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Summary

Small diffusible redox proteins play a ubiquitous role in facilitating electron transfer (ET) in respiration
and photosynthesis by shuttling electrons between large, relatively immobile membrane bound
complexes. In order to sustain high ET turnover rates,association between the cognate partners
must be highly specific, yet also sufficiently weak to promote rapid-gdsseparation and thus avoid
WLINE RdzOlG AYKAOGAGAR2YQd 9¢ O2YLX SES&a KI @S 0SSy
structural and spectroscopic methods. While these ensemble studies Ipegided useful
information on the general factors that facilitate efficient electron transport, the averaging involved

obscures the heterogeneity inherent within the system.

In contrast, single molecule techniques allow distinct states within a heterogenous system to be
accessed and through repeated observation robust statistics are acquired that provide new insights
into stochastic processes. Single molecule force spectrgs¢®pIFS)often performed byatomic

force microscopy (AFM), has been used previously to interrogate the strength and specificity of a
range of proteirprotein interactions. In such experiments one protein is attached to the AFM probe
and is scanned oversurface to which its binding partner agtached,and the forcedistance curves
measured at each point provide quantitative information on the interaction. However, classical SMFS
is limited by the millisecond surface dwell times and low repetition ratbgkvare unsuitable for
investigating ET complexes which turnover on a microsecond timescale. Recerdlgplication of a

faster AFM technique calld@eakForcajuantitative nanomechanical mapping (M) has allowed

SMFS omapid transient interactiono be investigated for the first time.

In this work, PEQNM was applied to investigate thgtochromebef : plastocyanin and photosystem |

. plastocyanin ET complexes from spinach, and thetHRC: cytochromec, ET complex from
Rhodobacter sphaeroidedhe results provide new information on how the redox state of the
participants in biological ET reactions determines their association and dissociation and allowed the
forces involved to be quantified. Moreover, the work described identifies and resolmamber of
commonly encountered issues with attaching ET complexes to inorganic surfaces and manipulating

their stability and functional state.
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1. General introduction

1. Generalintroduction

1.1 Photosynthesis

Photosynthesis is the mechanism by which light energy can be captured and stored, usually by
molecular synthesis of carbohydrates, for use as cellular energy. Two distinct forms of photosynthetic
light capture exist, usually classified as oxygenic andoxggenic for their ability to evolve molecular
oxygen. Oxygeniphotosynthesis occurs in cyanobacteria, algae and plants, whilstorggenic
photosynthesis occurs in purple bacteria, greand nonsuphur bacteria, the heliobacteria and the
acidobacteria Both of these methods for photosynthesis involve the same initial stafjdight
capture by a chromophore, and funnelling of this energy to a reaction centre, whilst the extent of the

downstream processing of energy has diverged significantly. Bothenlilliefly summarised below.
1.1.1 Oxygenic photosynthesis

Oxygenic photosynthesis can be performed by both prokaryotic and eukaryotic organisms. It is
thought to have evolved over 3 billion years ago in cyanobacBlankenship, 1992jollowed by the

first photosynthetic eukaryotes (around 1.5 billion years ago) which eventually evolved into land
plants roughly 0.5 billion years a@idazor et al., 2015)The consensus has developed that oxygenic
photosynthesis was transferred to eukaryotic organismia endosymbiotic engulfment of a
cyanobacterium. Following loss of most of the cellular functions, this cyanobacterium thus became

the chloroplast, the organelle of oxygenic photosynthesis in plants and algae.

The reactions involved in oxygenicgibsynthesis are often separated into two categories; the light
reactions and the dark reactiorgMiller and Burr, 1935)Although this may be an oversimplification,
this separates the reactions involved into those that require light energy to drive thiedthose that
are independent of a light source, so long as the products from the light reactions remaisuri o

both reactions can be summarised using the single equation often seen for photosynthesis:

oOuv @ou "0 0 QL
showing the synthesis of complex carbohydrates and molecular oxygen from water arahcC@
doing so sequestering the light energy captured. Oxygenic photosynthesis may therefore be
considered the reverse of respiration, in which water and @@ gener#ed from breaking down
complex carbohydrates for energy. The division of oxygenic photosynthesis into the light and dark

reactions arose from the observation that ®not required for the production of molecular oxygen

while light is(Hill, 1937)
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Thelight reactions in photosynthesis occur on or within the thylakoid membrane in the chloroplast
and generate reducedNicotinamide adenine dinucleotide phosphattlADPH) andAdenosine
triphosphate(ATP) via coupled photosynthetic electron trangteT) NADPH and ATP are utilised by

the dark reactions in the stroma of the chloroplast to fix (@ carbohydrate via the CalvislBenson
cycle(Bassham et al., 1950Fhe light reactions involved in oxygenic photosynthesis are described by
the Z scheme of photgsthesis, which shows how the two ligtitiven reactions carried out by the
chlorophyll proteins, Photosystem | (PSI) and Photosystem Il (PSll), are connected by cytdehrome
leading to the reduction of NADRia linear electron flow (LEEIill and Bendll, 1960) A diagram of

the redox potentials involved in this Z scheme can be seen in figure 1.1, along with the structures of

the complexes involved in the thylakoid membrane.
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Figure 1.1 ZIScheme components of oxygenic photosynthesis

(A) The redox potentials shown for the components of the electron transport chain in the thylakoid
membrane Reprinted with permissioof Portland Presom Johnson, 2016B) The components of

the photosynthetic linear electron transport chain in the plantakoid membrane. PQ stands for
plastoquinone. Light harvesting complexes are omitted. Structures RSHBICU (Wei et al., 2016)
PSi4Y28(Mazor et al., 2015)Bsf: 6RQF; (Malone et al., 2019)ATP Synthase6FKI (Hahn et al.,
2018) Pc 1AGs - (Xue et al., 1998fd 1A70- (Binda et al., 1998)
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In brief, PSII uses light energy dxcitation events) to split 2 water molecules into 4 electrons, 4
protons and molecular oxygen {OThe protons are released into the thylakoid lumen and couateb

to the proton motive force (PMF) across the membrane. The electrons are passed onto plastoquinone
(PQ) a membrane soluble 2 electron carrier, and 2 protons are taken from the stromal side of the
membrane to generate plastoquindPQH). Once PQH reaches cytochromeédsf (cythsf), these
protons are released at the luminal side of the membrane, again contributing to the PMF. The
electrons at cythf go through a bifurcated path, with 1 electron undergoing the Q cycle (discussed in
1.1.2.4) to increasthe number of protons translocated across the membrane per eledtktitchell,

1975) The other electron is passed on from ¢yt plastocyanin (Pc), a soluble single electron
carrier. Plastocyanin donates this electron to PSI which can, upon illummnatmsfer this electron

to Ferredoxin (Fd). In the final stages of LEF, Fd can bind to FerrdkRiP reductase (FNR),
reducing NADPto NADPH. The PMF which Hseen built up by several stages in this process is then
utilised by ATP synthase to geatx ATP from Adenosine diphosph#&tDP) and inorganic phosphate

(R). The ratio of ATP to NADPH generated in this process is around 2.6 : 2. As the ratio of the two
required by the dark reactions is 3 : 2, a method of making ATP, but no NADPH is eriplmladve

this. This method is cyclic electron flow (CEF), in which electrons from Fd are recycled to PQ
(Munekage et al., 2004; Nawrocki et al., 2Q1if))order for the electrons to continue to translocate
protons across the membrane, but without geneérgt NADPH. The internal electron transport

pathways for each protein relevant to this thesis will be discussed below.

1.1.2 Components of the thylakoid linear electron transport chain

The protein complement of the thylakoid membrane is also shown indiyliB. Omitted are the light
capturing components of the light harvesting complex Il (LHCII), which absorbs sunlight and transfers
the resultant excitation energy towards reaction centres (PSI or PSII). The initial capture of light in all
these complexess performed primarily by chlorophyll, comprised of a porphyrin ring with a central
magnesium ion and a phytol tail, generating ar@dmber™ -orbital delocalised electron field. Two
forms of chlorophyll exist in higher plansandb, whose structures &fier by the group attached to

C7 on the porphyrin ring, giving slightly different spectral properties. In addition to the light capture
performed by chlorophylls, some light capturealso performed by carotenoid€nergy transfer
between these cofactorsan occur via a nonradiative process calexster resonance energy transfer
(FRET{Forster, 1948) requiring both short distanceslie to the transfer efficiencheing inversely
proportional with the 6" power of the distance) and overlap between the fluorescence emission

spectrum of the donor and the absorbance spectrum of the accefBbankenship, 2014)or
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alternatively through the Dexter mechanism, which regsiozerlap of the molecular orbitals and
involves rajd electron exchange between species. These energy transfer mechanisms facilitate the

rapid transfer of energy from the light harvesting complexes to the reaction centres of PSI and PSII.

1.1.2.1 LHCII

LHCII is a heterotrimeric complex comprised of thetgirs Lhcbi3. Each monomer of the trimer
contains 14 chlorophyll molecules, 8 chlorophyll a and 6 chlorophyll b, and are arranged in a circular
geometry within the monomer to facilitate short transfer distances both within the LHCII trimer and

to neighbouing complexegLiu et al., 2004)

1.1.2.2 Photosystem Il

Photosystem Il has the biologically unique capacity to oxidise water utilising light energy. The type I
(QType) reaction centre uses light energy to generate the redox potemaiiplired for the Oxygen
evolving complex (OEC). The OEC in PSll is the only known biological reaction capable of splitting water
into protons, electrons and foring molecular oxygen which is evolved. These electrons are passed to

the soluble electron carr PQ. Whilst this # ¢ PQ oxidoreduction involves a contribution to the

PMF, no actual protons are translocat@ttoss the thylakoid membrara this stage. Instead, protons

from splitting water are released into the luminal side, and protons for theicgdn of PQ are taken

from the stromal side, leading to a net change of 2 protons pé€rdkidised (Reviewed McEvoy and

Brudvig, 200% This work of PSII can be summarised as:
” 4 5 % ’” ngh[u ’”
¢O0 ¢vuv TO OO0 10 ¢0 1Q
generating 2 moleules of plastoquinol (PQHthat can subsequently migrate through the thylakoid

membrane tocytbef.

1.1.2.3 Plastoquinone

The 2 electrons received from PSII are used to reduce 2 caondR® and this is stabilised by proton
uptake from the stroma to gesrate two hydroxyl groups (figure 1.2) Following this, the newly
generated PQHat the @ site in PSIl is exchanged @Qfrom the membrane poolAt cytsf the

protons are subsequently releagto the thylakoid lumen, contributing to the PMF.
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(Oxidised form, PQ) (Reduced form, PQH,)

Figure 1.2 Plastoquinone and plastoquinol

Structures for the oxidised forrR@ and reduced formRQH) of plastoquinone The change from a
ketone to a hydroxyl group upon reduction is shown in pirklé@rgth of the tail (n) can vary between

organisms.

1.1.2.4 Cytochroméef

The cybsf complex is a homodimeric membrane protein complex, with each monomer comprised of
4 large subunits; cytochromfe cytochrome b, Rieske irossulphur (Rieske) protein, bunit IV, and 4
additional smaller subunits (PetG, M, N and L). The structure ldf@gn be seen in figure 1.3, with
cyt f shown in green, the Rieske protein shown in blue, and the other subunits shown in purple. Its
redox active cofactors arel2type haems (housed in the cit subunit), twoc-type haems (in the cyt

f subunit and cybg subunits) and an iron sulphur clust&He2S,housed in the Rieske protein, figure
1.3B). High resolution structural wo¢Kurisu et al., 2003; Stroebel et al., 2088lone et al.2019

also shows non redox active cofactorsteb 9-O A &arotenes, two chlorophyk molecules and
twelve bound lipid. Acting as a PQH Pc oxidoreductase, the two electrons on BQiddergo a
bifurcated path (known as the Q cycle) at thesie, down either a high or low potential chain shown

in figure 1.3B. The high potential chdzFe2S, haenf, shown in blue arrvs) ends at plastocyanin,

and the low potential chairh@emb,, b, andc,, shown in purple arrowgerminates at the @site to
reduce another PQ. This Q cycle effectively doubles the number of protons translocated across the
membrane per electron through the systelitchell, 1975; Tikhonov, 2014y he transfer along the

high potential chain involves the movement of thiegke protein from the gsite to haent in order

to transfer the electron. The general themes of ET binding intesfecgloyed by cytkf for Pc will be
discussed later in terms of general electron transfer binding interfasmsiénl.2.2) and in spedif

detail in section 4.2.
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Figure 1.3 Cytchromebsf structure

(A) Translucenstructureand underlying cartoon structuraf the spinachcytbsf attained from Crye

EM in our lab by L.Malor{&alone et al., 2019)Cytochrome f is shown in gre®ieske protein in blue

and the remaining subunits in purpld) (Cofactors in the structure of cytlihat are redox active.
Names of cofactors are given, along with the subunits to which they are bound in parenthesis. The low
potential path for an electno is shown in purple, undergoing the Q cycle. The high potefiztion

path is shown in blue amtbnatesto plastocyanin.

1.1.2.5 Plastocyanin

Pc is the 10.5kDa soluble electron carrier betweebgfnd PSI in the thylakoid lumen. The structure

is comprised of an antiparallél-barrel, which houses a single copper ion, capable of changing
oxidation state between +1 and +2 to facilitate electron transport. The coordination of this copper ion
is by twohistidines, a cysteine and a methionine residue in the structsinewnin figure 1.4. The
overall structure of the protein shows an isoelectric point of 3B@fridsson et al., 1998sulting in

a net negative charge. The binding interfaces fobgfyand PSI will be discussed in depth in their

respective chaptersséction4.2 and 5.2).
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Figure 1.4 Structure of Plastocyanin

Cartoon diagramwith translucent surface overlaishowing the structure of spinach Pc from two
different angles. Residues invedlvin coordination of the copper cofactor are shown as stickiue
Lysine residuagsed for immobilisation (discussed in chapter 3) are shinwime structureas sticks in

yellow, and thecopper cofactoasa purplesphere PDB 1AG6- (Xue et al., 1989).

1.1.2.6 Photosystem |

PSI acts as a light driv@e¢ Fdoxidoreductase. It is comprised of 16 subunits, which coordinate 192
light harvesting pigmentdazor et al., 2017)This can be seen in figure 1.5A, with the light harvesting
LHCI ringhown in various green colours and the central PSI core in red. It houses a typ¢ypéjeS
reaction centre, which can convert light energy @oeducing potential seen in figure 1.5C. Upon
activation by light, the P700* (excited) will reduce one of ti@arby chlorophyll A molecules (figure
1.5B and C). Due to the close nature of the heterodimeric complex, the electron can be transferred to
either side of the path shown in figure 1.5B. Both paths converge orxihenFsulphur cluster located

in the Ps&C subunit. The electron can then be passed through PsaC vig theakd ks iron-sulphur
clusters, before being transferred to the ir@ulphur cluster of Fd on the stromal side of the
membrane. Figure 1.5C also shows the process of charge recombiel#etron transfer from the
cofactors back to P700shown as dotted lines) that can occur from the cofactors. This process is slow

compared to the forward electron transfer rates, meaning so long as an electron acceptor is available
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from F/Fg, this is esentially negligible. The P706 subsequently reduced by Pc docking at the luminal

sideof the complex The specific binding interface with Pc will be discussed Is¢etion5.2).
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Figure 1.5 Rotosysteml structure

(A) PSI supercomplex of REIHCWwith LHCI components shown in different greens, and the core PSI
structure shown in redBj Internal electron transfer pathway for PSI. The cyan/pink chains between
Pc and the P700 chlorophyll are tyrosine residues involved in plastocyanin docking.rfwoies are
given in bold, and cofactor classifications in standard t®dprinted with permission agknnual

Reviews Inc. fromlelson and Yocum, 200&) Energy diagram showing the redox potential of the

9
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chemical species in the reaction centre, andtiitmes required for the electron transfers both forward
and backwardTransfer from P700* to chlorophyll A has been too fast to measure, so the transfer to

chlorophyll Ais shownReprinted with permission from BBAioenergeticérom Itoh et al., 2001

1.1.2.7 Ferredoxin

Like plastocyanin, Fd is a 10.5kDa protein capable of carrying electrons between redox partners, this
time in an2Fe2Scofactor. It interacts with the PsaD and E subu(i&shlgert et al., 2012)n the
stromal side of PSI to oxgdi /Fg (ET from either is feasible).

1.1.2.8 ATP synthase

ATP synthase is nearly ubiquitous in energy transducing membranes. It utilises the PMF across the
thylakoid membrane as a source of energy to generate ATP from ADR. ariae Romplex has two
distinct domains, Fand k. The Fdomain contains 14 ¢ subunits in thylakoid ATP syntlidsén et

al., 2018) although this number can vary depending on the organism and even the organelle. The ATP
synthase utilises the PMF through these c subunits t@ateothese two domains relative to one
another, producing 3 ATP per 380tation. As such the number of ¢ subunits is reflective of a gearing
mechanism with a higher number of ¢ subunits reflecting a lower capacity of the available PMF to do

work.

1.1.3Non-Oxygenic photosynthesis

Rather than oxygenic photosynthesis, some bacteria suphge-, green and nonsuphur bacteria,
heliobacteria and the acidobacterigerform photosynthesis by a process which does not evolve
molecular oxygen and is therefol@own as noroxygenic photosynthesis. The evolution of non

oxygenic photosynthetic bacteria predates the evolution of oxygenic photosynthesis.

1.1.3.1Rhodobacter sphaeroides

Rhodobacter sphaeroidéRba. Sphaeroidgss a granmegative purple nossulphu bacterium Akin
to chloroplast in higher plants and algae, their photosynthetic machinery is housed in specificpseudo

organellegChandler et al., 2008here called chromatophores, shown in figure 1.6.

