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Abstract

This thesis details work carried out with the aim of demonstrating electronic control of
protein interactions. A pair of coiled coil peptidesluding an acidic peptide and an alkaline
peptideweredesigned and synthesised. Characterisation studies were catfiedautionusing
CD and FRET, which showed that heterodimers were preferentially formed at neutral and weakly
alkaline pH and that homodimers of the alkaline peptide were preferentially formed at strongly
alkaline pH. This demonstrated that the peptithe@d pH dependent binding behaviour, as
intended. Characterisation was then performed using FRET, SPR, andtiCEhe alkaline
peptide immobilised on surfaces. It was shown that the pH dependent binding behaviour was
retainedwith the acidic peptides skociating from the alkaline peptide monolayer only above a
certain alkaline binding pH. This binding pH was typically lower than the pH at which homodimer
preferentially formed in solution and could be changed by varying the concentration and pH at
which the monolayers were formed. This led to the conclusion that the binding pH depended on
the density of the monolayeExperiments were performed to demonstrate that the pH of a
solution in the vicinity of an electrode could be changed electrochemicalljnaasured using
optical techniques. It was shown that the pH changes immediately at the electrode surface were
significantly larger than those observed further into thlet®n. Monolayers of heterodimers
were then immobilised on electrodéia the alkaline peptidand it was demonstrated thae
acidic peptide could beemovedirom the monolayeby application of a current to the electrode
Control exyperiments demonstrated that the removal of the acidic peptide was caused by the pH
changeat the electrode surface that was induced by the current application. Electronic control of

protein interactions was therefore demonstrated.
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List of abbreviations

°C: Degree Celsius

A: Ampere

AFM: Atomic force microscope/microscopy
APTES:(3-aminopropyltriethoxysilane

BCECF:( 2 Npis{Qdirboxyethyh5-(and6)-carboxyfluorescein)
ClIPHH: Copper (Il) perchlorate hexahydrate

CD: Circular dichroism (spectroscopy)

CLSM: Confocal laser scanning microscope/microscopy
deg: Degree

DCM: Dichloromethane

DIC: Diisopropylcarbodiimide

DMF: Dimethylformamide

DNA: Deoxyribonucleic acid

DTT: Dithiothreitol

EDC: 1-ethy}3-(3-dimethylaminopropyl)carbodiimide
Fmoc: Fluorenylmethyloxycarbonyl chloride
FRET:Forster resonance energy triems

h: Hour
HEPES:(4-(2-hydroxyethyl}1-piperazineethanesulfonic acid)
HPLC: High performancdiquid chromatography

ITO: Indium tin oxide

Kq: Dissociation constant

L: Litre

LD: Linear dichroism

m: Metre

M: Molar

MALDI -TOF: Matrix assisted laser desorption tiofeflight
MES: 2-(N-morpholino)ethanesulfonic acid

min: Minute

MPTMS: (3mercaptopropyl)trimethoxysilane

MRME: Mean residue molar ellipticity

NHS: N-hydroxysuccinimide

PBS: Phosphate buffered saline
PTFE:Polytetrafluoroethylene

QCM-D: Quartz crystal microbalance withissipation monitoring
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s: Second

SAM: Selfassembled monolayer
SCE: Saturated calomel electrode
SHE: Standard hydrogen electrode
SNARF: Seminaphtharhodafluor
SPR: Surface plasmon resonance (spectroscopy)
t-Boc: tert-butyloxycarbonyl

TFA: Trifluoroacetic am

Tm: Melting temperature

UV: Ultra violet

V: Volt
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1. Introduction
1.1. Aim of this work

A) B)

Figure 1.1: Diagram illustrating the aim of the present work. Peptide B (shown in blue) of a pH sensitiv
coil pair A(shown in red) and B is immobilised on an electrode. A) At neutral solution pH the peptide A
the peptide B. B) The electrode can be used to locally change the solution pH. The change in pH pr
binding and the peptide A is therefore reled into the solution.

This report details work carried out with the aim of developing a technique for the
electronic control of protein interactions via localised electrochemically induced pH changes. A
specific type of protein, knowvas a coiled coil peptide, is used in this work as a system to
demonstrate electronic control of protein interactions. Electrochemical control of pH near
electrodes is used to control the-pehsitive interactions of two coiled coil peptides when one of

the pair is immobilised on the electrode surface, see Figure 1.1.

1.2. Motivation

The word o6proteind was coined by tHhHe Swe:r
In a letter to Gerardus Johannes Mul der, di
involved in blood clotting) and albumirihg main protein found in human blood plasma) had
almost identical elemental compositions, Berzelius wrote:

iThe name protein that | propose for the
to derive [fGoeek jadplleosei o0 f moanidn @, bécadutemnn d ihre
it seems to be the primitive or principal substance of animal nutrition, which plants prepare for
the herbivores, and the 3 atter then furnish

At that time, only a handful of proteins were known, and their functions were a mystery.
Nowadays, over 50,00@rotein families are knowh,and though the precise fetion of a
particular protein may remain unknown, a huge range of processes for which they are responsible
has been identified. A handful of examples demonstrates therandéng roles of proteins in the
human body, see Figure 1.2. Haemoglobin, presentédnblood cells, is responsible for the

binding and transport of oxygen. Insulin is produced in the pancreas and regulates the absorption
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Figure 1.2: Drawings of A) haemoglobin (Protein Data Bank ID: 2HHB), B) insulin (PDB ID: 1TRZ), C) col

(PDB ID: 1BKV), D) myosin (PDB ID: 1B7T), and E) immunoglobulin (PDB ID: 1I1GT). Adapted from Proteir

Bank??

of glucose from the blood, among other functions. Other proteins, such as keratin and collagen,
are structural. Kerdat is the main component of nails and hair, whereas collagen is found in most
fibrous tissue. Immunoglobulins, or antibodies, are part of the immune system. They recognise
foreign objects such as bacteria and viruses either neutralise them directly or mark them for
destruction by othr parts of the immune system. Motor proteins such as the myosin family are
involved in muscle contraction. Finally, enzymes are a major class of proteins that function as
biological catalysts to lower the activation energy of chemical reactions. Thiy &biontrol
proteins and their interactions is therefore of great interest for biological research and medical
and industrial applications, and some examples are given below.

Most proteins measure a few nanometres across, and so their diverse staruures
functions make them molecules of great interest in the field of nanotechnology. However, to
harness the power of proteins it will be necessary to develop techniques for controlling their
structures, functions and interactions. Electronics is the nreosi@ped area of nanotechnology,
driven by the necessity for ever greater computing power. Computing devices including
transistors using 14 nm processes are currently available to consumers, 14 nm being similar to
the length of a myosin molecule. Resednth electronic control of proteins, interfacing the best
of human nanotechnology with the incredible nanotechnology that nature has evolved over
millions of years, is therefore extremely worthwhile.

An obvious application is as a tool for interactomicsesrch, which is the study of
protein interactions. The mapping of the human genome was completed in 2003, but true
understanding of the genome requires not only mapping the human proteome (i.e. the set of
proteins encoded by the genom®)but also, ultimately, an understanding of the human
interactome, i.e. the interactions between all the proteins encoded by the défi@nieniques
for electronic control of protein interactions have the potential to greatly facilitate interactomics
research, just as the development of automated DNA seqgemeide possible the mapping of
the human genome.

There is significant potential for industrial applications of electronic control of protein
interactions. Enzymes have been used for centuries to make products such as wine, cheese and

leather and today ma industries exploit the catalytic properties of enzymes to enable or enhance



21

Y wl

NORMAL PRION PROTEIN (PrP®) DISEASE-CAUSING PRION (PrPS¢)

A CHAIN REACTION ﬁ—- ﬁ
/’

Figure 1.3: Prions are misfolded versions of native proteins that ir
misfolding via proteirprotein interactions, thereby leading to n
misfolded proteins, which themogon to misfold further native prote
and/or aggregate into amyloids. Adapted from Prusth€opyright Lucy
Readinglkkanda/Scientific American Magazine. Used with permissic

desirable chemical reactiohsA technique enabling electronic activation and deactivation of
enzymes might thefere be extremely valuable.

Other similar hybrid bioelectronic devices can be envisaged, and may find uses in next
generation computers, for example. It will soon become impossible to continue reducing the size
of transistors using the current tdpwn seniconductor fabrication approa¢hOne potential
solution to allow continued progress in computing power is to utilise a beipoapproach to
fabrication, in which the properties of biomolecules such as proteins are harddssgthiques
for electronic control of protein interactions may very well be required for this approach to
succeed.

Medical applications are also possible. Undesirable prgi@tein interactions are
implicated in a numbenf diseases. Amyloidosis is caused when aggregates of misfolded proteins
(called amyloids) deposit in organs, causing damage and/or impairing organ function. Amyloid
deposits in the brain are probable factors in the brain damage caused by neurologitahsond
such as Al zhei meré6s and Huntingtonbs disease
that induce misfolding via proteiprotein interactions, thereby leading to more misfolded
proteins, which then go on to misfold further native protamd/or aggregate into amyloids, see
Figure 1.3. Examples of prion diseases are scrapie (in sheep), bovine spongiform encephalopathy
(BSE, in cows) and Creutzfeldakob disease (CJD), fatal familial insomnia (FFI) and kuru (in
humans). These prion diseasge infectious, untreatable and fatal, and as many as 1 in 2,000
people in the UK may be infected with vCJD prions, as a result of the BSE epidemic in the late
1980s!2 Devices for electronic control of protein interactions could therefore be very valuable

for research into these diseases, or even as implants for therapeutic applications.
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Figure 1.4: Electrical control of protein conformation. A potential gradient was applied
an indium tin oxide (ITO) electrode on which a conducting p&ly film (PEDOT:TOS) he
been formed. The conformation of adsorbed fibronectin, as measured by FRET, varie
the gradient, from completely folded at the positive end to unfolded at the negative end.
from Wanet al?!

1.3. Previous work in the field

A number of studies have been performed oreffext of electric fields on proteins and
peptides® The use of electric fields to orient proteinsl@eptides is reasonably well established
and not particularly pertinent to the current work, but there are also reports of electric fields used
to control protein and peptide conformation. In a study of bacteriorhodopsin, Porschke appears to
have been thirst to convincingly demonstrate an electric field induced conformational change.
Rochuet alalso found evidence for field induced unfolding in their work on acetylcholinesterase
(an enzymdor breaking down choline estef$)ln a more decisive report, Washietial used
electric fields to control the conformation of flagellin filaments (the main corapt of bacterial
flagellum), and demonstrated the ability to dynamically switch between conformational states by
varying the field strength. Kitagawaet al reported the ability to change the structure of an
electrodeémmobilised peptide containing the npnr ot e i n o g e n i-aminodsobutyrio aci d U
acid from alpha helical to;@helical by changing the bias of an applied poteatigimulations
by Baumletner of the effect of electric fields on alanine peptides showed that the increasing field
strengths could induce cdiklix transitionsand thereby dissociate preformed beta shéets.

Jeuken and coworkers have demonstrated electronic control ofj@inddioxidase (an
enzyme that plays a role in bacterial electron transport) contained within lipid bilayers on
electrode surfaces. The bilayers contained ubiquinone, allowing the control of the ubiquinol
oxidase activity through electrochemical reductanthe ubiquinone. In later work the lipid

bilayers were formed into vesicles and the enzyme activity was monitored via a pH sensitive

I Coil in this context refers to a random coil structure, i.e. an unfoldmdip/peptide, not a coiled coil as
used in this work.
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fluorescent dyewithin the vesicles which detected the proton gradient induced by the action of
the ubiquinol oxidas#:?°

Wanet aluseda conducting polymer on indium tin oxide (ITO) electrodes to electrically
control fibronectin (a large protein found in the extracellular matrix) conform#titine steady
state apptiation of a potential gradient across the electrode led to a matching gradient in adsorbed
fibronectin conformations, from folded at the positive end to unfolded at the negative end, as
measured by Forster resonance energy transfer (FRET), see Figaneeladithors suggest that
local pH changes caused by redox reactions of the polymer may be the cause of the conformation
changes. No attempts to dynamically control the adsorbed fibronectin conformation by varying
the potential were reported.

Despite thesstudies into electronic control of protein conformation and activity, there
appears to have been little or no work on electronic control of protein interactions. This work
therefore aims to show that such control is possible and worthy of further research.

1.4. Overview

This work comprises eight chapters and two appendices. This first chapter gives an
introduction with the motivation for researching electronic control of protein interactions and an
overview of the thesis. Chapter 2 contains background information araduiereviews on the
topic of electrochemical control of pH, and the topics of proteins and peptides in general, and
coiled coils and their applications. Chapter 3 contains explanations of the experimental techniques
used in the research. Chapters dreexperimental results chapters. Each contains specific details
of the materials and methods used to obtain the data in that chapter. Chapter 4 details the design,
synthesis and solution characterisation of the peptides and the data show that a systech of co
coil peptides with pH dependent interactions was successfully designed and synthesised. Chapter
5 details the characterisation of the interactions of the peptides when one of the pair is
immobilised on a surface. The data show that pH dependentciiesawere retained after
immobilisation, and that the pH range in which interactions occurred was different to when the
peptides were in solution. Chapter 6 details the characterisation of electrochemical control of pH
and the data show that large chanire pH were obtained at the electrode surface. Chapter 7
details experiments performed to demonstrate electronic control of the peptide interactions, and
the data show that electronic control of peptide interactions was indeed demonstrated. Chapter 8
confins conclusions and suggestions for further work. Appendix Al contains details of

electrochemical pH change experiments performed with competing electrodes, Appendix A2

2t is interesting to note that in this form the work of Jeuken and coworkers is, in a way, the exact
opposite of the work presented here. They electronically controlled a protein in order to r@diice
change whereas here the idea is to electronically produce a pH change to control a protein.
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contains details of electrochemical pH measurement experiments, and Appendix ABscontai

additional experimental material omitted from the results chapters.
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2. Background and literature review

2.1. Introduction

This chapter contains background information and a review of the literature relevant to
this work. Section 2.2 introduces the concept of electrochemical pH control and how it may be
measured, then reviews applications of the technique in the literatut@énS2.3 is a brief
introduction to proteins and peptides. Section 2.4 focuses on coiled coil peptides, which are the
peptides used in this work. The basic principles and features of coiled coils are presented,
followed by a review of coiled coil monolaygeand applications of coiled coils in the literature.

2.2. Electrochemical pH control

This section introduces the concept of electrochemical control of pH, which will be used
to control peptide interactions in this work. The basic phenomenon of pldehanar electrode
surfaces is simple to understand by considering electrodes in water. Near an anode (i.e. an
electrode from which electrons flow into the solution), idns will be depleted, thereby
increasing the pH. Near a cathode (i.e. an electradeninich electrons flow from the solution)

OH ions will be depleted, decreasing the pHowever, even in deionised water there are
multiple reactions capable of causing pH change. Considering only the anode, the following

reactions are possible, all of which will increase the local pH:

Water reduction:

¢OUL ¢Q ©0 ¢Uo

Proton reduction:
¢cO ¢Q©°0
(or, equivalently:¢"O 0 ¢Q 00 (¢00)

Dissolved oxygen reduction:
0 ¢O0 1TQ O 100

0 c¢O0 cQ©° 0L ¢bo
0 TO 1Q ° 00
0 ¢O ¢Q©° 00

Similarly, reactions arpossible that will decrease the local pH at the cathode:
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Water oxidation:
¢coObo0 1O 1Q

Hydroxyl oxidation:
T00 00 OO0 1TQ

Dissolved hydrogen oxidation:
VO 0 ¢Q
O ¢q0'0 © ¢00 ¢cQ

Naturally, when other chemical speciespnesent, such as those in buffers, the situation becomes
increasingly complex.

Though they are often overlooked, netectrode pH changes are of interest in many
branches of electrochemistryThe pH changes can have a deleterious effect, for example an
increase in acidity at an electrode surface may cause unexpectedly rapid corrosion of the
electrodé, and an increase in alkalinity may affect the composition of deposited raetils
alloys3* The effect may even have medical implications: Ballestr&tsal conducted a
theoretical study of pH changes around stimulation microelectrodes used in the body for various
medical purposes, predicting that large pH changight occur on micrometre length scales at
current densities lower than those presently used for neural stimuldttioas been shown that
positive and negative electrode potentialadleto increased or decreased blood clotting
respectively, and Simonaet al have shown that decreased clotting at the cathode may partially
be caused by alkali peptide hgtlsis caused by the local electrochemical increase ih pH.

2.2.1. Measurement of electrochemical pH changes

A variety of techniques have been used to study-eleatrode pH change. their 1983
review of neatelectrode pH changes Kuhn and Chan divide measurement techniques into three
sections: electrical, optical and sampling methiotise sampling methods involved removal of
nearelectrode solution for outside measurement, either by direct removal through outlets near
the electrodé&;? or by flashfreezing and slicing off thin layers of soluti®hAs well as being
difficult to perform, theseex situmethods necessarily involved significant disturbances to the
systems and hence have fallen out of use.

Electrical techniques typically involve the use of one or more pHtsenslectrodes in
the vicinity of the working electrode. Kuhn and Chan note that the effects of ohmic drop (i.e.

solution resistance) and shielding will present problems if one attempts to measwiecteade
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pH while current flows. Shielding is whettee presence of the pH electrode very near the working
electrode may block or distort the current densities. The dependence of the ohmic drop on distance
is greatest in the immediate vicinity of the electrode, meaning that very precise positioning of the
pH electrode is necessary to avoid large erffofihe resistivity of the solution will also be
affected by changes in pH, thereby causing changes to the ohmié 8tow.response times and
disturbances caused by gas evolution were also astptbblems by Kuhn and Chan, and while
a recent study using a rotating ring disc electrode setup with iridium oxide as the pH probe was
able to correct for the effects of ohmic drop, slow response times and gas evolution still proved
problematic®

Despite the limitations of optical approaches at the time, Kuhn and Chan ended their
section on measurement with the conclusion that optical metsmiised most promising, and
the subsequent development of confocal scanning laser microscopy (CLSM) has borne this out.
CSLM buildsthreed i mensi onal fl uorescence i mages from
and so is ideally suited fo situandminimally disruptive spatial mapping of near electrode pH
changes when used in combination with pH sen
T bis-(Carboxyethyh5-(and6)-carboxyfluorescein) (BCECF), and seminaphtharhodafluor
(SNARF) dyes. Somexamples of work using this approach are presented below.

Boldt et al used SNARFL to detect pH changes caused by oxidation of nitrite or

reduction of benzoquinone at platinum microelectrdfighe equations for these processes are:

Nitrite oxidation to nitrate:
00 "O0° 00 ¢cO ¢cQ

Benzoquinone reduction to hydroquinone:
000 c¢O0 QOO L0 ¢vO

At a distance 30 em from the elrefmenaeode 2
leading to 150 nA peak current, which corresponded to 190 Aument density) applied to a
5 em radius el e chufierovithelO ik nitrfie causkd bxidationrofethe nitrite,
leading to generation of protons and a change from pH 9 to pH 6. Similarly, 2 s pul3&s\of
(-30 nA peak current380 A m? current density) in 5 mM-PN-morpholino)ethanesulfonic acid
(MES) buffer with 10 mM benzoquinone led to reduction of the benzoquinone and a change from
pH 6 to pH 8.5 30 em from the electrode. By
modul ate the pH change. 50 em f radlunit(l0enMel ect
buffer), 3 units (5 mM) and 4 wunits (2.5 mM

recorded a pH change of 4 wunits for all buf f
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recorded pH changes of 0 units (10 mM and 5 mM buyffenit (2.5 mM), and 2 units (1.25
mM).
Cannan et al used fluorescein to detect pH changes caused by reduction of
benzoquinoné® Voltages 0f0.1 V t0-0.25 V (vs. Ag pseudeeference, no current values given)
were applied to 25rodesinO2aidpotassumghlioade atmphl 56 withH 1e ¢ t
mM benzoquinone. The spatial extent of the pH gradient depended strongly on the applied voltage
until it became diffusion limited aD.25 V, where the pH gradient extended approximately 200
e m i ntominalldireations. Finite element modelling of the pH gradient suggested that the
pH reached a valwue of pH 10.5 in the vicinity (-~
by the same group used a similar approach to study pH changes causeatiyrefiwater and
oxygen**Constant currents of 5 nA and 10 nA (no volta
diameter gold electrodes (giving current densities oA 102 and 20 A n? respectively) in 0.1
M potassium nitrate at pH 4.36, creating hemisphe
respectively. In addition, constant currents of 4 nA, 7 nA, and 10 nA (no voltage values given)
wer e appl i entertplatinuBn@®lectrodesdgiviag current densities of 0.82Aln# A
m?2, and 2 A nit respectively) in 0.1 M potassium nitrate at pH 5.04, creating hemispherical pH
gradients with radi.@ of 63 ¢&m, 114 ementabnd 149 e&m
data were a good match to predictions obtained from finite element modelling.
Klauke et al used SNARFL modified microbeads to probe pH changes near a gold
microelectrode in 0.1 mN4-(2-hydroxyethyl}1-piperazineethanesulfonic acid) (HEPES) buffer
containing 50 mM perchlorate. The beads were held in place by optical tweezers to enable spatial
mapping of the changé&The application of 2 V\s. Au pseudaeference, current values not
given) ori 2 V caused a change in pH from pH 7.4 to < pH 6.8 or > pH 9 respectively, at a
di stance of 5 em from the electrode. Using a seri
measured a pH gradiexé endi ng approxi mately 30 em into the
em from the electrode. This method of holding the
advantage over measurement with free dye in that it prevented potential changes in flneresce
caused by movement of the dye molecules. On the other hand, the presence of the relatively large
(6 em di ameter) beads may have affected the diffu
Gabi et al used fluorescein and carboxyeosin to measure pH chamd®&®imM NacCl
near transparent indium tin oxide (ITO) microelectrodégplication of 4 A n? current density
(1 €A current, voltage values not given) for 6 s
the solution and a chga from pH 6.5 to pH < 4.5 in the immediate vicinity of the electrode.
Suzurikawaet al used a photoconductive planar electrode where conductivity was
induced by illumination. They used BCECF as the pH sensitive dye to measure pH gradients in
the pH 7.2 pbsphate buffered saline (PBS) near the electrtidgplication of 5 V ori 4V

(current values not given) fd00 ms led to pH changes in the immediate vicinity of the electrode
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of-0. 5 units and 0.6 units respectively, with
solution

Leenheeet alused BCECF to measure pH change near patterned gold catadgiscosr
fluorine doped tin oxide electrodes in 66 mM sodium sulphate at p¥ Agplication of-4 ¢ A

current resulted in a change of pH to > 7.5 in the vicirfityhe gold areas.

