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Abstract

This work aimed at studying biophysical properidswo membrane proteins, one of
potential nanotechnological use, bacteriorhodopaij one potential drug target, the

NTS1 neurotensin receptor, at the single moleatdées

Bacteriorhodopsin (BR} the only protein in the purple membrane (PMjhaf halophilic
organismHalobacterium salinariumlt is a light-driven proton pump converting light
into a transmembrane proton gradient through isagon of its retinal chromophore.
Its stability, as well as its photoactivity remaigiin dry protein layers, has made BR an
attractive material for biomolecular devices. Indleethe increasing need for
miniaturisation of electronic devices will soon ¢kahe limit of lithographic techniques
and molecular electronics, including BR-based leicebnics approaches, looks like a
promising alternative. Numerous studies have bebtighed on this topic; however, they

have all used BR within the PM, on relatively lafgen-wide) surfaces.

Here, conducting-probe atomic force microscopy (& analysis was performed after
removing most of the membrane lipids. For the firsg, it was shown that the molecular
conductance of BR can be reversibly photoswitchdth wpredictable wavelength
sensitivity. Intimate and robust coupling to gol@otrodes was achieved by using a
strategically engineered cysteine mutant locatedhenintracellular side of the protein
which, combined with partial delipidation, genethtprotein trimers homogenously
orientated on the surface. C-AFM proximal probelysia showed a reproducible 3 fold
drop of BR mean resistance over ~5 cycles of iptsed illuminations for single gold-
BR-gold junctions whenh > 495 nm, while no shift was observed with other
wavelengths. Numerous controls using biophysic®RSellipsometry, Kelvin-probe
AFM) and chemical (electrochemistry) techniquesenggrformed in order to confirm the
wavelength specificity of the photoswitch, the asraig role of the mutation and the

homogenous orientation of the protein on the golthse.

Neurotensin is a brain and gastrointestinal 13 amatid peptide acting as a
neuromodulator in the central nervous system araedfagmone in the periphery. Its wide
range of biological activities is primarily medidtéhrough its binding to the neurotensin
type 1 receptor (NTS1). NTS1 expressedtiooli was purified and inserted into 100 nm
brain polar lipid liposomes in a conformation whigktained its ligand-binding

capabilities. Initial AFM characterisation was merhed as a prelude for ligand-receptor
interaction studies, including high resolution irmag force spectroscopy and solid state

NMR approaches.
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- AFM: atomic force microscopy

- A: Angstrom

- ATP: adenosine triphosphate

- BPL.: brain polar lipids (porcine)

- BSA: bovine serum albumin

- BR: bacteriorhodopsin

- BR.ys bacteriorhodopsin M163C cysteine mutant
- C-AFM or CP-AFM: conducting probe-AFM
- CHAPS: 3-[(3-cholamidopropyl) dimethylammonioJptepanesulfonate
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- dH,O: deionised water
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- EC: extracellular side
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- FRET: fluorescence resonance energy transfer

- GDP: guanosine diphosphate

- GPCR: GTP-binding protein-coupled receptor
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- HPLC: high performance liquid chromatography
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- I-V: current-voltage

- IMAC: immobilised metal ion affinity chromatogriap
- ITO: indium tin oxide

- KFM: Kelvin-probe AFM

- MBP: E. colimaltose binding protein

- MWCO: molecular weight cut-off

- NMR: nuclear magnetic resonance

- NT: neurotensin

- NTg.15 Ssix C-terminus residues of NT

- NTS / NTR: neurotensin receptor

- NTS1A: MBP-T43NTS1-TrxA-H10

- NTS1B: MBP-TeV-T43NTS1-TeV-TrxA-H10

- OD : optical density

- PBS phosphate-buffered saline

- PC : phosphatidyl choline

- PDB protein data bank
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- PG: phosphatidylglycerol
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- PI: phosphatidylinositol

- PM: purple membrane

- POPC: 1-palmitoyl 2-Oleoywn glycero 3-phosphocholine

- POPE: 1-palmitoyl 2-Oleoydnglycero 3-phosphoethanolamine
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- RT: room temperature

- SAM: self assembled monolayer
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- SPM: Scanning probe microscopy
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- SPR: Surface plasmon resonance

- ssSNMR: solid state NMR

- STM: Scanning Tunneling Microscopy

- T43NTS1: N-terminally truncated NTS1
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- TeV: tobacco etch virus
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- TM: transmembrane
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Chapter | — Introduction

Chapter | - Introduction

1.1 Biological membranes

All living organisms are constituted of one or mall(s) surrounded by a membrane
separating an intracellular space from an extralegllspace, and acting as a highly
selective barrier: some 85% of all the informatiooming from or towards the
intracellular compartment must go through the meméer

Cell membranes are highly complex dynamic strustimgolved in numerous functions
that are essential for the organism, such as eelhelcognition, biosynthesis, transports,
ion channels, hormonal receptors, or energy trasikdu They are constituted
predominantly of lipids forming a bilayer structuggoteins and carbohydrates (Figure
1.1). Different types of lipids and proteins canftyend in various ratios according to the
cell type and the biological function. Membranetpis typically constitute 50 % of the
dry mass of biological membranes although, dependim the particular location and
function, a biological membrane may be composetativeen 20 and 80 % prot&in
Moreover, the membrane lipids and proteins are yinathic equilibrium within the
membrane, adding to the complexity of the structlreorder to understand the general
organisation of biological membranes, a model siyipg their structure while including
the general features found in all membranes has ddepted and was named: the fluid

mosaic modél® (Figure 1.1).
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Figure 1.1 Typical cell surface plasma membranePhospholipids are organised into
lamellar asymmetric bilayers in which proteins engbedded. Adapted frdm

1.1.1 Membrane lipids

Membrane lipids are amphipathic molecules thatasdemble into a bilayer, forming a
semi-permeable barrier in aqueous environmentgyaag the membrane its flexibiltiy.

Indeed, the cell membrane is freely permeable ttemv@olecules, but its hydrophobic
component makes it relatively impermeable to iomd polar moleculés Phospholipids

(Figure 1.2.a) are the most abundant lipid molecdtaind in eukaryotic cells. They
consist of a polar head exposed to water molecares hydrophobic chains oriented
towards the centre of the membrane. The chemicattate of the polar headgroup
determines the overall charge and, therefore, thgsipal characteristics of the
phospholipid. For example, if the phosphate igrdd to positively-charged alcohols
such as choline (phosphatidylcholine, PC) and etlaamne (phosphatidylethanolamine,

PE), the phospholipid will be zwitterionic and whilhve an overall neutral charge.
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Figure 1.2: The major lipid components of most biagical membranes(a) The
general structure of a phospholipid. Glycerol ieded to two fatty acid chains and a
phosphate head group. The phosphate is esterifieahtalcohol (R). Some common
alcohols are shown with the name of the resultihgspholipid. (b) Sphingomyelin,
present in eukaryotic membranes (c) Sterols of mokie membranes: cholesterol is the
most common sterol in higher eukaryotes, while stgyol is the major sterol in yeasts.
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However, if the phosphate is esterified to alcolath an overall neutral charge, such as
serine (phosphatidylserine, PS), glycerol (phosghaflycerol, PG), and inositol
(phosphatidylinositol, PI), the phospholipid willave an overall negative charge.
Phospholipids head groups thus create diversitiyivitell membrane compositions, with
an even greater level of complexity achieved by phespholipid hydrocarbon chain
structure. Indeed, the carbon chain can varynigtlke from 12 to 26 carbon atoms and
can have different degrees of saturation, the numbdouble bonds per fatty acid chain
commonly ranging from zero to §jxsome chains can also be highly branched, like in
archae. A high level of complexity of cell membrasempositions is therefore
achievable, through the possible combinations afdhgroups and hydrocarbon chains.
This diversity is responsible for the different Icelembrane compositions observed
between different classes of organisms, some oftwhie characteristic of the organelle,
as well as between different tissue types withéingle organism.

Biological membranes also contain carbohydratesctwhre found as components of
glylipids and glyproteins. The oligosaccharidic tpaf glycoproteins and glycolipids is
generally exposed on the extracellular side. Theyoshccharide component of
glycoproteins is covalently attached to its proté&imough a glycosidic link to the
hydroxyl group of a Ser or Thr residue-linked), or through am-glycosyl link to the
amide nitrogen of an Asn residueN-linked). The oligosaccharide portions of
glycoproteins are often branched, forming highlgdfic sites for recognition and high-
affinity binding by other proteins. A number of pems, such as the human protein
interferon IFNB1, produced in two types of tissues, have diffegiytosylation patterns
according to their location: oligosaccharidic clsamay thus be considered as tissue-
specific markers Glycolipids also serve as markers for cellulacognition by
carbohydrate-binding proteins. These componenth@fmembrane may be protective,
insulators, or sites of receptor binding\ change in glycosylation patterns has been

proposed to be a potential biomarker for cancegriatic.
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1.1.2 Membrane proteins

Membrane proteins typically constitute 50 % of thig mass of biological membranes
although, depending on the location and functionbiglogical membrane may be
composed of between 20 and 80 % prdteifhey are divided into two categories:
integral proteins, which are embedded within thenm@ane, and peripheral proteins,
which are attached to the membrane surface.

Membrane proteins are insoluble in agueous solutinpdeed, the large hydrophobic
regions present on their surface enable them taitiin the hydrophobic region of the
membrane lipid bilayer. Detergents are usually iregluto stabilise membrane proteins in
agueous environments, which makes it difficult tgstallize them afterwards, due to the
molecular disorder. The first successfully detewedi membrane protein structure was
obtained for bacteriorhodopsin (BRThis protein, found within the purple membrane of
Halobacterium salinariumis naturally organised in 2D-crystals which augtable for
electron diffraction analysis. Higher resolutiomustural information has subsequently
been obtained by 3D X-ray crystallography for BRI dar the other ~120 membrane
proteins that can be crystallised (< 1% of all P&#®ries). Structure determination using
solution state nuclear magnetic resonance (NMR), dther direct means of protein
structure determination, is hampered by the sizaioélles made of a membrane protein-
detergent mixtures, which decreases the efficiecatyNMR analysis through line
broadening. Membrane proteins are responsiblehirvwide range of major biological
activities occurring at the membrane level. Suchncfions include cell-cell
communication, sensory transduction, neuronal tnisson and hormonal signalling,
involving transport proteins that build electriGald chemical gradients across the cell
through the plasma membrane, channel proteinspt@seregulating extracellular signal
transduction, and proteins responsible for celliaaognition. It has been estimated that

30-40% of all genes in the human genome encode nasm@lproteins
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The critical biological importance of membrane pms$ is of major interest for the
pharmaceutical industry: they account for 70% afkn drug target§ (Figure 1.3). Drug

design techniques have evolved in the past dechdes the general screening of
chemical compounds for identifying novel drug mailes, to a structure-based drug

design at the nanoscale, providing a targeted apjro

lon channels
(1000)
' G-protein-coupled
receptors (2000]
Enzymes Muclear hormone
(3500) receplors (>150)

Figure 1.3: Pharmaceutical importance of membrane mteins: predicted numbers
of potential drug targets belonging to different chsses of membrane protein.
Membrane proteins are responsible for key biolddiaaction occurring at the membrane
level, such as cell-cell recognition or hormonagnsilling, and is assumed that they will
represent up to two third of drug tardéts

Resolving the structures of membrane proteins is thf critical importance for the
elaboration of new drugs. Despite this, while tb&alt number of protein structures
deposited in the protein data bank (PEBs over 76,000 only 1100 structures of
membrane proteins have been published to'daFéis is largely due to the problems
encountered with overexpression, purification arfd &rystallisation of membrane

proteins.
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1.1.3 Seven transmembrane domain receptors (7 TMRS)

Most vital physiologic functions of higher-orderimals are critically regulated by signal
transduction of extracellular signal through 7 srmembrane receptors (7TMRs), which
has traditionally been understood to be mediatadoupling to heterotrimeric G proteins

and downstream second-messenger moleCutés

1.1.3. aGPCRs

G protein-coupled receptors (GPCRS), the largesigof membrane receptors (~800 in
human), are encoded for by 1% of the genome ofehidjfe forms. GPCRs are seven
transmembrane helix proteins, connected by thrgadellular and three extracellular
loops. They are activated by a wide range of siimuhcluding hormones,
neurotransmitters, ions, odorants, and photonsightt'f. The GPCR superfamily is
involved in a variety of biological and patholodigaocesses such as cell growth and
proliferatior’®, neurological disordet$ angiogenest§ metabolic disordet§ and
immune system and inflammatidnConsequently, they are one of the largest claskes
drug targets to which agonists and antagonists amently focused. Although
approximately 50% of pharmaceutical products tageCRs, only 10% of the GPCRs
excluding olfactory receptors are targeted by madkerugs, indicating the possibility of
the remaining 90% of the GPCRs for the treatmetiuofian diseasés

When bound to their ligands, GPCRs are stabilizecam active conformation and
stimulate heterotrimeric guanine-nucleotide-bindiregulatory proteins (G proteins)
through their intracellular domains. GPCRs laclkalyic activity, but interaction of the
receptor with an agonist promotes the dissociatfo@ proteins into Gand G, subunits.
The G protein subunits (both,@nd G,) then amplify and propagate signals inside the
cell by modulating the activity of one or more effa molecules, including adenylyl
cyclases, phospholipases and ion chafhéfs In turn, the activity of these effector

enzymes and ion channels regulates the productiosecond messenger molecules,
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which elicit cellular responses by activating diffiet signalling pathways (Figure 1.4).
Examples of second messengers include cyclic AM®& iaositol-1,4,5-trisphosphate

(Insk).

o o (®) o o

Photons Ca?* Selaurs, Small engonous molecules .
Pheromones -nucleotides, nucleosides Proteins
-prostaglandins -TSH
- amino acids L
- peptides ) _FSH )
- interleukins
- chemokines

Figure 1.4: Schematic of the GPCRs signaling pathwayl he basic unit of G-protein-
coupled receptor signalling comprises three pagtsseven-transmembrane-spanning
receptor; a heterotrimeric G protein and an effe@dapted fron®).

The work presented in Chapter V of this thesis isted in preparing a GPCR, the
neurotensin receptor type 1 (NTS1), for future dig@eceptor interaction measurements
using single molecule approaches, with the aindtbta the knowledge base of structural

and functional properties of this membrane receptor

1.1.3.b Other 7 TM domain proteins

Over the past several years, evidence has emerg@dbiochemical and cellular studies

that heptahelical receptors can signal through cietbons with intracellular partners
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other than G protein % In some cases, these partners are known redeptoacting
proteins, such as arrestins and G protein-coupedptor kinases (GRKSs), which were
thought previously to be involved only in recepdesensitization. In other cases, they are
novel partners, such as Md" exchanger regulatory factor (NHERF) or the Homer
neuronal protein, which were not known previousty ihteract with heptahelical
receptors.

The work presented in Chapters Ill and IV studied ¢€lectrical properties of a 7 TM
domain protein, the light-sensitive archea protomp bacteriorhodopsin (BR). Although
BR is not a GPCR and does not interact with a ligéts action is mediated by the
isomerization of its chromophore), it is closelyated to visual rhodopsins, which are

GPCRs, and is used as a paradigm for this supdyfafinembrane receptors.

1.2 Introduction to molecular and bio-electronics

In the past 50 years, silicon devices such asittans have been developed, miniaturised
and increasingly integrated into numerous itemsduse a daily basis, from cars to
cameras or mobile phones. Miniaturisation occurthatinsulator level, which is a gate
oxide made of silicon atoms (Figure 1.5), and hasome the critical step when
developing new devic&s Reducing the gate oxide thickness is possiblé ti& layer
becomes so thin that it does not function as amlater anymore. It is predicted that the
semiconductors feature sizes will approach the cotde domain around 20302 It is
thus necessary to find alternatives, and usingtioimal biomolecules as a replacement of
silicon, “molecular electronics”, constitutes orfélee most promising optiofs

Molecular electronics consists in the encoding, imaation and retrieval of information
at a molecular or macromolecular level. This apginogontrasts with current techniques,

in which these functions are accomplished via gtiaphic manipulation of bulk material
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to generate integrated circuits. One of the keyaathges of this method is the possibility
to design devices on a residue-by-residue, if moteby-atom, basis while it is quite
unlikely that the lithographic approach can evedcle the level of control achieved

through organic synthesis or genetic manipulation.
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Figure 1.5: Schematic representation of a silicondsed device, and of the evolution
of the miniaturisation of silicon-based devices. aRepresentation of a field-effect
transistor, where applying a bias on the gate reldet results in an accumulation of
electrons on the opposite side. The semiconducor then become conducting and
current flows from the drain to sourde.Representation of the miniaturisation of silicon-
base oxide gate over the past two decades. Adapretf.

Liquid crystal displays (LCDs) represents one welbwn commercial success of

biomolecular electronics, demonstrating the potrf this new, hybrid molecular and

10



Chapter | — Introduction

semiconductor technologfy Bioelectronics is a subfield of molecular elentos that
investigates the use of native as well as modifteological molecules (proteins,
chromophores, etc) in electronic or photonic dexi€genetic engineering provides a high
level of control and manipulation of molecules, mak bioelectronics a promising
alternative to current techniques. Much of the entrresearch in the field is focused on

self-assembled monolayers and thin films, biosenand protein-based photonic devices.

One of the fundamental goals of molecular elect®nand bioelectronics, is the

realization of nanoscale devices in which very feweven better, a single molecule can
be used to transfer and process an electroniclsigna

The main challenge of this area is the assembth@imolecules into a transducer, such
as an electrode surface in a robust, controllalnié alectrochemically addressable
manner. Indeed, the small size (~1-6 nm) of preteamd their labile nature, constitute

some of the main challenges in molecular devicefyde

Pq

Cytochrome
Primary complex

acceptor @

2e”

Energy from
two photons
complex

Photosystem |

Two electrons

delivered Reaction

center

Figure 1.6: Electron transfer process during photognthesis Photon absorption by

the antenna generates an electron transport tleagires the two photosystems
embedded in the thylakoid membranes of chloroplastis results in the

production of ATP and NADPH which provide chemieald reducing power to

the sugar-making reactions of the Calvin cycle féei fronf®).
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Redox-active proteins are a group of nm-sized edacshuttles involved in numerous
fundamental biological processes, notably in phetthgesis (Figure 1.6). Understanding
the electron transfer mechanisms occurring withiesé proteins has become a major
research subject for the past two decades. Thedesthave been performed on a variety
of proteins, such as cytochrome c and azurin,Xanglé&®.

Cytochromec and azurin are single electron shuttles foundukeeyotic and prokaryotic
electron transport chains, respectively. Cytochrernentains an iron redox centre while
azurin contains a copper redox centre. One impbgaimt about these two proteins is
that they both naturally contain surface cysteiasidues, which allow their surface
confinement on gold electrodes by forming self-agtded monolayers. The cysteine
residues also ensure a homogeneous and functioigadtagion of the protein layer.
However, although redox-active proteins presentattieantage of performing efficient
electron transfer at the nm scale, they also irevalxidative phosphorylation, bacterial
electron transport chains and mitochondria. Anotesue that needs addressing is the
stability of the proteins out of their native emriment, and their capacity to maintain an
effective electron transfer once fixed between tebeles. One alternative system,
involving no other biological component but thetpin itself, is a proton-pump found in
the membrane of the extremophilic arclitsdobacteriumsalinarium bacteriorhodopsin.
Bacteriorhodopsin represents the simplest natumigting photosynthetic system. It
mediates a proton transport, not an electron tearasf seen previously, and is stable over
a wide range of environmental conditions. This @irois the main subject of this thesis

and the details of its study can be found in Chagteand IV.

1.3 Metal-molecule-metal (mMm) junction constructiom

The central step towards a configuration capabbsséying the current passing through a

molecule is the immobilisation of the species bemvelectrodes,e. the construction of

12
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a metal-molecule-metal (mMm) junction or, more geflg, conductor-insulator-

conductor.

1.3.1 Physisorption and chemisorption

Sample immobilization on the electrode may be peréml through physical

(electrostatic, hydrophobic) or chemical interact{Bigure 1.7).
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Electrostaticinteractions Chemisorption (e.g. via thiol bond) Hydrophobicinteractions

Figure 1.7: Schematic representation of different pssibilities for sample adsorption
onto a gold electrode.Fixing the molecule of interest between electrofestal-
molecule-metal junction construction) constitutesritical step in molecular electronics.
Common means of sample immobilisation are based pbysical (electrostatic,
hydrophobic) interactions with the gold substrateghemisorption.

Covalent chemical bonds are strong, with, for eXamg chemisorption enthalpy for Au-
S bonds in an alkanethiolate monolayer on gold 26kld/mof°, and provide a well-
defined anchor point, orienting the molecule hormegeisly on the electrotfe Gold is

chemically inert, conducive to surface assemblyd anlphurs can be engineered into
organic or biological molecules with relative syetibh ease: gold-sulphur bonds are thus

widely used for mMm junction construction.

13
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1.3.2 Self Assembled Monolayers

Gold electrodes can easily be coated with thiolatednolayers that present a
functionalised end, making these an attractiveoopfibr engineering molecular junctions
when the molecule of interest is lacking thiol grsu

In 1983, Nuzzo and Allafareported for thdirst time the formation of self-assembled
monolayers (SAMs) of thiols and disulfides on gdldl. SAMs are ordered and
chemically stable two-dimensional assemblies foringdhe spontaneous absorption of
surface-active molecules onto a solid. A typicafface-active molecule consists of a
head group, involved in strong interactions witle thurface, a molecular backbone
responsible for the 2D organisation of the SAM agilftating lateral interactions with the
backbone of contiguous molecules, and a tail grdefermining the chemical properties
of the assembly. The tail group is involved in foactionalisation with molecules of
interest. Inter- and intramolecular interactionghini the assembly determine the stability
of the SAM. SAMs presents the advantage of forngirfgpmogenous coverage on gold,
and more particularly, they can be easily functieea with molecules of interest
through chemical reactions. One drawback in usifgM§& for mMm junction
construction lies in the fact that they insulate tolecule of choice from the electrode by
introducing an additional tunnelling barrier, meanthat they must be of suitable length
and of high conductivity in order to allow sign#iat tunnelling currents to flow. Large
molecules, particularly proteins, can be oriented the interactions of their
hydrophilic/hydrophobic or charged components wvittie monolayer end groufis a
factor that can, as with orientation through chemgton, greatly affect the electron
transfer efficiency between molecule and electr@&i&Ms have been studied for their
potential molecular electronics applications, sastthemical sensors, non linear optical
materiaf*, microelectronics and computer technof5g§; The most popular SAMs-
forming molecules are alkanethiols, which absodnggneously on the metal surface and

form highly ordered array$* and are commercially available. Coating a goldase is
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easily performed by immersing the substrate inthiete solution of thiol or disulfidg.
SAMs are formed by the oxidative addition of théd3ond onto gold, followed by a
reductive elimination of hydrogen and resulting tire creation of the gold-thiolate
specie$"

R-SH + Ay’ => R-S-Au" + % H + Au,.,°

Source #"?‘r‘ Drain

Oxide

b

Me‘rﬁ- d

. particle

Au Apdds Ay

Electrode r Electrode

Substrate

Figure 1.8: Example of alternative configurations used for metamolecule-metal
junction construction. a. the molecule of interest is trapped betweettreldes separated
by a molecule-wide gap; b. a metal particule isduee bridging both electrodes; c. the
molecule of interest is bridged between two goldigies (adapted froff.

1.3.3 Alternative means of mMm junction constructio

Some successful alternative configurations usadatecular electronics are presented in
Figure 1.8. These include a single molecule bridgetiveen two electrodes with a
molecule-sized separation (Figure 1.8 a), usingetahparticle for bridging a relatively

large gap between two electrodes (Figure 1.8 bdheiformation of a dimeric structure,
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consisting of two gold particles bridged with oneletule. The common issue with all
these method is that it is impossible to ensurg onk single molecule will be trapped in

the system.

In this thesis, metal-molecule-metal junctions ¢ardion is achieved by both
chemisorption of the molecule of interest onto &l gubstrate through a thiol bond, and
by using the gold-coated probe of a conducting-pratomic force microscope (C-AFM).
Scanning probe microscopy technigues (SPMs), dextrin details in Chapter I, are

used here both to create the molecular junctiont@apdobe its electrical characteristics.

1.4 Electron transport in metal-molecule-metal juntions

The majority of the results presented in this thesére obtained from the study of the
electronic conductance behaviour upon illuminatioh a photochromic membrane

protein, bacteriorhodopsin, at the single molecatale after partial delipidation

(Chapters 1ll and 1V). Gold-molecule-gold junctiomgere assembled and studied by
current-voltage spectroscopy: these processedavitlescribed in the following chapters.
Beforehand, it is important to understand what esee acquired.

There are two types of electron transfer, althobgth types present common grounds:
one consists in the electron tunnelling to an actoentre and remaining there
(electrochemistry), and one where the electronuimelling through an active centre
while passing between electrodes (mMm junctions).

Electrochemical techniques (cyclic voltammetry grtibtocurrent measurements) are
used here for the qualitative determination of enrtvoltage behaviour upon illumination

in a resonant mMm system (bacteriorhodopsin), &m@, slighter level, for determining

the photocurrent characteristics of this system.
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1.4.1 Direct electron transport through moleculesri mMm junctions

The invention of scanning probe microscopy (SPM$n&ues enabled direct atomic-
scale measurements to be made, such as of tumgneltotron transfer within an mMm
junctions. There are two categories of electramgfer occurring at the junction level:
non-resonant - or direct - tunnelling, charactetribg a straight flow of electrons from
one electrode to the other through a dielectria egsonant tunnelling, in which a
potential well located within the dielectric enhaathe electron transfer.

In classical physics, at the macroscopic scalearicke such as an electron with a low
energy cannot traverse a potential energy barrfehigher energy (Figure 1.9a).
However, at the nanometric scale, the wave-pardal@ism may allow this electron to
traverse the barrier by tunnelling effect: if thergle is given enough energy, part of it
cannot get through the barrier, but a small pait wfll be transmitted across the barrier
(Figure 1.9 b). In STM, a voltage is applied in erdo provide the electrons with the
energy required to traverse the barrier, resulimg tunnelling current being detected.

The height of the barrier can be averaged as thk fuaction of the sample and tip:

(I) =% ((I) sample+ (I) tip)

The relation between the tunnelling current anddgdie distance between the tip and the

sample in STM can be obtained from the followingaggpn:

I =xpepsexp (-Kd¢ ™)

where¢ is the average work function of the probe and $antpis the distance between
the probe and the sampl|g,et ps are the respective densities of states of the paoioe
sample, and and k are constants.

Whether looking at resonant or non-resonant elacttmnelling, the current-voltage

spectrum gives crucial information about the jumctielectronic behaviour. The
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following section will describe the Simmons modaked for analysing elementary

tunnelling current between two electrodes.
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Figure 1.9: the concept of tunnelling in STM aln classical physics, a particle with low
energy cannot traverse a potential energy barfibigher energyb. In quantum physics,
if the particle is given enough energy, part ofvili be transmitted across the potential
energy barrier, while the other part is refleciedchematic of the potential energy of an
electron incident from the STM probe. In the barriagion (green), the wave function is
exponentially decaying. In STM, an applied voltag®vides the electrons with the
energy required to traverse the barrier.

1.4.1.a Current-voltage (1-V) spectroscopy

In C-AFM, the voltage bias applied between theatiyg substrate when performihy
spectroscopy may be either kept constant or altekpgdlying a voltage bias results in
moving the positively biased electrode’s Fermi ggedlown by the amount of applied

bias relative to that of the negatively biased tetete (Figure 1.10). If the molecular
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medium between both electrodes allows it, electaamsthen flow from the full states in
the negatively biased electrode to the empty stmtabe positively biased electrode.
When recording-V spectroscopy scans, an increase in the applisdiillaresult in more
states being overlapped between the Fermi enesfjibg electrodes, and thus, in a larger
current being detected. This is then shown ondberded-V spectrum.

I-V spectroscopy has been used extensively in thigsthesinvestigate the electronic
behaviour upon illumination of the photo-sensitpreton pump bacteriorhodopsin at the
single molecule scald:V spectroscopy usually consists in sweeping the bidtage
linearly between two values over a short periodiroé. This can induce a charge build-
up or other unwanted effects, but if these arerotiat, thel-V spectra obtained are of

great use in the characterization of the electrproperties of molecular species.

1.4.1.b Direct electron tunneling through an insulator: the Simmons Model

The phenomenon of quantum mechanical tunnellingearifrom the solution to the
Schrédinger equation for particles incident on aeptial barrier; there is a non-zero
probability that a particle with less energy tham energy barrier height penetrates
through to the other side. In 1963, John G. Simnmridished a formulation describing
the current between two conductors separated bipalielectric insulatd?.

Conditions of the Simmons formulation include a penmature low enough to ignore
thermal excitation across the barffet’ Figure 1.10 is a representation of the Simmons
model, and shows the electrode and barrier eneggiegjuilibrium, as well as when a
voltage bias is applied. Prediction of thé/ behaviour in the Simmons model
approximates the complex energy barrier by a rgetian potential spanning the insulated

gap between both electrodes.
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ARca] barrier A

Rectangular
approximation

Energy

Figure 1.10: Schematic representation of tunnellingbetween two electrodes
according to the Simmons modelThe complex energy barrier is approximated here by
a rectangular potential spanning the insulatedbgaween the electrodes (Thanks to Ben
Peters for this representatiodWhen no bias is applied: the Fermi levels of both
electrodes have the same enelgyWhen a voltage bias is applied: the Fermi enefgy o
the positively biased electrode is shifted downwarithe electric field is assumed to drop
linearly across the dielectric. Inset: Predicteghmidal dependence of current towards
the applied voltage according to the Simmons model.

The theory assumes that electrons tunnelling thr@rginsulator are confronted to three
parameters: the energy barrier heiglfin volts), its lengthL, and an asymmetry factar
which measures the different drops of potentialuodeg at tip and substrate levels.
Depending on the voltage bislsapplied across the electrodes, the formulationstakes

of its possible forms:

- First, in the ‘low bias’ region nedf= 0 the current densifyis related tov by:

3°y/2mgp

oL V expl[ - (4r) 2mg/h)L]
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wherem s the electronic effective mass. This simplifies £ KV exp($L), whereK is a

constant and is the tunnelling decay constant, a measure ofpteetrability of the
barrier (80 \/&). It can also be noted that ndar 0 the tunnelling current is linear with

respect tov/.

- Then, at ‘medium voltages’, defined ¥s< ¢, the current depends on the applied bias

as:
= %Lz{((b —aV) exp[ -K( —aV)"] — (6 + (1 —0)V) "}
4nL i
where K= o (2meY

In the medium voltage regime the tunnelling curfgas a sigmoidal dependence on bias
(Figure 10). This form of the model is often usedestimated, L and o in metal-

molecule-metal junctions by fitting to the measucedent-voltage curves.

1.4.2 Resonant tunnelling in mMm junctions

The Simmons model described above is used whemétal-insulator-metal system can
be approximated by a featureless barrier betwedn ddectrodes. However, in practical
(molecular) electronic, configurations of the etent are affected in a more complex
way than for direct tunnelling. For example, ifamow potential well exists between the
electrodes, electrons may tunnel in to it, resmleaf finite amount of time in one of the
allowed states, and subsequently tunnel out adgaiitching and negative differential

resistance (NDR) are the two most commonly obseplathomena iV spectroscopy.

In switching, I-V spectra are characterized by a rapid increase rirerduat a certain

applied bias before levelling out, while an NDR sists in an increase in current
followed by a subsequent decreasecurrent while the applied bias is increasing.
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Modulation of these phenomena is the centre ofsistor-like configurations (resonant
tunnelling devices — RTD), and also provides infation regarding the tunnelling

mechanism that is taking place.

