Enzymol. 31 (1974) 667–678.
[8] B. Xu, D.L. Chen, K.S. Hu, The improvement of culture of Halobacterium
halobium and puriﬁcation of purple membrane, Prog. Biochem. Biophys. 29
(2002) 827–828.
[9] D.L. Chen, Y.J. Lu, S.F. Sui, B. Xu, K.S. Hu, Oriented assembly of purple
membrane on solid support, mediated by molecular recognition, J. Phys. Chem.
B 107 (2003) 3598–3605.

127

[10] H. Shi, K.S. Hu, Y. Huang, N. Dong, Effect of melittin on photocycle and
photoresponse of purple membrane: sites of interaction between
bacteriorhodopsin and melittin, Photochem. Photobiol. 58 (1993) 413–416.
[11] R. Govindjee, T.G. Ebrey, A.R. Crofts, The quantum efﬁciency of proton
pumping by the purple membrane of Halobacterium halobium, Biophys. J. 30
(1980) 231–242.
[12] H.T. Tien et al., The Chemistry of Bio-surfaces, Marcel Dekker, New York,
1971.
[13] E. Bamberg, N.A. Dencher, A. Fahr, M.P. Heyn, Transmembraeous incorporation
of photoelectrically active bacteriorhodopsin in planar lipid bilayers, Proc.
Natl. Acad. Sci. USA: Biophys. 78 (1981) 7502–7506.
[14] B. Yao, Y. Zheng, Y.L. Wang, M. Lei, G.F. Chen, N. Hampp, Kinetic spectra of
light-adaptation dark-adaptation and M-intermediate of BR-D96N, Opt.
Commun. 218 (2003) 125–130.
[15] M. Frydrych, L. Lensu, C. Aschi, S. Parkkinen, J. Parkkinen, T. Jaaskelainen,
Model of photovoltage response of bacteriorhodopsin in PVA ﬁlms, Int. Conf.
Comput. Nanosci. (2001) 17–20.
[16] C. Horn, C. Steinem, Photocurrents generated by bacteriorhodopsin adsorbed
on nano-black lipid membranes, Biophys. J. 89 (2005) 1046–1054.
[17] A.K. Singh, S.M. Sonar, Chemical modiﬁcation of bacteriorhodopsin by
ﬂuorescamine, Biochim. Biophys. Acta (1988) 261–268.
[18] N.M. Green, Spectrophotometric determination of avidin and biotin, Methods
Enzymol. 16 (1970) 418–424.
[19] K.
Koyama,
N.
Yamaguchi,
T.
Miyasaka,
Antibody-mediated
bacteriorhodopsin orientation for molecular device architectures, Science
265 (1994) 762–765.

