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Abstract

All forms of life are dependent on proton gradients as a source of energy to power
essential cellular processes, and they all store this energy in the form of the nucleotide
adenosine triphosphate (ATP). The rotary ATPases are multi-subunit molecular
machines that utilise a rotary catalytic mechanism to couple ATP synthesis/hydrolysis
to proton translocation across biological membranes. All rotary ATPases contain
membrane-embedded proton-translocating subunits, via which protons enter and exit
the membrane. This is the only subunit common to all rotary ATPases for which there is
no high resolution structural information, and thus the molecular understanding of
mechanism by which proton translocation is coupled to ATP synthesis/hydrolysis
remains incomplete. To determine this structure, twelve homologues of the
proton-translocating subunit from A-type rotary ATPases (subunit I) were cloned into
eight different expression vectors, giving 96 expression constructs. Subunit I from the
bacterium Meiothermus ruber gave the highest expression. Purification of this construct
was optimised and purified protein was subjected to multi-angle laser light scattering
(MALLS) analysis and crystallisation trials. The interaction between subunit I and the
peripheral stalks, one of the binding partners of subunit I in the intact A-ATPase
complex, was also investigated by pulldown analysis, MALLS and isothermal titration
calorimetry (ITC). The X-ray crystal structure of subunit I was not able to be
determined, and it was proposed that this was most likely because subunit I is most
stable within the intact A-ATPase complex and in the lipid bilayer of the native
organism. Nevertheless, it was found that the recombinantly expressed and purified M.
ruber subunit [ was able to bind to one peripheral stalk heterodimer, indicating subunit I
was folded. There are, however, two peripheral stalk binding sites within subunit I,
suggesting the two sites have different affinities for the peripheral stalk heterodimers.

This has implications for the assembly of the intact A-ATPase complex.
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Chapter One: Introduction

1.1 Proton gradients and the emergence of life

For a number of decades chemists and biologists have debated the nature of the
conditions in which life emerged. While J.B.S Haldane’s theory that life arose in a
“primordial soup” of warm water and simple molecules continues to be influential,' a
number of important studies over the last few decades have exposed the limitations of
this theory.” Perhaps the most significant of these were the discoveries of hydrothermal
vents in 1977, and later alkaline hydrothermal vents in 2000,* sites in which ocean
water is warmed to 30-70 °C and where many new life forms were discovered. Unlike a
primordial soup, which would only contain ionizing ultraviolet (UV) radiation as a
source of energy, alkaline hydrothermal vents are sites of naturally-occurring and
continuously replenished proton (H") gradients, formed by the flow of water from the
ocean that had been acidified by dissolved carbon dioxide (1000 times the concentration
of CO, dissolved in the ocean today) into the porous alkaline hydrothermal vent. These
vents were alkalised by the process of serpentinisation, whereby the mineral olivine
(Mg, Fe™),Si0,) in these rocks is hydroxylated to serpentine (Mg3(OH)4(Si30s)).*’.
The significance of a H' gradient at these sites is that it enabled CO, fixation, as the
ocean water flowing into the vent contained hydrogen that could reduce the CO; to
methane or acetate, both of which would have been utilised as the building blocks of
early biomolecules.” There is evidence that these vents could have contained lipid
membranes, produced by inorganic processes, that would have contained metal sulphide
clusters,” including iron-sulfur clusters identical to those found in many proteins. These
minerals could have served as the precursors to enzymes in catalysing essential organic
reactions, such as the formation of high-energy thioesters (the likely original energy
currency),’ polymerisation of nucleotides’ and synthesis of hydrocarbons'® and amino
acids,'' and the energy to power these reactions would have come from the H™ gradient.
The H' gradient across the membranes in these vents has been calculated to be about
200 mV, with an orientation of positive outside and negative inside, which is identical

to that of all living cells (Figure 1-1).
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Figure 1-1: Orientation of the proton gradient in hydrothermal vents and the cells
of organisms.

The water inside alkaline hydrothermal vents (left) would have been alkalised by
serpentinisation, while water outside the vent would have been acidified by dissolved
CO,, and thus across the boundary of the vent there is a H' gradient termed the proton
motive force. The proton motive force would have been a continuously replenished
energy source that would have been used to power chemical reactions occurring in
vesicles in the hydrothermal vent. The polarity of all living cells (right) is identical to
that of hydrothermal vents, with a membrane separating a low-pH extracellular
environment and a high pH intracellular environment. All living cells utitlise the proton
mgtive force to power essential biochemical processes. From Lane et al. (2010), Figure
1.

1.2 Chemiosmosis powers all forms of life

The separation and movement of this hydrothermal H™ gradient across the membranes
of early cells meant that energy could be stored and used to power essential biological
reactions, a process that is termed chemiosmosis. Peter Mitchell first proposed this
process, which he termed “chemi-osmotic coupling”, in 1961."* He suggested that the
H' gradient, or the “proton motive force” (pmf), present in all cells is utilised by an
enzyme termed the ATPase (known at the time to be reversible, and can therefore also
be called “ATP synthase”) to synthesise the high-energy molecule adenosine
triphosphate (ATP, Figure 1-2).
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Figure 1-2: Hydrolysis and synthesis of ATP

Hydrolysis and synthesis of ATP, with molecules shown as skeletal formulae.

It is now known that all known forms of life, including archaea, store the majority of
their energy in the form of ATP, and they all use the same fundamental cellular
machinery, the rotary ATPases, to synthesise ATP (Figure 1-4)."> The fact that the
arachaeal and bacterial rotary ATPases are highly similar indicates they share a
common ancestor,'* which has led to the theory that early cells in the hydrothermal
vents, the ancestors of archaea and bacteria, possessed rotary ATP synthases as a means
of harnessing the energy of the hydrothermal H™ gradient.” Therefore, when these cells
left the hydrothermal vents and were able to synthesise their own H' gradients, for
example by segregating oxidation and reduction reactions to opposite sides of a
membrane."” This segregation of redox reactions subsequently evolved into the electron
transport chain (Figure 1-3), and as these early cells already possessed the rotary
ATPases, the cells were able to utilise the energy of this H™ gradient from the electron
transport chain to power the essential biochemical processes they had developed. The
rotary ATPases are therefore ancient and essential molecular machines that utilise

chemiosmosis to power all forms of life.
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Figure 1-3: The electron transport chain.

Schematic showing the arrangement of the protein complexes of the electron transport
chain and the direction of the flow of electrons (&) and protons (H"). H' from oxidation
of biomolecules flow through Complexes I, III and IV to generate a gradient termed the
proton motive force. The proton motive force powers Complex V, the rotary ATPase, to
synthesise ATP from ADP and Pi, while e reduce the terminal electron acceptor,
molecular oxygen (O,) to water (H,O). The structures are taken from the PDB’s
Molecule of the Month and are based on the X-ray crystal structures of these
complexes.'® Complex I: Efremov et al. (2010)'” and Efremov and Sazanov (2011)"®
DOI: 10.2210/rcsb_pdb/mom_2011_12. Complex II: Yankoskaya et al. (2003)" DOI:
10.2210/rcsb_pdb/mom_ 2012 10. Complex III: Zhang et al. (1998)* DOI:
10.2210/rcsb_pdb/mom_2011 5 Cytochrome c: Takano and Dickerson (1980)*' DOI:
10.2210/rcsb_pdb/mom_2002 12 Complex IV: Yoshikawa et al. (1998)* DOI:
10.2210/rcsb_pdb/mom_2000 5. Rotary ATPase: Rastogi and Girvin (1999)*, Gibbons
et al. (2000)*, Wilkens et al. (2005)”, Del Rizzo et al. (2002)*° DOI:
10.2210/rcsb_pdb/mom_2005 12.

1.3 The rotary ATPases

As mentioned in the previous section, the rotary ATPases are ancient molecular
machines that couple the translocation of ions across a membrane to the synthesis
and/or hydrolysis of ATP via a rotary catalytic mechanism. These enzymes are
composed of two connected motors; one is soluble and is powered by ATP, termed the
R; motor (the “1” comes from coupling factor 1, which will be explained below), and
the other is membrane-bound and powered by H™ or sodium ions (Na', Figure 1-4),
termed the Rp motor (the “O” stands for oligomycin, an antibiotic that is able to block
ion translocation through rotary ATPases). When the enzyme is in synthesis mode, H"
from the low pH side of the membrane travel down the H' gradient to enter the
membrane-bound motor and drive the rotation of the Rp rotor ring. This is turn drives

the rotation of a central stalk, and the rotating stalk induces conformational changes in



the catalytic, soluble motor of the enzyme that catalyse the reaction of adenosine
diphosphate (ADP) with inorganic phosphate (Pi) to produce ATP (Figure 1-4). When
the enzyme is in hydrolysis mode, ATP is hydrolysed to ADP + Pi, which causes the
central stalk to rotate in the opposite direction, and thus the membrane rotor is powered
by the energy of ATP hydrolysis to pump H™ or Na" out of the membrane against the
electrochemical gradient (Figure 1-5). The understanding of this mechanism comes
from innumerable experiments conducted over many decades. The most important of

these experiments will be introduced in the following section.

Figure 1-4: The general architecture of the rotary ATPase.

Schematic representation showing the features shared by the rotary ATPase subtypes.
All rotary ATPases are composed of a chemically-powered soluble R; motor and an
electrically-powered transmembrane Ro motor. The parts of the enzyme that rotate
during ATP synthesis/hydrolysis are termed the rotor, and are represented by the
orange, pink, magenta and yellow subunits. The parts of the enzyme that remain
stationary are termed the stator, and are represented by the teal, purple, dark blue, light
blue, green, light grey and dark grey subunits. The direction of H' translocation and
rotation of the rotor are indicated by arrows, and are shown for both ATP synthesis and
hydrolysis. Adapted from Lee et al. (2010) Figure 1.”
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Figure 1-5: The mechanism of rotary catalysis.

Schematic representation of the binding change mechanism proposed by Paul Boyer. In
his model, there are three equivalent catalytic sites that undergo sequential
conformational changes to synthesise ATP, under conditions of excess ADP and Pi and
synthesised ATP is removed. ATP is synthesised in the site labelled T (tight), ADP + Pi
bind to the site labelled L (loose) and the site labelled O (open) is empty once ATP has
been released. Adapted from Boyer (1989) Figure 7.2

1.3.1 The 1997 Nobel Prize

Oxidative phosphorylation, the process of linking oxidation of biomolecules in the
mitochondria with ATP synthesis, was discovered by Wladimir Engelhardt in 1932,%
although the biochemical details of how this occurred were largely unknown for a
number of decades. The molecular details of the rotary catalytic mechanism of the
rotary ATPase were first hypothesised and later elucidated by Paul Boyer in the 1960s
and 1970s. Through a series of experiments with radiolabelled phosphate (containing
'80) and ATP (containing **P), Boyer was able to show that the release of ATP from
mitochondrial extracts could be blocked by chemical uncouplers, which permit H' to
travel through the mitochondrial membrane without entering the rotary ATPase.”® This
led to the theory that ATP was bound tightly to the catalytic site of ATP synthesis, and
energy input would be required to release ATP from the active site, most likely by a
conformational change in the enzyme.’' Further similar experiments coupled with mass
spectrometry analysis of the radiolabelled products of ATP hydrolysis led to the
conclusion, which Boyer termed the “binding change mechanism”, that ATP
synthesised by the enzyme cannot be released unless ADP and Pi can bind at a second
identical catalytic site in the enzyme.’*> It was known at this stage that the catalytic
domain of the rotary ATPase contained three 3 subunits and three almost identical o
subunits® (Figure 1-4), although there was still significant debate about which and how

many of these participated in the catalytic mechanism.*>~



In the early 1990s John Walker and colleagues finally resolved the debate by
determining the X-ray crystal structure of the o3B3y sub-complex of the F; motor from
the bovine mitochondrial ATP synthase, first to 6.5 A*’ and then to 2.8 A resolution.*®
In the first structure, the authors observed asymmetry in the arrangement of the o;f3;
subunits (they could not be distinguished at this resolution) about a central helix,
assumed to be the y subunit. In the higher resolution structure, the o and B subunits
could be distinguished, and the resolution was sufficiently high to visualise bound
nucleotides and Mg, which the crystallisation solution had been supplemented with
(Figure 1-6).” It could be seen that each of the o subunits contained a bound molecule
of the ATP analogue adenylyl imidodiphosphate (AMP-PNP) along with the § subunit
termed Prp (the “tight” site in the binding change mechanism). The second  subunit,
termed Ppp, contained a bound ADP molecule (the “loose” site in the binding change
mechanism), and the third, termed g contains no bound nucleotide (the “open” site in
the binding change mechanism). This structure therefore showed that, as Boyer
predicted, the F; domain contained multiple identical catalytic sites, and each of the
stages of the rotary catalytic mechanism were captured in the high-resolution crystal
structure, which also explained the asymmetry seen in the 6.5 A resolution structure.
For their contribution to the “elucidation of the enzymatic mechanism underlying the
synthesis of adenosine triphosphate”, Boyer and Walker were jointly awarded one half

of the 1997 Nobel Prize in Chemistry.*’
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Figure 1-6: Fi-ATPase from bovine mitochondria.