1.4.2.a Resonance in molecular configurations

The main characteristic of semiconductor RTDs & pinesence of an electronic state
within the insulating dielectric barrier through st the electronic charge tunnels. RTDs
are fabricated with very thin barrier layers, id@r to provide an efficient tunnuelling
into the well. Single redox molecules trapped metal-molecule-metal junction offer an
analogue to semiconductor devices in that the redoxre is able to accept electrons of a
certain energy. The electrons must tunnel distaméesanometres in length from an
electrode, through the intervening insulating molac matrix to the active centre, and
out again. A significant number of molecular scstiedies have now been made which
demonstrate characteristics associated with resonemmelling. The exact nature of
electronic behaviour on its course between thetreldes is the subject of some debate,
and one of the key issues is that of residencénenrolecular orbital, as to whether the
molecule does get reduced. Electronic transporhiim junctions can be divided into
two categories. If the electron does not reduce rtftidecule and simply uses the
molecular states as a pathway for efficient tuimglithe transport is called ‘one-step’.
Alternatively, if the molecular redox state becomeduced, and is subsequently oxidized
so that the complete transport between electrodesrs, the situation is then labelled

‘two step’.

1.4.2.b Current-voltage (1-V) spectroscopy in resonant SPM configurations

As mentioned previously, the presence of a stradgtween the electrodes can lead to

an electronic behaviour above the monotonic ineréaghel-V spectra obtained for a
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featureless barrier. Regardity spectroscopy performed on mMm junctions using C-
AFM, the bias at which one expects to see speapisdeatures depends on two things,
the energy of the molecular states relative toReemi levels of the electrodes, and the
energy of any peaks in the electrode density aésteSince there is no absolute potential
control in the C-AFM setup, the energy of the malac states is fixed relative to the tip

and substrate and the bias position of spectrosdeatures is also expected to be fixed.

1.5 Aims of the thesis

The work presented in this thesis investigatesube of scanning probe microscopy
techniques (SPMs, described in Chapter Il), togethiéh numerous biophysical and
electrochemical methods, to study two 7 TM domaiatgins at the single molecule
scale. Scanning probe microscopes use a sharp pinabas raster-scanned over the
sample under constant feedback and, dependingeomittroscope, provide information
on the topography, surface potential, current ogmeéic field of the sample. Atomic
resolution can be obtained on solid surfaces, nga&RM techniques valuable tools in
material sciences. SPM experiments can be performaid or liquid environment and do
not require any prior treatment of the sample, saagleoating or staining and are thus of

big interest for studying biological samples.

SPMs have first been used here for studying thetrelgic properties of the light-sensitive
retinal-bond archae proton pump bacteriorhodop8R)( The protein, described in
Chapter Ill, has unique physical and chemical prige that make it an attractive
material for developing molecular devices. All yporis studies, to the best of our
knowledge, have only been performed on the pratembedded within the membrane.
Here, partial delipidation of BR coupled to a urggand strategically located mutation

(“BR¢ys’) are expected to provide a facile, robust anérmged adsorption of the protein
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on gold electrodes. The work presented in chapitéoduses on surface characterisation
and has for objectives to:

- ascertain the best protein deposition techniguegold so as to maximise surface
coverage (AFM and KFM imaging)

- determine the anchoring role of the mutation, parad to wild-type BR (SPR,
electrochemistry: reductive stripping voltammetry)

- confirm the homogenous orientation of isolatémérs of BR,s on the gold

electrode (photocurrent)

The next step consists in measuring the electrpnbperties of the protein, and in
particular, in attempting to detect for isolatedhtrs of BR the shift of conductance
upon illumination that has been previously reporfed BR embedded within the
membrane. The work presented in chapter IV thusdradbjectives to:

- measure the current detected for goldsBBold molecular junctions upon

successive illuminations, towards an applied K&&EM)

- assess the wavelength-specificity of the phenomé@-AFM, KFM surface potential
measurements, photocurrent)

- ascertain the crucial role of the retinal chrohmme in the photon-induced response of

BR.

Scanning probe microscopy techniques also offer plossibility to make force

measurements. This function can be used, for examphe case of biological samples
for protein unfolding or measuring protein-ligandteractions. Chapter V presents
another 7 TM domain protein, the neurotensin reweptpe 1 (NTS1). The peptide-
ligand of NTS1, neurotensin, is a brain and gastestinal peptide acting as a
neurotransmitter in the central nervous system arftormone in the periphery, and
involved in a wide range of diseases such as codmter or Alzheimer’s disease. The

aim of this project was to prepare NTS1 samplesfdture ligand-receptor interaction
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measurements, and consisted in the purificatiofND81 expressed iik.coli and its
reconstitution into 100 nm brain polar lipid (BPLposomes. Initial AFM imaging
characterisation of the liposomes prior and follagyNTS1 reconstitution was performed
as a prelude for ligand-receptor interaction stidiecluding high resolution imaging,

force spectroscopy and solid state NMR approachéh, the ultimategoal of new

ligand design.
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Chapter Il — Experimental details

2.1 Introduction

In this chapter the various instruments, methodbktanhniques used to acquire the data
presented in Chapters Ill to V will be outlined.eTmost fundamental techniques to this
thesis are the scanning probe microscopes (SPMdbamthods, and relevant sample
and probe preparation methods will be detailed. idalthl surface characterization
techniques such as SPR, ellipsometry and cycli@nohetry will also be described. The
final section of the chapter will give an outliné the programming that was used to

analyze data.

2.2 Scanning probe microscopes

Scanning probe microscopes were first developed9®l at the IBM laboratories in
Switzerland by G.Binning and W. Rohrer, who wereaaded the Nobel Prize in 1986.
The basic principle consists in obtaining topogiealh electronical or potential
information about a sample by scanning a sharpugr the specimen surface under a
piezoelectrical feedback loop (Figures 2.1 and.2SM techniques have become
invaluable tools for surfaces characterisation teheir very high resolving power
(Angstrom resolution in the lateral and verticaredtions is achievable for solid
surfaces), and to the possibility to image the daraprface while measuring its physical
properties. Indeed, one can measure parametersasutiie surface conductivity, static

charges distribution, local interactions, elastmduli or magnetic fields, at the same time
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as topography images are acquired. SPM techniquesthais used extensively in
engineering as well as for physical, chemical amalobical studies, and played a
significant role in the recent rise of nanotechggloThey are of particular interest for
studying biological samples, indeed, as studies lwarcarried out in solution, under
physiological conditions, under flexible, contrdilla conditions and do not require any
prior treatment of the sample such as coatinganisig. Among numerous applications,
SPM has been extensively used for the characterisat bioelectronic interfacés> the
study of membrane proteil8® and protein-protein interactiois®®* Since the first
SPM developed by Binning and Rohrer, several vésiahthe technique have since been
developed and now allow the characterisation of erouns physical and electrical

properties of the sample (Table 2.1).

Scanning Probe Microscopes - SPMs

Scanning Tunneling Microscope — STM (1981)

P | \

Scanning Near-field Optical Atomic Force Microscope — AFM (1986) Scanning lon Conductance

Microscope — SNOM Mianetic Foros Miaossope - MFM Microscope — SICM

Scanning Capacitance

Photon Scanning Tunneling Electrostatic Force Microscope — EFM Microscope - SCM

Mi cope - PSTM )

eroscope Shear Force Microscope - ShFM . .
Scanning Chemical

Potential Microscope —

SCPM

Scanning Thermal
Microscope - SThM

Table 2.1 The scanning probe microscopes family.

2.21ST™M

Scanning tunnelling microscopy (STM) was the ftesthnology commercially available

amongst all scanning probe techniques, in 1984.tkerfirst time, it was possible to
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image individual atoms of a surface; indeed, ardhteesolution of about 1A and a
vertical resolution of up to 0.0lnman be achieved. The basic principle consists in
bringing a sharp metallic tip (Figure 2.1) in clgz®ximity (a few A) to a conductive
sample, and measuring the electric current (0.0108nA) flowing between the tip and
the substrate when a voltage bias is applied. Guoan flow from the STM probe to the
sample although the probe is not in physical cdantatt the specimen: this phenomenon
is called electron tunneling he tunneling current observed is exponentiallyathelent on
the tip-to-sample distance, providing a high vaittiesolution. By scanning the probe
across the surface, a map of the sample currenbeaenerated with a resolution in the

order of atomic distances.

£ oontrol
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Currenl
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Figure 2.1: Schematic representation of the princifg of an STM. A sharp metallic
probe is brought in close proximity (a few A) obample and detects the topographical
and/or electronic properties of the sample. Unkloene other SPMs, the STM probe
never gets in contact with the sample (adapted®fjom

An STM image cannot be interpreted as a topograptap of the sample since the
tunneling current is influenced by the lateral aedtical variation of the electronic state
density of the surface: an STM image is an imag&efsample’s charge density. STM

can be used in ultra high vacuum, air or liquidienments. The technique was briefly
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used in this thesis for imaging the photosensitik@ein bacteriorhodopsin adsorbed on
gold (Chapter lll) prior measurement of its elentcocharacteristics (Chapter V).

While STM has the advantage of providing extrentgfjh resolution data, it is restricted
to conductive samples and is, therefore, not apipléc to insulating surfaces such as
biological specimen. Following the invention of STMinnig and Quate, joined by
Gerbef®, developed a related system, the atomic forceasimpe (AFM), in order to
overcome this issue. Instead of monitoring a tumweturrent, AFM works by detecting
the z-motion of a microfabricated cantilever-mounstylus brought in contact with the
sample, as described in details below. Other sogrmiobe microscopes variants include
the Kelvin-probe AFM (KFM), for measuring surfaceotgntials, and scanning
electrochemical microscopy (SEM), for mapping afesee electrochemical activity. In
addition to these variants, SPMs can be coupledth®r analysis tools, such as
fluorescent microscopy, electrochemistry or surfaleemon resonan®?®. In this thesis,
scanning probes techniques are used as surfacgsiant@lols, but predominantly as an
integral part of molecular junctions constructiovhere both the probe and the gold
substrate act as electrodes sensing the moleqéares trapped in between. Such metal-
molecule-metal (mMm) junctions present the advamtafybeing well defined, with a
high level of external control achievable over thémough the feedback loop of the
microscope. These specificities make them invakiabbols for the reliable
characterisation of molecular properties, and destnate that molecular devices are
practically feasible. Chapters Ill and IV of thisesis focus on the creation and the
characterisation of mMm junctions between the lggnsitive archae proton pump
bacteriorhodopsin, and the gold probe and substfateconducting-probe atomic force

microscope (C-AFM).
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echnique disadvantages

X-ray crystallography -atomic resolution -well ordered 3D
crystals are required
-absence of phases
nuclear magnetic resonance -atomic resolution -requires large amounts
-information about of protein
protein dynamics -fequires protein
labeling
-problems with large
molecules (=40 kDa)
electron crystallography -resolution range from -requires well ordered
nanometers to atomic 2D crystals
resolution -technically difficult
electron microscopy -study of large -resolution limit ~5A
conjx‘;rJlex&s 2 -problems with small
-study of interactions molecules (<100 kDa)
between single
particles
atomic force microscopy -investigations under -only surface information
native-like conditions -protein must be
-single molecules can ummobilized on a
be addressed substrate
-resolution range from
pm to atomic scale
-time resolved
information can be
gained
light microscopy -whole living cells can -resolution himit 2./2 =
be studied ~200 nm
-resolution range from
mm to nm scale

Figure 2.2 Comparison of the AFM properties with those of othe major techniques
(adapted frort? ®%).
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2.2.2 Atomic force microscope

As mentioned above, AFM has been developed in dalevercome the main issue of
the scanning tunnelling microscope, which can dmyused on conducting specimen.
Though both techniques are very similar, their mdjfierences will be highlighted here.
In AFM, the probe is located at the end of a fléxibantilever. The basic principle is that
the local attractive or repulsive forces establishetween the tip and the sample result in
the bending (deflection) of the cantilever towaodsaway from the surface (Figure 2.3).
A laser beam is focused on the back of the camtiland is reflected on a mirror and then
onto a photodiode detector. When scanning the sampface, any small bending of the
cantilever results in a different reflected anglgéh® laser beam, which is thus reflected
on a different part of the detector.

The photodiode is made of four quadrants (Figudg, 2llowing the position of the laser
to be determined in two directions. Comparisonhef signals obtained from the top and
bottom halves of the photodiode provides data albeat vertical deflection of the
cantilever, which corresponds to the interactiorcds. Lateral displacements of the
cantilever are analysed by comparing the left aglt halves of the photodiode. The
laser alignment at the centre of the detector (@5ition) before starting an SPM
experiment is a crucial step in order to obtairal#é results. Indeed, the laser position on
the photodiode before starting an SPM scan is asethe position of reference by the
microscope controller to process all laser devetioccurring during a scan; a misaligned
laser would result in blur images or noisy spectra.

During operation, the sharp tip is brought in conhtaith the substrate and raster-scanned
over a small area of the surface in the “x-y” pldiyea scanner made of piezoelectric
ceramic. The piezo material changes its geometrgnwh voltage is applied: it can

expand or retract, in a controlled manner, dependm the polarity of the applied bias.
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The maximum scan size varies according to the mofdglezo but is generally about 100

um (1024 data points per line, +220 V to -220 V).

% feedback loop

laser

tip

mirror

a b
piezo scanner c d
- sample
photodiode

scanner

Figure 2.3: Principle of an atomic force microscop€AFM). The sample is scanned by
a tip located on a flexible cantilever on whichaadr beam is directed. Every feature of
the specimen detected by the tip results in a tewiaf the laser beam reflected by a
mirror onto a photoreceptor, and is recorded armtgssed to provide images of the
sample surface. During an experiment, the tip-topa distance is adjusted by a
feedback loop that prevents from damaging the sampd the tip. The picture shows a
Multimode AFM by Veeco (Bruker).

Additional piezoelectric crystals in the “z” diremt, known as the z-piezo, controls the
tip-to-sample distance and is connected to a feddlmop (the precise control of the
probe position in the X, y, z directions make 3[agimg possible). This feedback loop
attempts to maintain a constant interaction foreevben the probe and the substrate,
called the “setpoint”. If the tip-sample interactiobecome lower than the setpoint, the
system will act to adjust the tip position closerthe surface, and vice-versa for tip-
sample interactions that become higher than thmdt

Cantilevers with spring constants ranging from 8.0 40 N/m are commercially
available, allowing most samples, stiff and smodthbe imaged. In AFM, like in all
scanning probe techniques, samples can be studigdlition, under native conditions,
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and over a wide range of temperature. Its pagrtulhigh signal to noise ratio and

nanometre scale control, coupled with its ability inage, measure and manipulate
samples to provide 3D representations of surfagese it an ideal tool for probing

biological structures.

High resolution imaging can thus be obtained fang cell$* or plasma membraffe®®

as well as for single molecules such as prot&iisr DNA™. The microscope’s detection

sensitivity of forces in the pN range makes it kabde tool for measuring mechanical

properties such as molecular interactions via dyaéonce spectroscopy

2.2.2.a AFM imaging modes

AFM imaging can be performed in three major modss;h varying by the type and
duration of the probe-sample contact (contact,rimitéent contact, non-contact). Many
secondary modes have been derived from the majes doonducting AFM, force
modulation imaging, scanning thermal microscopys..et but only contact and
intermittent contact imaging modes, as well as aetidg AFM, which have been used

here, are presented below.

2.2.2.a.i Contact mode imaging

In contact mode AFM imaging, the probe is consyaimticontact with the sample while
scanning its surface, which provides data withhlgest resolution. This is the typical
mode where the piezo determines the nanopositioointhe probe according to the
deflection of the cantilever. Cantilever used imtaact mode are usually soft cantilever,
with spring constants inferior to 0.5 N/m and remunfrequency values of about 8-12
kHz. Vertical deflection of the cantilever is manitd, so the compression of the sample

is limited. However, although a feedback is contbyasmpplied, this mode increases the
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risk of damaging the sample and/or contaminatirgtijp apex due to the lateral forces

applied as the tip moves across the surface.

2.2.2.a.ii Intermittent-contact (“tapping-modeTMithaging

Another way of imaging soft and fragile samples leslieducing the risk of damaging
both the specimen and the probe, is to scan thiacguintermittently, with an oscillating
tip. The lateral forces are then much lower andEnAFM imaging to be performed on
samples that are not tightly adsorbed on the saflestwithout displacing them during the
scan. This mode is called “intermittent contact§oaknown as “tapping mod&’, a
trademark of Veeco. In intermittent mode, the §mot in contact with the surface for
most of the oscillation cycle.

It is possible, by applying an alternating voltagethe piezo, to drive the cantilever
frequency close to its resonant frequency, and¢@age the surface with the vibrating tip.
Here, instead of measuring the tip-surface intevastby the tip offset (which is now
impossible as the tip is vibrating), motion in thedirection is regulated from the
amplitude oscillation of the probe. When approaghhre sample, at the beginning of an
experiment, the tip is allowed to vibrate freelytium interacts with the surface. Then, the
amplitude is reduced by a combination of energgigiion and a shift in the cantilever
power spectruffi (the need to detect this shift is the reason fivirdy nearand nofat the
cantilever resonant frequency, so that any sigmificchange in the amplitude can be
observed). An amplitude setpoint is thus set amt kenstant by the z feedback loop.
Stiffer cantilevers are generally used for intetemt mode imaging, especially in air and
usually have spring constants higher than 10N/mrasdnant frequencies ranging from
200 to 400 kHz.

During an AFM experiment in intermittent contact aeg the cantilever is driven at a
specific resonance frequency: depending on theiilgagpnditions, there will be some

phase shift between the drive amplitude (appliethéopiezos) and the lock-in amplitude
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(measured from the detector). Most contributionshis phase shift are independent of
the sample position and will not change over asedrmage.

The part of the phase shift that is due to thessimple interaction can show contrast
between parts of the sample. This phase shift eaméasured and displayed in a “phase
image”; the height and phase images are colledtadltaneously In some cases, and in
particular for flat samples, the phase acquisifioovides details about the sample that

were not detected in the height image (Figure 2.4).

height image phase image

Figure 2.4: AFM height and phase images of a samaraple obtained in tapping
mode; during a same scan, different features of the sangph be highlighted by
different types of imaging (adapted from JPK Narmaril handbook v.2.2).

2.2.2.b AFM imaging constraints

The major factor determining AFM imaging resolutiisnthe size and shape of the tip.
AFM probes are usually made from silicon or silicoitride, using a batch etching
process. The radius of curvature of the end oftifhevill determine the highest lateral
resolution obtainable with a specific tip. If thp timensions are close to or larger than
the sample features being imaged, then the topbgrapage obtained will be highly
influenced by the tip geometry. In such cases,féla¢ures will appear larger than their
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real physical size, a phenomenon called “probed®moimg” (Figure 15). When imaging
large samples such as live cells, probe broadésiggnerally not an issue since a typical
tip radius of curvature lies between 10-20 nm, ighér when a coating is applied to the
tip. The tip geometry becomes a limiting factor whettempting to image individual

organic or bio-molecules, or atomic structuresanynhigh resolution studies.

Probe Scan

P
L

True Feature Apparent Feature

E U

Figure 2.5: schematic illustration of the probe bradening phenomenonThe typical
radius of curvature of an AFM probe lies betwee20m, decreased down to 2 nm for
high resolution probes. If the tip is wider thame tsample features being imaged, these
will appear larger than their real physical sizphanomenon called “probe broadening”.

SPM probes are, by nature, dynamic systems. Irtiaddo any deliberate scanning by
the x-y piezo, there will be a mechanical driftthe system relaxes into equilibrium, a
phenomenon that can be directly observed as latetadaking” in images acquired

shortly after experimental set up. Leaving the esystfor some time, so it reaches
equilibrium, greatly improves the results althoutjiift can rarely be totally cancelled,

particularly when working at room temperature.

The ideal AFM probe would be long, in order to deameasurements of high features,
and of close-to-zero radius of curvature (i.e. hawguasi-infinite aspect ratio). Silicon,
“super sharp” tips having a typical radius decrdadewn to < 2 nm (5 nm guaranteed)
are commercially available and allow high resoltimaging to be performed. However,
such probes are fragile and the process of scatimgurface while imaging will lead to

blunting and/or fouling of the apex happening gaickhan for casual probes. The
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effective radius of curvature will thus progres$yvéncrease over the experiment,
limiting the imaging time performed at the highessolution. Sharper tips can also be

obtained by modifying the probes with carbon nabes} "

Figure 2.6 Example of AFM imaging constraints, showing probe antamination.
When the tip has caught a contaminant, either fteerambient air or a (hm-wide) piece
of sample, a same feature can be typically obseadlexver the image. When the imaging
environment has high level of ambient vibratiorisy Iparts appear on the image, just a
the sample location that the probe was scanninghvie noise occurred. Stopping the
source of vibrations (people stopping talking feample) results in an immediate return
to good quality imaging.

Another major constraint when using AFM, and alirsting probe techniques in general,
is the equipment environment: good vibration idolatis always required for SPM
experiments. Any loud noise or moving air will causbration, so the equipment should

be placed in a quiet room with few passing peapntel, away from doors and windows.

2.2.2.c AFM Force spectroscopy

AFM can be used in imaging mode and provide topugcal, electrical or potential
information about the surface, but it can also $edufor force measurements (AFM force

spectroscopy), with a detection sensitivity lyinghin the pN range of interactions.
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In this work, AFM force spectroscopy is used toed@ine the load applied to the sample
during contact mode investigations (Chapters Il &), but in advanced applications,
the technique is used to detect and characteriabodical events such as protein

982 or molecular recognitiort *®” Chapter V presents the reconstitution into

folding
liposomes of a membrane protein, the neurotensigpter 1, whose interactions with the
neurotensin peptide are planned to be ultimatelgistl using AFM force spectroscopy.
Unlike AFM imaging, which consists in scanning theface to collect information about
the sample, AFM force spectroscopy is performedallpcHere, the probe is gradually
moved towards the sample by the z piezo until mtacts the surface, and is then
vertically pulled back until there is no tip-samji¢eraction anymore. The tip approach
and withdrawal are major steps in the process anchave a great impact on the results,
they are thus precisely monitored. The speed apliegpload at which the probe enters
in contact with the sample is called the « loadiig » and is one of the most important
parameters in force spectroscopy.

Force measurements in AFM are obtained as fords, o force spectra. An AFM force
spectrum is a plot of the deflection of the cawtleagainst z distance (Figure 2.7). It
should be read from left (tip approaching the stgfdo right (retracting stage):

- during the approach process, the probe is fan ftte surface and does not interact with
it: there is no deflection of the cantilever and tbrce spectrum is thus flat (point 1 on
Figure 2.7).

- when the probe is close enough from the sampi@ctive Van der Waals interactions
occur: probe-sample contact is established (2).

- probe-sample contact results in the tip exeréingressure on the surface, and thus in
the deflection of the tip cantilever. This is shownthe force spectrum as a linear
increase in tip z position until it reaches a pnatiarily determined deflection threshold,

or setpoint (3).

38



Chapter Il — Experimental details

- the tip is then progressively retracted, resgltma decrease of the cantilever deflection,
which comes back to an horizontal position (4).

- If no other interactions occurred, the probeubyfretracted and the cantilever comes
back to its initial position (Figure 2.7.1 and 2a9).

- However, when retracting the tip under ambienhditions, a water meniscus is

commonly formed between the probe and the suiffa@®e meniscus exerts attractive
forces on the probe while it is being retractedgative values of the deflection are
observed, showing the cantilever bends (4 to 5) te probe withdrawal pulling forces

overcome the interactions, resulting in sudden Missontact (5) and a return of the

cantilever to its initial position (1).

approach curve

retraction curve

(95 )

Cantilever deflection

Scanner extension

Figure 2.7: Schematic representation of an AFM fore spectrum The spectrum plots
the cantilever deflection against z distance upmb@ approach towards the surface,
probe-sample interaction and probe retraction, shmiild be read from left to right. The
different steps are detailed in the main text. Thgure is freely available at
http://www.freesbi.ch/en/illustration/.
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Similar force spectra are observed when measuniageip unfolding or intermolecular
interactions. In the case of ligand-receptor inteoas, for example, the receptor is
adsorbed on the surface while the ligand is boorttié tip, or vice versa. When the tip-
substrate contact occurs, it is likely that onendt several, ligand-receptor bond is
created. Force spectra resulting from the breasfrane single interaction will show one
negative deflection peak, as described earlierufei@.7). When several ligand-receptor
bonds are formed and then broken, successive ripltents are detected as successive

negative peaks on the force spectra (Fig 2.8.b.).

AR oA

Figure 2.8. Example of AFM force spectraobtained for antibody-antigen interaction
measurements when no interaction (top) or multipkeractions (left) are detected
between the antibody-coated probe and antigen-dsatmplé’.
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Regarding the meniscus force, it can be reducedrying the atmosphere with an inert
gas and/or dessicant, or by performing AFM undeidit conditions that completely

eliminate the meniscus effect with the added bemdfproviding a more physiological

environment for biological specimens.

AFM force spectroscopy will be used for studying tlgand-receptor interactions of the

neurotensin receptor 1 (NTS1) with the neurotepsyptide (Chapter V).

Metallic AFM
Probe e ' 1

Chemisorbed
Protein iy

Figure 2.9: Principle of the conducting-probe AFM C-AFM) The sample is adsorbed
on a gold substrate; the tip is conductive (goldted) A bias is applied to the tip, and
the substrate is held at ground potential. Curpasising between the tip and sample is
measured.

2.2.3 Conductingprobe atomic force microscopy

Conductive atomic force microscopy (C-AFM or CP-Afd a secondary mode derived
from contact AFM that characterizes conductivityri@gons across medium- to low-
conducting and semiconducting matefial€-AFM employs a conductive probe tip and
has a current range of pA id\. During operation, a DC bias is applied to theand the

sample is held at ground potential (Figure 2.9).iléVthe Z feedback signal is used to
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generate a traditional contact AFM topography imaige current passing between the tip
and sample is measured. C-AFM is also used to ctaiise molecular electrical
properties through its current-voltageM) spectroscopy function. In this thesis, the
technique has been mainly for detecting the currembning through gold-

bacteriorhodopsin-gold junctions as a functionlahiination, under an applied bias.

2.2.4 Kelvin Probe Force Microscope (KFM)

Kelvin probe force microscopy (KPFM or KFM) is ammally invasive SPM variant
that is used to map dynamically a sample’s topdgyramd its electric potential with high
spatial (nm) and electric (few mV) resolutibr’> KFM has been used on a variety of
interfaces, such as semiconductor surfacés solid state transistors ® redox active
monolayer¥, immobilised DNA strand ® and photoactive membrarfi&salthough

little has been reported regarding spatial resmiuit the molecular scale.

After the invention of the atomic force microscopg Binnig and Quate in 1986
Nonnenmacheret al. applied the Kelvin method using an AFM to deteuatface
potentials in 199%° The general principle of KPFM imaging is very #anto that of
AFM in non-contact mode, the main difference betingt probe is coated in a layer of
thin conductive metal, in this case gold, and tipehblder is modified so that it is
electrically grounded. During operation, the prabexcited by an electrical AC voltage
at the cantilever resonnance and a DC offset, dlitiad of being excited at its resonnant
frequency. The surface is then analysed using g&gs technique, known as Lift Mode,
in which each line of the sample is scanned twibe: first time for measuring the
topographical data, the second time to measursutface potential. Before the second
scan the tip is lifted a predefined distance abitwe surface, so that the topographic
features of the sample do not affect the potemi@hsurements. As the tip travels over

the surface for the second scan, it experiencesca fwherever its potential is different to
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that of the sample. A feedback then adjusts theoff€et applied to the tip until the

potential difference between it and the samplaulkfied.
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Figure 2.10: Schematic representation of the KFM-Lt Mode technique used to
image the potential surface of a samplé.he KFM probe is conducting, the substrate is
gold substrate on mica. The first pass, in intganit contact mode, provides
topographical data of the surface. The tip is thited a predetermined height before
performing a second pass to map the surface pakenti

A potential map of the surface can then be obtameglotting the offset value at each
(x,y) point. Previous applications of KPFM havediwed the study of surface potentials
of various samples including inorgalficand organic thin film$? as well as protein
layers® 1% It has also been reported that the KPFM is aleisdchnique for mapping
photocharge density variations in donor-acceptends$ at surfacE$ ' as well as
providing direct measurements of potential dropditferent source and gate voltages

1% n this thesis, KFM was used for bacteriorhodossudies (Chapter IV),
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2.2.5 Investigating mMm junctions by SPM

2.2.5.a Methods of contact

Whether scanning probe techniques are used forimgpag for spectroscopy there will be
some junctions formed between the probe and th&trsb. The tip and substrate provide
two electrodes, and the question remains on therenaf the contact established when
approaching the molecules adsorbed on the surface.

Spectroscopic studies where the probe is requectrmain static, like in C-AFM for
example, are best performed on target moleculesatiepacked on the surface. Indeed, if
the tip drifts during the experiment, it will thenove to another molecule of interest,
continuing to record data of interest, rather tttahare substrate. A further consideration
with direct probe-sample contact is that there barnvariation in electronic behaviour
between tips. Such variations can be detected Wforp@ng simple controls after
experimental set up, allowing any bad probe to iseadded. Direct measurement of
molecular electronics has been successfully apptiednumerous orgari¥ and
biomolecular system¥.

Another method for studying a mMm junction by SPvtd covalently couple the target
molecule to a conductive intermediate, such as gattparticles, and to probe this with
the tip. This is supposed to abolish the tip valitgband allows an easy visualisation of
the sample repartition on the surface. However, -spmtific adsorption of the
nanoparticles may occur, and the protective momolagually coating the nanoparticles
become part of the junction and add to the junatgsistance.

A last alternative for contact consists in modityithe probe with the molecule of
interest, and in engaging the ensemble on a bamglucting substrate. Although
meaningful results can be obtained, the methodgsaln the target molecule adsorption

on the very apex of the probe, which is a stocbastid poorly controlled process.
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Moreover, characterisation of the tip-sample cowypis far more complex than imaging
the coverage of the substrate. The use of thisitgol has been reported in the literature,
and successful applications include, for examgle,dlectronic examination of the blue
copper protein azurff. It has been briefly used in this thesisliW spectroscopy of

isolated trimers of bacteriorhodopsin (Chapter Wyt the direct measurement of
molecular electronic characteristics was prefergidyformed using a direct contact

between the probe and the protein adsorbed orutistrate.

Once the mMm junction has been formed, the nexofdo consider is how the junction
electronics will be characterized. SPM comprise@¢hmain techniques for determining
current switching or modulation in junction chamddtics: STM apparent height
modulation and-V spectroscopy, which can be applied to any moleagacimen, and
IE spectroscopy, which is related &/ spectroscopy and is used for characterising
redox-active systemsl-V spectroscopy will be briefly outlined here and Iwlle

developed in details in chapter IV.

