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Abstract

In nature, plants and some bacteria have evawesbility to convert solar energy into chemical energy
usable by the organism. This process involves several proteins and the avéatiohemical gradient
across the cell membrane. To transfer this process in a laboratory enviroawegat sonditions have to
be met: i) proteins need to be reconstituted into a lipid membrane, ifaieéns need to be orientated and
functional, and finally iii) the lipid membrane should be capable of maintainingichkand electrical
gradients. Investigating the processes of photosynthesis and energy genexatmisia difficult task due
to the complexity of the membrane and its associated proteins. Solid supportedlygicshprovide a good
model system for systematic investigation of the different components involved isyfttbktic pathway.
In this review, we describe the progress made to date in the development of suppdieidyipi systems
suitable for the investigation of membrane proteins and in particular faetoastitution of proteins

involved in light capture.

1. Introduction

Photosynthesis is the main way of generating and storing useful energy &g of organisms,
especially in plants and bacteria. The ability to utilize solarggnevolved very early after the first forms
of life appeared on earH.AIthough it is still debated as to how bacteria evolved from theféret of
photosynthesis in cyanobacteria to having photosystems | and Il and reaction cenfieigéroaganis

the process, which converts solar energy into chemically stored energy, is well understood.

Apart from the proteins required to convert energy from sunlight into a storablecfoemergy the
organisms in which photosynthesis occurs also need menshvetnieh allow them to create chemical or
electrical gradients and host the photosynthetic proteins. These membranes alboauati@ses in cells,
protecting the inside of a cell from the environment and allowing the cell to congpaialize itself. The
variety of functions fulfilled by the cell membrane also leads to complex ititeradetween individual
membrane components making the observation of a single process complexﬁﬁ\h\%mefore, solid

supported lipid bilayers (SLBs) have been introduced as a model system for the delhngerin addition



to providing the essential properties of membrane fluidity and imperntgdbdir planar geometry allows

for more in-depth studies of relevant processes in the membrane. Using/&li®ss membrane processes
and associated proteins have been investigated, including electron ﬁam’sfdrprotein interactiorﬁ,

and ion—channﬂ. Since membrane proteins play important parts in all living organisms, they have been
the focus of much of this research. Their functions range from receptor progbaying signaﬁ to
transport proteins, regulating the ions crossing a menﬁan@rder to investigate these proteins in SLBs,
they have to be incorporated into the membrane while retaining their stracidifunction. This can be
achieved in different ways: self-inserting proteins can be introduced iettopnedSLBs (formed by
methods such as Langmuir-Blodgett/Langmuir-Schaefer (LB/LS) deposition, spin coatwesicle
fusion), alternatively protein containing liposomes, propasiomes, can be used to form the SLB directly
via ruptureat the solid-liquid interface to yield SLBs containing membrane proiBszth approaches
have been used to form large area SLBs on different substrates while retaining the membraperstabili
quidity. To enhance the formation of SLBs on substrates on which an SLB normally wodddmpt
anchor molecules that enhance the adsorption and rupture of lipid vescilessumfdice can be used,
resulting in tethered lipid bilayer membraﬁs Despite the versatility of SLBs there are some
disadvantages that come with the approach of having a solid support just 1 nm awthefpmoximal
leaflet of the membraﬁ. When membrane proteins with an extramembranous domain larger than the thin
cushioning water layer are incorporated into the membrane, these proteins inithrdot wubstrate and

can be denatured and thus lose their original functioﬁliﬂ]o overcome this problem, lipid membranes
can be supported by a soft polymer layer. If the polymer is hydrophilic and biodoleptiie interaction

of the proteins with the substrate can be minimized while retaining tl@ylaind impermeability of #n
membranﬁ Using polymer cushions, where necessary, the SLB is an approach offering the ajgportuni
for different analytical methods to be appﬁdeading to the development of biosensors and enhanced
understanding of transmembrane pro@ﬂhe primary methods uséal characterize the SLBs include;
impedance spectroscopy and electrochemistry for the investigation of membegrﬁyﬂ, surface
plasmon resonance (SF@) plasmon-waveguide resonance (PWR) spectro ﬁ- pyuartz crystal
microbalance with dissipation monitoring (QClM, neutron reflectivity (Nr atomic force
microscopy (AFMfor the study of the structural state of the membrane, and fluorescence yedtarer
photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) for datiemmiof lipid
mobility. , Substrates with different morphologies or surface chemistries, such as hanoppos$spr
can be used to further understand the influence of the surface on tﬁ.ﬂhﬁddition SLBs offer further
advantages: access to both sides of the membrane, localization of protbinsthﬂitmembrar@, and
enhanced membrane longevity compared to giant unilamellar vesicles (GUVs) olijpthokembranes
(BLMs)



Based on these advantages, SLBs have been utilized for investigations of a broadtrangenefnbrane
proteins. This review provides a brief outline of the different approaches followed for bilayeridorinat
general before focusing on the systems developed to investigate membrane proteins iimerhesgy

capture and storage from light, especially rhodonﬁght harvesting proteins, reaction cer@s

cytochrome@, and ATPaﬂ.

2. Formation of supported lipid bilayers (SL Bs):

SLBs can readily be formed on several surfaces using a variety of differémidsi@hese include LB/LS
deposition, whereby the individual lipid leaflets that make up the bilayer posited sequentially using

the Langmuir-Blodgett and Langmuir-Schaeffer methodologies, electrostatically deisiete\adsorption,

rupture and fusion, which is pehaps the easiest and most common route for bilayer formation on silica and
mica surfaces or tethered lipid bilayer and hybrid bilayers which use selftdedemonolayers (SAMS)

to drive vesicle rupture and bilayer formation. In this section we providateodiction to different

substrates used for bilayer formation and then focus on the methods used to obtain SLBs.
2.1 Different substratesfor SLBsformation

2.1.1 Solid substrates

SLBs can easily be obtained on a broad range of native sufaces, suclﬁ mmﬁ m%@, silicﬂ
as well as

32433 porous silica nanospheﬁ IT, SbNﬁ, photo-oxidized polystyrene surfal

o)

single crystals of Tig

338 and SrTi. Glass, mica and silica have proven themselves as particularly

facile substrates for stable and reproducible SLB fabrication (Figure 1a). Thetat®s are generally of
high-surface free energy and exhibit net surface charge. Dependent on tbe sheege, different

requirements are necessary for bilayer formation, for example the inclusion dicspesiinto a system

or the incorporation of charged lipids into the vesicles. For example stabieriomit SLBs could only be

formed on TiQ in the presenc€a* ions
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Figure 1. Different supporting strategies. a) solid supported bilayers; b) SAM system; c) tethered
supported bilayers; and d) polymer cushion solid supported bilayers.

2.1.2 SAM systems

When electrical access to the membrane is required, the insulating soapdré replaced with a
conductive surface, such as g@dsilve or platinu, and modified with a SAM, forming a hybrid
lipid bilayer (HLB) oratethered lipid bilayer (TLB) (Figure 1b and 1c) .

There are some reviews on the utilization of self-assembly for the madificdtelectrode surfa(ﬁ but

in short if a hydrophobic SAM layer is formed on the metal surface a single lipietleafi be adsorbed or
deposited on top of it to produce a HLB (Figure 1b). This method of SAM formaittoeered by Nuzzo
and Allara in 198@ using methyl-terminated alkanethiols on gold to obtain a well-defined hydrophobic
surfaces. However, the alkanethiol layer is more crystalline than a normal leaftetigitl bilayer, thus
leading to a less biomimetic environment for the insertion of transmembrrae'm. To overcome these
limitations the SAM layer can be made to consist of a fraction of lipkgtd molecules plus some short
hydrophilic*“spacer” molecules. This allows for a bilayer being formed in which the lip&liitolecules of
the SAM insert into the lower leaflet of the adsorbed bilayer leadiag tarchitecture that consists of a
complete outer leaflet and a partial inner leaflet and thus making theseridf®s‘natural” than the
HLB. The main advantage tiiese methods is the coupling of the phospholigilialyer directly to a
metallic surface, which makes electrical impedance and cyclic voltammetry eeasis possilﬁ. Due

to the strong interaction between the alkanethiol layer and the underlyingasibitBs and TLB are

more robust than their solid supported counter@;ﬂéor example, their properties can remain unchanged



even after being dried and rehydrated when formed at an air-water inﬁfal’éér’o Using the TLM

approach, it was shown that the space between the bilayer and the solid supportsehdsean ion-
reservoir and the whole system can be used as a bioi{sgn&mnth thiolipids and thiocholesterol
derivatives have been used as a lipid membrane tethers. This systems alfwesfoionation of the SAM

on the gold substrate and subsequent deposition of vesicles on the substragiltsih a sufficiently
small to medium sized reservdit-2 nm thick) between the bilayer and the gold to incorporate trans-
membrane proteilﬁ A potential advantage of thiol based SAM approach is the ease with wiiSAks

can be patterned using either photolithogr@m microcontact printir@.