The X-ray crystal structure of the Fi-ATPase from bovine mitochondria at 2.8 A
resolution (PDB 1BMF?"). The o subunits are coloured red, the p subunits are coloured
light blue and the y subunit is coloured pale green and displayed in cartoon
representation. The F; complex co-crystallised with nucleotides that are displayed as
spheres and coloured by element. An AMP-PNP (non-hydrolysable ATP analogue)
molecule was bound to each o subunit and to the f subunit labelled TP, an ADP
molecule was bound to the [ subunit labelled DP and the § subunit labelled E contained
no nucleotide. All figures depicting X-ray crystal structures were made using PyMOL.

1.3.2 Direct observation of F; rotation

In the paper presenting the 2.8 A resolution o33y X-ray crystal structure, Walker
colleagues proposed that the transition between the different catalytic states
the crystal structure may be driven by these subunits rotating relative to the rest of
enzyme, although this theory was not immediately accepted. To resolve the
about whether the Fi-ATPase did in fact rotate, Hiroyuki Noji and colleagues
an experiment to observe the rotation directly." They accomplished this by
recombinantly expressing the o3B3y sub-complex of the Bacillus PS3 F-type
Escherichia coli, with the B subunit expressed as a polyhistidine fusion, and a
point mutation was introduced into the y subunit at position 107 to allow this
be biotinylated. The purified o383y complex was then immobilised on a Ni**-coated
glass plate (as Ni*" has high affinity for a polyhistidine tag) and a fluorescently
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and biotinylated actin filament was attached to the y subunit via streptavidin,
which has four biotin binding sites (

Figure 1-7A). When ATP was added, the o3B3y complex could be observed
rotating when viewed under an epifluorescence microscope (

Figure 1-7B), although it was shown that it was the y subunit rotating, which was not
what Walker and colleagues had predicted. This provided unambiguous evidence that
the ATPase is in fact a rotating molecular machine, and it synthesises or hydrolyses
ATP via a rotary catalytic mechanism. Once the rotary catalytic mechanism was
established, these enzymes were termed the rotary ATPases to distinguish them from

enzymes that hydrolyse ATP by a mechanism distinct from rotary catalysis.

Figure 1-7: Observation of the rotating F-ATPase
A: The setup for the single molecule fluorescence experiment that allowed rotation of

A P

O “
N

~ i

Coverslip coated with Ni-NTA

B

the y subunit of the a;p3y Fi-ATPase to be observed directly. B: Fluorescence images
captured of the rotating fluorescently-labelled actin filament attached to the y subunit.
The molecule in each image is viewed from the top of the coverslip (the actin filament
is at the top). Length from the rotation axis to the tip of the actin filament, 2.6 pm;
rotary rate, 0.5 rps; timer interval between images, 133 ms. Adapted from Noji et al.
(1997) Figures 1a and 2a.*!

1.4 The current picture of rotary ATPases

Structures of the majority of the rotary ATPase subunits and many sub-complexes have

now been solved, and medium-resolution electron cryomicroscopy (cryo-EM) structures
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of intact complexes are also available. While it is now widely accepted that there are

three rotary ATPase subtypes, the F-type ATP synthase, the V-type ATPase and the
A/V-type ATPase/synthase, these X-ray crystal and cryo-EM structures have revealed
they share a similar overall architecture and all couple ion translocation across a
membrane to ATP synthesis or hydrolysis in a similar way. The differences are largely
confined to function and subunit composition, which will be discussed in the following
section, but first the similarities will be discussed to introduce the important structural

and chemical features common to all rotary ATPases.

All rotary ATPases contain a soluble catalytic domain composed of a trimer of
heterodimers that interacts with a central rotating shaft, termed the central stalk.
Depending on whether ATP is being synthesised or hydrolysed, the central stalk
rotates clockwise or anticlockwise, respectively, when viewed from above the
membrane." The central stalk is attached to a membrane-intrinsic rotor ring
(either directly or via another subunit) composed of an oligomer of a varying
number of subunits, depending on the enzyme and the organism. The subunit that
makes up the rotor ring has been termed a proteolipid as it is soluble in organic
solvents.”> The proteolipid ring is bound to the proton-translocating subunit and
the interface between them forms the ion channel through the membrane, either to
enable the ion gradient to power ATP synthesis or to pump ions out and create an
ion gradient. The soluble and transmembrane domains of the rotary ATPases are
also connected by the peripheral stalks, which are composed of elongated coiled-
coils. The stalks act to counteract the rotation of the proteolipid ring and central
stalk and hold the catalytic domains stationary. The subunits of the enzyme can
thus also be grouped according to whether they are rotating or stationary during
rotary catalysis (

Table 1-1). The catalytic head domain, the peripheral stalks and the proton-translocating
subunit remain stationary and are therefore termed the stator. The central stalk and the
membrane ring rotate and are therefore termed the rotor. There are additional stator and

rotor subunits in some of the subtypes, and these will be discussed below.
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Table 1-1: Subunits and their function in the three rotary ATPase subtypes

Eukaryotic ~ Bacterial

Motor
F-ATP F-ATP V-ATPase  A- ATPase Function
synthase synthase component
A Stator Catalysis
B B Stator Catalysis

- - C - Stator Stator linkage

% D D Rotor Axle

OSCP* 0 E E Stator Membrane-
(AB); linkage

- - F F Rotor Axel/regulatory

0 £ - - Rotor Axel/regulatory

£ - - - Rotor Axel

b b G G Stator Membrane-
(AB); linkage

- - H - Stator Regulatory

a a a I Stator Stator element of
membrane motor

c c c L Rotor Rotor element of
membrane motor

- - d C Rotor Axel linkage

*OSCP = oligomycin sensitivity conferring protein
Table adapted from Muench et al. (2011) Table 1.*

1.4.1 The F-type ATP synthase

The F-type ATPase (Figure 1-8), also distinguished as the F;Fo-ATP synthase in
mitochondria and the F-ATPases in bacteria (F stands for coupling factor, as F; was
identified as the factor that couples oxidation of biomolecules to phosphorylation of
ADP in vitro), functions largely as an ATP synthase in vivo. The F; motor was the first
to be studied, and as it was not known originally that F; was associated with Fo, only
that F; hydrolysed ATP, the enzymes were termed ATPases.”’ It was later discovered
that these enzymes synthesise ATP when they are powered by the H', due to

12,48,49

chemisomotic coupling, and now they are termed F-type ATP synthases. For

brevity however, they will be referred to as F-ATPases hereafter.
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These enzymes use the energy of the H' gradient generated by the electron transport
chain to synthesise ATP. This is achieved by the H" first entering the enzyme through
subunit a, (proton-translocating subunit, for which there is no atomic-resolution
structure) which then protonates and neutralises a conserved acidic residue of the
membrane rotor ring (c,-ring, the subunit number varies) to power rotation of the ring.>
This in turn drives the rotation of the y subunit (central stalk), which induces sequential
conformational changes in the o;3f; subunits (catalytic subunits) that catalyse the
synthesis of ATP from ADP and Pi. The F-ATPases contain only one peripheral stalk
composed of subunits a, b and OSCP, which spans and connects the soluble and
transmembrane regions of the enzyme. While the soluble portion of the peripheral stalk
has been structurally characterised to high-resolution,” there is no high-resolution
structural data for the transmembrane region. Electron cryo-tomography studies of
mitochondria have revealed that the F.ATPase dimerises in mitochondria, which
induces the inner mitochondrial membrane to form the characteristic curved ridges

termed the cristae.””
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Figure 1-8: Subunit composition and architecture of the rotary F-ATPase.

The image on the left shows a schematic of the eukaryotic F-ATPase. The soluble F;
motor has the subunit composition ozf3yde along with subunits b (soluble region), Fg
and d of the single peripheral stalk and the regulatory subunit OSCP. The
transmembrane Fo motor has the subunit composition a, b (transmembrane region) and
the cp-ring. In the bacterial F-ATPase there is no subunit 0 in the central stalk, the
peripheral stalk is a homodimer of the b subunit and the regulatory subunit is called 8.
Arrows show the direction of H' translocation and rotation. The image on the right
shows the cryo-EM map of the intact bovine F-ATPase (EMD: 2091)* with a fitted
model of the yeast F-ATPase generated by subtomogram averaging to show the location
of indsi;/idual subunits (PDB: 4B2Q"%). Adapted from Stewart et al. (2014), Figures 1
and 2.

1.4.2 The V-type ATPase

The V-type ATPase (V-ATPase) is found in the membranes of a diverse range of
eukaryotic organelles, such as vacuoles (hence V-type) and lysosomes, and exclusively
hydrolyses ATP to pump H to acidify these organelles (Figure 1-9).>* These enzymes
were first discovered as a series ATP-powered proton pumps in a variety of

. 55-58
organisms,

and when it was discovered they shared identical subunit composition,
rotary catalytic mechanism and function, they were identified as a second sub-type of

rotary ATPases.””® The V-ATPase A3B; heterotrimer catalyses the hydrolysis of ATP
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to ADP and Pi, which induces the DFd central stalk sub-complex to rotate in the
opposite direction to the F-ATPase (clockwise).®’ This powers the rotation of the cc’c”’,
membrane rotor ring (the number of subunits varies and is composed of three subunit ¢
isoforms) causing H' to be pumped into the organelle via the interface of the cc’c’’,
ring and subunit a (proton-translocating subunit). There is also no high-resolution
structural information for this V-ATPase proton-translocating subunit. The soluble and
transmembrane regions of the enzyme are connected by three peripheral stalk
heterodimers, formed from subunits E and G. These are anchored to the transmembrane
subunits through interactions with the soluble domains of subunits a and subunit C.
Subunit H is unique to the V-ATPases and it prevents the V| motor from hydrolysing
ATP when it has dissociated from the Vo motor, which occurs to prevent unnecessary
hydrolysis of ATP.%* It has been suggested that the peripheral stalks undergo significant
bending when they are incorporated into the V-ATPase during enzyme assembly, which
would put the enzyme under strain, and thus little energy would be required to trigger

: 4
disassembly.®*°

Furthermore, it has been shown that V-ATPase assembly requires the
chaperone RAVE (regulator of the ATPase of vacuolar and endosomal membranes),
which interacts with the peripheral stalks of dissociated V; and may be required to
induce these conformational changes in the stalks that allows V; to associate with Vo,

although this may be isoform-specific.”
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Figure 1-9: Subunit composition and architecture of the rotary V-ATPase

The image on the left shows a schematic of the eukaryotic V-ATPase. The soluble V,
motor has the subunit composition A3;B3;CDdE;FG;H along with soluble domain of
subunit a. The transmembrane Vo motor contains subunit the transmembrane domain of
subunit a and the cc’c’’,-ring. Arrows show the direction of H™ translocation and
rotation. The image on the right shows the cryo-EM map of the intact yeast V-ATPase
(EMD: 5476)* with fitted X-ray crystal structures to show the positions of individual
subunits (PDBs: 3A5C,*° 3AO0N.®” 1R5Z,% 2BL2,” 4DL0,” 3RRK,” 1U71"" and
1HO8™). Adapted from Stewart et al. (2014) Figures 1 and 2.>

1.4.3 The A-type ATPase

The A-type ATP synthase (A-ATPase) is found in archaea and in some bacteria, in
which it is sometimes called the bacterial V-ATPase. This is because the A-ATPase is
more similar to the V-ATPase than the F-ATPase in architecture and subunit
composition (Figure 1-10), although the A-ATPase primarily synthesises ATP.”> When
it was established that the A-ATPases are predominantly synthases, and that their
subunit composition differs from that of the V-ATPase, it was widely agreed that they
represent a distinct subtype of rotary ATPases.”* The A-ATPases function similarly to
the F-ATPases, whereby H' first enter the enzyme via the interface between the
proton-translocating subunit (subunit I, for which there is also no high-resolution
structural information) and the membrane rotor ring (L,-ring), powering the rotation of

the L,-ring. The ring is connected to the central stalk (subunits D and F) via subunit C,
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the equivalent of subunit d in the V-ATPase, and the rotation of the L,-ring induces
these subunits to rotate, which leads to conformational changes in the A3;Bj; heterotrimer
and ATP synthesis. Two peripheral stalks connect the A; and Ao motors, via two B
subunits and the soluble domain of subunit I. Unlike the V-ATPase, the A-ATPase has
not been shown to reversibly dissociate, most likely because it lacks most of the

subunits that mediate dissociation in the V-ATPase.