2.2.5.b STM apparent height modulation

Alteration of the sample conductance due to vamatn its local environment will be
detected as a change in the specimen measured hgi§i M imaging. Indeed, a change
in topographic height or a change in the tunneléffgciency across the tip-substrate gap
will lead to a variation in STM tunnelling curreritherefore, an increase in the sample
molecular conductance will result in a larger meadiheight, and reciprocally when a
decrease of conductance is observed. STM appaedgitthmodulation has been used,
amongst other work, to show the conductance madulainder applied voltage of a
redox-active molecular hot wire. In this thesisMsinaging only has been used to image
the adsorption of isolated trimers of bacteriorhmgio on gold prior measuring their

conductance behaviour W spectroscopy upon illumination (Chapter V).
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2.2.5. cl-V spectroscopy

I-V spectroscopy consists in measuring the currenttieg from the sweep of a voltage
bias between the probe and the substrate. It iat@account the effects of high and low
inter-electrode fields, pointing in opposite difens across the gap at positive and
negative biases, and thus gives a global view ®tb#haviour of the junction. However,
sweeping the bias can lead to unwanted charge -bpjlgparticularly if the electron
transfer probability is low or if experiments arerformed in an ionic environment (such
as buffer). In some cases, it may thus be necessaapply high voltages in order to
observe events of interest, and this could altersthucture of the molecule or the nature
of the probe-sample contact (reduction of the Abe®d linking the sample to the
substrate, for example). In this thebig spectroscopy, performed via C-AFM, has been
successfully used to demonstrate the reversiblelsing of the electronic conductance of

bacteriorhodopsin upon illumination (Chapter V).

2.3 Non-SPM characterisation techniques

2.3.1 UV-vis absorption spectroscopy

UV-vis spectroscopy consists in measuring the sitgrof absorbance of a sample as a
function of a wavelength comprised in the nearawitvlet to visible light (200 « < 800
nm) spectrum. The technique is used for the quavit determination of analytes such
as biological macromolecules, for example, andeéhagde range of applications. It used
in used here for following the growth of cell cults by measuring the variation of
absorbance of the culture medium, and for duriegdiblipidation process of a membrane
protein (Chapters 1ll and IV) . The technique imgelly performed for samples in

solution, but can be adapted to transparent subsfras presented in Chapter IIl.
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2.3.2 Ellipsometry

Ellipsometry is an optical technique that is usednteasure the thicknesses of thin films.
Plane-polarized light is reflected non-normallynfr@a surface covered with a thin film
(Figure 2.11). The reflected light is ellipticalpplarized, and the difference between the
elliptical polarization parameters of a blank anflim-coated substrate can be used to
calculate film thickness from the Fresnel equatigmsviding a film dielectric constant

can be assumé&d.

Sample stage

Figure 2.11: Principle of ellipsometry The technique consists in analysing the change
of polarization of light, which is reflected off aample. Ellipsometry can vyield
information about layers that are thinner thanwaselength of the probing light itself,
even down to a single atomic layer (adapted t9m

Ellipsometry is used here to determine the thickessof bacteriorhodopsin samples

adsorbed onto gold and support SPR and imagingetedoverage estimations (Chapter

).

2.2.3 Surface plasmon resonance

Surface plasmon resonance (SPR) is an optical itpehiised to measure the adsorption

of molecules onto a metallic surface. SPR systet®cte changes in the refractive index
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of the surface layer of a sample solution in cantéth the sensor chip. At the interface
between two transparent media of different refvacindex (e.g. glass and water), part of
the light coming from the side of higher refractineex is reflected, while the other part
is refracted (Figure 2.12). Above a certain crltemagle of incidence, no light is refracted
across the interface and total internal reflecigoobserved. Although the incident light is
then totally reflected, an electromagnetic fieldnponent called the evanescent wave
penetrates a short distance (in the order of oneeleagth) into the medium of lower
refractive index. If the interface between both radd created with a thin layer of metal
(usually gold or silver) and the light is monochidio and polarized, then the intensity of
the reflected light is markedly reduced at a sjpedifcident angle, producing a sharp
decrease of intensity. This phenomenon is callethse plasmon resonaa(SPR), and
the incident light angle at which the decreasentdrisity is observed is called SPR angle
It depends on several factors, the most importauihe refractive index of the medium

into which the evanescent wave propagates.

Optical
detection unit

Polarized Reflected
light light
Sensor hip LN
with gold film =
P Rk ki N\

Flow cell

_ .

Figure 2.12Schematic of an SPR detectorThe light source is shone through the prism
on to the back side of a thin metallic (usuallydjotoating, and the critical angle is
monitored. Changes in the refractive index of thalge, through adsorption for
example, lead to a change in the critical anglectvlsian be monitored and used to infer
adsorption kinetics and/or surface coverage (addpet?.
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The refractive index of the medium is affected g surface concentration of molecules:
monitoring the SPR angle thus provides a real-tmsasure of changes in the sample
concentration on the sensor chip. The angle shifsn biomolecules bind to the surface,
changing the refractive index of the surface lay€he sensorgram is a plot of the SPR
angle against time, and displays the real-time nq@sgy of the interaction at the sensor
surfacé®,

The techniqgue has a variety of uses including dietecof surface binding events,
assessing stability of adsorbate layers to wasbinghe local potential environment
(when combined with electrochemical apparatus), atetermination of surface
coverag&™ Here it is used to demonstrate chemical bondfrigarget molecules to gold

surfaces and to calculate surface coverage (Chébter

2.3.4 Electrochemistry

Alternative characterisation methods of metal-malegunctions consist in assaying the
electroactive elements of the surface adsorbateghis thesis, two electrochemical

techniques, cyclic voltammetry and photocurrent sneaments, are used as controls for
surface characterization (Chapter Ill) and electrgmoperties measurements of mMm

junctionns (Chap 1V), respectively.

2.3.4.a Cyclic voltammetry

Cyclic voltammetry (CV) is used here as a reductr@oping method for assessing the
role of a cysteine residue in the stronger adsamptif mutant bacteriorhodopsin protein
compared to wild-type.

A typical electrochemical cell consists of threeotlodes: working, counter and reference
electrodes connected by an electrolyte which perioitic current flow to complete the

circuit. The reaction of interest is set on the kirmg electrode, while a balancing reaction
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IS set on the counter electrode (also called tidiaty electrode): a current is thus passed
between the working and counter electrodes. Thenpial of the working electrode is

monitored according to that of the reference ebeldwhich is set at a standard potential.
In CV the working electrode potential is swept betw two defined values back and
forth, while the current passing through the etmtgris recorded. When the working

electrode potential is swept towards the set valneslectron transfer reaction is detected
when the potential crosses the standard potewadgtion for example in the case of a

redox centre), indicating that the reaction hasiigiace.
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Figure 2.13 Evolution of potential with time (i) for a typical cyclic voltammogram
(ii). i. The potential is swept towards the initially satue, and its direction is switch
back to the initial value depending on the limifspotential and the sweep rate. (ii)
Resulting cyclic voltammogram of a redox centreaoted at a sweep rate of 10Vwith
rate constant 100 Thanks to Ben Peters. Points A to D are desciibbéte main text.

When the potential is swept back to its startingueathe opposite electron transfer
reaction will occur (reduction, for example) anawarent flow will be observed in the
opposite direction (Figure 2.13).0n the cyclic aofmogram (Figure 2.13 ii), the
separation between both current peaks dependsegootiential sweep rate and the mid-
point between the peaks provides an estimate oftidnedard potential of the electron

transfer reaction; from this, parameters suchhasetectron transfer constant rate and the
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nuclear reorganization energy can be estimated.diffexent reactions occurring during
CV performed on a redox centre can be describedliasv: A: At the initial potential
value, set below the reduction potential of thdame specie, the redox centre is reduced
(red circle). B: As the potential increases towapdsitive values the empty electrode
energy levels draw level with the molecular levahd the active centres begin to be
oxidized. C: at high enough positive potentials] anfficient time for electron transfer to
occur, the majority of surface species are oxidifdas the potential is swept back to its
initial value, i.e. towards negative values, thevaccentres are reduced, until the original
situation at A of a fully reduced monolayer is riegal.

In this thesis, cyclic voltammetry is used for itegtthiol bond between a protein and a

gold surface. To do so, the technique is usediondamperometry mode.

2.3.4.b Chronoamperometry

The main difference between CV and chronamperomatgasurement lies on the fact
that, instead of being linearly swept as in CV, plogential is here stepped suddenly from

one value to another.

a. b.

Pseudo ok
i reference Working
Argoninlet A (Pt Au, o1 C)
Polymerdeposited by
Counter drop casting from THF,
Potentiostat (Pt foil)
Glass cell o Y%s

©)

chloroform...solutions
(3-5mg/mL) or by
electrodeposition

4
o

Figure 2.14. a. Schematic representation of a potentiostatic melsemical
configuration™. The reactions at the working and counter eleesogroduce a current
flow which is monitored, while the potential of therking electrode is fixed relative to a
reference electrode. The electrochemical cell ctmsif the three electrodes connected by
an intervening electrolyte, in one or two compariteeb. Schematic representation of
the experimental set up.
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If the step is across the mid-point of the electransfer reaction then a Faradaic current
will flow upon oxidization (upwards step) or redict (downwards step) of the active
centre. The current is transient: once all electransfer processes have been completed,
no further electrons may flow. There is thus artiahicurrent spike, followed by
exponential decay. For very fast electron trangfecesses the initial spike may be very

large and the decay rapid, meaning that a higrentisampling rate is requirgd **’

2.3.4.c Photocurrent measurements

An alternative way to measure the electrical prigerof the protein of interest was to
use the chronoamperometric method described atlwowveetisure the photon-generated
current of bacteriorhodopsin. Here, the workingcetele is a transparent gold on
chromium electrode onto which is adsorbed the sardpphotocell is then constituted by
the working electrode, sample and an electrolyletism, and is tightly closed by silicon

spacers on the sides, and a gold or ITO on glas#teoelectrode on top (Figure 2.15).

Gold Counter Electroc

. Aluminium Foil Contact
Electrolyte Solution

\ | |
;’u\g\
Gold Working BR Eilm Silicon Spacer
Electrode

Figure 2.15: Schematic representation of the goldhmtocell used for photocurrent
measurements.The BR film and supporting electrolyte are sandeittbetween two
optically transparent gold slides, acting as eteiss.

The principle consists in applying a voltage to ¢tlef and measure the resulting current

depending on the illumination conditions of the péemIn these experiments, performed
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on bacteriorhodopsin, current will result from tiphotoactivation of the protein
photocycle that will generate the release of pretionthe photocell, and thus cause local

pH variations on the working electrode.

2.4 Instrumentation - Scanning probe microscopes

2.4.1 PicoSPM (Agilent)

The PicoSPM was used for imaging the gold-bacteoidopsin-gold junctions in STM
mode, and measure the molecular electronic pragertif these junctions byV
spectroscopy in CP-AFM mode. It is an ‘open logstem, meaning there is no feedback
in the x-y plane and uses tube piezos for x-y sognm both AFM and STM modes.
Figure 2.16 shows the PicoSPM with 1196AFMS AFMnsea and associated apparatus
for CP-AFM expeirments. This scanner has a randguarf in either lateral or dimension
and a z-range of 1.1 microns. The current sengiegnpplifier has a limit of 10 nA, large
enough to detect molecular tunnelling currents. Sinestrate is connected to tha@rent
sensing circuit by a small wire (Ag). When prepafed operation the heasits on a
perspex environmental chamber which can be filleith vinert gas to reduce the
atmospheric humidity down to 20%. The ambient STdhfiguration for imaging was
prepared in a similar fashion to CP-AFM with tharsger replaced with either an STM
‘A’-scanner (um lateral range) or ‘S’-scanner (). IV spectroscopy was carried out
with a constant sweep duration of 0.5s for CP-AFkasurements. The PicoSPM system
provided valuable data regarding surface charaetiion and-V spectroscopy results by
detecting, for the first time, photoswitching ofettelectrical conductance of gold-
bacteriorhodopsin-gold junctions. However, techinitssues and the age of the

microscope lead without sufficient data to supgbd first encouraging observations.
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Another SPM equipment, Nanowizard system by JPKs thias used for the rest of the

work presented in Chapter IV.

Figure 2.16: The Molecular Imaging PicoSPM systemshowing the scanner head
The head comprises the scanner controlling theotgample distance and current-voltage
parameters (here a 1196AFMS scanner), and a dladsiolding the tip (photograph by
Ben Peters).

2.4.3 Nanowizard (JPK)

The Nanowizard AFM by JPK provided most of the dedtated to the molecular
conductance behaviour of bacteriorhodopsin predent€hapter IV. The basic principle
of the JPK is identical to all AFMs. One particljaconvenient functionality of JPK
microscopes, compared to the other systems ustrisistudy, is the possibility, from a
AFM image, to choose one specific point of the atef(such as one adsorbed protein)

and to locate the probe on that specific pointhwitgh precision. Other microscopes
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offer the possibility to zoom within a user-defineone of the sample to be re-scanned,

but with less accuracy.

Figure 2.17: The JPK Nanowizard AFM (top) and a magification of its conducting
module (bottom).

2.4.3 Multimode AFM (Veeco)

The multimode AFM by Veeco was used in Chaptertdllimage purple membrane
patches of the wild-type light-sensitive proton gubacteriorhodopsin, in Chapter 1V for
measuring the surface potential of bacteriorhodopdisorbed on gold, and in Chapter V

for high resolution imaging of liposomes before aafter reconstitution of the

55



Chapter Il — Experimental details

neurotensin receptor type 1. The Multimode micrpscas pictured on Figure 2.3

showing the general principle of AFM.

2.5 Materials

2.5.1 Substrates

2.5.1. aMica

Most AFM imaging experiments (except in conductingde) are performed on mica, a
lamellar, atomically flat mineral. Mica represeatmuch faster (a few minutes incubation
time, vs overnight incubation on gold) and affordable wayvitsualize samples. It is a
dielectric material and therefore, on its own, adrirold a charge. It thus cannot be used
for I-Vspectroscopy where the substrate needs to be direlutransparent gold on mica

is an alternative.

2.5.1.b Gold on glass

Gold substrates present the advantages over aihfeccas (such as silver or copper) of
being inert to oxidation upon air exposure, andthts the substrates of choice for the
work presented here. However, gold gets quickigtaminated and specific procedure
must be followed prior use with the molecule ofenmest in order to avoid surface
contaminants to interfere with the measures.

Gold on glass was obtained pre-fabricated in 11xfi2nsquares from Arrandee,
Germany, with a coating thickness of 300nm. Praonge for SPM these were washed in
absolute ethanol and sonicated in water for 30®neove physical surface adsorbates.
There occasionally remained some glue (used to theldubstrates in place on a support
during transit) on the underside of the glass tieded removing with a scalpel before
washing again with ethanol and drying; removahipartant this could contaminate the

surface on annealing and/or cause uneven anneadlittige gold-coated side. Once clean
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and dry the substrates were held with clean twegkept specifically for the purpose
annealing, to prevent crc-contamination between fabrication processes) andaled ir

a butane flame for approximately 5 minut

Figure 2.18: AFM images of a gold substrate adsorldewith a cysteine mutant of
Halobacterium salinarum purple membrane without prior annealing (top) and dter
annealing (bottom picture) The granular aspect of bare gold was flattened |
annealing. Sample features, here the superimposifobacteriorhodopsin membra
patches, ardetter resolved on a flat, homogenous substrateir@at after annealini
Highlighted points on the second picture are poivitere the microscope made curr
measurements (cf Chapter 1V). Contact mode AFM msadlanowizard AFM mounte
with its conductig module, JPK (1pum x 750 nr
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The annealing process was performed in the datkatothe temperature of the surface
could be gauged; the surface was held at a corditanted glow for 20-60 seconds at a
time before being allowed to cool and the procepgated. Once annealed, a visual aid to
the quality of annealing is the formation of a duliite sheen on the Au surface, usually
towards the centre of the substrate where thertgeaticoncentrated. If this sheen was not
observed the substrate was annealed further tibgicame apparent. Care must be taken
when annealing not to heat the glass to too higgngperature in one place as this will
cause the support to warp, making it difficult sedor SPM purposes, particularly fluid
STM where a liquid-tight seal between surface dmd ttell is required. Once the surface
was annealed it was allowed to cool in air befagmdp washed again with ethanol and
dried under a nitrogen stream. It was then intredutirectly to the incubating solution as
quickly as possible (within one minute of cooling)ensure that airbourne contaminants

did not adhere to the surface.

2.5.2 SPM probes

The choice of SPM probe depends on the applicaionC-AFMI-V investigations it is
necessary to combine a conductive coating withvaftrce constant cantilever so that
low applied loads may be achieved. Due to the poigiof tip contamination during
transport and storage, C-AFM tips were cleanedatofeast 20mins in a UV/ozone
cleaning box (Bioforce Laboratories, USA). ThecBated NSC35 series cantilevers
have the desired characteristics for KFM of medigjmning constant to ensure stable
tappingmode operation, but sufficient flexibilityrfthe sensitive potential detection scans
BudgetSensors (Bulgaria) gold coated contact prabescontGB-G range [170], have a
low spring constant of 0.2Nm-1 that enables prenigorcecontrol and were found to

exhibit good conductance characteristics on dicentact with Au and HOPG.
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2.5.3 Piranha solution

Piranha is a 3:1 mixture of,B0O, and HO, commonly used to clean surfaces, equipment
and glassware where a very clean environment isededere, it is used in Chapters I
and IV during photocurrent measurements preparafisna strong oxidizing agent it is
known to dissolve most organic impurities, and lygtates surfaces to form a
hydrophilic region. Piranha needs to be handledh wittreme caution as it is highly
corrosive and volatile in contact with organic ks, particularly organic solvents.
Only small amounts should be formed at any timetardsolution should never be stored
in a closed container or for any longer than isoaliely necessary. Protective clothing

should be used when handling piranha.

2.6 Methods

2.6.1 Sample preparation and surface immobilisation

All containers were washed thoroughly with deiodiagater and ethanol before use.
Following incubation, the surface is washed thotdygvith water or phosphate buffer

(60mM PB, 150mM NacCl, pH 7.0), and dried underteogien flow.

2.6.2 AFM Imaging andl-V spectroscopy

Although experimental parameters vary accordinthéosample studied and the imaging
mode, which will then be detailed in the correspogdections, some general principles

are described below.
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2.6.2.a Assessing the force applied by the probe to the sample

Although it is possible to choose what force tolgpp the sample from the microscope
control panel, each AFM probe has its specific progs and for a same applied force
chosen in the microscope settings, there can lig\zahbability in the actual force applied

to the sample. AFM experiments thus start by calibg the probe. Once the probe is in
contact with the sample (the approach is perforatadinimum load), the microscope is

switched to force modulation mode and a force cisvacquired. This force curve will

allow determining the sensitivity of the systenvayi by the gradient of the contact slope.
The sensitivity is then used to convert the deifbecinto a cantilever bending distance.
Since the feedback loop stops the approach wheara’ ‘deflection is reached (at the set-
point), the offset of deflection from zero givesthending distance necessary for the
force calculation according to Hooke’s law= kx. This process is performed through the
microscope software allow to precisely adjust ted applied to the sample during the

experiment®,

2.6.2.b -V spectroscopy

I-V spectroscopy was performed on trimers of bacteoopsin adsorbed on gold
(Chapter IV). C-AFMI-V spectra were collected in batches of 30-50 at egqqdtied
force. After initially engaging at a given set-pothe tip remained in contact with the
surface and the force increased stepwise The sugegion of the voltage bias was 0.5s.
Fast sweep rates could lead to charge build-ugtaifethe measureldV characteristics.
Although being the best way to locate sample orsthiéace for current measurements, in
particular for low sample concentration, imagingswavoided before C-AFM-V
spectroscopy due to the risk of tip contaminatioml@gradation of the probe conducting

coating. The protein is easily expressed in largeunts; in order to obtain a high
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coverage of discrete features on the gold surtsigh, concentrations (25 pM) were used

in this work compared to traditional, non-condugtiimaging AFM (5uM and below).

2.6.2.c Data analysis

Over the course of the research described in bigisid, many thousands bY spectra
have been collected , making highly desirabledfeation of automated data analysis
process that have the ability to apply certain getermined detection rules and make
rigourous comparison and measurement of spectrmséegtures inl-V curves facile.
Here, all data analysis was performed in the Matladgramming environment, with the
automated accomplishment of spectroscopic featetection and junction resistance

calculation for eachV curve.

2.6.2.d Reductive stripping/ cyclic voltammetry: electrode preparation

Gold disc electrodes of 2mm diameter (CH Instrumelric.) were cleaned prior
utilisation. First, reductive desorption of contaamts was performed by cyclically
sweeping the electrode from -0.5V to -1.5V Vs SGHEMs-1 in 0.1M NaOH for 200
scans. The electrode was then polished mechaniadly 0.05um alumina slurry on a
Buehler polishing cloth for several minutes, thenisally cleaned in deionized water for
1min before being immersed in hot piranha solut@rl5-20mins.

After rinsing with deionized water and further station for 1min the electrodes were
electrochemically polished by cyclic voltammetry0riM HSQ,, -0.2V to 1.5V Vs SCE
at 0.1Vs-1 for 25 scans. Electrochemical gold oxig#uction was then carried out by
cycling from 0.75V to 0.2V in 0.1M B0, for 10 scans, followed by a final step of
chemical gold oxide reduction by soaking in ethanol15-20mins. The electrodes were

then ready for sample incubation.
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Chapter Ill: Engineering bacteriorhodopsin for probing
its molecular electrical properties

3.1 Introduction

3.1.1 Halobacterium salinarium

Membrane proteins play a key role in a wide ranfeiological activities in living
organisms, and vectorial ion transport across #llentembrane is one example of such
ubiquitous function mediated by membrane proteifreton pumping results from the
initial conversion of electrochemical or light eggrinto a proton-motive potential
generated by integral membrane proton pumps. Tesgegrstored within this potential is
then harvested by an ATP synthase in order to mgém ATP from ADP and;P
Extremophilic organisms are amongst the simplegamisms using proton transport
across their membrane in order to generate thggmequired for their metabolism. The
halophilic archeaddalobacterium salinariuntan be found in high salt (typically 4 to 5M
NaCl) environments, including salt seas, salt lakesk salt and saline soils, and cannot
survive in more dilute media such as sea watalobacterium salinariunis responsible
for the typical red (aerobic conditions) or light¥p-to-dark-purple coloration (anaerobic
conditions) of its environment (Figure 3.1a). ledl enembrane contains, on a permanent
basis, an ATPase and two sensory rhodopsins, SRE&tl, which act as light sensors
and mediate positive or negative phototaxis in @asp to changing environmental
conditions®® *?° SRI and SRII transmit light signal to their trdnser proteins (Htrl and

Htrll), which in turn initiate a phosphorylation s@ade that regulates the cell’s flagellar
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motorg®., SRI is activated when the bacterium needs enemy,mediates migration to

illuminated regions where the production of ATP take place.

purple membrane = two-dimensional
crystalline bacteriorhodopsin lattice

s

T

sensor rhodopsins
SR1and SR I I IEe

Figure 3.1: Halobacterium salinarium and bacteriorhodopsin. a.Saline in Australia
showing the typical purple colour due to the preseof Halobacterium salinariumand
more precisely, due to the bacteriorhodopsin pmoteinbedded within the purple
membrane of the archea (pictures credits from ClaeetSalt Limited and M.Christian).
b. Schematic representation of ddalobacterium salinariuncell. The purple membrane,
synthesised under anaerobic condtions, is maimyposed of bacteriorhodopsin, which
is the “solar cell” of the archea: it is the soletpin in charge of the conversion of light
energy into chemical energy, as a proton gradighich is then used for ATP synthesis
(adapted frorf?).

When sufficient amounts of ATP have been synthdsiSRlIl is activated and mediates is
aerobic, repellent phototaxis to darker areas.alloliacterial metabolism, oxygen is the
primary electron receptor. However, when the oryg@®ncentration of the saline

environment drops below a level necessary to mairdaidative phosphorylation, the
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archea synthesise a purple membrane as part ofdbt#r membrane (Figure 3.1 b).
Purple membrane (PM) is found as large patchesqjzed, Figure 30a) that can occupy
up to 80% of the total cell surface and are madé@iufs and of a unique type of protein:
bacteriorhodopsin (BRY’. Under anaerobic conditions, bacteriorhodopsiresponsible

for the conversion of light, driving ATP synthesis.
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Figure 3.2: BR-containing purple membrane and overtview of BR.

a. AFM image of one patch of purple membraneContact mode in phosphate buffer.
b. Representation of the putative 7 TDM of bacterichodopsin and its retinal
chromophore (cross section of the structural model PDB: 1FBB).

3.1.2 Bacteriorhodopsin

Bacteriorhodopsin (BR) is a seven transmembranedoprotein with short inter helical
loops. It is made of 248 amino acids with a totallenular weight of 26 kD&, and
functions as a light-driven proton putfip*®> Its purple colour is due to a chromophore,

retinal, which is embedded within the protein thglwa covalent, protonated Schiff base
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linkage to the Lys-216 residue, near the middletlé seventh helfx **'% |ts
composition and structure are closely related $aali pigments of higher anim&%'3
Although bacteriorhodopsin is capable of conversoglight into chemical energy as a
monomer, it is organised within the purple membrasea two-dimensional, hexagonal
crystalline lattice of uniformly oriented trimershigh are the basic functional uffits" **>
133137 The protein has a remarkably high level of sigbibwards chemical and thermal
degradation: indeed, BR is stable towards tempersitover 80°C in solution or 140°C in
dry state, towards pH ranging from 0 to 12, andstesigh ionic strength and digestion

by most proteasés.

hv
- retinal \
4 all frans isomer N' L
- protonated Schiff base
Hp light-induced
spontaneous "S“"“I uce
isomerization 1somerization + N
H H™" M1
N (cytoplasmic) \ /
13 ¥ ] /
AV NS M2'.__ M2
— retinal - Lrs
13-cis isomer
protonated Schiff base H ‘
H

(extracellular)

Figure 3.3 Light absorption drives the retinal isomerizatfoom all trans to 13-cis (left),
which generates the photocycle (right).

The purple membrane exists in a dark-adapted stat&ining both 1®is- (Amax= 558
nm) and allrans (Anax=568 nm) retinal isomers in equimolar ratios. llloation
generates a metastable light-adapted formseg3Rontaining the retinal chromophore in
its alltransretinal configuratiof®. While both 13eis and alltransretinal-containing
BRs undergo photoreaction cycles, only the cyclethef all-trans component (light-
adapted) is accompanied by proton translocatiogu¢€i 3.3). This photocycle of BR

contains five main intermediates, which are degi&phay their visible spectral transitions
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as Ksoo, Lsso, Ma12 Nsso and Que>. The photocycle intermediates are formed as difumc
of the modulations of the electronic interactioesa®en the retinal chromophore and the

surrounding amino acids.

+ INSIDE
: H . (Cytoplasmic

‘ surface)

. ‘ % E9 Y
OUTSIDE
(Extracellular
surface)

Figure 3.4: Structure of bacteriorhodopsin showing the residuesinvolved in
sequential proton transfer events coupled to confonational changes To summarize,
protonation of Asp85 from the Schiff Base resultaiproton release to the extracellular
side; reprotonation of the retinal Schiff base esdtom Asp96, which then uptakes of a
proton from the cytoplasmic side; 5. proton trangfem Asp85 to the release group,
which is believed to involve Glu194, Glu204 and#DH cluster (adapted frofff).

Absorption of a photon of light causes isomerizatid retinal from the altransto the
13-cis retinal isomer. After photoexcitation and retinabmerization, the g, of the
Schiff base drops from 13 to 8.3, whereaspKg of Asp-85 increases from 2.2 to 6.9.
These K, changes result in the transfer of a proton fromSbhiff base to Asp-85, and a
proton is released to the extracellular side of niembrane. Then, the Schiff base is
reprotonated by Asp-96 when thK of Asp-96, the primary proton donor to the Schiff

base, drops from12 to 7.1. After reprotonation, retinal isomeribesk to aHltrans and
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the K, values of the Schiff base and Asp-96 increase badkeir initially very high

values and Asp-96 is reprotonated from the intlaleglside of the membrane. The initial
or ground state is ultimately regenerated whenptleof Asp-85 decreases back to its
initial value, causing transfer of its proton toetlproton-releasing group at the
extracellular side of the membrane. The cyclelieved within 10 ms, the decay of the

O state resulting in a return of the protein tadsting staté”,

The original concept of one single M intermediatesvehallenged by Janos Lanyi and
Dieter Oesterhelt in the early 1990s. Both scigntisade the hypothesis that the M stage
could be split into two forms, both with similar ssbances, but with different overall
conformations. This has been subsequently supptitedigh electron crystallographic
studies of various mutants trapped at differenget&’. The split has been proposed to
allow the unidirectional nature of the proton tf@nsA requirement for vectorial proton
transport is that de- and reprotonation of the fBtlaise occur from opposite sides of the
membrane. Since the M-intermediate is the onlyestat which the Schiff base is
deprotonated, it seemed logical to have at leastMwsubstates that differ in the relative
accessibility of the Schiff base to both sideshaf membrane, where |Ms extracellular

accessible and Ms cytoplasmic accessible.

Studies have shown that there are strong simdaritbetween the structure of the
extracellular moiety of both the L and;Nhtermediates, but one main difference was
observed in the protonation states of the key imégliates: in the L state, the Schiff base
is protonated and Asp85 is deprotonated, wheredkeinVh intermediate, the opposite
occurs. The transferred proton (from the Schiffebms Asp85) remains on Asp85, while
the proton release is generated from the intenaabiothe hydrogen-bonded network
between the extracellular surface and Asp85. Threnka@ecules (“proton release group”)
contributing to this include water molecules andidees Arg82, Glul94 and Glu204.

The change from Mto M, constitutes the main conformational change irpthatocycle.
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3.1.2.a Importance of the EF loop

Among functionally relevant structural changes ooy during the photocycle, one
results in a variation of the solvent accessibitifythe interhelical cavity, related to an
outward tilt of helix F in the M intermedidfé& Increasing hydrostatic pressure suggested
that the proton transfer from Asp96 to the Schiféd can be manipulated by changing the
cytoplasmic dipole environment. Placing a bulky ugroon helix F that blocks this
putative opening would predispose the helix tingitout and resist its return to original
position. This result in a more rapid reprotonatbthe Schiff base (i.e. in increase in the
rate of M intermediate decay), but a slower repration of the cytoplasmic region (i.e.
decrease the rate of N state decay), showing ttential significance of the EF loop on
regulating proton transféf.

The intermediates are measured through spectrahgeBain the retinal and its
surroundings, and thus do not directly comment raten conformational change. Such
conformational changes do occur during the photecybowever, as confirmed by
numerous structural work (X-ray diffraction, NMRME AFM, ESR)*" 13" 19159 Ag gn
example, atomic force microscopy data have showetk@ reversible change of the

surface structure of the BR lattié® %% ¢

upon retinal isomerisation, which also results
in a succession of charges displacements withimm®Rcules: a photoelectric response

from the protein was detected for the first tima 8v8°

3.1.2.b Nanaotechnological applications of BR

Examples of photochromic proteins are rare in matalthough they play a key role in
photosynthesis and visual perception, e.g. phosgti@n centres and visual pigments.
Due to their enormous importance, numerous studie® been performed in order to

elucidate the function of these molecules, thaeraction with light, and the mechanisms
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of how the light energy is transformed into cherh@zergy or into physiological signa
for potential device use. As mentioned earlier ihafter |, bioelectrccs, which
investigates the use of native and modified biaabmolecules in electronic or photol
devices, is a promising alternative to currentolgfaphic manipulation. Although
number of proteins have been explored for suchcdsvapplicationsBR has received tt
most attentio?*'% It is a very robust protein, easily expressed puodfied. It must
function at high temperatures, under high lighkéisi and for extended periods of time
the organism to survive, and these unique propertiaeke it particularly attractive fi
nanodevice applications over other proteins andveatmonal inorganic or organ
photochromic materials. Moreover, the photoactifythe purple membrane remai

after water removal, for dried films of bacteriodopsir'®, increasing its attractivene

166-170 121
)

for developing biomolecular devic such as optical memor?” data

processiny* or photodetecto'’* *3(Figure 3.5).