10
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R. sphaeroides
wild type Y

f

Figure 1.6 Rhodobacter sphaeroides and tteomatophore

(A) Rba.sphaeroides cells undight microscopy The red arrow indicates an example of the
chromatophores seen in (BReprinted with permission from Springer, fréfadotova and Zeilstra
Ryalls, 2014(B) Rendering of the chromatophore insRphaeroidesteprinted with permission from
BBA( Bioenergeticstaken fromCartron et al., 2014

Under a light microscope, the chromatophores are visibl®lxa.sphaeroideas white circles (red
arrow, figure 1.6A). These are the functional units fénofopsynthesis, and contain the entire
machinery required, from the initial capture of light to the generation of ATP from ADP;.aHdeBe
small intracytoplasmic vesicles are formed from budding off from the cytoplasmic membrane and
their size can vary dm 3060 nm depending on growth conditionRba.sphaeroidesan grow
heterotrophically, photoheterotrophically = and photoautotrophially and produce the
chromatophores under all these conditioif€ohenBazire et al., 1957)allowing the recombinant

generaton of deleterious mutations in the photosynthetic machinery.
1.1.4 Components of the chromatophore

The protein complement of the chromatophore can be seen in figure 1.8, with light harvesting Il (LH2)
omitted for simplicity. In brief, light energy is capted by bacteriochlorophyll (Bctd)shown in figure
1.7) in either LH2, or the LH1 ring of the Reaction centieH1l (RLH1) complex. The minor

differencesfrom chlorophylla from oxygenic photosynthesgre in the porphyrin ring(figure 1.7)

11
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with areduced degree of conjugation in the macrocy@ndthe symmetry of the molecule leading to

spectral changes.

bacteriochlorophyll a
chlorophyll a

Figure 1.7 Chlorophyll a and bacteriochlorophyll a

Structures of4) chlorophyll a andB) bacteriochlorophyll a, with the chemical differences highlighted.
In red the acetyl group present in bacteriochlorophyll a, but not chlorophyll a is shown at poS§ition C
In addition, the doublbond present between-Cand G8 in chlorophyll a, but ndiacteriochlorophyll

a is shown in blud.he phytylail is the structurally the same in both, bsitshown in chlorophyll and
abbreviated irbacteriochlorophyll aReprinted with permission from Wildyom Blankenship, 2014

12
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Vi ‘1 Cytochrome c; ATP synthase

Figure 1.8 Protein anplement of the chromatophore

Diagram showing the cyclic electron flow occurring in the chromatophore of Rba.sphaeroides. LH2 is
omitted for simplicity. Blue arrows indicate electron transfers and red arrows the prmwament
Structures usedRCLHL 4\OG- (Qian et al., 2013)Cythci: 2QJP (Esser et al., 2008¢Cyt ¢: 1L9J
(Axelrod et al., 2002ATP SynthasésFKF (Hahn et al., 2018)

Following this the excitation is passed to the type 2y@Qe) reaction centre of the RCH1, wherein
charge separation occurs and the electron is passed to a mobile ubiquinone (UQ) molecule in the
intracytoplasmic membrane (ICM). The primary donor of the RC {Pi8%0en reduced by an electron
from the soluble electron carrier cytochroneg(cytc,). Asecond lightdriven charge separation leads

to a second reduction of the UQ, which can then take up 2 protons from the cytoplasm forming a
ubiquinol (UQH). The UQkmolecule diffuses through the membrane, and donates these electrons
to the cybef analogue cytochromeba (cytbc). Following oxidation of UQHby cytbc the two
electrons bifurcate, with one recycled to UQ via they@le, while the second is used to reduceayt
which can subsequently donate the electron back teLIRKZ, completing the cyclic electron flow. The
protons releasedo the periplasmduring UQH: oxidation at cytbc; form a PMF which is utilised by
ATP synthase to make ATP.

13
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1.1.4.1 Light harvesting 1l complex

As with oxygenic photosynthesis, if light capture only relied on reaction centres, it would be
remarkably inefficient. Instead, justsaLHCIl acts as an energy funnel to PSIl and PRhan

Sphaeroide§H2 can absorb light via bacteriochlorophylls, and funnel this tbHRC

1.1.4.2 Reactiorcentre light harvesting | complex

Just as in oxygenic photosynthesis, the initial stablewaif light energy is performed in the reaction

centres. Thadimeric form of theRGLH1 complex is shown in figure 1.9A and is comprised of the

NEI QiAaz2y OSYiGNB oW/ 2NB O02YLX SEQUOI &K2é6y Ay LAY]?
is comprisé of 3 parts, a heterodimer of L and M subunits, and the H subunit with a single
transmembrane region, protruding out the cytoplasmic side of the membrane, thought to act as an
effective insulator for loss of electrons from the cofactors in L ar@keret al., 1995) This central
heterodimer forms a scaffold that encases the 10 cofactors involved in the reaction centre, shown in
figure 1.9B. Figure 1.9C shows the redox potentials of all the species in4hd1R@action centre,

and the times for electmo transfer between them. As with PSI, the times for the charge
NEO2YoAYylrGAz2yQa S@gSyida INB lfaz akKz2gy Ay R2G0GSR
available at the @site these can be considered negligible events. The reaction centre anlpforms

dimeric complex under higher light growth conditions in order to facilitate more efficient light capture.

This dimerization is dependent on the protein P{#xancia et al., 1999and allows captured light

energy in the LH1 ring to be transfed to either reaction centre in the dimer quickly. Once the light

energy reaches the reaction centre, the special pair of Bchl 870 (R8d@ygo chargeseparation

and akin to the reaction centre of PSII, this electron takes a single pathway along factoe
heterodimeric centre (through the L subunit, not the M subusitown in figure 1.9B). This pathway
terminates at the mobile quinone site gRwhere again 2 electrons are required to generaté@H

from UQ, and 2 protons are taken up from the cytoplasm. Following this, the quinone can diffuse

through the membrane to cyiic,.

14
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Figure 1.9 RCH1 structure and reaction centre

(A) Structure of the RCH1 dimer from Rba.sphaeroides. The translucent sutfasethe cartoon
structure visible underneatfihe central reaction centris shown in pink, and the LH1 ring shown in
purple.PDBg 4V9G(Qian et al., 2013)B) Reaction centre cofactors of the-RIE1 complex, with the
cofactors indicated in standard tgxhe protein subunits in bold text and the electron pathway shown
in blue arrows. The cofactor groups are given in braclgrinted with permission from Springer,
edited from Hunter et al., 2008(C Redox potential$or the electron transfers involden the initial

stages of light capture in the reaction centre oflR{l, plotted against timéor electron transfer
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events Times for the transfers of electrons are shown at each stage, both forward and backwards,
with charge recombination events beirlgosvn in dotted linesReprinted with permission from BRA

Bioenergetics frontoh et al., 2001

1.1.4.3 Ubiquinone

Similar to plastoquinone in oxygenic photosynthesis (1.1.2.3), UQ is a small membrane soluble two
electron carrier (figure 1.10). It receiw@ electrons from RCH1 and takes up two protons from the
cytoplasmic side of the membrane. Following docking wittbcythese protons are released into the

periplasm of the chromatophore, contributing to the PMF.

o) OH
H3CO CHj H5CO CHj
H3CO N H  HsCO X H
© " OH n
Ubiquinone (Oxidised) (Ubiquinol Reduced)
(UQ) (UQH:)

Figure 1.10 Ubiquinonstructure

Structure of the oxidised and reduced UQ. The differences from plastoquinone are highlighted in blue

on the oxidised form. Groups changing under reduction are shown in pink

1.1.4.4 Cytochromdc;

Cybc is analogous to the chitf seen in oxygewi photosynthesigEsser et al., 2008As such, it can

be thought of as a UQH cyt ¢, oxidoreductase. The internal electron transfers are again analogous
to that seen in cylsf, in which the iron sulphur cluster in the Rieske isutphur protein (ISPyakes

one electron from the UQHthlong a high potential path, whilst the other electron undergoes the low
potential path to a haem on cyt This involves the release of two protons on the periplasmic side of
the membrane contributing to the PMF. The electron the iron sulphur cluster is moved to the haem

of the cytc: subunit, and subsequently gets transferred to the haem oncgyThe electron on the

haem in theb subunit undergoes the Q cycle (as discussed in 1.1.2.4), reducing a second UQ to

increase the number of protons translocated per elect(bhitchell, 1975)
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1.1.4.5 Cytochrome

Cytcshuttles electrons between cyicoand RELH1 in the periplasm of the chromatophore. It carries
a single electron in the boundtype haem cofactor, facilitated by the central iron atom which can
change oxidation state. This iron is coordinated by thipl&iratom on a methionine residue drthe

imidazole of a histidineAxelrod et al., 1994)shown in figure 1.11.

Figure 1.11 Cytochrome structure

Structure of cytcfrom Rba.sphaeroidefsom two different viewsThe two residues coordinating the
central iron of the 4¢ype haem areshown as stick& pink The location of the hexaistidine tag used
in the work presented in this theqi€hapter 6)s shown in the structure as lime stickbB 1L9J

(Axelrod et al., 2002)

1.1.4.6 ATP synthase

ATP synthase is a relatively conservedtgiro across energy transducing membranes. The main
difference often observed is the number of ¢ subunits in theeion, with only 12 ifRba.sphaeroides
ATP synthaséFeniouk et al., 1999klightly less than the 14 seen for thylakoid ATP synthase from
spinach.
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1. General introduction

1.2 Electron transfer in proteins

A central theme becomes apparent in these photosynthetic apparatuses; that electrons are being
carried between membrane bound complexes with limited mobility, by soluble, highly mobile electron
carriers. Thisis not only true of photosynthetic membranes, but is a general rule for energy
transducing membranes, including those for involved in respiration. Whilst a continuous network
would be far more efficient for simple electron passage, with all transfers gssgrg according to

first order kinetics, evolution has chosen modular systems between which electrons are shuttled to
allow for adaptability to different conditions. Highly specific electron transporting proteitistheir
transition state metal cofactarare thusrequired to allow thismodularity, and facilitate electron

passagdetween complexes
1.2.1 Electron transfers

When transferring single electrons, the energy required to reorganise the molecular environgnhent (
around which the cofactor that aepts an electron resides is an important consideration. These
transfers follow the kinetic regime of Marcus kinet{#édarcus, 1956)which take into account this
reorganisation energy, along with the free energy relege®)( and the distancéR)between the

donor and acceptor. Plotting the rate vs the free energy of a reaction based on Marcus kinetics finds
a parabolic relationship, showing the balance between free energy and reorganisation energy. The
optimum condition between these two factors is whenetliree energy release is equal to this
reorganisation energy. When it is not, the rate will reside on either side of the parabola and become
less efficient with a larger difference. A simplification of the kinetics has previously been done for

room temperaure:

1T puv MY op3z 1 T
in Moser et al., 1995where k; is the rate of electron transfer.

The high dependency of electron transfer rate on distance between the two cofactors involved brings
into question how electron transporting proteins efficiently receive and donate electrons with their
cognate membrane bound partners. It would be expectedt evolution would have finely tuned the
environments of both cofactor participants in order to facilitate the fastest transfer rates. In contrast
to this, electron transfer rates often appear to be quite inefficient between complé&tesreason for

this is likely to do with the process by which proteins @wolve The process of evolution, acting
through insertion, deletion and mutation of residues at single locations, creates a long progression of
improvement. The environment in which these cofactors exposed to comprises of many amino

acids in the surrounding structures. As such, minor changes in the amino acids are unlikely to have any
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large effect in the electron transport time, relative to the other processes occurring, such as docking.
With no real selection pressure, nature would only change the environment of the cofactors if these
became rate limiting. As such, the large variances1sreET times in different organismspglin
Rba.sphaeroides RGH1 : cyt £ to 70130us in cythf : Pc) likely shows that the ET times are of little
consequence to the proteins interaction overall, and little effect can be made to improve these

without first compromising the structure of the compléoser et al., 1995)
1.2.2 Electron transferring binding intéaces

While the prior section addressed the kinetics of direct ET from one redox active cofactor to another
in a completely bound complex, this usually represents the fastest stage in the process. Prior to this,
the two cognate binding partners must belato form the fully bound ET complex. This binding in ET
complexes must meet some rather unique requirements. They must have great specificity in their
binding interfaces, and come together with high affinity, yet also dissociate quickly once electron

transfer has occurred in order to avoid product inhibition.

Observing an array of ET complexes, the initial feature of these complexes that becomes apparent is
the smaller binding interface. Typical protejprotein interfaces will occupy c4600+ 400A2 (Conte

et al., 1999) whilst the typical ET complex interface occupies an average of caAt@8gola and

Hunte, 2008; Singharoy et al., 2016; Solmaz and Hunte, 2008jldition to this, the binding sites
appear to always be comprised of two distinegions; a uniformly charged electrostatic region and a
central hydrophobic region surrounding the redox active cofactors as seen in figure 1.12. The latter of
these is obviouswhen considering how the efficiency of electron transfer is affected by the
environment, hence the generation of a hydrophobic domain excluding water molecules agrees with
the expectation for electron transferring complexes. The electrostatic interactions however have
found intervening water molecules when in the bound stateence these complementary
electrostatic regions are ndbrming specific salt bridges between oppositely charged residues on the
cognate proteins but essentially forming a region of delocalised charge. This delocalised charge is also
reflected in mutation studiesf ET complexes, where the introduction of an additional charge near
the existing region increases affinifidope, 2000; lllerhaus et al., 2000; Tetreault et al., 20013
accepted that the electrostatic regions act as leagge guides for the two proteins, whilst the

hydrophobic regions act at the shorter ran@¢ope, 2000Q)
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1. General introduction

Figure 1.12 General schematic for binding interfaces

Open book view of schematic bindingerfaces for the interaction between ET proteins. General
protein region in grey, complementary charges are shown in blue and red, hydrophobic region in

orange and the cofactors for donor and accepteifGn green.

Figure 1.13A shows the 3 differenh&tic schematics for understanding the interaction between the
two partners apparent in any electron transfer system, originally fktenvas et al., 1995 quation 1

has been frequently used for mutation studies, observing the effect of changing residtlesdonor

(D) or acceptor(A) on the ET rate in the complex. While this is relatively uninformative about the
mechanism, it does offer a simple comparative way to observe relative changes and assumes that ET
rate (k7 >> kn (association rate between Bnd A) and d (dissociation rate), and that electron
transfer is unidirectional (hence.kF kior), usually a reasonable approximation. A more realistic
explanation is déred by equation 2, here the fact that formation of an ET complex ({D:A}) must
precede the electron transfer step is explicitly considered. This also considers the possibility that
mutation of residues could lead ta=kh mkon, and kg, as observed iseveralstudies. In addition, it
accounts for the possibility that thedand k« may change dependent on the redox state of D and A
(as seen by'l and K,). However, several pieces of data indicate the description in equatiori 2 stil
fails to capture the full complexity of an ET system. Firstly, bulk pinagiéro experiments at high
concentrations of D compared to A have shown the maximum second order ET turnover rate is
substantially lower thangd¢ This would suggest that there an additional stage in the association

between D and A, which can become rate limiting.
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Figure 1.1ZFElectron transfer complex kinetics

(A) Equations for the interaction schematic proposed from early experim@aisniarised itdope,
2000. D and A represent donor and acceptor for electrons. The kinetic rate constaniscd kieneral
measure for the overall transfer of an electron from the donor to acceptor, whiie the summation

of the reverse processe.ks the seconarder rateconstant for binding, whileck is the firstorder
dissociation rate constant from the bound formgris the firstorder rate of electron transfer from
donor to acceptor, andi& is the firstorder rate constant for the rearrangement from the encounter
complex to the fully bound state. For each of these last two rate constants, the reverse rate is given by
kerand krearespectively.B) Free energy diagram for the association between donor and acceptor at
higher ionic strengthsReproduced witlpermission from American Chemical Societiapaed from
Tetreault et al., 2001(C Free energy diagram for the association between donor and acceptor at lower
ionic strengths, leading to the stabilisation of the encounter complex and thus having aivelject

larger transition state barrier.
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The nature of this firsbrder stage of the association between D and A became apparent in
experiments where the ionic strength of the reaction medium was varied. If two electrostatically
charged faces were undergoisgreening provided by increasing ionic strength, then the rate would

be expected to follow a single exponential decay, as the net electrostatic effect (Debye length)
between D and A decreased. While this was observed at higher ionic strengths, therdswas a
decrease in turnover rate at lower ionic strengths that suggested that a process involved in the ET was
becoming rate limiting. The proposed mechanism for this, and now thought to be the mechanism
explaining ET complexes is shown in equati@uisirk, 2009) Here, generation of the full ET complex
({D:A)}) is divided into two components; the initial associatidaik G2 F2N¥Y 'y WSy O2 dzy
095X!' YO 6KAOK Ad AYSTFFTAOASY(H Ay rS oveiniNgceitaii NI y & F
electrostatic interactions to form a full ET complex capable of electron transfer. At higher ionic
strengths, screening would occur in the solution, effectively decreasingskexpected. However, at

lower ionic strengths, the rate of r&rrangement (k.9 would become limiting, due to the electrostatic
components of the binding interface having a stronger interaction according to Coulombs law, and
thus overstabilising the encounter complex, effectively locking it in this stdtabink, 2009; Watkins

et al, 1994) This effect on the energetic barriers is shown in figure 1.13B for high ionic strength and
C for lower ionic strength, adapted frohetreault et al., 200AndUbbink, 2009As such, this balance
between k, and kearesults in the belshaped cuve apparent in the ET rate versus ionic strength plot
seen for a wide range of ET complexgbbink, 2009) The rearrangement rate can be ignored, and
hence the use of equation 2 is valid if the ionic strength of the reaction medium is sufficient to ensure
krea>> Kon. IN energetic terms, the encounter complex can thus be thought of as an intermediate in
the binding process, with the transition state barrier being affected by either mutation of the binding

interface, or by ionic strength of the solution.