Figure 1-10: Subunit composition and architecture of the rotary A-ATPase.

The image on the left shows a schematic of the archaeal/bacterial A/V-ATPase. The
soluble A;/V; motor has the subunit composition A3;B3;CDE;FG, along with soluble
domain of subunit I. The transmembrane Ao/Vo motor contains subunit the
transmembrane domain of subunit I and the L,-ring. Arrows show the direction of H"
translocation and rotation. The image on the right shows the cryo-EM map of the intact
T. thermophilus A-ATPase (EMD: 5335)* with fitted atomic models (PDB: 3J0J)** and
X-ray crystal structures (PDBs: 3RRK’ and 1C17>) to show the positions of individual
subunits. Adapted from Stewart et al. (2014) Figures 1 and 2.

1.5 Proton translocation through Ro

As detailed in section 1.3, a number of key experiments were instrumental in
understanding the mechanism of the F; motor of the rotary ATPase at the molecular

level, and subsequent experiments that built on these findings have enabled all
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mechanical and chemical features of how the R; motor synthesises and hydrolyses ATP
to be understood in intricate detail. The same is not true, however, for the Ro motor. As
this part of the enzyme is located within the membrane, structural studies of the intact
motor have thus far been limited to cryo-EM, due to the challenging nature of
membrane protein X-ray crystallography. At the commencement of this project the only
high-resolution structures available for Ro subunits were X-ray crystal structures of the
membrane rotor ring from a number of different organisms (Figures 1-8 through

1-10).778

The theory that life evolved around H" gradients was introduced in section 1.1, and all
forms of life continue to depend on H' gradients to power essential biochemical
processes. Therefore, along with completing the structural model of rotary ATPases,
determining the structure of the proton-translocating subunit would complete the
molecular understanding of one of the most fundamental processes of biological energy
conversion: how rotary ATPases can harness the power of the H' gradient to synthesise
ATP, or hydrolyse ATP to generate a H' gradient. Nevertheless, the absence of
structural information has not entirely thwarted efforts to understand the proton-
translocating subunit, and a number of important biochemical analyses, which will be
discussed below, have enabled a model of H' translocation to be developed (this will be

discussed only for ATP synthesis, not hydrolysis).

1.5.1 Biochemical and structural analyses of the R proteolipid ring

As there are numerous high-resolution X-ray crystal structures of the rotor ring from
different organisms, there is now a detailed understanding of how H' powers rotation of
the ring through the membrane. A series of mutation studies in E. coli identified that
there is an acidic residue in the proteolipid ¢ subunit (Asp61) that is required for H"
translocation through the ring during ATP synthesis.”*"*° Sequencing of ATP synthase
genes from other sources such as spinach chloroplasts,” bovine mitochondria,®
Bacillus sp. PS3* and Saccharomyces cerevisiae® revealed that an acidic residue (in
some organisms it is a glutamate rather than an aspartate) is always found at the
equivalent position in the proteolipid subunit, suggesting the mechanism of H'
translocation through the membrane via the rotor ring is conserved. It was also found
that the small molecule N,N-Dicyclohexylcarbodiimide (DCCD) covalently binds to
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this conserved acidic residue and blocks H translocation.”® From these findings it was
proposed that the requirement for an acidic residue at this position suggests that this
residue could be protonated and transport H' from one side of the membrane to the
other.® Rotation of the ring had been directly observed during a similar experiment® to
that performed with the R; motor, and protonation would be necessary to neutralise the
acidic residue so it could rotate into the hydrophobic environment of the membrane. For
H' to access the acidic residue on one side of the membrane and dissociate from the
residue on the other side, there would need to be an aqueous channel somewhere in the
membrane region of the enzyme. Through cysteine cross-linking experiments, it was
shown that there is a direct interaction between subunit a and the proteolipid ring, and it
was proposed that the interface between them forms the proton channel.”” As a result
subunit a (and the equivalent subunits in the other rotary ATPase subtypes) was termed

the proton-translocating subunit, as it is not strictly a proton channel.

1.5.2 Biochemical characterisation of the proton translocating subunit

In the absence of high-resolution structural information, a wealth of biochemical data
has been accumulated to identify functionally important residues of the
proton-translocating subunits, propose the position of residues relative to the rotor ring,
and develop a model of H" translocation. The first essential residue to be identified was
Arg210 of the E. coli subunit a, as mutation of this residue to any other residue

completely abolished ATP synthesis.**”’

This residue is absolutely conserved in all
proton-translocating subunits and does not tolerate mutation in any organism. As
arginine is a basic residue, it was suggested that it could form a salt bridge with the
conserved acidic residue of one of the proteolipid subunits to stabilise the acidic residue
in the ionised form prior to protonation.”” Through similar mutation studies it was also
found that Glu219 and His245 of the E. coli subunit a were essential for H'
translocation, along with GIn252, although this is more tolerant to mutation.*””> These
residues are now known to be conserved in all proton-translocating subunits. When the
double H219E and E245H mutant was made (swapping the positions of Glu219 and
His245), the activity of the enzyme was only slightly lower than wildtype, and higher

than when each of the mutations were made individually, suggesting this particular pair

. . . . 4
of residues is required for H™ translocation.’
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Secondary structure prediction calculations had indicated that the E. coli subunit a has
an o-helical fold with 5 transmembrane o helices.”” Further evidence for this number
was provided by small molecule accessibility studies, whereby residues thought to be in
aqueous regions of the protein were mutated to cysteine, and accessible cysteine
residues were labelled with small molecules such as fluorescein 5-maleimide or
N-ethyl-maleimide.”®®” Modelling the sequence of subunit a as a helices that traverse
the membrane would place the essential Arg210, Glu219, His245 and Glu252 in close
proximity,”* and they have been shown to be in a region of the protein that cross-links
with the membrane rotor ring, which would place these residues near Asp61 of the rotor
ring subunit c¢.*” Based on all of these findings, a mechanism of H" translocation termed
the two half-channel model has been proposed, and it is now widely accepted as the

mechanism by which H' translocation powers ATP synthesis.

1.6 The two half-channel model of proton translocation

In this model, developed independently by Wolfgang Junge’® and Steven Vik,”> H first
enter the proton-translocating subunit from the low pH side of the membrane, i.e. from
the mitochondrial inner membrane space in eukaryotes or the periplasm in prokaryotes
(Figure 1-11). This half channel is predicted to be formed by the interface of the
proton-translocating subunit and the membrane rotor ring, and would contain charged or
polar residues, as they can be reversibly protonated. This would allow H' to access the
conserved acidic residue of the membrane rotor ring subunit in the middle of the
membrane. Prior to protonation this residue is stabilised by an interaction with the
conserved Arg residue of the proton-translocating subunit. Protonation of the acidic
residue disrupts this interaction, and as the acidic residue has been neutralised by the
H', it can rotate into the hydrophobic environment of the lipid bilayer. The protonated
acidic residue is then able to travel through the membrane to the other side until it
reaches the proposed second half-channel, which would be accessible to the
mitochondrial matrix or the cytoplasm. The combination of the high pH of this channel
and the presence of the Arg residue of the proton-translocating subunit, which would
lower the pKa of the acidic residue,”” would lead to the H" dissociating from the acidic
residue and exiting to the matrix or cytoplasm via this half channel. The acidic residue

would then be free to be protonated again, allowing the rotation of the membrane rotor
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ring to continue. This would drive the central stalk of the enzyme to rotate, inducing the
conformational changes in the catalytic subunits that result in the synthesis of ATP

(Figure 1-4).

negatively charged
carboxyl residue

38

.}?\\:

Glu

Arg

stator
proteolipid ring

HO

c-ring
Figure 1-11: Two half-channel model of proton translocation.

The figure on the left shows a schematic of the interaction between the
proton-translocating subunit (blue) and the membrane rotor ring (red), the interface of
which forms the two half-channels through which H' enter and exit the membrane
(indicated by the black arrows; the direction corresponds to ATP synthesis). The
protonatable acidic residues of the membrane rotor ring are represented as white circles.
The right image, viewed from above the membrane, is a schematic showing the
interaction of the conserved Arg residue (subunit a, blue) interacting with a conserved
acidic residue (Glu for the c-ring, the subunits are labelled A-K). A H' dissociating
from the Glu residue (causing the Glu residue to adopt a different rotamer) in the
matrix/cytoplasmic half-channel is shown as a white sphere, and a deprotonated Glu
residue is shown to form an electrostatic interaction with the Arg residue in the inner
mgmbrane space/periplasmic half-channel. Adapted from Stewart et al. (2014) Figure
3.

There are a number of important features of this model that elegantly account for the
molecular details of H' translocation through a membrane. The first of these is that
rotation of the rotor ring is driven by Brownian thermal fluctuations, and thus the
membrane rotor ring has also been termed a Brownian ratchet. As there is no
directionality to thermal fluctuations, the direction of rotation is determined by the
probability of the acidic residue being protonated in each of the two half-channels.”® As
the channel accessible to the inner membrane space/periplasm has a lower pH than the
channel accessible to the mitochondrial matrix/cytoplasm, the acidic residue is most
likely to be protonated in the inner membrane space/periplasmic half-channel, which
would impose directionality on the rotation. Another important feature of this model is

that, as the name suggests, there are two half-channels rather than a single channel. In
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this model, the two half-channels are physically separated by the Arg residue of the
proton-translocating subunit.” If there were a single continuous channel, H" would be
able to travel from one side of the membrane to the other without needing to traverse
the membrane rotor ring, which would uncouple ATP synthesis from H" translocation.
The two half-channel model therefore offers an explanation for how H translocation is
both physically and chemically coupled to ATP synthesis. Yet despite the plausibility of
this model, it is important to note that it is a model, and confirmation requires

high-resolution structural information.

1.7 Structural evidence for the two half-channel model

Immediately prior to the beginning of this project two cryo-EM structures of
F-ATPases, one of the intact bovine F-ATPase* and one of the bacterial Fo motor
obtained from 2D crystals,” along with a cryo-EM structure of the intact Thermus
thermophilus A-ATPase,” were all determined to resolutions higher than 20 A. These
cryo-EM maps provided the first intermediate-resolution structural evidence for the two

half-channel model of H' translocation.