2.2.2. Applications of electrochemical pH changes
Electrochemical pH change has been taken advantage of by many research groups. One

advantageous use is to control the deposition, swelling, or dissolution of various types of thin
films. For example, Boulmedaist al controlled the builelup and dissolution of polyelectrolyte
multilayers on an indium tin oxide (ITO) substrate by varying the voltage between 0V and 1.8 V
(vs. Ag). They concluded that the electrochemically induced pH chaxagetre electrode played
some part in the procedsSchmidtet alused gold coated silicon substrates and a geltange
of 0 Vto-1V (vs. SCE) to increase local pH and thereby dissolve hydrogen bonded thin (~150
nm) films22 The same group also used gold coated (5 nm Ti, 100 nm Au) silicon substrates and
a voltage range oflL V to 1 V (vs. Ag/AgCl) to alter & nearelectrode pH and reversibly swell
polyelectrolyte multilayer thin filmg® Shachanet alused ITO on glass and gold (5 nm Cr, 200
nm Au) on glass and a voltage range-hb V to 2.5 V (vs. Ag/AgCI) to control the sgél
deposition of Zr@thin films, allowing them to create films that were extremely smé&ddiguéz
et alused glass coated with ITO as a substrate on which the dissolution and stability tuning of
PLL/DNA multilayers was pedrmed. pH was reduced from 7.4 to 4 at the electrode by
application of 1 At (~ 1.9 V vs. Ag/AgCl) and reduced from 7.4 to 6 by 0.01 A(ml.2 V).
Decay of the pH gradient depended on buffer concentration, and for their conditions (10mM
HEPES)thedecdyengt h was®around 1 & m.

There are other reported ugeselectronic pH control. Gradt aldemonstrated the release
of a fluorescent dye from vesicles embedded in a polyelectrolyte multilayer deposited on an
indium tin oxide (ITO) electrode. They used a galvanostatic (i.e. constant) current of 2 mA m
for 25 minutes. They suggest the system could be used for externally controlled drug’telease.
Tamet alused a migd polymer brush modified ITO coated glass electrode which was reversibly
switched between on/off states by the application of 0.85 V (vs. Ag/AgCl), mimicking the
switching capabilities of transistot§?2Kwon et alattached a polymer matrix containing insulin
to a platinum electrode. 5 mA applied current caused controllable release of the insulin as the
hydrogen bonding between the polymers was disrutéslillaumeGentil et al created
polyelectrolyte films on which stem cell sheets could be formed and controllably released by pH
changes caused by underlying electroiédaureret al used a silicon chip with individually
addressable platinum electrodes to remsBec protecting groups dm peptide chains using a

voltage of 3 V for 60 seconds. This allowed them to build up five different peptide chains by
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repeated cycles of selective deprotection and immersion in desired peptide $oIThien.also
used a similar deprotection technique for production of DNA microarrays, but used an organic
base to spatially confine the pH changes.

Gabiet alobserved the effect of pH change on a fluorescently labelled polyelectrolyte and
living cells!® The polyelectrolyte was absorbed onto a glass surface with an ITO electrode and

desorbed by pH changes. Application of 4 A cairrent density for 30 s inJ led to desorption

at distances up to 20 em from t he eedoletonsr ode.

limited the extent of desorptionte’50 e m from t he el ectrode and
for undiluted buffer. They also tested the effect of currents applied to living cells on the electrodes.
Application of current densities higher thad7 A m?caused a significant increase in propidium
iodide staining of the cells, indicating either cell death or increased opening of membrane pores.
However, the authors note that it was not possible to discern between electrochemical changes in
pH ard electrochemical generation of reactive species as the reason for the effect on the cells.

2.3. Proteins and peptides

The basic building blocks of proteins and peptides are small molecules called amino
acids, each with the generic structure.MEHR-COOH, where R denotes a side chain, see Figure
2.1. Each type of amino acid has a different side chain and has different properties as a result, see
Figure 2.2. There are 22 proteinogenic amino acids, i.e. amino acids found in natural peptides and
proteins. The amino group of one amino acid can covalently bind to the carboxyl group of another.
This is known as a peptide bond and the amino acids are known as amino acid residues when
bonded in this manner. Multiple amino acids can bond in this manaendmbranching linear
chain to form a peptide or protein, with the side chains extending outwards from the-peptide
bonded backbone. The difference between proteins and peptides is chiefly one of size, peptides
being shorter and proteins longer chainke Thoundary between the two is-difined; the
International Union of Pure and Applied Chemistry (IUPAC) suggests that a protein should have
a sequence of greater than 50 amino acids but acknowledges the lack of agtedinerinear
sequence of amino acids that comprise a protein is known as the primary structure of the protein.
Each amino acid has a three letter and a one letter code, see Table 2.1. The primary structure is
conventionally written as a string of tbae letter codes from the-tdrminal (i.e. the free amine
group) on the left to the-@rminal (i.e. the free carboxyl group) on the right. For example, the

primary structure of beefy meaty peptide (also known as delicious peptide) is KGDEEBhA.

The

no

de
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N-terminus C-terminus

Figure 2.1: Illustration of the formation of a peptide bond between two generic amino acids. R denotes a si
which is different for each type of amino acid, and is attached to the alpha carbon. The carboxyl group of «
acid bonds with the amino groupanother to form a peptide, with water as a byproduct. Additional amino aci
bind via peptide bonds at the Bbr C-terminal to increase the length of the peptide.

side chains thatdifferentiate the amino acids have various properties: some arephytiio
while others are polar or charged. The structural details and function of a protein are

determined by the side chains, because of their interactions with solvents and each other.
This leads to secondary, tertiary and (sometimes) quaternary struatioich are described
below.

Hydrogen bonding between residues leads to the formation of local structures (as opposed
to the global structure of the protein, see below) such as alpha helices, beta sheets and turns.
Alpha helices are rightanded spirals the protein structure, where everyHN\group is hydrogen
bonded to the C=0 group of the amino acid residue four places earlier in the sequence, creating
a helical structure with 3.6 residues per turn, see FigureB2tasheets are made up of beta
strands, which are sections of the peptide in extended conformations, typitallstr8ino acid
residues long, see Figure 2.4. Two or more adjacent beta strands can hydrogen bond-Mia the N
and C=0 groups of the amino acid residues to form parallel ipaaaitel beta sheets, depending
on which direction adjacent beta strands are oriented in. Turns are defined as structures where the
Cyatoms (i.e. the carbon atom to which the side chains are bonded) of two residues around one
to five places apart in seguce are less than 7 A apart and the separating residues do not form
any other secondary structure elem&®ther less common secondary structure elements exist,

such as @-a n dhelices, beta hairpins, and alpha stratfi@ertain residues favour the formation
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A. Amino Acids with Electrically Charged Side Chains
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Positive Negative
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B.  Amina Acids with Polar Uncharged Side Chains C. Special Cases
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(Ser)e (Thr) o (Asn) m (GIn) @ (Cys)@ (Sec) 0 (Gly) @ (Pro) 0
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o pKa 1047
Ka 505 DKa 896 pKa B 76 pka9.00 NH
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D.  Amino Acids with Hydrophobic Side Chain
Alanine Valine Isoleucine Leucine Methionine Phenylalanine Tyrosine Tryptophan
(Alajo (Val)o (Ile) 0 (Leu) o (Met) @ (Phe) o (Tyr) 0 (Trp) @
pxazwa PK"’““ pka2.38
ph - pKa 216 o
Ka 2.26
,(/ pKa 2.27 & i (@]
pKa]EB (0]
NH, NH, NH,
pKa 8.08 pKas.04 pKa 9.34
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NH, pKaa.52
pKa9.71
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Figure 2.2: Chemical structures of 21 amino acids found in natural peptides and proteins (pyrrolysine not
since it is not known to be found in human proteins). Adapted from Cojdgari.

of different secondary structure elements: for example alanine, leucine and glutamic acid are

known to favour alpha helix formatich.

The tertiary structure of a protein is the mlkstructure, or fold, of the protein. It

determines the

and environment of the protein. It is very difficult to predict the tertiary structure of a protein,
even when tb primary structure and environment are fully known. This is largely because of the

computational time necessary to simulate the vast number of possible conformations a protein

protei
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Amino acid Three letter code | One letter code | Side chain properties
Alanine Ala A Hydrophobic

Arginine Arg R Positive charge
Asparagine Asn N Polar

Aspartic acid Asp D Negative charge
Cysteine Cys C Hydrophobic

Glutamic acid Glu E Negative charge
Glutamine Gln Q Polar

Glycine Gly G No side chain
Histidine His H Positivecharge, aromatic
Isoleucine lle I Hydrophobic

Leucine Leu L Hydrophobic

Lysine Lys K Positive charge
Methionine Met M Hydrophobic
Phenylalanine Phe F Hydrophobic

Proline Pro P Hydrophobic
Pyrrolysine Pyl @] Polar, aromatic
Selenocysteine Sec U Negative charge
Serine Ser S Polar

Threonine Thr T Polar

Tryptophan Trp W Hydrophobic, aromatic
Tyrosine Tyr Y Hydrophobic, aromatic
Valine Val \% Hydrophobic

Table 2.1: The 22 amino acids found in natural peptides and proteins.

couldadapt. Further complexity is added by the fact that very different primary sequences
can lead to similar conformatiof.

The quaternary structure is the structure formed by two or more proteins if they combine
into a single protein complex. One example of quaternary structure is the coiled coil, formed
whentwo or more alpha helical peptides associate and wind around each other, see Figure 2.5.
While coiled coils of up to five individual peptides have been identiigide coiled coils used

in this work are exclusively dimers, and these will be the focus of the following section.

2.4. Coiled coils

In a letter toNaturein 1952, Crick sggested that difficulties in fitting the alpha helix
structure to the Xay diffraction pattern of alpha keratin ( a structural protein that isntain
component of nails and hammjight be resolved by a model in which alpha helices coiled round
each otker, calling this postulated structure a coiled &biThis letter introduced the idea of
Okn-mto-sol es packingd, though this phrase did

19530 Crick asks the reader to imagine wrapping a piece of paper round an alpha helix and

3 Note that alpha helical sections within a single protein can associate into a coiled coil, in which case the
coil would be part of the tertiary structureghar than the quaternary. Some texts instead define coiled
coils and other structures made of secondary str
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Figure 2.3: Diagram of an alpha helix, with the general shape of the helix shown in grey and peptide bonds
individual amino acid residues shown in black. Everidgroup is hydrogen bonded (pale dotted line) to the
group of the amino acid four places alonghia sequence. Adapted from Griffitegal'’* Copyright 2002 by W.t
Freeman and Company. Used with permission of the publisher.
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Figure 2.4: Diagram of an antiparallel beta sheet formed from two beta strands. Adapted from Geiffehis’
Copyright 2002 by W.H. Freeman and Company. Used with permission of the publisher.

Figure 25: Top down (a) and side (b) views of the parallel homodimeric coiled coil in the GCN4 leucine zipp
ID: 2ZTA). Two right handed alpha helices (bold lines) coil around each other to form a left handed supel
interaction is driven by the sidihains (thin lines), with hydrophobic side chains shielded from solution in the i
of the coiled coil and hydrophilic side chains extending out into the solution on the exterior. Adapted froel
al.>¢

marking the positions of the side chains, then repeating this for a second alpha helix. Overlaying
the two pieces of paper, as in Figure 2.6, demonstrates that in order for the side chains to pack

efficientl y-info-hok es d&n ma ncéskicanpngd snply packhinepbrallel, but
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Figure 26:Cr i ckds di agrnam odfol &kn qpbasc
asked to visualise wrapping paper around alpha helices, marking the p
of side chains (here using crosses on the vertical piecgef pad circles ¢
the tilted piece), then overlaying the unfolded pieces of paper. O
spacing of the side chains requires the tilting of one piece, showing t
alpha helices must coil round each other for efficient packing. Adapte:
Crick 40

must coil around each oth®Although they did not use the term coiled coil, Pauling and Corey
simultaneously and independently discovered the structure and published it at almost exactly the
same time'!

By 1972, Hodgeset al were proposing a repeating 7 amino acid pattern to the
tropomyosin (a protein found in muscle cells and cell cytoskeletons) coiled coil of the form (H
P-P-H-P-P-P) where P represents polar residues and H represents hydrophobic residues forming
the interfze which the coiled coil shields from solutitnWith the completion of the
tropomyosin primary sequence, McLachlan and Stewart confirmed this and proposed the model,
nomenclatte, and helical wheel diagram, see Figure 2.8, that remain in use today: a repeating
heptad labelledatb-c-d-e-f-g) (or (@ b & -6 & -6 - Yo6for the other peptide in the coil), where
residues in tha andd positions have hydrophobic side chains thainfthe core of the coll,
residues in the andg positions have charged side chains that add specificity to the structures,
and residues in thie, c, andf positions form the solvent exposed exterior of the coil and hence
are generally pold? The right handed alpha helices in the left handed coiled coil are slightly
distorted so that they have 3.5 residues per turn rather than the 3.6tmfrtahdipha helices.

‘“For readers wunsatisfied usigg(day) theshanle af @ brgoms@ck ffoc k r e c
represent the polypeptide backbone) and knobs of plasticine (to represechaidg) placed over nails

carefully inserted in the correct positions on the broomsiickl t i s uncl ear whether
for reasons of safety or merely scient#iccuracy.
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Figure2.7Mc Lachl an and Stewartés origi
of interacting helices in a parallel coiled coil, showing the positions, latsefieof
the residues. The hydrophobic side chains afidd residues form the core that
coil shields from solution. Theandg residues have charged side chains whicl
specificity. Theb, c, andf residues are exposed to solution and so generally
polar side chains. Adapted from McLachlan and Stef¥art.

Figure 2.8: Top-down representations of homodimeric coiled coil structures, produced us
built-in examples in CCBuildéf’?

A) CC-Di: A parallel dimer (sequence EIAALKQEIAALKKENAALKWEIAALKQ)

B) Anti-Parallel Dimer (sequence KENEISHHAKEIERLQKEIERHKQSIKKLKQSE)

C) CGTri: A trimer (sequence EIAAIKQEIAAIKKEIAAIKWEIAAIKQ)

D) CC-Tet: A tetramer (sequence ELAAIKQELAAIKKELAKWELAAIKQ).
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cC C C N C C C N

Figure 2.9: Schematic representations of different types of coiled coil, with the N and C terminals of eact

peptide marked. From left to right: Parallel homodimer, antiparallel homodimer, parallel heterodimer, an

heterodimer.
Since these early discoveries, coiled coil sequences have been found in a wide variety of proteins
and it is now predicted that up to 10% of proteins may contain the coiled coil*fritifiting
with Hodgeset alin 1981, the creation of synthetic designed coiled coils has allowed researchers
to probe the allmportant relationship beten amino acid sequence and protein folding in a

relatively simple and controllable contékt.

2.4.1. Coiled coil design principles

From the large body of work studying naturally occurring, synthetic, and simulated coiled
coils a number of design rules have been elucidated that in principle allow one to use the primary
structure of the peptideo predict or engineer properties of the coil such as helix orientation (i.e.
parallel or antiparallel), oligomerisation state (i.e. dimer, trimer, etc.) and the preference for
homomers or heteromers in mixed systems, see Figures 2.7, 2.8 and 2.9.i tdesign
principles are examined below. The focus of this work is dimeric coiled coils and so all discussion

below should be taken to refer to dimers unless otherwise noted.

Length of the peptides

In general, adding additional heptad pairs to a coitddvall increase its stability by
increasing the number of favourable interactions between the two peptitia= strictly, adding
additional heptad pairs of the same or greater stability as the existing pairs will increase the overall
stability of the coil; Kwok and Hodges have shown that the insertion of an additional but less
stable heptad pair can result in an overall destabilisation of a coiled coil by decreasing what can
be thought of as the stability density of the ébil.

Hydrophobic coregandd positions):
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a-d’ packing in antiparallel coill d-a’ packing in antiparallel coil

Figure 2.10: Packing of side chains in the hydrophobic caendd positions for parallel (A and B) and antipar:
(C and D) coils-b bond angles shown in grey, with relevant side chains for each case drawn fully. There i
clash (red) in the case of parallel coils with isoleucines iml fhasitions (both lacine and isoleucine are shown ir
with differences denoted by ddmichkndr rediduas @.e isoleucindandva
in d positions in natural parallel coils and hence their use to specify orientation in syatlilstic

Figure 2.11:Representations of side chain packing in the G@llfparallel homodimer (PDB ID: 2ZTA). A)
Perpendiculad-d §acking of leucine residues, with the van der Waals surfaces of leucine residues shown in
glutamic acid residues shown in red. B) Paralal packing of valine residues, with van der Waals surfaces of
valine residues shown inred and lysindresu es s hown in pur petae® Adapted

The hydrophobic residues in theandd positions arghe main driving force for coiled
coil assembly and consequently the properties of the coil may be tuned by changes to the residues
in these positions. Among the amino acids with hydrophobic side chains, those with bulkier
aromatic structures (phenylalagintryptophan and tyrosine) are rarely found in @her d

positions of natural or designed coiled coil dimers because of steric constréiltdact, steric
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GCN4-p1 GCN4-p1

Figure 2.12:Helical wheel diagram of the GCNaLL parallel homodimi
(PDB ID: 2ZTA), showing electrostatic interactions with dotted li
Residues at each position are shown radiating outwards from the
in order of primary set@d’ence.

Fos N Jun N

Figure 2.13: Helical wheel diagram of the parallel Fos N/Jun N heteroc
from the transcription facte FOS and JUN (PDB ID: 1A02). Residues at
position are shown radiating outwards from the centre in order of pi
sequence. Adaptaeéd from O06Shea

constraints play a large role in determining the choices from the suitable hydrophobic non
aromatic amino acids (which are alanine, isoleucine, leucine, methionine and valinpr@inee

and cysteine are unsuitable for reasons given below) fax &meld positions in parallel coils.
Importantly, the constraints on the two positions are different, because of the different angles at
which the side chains of residues in these psgitis or i ent i nto theb core.
bond vectors (i.e. the vector between the alpha carbon and the first carbon of the side chain, called
the beta carbon) of residues in oppodipositions point directly into the core at each other (this

is known as parallel packing), whereas the vectors of residues in opagsi&tions point

slightly outwards and in opposite directions (perpendicular pacfifid)is means that residues

wi t h br anchi ng-carhdniisoleucinerared valiree)t canhoh pack fvell at oppdsite
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positions since there is no room for both branches of the side chain, see Figures 2.10 and 2.11,
hence the preference for leucinedapositions of natural and designed parallel coiled coils
(leucine is presumably favoured over the other-lb@nching resiues because its side chain is
more hydrophobic) The packingoir e si dues not onl y -baahchedgide t he possi
chais, but favours them since they pack additional hydrophobic hydrocarbon into tH& core.
Therefore the 0t ylpasleuainedidpgostiona with isdleucmes arld eatinesc o i |
in the a positions. Deviation from this rule allows control over oligomerisation state, i.e. the
number of peptides in the coil. In fact, trimers (three peptide coils) appear to be the default state
for coiled coils, with the above pattern necessary to specify for dimers unless other design rules
are used to influence the oligomerisation statdigher oligomerisation states may even allow
the use of the hydrophobic residues with aromatic side chainst kildesigned a peptide with
all tryptophans in tha andd position that formed a stable coiled coil pentaffier.