Recently, a floating supported bilayer was fabricated based on a SAM system, wherevibes pr
commonly used silane-grafted phosphatidylcholine on silicon is replaced by okgrdfied
phosphatidylcholine. In this work, the NR data showed that the coverage of the SAMisgneater
(almost 100%) than that typically seen for silane SAMs, which would be bettbeftabrication of SLBs
with less defect Additionally, Jeuken et. al reported that protein-protein interactionsategthe
activity of a respiratory-chain enzyme by changing the direction or bias of catalysis, which is based on the
reconstitution of proteins in a SAM sys@J

2.1.3 Polymer cushioned SLBs

Although solid supported SLBs and TLBs are exceléexgtensor platforms for the investigation of many
cellular processes, the rigidity of the support and small reservoir (~ betmgen the bilayer and the
support is potentially a problem. Using SLBs, the underlying water layer caohettgseripheral portions

of transmembrane proteins from potential immobilization or denaturation tvaétahsmembrane proteins
are in contact with the substr Hence, polymer-cushioned membranes were developed in thess1990
to obtain a reservoir between the membrane and the substratessijparation of the order of 10

(Figure 1d). The main advantage of this approach is the increased separation tretweembrane and
the solid substrate, with the soft polymeric materials acting as adtibgdayer between the membrane
and the substr. In these systems the frictional coupling between the SLBs and the substdteed,

realized based on polymer-cushioned Although the polymer cushion can promote self-healing

thus decreasing the risk of protein dene%gﬁeveral investigations of protein / enzyme activity were
of local defects in the membrane over macroscopically large substrated| that bilayers formed on
polymers were uniform and membrane devoid pegon defects were often preﬁﬂhis has led to the
following suggested requirements for polymer cushions to be used as a bilayer sijppgtissurface
uniformity (low rms roughness) to avoid irregularities in the bilayer ignigyrophilicity and chemical
inertness to avoid reactions with the membrane or proteins withirBased on treerequirements, some
polymers are good candidates for cushions, such as i) carbohydrates:dgxtedinlose-|, chitosa%

agaros, hyaluronic aci@; i) polymers: polyacrylami(ﬁ, poly(4-vinyl-benzen-esulfonic aci



polystyrene-b-poly(4-vinyl-N-methylpyridine iodid€y|, iii) lipopolymer tethers: polyethylene glycol
(PEG%pon(2—methyI—2—oxazoline) (PMOX@, polyethyleneimine (PE@; and iv) surface layer
proteing’™.

For example, a thin hydrogel layer of poly(BHhydroxyethyl)acrylamideso-5-acrylamido-1-
catboxypentyl-iminodiacetatee-4-benzoylphenyl methacrylate) (P(HEAAD-NTAAAM-co-MABP))
was useds a soft ‘cushion’ on ITO electrodes, providing a smooth and functional surface to fafBs S
onto, which was utilized for the reconstitution of cytochrome c o@s&dditionally, PEG polymer
brustesfunctionalized with fatty acid moieties (lipo-PEG) were utilizedetisars for vesicles, which, after
rupture, formed a continuous membr@ Similarly, a versatile approach for the generation of polymer
cushioned SLBs is spin-coating of membrane lipids onto PEG, followed by the dretoyp of

b.

transmembrane proteins by the fusion of proteolipose? ?éls However, if the lipo-PEG density were too

high, there would be a large immobile fraction of lipids in the lowdleleddence, a new approach using
amultistep chemical process for the modification of silicon substrates witmpodyof different molecular
weights (lengths) was utilized to obtain a highly hydrated surface, whiwkp&ul for the fabrication of
SLBs with a uniform density of the polymer Iaﬁ.

The mobility of lipid bilayers formed on polymer cushions is usually repoadzetaround 2 um,
which is comparable with that found for lipids in a solid supported membranes oswgijmarts. However,

in cases of very weak coupling of the membrane to the polymer suppoiffubmd can reach up to twice
the value of that obtained for a glass sup@)rWhen deposited on a polymeric support, lipid bilayers
exhibit similar capacitance values as typically observed on a tethered suppemiuinel 1 uF/crﬁ noth
withstanding this the resistance values determined for such bilayers axelselati, around 25 kQ/cm?,
indicating relatively high defect densitieé further development of this appraoch has been to introduce
lipid tethers imo the polymer cushiorip act as anchors for the SI@.A good review of this approach is
given by Ribaud et aI.

2.2 Methodsfor bilayer formation

Generally, there arevb main methods for the fabrication of SLBs on planar supports, the LB/LS r@thod
and bilayer formation via the adsorption, fusion and rupture of vesicles from an awﬁﬂwlﬂ. The

LB method involves the transfer of a lower leaflet of lipids from the air-liquatfiate onto a hydrophilic
solid support such that the hydrophobic tails are oriented toward the Eﬁi[dl’ The second lipid leaflet

is then added by tHeS method, which brings the support into contact with the lipid monolayer, compressed
at the air/water interface, in a near horizontal configuration. ifsteréport of the application of the LB
technique in the fabrication of SLBs comes from the @swhere monolayers were successfully

transferred sequentially onto several different substrates.LBAeS method can be utilized for éh



fabrication of both symmetric and asymmetric lipid bilayers. Unfortunately, this methodssitadtie for
the incorporation of transmembrane proteins, since the approach builds the Iilayer separate
monolayer steps. In addition, the procedure is time consuming and requires wellledictsnditions for
the deposition process. Despite these limitations, there are some invegtighficotein activity using this
approach, such as rhodo@ bacteriorhodopsﬁ, hydrophobiﬁl, and gramicidi. Polarization
modulation infrared reflection absorption spectroscopy or X-ray reflectivitybned with surface
pressure-area isotherms were utilized for the characterization and obtainingitaeinformation of the
seoondary structure and orientation of the proteins. This basic method offers an opportuniy thestn
plane morphology of SLBs and the functions of prot@s.

The second main method for the fabrication of SLBs is the adsorption, rupture and fusion of ieesicles

form SLBs on a substratd®®’]. This method was pioneered by McConnell and co-w d

further developed by othg®®|. Vesicle fusion has been utilized to form SLBs from various ds

Vesicle fusion is an easy to use method, and, in contrast to LB/LS, can be achieved with lowesrgquipm
costs and generally results in high quality ﬁslmportantly, the method allows for the inclusion of
membrane proteins into the vesicles and thus into the SLBs in a more facile manner. For example, in the
work of McConnell, the H-2Kk protein was reconstituted into egg phosphatidylcholine-chdlestero
vesicles by detergent dialysis, followed by the creation of a planar membrane on glass. The H-2Kk-
containing membrane is useful and significant as a model surface and is capable of elipéitifica s
cytotoxic response when brought into contact with aﬁMore recent work is based on the

combination of SAM systems with the fusion of proteoliposﬁesor example gold substrates

modified with a mixed thio-cholesteryl / 6-mercaptohexanol SAM, was incubated with végicles

produce tethered SLBs and the quality determined using impedance spectroscopy. Based ooabis appr
cytochrome bgwas studied. Thus demonstrating that the approach can be applied for vesicles containing
membrane proteins and suitable for studying proteins from the respiratory chaier,Ruglapproach

allows SLBs to be formed from synthetic and /or native membranes though it is noted that vesicles wit
high protein content (>20%) are often found difficult to rupture on the sﬁce

3. Incorporation of proteinsinto SLBsfor light harvesting and energy storage

The absorption of a photon by a light harvesting protein generates #&mdesigictronic state, which is
transferred in several steps through the antenna complexes until it reach&smcenter. Here the energy
is converted into chemical energy in the form of charge separation across the tgpdame. During this
process a ubiquinone (UQ), which is diffusing freely in the membrane, is reducediigheduced UQ

then arrives at a cytochrome the energy released by oxidizing the UQ is ustabtiste proton gradient



across the membrane. Such a proton gradient can then be used by other puoteas A P synthase to
produce ATP (Figure 2 righ@'ﬁl. Through this process light energy can be absorbed, converted and

stored as chemical energy and is used by many plants, algae, and photosynthetiﬂ)acteria
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Figure 2. SLBs with incorporated photosynthetic transmembrane proteins. Left: Proteorhodopsin
embedded imn SLBs together with ATPase. Right: Photosynthetic processes as found in bacteria, such

asRhodobacter sphaeroides. (Not to scale).