1.7.1 Intact bovine F-ATPase cryo-EM map to 18 A resolution

In the bovine F-ATPase map, which was built to 18 A resolution (Figure 1-8), a ring of
density could be seen in the membrane-embedded region of the enzyme, which was
identified as the membrane rotor ring, and adjacent to this was another region of density
assumed to be the proton-translocating subunit, as this would form the
proton-conducting path through the membrane (Figure 1-12). The authors noted that
there was minimal contact between the c-ring and subunit a, with the major region of
contact being in the middle of the membrane, where the Arg-Glu (the bovine subunit ¢
contains a Glu rather than an Asp) interaction is predicted to occur, and they proposed
that the spaces between subunit a and the c-ring, above and below the middle of the
membrane, could be the sites of the two half-channels. The authors also suggested that
the minimal contact between the c-ring and subunit a would facilitate rotation of the

c-ring, as if there were numerous interactions between the c-ring and subunit a that
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would need to be disrupted and reformed, this would most probably slow rotation and

ATP synthesis.

90°

Figure 1-12: Cryo-EM map of the bovine F-ATPase to 18 A resolution showing
possible location of the two half-channels.

The image on the left shows the cryo-EM map of the bovine F-ATPase to 18 A
resolution with subunits coloured as segments and the X-ray crystal structure of the
c-ring fitted to the density. The image on the right shows the segment corresponding to
subunit a (cyan) interacting with the c-ring. The helices of subunit a appear to be
arranged into two bundles and each bundle interacts with a different subunit of the
c-ring, which the authors propose represents the two half-channels through which H"
translocate. Adapted from Baker et al. (2012) Figure 4.+

1.7.2 Bacterial FO motor projection map from 2D crystals to 7 A resolution

The Na'-translocating Fo rotor from the bacterium Ilyobacter tartaricus was isolated
and crystallised in two dimensions. The 2D crystals were subjected to cryo-EM analysis
and a 7 A projection electron density map was calculated (Figure 1-13). In this map
strong c-ring electron density can be seen, and next to each of the rings are additional
electron density peaks. When these additional peaks were aligned and averaged, the
density was enhanced relative to the background, suggesting this density was not noise.
Following non-crystallographic symmetry (NCS; symmetry that is additional to that
imposed by the crystallographic space group, as there were multiple copies of the c-ring

in the asymmetric unit) averaging, these additional peaks can be seen to form a
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four-helix bundle, which is consistent with the three-dimensional helical arrangement
previously predicted for the E. coli subunit a.'” Subunit a from the 7. tartaricus enzyme
is predicted to have six transmembrane helices, and there are additional helices in the
electron density that could belong to subunit a, however they could not be
unambiguously assigned as they were not seen associated with every copy of the c-ring
following averaging. It is possible that these helices were present in multiple different
conformations, and therefore would have had weaker electron density. Nevertheless, it
was acknowledged that the four-helix bundle could provide at least one of the proposed
half channels, as the interface between the c-ring and subunit a in the crystal was large

. + .
enough to accommodate an aqueous environment for Na'~ entry/exit.

ATP synthesis

Figure 1-13: Electron density projection map of the Fo motor from 1. tartaricus.

A: Cryo-EM density projection map of 2D crystals containing the Fo of the 1. tartaricus
F-ATPase at a resolution of 7 A with symmetry p12; applied. The rectangle indicates
the crystal unit cell and the arrows represent the screw axes parallel to the membrane
plane. The C-rings labelled A, B and C correspond to the asymmetric unit, and the rings
are coloured red and blue according to their orientation. Additional densities to the
c-rings are coloured grey and were assigned to the stator. B: Assignment of helices
observed in the crystal structure to Fo subunits. After NCS averaging, up to seven
additional a-helices were observed in the density. Four of these formed a four-helix
bundle and were assigned to subunit a (red). Adapted from Hakulinen et al. (2012)
Figures 2 and 4.”
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1.7.3 Intact T. thermophilus A-ATPase cryo-EM map to 9.7 A resolution

The 9.7 A resolution cryo-EM map of the intact T. thermophilus A-ATPase was the
highest resolution structure available for an intact rotary ATPase at the time this project
began. Significantly, at this resolution individual helices could be modelled, including
the helices of the proton-translocating subunit (subunit I; Figure 1-14). Eight
transmembrane a-helices (green) adjacent to the helices of the L-ring (magenta) were
observed, and these were assigned to subunit I. As was seen in the 1. fartaricus motor,
the helices assigned to subunit I also cluster into four-helix bundles, although in subunit
I there are two bundles rather than one. Cross-sections were taken at different heights
through the Ao region, and these show that each of the four-helix bundles contacts a
different subunit of the L-ring, and these different contact positions would place each of
the L-ring subunits in different chemical environments. This is consistent with the
requirements of the two half-channel model. The authors therefore hypothesise that the
four-helix bundle closest to the periplasm would create the H'-entry half channel, while
the four-helix bundle closest to the cytoplasm would create the H -exit half-channel.
Nevertheless, at this resolution individual amino acid residues cannot be visualised, and
identification of the residues that line the two theoretical half-channels is required to

prove this hypothesis.
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Figure 1-14: Evidence for the two half-channel model in the 9.7 A resolution 7.
thermophilus A-ATPase cryo-EM map.

A: The cryo-EM desnity corresponding to 7. thermophilus subunit I (green) is shown
parallel to the membrane and the semi-transparent magenta rectangle shows the
interface of the interaction with the L;,-ring. The sites of H' entry and exit are shown as
blue and red dashed circles, respectively. The direction of rotation of the Lj,-ring is
shown with a black arrow. B: The two four-helix bundles of subunit I (green cylinders)
could form the two half-channels for H' translocation. Deprotonated Glu residues of the
Lj,-ring are shown with two red oxygen atoms, whereas protonated Glu residues are
shown with one red oxygen and one yellow oxygen atom. Protonation of L-subunit “1”
at the periplasmic half-channel and deprotonation of subunit “2” allows the ring to
rotate. Subunit “1” then enters the membrane, subunit “2” moves into the periplasmic
half-channel to be protonated and subunit “3” moves into the cytoplasmic half-channel
to be deprotonated. This sequence is repeated with each rotation. From Lau and
Rubinstein (2012) Figure 4.*

As the experimental work presented in this thesis was being completed, three
high-resolution cryo-EM structures and one high-resolution X-ray crystal structure of
intact rotary ATPases were published. The findings from these papers will be detailed in
Chapter 5, as the majority of the experimental work presented in this thesis was
conducted before these structures were available, and these papers did not influence the

experimental approach that was pursued.
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1.8 Mass spectrometry analysis of intact 7. thermophilus A-ATPase

The intact 7. thermophilus A-ATPase was analysed by mass spectrometry, and peaks
could be assigned to the intact complex, indicating this is a suitable technique with
which to study membrane proteins.'®" At high activation energies, the intact enzyme can
be released from the detergent micelle in the gas phase, where it dissociates into the A,
and Ao sub-complexes. The intact enzyme was also subjected to mass spectrometry
with the addition of 50 uM ATP, and it was found that the intact complex and the
Ao(ICL;,) sub-complex were the major species formed. The peaks corresponding to the
ICL;; complex were found to contain additional masses corresponding to up to two
ATP molecules (Figure 1-15). When ATP was depleted, however, subunit I was lost
from the ICL;, sub-complex, suggesting subunit I could bind to ATP. This was

investigated further in a follow up paper, which will be discussed in 5.1.
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Figure 1-15: Mass spectra of intact 7. thermophilus A-ATPase with the addition of
nucleotides.

When ATP is depleted from the 7. thermophilus A-ATPase and replaced with ADP,
subunit B and subunit I are lost from A; and Ao, respectively (upper panel). When the
complex is supplemented with 50 uM ATP, subunit B and subunit I are retained (lower
panel). From Zhou et al. (2011), Figure 3.'"'

1.9 The X-ray crystal structure of the soluble domain of subunit I

In 2011 the X-ray crystal structure of the soluble domain (residues 1-344) of subunit |
(Iso1) from the bacterium Meiothermus ruber was determined to 2.6 A (Figure 1-16).”
The structure contains a central bundle of four a-helices that are bent in the middle,
with two lobes that flank the helices at either end, both of which have a similar o/p
architecture. The lobe labelled proximal is very similar to the structure of the ‘“head”
domain of the S. cerevisiae V-ATPase subunit C, which was co-crystallised with one of

the V-ATPase peripheral stalk heterodimers.”® This indicates that the two lobes of I
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likely contain the binding sites for the two peripheral stalks of the A-ATPase (Figure
1-10C). The M. ruber Iy, structure was fitted into the 9.7 A T. thermophilus A-ATPase
cryo-EM density with very good agreement, indicating this structure adopted a similar
fold to that of the soluble domain of the 7. thermophilus subunit I in the context of the
intact A-ATPase.*

e *i\.;j Distal lobe

Helical bundle

Figure 1-16: X-ray crystal structure of the soluble domain of M. ruber subunit I to
2.6 A resolution.

The X-ray crystal structure of residues 1-344 of subunit I from the M. ruber A-ATPase
was solved to a resolution of 2.6 A (PDB: 3RRK). The structure is composed of two

lobes (labelled proximal and distal, yellow and blue, respectively), each with an of
fold, that flank a central helical bundle.

1.10 The A-ATPase as a model for structural characterisation of

rotary ATPases

As the A-ATPases are found in thermophilic organisms, they are naturally more tolerant
to higher temperatures than rotary ATPases from organisms that grow at lower
temperatures, making the A-ATPases attractive structural targets. This is also supported
by the fact that the highest resolution structure obtained for an intact rotary ATPase
prior to the commencement of this project was the structure of the 7. thermophilus
A-ATPase. The structure of the 7. thermophilus A-ATPase is therefore now quite well
understood, and as the general architecture of all rotary ATPase sub-types is quite
similar (Figure 1-4), the 7. thermophilus enzyme could serve as a model to structurally
characterise rotary ATPases, and more specifically, to assign the path of H'

translocation through the membrane-embedded region of the enzyme.
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Previous work in this laboratory had established a reproducible protocol for the
purification of the intact 7. thermophilus A-ATPase from T. thermophilus cultured
in-house, yet no crystals had been obtained. It was thought that determining the
structure of subunit I alone would be a more achievable goal, and constructs for the
recombinant expression and purification of subunit I alone had also been tested,
although these gave poor yields and the protein was prone to aggregation and
degradation. This is largely because membrane proteins have evolved to be most stable
within the environment of their native lipid bilayer, yet purification and structural
characterisation of membrane proteins requires them to be extracted from this
environment into a solubilising agent, usually a detergent, which can be highly
destabilising.'"” An added complication of this, which was acknowledged in the I.
tartaricus Fo 2D crystal structure paper, is that the proton-translocating subunit is quite
flexible, which could impede attempts to obtain a high-resolution structure. It was
therefore decided to adopt a high-throughput approach to clone and test homologues of
subunit [ from 11 additional organisms (7. thermophilus subunit I would be included as
a control), to increase the chance of identifying a homologue of subunit I that is
naturally more stable than the 7. thermophilus protein. These genes would be cloned
into eight different expression vectors that had been designed in the laboratory, giving a
total of 96 expression constructs to test and potentially optimise for structural

characterisation of the proton-translocating subunit of the A-ATPase.
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1.11 Aims of this project

1.11.1 Identify and clone eleven homologues of the 7. thermophilus subunit I

The first aim of this thesis was to identify eleven homologues of the 7. thermophilus
subunit I gene and clone them into the eight different expression vectors to give 96

possible expression constructs to test.

1.11.2 Test the expression of all constructs and select a candidate for optimisation

Once all of these constructs had been generated, the expression of subunit I would be
tested in small-scale cultures, and these would be subjected to a small-scale purification

to determine whether full-length protein could be purified.

1.11.3 Optimise the expression and purification of the best candidate

The most promising constructs from the small-scale trials would then be expressed and
purified on a larger scale, to determine whether sufficient quantities of purified, stable
protein could be produced for crystallisation trials. ATP would also be tested as a

stabilising agent at this stage.

1.11.4 Obtain protein suitable for crystallisation trials

If pure subunit I could be obtained that was monodispersed and not prone to
degradation, the protein would be subjected to crystallisation trials to determine whether
diffraction-quality crystals could be grown, which would enable structure

determination.