O — _______;‘F_/ITD Terminal

ITO Wire

.n T1,—Epoxy Seal

ITO Electrode

Section A-A

Figure 3.5 Example of technical application of BR: 1i-pixel BR-based photocell
array. Rudimentary imaging system with 1.3 x 1.3 ? pixels based on purp
membrane adsorbed on ITO and showing differendigponse to illumination (adapt
from'™).
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Although photocurrents have been detected in BRisfilfor thirty years, they are
multicomponent in nature and have been the sulgeatonflicting assignments and
proposed mechanistic origins. Despite the fact thutial hypothesis suggested
photoinduced intramolecular charges displacemapitk iildependent) as the cause of
photocurrent™, it is likely that the typically measured respoisassociated with proton
discharge from the extracellular surface as thegBBtocycle evolves towards the M
staté40, 176—175.3

The first successful use of BR in such applicatimas reported as early as 1981, in the
Biochromeproject’, and consisted in a real-time photochromic anddralphic film
based on chemically modified polymer films contagibacteriorhodopsin. Numerous
patents for devices using BR have then been puulisby diverse organisations,
including academic research labs and industrialuggosuch as Panasonic/Sanyo
Electrics, Fuji, or Canon (world international peoty organisation, http://www.wipo.int).
Patented technical applications include, for examphe use of BR as an optical
recording material, the use of BR variants for ddtaage, imaging arrays based on BR
thin films (Figure 3.5), and BR-based artificiatinas. As of July 2011, 1031 patents
applications involving BR had been made. One ofrththe last of a long list of patents
applied for by Robert Birge, concerned the creatdnphotosensors using BR as a

detector for chemical and environment toxifts

The primary photochemical event of light-adaptedtéd@orhodopsin involves two
subpicosecond processes. The first process is @y rigatantaneous event that has a
measurable photovoltaic consequence due to the lshgt in electron density that
accompanies electronic excitation of the long-chairotonated Schiff-base polyene
(Figure 3.6). This large shift in electron densyequivalent to moving an electron
~2.5A down the polyene chain toward the nitrogesmatresulting in a more negative
C14C1sH=NH-Lys linkage. The interactions between thgGQgz:H= NH-Lys and the two
nearby negative Aspartic acid residues (Asp-85 Anmp-212), which were favorable
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electrostatic interactions, become repulsive ard tieect the photoisomerization of the

13-cisdouble bond to generate the primary photochemistry

Figure 3.6: Schematic representation of the electrodensity of the long-chain Schiff
base. Excitation of the protonated Schiff base polyenadsompanied with a large shift
in electron density, resulting in a measurable gémitaic signal. (Adapted froff).

This electrostatic interaction, coupled with siggaht bond order reversal due to the
excitation process, is sufficient to generate arlpdaarrier less excited state potential
surface for 13rans to 13€is photoisomerization. The barrier to isomerizationthe

ground state is thus altered dramatically in theited state and yields to the biological

equivalent of a high-electron mobility transistor.

The photoisomerization process also generates taaitaic signal due to the motion of
the protonated Schiff base away from the negatonterions (Figure 3.6). However,
relaxation of both the chromophore and the proteilowing isomerization is complex,
and deconvolution of the various components offélsé photovoltage is not yet possible.
It is known that the primary photochemical eventiisubpicosecond phenomenon and
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recent studies suggest a small barrier to isomeizalt is likely thus that the
photovoltaic signal observed on the picosecond tcae from bacteriorhodopsin has

contributions from both the excitation and photaigoization process.

hv

charge separation chromophore proton transport
protonation -
—
voltage color energy
ps ps ms

Figure 3.7. Basic molecular functions of BR. Photon absorptimd a charge separation
step initialise the proton transport, which is céetgd in about 10 ms (adapted fréh).

3.1.2.c Genetic engineering of BR

The biological function of BR is strictly optimizefdr energy conversion. Turning this
molecule into a material for technology applicaiorquires the controlled modification
of its molecular properties, in particular its apli properties.

Genetic engineering consists in altering targetraxttaristics of an organism by the
systematic manipulation of its genetic code. Mutegis is a standard method in
biochemistry and pharmaceuticals for the precisterstanding of gene function and for
altering the properties of biological moleculekelproteins, but it has only been recently
used by molecular electronics engineers as a toaldvice applicatiort&’

Genetic mutations of BR have been extensively amtessfully performed in order to

better understand the different stages of the cexnphotocycl&" ¥ For example, the

largest variations during the photocycle occurietween the ground state and the early
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and late M intermediates, numerous mutations aiaedbtaining an extended lifetime of
these intermediat&s Genetic modifications were also performed in orgestudy the

crucial activity of the proton pump. Replacing ®ehiff base counter ion (Asp-85) with
a Thr or a Ser converts the proton pump into areldgpump. In eubacterial rhodopsins,
the extracellular proton release network is missing transport is not affected. Larsti

al. suggested that the two half-channels betweenattiwe site and both membrane
surfaces only existed to optimise the proton trartspout had no direct effect on it.
Several mutations were performed to verify thisdtigesis. One of the most commonly
used mutation, D96N, is located on the cytoplasside and results in accumulation of
the M state. D96N is deprived of internal protomaioand thus prolongs the lifetime of

the deprotonated Schiff base.

Mutagenesis studies have reported a model wher8ahif base and aspartate moieties
form, with a hydrogen-bonded network of water males, a proton chanri&} &
R82Q, E194Q and E204Q, are mutations located oimttaeellular side of BR for which
there is no proton-release group. These mutatiaeh eesulted in the proton release
being delayed to the end of the photocycle, anddugience of proton release and uptake
were inversed. All these mutations showed thaptioéon pump activity was only due to
the active site, and that the two half-channelseacting it to the membrane surfaces do
not play crucial roles in the process: they optenthe proton transport but do not

inactivate the pump.

Site-directed mutagenesis has also been used igndascteriorhodopsin mutants with
enhanced materials properties®™® The production of mutants having an M state
extended lifetime, mentioned above, was used tams#the holographic properties of
the protein® *while mutants with an increased yield of the Qesgresented a better

branched-photocycle memadt$
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3.1.3 Gold-BR-gold junction construction

The use of bacteriorhodopsin for molecular devingslves binding the protein between
electrodes, in a robust and controllable mannerjlewlinaintaining the protein
functionality. A wide range of methods for BR imnilidation have been explor&d %
1% These include drop drying, resulting in non-orged protein multilayets’,
Langmuir-Blodgett approaches, in which BR films améially compressed at an air-
water interfacE® ?°° the use of electrophoretic sedimentation (whestereal electric
fields act on the purple membrane dipole momentsit tgenerates oriented

§° 201 202 gntibody-mediated oriented immobilisatiofi, host-guest-

mono/multilayer
mediated immobilisatiof”® and encapsulation in polymeric gel supp#té®> Molecular
junctions created via these diverse methods weve haen characterised by SPRF*

and electron microscofy ?® though often giving relatively poor results. Ugima

cysteine mutation to adsorb covalently BR on gokdthe method of choice here.

3.1.3.a Partial delipidation of BR

Bacteriorhodopsin is the main component of the leurmembrane, with a 3:1
protein/lipid molar rati&™. About 90% of the total lipids iRl. salinariumare polar lipids
and are derivatives of a branched glycerol dietlg2-di-O-phytanyknglycero-3-
phosphoryl-3'sn-glycerol-1'-phosphate  (DPhPGP) and a glycolipid Ipkate
(DPhGLS$** #°(Figure 3.8). The lipid organisation within the migrane consists of 30
lipid molecules associated with each trimer, 2idipsurrounding the trimer, while 6 lipid
molecules are inserted within the triffér Of the maximum number of ten lipid
molecules per BR monomer, crystallographic studagd assign nine phytanyl moieties
per BR unit: four lipids could be modeled in thetaplasmic half, and five in the

extracellular half of the membrane (Figure 3.10).
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Figure 3.8: Structure of BR polar lipids, that havebeen found to be derivatives of a
glycerol diether (a).structure of the glycolipid sulphate BR polar lipidre derivative of

Its complete structure is established2&#3-di-O-phytanyl-I-O-$-D-galactopyranosyl- 3'-
sulfate-(1'->6")-O«-D-mannopyranosyl-( 1'-> 2')-@-D glucopyranosyl]sn-glycerob.
structures of BR major polar lipids: |. phosphaliylycerolphosphate; Il
Phosphatidylglycerol;lll. Phosphatidylglycerophoaf#h 1V.glycolipid sulfate (adapted
from** 23, Moreover, the lipid composition and density diffestween the cytoplasmic
side the lipid composition and density differ betwethe cytoplasmic side and the
extracellular side of the membrdffe both sides having different surface charges and
stiffness®’.
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In the absence of the endogenous lipids, BR is lentb form crystalline arrays in
dimyristoylphosphatidylcholine (DMPC) bilayers. Haefacts as well as humerous other
studies suggest that the lipid - protein interaxgiare indispensable for the association of

BR monomers into the trimeric structure and thestetjine arrag™® #*3

Most of the studies mentioned above, in particilawse related to the technical
applications of BR, have been performed on theemmotvithin the membrane, on
relatively large (micron-sized) surfaces. Howeveembrane lipids may play a restrictive
role in the protein adsorption on the electroddaga;, and are thought to interfere with

the efficiency of the current transmission throtigh protein.

Figure 3.9: AFM high resolution pictures of the inta and extracellular side of one
purple menbrane patch The lattice of BR trimers is clearly visible oatb sides, and so
is the difference between both sides (adaptedflom

High resolution AFM imaging previously showed aatléistinction between each leaflet
of the purple membrane (Figure 3.9), and also stavat wild-type bacteriorhodopsin
will adsorb onto a substrate on either of the m@merside in a random manffer The
protein orientation on the surface may not be dmary importance for imaging

experiments, but it is crucial, however, to be alwe orient specifically and
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homogeneously the sample on the substrate in dodebtain accurate and reliable

measurements of the protein electronic behaviour.

The first phase of this work consists in removing buter lipids surroundings BR trimers

while keeping the inner lipids involved in the celmn of the native trimeric structure

(Figure 3.10). The expecting result of this partialipidation would be an increased and
intimate coupling onto the surface, accompanied biear enhancement of the molecular

electronic properties of BR.
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Figure 3.10: Lipids within and around the BR trimers, viewed along thec axis. The
seven transmembrane helices are depicted in rikdmesentation and colored gray, the
coloured lipid molecules (green, blue, red andoye)l are shown in ball-and-stick
representation.(a) Cytoplasmic side, showing the four lipids that sumd each
monomer.(b) Extracellular side, showing the four lipids surrding the monomer, and
the fifth located within the trimer. Adapted fréth The aim of this work is to remove
most of the lipids surrounding BR trimers in orderdose the native lattice organisation
and study the electric properties of isolated trane

Partial detergent-mediated delipidation of BR isw@n-destructive way of depleting
bacteriorhodopsin of 75% of its native highly chatdipids (mono- and di-sulfate, and
phosphate analogues, with residual negative chdrges3), while retaining endogenous

lipids involved in the cohesion of the protéfh The process triggers a spectral shift of
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the proteinimac", but does not significantly affect the detectapl®ton pumping

capabilitied?? 213213

Regarding potential nanodevices applications, glfrtdelipidated protein, whose size
would go from the pm scale in the membrane, dowtheéonm as isolated trimers, would
also have the huge advantage of further decreagiagsize of the device, when

miniaturisation has become a real technological@hge, as mentioned in Chapter I.

3.1.3.b BR cysteine mutation (M 163C) for gold-BR-gold junctions construction

The photoelectric conversion efficiency of BR sgglyndepends upon its electrode-bound
orientatio” it is thus crucial to obtain a strong, homogempuesiented binding of the
protein on the surface prior measurement of itstedaic behaviour.

A cysteine mutant, M163C (Figure 3.11) , has besaduto obtain strong covalent
binding on a gold surface via a thiol bond (BR nalty lacks cysteine residues), as well
as enhancing the measured response through a hoemmgeorientation on the surface.
The mutation is located in the conformationally sstwe EF intracellular loop of the
protein (which plays a key role in signal transdutin rhodopsins), it is thus expected
to orient the transmembrane helices of the propampendicular to the conducting
surface.

High speed AFM has confirmed this conformationahs#évity of the EF loop, as
mentioned above, indicating that real-time lighdtined conformational changes occur in
BR in PM, resulting in a counter-clockwise twisttward from the protein centre upon
illumination, with the loop being displaced by aegter distance (~0.8 nm) than the
helices move. Such distance and conformationalitbgtys makes this location of the
immobilization site for switching electrical measorents more attractive than for more

inert, and less conformationally sensitive locagion
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Figure 3.11: Schematic representation of the secondary structuref BR. The
methionine residue located at position 163 wasamga by a cysteine residue in the
mutant used in this study. The mutation occurs lom EF loop that is the longest
cytoplasmic loop of the protein and plays a ke fial signal transduction in rhodopsins
and GPCR&dapted frort?).

The aims of the work described in this chaptertareombine the genetic engineering of
BR with partial delipidation of the protein in ord® get a tightly and intimately-bound,
homogenously-orientated protein sample. BR is raaied in its native trimeric structure
and its conductivity is measured upon illuminatitor, the first time, on isolated protein

trimers.
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3.2 Material and Methods

3.2.1 Preparation of bacteriorhodopsin

High Na concentrations are required fdalobacteriummembrane stability, and the salt
cannot be replaced by high concentrations of secoosther solutes. Peptone medium
(seeAppendix1 for composition) was used bacterial growth. The6BIZ mutant was
originally kindly provided by Professor George TernUniversity of Miami School of

Medicine, USA.

3.2.1.a Culture of Halobacterium salinarium

Four BR colonies (wild-type BR or M163C mutant)rfr@tock were placed into 2x 25 ml
peptone media (see compositiomippendix}, to which 10 pl/ml vitamins (thiamine and
biotin) were added; the cultures were incubate@7@C and 170 rpm agitation. The
growth of the culture was checked by measuringceiedensity (OD measurementsiat

= 660 nm) and of the amount of BR produced (OD mesmsents at = 565 nm).

3.2.1.b Purple membrane isolation

Starter cultures from a colony grow up to OD~1.54% days, while larger scale cultures
take 7-14 days to grow up. When the gDPeached 1.2, cultures were inoculated in 500
ml peptone media, and incubated at 37°C and 110agitation until ORy, reached 1.2
again. Cultures were centrifuged (7,000 g; 15 mfg) and the pellets were resuspended
in 4 M NacCl, mixed together, stirred and 15 pl di&se was added. The preparation was
dialysed overnight in 0.1 M NaCl and centrifuge®,@®0 g; 45 min; 4°C). Purification
of the purple membrane was performed by layerirgg ghmple on top of a sucrose
gradient made of 25% (10 ml), 35% (9 ml) and 45%n{) sucrose solution. An

ultracentrifugation was performed at 25,000 rpm I6h at 4°C. The supernatant was
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discarded, the purple band was harvested and suceseaining in the sample was
removed by three washes in distilled water. Aftke last wash, the sample was
resuspended in small volume of fiHand the amount of BR was assessed (OD reading at
A =565 nm). Purple membrane preparation producds &0 mg of BR and an average
of 30 mg of BR for 1 L culture. Samples to be usgéthin a couple of months were
stored at -20°C, while samples for long term steragere placed at -80°C. Sample
preservation from the frost and from dimerisatidntloe cysteine was obtained by

supplementing the samples with 20% TCEP redudjegia

3.2.1.c Partial delipidation of BR

Partial (75%) delipidation of wild-type BR or BRin purple membrane, which removes
the outer lipids of the trimers but maintains thedr ones, was achieved by centrifuging
the protein sample (20,900 rpm; 40 min; 4°C), ddicey the supernatant and
resolubilising the pellet in 50% (w/v) 20 mM CHARI®tergent. The preparation was
kept overnight at 4°C under gentle stirring, washiaddouble-distilled water by
centrifugation and the process was repeated twifter the third and last incubation in
detergent, the sample was centrifuged as statéidreaesolubilised in distilled water to
the desired concentration and stored at 4°C. A fiast of the actual delipidation of the
sample was performed by UV-vis spectrophotomet®y| ®f freshly delipidated BR was
placed in a plastic cuvette and a continuous measemt of the sample absorbance was
performed for wavelengths ranging from 250 nm td G&n. a shift in maximum
absorbance of the sample from 568 nm to 560 nmolvasrved, as expecteét Samples

were used within a week following delipidation.
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3.2.1.d Bleaching of bacteriorhodopsin

Retinal removal was achieved by adding 0.2 M hyglaxine (pH 7.0) to the BR
samples and stirring under a halogen lamp placed @tcm from the samgf&. As the
halogen lamp caused an elevation of sample temyerahe process was performed at
4°C in a cold room. Depending on the volume of BR¢ bleached, samples were either
placed in a small bleaker or in mini glass vialsitaming magnetic stirrers, then in a
beaker with ice which was then placed on a stififbe solution was left stirring (30 min),
then washed by centrifugation (15,000 rpm; 4°C; iBQnn double-distilled water in
order to remove hydroxylamine and retinaloxime. Hupernatant was discarded and
incubated in hydroxylamine for 30 min. According tiee volume of sample to be
bleached, three to six incubations were requiresrder to see the typical colour change
of the sample from purple to beige. The preparatias then centrifuged and washed

several times in distilled water.

3.2.2 Gold-BR-gold junction construction

Although the first step when performing C-AFM onldi8R-gold junctions consists in
scanning the surface in order to locate the samplthe substrate, the major part of the
experiments is performed in a static mode, withdhieducting probe sensing the current
passing through the junction. Such static speabmiscstudies were best performed on
BR molecules packed on the surface, particularlihencase of the partially delipidated
sample. Indeed, if the tip drifts during the expemt, it would then move to another
group of trimers, continuing to record data of iat, rather than to bare gold substrate,
thus stopping the measurements.

Single molecule experiments using SPM techniquesuaunally performed on substrates

incubated with a low concentration of protein, mler to make sure that an individual
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molecule will be probed. AFM imaging has been sasftidly performed on low-
concentration BR-incubated gold substrates. Howelvere in C-AFM, higher protein
concentrations were used when performing spectroscopy. Indeed, the probe required
for such experiments has a thin gold layer thatesakconducting. The drawback of low
protein coverage in this case is that probing iidi@l mMm junctions forl-V
measurements requires more scanning of the suidadetect the protein on the surface,
thus increasing the risk of damaging or simply ipglloff the probe gold layer. As a
result, in this work, mMm junction construction wdacilitated by using 20 puM
concentration of BRs.

Modifying the conducting probe surface with BRind engaging the ensemble on bare
gold substrate has been achieved as an altermatt@col. The main issue was to adsorb
the protein at the very apex of the probe, a pstes cannot be controlled, and although
some positive results were obtained, the sampler layas easily pulled off the probe.
This had for direct consequence to cancel the axpet, while coating a gold substrate
allows to move to another point of the surface, mre@dsure the characteristics of another

protein.

3.2.3 Characterisation of BR,s chemical immobilization

UV-Visible spectroscopy was initially used as acjuand easy way to detect BR
adsorption onto transparent gold surface, confirlmgdFM imaging and ellipsometry.
SPR was then used to assess preferential mutatetirptmnding to gold over the wild-
type, showing that adsorption is via the cysteingation. Cyclic voltammetry (reductive
stripping) confirmed the anchoring role of the eysé residue and KFM then confirmed

the homogeneous orientation of the protein.
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Solution and solid phase UV-Vis spectroscopy werdgomed with a V600 Series UV-

Visible spectrometer (Jasco, Japan).

3.2.3.a Solution phase UV-Vis spectroscopy

Confirmation of successful partial delipidation &R was obtained by UV-vis
spectroscopy prior construction of the gold-profaimctions.

The sample solution was placed in a 1cm quartzteewerhich was washed thoroughly
with acetone and deionized water before use. Thaoton coefficient for BR has been
previously measured to be 63000 b * at 568nm, maximum of absorbance of the
protein embedded in PM. Continuous spectroscopyrarasor wavelengths ranging from
450 nm to 650 nm in order to detect the expectéfl eh BR peak of absorbance

following delipidation. Data were processed usimg $pectra Manager built-in software.

3.2.3.b Solid phase UV-Vis spectroscopy

After confirmation of the successful sample delgtidn, BRys solution (25 pM) was
incubated overnight at 4°C on a cleaned, transpgadd-on-glass substrate. Solid-phase
UV-Vis spectroscopy was performed as an initial tesgold-protein junction formation
prior starting scanning probe microscopy experimenhe protein-incubated transparent
gold substrate was rinsed in phosphate buffer deroto remove any unbound material,
and dried under nitrogen flow. The substrate was thlaced in the thin solid sample
holder of the spectrometer and a bare transpareldt gubstrate was used a blank.
Continuous spectroscopy was performed for wavelengtnging from 450 nm to 650 nm

and data were processed using the built-in software
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3.2.3.c AFM imaging

AFM was used to image BRbefore and after delipidation (mica substrate)yvel as to
confirm the gold-delipidated BR-gold junction formation and estimate the surface
coverage of the protein on gold (gold-on-glass wate). AFM imaging of BR was
performed with the PicoSPM and JPK Nanowizard esystand the data were processed
with the systems ‘respective built-in softwareswadl as with the open source Gwyddion

(http://gwyddion.nel

The cysteine mutant was first imaged after purifica Since the purpose here is only to
obtain images of the purple membrane, a mica satests used instead of gold. The
freshly cleaved substrate is incubated in,BBolution (SuM in phosphate buffer) for 10
min, rinsed in phosphate buffer and dried underogén. Imaging was performed in
tapping mode in air using non-contact AFM probesp@00, Budget Sensors).

Imaging after BRs delipidation

The same procedure was followed after BRcys dedifpd: the presence or absence, as
expected, of membrane patches will confirm thecifficy of the delipidation process.
Imaging was here performed in contact mode in swiuphosphate buffer) using contact

mode AFM probes (Contact-G, Budget Sensors).

3.2.3.d Surface plasmon resonance

Glass substrates suitable for SPR with a 50nm ropati gold were obtained from
Windsor Scientific. These substrates were clearyedrtypping hot piranha solution onto
the area for 20-30 seconds before washing copiauitifiydeionized water. Once cleaned

the surfaces were used immediately to avoid comation. An Autolab Espirit SPR
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system (Eco Chemie) was used for characterizing@drption onto gold substrates. All

measurements were performed at room temperature.

3.2.3.e Ellipsometry

The thickness of the BR sample adsorbed on goldstsatbs was measured by
ellipsometry. Bare, un-annealed gold substratelsl{gio-glass, Arrandee, Germany) were
cleaned as described in Chapter Il and incubatednayht in protein solution (5 uM in
phosphate buffer) at 4°C. The substrate was theedi in phosphate buffer and dried
under nitrogen flow. The thickness of the samp@soebed on gold was assessed using a
Beaglehole Instruments (New Zealand) ellipsometed, two sets of five measurements
at different points of the surface were performeddach substrate. Since measurements
were done over macroscopic distances, annealingdliesubstrates was unnecessary. A
non protein-modified un-annealed gold substrate wgesl as a blank, and results were
averaged for each sample. The model used to atsets/er thickness assumed a single

monolayer of refractive index 1.45 on the gold acefand 100% coverage.

3.2.3.f Cyclic voltammetry

The formation of sulphate-gold bonds between,BRnd pristine gold substrates was
confirmed by reductive stripping voltammetry. Gotlisc electrodes were prepared
following the protocol described in the Methodstset, Chapter Il. Electrochemical
reductive desorption was performed using-Autolab Type Il potentiostat (Windsor
Scientific UK Ltd.) controlled using GPES versior® 4oftware and a home-made glass
cell with a conventional three electrode-two compant configuration. The counter
electrode was a platinum wire gauze and all pabntvere referred to a standard calomel
electrode (SCE, Radiometer, UK). Macrodisk golccetales (BAS, 1.6 mm diameter)
were pretreated by reductive desorption in 0.1 MDNain deionized water by cyclic

voltammetry from -0.5 to -1.5 V at a sweep rateld¥/s (40 scans). Electrodes were
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rinsed with deionized water and mechanically cledme successive polishes with 1, 0.3
and 0.1xm alumina/diamond slurry (Struers A/S) on a Buehiarocloth polishing pad.
This was followed by sonication in deionized watrd hot piranha solution treatment for
about 15 min. The electrodes were then electroataliyi polished by 25 successive
cyclic voltammetry scans from -0.2 to +1.5 V in 1981 H,SO, at 100 mV/s. The gold
oxide produced on the gold surface was stripperubging 10 cyclic voltammetry scans
from 0.75 to 0.2 V in 100 mM }$0, and further reduced by incubation with absolute

alcohol at ambient temperature for 20 min.

3.2.3.g KFM imaging and surface potential measurements

Gold substrates (Arrandee) were flame-annealedchrahed with successive washes in
piranha solution, water and ethanol before beingddunder nitrogen. BR sample was
pipetted on the substrate and left to incubateroght at 4°C in a sealed humid container.
After incubation, BR solution was gently washed wfth de-ionised water in order to
remove any non/weakly-immobilised BR molecules/pasc

The gold substrate was then analysed with KFM edrout using a Nanoscope IV
multimode (Veeco/Bruker, USA) with gold coated teqgp mode probes (Tap300E,
Budget Sensors). Controlled environmental condstiohlight were achieved by placing
the microscope in a light-proof box with an optieglerture. Samples were illuminated
using a M-150 fibre light source (150 W halogenpampassed through 495 nm long pass
filter, or 550 nm used for controls.

In order to ascertain surface potential changestridfitrs or patches were systematically
scanned twice: once with the light off and oncehwitte light on (i.e. the surface potential
of the same BR patch or delipidated BR trimer wasasared under both conditions).
KFM topographical and surface potential data wergher processed using Gwyddion

(http://gwyddion.net/).
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3.3 Results and Discussion

3.3.1 Preparation of bacteriorhodopsin
3.3.1.alsolation of the purple membrane

Bacteriorhodopsin expression during bacterial aglbwth can be easily followed
visually, by the increasing intensity of the colaifrthe bacterial cultures from yellow

starting cultures (Figure 41 a, left) to purpléha final stage (Figure 3.12 b).

Figure 3.12 Expression and purification of the purple membrare of H.salinarium

by sucrose gradient and ultracentrifugation. a.Starting culture ofHalobacterium
salinarium The high level of BR expression is clearly visilly the intensity of the
purple colour at the end of cell growth After dialysis and ultracentrifugation, the
resuspended pellet of M163C BR mutant was layeretbp of a 25% to 45% sucrose
gradient; a tight band corresponding to the pudifeeirple membrane was observed at
45% sucrose. Several washes then provided 30 B&qfer 1L of culture on average, of
a typical purple colour.

Purification of the protein resulted in typicallynple suspensions containing patches of
purple membrane. AFM imaging is performed afteifation in order to compare the

sample condition before and after its delipidati@hich the next preparation step before
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performing the conductance measurements. As sdegure 3.13, isolated membrane

patches are clearly visible all over the surface.

slow [um]

fast [um]

Figure 3.13: AFM picture of BRys after purification. BR-containing membrane
patches isolated from the bacterial cell were indagesolution after a very short (3 min)
incubation time on mica explaining why some ofnthare “floating” instead of being
adsorbed on the surfageopographic image; contact mode; phosphate bugm x
3um).

3.3.1.b Partial delipidation of BR

The efficiency of the delipidation was systematicabntrolled by UV-vis spectroscopy.
When performing the partial delipidation processtfe first time, the sample was also
imaged by AFM on mica in order to obtain a visuahfirmation of the absence of
membrane patches in the sample before incubatengample on gold for measuring the

sample electrical conductance.
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3.3.1.b.i UVvis spectroscoy

After partial delipidation in CHAPS detergent, dftsbf the maximum of absorbance
BR is progressivegl observed over the three phases of delipidatiprip@ maximum shi
of absorbance from 570 nm in the purple membran6® nm. Reaching this poi
means that the lipids surrounding the trimers haeen removed, and further CHA

incubations do not &#ct the sample after this sta
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Figure 3.14: UV- visible absorption spectra of BF,s before and after partial
delipidation. A shift of maximum absorbance from 570 nm (bluevelito 560 nm (re
curve) is observed after the 75% didation process, as expected

Removing the remaining lipids, located within trimers and which are involved in t

cohesion of the trimeric structure would requiteaashe, TritonX100base! treatment.
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3.3.1.b.iIAFM imaging of delipidated sam|

The efficiency of the first three partial delipidats was also tested by AFM imaging
mica, a much faster (a few minutes incubation tivsovernight incubation on gold) au
affordable way to visualize whether purple membraa¢ches are still presein the

sample solution.

4.236 nm

S
0.0 0.5 1.0
fast (um)

Figure 3.15: AFM imaging of the M163C mutant of bacteriorhodopsn before and
after 75% delipidation. a. AFM picture of native BRcys on mica, before diggiior.
Purple membrane patches are clearly visible (esignal; 20uM, contact mode

phosphate buffert.9 pmx 2.05 pm)b. AFM image of 75% delipidated E.,s mutant on
mica. Micrometemwide patches have disappeared to leave plasparse BR molecul,
showing a height close to the 5 nm expected frogstaiography da'®* ?*{contact
mode, 8 uM in phosphate buffer; 1.1pm x 1.1

Figure 3.15.a shows an AFM image obtained after BRification but befor

delipidation: purple membrane patches are cleaityble. After delipidation(Figure

3.15.b), isolated featur can be seen, sparsely adsorbed on the substrate,nehmore

PM patches are observeThe height of these features, close to the 5 nneargd for BF
127, 133

from crystallographic da , together with the UMAs spectra and the typical pea

560 nm confirm that bacteriorhodopsirs been successfully isolated from native lipid

91



Chapter Ill — Engineering BR for probing its molecular electricalproperties

environment. Identical results were obtained forld-type BR and Bl after

delipidation.

3.3.1.c Bleaching of bacteriorhodopsin

Removal of the retinachromophore was performed to provide a control $anand
ensure thatlifferential responses to illumination observed-AFM were due to changt
in BR conductanceBleaching was obtained by stirring a hydroxylar-containing
solution of bacteriorhodogn under illumination, resulting in thgpical purple solutiol

of retinalbound BR tcbecome a white solution of retiniee BR (Figure 3.1€

Figure 3.168 Bleaching of bacteriorhodopsin. The bleaching process uses a
hydroxylamineeontaining solution of bacteriorhodopsstirred under illumnation. The
sample solution goefsom a typical purple solution of retir-bound BR (a) to a whit
solution of retinaffree BR (b)

3.3.2 Characterisation of golo-delipidated BR.ys -gold junctions

Characterisation of the mMm junctions is crucialfdoe starting to measure thi
conductance behaviour. Numerous biophysical ardretehemical techniques have bt
used in order tassess the efficiency of the delipidation pro (solid-phase UV-vis

spectroscopyAFM, STM and KFM imaging), the robust binding ongmld of the
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cysteine mutant compared to the wild-type proteBPR and reductive cyclic
voltammetry), the sample thickness on gold (ellipstty) and the homogeneous

orientation of the sample (transient photocurreeasurements).

Figure 3.17. Diagrammatic representation of the muint BR.s adsorbed on gold via

its cysteine residue The methionine-163 residue on the CP side of iBEhé accessible
helix E-F loop, has been specifically replaced vaitbolution exposed cysteine (shown as
orange spheres)enabling orientated chemisorption. The resultinglayets are
demonstrably covalently bound, stable to washing] &lly functional. The retinal
moieties (purple) are approximately orthogonalhe supporting surface (PBB: 1BRR;
Thanks to Amol Patil).

3.3.2.a Solid phase UV-Vis spectroscopy

In order to ensure that the partially delipidatgdteine mutant does adsorb on gold, a
first control consisted in comparing the absorbapicéhe sample in solution and after

incubation on a gold substrate. An absorbance pesk observed at 560 nm for the

delipidated sample in solution, as expetfédand a hypsochromic shift to 500 nm

occurred after binding onto gold (Figure 3.18),wimg that the cysteine mutant was

bound to the gold substrate and retained its absarpharacteristics.