Perhaps one of the simpler systems for energy conversion is found in bacteriorhodapsin a
proteorhodopsin, from marine planktonic bacteria, archaea and euk@/mmﬂﬂch a single protein acts
as a light driven proton pur@. There are reports that their properties could be influenced by the acids in

the lipid membrane around th §F"§’9 . Figure 2 (left) showa schematic for a SLB with embedded proteins

to create systems that would form the simplest biomimetic analoguesftdl thative systen@. The

process shown on the right involves more membrane proteins and is an example of thnibiedio

system found in Rhodobacter sphaeroides. Attempts to reconstitute both typesimisdysd planar
bilayers are not only of interest for addressing biological questionalbaitfrom a synthetic biology
perspective where functional model membranes could be combined with synthetic pratgjunemadere
we review the progress made to date in the incorporation of such systems or compa@tisgstems
into planar membrane assemblies. We particularly focus on SLBs containing rhodopsiythetsomes,

and ATPase and combinations of these.

3.1 Rhodopsin



Rhodopsi@, is one of the best-characterized G-protein coupled receptors and the effegtisl of li
composition and bilayer structure on its function have been studied since the.@ Further, there

are excellent biochemical and biophysical characterizations of the visualcagoalle, and it is possible

to obtain rhodopsin and other components of the cascade in high purity and reasonable quantity, thus
making it a model transmebrane protein for studying in supported libid M@Early research focused

on the investigation of the structure of rhodopsin incorporated into SLBse wiherLB method was

employed?®?d. The authors utilized freeze-fracture electron microscopy to charactieeizecation of

rhodopsin in the ROS membraﬁsSimilarly, the LB and vesicle fusion methods have been employed to
form SLBs with embedded bacteriorhodopsin on platinum/glass sceEhe photoactivity of
bacteriorhodopsin in the reconstituted bilayers was monitored using electrocheméstgmpared with
that of natural membrane fragments containing bacteriorhodopsin on platodfaces. A clear
photocurrent was observed from the SLBs with bacteriorhodopsin, while there wagifioant signal
from the protein-free SLBs. Further investigations feclsn the immobilization of G-protein coupled
receptors and their interaction with G-proteins. For instance, Vogel and cowstidisd rhodopsin-
transducin couplingn patterned membran@ In this work, the authors successfully demonstrated light
activated release of transducin from the rhodopsin using surface plasmon resonByan{Stdncluded
that the native functionality of rhodopsin was preserved irstti Later studies used time resolved SPR
to track ligand binding, G-protein activation, and receptor deactivation @bpisop®?|. From these studies

a method of flow-mediated reconstitution of G-protein coupled receptors watetefsre Figure @

The activity of the reconstituted receptor was demonstrated by monitoring thepshedediated
dissociation of transducin. A clear difference in reflectivity betweenakedell containing light activated
proteins and the control sample could be seen under illumination, which was sised the photoactivity

of the reconstituted receptor. The detergent mediated reconstitution method useciioimrotporation
into SLBs has advantages in the ease of formation of the SLB. PWR spaayragith enhanced sensitivity
and spectral resolution (due to narrower line widths) and the atwlitlistinguish between mass and
conformational changes, was used for the characterization of the kinetid$irsitidsainvolved in ligand
binding to G-protein coupled receptors (Figur.ToIIin and coworkers reported the effects ofdipi
composition on conformational changes of rhodopsin induced by light, monitored using PWRillgspeci
the observation of the formation of metarhodops[ﬁ_l‘?r.l This work also confirmed that; i) lipids that
promote a negative spontaneous curvature favor elongation of rhodopsin during the activaties; i)
there is a light activated increase of the G-protein/rhodopsin affinity. Simildwe photoactivity of
rhodopsin and the extent of the conformational transition were measured by the amouatlafdopsin

Il using PWR, which was based on the reconstitution of rhodopsin into SLBs wé+-lanking of lipid

monomerEl. Using a similar approach, Saavedra and coworkers investigated the effect of lipid



polymerization on the structure and activity of G-protein coupled recEffoksowever, the enhancement
of the activity of rhodopsin that appeared in the mixture of phosphatidyletamine and
phosphatidylcholine was eliminated after the polymerization, which is proadibitation of this method.
Furthermore, ultra-high vacuum techniques were used for the structural chaatioteazSLBs containing
rhodopsin, and angle-resolved XPS was employed for the investigation of the lafatimdopsin in
SLB. Another recent work used AFM to visualise the incorporatiod@fin SLBs, as Figure@.
All the work above focused on the photoactivity of rhodopsin in SLBs, but ar@datkither use of the
photoactivity by other membrane components or investigation of proton pumping ooreleansfer.
Unfortunately, there is less progress of investigations of rhodopsin in SLBs cortgptrednvestigations
in situ or in vesicles, this may be due to the fact that the reconstiaitiiodopsin into an SLB is more

difficult than using native membranes fragments or undertaking in situ experiments.
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Figure 3. On surface reconstitution of bilayers. (A) Detergent-lipid mixed micellesgeted. (B)
When amphiphile-free buffer is running through the flow cell, a detergent monomer concerdration i
maintained in the mobile phase leading to a very quick extraction of the detergent fromate. $0)f
The lipids remain attached to the surface and are able to form a continuous SLB, whit@imictetsal
membrane proteins. The relative proportions of the components in the diagram are not disiegied
Reproduced with permissi¢if?] Copyright © 2001 Elsevier Science (USA).
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Figure4. PWR curves (A, p-polarized; B, s-polarized) acquired at each stage of an experiment with a
poly(bis-SorbPC/mono-SorbPE) bilayer (1:1 (mol/mol)). The shift in the reflectamisum and
therefore the plasmon resonance from 1 to 5 shows the adsorption of molecules on the PWR prism. -
Reproduced with permissi. Copyright © 2008 American Chemical Society.
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differences can be seen for the SLB containing a high concentration of UQ. Reproduced with
permissio Copyright © 2013 American Chemical Society.
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3.2 Light harvesting complex

Light harvesting complexes (LHs) play an important role in the photosynthesig as efficient (light)
energy absorbers and transferring this energy to the reaction c®&@grsif the form of excited electronic
states the process ending in the conversion of ®D¥TP. There have been several investigations on the
incorporation of LH1 and LH2 complexes into SLBs towards the constructionifddiarisolar-energy
converters. Initial work on reconstituted light harvesting proteins in SLR5thed B techniqﬁ. This
work showed some examples of artificial photosynthetic systems with not only theorat@n of light
harvesting proteins and charge separation but also the fabrication of an aigfitied-turrent converter.