1.11.5 Investigate the interaction between subunit I and the peripheral stalks

As can be seen in Figure 1-10C, the soluble domain of subunit I interacts with the two
peripheral stalks of the A-ATPase, yet little is known about this interaction at the

molecular level. The final aim of this thesis was to study this interaction by isothermal
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titration calorimetry (ITC) and multi-angle laser light scattering (MALLS) to determine

the affinity of the interaction and the in vitro stoichiometry of the sub-complex.
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Chapter Two:  Cloning and construct selection

2.1 Selection of 12 subunit I homologues

A position-specific iterative basic local alignment search tool (PSI-BLAST) search was
performed using the sequence of the 7. thermophilus subunit I gene (TTHA1278) as the
input. 11 sequences were chosen from the second iteration; nine of the genes were from
organisms for which genomic DNA had already been purchased (Sulfolobus
solfataricus, Archaeoglobus fulgidus, Thermoplasma acidophilum, Pyrococcus furiosus,
Methanosarcina  mazei, Pyrococcus  horikoshii,  Deinococcus  radiodurans,
Methanocaldococcus jannaschii, Methanococcus maripaludis), one was from M. ruber
for which the crystal structure of the soluble domain had already been solved (section
1.9), one was from Thermococcus gammatolerans, an archaeon that possesses the
highest known resistance to radiation of any organism, which could be useful if X-ray
diffraction data were to be collected’”, and the T. thermophilus gene was included as a

control.

The genes from 7. thermophilus and P. horikoshii were successfully amplified from the
genomic DNA, however the remaining seven organisms for which genomic DNA was
available could not be amplified. The operons encoding all of the rotary A-ATPase
genes from the nine organisms for which genomic DNA was available had previously
been cloned into other expression vectors, so these were used as the templates for PCRs
to amplify the subunit I genes, enabling the remaining seven genes from this group to be
successfully amplified. Synthetic genes encoding subunit I from M. ruber and T.

gammatolerans were ordered, and these were also successfully amplified.

2.2 Sequence- and Ligation-Independent Cloning (SLIC)

SLIC reactions were performed to clone the 12 subunit I homologues into the eight
expression vectors (Table 0-2), and the reactions were transformed into NEB 5-alpha E.
coli cells. Colonies that grew on the transformation plates were screened for the correct
insert by colony PCR. A product was seen at the correct size for 94 of the 96 possible

constructs (no colonies grew for the M. maripaludis gene in vectors B and C).
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Restriction digests with EcoRI and Sanger sequencing (AGRF) were performed to

confirm that each construct contained the correct insert.
2.3 Small scale expression trials and analysis

Expression of the 94 constructs was tested by transforming them into T7 Express and
C41 E. coli cells and growing 3 mL cultures in LB medium, followed by a small-scale
Ni-NTA affinity purification. All of the constructs for which expression was observed
had been expressed in T7 Express cells; no expression was seen in C41 cells for any of
the 94 constructs. The presence of intact subunit I was confirmed by Western blots
using horseradish peroxidase (HRP)-conjugated antibodies against one of the two tags
(Figure 2-1A-G; I) or by measuring in-gel green fluorescent protein (GFP) fluorescence
(Figure 2-1H). While most constructs either gave no expression or were substantially
degraded, full-length expression was seen for eight of the 94 constructs (S. solfatricus,
T. thermophilus, M.ruber, T. gammatolerans in vector A, M. ruber in vector F, T.
thermophilus, M. ruber, T. gammatolerans in vector H). The subunit I gene from M.

ruber routinely gave the highest expression and the highest yield of intact protein.
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Figure 2-1: Small-scale expression and purification trials for 94 subunit I
expression constructs.

Each of the subunit I expression constructs was expressed in 3 mL E. coli cultures and
captured by cobalt affinity. The cobalt resin was run on SDS-PAGE, and protein was
detected by a Western blot against either the N- or C-terminal tag using a HRP-fused
antibody. A: Anti-FLAG antibody against the C-terminal FLAG tag. B: Anti-FLAG
antibody against the N-terminal FLAG tag. C: Anti-T7 antibody against the N-terminal
T7 tag. D: Anti-His antibody against the C-terminal His;o tag. E: Anti-His antibody
against the C-terminal Hisjo tag. F: Anti-His antibody against the C-terminal His;, tag.
G: Anti-His antibody against the N-terminal His o tag. H: In-gel GFP fluorescence. I:
Anti-His antibody against the N- and C-terminal His;o tags. Proteins were visualised by
ECL, or in-gel GFP fluorescence was measured using an excitation wavelength of 473
nm and a 510 nm emission filter. The sizes (in kDa) of the SeeBlue Plus2 pre-stained
protein markers are labelled on the left of each image.
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2.4 Large scale expression and purification trials
2.4.1 M. ruber subunit I in vector H

The first construct to be trialled on a larger scale was the M. ruber gene in vector H
(His;o-subunit Iy ,p.-GFP), as using GFP fluorescence to monitor membrane proteins
during purification has been established as a successful screening strategy.'”* A small
detergent screen was performed to identify a detergent that gave a high yield of
Hisjo-subunit Iz,,5.,~-GFP. The protein was solubilised in one of four detergents and
immobilised on Ni-NTA resin that was then run on SDS-PAGE, and intact protein was
detected by measuring in-gel GFP fluorescence (Figure 2-2). From this screen it was
found that Triton X-100 gave the highest yield of protein, although it appeared most of

this had precipitated on the resin.
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Figure 2-2: Small-scale detergent screen and purification with Hiso-subunit
IM.ruber'GFP-

Hiso-subunit I4/,.,5.,~-GFP was extracted and purified from 50 mL E. coli cultures in one
of four detergents (n-decyl-p-D-maltoside (DM), n-dodecyl-B-D-maltoside (DDM),
Anzergent 3-14, Triton X-100) by cobalt affinity. The cell lysate, cobalt elutions and
cobalt resin were resolved by SDS-PAGE and intact Hisjo-subunit Ij,,p.-GFP was
detected by measuring the in-gel GFP fluorescence, with an excitation wavelength of
473 nm and a 510 nm emission filter.

The expression of Hisjg-subunit I/ ,4.-GFP was scaled up from 50 mL to 4 L to test

whether increasing the culture size could increase the amount of stable protein

produced. The protein was solubilised in Triton X-100 and purified by Ni-NTA affinity.
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The Ni-NTA elution fractions were pooled and applied to a pre-equilibrated 10/300
superdex 200 (S200) size exclusion column. The peak fractions were analysed for
full-length protein by measuring GFP fluorescence with a PHERAstar FS microplate
reader in conjunction with an anti-His Western blot (Figure 2-3). The peak in the GFP
fluorescence profile was quite broad, and each of the fractions from the S200 column
gave a number of bands on the anti-His Western blot, suggesting the protein was
degraded. This had not been seen in the small-scale expression and purification trial,
indicating that either scaling up the expression culture volume led to degradation, or the
protein degraded over time due to the addition of a size exclusion step to the
purification protocol. It was therefore decided that other constructs that gave full-length
bands on the Western blots in Figure 2-1 should be tested to see whether they were less

susceptible to degradation.
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Figure 2-3: Fluorescence size exclusion profile for Hiso-subunit Iy ,,p.-GFP and
anti-His Western blot of the elution fractions.

GFP fluorescence (arbitrary units) was measured for each of the elution fractions and
plotted against elution volume (mL) for His;o-subunit Is.-GFP. The elution fractions
were also analysed by a Western blot against the Hisjo tag to determine whether the
protein had degraded.

2.4.2 M. ruber subunit I in vector F

The construct containing the M. ruber gene in vector F (MBP-subunit I,
nuber- ITXAHis ) gave the most intense band of all of the constructs, with no degradation
visible (Figure 2-1F). It was found that the highest expression was achieved when the
T7 Express cells transformed with this construct were grown in ZYM-5052 medium
(Figure 2-4), possibly because the medium contains glucose and this has been shown to
assist the production of proteins fused to MBP by repressing an endogenous E. coli
amylase.'” The protein was extracted from a 12 L culture by solubilising the E. coli

membranes with Triton X-100, and purified by Cobalt affinity followed by amylose
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affinity. The Triton series of detergents, however, is generally thought to be unsuitable
for structural studies, as each of the detergents is chemically heterogeneous.'® The most
commonly used detergents are DDM and DM, yet as both of these detergents contain
maltose derivatives, they are incompatible with amylose resin. Triton X-100 was
therefore still used as the detergent during the purification, with the aim of testing other
detergents once the purification protocol had been optimised. Elution fractions from the
amylose resin were analysed by SDS-PAGE followed by SafeStain staining and a
Western blot against the Hisjo tag. The protein running at ~98 kDa in Fig 2-4 was
subsequently confirmed to be intact MBP--subunit Iy, ,up-TrxAHis;y by

mass spectrometry.
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Figure 2-4: Media screen with MBP-subunit I/, s~ TrxAHiso.

ZYM-5052, M9 and LB media (50 mL) were inoculated with T7 Express E. coli cells
transformed with the His ¢-subunit I/ ,.5e-FLAG or MBP-subunit I, ,upe-TrxAHisg
constructs. Expression was induced at an optical density of 0.5-0.7 at 600 nm
(ODgoonm), and the cells were incubated at 18 °C overnight. The protein was extracted
from the cells with Triton X-100 (1% (v/v)) and purified by cobalt affinity. The cobalt
resin was separated by SDS-PAGE and a Western blot was performed against the His
tag with ECL visualisation.

To test whether the protein was aggregated, the elutions from the amylose resin were
applied to a pre-equilibrated 10/300 S200 column (Figure 2-5). The protein eluted at
12.5 mL, indicating it was most likely monomeric, according to the published molecular

weight standard elution volumes for that column.'” The protein aldolase, with a
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molecular mass of 158 kDa, elutes at ~12 mL on this column. The molecular mass of
MBP-subunit I/ ,,pe-TrxAHis)o is ~131 kDa, and thus the monomeric protein would be

expected to elute at a later volume than 12 mL.
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Figure 2-5: S200 size exclusion profile and SDS-PAGE of the elution fractions for
MBP-subunit 11 .upe-TrxAHisyg.

MBP-subunit I .- TrxAHis)o that has been purified by cobalt and amylose affinity
was applied to a 10/300 S200 size exclusion column and the absorbance at 280 nm was
monitored (left). The peak fractions in the size exclusion elution profile were analysed
by SDS-PAGE using SafeStain staining to confirm the peak fractions contained
MBP-subunit Iy jupe-TrxAHiso. The elution volume of the fraction (mL) is labelled at
the top of each lane.

As the presence of solubility tags such as MBP can impede crystallisation, a cleavage
trial with HRV 3C protease (3C) was conducted on the purified protein to determine
whether the MBP tag could be cleaved. The cleavage trial was analysed by SDS-PAGE
using SafeStain staining and it was found there was a faint band present at the size

corresponding to the intact protein, and an intense band approximately 20 kDa smaller
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than this, which could be the cleaved protein (data not shown). However, this result
could not be replicated, and thus requires further investigation. It was decided it would
be more efficient to pursue a construct that would not require cleavage of the

solubility/affinity tag for crystallisation.
2.4.3 M. ruber subunit I in vector A

The construct containing the M. ruber gene in vector A (Hisjo-subunit Iys ,upe-FLAG)
was chosen for a large scale trial as the FLAG tag is only eight amino acids in length
(DYKDDDDK) and thus would be unlikely to interfere with crystallisation. Unlike the
MBP-subunit Iy, jupe-TrxA/His; o construct, the Hisig-subunit Iy ,..~-FLAG was found
to have the highest expression in M9 minimal medium on a small scale (Figure 2-6).
When the culture volume was scaled up to 4 L, however, the T7 Express cells grew too
slowly in the M9 medium to reach a sufficient optical density for induction, so LB

medium was chosen as the most suitable alternative.
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Figure 2-6: Media screen for His;o-subunit I,/ ,,,5.,.-FLAG expression.