Little progress has been made in attempting to better understand the encounter complex involved in
the interaction between ET proteins. While studies have made some progress using bulk phase
measurements such as NMR, the heterogeneity of the proposed emeogomplex haded to
obscurity in these studies (ReviewedUibbink, 200%. In recent years, single molecule techniques
have become popular in Biochemistry due to their ability to observe functional heterogeneity and
probe specific interactions. Singleotacule force spectroscopy (SMFS), a technique based on the use
of an atomic force microscope (AFM) to quantify the forces between a scanning probe and the surface
it interrogates with piconewton resolution, is one such siAgielecule technique that haseen
successfully applied to study ET complefddinson et al., 2014; Lagunas et al., 2018; Mayneord et
al.,, 2019; Vasilev et al., 2013, 2019his is discussed further in section 1.4, however first the

methodology underpinning for SMFS and atomic forgerascopy are introduced.
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1.3 Atomic Force Microscopy

A conventional light microscope uses lenses to direct light int@tbed S Nejze$oNdagnify and focus

an image. The atomic force microscope (AFM) operates on an entirely different premise. A sharp tip
is traced across a surface to be imaged, and the height is recorded at each location. Performing this
action over a 3D surface willus generate a map for the corresponding height at each coordinate on
the surface, and as such create a 3D topographic image. This method is described under the umbrella

term of scanning probe microscopy (SPM).

1.3.1 Origins of AFM

The original SPM téoique employed was the scanning tunnelling microscope (fBMinig et al.,

1982) This utilised the relationship between electron tunnelling current and distance. A voltage can
be applied between two conductive materials in a vacuum, and the tunnellimgrd between them

will decay exponentially as a function of the distance between them. As such, a conductive probe
could be traced across a conductive surface, and the tunnelling current between them measured.
Moving the conductive probe up or down insgonse to undulations of the surface to maintain a
constant tunnelling current would thus effectively measure the height at each location. As such, the
corrections needed in the Z dimension to maintain the constant tunnelling current effectively generate
atopology image. Very fine motion was required for this method, both to correct in the Z dimension,
and give fine motion in X and Y. This was provided by a piezo scanner, comprised of a ceramic material
that acts as an electromechanical transducer. As stihehceramic material can convert an electrical
potential into fine mechanical motion, typically with an expansion coefficient of 0.1h(&a&ton and

West, 2010) Hence, if 50V was applied across the material, it would expand by 5nm in the direction
of the electric field. This fine motion response to voltage could thus be used to control the 2D scanning
across a flat surface, as well as the distance between the conductive probe and surface. The

development of this method won Gerd Binnig and Heinrich Ruathie Nobel Prize in Physics in 1986.

Whilst the resolution of this instrument was very high, even capable of measuring atomic level detail,
it had several obvious drawbacks for wider applications. Both materials needed to be conductive and
operated in a gcuum. To avoid these drawbacks, a new method was devised,(Bifkig et al.,

1986) Rather than measuring the distance between the probe and sample via the tunnelling current,
a probe mounted on a cantilever with a suitably low spring constant (deflgéiece) could be used

to measure the height at the surface, by dragging this tip along. The surface was hence detected via
the deflection of the AFM probe upward. As with the STM method, the height map was generated

from recording the corrections perforndeby the piezo in the Z dimension. However, rather than
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maintain a constant tunnelling current with the surface, a constant deflection of the probe on the
surface was maintained. Initially, the deflection of the AFM probe was detected by a STM mounted
on top of the probe, thus removing the requirement for a conductive sample, but still requiring a
vacuum. In most modern AFM machines this has been replaced by a reflective material on the top of
the AFM probe, and detection of motion is facilitated by diregta laser at this point and observing

the deflection of the laser onto a positiesensitive photodetector as seen in figure 1.14.

Mirror

Laser emitter r’-——"

' Photodetector

AFM probe
reflective surface

AFM probe '

R

Figure 1.14 AFM schematic

A schematic for the setup of a modern AFM instrumén)tTbe schematic is labelled. The laseitier
F20dzaSa | tfFaSN) 6StHY 2yiG2 GKS 1 Ca LINRP0oSQa NBTFf
reflected up into a steering mirror, and finally onto a photodetector split into 4 quadrants. As such,

when the AFM probe moves, the deflection of ldser on the AFM probe also changes and thus can

be detected by a change in the light hitting different quadrants in the photodetector, as seenB (B). (
Schematic showing the effect of deflection of the AFM probe, and the subsequent change in the laser

beam positioronthe photodetector.

This modern method still relgson the same principle as the original AFM, however the sensitivity is
lower. The benefit of this method however is no conductivity or vacuum is required, allowing imaging

in the liquid hase, making it a good candidate for the study of biological system.
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1.3.2 The forcalistance curve

a2RSNY ! Ca AyadaNdzySyida FNB FNBIljdsSydGte y2¢ | LILX A
systems. In these cases, a dragging motion of the AFMepeaoss the surface would not be

desirable, as it would lead to damage of the surface and poor resolution. Instead, a mode called force
volume can apply a tapping motion, bringing the probe into contact with the surface repeatedly at

each point (or pixel)n the AFM image, across a 2D plane, to generate a 3D image. This motion is
shown in figure 1.15. In this method, the AFM pratarts away from the surface, aigimoved down

toward a sample (A). When it reaches the sample, the probe begins to defieetrds applying @
increasingorce downward on the surface. Once a set deflection of the AFM probe is reached (C) the
motion of the AFM probe is reversed, and it retracts from the surface. Utilising an AFM probe with a

low spring constant and maintainirglow contact force for these interactions means soft biological
samples can be scanned multiple times, and theoretically remain unaffected by the imaging process.
Using this method, we now have an additional piece of information. At each pixel in tige,irtne

AFM probe and surface are bought into contact. Observing ititeraction can give further
AYF2NXYIEGA2Y | 62dzi GKS &adzaNFIF OS |G GKA&-distah€el GA2Yy ®
OdzNIBBSQ O6CR/0X aK2gy Ay FAIdAdINE mMPmp @
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Figure 1.15 Fare-distance curve

An example of a foredistance curve foaninteraction with a surfacewith the subsequent deflection
of the cantilever seen on the righithe approach curve is in grey, while the retracting curve is in black.

At point Athe AFM probesiaway from the surface, hence there is no deflection of the cantiléner

25



1. Generalntroduction

giving a force 0OnN. As the AFM probe comes near the surface, attractive forceslloarthe AFM

LINPO6S Wayl LI R2¢y (G2 G§KS adzNFI ODais dodtinuallgBofedl G . @
down by the piezo, the cantilever is deflected upwards, applyilimgearly increasindorce on the

surface as the cantilever effectively behaves as a Hookean sg@imge this force reaches a previously

set maximum (C), the piezmegins moving the AFM probe away from the surface. If there is an

I GGNI OGA@S FT2NOS 0S06SSy GKS adNFIFOS FyR (GKS LINE
surface,and the subsequent downward deflection of the AFM probe also applies aasimg force

on the surfaceOnce the increasing force applied from tamtileveris greater than theattractive

force between AFM probe and the surfattee two are pulled apartD)and the cantilever goes back

to the normal. Reproduced with permission from Oxford Publishing Limidded fromEaton and

West, 2010

Here, the approach to the surface is seen in grey, and the retraction from the surface in black. See
figure legend fo description of events in the FAC. The force applied in either direction on the surface

Oty 06S OIFfOdzA FGSR @Al 1221504 fl63X 6KSNB GKS Ol y
spring, and as such its deflection can be converted using:

"0¢ QO ®

Where kpingis the spring constant for the cantilever (N/m), and x is the distance displaced from the
WNBfFESRQ LR&aAAGAZY O0F2NDS I' nyb Ay FAIdINBE mMDdmp 0 d
CKA& S@Syd Fta F gK2tS Aa 2F0Sy NEEANNGBHR moves | a |
during this ramp is set at the start of imaging and governs the magnitude of the Z motion. As such, the
height image generated is the correction needed by the piezo in the Z dimension to ensure that this

ramp distance is maintainedné so that the predetermined cantilever deflection is reached at the

bottom of this ramp size. Using these methods, scanning across a surface can generate a height image,
YR I CR/ G SIFOK LAESt 2y (KS &dzNahisGéuminglpér I NB L.
second) of 10Hz, a 256 x 2pikelimage would take nearly 2 hours to obta®ther methods such as

Peak Force Tapping mode also exist, which will reloover resolutionCR/ Qa G FF adG SNJ NI i
to obtain more detailed mechanicgroperties a newer method must be employed to obtain

mechanical properties at the appropriate speed
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1.3.3 PeakForce quantitative nanomechanical mapping® AFM

PeakForce quantitative nanomechanical mappi(@BQNM) is an AFM imaging method developed
by Bruker. It is capable of generating high pixel density topology images quickly, whilst also measuring

the mechanical properties of the surface by recording FdCs.

This method oscillates the tip relative toetlsurface (for sample mounted systems, the sample sits on
the piezo rather than the probe) at a frequency called the PeakForce frequertigh can be
O2yaARSNBR (2 0S5 S| deAT@i$ as valy frain20.13% BkSz awdNWillYfdrd? NI G S
intermittent contact with the surface at the bottom of the oscillation curve. This amplitude of
oscillation for the ramp cycle is also set in the parameters at the start of imaging. As described in
1.3.2, the measured height for the topology image actually conues the correction the piezo must
perform to retain the constant deflection setpoint at the bottom of the oscillation. For example, if a
distance for oscillation is set to 20nm, but the peak force setpoint is achieved at 18nm, then the
machine assumes thale height on the surface has risen by 2nm relative to the previous pixel, and
subsequently makes the adjustment for the height of the oscillating AFM probe. The rate of this
update to the baseline is set by the gain, that is, a higher gain will leakigiher frequency of changes

in the baseline, whilst a lower gain will lead to less frequent changes in the baseline. Selection of the
correct level of gain is crucial to avoid noffom too higher gain), or low resolution (from too lower

gain) images.

The cycle of approach and retract seen in figure 1.15 is repeated for each pixel location in the raster
scanned 2D plane, giving the 3D image of topology and a subsequent FAC for each pixel. In this
method, the generation of a 256 x 2pixel image at a 1kHfrequency would take ca. 2 minutes, due

to the methods multiple sampling for each pixel.

The dataobtainedinPFba ! Ca Aa RAALX @SR 0& . NUzl SNRa az27Fdagl
for calculating 4 of the 6 image channels are shown in figuré. T.he other two image channels not

derived from the FdC in 1.16 are height (previously discussed) and PeakForce Error. The PeakForce
error describes the difference between the amplitude of oscillation and the height at which the peak

force is reached. Wit this contains little information, it can give better contrast to smaller particles.

The remaining 4 channels shown are all based on the Derjhduiller-Toporov (DMT) model

(Derjaguin et al., 1975)here each pixel in the image represents a value ¢alled by this model,

approximating the AFM tip as a sphere, and the sample surface as a plane.
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Figure 1.16 PFQNM image channel calculations
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calculated ae shown in various colours, matching the method for its calculation. The point at which

the surface is reached is shown in the dotted line.
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of the sample. Ashown in figure 1.16, this is taken fraarlinearregion of the retraction curve after

the peak force is reached. Deformation is measured by the distance travelled between the point of
contact, and the point at which the peak force is reached. Once tHaihas been contacted, any
further downward motion thus applies a force, which can deform the sample underneath the tip. Hard
surfaces would have a very short distance travelled, while softer samples would have greater
distances. In practical terms raththan use the point of contact, which could be obscured by noise,

the location at which 15% of the peak force is achieved is used as the effective contact point in PF
QNM. Dissipation can be defined as the work done to the sample by the AFM tip, oaaltelnthe

energy of the tip moving lost as it is dampened by the sample. This is calculated by integrating the
area between the approach and retraction curves, as both deformation and adhesion would count as
work performed on the sample. Finally, adhesie a measure of the force required to separate the
AFM tip from the surface. It manifests as a negative deviation from the normal in a force curve and
comes from the interactions occurring between the tip and the surf&¢hilst other methods for
measurng the locations of adhesions exist, such as picoTREC, these fail to give specific properties of

the adhesions at the given location.

AFM images for all 6 channels are shown in figure 1.17. This data was takelofmoson et al., 2014
where an AFM probe witRPcattached was used to scan over an extracted grana membrane patch

from spinach chloroplast. As such, the white dots seen in the adhesion image on the membrane
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actually represent thdocations wherethe interaction between Pc othe probe and cylisf in the
imaged membranare measuredUtilising the precise motion of AFM to interrogate the interaction

force between two binding partners in this way is known as single molecule force spectroscopy.

29.1mv

156 nm B

-18.0 nm

S 573.6 mArb

R 993 mArb -0.7nm

62.3 mArb 150 pN

-31.4 mArb 20pN

Figure 1.17 PIRNM output channés

AFM data takerfrom Johnson et al., 201@n extracted grana membrane patches. Seknson et al.,
2014 for details. Each of the 6 channels fok) Height B) Peak force errordf DMT modulusy)

Deformation E) DissipationK) Adhesion.
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1.4 Single Mtecule Force Spectroscopy

Traditional biochemical views of affinity are based on bulk phase measurements sustkasukd
korr. Whilst these have previously served as suitable characterisations of the affinity between proteins,
the averaging involved cahide heterogeneity intrinsic in the system. In single molecule force

spectroscopy (SMFS), cognate binding partners are attached to the AFM probe and a surface and are

62dAKGE AyiG2 O2yilOG 6AGK 2yS y20KSNRP2NFI G &ESGG

partners are interacting upon retraction then a constantly increasing force is applied to the bound
complex (seen as adhesion), until this force exceeds the force holding the two proteins together. At
this time, the interaction is ruptured,ral this force can be measured by the minimum (adhesion) in
the force curve. This can be used to explore underlying interactions involved in binding (discussed
below), or to show the locations at which these interactions occur, in the techtinoen asaffinity

mapping(Ebner et al., 2005; Johnson et al., 2014; Stroh et al., 2004a, 2004b)

1.4.1 Origins

Lee et al., 199%ere the first group to attempt these experiments, measuring the interaction between
biotin and streptavidiras it is one of the strongegtteractionsknownin biology. As a control, they
added excess biotin into the imaging buffer to block the available binding sites on the surface. When
scanning over surfaces that had been exposed in this way, a significant drop in the number of
adhesions was observeithdicatingthat the binding site had been blocked, and the interaction being
probed was therefore specific. An issue with these initial experiments was the direct attachment of
0KS 0AYRAY3 LI NILIYSNER (G2 (GKS LINRPoSad ¢ reeathadl @S
AFM probe tip leaving the surface and the adhesion event occurringhraof 8s such, any other
interaction between the AFM probe itself and the surface would also manifest at this location, making
it difficult in distinguishing specific from negpecific interactions. A simple solution to this was to
attach the protein via a linker including a long spacer, to allow the probe to leave the sarfddke

linker exterd before any force is applied on the bound complex, thus distinguishing the specific
interactions between the cognate partners from any other rsmecific adhesion seen between the
AFM probe and the surface. Following the synthesis of appropriate linkers for this purpose
(Haselgubler et al., 1995)Hinterdorfer et al., 1996ised these toprobe the interaction between
human serum albumin, and its antibody. The setup of these experiments is shown in cartoon form in

figure 1.8, with explanation in the legend.
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Figure 1.18 Single molecule force spectroscopy schematic

Four successive imagishowinghe retractionfrom

correspondindocation of the event on the force

the surface imramp event involved in SMFS. The

curve is shown below each cartoon. In this diagram,

two cognate binding partners (Protein 1 in red, Protein 2 in blue) aretathto a flat surface anah

AFMprobe An interaction complex of both protein 1 and 2 is shown as a yellow glowing corAplex. (

The AFM probe begins to leave the surface, while protein 1 and 2 are interaB)ingh¢ linker

attaching protein 2 to theAFM tip ispulled taut (O As the piezo continues to move the AFM probe

away from the surface, theantilever bendsacting as a Hookean spring. In this case, a constantly

increasing force is applied on the interacting complex of protein 1 amg) Zhgforce applied to the

interacting complex has exceeded the force holding the two proteins together, and thus the interaction
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is ruptured. As such, the lowest point in adhesion is considered the unbinding force for the complex

(red arrow).

1.4.2 Bellc Evars model

An initial explanation of the force measured between two bound proteins in this way was offered by
Bell, 1978nd later expanded upon by Evaiivans and Ritchie, 1990 d coworkers(Merkel et al.,
1999) This model shows the relationship betweearious parameters of the interaction and the

unbinding force measured {Fas:

0

Q QY

QY . T
f

where kis Boltzmann constant, T is absolute temperaturis, the distance between the bound state

and the transition state barrier for dissociation ks the dissociation rate constant of the complex in
solution and ris the loading rate. The loading rate describes the rate at which the increasing force is
applied to the bound complex and is usually measured from the slope of the FAC immediately prior to
the interaction being ruptured. It is proposed that when performing single molecule force
spectroscopy on bound complexes, the free endagydscapefor disociation is effectively tilted
(figure 1.19A). The extent of this tilting is usually proportional to the loading rate in an exponential
manner. This shows an important feature in single molecule force spectroscopy experiments; that
varying the loading ratef the experiment can allow the probing of multiple energetic barriers in the
unbinding, as when the tilting of the free energy plot is significant enough a different barrier becomes
dominant in the unbinding (figure 1.19A). These are often portrayedhatus called the dynamic
force spectrum, where the unbinding forces are plotted against the loading rate as shown in figure
1.19B. As such, each linear regime seen is the probing of a different barrier. Whilst other models for
the unbinding force have be&eproposed(Dudko et al., 2008; Friddle et al., 201&}le difference is

seen in the extracted parameters from these alternatifidane et al., 2014)
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Figure 1.19 Dynamic force spectrum

Reproduced with permission from SpringssnfHinterdorfer et al., 2009A) Free energy plot for the
dissociation of a bound complex with 2 energetic barriers. As can be seen natively (force = 0) the second
barrier (TS2) is the highest energetic barrier. As a slow loading rate is applied on thecooyohelx

(force > 0), the energetiandscapss tilted, as the constantly increasing force will be larger further
along the reaction coordinate. The outer energetic barrier (TS2) is still dominant though. As a larger
loading rate is applied on the compl@arce >> Q)the energetidandscapses tilted further so that the

inner energetibarrier TS1 becomes dominant. It should be noted that this is the plot for dissociation,
different from the plot for association like those in figure 1.B3.The manifastion of the effect of
loading rate on the energetic barrier being probed as shown in (A). This is referred to as the dynamic
force spectrum as it shows the response of unbinding force to loading rates, unveiling the energetic
barriers involved in dissation. ! here is the distance in the reaction coordinate between the bound
complex and the barrier being probéshown indashedines in (A))thus! 1 is the TS1 energetic barrier

seenin (A), anthis the TS2 barrier.