In the early 1980s work to reconstitute lipid membranes with LHs into ordeagg avas conducted. In
this work, XRD and electron microscopy data proved that planar arrays formed ldyghecorporated
into lipid layers were crystalline at the molecular I A major draw-back of this work, form the view
point of trying to reconstruct the LH systems in an artificial membrane washhgbroteins were
incorporated into lipid monolayers, which do not have the same properties as natubdlblygics. To the
best of our knowledge, the first systematic investigations regarding the retmmstof LH2 in lipid
bilayers were conducted in 1@. In this work, near-field fluorescence imaging (NFI) was utilized for
the first-time for the characterization of LH2 in SLBs on a mica substrad the fluorescence lifetime of
LH2 complexes was also measured. Despite the advantges these planar sytems offas iof ter
characterisation there has been suprising few functional studies of the LH2 compéspata.@l al. showed
the incorporation of LH1 complexes in SLBs on an ITO substrate, which allowed elledtacacterization

of the LHs by determination of the photocurrent. The action spectra revealed two peadgoraling to

the absorption bands of tZ&-BChla complex and were used to demonstrate the inclusion of functional
LH1 complexs into SLB AFM has been commonly used for surface characterization of SLBs
containing light harvesting proteins. Cogdell and coworkers studied bilayers cogtai? using AFM

in tapping and contact mode, under ambient and physiological conditions, and were able tbeshow
difference of the endoplasmic and periplasmic sides of LH2 complexes. In addition, tleestligafth for
energy transfer between two neighboring LH2 proteins was estimated basedtentﬁéoy. Another
AFM investigation on the incorporation of the reaction centre into SLBs has shown high resmatiah
arrangement of the different components of the light harvesting system, LHe@sd titiateRCs (Figure
6. Subsequently, Cogdell et al. observed the incorporation of LH2 in SLBs usirigtenaal reflection
fluorescence microscopy (TIRF) and developed strategies for the domaiiveatesirporation of LH2.
The process of vesicle fusion and subsequent lateral organization of LH2 is shown m@ﬂ'he
studies described above provide us with fundamental and important approaches for theticonsfr
SLBs that incorporatLHs. However, to date thehavebeen no reports on the reconstruction of a complete

photosynthetic system in SLBs.
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Figure 6. Membrane remodeling and high-resolution AFM imaging of core complexes. (a) proteins
segregated into close-packing areas. (b) core complexes. (dRCHREproduced with permissi@.
Copyright © 2006 The Biophysical Society.
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{A) Formation of fluidic (DOPG) and domain-structured (DOPG/DSPG) lipid bilayers

supported on coverslip
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Figure 7. Schematic illustration of the formation of supported lipid bilayers through the rupture of giant
vesicles (A) and subsequent incorporation of LH2 into the supported lipid bilayer as observed by total
internal reflection (TIRF) microscopy (B). Reproduced with permi@r(:opyright © 2006 American
Chemical Society.

3.3 Cytochromes

Cytochromes are a class of membrane proteins with a heme group as their ceatealTeair main use
in organisms is to provide a means for electron transport, which, via some coéaignoton gradient
facilitates the generation of ATP. There have been numerous reports on the inaorpdreytochromes
into SLBs since the 1990s. Initially, a combination of the LB method and conseeesicee fusion was
utilized for SLB formation and incorporation of fluorescein labelled cytochrerby hamm et al. Using
FRAP, it was shown that the mobile fraction of the cytochrosmbtaining SLBs is as low as 35%. This
was attributed to the interaction of the protein with the underlying substratepasdible dependence of
the mobility on the orientation of the C-terminus in the ﬁ.Subsequent studies utilized different

was bound via a streptavidin lin . These approaches allowed improved control over the orientdition o

substrates such as silver or gptd*'®, or biotinylated lipids in SLBs to which biotinylated cytochrome c

cytochrome in SLBs. Saavedra and coworkers reported a site-specific immobilizadimgys using

Cys102 or biotin-streptavidin and used linear dichroism to demonstrate control overiei@tion
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distribution of the heme groups in the SLB. Their results indicated thattlsreo requirement of a close
packed monolayer on a streptavidin coated surface for the generation of an orieeiadifpnoHowever,

this work realized the orientation of cytochrome on top of SLBs ratheraimedded in SLBs (Figure

8) [ Hawkridge et al. incorporated cytochroménto SLBs under flow conditions and used cyclic

voltammetry to show the reaction of cytochrome c at the electrode surfame wEre able to show an
increase in current at the reduction potential of cytochro C.

As discussed earlier, transmembrane proteins need a cushioning layer uhdégmesitB so that the
interaction of the extramembranous domains with the surface is minimized. One apprdasdnhasuse
poly-ethylene-glycol (PEG) to allow for the incorporation of cytochrogandl Annexin 5 into the SLB
while retaining their functionality (see Figure 9). In the work of WagneiTanam, PEGylated-lipids were
utilized as the cushion and linkers for the SLBs which resulted in two typdgfadion for both,
cytochrome pand Annexin 5: fast diffusion with a mobile fraction of around 30% and a slfugidih

with a mobile fraction of around 60%. This approach has been shown to work well for proteins with small
extramembranous domains but is limited by the thickness of the PEG spacer (@Inrﬁmm, Choi et

al. reported that cytochroneself-inserts into a pre-formed bilayer and resides in the hydrophobic core,
with a significant change of the mechanical properties of the bilayers. Whahieynec was added from
solution to a pre-formed bilayer, there was no obvious change of the thickness @shaft8L the insertion

of cytochrome. Mass spectroscopy and visible light absorption spectroscopy were asafirto the
presence of cytochrome c in the lipid bilayer, which indicated that cytochronas embedded in the
hydrophobic core of the SLB, agreeing with the previous conclusion that cytochiisreé#her adsorbed

to the surface or inserted into the membv@ further conclusion which can be obtained from this work,
is that the insertion of cytochrome ¢ changed the required force to punch dh¢hi&pAFM through the
bilayer by approximately 30 Very recently, the interaction between calixarenes (CX) and cytochrome
c in SLBs was also investigated using AFM. In this work, single molecule $pesroscopy was used for
the analysis of the mechanism of interaction between cytochrome ¢ and CX. The dattesughe
existence of both electrostatic and amino group specific interactionsdretytochrome ¢ ar@x, which
opens the field to the design and production of surface based bio@s@rﬂner studies have used
different approaches, such as cytochrome sensing based on the reaction between eytochnom

cytochrome ¢ oxidaf.@, the activity of cytochrome as a function of ubiquinol-10 in SLBs based on cyclic

voltammetry (Figure 18?9, and the effect of Zn ions on the proton release of cytoc ﬁu mdthough

there are some reports about proton pumping by cytochrome c reconstituted'mtd', there is still

less progress of these experiments carried out on SLBs.
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Figure8.
Schematic of biotinylated cytochrome c attached to an SLB using a biotin streptavidin linker stémis sy
was used to determine the orientation of the heme groups in cytochrome c. Adap{&d]fiGopyright
© 1998 American Chemical Society.

B | ﬂ
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Figure 9. Design of a tethered polymer-supported lipid bilayer.Reproduced with pernfidsion
Copyright © 2000 The Biophysical Society. Published by Elsevier Inc.

17



LEEFEREE R LEneied imr:‘rr-;‘r.‘fvu‘i_ ',
Figure 10. SLB formation on a gold substrate based on cholesterol tethers. This system allows for the
measurement of the activity of cytochrome ¢ depending on the ubiquinol-10 content in the SLB.

Reproduced with permissifff]. Copyright © 2010 Elsevier B.V.