Less work has been done on the packing afdd residues in antiparallel coils. In this
case the side chainoim ana position on one peptide must pack with the side chain ofltbe
position on the other peptide, and vice versa. Figure 2.11 shows that this avoids the tight side
chain packing of the paralldid ¢ a s e, me abmanching residuestsuctbas aatine are
not necessarily disfavoured at tth@ositions in antiparallel coils. This means that the pattern of
hydrophobic residues in the coil core can in principle be used to control helix orientation. Indeed,
Gurnonet alshowed that a peptide witlposition isoleucines aralposition alanines had a strong
preference for forming antiparallel over parallel céiisodelling results from Ramost al led
them to conclude that whilkposi ti on i sol euci nes-branghedbside anti par a
chains in thenatchinga positions lead to a preference for parallel orientati@verall, as might
be expected from the lack of tighid Packing in antiparallel coils, the available evidence seems

to suggest that packing constraints are more restrictive in parallet*¥ils.

Interhelical salt bridgege andg positions):

Control may also be exerted over coiled coil assembly by the choice of amino acids for
the e andg positions on either side of the hydrophobic core. It is well established that residues
with charged side chains such as lysine (positive) and glutamic acid (negative) in these positions
can interact electrostatically with the matching residues in thestppeeptide, acting to stabilise
the coil through electrostatic attraction, or discouraging coil formation through electrostatic
repulsion?°®*When the interaction is attractive, the residues are said to form a salt bridge. In
parallel coils, the interactions are betweengpesition residue in one peptidad thee position
residue in the next heptad of the other peptide, i.gn.@n6: interaction®® In antiparallelcoils
the interactions are simplye andg:g ¢ By including appropriate patterns of charged residues
in thee andg positions, peferences for desired coiled coil assemblies can be engineered into the

peptides. For example, a preference for hoondneterodimerisation can be dictated byelaad
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ACID-p1 BASE-p1

Figure 2.14: Helical wheel diagram of the parallel AGIRL/BASEp1
heterodimer, alsknown as the peptide velcro system. Residues at each
are shown radiating outwards from the centre in order of primary sequen
boxes at thaanda positions are blank because th&dxminals of the peptid
areatthandb posi ti ons. Adatmt®ed from ¢

g residues. The natural GCN4 leucine zipper sega (from a transcription factor protein that
control transcription of genetic information) contains both lysine and glutamic acid residues in
the e andg positions, which are arranged such that the parallel homodimer has three stabilising
salt bridges, s Figure 2.12° The Hodgeset al synthetic coiled coil homodimer (based on
tropomyosin, and the first emmle of ade novodesigned coiled coil) features exclusively
glutamic acid at the positions and lysine at thgepositions, giving two homodimer stabilising

salt bridges per heptdti.

In contrast, the sequence segments corresponding to the coiled coil part of the natural
oncoproteins Fosnd Jun (which are transcription factors) contain a pattern of lysines and
glutamic acids that stabilises heterodimers and destabilises homodimers, see Figuirehis13.
inspired the pepti de v e lecal whictsiyan tealyrexamgleof & | o p e
synthetic parallel coiled coil that uses chargeshdg residues to favour heterodimer formation,
see Figure 2.12 One of the peptides, calle8iCID-p1, contains glutamic acid at alandg
positions, whereas its counterpart, BABE contains lysine at ak and g positions. The
electrostatics leave heterodimers free to form while discouraging homodimers because of the
mutual repulsion.

In addtion to control over homo/heterodimerisation, a number of studies have shown the
possibility of using charged residues at ¢fendg positions to influence helix orientatiéh® %2
and oligomerisation stat54For exanple, Moneraet aldesigned peptides such that four coiled
coils were possible: parallel with attractive electrostatic interactions, parallel with repulsive
electrostatic interactions, antiparallel with attractive electrostatic interactions and antiparallel

with repulsive electrostatic interactiotfsThe only difference between the peptides with
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attractive and repulsive electrostatic interactions was the positions o Bsdhglutamic acid
residues in thee and g positions, while the only difference between parallel and antiparallel
peptides was the position of Hr C-terminal cysteines intended to form disulphide bridges. All
four possibilities were found to form as ledl coils, suggesting a single disulphide bridge located
at the ends of the peptides was enough to overcome ten repulsive electrostatic interactions.
However, when exposed to increasing concentrations of the denaturant urea, the coils with
repulsive electrstatic interactions were found to be significantly less stable. Evidence that the
electrostatic interactions were responsible for the difference in stability was provided by repeating
the urea denaturation with the addition of salts that masked the slerdsignificantly reduced
the difference in stability between coils with attractive and repulsive interactions. Denaturation
with the charged molecule guanidinium chloride showed similar results to urea with salt,
providing further evidence for the robé the electrostatic interactions in determining orientation
preference in these coils.

The above experiment demonstrates that when electrostatic interactions are used to
determine coiled coil properties, those properties can be modified by changagionsshich
negate the charge effects, such as increased salt concentration leading to charge %cfeening.
change in solution pH can have a similar effect by leading to protonation or deprotonation of the
charged residue$:® For example, Zhoet al used the Septad Hodges homodimer mentioned
above?* denoted EK since it contains only glutamic acid residuespasitions and only lysine
residues ay positions, with two variants: EE, containing glutamic acid residues maidg
positions; and KK, containing lysine residues ire@lhdg positions®’ At neutral pH and low salt
concentrations EK formed homodimers and EE and KK were unstructured. At acidic pH where
the glutamic ad residues became protonated, thereby removing the electrostatic repulsion that
prevented coil formation, EE homodimers formed. Similarly, at basic pH where the lysine
residues became deprotonated, KK homodimers formed. In addition, increasing the salt
corcentration at neutral pH led to the formation of EE and KK homodimers through screening of
the charged etabd dpept. i dd Swheelaglramd BASEHsL tbasedono f  ACI D
the same principles as EE and KK, showed similar pH and salt depentdavipbe>® Note that
it is possible that increased salt concentrations could lead teased homodimer stability
through increasing the strength of hydrophobic interactions rather than charge screening, but the
evidence suggests that charge screening is the dominant effect in p&Es&ti8amilarly, metal

ions have been used to control coiled coil formation in combination with charged residues in the

5 This is fortunate, because the effect of ions on hydrophobicity, known as Hofmeister effects, are
extremely complex and poorly understood. A handful of despairing quotes from the conclusion of a
recent r evi e vHofmeistereffedts have éscapetl explanationffor almost 130 years @ow
fit takes a certain amount of chutzpah or naivete to tackle the prpbem #he recessity for rebuilding
theoretical fouoiationsé is obvious
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e andg positions. Kohret aldesigned a 35 residue parallel homodimer with negatively charged
a-carboxyglutamic acid (Gla) side chains in &@ndg positions in one heptadIn benign pH 7

buffer the peptides did not form coiled coils, whereas the equivalent peptides with udcharge
glutamine residues in place of the Gla residues did form coiled coils. The conclusion was that the
negatively charged Gla residues in opposingnd g positions destabilised the coil due to
electrostatic repulsion. This was tested by introducirijibas to solutions of the peptide. In the
presence of the metal ions, coiled coils formed because the Gla side chains bound to the ions.
Similar results were seen with ¥pCa* and Zrt* ions. The coil formation was also shown to be

pH dependent. As the pH walecreased from neutral, coiled coil formation increased because
the Gla side chains in theand g positions became protonated, removing the unfavourable
electrostatic interaction between the peptides.

Solvent exposed exteridy, €, andf positions):

In comparison to the cora @ndd) and core flankingg andg) positions, the solvent
exposed exterioh( c andf) positions have received little attention. They are typically filled by
polar amino acids such as alanine, glutamic acid, lysine and gh#anfiich are known to
encourage the formation of alpha heliée¥.lt has been shown that incorporation of the beta
sheet favouring residue threonine into tip@sitions of acoiled coil can lead to a switch to beta
sheet conformation upon heatifigrhe relative lack of interest in these positions reflects the
assumption that they exert little control over coil properties other than general stability,
particularly in the case of dimers. Nevertheless, the effect of residuesénpihgtions on coiled
coil stability can be quite dramatic. Dahiytal synthesised and tested the melting temperatures
of coiled coil dimers based on the GCGN# peptide with altered residues at thec, andf
positions’? The native GCN4 peptide had a melting temperature of 57 °C, and by altering the
surface exposed residues to alternative polar amino acids they were abledalicneas with
melting temperatures as high as 72 °C, and as low as 15 °C for a random sequence of polar
residues. Additionally, Zitzewitet al showed that just changing thfgosition residues of the
GCN4-pl peptide led to significant changes in stabifititaplanet alwere able to increase the
affinity of synthetic coiled coil peptides for natural coiled coil peptide targets by up tic8s
by introducing residues that were more favourable to alpha helix formation at the solvent exposed
positions’*

As the oligomerisation state of coils increases, the opportunity émd c residue side
chains to interact with side chains on adjacent peptides increases, thereby presenting opportunities
to use these positions tortoml the coil propertie$® ’” For exanple, Fairmaret al showed that
replacing the nativéd and c position residues of Lac21, which forms a homotetramer, with
glutamic acid or lysine strongly discourages homotetramer formation and leads to stable

heterotetramer€ The solvent exposed positions can also be used to control oligomerisation state;
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Dahiyatet al converted GCN<41 from a dimer to a tetramer by replacingtalt, andf position

residues with alanines.

Buried polar residues:
The natural GCN4 leucine zipper contains an asparagine residueagidabition of the
third heptad, see Figure 2%8and a number of other natural coiled coils similarly contain polar
residues in the hydrophobic cdfe? In the parallel GCN4 coil, the asparagine residues are in
opposite heptads and are close enough to form a hydrogen bond, but the overall effect is to
degabilise the coil since the hydrogen bond is not as strong as the hydrophobic interaction that
could exist were the asparagines replaced with hydrophobic residues. The reason for their
presence became more clear after Harbefryal replaced the asparagingith valine and
discovered that the mutated peptide formed a mixture of dimers and tfners.trimer the
asparagine residues of the native peptide would be utaligdrogen bond and so would be
purely destabilising, whereas in the dimer the hydrogen bond is able to form and adds back some
stability, leading to a preference for dimers at the cost of overall reduced stability. Kim and
coworkers replicated this behaur in the synthetic peptide velcro sysféand then exploited it
to create the antiparallel heterodimer system A@IDand BASEa182 Whereas ACIBpl1 and
BASE-p1l both contained an asparagine in the second hepiasition, ACID-a 1 6 s asparagi ne i s
in the third heptad positionand BASEa 1 6 s as par agi nedposionjismthatahe f i r st h
hydrogen bond only forms when the peptides form an antiparallel coil. Other researchers have
investigated the use of different polasidues and have shown that they can also be used to
control coiled coil propertie® 8 For example, Aket alshowed that GCNg1 formed trimers

instead of dimers when itsposition asparagine was replaced witth@osition threoniné’

Special residues:

Glycine and proline are well known as helix breakers from studies of alpha helices, and
so are rarely used in the heptadsiesigned coiled coils, except as deliberate helix breakers for
the purpose of control experiments (as in this work, see Chaptersd e | o w) . Prolinebs in
to donate hydrogen bonds and its structural rigidity make it a particularly good disrigligina
helices, and hence coiled coils, though there is evidence that a proline residue at the start of an
alpha helix may act as a helix initiafr.

Cysteine residues can be included in coiled coils to form stabilising disulphide bonds
between the peptides. This is commonly used to determine orientation preference in coiled coils:
by adding cysteine residues to the ends of the peptides a miktdisulphide bonded parallel
and antiparallel coils is forced, and the ratio of the two products indicates the natural preference
of the coil>*®%82Endterminal cysteine residues are also used to selectively immobilise peptides

on surfaces via thiol chemist?2 In both uses, a linker comprisefl 3 glycine residues is
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commonly included to add flexibility for bond formation. Section 2.3.2 reviews the properties of
surfaceimmobilised coiled coils.

Finally, designed coiled coils often include tryptophan and/or tyrosine since they are
fluorophores and their absorption can be used for purification and concentration determination,
see Sections 3.3.5. These residues typically occuplypthgitions to minimise interference with

coil formation.

2.4.2. Coiled coil monolayers

A number of groups havenmobilised coiled coil peptides on surfaces in self assembled
monolayers (SAMs). This is typically achieved through use of a cysteine residue atth€-N
terminal, allowing the thiol group to covalently bond to the surface (see above). This sedtion wil
focus on the properties of the monolayers, whereas the applications of surface immobilised coiled
coils will be covered in Section 2.3.3 below.

Atanasso\et alformed monolayers of parallel coiled coil heterodimers on gold substrates
ataconcentrationf 500 eM i n pH *¥YEach mgnbnescpritamedel amind f e r
acids (3 heptads) with an additional CGG linker at tiiemxinal. Using ellipsometry, AFM and
XPS they calculated a monolayer thickness of ~ 4 nm with a 30 ° tilt angle and a densify of 10
peptide crt, corresponding to an area per peptide of 0.9, iaray photoelectron spectroscopy
(XPS) analysis also revealed that each coiled coil was bound to the gold via two cysteine residues
(i.e. each monomer was individually bound to the surface). A previoushydtie same group
included antiparallel heterodimers and reported similar monolayer progértiey showed
using circular dichroism spectrogno (CD) that the peptides had alpha helical structure when
immobilised on gold colloids and this was taken as evidence that the peptides retained a coiled
coil structure on immobilisation.

Minelli et al formed monolayers of parallel homodimers on goldstaltes at a
concentration of 11 &M in 10°Eacmikbngneraetaihedt e b
34 amino acids (5 heptads) with an additional CGGGE linker at ftegrilnal. Using surface
plasmon resonance spectroscopy (SPR) they calculated a density of 12pepfifie crrf for
monolayers formed at pH 4 (where the peptides formed coiled coils in solution) and 044 x 10
peptide crf for monolayers formed at pH (Where the peptides did not form coiled coils in
solution). Using quartz crystal microbalance with dissipation monitoring (@ khey showed
that the surface immobilised peptides transitioned from coiled coil to uncoiled over the same pH
range as in solign, and using SPR they showed that gold nanopatrticles functionalised with the
peptides bound to the monolayer at pH 4 and were released at high pH, and that the nanopatrticles
did not bind at pH 7. They therefore concluded that surface immobilisationotliiane a

significant effect on the coiled coil properties.
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White et alhave performed a number of studies of monolayers of BEPEptide, which
is the 30 amino acid (4 heptad) BASE peptide with an additional GGGSC linker at the C
terminal. Monolayersf BASEEC f or med on gol d substrates at 2.6
pH 7 phosphate buffer were calculated to have a density of 8 peiftide crf from SPR dat&®
The complementary ACID peptide was found to bind to the monolayer with a dissociation
constantKkq) of 30 e M, wihlowerthan tse 3@ MG of pafallet ACHDIBASE
heterodimers in solution. A separate publication used BEBSEmonol ayer s f or med at
concentration in 100 mM pH 7 phosphate butfeEllipsometry measurements measured a
monolayer thickness of 2.9 nm. The density of the ray®s was not calculated. Using
electrochemical impedance spectroscopy (EIS), no binding of ACID to the BA®BNnolayer
was detected. However, by diluting the BASHEmMmobilisation solutions with a 19 amino acid
peptide BLKC which does not form coiled it® monolayers were formed to which ACID
peptides could bind. A ratio of 50:50 BASEBLK-C formed the monolayer with the best
binding, and solutions of < 20 % BASE or > 70 % BASEC formed monolayers incapable of
binding ACID peptides. They concludedaththe binding of ACID peptides was strongly
dependent on the monolayer density, and that high density monolayers were not conducive to
binding. A subsequent publication formed monolayers on glass slides through the use of a
mercaptosilane and copper ianmobilisation schem&BASE-C was i mmobi | i sed at
concentration in 100 mM pH 7 phosphate buffer via covalent bonding of the thiolafrtheG
terminal cysteine to the surface bound copper ions. A monolayer density of 3%etite
cn? was estimated on the basis of CD measurements of the monolayer. Molecular dynamics
simulations returned a comparable density of 4.4X d€ptidecnt®>. CD measurements of the
monolayers showed alpha helical structure indicative of coiled coils at pH 5 and above, whereas
CD measurements taken in solution showed alpha helical structure only above pH 9. This
indicates a significant change in conforroatl behaviour with pH between solution and surface

peptides, in contrast to the findings of Mineitial where no change was obserdéd.

2.4.3. Applications of coiled coils

Coiled coils have proven to be valuable tools for research into pfotding, but they
are also attractive for more practical uses. In particular, their strong, specific, and often switchable
binding properties make them useful for solving a variety of molesakde engineering
challenges. Examples of a number of the fieawhich coiled coils have been used are now

given.

Protein interactions and structure:
Many of the applications of coiled coils involve their incorporation into existing proteins

to modify interactions or structure. A system originally developed @angét al for improving
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the efficiency of binding between subunits in recombinanell receptor complexes by adding

ACID-pl to one subunitral BASEpL1 to the other has led to a large number of publications

where the peptides have been used to strengthen, induce or control for protein interactions,

particularly in soluble recombinant versions of membrane protéidsFor example, Takagit

al used this technigu¢ 0 s how t hat t he

bi

ndi

ng

activity

extracellular region is dependent on spatial separation of subunits in the cytoplasmic domain by

demonstrating increased target binding upon specific cleavage of a coiled coil clasp in the

cytoplasmic regiort!®

Wranik et alused the peptide velcro heterodimer to assemble bispedifiodies!!® By

attaching ACIDp1 to one heavy chain and BASH to another they demonstrated the production

of bispeciic (i.e. heterodimeric) antibodies with structures highly similar to the native antibody

(the coiled coil being proteolytically removed after assembly).

Yuzawaet alused a coiled coil heterotrimer to control the activity of mutant RNaseT1

(an enzyme thatatalyses the degradation of RNA).Two of the coiled coil peptides were

introduced into the enzyme in such a way that it could not fold correctly unless the third peptide

was added to form the coiled coil. Hence the enzymatic activity could be controlled by addition

of the third pepde.
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Coiled coils have also been used to control or enhance thebmation of split protein
fragmentsi!®11°Common examples are the recombination of firefly luciféfds# (an enzyme
responsible fothe bioluminescence of fireflies) and green fluorescent prétéii (a fluorescent
protein originally found in jellyfish). These spl
et al split an enzyme that catalyses tryptophan biosynthesis and used it to senseppote@in
interactions inMycobacterium smegmatia model forMycobacterium tuberculosig€®?’ They
created a strain dfl. smegmatishat could not synthesise its own tryptophan and hence would
only grow when the proteins labelled with the split enzyme fragments interacted, allowing the
reconstitution of the protein, sé&ure 2.15. A coiled coil linker proved necessary to reassemble
the split enzyme; fragments without the coiled coil peptides were unable reassemble even when
attached to interacting proteins. Shekhaweiafl went further and used coiled coils to create
autoinhibited split protein sensors using both firefly luciferase andlhetamase (a bacterial
antibiotic enzyme}?* BASE-al was added to one ibie protein fragments while the other had a
complete ACIDal BASEal coiled coil with the two peptides joined by flexible linkers. Thus
the protein recombination could only occur when the linker was cleaved, see Figure 2.16. The
design was improved by thise of complete coils on both fragments and this system was used as
a specific biosensor for the clinically relevant protein casfa&n enzyme involved in cell
apoptosis) by use of a casp#@seleavable linker. Finally, the authors demonstrated that the
system can behave as an AND logic gate, using a caSpelsavable linker on one of the
fragments and a tobacco etch virus protease cleavable linker on the other so that the enzyme

activity (i.e the output) was only evident when both proteases (i.egbes) were present.
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One interesting and seemingly unique application of coiled coils for protein research was
demonstrated by Bottchet al'?® To investigate the plasticity of the hepatitis B capsid (i.e. the
protein shell that forms the exterior of the virus) they inserted the AIBequence into the
capsid sequence. The resulting cajligiel particles were very similar inrsicture to those without
the ACID-pl sequence. However, the application of conformational stress by the addition of
BASE-p1 peptide to form a coiled coil with the inserted AGiDinduced dramatic but ordered
change in the structure, thereby showing ighlplasticity and adaptability.

In an application that shows promise for the use of coiled coils in tissue engineering,
Kobatakeet al used a coiled coil to bind growth factor proteins to suramend extracellular
matrix proteins and showed that the gtiofactor proteins retained their activif).A number of
other groups have also investigated the applications of coiled coils to growth factor Bifiding.