1.4.3 Utilising PFQNM for SMFS

While SMFS experiments have traditionally been performed at slied- rated@ften below 10Hz,

the probing of more transient interactions requires a faster rate of motion from the AFM. Fortunately,
PFQNM offers the ideal candidate for thlantitative exploration of more transient complexes. The
initial study byVasilev et al., 201®as used to probe the interaction between-RB1 and cyt,from

Rba. sphaeroidestesting the effect of light on the interacting complex at repetition rates from10.5
kHz(Vasilev et al., 2013Following this, the work was further expanded upodahnson et al., 2014

where the technique was used for affinity mapping to show the location dfcyt a thylakoid grana
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membrane, by probing it with Pc attached to thé&M tip (figure 1.17) This work again used a
repetition rate of 1kHz for the PENM imaging. In addition, the technique was applied to the study
of the interaction between viral proteins and their cell surface receptors, in conjunction with
simultaneous cofocal microscopyAlsteens et al., 2016)This technique used the slower 0.125
0.25kHz range and found a single barrier for the interaction. In the first and last of thesetbases,
PeakForce frequency was changed, giving a concordant change in |catgivghich wasneasured

from the generated FdCs. As the oscillation involved i@QNM generates natural fluctuations, there

is an inherent variation in the loading rate for @xperimenteven if the repetition rate is not changed
However, PFQNM involveamultiple interactions with the surface for each pixaid the reaitime
analysis of this data is obscured. As is the nature of dealing with private companies, assurances have
been given by Bruker that the forces measured from the force curves@NRF areaccurate for the
interaction force, and do not involve averaging. However, there is not an assurance that the loading
rate is correct, and as such attempting to correlate a loading rate-QNW¥ may be inaccurate, or ill

advised.
1.4.4 Measurements fronsMFS

The parametersobtained in bulk, ensemble studies that would describe an interaction, such as
dissociation constants;an only be roughly translated to the parameters in SMFS. Generally, it is
accepted that the ¥ is related to the unbinding forcimm BellEvangEvans, 2001; Evans and Ritchie,
1997) or FriddleDe Yoreo model@riddle et al., 2013)ia a logarithmic relationship. Given the nature

of PFQNM discussed above, dynamic force spectroscopy was not performed in this thesis due to
lacking the ability to accurately obtain the loading rate. Instead, the unbinding forces meaduaed

single rgetition rate underdifferent conditions(eg. lonic strengt) have been reported.

The interaction frequency could be argued to be analogous to gherko for an interaction (based

on the dwell time and the complex lifetime), measuring how frequentipand state is achieved (for

kon) or occupied (for i within the dwell time. Attempting to draw a direct relationship between
interaction frequency anddk is beyond the scope of this thesis, as too many variables would exist,
even within a single experiemtal repeat. However, it is shown here and in other studies that the
interaction frequency is useful as a relative measurement for comparison of different conditions on

the interaction(Johnson et al., 2014; Mayneord et al., 2019; Vasilev et al., 2019).20

Using these two parameters to measure affinity, we wished to probe electron transferring complexes
to gain a better understanding of how they achieve their unique requirements of fast association,

dissociation, and efficient electron transfer.
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2. Materials and Methods

2.1 Materials

All chemicals used were of analytical grade purity purchased from Sigma Chemical company unless

stated otherwise.

2.2 Standard buffers, reagents and media

All Buffers and media discussed were prepared using distilled water purified via-@ Blltitem MQ
water herein). Buffers not containing sucrose were additionally filtered in a vacuum pump wifid 0.2
filters from GE Healthcare Life Sciences at the end of preparation, prior to use. Buffers containing

detergents were filtered prior to adding the detengt from stocks

2.2.1Rba.sphaeroidescultures

M22 growth media was used to grow all straindRbfi.sphaeroidescreated as described Hunter

and Turner, 1988

Both kanamycin and tetracycline were added for selection in the SK2 strain usedriftzation of
cytochromec;. This strain was generated as discussed in Vasilev et al., ROR& H1 purifications,
pntdzOm. ! ntdzF. ! [ a nt dzakH1) wasRiSetl &k Bagkgrpunds The tyaRsformAtion

of this strain with plasmids containing PufBALRUhAHIs yielded mutants with photosynthetic
membranes devoid of LH2, asdntained arRCLH1 His tagged complex with a C terminal 12xhis tag

on the H subunit. In addition, the QE(L264) mutant was generated as previously described in Tetreault
et al., 2001

2.2.2 Spinacia oleracea

Spinach was purchased from the local market on or the day before all preparations of the proteins

and storedat 4°C until use
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2.3 Standard techniques
2.3.1 Absorbance spectroscopy

Absorbance spectra were taken from the samples spedifiétae protoco] at room temperature using

a Cary 50 spectrophotometer between the wavelengths specified in the graphs.

2.3.2 Fluorescence emission spectroscopy

77K fluorescence was performed in @rford Sientific OptistatDNIiquid nitrogencooled cryostat
(Oxford instruments). Minor adjustments to the sample location in the holder etc were performed
prior to attaining the 77k fluorescence spectra shown. Fluorescence emission spectra were obtained

using a Fluornog®3 spectrometer using a Xenon light source.

2.3.3 Chlorophyll quantification assay

Chlorophyll concentration of samples was measured by adding 4ul sample to 2ml of 80% acetone to
liberate chlorophylls, followed by vortexing and spimin a benchtop centrifuge at 13k for 2 minutes

to pellet the apoprotein. Following them absorbance spectrumetween 800 and 500nm was taken,

and the chlorophyll concentration and a/b ratio wabtainedusing a custoamade python script,

utilising thefollowing equation:

Aga cOTected = Ao C Arso

A663corrected: AG63C A75o

[Chl a] = (12.25 xe#scormected ¢ (2.55 X Aug O
[Chl b] = (20.31 xehscomected) ¢ (4.91 X Aoz 09
Total chlorophyll concentration = [Chl a] + [Chl b]

Chlorophyll ratio = [Chl a] / [Chl b]

2.3.4 Sucrose gradients

Continuous sucrosgradients were generated by using two sucrose solgtioral 2 SFSNx { D { SN.
Gradient Makerusing a peristatic pump to pour the gradient, and load the sangipwise sucrose
gradiens were formed by layering each decreasing sucrose concentration from bottom to top.

Centrifugation waperformed at 4°C at the relativeentrifugal force given in the protocdtractions
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were removed from a sucrose gradient usingegedle connected to a peristatic pump. Teigcrose
concentrationof these fractionsvas measured using a refractometé&he buffer used for the sucrose

gradient is given in the protoc®l

2.3.5 Columns

Unless stated otherwiseColumns requiring a contimus gradient for elution (eg. anion columns)
were run in GE healthcareAKTArime plus pump system, recording the elution profile for the
absorbance at 280nm (aromatic residuasy collecting 1ml samples automatical§olumns utilising

steps for elution(eg. N* charged IMAGolumns)were simply connected to a peristatic pump and

pumped directly onto the column, with flow through from the column being collectddlritfractions.

2.35.1Anion exchange

Columns were either bought pigacked 5mtolumns, or selpacked columns of resin for either DEAE
anionresinl A ¢ NJ LIt , DEAB SephadSe Fast Flow anion exchange chromatographyfaesin
weak binding, or @nionresinso | A ¢ NI ,IQ¥Sepharo€eCast Flpfer stronger bindingfrom GE
Lifescierces Columns were always equilibrated in 5mM Na@id the gradient ran according to the

protocol.

2.35.2Ni?* charged IMAC columns

Columns were either prepacked 5ml colum(@&E LifesciaresHisTrap FF)r selfpacked chelating
resin(GE Lifesciwes/ KSt I G Ay 3 { S LIKwhiskPr@sshen dbargediusi@f1l@dM NiSO
Following this it was run with the buffegiven in the protocoas described by 2.3.5.

2.35.3 Hydroxyapatite column

TheBioradBio{ OF f Su aAyA /1 ¢u /[ SNI Yy SmeEprepakEdcbludingl A G S/
were initially run in 400mM sodium phosphate pH 7.5 for 10 column volumes to equilibrate the
column for the first use Following his they were equilibratecdaind runin the buffer given in the

protocol.
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2.3.5.4 Desalting column

GE Lifescimes| A ¢ NI LJx 5Sal f GAy3 OAKTApYingeplus pusnNdysteNnyd 2y (K
equilibrated with20 column volumes ahe buffer given in the protocoFollowing thishe sample

was loadedcandthe columns wergun at 3ml/min, collecting 1ml fractions.

2.35.5 Gel filtration

FPLC gel filtration coluntnl A[ 2+ R mMc kc nn { dzLIvdasRdbiktbratedn tha buttdNS LJ 3 NJ
given in the protocobvernight at 0.1ml/min utilising thé\KTAprimeplus pump systemFollowing
loading of the sample onto the column the column was run at 0.2ml/min overnight, taking 2 ml

fractions

2.3.6 Protein analysis methods

2.36.1SDS PAGE

Protein samples were diluted appropriately to a final volume®fl,land then incubated with|d of
NuPAG® LDS sample buffer #ading dye for 20 minutes. The entirel2@amplewas then loaded
into pre-castNUPAGE®2% BisTris polyacrylamide gels (NuPA&zystem). 10l of precision plus
proteinm unstained standardgBio-Rad) were loaded into each end of the gel if enough lanes
remained. Gels were run at 180V for 50 mintuteBlUPAGEMES SDS Running buffEpllowing this,
gels were stainedh Coomassie Brilliant Blue R280r Biow I RS¥PRO Ruby Protein Gel Stam
figure 5.2 for 20 minutes followed by destaining in MQ water ovaight to attain a good contrast.

Gels were then imaged an Amersham Imager 600.

2.36.2Immunoblotting (Western blot)

SDSPAGHgels were run as stated isection2.3.6.1, howevert NSOA aA2y tfdza t NRPGSA
StandardsDual colour(BioRad)wasloaded in place of the unstained standamhd gels were not

stained following being run. Instead, gels were transferred at 300mA fauronto anL Yy @A G NB £ 2 ¥ u
PVDFnembrane, i20% methanol, 200mM glycine, 25mM Tris 0.3%. FOfOwing this these were

blocked with5% dried milk powdein washing solution (10mM Tris pH 7150mM NaCl0.05% Tween

20) for 30 minutes.The membranes weravashed 3 x for 15 minutes in washing solution, then

incubated overnight in an appropriate concentratifusually 20066000x dilution)of the primary
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antibody at £C. After this, membranes were washed 3x in washing buffer for 15 minutes, then
incubated ina 1000x dilution of antrabbit secondary aiibody for 40 minutes. This was followed
again by 3x15 minutes in washing buffer, followed by development of the membrane using the
CYANAGEN WESTSTAR SUN development kit for western blot. This was then imggea usin
chemiluminescencanode on the Amersham Imager 60®Il antibodies were purchased from

' INRAASNI no

2.36.3Blue Native PAGE

Protein samples were diluted appropriately to a final volume qfl, 1&nd then incubated with | of
blue native loading mixteg5mM Tris pH 6.8, 30%(v/v) glycerol, 0.01% (w/v) bromopheno).blie
entire 2Qul sample was then loaded into poastb | A @S t 116YOBISTrisiGel{NuPAGEsystem).
Gels were run at 180V for 50 minutes in NEE&NativePAGE running bufferith a 20xdilution of
bl GAGSt! D9un Ol i K®IRENng thidzFels Seédd destRifedin MQAnater overnight to

attain a good contrast. Gels were then imaged in an Amersham Imager 600.

2.3.7 SATP treatment of Plastocyaramd confirmation

Treatment of phstocyanin witht A S NI S » -sfcéinimtidyiS-éacktylthiopropionate) and the
subsequent deacetylation to expose the thiol group was performestated in the user guiden the
Thermddsher Scientific websit&.o confirm this SATP had attached correctilpfving deacetylation

the SATP treated plastocyanin was incubateith ca.30uM of! f SE | Ctdz2Nu Tpn [/ p
(ThermoFisher Scientifi}) 20mM HEPES pH 7.4, 20mM N@C€Il hour. Following this it was run

down a desalting column to observe in the fians whether the dye would elute with the protein or

separately.

2.3.8 lowry assay

A detergentcompatible kit was used for determination of protein concentration. Detaifsthe
protocolcan be found onthe Biw Rt ¢SS0 aAGS dzy RSNJ 5/ u t NBUSAYy | &2

from the protocol.
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2.3.9 Kinetic absorbance measurements

Kinetic traces were recorded on &@lis RSM 1000 UV/Vis rapid scanning spectrophotomatkich
facilitated ascan rate of 64 spectra per second, for a spectral width of 300anired on the

wavelength given in the protocol

2.3.9.1 Cytochroméef stopped-flow

Two mixtures(A and B)were generatedfor stopped-flow experiments oncytbef : Pc. Mixture A
comprised 61.25mMdecylplastoquinol, which has been reduced via the method se&numpower

and Edwards, 197%ollowing this reduction and extraction, the decylplastoquinol powder was
dissolved in DMSO to generate a stock, and mixture A was made from thishdixicke B comprised

of 62.5uM Pc, and 230nM ckif. Both A and B were in a buffer of 20mM HEPES .4 50mM NacCl,
0.2mM tPC@ -M. A and B were mixed in a ratio of limla USA stoppetlow accessory for the Olis
giving end concentrations of 185nMythsf, 50 uM P¢ 250 uM decylplastoquinol. Control
measurements were performed by omitting either decylplastoquinol (but still pipetting the same
amount of DMSO into the sgrte as would come from the stofkr cybsf (to measure the background
rate of ET from decylplastoquinol to)PThe absorbance changes were measured as stated in 2.3.9,
with the centre of the recorded spectra at 600nm, and the change in Pc[Ox] was measimg an

extinction coefficient of 4.7mMcnmtat 597nm.

2.3.9.2 PSI flash excitation

The PSI mixture measured comprised2éBuM Pc, 50QM methyl viologen and 60nM PSI (when
present), in 50mM HEPES pH 7.4, 50mM NaCl, 5mMNg@3% (w/v) DDM llluminationof the PSI
mixturewas carried out by 8.5W420nm Thor lab&EDat 70% powerFiltersat 550nm were used to
minimise the noise from illuminatioriThe LED power was controlled &ypC2200- HighPower %
Channel LED Driveard the signal for the 10 second illunaition was provided by a custcbuilt
Arduino setup.The absorbance changes were measured as stated in 2.3.9, with the centre of the
recorded spectra @00nm, and the change in Pc[Ox] was measured using an extinaffiaient of

4. 7mMrcmtat 597nm
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2.3.9.3 Ra&.H1 flash excitation

The RGLH1 mixture for both WT and QE(L264) mutaasiprised of 2QM cyt ¢®s(Prereduced via
treatment with ascorbate then desalted into 50mM HEPES, 50mM R&3k6 (w/v) DDM (kinetic

buffer) to removeascorbate 2.3.5.4),10nM RE"S L HL and50uM coenzyme Qall in kinetic buffer
Excitation of the mixture was provided BY).5W 880nmThor labd. EDat 80% power. ikers of 730nm
wereused to minimise noise from illuminatiohhe LED power wasntrolled byDC2200 HighPower
1-Channel LED Driveand the signal for the 10 second illumination was provided by a cubtdifh
Arduino setup. The absorbance changes were measured as stated in 2.3.9, with the centre of the
recorded spectra at 550nnT.he changes in cyt [RRed] were followed using an extinction coefficient

of 30.8mMcm* at 550nm.

2.3.10 Electron microscopy

Thebrief dectron microscopy in this thesis was performed by L.Malone, D. Swainsbury and P Qian

from the Department of Molecular Biology and Biotechnology at the University of Sheffield.

2.4 Protein purification methods
2.4.1 Plastocyanin purification protant

Spinach leaves werblended in ice cold 50mM sodium phosphate pH 7.4, 5mM M@EDOmMM
sucrose, and filtered through 2 layers of muslin cloth, and then 2 layers of muslin cloth and cotton
wool. The flow through was then spun at 4000g for 15 minuteseitepthylakoids. The pellet was

then resuspended in 10mM Tricine pH 7.4, 5mM Mgde€lt on ice for 1 minute, then diluted 2x in the
previous buffer with an additional 400mM sucrose. This was spun at 4000g for 15 minutes, and the
pellet was resuspended ihfOmM HEPES pH 7.6, 5mM NaCl, 5mM EDTA to 2mg/ml chlorophyll
concentration. This was then sonicata80% power im VCX/ibra/ St f v ! €t i NI a2y A O [ A
for a total of 12 minutes, in 30 bursts with 30 second rests. This was spun at 200,000grfiou88s

to pellet the membranes, and the resulting supernatant was then filtered through aubl4ier. This

was then placed onto a @pharose anion exchange column, equilibrated in 20mM HEPES pH 8.0,
5mM NaCl A gradient of 51000mM NaClwas run over50 column volumes. Fractions containing
plastocyanin éluted atca. 200mM NaCl) were assessed by the appearance of a blue colour upon
addition of potassium ferricyanidend could be confirmed via SIPAGE. The plastocyanin containing
fractions were poole@nd concentrated in a Vivaspin 3kDa cut off spin concentrator and loaded onto

a FPLC gel filtration column, equilibrated in 50mM HEPES pH 8.0, 20mM NaCl. The resulting fractions
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were again pooled and concentrated in a Vivaspin 3kDa cut off spin concenamatbfrozen at20°C

until use.

2.4.2 Cytochromédef purification protocol (Optimised)

Cytochrome K was purified as previously describ@ietrich and Kuhlbrandt, 199%)ut with a brief
3-minute solubilisation stefn HECAMEG (previously details gisen) In addition, once the protein

had been eluted from the hydroxyapatite column it was then placed onto -8520 continuous
sucrose gradient in 20mM HEPES pH 8, 20mM NaCl, 0tB@® -M, and spun at 175,000g for 16
hours at 4C. The resultant single band was harvested and then run on a FPLC gel filtration column
equilibrated in 20mM HEPES pH 8, 20mM NacCl, 0.8»@@" -M to remove any remaining HECAMEG
and ammonium phosphate as this was found to affect surface chemistry. Therg@gaesenting
dimeric cybsf (figure 3.8)from the eluted fractions was then taken, concentrated down in a 50kDa

cut off spin concentrator and frozen &0°C until use.