LB, 2YT, ZYM-5052 and M9 and media (5 mL) were inoculated with T7 Express
E. coli cells transformed with the Hisjo-subunit Ir sermophins-FLAG or Hisjo-subunit
Ly rupe-FLAG constructs. Expression was induced at ODggo nm = 0.5-0.7 and the cells
were incubated at 18 °C overnight. The protein was extracted from the cells with DM
(2% (w/v)) and purified by cobalt affinity. The cobalt resin was separated by
SDS-PAGE and a Western blot was performed against the FLAG tag with ECL
visualisation.
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2.4.3.1 Detergent screen with Hiso-subunit I, ;,p.-FLAG

To improve the likelihood of crystallisation, detergents other than Triton X-100 were
screened for their ability to extract Hisjo-subunit Ij; ,up-FLAG from the E. coli
membrane and minimise degradation during the purification. Five detergents were
tested initially (Figure 2-7), including Triton X-100 as a positive control, and each of
them were able to solubilise Hisjo-subunit Iy; ,p-FLAG to varying degrees. While
Anzergent 3-14 appeared to extract the most protein, there was some degradation

evident, so Anzergent 3-12 was chosen to be tested on a larger scale.
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Figure 2-7: Small-scale detergent screen with His o-subunit Iy, -s.~-FLAG.

Hisjo-subunit Iy ,.4-FLAG was extracted and purified in one of five detergents: Triton
X-100, Anzergent 3-14, Anzergent 3-12, DDM and DM. The protein was immobilised
on cobalt resin and run on SDS-PAGE, and a Western blot was performed against the
FLAG tag with ECL visualisation.

2.4.3.2 Hisjo-subunit Iy ,up.,-FLAG purification trial

To test whether sufficient quantities of His;o-subunit I ,u5.-FLAG could be produced
for crystallisation trials, a 12 L T7 Express culture was grown in LB medium. The
cultures were incubated for between 14 and 20 hours, although the level of protein
expression and the extent of degradation did not change with different growth times.
Different growth temperatures were not tested. Anzergent 3-12 was used to extract the

protein from the FE. coli membrane and solubilise the protein throughout the
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purification. Following initial purification with Cobalt resin, the protein was applied to
a pre-equilibrated 10/300 S200 column to determine whether it was aggregated. While a
peak eluted at 11 mL, a volume that would be consistent with monomeric protein in a
detergent micelle,'”’ this peak had a significant shoulder, and the SDS-PAGE gel on
which the elution fractions were run shows the fractions contain multiple bands (Figure
2-8). As with the Hisg-subunit I ,.4.-GFP construct, degradation was not evident on
the western blot used to analyse the expression and purification trial of the
FLAG-tagged construct, suggesting the degradation was occurring during the course of
the purification. Nevertheless, the band corresponding to subunit I was the most intense
band in the peak fractions, indicating Hisjo-subunit Iys ,44.-FLAG could be produced in
sufficient quantities for structural and biophysical studies, provided the purification
protocol could be optimised. This construct was therefore selected for further

optimisation, characterisation and crystallisation trials.
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Figure 2-8: S200 size exclusion profile and SDS-PAGE of the elution fractions for
Hiso-subunit I/ ;.p.-FLAG.

Hisjo-subunit I/ ,,0.,-FLAG was purified by cobalt affinity from a 12 L E. coli culture
in buffer containing Anzergent 3-12 (0.5% (w/v)). Elution fractions containing the
protein were applied to a pre-equilibrated S200 size exclusion column, and the
absorbance at 280 nm was monitored (upper image). The peak elution fractions were
analysed for Hisjo-subunit I3/ ,,5.-FLAG by SDS-PAGE using SafeStain (lower image).

2.5 Cloning and expressing M. ruber subunit I transmembrane

domain constructs

As was noted in section 1.10, subunit I is highly flexible, and it has been found that this
flexibility is largely localised to the linker between the soluble and transmembrane
domains of the protein. This enables the soluble domain to adopt a number of different
angles relative to the transmembrane domain,'®' which could reduce the likelihood of
subunit I crystallising. To overcome this, constructs containing only the transmembrane

domain (Itm) were cloned in tandem with the full-length constructs. As the crystal
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structure of the soluble domain of the M. ruber protein had already been determined,
this was compared with the full-length subunit I sequence, revealing the transmembrane
domain expression construct should start at residue T346 to exclude the soluble domain
and the flexible linker. The M. ruber synthetic gene was used as the template to create
the transmembrane domain construct. The desired region of the gene was amplified by
using a forward PCR primer designed to clone from the codon for residue T346
onwards, and the reverse primer was the same as that used to clone the full-length gene.
The transmembrane domain PCR product was successfully cloned into all of the SLIC

vectors with the exception of vector G.

A small-scale expression trial was conducted with each of the vectors as described in
section 5.7.1. Intact protein was detected by a Western blot against the His;o tag, which
enabled all of the constructs to be visualised simultaneously (Figure 2-9). Full-length
expression was only seen for vectors C (expected size 39.4 kDa) and D (expected size
50.4 kDa) constructs. There is a band for vector F but this is smaller than the expected

size of 80.1 kDa, so it was not tested further.
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Figure 2-9: Small-scale expression and purification trial for the Ity expression
constructs.

Each of the subunit I transmembrane domain constructs was expressed in 3 mL E. coli
cultures and purified by cobalt affinity. The resin was run on SDS-PAGE and a Western
blot was conducted against the His;o tag with ECL visualisation.
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The constructs in vectors C and D were subsequently expressed in 4 L LB medium,
solubilised in DM and purified using Cobalt resin. Elution fractions from the Cobalt
resin were visualised by SDS-PAGE using SafeStain (Figure 2-10). Bands were only
seen for the vector D construct (mistic-Itm-Hisjg). Mistic (membrane-integrating
sequence for translation of IM protein constructs) is a 13 kDa integral membrane
protein from Bacillus subtilis that does not require the translocon machinery to fold, and

has been shown to assist insertion of recombinantly expressed integral membrane

proteins into the host cell membrane'*®.
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Figure 2-10: Cobalt resin elution fractions for the Ity construct in vectors C and
D.

T7-Irm-Hisjo and mistic-Itv-His;g were each purified from E. coli cultures (4 L) by
cobalt affinity. The lysate, cobalt elution fractions, and cobalt resin were analysed for

the presence of the intact subunit I transmembrane domain construct by SDS-PAGE
using SafeStain.

The mistic-ITv-His;o cobalt elutions were pooled and loaded onto a pre-equilibrated
10/300 S200 column. There were two major peaks present in the Ajgp nm elution profile.
The first eluted at ~8.5 mL, which could be aggregated protein, or protein in a higher
oligomeric state, as according to the published molecular weight standard elution
volumes for this column, ferritin (440 kDa) elutes at 10 mL.'""” The protein that eluted
in this peak is thus even larger than 440 kDa, and many times larger than the

monomeric form of mistic-Ity-Hisjo (50.4 kDa).
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The second peak eluted at 12.5 mL, which would be consistent with monomeric protein
(Figure 2-11). As seen in the SDS-PAGE gel of the S200 elution fractions, however,
two major bands are present in each of the peaks, suggesting the protein is present in

aggregated or higher oligomeric states as well as the monomeric state.
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Figure 2-11: S200 size exclusion profile and SDS-PAGE gel of the elution fractions
for mistic-Ity-Hisqo.

The cobalt elution fractions containing mistic-Ity-His;p were applied to a
pre-equilibrated S200 size exclusion column, and absorbance at 280 nm was monitored
(left). To determine whether the peak fractions contained mistic-Ity-His;o, the fractions
were analysed by SDS-PAGE with SafeStain (right).

2.6 Cloning and expressing subunits G and E of the M. ruber
A-ATPase

2.6.1 Cloning M. ruber subunits G and E into the pET-Duet-1 expression vector

In the SDS-PAGE gel shown in Figure 2-8, it can be seen that along with the major
Hisjo-subunit I, ,p-FLAG band at ~62 kDa, a number of other proteins have
co-eluted. As subunit I is bound to both the soluble peripheral stalks and the
transmembrane L-ring rotor within the native A-ATPase complex (Figure 1-10), it was
thought that the binding sites for these proteins might also be sites prone to forming
non-specific interactions with other E. coli proteins during purification. Co-purifying
Hisjo-subunit Iy ,,p.,-FLAG with one or both of its partner proteins from the A-ATPase

complex could therefore be a strategy to improve the purity and stability of subunit I.
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There were thus a number of options for creating A-ATPase sub-complexes with
Hisjo-subunit I/ ,,p.,-FLAG, including the subunit I:peripheral stalks sub-complex, the
subunit [:L-ring sub-complex, or a sub-complex containing all three proteins. However,
as the L subunit is also a membrane protein, and forms a ring that could be difficult to
produce with the correct stoichiometry when expressed recombinantly, it was decided
the subunit I:peripheral stalks sub-complex would be the easiest to pursue. Furthermore,
cloning, purification and crystallisation protocols had already been established within
the laboratory for the 7. thermophilus peripheral stalks, so these were used as a guide to

clone and purify the M. ruber peripheral stalks.

Subunit E from M. ruber was found through a BLAST search using 7. thermophilus
subunit E as the query sequence, and a codon-optimised synthetic gene encoding M.
ruber subunit E was ordered. A BLAST search using the protein sequence for T.
thermophilus subunit G, however, did not return a sequence for M. ruber subunit G. The
first entry from M. ruber was for a hypothetical protein K649 04415 [Meiothermus
ruber DSM 1279]. Nevertheless, the gene encoding this protein has been annotated and
is located within the M. ruber A-ATPase operon. An alignment of the sequences of 7.
thermophilus subunit G and M. ruber hypothetical protein K649 04415 using the
M-COFFEE program'” showed that the proteins have a 104 amino acid overlap with
51.9% identity, suggesting they are related proteins. A codon-optimised synthetic gene
encoding M. ruber hypothetical protein K649 04415 (hereafter subunit G, gene ID
K649 04415) was therefore also ordered.
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Figure 2-12: Sequence alignment for 7. thermophilus subunit G and M. ruber
hypothetical protein K649 04415.

The protein sequences of subunit G from 7. thermophilus and M. ruber were aligned
using the M-COFFEE Multiple Sequence Alignment tool. Asterisks (*) indicate an
amino acid residue that is fully conserved between the two sequences, colons (:)
indicate the residues are different but have very similar properties, and periods (.)
indicate residues that are different with only slightly similar properties.

The synthetic genes for M. ruber subunits G and E were cloned into multiple cloning
site (MCS) 1 and MCS2, respectively, of the bicistronic pET-Duet-1 vector, as
confirmed by Sanger sequencing. Expression trials with this construct, however, show
that only one protein was expressed. An anti-His Western blot confirmed that this was

subunit G, as a protein cloned into MCS1 of this vector is encoded with an N-terminal

Hise tag.
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Figure 2-13: SDS-PAGE gel and anti-His Western blot to confirm expression of the
M. ruber EG complex.

The M. ruber EG construct was expressed in T7 Express E. coli cells (5 mL) and
purified by cobalt affinity. The resin was analysed by SDS-PAGE using SafeStain
staining and a Western blot against the Hise tag at the N-terminus of subunit G.
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The sequence alignment of M. ruber subunit G with 7. thermophilus G shows the M.
ruber protein has an extension of 28 amino acid residues at the N-terminus (Figure 2-
12). This had been seen previously with 7. thermophilus subunit G, for which the most
stable expression construct lacked the first 17 codons of the annotated gene.”” A new
construct was therefore cloned using a forward PCR primer that amplified the gene
from codon 29 onwards (M. ruber Gyg). The PCR product was then cloned into MCS1
of the pET-Duet-1 expression vector that contained M. ruber subunit E in MCS2, as

confirmed by Sanger sequencing.

Expression trials with this construct, however, gave a similar result to that seen for the
construct with full-length subunit G, with only subunit G,y being expressed. To confirm
subunit E was not being expressed, a 12 L culture was grown and the protein was
purified by Ni-NTA affinity followed by size exclusion chromatography with an S200
column. While there are two bands in the elution fractions run on SDS-PAGE (Figure
2-14), the bands have much lower intensity than that of the 7. thermophilus EG
complex (Figure 3-11). It also appears the two proteins are dissociating from one

another during size exclusion, which could hinder crystallisation.
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Figure 2-14: Large-scale M. ruber EGy9 expression and purification trial.