133

Ghadiri and coworkers hraopl ideateil ogple dc @i Isg
on which they have based a number of pmafeoncept application$¥%” The basis of the
system is atmodimeric coiled coil peptide and a pair of fragments (of the same peptide) whose
thioester promoted amide bonding into the full peptide is catalysed by existing complete peptides.
By creating fragments made entirely or partially edmino acids they werable to demonstrate
the emergence of homochirality in the system, suggesting an insight into the origin of
homochirality on Earth®® An expanded version of the system has also been used to perform OR,
NOR and NOTIF logic functions?®

Labelling:

Hori et alused ACIDal and BASEal in combination with an intein to label maltose
binding protein with fluorescein, a fluont dye**° Yanoet alused coiled coils to rapidly and
specifically label cell membrane proteins with fluorescent é{}eBsutsumiet al developed a
coiled coil fluorescent labelling system based on an antiparallel GCN4 mutant trimer, consisting
of a probe peptide with fluorescent dye and two tag peptfd&8The wavelength of the dye
emission shifts upon a transition from a hydrophilic to hydrbpghenvironment, and when the
coil forms the dye moves from being solvent exposed into the hydrophobic core and thus the coil
formation can be detected by the change in fluorescence. Sakatradtmcorporated a heme
with one peptide from a coiled coil teeodimer into apomyoglobin (i.e. a myoglobin lacking a
heme unit; myoglobin being an iron and oxygen binding protein like haemoglobin) and were then
able to bind a flavin group with the complementary peptide through coiled coil forn&tiy.
altering the position at which the flavin group was attached to its peptide the electron transport
from the flavin to the heme was modified. Bouchetral used coiled coils to label epidermal
growth factor with alkaline phosphatase (an enzyme that removes phosphate groups from

molecules) and biotin in order to demonstrate an alternative strategy for westerralylsis4f
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Surface immobilisation:

Hodges and cwvorkers have develope protein purification system taking advantage
of the strong and specific binding of coiled cdifsBy expressig the protein of interest with a
coiled coil sequence at one end, the solution containing the protein can be purified by running it
over a surface on which the complementary coiled coil peptide has been immobilised. The
captured protein can then be elutadunbinding the coil (by, for example, changing the pH).
They used the same system to develop reusable surfaces for SPR expétiDamtqeptide is
immobilised on the gold surface of the SPR chips and the other is attached to a binder of interest.
The binder can be immobilised on the surface via the coiled coil interaction, then removed after
the experiment by coil disst@tion. They claim that the expensive chips have been reused up to
150 times by this method and each experiment could in principle use a different binder. Similarly,
Liberelle et al used coiled coils to improve their enzyinked immunosorbent assays
(ELISA).148

Minelli et alused the pH dependent binding of a coiled coil to control the binding and
release of gold nanoparticles from a gold surface with a peptide mon®iayer.

Yu et alused a coiled coil to aid their investigation of the effect of nanocrystallisation on
the adherence of biofilms to stainless steel using atomic force microscopy ¢AFMEhort
peptide representing a biofilm was expressed with one of the coiled coil peptides and the other
coiled coil peptide was immobilised on galdatedAFM tips, allowing the binding of the
O6biofilmé to the tips via the coiled coil i nterac

Laromaineet aldeveloped a coiled coil based microcontact printing systéAmaster
template with of a pattern of one of the coiled coil peptides was introduced to a solution of the
complementary peptides which werernth®und to an elastomeric prepolymer. This could stick
to another surface, thereby breaking the coils and replicating the original pattern on the new

surface, see Figure 2.17.
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Hybrid materials:

A number of authorbave investigated hybrigeptidepolymer conjugates using coiled
coils and polymer chains, often noting the increased control that the environmental (eg. pH,
temperature, concentration) dependence of coiled coil formation adds to the pokjrite&hu
et alused a novel approach by attaching poly(ethylene glycol) (PEG)ftpasition side chain
in a central heptad rather than the usugdidhinal, reasoning that terminal PEGylatinay cause
steric hindrance and destabilisation of the d6f$>"They showed that side PEGylation increased
the helicity and stability of the coils and did not significantly affect oligomerisation state or
cofactor binding.

Fortier et al used coiled coils to bind DNA/polyethylenimine complexes to epidermal
growth factor receptors, resulting in increased uptake éeits and thereby demonstrating
potential for improved gene delivery technigtfés.

Coiled coils have also been used for directed construction or immobilization of
nanomaterials. By functionalizing regions of a gold surface with thiolated BA$Etides and
adding ACID peptidesto bacteriophage particles, Whiet al demonstrated the specific
immobilization of the particles to desired regions of a hfpimilarly, Sweenet al used the
peptides to direct bacteriophages to assemble intelikiretructures and demonstrated that the
assembled structures dependedhengeptides used® When the peptide velcro system was used

(i.e. ACID-al at one end of the bacteriophage particles and B#S# the other) filaments were

observedwi t h an average | ength of 4.5 em (corre

using Fos and Jun resulted in shorter fil ami

They also created thrdwanched structures by use of a trimeric coiled biielli et alexploited
the pH dependence of surface immobilised coiled coils with ch&gadg position residues to

demonstrate reversible binding, including pH dependent reversible binding of peptide
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Figure 2.18° By functionalising gold nanoparticles with the brace peptides, then adding the

linking belt peptide, they were able to assemble nanoparticle networks.

Medicalapplications:

Coiled coils have also been demonstrated as having potential for medical applications.
Indeed, drug delivery is often cited as the inspiration for creating the hybrid coilgubtoier
systems mentioned above, since polymers such as pgdbm¢hglycol (PEG) and #b-
hydroxypropyl)methacrylamide (HPMA) are ntoxic and noAmmunogenic and so can be used
to protect drugs from the i mmune syst e-m. Kopel ek
polymer conjugate hydrogel that induces apoptosisonrHo d g ki n6s | y mpeiso ma ( NHL)
and has been shown to be effective both in vitro and in vivo (in Atic¥}1% A coiled coil
peptide was attached to an antibody fragment that could recogdibadrio a reliable biomarker
for NHL on cell surfaces. The complementary peptide was bound to #{& N
hydroxypropyl)methacrylamide (HPMA) polymer and when the pegiagmer was
introduced, the coiled coil formed and the polymer cfivdsd the antibdy fragment, triggering
apoptosis of the cell, see Figure 2.19. Pechar and coworkers have developed a similar system
involving coiled coil binding of antibody fragments to HPM®#&1®°In one study they attached

the drug doxorubicin to the HPMA and by use of a specific antibody fragment demonstrated
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Figure 2.20:Diagram of drug delivery via a hybrid coiled epiblymer system. One peptide (blue) of a coiled coil
was attached to a cargo molecule wliile other (green) was attached to a biocompatible polymer. In the neL
of the extracellular environment the peptides formed a coiled coil. Once the complex was taken into the cell,
pH environment caused the peptides to dissociate, refetisircargo. Adapted from Apostolodtalt”

highly targeted delivery of the drug to cancerous mouse ‘€&lgostolovicet al developed a
proof of concept system in whichugae(aot bed
fluorescent dye) and the complementary peptide to HP¥IAhe peptides formed a coiled coil

in the extracellular pH 7.4 environment and the complexes were taken up into the cell by
endocytosis. Once in the cell, the low pH environment caused the coil to dissociate, thereby
releasing the drug, see Figure 2.20. Instead of isitrg#herapeutic effectiveness by using coiled

coils to attach noimmunogenic polymers, Cragg alhave proposed using coiled coils to attach
highly immunogenic proteins in order to stimulate immune response against a target molecule (to

improve vaccins, for example}®®

Electronic components:

Ashkenasy andoworkers have investigated the electronic properties of coiled coils with
a view towards using them as components in molecular electronic d&it€key found that
the transport of charge through coiled coils drarteffect on the work function of gold surfaces
when immobilised depended on orientation, with differences between parallel and antiparallel

coils®*
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3. Experimental techniques

3.1. Introduction

In this section, the basics of the experimental techniques used in thiswilobe
described. Specific details of the techniques such as the makes and models of equipment, and the
conditions and chemicals used are described in the methods and materials section of the relevant

experimental chapter.

3.2. Peptide synthesis
In thiswork, a number of peptides were designed and synthesised. This section describes
the technigues used for the synthesis, purification and initial characterisation of the peptides. The

design of the peptides and the outcomes of the synthesis processaledds Chapter 4.

3.2.1. Solid phase peptide synthesis

Most laboratoryscale peptide synthesis is performed in theated solid phas&Solid
phase peptide synthesis involves the covalent bonding of the first amino acid in the peptide
sequence to a solid polymer resin, followed by the sequentiaiaddit the following amino
acids. The immobilisation of the growing peptide chains on the resin greatly simplifies the process
of washing away reagents and byproducts at each step of the syhthesis.

The amino acids used in the synthesis are protected, meaning thattibrenimal amines
are blocked by a covalently bound molecule, typically fluorenylmethyloxycarbonyl chloride
(Fmoc) a tert-butyloxycarbonyl {-Boc). These groups prevent peptide bonds forming between
the blocked amine group of the protected amino acid and the free carboxyl groups of another
amino acid, see Figure 3.1. In order for the peptide bond to form, the prgtgaiunp must be
removed. The protecting groups therefore allow the synthesis to proceed in a controlled manner,
with one amino acid added at a time. Reactive side chain groups are also protected to prevent
unwanted reactions, such as branching of the geegthiain. The groups used to protect the side
chains vary, depending on the synthesis scheme.

The synthesis thus proceeds from thtefninal to the Nerminal one residue at a time
with each residue addition requiring a four step deprotegtasticouping-wash cycle, see
Figure 3.1.

In order to add an additional residue to the peptide, #teziNinal amine of the previously
added residue must therefore be deprotected. This is accomplished by mild bases such as
piperidine for Fmoc protection or strongi@s such as trifluoroacetic acid (TFA) foiBoc
protection. Once the f&rminal amine of the peptide chains have been freed of the protecting
groups, the deprotection agent and removed protecting groups must be washed away. The

immobilisation of the pepde chains on the resin makes this step straightforward.
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Bond new amino acids Wash excess AAs off Remove protecting Wash PGs off Bond new amino acids
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Figure 3.1: lllustration of the solid phase peptide synthesis cycle. 1) Amino acids (AAs) with protecting groug
at the Nterminals peptide bond via theirt€rminals to the unprotectedtdrminals of the immobilised peptide chi
2) Unbound excess amino acids are washed away while the growing peptide chains remain bound to tr
Deprotection agent is introduced to remove protecting groups. 4) Deprotecting agent and removeaigpgobes
are washed away. 5) The cycle starts again with the introduction of the next amino acid.

The next amino acid in the sequence is then introduced in excess and the carboxyl group
of the new amino acid forms a peptide bond with the deprotéete@dmine at the f&rminal of
the growing peptide chains. Activating groups, such as diisopropylcarbodiimide (DIC), are used
to activate the @erminal carboxyl group to speed up the coupling reaction, often assisted by
rapid heating of the solution viai cr owaves. Of ¢ o utermimal amihehe new r es
group is protected so that only one residue is added to each peptide chain. Finally, the excess
amino acid must be washed away to complete the cycle, again made simple by the immobilisation
of thepeptide on the resin.

After all residues have been added, the peptide must be removed from the resin and any
side chain protecting groups removed.td8oc schemes, both processes are achieved at once
using anhydrous hydrogen fluoride, whereas Fmoc schese TFA. In both cases, scavenging
species are necessary to prevent the removed protecting molecules causing unwanted reactions.
Since the use of hydrogen fluoride t#Boc schemes requires specialised equipment and is
potentially more dangerous, bothttee newly synthesised peptide and the user, Fmoc schemes
are often preferred. Howevéd+fBoc schemes can be cheaper and faster, and tend to have fewer
problems with solubility and aggregation of the peptide products.

In this work, peptides were synthexisin a microwavassisted Fmoc scheme using

piperidine for deprotection and DIC as an activator. See Section 4.2.1 for details.

3.2.2. High performance liquid chromatography (HPLC)

High performance liquid chromatography (HPLC, sometimes referred tadhasehigh
pressure liquid chromatography) is commonly used for the purification of peptides and other
chemicals’ A sample of impure peptides is dissolved in solvent which is then forced through a
column of solid absorbent material at high pressure. Different peptiddewes $y the column
to different extents depending on their size, charge, hydrophobicity etc., resulting in the separation
of the desired peptides from any undesired molecules, for example shorter peptides created by
incomplete reactions in the synthedibe time it takes a peptide to pass through the column is

called its retention time. UV light is used to detect the absorption of the solution as it leaves the
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Figure 3.2: lllustration of the interior of a revergghase HPLC column. The column is packed with a silica sc
(shown in brown) covered in hydrophobic molecules (pink lines). As polar solvent passes through the
hydrophilic molecules (shown in blue) paksough more quickly than hydrophobic molecules (shown in pinl
red), leading to separation by hydrophobicity.

column, giving an indication of how concentrated the peptide is at that time. Assuming tbeé desir
peptide is the dominant product, tladsorption spectrum will therefore indicate when it came
off the column. Some machines also divert a portion of the solution to a massrspéet (see
below) to enable identification and more precise collection of the desired peptide. In all cases, the
solvent coming off in the column is separate
one of the fractions will be pure and oglgntain the desired peptide.

Size-exclusion HPLC (where molecules are separated by size) amckébiange HPLC
(where molecules are separated by charge) are sometimes used for peptide purification but due to
its general advantage in both speed and effiiethe most common technique is reveshase
HPLC, where molecules are separated by hydrophoBitithis technique, the solid material in
the column is noipolar (i.e. hydrophobic, typically a silica scaffold covered with covalently
bound hydrocarbons) and the solvenpolar. The peptide solution is injected into the column
and solvent flowed through at high pressure. More polar peptides are more likely to remain in the
solvent and pass through the column quickly, and less polar peptides are more likely to be
attraced to the nospolar solid and pass through the column more slowly, see Figure 3.2. The
peptides therefore come out of the column in order of hydrophobicity. Retention times (i.e. the
time the peptide is retained in the column) can be altered by changimpriposition of the
solvent, and so it is common to use a gradient elution in which the composition of the solvent is
gradually changed over the course of the purification. For example, once the peptide solution has
been injected into the column, the figdtion may start with a 10% solution of acetonitrile in
water and finish with 90% acetonitrile. As the amount of acetonitrile increases, the solvent
becomes increasingly ngoolar, thereby decreasing the attraction betweenpadar peptides

and column ad decreasing retention time. This means that-ktdéing peptides come off the



72

Laser Electric field
pulse , T~ — — —

o —>° Accelerated ions

o >0
© >0

[+ Ablated

ions = 2@ 06mm m—mm e e m— — — —
Matrix Electric field

Detector

N

Figure 3.3: lllustration of MALDI-TOF mass spectrometry. The molecules to be analysed are embedc
crystallised matrix (shown in brown). A laser pulse vaporises #texnleading to a gaseous phase of ions, whic
accelerated through an electric field. lons of lesser mass travel to the detector more quickly, andtivehaeg
ratio of the ions can be calculated from the known electric field strength.

column more quickly, and have sharper peaks in the absorption graph than they would otherwise,
allowing them to be distinguished and collected more accurately, as well as reducing the overall
purification time.

Peptide detection is usually performed at 220 nof@n280 nm due to absorption of
light by the peptide bonds and tryptophan, tyrosine and phenylalanine side chains at these
respective wavelengths. An HPLC graph plots absorption against time, and a single sharp peak
indicates pure peptide.

In this work, eversephase HPLC was used for peptide purification with various solvents,
depending on the peptide being purified. See Section 4.2.2 for details.

3.2.3. Mass spectrometry

Mass spectrometry is a technique used to analyse the composition of chemicas.sample
In the case of peptide synthesis it can be used to confirm the presence of the intended product and
its purity in the fractions produced by HPLC. As mentioned above, it is also possible to use a
mass spectrometer to automatically direct the collectidractions during HPLC. In this work,
matrix assisted laser desorption thafeflight (MALDI -TOF) mass spectrometry was used. See
Section 4.2.3 for details of the materials and methods.

In the MALDI process, a peptide sample is mixed with a matrix matanc deposited
on a metal plate. The solvents are evaporated to leave a crystallised matrix in which the peptides
are embedded. The purpose of the matrix material is to absorb energy from laser pulses and cause
the peptidematrix mixture to vaporize, proagting a hot gaseous plume of peptide and matrix
material in which the peptides are ionised by protonation and deprotonation (although the precise

mechanism of ionisation is not fully understo6d).
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Once ionised, the peptides are accelerated by an electric field. All ions of the same charge
will receive the same amount of kinetic energy from the field, but their velocities will differ due
to their dfferent masses, see Figure 3.3. Since the electric field strength is known, th®-mass
charge ratio of the ions can be determined by measuring the time taken by the ion to travel a
known distance through a fiefdee portion othe detector. This is knawas timeof-flight (TOF)

separation. The potential ener@§y, of a particle of charggin an electric field with a voltage
is given by:

0

As the particles are accelerated by the voltage, the potential energy is converted to kinetic
energy:

whered is the mass of the particle abdhe velocity. Thus:
O 0O+ Rk ga b

Once the particle leaves the field and enters the-fiell region of the detector, the
velocity will be constant and is given by:

LW
U f—
0

wherewis the distance the particle travels in the time pedi@lbstituting foio gives:
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Since the distano@is the known length of the fielftee region of the detector, and the

voltagewis also known, the mags-charge ratie- can then be calculated from the tioieflight

o. In addition, since the timef-flight depends on the mass-charge ratio, the peptides will arrive

at the detector at different times depending oir thass and charge. By measuring the amount

of peptide reaching the detector at each time, a plot of signal intensity againdbtiasge

ratio can be produced. This will indicate the purity of the peptide sample, with a single sharp peak

indicating a pre sample. The results can be distorted if the vaporization process causes the

peptides to become fragmented-Sa |l | ed 6ésoft 6 ionisation techniqu
electrospray ionization (ESI) are therefore preferred for large biomolecules suclidgasspsmce

they impart less energy to the molecules and are therefore less likely to cause fragmentation than

6hardd ionisation techniues such as electron ion

3.3. Peptide characterisation

The properties of peptides, and in particular the dependence of their dimerisation
behavior on solution pH, were characterised using a number of techniquesavehidscribed
in this section. The results of the characterisation are presented in Chapters 4 and 5.

3.3.1. Circular dichroism spectroscopy (CD)

Circular dichroism (CD) spectroscopy is an optical technique widely used for the study
of protein andpeptide secondary structurekeft circularly polarised light and right circularly
polarised light are sequentially gsd through a sample of the peptide in solution. Peptide
secondary structure elements have characteristic differences in their absorption of the two
polarisations and these differences (called the circular dichroism) are detected over a range of UV
wavelengths. The obtained CD spectra can then be compared to spectra for known structures in
order to identify the secondary structure of the peptide in question. Figure 3.4 shows examples of
typical spectra for a number of secondary structure elements. Qtiamtitatimates of the
percentage of elements such as alpha helices and beta sheets present can in principle be obtained
since the spectrum should be the sum of the percentages of the component spectra.

The CD signal for alpha helices is the largest and has the most easily recognisable spectral
characteristics. It consists of two overlappmegative peaks at 222 nm and 208 nm, and a positive
peak at 192 nm. The peaks arise from electron transitions in the peptide bond; the 222 nm peak
comes from th@ Y ~ ttansition, i.e. the transition of electrons from the-bonding molecular
orbital to he antibonding *molecular orbital formed from the p orbitals of the carbon, nitrogen
and oxygen atoms, see Figure 3.5. The 192 nm and 208 nm peaks come fro¥n thkansition,

i.e. the transition from the bondirigmolecular orbital to antibonding *molecular orbital. The

" Y’ transition results in both positive and negative peaks because the alpha helical structure
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Figure 3.4: Typical CD spectra for alpha helix (solid line), antiparallel
sheet (long dashed line), typdeta turn (dotted line), extended-Bélix
(cross dashed line), irregular structure (short dashed line). Repr
from Kelly et al®
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leads to two possible couplings of transition moments in neighbouring peptide bonds (in fact, n
residues leads to n possible couplings, but only the single highest and lowest energy couplings
are not cancelled out by othefo-called heado-head coupled moments give the higher energy
transition (the 192 nm peak) which is posad perpendicular to the helix axis, whereas fead
tail coupled moments give the lower energy transition (the 208 nm peak) polarised parallel to the
helix axis.

CD signal is the difference between absorption of left and right circularly polarised light

ie.Y6 6 O whered andd are, respectively, the left and right absorbafédzarly
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CD spectrometers worked by measuring the polarisation of linearly polarised light into ellipticall
polarized light by the sampleFor this reason, CD is often still given in degreés, unit of

ellipticity. Conversion is via the formula:

.. T 2000 QR QA a QY QQI
p winlp oG WY

To facilitate comparisons between different samples and measurement conditions, CD
spectra in the literature are often giwemerms of units such as molar ellipticity and mean residue
molar ellipticity (MRME). Molar ellipticity, —, corrects for concentration using Beer's Law, and

is defined as:

Yo
— 0G @y,

whered is the molar concentration of peptide bonds@hepath length (in cm), i.e. the distance

the light travels through the solution. To correct for the size of the peptide or protein being studied,
molar ellipticity can then be converted to MRME by dividing by the number of amino acid
residues in the peptide protein.