2.4.3 Photosystem | purification protocol (Small optimised)

Spinachleaveswere blended in ice cold 30mM Tricine pH 8.0, 15mM NaCl, 400mM sucrose, and
filtered through 2 layers of muslin cloth, and then 2 layers of muslin cloth and cotton wool. This was
spun at 12,0009 for 10 minutesdthe pellet resuspended in 20mM Tricine pH 8.0sHpinning and
resuspending step was repeated a further 2 times, with the second time resuspending in 20mM Tricine

pH 8.0, 50mM NaCThis was spun a final time and thesuspended in 20mM Tricine pH 8.0, 400mM
sucrose to 3mg/ml chlorophyll concentration. K A & ¢+ a ONARSTFf & a2fdzoAfAasSk
on iceand thendiluted 1Gfold in 20mM Tricine pH 8.0, 400mM sucrose and spun at 200,000g for 30
minutes. The pellet was then resuspended in 15mM Tricine pH 8.0, 10mM NacCl, again to 3mg/ml
chlorophyll concentration.This was then frozen aB0°C. Following thawing the membranes were

a2t dzoAf AaSR Ay ™ O@:thenisgula 12F,60fom15 KiduleblIE foipellet any
un-solubilised materiat*. This was then applied to a -B%% sucros gradient in 15mM Tricine pH

yo®ns mnYa bl /fX nonm: i55a FyR alldzy Fd mtpZnnnid
was then taken, confirmed by 77K fluorescence, concentrated in a 100kDa cut off spin concentrator,

and frozen at80°C until use.
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2.44 Photosystem | purification protocol¢ { O f dptiRniseld).JQ

This protocol matched that in 2.4.3 until the first sucrose gradient (indicated withihis was then
appliedtoal@ > &dzONRaS 3INIRASYyld Ay mpYa ¢NROAYS LI vy
175,0009g for 36 hours. The bottom band from the gradibat sucrose removed via a desalting
columnand then concentrated in a 100kDa cut off Vpiasoncentrator and ran on a 28% sucrose

gradient made in the same buffer as befoféebottom fraction containing PSI was taken, confirmed

by 77K fluorescence, then concentrated in a 100kDa cut off spin concentrator, and froB88iGat

until use.

2.45 RGLH1 purification protocol

Both variants of R€CH1 were purified in the same wagells were grown seraierobically.Once
cultures had reached saturation, they were harvested by centrifugation at 5000g for 15 minutes. The
resultant pellet was themesuspended in a minimal volume of 50mM HEPES pH 7.4, 20mM NacCl.
DNasel an@n EDTA free protease inhibitoraene added, then the cells were French pressed twice at
20k psi to lyse cells. The resultant solution was spun at 27,0009 for 15 minutes to pglietigsed

cells. Tl supernatant was then ruon a 15/40% step sucrose gradient for 10 hours at 85,0009 at 4°C.
The chromatophore membranes at the interface on the step gradient were harvested and solubilised
AY M3: 1 55a 06k @0 T 2Thswgsthefsplinaii$3dD0g foy45 mikukes tepeled ®
any unsolubilized material. The supernatant was filtered through a 0.45um filter and loaded onto a
Ni2* charged IMAC column prequilibrated in 50mM HEPES pH 7.4, 5mM Imidazole, 100mM NacCl,
n ®n mRM. This was then washed with the same buffer with 50mM imidazole for 5 column volumes,
followed by elution in 400mM Imidazol&éhe R&.H1 containing fractions were pooled, concentrated
andran ona FPLC gel filtration column equilibrated in 50mM HEPES®IH 2 pnYa bl /X ndn
to remove the imidazole. Fractions widm 870/280nm ratio better than 1.6 were taken, pooled,

concentrated using a 100kDa cut off concentrator and frozeB8@&C until use.

2.4 6 Cytochromec; purification protocol

Strainswere grown to saturation and harvested by centrifugation at 5000g for 15 minutes. The
resultant pellet was then resuspended in a minimal volume of 50mM HEPES pH 7.4, 20mM NacCl.
DNasel and an EDTA free protease inhibiteere added, then the cellaiere French pressed twice at

20k psi to lyse cell§he resultant solution was spun at 27,0009 for 15 minutes to pellet artysel

cells. At this pointthe supernatant was treated witR% Triton-X100and mixed in the dark for 90
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minutes. This was then spun at 165,000g for 45 minutes to pellet angalmbilized materialThe
supernatant was filtered through a 0.45um filter and loaded onto % dfiarged IMAC column pre
equilibrated in 50mM HEPES pH,5BmM Imidazole, 100mM Nadlhe column was then washed in
50mM HEPES, 20mM NacCl, 70mM imidaz®/g% triton for 10 column volumes, them further 10
column volumes ofame buffer excluding th@. 5% triton. Following this the cytochromewas eluted

with 400mM imidazole Cytc, containing fractions were pooled, concentrated and ran on a FPLC gel
filtration column equilibrated in 50mM HEPES pH 7.4, 50mM NacCl to remove the imidazole. Fractions
with a 417/280nm absorbance ratio better than 3 were taken,lpdpconcentrated using 3kDa cut

off concentrator and frozen aB0°C until use.

2.5 Preparation of SiOx wafers and AFM probes
2.5.1 Cleaning procedures

SiOx wafers and AFM probes were cleaned using a freshly prepared piranha solution (3:7 hydrogen
peroxide : sulphuric acid) and submerged in this for ca. 1 hour. Following cleaning the wafers and

probes were washed extensively with MQ waserd dried under a stream of nitrogen.

2.5.2 Deposition of monolayers

2.5.2.1 MPTMS vapour deposition

Cleaned (2.3) SiOx wafers and AFM probes were placed wvaouum chamber with several

{ OASyOfRausaiieSDedi | yu 02ES&d ¢KS OKIFIYOSNI dzyRSNB Syl &S
with adry mechanical pump (Welch model 202@hd each time it was refilled with nitgen to give

a nitrogen atmosphereThese surfaces were left in the chamber after the final evacuation at 5kPa for

2 hours to dryThe dry surfaces were then place into the deposition chamlmrg with 2x1Qul of (3-
mercaptopropyRrimethoxysilane(MPTMS)n Eppendorf lids. The chamber then underwent several
evacuations down t®dkPausingthe same dry mechanical pumpnd were refilled each time with

nitrogen, generating a pure nitrogen atmosphere for deposition. This wadéftesvernight(at 5kPa)

to facilitate the deposition Following this, surfaces and AFM probes were washed extensively with

MQ-HO and dried under a stream of nitrogen.
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2.5.2.2 MPTMS liquid deposition

Cleaned (2.5.1%iOx wafers were placed in 5mM MPTMSoinéne, and an argon atmosphere was
provided by flushinghe system with a Schlenk &n Following deposition for 30 minutes, these
surfaces were removed and washed extensively with toluene and ethanol, then dried under a stream

of nitrogen.

2.5.2.3 Ethaolamine liquid deposition

2.2g of ethanolamine hydrochloride was dissolved in 6ml DMSO by heating ‘@ B0 minutes.
4A molecular sieve beads were added and this was left for 1 hour &C1L@®llowing cleaning (2.5.1),
AFM probes and SiOx wafers rehen left overnightn this solutionat 100°C to functionabe the
silicon surfaces with amines. Following thigfers and AFM probes were washed with DMSO,

ethanol, and chloroform 3 times, and dried under a stream of nitrogen.

2.5.3 Attachment of craslinkers to monolayers

2.5.3.1 Reaction of SMCC with functionalised surfaces

Succinimidyl 4-(N-maleimidomethyl)cyclohexangé-carboxylate (SMCC) was purchased from
ThermoFisher Scientific. Following deposition (2.5.2.1), surfaces were incubated with I5MCC
in 20mM HEPES pH 7.6 for 45 minutes. Following this, surfaces were again washed extensively with

MQ-H.O and dried under a stream of nitrogen.

2.5.3.2 Reaction of SM(PE®ith functionalised probes

Following deposition (2.5.2.4r 2.5.2.3, AFM probes were incubated in 1mM SM(REYior to
chapter 5) or 1ImM SM(PEs) (from chapter 5 onwardsin 20mM HEPES pH 7@ 45 minutes.
Following this, surfaces were washed extensively withiQand dried under a stream of nitrogen
SM(PEG) was purchased from HermoFisher Scientific | Y R  {x& @was Pudahased from
bl y2.0an
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2.5.3.3 Reaction of DMS ar@/tochromebsf combined

Following deposition (2.5.2.3)vafers were incubated with 1@M DMS and JuM cythsf in 10mM
HEPES pH 7.4, 10mM NaCl, 0.2 #PGL Surfaces were then washed extensively and stored in the

same buffer until use.

2.5.3.4 Reaction of NHSPE; Biotin with functionalised probes

Following deposition (2.5.2.3), AFM probes were incubated withg/ml NHEPEG)Biotin

6t dzZNOKF SR FTNRBY Dbly20aus I @SN IS Y2t Sdefv) NI & SA:
triethanolamine catalyst for 3 hours. Following this, AFM probes were washed with chloroform,
ethanol, then M@HO and stored in PBS untie.

2.5.3.5 Reaction of Maleimide PEG; NTA with functionalised probes

Following deposition (2.5.2.1), AFM probes were incubated with 1mM Malei(RE&)-NTA for 1
hour in20mM HEPES pH 7.6. Probes were then washed wdried under a streamfmitrogen
and stored in 20mM HEPES pH 7.4, 20mM NacCl, 5mMiB[PiFanha cleaned glassware until use.

2.5.4 Attachment of proteins to surfaces

2.5.4.1 Attachment ofGytochromebef to SiOx wafers

Following generation of an SMCC monolag25.2.1and 2.5.3.1), surfaces were incubated with
700nM cybef in incubation buffer for 45 minutes. Incubation buffer was different depending on the

experiment:

Prior to section 3.3.13: 10mM HEPES pH 7.4, 10mM NaCl, 0.2mM4RACC
Section 3.3.1310mM HEPES pH 7.4, 10mM NaCLMOTris, 0.2mM tPGC-M.

After section 3.3.1410mM HEPES pH 7.4, 10mM NaQWM.Tris, 0.05% (w/v) GDN.

Section 3.3.1410mM HEPES pH 7.4, 10mM NaQlM.dris*, and one of the following: 0.2mM tPCC
hafpfp X 0 ®n BDM*O0BAA\b/V) GDN**,

* Tris used only when stated in experiments

** Only 1 selected detergent from section 3.3.14 was used, as noted in the experiment.
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Following incubation, surfaces were washed with incubation buffer, and stored in the fridge until use.

2.54.2 Attachment of Rastocyaninto AFM probe¢ Non-SATP method

Following the generation of the SM(PE&nctionalised probe (2.5.2.4nd 2.5.3.2), this left a layer
of NHS esters on the end of the AFM probe that could be reacted with lysine residuedRarstinéace.
750nM Pc was incubated with the AFM probes, in 10mM HEPES pH 7.4, 10mM NacCl (incubation buffer)

for 1 hour. The AFM probes were then washed and stored in the incubation buffer until use.

2.5.4.3 Attachment of Ristocyaninto AFM probe¢ SATRmethod

Following the generation of the SM(PE@nctionalised probe (2.5.2.8nd 2.5.3.2), this left a layer

of maleimide groups on the end of the AFM probe that could be reacted with SATP treate@¥P% (Pc
The chemically modified Pc was generated dgcting 2mM SATP with 5@ Pc for 1 hour in PBS.
Following this, the mixture was appli¢d a desalting colummto separate out unreacted SATP from

the now modified protein. Immediately prior to the incubation with the AFM probe, the sample could
be reaced with 50mM hydroxylamine, 2.5mM EDTA in PBS to deacetylate the SATP protection group.
Following separatiorvia desalting column750nM P&*™Pwas incubated with the AFM probes, in
10mM HEPES pH 7.4, 10mM NacCl (incubation buffer) for 1 hour. The AFM wereethen washed

and stored in the incubation buffer until use.

2.5.4.4 Attachment of PSI to SiOx Wafers

Following generation of an SMCC monolayer (2.58d2.5.3.1) wafers were incubated with 30nM
PSI in 10mM HEPES pH 7.4, 10mM NaCl, 0.D8% (incubation buffer) for 45 minutes. Following

this, wafers were washed and stored in incubation buffer until use.

2.5.4.5 Attachment of RCH1 to SiOx Wafers

Following generation of an SMCC monolayer (2.5a2d.2.5.3.1),wafers were reacted with 1mM
amineNTA in 20mM HEPES pH 7.6 for 1 hélafers were then washed with M®.O, dried under a
stream of nitrogen andould be stored in 20mM HEPES pH 7.4, 20mM NacCl, 5mM (EDTage

buffer) until the day of uselmmediately priorto use, surfaces were taken out of storage buffer and
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washed extensively with M@LO. These surfaces were thartubated with 2L00mM CuS@ HO for
10 minutes. After washing extensively with MO, thewafers were then incubated with 500nM RC
LH1 for 10minutes in 10mM HEPES pH 7.4, 10mM NacCl, 0.@¥/ (incubation buffer)Wafers

were then washed and stored in incubation buffer until use.

2.5.4.6 Attachment of Cyichromec, to AFM probes

Following generation ofraNTA monolayer (2.5.2dnd2.5.3.5) the stored AFM probewerewashed
extensively with MG@H,O andincubated with 200mM CuS® HO for 10 minutesFollowing this they
were washed extensively in M&O and then incubated with 1M cyt ¢ in 10mM HEPES pH 7.4,
10mM NaCl (incubation buffer) for 10 minutes. Probes were then washed and stored in incubation

buffer until use.

2.5.4.7 Attachment of Avidin tanicasurface

An avidin stock solution of 1mg/ml in PBS was diluted with 100mM NaCldonaentration of
0.5ug/ml.Freshly cleavenhicasurfaces were incubated with this solution for 15 minutes, followed by

washes with 100mM NaGnd thenPBSThese surfaces were then imaged immediately in PBS.

2.5.4.8Immobilisation in liposomes; DOPC minod

MYy Y MCis) PCHDOPEAs purchased from Avanti® Polar ligits and dissolved into chloroform at

a concentration of 20mg/nmdnd stored at20°C.Prior to use, an aliquot from this stock was placed in
piranha cleaned glassware and left in a fuoupboard for the chloroform to evaporatnd form a

lipid cake. This was thatissolved in 20mM MOPS, pH 7.8, 20mM NacCl to a concentration of 1mg/ml
and vortexed. Tis suspension was downsized by extruding 50 times through aM.pore
polycarbonate membnae (Whatman Nucleopore) to form small tlamellar vesiclesThe liposome
solution was incubated witl).2mM (end concentrationfPCG -M for 30 minutes.Following this,
purified cythef was introduced to the samplat the variousmol/mol ratiosto the lipids given in image

in figure 3.26 and the proteoliposome solution was left for 1 hour &€4The redundant tPGC-M

was then removed slowly by the addition of nonpolar polystyrene biobeadsR&ipBia S| Ra-u { a
2 Adsorbents) gradually to thmix, with slow rocking a#°C.When a sucrose gradient was present
(figure 3.26)the step gradient was made abuffer of 20mM MOPS pH 7.8, 20mM NaCl with steps
from 10-50%(w/v) increasing by 10% for each layand centrifuged at 154,0009g for 15 houBands

had some slightolour andhad concentrated at the 280% interfaceThe extracted bands were
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incubated with a freshly cleavedicasurface for 30 minutes, followed by washing with 20mM MOPS,

20mM NacCl and imaged in this buffer.

2.5.4.9Immobilisation in liposomes; Thylakoid lipid method

A stock lipid solution was produced comprised o#®bMonogalactosyldiacylglycerMGDG, 10%
Phosphatidylglycerol PG, 30% Digalactosyldiacylglycerol (DGDG and 10%
Sulfoquinovosyldiacylglycer(BQDG all purchased from Avanti® Polar lipids incchloroform and
stored at-20°C. For use, an aliquot of the solution was placed into a piranha cleaned glass vial and the
chloroform allowed to evaporate, generating aidigcake. This lipid cake was resuspended in 20mM
HEPES pH 7.4, 40mM NaCl, pHy.gigorous vortexinglhis suspension was downsized by extruding
20 times through a 0{2M pore polycarbonate membrane (Whatman Nucleopore) to form smail uni
lamellar vesiclesThe liposome solution was incubated with 0.2mM (end concentration)-tR~IGor

30 minutes. Following this, purified tgf was introduced to the sample at the various mol/mol ratios

to the lipids given in image in figure 3.26, and the proteoliposomatisol was left for 1 hour at 4.

The redundant tPGC-M was then removed slowly by the addition of nonpolar polystyrene biobeads
(BioRad, Bia S| R a-&Ad§oebents) gradually to the mix, with slow rocking°&. When a sucrose
gradient was present (fige 3.26), the step gradient was made in a buffer of 20mM HEPES pH 7.4,
20mM NacCl with steps from 0% (w/v) increasing by 10% for each layer, and centrifuged at
154,0009 for 15 hours. Bands had some slight colour and had concentrated at-8@¢@hteface.

The extracted bands were incubated with a freshly cleanezhsurface for 30 minutes, followed by
washing with 20mM HEPES pH 7.4, 20mM NaCl and imaged in this Bigtersome experiments
included LHC(Prepared by T.Davies) addition to cybsf, and in these cases the ratios of lmft:

LHCII : Lipids were 1 : 1 : 200.

2.5.5 Fixing SiOx wafers for AFM imaging

For all processed encompassed in section 2.5 which functionalised a SiOx wafer, for AFM imaging the

wafer was fixed down to a 0.75cm radimagnetic puck bigeprorubber® Thin pour Kit.