3.4 ATP synthase

Adenosine triphosphate (ATP) is an intracellular energy-supplying compound, synthesized from ADP and
inorganic phosphate by ATP synthase (ATPase) in an endothermic reaction. As discussed altove, a pro
gradient in an SLB can be generated by different light harvesting prothiagradient then drives ATPase

and facilitates the production of ATP. For the measurement of the synthetity adthsF1-ATP synthases
proteoliposome based methods are mainly used. However, many robust and simple sudetezizaton

tools cannot be utilized when ATPase is embedded in a proteliposome. In contrast SLddxlaredel
systems, where the activity of ATPase can be easily observed and charactédrmeghahere may be
challenges in the reconstitution of ATPase in SR date there has been some fundamental work about
functional attachment of ATPase, and direct observation of the rotation of the central rotacess&dr
example, the rotation of a subunit in F1-ATPase was demonstrated using singtellenfilorescence
imagin. Later, the proton gradient driving the formation of ATP was replaced by a mediusivicay

force. This was realized by attaching magnetic beads to the head of ATPasbsmuient application of

a rotating magnetic field. In this process, the ATPase rotated under the externally appliedatogues

by the generation of ATP, which proved that a chemical reaction can be induced byexéoted onto a
physically remote sit However, this work was not conducted in SLBs preventing the ATPase to be

driven by a proton gradient &swould happen in a natural membrane. Reconstituted ATPase in a lipid
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membrane formed via the LB method and characterized using SPR have shown the possgibiiigt to
proton activity in the reaction proc %‘ﬂ

4. Future prospect for energy conversion based on supported membranes.

SLBs can readily be produced in a laboratory using several methods. However, thitwdoarend the
characterization of transmembrane proteins in their natural environment needs saptistiethods, that
requires further work. Despite the photosynthetic process it-self beihgingglrstood and its individual
components being studied in several laboratories, to date a full photosynthetic systeat haen
reconstituted in a synthetic supported lipid bilayer. Artificial photosynthesischipacould then be used
for energy generation and storage in a chemical system. Importantly, a fulipfimgsystem would then
allow the swapping in and out of components, either natural or synthetic, to generatihbkialvesting

systems.

Acknowledgements

This work was support by the Engineering and Physical Sciences Research Council Programme
Grant (EP/1012060/1), the British council /Chinese Ministry of Education grant. 10401. JR is
grateful to the EPSRC for the provision of a DTG studentship.

19



References

(1]
(2]
(3]
(4]
(5]
(6]
(7]
(8]

(9]
(10]

(11]
[12]
(13]
(14]

(15]

(16]

(17]

(18]

[19]

[20]

[21]

R. E. Blankenship, Plant Physiol 2010, 154, 434-438.

L. O. Bjorn, Govindjee, Curr Sci India 2009, 96, 1466-1474.

G. Fragneto, T. Charitat, J. Daillant, European Biophysics Journal 2012, 41, 863-874.

aR. Campos, R. Kataky, The Journal of Physical Chemistry B 2012, 116, 3909-3917; bK. Asaka, A.
Ottova, H. T. Tien, Thin Solid Films 1999, 354, 201-207.

aM. L. Wagner, L. K. Tamm, Biophysical Journal 2000, 79, 1400-1414; bS. Mashaghi, A. M. van
Oijen, Biotechnology and Bioengineering 2014, 111, 2076-2081.

J. K. Rosenstein, S. Ramakrishnan, J. Roseman, K. L. Shepard, Nano Letters 2013, 13, 2682-2686.
aC. L. Prosser, in Evolution of the first nervous systems, Springer, 1989, pp. 177-193; bN. E.
Hynes, P. W. Ingham, W. A. Lim, C. J. Marshall, J. Massagué, T. Pawson, Nature Reviews
Molecular Cell Biology 2013, 14, 393-398.

W. D. Stein, Channels, carriers, and pumps: an introduction to membrane transport, Elsevier,
2012.

M. Tanaka, E. Sackmann, Nature 2005, 437, 656-663.

D. Susan, C. Ling, in Interfaces and Interphases in Analytical Chemistry, Vol. 1062, American
Chemical Society, 2011, pp. 99-121.

aT. Stora, J. H. Lakey, H. Vogel, Angew Chem Int Edit 1999, 38, 389-392; bB. Raguse, V. Braach-
Maksvytis, B. A. Cornell, L. G. King, P. D. J. Osman, R. J. Pace, L. Wieczorek, Langmuir 1998, 14,
648-659.

Y. Kaizuka, J. T. Groves, Biophysical Journal 2004, 86, 905-912.

B. Bechinger, in Encyclopedia of Biophysics (Ed.: G. K. Roberts), Springer Berlin Heidelberg, 2013,
pp. 2522-2528.

aR. Z. P. Theato, M. Hausch, Abstr Pap Am Chem S 1998, 216, U881-U881; bL. Renner, T. Osaki,
S. Chiantia, P. Schwille, T. Pompe, C. Werner, J Phys Chem B 2008, 112, 6373-6378.

J. Y. Wong, C. K. Park, M. Seitz, J. Israelachvili, Biophysical journal 1999, 77, 1458-1468.

A. E. Oliver, A. N. Parikh, Biochimica et Biophysica Acta (BBA)-Biomembranes 2010, 1798, 839-
850.

aL. J. C. Jeuken, N. N. Daskalakis, X. Han, K. Sheikh, A. Erbe, R. J. Bushby, S. D. Evans, Sensors and
Actuators B: Chemical 2007, 124, 501-509; bR. Naumann, S. M. Schiller, F. Giess, B. Grohe, K. B.
Hartman, I. Karcher, |. Képer, J. Libben, K. Vasilev, W. Knoll, Langmuir 2003, 19, 5435-5443.
aR. J. Barfoot, K. H. Sheikh, B. R. G. Johnson, J. Colyer, R. E. Miles, L. J. C. Jeuken, R. J. Bushby, S.
D. Evans, Langmuir 2008, 24, 6827-6836; b). D. Taylor, M. J. Linman, T. Wilkop, Q. Cheng,
Analytical chemistry 2009, 81, 1146-1153.

V. Subramaniam, I. D. Alves, G. F. Salgado, P.-W. Lau, R. J. Wysocki, Z. Salamon, G. Tollin, V. J.
Hruby, M. F. Brown, S. S. Saavedra, Journal of the American Chemical Society 2005, 127, 5320-
5321.

aE. Briand, M. Zach, S. Svedhem, B. Kasemo, S. Petronis, Analyst 2010, 135, 343-350; bA.
Wikstréom, S. Svedhem, M. Sivignon, B. Kasemo, The Journal of Physical Chemistry B 2008, 112,
14069-14074; cC. E. Dodd, B. R. G. Johnson, L. J. C. Jeuken, T. D. H. Bugg, R. J. Bushby, S. D.
Evans, Biointerphases 2008, 3, FA59-FA67.

aH. P. Wacklin, Current Opinion in Colloid & Interface Science 2010, 15, 445-454; bD. A. Doshi, A.
M. Dattelbaum, E. B. Watkins, C. J. Brinker, B. I. Swanson, A. P. Shreve, A. N. Parikh, J. Majewski,
Langmuir 2005, 21, 2865-2870; cM. S. Jablin, M. Zhernenkov, B. P. Toperverg, M. Dubey, H. L.
Smith, A. Vidyasagar, R. Toomey, A. J. Hurd, J. Majewski, Physical Review Letters 2011, 106,
138101.

20



(22]

(23]

[24]

[25]

(26]
[27]
(28]
[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]
(37]
(38]

(39]
[40]

aK. H. Sheikh, H. K. Christenson, R. J. Bushby, S. D. Evans, The Journal of Physical Chemistry B
2006, 111, 379-386; bH. Wu, L. Yu, Y. Tong, A. Ge, S. Yau, M. Osawa, S. Ye, Biochimica et
Biophysica Acta (BBA)-Biomembranes 2013, 1828, 642-651; cT. Kaasgaard, C. Leidy, J. H. Ipsen,
0. G. Mouritsen, K. Jgrgensen, Single Molecules 2001, 2, 105-108.

al. Korlach, P. Schwille, W. W. Webb, G. W. Feigenson, Proceedings of the National Academy of
Sciences 1999, 96, 8461-8466; bD. Axelrod, D. Koppel, J. Schlessinger, E. Elson, W. Webb,
Biophysical journal 1976, 16, 1055-1069; cD. Soumpasis, Biophysical journal 1983, 41, 95-97.
aH. Basit, S. G. Lopez, T. E. Keyes, Methods 2014, 68, 286-299; bl. Visco, S. Chiantia, P. Schwille,
Langmuir 2014, 30, 7475-7484.

aL. C. Kam, Journal of structural biology 2009, 168, 3-10; bS. Mornet, O. Lambert, E. Duguet, A.
Brisson, Nano Letters 2005, 5, 281-285; cW. Xia, Y. Li, Y. Wan, T. Chen, J. Weij, Y. Lin, S. Xu,
Biosensors and Bioelectronics 2010, 25, 2253-2258.