In this work, CD is used to characterise coiled coil formation in peptides. The peptides
show an alpha helical structure when formed into coiled coils, and so an increase in ellipticity of
the 192 nm, 208 nm and 222 nm peaks indicates agaserin the number of coiled coils in the
system. It was proposed by Cooper and Woody that the stronger reliancé of thétansition
peaks on the alpha helical structure means that a slight shift in conformation of an alpha helix
upon forming a coiledail may potentially be detected by a slight decrease in the intensity of the
208 nm peak? Since the 222 nm peak should remain unaffected by the formation of the coiled
coil, it i s common to use the ratio of the two
hel i gledhd (@..H) and epHikledPddil s (d

Determination of melting temperatures with CD

As the temperature of a solution of peptides increaseqdpides gain thermal (i.e.
vibrational) energy. With enough thermal energy, the hydrogen bonds that form the secondary
structure of the peptides may be broken. In the case of coiled coils, loss of alpha helical structure
indicates the dissociation of tlweil and can be monitored easily with CD. The temperature at
which half of the coiled coils have dissociated is called the melting temperaturkt,can be
calculated by measuring CD spectra at a range of temperatures and plotting the change in signal
at one of the characteristic alpha helical wavelengths (eg. 192 nm) against temperature. A

sigmoidal dose response curve can then be fitted to the data:
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whered andd are the bottom and top asymptotes, respectivefio is the centre,
andn is the Hill slope?® The cune can then be differentiated to find the melting temperature,
which will be the point at which the second derivative of the elliptieity, vs. temperaturey

equals zero, i.e.:

Surface CD

While CD is usually used @nalyse molecules in solution, efforts have been made since
1970 to use CD for studying thin films or monolayers of molectilaskey consideration with
these types of sample is that the molecules may be anisotropic, i.eittgynot be randomly
oriented as they would be in solution. Since the polarised light used in CD will always contain
linear components, there is also a linear dichroism (LD) signal. LD is a technique used to analyse
the orientation of molecules. When argde is isotropic the LD signal is too small to be of
conseguence, but in an oriented sample the LD signal (as well as linear birefringence) could be
one or two orders of magnitude larger than the CD signal and may therefore obScure it.

In 1970 TunisSchneider and Maestre claimed that the LD signal from an oriented DNA
film could be elimirated by averaging the CD spectra taken from different rotations of a sample
about the optical axi&. This rotation method was subsequently used to study polypeptide
monolayerg? and oriented peptides embedded in lipid bilaygtdowever, the method was
criticised by multiple author¥;?>and it was shown by Shingd althat TunisSchneider's original
analysis was only valid for an ideal CD spectrometer and even then only if the LD signal was
smdl, i.e. if the sample did not have macroscopic anisotfépy.

Noting that the signal from just a single monolayer of protein would likely be too small
to give useful CD spectra, McMillin and Walton increased their CD signal by palsing
through multiple quartz slides onto which proteins had adséfbedmall difference between
the solution and surface spectra was noted, and ascribed to orientation effects, but was within the
range of experimental error. This mydlate method has since been used in many surface CD
papers¥32 though the number of plates considered necessary has varied from 16 to as few as
3.3334presumably the use of multiple plates reduces the anisotropy, since the molecules are likely
to be oriented differently on each plate. It does not appear to have been rigorously shown

anywhere that this is the case; howeveresird signals are typically much larger than CD signals
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Figure 3.6: lllustration of FRET, showing electronic states of the fluorophores. Multiple energy levels are st
each of the ground (bottom) and excited (top) states to indicate the existemeie vibrational energy levels. .
When no acceptor fluorophore is present, excitation (blue arrow) of the donor fluorophore excites electron:
ground state to a higher vibrational energy level in the excited state. The electrons rapidlgreslarrow) to th
lowest vibrational energy level of the excited state and then decay (green arrow) to the ground state by €
light at the donor wavelength. B) When an acceptor fluorophore is within a few nanometres of a donor flu
exdtation energy is nomadiatively transferred to the acceptor, causing acceptor emission (orange arr
supressing the donor emission. U is the fluoresc

it may be valid to assumihat the influence of LD is negligible if, for example, one obtains
something that clearly resembles an alpha helical CD spectrum for a known alpha helical
peptide® In this work, surface CD is used primarily to detect binding of coiled coil peptides.
Care is taken to avoid any changes in rotation os#mples, meaning that any changes in the
spectra can be ascribed to changes caused by binding, regardless of whether the changes are
caused by changes in the circular dichroism signal or the linear dichroism signal. See Sections
5.2.6 and 5.3.3 for more @dl.

3.3.2. Forster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET, also known as fluorescence resonance energy
transfer) is a phenomenon in which energy from an excited fluorophore (the donor} is non
radiatively transferred ta different fluorophore (the acceptor) nearby, causing excitation and
emission from the acceptor, see Figure®8Bor FRET to occur there must be some overlap
between the donor emission spectrum and the acceptor excigatctrum and the fluorophores
must be within a few nanometres of each other. The efficiency with which energy is transferred,

E, is inversely proportional to the sixth power of the distandaetween the two fluorophores:
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where'Y is the Forster distance, defined as the distance at which theadiative transfer
efficiency is 50%, which can be calculated for any two dyes from their excitation and emission
spectra. This strong dependence on distance means that FRET can be exdeenfaly precise
measurements of the distance between the two fluorophores if the changes in acceptor and donor
emission can be measured accurately. By labelling molecules of interest, such as peptides, with a
FRET pair (i.e. two dyes which show FRET)stpossible to study interactions and binding by
monitoring changes in FRET efficiency.

FRET can be monitored by optical spectrometry. In this work it is used to assess the
binding of peptides, see Sections 4.2.6 and 5.2.4. One peptide of a coiladrdsilgbelled with
a donor dye and the other is labelled with a corresponding acceptor dye. When the peptides are
mixed in solution and excited at the donor excitation wavelength, emission at the acceptor
emission wavelength indicates the formation aehedimers since the dyes will only be close
enough to each other for FRET to occur if the peptides are bound as a coiled coil. Importantly,
the formation of homodimers will not lead to any emission at the acceptor wavelength, so FRET
is a direct test ofdéterodimer formation.

Determination of dissociation constants using FRET
FRET can be used to calculate the dissociation constapif a peptide dimen is

defined as:
, 0 (@]
v 50
where 0 is the concentration of unbound accep#drelled peptide, 'O the

concentration of the unbound dorabelled peptide andd 'O the concentration of acceptor
donor heterodimers. If the emission of an acceptor dye attached to one of the pepkdesiied

as a function of concentration of the accefanelled peptide against a constant concentration of
the donotlabelled peptide, a binding curve is produced, from whiclvthemay be calculated by

fitting the curve with the equatiofi:
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Figure 3.7: lllustration of confocal microscopy. Light from the focal
plane (shown in blue) reaches the detector, whileobéicus light
(shown in red) can beditked by reducing the size of the confocal
aperture.

wherewis the measured FRET emissiorthe minimum FRET emissioq)the maximum FRET
emission, 'O the (constant) total concentration of dotaivelled peptide, andd the
(variable) total concentration of acceptabelled peptide. For a derivation of this equation, see
Appendix Section A3.2.

3.3.3. Confocal laser scanning microscopy (CLSM)

In standard widdield opticd microscopy the entire sample is illuminated by a light
source and all reflected or emitted light is collected. This has the advantage of speed but the
disadvantage that out of focus light is collected, giving a large and usually unwanted background
signd. In confocal laser scanning microscopy (CLSM).-ofifocus light is eliminated by use of
a pinhole known as the confocal aperture at the confocal plane of the lens, see Figure 3.7, which
greatly improves the depth resolution of the ima§é&1owever, only a small area of the sample
is illuminated at any one time, so to acquire a 2D image, laser light is scanned across the sample
to image the entire desired area. A stack of these 2D sragifferent depths can be combined
to build a 3D image which is in focus over the entire depth of the sample.

In this work, CLSM is used in combination with FRET (see Section 3.2.2) to monitor the

binding of peptides to an immobilised peptide monoldéyee Section 5.2.4 for more details).
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Figure 3.8: lllustration of SPR as used to detect molecular binding. 1) Light is totally internally reflected fr
boundary betwen glass and a thin layer of gold. At a certain angle, the energy leaks into the gold layer ar
surface plasmons (red wave), leading to a reduction in reflected light intensity. 2) Binding of molecules tc
changes the refractive index dfetgold layer leading to a loss of surface plasmon resonance, and an inc
reflected light intensity. 3) The angle of the incident light is changed to restore the surface plasmon resor
change in angle acts as the detection method for tldénigievent. 4) A target molecule binds to the initial mole:

layer, leading to a loss of surface plasmon resonance. The angle of incidence can again be changed tc
resonance and thereby record the binding.

Measuring pH changes with CLSM

CLSM can be used in combination with pH sensitive fluorescent dyes to image spatial
and temporal electrochemical pH changes. A number of fluorescent dyes haengitive
emission buthe most suitable for pH change imaging are dyes with two emission peaks, both of
which are sensitive to pH change but in opposite directions. For example, the dye 8RARF
used in this work (see Section 6.2 for details) has an emission peak at 590 hrdednéases in
intensity as pH increases and a second peak at 650 nm which increases in intensity as pH
increases. By measuring the intensity of each peak at known pH values and taking the ratio of the
two intensities, a calibration curve of ratio vs. e plotted. This allows unknown pH values
to be determined by measuring the peak intensities. Taking the ratio of the two intensities is
necessary to remove dependence on absolute intensity, which may vary due to changes in imaging

conditions or errori the dye concentration in solution, for example.

3.3.4. Surface plasmon resonance spectroscopy (SPR)

Surface plasmon resonance spectroscopy (SPR) is an optical technique for measuring
changes at a surface, for example the binding of molecules tautfeted®“! At the boundary
between a medium of higher refractive index and a medium of lower refractive index, light
passing through the medium of higher aefive index may undergo total internal reflection.
Despite the name, in total internal reflection some electric field from the light leaks into the
medium of lower refractive index in the form of an evanescent wave with an amplitude that decays
exponentily with distance from the boundary. If a thin film of metal (usually gold) is present at
the boundary, the evanescent wave may excite electrons in the gold in way that leads to surface
plasmons, see Figure 3.8. These are electromagnetic surface waemtdrtace between the
metal and a dielectric (the medium of lower refractive index). Resonance occurs at the maximum
conversion of incident light enerdg surface plasmons, which will be when the momentum of
the incoming photons matches the momentum of surface plasmons. This in turn depends on the
refractive index of the media in contact with the metal. If the refractive index of the media in the

vicinity of the metal were to change, for example due to the binding of biomolecules on the metal



82

surface, then the momentum of the plasmons would change. In order to retain resonance
conditions it would then be necessary to change the momentum of the incontiogspkdiich

can be done by changing the wavelength of the light or by changing the angle of incidence (since
momentum is a vector). Most SPR instruments take the latter approach, detecting the change in
conditions at the metal surface by the adjustmeanhgle needed to retain maximum absorption

of the incident light.

SPR is widely used for detecting the interactions of biomolecules such as proteins and
peptides. A target is immobilised on the metal surface (this process can itself be measured by SPR
if desired) and then the binding of other biomolecules to the target is monitored in real time by
the instrument. While SPR has the advantage of being aftalealechnique, the immobilisation
of the target molecule may well affect the binding behaviour. Ttxereone should exercise
caution when forming conclusions about solution binding behavior on the basis of SPR data, but
this means SPR is ideally suited to the study of binding to monolayers, as in this work. See Section
5.2.5 for details.

3.3.5. Concentation determination by UV spectroscopy
The concentration of peptides in solution can be determined using UV spectroscopy.

Beerds Law states:

where0 is concentration) is absorbance, is molar extinction coefficient analis path length.
For peptides, it is usual to use the absorption and extinction coefficient at 280 nm, where
tryptophan and tyrosine side chains absorb, along with disulphide bonds formed by pairs of
cysteine residues. The extinction coefficient of a peptide at 280 nmmay be estimated from

the following formula??

wherel is the number of amino acid residues of spetieand- is the extinction coefficient
of amino acidwat 280 nmo orefers to a pair of cysteines assumed to form a disulphide bond.
For peptides measured in water at 280 nm, the extinction coefficieatsare T @1 LV L T TT
and- ¢ L.TT

When peptideare labelled with fluorescent dyes, it is important to correct the absorbance

to remove any influence from the dye absorption at 280 nm.
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3.4. Electrochemistry

The electrochemical techniques described in this section were used to change the solution
pH in the vicinity of electrodes. The results are presented in Chapters 7 and 8. Electrochemical
pH change in this work was achieved by the application of constaehtsiby a potentiostat in
a three electrode electrochemical cell, as described below. Changes in pH were monitored by use
of a pH sensitive fluorescent dye, as described in Section 3.2.3.

3.4.1. The electrochemical cell

A standard electrochemical celbes three electrodes immersed in solutfoithe
working electrode is defined as the electrode where the reaction of interest take place. Current
flows between between the working electrode arsgtcond electrode, known as the counter or
auxiliary electrode. In order to gauge the potential of the working electrode, a third electrode of
known potential is used, called the reference electrode. No current passes through the reference
electrode, isimply provides a known and stable reference potential against which the working
electrode potential can be measured and controlled. The working and counter electrodes tend to
be made from inert conductors such as gold or platinum while the referencedadstmore
complex. A common reference electrode is the silver chloride electrode in which the reaction

between silver and silver chloride provides the stable reference potential:

0 Q6260 Q 6 a

Since a variety of reference electrodes are in alkeye measured against the standard
hydrogen electrode (SHE) for purposes of comparison. The silver chloride reference electrode

used in this work used a 3 M KCl solution as an electrolyte and had a potential of 0.21 V vs. SHE.
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4. Peptidedesign, synthesis, and solution characterisation

4.1. Introduction

The purpose of the experiments detailed in this section was to design and synthesise a
coiled coil heterodimer system with pH dependent binding. The pH dependence was intended to
enable the peptide interactions to be electronically controlled by eleamimettepH change
(described in Section 2.3). Although the critical information for electronic control of the peptide
interactions was the pH dependence of the interactions when the peptides were immobilised on a
surface, their pH dependence in solution stasglied for comparison, and the results are presented
in this chapter. Experiments to determine surface pH dependence are reported in Chapter 5 and
the relation of surface pH dependence to the solution pH dependence is discussed there.

This chapter detailthe design of the synthetic peptides used in this work, as well as their
synthesis and characterisation in solution. The materials and methods used are described in detail
in Section 4.2. Characterisation of the peptide purity and mass was perfornectisgphase
HPLC (see Section 3.1.2) and MALDIOF mass spectrometry (see Section 3.1.3).
Characterisation of peptide interactions in solution and their dependence on pH was performed
by CD spectroscopy (see Section 3.2.1) and FRET spectroscopy (sea S&tf). The results
of these experiments are presented and discussed in Section 4.3. The findings are summarised in
Section 4.4 and references are detailed in Section 4.5.

Peptide synthesis, purification and some CD measurements in this chapter were
pefformed in the Woolfson Laboratory at the University of Bristol with the assistance of Dr.
Franziska Thomas. Some CD measurements were performed at the Diamond Light Source with
the assistance of Dr. Simon White and Dr. Steven Johnson. The peptideslK&4&2 and E4P
L were synthesised entirely by Dr. Thomas, and purified by the author. The peptides K4C, K4C
L, E4 and E4L were jointly synthesised and purified. Mass spectrometry was performed by Dr.

Thomas with the authoroés. assistance in sampl

4.2. Materials and methods

4.2.1. Peptide synthesis and labelling

Peptides were synthesised from the C tteffninal on an FRink Amide Chemmatrix
resin in dimethylformamide (DMF) using a CEM Liberty Blue microwave assisted peptide
synthesizer. Fmo(9-fluorenylmethoxycarbonyl) was used as the transient protecting group for
all residues. Glutamic acid side chains were protectedtvith (tert-butyl) groups. Lysine and
tryptophan side chains were protected wiBoc (tert-butoxycarbonyl) groups. Thsecond
heptad fposition lysine side chain, the intended label position, was protected with an Alloc
(allyloxycarbonyl) group. Asparagine side chains were protected with triphenylmethyl (Trt)

groups. Piperidine was used for Fmoc deprotection and 1 Mpdigglcarbodiimide (DIC) for
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carboxyl group activation (see Section 3.2.1), with 0.5 -Rydroxy-benzotriazole (HOBt) to
prevent racemisation. Acetylation of thet&minal was performed with a 1:9 ratio of acetic acid
anhydride:pyridine.

For fluorescentabelling, Alloc deprotection was performed with 2 mM phenylsilane in
degassed dichl oromet hanes) dsDaCskvengeri 2.5hmgloDthe ¢ M Pd ( PF
fluorescent dye was d-Diisopropylethylamine (DIPEA) henadded6 ¢ M N, N
to 40 mg pepde resin and incubated overnight in darkness. The resin was then washed with DMF
and DCM before peptide cleavage.

To cleave the peptides from the resin, the resin was incubated for 3 hours in a 90:5:5 ratio
of trifluoroacetic acid (TFA):triisopropylsilaawater. TFA was then removed from the filtered
peptide extract under nitrogen flow and the remaining extract was suspended in 40 mL chilled
diethyl ether then centrifuged to isolate the peptides. Diethyl ether was decanted and the
precipitate dissolved ia 5 mL 1:1 ratio of acetonitrile:water and then lyophilised.

4.2.2. Peptide purification
Reversephase HPLCpurification of synthesised peptides was performed using a

Phenomenex Luna column (5 ¢M, 150 x 1@smm). Tabl e
used.

Buffer Composition

A 0.1% TFA in water

B 0.1% TFA in acetonitrile

C 20 mM triethylamine and 20 mM acetic acid in water, pH 9.5

D 1% Buffer C in acetonitrile

Table 4.1:Buffers used for peptide purification.

K4 peptides and variants weparified in Buffer A using a gradient of 450% Buffer B
over 30 minutes. E4 and H4were purified in Buffer C using a gradient of-45% Buffer D
over 30 minutes. E4P and E4Rvere purified in Buffer A using a gradient of-80% Buffer B
over 30 minutesThe use of basic buffer system C and D for E4 ant ®was necessary to ensure
the optimal ionisation state of these peptides during the purification and hence optimise the
retention time.
Characterisation was performed by analytical HPLC using a Jaswmnatography
system with a Phenomenex Kinetex column (5 &gM, 1C
and a Grace Vydac 214TP C8 column (5 &M, 250 x 4
peptides and variants were characterised in Buffer A using a gradi#d70 % Buffer B over
20 minutes. E4 and B4 were characterised in Buffer C using a gradient 66000 Buffer D
over 20 minutes. E4P and E4Pwere characterised in Buffer A using a gradient of8R0%

Buffer B over 20 minutes.
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4.2.3. Mass spectroratry
Mass spectrometry was performed on an Applied Biosystems 4700 Proteomics Analyzer
MALDI-T OF i n st r u meyarie4-hydraxycignanaicracid(CHCA) matrix.

4.2.4. Peptide concentration determination

Peptide concentrations were determined by measuring absorbance at 280 nm using a
Thermo Scientific NanoDrop 2000 UVis spectrophotometer and calculating the concentration
using Beero6s Law (see Section 3. 2. 6Guybtractingga b el |
a correction factor to remove the contribution of the dye to the 280 nm absorbance. In the case of
ATTO 488, which was used for K4 and K4GL, the correction factor was 0.1 times the
absorbance at 498 nm, and in the case of ATTO 594, usédidorand E4PL, the correction
factor was 0.51 times the absorbance at 601 nm. Correction factors were obtained from the

manufacturet.

4.2.5. CD measurements

CD measurements in the Woolfson Ledtory were performed on a JASCEBI0
spectropol arimeter fitted with a Peltier tem
was used in 50 mM sodium phosphate buffer at pH 7.5 with 5 mM NaCl. Spectra were taken at
50 nm mint scanning speeat 20 °C in 1 mm path length quartz cuvettes from Starna Scientific.
Melting curves were obtained by heating from 5 °C to 90 °C at a rate of 4BWiEhhthe signal
at 222 nm measured at 1 °C intervals. The melting temperaiujesdre determined byriding
the minima of the second derivatives of the 222 nm CD vs. temperature curves.