2.6 Atomic Force Microscopy

2.6.1 Instrumentation

Atomic force microscopy measurements were made on a Bruker Multimode VIII, with software of
bl y2202L)S ¢goOmMk pdPHd . NHzZl SNR& t S| »w(@RFRQNE) moddzl v G A G I

was used for all imaging and force spectroscopy work, unless stated asieerw
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2.6.2 Imaging

All imaging(non ¢ SMFS workyvas performed in RRNM liquid mode. Unless stated otherwise, a
buffer of 10mM HEPES pH 7.4, 10mM NalShg with the detergent the protein was iwas usecht
room temperature (ca. AT). Repetition ras of 12kHz imaging were used tbtain images An
interaction setpoint of 150mV was consistently used for imaging, resulting in a c800p0I force
applied to the surface®Rixel densityof either 256 x 256 or 512 x 512 pixelere used Brukers SNL

probes were used for nearly all imaging, in rare cased®iips were also used for imaging.
2.6.3 Force spectroscopy measurements

All force spectroscopy measurements were performed with PEAKFBIREESB probesSpring
constants were nearlyniformly around 0.1 N/m and deflection sensitivity ca. 10 nniRgdox states

of the participants were set by incubation with 1ImM sodium ascorbate for reduction, or 1mM
potassium ferricyanide for oxidation prior to imaging, followed by extensive washadgxRtates of

the participants were then maintaine@vhen it was proposed they could change)he experiment

by reiincubation of thefunctionalised wafeand AFM probe every 2 images tak&vhen illumination

was present, it was provided from a whitehtgsource through an optical fibre (Fibkéte MI150,
DolanJener)and the power density of the illumination of the sample was approximately 11 m
Due to differences in tip functionalisation that could occur, each measurement in the change of affinity
was a relative measurement between datasets using the same probe / surface (apart from
experiments on mutant/WT complexes seen in section 6.3.7). This meant that at the start of each
experiment, one state of the system (eaytbsf[Red]¢ Pc[Ox]) was set,a a number of images were
200F Ay SRZ NBO2 NRA thdcor@itohsdfitiie syStént viek ghangetl (eiigtsfOx]=

¢ Pc[Ox]), and further data was recordeld¢ading to a relative measurement between the same

probe/surface
Imagingparameters were as follows:
Scan size: 500nm

Scan RateThe imaging rate was adjusted in a way that ensured two flistance curves recorded

per image pixel.
Samples/Line: 128

Feedback gaiwas controlled by ScanAsyst software. No other parameters weneged by ScanAsyst

Autocontrol.
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Pealkorce setpoint : 0.20.3V (converted to a force of ca. 200pN)
PealForce amplitude30-40nm
PealForce Frequency: 0.5kHz

Force curvesvere recordedor each pixelAn engage PeakForce of 0.3V was used to ensure that the

AFM probe did not suffer damage upon engaging with the surface.
Buffers used unless indicated otherwise:

cytbsf : Pc- 10mM HEPES pH 7.4, 10mM NacCl, 0.05% (w/v) GDN
PSI : Pe10mM HEPES pH 7.4, 10mM NaCl, 0.03% (\WM

RGLHL1 : cyt£¢ 10mM HEPES pH4710mM NacCl, 0.03% (w/ApDM

Tip parameters were attained using inbuilt methods in the Bruker NanoSZdpsoftware. In brief,

once AFM measurements had been attained, the sample was changid tdeeco Saphiré5M

sample included in the PBNM sample kit. This was useddiotainthe deflection sensitivity by driving

the AFM probe into this surface and amuring the resultant deflection of the probe (Setpoint of 1V
used). The slope was taken from the linear region of the resultant force distance curve, and used as
the deflection sensitivity. Following this the sample and tip were moved apart, and thdt ithiewmal

tune system was used to attain the power spectral density of the cantilever, followed by fitting and
integration of the peak to attain the power. This was then used by the inbuilt programitalatethe

spring constant of the cantilever.
2.6.4 Data analysis of force spectroscopy images

The analysis script used for all the SMFS analysis is presented in appendix (sectiarbfef).the

user would input directory for the PENM files,then input the analysis parameters as seen in the
panel n figure 3.17BThis involved the AFM probe parametefdhe deflection sensitivity (nm/V) and
spring constant (N/m) to allow the initial raw read out of the photodetector (V) to be converted into
force (N). In addition, some analysis parameters coulgddi®ut, to proide the location on the force
curves to search for troughs in. These analysis parameters were the minimum adhesion force, and the
minimum and maximum piezo movemeindm the location where the PeakForce was reachwtile

the piezo movementould be converted into the separation distanthis relied on the ability to attain

a baseline for the data. While this is attempted in the MATLAB script, it was not reliable enough to
ensure the correction was valid, and thus this baseline was not tised to convert the raw piezo
movement to separation distance. The user would be showrfdhee curvewhichpassed the initial

filtering parameters,and the location on the surface where it occurreshd they would be able to
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select the adhesion locatioan the curve to have the final inpulf the baseline in the data was
incorrect, then this could be corrected for by selecting tacations of the FAGNhen selecting two
locations in the data, the script assumes that the first is the correct baselioedieg to the user, and

the second is the adhesion locatidRollowing the analysis of a data set (all the@MM files in a
directory)the program would output several csv files with different organisations of the data to make
analysis easieFor exampleone output would simply be the number of selected adhesions per image,

while another would have all the sizes of the adhesions and their locations for each image.

As previously stated, the data seteasureddifferences in affinity based on differentmditions, and

were always a relative measurement between the same probe and surface under the different
conditions.Once the outputs from the MATLAB program had been generated, the mean for each tip
in each condition was obtained. Theean of thenitial condition for each experiment (e.gytbsf[Red]

¢ Pc[Ox] for experiments of redox state owthef and Pc) was then used to adjuke frequency in

each imagdfor both condition3, giving the adjusted frequency. As such, an experiment in which the
initial condition sana mean ofL00 adhesions per image, and the second condition saw 50 adhesions
per image would be equal to another repeat in which a different probe only yieddetuban of60
adhesions per image on the initial condition, and 30 adhesinrthe second condition. Once this had
been performed, the adjusted frequencies fat probes ireach condition were collected, and could

be statistically analysed, with each image representing an experimental repeat. For testing of two
different condiions, an unpaired-Tfest was used to assess the statistical significance of any difference
seen. For testing of more than two conditions, ehd¢ & ! bh+! Q&4 $SNB dzaSR G2
between all pairs in the data (as seen in figure dof)to searchdr trends (as in figure 4.5These
adjusted frequencies were also then used to adjust the cumulative frequencies of the forces shown in
the histograms in all the experime)tso that the cumulative frequencies represented the adjusted
frequencies seen ithe interaction frequenciesThe measured unbinding forces were collected and
statisticallyanalysed inGraphpad Prisn7, and plotted inOrigin 2017/8/9, according to the above
description.For each result in this thesis, the results of the statisticaistese given in the figure

legend.
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3. Establishig Single Molecule Force&pectroscopy

experiments

3.1 Summary

Single moleule force spectroscopy (SMFS) experiments require purified proteins to be attached to an
AFM probe. These probgrotein conjugates can be used to interrogate the binding of the probe borne
protein with a cognate partner attached to a surface. Attachingtgins to inorganic surfaces,
whether it be the AFM probe or a silicon wafer, is not trivial. Initially, the inert surface must have some
form of functionalisation in order to create a monolayer which presents a more reactive chemical
group. Next, a linkemolecule is added, one end of which reacts with the monolayer chemistry while
the other end harbours a specific chemical group allowing it to be coupled to a protein. Finally, the
protein itself is attached to the linker molecubljth various methods avkable to control thefinal

density.

The aim of the experiments in this chapter were to establish the optimal conditions for the attachment
of the small soluble electron carrier protein plastocyanin (Pc) to the AFM probe and its cognate
electron transfeipartner cytochromebsf (cythsf) to a silicon surface. Whilst previous SMFS studies on
bacterial systems (e.g/asilev et al., 20J)3utilised recombinant proteins engineered for specific
attachment via hexdnistidine tags, this option was unavailable foe tspinach complexes. Therefore,

methods for the purification of native Pc and lgftfrom spinach were adopted and developed.

Cybef could be prepared at high purity using an existing protocol based on extraction from thylakoids

using thedetergent Methyi6-O-(N-Heptylcarbamoy# -D-Glucopyranoside (HECAMEGYbsf was

attached to an MPTMS monolayer on a silicon wafer via SMCC linker which reacts-ast®tH®

feaAyS NBaARdzZSa 2y (GUKS LINRPGSAY O migelezdndiedndtioni St & = |
(CMCQ), incubation of the purified complex with the MPTSMECC monolayer resulted in nepecific

absorption of the detergent to the surface preventing a covalent attachment. Therefore, the cyt

protocol was adapted to include an atidnal step exchanging the complex into HEPES buffer and the
detergent 4trans-(4-trans-Propylcyclohexyp @ Of 2 Kn@lteside(tPCE -M). The combination of

tPCE -M and HEPESlowed surfaces of clgtf complexedo be generated at a suitable densifihe

activity and intactness of the dyff preparation under these new conditions was further verified by

both activity and structural studies (Structural studies conducted by L. Malone).
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Whilst theattachment of cyief to the siliconwafer could be veriied by the height image generated
in AFM imaginghere was naanalogousvay of assessinghetherthe linkage of Pc to the AFM probe
had been successfuince nitial Pc : cyihef SMFSexperimentsprovided no evidence of specific

interactionssubsequent efforts focused on improving the reliability of Pc attachment to the probe.

The method described in Johnson et al., 2014 involveditial functionalisation stepvhich required
deposition of (3-Mercaptopropy)trimethoxysilang (MPTMS) in vapour phase. As an alternative,
attempts were made to deposit MPTMS via liquid phase, but these also proved inadequate with the
materials available. Following this, the switch to an alternative functionalisation method involving
ethanolamine #achment chemistry was made. Following verification by the traditional biotin : avidin
experiments(Lee et al., 1994)which has been seen as a baseline to assess new methods of surface
chemistry(Riener et al., 2003}Yhe specific interactions between Rad cybsf could be successfully
detected by SMFS The mean unbinding force from this was significantly lower than previously
measured byJohnson et al., 2014n native membranes. This was thought to stem from the
modification involved in Pc attachment tiee probe via the ethanolamine method affecting thelwgt

binding site on Pc.

The arrival of a new vacuum chamber in the laboratory provided an opportunity for the MPTMS
attachment method of Pc to the probe in Johnson et al., 2014 to be revisited.ingdtilise new
hardware Pc probes were generated that allowsggbcific interactions between Pc and leftto be
successfully detected I§MFSvith an unbinding force similar to that reported in Johnson et al., 2014
(=310 pN). In addition, a second 230pN patioh was also detected. Observing the heights measured
for the cybsf on the surface it appeared that a significant number of the complexes were orientated
with their membrane plane perpendicular to the Si@afer (figure 3.23A). We therefore sought to
investigate if this mi®rientated cybesf was responsible for the lower force population. As an
alternative a number of conditions were trialled in attempts to orient thebglyattached to the
surface, and showed that 1M Tris, along with 0.05% (w/v) GDN could be used to retalmfaytan
WdzLINA IKGQ O2y F2NXIFGAZ2Y 2y (GKS aAratAadzy &adaNFI OS

Attempts were made to incorporate dyf into proteoliposomes in eittr DOPC, or native thylakoid
lipids that could then be deposited onta@icasurfacewith the aim of generating uniformly oriented
complexes Unfortunately, none of the initial tests showed any signs of bgltbeing correctly

incorporated into the membraneand this method was abandoned.

The experiments described in this chapter therefore establish a robust system in which we could probe
the interaction between cyisf and Pc, and observe the effect of ionic strength and redox state

(Chapter 4, and the basi§ Mayneord et al., 2019

61

T 2



3. Establishing Single Molecule Force Spectroscopy experiments

* A version of this work was published in Biochimica et Biophysica(Metgneord et al., 2019l

rights and permissions for all visual data and artwork have been granted.
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3.2 Introduction

In oxygenic photosynthesis the small soluble electron carrier proteac&epts arelectronfrom the

c-type haem of cytochromeanddelivers it to the P700 spedipair chlorophylls of P@ection 1.1.2.5

and reviewed irHope, 2000. The redox active cofactor in Pc is a copper ion, which cycles between a
+1 and +2 oxidation state to carry electrons. This type 1 copper results in a broad absorbance in the
oxidised (+2) state centred around 600nm, giving rise to a distinct blue cdlbig allows an easy
identification of fractions containing Pc during purification, and the ratio of absorbance at 600 and
280 nm is often used for an assessment of purity during purificafiNasarro et al., 2011)Several
purification methods have beedeveloped for the purification of untagged, native Pc directly from
higher plants, green algae and cyanobactéNavarro et al., 2011)Detail on the interaction of Pc

with cytbef and PSI can be found in chapters 4.2 and 5.2 respectively.

The membrane mbedded complex cif is comprised of several subunits; the larger units visible via
SDSPAGE are Cytochronfig31kDa), Cytochrombgs (18kDa), Reiski protein (18kDa) and subunit 1V
(14kDa (Dietrich and Kuhlbrandt, 1999Whilst earlier purification methds relied on general
solubilisation of the thylakoid membrane, followed by chromatography steps in order to enrlafi cyt
(Huang et al., 1994)the development of the detergenMethyl-6-O-(N-HeptylcarbamoyH -D-
Glucopyranosid¢HECAMEG]llowed the spedic enrichment of cyitef at the stage of solubilisation,
first used inC. reinhardtiiPierre et al., 1995)and then in spinacfDietrich and Kuhlbrandt, 1999)
This permitted a simpler purification, only requiring the solubilisation, a sucrose gradidrihan a
type 1 ceramic hydroxyapatite column to yield high purity viable com{idéetrich and Kuhlbrandt,
1999)

Traditional bulkphase kinetic measurements have been extensively used to characterise purified
electron transferring proteins botim vitro andin viva While these ensemble studies have been useful

in defining the general characteristics of electron transfer (ET) complexes, the averaging involved can
obscure heterogeneity inherent in the system. Studies of single molecules interactirgrticular

force spectroscopy measurements, have become a popular way of probing previously hidden aspects
of interactions since the initial work inee et al., 1994Since this inception, many different systems
have been probed using the technique of single molecule force spectroscopy (SMFS) including not
only proteinprotein interactiongAdams et al., 2016; Bonanni et al., 2005; Vasilev et al., 2013,,2019)
but protein ¢ ligand (Fritz et al., 1998; Merkel et al., 1999; Yu et al., 200i¥) protein¢ DNA
interactions(Krasnoslobodtsev et al., 200%Whilst these studies followed the same general schematic

as seen insection 1.4.1, the chemistry used for attachment favaried from study to study

(Summarised iEbner et al., 2008
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Many options are now available for the attachment of proteins to surfaces, either by specifically
engineered sites such as a cysteine residue, or a-hiextag, or by less specific methosisch as
FOGaGr OKYSyYyd (2 LINAYFNE FYAySa 2F feaArayS NBaARdSa
or coordination chemistry for attachment of proteins to linkers are well established, and relatively
flexible. Issues with the successful attachmehbiomolecules to crystalline silicon or gold surfaces
generally arises from the functionalisation chemistry employBdth silicon and gold are relatively
chemically inert surfaces, and thus the first stage in these experiments is the creation of Eyewsno

to present more chemically reactive groups for attachment of the biomolecule. On silicon, the
modifications are commonly to primary amine groups, such as those irf3-
Aminopropyl)triethoxysilane (APTES) or ethanolamine, or thiol groups such (3as
Mercaptopropyl)trimethoxysilanéMPTMS). Following this these chemical groups offer a wide range
of linkages, usually through a heterobifunctional (two ends, with different reactivities) linker to allow

attachment to the surface at one end, and to the prottigand/DNA at the other.

Issues with the initial stages of functionalisation of either silicon or gold surface can stem from poor
cleaning of the initial surface, or with issues in the deposition of the monolayer itself. Generally, use
of gold surfacesequires fresh samples to be prepared each time (by depositing the gold on another
adhesion layer such as chromium), as once deposited, many cleaning methods can damage or strip
the surface entirely. Silicon is a good alternative, as crystalline silicbersvean be extensively
cleaned using harsh methods, such as piranha cleani@ HHSQ). In addition, this generates a

layer of silicon oxide (terminating in hydroxyl groups) for simple functionalisation with MPTMS, APTES

or ethanolamine.

The initialexperiments using SMFS probed the interaction between Biotin and Streptavidin, one of
the strongest known noigovalent interactions in biochemist(izee et al., 1994)n more recent years,

the interaction between Biotin and Avidin has been used as arctefietest method(Ebner et al.,
2007a, 2007b; Riener et al., 2003; Wildling et al., 2Gbd)new linkage chemistry, due to the
Ay (i S NJsteeiighhznyt @eliability, as well as the commercial availability of both components. As a
result, it can be usetb troubleshoot problems in experiments where measurements such as surface

density are not available.

Whilst most previous SMFS studies have focussed on bound complexes that exist from seconds to
hours using force volume ramping, the study of more tramsg@mplexes requires faster movement.
Thiscan beprovided by the peafforce quantitative nanomechanical mapping {8RM) AFM mode
(section 1.3.3), initially used to probe the interaction between cytochroroeand RA@.H1 from
Rba.sphaeroideg¢Vasilev et b, 2013) Whilst this study relied on both proteins being attached to gold

surfaces, the work using #pNM was developed further by studying on the interaction between Pc
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and attached to a Silicon nitride AFM probe, andxgfyin the native grana membranes adsorbed to a
mica surfac€Johnson et al., 2014In both studies, the lifetime of the bound complex was well below
1ms, requiring the speed only available via@NM. As previously summarisedsiection1.3.3, with
speeds upio 4kHz available for imaging in liquid ;@RM offers the time resolution required to probe
such transient interactions. In addition, the higksolution simultaneous height and adhesion images
that are generated in RONM also allow for the easy corrétan of locations of adhesions on the

surface, offering another method for data verification.