The cobalt elution fractions containing EG,9 were pooled and applied to a 10/300 S200
size exclusion column, and the absorbance at 280 nm was monitored (upper image). The
peak fractions in the elution profile were analysed by SDS-PAGE with SafeStain (lower
image).

The M. ruber EGy9 complex could not be expressed and purified in quantities sufficient
for biophysical and structural analyses, indicating there was a problem with this
construct. In the BLAST search using 7. thermophilus subunit G as the query sequence,
there was an entry below the M. ruber hypothetical protein K649 04415 termed M.
ruber subunit C. When the sequences of 7. thermophilus subunit G, M. ruber subunit
Gy9 and M. ruber subunit C are aligned, it can be seen that they are all very similar
(Figure 2-15). However, M. ruber subunit C does not contain the 29-residue extension
present at the start of the M. ruber hypothetical protein K649 04415. There are three
additional residue differences; residues 25 and 73 are arginines in M. ruber subunit C
rather than lysines, and residue 75 in M. ruber subunit C is a lysine rather than an

arginine (Figure 2-15). In T. thermophilus subunit G, the equivalent residues are on the
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surface of the protein, so mutating them in the M. ruber protein would probably not

affect expression, but it was still important to use the wild type sequence.

T.thG MGGLGLIKSLAEKEKQLLERLEAAKKEAEERVKRAEAEAKALLEEAEAKAKALEAQYRER

M. ruG VAGSGLIKSLAEREQALAKQLEEAKRAAAAKVQEAEAKAAQILAEAEQAARDLEAQYRAR

M. ruC MAGSGLIKSLAEREQALAKQLEEARRAAAAKVQEAEAKAAQILAEAEQAARDLEAQYRAR
X ckkkokkokkk IkDok TIskek kiIlok IkILckkekiIk Ik ckkk kIokekkekkk >k

T.thG ERAETEALLARYRERAEAEAKAVREKAMARLDEAVALVLKEVLP

M. ruG TTEAVAKVESEAKARAEAEAKAIGEAAAAKVAEAVQAVLKEVLP

M
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Figure 2-15: Aligning sequences of M. ruber subunits C (M.ruC) and Gz9 (M.ruG)
with 7. thermophilus subunit G (T.thG).

The protein sequences of 7. thermophilus subunit G, M. ruber subunit Gy and M. ruber
subunit C were aligned using the Clustal Omega Multiple Sequence Alignment tool.
Symbols underneath indicate the degree of conservation as described in Figure 2-12.

To test whether M. ruber subunit C was in fact the true homologue of 7. thermophilus
subunit G, a gBlock containing the genes encoding M. ruber subunits C and E was
synthesised (section 5.6.4) and was successfully cloned by the Gibson assembly method
into the pLICHK expression vector, confirmed by Sanger sequencing. Expression trials
with this construct in T7 Express E. coli cells grown in LB medium revealed that both
protein subunits could be overexpressed, as indicated by two intense bands at the
expected sizes (~14 kDa for Hise-G and ~20 kDa for E) in each of the cobalt elution
fractions analysed by SDS-PAGE (Figure 2-16). This complex was therefore
subsequently used for the expression and purification of the M. ruber peripheral stalks,
and subunit C will subsequently be referred to as G, as it had clearly been misannotated.
Given how difficult it was to express and purify Gy, and that it was not possible to form
a stable complex between Gy and E, it is unlikely that it would be expressed in M.

ruber.
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Figure 2-16: M. ruber EG small-scale expression and purification trial.

The M. ruber EG peripheral stalks construct was expressed in T7 Express E. coli cells
(100 mL) and purified by cobalt affinity. The lysate, cobalt flow-through, elutions and
cobalt resin were analysed for the presence of M. ruber EG by SDS-PAGE using
SafeStain.
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Chapter Three: Protein purification and optimisation

3.1 Optimising His,¢-subunit I, ,,;.,,-FLAG in Anzergent 3-12

3.1.1 Purifying His;o-subunit Ly ;up-FLAG in Anzergent 3-12 from isolated E.

coli membranes

As can be seen in Figure 2-8, Anzergent 3-12 is able to extract Hisjo-subunit
Iyt ruber-FLAG (from this point onwards this full-length construct shall be referred to as
subunit ) from E. coli membranes very efficiently, and is able to prevent aggregation of
the protein to some extent. However, the purity and stability of subunit I required
further optimisation. To achieve this, the E. coli membranes were first isolated as
described in section 5.7.5, to reduce contamination from soluble proteins. Sucrose (100
mM) and MgCl, (5 mM) were added to the purification buffers, as these had been
shown to be important for stabilising the intact 7. thermophilus A-ATPase complex
during purification. The NaCl concentration was also increased to 500 mM to minimise
the chance of contaminating proteins being co-purified with subunit I. Additionally, a
100 000 MWCO concentrator was used rather than a 30 000 MWCO concentrator to
further reduce the chance of co-purification of smaller contaminating proteins, and to
avoid concentrating the detergent, as the presence of detergent at concentrations many
times above the critical micelle concentration (CMC) can inhibit protein crystallisation
and encourage the growth of detergent crystals. Finally, a 16/600 S200 column was
used, rather than a 10/300 column, as it was thought the additional volume would allow

for greater separation of subunit I from the contaminating proteins.

All of these alterations did lead to improvements in the purity and stability of subunit I
(Figure 3-1), as the intensity of the monomer peak (~61 mL, 112 mAu) was now greater
than that of the aggregate peak (~54 mL, 28 mAu), and there was less overlap between
these two peaks than that seen in Figure 2-8. According to the published molecular
weight standard elution volumes for this column, ferritin (440 kDa) elutes at 55 mL,
while aldolase (158 kDa) elutes at 65 mL, and these elution volumes were used to

assign the peaks in Figure 3-1 as aggregate or monomer, respectively.
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There were also fewer contaminants in the peak fractions, with subunit I being the
dominant species. Fractions 60-65 were pooled and concentrated to 500 pL at a
concentration of 4.5 mg mL™, giving a total yield of 2.25 mg from the 12 L culture as
measured by Asso nm. This yield was quite low, however it is not unexpected for a
membrane protein. This sample was subsequently used for crystallisation trials,
although as discussed in section 4.1, there were no promising results from these trials.
This may have been due in part to the zwitterionic nature of Anzergent 3-12, as
zwitterionic detergents are often more disruptive than non-ionic detergents.'”> Other
detergents that have been shown to be more favourable for membrane protein

crystallisation were therefore subsequently trialled.
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Figure 3-1: Size exclusion profile and SDS-PAGE of elution fractions for
Hisqo-subunit I/, ;45.-FLAG purified from isolated membranes.

The absorbance at 280 nm of the S200 size exclusion elution fractions was monitored
and plotted against the elution volume (mL) to determine the elution volume of subunit
I (upper image). The presence and purity of subunit I in the peak fractions was
confirmed by SDS-PAGE using SafeStain (lower image). The mass of the protein
standards is labelled (kDa) on the left hand side of the gel, the elution volume of each
fraction is labelled (mL) at the top of each lane and the band corresponding to subunit I
is labelled.
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3.1.2 Further detergent optimisation

A small-scale expression and purification screen was conducted with eight detergents,
with Anzergent 3-12 included as a control. Eight x 3 mL expression cultures were
grown, and subunit I was solubilised and purified from each one using one of the eight
detergents. The lysate was bound to magnetic cobalt resin, and the resin was analysed
by SDS-PAGE followed by a Western blot against the FLAG tag to detect the presence
of intact subunit I (Figure 3-2).
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Figure 3-2: Screening further detergents for extracting and purifying subunit I.

A small-scale solubilisation and purification trial was conducted with subunit I in eight
different detergents. The samples were analysed for intact subunit I by a Western blot
against the FLAG tag. The mass of the protein standards is labelled, in kDa, on the left
hand side of the blot, and the detergent used for each samples is labelled at the top of
each lane.

Intact subunit I was seen with the detergents DM, n-octyl-B-D-glucopyranoside (OG),
Anzergent 3-12 and 3-14, C12ES8, and DDM to a lesser extent. As DM, OG, Anzergent
3-14 and CI2E8 gave the most intense bands on the Western blot, these were
subsequently tested on a larger scale to determine whether any of these detergents were
able to maintain subunit I in a stable, monodispersed state during the purification. A
12 L expression culture was grown and divided into four batches. Each batch was
solubilised in one of the four detergents and the supernatant was applied to cobalt resin.

The elutions from the cobalt resin were concentrated and analysed for non-aggregated
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protein by size exclusion chromatography using a 16/60 S200 column pre-equilibrated
with buffer containing the corresponding detergent at 1 x CMC (Figure 3-3). A
non-aggregate peak can be seen in the size exclusion profiles for Anzergent 3-14 and
DM, while OG and C12ES did not yield any monodispersed protein. The difference in
the elution volumes of the Anzergent 3-14- and DM-solubilised subunit I is due to the
different aggregation numbers of each of these detergents. Aggregation number is the
average number of detergent molecules present in the micelle when the detergent
concentration is above the CMC. The aggregation number for Anzergent 3-14 is
83-130,""" while for DM it is 69.""" As Anzergent 3-14 is a very similar detergent to
Anzergent 3-12, and a significant amount of subunit I became aggregated in this
detergent, Anzergent 3-14 was not pursued further. DM, the detergent that produced the
maximum amount of stable subunit I, was therefore chosen as the detergent in which

subunit [ was to be solubilised and purified.
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Figure 3-3: S200 size exclusion profiles for subunit I solubilised in four different
detergents.

The cell pellet from a 12 L subunit I expression culture was divided into four, and each
pellet was purified with one of four detergents: Anzergent 3-14 (blue), OG (red), C12ES8
(green) or DM (violet). The clarified lysate was analysed for monodispersed subunit I
by size exclusion using a 16/600 S200 column. The absorbance at 280 nm of the elution
fractions was plotted against the elution volume (mL) for each detergent.
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3.2 Optimising purification of subunit Iin DM

Isolated membranes from a 12 L culture were solubilised in lysis buffer containing
2% (w/v) D. Subunit I was purified by cobalt affinity followed by size exclusion
chromatography, with DM at a concentration of 0.5% (w/v) in the cobalt purification
buffers and 0.09% (w/v) (1 x CMC) in the size exclusion buffer (Figure 3-4a). While
the majority of subunit I eluted in the monomeric state (14-16 mL), a significant
proportion of the protein was aggregated. According to the published molecular weight
standards for this column, ferritin (440 kDa) elutes at 10 mL, and thus this peak
(7-8 mL) would contain protein with a molecular weight many times greater than that of

. 1
the subunit I monomer.'"’

Additionally, a number of other contaminating bands of
lower intensity can be seen in the peak fractions in the SDS-PAGE, which were not
seen when the protein was purified in Anzergent 3-12. To test whether subunit I
solubilised in DM continued to aggregate over time or whether it remained stable and
the purity could be improved, the fractions that eluted at 14 and 15 mL were pooled,
concentrated and loaded onto the same size exclusion column (Figure 3-4b). The
aggregate peak is of lower intensity in the second size exclusion profile, suggesting that
the majority of the monomeric protein remained stable. There were also fewer
contaminating bands in the peak fractions, indicating the purity of the sample was

improved, albeit with some sample loss. After the second size exclusion step the final

protein yield was 900 pg, as measured by Azgo nm.
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Figure 3-4: S200 size exclusion profiles and SDS-PAGE for subunit I solubilised
and purified in DM.

A: Cobalt elutions containing subunit I were pooled and run on a 10/300 S200 size
exclusion column. The absorbance at 280 nm of the elution fractions was measured and
plotted against the elution volume (mL, left image). The peak fractions were then
analysed by SDS-PAGE using SafeStain (right image). The elution volumes are labelled
at the top of each lane, and the band corresponding to subunit I is labelled. B: Elutions
14-16 were pooled and concentrated and run on the same S200 column. The S200
Azgo nm elution profile (left) and SDS-PAGE image (right) were generated as described
for A.