V. Kiessling, C. Wan, L. K. Tamm, Biochimica et Biophysica Acta (BBA)-Biomembranes 2009,
1788, 64-71.

aS. Heyse, O. P. Ernst, Z. Dienes, K. P. Hofmann, H. Vogel, Biochemistry 1998, 37, 507-522; bl. D.
Alves, G. F. Salgado, Z. Salamon, M. F. Brown, G. Tollin, V. J. Hruby, Biophysical journal 2005, 88,
198-210.

J. Salafsky, J. T. Groves, S. G. Boxer, Biochemistry 1996, 35, 14773-14781.

al. D. Burgess, M. C. Rhoten, F. M. Hawkridge, Langmuir 1998, 14, 2467-2475; bE. J. Choi, E. K.
Dimitriadis, Biophysical journal 2004, 87, 3234-3241.

aR. Naumann, A. Jonczyk, C. Hampel, H. Ringsdorf, W. Knoll, N. Bunjes, P. Graber,
Bioelectrochemistry and Bioenergetics 1997, 42, 241-247; bK. Seifert, K. Fendler, E. Bamberg,
Biophysical Journal 1993, 64, 384-391.

aL. K. Tamm, H. M. McConnell, Biophysical Journal, 47, 105-113; bP. S. Cremer, S. G. Boxer, The
Journal of Physical Chemistry B 1999, 103, 2554-2559; cR. J. White, B. Zhang, S. Daniel, J. M.
Tang, E. N. Ervin, P. S. Cremer, H. S. White, Langmuir 2006, 22, 10777-10783.

aR. P. Richter, A. R. Brisson, Biophysical journal 2005, 88, 3422-3433; bA. S. Muresan, K. Y. C.
Lee, The Journal of Physical Chemistry B 2001, 105, 852-855; cH. Egawa, K. Furusawa, Langmuir
1999, 15, 1660-1666; dP. Dricker, V. Gerke, H.-J. Galla, Biochemical and Biophysical Research
Communications; eA. Poturnayova, M. Leitner, M. Snejdarkova, P. Hinterdorfer, T. Hianik, J
Nanomed Nanotechnol 2014, 5, 2.

aY. Jing, H. Trefna, M. Persson, B. Kasemo, S. Svedhem, Soft matter 2014, 10, 187-195; bN.-J.
Cho, J. A. Jackman, M. Liu, C. W. Frank, Langmuir 2011, 27, 3739-3748; cH. M. Seeger, A. D.
Cerbo, A. Alessandrini, P. Facci, The Journal of Physical Chemistry B 2010, 114, 8926-8933.

R. W. Davis, A. Flores, T. A. Barrick, J. M. Cox, S. M. Brozik, G. P. Lopez, J. A. Brozik, Langmuir
2007, 23, 3864-3872.

al. Hoyo, E. Guaus, G. Oncins, J. Torrent-Burgués, F. Sanz, The Journal of Physical Chemistry B
2013, 117, 7498-7506; bK. Kumar, C. S. Tang, F. F. Rossetti, M. Textor, B. Keller, J. V6ros, E.
Reimhult, Lab on a Chip 2009, 9, 718-725; cS. Kaufmann, K. Kumar, E. Reimhult, in
Bioconjugation Protocols, Springer, 2011, pp. 453-463.

C. E. Korman, M. Megens, C. M. Ajo-Franklin, D. A. Horsley, Langmuir 2013, 29, 4421-4425.

X. Han, G. Qi, X. Xu, L. Wang, Chemistry-A European Journal 2011, 17, 14741-14744.

aT. E. Starr, N. L. Thompson, Langmuir 2000, 16, 10301-10308; bF. F. Rossetti, M. Bally, R.
Michel, M. Textor, I. Reviakine, Langmuir 2005, 21, 6443-6450.

N.-J. Cho, C. W. Frank, B. Kasemo, F. H66k, Nature Protocols 2010, 5, 1096-1106.

al. T. Marqués, R. F. M. de Almeida, A. S. Viana, Electrochimica Acta 2014, 126, 139-150; bJ.
Lahiri, P. Kalal, A. G. Frutos, S. J. Jonas, R. Schaeffler, Langmuir 2000, 16, 7805-7810; cT. Uchida,
M. Osawa, J. Lipkowski, Journal of Electroanalytical Chemistry 2014, 716, 112-119.

21



[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]
(49]
(50]
(51]
(52]

(53]

(54]
[55]
(56]
[57]
(58]

(59]
(60]

[61]

Z. Salamon, Y. Wang, G. Tollin, H. A. Macleod, Biochimica et Biophysica Acta (BBA)-
Biomembranes 1994, 1195, 267-275.

aG. Puu, I. Gustafson, E. Artursson, P. A. Ohlsson, Biosensors and Bioelectronics 1995, 10, 463-
476; bD. A. Stenger, T. L. Fare, D. H. Cribbs, K. M. Rusin, Biosensors and Bioelectronics 1992, 7,
11-20.

aE. Ostuni, L. Yan, G. M. Whitesides, Colloids and Surfaces B: Biointerfaces 1999, 15, 3-30; bE. T.
Castellana, P. S. Cremer, Surface Science Reports 2006, 61, 429-444.,

R. G. Nuzzo, D. L. Allara, Journal of the American Chemical Society 1983, 105, 4481-4483.

aS. A. Glazier, D. J. Vanderah, A. L. Plant, H. Bayley, G. Valincius, J. J. Kasianowicz, Langmuir
2000, 16, 10428-10435; bM. S. Khan, N. S. Dosoky, J. D. Williams, International journal of
molecular sciences 2013, 14, 21561-21597.

aK. Kastl, M. Ross, V. Gerke, C. Steinem, Biochemistry 2002, 41, 10087-10094; bN.
Madhusudhana Rao, V. Silin, K. D. Ridge, J. T. Woodward, A. L. Plant, Analytical biochemistry
2002, 307, 117-130.

aC. J. Barile, C. Edmund, Y. Li, T. B. Sobyra, S. C. Zimmerman, A. Hosseini, A. A. Gewirth, Nature
materials 2014, 13, 619-623; bP. Gao, Y. Xia, L. Yang, T. Ma, L. Yang, Q. Guo, S. Huang,
Microchimica Acta 2014, 181, 205-212.

M. Khan, N. Dosoky, J. Williams, International Journal of Molecular Sciences 2013, 14, 21561-
21597.

C. W. Meuse, S. Krueger, C. F. Majkrzak, J. A. Dura, J. Fu, J. T. Connor, A. L. Plant, Biophysical
journal 1998, 74, 1388-1398.

A. Sevin-Landais, P. Rigler, S. Tzartos, F. Hucho, R. Hovius, H. Vogel, Biophys Chem 2000, 85, 141-
152.

B. A. Cornell, V. L. B. BraachMaksvytis, L. G. King, P. D. J. Osman, B. Raguse, L. Wieczorek, R. J.
Pace, Nature 1997, 387, 580-583.

Y. L. Cheng, N. Boden, R. J. Bushby, S. Clarkson, S. D. Evans, P. F. Knowles, A. Marsh, R. E. Miles,
Langmuir 1998, 14, 839-844.

aX.J. Han, A. S. Achalkumar, R. J. Bushby, S. D. Evans, Chemistry-a European Journal 2009, 15,
6363-6370; bX. J. Han, S. N. D. Pradeep, K. Critchley, K. Sheikh, R. J. Bushby, S. D. Evans,
Chemistry-a European Journal 2007, 13, 7957-7964; cX. J. Han, K. Critchley, L. X. Zhang, S. N. D.
Pradeep, R. J. Bushby, S. D. Evans, Langmuir 2007, 23, 1354-1358.

A.T. A. Jenkins, N. Boden, R. J. Bushby, S. D. Evans, P. F. Knowles, R. E. Miles, S. D. Ogier, H.
Schonherr, G. J. Vancso, Journal of the American Chemical Society 1999, 121, 5274-5280.

A. V. Hughes, S. A. Holt, E. Daulton, A. Soliakov, T. R. Charlton, S. J. Roser, J. H. Lakey, Journal of
The Royal Society Interface 2014, 11, 20140447.