Previous SMFS studies have generally been on soluble proteins, which did not require the presence of
detergents. Whilst the aforementioned methods of linkage hpr@ven functional, the ideal scenario
would be the incorporation of purified proteins into a native lipid environment which could then be
adsorbed to a flat surface. Liposomes have not previously been applied toeXpH¥Bnents buhave

been used to charcterise a number of different spectral and energy transferring properties from
higher plant photosynthetic componen{Moya et al., 2001)Due to their ability to easily adsorb to a

mica surface, it would appear that liposomes present the ideal candidat8§ MFS experiments on

membrane proteins.

Acrucial factorin attaching molecules to surfaces for SMFSkywathether in direct covalent linkages

to the surface or via proteoliposomes, is the control of protein density. Whilst the previous affinity
mappirg study of cytef : Pcin Johnson et al., 201dtilised isolated grana membranes, the data sets
for the interaction were understandably limited by the number of giyth a membranepatch The

goal with using purified cytbwas to achieve high enough sack density of active protein that large

datasets on the interaction could be easily obtained a¢dnilev et al., 2018nd 2019
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3.3 Results

3.3.1 Purification of Plastocyanin

The purity of protein samples required for SMFS work is relatively, egpecially for circumstances
where proteins are attached nespecifically (As opposed to attachment by engineered specific
linkage sites such as a cysteine residue or #tigatag). No recombinant methods were currently
available in our lab for purifit@n of Pc, but relatively extensive methods already exist for the
purification directly from spinach. A simplified method from the origidal/arro et al., 201%pinach
method was used, with a number of steps removed for time and yield sake. This medsatkacribed

in Mayneord et al., 201and in the Materials and Methods secti@.1of this thesis. The SRFPAGE

in figure 3.1A displays the end purified product, running at ca. 12.5 kDa due to charge (Actual
molecular weight (MW) of 10.5 kDa). The faupper band at ca. double the apparent MWas
thought to bedue to the presence of an additional acidic isoform that runs aberrantly orP3GE,

and thus was tested via western blot seenfigure 3.1B where reactivity of both bands to a Pc
antibodyis shown,as previously seen (Agrisera Websitédllowing treatment of the sample ith
Laemmli buffer however yielded a single band, indicating that the double MW band was in fact
dimerised complex via difphide bondsupon unfolding Figure 3.1C shows the absorbance spectra
for Pc, with the given broad peak centred at ca. 600nm from the type 1 copper cofactor. The
purification gave a 280/597nm ratio of 1.9 (Oxidised form). This, along with th€ 888 coirined

the sample was sufficiently pure for use in SMFS experiments.
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Figure 3.1 Proof of purification of Plastocyanin from native spinach

(A) SDSPAGE of end purified product, showing the normal ca. 12.5kDa band for &tditional band
is seen at ca. twice the molecular weighhis was initially believed to be a more acisiorm of the
protein, as addition of reducing agenitsremove dsulphide bonddid not remove itHoweverrunning
the sample inaemmliloading buffer removedhe now identifieddimer band, as seen in lane (B)
Western blot using a Pc antibody, showing the reactivity of both bands seen@ Absprbance

spectrashowing the peak from the copper cofactor in the structure.

3.3.2 Purification of Cytochromegb

Previous methods have shown a simple, effective purification dfstfriom both spinach(Dietrich

and Kuhlbrandt, 1999nd Creinhardtii (Pierre et al. 1995)using the detergenHECAMEG. These
methods relied on thability of HECAMEG to specifically extracbghyftom its lipid rich regions in the
thylakoid membrane. As the previous protocol for spinach contained no details on solubilisation
conditions(Dietrich and Kuhlbrandt, 199®itial optimisations needed to be performed. Given the
spectra of cysf, a simple method was devised for the quick analysis of purity and yield fmf cyt
fractions. Tracking the absorbance signal at 420nm (the unique Bametfrom the bound haems and
chlorophyll) could be used to observe the amount ofbglytThe ratio between 420nm (dyf) and
440nm (from other photosynthetic componeifishlorophyll) would allow a test for the enrichment

of the solubilised fractions. Uxj these two measurements, solubilisation trials were carried out

testing the effect of both time and concentration of the detergent. Following this, solubilised samples
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were centrifuged for 15 minutes at &0g to pellet unsolubilisedthaterial The superatant was
extracted and an absorbance spectrum was taken. The results are shown in figure 3.2. Red data points
(figure 3.2 B,D) show the ratio of 420/440nm for thylakoid membranes prior to solubilisation. The
solubilisation time (A/B, all performed at arcentration of 1% HECAMEG) had no apparent effect on
either the relative amount (A) or the purity (B), thus suggesting that the HECAMEG acts quickly on the

sample and following this no further effect is seen.
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Figure 3.2 Solubilisation trials of Cytodme ksf in HECAMEG, Time and Concentration

Effect of time of solubilisation (in 1% HECAMEGApthé amount of material obtained (adjusted
relative to 1 minute in each trial) an8)(the purity of the material. Effect of concentration on the
amount of material obtained and¥) on the purity of the material for a-@inute solubilisation.
Relative amount in A and C is from the comparison of the absorbance at 420nm in the sample vs the

absorbance seen at (A) 1 minute or (C) 0.7%.

The effect ofincreasing the concentration of HECAMEG was an increase in the amount of material
az2fdoAfAaSRE a4 4SSy Ay TFTAIANB odH/ ® | 25SOHSNE
higher concentrations of HECAMEG (figure 3.2D), most noticeably over vii/\2%ultimately
decreasing to the equivalent of nesolubilized thylakoids at 1.8%. This showed that while the time

for solubilisation had little to no effect, higher concentrations of HECAMEG were not effective at

enriching cyisf. From this, a concentratn of 1% HECAMEG was chosen, and a time of 3 minutes, as
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later used ilMayneord et al., 2019ollowing the solubilisation, the enriched supernatant was placed
onto a 10635% sucrose gradient in 0.8% HECAMEG and spun at 125,000 g for 16 hours (See material
& methodssection 2.4.2 The resultant gradient can be seen in figure 3.3A. From tthésdark
brownish bandindicated arrow) was taken aridadedonto a typel Ceramic Hydroxyapatite column

(CHT column). This was washed with 5 column volumes of 10@mivionium phosphate buffer pH

8.0, removing any remaining green colour from the column and leaving a brown band which was then
eluted by 400mM ammonium phosphate buffer. All column stages were performed in the presence
of 0.8% HECAMEG. See materials anthous section 2.4.Zor more detail. This sample was then
frozen and stored ai80°C until use, and an SIPAGE of the purification process can be seen in figure
3.3B, with visible cyf subunits highlighted.
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Figure 3.3 Purification of Cytochromefb

(A) Sucrose gradient of the supernatant following HECAMEG solubilisation. The dark band indicated
(arrow) was extracted.B) SDSPAGE of the cygbpurification process. Lanes: L) Ladder, 1) Thylakoid
membranes, 2) Supernatant from HECAMEG solubilisajiémastion taken from sucrose gradient (A,
arrow), 4) Flow through loading CHT column, 5) CHT column elution with 100mM Ammonium

phosphate (Wash), 6) CHT column elution with 400mM Ammonium phosphate.

3.3.3 Initial surface immobilisation of Cytochroni®f

A diagram for the surface immobilisation chemistry used is shown in figure 3.4, with A and C showing

the components of théinkages, and B and D showing the final products for protein immaobilisation on
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3. Establishing Single Molecule Force Spectroscopy experiments

both the SiOx wafer (A,B) and AFM probe (C,D). Wiiler detergents such as-5 2 RS @® f |
YIti2aARS 06i 55a0 KIF@S 0SSy dzaSR LINBGA2dzafte F2NJ
(Vasilev et al., 2013, 2019)o previous studies using HECAMEG could be found. The final linkage stage

to the protein (readion of theN-HydroxysuccinimidedNHS) esters with primary amines on the protein)

is susceptible to hydrolysis in aqueous solvents (Figure 3.4B, RHS showing a hydrolysis product). As
such, changing the concentration of the protein can be an easy was tmteuarface density, as the

water effectively competes with the primary amines for linkalygtial immobilisation experiments

were performed, using the chemistry shown in figure 3.4 and with a protein concentration ranging

NHe / 2 )
Lysine on protein Lysine on protein

O;<l 0 Jza
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o,
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Figure 3.4 Surface chemistfgr immobilisation proteins

Surface chemistry used for protein immobilisati@).lGdividual components used to attachlm§to
SiOx wafergwith NHS ester and maleimide groups hightlightea)d B) the end product of the
linkage. © Components usedif attachment of Pc to the AFM probe, amd the end product of the
linkage For B and D, byroducts of the reactions are omitted. (SMCC: (succinimigii- 4
maleimidomethyl]cyclohexar&-carboxylate). SM(PEG)24: (succinimidighil-
maleimidopropionamida)etracosaethyleneglycol] ester) MPTMS (3

Mercaptopropyl)trimethoxysilang)

from 5nM to 1uM.Figure 3.5 shows AFM images taken of wedersfollowing the immobilisation
steps, at two different concentrations and times for incubation, showing no distinguishable difference.
Previous work has shown that this range of concentrations is optimal for the immobili¢etboer et

al., 2007a, 2007bobhnson et al., 2014; Vasilev et al., 2013, 2018hile some aggregation of the
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3. Establishing Single Molecule Force Spectroscopy experiments

cytbef on the surface can be seen, this was not thought to be responsible for the lack of response to
protein concentration. Instead it is believed that the high critical necebncentration (CMC) of
HECAMERG results in the surface effectively being coated, allowing the protein to adsorb to the surface,
and not covalently attach. At this point it was decided that thebgyshould be transferred into a
different detergent witha lower CMC.

13.0nm

A

-14.2nm -18.0 nm

Figure 3.5 Testing of surface immobilisation of the Cytochrorgfecbmplex

AFM images of the surface generated from incubatiig500nM of cyibef, for 45 minutes andB)
50nM cybsf for 10 minutes. As both appeared to be effectively coaiiregsurface, it was assumed
the high concentration of detergent was allowing the protein to be adsorbed on the surface non

specifically.

A N

The detergent 4trans-(4-trans-Propylcyclohexylp &@ O f 2 Kfalipside (tPC@ -M) had previously
displayed the abily to retain high cytbsf activity, even following long storagat room temperature
(Hovers et al., 2011Previous studies using this detergent had relied ortdugiedcythef to allow for

simple purification by immobilised metal affinichromatography (IMAC) columns. As this was not
available for our experiments, our original HECAMEG purification method could still be used, with the
cytbef then being exchanged into the new detergeAtsucrose gradient was used for exchanging the
protein, still containing the 400mM ammonium phosphate, however with 0.4mM tPGLC for
exchange. Figure 3.6A shows the sucrose gradient, with the arrow indicating the band taken onwards.
Following this the sucrose was removed by a desalting column, being exchamge400mM
ammonium phosphate pH 8.0, 0.3mM tRC®1, and the protein was again incubated with freshly
prepared NH&ster terminated surfaces (figure 3.4) and imaged by AFM, shown in figure 3.6B.
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5.0nm

-4.0 nm

Figure 3.6 Cytochromeshin tPC@ -M, 400mM Ammonium posphate

(A) Continuous scrose gradient (1:35% wi/v) for exchangingytbsf into tPC& -M. Arrow indicates
the band extracted B) An AFM image of the surface as prepared in the materials and methods (section
2.5.4.1) with the band seen in A for the praoténcubation stage following desalting to remove sucrose.

No clear topology is seen, indicating no linkage has occurred.

No apparent surface topology was present, and it was suggested that a small amount of the 400mM
ammonium phosphate could be decompagito ammonia, which would thus outcompete the lysine
NEAARdzSSa 2y (GKS LINRPGSAYyQa &Adz2NFIF OSod LT GKS | YY2YA
phosphate, 40 M of ammonia would be generated, dwarfing the Q4 concentration of the cydsf.

As a result, the preparation was amended so that the sucrose gradient exchange step in figure 3.6A
would also exchange the buffer to 20mM HEPES pH 8.0, 50mM NacCl. In addition, a size exclusion
column was also added to the end of the preparation to ensha following extraction from the

sucrose gradient, any residual ammonium phosphate was removed. This was the method then used

in Mayneord et al., 2019AFM images of the surfaces generated with this sample as previously
described are shown in figure 3&verage heights measured are ca; 5.5nm, corresponding with

cytosf6 SAY I AY | Wil @Ay3 R26yQ O0YSYONIYyS LI I yS LISNL
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6.9 nm

-4.8 nm -4.8 nm

Figure 3.7 Surfaces @ytochromebsf in tPC& -M, 10mM HEPES

AFM images of surfaces oftbsf generated withcythef in 20mM HEPES, 10mM NacCl, 0.3mM tPCC
M. Average heights measured were around 5.5 nm, in agreement withytosf A y | Wi | é A y 3

conformation, with the plane of the detergent micelle perpendictdahe surface.

3.3.4 Verification of the viability ofSytochromebef

Following the additional steps added to the origifaktrich and Kuhlbrandinethod, we wished to

verify that the cybsf was still dimeric and functional. DDM has been previously showto
monomerise cyief if involved in the purification stagdggujan et al., 2017)As a result, during one
round of purifications, a small amount of the product of the CHT column was exchanged on a sucrose
gradient into a buffer containing 50mM HEPES pH 8.0, 20mM NaCl, OBkM. The sample was

then run on a size exclusion columntlie same buffer, alongside the original. Figure 3.8 shows the
results from these samples generated in parallel, with the sucrose gradients in A and B showing clear
contrast between the single (dimeric) band in the tFCK sample, and the double band shown

i K DM sample, with the suspected monomeridbef indicatedby the red arrow
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Figure 3.8 Gel filtration results of the Cytochromef bomplex

(A) Exchange sucrose gradient forhkgftexchanged into buffer base (50mM HEPES, pH 8.0, 20mM
NaCl) + BGmM tPC&@-M and B) Exchanged into buffer base + 0.082DM. Bands extracted are
denoted by black arrows. Small Red arrow shows a more diffuse band above the dirberlzacyt
previously linked to monomerised complHovers et al., 2011)0 Gel filtation elution profile
(absorbance traces at 280nm are in dark blue)fiercytbsf complexbeing eluted into buffer base +
0.3mM tPC@ -M, and D) Eluted into buffer base + 0.03%DM. E Blue Native PAGE showing the
final 2 peaks seen in (C) (tFGW® samples), along with Peaka®ter treatment with 1% triton for 30
minutes, to deliberately monomerise byt (F) Absorbance spectra of the end cthhom peak 2
treated with ascorbate, with an inlay showing the difference spectra for ascogtfateécyanide (Red)

and dithionite¢ ascorbate (blug This found a calculated haem b / haem c ratio of 2, in agreement

with the complete complefCramer and Whitmarsh, 1977)
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The different heights of the same bandstRC@ -M (figure 3.8A) and DDM (figure 3.B) samples

are due to the different MW of the micelles. The dimeric bands (indicated by the black arrow in both
A and B) were extracted and placed on a size exclusion columegpikbrated in 50mM HEPES pH

8.0, 20mM NacCl and either 0.03% (vi)DM or 03mM tPCE"-M as indicated The elution profile

for the size exclusion column of each sample is shown in figure 3.8 C/D. Peak 2 (central peak, suspected
to be dimeric) and peak 3 (suspected to be monomeric) fromRI@&E" -M preparation was then run

on a bue native PAGE, along with a sample of peak 2 which had been treated with 1% wi/v triton for
30 minutes to cause the deliberate monomerisation of the sample. The result can be seen figure 3.8E.
If the samples represented the monomeric (peak 2) and degr§okeak 3) forms of the protein, other
bands would be expected from tH#ue native PAGE of peak 3 but were not seen. The results agree
with our hypothesis that the peaks represent dimeric (peak 2) and monomeric (pegtod)with the

earliest peak (L)epresenting some aggregation of the complex. In addition, the elution profile for the

i DDM treated sample (figure 3.8D) shows the material nearly evenly distributed between all 3 peaks,
suggesting that the monomerisation causedi lYDM continues followinghe sucrose gradient, and
matches the elution seen previously linjan et al., 2017As an additional measure, the absorption
spectrum for ascorbateeduced cybef from peak 2 is shown in 3.8F. From the difference spectra seen

in the inlay, a ratio of ttype haem to dype haem of 2 was calculated, in agreement with the complete

complex(Cramer and Whitmarsh, 1977)

No highresolution structureexistedfor the higher plant cyisf complex. As a result, with a preparation

we were confident in we wished to @she recent developments in electron microscopy to obtain the

O02YLX SEQ& aGNHzOGdz2NB® ! &l YLX S sFa 3IABSy (2 [ dal
negative stain EM. A sample of the negative stain EM results are shown in figure 3.9Ah&sem t

images, the size of the longest visible edges of the particles were measured in ImageJ, and the
histogram generated shown in figure 3.9B. Gaussian fitting shows that two peaks are present, with
means at 6.2 0.1nm and 9.5%0.1nm. These arguably reap/ R G2 GKS NBXIA2ya 2F Wi
the cytsf as shown in figure 3.9C/D, in which t@ereinhardtiicytbef structure Stroebel et al., 2003

pdb: 1Q90) is shown, with an overlay for the size of the entire complex (green) and the regions of
highestdensity (blue)These regions of highest density would represent what would be visible from

the low contrast of the negative stain EM.
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Figure 3.9 Negative stain EM d@ytochromebsf sample

(A) Negative stairelectron microscopy performed lhyMalone, D.Swainsbury and P.Qian, on the end
sampleofcytf. B0 | AadG23INFY 2F (KS WwWi2y3aSad SRISQ LI NIAC
such as those in (A). Gaussian fit over the histogram shows peaks with means @tl6rén (*) and

9.5+ 0.1 nm (**). Errors given are standard errors of the meanC(D) Cybsf structure from

C.reinhartii Btroebel et al., 20Q3db: 1Q90) with full dimensions highlighted in green, and regions of
WKAIK RSyarideQ KAIKEAIKGSR these hightledziydregiors @re M S I & dzNX

agreement with the longest edge particle sizes in B.
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In addition to observing if the dyif was still dimeric, we also wished to ensure the interaction
between the purified Pc and dyf would match the previously publied results in bulk phase
experiments(Black et al., 1987; Dietrich and Kuhlbrandt, 1988)l the measured native ET rate
(Hope, 1993pf 300 electrons& For this purpose, a newly obtained spma-Hlow system in our lab
could be used to perform aactivity assay and show the initial rate at which thebglytomplex was
catalysing the transfer of electrons from plastoquinone toRrylplastoquinone was reduced via the
method seen infrumpower and Edwards, 19,/8nd the generated decylplastoquinobw dissolved
into DMSO, due to methanol causing complications wittbgykinetics (Dietrich and Kuhlbrandt,
1999) Figure 3.10 shows the absorbance traces at 597nm (Oxidised Pc) for thpedstimo

experiments.