CD measurements at the Diamond Light Source B23 Synchrotron Radiation CD
Beamline were performed on a nitrogitushed Module X endtation spectrophotometer fitted
witha Pel tier temperature controller. Al me a s
in 50 mM sodium phosphate buffer. Spectra were taken fror2@801m in 0.5 mm path length
guartz cuvettes from Starna Scientific, with bandwidth 1 nm and 1 s searpér 1 nm step.
Melting curves were obtained by heating from 5 °C to 90 °C with spectra taken at 5 °C intervals.
Three scans were taken and averaged at each temperature. The 222 nm CD data were plotted
against temperature and standard desponse curgewere fitted to the data using OriginPro
8.5.1. Melting temperatures were determined by finding the zero of the second derivatives of the
fitted 222 nm CD vs. temperature curves. Melting temperatures were also calculated from the 193
nm CD signals but slneed no significant difference to those derived from the 222 nm signals, so

they have not been included below.
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All other CD measurements were performed on an Applied Photophysics Chirascan CD
spectrometer fitted with a Peltier temperature controller, Biig ¢ M t ot al peptide conc
in 50 mM sodium phosphate buffer. Spectra were taken fron8@80hm in 1 mm path length
guartz cuvettes from Starna Scientific, with bandwidth 2.5 nm and 0.5 s scan time per 1 nm step.
Melting curves were obtained by hieg from 5 °C to 90 °C with spectra taken at 5 °C intervals.

The melting temperatures were determined as above.

4.2.6. FRET measurements

FRET measurements were performed using a Shimadzu-53BHC
spectrofluorophotometer. For initial experiments, aidoli on o f -L i 150 MhM K&CC
was used with 3 mM dithiothreitol (DTT) as a reducing agent to prevent the formation of
disulphide bonds between the peptides, and 0.05% TFa@ealetergent to prevent the peptide
sticking to surfaces. For each pH a santof E4L in 10 mM phosphate buffer, 150 mM NacCl
and 0.05% Tweef0 at the appropriate pH was created and serially diluted to give a range of
concentrations. Each concentration oflEwas then mixed with an equal volume of 150 mM
NaCl with 3 mM DTT and 5% Tweer20 (giving a final concentration of 5 mM phosphate
buffer, 150 mM NaCl and 0.05% Twe&0) and immediately measured with an excitation of 501
nm (which is the excitation wavelength of ATTO 488, the donor dye) to obtain the emission
spectra of th acceptor dye at this wavelength. Next, an equal volume of theLis#lition was
mixed withtheEA. f or t hat concentration valud,5giving a f
mM phosphate buffer, 150 mM NaCl and 0.05% Tw2éphand immediately measuradth an
excitation of 501 nm.

For later experiments with reduced salt and higher buffer strength thd. lsé{tition
instead contained 10 mM NaCl and thelEdolutions were in 50 mM phosphate buffer, giving
a final c o nc e niLr5amN ghaphatefouffdr, 5anM N&Cha@d 0.05% Tween
20. The reasons for the change in conditions are given below.

To give the peptides time to form dimers and equilibrate, measurement was continuously
performed for 15 minutes, resulting in 20 spectra for each coatientrvalue. In all cases,
equilibrium was reached after 10 spectra, so the final 10 spectra were averaged andKised for
determination (see below).

To determine &q for each pH, the 627 nm emission intensity for theLEsblution was
subtracted from the 627 nm emission intensity for the mixed##C-L solution for each E4
L concentration value and then the corrected intensities were plotted agalnsb&eéentratbn
to give a binding curve. To determine tkg these curves were then fitted in OriginPro 8.5.1

using Equation 1 from Section 3.3.2.
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4.3. Results and discussion

4.3.1. Peptide design

Using the CGAN* and CGB\* peptides designed by ThometsaF as a startig point, a
new set of peptides was designed with a number of variants of two core peptides, called E4 and
K4. The primary objective was to produce a pair of coiled coil forming peptides where
heterodimer formation was dependent on pH. The primary sequgfitbespeptides described in
this section are given in Table 4.2.

E4 was based on G&\*. Preliminary experiments with G&x* showed that it was
insoluble in phosphate buffer below pH 5. Consequentlyf,gbsition glutamines (Q) in the first,
second ad fourth heptads were replaced with lysines (K). Adding charged lysine side chains in
the exterioff positions was intended to increase solubility. Unfortunately, the solubility was not
significantly improved by these changes, see below.

E4P was designeth be used as a control peptide which would not form a coiled coill
despite having an almost identical primary sequence to E4. The sequence was identical to E4 with
the exception of thd position in the second heptad, where a leucine (L) was replaceut biyree
(P). Proline residues are known to prevent coiled coil formation, see Section 2.3.1, and the
placement of the proline residue in this central core position was intended to maximise coil
disruption with minimal change to the charge and hydrophgbidithe peptide. In order to be
able to carry out FRET experiments, see Section 3.3.2, labelled variants of E4 and E4P were also
designed and designated-E4nd E4PL respectively. In both cases, the second hefptadition
lysine was labelled with thituorescent dye ATTO 594. FRET relies on the proximity of dye
molecules so the second heptad was chosen as the location for the dye since central heptads should
be more tightly bound in a coiled coil and thus less susceptible to random theéndatgd
dissociation that would lead to fluctuations in FRET signal. The solvent exppssiion was
chosen as the dye location since this is the furthest position from the tightly packed hydrophobic
core, thereby minimising any dyeduced disruption to coil fanation.

K4 was based on GB8\* To facilitate the formation of sefssembled monolayers a
short flexible sequence of glycine and serine residues terminating in a cysteine residue (GGSC)
wasadded at the C terminal to create the variant K4C. For consistency, the sequence GGS was
therefore added to K4.

In order for the labelled variants K4and K4CGL to have dye molecules as close as
possible to the dye on H4peptides when heterodimers wésaned, the second hepthglosition
tyrosine (Y) was moved to the third hepfgabsition and replaced by a lysine (K) in the second
heptad, to which the dye was attached. This was important to preserve the optical activity of the

tyrosine (see Section6) and this change was therefore made to the unlabelled K4 and K4C as
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100 uM peptide in 50 mM pH 7.5 phosphate buffer with 5 mM NaCl
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Figure 4.1: CD spectra for individual unlabelled (solid lines) and labelled (dashed lines) peptides aM
concentration in 50 mM pH 7.5 phosphate buffer with 5 mM NaCl. K4 appeared to form coiled coil homodime
these conditions whereas E4 and E4P skdittte evidence of coil formation. In all cases the signal was higher {
labelled peptides.
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Figure 4.2: CD spectra for unlabelled (solid lines) and labelled (dashed lines) peptidesed Hadicentration in £
mM pH 7.5 phosphate buffer with 5 mNiCl. K4 spectra are identical to those from Figure 4.1 and are incluc
comparison. The mix of K4+E4P was less helical than K4, which was less helical than the mix of K4+E4. In
the signal was higher for the labelled peptides.
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100 uM peptide in 50 mM pH 7.5 phosphate buffer with 5 mM NaCl
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Figure 4.3 CD spectra for unlabelled (solid lines) and labelled (dashed lines) peptidesed Hodcentration in £
mM pH 7.5 phosphate buffer with 5 mM NaCl. K4 + E4 andlK4 E4-L spectra are identical to those from Fi¢
4.2. The K4 & E4 and K4 & E4-L spedra are mathematical averages of the K4 and E4 spectra ahchKd E4L
spectra from Figure 4.1 respectively. The difference between the averaged spectra of the individual and th
spectra for the mixed peptides indicated that the mixed peptittgadted with each other.

well for consistency. The dye used forK4nd K4GL was ATTO 488, which is a FRET partner
to ATTO 594 with a Forster radius of 5.7 Am.

4.3.2. Peptide synthesis

All peptide variants were synthesised, labelled and purified successfully, as confirmed
by HPLC and mass spectrometry, see Figures A3.2 and A3.3 in Appendix A3. Small peaks can
be seerat the start and/or end of some of the HPLC traces, but these did not indicate purified
peptide product and were not collected. In all cases a pure product was obtained with the correct
mass, though fragmentation of the flurophore was observed in thepeass for E4. and E4P
L. Unfortunately the solubility of E4 and variants at low pH was not noticeably greater than that
of CG-Bn* and so pH 5 is the most acidic pH value used in this work since it is the lowest pH at

which E4 could be dissolved.

4.3.3 CD measurements

CD measurements at pH 7.5 and 100 €M concentr a
and for the combinations E4+K4 and E4P+K4 with both labelled and unlabelled variants.
Measurements of individual variants were performed to determine the propensity of the peptides
to form homodimers. Figure 4.1 shows that E4 and E4P had no alpha $ielictdre, whether

labelled or not, and so it was concluded that they did not form homodimers at pH 7.5. In contrast,
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100 uM peptide in 50 mM pH 7.5 phosphate buffer with 5 mM NaCl

‘Tw .
@ -5000
g -10000
© ]
o~
£  -15000
[&]
o 1
2 20000 -
w ]
E -25000 -
= l T ——K4, Ty =42°C
€ -30000 - -==-Ka-L, Ty, =42°C
c | - . ——K4 +E4, T, =80°C
g -35000 - o - -=--K4-L + E4-L, T, = 88°C
1 Lzl ——K4 +E4-P, T, = 35°C
-400004 - == Kd-L + E4-PL, T, = 38°C
T T T T T T T T T 1
0 20 40 60 80 100

Temperature (°C)

Figure 4.4:CD melting curves for unlabelled (solid lines) and labelled (dashed lines) peptidex & tbAcentratio
in 50 mM pH 7.5 phosphate buffer with 5 mM NaCl. Melting temperatures were calculated from the second d
of fits to the curves (not shown). The similar melting temperatures for K4 and the mix of K4+E4P implies
helical contat seen in the spectra for K4+E4P came from K4 homodimers. The melting temperature for K4
significantly higher than for K4, implying that heterodimers were preferentially formed in the mixed case.
temperatures for the labelled peptides wheesame or slightly higher than for the unlabelled peptides in all cas

K4 and K4L did appear to form homodimers at pH 7.5. In all cases, the signal for the labelled
peptides was more intense. The reasonHisr ¢ould not be concluded from the CD spectra: it
might have been that the dyes themselves exhibited CD at the measured wavelengths, or it might
be that the presence of the dyes increased the tendency of the peptides to form alpha helical
structures andfacoiled coils. Later results suggested the latter reason, see below.

The existence of K4 homodimers at pH 7.5 made the analysis of the results for mixed
peptides more difficult. The spectra are shown in Figure 4.2, along with the spectra for K4 and
K4-L for comparison. It can be seen that the mixture of E4P+K4 contained significantly less
helical structure than K4 by itself and so it was concluded that E4P did not form heterodimers
with K4 and that the helical structure observed was primarily from K4 Honass. Subtracting
the 222 nm CD+ 1 1t Td|Eg cnd dmol rest) for the E4P solution, where no alpha helical
content was seefrom the 222 nm CD for the E4P+K4 and K4 solutions yielded PCOoTT
deg cnd dmol rest and— ¢ o 1t deg cni dmol res' respectively. Since the K4 solution
contained twice aniuch K4 as the E4P+K4 solution, this doubling in signal is exactly what would
have been expected if E4P and K4 did not form heterodimers.

Comparing the K4 and E4+K4 spectra in Figure 4.2 it can be seen that the E4+K4
spectrum had significantly higher alp helical content and so it was concluded that E4+K4
heterodimers were formed in preference to K4 homodimers. Figure 4.3 shows that the

mathematical average of the individual K4 and E4 solutions produced spectra with lower alpha
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CD melting curve
. 30 uM K4 peptide in 50 mM pH 8 phosphate buffer
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Figure 4.5: Melting cuive for 30eM K4 peptide in 50 mM pH 8 phosphate buffer, with dotted lines indicatir
melting temperature.

helical content than the observed spectra for the mixed solution of K4+E4, which indicated that
there was an interaction between the two peptifles.same conclusions applied to the labelled
peptides, though the alpha helical signal was more intense than for the unlabelled equivalent in
each case. The data are noisy below ~ 200 nm because of high buffer absorbance at these
wavelengths. High voltagéHV) data for the measurements shown in Figures 4.1 and 4.2,
indicating the voltage applied to the photomultiplier tubes, can be found in Appendix Section
A3.1.

To assess the strength of coiled coil binding, the peptide solutions were heated until the
coils dissociated, and a melting temperatiig (vas obtained, as described above, by measuring
the 222 nm CD as the temper apeplideeondemrationeapsie d. The
7.5 are shown in Figure 4.4. It can be seen that the E4P+K4 mixture had the lowest melting
temperature at 35 °C and that the K4 homodimers had a similar melting temperature of 42 °C.
From this it can be concluded that the nmgJtspecies in the E4P+K4 mixture was likely to have
been K4 homodimers and this was further evidence that the helical structure seen in the CD
spectrum for E4P+K4 in Figure 4.4 was caused by K4 homodimers. The E4+K4 mixture had a
melting temperature of 8, which was approximately twice the melting temperature of the K4
and E4P+K4 solutions. This suggested that strongly bound heterodimers dominated the E4+K4
mixture at pH 7.5. The melting temperatures of the labelled peptides were higher than their
unlalelled versions in the cases of-E4K4-L and E4PL+K4-L, which suggested that the more
intense CD spectra seen for the labelled peptides was caused by an increased tendency for coiled

coil formation rather than any CD signal from the dye molecules theasselv
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CD melting temperatures from 222 nm signal

30 uM peptide in 50 mM phosphate buffer
100

=3
O 80+
~ —=— K4
= e E4
S 60+ E4 + K4
© +— K4C
g v E4 +K4C
5 40
()]
£
2 204 v
0 1
4 12 13

Figure 4.6: Summary of the melting temperatures obtained by CD faM@eptide in 50 mM phosphate buffer o
the pH range #2. Melting temperatures for E4 above pH 6 and K4 at pH 5 were below 5 °C and so coul
calculatedrom this temperature range. K4C homodimers were significantly more stable than K4 homodimer:
of the presence of a disulphide bond between the cysteine residues. In contrast, the mixtures of E4+K4 ar
showed little difference in melting tqrarature until pH 10.

To assess how homodimer and heterodimer formation varied with pH, melting curves
were obtained for E4, K4, K4C, E4+K4 and E4+K4C over the pH ran@@. 9n these
experiments the peptide concentration was lowered to preserve material and complet&ti@D spe
were taken for each temperature rather than just a measurement at 222 nm as in Figure 4.4. The
lowered peptide concentration may explain the slightly lower melting temperatures for K4 and
E4+K4 seen in Figure 4.6 at pH 7.5 as compared to Figure #ias been shown previously that
increased peptide concentration can lead to an increase in coiled coil forh#stian. example
of the experimets performed, the CD spectra taken during the melting experiment for E4+K4 at
pH 8 is shown in Figure A3.4 in Appendix A3, and the 222 nm signal plotted as a function of
temperature and the fitted curve are shown in Figure 4.5. A summary of the measliirggl m
temperatures for all the peptides and mixtures is shown in Figure 4.6. Some E4 homodimer
formation was evident at pH 5, but since the melting temperature had dropped to ~ 5 °C at pH 6,
E4 was not assessed at any higher pH values.

The melting tempetture for K4 homodimers was less than 5 °C at pH 5 and increased
steadily to 89 °C at pH 12. The sharp increase at pH 9 may indicate thata{fie.ple pH at
which half the side chains are protonated) ofe¢hadg position lysines was between pH &lan
9, such that at pH 8 the majority of lysines were protonated and electrostatic repulsion hindered
the formation of coiled coils whereas at pH 9 the majority of the lysines were deprotonated and
the electrostatic repulsion became negligible, leadinggtoficantly strongercoiled coils. Note

that the pK of an isolated lysine side chain is known to be pH 10.67, but it is well established
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CD melting curves
30 uM E4+K4 peptide in 50 mM phosphate buffer
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Figure 4.7: CD melting curves for E4+K4 mixtures at pH 11 and pH 12, showing evidence of two melting sp¢
curve. Since the higher melting temperatures compared well to the melting temperatures for K4 homodim
assumed that the higher melting temperature was for K4 homodimers in the mixture while the lowel
temperature was for heterodimers.

tha the pks can vary in the context of an actual peptide because of the effects of the peptide
conformation and neighbouring side chains’gtc.

By comparing the K4 melting temperaturesthose for K4C a significant increase in
homodimer stability afforded by the disulphide bonded cysteines of the K4C dimers can be seen.
It is known that disulphide bonds can significantly increase the stability of coiled coils (see
Section 2.3.1). It cabe seen from Figure 4.6 that at pH 5 the K4C homodimers had a melting
temperature of 25 °C, meaning that at room temperature K4C formed homodimers an entire pH
point before K4 homodimers. The significant increase in melting temperature over K4
homodimers antinued until pH 10 and above, at which point the melting temperatures were very
similar. This implied that the disulphide bond conferred no additional stability once the lysines
had deprotonated and removed the electrostatic barrier to coiled coilitorn#sternatively, it
has been shown that strongly alkaline conditions can break disulphide®Saods may be that
there was no difference in melting temperature between K4 and K4C at pH > 10 because the
disulphide bonds were broken (and note that this the breaking of the bonds was increasingly likely
at the high melting tempatures measured at these pH values). Indeed, this may explain the
decrease in melting temperature seen at pH 10, assuming that this melting temperature was not
an error. A repeat of the pH 9 K4C melting temperature measurement showed a difference of ~

0.1 °C, so this data point appears to be reliable, but the pH 10 K4C melting temperature
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ATTO 488/594 absorption and emission spectra
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Figure 4.8: Absorption spectra (dashed lines) and emission spectra (solid lines) for ATTO 488 (black) an8%
(red). Data obtained from manufactuter.

measurement was not repeated, so the decrease in melting temperature from pH 9 to pH 10 for
K4C may be an error.

For the mixture of E4+K4 it can be seen that the meltingperature was stable across
the pH range 80; and remained in the range ~8D °C for all pH values in this range. The
stability of the melting temperature suggested that heterodimers dominated the mixture until pH
10, where the melting temperaturekaf homodimers exceeded the melting temperature of the
E4+K4 mixture. Therefore it is likely that at pH 10 K4 homodimers were the dominant species.
At pH 11 and 12 the melting curves showed evidence of two distinct melting temperatures, see
Figure 4.7. Thénigher melting temperature of ~ 80 °C for both pH 11 and 12 was assumed to
correspond to the K4 homodimer melting temperature at these pH values and compared well to
the measured K4 melting temperature at pH 11 (83 °C) and pH 12 (89 °C). It was therefore
assumed that the lower melting temperature corresponded to E4+K4 heterodimers and it is these
melting temperatures that were plotted for the E4+K4 mixture in Figure 4.6. For pH 11 the
melting temperature of the heterodimers was 39 °C and for pH 12 thegnelhperature was
25 °C.

For the mixture of E4+K4C the melting temperatures were similar in stability to those of
E4+K4 in the pH range-9. The similarity of the two sets of melting temperatures was further
evidence that the calculated melting tempaeatvas primarily that of the heterodimers, where
the cysteine of the K4C had nothing to form a disulphide bond with and therefore should have

had no significant effect on stability. The melting temperature of the E4+K4C mixture began to
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decrease at pH 10, one pH point earlier than E4+K4.i hiscause the K4C homodimer melting
temperature was higher than the E4+K4C melting temperature at pH 8, rather than at pH 10 as in
the case of E4+K4. The disulphide bonded K4C homodimers were more strongly bound than the
K4 homodimers and so they begandwminate the mixture at a lower pH. However, at pH 12
there was little difference between the melting temperatures of E4+K4 heterodimers and E4+K4C
heterodimers, reflecting the similarity of the K4 and K4C melting temperatures at this pH.

In summary, th€D results indicated that a coiled coil system with pH dependent binding
was successfully designed and synthesised. E4 peptides formed homodimers at low pH but not at
neutral or alkaline pH. K4 and K4C peptides formed homodimers at neutral and alkalimigpH,
the melting temperature of the homodimers increasing as the pH increased. E4+K4 and E4+K4C
peptide mixtures were concluded to form heterodimers at acidic and neutral pH but to dissociate
in favour of forming K4 or K4C homodimers at high alkaline fpHis suggested that the peptides
would be utilisable in the planned electronic pH control experiments. However, since CD spectra
do not distinguish between homodimers and heterodimers, direct evidence of heterodimer

behaviour was necessary.