D. G. G. McMillan, S. J. Marritt, M. A. Firer-Sherwood, L. Shi, D. J. Richardson, S. D. Evans, S. J.
Elliott, J. N. Butt, L. J. C. Jeuken, Journal of the American Chemical Society 2013, 135, 10550-
10556.

E. Sackmann, Science 1996, 271, 43-48.

aC. A. Naumann, O. Prucker, T. Lehmann, J. Riihe, W. Knoll, C. W. Frank, Biomacromolecules
2002, 3, 27-35; bF. Roder, S. Wilmes, C. P. Richter, J. Piehler, ACS chemical biology 2014.

I. P. McCabe, M. B. Forstner, Open Journal of Biophysics 2013, 3, 59.

aL. Renner, T. Pompe, R. Lemaitre, D. Drechsel, C. Werner, Soft Matter 2010, 6, 5382-5389; bR.
Naumann, E. K. Schmidt, A. Jonczyk, K. Fendler, B. Kadenbach, T. Liebermann, A. Offenh&usser,
W. Knoll, Biosensors and Bioelectronics 1999, 14, 651-662; cJ. t. Kowal, J. K. Kowal, D. Wu, H.
Stahlberg, C. G. Palivan, W. P. Meier, Biomaterials 2014, 35, 7286-7294; dM. Merzlyakov, E. Li, I.
Gitsov, K. Hristova, Langmuir 2006, 22, 10145-10151.

E. Sackmann, M. Tanaka, Trends in biotechnology 2000, 18, 58-64.

22



(62]

(63]
(64]

(65]
(66]
(67]
(68]

(69]

[70]
(71]
[72]
(73]
[74]
[75]
[76]

[77]

(78]
[79]

(80]
(81]

(82]

(83]
(84]

Z.Ma, P. A. Janmey, K. A. Sharp, T. H. Finkel, Microscopy Research and Technique 2011, 74,
1174-1185.

M. Tanaka, J. Hermann, |. Haase, M. Fischer, S. G. Boxer, Langmuir 2007, 23, 5638-5644.

Y. Zhang, Y. Chen, Z. Ding, C. Wang, H. Huang, G. Jin, in World Congress on Medical Physics and
Biomedical Engineering, September 7-12, 2009, Munich, Germany, Springer, 2010, pp. 169-171.
T. Ide, T. Yanagida, Biochemical and biophysical research communications 1999, 265, 595-599.
K. Mulligan, Z. J. Jakubek, L. J. Johnston, Langmuir 2011, 27, 14352-14359.

E. A. Smith, J. W. Coym, S. M. Cowell, T. Tokimoto, V. J. Hruby, H. . Yamamura, M. J. Wirth,
Langmuir 2005, 21, 9644-9650.

L. Kuang, D. A. Fernandes, M. O’Halloran, W. Zheng, Y. Jiang, V. Ladizhansky, L. S. Brown, H.
Liang, ACS nano 2013, 8, 537-545.

aA. Bronder, A. Roychoudhury, D. Haussinger, F. Oesterhelt, European journal of medical
research 2014, 19, S11; bF. Roder, S. Waichman, D. Paterok, R. Schubert, C. Richter, B. Liedberg,
J. Piehler, Analytical chemistry 2011, 83, 6792-6799.

P. C. Seitz, M. D. Reif, O. V. Konovalov, R. Jordan, M. Tanaka, ChemPhysChem 2009, 10, 2876-
2883.

W. Knoll, R. Naumann, M. Friedrich, J. Robertson, M. Losche, F. Heinrich, D. McGillivray, B.
Schuster, P. Gufler, D. Pum, Biointerphases 2008, 3, FA125-FA135.

A. Kibrom, R. F. Roskamp, U. Jonas, B. Menges, W. Knoll, H. Paulsen, R. L. C. Naumann, Soft
Matter 2011, 7, 237-246.

S. Hertrich, F. Stetter, A. Riihm, T. Hugel, B. Nickel, Langmuir 2014, 30, 9442-9447.

aC. G. Ahmed Al-Obeidi, Kristina S. Orosz, S. Scott Saavedra, Journal of Materials 2013, 2013, 6;
bS. Waichman, F. Roder, C. P. Richter, O. Birkholz, J. Piehler, Small 2013, 9, 570-577; cJ. C.
Munro, C. W. Frank, Langmuir 2004, 20, 10567-10575.

M. Kaufmann, Y. Jia, C. Werner, T. Pompe, Langmuir 2010, 27, 513-516.

J. Lin, J. Motylinski, A. J. Krauson, W. C. Wimley, P. C. Searson, K. Hristova, Langmuir 2012, 28,
6088-6096.

aA. J. Diaz, F. Albertorio, S. Daniel, P. S. Cremer, Langmuir 2008, 24, 6820-6826; bK. L. Martinez,
B. H. Meyer, R. Hovius, K. Lundstrom, H. Vogel, Langmuir 2003, 19, 10925-10929; cE. I. Silva-
Lépez, L. E. Edens, A. O. Barden, D. J. Keller, J. A. Brozik, Chemistry and Physics of Lipids 2014,
183, 91-99; dJ. Minic, J. Grosclaude, J. Aioun, M.-A. Persuy, T. Gorojankina, R. Salesse, E. Pajot-
Augy, Y. Hou, S. Helali, N. Jaffrezic-Renault, Biochimica et Biophysica Acta (BBA)-General Subjects
2005, 1724, 324-332.

S. Rebaud, O. Maniti, A. P. Girard-Egrot, Biochimie 2014, 107, 135-142.

al. Langmuir, Transactions of the Faraday Society 1920, 15, 62-74; bM. Ramkaran, A. Badia, The
Journal of Physical Chemistry B 2014, 118, 9708-9721; cT. T. Hormel, S. Q. Kurihara, M. K.
Brennan, M. C. Wozniak, R. Parthasarathy, Physical review letters 2014, 112, 188101.

R. P. Richter, R. Bérat, A. R. Brisson, Langmuir 2006, 22, 3497-3505.

aH.-H. Shen, T. Lithgow, L. Martin, International journal of molecular sciences 2013, 14, 1589-
1607; bH. Brockman, Current opinion in structural biology 1999, 9, 438-443; cP. C. Gufler, D.
Pum, U. B. Sleytr, B. Schuster, Biochimica et Biophysica Acta (BBA) - Biomembranes 2004, 1661,
154-165.

aH. Lavoie, B. Desbat, D. Vaknin, C. Salesse, Biochemistry 2002, 41, 13424-13434; bJ. I.
Korenbrot, M.-J. Pramik, The Journal of membrane biology 1977, 37, 235-262.

J. I. Korenbrot, S. Hwang, The Journal of general physiology 1980, 76, 649-682.

G. R. Szilvay, A. Paananen, K. Laurikainen, E. Vuorimaa, H. Lemmetyinen, J. Peltonen, M. B.
Linder, Biochemistry 2007, 46, 2345-2354.

23



(85]

(86]
(87]

(88]
(89]
[90]
[91]
[92]
(93]
[94]

[95]
[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]
[105]

[106]

[107]

aH. Lavoie, D. Blaudez, D. Vaknin, B. Desbat, B. M. Ocko, C. Salesse, Biophysical journal 2002, 83,
3558-3569; bS. C. Biswas, S. B. Rananavare, S. B. Hall, Biochimica et Biophysica Acta (BBA)-
Biomembranes 2005, 1717, 41-49.

K. Hong, W. L. Hubbell, Proceedings of the National Academy of Sciences 1972, 69, 2617-2621.
aN.-J. Cho, K. K. Kanazawa, J. S. Glenn, C. W. Frank, Analytical chemistry 2007, 79, 7027-7035;
bA. Takdts-Nyeste, |. Derényi, Phys. Rev. E 2014, cR. Richter, A. Mukhopadhyay, A. Brisson,
Biophysical journal 2003, 85, 3035-3047; dB. van Lengerich, R. J. Rawle, P. M. Bendix, S. G.
Boxer, Biophysical journal 2013, 105, 409-419; eG. R. Heath, B. R. Johnson, P. D. Olmsted, S. D.
Connell, S. D. Evans, Biophysical journal 2013, 105, 2355-2365; fC. Hamai, P. S. Cremer, S. M.
Musser, Biophysical journal 2007, 92, 1988-1999.