An explanation for this hypsochromic shift could the plasmon effect due to the gold
substrate: coupling of the incident wave of ligtittbe spectrophotometer with the

conduction band electrons in the metal inducesheremt electronic oscillation of the
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free electrons on the gold surface, which may adewith the retinal and thus alter 1

detected peak of absorban
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Figure 3.18: UV-Visible absorption spectra of the 75% delipidated BR.,s mutant in
solution and after adsorption onto a transparent gl surface. The expected peak
absorbance at 560nm is observed for the partialipidated samp®*. A shift of the
maximum of absorbance to 500 nm is observed aftetirg onto transparent gold «
mica substrate. This peak of absorbance showdvth&B8C binds on gold and kes its
photon absorption characteristics as a dry

Previous BR adsorption on g-containing substrates reportedly resulted in & shithe

protein’s absorption pe?* Indeed, in 2005, Horn and Steinem adsorbed p

membrane samples onto g-coated alumia substrates and observed anm

hypsochromic shift of absorbance compared to vatlained in solution. BR was r
directly adsorbed on the gold layer, but on anringgliate lipid monolayer. Here, r
only was the proteimlirectly adsorbd on the gold substrate without any intermed
lipid layer, but it was alspartially delipidated, and thus nobnfined to micro-scale
two- dimensional PM patch anymore. The retinal triggeBR respons to light, and the
protein environmendlirastically modulates the absorption maximum ofdhemophore
in solution, BR maximum of absorbance is shifte@® nm at pH ***, while at neutral

193

pH the value isshifted to 555nm on acetylati™ and to 560 nm upon parti

delipidation.We can conclude that the combination of a drastamge in the protein (at
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retinal) environment and the plasmon effect of gb&l substrate causes the 60 nm shift
observed upon B& binding on gold.

UV-visible spectroscopy constitutes a quick andyeasy of showing that partially
delipidated BRs adsorbed onto gold, however, the technique doéspravide any
gquantitative information. Further surface chards&tion was obtained by STM, AFM
and KFM imaging, as well as SPR, ellipsometry, icygbltammetry and photocurrent

measurements.

3.3.2.b STM and AFM imaging of BRys

Imaging of non-delipidated wild-type BR showed sosample adsorption, due to the
um-wide interaction areas offered by the membraatehes, but with sparse and non-
homogenous coverage. Topographical analysis opidatied wild-type BR, where the
protein-surface association lacks the stabilityfeoed either by the cysteine-gold bond
of the mutant or by the large surface area of atton (native purple membrane), was
only possible with difficulty and showed very spgatsmer coverage

AFM imaging of annealed gold surfaces exposed totisas of non-delipidated B{
showed numerous patches of purple membrane whigedafrom a few tens to hundreds
of square nanometers (Figure 3.19 a) with a coeeragging from 8 to 40 % (20 uM
solution incubations varying from an hour to ovght) of the available surface.

Analyses of delipidated BRR samples resolved fairly homogeneous adlayers gifi hi
molecular density (70 - 80% as calculated using @lignh SPM analysis software)
Significantly, no membrane patches are observedither of the delipidated samples,
showing the efficiency of the delipidation process.

Imaging of delipidated M163C was also performechg$STM. All SPM images obtained
for the partially delipidated mutant showed that tholated protein features on the gold

surfaces exhibit heights around 5 nm (Figure 3.)9 vithich corresponds to the
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crystallographic data reported in the literatitdt is noteworthy that features observed
on STM and AFM images may consist of individuaingrs of BR but are more likely to
consist, since the delipidation was partial, ofesal/trimers that remained linked to each
other (around 25% of native lipids are still presiéthe sampl&?). Partially delipidated
BR forms a relatively homogeneous sub monolayésalfited features with diameters in
the range of 20-30nm, and the average diametersureéto be 24.8+3.9 nm over 100
features in 3 different samples, is in correlatigith this assumption (the diameter of a

single trimer in the purple membrane is 7.5Hm

20 uM non-delipidated BR 20 uM delipidated BR,

Height (nm)

- 0 = n ow & o

0 10 20 30 40
Offset (nm)

10 uM delipidated BR,,,

Figure 3.19: AFM and STM imaging of BRys adsorbed on gold before and after
delipidation with different surface coverage densies a. AFM images of gold on
glass substrates incubated with 20puM non-delipaiBi.,s concentration, where patches
of purple membrane are clearly visible (left), andubated with 20uM of partially
delipidated BRs, where no more patches are visible, and wherexabenous coverage
is observedb. STM image of gold on glass substrate incubatett WMapuM BRys The
height of one of the sample features, around 5iamhown on the right graph and is
close to the height expected for BR.
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Morevover, the tip-sample convolution phenomenoscdbed in Chapter 1l, which
provides higher values than the actual feature’asmements, is likely to occur here due
the gold coating present of the C-AFM probe. The af this work was to study BR out
the 2D crystal organisation of the purple membravigle retaining its native trimeric
structure - hence the partial, instead of totdipdkation. High resolution imaging and a
more accurate determination of the number of trinmeesent in each feature are part of a
future work.

For the rest of this work, the terms “isolated &isi will be used to designate isolated

BR.,s features that may consist of groups of trimers.

3.3.2.c Ellipsometry

The thickness of the BR sample adsorbed on goldstsatbs was measured by
ellipsometry. The sample thicknesses on gold wetmd to be 2.67+ 0.17nm for the
delipidated mutant and 5.27+1.84nm for the nonpilddited M163C mutant, which is
still embedded within the membrane and thus showetiickness close to the 5nm
expected from crystallographic d&faAFM imaging showed that this sample adsorbs on
substrates as patches of membrane, each of them bpito several micrometers wide
(Figure 3.19 a). This result agrees with the ihsissumption of a protein monolayer and
100% coverage. The delipidated sample, howeverwsha significantly smaller
thickness, less than half that expected. In thég® c@5% of the PM lipids were removed,
and bacteriorhodopsin was expected to be foundddated trimers, some of them being
possibly still linked to each other in high oligomef trimers, but with a definite loss of
organisation into extended patches of PM. The s(@ai7 nm) thickness recorded for
this sample is thus due to a scatter distributibprotein molecules on the gold surface,

suggesting a sub-monolayer coverage of delipidaidn gold.
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3.3.2d SPR

Surface plasmon resonance was performed in ordaissess the role of the M163C
mutation by comparing the adsorption on gold ofhbpartially-delipidated WT and

mutant proteins (Figure 3.20).
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Figure 3.20 : Comparison of the immobilization of @rtially delipidated BR,s and
partially delipidated wild-type BR on bare gold ushg SPR1: sample injection (8
uM); 2, deionized water injection to start a disabon phase; 3: surface regeneration by
injection of 1 M KCI; 4: further draining of the kkdy injection of deionized water; 5:
injection of 1% v/v Tween 20 solution into the ¢dl the surface wash with deionized
water. BRys and WT BR were both immobilised on the gold elsdtr after injection, but
the amount of cysteine mutant detected after wastia gold chip was four times higher
(57.13 + 4.06 m° equivalent to a protein densitytensurface of 46.83 + 3.33 ngfcor
1.80 + 0.13 pmol/ cAythan the amount of wild-type BR (13.69 + 1.86 m@ieglent to
11.22 + 1.52 ng/chor 0.43 + 0.06 pmol/ ¢ This is fully consistent with the presence
of the cysteine mutation.

Although SPR binding curves showed that ;BRand wild-type BR were both
immobilized on the sensor chips (bare gold surfaedter injection, the amount of
cysteine mutant detected after washing the gold wfith detergent buffer was four times

higher (protein density on the surface of 46.83.333ng/cr) than for wild-type BR
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(11.22 + 1.52 ng/cAy. This confirms that BRs is chemisorbed via a thiolate bond rather

than being physisorbed as observed for WT BR.

3.3.2.e Cyclic voltammetry

The thiolate chemisorption of the M163 mutant orldgwas studied further and
quantified by reductive stripping voltammetry (dgclholtammetry). Specifically, in
sweeping the surface potential of the underlyingctebde cathodically in 100 mM
NaOH, a reduction peak originating from the cleavad the gold-thiolate bonds was
detected at~ -1.1VsSCE, while no stripping peak were observed inrobrexperiments

with the wild-type BR (Figure 3.21).

Current (pA)

-16 4 —— 75% delipidated BR -
—— 75% delipidated wild-type BR
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Figure 3.21: Cyclic voltammogram of 75% delipidatedBR.,s Adlayer on bare gold
substrate, confirming the presence of an anchdfingate-gold bond (in contrast to
delipidated wild type BR) and indicating a contablle assembly of Bf from sub- to
full- coverage on gold. This is in good agreemeithwthe AFM and surface plasmon
resonance data.

An integration of this cathodic current producesrage surface coverage values of 5.3
pmols/cni (approximately 80% coverage, considering a 35 footprint for each trimer

including their inner lipid€9, which is in agreement with the AFM observations.
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3.3.2.f KFM analysi®f BRyys

As described in Chapter IKFM is performed by doubleeanning each line of tt
surface, acquiring topographical data and surfaotenpial information, with th

possibilityto provide an image of the sale surface potential (Figure 3).

Figure 3.22: Topograph (left, z range 5nm) and surface potentia(right, potential
range 18mV) images of Bl,s on a gold surface obtained in lift mode The driving
voltage amplitude fopotential imaging was 6V, during which the tipsaéted 10 nnr
above the surface. The protein on the left is bledsible in the potential image whi
what appears to be individual protein species eaigjht are less well resolved (thanks
Ben P¢ers for this image

Images of adsorbed delipidated .,s on gold show isolated protein trimers on bc
topographic and surface potential ime (as discussed earlier for Figure 3.19,

observed BReatures may be groups of trim¢hat remained attached each otheafter
partial delipidation)where the proteifeatures corresportd regions of higher potenti

Further experiments focused on measuring the suifatential of partially delipidate
BR¢ys upon illumination, and i reproducing the experiments on WT BR and on pért
delipidated WT BRThe aim is to try and see whether KFM can provididence of ¢

homogenous orientation of the mutant sample on gmhdpared to the wi-type.
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Surface potential values were obtained as suceessiwasurements of the surface
potential of cross sections of the samples. Thems@ dvere processed and their

distribution is shown on Figure 3.23.
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Figure 3.23 Comparative distribution of photoinduced surface paential switch for
WT-BR, partially delipidated WT BR and partially de lipidated BR.ys as measured
upon illumination with a 495 nm long pass filter. Wild-type proteins (lipidated/non
lipidated) lack orientational preference for sug@aontact and their surface potential thus
switches positively or negatively on illuminatioepknding on whether the cytoplasmic
or extracellular surfaces are being sampled. Imhzebi delipidated BRs displays only
photoinduced increases in surface potential, cmifig the molecular homogeneous
orientation on gold. Data were acquired across TORM patches, 20 isolated features of
delipidated WT BR and 50 isolated trimers of delgied BRs.

Data presented on this graph only show the resbt&ined on illumination.

WT samples (delipidated or not) are only presenttlon gold surface through weak
physical interactions with the surface and have am@ntational preference upon
adsorption on gold. Therefore, upon illuminatiorpasitive or negative shift of surface
potential will be detected, depending on whetherdyitoplasmic side (proton depletion)

or the extracellular side (proton accumulatiom)rizsbed.
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Positive and negative values of the surface patestift were, indeed, observed for both
WT samples, confirming the random orientation af Wild-type specie. Regarding the
delipidated cysteine mutant, however, shifts offaae potential upon illumination are
only displaying positive values: these results zamthat isolated trimers of BR retain

their surface potential characteristics and that Ml63C mutation, in addition to its

anchoring role, also facilitates the homogeneoientation of the sample on gold.

3.4 Conclusion

The unique physical and chemical properties of dramthodopsin discussed in this
chapter have driven a considerable interest inirtherporation of BR into electronic
devices.

The hallmark of any molecular bioelectronic devie¢he ability for facile, reproducible,
robust and controlled interfacial assembly. The kwpresented here explored the
combined effects of a strategically located cystemutation (M163C) and partial
delipidation of bacteriorhodopsin. The anchorinterof the cysteine residue has been
demonstrated through electrochemical stripping aurace plasmon resonance analyses,
which both showed a increased (approximately tfo&Eh-and more robust association of
BR.,s on a gold surface compared to wild-type BR undemiital conditions. More
importantly, this coverage was achieved in a uniguientation of the mutant, its
cytoplasmic side homogeneously facing the goldasefas confirmed by photocurrent

measurements.
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Chapter IV — Molecular scale conductance
photoswitching in engineered bacteriorhodopsin

4.1 Introduction

The highly wavelength-selective proton pumping igbibf bacteriorhodopsin, coupled
with a high quantum yield efficiency (as high ag)8°, thermal and pH stability, has led
to the protein being largely studied for possikpplaations as a photoactive component
in biological transistor, molecular sensot®, data storage devices and artificial
retinag'® as discussed in Chapter Ill. Previous C-AFM isichave shown that the
electrical conductance of BR within the purple meanie could be reversibly switched

upon illuminatior®: 194 220221

while it was demonstrated in Chapter 1ll, and tfoe first
time, that BR could be depleted from most of itsnheane lipids and adsorbed on a gold
electrode in a robust, reproducible and homogengargented way while remaining

photoactive.

Here, C-AFM measurements are performed in an attengetect, for isolated trimers of
BR.s the shift of conductance upon illumination thaaswpreviously reported for
membrane-embedded BR. The wavelength specificitwelk as the role of the retinal
chromophore in BR electronic response has also ineestigated by C-AFM, KFM and

photocurrent measurements.

4.1.1 Preliminary C-AFM measurements on SAMs

Current-voltage spectroscopy performed on lighsgee BR involves illuminating the

sample with a light source, which will thus aldarhinate the microscope and its current-
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sensing constituents. In order to ensure thatl-¥Mecurves obtained for BR will only

reflect the protein’s behaviour on illumination,taethiol self-assembled monolayers
were used as a control system prior BR analysizdedd, as described in Chapter |,
alkanethiols-based SAMs are commonly used for nutéeelectronic measurements and
are easily formed. Most importantly in this cageyt are not light-sensitive, alternation
of light and dark during data acquisition shouldsmot have any influence on the

conductance results.

4.1.2 C-AFM measurements of BR electrical conductae

Conducting-probe atomic force microscopy was usethéasure the electrical response
of isolated trimers of BEs towards an applied bias, alternating from darkdetons to
subsequent illumination at a fixed wavelength.

The CP-AFM approach provides a means of robustyagimg BRs with both electrodes
(gold tip and substrate). Previous C-AFM analyseth wnetal coated probes have
specifically resolved and modelled protein condocga under a wide range of
experimental conditions. Attempts to engage moreskyf BR in the native PM for
electronic measurements, through the use of dithegraphically fabricated contacts or
C-AFM probes, have lead to reported junction rasisés in the &' range and low (pA

range) currents per triméy °% 1%

4.1.3 KFM measurements of BR surface potential

KFM is used here to provide alternative measuresBRf electronic properties, by

studying the surface potential of the protein adedron gold.

While there has been much work reporting AFM imggif BR*** % surface potential

analysis of the protein has not been as widelyarebed; in general, there is very little
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literature on the surface potential analysis ofnmtecules. So far, all KFM analysis
performed on BR have been carried out on highlyerd pyrolytic graphite (HOPG)
substrates, with the protein embedded within theplpu membrane. HOPG is a
conductive mineral with a lamellar structure, atoaly flat, which facilitates the
resolution of BR patches. KFM has been used to ameas shift in potential of purple
membrane on illuminatidf' . The surface potential work carried out by Knapl. of
BR deposited on HOPG showed a potential switchifig3é mV of BR upon
illuminatior®™®. However, similar work carried out by Lext al. reported a potential
switching of 37mV upon illumination, measured byafging Surface Potential
Microscopy (SSPMY>. It is possible that the lift heights used by tive groups differed
largely, hence the variance in the reported surfedential switching. By using a higher
lift height for the second pass the interactionwigetn the tip and the sample will be

weaker, thus giving a smaller potential difference.

Bacteriorhodopsin in the membrane has a permaripotedmoment which has been
measured to range fror@8D?® to ~1000F*’ per monomer, oriented perpendicularly to
the plane of the membrane (i.e. parallel to thegoraransport channel). On illumination
with light of a suitable wavelength a shift in ti@ole moment has been observed, falling
in the 10-30D randé® . It is likely that interaction of native BR withe lipid bilayer and
with adjacent proteins in the tightly packed criystaucture will affect this shift, with
Kestheylf?” observing a complete disappearance of a permatipote moment on
solubilization, and Otomet al. measuring a strong pH dependence on the magratudie
direction of the shift. Despite these variationshe measured size of the effect, a shift in
the dipole moment should lead to a shift in the snead surface potential relative to the

gold substrate.

To the best of our knowledge, no studies have Ipegformed on an isolated, oriented

molecular species such as the isolated trimerdRafsBtudied in this work.
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KFM was used here as a control of the C-AFM expenits : the surface potential of the
M163C mutant was measured on gold under light aréd donditions and compared to

that of WT-BR under same conditions.

4.1.4 Photocurrent measurements of BR

The photon-generated currents of BR and,B&uring their photocycle were measured
using chrono-amperometric methods. Experiments wertormed in the dark and under
illumination using varied wavelengths and ligheimsities, in order to determine whether
variation of BR photocurrent is wavelength-specifand in particular, whether the
cysteine residue involves any enhancement in thetophrrent detected for BR

compared to the photocurrent measured for wild-BRe

Photocurrent analysis of BR and different mutantiards of the protein has been
extensively studied under various experimental gtmms, however, there has not been
any conclusive results so far deciphering the meaisha by which illumination induces
the current variation detected in the supportirgtebde.

The vast majority of interfacial photocurrent amsa&ly have employed an optically
transparent indium tin oxide (ITO) surfate®® #*® with, additionally, some precedence
for immobilisation on metallic film§® 22 2%%33nd model membrang&s Attempts to
enhance BR photocurrent by co-deposition of quandats (activated by the same
optical wavelength as BRY or silver nanoparticles (to increase the phototeducurrent
by forcing BR molecules to follow a shorter photdeyand, thus, increase the rate of
proton release) have also been repStedll prior research does agree, though, on the
fact that the current transients observed whend$B&ubjected to yellow light are a result
of the molecule photocycle and the changes in lgudl associated with ‘it’.

Significantly, under conditions of moderate (<1Viady current densities per BR

monolayer are typically in the pA ord&
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4.2 Material et Methods

4.2.1 C-AFM conductance measurements of mMm junctits

4.2.1.a Octanethiol SAMs formation

A freshly annealed gold substrate (protocol desdriim Chapter Ill) was incubated in a
5mM ethanolic solution of octanethiol for at led@sthours at room temperature. The
substrate was then washed with ethanol in ordeligcard any unbound material, and
dried under nitrogen flow. It is crucial to avoidyacontamination of the gold surface, all

preparation steps were thus performed with abselirnol.

4.2.1.b 1-V spectroscopy parameters

4.2.1.b.i Initial checks

In order to ensure that the microscope is readymiasure the sample electrical
characteristics, the elements involved in currearidmission between the module holding
the conducting probe and the plate carrying thepsamwere tested with an ampmeter.
Current testing was performed after the initial erkmental set up, as well as each time a
new probe or substrate was used. Indeed, all CP-Atfems are made of small units
that require being in contact for sensing curremtrdy I-V scans. It may happen that one
item (such as the spring connecting the sampleegsample stage) is slightly misplaced:
this may not be visible when setting up the expeninbut then results in no current or
abnormall-V curves being detected.

On the PicoSPM microscope (Agilent), electrical leabare connected from the
microscope head (holding the conducting probe)doreent sensing circuit on the sample
plate (Figure xx in chapter IlI). Current transnmossibetween both units was tested

between the gold sample and the current sensiogitcir
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On the JPK microscope, current transmission waedebetween the probe and the
conducting module on the head of the microscopapiehn 1), as well as between the

gold substrate and the sample plate.

4.2.1.ii Probes

Conducting probes used for current-voltage specbs experiments are soft contact-
mode silicon probes with an overall gold coatingl an spring constant of 0.2 N/m
(ContGB, Budget Sensors, Bulgaria). In order tatlss much as possible the risk of gold
substrate contamination, the probes were cleaned imenchtop UV-ozone cleaner

(Bioforce UV/Ozone ProCleaner, USA) for 30 minubesore use.

4.2.1.iii I-V spectroscopy

Current-voltage spectroscopy was performed on paltially delipidated BRsgold
junctions prepared according to the procedure destrin Chapter Ill. Molecular
Imaging Pico STM instrument (Agilent Technologiesjng a 1196 AFMS scanner, and
on a NanoWizard AFM fitted with the C-AFM moduleP{d, Germany) at different
times. Illumination was performed with a light soer(KL 1500 halogen cold light
source,150 W, Schott) whose light guide was fittatb the microscope, at the substrate
level for direct illumination of the sample. Expaents were performed in a dark room.
Gold-on-glass substrates (Arrandee, Germany) wesxed in the UV/ozone box for 30
minutes, washed with ethanol followed by deioniseter and were then annealed to
obtain atomically flat gold terraces. Annealing wessformed by passing a flame for a
few seconds over the substrate, gold face up, repea3 times. Successful annealing
was detected by the change in appearance of thielaggtr, from a shiny to a cloudy
aspect. The substrate was then allowed to cool doma few minutes and was incubated
overnight at 4°C in 120 ul of 10 uM protein solutim a Petri dish. A layer of parafilm

was placed between the dish and its lid in ordeavimid sample evaporation overnight.
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The substrate was then thoroughly washed withlldigtwater to ensure removal of any
unbound protein, dried under nitrogen and glued antmetallic disk. Nitrogen was
flowed in the microscope chamber before startingdkperiment to reduce the level of
humidity. The conducting tip was then brought imimntact at low force (1 nN) and
surface characterisation was performed in contaoctlenC-AFM: the substrate was
partially scanned at constant voltage (limited sgam is required due to the fragility of
the probe’s gold coating) in order to obtain heightl current images and thus localise
the delipidated proteins on the surface. Betweandb45 BRs junctions were probed for
each substrate. Coating the gold substrate, ralfzer the gold AFM probe, with the
protein provides the possibility to see the gold-Bictions and, with the JPK
microscope, to choose which junctions to study. Jinall size of the probe would result
in less protein being adsorbed, and this, addetthdofragility of the probe thin gold
coating, increases the risk of damaging the sampte cancelling the experiment soon
after beginning the measurements. Electrical cheratics were recorded independently
of force feedback. Preliminary I-V curves were daed in order to determine the
minimum range of forces that could be applied t® sAmple to detect a current flow
through the molecules without damaging the proté€ire minimum force to apply was 6
nN, results becoming more stable and reproducibl®aN, while the maximum force to
be applied before exerting a too high pressurbgésample was 45 nN. A force of 15 nN
was then systematically applied during the expamisieunless stated otherwise. A
voltage bias ranging from -1.5V to +1.5V was appli® the sample and the sweep

duration was set up at 0.5s.

4.2.1.d Illumination cycles

All 1-V spectroscopy experiments were started in the dar®chott KL1500 light box
was used as a light source, located on a sepafadeein order to avoid causing vibrations

to the C-AFM each time the light was switched od aff. A fibre-optic cable was used
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to deliver illumination to the sample under invgation. lllumination cycles were started
after a few minutes of data acquisition in the ddk turning on the light source fitted
with a filter of the required wavelength (GG495 an@550 long-pass filters, or 325 nm
short-pass filter, SCHOTT). llluminations of 5seere alternated with dark periods.
“On/off” illumination cycles were performed manualexplaining the slight difference in

cycles duration that can be observed on real-tiilmgrdms.

4.2.1.el-V data analysis

The simplest measure of the properties of the CREABR junctions is the low-bias
resistance calculated from th& curves, since the current\dte O is linear with voltage.
The inverse of the gradient of this line then gieeseasure of junction ‘resistance’,
although it should be stressed that this is notsdrae as the concept of resistance in a
bulk conductor, but is similarly derived from tHee of thel-V curve.

In order to ensure the reliability and reprodudtipibf the results, several hundreds lef

V curves (between 200 and 500) are obtained for setacular junction, in each (dark
or light) condition. Considering the fact that teslsmMm junctions are assessed per
experimental day, a tremendous amount of data teeas to be processed. Although
conclusive results were observed with both the égiand JPK systems, overall, most of
the results presented in this thesis, and in pdaticmost of the controls, have been
obtained on the JPK machine. This equipment iscoreew on the market and no data
analysis software is available for the moment faycpssing I-V spectroscopy results.
Raw data are thus analysed with a home-written Klatloutine (R2008b, MathWorks).
The first step consists in manually selecting, agnali recorded curves, those to be
discarded from further analysis (such as, for exampoisy curves). Then, the MatLab
routine selects the predominantly linear IV resporeggime (between -0.2 to 0.2 Volts for
backward and forward sweeps) and computes a Ifitetlius enabling the calculation of

the ohmic resistance for each IV curve. The resfitthe IV analysis are then collated
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and further statistically analysed using the Otigim software. Despite the Matlab
routine, there is not an automated process yaddtarmining whether to accept or not an
I-V curve for further analysis: this -long- partthie data analysis process still needs to be

performed manually.

4.2.2 KFM Surface potential measurements

The experimental set up and sample preparatioowelll the same protocol as described

in Chapter III.

4.2.3 Photocurrent measurements

Photocurrent measurements were carried out usinguaolab Potentiostat in chrono-
amperometry mode, while data analysis was dongyuGPES (AUTOLAB) and Origin
(OriginLab®©) softwares. The light source used boniinate the photocell was an M-150
FibreLite with a 150W halogen bulb, as for SPM ekpents. The two filters used were a
495nm long pass filter (yellow light) and a 325nhoit pass filter (blue light), the latter
of which was used for control purposes. Measuresnefithe photocell were carried out
in a Faraday cage in order to reduce the amouateatrical noise and to block out any
external light. The beam of light was chopped usingpme assembled compact optical
shutter, consisting of a rotating disk driven bpaitery powered motor. The frequency
and time period of illumination were controlled bitering the speed at which the disc
rotated. The photocell itself was held 2 cm abdwedptical cable, with the perspex filter

and a glass petri dish separating the two electrode

Transparent electrodes

Thin gold films (2 nm of Chromium as adhesion laysd nm of gold), to be used as
working electrodes, were prepared by evaporatingglass coverslips (0.08-0.11 mm

thick, Menzel Glasser). ITO coated glass (0.14 mitkt 100Q/cn?, Diamond Coatings
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Ltd) was used as a counter electrddlectrodes (Gold & ITO), prior to use, were cledne

in freshly prepared piranha solution.

BR layer formation

Within the assembly of the photocell, 50uL of 10420 BR (wild-type/ delipidated

wild-type/delipidated BRcys) solution was pipetted to the working gold electrode
surface. Controlled submonolayer of BR was gendrdig placing the photocell,

overnight, in a humid light proof box at 4°C. Befause, the remnant BR solution was
removed and the working electrode rinsed with degshwater (in order to remove any
weakly bound protein). This protocol (termed “santdeposition”) was used also used
in multiple iterative manner (i.e. solution depmsi{ surface washing, solution

deposition...) to investigate the possibility ofi@emental coverage increase.

Cell Setup

In order to maximise the surface coverage of BRtlo& gold, various deposition
technigues were used. In all cases the cell usasisted of two optically transparent gold
slides, one acting as the working and the othex esunter/reference electrode, between
which the BR film and electrolyte solution were darched. The two gold slides
required used for the cell were first cleaned imoemtrated piranha solution for 10
seconds. Piranha solution, made up by mixing cHg80, and HO, in a ratio of 3:1, is a
very strong oxidising agent and is used to remowstnorganic contaminates. Once
cleaned with the piranha solution the slides whentwashed with ethanol followed by
DI water, before being dried under nitrogen. Acsifi o-ring of 4mm radius and 1mm
thickness was then placed onto the working slic the desired bR solution was then
pipetted into the o-ring. After the required defiosi time period the o-ring was then
backfilled with an electrolyte solution of 100mM 182, in 10mM PBS, and the cell
sealed with the second gold slide. For all the ptwlts used aluminium foil was attached

to both slides using silver conductive paint tcateeelectrical contacts.
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4.3 Results and Discussion

4.3.1 Preliminary C-AFM conductance experiments omctanethiol SAMS

Initial |-V spectroscopy measurements were perfarman octanethiol-based self-
assembled monolayers, which are non-sensitivegha, Ion gold substrates. Conductance
measurements were performed in the dark and unbenination, under similar

conditions (light filter, illumination time) to tlee that will later be applied to the

bacteriorhodopsin molecular junctions.

current (nA)
1.5

bias (V)

-1.0 -

Figure 4.1: Averaged |-V curves obtained for octaathiol SAMs on gold in dark
conditions (blue) and under illumination (red; A>495 nm. No variation of
conductance can be seen upon illumination. Moreaesistances calculation shows a
value of 10.9 ® in the dark and 10.1&on illumination. Average of 318 curves in the
dark and 225 on illumination. Force applied: 20 ddta obtained on a PicoSPM system
(Agilent).

Over 300I-V curves were recorded in the dark and over 200rnitidsnination (averaged
results on Figure 4.1): no difference could be dastveen both conditions. ContieV/
spectra taken on an octanethiol monolayer showgtegsies of 10.9 G and 10.1® in

the dark and illuminated states respectively, aigiificant shift. While this control
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system differs somewhat from the protein systens, a reliable, well defined measure of
a photo-inert junction that shows that the tip-roale-substrate system is not prone to

switching due to some spurious process.

4.3.2 C-AFM conductance measurements of BR moleculpnctions

The aim of these experiments is to try and defectsolated trimers of B§s on gold, a
photoswitch of conductance similar to that obserfardnembrane-embedded wild-type
BR. I-V spectroscopy is performed by C-AFM on junctionglenaf partially-delipidated
BR.,s adsorbed on a gold substrate and probed by thd gpl of the C-AFM.
Measurements of the conductance of WT-BR or noipidelted BR,s have been briefly
performed initially but the focus of these expeniseis the electrical behaviour of
partially delipidated BRs Before measuring the electronic response of #ipidated
protein towards an applied bias upon illuminatiorycial experimental set up points,
such as the minimum and maximum forces or the geltzias range to be applied to the

sample, need to be determined.

4.3.2.a1-V spectroscopy in the dark

In conducting-AFM, a voltage is applied to the grathile the substrate is held at ground
potential, and the current passing from the tigh® substrate, through the sample, is
measured. Applying too low a contact force to thegle will result in an unstable
detected current. Conversely, a too high applied levould compress the sample and
results would show the probe-substrate interactratizer that the characteristics of the
molecule of interest.

Extensivel-V spectroscopy was first performed in the dark only,isolated trimers of
BR.,s on gold. Force loads in the range of 5-40nN (+ PhBlve been applied to 5 to 10

molecular junctions for each force, and an ave&dge501-V curves were recorded for
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each molecular junction, at each applied force.|@ddds below 10nN intermittent
conduction was observed, indicative of poor eleatricontact between tip and the
protein. Reliable electrical contact was establisla¢ 10-15 nN of contact force in
engaging delipidated BRwith a metal coated AFM probe. The current flowthgough
delipidated molecular B studied here reached +10 nA and -10 nA at +1V an¥ -

bias, respectively (Figure 4.2).