4.3.4. FRETmeasurements

Although it was possible to draw conclusions about the behaviour of heterodimers in the
mixed solutions from the CD melting curves, the fact it was not possible to distinguish between
homodimers and heterodimers in the CD spectra meantithat dvidence of the behaviour of
heterodimers was required. For this, FRET measurements were used. K4C peptides were labelled
with the fluorescent dye ATTO 488 and E4 peptides were labelled with ATTO 594. When excited
at 501 nm (the excitation maximumATTO 488), emission at 627 nm (the emission maximum
of ATTO 594) should only be seen if the dyes are within close proximity, i.e. if the labelled
peptides have formed a heterodimer. It can be seen in Figure 4.8 that ATTO 488 has negligible
emission at 6274m. Thus, since only heterodimers give a signal, this technique measured
heterodimer formation directly. K4C peptides were used instead of-K$eptides due to a lack
of material for the K4 peptides. 3 mM dithiothreitol (DTT) was used to prevent fdiomaof
disulphide bonds between K4C peptides so that they would behave equivalently to K4 peptides
in these experiments. Note that DTT was not used in the CD experiments because it absorbs
strongly at 280 nn

The effect of pH on E4+K4C-L heterodimers was assessed via concentration titrations
using FRET. The fluorescence of a concentration range-bf\lgdls measured against a constan
concentration of K4& when excited at the donor excitation maximum of 501 nm. Figure 4.9
shows that as the concentration of-lE4h solution was increased, the intensity of the donor
emission peak at 523 nm (from the ATTO 488 dye on thé Kdlecreaseavhile the intensity of
the acceptor emission peak (from the ATTO 594 dye on tHe) iidtreased. Since the solution
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501 nm excitation, 1uM K4L vs E4L titration in pH 7.5
5 mM phosphate buffer with 150 mM NaCl and 0.05% Tween-20

600

E4L] (nM)
—0
—22
—33
—50
—75
— 113
— 169
—— 254
—380
— 571
—— 856
— 1284
— 1926
—— 2889
—— 4333
—— 6500

500

400

300

Intensity

200 +

I L L 1
600 650 700 750 800

Wavelength (nm)

U 1
400 450 500 550

Figure 4.9:Fluorescence emission spectra faM K4-L mixed with varying concentrations of #4in 5 mM pH 7.!
phosphate buffer with TomM NaCl. The spectrum for pure K4is shown in bold in red and the spectrum for&v
E4-L is shown in bold in blue. All intermediate spectra shown in black. As the concentratiorLohEreased, tt
emission at 523 nm (the donor emission wavelendgicfeased while the emission at 627 nm (the acceptor en
wavelength) increased. This is characteristic of FRET and implied increased formation of heterodime
concentration of E4 increased.

was excited at the donor excitation wavelengtls, s evidence of FRET, which implied that

the dyes came into close proximity through the formation of heterodimers. As the concentration
of E4-L increased, more heterodimers could be formed, leading to increased FRET. The measured
intensities of the donand acceptor emission peaks were plotted againt ghcentration to

obtain binding curves from whicKy values were calculated by fitting the curves with the

equation described in Section 3.3.2. The binding curves and fits for the initial

pH Acceptor emission (627 nm) Donor emission (523 nm)
Kd (nM) [K4C-L] (nM) Ka (nM) [K4C-L] (nM)

7.5 2+3 47115 35 28821

9.5 3t4 40516 21+14 43664
10.5 19+7 313t15 2+4 322+35
11.0 14+7 711+16 44+13 71343
11.5 52589 1036+86 286+218 1261+462
12.0 Not calculable | Not calculable | Not calculable | Not calculable

Table 4.3: Kd values and concentrations of K4for each pH. Values calculated from curves fitted to FRET data.
Values calculated using both acceptor and donor emission are shown. Since the concentratidnwak4tasured

as 1000 nM, these values are not reliablg,do indicate the significant increasekimat pH 11.5. It was not possible
to calculateKq values in the measured concentration range at pH 12.

experimental conditions of 5 mM phosphate buffer and 150 mM NacCl are shown in Figure 4.10.
It can be seen #t changes in pH did not significantly affect heterodimer formation in the pH
range 5.511.5. It was thought that the relatively high NaCl concentration might be screening the
charged groups and therefore reducing the pH sensitivity of the binding. Adtlitiche weak
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A) 501 nm excitation, 1TuM K4C-L vs E4-L titration B) 501 nm excitation, 1uM K4C-L vs E4-L titration
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Figure 4.10: FRET binding curves for M K4-L mixed with varying concentrations of H4in 5 mM phospha
buffer with 150 mM NaClbver the pH range 5:51.5. The emission intensity of the donor emission peak (A
acceptor emission peak (B) were plotted as a function 4f &@hcentration and the data fitted to obtinvalues.
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Figure 4.11: FRET binding curves for 8M K4-L mixed with varying concentrations of #4in 50 mM phospha
buffer with 5 mM NaCl over the pH range 712. The emission intensity of the donor emission peak (A) and ac
emission peak (B) are plotted as a function olEzbncentration and the data ditt to obtairkKq values, see Table 4

buffer strength used in these experiments could have meant that the pH of the solutions was
unstable, particularly since the addition of peptides to the solutions may itself have changed the
pH, and this effect would have varied with peptide concentration.

To counter these issues, the NaCl concentration was reduced to 5 mM and the buffer
concentration increased to 50 mM. pH testing of the solutions before and after the addition of
peptide showed that the pH values were stable at this buffer strengthediits rof the
experiments with these conditions are shown in Figure 4.11. The formation of heterodimers
showed little pH sensitivity in the range L%, with reduced heterodimer formation only
apparent at pH 11-52. It is possible that asparagine deatiioiawas responsible for the
dramatic loss of heterodimer formation at pH 12 because of the significant passage of time (~18
h) between preparing the K4Csolutions and measuring theé&SPR studies of K4C monolayers
showed that the ability of the monolayer to bind E4 was destroyed by 16.5 hour incubation in pH
12 phosphate buffer (see Section 5.3.3). However, the reduced heterodimer formation at pH 11.5

was probably not caused by asparagine deamidation since a repeat (not shown) of the
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measurements at this pH with a solution prepared one week (rather than 18 h) before measurement
showed no additional reduction in heterodimer formation.

The Kq values obtained from the curve fitting are summarized in Table 4.3. When the
value of the donalabelled peptide (K4€) concentration was fixed at the measured value of 1
e M, the fits did not correspond weleftfre¢eto t he
vary in the fits shown in Figure 4.10 and 4.11. Note th&falue for pH 12 was not calculable
from the data. The K4C concentration returned by the free fits is also given in Table 4.3 and
since it deviated from the known value quitendfigantly, the calculate&y values are probably
of use only as a quantitative comparison between the binding curves rather than absolute values
comparable with the literature. As such, they confirmed what was apparent from visual inspection
of Figure 4.2: that heterodimer formation remained largely independent of pH up to pH2.1.5
This conclusion matches that obtained from the CD melting curves, where the E4+K4 mixture
showed little variation in stability until pH 112. Note that the melting tempearegs at pH 11
and 12 for E4+K4 heterodimers were 39 °C and 25 °C respectively and the FRET measurements
were performed at 20 °C.

In summary, the FRET results showed that E4+K4C heterodimers formed with similar
binding strengths across a pH range of BL5Only at higher alkaline pH values 1412 did a

reduction in binding strength become apparent.

4.4. Conclusions

A new system of coiled coils with pH dependent binding was designed and successfully
synthesised. Pure product was obtained for each peptitimass spectrometry indicated that the
mass of each peptide was as expected. ATTO dyes were successfully attached to the peptides to
form labelled versions for FRET studies. Unfortunately, the E4 peptides were found to be
insoluble below pH 5.

CD studes at neutral pH showed that the E4P peptides functioned as intended and did
not form coiled coil heterodimers with K4 peptides. CD melting temperature studies showed that
E4 peptides behaved as intended and formed homodimers at acidic pH but not bpHelrtra
contrast, although K4 peptides formed homodimers at alkaline pH as intended, they also formed
homodimers at neutral pH. However, the melting temperatures of E4+K4 solutions were higher
than K4 solutions at neutral and weakly alkaline pH, leadinige conclusion that strongly bound
E4+K4 heterodimers dominated the mixed solutions at neutral pH and that K4 homodimers only
dominated at pH +12. Similar results were seen with K4C peptides, except that the K4C
homodimers were bound more strongly hessaof the possibility of disulphide bonds between

cysteine residues, leading to higher melting temperatures at acidic to weakly alkaline pH than the
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104

apparent at pH 10 tizer than pH 11.

to be directly distinguished from homodimers. The results showed that K4C homodimers

FRET studies were used to lend support to these conclusions by allowing heterodimers

(behaving as K4 homodimers because of the use of DTT to prevelphétisubonds) began to

affect the binding strengths of E4+K4C heterodimers at pH-14,.5vhich compared well with
the CD results.

The aim of this chapter was therefore achieved. A system of peptides with pH dependent

binding was synthesised and charastst. In a mixed solution of E4 and K4/K4C peptides,

heterodimers preferentially formed at weakly acidic, neutral and weakly alkaline pH values, but
at strongly alkaline pH values K4/K4C homodimers preferentially formed. To use the peptides to
demonstrateslectronic control of peptide interactions using electrochemical pH control it was

necessary to demonstrate that the pH dependent behaviour of the peptide would be retained when

immobilised on a surface. Chapter 5 details the experiments performed tostieteothis.
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5. Peptide monolayer characterisation

5.1. Introduction

The purpose of the experiments in this chapter was to establisthehpd dependent
peptide interactions studied in solution were also pH dependent when the peptide
immobilised on surfaces, in order to confirm that electronic control of peptide interactions
through electrochemical pH change would be possible. ffaet @f immobilisation conditions
on the pH dependent behamimf the peptidesvas studied to assess the optimal conditions for
demonstration of electronic control of peptide interactions.

This chapter details the characterisation of-asfembled monayers of the peptides
whose design and solution characterisation was detailed in Chapter 4. The materials and methods
used are described in detail in Section 5.2. The effect of immobilisation conditions on monolayer
density was asssed using CLSM (see @®n 3.33) and surface CD (see Section .2)3
Characterisation of interactions between E4 peptides and immobilised K4C peptides, and the
effect of pH on the interactions was performediiSM and FRET (see Sections 3.3.3 and23.3
regectively), SPR (s& Section 3.3) and surface CD (see Section.2)3 The results of these
experiments are presented and discussed in Section 5.3. The findings are summarised in Section
5.4 and references are detailed in Section 5.5.

Surface CD measurements of monolayfersned at various pH valués this chapter,
see Figures.11,were performed at the Diamond Light Source with the assistance of Dr. Simon

White and Dr. Steven Johnson. All other work in this chapter was performed solely by the author.

5.2. Materials andmethods

5.2.1. General materials and methods

Unless otherwise indicated, all chemicalsre purchased from Sigrfddrich. Where
the term O6phosphate bufferd is wused, it ref e
H.O made by mixing N&dPQy and NaH:PCQ in a ratio calculated to produce the desired pH. The
pH was then adjusted to the correct value using NaOH or HCI and the buffer filtered using
syringes with 0.22 M filter saMeedToledo MB225 e me n

pH meter

5.22. Surface cleaning

All surfaces were cleaned by being rinsed with acetone and then ultrasonicated
in acetone for 10 min. The rinse and ultrasonication process was then repeated with isopropanol,
then ethanol, then water. The surfaces were then immersetieaker of piranha solution (7:3

ratio of sulphuric acid:hydrogen peroxide) for 5 minutes, then turned over and immersed for a
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further 5 minutes to ensure both faces were cleaned. The surfaces were then rinsed in water and
ultrasonicated in water fdrO min. The rinse and ultrasonication process was then repeated with

ethanol. The surfaces were then dried with a nitrogen stream.

5.2.3. Monolayer formation

For peptide immobilisation on gold surfaces via thte@ninal cysteine of the peptides,

a peptde solution in phosphate buffer was introduced to the freshly cleaned surface and incubated
at room temperature for at least 18 hours. In the case of fluorescently labelled peptides, incubation
was performed in the dark to prevent photobleaching.

For pepide immobilisation on glass or indium tin oxide (ITO) surfaces via ther@inal
cysteine, the freshly cleaned surfaces were rinsed and ultrasonicated in isopropanol then
incubated in a 2% solution of fRercaptopropyl)trimethoxysilane in isopropanol &ileast 18
hours. After silanisation, the surfaces were immersed 10 times in isopropanol then 10 times in
ethanol and then incubated in a 1 mM solution of copper (Il) perchlorate hexahydrate in ethanol
for 10 minutes. The surfaces were then immersedidstin ethanol then 10 times in phosphate
buffer, then a peptide solution in the same phosphate buffer was introduced to the surface and

incubated for at least 18 hours.

5.2.4. Surface FRET measurements
FRET measurements were performed on an Olyni)$83% Confocal Laser Scanning
Microscopewith an Olympus UPLSAPO 10x NA:0.40 objectivduorescently labelled peptide

monol ayers were formed as above (at 165 €M concen

on No. 2 thickness glass cover slips on whigiereended hollow glass cylinders had been
attached to form a cell enabling the monolayers to be controllably immersed in liquid. All
measurements were performed in 50 mM phosphate buffer with 5 mM NaCl and 0.05% Tween
20 detergent to prevent napecific bnding of peptides to surfaces. After initial focusing by eye,

z-scans at the donor and acceptor emission wavelengths5808m and 61842 nm

respectively) were used to find the f@3@al pl ane t

nm (resolution2 nm, bandwidth 2 nm) were then performed:LEdinding was performed by
i ncubat i on -Lwalutiom at pH 7350 3E®N Measurement at a new buffer pH was
preceded by in situ emptying and refilling of the cell 3 times with water and 3 timethevitiew
buffer.
The dyes were excited by a 48& Ar laser and emission wpassed through a 405/488
nm dichroic mirror andneasured at 523 nm and 627 nm with a bandwidth afni30Settings
used were: 256x256 pixel scanareagr r esponding ,td $26@x X268 scmn

em conf ocal apertur e, 800 V PMT wvoltage.

spe
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5.2.5. SPR measurements

SPR measurements were performed on a GE Healthcare Biacore 3000 instrument. Bare
Au SPR chips were purchased from GE Healthcare and cleaned via 10 minutesialtas in
acetone then ethanol. Peptides were then immobilised as above at varying concentrations and pH
values outside of the instrument. In all experiments the buffer used was 50 mM phosphate buffer
with 5 mM NaCl and 0.05% Twee2D, and was atpH6iwt h a f |l ow rlantess of 1
ot herwise indicated. An initial 2Qvasrfound tot e i n
be necessary to clear nspecifically bound mass and enable binding of E4 to the K4C
monolayer. E4 was then injectedsat ¢ M concené@brwftfieorn fianr plHO mi n
mintf ol | owed by 10 ni pHubtbefier foo HlissoGiation.LFor mtamlard
experimentsa sequential series of 10 mimections at pH 7.5, 8.5, 9.5, 10.5, 11.5 a2dnkre
t hen per f or meeahchéolowet By 18 rmimjentionofpH6b uf f er at. 10 ¢
For monolayer stability experiments, the above sequematfuncated version) wagrformed

on a monolayer injected with strongly alkaline buffersoverg ht at. 1 &L min

5.2.6. Surface CD

For surface CD, glass slides were cleaned and had peptide monolayers formed as above
at 30 €M concentration. The majority of meas
and slides from Hellma Analytics, shownFigure5.1 and used in Whitet al' Each slide had
monolayers formed on each surface such that for each slide used, 2 functionalised serace
scanned. All scans were performed at 20 °C with a bandwidth of 1 nm and 2 s scan time per 1 nm
wavelength step. For each experiment a blank spectrum was taken at each pH used using slides
on which a silaneopper monolayer had been formed as ablowewith no peptide monolayer,
and using the same settings and number of slides as the rest of the measurements in that
experiment. For each measurement, the acquired spectra were averaged and the average of the
blank scans was subtracted. The blankedssagne then normalised to 0 mdeg at their maximum
wavelength by subtraction of a constant baseline.

Initial scans to measure the effect of monolayer formation pH were performed at
Diamond Light Source using an Applied Photophysics ChiraphemCD spectnmeterfitted
with a Peltier temperature controll@ihreeslides were used for each pH. Slides were washed by
repeated immersion in 50 mM phosphate buffer at the monolayer formation pH before
measurement. 10 scans were taken in 50 mM phosphate bufferfatrttation pH, for a total of

~ 30 min scan time.
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/
Optical eritical section
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Figure 5.1: Schematics ofA) the custom CD cuvette, ari8l) the accompanying slides used for surface
measurements in this work. Reproduced from Weita.! The optical critical section is the section of the cu
and slides through which the light passed in the CD spectrometer.

All other scans were performed at the University of Leeds using an Applied Photophysics
Chirascarplus CD spectrometditted with a Peltier temperature controllds slides were used
and 5 scans were taken and averaged fimta of ~15 min scan time. pH incubations were
performed by immersing each slide in the appropriate 50 mM phosphate buffer for 10 minutes,
then in 50 mM pH 6 lposphate buffer for 5 minutes to reverse any potential changes in
conformation caused by the change in pH. E4 incubations used the same process but were
performed in 10 €M E4 in 50 mM pH 6 phosphate bu
phosphate buffeor 10 minutes. Before each scan, slides were washed by repeated immersion in
50 mM pH 6 phosphate buffer, then repeated immersion in 10 mM pH 6 phosphate buffer.
Measurement was performed in 10 mM pH 6 phosphate buffer.

To prevent any changes in the meassignal caused by linear dichroism or chamges
orientation (see Section 313, each slide was inserted into the cuvette in the same location and
with the same orientation for each scan.

A new cell design that was intended to reduce the buffer path length to a minimal level
is shown in Figuré2. Two 1 mmthiclgl ass oO6wi ndowd slides with three
slides above were separated Byl nm thick polytetrafluoroethylendPTFE spacers with the
whole asembly held together by acrybod pieces screwed at the top and bottom. The cell was
assembled while submerged in the measurement buffer to ensure the presence of solution between

the slides. Based on the thickness of the gpatee path length through solution using the cell
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Figure 5.2: Design of the minimal path length teComponents from left: acrylic end piecemin thick glass slid
0.1 mm PTFE spacer (grey), 0.3 mm peptide coated glass slide (shown in blue for clarity only). The cell was
by being screwed together while submerged in solution to ensure the presence of liquid between the slidd
path length through solution was approximately 0.4 mm.

with 3 slides and hence 4 spacers was approximately 0.4 mm, as compared to 9.1 mm path length

through solution using the custom cuvette with 3 slides.

5.3. Results and discussion
5.3.1. SurfacdFRET measurements

CLSM was used to perform FRET measurements df Bihding to KAGL monolayers.
Surfaces were imaged using a 488 nm laser to excite the ATTO 488 donor dye on the K4C
peptides. Increased emission intensity at the acceptor wavelengthn(®p was therefore
evidence that the K4C and E4L peptides came into close enough proximity to enable FRET,
as was decreased emission intensity at the donor wavelength (523 nm).

Figure5.3 shows the results of an initial experiment in whichLBAlas adeéd to a K4C
L monolayer and then washed with buffers of increasing pH. It can be seen that the addition of
the E4L solution caused a significant increase in intensity at the acceptor emission wavelength
and a significant decrease in intensity at the demassion wavelength. This impligtiat E4L
peptides came into close proximity with the KlCpeptide monolayer. The FRET signal
remained after washing and replacing thelLEsblution with pH 7.5 buffer, implying that H4
peptides were bound to the K4Cmonolayer. A relatively constant linear dissociation rate of
approximately 0.6% mihof bound E4L wasevident from inspection of the 627 nm emission
intensity. The dissociation rate of H4from the surface did not appear to be affected by the
increasng pH of subsequent buffer washand incubations, i.e. it diwbt appear that any of the

higher pH buffers caused the E4to dissociate any faster than it would have done had all
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A) FRET: 165 uM pH 7.5 K4C-L monolayer B) FRET: 165 uM pH 7.5 K4C-L monolayer
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Figure 5.3: Fluorescence emission spectrg éhd emision peak valuesver time (B for a surface FRET experime
The surfaces were excited at 488 nm and the emission from the donor (523 nm) and acceptor (627 nm) dyes
Addition of E4L caused a decrease in 523 nm emission and an increase in 627 nm emissioeristiaratFRET
This indicated that E4 was binding to the K4€@€ monolayers. Subsequent buffer washes and incubations

dissociation of the E4, but this did not seem to be significantly affected by the pH of the buffers. By padlmos
all E4-L had dissociated.

subsequent washes been at pH 7.5. Therefore, thentad have been nespecifically bound to
the surface, i.e. it may not have formed coiled coils with the immobilisedlKdébtides.