—— - Quinones
—— - Cytbgf
— All components| |

Absorbance (597nm)

0 10 20 30 40 50 60
Time (s)

Figure 3.10 Stop flow measurements ofetiCytochrome & and Plastocyanin

Stop flow experiments testing the catalytic rate of the purifiedgfyiimplex, along with controlgnd
concentration of all constituents (when presentjere 185nM cytdf 50uM Pc, 250M
decylplastoquinolEachexperiment was repeated 3 times, and the mean plotted. Quinones were
omitted (grey) to show there was no other source of electrons, and any residual DMSO from the
decylplastoquinol stock had no effect. Gfilvas omitted (red) to obtain the background rdte ET

from decylplastoquinone to Pc when uncatalyzed. All components (blue) display the rate for ET from
decylplastoquinone to Pc (Catalysed + Background). Absorbance at 597nm was tracked to observe the
reduction of Pcand the rateof reductioncalculaed usingan extinction coefficient of 4.7mficnt?

for oxidised P€Yoshizaki et al., 1981)
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Experiments were initiated by addition of decylplastoquinol to-priéed Pc and citf, to give final
concentrations of 185nM cptf, 50uM Pc and 250uM decylplasuind 6 ¥ A 3dzZNB o dp> . f
O2YLRYySyiaQued ¢2 SyadaNBE (KS NBaARdzZf 5a{h FTNRY
YAEAY3S RSOef LI Faldz2lidAy2vdayay8¥RG§®SRa6EKSEdz8HE SO
both decylplastoquinol andd*acilitate ET between the two in solution, this background rate needed

G2 0SS ljdzr YGATASRD® ¢ KS NRyRosPshowsh Mo rafeoStrarisfdfrans o FA 3
decylplastoquinol to Pc in solution. When calculating the catalysed rate bfssiackground rate was

removed. The rate of ET catalysed bybgiytvas found to be 200 electrons,sn good agreement with

previous studies on cigéf from spinach(Dietrich and Kuhlbrandt, 1999 reinhardtii (Hovers et al.,

2011; Pierre et al1995)and native spinach membranédope, 1993)

In addition to this, thesample previously given to L.MalgnB.Swainsbunand P.Qian was also
analysed by Cry&Mto obtain a highresolution structure. From the cryBM grids generated, over
420,000 partites were picked by L.Malone, and the structure of the spinachsfcgbmplex was
obtained t03.6 Angstronresolution (Maloneet al., 2019. This structure can be seen in figure 3.11,
and again showed the sample generated by this method was complete atdimtaken on to SMFS

experiments.

Figure 3.11 Cytochromesbstructure from Spinach

The structure obtained by L.Malone using €BM from samples prepared in tRC®&1. The complex
had a resolution of 3.6 Angstrom. Thelgfis shown in&) cartoonform, @) cartoon + surface overlay
and © surface formPDB6RQF (Malone. et al. 2019).
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3.3.5 Initial SMFS experiments on Cytochroioet : Plastocyanin binding

Surfaces of cyf were generated as described in Materials and Methods se@ié.], using the
chemistry shown in figure 3.4 A/B. Pc was attached to the AFM probe (Bruker AC40) via the same
chemical linkages, however a 24 unit polyethylene glycol spacer was also present in the linker, to give
a finaltip to protein separation disnce of 10nm, as seen in figure 3.4 Qfiaterials and methods
section 2.5.4.2)This could thus be used as an initial selection criterion for distinguishing between
specific adhesion (which would yield up to 10nm separation prior to applying a for¢ee @omplex)

and nonspecific adhesion (which would occur at a separation distance of Q)sfGutfaces were
incubated in 1mM sodium ascorbate to reduce cytochrdirghey were then initially scanned across
viaPFvba ! Ca ¢6A0K | Wsd)pkobe/ tQassesg iFfazy drisity i yhe Height image.
Following this the probe was replaced by a Pc functionalised probe, which had beerigiszd in

1mM potassium ferricyanide, at which time the machine was switched to also recoieditia the
dataset. Each pixel in the height image thus had a concorBd@{discussed in B.2) describing the
interaction with the surface at that point. Whilst MM offers several characterisations beyond
simply height g¢ection1.3.3), only adhesion is of interegt SMFS experiments. Observing the height

and adhesion image, rather than extracting and assessing &dgllows a quick initial test of the
experiments. Figure 3.12 shows the simultaneously obtained height (A/C) and adhesion (B/D) images

from early exgriments on the interaction between dyf and Pc.
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Figure 3.12 SMFS dytochromebsf and Rastocyanininteraction

AFM Height (A/C) andorrespondingadhesion (B/D) images from imaging in®RM mode for the

initial experiments on thateraction between cyif on the surface, and Pc on the AFM probe. Zhe
scale in B and D is set to only a small range at a relatively low force (90pN upper limit) to effectively
act as a threshold, showing adhesions higher than 90pN as white dots. dthisdnwas frequently

used to perform an initial assessment of the adhesion data.

As previously mentioned, the height measured for ¢hthsf on the surface was ca. 5nm, in agreement

withthe cybsf O2 YLI SE 6SAYy3a Ay | Wil &A yaimdRd anyh@cydg y T2 N |
Pc interaction in native grana membrarn@shnson et al., 2014gd found a mean unbinding force of

ca. 310pN, and as such a threshold value of 90pN was placed on the adhesion image so that only

adhesions over this threshold were visible in the image.

No adhesion is observed in figure 3.12 above the 90pN threshioddeTexperiments were repeated

10 times, yielding the same result each time. The attachment chemistry for the surfaces had already
been verified from prior experiments showing its absence under various conditions (figure 3.6), and
surface density was vidéofrom the height image. However, the attachment of Pc to the AFM probe
could not be verified as no method was available to observe the AFM probe functionalisation. Whilst
it is generally assumed that the silicon on the AFM tip should be no differentdr&mx surface, it
would appear that some difference in functionalisation was occurring. As the vacuum chamber used

for MPTMS deposition was old, and no longer held vacuum for periods longer than 3 hours, this was
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considered to be a likely explanation fivis issue. Whilst the deposition was generally performed
under argon or nitrogemfaterials and methods section 2.5.2.4 loss of vacuum would result in air,

and thus moisture, being introduced into the chamber. As MPTMS requires strictly dry cosnditien

could be detrimental to the deposition of a monolayer on the AFM probe. Whilst the SiOx surface may
be capable of tolerating some loss in surface deposition, the AFM probe may be more sensitive as only
a very small area of the probe (the tip apéx)relevant for SMFS experiments. As a result, other

avenues for the creation of a reactive monolayer were pursued.
3.3.6Alternativesfor MPTMS immobilisation

Whilst our previous attempts at surface functionalisation had been performed in the vapoue,phas
MPTMS can also be deposited in the liquid phase. To assess whether this avenue was worth pursuing
cleaned SiOx wafers were given to O.Korychenska igpartment of Chemistry for liquid phase
deposition. This method uses a concentration of 5mM MPTM&8uene, under an argon atmosphere

as reported inRamanath et al., 200@8naterials and methods section 2.5.2.2hese surfaces were

then assessed by AFM to observe the quality of the deposition, and the images can be seen in figure
3.13. Figure 3.13A slws the starting sample (Piranha cleaned AFM surface), whilst figure 3.13B shows
the surfaces following liquid phase MPTMS deposition. The protrusions seen on the surface could
either be due to MPTMS polymerisation (due to exposure to moisture during diegdsor nor
covalently attached MPTMS. Previous experiments have removed the latter by heating the sample to
85°C for 10 minutegGothe et al., 2018)which produced the surface shown in figure 3.13C. Some
MPTMS appears to have been removed from theaaf however uncontrolled polymerisation is
occurring. As such this showed that liquid phase deposition was not appropriate for the

functionalisation steps with the available equipment.
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o B

Figure 3.13 Liquid MPTMS monolayer deposition.

Testing of moalayer deposition by the liquid phase method. AFM imaglesn of:(A) Blak piranha
cleaned silicon wafer (starting materialB) (Surface following liquid phase deposition of MPTMS
before baking step and) after baking at 83C for 10 minutes. Clear mtsistencies are observed both

before and after baking.

3.3.7 Ethanolamine deposition antthe Biotin : Avidin testbed experiments

With the deposition of MPTMS not available in vapour phase, due to the poor chamber, or in liquid
phase due to the strictaquirement for dry conditions, another deposition was required in order to
allow chemical attachment to the silicon surface. The creation of an amine functional layer was also
possible via incubation of silicon with ethanolamine in DMBi@terdorfer et al, 1996; Riener et al.,
2003) again requiring dry conditions, however not as strict as with MPTMS. To assess this
functionalisation method a solution of 2.2g Ethanolamine HCI in 4ml DMSO was used for the
deposition. Silicon wafers were placed in custoasignedglassware to allow fov molecular sieve

beads to bepresent in the solution, aiding a dry environment, and left in this solution overnight at
100°C. Surfaces were then washed in DMSO 3 times, followed by ethanol 3 times and finally dried
under a stream of nitrogen. Following this they weneubated with ahomobifunctional linker
dimethyl suberimidatédDMS) and cyif simultaneously (Chemistry diagram shown in figure 3.15 C/D,
See materials and methodgction 2.5.3 for details). Any attachment of dyf to the surface would

thus give an initial indicain that the linkage was functioning. These surfaces were imaged by AFM
and can be seen in figure 3.14. As expected, some aggregation is observed from the crosslinking of
multiple cybsf together, however as this was only used as a verification of ethanp&m

functionalisation this was not an issue.
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Figure 3.14 Cyichromebsf surfaces via ethanolamine linkages

AFM images taken of surfaces generated by incubation bffcgnd DMS linker with ethanolamine
functionalised surfaces. Clear topology shows thataybef has linked to the surface, with some

aggregation seen due to therosslinking causing aggregation of loyt

Following this initial verification, we needed ttsa assess the functionalisation on the AFM probe.
We chose the well characterised SMFS experiment of measuring the interaction between Biotin and
Avidin as both Avidin and linkers terminating in Biotin were commercially available. Repeating this
widely reported experimentEvans, 1999; Florin et al., 1994; Izrailev et al., 1997; De Paris et al., 2000;
Riener et al., 2003)ould verify that no other factors in the experiments were responsible for the
failures seen previously, arghhow whether the ethanolamine method was suitable. The principle of
using this test system to investigate linkage methods has been previously estal{iSiest et al.,
2007a, 2007b; Riener et al., 2003he proposed linkage chemistry can be seen indi@ul5, with A
showing the individual components, and B showing the end conjugate structure. ThéPHBp

Biotin linker was attached to the ethanolamine generated surface byhau8 incubation at a
concentration of 1mg miin a solution of chloroformwith 0.5% (v/v) triethanolamine as a catalyst

(as inHinterdorfer et al., 1996)In this linkern represents the variable number of PEG units, with an
average MW of 5kDa for the entire molecule, thus corresponding to ca. 100 PEG units, givigg a tip

Biatin separation distance of ca. 40nm.

83



3. Establishing Single Malgle Force Spectroscopy experiments

A B C o D
>—NH : NH HN ’

HN /
HN / HN
S Lysine on protein 0
HN
/
. NH;
NHS - (PEG), - Biotin
o \
NH o o NH
CI'H, N
o]

H “CI*H N

|
Lo
{

S
N
o l n NH,*CI
o]
NH,*CI
HN

N o HoN 2
OH oH

Figure 3.15 Ethanolamine linkage of proteins to surfaces
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The linkage method for attaching Biotin to an AFM proBé& Linkage components prior to reaction,
and @B) The final conjugate formed from the reactioB) Tte linkage method for attaching dyf to

the surface, with theomponents for attaching dyif to the SiOx surfacand Q) the final conjugate
formed from the reactionThelength of the PEG units in A and B was determined by the MW of the

entire linker, laving an average of 5kDa.

Avidin could readily be adsorbed to a surface by simple incubation as shdRierar et al., 2003
(materials and methods section324.7) Due to its small size however, observing surface topology to
assess density would be difidzft G & ! a4 | O2YLINRBYAaS> | WAONI (0K
presence of avidin as Ebner et al., 20070n this case, the peak force for AFM could be increased to

a high force, and a small region could be scanned. This high force would remove the protein adsorbed
to the surface. When the peak force was subsequently lowered again, and a larger imagehaken,
region which has had protein removed can be seen, as shown in figure 3.16, confirming that avidin
was successfully attached. Now scanning across the surface using force volume (FV) mode gave clear

specific adhesions on the surface, with a separatistedice between 15 and 45 nm in tRe@ & @
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2 2.0nm

B 12nm

Figure 3.16 Avidin surface scratch test

AFM images for surfaces of immobilised avighn AFM image taken on avidin surface. Following this,
the scan size was decreased to 200 x 200nm and the scanning peakt dorce was increased to
several mno-newtons(scratch test)(B) Image taken at same size as in A, following the scratch test,

showing acentralregion in which the avidin has been removed, leaving the undenyicaisurface.

3.3.8 MATLAB analysisdl

The analysis of a SMFS experiment in either FV-oriPla Y2 RSa NBIjdzA NBa G KS 2 LIS
FdCdata, a correction for the baseline of the curve, followed by initial filtering of the data by set
parameters. The Nanoscope software that come&wit. NHz] SNDR& ! Ca Yl OKAYyS&a A&
handle this task, requiring the user to first save ekdi@before making all the corrections manually.

Rather than pursue thistim®2 y a dzY Ay 3 LINPOSaa> . NMzl SNR& 246y al!l ¢]
thefile = ' yR Fff &dzaSljdsSyd NBIldZANBYSyida OFy 06S YSi
chart for the logic of an analysis program is shown in figure 3.17, displaying the reasoning behind the

initial filtering and how the analysis program would worke Heript for the MATLAB program used
throughout SMFS analysis can be found in the appesetition 8.1 Whilst the syntax for opening FV
andPFmba FAf{Sad Aa RAFFSNBYG Ay . NUzZl SNRa a! ¢[! . G2:
to open theFFdC and the other to open the height image. As a result, the program shown in the

appendix is for opening theFQNMfiles.
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3. Establishing Single Molecule Force Spectroscopy experiments

_ ) B
<
4 Analysis Parameters - X
Tip Parameters
18_5_BSI_red_P_Pc_ox_SmM_tip1 003 p.
First Filename: fe
Deflection Sensitivity: miv
Spring Constant. Spring Constant N/m
Analysis Parameters
Is Minimum force: Minimum force pN
the minimum No
> Minimum Seperation
value lower than the Ll Distance: Minimum seperation distance nM
. "7
Threshold? Maximum Seperation -
Distance: Maximum seperation distance nm
200
Minimum Maximum
100 \Sepemmn Seperation
Distance Distance
Z o —\
8 Minimur
5 -100
4
-200
Is there a trough in No -300
» 0 20 40 60 80 100
the ‘Searching region'? Seperation Distance (nm)

Any additional text to add

Text to addinto file names

Yes

Textto add

Continue

Has the user selected No
any data points?

A 4

Yes

Figure 3.17 Analysis tool flowchart and MATLAB script.

(A) Flowchart showing the logical steps for the analysis tool generated inLMATor data analysis.
CAfGSNARAY3I LI NIYSGSNE O00GKS WEeKNBaK2fRQ FyR W{OIy:
analysis, in the popup window seen in (B). The popup window the user is shown at the start of

analysis and can be used to inghe tip parameters (Deflection sensitivity and spring constant).
Following this the user inputs the analysis parameters, the minimum force here representing the
WeKNBakK2t RQ aSSy Ay !z FyR GKS YAYyAYdzy FyR YI E;
NEIA2YyQd ¢KS GKANR LI ySt Ay GKS Fylfeara gAyR2¢
highlighted orange region being the region the program searches for adhesions (troughs) in. The
YAYAYdzY F2NOS 0O0WeKNBaK2({ RQaw data sighe? ynd)Fovths iRitialA y G 2 |

filtering seen in A, so that minimal conversion of values from raw data to force needs to be performed.
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3. Establishing Single Molecule Force Spectroscopy experiments

Following this curves that fit the filtering parameters given are shown to the user, and adhesion

maxima can be dected (Appendis.l).

3.3.9 Biotin: Avidin results

The bioting avidin binding system has already been extensively studied via SMFS utilising AFM,
amongst other tools. The purpose of the experiment here was simply to show it could be repeated
using our arface chemistry to ensure the ethanolamine deposition was functioning on our AFM tip.
Figure 3.18 shows the distribution of forces measured from the SMFS experiment of biotin and avidin,
along with the traditional blocking control that is usually perfodifer these experimentf_ee et al.,

1994) These experiments were performed in force volume (FV) mode of AFM, which is considerably
slower than the PIYNM method previously discussed. Blocking the biotin on the tip by introducing
0.1mg/ml avidin into theimaging buffer showed a greater than -idld drop in the number of
unbinding events that were being detected. The average loading rate was found to be ca. 2000pN/s,
as measured by the slope of tli&lCimmediately prior to rupture. The measured mean unbirgli

force was 48 1pN, in agreement with previous studies at this loading (&eans, 1999; De Paris et

al., 2000)

Figure 3.18 Biotin Avidinforce distribution and interaction frequency

SMFS on the BiotmAvidin system for testing tHakage to the AFM probe and analysis prografy). (
The distribution of forces measured for the biotin avidin test syst&hasphate buffered saline (PBS).

In addition, 0.1mg/ml Avidin was added to the solution, showing a decrease in the interaction
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