15
current (A)
10—
dark
5 =
‘ ' ' ' bias (V)
-1.25 0.25 0.75 1.25

Figure 4.2: Average of 2141-V curves obtained in the dark for one gold-partially
delipidated BRsgold molecular junction. Reproducible, stable current was observed
at an applied force of 15nN. The calculated junrctigsistance was 142 + 26M

At applied loads higher than 25 nN, the level afnpoession exerted by the C-AFM tip
on BR is such that the protein is physically disgdrand does not exhibit its conductance
behaviour anymore: a straight conductance is thbeerwed on the I-V curve,
representing the direct gold probe-gold substnateraction (Figure 4.3). Unless stated
otherwise -V spectroscopy of partially delipidated BRvas performed at 15nN applied

load, towards an applied bias ranging from -1.25.25V.
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Figure 4.3: Determination of the optimal experimenal conditions in C-AFM: case of

a too high force load applied to the sampléWVhen too high forces are appliea),(the
compression exerted by the C-AFM tip on the samplesuch, that the protein is
physically distorted and does not exhibit its cartdnce behaviourb]: a straight
conductance is observed on the I-V curve, reprexgrihe direct gold probe-gold
substrate interaction. In the case of isolatedersf BR, this phenomenon is observed
for applied loads higher than 25 nN.

4.3.2.b 1-V spectroscopy on illumination (4> 495 nm)

After setting up optimal experimental conditiondudies of the conductance on
ilumination of isolated trimers of B could be performed. Chapter Il was focused on
the gold-partially delipidated BR junction characterisation, and UV-visible
spectroscopy showed that binding of delipidated,B&nto transparent gold on glass
resulted in a shift of its peak of absorbance f&@@nm to 500nm . The light source used
for illumination cycles was thus fitted with a 488 long pass filter for illuminating the
sample. As mentioned in Chapter I, the numbeBBf trimers assayed in such gold-
protein-gold junctions is hard to determine prdgisas partial delipidation does not

necessarily lead to isolated individual BRtrimers; indeed, although the purple

116



Chapter IV- Conductance photoswitching of bacteriohodopsin

membrane environment and the 2D lattice organizaticthe protein are disrupted, bulk
structures comprising several protein trimers canfdrmed. The molecular junctions
probed may thus not be all identical. However, Alkfging showed homogenous
protein coverage on the gold surface, with no majae difference among protein
features adsorbed on the surface (Figure 3.1%jowadh molecular junctions may not be

made of strictly identical number of trimers, thare no big variations among them.

Experiments were started in the dark, then thet kglurce was turned on for 5 seconds
before being switched off: current passing throtigh molecular junctions as a function
of the applied bias was measured while “on/oftintination cycles were alternated.
lllumination induced a distinct conductance inceefélSigure 4.4 c, rettV curve) which
decayed back to its initial value when the lighsveavitched off. This phenomenon was
reproducibly observed over an average of five “h/oycles for one metal-molecule-
metal junction, before the amplitude of the shiftonductance upon illumination started
to decrease over the following cycles and reachedpbint where no more shift was
detected. However, moving the C-AFM probe to anothelecular junction immediately
reinstated conductance photoswitching. In ordeertsure the reliability of the results,
extensive measurements were performed. SeverakrdusldV curves were obtained in
dark and on illumination, at one applied force dod each probed mMm junction:
between 5 and 45 junctions were tested per expetjnoger a range of 3 to 5 applied
forces, although 15 nN was the most commonly agplantact force.

The amplitude of the photo-induced increase in notahce could be explained by the
plasmon effect of the gold substrate mentioned hap@er Il (Figure 3.18). However,
although this effect may occur, it cannot be thénmraason for the particularly high
current increase observed here. Indeed, previonductance measurements have been
performed on BR on golt? **in buffer and in af*?, and have thus experienced thus

plasmon effect, but none of these works displayeth & photo-induced increase.
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Figure 4.4 :1-V spectroscopy of partially delipidated M163C bacteprhodopsin in
dark and illumination (A>495 nm).a. Schematic representation of the experimental set-
up: an isolated trimer of BR, adsorbed on gold, is probed by the C-AFM tip unde
illumination. b. Magnification of the linear part of tHeV curves (0.2 V bias section,
represented by the “boxed” region in c.) obtainedhie dark (blue) and on illumination
(red): an increase of conductance is clearly \ésitmh illumination (black arrow). Data
analysis showed that the molecular junction switiclhem 137 +28M in the dark, to 39
+12MQ when illuminated. c. Averaged |-V curves obtained during successive
illumination cycles of 5s each. Data shown herenfian average of 240 “light” and 260
“dark” curves at a junction force of 15 nN £ 1.3 oMer 42 gold-BR-gold junctions; bias
range +1V, sweep rate = 0.5s.
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The major difference between this work and previmlated studies is the isolation of
BR from the purple membrane environment. The pmnotean thus form electrode-

molecule-electrode junctions in a closer and mobeist way than achieved before.

Several thousands of raw data in total were thestgwssed and provided valuable
information about the molecular junction behaviopon illumination.

As mentioned earlier, junction resistances areutated from the linear part dfV
curves. Although it is already clear from the mgraph on Figure 4.4 that illumination
triggers a shift to a higher BR trimers conductance, Figure 4.4 b emphasiseséhe v
linear part of both dark and light averaded curves: the increase of conductance is even
more visible here, and can be estimated as beingndra three-fold increase of
conductance. Statistical analysis of these resaltsthen provided precise values of the

evolution of the molecular junction resistancesruglomination.

4.3.2.c Statistical analysis

Several thousands dfV curves were recorded in each condition and werst fi
discriminated according to the general aspect@ttirve (noisy or occasionally unstable
signals, for example, were discarded). Then, achamitten MatLab routine was used to
determine BR molecular junction resistance fromldve bias regions of eadhV curve.
The drop of resistance (and thus, the shift togidt resistance) upon illumination is
clearly visible on the resistance distribution (i¥g4.5).

Resistances calculation shows that molecular jonatesistances, specifically, drop by
approximately three fold from 137 + 28 (M pre-excitation to 39 + 12 M on
illumination. The statistical distribution of theldrk” and “light” resistances showed that

light-induced fluctuation was reproducible over go#2 BRys junctions.
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Figure 4.5: Resistance distribution of partially ddipidated BR.,s on gold, in dark

and light conditions (>495nm), obtained for 42 moleular junctions. Only |-V curves
presenting a symmetrical shape toward positiveragtive bias were retained for d

processing. These curves were analysed by a codhfiititenabling the calculation «
individual resistances. This distribution confirte over thre-fold drop of resistance,
from 137 + 28 M2 to 39 + 1.MQ, observed for trimers of BR on illumination (lonc

pass filter cut off at 495 nm, results obtaiffrom 42 BR,s junctionsfor an applied forc

of 15+ 1.3 nN

Considering the fact that molecular junctiorudied here are likely to be made of a 1
BR trimers isolated from thpurple membrane but remainitigked to each oth, a
general assessment of the average number of trppeegjsinction has been performiAs
mentioned in Chapter Il (figure 3.1 the average diametaf one single featur:
observed over 100 junctions and in 3 different dag, is 24.843.9 nm, while a
individual BR trimer reportedishows a diameter of 7.5 Atnlt can thus be assumed t|
the BR features observed after partielipidation are made of an average of 3 indivic
trimers. Upon illumination, one me-BR.ys-metal junction displays a resistance o*
12MQ, i.e. an average 13 MQ resistance per individual BR trimer in the + 0.2gion
of the I-V curve. Rsults obtined here thus show an averaggrent of 17n; per BRys
trimer upon illuminatiol, which is far higher than previous results obtdiise far for
membraneembedded BF

Indeed, in 2006, Jiet al'® used the C-AFMechnique to measure the conductanc

monolayers of bacteriorhodopsin reconstituted ilipad vesiclesfused on a soli
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substrate and covered by gold pads. These expdamsettings provided resistances
over the ® range, and estimated current values of $A0rimer. The following year,
Casuset af®’, performed C-AFM measurements of the conductangeigfie membrane
patches and obtained a current of 50 pA/trimerhteayders of magnitude higher than
previously reported. Such a difference was expthlmea better protein-electrode contact
resulting in a homogeneous current flow obtainedHe whole BR monolayer.
Conductance measurements results obtained herpaftially delipidated BRs (17
nA/trimer) are also of interest when compared ®dRpected conductance of water-free
peptides. Indeed, direct tunnelling through a wéese, 1nm-long, peptide has been
measured to be 12 nA at a 0.5V applied Bla®\ssuming an exponential decrease in
tunnel current with increasing molecular lengthdiséito an expected current value of 10
%A for a 35 nm area (area of a BR trimer), using the Simmons fndéofe direct
tunnelling®. Here, protein samples are depleted from mosteif £nvironmental lipids:
molecular junctions are thus established in clgsekimity of the protein and show an
unprecedented average conductance for individuakrigiers.

These results show that conductance mechanismagthrBR are more complex than
direct tunnelling through a single barrier, whiclilvibe discussed further in section

4.3.2.g with the use of retinal-free BR

4.3.2.d I nvestigating BR,s conductance photoswitching reproducibility

Average results obtained so far have demonstratddes-fold photoswitching of the
molecular conductance of isolated trimers of8Rn illumination. In order to better
visualise the reproducibility of this behaviouraktime I-V spectroscopy has been
performed: the conductance of one single;BRiolecular junction was recorded, over

time, towards a fixed applied bias. The entire pbptle takes place within 10ms when
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the protein is embedded in its native membrenvironment;t is thus unlikely that, o
the timescale of aurren-voltage sweep, the natural individual cycle will tedlected ir
the I-V spectra. However, these measurements will providiglit towards the avera
behaviour of the delipidated protein over suchnaesicale, when trapped between

electrodes.
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Figure 4.6 Demonstration of the reproducibility of delipidated BR.,s conductance
photoswitching: reaktime |-V spectroscopy of one single BR junction upon
successive illuminations (>495nm). The graph shows the evolution of BR junct
resistances under dark & light conditions measuresl time by C-AFM. Each point
corresponds to the resistance of one sil-V curve recorded every 0.5s. At 7.5 secc
(after 15 consecutivieV sweeps), ddht source is switched on for a few (— 5) seconds
and then turned off A drop of resistance is cleairilyible on illumination, ancis
reproducibly observed for an average of ten cydaésinterspersed illumination
Following cycles showed an attenion of the shifts to the point where no shift occat
the same junction, probably due to current sammafdata not shown). Repeating
experiment on another point of the sample restdherl photoswitching behaviot
Applied force: 9+1.2 nN; voltagebias ranging from + 1VIllumination times were c
slightly variable duration as switching of the ligitource was performed manue

Processed data show the evolution of the junctiesistance over time: multip
successive measurements ovillumination cycles of ~ 5 s interspersed w

measurements in the dark, on a sameysjunction without withdrawing the tip, lead tc

122



Chapter IV- Conductance photoswitching of bacteriohodopsin

reproducible series of shifts in conductance olad@evfor typically 5 full cycles (Figure
4.6) and confirming retention of molecular photdatt through the process.

In most cases, a gradual decrease in conductareehsarved for junctions following 5
to 10 dark-light switching cycles, an observatioddpendent of illumination time.
Conductance and its photomodulation, however, walestly reinstated on moving the
probe to a different part of the BR modified sugathis observation suggests that the
progressive conductance decrease was due to adooant saturation of the protein
under the C-AFM probe, rather than being illumioatinduced since the whole sample
was illuminated. Changing the illumination timesd dnot affect this phenomenon.
However, moving to another point of the sample siited photoswitching, indicating
that current saturation is a local current phenanerather than an illumination-induced

saturation since the whole sample was illuminated

4.3.2.f Investigating thephotoswitching wavelength specificity

Partially delipidated BRs has been shown to exhibit a three-fold increaseitof
molecular conductance upon illumination (> 495nrim), a reproducible way, for
individual gold-BR-gold junctions. A control experent consisted of investigating the
wavelength-specificity of this unique behaviour,reproducing the same experiments at
a different wavelength.

As shown in Chapter lll, partially delipidated BRadsorbed on gold has a peak of
absorbance of 500nm, hence the chdic&95nm longpass filter for the previous
experiments. When delipidated M163C is in solutits, peak of absorbance is &t
560nm. A 550nm long-pass filter has thus been fisedontrol experiments assessing
the wavelength- specificity of the photowitching.

Engaging the CAFM probe with partially delipidatB&.,s immobilized on gold using a
550 nm long pass filter for illumination resulted ¢urrent-voltage curves showing no

significant shift of conductance over 200 curvegyfe 4.7) between dark and light
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conditions, with a mean resistance of 213 +2BM the dark and of 207 = 15Wupon
illumination, thus confirming the wavelength spéaiiff of the BR conductance

photoswitching.

.
=]
)

light (550 nm)

Current(nA)

dark

0.5 1 1.5

=10 -

Figure 4.7. Assessing the wavelength-specificity oBR junction conductance
photoswitching: I-V spectroscopy of partially deligdated BR.s in dark and light ( >
550 nm) conditions.Average of 210 “dark” and 200 “light” I-V curvedtained for 35
mMm junctions. The linear part of the curves shawsignificant shift of conductance
after several alternations of dark and light. Apglforce: 20 + 1.3nN. Mean resistance in
the dark: 213 + 29I®, upon illumination: 207 + 15K2.

4.3.2.9 Investigating the role of the retinal chromophore in BR.s conductance

photoswitching: 1-V spectroscopy on retinal-free BReys.

Bacteriorhodopsin entire biological function relies the photocycle, triggered by the
photoisomerisation of the retinal chromophore. FdAFM-based control experiments
consist in confirming the crucial role of the chmgphore in the electric conductance

behaviour of BR.
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4.3.2.9.i Comparative C-AFM study of Bfand bleached B

The first control experiment consisted in perforgninV spectroscopy on a bleached
(retinal-depleted) BRs, and in comparing it with the results obtained fetinal-bound
BR.,s Fitted on the same axis scale, the conductanqeauially delipidated bleached
BR.,s looks close to 0 nA compared to delipidated réfimaind BRys (Figure 4.8). When
fitting results of the bleached protein on a déf@rscale (figure 4.8, inset), 8/ curve
displays the common sinusoidal shape, with the ndifference that the current detected

for bleached BR is comprised within the pA ranghile/BR s displays 10 nA at a same

applied bias.
15 4
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Figure 4.8: Conductance measurements of bleachedre{inal-free), partially
delipidated BR.,s compared with retinal-bound protein Averagedl-V curves obtained
in the dark for partially delipidated BR (black) and bleached partially delipidated BR
(red). Curves obtained for the bleached proteirevmeunch noisier than those obtained for
the retinal-bound protein. Applied force = 10 +IN3rAverage of 50 curves in each
condition.

The presence of the retinal is thus not only resjide for BR electronic behaviour upon

illumination, but also affects the protein conduck in the dark. Indeed, measurements
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of BRys “single channel conductance” (the protein depldteth its core chromophore
can be assimilated to a single channel path fatreles) show an average current of 26.6
+ 2.4pA/molecular junction, and thus an averageeturof 8 pA/trimer passing through
retinal-free BRsupon illumination: a result that is four ordersmsgnitude lower than
what was obtained for the retinal-bound proteine Téhromophore thus serves as a

current transport mediator.

4.3.2.9.ii I-V spectroscopy of bleached.Bk the dark and on illuminationt$ 495 nm)

A last control consisted in assessing the capgpbiit bleached BR to undergo a
photoswitch of its electrical properties while depd from its chromophore. Figure 4.9
showsl-V curves in dark and in light of isolated trimersBR. The current detected
dropped from the nA range for BRto the pA range in the absence of retinal. Then,
detection of a photoswitch has been tested on féehdelipidated BEs, alternating
periods of darkness and illumination at the >495waonking wavelength. Not only the
detected currents were in the pA range, but alsswitch of conductance could be
observed over successive illuminations.

Resistance calculations showed a 38.6+ Z¥6r&istance in the dark (measured over 147
I-V curves) and a 37.5+ 3.4 (Gresistance upon illumination (calculated from 132
curve). Figure 4.9 shows that partially-delipidatetinal-free BRs under illumination
has a resistance dropped by three orders of magntampared to retinal-bound BR
under the same conditions. As seen earlier, cupasging through BR is much higher
than originally expected for direct tunnelling thgh a 5 nm-long, water-free peptide. In
the case of proteins naturally involving electroamsports over long distances, cofactors
such as redox centers are required. Here, thealettromophore and its-electron

system present in the core of BR can be considaseithe intermediate on the electron
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path through the protein. Indeed, the electrodgyB#ectrode junctions show

conductivity as long as retinal is present andisamerise upon illumination.

80 - Retinal-free, 75% delipidated BRcys:
- dark
60 1 _ jight (>495nm)

40
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Figure 4.9 Conductance measurements of bleached, partially dpldated BRys in
dark and light conditions (>495 nn). Experiments were performed at the wavelength
showing a conductance photoswitch in retinal-bol#.,. No significant shift of
conductance was observed here for bleached,B&tter several dark and light
alternations, as expected. Average of 147 curves obtained in the dark and 1132
curves obtained during illumination. The force aggiwas 10 £1.3nN. Note that currents
observed here are in the pA range, instead of raimdd for retinal-bound BR.

Experiments were performed out of the purple memb@nd in absence of buffer, the
effect of light-induced proton ejection is thus simered negligible here. Indeed, the
proton channel in the core of BR becomes an opém ipaabsence of retinal: an ionic
conductance mechanism would then lead to a sewvedakrs of magnitude increase of
conductance in retinal-free BR but the opposite phenomenon is observed. Thesése

confirm that BR can be used as a biological mdt&riaxplore electronic transport.
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4.3.3 KFM surface potential analysis of BRson gold

Any detected shift in protein surface potentialilirmination would imply a retention of
BR photoactivity and confirm the usability of tteoiated protein in molecular electronic

applications.

4.3.3.a KFM measurements of membrane-embedded BRs on gold

KFM is not commonly used for measuring surface pizd of biomolecules, in particular
for species such isolated protein trimers, likeehter partially delipidated B First

KFM studies were thus on BRpurple membrane patches.

— light (A>495 nm)
= — dark
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Figure 4.1Q Surface potential cross-section of one patch of stgine mutant purple
membrane immobilized on flame annealed gold as mapgd by KFM in the absence
(dotted red line) and presence (black line) of 498m long pass filtered 150 watt light
excitation. The potential switch here is approximately 10 nikset: Tapping mode
topographical image (1.1umx1um) of typical nativitdwype PM patches on goldThe
surface potential of such patches can be reversiiiiched through a number of cycles
(typically 7 to 10)
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Experiments were started in the dark (red dottee) liUpon illumination of the mutant, a
potential switch to higher value (typically 10 mWjgure 4.10) was reproducibly
observed across several membrane patches, as exkgectmembrane-embedded BR.
These cycles were reproducibly observed for oneesaembrane patch for around 7 to

10 cycles before attenuation of the phenomenon.

4.3.3.b KFM measurements of partially delipidated BRs on gold

After observing a photoswitch of the surface pogmtf membrane-embedded BRthe
experiment was reproduced on delipidated,BRigure 4.11).

Experiments were started in the dark and recordentiruously from the first
illumination (blue line), then after switching dffie light (red dotted line) and switched
on again (dark line): the surface potential dropgsemv the sample returns to dark
conditions, and increases again upon illuminatiba:shift of conductance observed with

C-AFM is confirmed here with a shift of surface @utial.

The cross section mapped here in potential measute(a), is larger - 100 nm - than
topographical cross sections obtained previous{y-iF-M, since the probe does not map

topographical data but long range electrostateradtional force.

A statistical analysis (counts vs. surface pot&nt&d switching characteristics of
approximately 20 trimers, (c) indicates a consisgavitch direction (black: no light, red:
incident light) to higher surface potential upoluritination, but a switching magnitude
that varies from 15 to 30 mV, a dispersion likadybe reflective of differences within the
complex convolution of parameters that contribut¢hie electrostatic force imparted on
the sampling probe. Some of these may be envirotahhghough it is also likely that a
contribution from dispersion in, for example, pioteharge and hydration state across

the surface contributes to the differences observed
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Although KFM results do show a switch of surfaceegotial upon illumination for
isolated trimers of BRs, the magnitude of the shift is not constant coragao the 3 fold
increase of conductance repeatedly observed acvossrous isolated trimers with AFM.
Here the surface potential systematically incredsesach sample, but according to the
feature probed, the increase will range from 15tm30 mV.

KFM experiments so far have only focused on detgcthe photoswitch of surface
potential for isolated trimer of BR. Further control experiments remain to perform,
regarding the wavenlength-specificity of the shifitd the surface potential of bleached
BR.,s Where the absence of retinal chromophore has asegrtained by C-AFM to be

the reason for the shift.
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Figure 4.11. KFM measurements of the shift in thewsface potential of a delipidated
M163 mutant trimer on flame annealed gold as incidet light is turned “On” (blue
line), “Off” (red line) and then “On”(black line). The x axis (a) shows the surface
cross section. A 495 nm long pass filter was ugethe incident light. b) Topographical
KFM image showing the BR isolated trimers (arrowdled during the experimenri
statistical analysis of approximately 20 trimerkifalicates a consistent switch direction
(black: no light, red: incident light) but a switag magnitude that varies from 15 to 30
mV.
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4.3.4 Photocurrent measurements of gold-BR-gold junctions

As an alternative to scanning probe techniques,etbetrical properties of BR upon
illumination were assessed by measuring its phgenerated current by
chronoamperometry. To do so, the protein was tmppgh an electrolyte solution

between two electrodes in a photocell, as desciib&thapter Il.

4.3.4.a Photocurrent responses of membrane-embedded BR and partially delipidated

B Rcys

First measurements were performed on membrane-elabled/T-BR on gold during
successive illumination cycles, where the proteiadsorbed by weak physisorption onto
substrate.

Indeed, there is not chemical interaction like tvee happening with BR, so it is
assumed that adsorption on gold will not alter ttheximum of absorbance of the
protein: WT BR was illuminated with a 550 nm loragsp filter.

lllumination triggers WT BR photocycle in the pho#tl, causing local pH variations in
contact with the working electrode, which resulstihe polarisation of the electrode.
(Figure 4.12 “Light on”). Indeed, at the onset ight irradiation, the first stages of the
photocycle (up to the formation of the M intermeeé)jaresult in a net proton release from
the EC side of the BR molecules. This large in@eaghe proton concentration will lead
to a drop in the local pH within the monolayer mgiresulting in the anodic polarisation
of the working electrode which under potentiostatanditions will drive a transient
cathodic capacitive currént, seen at “Light on” in Figure 4.12 b. During caarst
illumination this build up of positive charge nanlger exists as the uptake of protons at
the CP side occurs at the same rate as the pretegse from the EC side, thus returning

the current to its stationary value.

131



Current (nA)

Chapter IV- Conductance photoswitching of bacteriohodopsin

Q

. bare gold b. wild-type BR

6 Light
154 Off

>

200
s R i i

Photocurrent (nA/cm’)

Light -~
14 On
154
2
0 5 10 15 20 2 30 20 : X I} : X X 3
0 5 10 15 20 25 30
Tenals) Time (seconds)
c. delipidated BRsVvsbare gold
25
— BR,0ngold
&0 4 —— Dbare gold
15 =
G 10
5
5 p=
<
=
-— 0 ol P ey
= <
o
5 5
o
[s]
© -10 o
<
o
15 o
_20 -
-25 T T T T T T |
8 9 10 b4 12 13 14 15

Time (seconds)

Figure 4.12: Photocurrent responses of WT-BR and Bf; upon illumination.

a.Typical anodic stationary current response of aree transparent gold electrodbe.
Transient photocurrent responses, coincident wittmination @>550nm) frequency,
observed for a typical, randomly orientated wilggyBR sample (overnight solution
deposition from 20 uM stockyn a optically transparent gold electrode (0.5)can 100
mV bias, under 150 W/cinc Overlay of bare gold stationary response with thagient
photoresponse obtained for delipidated.BR
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Finally when the light is turned off the photocydeases and the BR molecules stop
releasing protons, however the final step of theecis the reprotonation of the CP side,
thus the molecules will continue to uptake protfmmsa ms period.

This results in a net decrease in the proton cdretén at the electrode interface and
thus an increase in the local pH, which is seem second transient capacitive current but
of opposite polarity to that seen at the onsetlofination (seen at “Light off”, Figure

4.12 c).

Variation of WT BR behaviour upon illumination deted by chronoaperometry, showed
transient photocurrent values ranging from -1 tonAlcnf. However, as discussed in
Chapter Ill, membrane-embedded protein will randomtient on the gold electrode,
resulting in part of the protein response not belatected. Results obtained for partially
delipidated BRs also show a change of the protein response uponitlation ¢> 495
nm) but provides strikingly higher photocurrentues, ranging from -20 to +20 nA/ém
this confirms that the M163C mutation provides mtband homogeneously oriented

coupling to the gold electrode.

4.3.4.b Wavelength specificity of BRs photoresponse: comparative analysisat 1> 495

nm and 4 325 nm

The wavelength-specificity of BRR conductance photoswitch observed by C-AFM was
controlled by measuring the photocurrent resporisgaotially-delipidated BR at

495nm and at 325 nm.

A small anodic stationary currents attributed tphatoelectrochemical response of gold
oxide”*® is detected for partially delipidated BRupon illumination with a 325 nm short
pass filter. This current scales with light intéypsind applied bias with typical maximal

values (~5 nA/crhat 500 mV bias and light intensity of 150 watts/ciigure 4.13).

133



Chapter IV- Conductance photoswitching of bacteriohodopsin
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Figure 4.13: Photocurrent response of BEs film illuminated through a 325 nm
short pass filter. The graph is overlaid with the transient photoresgoof delipidated
BR.ys illuminated with a 495 nm long pass filter.

Compared to the transient photoresponse obtaintdtiae 495 nm long pass filter (~ 20
nA/cnt) under similar conditions, these results cleadgfem the wavelength specificity

of BR photoresponse demonstrated with C-AFM.

4.3.4.c Photocurrent measurements of bleached BR

In order to confirm that the observed photocurrevese due to the retinal chromophore
within the BR molecules, photocurrent analysis sasied out on retinal-free samples of
mutant BR.

When the retinal chromophore is removed from the ®fple the cathodic current
transient upon illumination and the subsequent @ntdnsient when the light is turned
off cannot be detected anymore (Figure 4.14). lddée the absence of retinal, BR is

unable to accomplish its photocycle, resulting @ proton pumping activity: there is
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thus no pH variation occuring at the onset and itgtion of illumination in the vicinity

of the working electrode, which is thus not poleds

—— bleached BR,
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Figure 4.14: Temporal current plots of bleached munt BR with +500mV bias and
100% light intensity. The anodic current transients that are observeatidrplots are a
result of the photo-assisted oxidation of waterenoles on areas of ADs.

The figure does however reveal similar anodic curreansients to those that were
observed with the blank gold cell, indicating thhegence of areas of gold oxide which
are absorbing photons.

The absence of transient photocurrent for bleadedigidated BR s confirms the crucial

role of retinal in BR response to illumination.
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4.4Conclusion

While all previously reported studies of the eleetr conductance of BR were performed
within the purple membrane, here, for the firstejrextensive C-AFM measurements of
the electrical response of delipidated BRowards an applied bias have demonstrated
that BR photoswitching of conductance upon illuntima could be detected out of the
purple membrane, for isolated protein trimers. Areraged three-fold increase of
conductance (detected as a three-fold drop of thkecular junction resistance) was
reproducibly observed.

In summary, the following has been demonstratedi®igold-BRs-gold junction:

- partially delipidated BRs can be covalently bound onto gold with a surfameecage
suitable for SPM studies and with a homogenoustaimn.

- C-AFM can reliably measure theV characteristics of Bf in a mMm junction,
demonstrating M resistances and currents of up to 10nA througluthetion.

- On applying high loads the protein is systemditicaompressed, and shows direct
tunnelling behaviour.

- At loads between 6nN and 15nN, a photoswitchkiseoved for isolated trimers of
BR.,s showing 3 fold decrease of the mMm junction tesise.

- A shift of to a higher surface potential upomiifiination has been reproducibly probed
by KFM for isolated trimers of Bfs, though the magnitude of the shift is not constant
depending of the probed molecular junction.

Numerous controls, presented in Chapter Ill, wardgomed in order to ensure the role
of cysteine mutant in the covalent binding and hgemmus orientation of the sample on
the surface, and additional experiments were achoieto confirm the role of the retinal
chromophore in the photoswitching of conductanoe, the wavelength specificity of the

reaction. All controls are summarised in Table 2.
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Control

Techniques

Results

Partial delipidation of

BReys

UV - vis spectroscopy

AFM imaging(mica)

KFM imaging(gold)

amax shifted from 570 nm td

560 nm

absence of membrane patch

absence of membrane patcH

Adsorption on gold /
Role of Cysresidue

( BRys Vs wild-type BR)

UV-vis spectroscopy

AFM, STM and KFM

imaging

SPR

Reductrive stripping

voltammetry

Amax shifted from 560 nm td
500 nm
homogenous surface coverd
of BRyys, very sparse for WT]
3 times more BRson gold
than wild-type
peak observed for BR, not

for WT

Sample homogeneous

orientation

Photocurrent

(electrochemistry)

KFM (surface potential)

Potentiated transient
photoresponse
increased, positive-only

surface potential for B, vs

es

es

ge

WT
Wavelength Specifity CP-AFM no photoswitch otV curves
(light sourceéi# 495 nm) Photocurrent no transient photocurrent
CP-AFM low (pA) current, no switch
Role of retinal
lower current, no transient
(bleached BRy) photocurrent

photoresponse

Table 4.1: Summary of all tested parameters and témiques used to confirm the
reliability of the results obtained for BRyys.
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The ability of surface-confined organic chromoplsoréo present a means of
photoswitching conductance has generated a gréatest in recent years. We have
shown here, not only that a biologically and tedbgizally important biomolecule can

be anchored in an orientated and functionally cdengeform to man-made electrodes,
but also that the molecular conductance of BR carb@th measured and reversibly
photoswitched with predictable wavelength senstivihis is the first time this has been

reported, and constitutes a major change in theBfagan be used in nanodevices.
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Chapter V — Reconstitution of the Neurotensin Recdpr
type 1 into liposomes for single molecule studie$ o
ligand-receptor interactions

5.1 Introduction

After studying the electronic properties of liglersitive bacteriorhodopsin for potential
nanotechnological use (Chapter Ill and Chapter @, work presented here focuses on
the study of a potential drug target: the neurotensceptor type 1, NTS1. The aim of
this project is to reconstitute NTSL1 into liposonresrder to perform biophysical studies
(using AFM and other techniques such as solid $#&) and improve the knowledge

about structural and functional properties of thiseptor.

5.1.1 Neurotensin

Neurotensin is a brain and gastrointestinal 13 anaicid peptide (N-Glu-Leu-Tyr-Glu-
Asn-Lys-Pro-Arg-Arg-Pro-Tyr-lle-Leu-C) discoveredy bCarraway and Leeman in
1973%. Like many others neuropeptides, it fulfils a daefion of neurotransmitter in the
central nervous system, and of local hormone inpergphery. Neurotensin possesses a
wide spectrum of biological activiti&% it is a modulator of anterior pituitary hormone
secretion and of dopamine transmission (and thiv@ved in Parkinson’s disease), and
exerts hypothermic and analgesic effects in thanbha the periphery, NT is a paracrine
and endocrine modulator of the digestive tract, artd as a growth factor on a variety of

normal and cancer cells. Consequently, NT agooistatagonists are suggested to be of
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potential use in the treatment of pain, eating rdists, psychiatrics disorders, and NT-

related ligands are proposed to represent valdabls for tumour targeting.

Figure 5.1: Representative backbone conformation dfiTg.;3 bound to its G-protein
coupled receptor, NTS1All side-chains are indicated for reference oblyt with no
refined conformatiofi®.