T. H. Watts, A. A. Brian, J. W. Kappler, P. Marrack, H. M. McConnell, Proceedings of the National
Academy of Sciences 1984, 81, 7564-7568.

al. T. Groves, S. G. Boxer, Biophysical Journal 1995, 69, 1972-1975; bN. Hain, M. Gallego, I.
Reviakine, Langmuir 2013, 29, 2282-2288.

C. Merz, W. Knoll, M. Textor, E. Reimhult, Biointerphases 2008, 3, FA41-FA5O0.

H. Schonherr, J. M. Johnson, P. Lenz, C. W. Frank, S. G. Boxer, Langmuir 2004, 20, 11600-11606.
S. A. Weiss, R. J. Bushby, S. D. Evans, L. J. Jeuken, Biochimica et Biophysica Acta (BBA)-
Bioenergetics 2010, 1797, 1917-1923.

D. Gust, T. A. Moore, A. L. Moore, Accounts Chem Res 2001, 34, 40-48.

R. Croce, H. van Amerongen, Nat Chem Biol 2014, 10, 492-501.

D. A. Bryant, N.-U. Frigaard, Trends in Microbiology 2006, 14, 488-496.

a0. Béja, L. Aravind, E. V. Koonin, M. T. Suzuki, A. Hadd, L. P. Nguyen, S. B. Jovanovich, C. M.
Gates, R. A. Feldman, J. L. Spudich, Science 2000, 289, 1902-1906; bC. H. Slamovits, N. Okamoto,
L. Burri, E. R. James, P. J. Keeling, Nature communications 2011, 2, 183; cN.-U. Frigaard, A.
Martinez, T. J. Mincer, E. F. DelLong, Nature 2006, 439, 847-850.

al. M. Walter, D. Greenfield, C. Bustamante, J. Liphardt, Proceedings of the National Academy of
Sciences 2007, 104, 2408-2412; bT. Friedrich, S. Geibel, R. Kalmbach, I. Chizhov, K. Ataka, J.
Heberle, M. Engelhard, E. Bamberg, Journal of molecular biology 2002, 321, 821-838.

C. Bamann, E. Bamberg, J. Wachtveitl, C. Glaubitz, Biochimica et Biophysica Acta (BBA) -
Bioenergetics 2014, 1837, 614-625.

aS. Bahatyrova, R. N. Frese, C. A. Siebert, J. D. Olsen, K. O. van der Werf, R. van Grondelle, R. A.
Niederman, P. A. Bullough, C. Otto, C. N. Hunter, Nature 2004, 430, 1058-1062; bL.-N. Liu, J. N.
Sturgis, S. Scheuring, Journal of structural biology 2011, 173, 138-145.

T. Geyer, V. Helms, Biophysical journal 2006, 91, 927-937.

aV. Hornak, S. Ahuja, M. Eilers, J. A. Goncalves, M. Sheves, P. J. Reeves, S. O. Smith, Journal of
molecular biology 2010, 396, 510-527; bW. L. Hubbell, C. Altenbach, C. M. Hubbell, H. G.
Khorana, Advances in protein chemistry 2003, 63, 243-290.

aP. K. Brown, Nature 1972, 236, 35-38; bA. Manglik, B. Kobilka, Current opinion in cell biology
2014, 27, 136-143.

C. Bieri, O. P. Ernst, S. Heyse, K. P. Hofmann, H. Vogel, Nature biotechnology 1999, 17, 1105-
1108.

O. P. Karlsson, S. Lofas, Analytical biochemistry 2002, 300, 132-138.

V. Subramaniam, G. D. D’Ambruoso, H. K. Hall Jr, R. J. Wysocki Jr, M. F. Brown, S. S. Saavedra,
Langmuir 2008, 24, 11067-11075.

R. Michel, V. Subramaniam, S. L. McArthur, B. Bondurant, G. D. D'Ambruoso, H. K. Hall, M. F.
Brown, E. E. Ross, S. S. Saavedra, D. G. Castner, Langmuir 2008, 24, 4901-4906.

aW. I. Gruszecki, W. Grudzinski, A. Banaszek-Glos, M. Matula, P. Kernen, Z. Krupa, J.
Sielewiesiuk, Biochimica et Biophysica Acta (BBA)-Bioenergetics 1999, 1412, 173-183; bM.

24



[108]
[109]

[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]

[120]

[121]

[122]
[123]

[124]

Kamran, J. D. Delgado, V. Friebe, T. J. Aartsma, R. N. Frese, Biomacromolecules 2014, 15, 2833-
2838; cH. Imahori, H. Norieda, H. Yamada, Y. Nishimura, |. Yamazaki, Y. Sakata, S. Fukuzumi,
Journal of the American Chemical Society 2000, 123, 100-110.

J. Li, C. Hollingshead, Biophysical journal 1982, 37, 363-370.

R. C. Dunn, G. R. Holtom, L. Mets, X. S. Xie, The Journal of Physical Chemistry 1994, 98, 3094-
3098.

M. Nagata, Y. Yoshimura, J. Inagaki, Y. Suemori, K. lida, T. Ohtsuka, M. Nango, Chemistry Letters
2003, 32, 852-853.

A. Stamouli, S. Kafi, D. C. Klein, T. H. Oosterkamp, J. W. Frenken, R. J. Cogdell, T. J. Aartsma,
Biophysical journal 2003, 84, 2483-2491.

P.-E. Milhiet, F. Gubellini, A. Berquand, P. Dosset, J.-L. Rigaud, C. Le Grimellec, D. Lévy,
Biophysical journal 2006, 91, 3268-3275.

T. Dewa, R. Sugiura, Y. Suemori, M. Sugimoto, T. Takeuchi, A. Hiro, K. lida, A. T. Gardiner, R. J.
Cogdell, M. Nango, Langmuir 2006, 22, 5412-5418.

E. Kalb, L. K. Tamm, Thin Solid Films 1992, 210-211, Part 2, 763-765.

Z. Salamon, G. Tollin, Biophysical journal 1996, 71, 848-857.

P. L. Edmiston, S. S. Saavedra, Journal of the American Chemical Society 1998, 120, 1665-1671.
P. L. Edmiston, S. S. Saavedra, Biophysical journal 1998, 74, 999-1006.

aE. K. Tuominen, C. J. Wallace, P. K. Kinnunen, Journal of Biological Chemistry 2002, 277, 8822-
8826; bM. J. Zuckermann, T. Heimburg, Biophysical journal 2001, 81, 2458-2472.

K. L. Lewis, L. Su, F. M. Hawkridge, K. R. Ward, M. C. Rhoten, Sensors Journal, IEEE 2006, 6, 420-
427.

aS. Weiss, R. Bushby, S. Evans, P. Henderson, L. Jeuken, Biochem. J 2009, 417, 555-560; bS.
Weiss, L. Jeuken, Biochemical Society transactions 2009, 37, 707-712.

aM. Solioz, E. Carafoli, B. Ludwig, Journal of Biological Chemistry 1982, 257, 1579-1582; bK.
Matsushita, L. Patel, R. B. Gennis, H. R. Kaback, Proceedings of the National Academy of Sciences
1983, 80, 4889-4893; cM. |. Verkhovsky, A. Jasaitis, M. L. Verkhovskaya, J. E. Morgan, M.
Wikstrom, Nature 1999, 400, 480-483.

K. Adachi, R. Yasuda, H. Noji, H. Itoh, Y. Harada, M. Yoshida, K. Kinosita, Proceedings of the
National Academy of Sciences 2000, 97, 7243-7247.

H. Itoh, A. Takahashi, K. Adachi, H. Noji, R. Yasuda, M. Yoshida, K. Kinosita, Nature 2004, 427,
465-468.

aR. Naumann, A. Jonczyk, R. Kopp, J. van Esch, H. Ringsdorf, W. Knoll, P. Grdber, Angewandte
Chemie International Edition in English 1995, 34, 2056-2058; bR. Naumann, T. Baumgart, P.
Graber, A. Jonczyk, A. Offenhausser, W. Knoll, Biosensors and Bioelectronics 2002, 17, 25-34.

25