To determine if the B4 peptides werapecifically boundo the KAGL monolayer the
experiment was repeated with an immediate jump from pH 7.5 buffer t0 puffer. The results

of this experiment and a

Condition P 523 p 627 Condition P 523 p 627
E4-L addition E4-L addition
-4 +1 -1 +252
atpH 7.5 0 &8 atpH 7.5 55 5
E4-L incubation E4-L incubation
. - + : -14 +64
(10 min) o5 35 (20 min) 8 6
E4-L incubation E4-L incubation
: -3 +32 . -38 +39
(30 min) (30 min)
pH 7.5 wash +7 -41 pH 7.5 wash +85 -89
pH 7.5 incubation
+ -
(20 min) 15 25
pH 10wash +52 -136 pH 10 wash +71 -216
pH 10 incubation
+ -
(20 min) 41 15
pH 10.5 wash +237 -42

Table 5.1 Valuesfrom Figure 5.4for the changes in 523 nm and 627 nm emission intensities for surface FRET
experiments upon changes in condition in two experiments. In both experiments, washing with pH 10 buffer caused a
significantly larger decrease in 627 nm emission intensity thahing with pH 7.5 buffer, indicating that the E4

was specifically removed by the high pH of the pH 10 buffer.

subsequent experiment without 10 minute buffer incubations are shown in Eiguitecan be
sea that the pH @ buffer caused a significant increase in the dissociation rate. The decrease in
627 nm intensity and/or increase in 523 nm intensity on going from pH 7.5 buffer to pH 10 buffer
was noticeably larger than the change on going from pH 7.5 buffer witht&gH 7.5 or from

pH 7.5 buffer to a repeat of pH 7.5 buffer. Values for the emission intensity changes are given in
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Figure 5.4: Fluorescence emission spectmad emissin peak values over tinfer two surfacé=RET experimen
(A and B, and C and Bespectively. The surface wereexcited at 488 nm and the emission from the donor (52
and acceptor (627 nm) dyes monitored. Addition ofLEghused a decrease in 523 nm emission and an incr
627 nm emission, characteristic of FRET. This indidathat E4L was binding to the K4&@ monolayer. pH @
washes and incubation caused a significant loss of bousid Edicating that the E4 was specifically bound
pH-dependent coiled coil¥he data are summarised in Table 5.1.

Table 5.1. The fact that the decrem$n 627 nm emission intensity waignificantlylarger (by
240-330%) after a pH 10 wasthan after a pH 7.5 wash impli¢kat the E4L peptides were
specifically bound to the K4C peptides in pH sensitive coiled coilsdathat release of the bound
peptide could be triggered by high pllues. The effect of the pH couddso be demonstrated
by considering dissociation rates. The linear dissociation rates -bf éstimated from the
difference between the 627 nm emissiaemsity after 30 min of E& and the intensity after the
pH 7.5 wash were approximately 1% nhiand 2% mirt for the first and second experiments,
respectively (comparable to 0.6% mjrabove, whereas the rates estimated from the 627 nm
emissionintensity values from before and after the pH 10 wash were approximately 9%omin
both experiments. The significantly faster dissociation rate causdéuelyH 10 wash further
confirmedthe conclusion that the H4was specifically bound to the K4Cin a pH dependent
interaction.

Figure5.5 shows the results of two control experiments. To determine the amount of 627
nm emission caused by direct excitation of the ATTO 594 dye by 488 nm light, the above
experiment was repeated with a K4C (i.e. unlabgllebnolayer, such that there was no

possibility of FRET. Some 627 nm emission fromIE¥vas seen as a result of direct 488 nm
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A)

ERET: 125 uM pH 7.5 K4C monolayer B) ERET: 165 uM pH 7.5 KAC-L monolayer
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Figure 5.5: Fluorescence emission specfor two control experiments. A)K4C (i.e. unlabelled) monolayer w
formed and tesd with E4L. As expected, there was no donor emission peak, since the donor dye was no
and minimal acceptor emissipsince no FRET could occur. Bjfect of E4RL on a K4GL monolayer. As expecte
there was minimal acceptor emission since-E4®es not form coiled coils, and hence minimal FRET occurr

excitation, but amounted to only ~ 2% of the 627 nm emission seen frano&4abelled K4C

L monolayers shown in Figurés3 and 3. It was thereforeoncluded that direct ekation of
ATTO 594 at 488 nm wanot significant. However, the small amount of emission caused by
direct 488 nm excitation that is visible in Figl& confirmedthat E4L also rapidly dissociated
from an unlabelled monolayer at pid.1

Finally, to furtfer prove that the binding between-E4dand K4GL monolayers was
specifically due to formation of coiled coils, the experiment was repeated with ,Edpeptide
that does not form coiled coils because of the inclusion of a prolilkiessee Section 43. It
can be seeim Figure 55B thatthe FRET signal given by E4Pwas negligible. Since E4P
should have had almost identical propertieg. (@ terms of charge and size) to-E4with the
exception of itscoil forming propensity, it wasonclude that the FRET signal given by B4
binding was indeed due to coiled coil formation.

Note from the results of Chapter 4 that K4+E4 and K4C+E4 heterodimers did not show
any significant room temperature dissociation until pH values greater than pH 11tiansolu
whereas the results here show that surface dasmtioccurred at pH 10. It haseviouslybeen
shown thaBASE-C peptide, which has a similar primary structure to K4C, shows alpha helical
structure at significantly lower pH when immobilised onface than it does in solutidrit was
shownthat this was because the peptides were forced into close proximity within the monolayer
and hence the shielding of hydrophobic core residues wagetditally favourable despite the
presence of electrostatic repulsion framand g position lysines. Similarly, the crowded
conditions of the K4C monolayer mhgveled to the lower dissociation pH of E4 when compared
to K4 and E4 heterodimers in solutiohhe reason heterodimers dissodate solution wa
because at sagpH homodimer formation becampeeferable oveheterodimer formation.rbm
the work on BASEC, it is knownthat surface immobilised peptides form homodimers at a lower

pH than in solutionso it stands to reason that K4C monolayers éothomodimers and ejesd
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SPR: 65 uM pH 4.0 K4C monolayer
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Figure 5.6: SPR experiment for a K4C monolayer formed at®bconcentration at pH 4. Arrows point to the ti
at which the indicated pH injections began. Changes in pH caused changes in refractive index, observed as |i
shifts in the response curve. Injection @&\ pH 6 E4 solution caused a large respethat persisted after the injec
ended, indicating that E4 bound to the K4C monolayer. The effects of the injections may be easily seen by
the red circles at the end of each injection. A significant loss of bound E4 occurred as a tesytb11.5 injectiol

any bound E4 at a loweH than the heterodimedissociatd in solution. If this washe case,
then the density of the K4C monolayer shdwdeaffeciedthe pH at which E4 dissociate8PR
measurements were used to test this theory

5.3.2. SPR measurements

SPR was used to assess E4 binding to and unbinding from K4C monolayers formed on
gold surfaces under varying conditions intended to alter the density of the formed monolayers.
The full SPR data from an experiment performed 64 C monol ayer f or med
solution at pH4 is shown in Figur®.6. The binding of the E4 to the KAC monolayer can clearly
be seen, followed by a removal of rgpecifically bound peptide by the @-and 7.5 injections.
These werdollowed by gradal dissociation during the following injections until thel 11.5
injection, which caused significant loss of bound E4. After the pH 11.5 d@tijen, around half
of the E4 hadlissociated. A pH2.injection then causeall the remaining E4 to dissociafehe
experiment may be summarized by considering the signal immediately after each injection
(marked by red circles on the graph). Fighré shows these summaries for monolayers formed
at various pH values in the range gH.5. It can be seen that sigo#ntly more E4 bound to
K4C monolayers formed in the pH rang® than bound to K4C monolayers formed in the pH
range 6.57.5. It can also be seen that the amount of E4 removed per injection increases sharply
for the pH 11.5 injection for monolayers forchat pH4 and5, but that this sharp increase in

dissociation occuedearlier, after the pH 10.5 wash, for monolayers formed at higher pH.
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SPR: 65 uM K4C monolayer
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Figure 5.7: Summary of SPR experiments performed on K4C monolayers formede#d @6ncentration at vario
pH values. Data points mark the response caused by the indicated injections, corresponding to the points
Figure 56 by red circles. Monolayers formed at gk bound significantly more E4 than those at higher pH. Sicanil
loss of E4 occurred during the pH 11.5 injection for monolayers formed 4apHS5, but during the pH 10.5 injecti
for higher pH values.

From our work on the BASE peptide, and our knowledge of the effects of pH on K4C
homodimer formation in solion (see Section 4.3.3), it seems highly likely that the K4C
monolayers formed at higher pH values would have been more densely fickeda higher
proportion of the peptides in the immobilisation solutiwould haveformed homodimers at
higher pH vales, they were more likelyothave immobilisd on the surface as coiled coils,
forming a more ordered and densely packed monol&geexplained above, this might have led
to the reduction in E4 dissociation pH since the individual K4C peptides in mormdydpasked
monolayers would have found it energetically favourable to form homodimers with neighbouring
K4C peptides (thus ejecting any bound E4) at lower pH values. That is, K4C monolayers formed
at higher pH formed more dense monolayers and therefored@urface homodimers &awer
pH, which means that E4 waemoved at a lower pH Similarly, more densely packed monolayers
were probably less likely to have accepted E4 binding in the first place, wdudth explairthe
observed reduction of E4 binding with increasing pH.

To further test these theories, the same experiment was performed with K4AC monolayers
formedatpHtat a range of sol uti d&89doabde restablmlied oweasl f r om
that more cocentrated immobilisation solutions can lead to more densely packed monolayers, so
these experiments were intended to form a range of monolayer densities at a constant pH. The
results are summarised in Fig&r8. It can be seen that, while the monolayexsr med at 65 & M,
165 €M and 294 €M bound a similar amount of E4,

significant amount of E4 varied from pH 10.5 for the two most concentrated immobilisation
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SPR: pH 4 K4C monolayer
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Figure 5.8: Summary of SPR experiments performed on KAg@holayers formed at 68V concentration at vario
pH values. Data points mark the response caused by the indicated injections, corresponding to the points

Figure 56 by red circles. Significant loss of E4 occurred during the pH 10.5 injeciandnolayers formed at higl
concentrations, but during the pH 11.5 injection or later for lower concentrations.

solutions to pH 11.5 for th2or65hiegh esrolfuotri otnh
monolayer (unfortunately the pH Injection datafor this concentration couldot be obtained

due to an instrument fault). These experiments lent support to the theorised reasons for the
dependence of E4 dissociation pH n o monolayer formation pH.

SPR was also used to test the resilience of the K4C monolayers to extended incubation in pH 11.5
and pH 2 solutions. The results are shown in Figusé&sand5.10. In both experiments the data

from two flow channels on the same chip are shown, with one channel having been subjected to
a 16.5 hour incubation in pBibuffer and the other to a 16.5 hour injection of pH 11.5 or pH 1
buffer. It can be seen that ttanpinjection of pH 11.5 buffer didot noticeably affect the ability

of the K4C monolayer to bind E4 but that the long injection of gHeft the K4C monolayer

unable to bind E4 in any significant quantity. This may be due to deamidation of the agparagin
residues in the peptides. Deamidation rates are known to increase at high pH and the process
converts asparagine residues into aspartic acid or isoaspartic acid, which would disrupt coil

formation?

5.3.3. Surface CD

Surface CD was used to measure the secondary structure of K4C monolayers
immobilised on glass surfaces at various pH values in the rangegith@e the SPR data shown
in Figure 5.7 demonstied that acidic formation pH values for the K4AC monolayer resulted in

increased binding of E4 he results are shown in Figlgd.1. It can be seen that the monolayers
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SPR: 294 uM pH 4.0 K4C monolayer
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Figure 5.9: SPR experimerfor a K4C monolayer formed at 28M concentration at pH. The black curve is for i
area of the chip that had been injected with@buffer for 16.5 hours whereas the red curve is for an area ir
with pH 12 buffer for 16.5 hours. Injection of &M pH 6 E4 solution caused a large response thedigted ater the
injection endedor the pH6 area, but not for the pHlarea, indicating that extended exposure to pHdiffer left the
monolayer unable to bind to E4.

SPR: 65 uM pH 5.0 K4C monolayer
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Figure 5.10: SPR experiment for a K4C monolayer formed atBbconcentration at pi3. Theblack curve is for &
area of the chip that had been injected with@blffer for 16.5 hours whereas the red curve is for an area ir
with pH 11.5 buffer for 16.5 hours. Injection oEM pH 6 E4 solution caused a large response thetigted aftethe
injection endedor both areas, indicating that extended exposure to pH 11.5 buffer had no effect on the
binding behaviour.

formed at pH &5 shovedlittle evidence of alpha helical structure whereas the monolayers formed

at pH 6, 7 and 8 showed an increasing amouailpbfa helical structure. This was not unexpected,

and supportethe conclusions from the SPR experinsathiat higher formation pH l¢d denser,



119

CD, 50 mM phosphate buffer

K4-C immobilised at 30 uM in 50 mM phosphate buffer
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Figure 5.11: Surface CD spectra for monolayers formed atBDconcentration at various pH values. Alpha he
spectra were seen for @48, with the intensity decreasing with pH. At lower pH values no alpha helical conte
evident.

more helical monolayers. However, since both a less dense monolayer and a less helical
monolayer wouldhavebesnexpected to show a decrease in alpha helical signal, it woultvet
beenmeaningful to attempt to quantify the alpha helical content of thehager. Note that these
spectra were measured using 3 slides (for a total of 6 surfaces) and 50 mM buffer and that these
conditions gave rise to a large amount of noise at lower wavelengths, which obscured the 193 nm
peak. For subsequent measurements Mobuffer and 5 slides (10 surfaces) were used to allow
the 193 nm peak to be distinguished.

Since pH 6 was the first monolayer formation pH value at which alpha helical structure
could clearly be seeand also the monolayer formation value with the égjtE4 binding from
the SPR data in Figure 5i7 was chosen as the formation pH for monitoring E4 binding using
CD. Spectra for a monol ayer formed from a 3
shown in Figuré.12. A mixed solution was chosen irder to guarantee that the K4C monolayer
would be formed with room to accept E4 binding. Figade shows the effect on the spectra of
a series of 10 minute incubations in buffers of increasing pH compared with spectra repeatedly
incubated in pH 6 buffer. After the series ¢
at pH 6 for 30 minutes antlén pH 11 buffer for 10 minutes, and this was then repeated. Figure
5.13A plots the signal at 222 nm (indicative of alpha helical formation) against the incubation
conditions. In Figur®.13B each 222 nm intensity for the&nmeasing pH incubations wasrrected
by subtracting the 222 nm intensity of the corresponding pH 6 wash (i.e. the 222 nm intensity for
the pH 8 incubation, whh was the third incubatiohad the 222 nm intensity for the third pH 6

incubatian subtracted). This correction svantended ta@orrect for any signal loss that might have
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A)

CD: 10 mM pH 6 phosphate buffer

B)  cD: 10 mM ot 6 phosphate butter

. K4C+E4 immobilised at 30 pM in 50 mM pH 6 phosphate buffer 6 K4C+E4 immobilised at 30 uM in 50 mM pH 6 phosphate buffer

——pHE
——pH6
——pH6
pH6
——pH6
pH &
——pH 6 (E4)

CD (mdeg)
CD (mdeg)

- T T T T T T 1 T T T T T T T 1
190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260
Wavelength (nm) Wavelength (nm)

Figure 5.12: Surface CD spectra for K4C+E4 monolayers formed atN@oncentration at pH, and exposed
washes of increasing pH (left) or repeated@Washes (right). Washes decreased the alpha hetingért, but th
pH did not have significant effect until pH 1lwhere the spectrum indicated the removal of specifically bou
from the monolayer. Incubation in 20/ pH 6 E4 solution caused a large increase in alpha helical contertie
monolayemwashed with pH 1but not the monolayer washed with @Hconfirming that the pHZLlwash remove
bound E4 that could then be replaced.

A) CD: 10 mM pH 6 phosphate buffer B) CD: 10 mM pH 6 phosphate buffer
05 K4C+E4 immobilised at 30 uM in 50 mM pH 6 phosphate buffer K4C+E4 immobilised at 30 uM in 50 mM pH 6 phosphate buffer
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Figure 5.13: A) 222 nm CD signalffom Fig 5.12for KAC+E4 monolayers formed at 30 concentration at pi8,
and exposed to washes of increasing pH (black curve) or repeatédvashes (red curve). Washes decrease
alpha helical content, but the pH did not have a significant effect untillphitiere the spectrum indicated the rem
of specifically bounde4 from the monolayer. Incubation in ¥ pH 6 E4 solution caused a large increase in ¢
helical content for the monolayer washed with @bt not the monolayer washed with pHconfirming that the p
11 wash removed bound E4 that could then Ipdaiced. Removal and binding of E4 was performed multiple tiB
The datdrom Fig 5.12 Afor increasing pH washes corrected by subtraction of the pH 6 wasfratat&ig 5.12 ¢
and plotted as a proportion of the original 222 nm CD signal.

occurred because of damage to the monolayer or loss of immobilised peptide ovarhime
corrected intensities were thplotted as a percentage of thréginal signal (i.e. the signal at the
first measurement in pH 6 buffeffigure5.13B therefore showthe percentage decrease in 222
nm intensity caused by each change in pH.
Fig 5.13A shows that the total reswlf the incubations at pH80 was a decrease in 222
nm signal of around 1.2 mdeg. This can be interpreted as the dissociationsyecdicdly
bound peptide since a similar trend was seen for repeated pH 6 incubations, with a decrease in
signal of around 0.5 mdeg. A similar effect was seen in the FRET and SPR data, where washes

at neutral to weakly basic pH values caused a decrease inisignaity. Figure 13B shows that



121

CD: 10 mM pH 6 phosphate buffer
K4C+E4 immobilised at 30 uM in 50 mM pH 6 phosphate buffer

—— pH 6 incubation (n = 1)
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Figure 5.14: Surface CD spectra for KAC+E4 monolayer formed atBOconcentration at pHs, and exposed

repeated pHb washes. The black spectrum is the original spectrum whereas thgeddim is the spectrum after
pH 6 washes. The blue spectrum shows the effect of alpiash, indicating that there was specifically bound t
the monolayer that was not removed by repeate@ pishes.

the corrected loss of 222 nm signal intensity was around 22 percentage points. After the first pH
11 incubation, the 222 nm signal intensity decreased sharply by around 0.7 mdeg, whereas the
corresponding pH 6 incubatiom ¢the other set of slides caused no significant change in intensity
(the corrected 222 nm signal decrease was 25 percentage points). The@ decrgase for the

pH 11 wash wa equivalent to ~ 60% of the decrease caused by the previous fouispklsveand

thus probably indicateithe specific, pH triggered, dissociation of the E4 that was bound as coiled
coils in the monolayer. HEdence for this conclusion canmfeom the fact that subsequent
incubation in 10 €M E4 sol ut in@22 nmdguatietehsita | ar
for the surfaces that had previously been incubated in pH 11 buffer, but little increase (~ 0.2
mdeg) in 222 nm signal intensity for the surfaces that were previously only incubated at pH 6 (the
corrected increase was 15 peregye points). Therefore it can be concluded that pH 11 incubation
caused dissociation of E4 from coiled coitstihe monolayer, allowing fresh E4 to bind to the
immobilised K4C, whereas repeated pH 6 incubation did not cause E4 dissociation from coiled
coils and thus fresh E4 could not bind. A further repetition of the cycle showed the sameusehavio

for both sets of surfaces. Finally, as shown in Figuté incubation of the repeated pH 6 surfaces

in pH 11 buffer caused a significant loss of helicity (~ 1.1 mdeg), demonstrating that there was
indeed bound E4 in the monolayer that had not been rinoy repeated pH 6 incubation. For
example it might have been the case that, despite being prepared identically to the slides used for

the varied pH incubations, the slides used for the repeated pH 6 incubations contained no bound
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A) B) CD: 10 mM pH 7 phosphate buffer
K4C immobilised at 30 uM in 50 mM pH 7 phosphate buffer
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Figure 5.15: Surface CD spectra for KAC+E4 monolayers formed atMQoncentration at pH 7.0 for the cuwt
usedfor all other experiments (A) and a custom cell design TBe cuvette spectra are obscured by noise belo
nm whereas # cell spectra remain clean down to 183 nm. However, the cuvette spectra remain stable ¢
minute wait between measurements, another 15 minute wait, a 90 minute wait, the removal of the cuvett
machine along with the removal and reinseriid the slides into the cuvette, the same with a water rinse of the
and the same with the complete replacement of the buffer inside the cuvette. In contrast, the cell spe
significantly after: a 15 minute wait between measurements, entihminute waitthe complete disassembly of
cell to enable a change of buffer, a one quarter turn loosening of the screws holding the cell together at the -
same with the screws at the bottom.

CD: 10 mM pH 7 phosphate buffer
K4C immobilised at 30 uM in 50 mM pH 7 phosphate buffer
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Figure 5.16:Comparisn of the high voltage (HV) recorded for CD spectra taken using the cuvette (black cu
custom cell design (red curve). It is usually recommended that the HV not exceed 700 V. Using the ct
significantly reduced the wavelength at which 70&/&5 exceeded.

E4. The fact that they exhibitedetisame behavim as the other slidewhen incubated in pH 11
provedthis was not the case.
Note that the variations in helicity associated with removal and addition of E4 lend further

support to the theory that the E4 specifically binds into the WéGolayer as coiled coils.


































































































































