5.1.2 Neurotensin receptors

Neurotensin acts through its binding to specificeors. Binding and pharmacological
experiments have shown the existence of threerdiffesubtypes of these receptors to
date: NTS1, NTS2 and NTS3 (previously named NTRIRR and NTR3).

NTS1 and NTS2 share 60% homology (Figure 5.2). Tihaye seven transmembrane
domains and belong to the family of G protein-cedpteceptors (GPCRs), whereas
NTS3 is identical to gp95/sortilin, a 100kDa prateivith a single transmembrane
domain. NTS1 and NTS2 activate multiple signal sdarction pathways, involving
several G proteins. NT acts as an agonist towdrdé$T&1-mediated pathways, and may
exert either agonist or antagonist activities, dejprgg on the NTS2-mediated pathway in
guestion. Despite the differences of structuretrake receptors bind to the C-terminal
sequence of neuroten&lh and all have similar structure-function relatioips towards

this peptide.
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Ao

Figure 5.2 The rat neurotensin receptor NTS:. (blue). Green: invariant residut
between NTSland NTS2. Yellow: regions of NTS2 thmongly differ fromNTS1.

Black: Na binding site. Residues involved in the binding of 9 (pink), of its no-

peptidic antagonist SR48692 (orange) or both (aed)indicated. Violet: residues cruc
for NTS1 internalisation. Grey: region of the thirdracellular loop tht is essential for
coupling to phospholipase C (adapted ***).

5.1.2.aNTS1

Experiments performed with two n-peptide antagast ligands, SR 48692, an antagol
of NTS1 with a higher affinity for this receptoratt for NTS2, and SR 142948A,

analogue which does not discriminate between bethptors, suggested that most of
physiologic and pharmacologic effects of NT « be attributed to NTS1 stimulati**.
Moreover, NTS1 has a higher affinity (nM) for netenosin than NTS2. The signallil
pathway of NTS1 is promiscuous and involves se G proteins.

NTS1 functional activation occurs by NT ligand bimglinto a “binding pocket” locate
between the transmembe domains TM4 and TM6 (Figure 5.3pnly the last six -
terminal aminaoacids of the peptide, Ns.13, are required for itbiological activity

Competition binding experiments wit*™I-NT 43 and different N g3 derivatives

indicate that Tyrllikely makesn-n contacts with Trp339, Phe344, and Tyr347 loc
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in the third EC loop. Other similar studies elatet further interactions, in addition to
implicating an ionic interaction between Arg327 ahd carboxyl-terminus of NT.13)
These were supported by Williamsenal.in 2002, using solid-state NMR with full§C-
and**N-labelled NT .13 bound to receptéf. However, all data are not in agreement, as
different residues are implicated; the EC loop dr, éxample, has been shown to be

involved in earlier computer homology modellingwseen EC loop 3 and N 15”*.

Homologous sequence comparisons
P identify two evolutionarily-
conserved regions

Extraceliular

Infraceliular

\ 13 loop/ . COOH

Figure 5.3: NTS1 binding pocket. Schematic depicting some of the residues proposed
to form the NT-binding pocket of rat NTS-1. The Naiding site is shown in green on
TM2, with NT-binding residues shown in red. Notkamged and hydrophobic residues in
EC loop 3 are not shown, nor are residues in therogvolutionary-conserved region
encompassing EC loop 1 and adjacent TM-spanningaohami3 is essential for coupling

to phospholipase C, whilst the carboxy-terminus a@iomis involved in receptor
internalisation in a cell-type specific manner (ptl froni*9.

A particularly challenging aspect of NTS1 relies ity oligomerisation state. Opposite
theories have been formulated, as to whether tepter is present as a dimer within the

membrane, or as a monomer with ligand binding &iggy the receptor oligomerisation.

5.3.2.b Neurotensin Receptor 2 (NTS2)

NTS2 was first identified by radioactive ligand ding studies which suggested the

presence of two separate binding sites in isolataih or gastrointestinal membraff8s
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The high affinity, sodium sensitive sites (0.1 AN) were attributed to NTS1, while the
lower affinity sites (3 — 5 nM), which were insethg to sodium, but sensitive to the anti-
histamine drug levocabastine, were attributed tdissinct NT receptor. Subsequent
cloning of NTS2 showed it to be a 416 amino aciotgin of the GPCR family, which
shares 43 % amino acid identity and 64 % amino lasidology with NTS1* (Chalonet
al., 1996).

Pharmacological evidence suggests that, whilsirtajerity of NT functions are mediated
by NTS1, two of the most prominent effects of caltyradministered NT, analgesia and
hypothermia, are mediated by NTS2, since the N&esek antagonist, SR 48692, did

not antagonise these effects (Duleti@al, 1994; Mazella and Vincent,2006).

5.3.2.c Neurotensin Receptor 3 (NTS3)

The third neurotensin receptor, NTS3, was firshidied as an NT-binding protein in
detergent-solubilised brain membrane preparatiodssabsequent cloning revaled that it
is not a member of the GPCR superfamily, but sha@s% sequence identity with the
previously identified sorting protein, sortilfi. It belongs to a new receptor family
characterised by the presence of a luminal / esdixdar region containing a cysteine-rich
domain homologous to that found in the yeast pnotésplOp. The physiological
function of NTS3 remains unclear, not because sthigen shown to bind several ligands
in addition to NT*® but it has been suggested that it is involvedaeptor internalisation

and ligand degradati6fi.

5.1.3 Purification of NTS1

Neurotensin receptor 1 (NTS1) from rat is one effdaw GPCRs which has been
successfully overexpressed in a functional formabég of binding ligand at thE.coli

plasma membrane. Functional expression was achigyeskpressing the receptor as a
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fusion protein with N- and C-terminal fusion pamhevhich aid targeting, membrane
insertion, protein stability and purification. Adion protein, termed NTS1A (Figure 5.4),

was found to yield the highest expression levduottional receptor.

N C
Ntsta - [ N |
Maltose binding T43-NTS1 Thioredoxin His,,
protein tag
TeV Site TeV Site
N C
NTS1B
Maltose binding T43-NTS1 Thioredoxin His,,
protein tag

Figure 5.4: Schematic representation of the rat NTS constructs NTS1A consists of

maltose binding protein (MBP), an N-terminally toated form of NTS1 (T43NTS1),
thioredoxin and a deca-histidine tag (His10 taghe TNTS1B was constructed by
including tobacco etch virus (TEV) protease cleavages into the NTS1A construct
between the MBP and T43NTS1 moieties and the T43NAr&! thioredoxin moieties to
facilitate proteolytic removal of the fusion tags.

This consisted of T43NTS1 (NTS1 with the 43 N-teratiresidues truncated) with the
E.coli maltose binding protein (MBP), including its pedginic targeting sequence,
attached to the N-terminus, plEscoli thioredoxin (TrxA) and a deca-His tag attached to

the C-terminus.

The NTS1A construct was later modified to includbacco etch virus (TeV) protease
recognition sites between the MBP and T43NTS1 resiednd the T43NTS1 and TrxA
moieties. This construct, termed NTS1B allows itaoval of the N- and C-terminal

fusions after expression and purification, yieldinge NTS1 receptor alofié
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Purification of the receptor expressed in E.Cofmbmes nickel affinity chromatography,

followed by gel filtration and sucrose gradient.

5.1.4 Manual Peptide Synthesis

Purified NTS1 will then be reconstituted into liposes with the aim of the receptor to
retain its ligand-binding activity. The receptorrificgation and reconstitution steps are
thus followed by a competitive ligand-binding assaging a full-length radiolabelled

peptide: tritiated neurotensitH-NT) and native neurotensin peptide.

Unlabelled neurotensin was synthesised manuallyséyd phase peptide synthesis
(SPPS). In SPPS, the peptide is synthesised wattCtherminus of the first amino-acid

covalently bound to an insoluble support (resirg &n acid-labile linker, which allows

easy separation of the growing peptide from uneshptecipitants and by-products. The
other amino-acids are then added following protgetieprotecting cycles. At last, the

full peptide is cleaved from the resin.

5.1.5 Reconstitution of NTS1

5.1.5. a Liposomes

Liposomes are vesicles (40-1000nm in diameter) éorrby hydrated phospholipids.
They are composed of one or several self-closexydnig and contain an aqueous core,
unlike micelles, which are composed of a singl@limonolayer, and have no aqueous
core (Figure 5.5). When proteins are inserted glségictures are called proteoliposomes.
Lipid bilayers are frequently used as membrane msodad liposomes, due to their
similarity but greater simplicity, are consideresl @ good tool for studying biological

membranes.
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In addition to their role as model-membrane systdipesomes can also be used on a
biomedical purpose. Indeed, a great variety of mdés can be loaded on the surface or
inserted inside liposomes through the destabitisatf their bilaye?’. In this case,
liposomes can play the role of transfer vectorewanhg a targeted delivery of drug via
the binding of specific antibodies at their surfatteis increasing the efficiency of the

treatment and limiting secondary effects due tosifstemic delivery of the drug.

Figure 5.5 Examples of structural organisations of lipids.Left: single, self-closed
lipid monolayer: micelleCenter: lamellar structure, lipid bilayer. Righevsral lipids
bilayers (one is shown here) self-closed on an @eueore: structure of a liposome
(cross-cut) (adapted frgm).

5.1.5.b Receptor insertion into liposomes

Four basic strategies have been described forrertion of membrane proteins into
liposomes: mechanical means, freeze-thaw, orgahierst and detergentslowever, the
destabilisation of lipid membrane structure reqiificr the protein insertion, and the need
to keep the protein in a non-denaturing environnaieming further purification, requires
the use of detergent. The addition of detergemugis lipid-lipid interactions, which
results in a more permeable bilayer. These strestare more receptive to protein uptake,

and after protein is introduced, excess of detdrgaemoved.
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Three stages during detergent-mediated lipid slidaltion have been describéeigure
5.6). As the turbidity of the solution decreasedhaslipid solubilisation increases, the
evolution of the solubilisation can be assessethbgisuring the OD. The best stage for
protein insertion is between the onset of solui, R, and the complete

solubilisation of liposomes, R

Total

oD ‘

solubilization

Rsol

Onset of
solubilization

Rsat

Detergent

Figure 5.6: Schematic diagram showing the polymorphic changdsom liposome to
micelle caused by detergent partitioning into bilagrs. The solubilisation of lipids can
be divided into three stages. Prior to point 1engnt begins to partition into bilayer.
From point 1, the detergent:lipid ratio of greatesituration is reached (onset of
solubilisation). The further increase of detergeatcentration induces the liposomes
solubilisation and a mix of liposomes and micelefound in the solution (point 2 to 3).
When OD has reached its minimal value (Rsol, p8)ntthe solubilisation is complete
and the mixture consists of micelles at varyingedgent:lipid ratios (adapted frér).

5.1.5.c Detergent removal

After lipid and proteins co-solubilization, it ifus necessary to remove the detergent,
which could impair the functions of the receptoiff@ent methods exist to remove
detergent, such as dialysis, dilution, gel chromiphy, ion-exchange chromatography,

or nickel columns, but these methods are not deitalp detergent with low cnie® (such
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as DDM, used in this studygnd large micelle size. The technique used hebassd on
the adsorption of detergent to insoluble hydropbataisins or “beads”. Due to their
amphiphillic nature, detergents bind to the biolse#trough the interaction of their

hydrophobic tail with the hydrophobic surface of theads.

Neurotensin is involved in numerous biological fiimes as well as in diverse
pathologies: studying NT signalling may thereforevide useful insight into treatments
for conditions such as Parkinson’s disease, schiania and obesity.

The aim of this project was to prepare the neusitemeceptor type 1 NTS1 for
biophysical studies of its structure (in particularoligomerisation state) and its ligand-
receptor interactions, using solid state NMR andviAferce spectroscopy. This work
focused on purifying the receptor and performing thnctional reconstitution of this
membrane protein into liposomes. Electron micrpgcand the AFM proximal probe
technique were used to control the size homogewéitiie liposomes preparations prior
protein insertion, while the retained functionaliof the reconstituted receptor was

confirmed by competitive radioligand binding assay.
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5.2 Materials and Methods

5.2.1 Puirification of NTS1

NTS1 was expressed as a fusion protein (Figurei® B)coli BL21 cells from the pRG-
hs-MBPP-T43NTR-TrxA-H10 plasmid. NTS1 is expressedh a maltose binding
protein at the N-terminus, allowing targeting te tberiplasm. Thioredoxin, helping for
stability, and a deca-his tag, used for nickel owiupurification, are attached to the C

terminus.

Once expressed H.coli, the fusion protein is purified by using a Niclkéfinity column
(His-Trap column) followed by a gel filtration chmatography.

Detergents used during purification can strip phodipids that are needed for folding
and functions of the receptor. In order to predsiipidation of the receptor, buffers used
during purification were supplemented by a mixtoke lipids, POPC, POPG and POPE
which have acyl chains similar to the major lipidaturally present in biological
membranes of mammal$his supplementation improves the yields for thefization,

by aiding stability of the protein compared to ®%0detergent solution.

In order to stabilise NTS1 and thus, to improveiffuation, buffers are supplemented
with some of the major lipids found in mammalial ceembranes (Table 5). All steps
were performed in a cold room (4°C), where possible

About 20g pellets were thawed by stirring in 2Xuwslisation buffer (2x vol/g pellet).
Protease inhibitors were then added : 1/500 dikupeptin, 1/1000 dilute pepstatin A,
1/5000 dilute aprotinin, followed by Mggto a final concentration of 5mM, DNase
(10u1/10g) and lysozyme (0.5 mg/ml from a 10 mgstoick). The solution is then topped
up with dHO, so that the buffer concentration is 1X, and spsaded using a hand-held

homogeniser. Each detergent stock was added t&oanithe total volume: 5%CHAPS-

149



Chapter V — Reconstitution of NTS1 into liposomes

1%CHS first, then 10% DDM, drop-wise, stirring. Thext step consists in adding the
phospholipids mix POPC:POPG:POPE, 3:1:1 at 0.1 mdinal concentration and
stirring during one hour. The pellets are then riferged 60 min at 75,000g. The

supernatant is removed and filtered through acstpri

5.2.1.a Nickel affinity chromatography

A 5 ml His-Trap column is washed with 5 CV gbland 5 CV NiA, before loading the
sample at 2.5 ml/min onto the nickel column. A 3D@V wash is done until QD
drops and stabilises at baseline, NiA. At lasttieh is performed with NiB. 20ul of each
fraction are collected before the fractions arel@mbo

Another 20ul sample is collected after the poot] #re sample is concentrated to 2.5 ml
by several centrifugation cycles (6,000g, 10 midQ,000 MWCO membrane (Vivaspin
20, Vivascience/Sartorius)). Care is taken to gestit the sample between each cycle so
that it does not precipitate on the membrane. 28ligliots are taken after concentration

for a future SDS-PAGE.

5.2.1.b Gel Filtration Chromatography

Once concentrated, the sample is centrifuged (3 H@©00g) and loaded onto a 190 ml
Superdex column (XK 16/100). The run is set at Gr2dnin, overnight. The day after,
20 pl aliquots are taken from eluted fractions egponding to the peak on the
chromatograph. Those fractions are kept on iceemhihning the SDS-PAGE and then
pooled depending on the results of their migratinrihe gel.

At last, the sample is concentrated till 1ml aobefaliquoted in 50ul aliquots and stored

at - 80°C.
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5.2.2 Solid Phase Peptide Synthesis of the NT ligan

Full length unlabelled NT..13 was synthesised using the solid phase peptidéasist

In SPPS, the first amino-acid is bound to a resran acid-labile linker, the other amino-
acids being added following protecting-deprotectaygles. At last, the full peptide is

cleaved from the resin. Synthesis is made moreieffi by protecting the N-terminal of

amino acid that have been added to the growingotieged polypeptide. Two main

protecting groups exist, Boc and Fmoc. The Fmaditu@nylmethoxycarbonyl), strategy,

more expensive but requiring softer deprotectingd@mns (piperidine in DMF, instead

of TFA for Boc protections), is used in this studiigure 5.7). Moreover, some amino
acids side chains have functional groups which interfere with the formation of the

amide bond: these are masked using chemical githapsre removed during cleavage.
This synthesis is usually done using an automatedegs, however, due to technical
issues, the peptide has been prepared manuallye &gdrophobic amino acid (Leu, lle,
Tyr, Pro) do not couple as efficiently as othersloable-coupling is therefore required

for them.

5.2.2.a Swell resin

Novasyn TGR resin (0.4g) was used for the syntheaNT (1-13) (loading 0.25mmol/g).
Resin was swelled in excess DCM for 20 minutes hedsvith DMF and swelled for a

further 20 minutes in excess DMF, followed by degje.
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Figure 5.7: General scheme for SPPS using Fmoc chistny. The first Fmoc-protected
amino acid is linked to an insoluble support redean acid labile linker. Piperidine in
solution in DMF is used here for deprotecting fReoc protecting group. The second
protected amino acid is added using a preactivgtedie. After coupling, excess reagents
are removed by washing the resin. The procespéated until the desired peptide
sequence is assembled. The last step consistpiateeting the resin bound-peptide and
cleaving it from the resin via TFA (the activatdrimcoming amino-acid is

HOBt/HBtu,or HOBt/PyBOP in this studyhdaptedfrom Sigma Genosys technical

bulletin).
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5.2.2.b Coupling

All coupling reagents and Fmoc-protected aminosagidre supplied by CN Biosciences.
Coupling was carried out using a three times exadsshe coupling reagents N-
Hydroxybenzotriazole (HOBt), 2-(H-Benzotriazole}-¥,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and Benzotriazol-1-yWAoyyrrolidinophosphonium
hexafluorophosphate (PyBOP) and a two times exoE$3noc-protected amino acids.
HOBt/HBTU were used for single couplings, while HZM/BOP were used for double-
couplings.

Coupling reagents and amino acids were dissolvea minimal amount of DMF and
200u! DIPEA were added to start the reaction. Mus left for 2 minutes before the
addition of the resin. The coupling reaction migtwvas agitated for ~1 hour, drained,
washed 3 times with excess DMF and tested withyairih for the presence of primary
amine groups. If a positive result was obtaifl@de colour) further coupling was carried

out.

5.2.2.c Deprotection

Fmoc deprotection was carried out using 5ml 20%riiine in DMF under agitation for
30 minutes, followed by 3 times washing with DMF pAsitive ninhydrin test indicated

deprotection had been carried out successfully.

5.2.2.d Cleavage

The resin was washed 3 times with DCM and 3 timis methanol in order to collapse
the beads, followed by a single wash with dietthgetwash. The resin was then dried for
24h in a dessicator under vacuum. The resin wasdbparated in two columns, and two

cleavage protocols were used.
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First cleavage protocol consisted in adding 5mihef TFA (95%), triethylsilane (2.5%)
and water (2.5%) solution (v/v), and agitating 3dnours. Second cleavage was achieved
by agitating overnight in 5ml of cleavage solutibRA (82.5%), thioanisole (5%), water
(5%), phenol (5%), and EDT (2.5%). For each cleavagtocol, the resultant liquid was
drained off under vacuum and the resin washed imest with TFA. Excess TFA was
then evaporated off using nitrogen until ~1ml remedi. 50 ml of ice cold diethyl ether
was added followed by centrifugation (6000 rpm, 426 minutes). The ether extraction
process was repeated twice on the peptide peltkttlan resulting pellet suspended in

minimal water and lyophilised until dry.

5.2.2.e High Performance Liquid Chromatography (HPLC)

New synthesised peptide was purified using a Cl8abycs 83-213-C 20 ml semi-
preparative column with a flow rate of 3 mil/min. -Dassed acetonitrile and water
solvents containing 0.1% TFA were used, rampinf@80% water, 20% acetonitrile, to
74% water, 26% acetonitrile in 14 minutes.

Absorption of eluant was tested at 220nm and 28@mch the major fractions were

collected and analysed by ESI mass spectrometry.

5.2.3 Reconstitution of NTS1 into liposomes

5.2.3.aFormation of 100 nm lipid vesicles

Previous work using POPC-only bilayers for recdngtn showed that NTS1 insertion
was successfdfi® as confirmed by incorporation of fluorescent moe into the
liposomes, but the receptor showed no ligand bmaictivity. Here, reconstiution was

performed using Porcine Brain Polar Lipids (BPL).
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BPL (Avanti Polar Lipids) were dissolved in a 50:8& methanol: chloroform mix to
reach a final lipid concentration of 5 mg/ml. Tteusion was dried down to a lipid film
under nitrogen, and then further dried in a dessicander vacuum (<10torr) for
several hours. The lipid film is suspended in buffe (Appendix 2,saturated under
nitrogen prior to use) at 5 mg/ml by pipetting,rfiing a milky suspension. Resuspension
is completed by a 1-2 min sonication bath, followsd10 freeze-thaw cycles in liquid
nitrogen. This step allows the formation of largeltitamellar liposomes.
Homogenous-sized unilamellar vesicles were formgerusion (filtration under high
pressure) through 0.4um and 0.1pm polycarbonate brzras (11 passes for each,

Figure 74), and stored at 4°C after saturation undeogen.

a. b.
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- 3 Passes Through
= 100nm Membrane
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Channel Beanng 11 Passes Through
/0 nng j \ O-ring 100nm Membrane
Extruder Internal Internal I I T
Outer N Poly Rs!amer ]
Casing Support Membrane Support . Size1((r’1?n) S, SR

Figure 5.8: Extrusion processa. picture of an extruder (top) and detailed repregam

of its inner parts (bottomp. Evolution of the liposomes size distribution acting to the
number of passes through the extruder, using affdthembrane: 11 passes are required
to produce a unimodal, normal size-distributiontmsth about the mean, expected value.
Adapted from Avanti Polar Lipid.
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5.2.3.b Liposome disruption with DDM: determining Rsat and Rsol

Solubilisation of liposomes is carried out by addincreasing amounts of detergent to
aliquoted vesicle suspensions. The detergent usdHis study, DDM, is a non-ionic
detergent with a low critical micellar concentratiecmc) and is characterised by an
intermediated length of the hydrophobic moiety antulky hydrophilic sugar group.
Optimal insertion of membrane proteins into lipogsmoccurs at DDM:lipid ratios
between the onset of solubilisationgRnd the total solubilisation of the lipids;oR

One of the first steps of this study consistedaiédnining Ry;and R,

Detergent was added to preformed liposomes usirange of detergent concentrations
that cause the transformation of lamellar structtioemixed micelles. Since the turbidity

of lipids increases as they become more saturatdddetergent, the different steps of
solubilisation were followed by measuring the saargibsorbance.

The extruded lipid solutions (5 mg/ml) were dilutecconcentrations ranging from 1.5 to
3.9 mg/ml in buffer A (pre-saturated with nitrogemd aliquoted as 200 pl per tube. For
each lipid dilution, volumes of DDM were added teach detergent concentrations
ranging from 0 to 10 mM. Preparations were lefRatfor 6 h, and the OD was read at
500nm using a buffer blank. Onceg,Rnd R, were determined, lipid disruptions of all

experiments were performed by treating 200 ul hpoess aliquots with different amounts

of 10% DDM, using detergent:lipid ratios betweeraRand Rsol, and the preparation

was incubated 3 h at RT.

5.2.3.c Protein insertion

The equilibrated detergent-phospholipid mixturesensedded to 50l of purified receptor
(the concentration of which was 0.1 mg/ml), usin@Q®0:1 lipid-protein molar ratio.

Samples are incubated for 1h after gentle agitafibese steps were performed at 4°C.
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5.2.3.d Detergent removal

DDM was removed by adsorption on hydrophobic b€&#i42 Biobeads, BioRad). The
biobeads were prepared according to the manufaigunstructions and added to each
DDM:-lipid-receptor to a final concentration of 120g/ml. Preparations were left on a

rotating wheel overnight at 4°C.

5.2.3.elsolation of the proteoliposomes

5.2.3.e.i Centrifugation and resuspension of pellet

Two different ways to isolate proteoliposomes wesed.

The first method consisted of diluting the biobesagbernatant into 750 ul buffer, and
ultracentrifugating (100,000g, 1h, 4°C). The préfmsomes were isolated by
resuspending the pellets in 200 ul buffer A, aligdoin 50 pL aliquots and stored at -

80°C.

5.2.3.e.ii Sucrose gradient, ultracentrifugatiorda®DS-PAGE

A second technique of proteoliposomes purificatomsisted of layering the biobeads
supernatant on top of a sucrose gradient is pegfdar isolating the proteoliposomes.

A 5% to 35% sucrose gradient was made with 5% mergs from a 70% sucrose
solution diluted in buffer B (see composition inggmdix 2). Each sucrose solution (1.5
ml) was layered in ultracentrifugabes.

Reconstituted samples (200ul) were layered on tdp tlee gradients. An
ultracentrifugation was then performed (100,00Q%, 4°C) using an SW41 swingout
rotor. Proteoliposomes migrate in the gradient ddjmg on their density, which depends
on their protein:lipid ratio. Bands were seen whire proteoliposomes stopped their

migration in the gradient. Fractions (500ul) sunding the bands were collected, and
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20pul of each were used for SDS-PAGE. Fractionsatoimy the proteoliposomes were

pooled.

5.2.3.f SDS-PAGE

Pre-poured 4%-12% Tris-Glycine gels (Invitrogen By were used in the 1x Tris-
Glycine SDS-PAGE running buffer (25 mM Tris Bas®821mM Glycine, 0.1 % SDS)
with a voltage of 150 V during 1.30 h. Protein bsndere visualised by Coomassie
brilliant blue staining and compared to the banti¢éaioed with prestained protein
markers (ranging from 6.5 to 175kDa, BioLabs), dgrNTS1 purification. However, in
the case of reconstitution, where small amountsneérted receptor were present,

Coomassie blue staining was replaced by silvenisigi(Silver Stain Plus, BioRad).

5.2.3.g Ligand-binding Assay

After NTS1 purification, and for each reconstitatidhe amount of available receptor is
assessed by measuring its ligand- binding actissing a full length radiolabelleti-NT
peptide ([3,11-tyrosyl-3,8H(N)] with specific activity 92.5 Ci/mmol (3.7 TBapmol)
and total activity 0.025 mCi (0.925MBq), Perkin Ejn Competition with the unlabelled
peptide is used to determine non- specific binding.

Two samples were used for each ligand binding assag sample for measuring the
specific binding, in which diluted receptor is sl@pented with assay buffer and labelled
peptide, while the other sample was used for meagtine non-specific binding and had
the same composition, with addition of an exceastdbelled peptide (Table 1). Specific
and non specific samples were done in triplicatd kft one hour at 4°C. Receptor
dilution in the assay preparation was usually 1010 activity assay after purification,

1/10 after reconstitution, and 1/2 after resolshilion.
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The ligand binding activity of purified receptor svassessed by filtering 50ul of the
preparations through gel filtration spin columns bgntrifugation (1,000g, 3min).

Columns (Micro Bio Spin-30 chromatography columB& Rad) were previously pre-

equilibrated with 500 pl assay buffer and centefdigust before use (2min, 1,0009).
Samples were flowed through columns and added tb &mscintillation cocktail

(Optiphase Hisafe 3, Perkin Elmer), vortexed, amalysed.

a. Ligand binding assay performed on proteoliptes® (membrane filtration)

3H NT 1/100 Protein : dilute] Unlabelled
Assay Buffer
dilution 1/10 (2mM)
specific 10 pl 165 pl 25 pl 0
non specific 10 pl 155 pl 25 ul 10 pl

b. Ligand binding assay performed on purified récepand resolubilised

proteoliposomes (gel filtration column)

3H NT 1/100 Unlabelled
Assay Buffer | Protein : dilute 1/x
dilution (2mM)
specific 5 pl 30 pul 25 pul 0
non specific 5 ul 28 ul 25 ul 2 ul

Table 5.1: Sample preparations for ligand-binding asays.The amount of active
receptor is assessed by measuring its bindinglelleal NT in competition with the
unlabelled peptide. Two types of preparations, isjgeand non specific, were done in
triplicate. Receptor dilution was usually 1/1000 &ativity assay after purification, 1/10
after reconstitution, and 1/2 after resolubilisati@he amount of active receptor was
obtained by subtracting the non specific activatyre specific activity, and by converting
the results given in cpm (count per minute) intaop(60,000 cpm/pmol).
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The ligand binding activity of the reconstitutedeptor, was assayed by filtering 190ul
of the preparations through a membrane under va@anghwashing them in 190ul assay
buffer (different buffers were used depending oer thpe of sample assayed, see
Appendix 2). Then 6ml of scintillation cocktail vweeradded to the membranes in
scintillation vials, vortexed and left for at le@&shours at RT. Preparations were vortexed
again before the assay.

Ligand binding assays were performed using a $eaitidin counter (Beckman-Coulter
Bioresearch) taking the average counts per mimuéefive minute period. The amount of
active receptor was obtained by subtracting the specific activity to the specific
activity, and by converting the results given imcfcount per minute) into pmol (60,000
cpm/pmol).

The radiolabelled peptidd4-NT, used in the activity assay was supplied (PeBtmer),
but the full length unlabelled peptide needed tsyhesised in the laboratory. Manual
SPPS was performed to produce {\3J, followed by a reversed phase HPLC for

purifying the new-synthesised peptide.

5.2.3.h AFM high resolution imaging of liposomes

Imaging of liposomes has been performed with AFNbleeand after protein insertion in
order to control, first that the extrusion procdgsproduce homogeneously-sized 100 nm
liposomes, and then, that the liposomes retainedt tresicular structure and average
dimension following NTS1 insertion. Imaging was fpemed on mica, using a Veeco
(Bruker) Multimode AFM, in tapping mode in air.

AFM imaging has also been performed in order tdofolthe behaviour of adsorbed
liposomes on the substrate over time. All liposonmeages were obtained using high-

resolution AFM probe, exhibiting a low (< 5 nm) naglof curvature.
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5.3 Results and Discussion

5.3.1 Purification of NTS1
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Figure 5.9 His-Trap elution profile of NTS1B fusion protein. Absorbance at 280 nm
Is shown in blue. The peak at ~188 ml correspoodduted receptor. The step gradient
from NiA wash buffer (50 mM imidazole) to elutionffer (350 mM imidazole) is shown
in green.

NTS1 purification was first carried out on a Hisapr column (nickel affinity
chromatography). The non-specifically bound proteas eluted during the washing step
in 50 mM imidazole (NiA buffer). Washing was contéd until ODg, dropped and
stabilised at baseline NiA, before eluting NTSlaitigher concentration of imidazole
(350 mM). Figure 5.9 shows the receptor elutiorfilgrgabsorbance at 280 nm is shown

in blue). Eluted fractions 1 to 6 were collected anncentrated.
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Figure 5.1Q Purification of NTS1B by ge-filtration chromatography. a. Superdex
200 gel filtration elution profile, showing a largmak corresponding to eluted N1
(fractions 618). The absorbance 280 nm (blue) and the fraction number (red)
shown b. Coomassiestained SDJAGE of gel filtration peak fractio. Fractions 8,
10,12, 14,15,16,17,and 19 were loaded on the dgékr Aigration, fractions 14 to 1
were pooled.
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The concentrated sample was then loaded on a Saxp20 column (size-exclusion gel-
filtration) and the run was monitored at 280nm (ifey5.10). Fractions were collected
overnight: a large peak was obtained correspontirguted NTS1. A SDS-PAGE was

run on different peak fractions, which were podlegending on the gel results.

Active receptor was obtained from a 20 g pelleaataverage concentration of 0.15
mg/ml when purified with only POPC, and at an ageraoncentration of 0.25 mg/mi
when the 3 lipids were used. POPE and POPG wer#eairfrom future preparations

because of the complications they caused in thenstitution (see below).

5.3.2 Solid Phase Peptide Synthesis-HPLC

The neurotensin NT (1-13) ligand used for liganddimg assays was synthesised
manually using the SPPS technique. After cleavage fresin and lyophilisation, new-
synthesised peptide was purified using reversegphi@d C column and the major peaks

were collected and analysed by ESI mass spectrometr
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100+

564.17

846.20

295.04

317.97 .
293.96 ng A8 902.24

231.03 ; 336.06 521.04 565.01 781.84 $33.63
|

1127.05 1164-93 3503, 99

370.87 504.13 614.55  737.45 | H { ¥
i Tl L] | Luid, aud L i TN L]

0 PR VTE A0 R P 1 L ! 1 il
200.00 400.00 £00.00 800.00 1000.00 1200.00

Figure 5.11: ESI mass spectrum of full Nf.13 The peaks at 564.17 and 845.29
correspond to the full neurotensin peptide. m/3 fer the peak 564.17, and m/z = 2 for
the peak 845.29.
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This analysis gave a mass spectrum containing c@ernpeak with an m/z ratio of
845.29 Da (Figure 5.11) and another one at 564esponding to doubly and triply

charged peptide (the weight of the parent ion B01Ba).

5.3.3 Reconstitution of NTS1 in liposomes

5.3.3.a EM /AFM imaging of 100 nm lipid vesicles

Purified NTS1 will be inserted during the reconsgtdn process into 100 nm BPL lipid
vesicles formed by extrusion through two sizes d@f/@arbonate membrane. Liposomes
ready for reconstitution were studied with transias electron microscopy (TEM) and
AFM, providing images of the preparations and awonifig that the lipid vesicles were in
the expected range of sizes. Figure 5.12 showsogrgphs obtained from liposomes
formed after extrusion through 400nm (left) and ri@O0 (right) polycarbonate
membranes; samples studied with TEM were stainied fr imaging. TEM experiments
were performed after the first liposomes prepamatfarther liposomes size assessments
were then performed using AFM, which is a muchefagtrocess for sample preparation

(direct deposition onto imaging substrate) thatsdog require any sample treatment.
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400nm extrusion 100nm extrusion

== = 200nm m—— = 200nm 25,000 X mag.

Figure 5.12: TEM micrographs of liposomes before prtein reconstitution. a: TEM
micrograph of negatively-stained 0.4m liposome sample at 25,000x magnification
The liposomes appear lighter than the backgroumcesiney are negativebtained. The
scale bar (200nm) indicates that the majority pbdiomes are in the 300-400nm size
range. Light-grey material is an artefact of thanyt- acetate staining method usked.
TEM micrograph of negatively-stained 0.Jum liposome sample at 25,000 x
magnification. The scale bar (200nm), indicates that the mgjofitiposomes are in the
100-200nm size-range, although larger liposomesatse visible. (Thanks to Daniele
Selmi for these micrographs).

Figure 5.13: AFM images of 100 nm BPL lipid vesick after 5 min incubation on
mica. Sample (10uM) adsorbed on mica straight after eiiru Tapping mode imaging
in buffer; scan size 1 um.
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Figure 5.14: AFM image of one liposome adsorbed on mica (10 mites incukation
time) prior protein insertion . This confirms that the vesicles are in the expectede
size of ~100 um after extrusicscan size 460 nm, tapping mode in air, amplitudmsgie
Veeco instruments.

Figure 5.15. Evolution of the liposomes adsorgion following a 15-min incubation
on mica Half of the vesicles have fused into lipid bilayens the surface. Amplituc

image; scan size 1 pi
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Figure 5.16 AFM image of liposomes on mica after 15 minutes inbation.Same
sample as on the previous AFM picture, imaged ameller, 400 nm, scan size;
amplitude image.

Figure 5.17 After 20 min of incubation, no lipid vesicles arnsible anymore, they have
all merged into bilayers (topographic, left, andpéitnde, right, images; scan size: 2 um
for each picture; Veeco instrument).
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Assessment of the actual size of newly-formed Ipass was performed after extrusion
by TEM and AFM, and confirmed that the lipid vesil exhibited the expected
dimensions. AFM imaging was then used to look & dvolution of the liposomes
adsorbed on the non polar mineral mica substrage towe: the images clearly show a
progressive fusion of the lipids onto the surfacéhe point where all vesicles have fusent

into bilayers (Figures 5.13 to 5.17).

5.3.3.b Lipids disruption - Determination of Ry and Ry

Lipid vesicles (100nm) at concentrations rangirgrrl.5 mg/ml to 3.9 mg/ml (2 to 5
mM) were disrupted by addition of increasing corrations of detergent. For each lipid
concentration, the highest OD value was considesedR,, and the lowest OD value
before stabilisation at baseline was corresponttnBs,. The global values of &and

Rso Used as references for all the following experitmavere obtained by the derivation
of these results as a function of the lipid conagitn, and by drawing the linear

equation:

[detergent] = Reff . [lipids] + cmc

where Reff is the effective detergent:lipid ratemRsat or Rsol here.

The OD measurements and their derivation showed tina DDM : lipid ratio

corresponding to the onset of solubilisation waatRsl1, while the ratio corresponding to

the total solubilisation of liposomes into mixteécelles was Rsol = 1.3 (Figure 5.18).
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Determination of Rsat and Rsol
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Figure 5.18: Determination of Rsat and RsolOD measurements were performed at
500 nm on lipids vesicles disrupted with a 0 tavid range of DDM concentrations. The
derivation of the highest (estimation of Rsat) #mlest (estimation of Rsol) OD values
for each lipids concentration allowed to obtaireatimation of Rsat = 1 and Rsol = 1.3

5.3.3.c Isolation of the proteoliposomes (sucrose gradient)

It was found that proteoliposome isolation by pgellg using ultracentrifugation was not

reliable, especially for small amounts of reconstitl receptor (in this case, pellets may
be so small that they cannot be seen and thudi@olaf the proteoliposomes cannot be
done efficiently). The other method used therefaigs the isolation on a sucrose
gradient. Sucrose gradient has the added advantafe removing any

aggregated/uninserted protein: this is anotheffipation step that separates by density.

Before using this technique to isolate proteolignes, one sucrose gradient was first
performed with a 5 mg/ml lipid vesicles solutiontight band was clearly distinct on top
of the gradients (Figure 5.19). These encouragsglts lead us to try this technique with

proteocliposomes.
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Figure 5.19Sucrose gradient performed on 100nm liposomes.

An aliquot of 5 mg/ml solution of 100 nm liposomes&s layered on top of 0-30%
sucrose gradients. The migration of the liposomemd the 15h-long ultracentrifugation
is clearly shown by two tight bands, at 5% sucréseeach sample.

When carried out on proteoliposomes, the migratiorthe sucrose gradient is followed
by the collection of fractions (500 ul) surroundihg bands and the run of a SDS-PAGE.
Tight and distinct band on the gradient, represkebtea few bands on the gel, indicates
that most of the proteoliposomes moved at the spoiat of the gradient. Thus,
reconstitution lead to the formation of homogenpusteoliposomes, all having quite
similar lipid: protein ratios. The results presehteere (Figure 5.20) show a tight band at
30% sucrose after migration of proteoliposomesresmonding to a lipid protein ratio
weight of 400:1, which is a good receptor dengitytfiophysical studies, including solid

state NMR and AFM structural work.
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Figure 5.2Q0 Isolation of homogeneous NTS1: POPC proteolipososs using a
sucrose gradient and SDS-PAGKsilver staining) A tight band can be observed at 30%
sucrose after migration of proteoliposomes, cooadmg to a lipid protein ratio of
400:1. Fractions (500ul) were collected from thadignt and loaded on a gel. After
migration, fractions containing the reconstitutedaptor are clearly localised, indicating
that all proteoliposomes moved at the same poithéngradient, and thus, are all with
similar lipid:protein molar ratios. Those fract®orare pooled. (this experiment was
performed on proteoliposomes formed with a DDMdipatio = 1 and a receptor purified
using buffers only supplemented by POPC)

However, these encouraging results have shown amdbet reproducible. Indeed, in
numerous experiments, diffused bands were obsemdtle gradient, although the same
protocol was used each time. In these cases, ddfbands observed on the gradient were
confirmed by the run of an SDS-PAGE detecting rearegll over the gel (Figure 5.21).
This indicates that heterogenous proteoliposomes feemed, containing disimilar lipid:

protein ratios.
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0.4

0.7

Figure 5.21 Isolation of heterogeneous-sized proteoliposomessing a sucrose
gradient and SDS-PAGE.Sepration of proteoliposomes formed with DDM:lipi&tios

= 0.4, 0.7, 1 and 1.3, and a receptor purified gibnffers only supplemented by POPC,
POPE and POPG. Migration in the sucrose gradieadlsleto diffused bands, and
migrations on SDS-PAGE show that receptor is widditributed across the sucrose
gradients. This indicates that the samples testegl Wwere made of proteoliposomes with
heterogeneous sizes, and heterogeneous lipidmpratelar ratios. Consequently, they
had different densities and migrated at differentels of the gradient, explaining the
diffused band (the reconstitutions have been loagleddifferent gels, with slightly
different conditions of staining, So no comparisan be made in terms of intensity).

5.3.3.c Ligand binding Assay

After isolating the proteoliposomes, the next stepsists of measuring the amount of
active reconstituted receptor. Different purificais of NTS1 have been performed, the
products of which have then been reconstitutedliptsomes. Activity assays have been
performed at each of these steps. A wide rangereroducible results were obtained,
although the same protocol of reconstitution wdleieed each time. Two examples are
shown on Table 5.2.

When comparing the amount of purified receptor dddethe liposomes to the amount of
active NTS1 after reconstitution, we can see thhisa of more than 80% of receptor

seems to have occurreDuring reconstitution a 50% loss of receptor isextpd (in
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particular because of the half-life of the receptodetergent, approximatively 50h), but
that does not explain such a great loss of ligandiHdg activity. Ligand-binding assays
were performed on fractions pooled from a sucraselignt and SDS-PAGE results, in
which the presence of proteoliposomes is certaims€quently, the lowest results (<5%)
cannot be due to an absence of insertion in tlesdimesThis does not necessarily mean
that only a small amount of receptor have beenn&dated: indeed, the assay gives an
idea of the amount of active receptor from the ipigdof the peptide-ligand. More
receptor could be inserted into the membrane tledected, but in the wrong orientation,
with the binding site facing the interior of theside. In this case, the receptor would be

unable to bind the neurotensin peptide, and thogjdwnot be detected during the assay.

B. Reconstitution (filter D. Site
A. Purification assay) C. Resolubilisaton occlusion
a.total b. added to pmol of pmol of
amount  reconstitution] DDM:lipid active active
(pmol) (pmol) ratio receptor % yield receptor % yield % occluded
452.64 22.6 0.4 2.9 12.9 13.9 61.4 78.8
0.8 1.7 7.7 5.3 23.2 66.8
1 2.1 9.2 7.6 33.8 72.9
2 2.6 11.3 16.9 74.6 84.8
0.4 11 4.7 n/a
0.8 11 5.01 n/a
1 1.7 7.7 2.3 104 26.2
2 1.3 5.7 n/a n/a n/a
967.1226 73.9 0.4 8.8 11.9 37.03 50.1 76.2
0.7 6.3 8.5 8.1 10.9 22.2
1 6.5 8.7 n/a
1.3 13.1 17.8 n/a n/a

Table 5.2: Ligand binding assay performed on purifed NTS1, reconstituted NTS1
and resolubilised proteoliposomesThis table shows the amounts of active NTS1 at
each step of its study: just after purification JA@ the volume of receptor added to
reconstitution (Ab); once reconstitution is done) (@uantity of correctly inserted
receptor); and after Resolubilisation (C). The patage of yield compares the amount of
receptor after reconstitution or resolubilisatioithvthe amount of pure receptor initially
added to reconstitution. The percentage of sitetuded (D) is obtained by comparing
the amount of receptor before and after resolwatibe. The first purification has been
performed with buffers supplemented with a mix @HC, POPE and POPG, whereas
only POPC was added during the second purificgifesented here.
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To verify this suggestion, reconstituted receptaswesolubilised in DDM, CHAPS-CHS

and 2X solubilisation buffer. This should give aasere of the total amount of inserted
receptor, whether toward the inner or outer sidthefliposome, provided the receptor is
resolubilised with high efficiency. The first daf@able 5.2) seem to show that in every
reconstitution experiment, higher amounts of remepte detected after resolubilisation,
confirming that significant proportion of receptoloes not insert properly. These
experiments were started later than the otherspahénough results are available yet to

draw more quantitative conclusions.

Figure 5.22. Close up AFM image of a NTS1-contain liposome on mica 48h
following reconstitution; 160 nm scan size; Veeco instrument. This figlieas that the
liposome still displays a 100nm size two days felfgy reconstitution; the reconstitution
process, thus, does not affect the final size @pshof the liposome obtained after
extrusion.

Although preparation of specific-sized lipid vesil can be easily performed, the
subsequent insertion of membrane proteins durigg rétonstitution process requires
numerous criteria to be considered, such as tra @Grientation of the protein or the

homogeneity of the receptor insertion among abbdipmes, and leads to the loss of an

important amount of receptor. Regarding this protess over reconstitution, one could
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suggest that protein insertion might lead to legkiposomes that might loose their
closed, vesicular structure. Here, this hypothésis been refuted by AFM imaging
performed on NTS1-containing liposomes, two daydloféng reconstitution
(proteoliposomes were stored at -80°C between ftfie of the reconstitution and the
imaging experiment). As shown on Figure 5.22, migi@esomes purified from sucrose
gradient do maintain their vesicular structure, angarticular, they retain their 100 nm
diameter. Moreover, varying the ddm: lipid ratiod dhot have much effect on the
reconstitution, unlike previously stated in theeliaiture. These experiments have shown
the difficulty to produce unified proteoliposom&ne reason of these results may be the
composition of BPL used for the formation of liposes. Indeed, as shown on table 5.3,
BPL contain three times more POPE than POPC. Tiuetate of POPE is made of a
small hydrophilic head with a big hydrophobic td#ading to the formation of big
vesicles. Preparing liposomes with a 50:50 mix &LB’C would lead to a lipid
composition of the vesicles similar to the one eff membrane (Table 5.3) and should

improve the reconstitution.

Mammalian cel
45-55% PC| 15-25% PE
membrane
BPL 12% PC 33% PE
50:50 BPL — PC 56% PC 16% PE

Table 5.3: Composition in major lipids of mammaliancell membranes, BPL and a
50:50 mix of BPL and POPC. POPC and POPE are present with a 3:1 ratio in
mammalian cell membrane and BPL, but in oppositg@tions. Moreover, BPL used
for reconstitution have thrice more PE, the strieetof which leading to the formation of
big vesicles, than PC. Preparing liposomes witl®:&® mix of BPL-PC would lead to a
lipid composition of the vesicles similar to theeoof cell membrane and should improve
the reconstitution.

175



Chapter V — Reconstitution of NTS1 into liposomes

Even though purification buffers were supplememnt@ti a mix of lipids to help stability
and give a better yield for the purification. Howevit seems that the presence of these
lipids interferes with the reconstitution. Indeéik structure of POPE, and the negatively
charged POPG seem to disrupt the liposomes when rebeptor is added for
reconstitution.

To verify this suggestion, an experiment was cdrioeit on a receptor purified with
buffers only supplemented by POPC, and the firstilte seem to show an improvement
of the reconstitution (represented by a tight bamdhe sucrose gradient and few focused
bands on the gel). However, insufficient numbedata is available for the results to be

reliable.
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5.4 Conclusion

NTS1 has been successfully reconstituted in ameaitrm into liposomes and is ready to
be used for biophysical studies of its structure famctions. The TEM and AFM imaging
of pre-formed liposomes, prior the protein insartishowed that the lipid vesicles are in
a range of sizes close to the 100nm that were ¢geadter extrusion, and AFM imaging
showed that the liposomes sizes remain in the gamge following protein insertion.
The purification of NTS1 and the synthesis of u8 fength ligand, neurotensin receptor,
have also been successfully performed.

Future work will consist in producing proteoliposesnwith a constant amount of inserted
receptor, and in improving the reliability and regucibility of the results. A first
improvement could be done during the purificatideps Indeed, major lipids found in
mammalian biological membranes (POPC, POPE, amgjetidipids such as POPS) have
been supplemented in buffers during the receptdfigation, so that NTS1 is purified
and reconstituted in conditions as close as passiba native environment. This method
has revealed been successful concerning the sgatilthe protein during the process,
improving the results of NTS1 purification. Howeyéine structure of POPE and the
charge of POPG seem to interfere with the insertbrreceptor into lipid vesicles,
leading to heterogeneous-sized proteoliposomesolitisn would be to supplement
purification buffers with POPC only, since it prageno structural properties that could
disrupt the reconstitution and does not decreasegithd of purification (Table 5.2). The
first experiment carried out in this new conditigave an encouraging results. However it
needs to be repeated to ensure its reliability.

Succeeding in getting a higher amount of recoristitNTS1 would allow different
biophysical studies to be performed, such as sifite NMR. Indeed, the lipid protein
ratio of 400:1 determined after migration of prdigasomes in sucrose gradient (Figure

5.20) is a good receptor density for ssSNMR strudtwork. Moreover, efforts can be
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made to form 2D crystals for structural studiesdegreasing the lipid: protein ration
further. This would improve the knowledge aboutstural and functional properties of
this receptor. This improvement could be extendedhe study of other membrane
proteins which have not been asymmetrically rectutetl and could be used as a basis

for future activity measurements and structure-thalsag design or screening.

Preliminary results obtained in the Watts groupsiojid state NMR suggest that the
protein might be aggregating during experimentsfopered at room temperature.
Therefore, probing the NTS1-NT interactions by Affdvice spectroscopy may require to
work on a thermostable receptor mutant (thermostablthe presence and absence of
agonist NT peptide) such as that used by Grissharanm co-workerS>. Indeed, while
AFM imaging can be performed after a few minutesslration time on mica, and
provide images within a few hours by scanning thel sample surface, interaction
force measurements require much longer time fdimgetip the experiment and acquire
reliable data at numerous individual locations e surface in order to detect ligand-

receptor interactions, thus increasing the riskeo&ptor precipitation or degradation.
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Chapter VI — Conclusion and future work

The work presented in this thesis has investigttedise of scanning probe microscopy
techniques, together with numerous biophysical eledtrochemical methods, to study
two seven transmembrane domain proteins - one padtkntial use in nanodevice, the

other being a potential drug target - at the singbéecule scale.

For the first time, photoswitching of the electticanductance of a light-sensitive protein
could be seen on isolated protein trimers, aftetiggaemoval of the membrane lipids.
This work, based on the molecular electronic pridgerof light-driven archea proton
pump bacteriorhodopsin, has also demonstrated c¢batrolled molecule-electrode
coupling could be obtained through the use of &eically-engineered cysteine mutant -
M163C - providing improved protein conductance emparison to membrane-embedded
conditions.

The neurotensin receptor type 1, NTS1, is theahitomponent of the neurotensin
signalling pathway, and is involved in numerous gblpgical and pathological
conditions. Here, the receptor was reconstitutéal liposomes for future ligand-receptor

interactions studies.
Bacteriorhodopsin
Evidence of partially-delipidated BR molecular canthnce photoswitching upon

ilumination was obtained by current-voltage spestopy, using conducting-probe

AFM. A distinct switch to a 3-fold higher conduct state was reproducibly observed
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upon illumination (>495 nm), for repeated darkifimation cycles of gold-Bgs
junctions over time, proving that partially deliptdd BRs trimers exhibit a controllable
electronic behaviour. These results have been remtausing two different C-AFM
systems (Agilent and JPK), thus further confirmihg reliabilty of the observations. The
prospect of a highly efficient, robust, photoswéble molecular electronic system is
appealing, particularly from a photonic device perdive. Characterization of the gold-
BR.,sgold junctions and further refinement of the cortdnce switching process have

been performed using various biophysical and eeb&mistry methods.

Operating under controlled load, C-AFM showed titdbw probe-sample contact forces,
6-15nN, switching of conductance is present invigt majority of individual junctions
under illumination ¥>495 nm). On increasing the load, distorting thatgin by applying
excessive force annihilates the photoswitching. Mwiation of conductance was
observed upon illumination with other wavelengtimgr in bleached (retinal-free)
controls, confirming that photoswitching is a warajth-specific phenomenon due to the

retinal chromophore.

Although conductance photoswitching is reproducibhserved on one single protein-
electrode junction over time, the amplitude of #ft tends to progressively decrease
after an average of five illumination cycles, aedahes the point where no shift can be
detected anymore. The exact reason for this phemmmeemains to be elucidated:
moving the C-AFM probe to another molecular junctidnstantly reinstates
photoswitching, the attenuation is thus not dutheosample illumination. Indeed, while
one metal-molecule-metal junction is probed, th@Msample surface is illuminated. If
light was the cause of the attenuation, the whahapde surface would be affected and
photoswitching would not be observed when probimgtlzer junction. A potential

explanation could be that of a current saturatibthe protein under the probe. Another
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explanation could be that sample illumination of BRBndwiched within the mMm
junction results in an accumulation of the O stftshunt” intermediate of the
photocycle). Studying the cause of the photoswilglattenuation constitutes one aspect

of the future work related to this project.

Control experiments

Physical and electrochemical techniques were usedrder to characterise the gold
surface after protein adsorption, and to confirmcomplement the C-AFM data. SPR
showed that BR cysteine mutant, M163C, provides &time-stronger binding on the
surface than wild-type BR. Reductive stripping aoiimetry confirmed the role of the
cysteine residue in the stronger adsorption ofntiséant. STM, AFM and KFM imaging
showed the delipidation efficiency by the absent@uwple membrane patches on the
surface, and that lipid-depleted §Rwas homogeneously adsorbed all over the gold
surface. Ellipsometry showed a sub-monolayer cgeetd the surface and confirmed the
sample thickness of 5 nm, corresponding to thehhesfi BR molecules obtained from
crystallographic data.

Photocurrent experiments were used to demonstratedmogenous orientation of BR
on gold, and as a control of the molecular condweaphotoswitching of Bf. BR
trimers behaviour on illumination was also confidnéy KFM surface potential
measurements. These KFM results are preliminaryltegscomparing the surface
potential of WT BR in the membrane and that of iplyt delipidated BR,s upon
illumination at >495nm. Next experiments will castsiin testing the wavelength
specificity by using a different light filter, anmbnfirming the role of retinal by using a

bleached protein.

181



Chapter VI — Conclusion and future work

Study of the long-term stability of gold-BRtrimers-gold junctions

The unique aim of the BR work presented here wasdoage to detect a conductance
photoswitching for delipidated BR similar to thaéported for BR in the purple
membran&®. Fresh samples were used for each experimentlar to work with the best
possible samples. Further study will consist irdging the delipidated BR-based mMm
junction stability and activity over time and inrics environmental conditions. Storing
delipidated BRs solution and measuring the evolution of its cortdnce over time could
be used as a control, but technological applicatieml require the sample to remain
fixed on a circuit and to maintain its efficiencyeo long periods of time. Practically, this
would consist in re-using a sample adsorbed on gaf#l monitor the evolution of its
electrical properties. While such experiments carebsily performed for photocurrent
measurements, the test is more challenging as sascanning probe techniques are
concerned. Indeed, great care must always be tadteto have any contamination of the
gold substrate that could then be detected by theatope probe and provide unreliable
results. Re-using a gold substrate with adsorbetejor will greatly increase the risk of
contamination, especially after multiple re-usesctscontrol could be performed using

SPM techniques, but would require strict environtaeand sample handling conditions.

Effect of the gold-BR-gold junction on BR photooscl

Attenuation of BR conductance photoswitching obsdrafter several illumination cycles
might be due to current saturation of BR under@h&FM probe, but it might also be due
to the protein photocycle being affected by the loimiation of the solubilisation, gold
binding and drying of the protein. As seen chapliér numerous site-directed
mutagenesis experiments have been performed im tvd®th understand and alter the

protein characteristics. Several of these haveectdimpact on BR photocycle, such as
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D96N, which results in an extended lifetime of thé photocycle intermediate.
Combining the M163C mutation used in this work, ethprovides controlled electrode
adsorption and enhanced electronics responses, B@BN, might improve our
knowledge of the effects of mMm junction constraoton the photocycle of delipidated
BR, and may lead to more readily detectable mosgctbnductance changes within BR

trimers.

Scanning probe techniques and molecular junctions

Despite not forming molecular junctions that aragtical from a nanodevice perspective,
SPM techniques will continue to play a crucial rotebioelectronics research. Indeed,
they are currently the only high-throughput methdds mMm junction formation.

Moreover, given the flexibility of local environm&h controls (temperature, force,
ambient/fluidic atmosphere, potential control etmy range of possible imaging modes
(topographic, current, surface potential, magnedlettric force, electrochemical), they
remain a method of choice for the assessment oécutar conductance characteristics

and electronic transport mechanisms.

Studying the conductance of BR monomers

Considering the encouraging results presented foeresolated trimers of BR, future
work could consist in going further down the sife¢h® molecular junction by adsorbing
isolated BR monomers between the electrodes.

Total delipidation of BR has been successfully aondtinely performed, monomer
isolation would thus not be a limiting step in suxlproject. However, CP-AFM ItV
spectroscopy and KFM / surface potential measur&gnerhich rely on placing an nm-

wide conducting tip in contact with the sample idey to probe its electrical properties,
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would be hard to perform on such small and softpanindeed, crystallographic data
have assessed the dimension of one BR monomer2dbbe3.5 X 4.5 nm. The sharpest
commercially available SPM probes present a ragfigsirvature of up to 5 nm, and these
are not conducting. It would then be extremely lgmging to detect the sample
properties as the probe would likely also be intaonwith the gold substrate, thus
providing unreliable results.

One solution could be to try and perform STM measwnts, as the tips used for this
technique are often made manually, by the user:condd design an extremely sharp
conducting element that would be part of the afdek® probe, allowing the detection of
BR monomer electrical behaviour. Another experimigrat could be tested, although
there again the extremely small size of the samyag well reach the technical limits of
the method, is the measurement of photocurrenthiastechnique only requires the
sample to be adsorbed between gold electrodesnwitbcal surface probing.

Another point to consider is that, although BR basn shown to be active as a monomer,

its binding between electrodes may destabilisgtbtein.

Applications in bioelectronics

Numerous technological applications of BR have bpessented in Chapter Ill, for
membrane-embedded protein. Similar applicationsiq@apmemory, data storage, image
detection, wavelength-sensitive photodetector...)iccaise BR trimers, resulting in a
further decrease of the device size, provided ttiatprotein in this condition retains its
photoswitching properties over long period of tifd&ected evolution could also be used

in order to modulate wavelength sensitivity.
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NTS1

The neurotensin receptor type 1 (NTS1) is of paldicinterest as NT signalling networks
have been identified as a potential drug targeh writical roles in medical conditions
such as pain, eating behaviour, Schizophrenia,ifai’s disease or colon carcér®>’

8 The ultimate goal of this project is to investigahe NTS1-NT interactions at the

single molecule scale.

NTS1 expressed i&.coli was purified and inserted into 100 nm brain pdfad (BPL)
liposomes in a conformation which retained its tiddbinding capabilities, as described
in Chapter V. Although it has been shown that dhlysix C-terminal amino acids of NT
(NTg.19 are sufficient for ligand bindiff, the native full-length peptide was synthesised
by SPPS for assessing the capability of the reitotexd receptor to bind its ligand. The
receptor used for reconstitution into liposomes was whole NTS1B fusion protein.
Future experiments could reconstitute NTS1B aftEl Tcleavage, separated from the
fusion tags, leading to NTS1 only being incorpaiate

Another project will consist in inserting NTS1 inpéanar lipid bilayers and imaging the
receptor before and after ligand binding, as a robréxperiment, before performing
ligand-receptor interaction measurements that wbeldompared to the results obtained

for NTS1 in liposomes.

Initial AFM imaging characterisation of liposomesasvperformed as a prelude for
biophysical studies, including AFM high resolutionaging of the membrane receptor,
solid state NMR approaches and AFM force spectmsdo order to probe the ligand-
receptor interactions. The information gained frifrase studies could then potentially
lead to novel antagonist design, since only twovkm@gonists are currently available

and more will be required if NTS1 is to become agdiarget.
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Final remarks

Switchable molecular electronic species hold mudmgse in an array of technological
applications and fundamental investigations. Thésis has shown, for the first time, that
it is possible to probe the electronic propertiesolated trimers of BR in a manner that
is akin to existing semiconductor devices.

Neurotensin is involved in numerous biological fiimes as well as in diverse
pathologies: probing NT'’s interactions with its maieceptor, NTS1, may therefore
provide useful insight into treatments for majondibions such as Parkinson’s disease,

schizophrenia and obesity through drug design baseéts characterisation.
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Appendix 1: Culture Media and buffers used for
bacteriorhodopsin

Peptone Media

To prepare one litre of media: 250 g NaCl, 10g dxbacteriological peptone, 20g
MgSO,7H,0), 3g NaCitrate, and 2g KCl was dissolved. Trace metalsewadded
(MnSQ, (0.3ug/l), FeCh-4H,O (3.6 ug/l), ZnSQ-7H,O (0.44 ug/l), and CuSE5H,0

(0.05ug/1), and the pH was adjusted to 7.4

Agar Plates

Add 3.75 g agar to 250 mL peptone media and agjdgb 7.4.

AFM imaging
- Adsorption buffer : 300 mM KCI, 10 mM Tris/HCI p7.8)

- imaging buffer. 150 mM KCI, 10 mM Tris/HCI (pH 7.8)

Photocurrent measurements:

electrolyte solution of 2000mM N&Q, in 10mM PBS, pH 7.1

Phosphate buffer
3:1 mixture of NaHPO, and NaHPQ..

Phosphate bufferused for cleaning material before sample incubatamd for diluting

BR depending on the experiment :
60mM PB, 150mM NaCl, pH 7.0
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Appendix 2: Buffers used in NTS1 reconstitution

NTS1 purification

Detergent stocks10% DDM, 5% CHAPS/ 1%CHS, 10% DDM / 1% CHS

Protease inhibitorsAprotinin (2ug/ml), Leupeptins (2g/ml), Pepstatin A (dg/ml).

Phospholipid stock (PPPRPOPC:POPG:POPE, 3:1:1 in 1%DDM (5mg/ml).

2x solubilization buffer

100mM Tris/HCI, pH 7.4, 400mM NacCl, 60% glycerol.

NiA

50mM Tris-HCI, pH 7.4, 200mM NacCl, 30% glycerol5% CHAPS/0.1% CHS, 0.1%
DDM, 50mM imidazole. 1/50 dilute PPP, 1/500 dillgepeptin, 1/1000 dilute pepstatin
A, and 1/5000 dilute aprotinin added just before. us

NiB

NiA plus 350mMimidazole.

GF200

50mM TrisHCI, pH 7.5, 200mM NaCl, 15% glycerol, 1mM EDTA,196 DDM /

0.1%CHS, 1/50 dilute PPP added just before use

NiA, NiB and GF200 were filtered and de-gassedrgnaise.

Lipid preparation (“buffer A”)
50mM Tris-HCI, pH 7.4, 200mM NaCl, 1mM EDTA, filted.
Sucrose Gradient (“buffer B”)

20mM Tris-HCI, pH 7.4, 200mM NaCl, 2mM EDTA (2xlstion stock)
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Ligand binding assay
» Assay on purified receptor and resolubilised prgbesomes:

50mM Tris, pH 7.4, 0.5%CHAPS-0.1%CHS, 0.1% DDM, 1r&MTA, 0.1 mg/ml BSA
» Assay on reconstituted proteoliposomes:

50mM Tris, pH 7.4, 1mM EDTA, 0.1 mg/ml BSA
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