As the sample purified in Anzergent 3-12 seemed more pure and less prone to
aggregation, it was thought that the limitations associated with using DM throughout
the purification could be overcome by using Anzergent 3-12 to extract and solubilise
subunit I up until size exclusion, and then exchanging subunit I into DM during size
exclusion. To test this, subunit I was first extracted from E. coli membranes froma 12 L
culture using Anzergent 3-12, and the cobalt purification buffers also contained
Anzergent 3-12. The size exclusion step, however, was performed using a buffer that
contained DM at twice the CMC, to determine whether subunit I could tolerate being

exchanged into DM. DM has a lower CMC (1.8 mM) than Anzergent 3-12 (2.8 mM),

60



and thus DM forms micelles in solution more readily than Anzergent 3-12, theoretically
making it able to replace Anzergent 3-12. Additionally, Anzergent 3-12 would be
diluted to a concentration many times lower than the CMC in the size exclusion
column, and would thus no longer be able to form micelles that could solubilise subunit
I, further increasing the likelihood the Anzergent 3-12 micelle would be replaced by a
DM micelle. It is evident in Figure 3-5 that a higher yield of subunit I (4 mg) was
obtained than in the previous purification in which DM was used as the solubilisation
detergent (900 pg). It can also be seen in the size exclusion profile that there is minimal
aggregation and the majority of the protein is in the monomeric state. Some degradation
can be seen in the SDS-PAGE image, however, ~90% of the protein is intact. This

protein was subsequently used for crystallisation trials.
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Figure 3-5: Size exclusion profile and SDS-PAGE of the elution fractions of
subunit I exchanged into DM.

Subunit I was extracted from E. coli cell membranes and cobalt-purified in Anzergent
3-12. The cobalt elutions containing subunit I were pooled and run on a 16/60 S200
column in buffer containing DM (1.7% (w/v); left image). The peak fractions in the
Azg0 nm €lution profile were analysed by SDS-PAGE using SafeStain (right image). The
elution volume (mL) of the fractions is labelled at the top of each lane, along with the
band corresponding to subunit I.

3.3 Supplementing purification buffers with ATP

As discussed in Section 1-8, there is evidence that 7. thermophilus subunit I is able to
bind to ATP. To determine whether ATP has a stabilising effect on M. ruber subunit I,
2 mM ATP was added to each of the purification buffers. The results of these
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purifications were variable; for some purifications the addition of ATP was associated
with no aggregated subunit I and a well-resolved monomer peak, and for others it did
not appear to reduce the amount of aggregated protein compared to purifications
performed without added ATP (Figure 3-6). In the upper panel of Figure 3-6, it can be
seen that the intensity of the peak corresponding to subunit I is ~4500 mAu, while in the
lower panel of Figure 3-6, the intensity of the peak is only ~180 mAu. This is most
likely because different Akta systems (GE Healthcare Life Sciences) were used for the
two purifications, with different light sources and detectors. The yields for the samples
in the upper and lower panels were 3 mg and 1.3 mg, respectively, which alone would
not account for the intensity of the peak in the upper panel being ~25-fold higher than
the peak in the lower panel. Yet even though there were differences in both profiles,
crystallisation trials were conducted with subunit I purified both with and without ATP

(5.8).
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Figure 3-6: Size exclusion profiles of subunit I purified in the presence of 2 mM
ATP.

Cobalt elutions containing subunit I purified in the presence of 2 mM ATP were pooled
and applied to a 16/60 S200 size exclusion column that had been pre-equilibrated with
buffer also containing 2 mM ATP. The upper image shows a size exclusion profile with
minimal aggregated protein, while the lower shows a size exclusion profile with an
intense aggregate peak.

3.4 Exchanging subunit I into Amphipol A8-35

Identifying a detergent in which a membrane protein is be both stable and amenable to
crystallisation is a difficult and time-consuming process. A class of chemicals, termed
amphipols, has therefore been developed to replace a detergent once a membrane
protein has been extracted from the cell in which it was expressed.''> Amphipols are

amphipathic surfactants, containing a hydrophilic backbone onto which hydrophobic
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chains have been grafted, that are able to displace detergent molecules and coat the
hydrophobic surfaces of membrane proteins irreversibly without denaturing the protein
(Figure 3-7). While amphipols have thus far not been used widely in crystallisation
studies, it was thought subunit I could be exchanged into Amphipol A8-35 (the best
characterised and most commonly used type of amphipol) for functional studies and

crystallisation trials.
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Figure 3-7: Amphipol A8-35 molecular structure.'"?

The molecular structure of Amphipol A8-35 is shown as a condensed structural
formula. It contains a polyacrylate backbone with ~35% of the carboxylates free (x),
~25% containing octyl side chains (y) and ~40% containing isopropyl side chains (z).'"

Subunit I was expressed and purified using the optimised protocol as described (section
3.2), and exchanged into Amphipol A8-35 (section 5.7.7). To test whether the exchange
and detergent removal were successful, the subunit I sample was loaded onto a 10/300
S200 column pre-equilibrated with buffer that did not contain detergent, to minimise
sample loss (Figure 3-8). The size exclusion elution volume was similar to that
observed for subunit I solubilised in detergent (~12.5 mL), and there was minimal
aggregation and degradation, although approximately only half the amount of protein
was recovered, with a total yield of 1 mg as measured by Ajgo nm. Attempts were made
to improve the yield of subunit I in amphipols, including performing the exchange
immediately following cobalt purification and reducing the incubation time with
Amphipol A8-35 and the Bio-Beads to two hours each, however, these did not make a
significant difference. To overcome this, two amphipol-exchanged subunit I samples

were combined to be used for subsequent experiments and crystallisation trials.

64



1
11.5
12
125
13
135

175
188

125 98

62 _----—
49

38

28 =

14 "
5 10 15 20 25
-25
Volume (mL) 6 "

Figure 3-8: S200 profile and SDS-PAGE gel of subunit I exchanged into Amphipol
A8-35.

Subunit I that had been exchanged from Anzergent 3-12 into Amphipol A8-35 was
purified by running the sample on a 10/300 size exclusion column equilibrated in buffer
containing no detergent (left image). The fractions from the first peak in the Azgo nm
elution profile were visualised by SDS-PAGE using SafeStain staining (right image).
The elution volumes (mL) of the fractions are labelled at the top of each lane on the gel
image.

3.5 Optimising mistic-Ity-Hiso purification

As was noted in section 2.5, the purification of the mistic-Ity-Hisjo construct looked
promising, however it required further optimisation to remove the contaminating higher
molecular weight protein (Figure 2-11). To address this, a 12 L expression culture was
grown in LB medium, and mistic-Itm-His;o was extracted with 2% (w/v) DM. The
protein was purified as described in section 5.7.6, but instead a 16/60 S200 size
exclusion column was used, rather than the 10/300 column, and as mistic contains one
cysteine residue, 5 mM [-mercaptoethanol was added to all buffers to prevent
disulphide-mediated aggregation. There was a large peak that eluted in the void volume
(~46 mL, 71 mAu), with almost equal intensity to that of the monomeric peak (~67 mL,
72 mAu). Nevertheless, the monomeric peak appeared to be reasonably symmetric, and
the elution fractions were largely pure when visualised by SDS-PAGE, with a yield of
1 mg. Despite the low yield, this sample was concentrated further and was used to set
up crystallisation trials. As detailed in section 4.2, however, there were no promising
results from these trials. It was thought that this may be due to the presence of the mistic

tag, so based on the results from the expression trial (Figure 2-9), expression and
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purification of the T7-Irm-Hisjo construct was trialled once again. Although no protein
was seen in the cobalt elutions for this trial, it was possible this was due to a problem

that could be overcome with further optimisation.
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Figure 3-9: S200 size exclusion profile and SDS-PAGE of elution fractions for
mistic-Ity-Hisqo.

Cobalt elutions containing mistic-Itym-His;o were pooled and run on a 16/60 S200 size
exclusion column. Elution fractions from the two peaks in the Asgy nm €lution profile
(upper image) were analysed for the presence of mistic-Ity-His o by SDS-PAGE using
SafeStain (lower image). The elution volume (mL) of the peak fractions is labelled at

the top of each lane in the gel image, and the band corresponding the mistic-Iry-Hiso is
labelled.

The T7-Irm-Hisjo construct was expressed and purified using the same protocol as was
used for the mistic-Ity-Hisjo construct. As with mistic-Ity-His;o, there was an aggregate
peak with high intensity, however, the monomeric peak was well resolved and there
were no contaminating proteins or degradation products in the peak fractions

(Figure 3-10), with a total yield of 750 pg, as measured by Asgp nm. Protein from the
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peak fractions (75-77 mL) were pooled and concentrated to 3 mg mL™, and used to set

up crystallisation trials.
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Figure 3-10: S200 size exclusion profile and SDS-PAGE gel of peak elution
fractions for T7-Itm-Hisqo.

Cobalt elutions containing T7-Iry-Hisjo were pooled and run on a 16/60 S200 size
exclusion column (upper image). Fractions from the two peaks in the Ajgy nm €lution
profile were visualised by SDS-PAGE using SafeStain staining (lower image). The
elution volume (mL) of the fractions is labelled at the top of each lane and the band
corresponding to T7-Iry-Hisy is labelled.

3.6 Optimising purification of the M. ruber peripheral stalks

The M. ruber peripheral stalks (pLICHK-EG construct) were expressed and purified as
described in section 5.7.8. In the size exclusion profile, however, two peaks can be seen,

which was not expected, as the T. thermophilus peripheral stalks elute as a single peak
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(Figure 3-11). Furthermore, when overlaying the elution profiles of the M. ruber and T.
thermophilus peripheral stalks, the 7. thermophilus peak lies almost exactly in the
centre of the two M. ruber peaks, so the elution volume of the 7. thermophilus stalks
could not be used as a guide. To resolve this issue, the fractions corresponding to the

two peaks were pooled separately and each was analysed by MALLS (Figure 3-12).
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Figure 3-11: S200 size exclusion elution profiles of M. ruber and T. thermophilus
peripheral stalk complexes.

The S200 size exclusion elution profiles of the M. ruber (red) and T. thermophilus
(blue) peripheral stalks were plotted on the same graph to determine which of the peaks
in the M. ruber profile corresponded to the single heterodimer.

According to the MALLS analysis the first peak had a mass of 58.8 + 0.2 kDa and the
second peak had a mass of 28.9 = 0.3 kDa. The theoretical mass of a single M. ruber
peripheral stalks heterodimer is 30.6 kDa, thus the second peak corresponds to the
single heterodimer and the first peak contains a dimer of dimers. In the mass fraction
analysis for the second peak, a small amount of the dimer was still present, possibly due
to incomplete separation, however this percentage was not considered to be high enough
to interfere with subsequent experiments. Furthermore, there was no evidence of
time-dependent dimerisation of the peripheral stalks heterodimer, suggesting the
dimerisation was not in dynamic equilibrium (see section 4.4.2). The protein in the
second peak was used for interaction studies with subunit I, with a total yield of 4 mg as

measured by the DirectDetect® infrared spectrophotometer.
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Figure 3-12: MALLS analysis of M. ruber EG S200 peak elution fractions.

The molecular mass and polydispersity of each of the peaks in the M. ruber EG size
exclusion elution profile was analysed by MALLS. Each of the peaks in the size
exclusion profile were pooled separately and analysed in separate MALLS experiments.
The differential refractive index profiles of peak 1 (blue) and peak 2 (red) are
superimposed. The calculated molecular masses of peak 1 (green) and peak 2 (violet)
have also been plotted.
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Chapter Four:  Crystallisation trials and biophysical

characterisation

4.1 Crystallisation trials with subunit I

4.1.1 Vapour diffusion crystallisation trials in Anzergent 3-12

All of the crystallisation experiments will be described in detail below and they have
also been summarised in Appendix One. Various combinations of the 17 different
commercial crystallisation screens (Table 6-3) were used to set up vapour diffusion
trials with full-length subunit I purified in Anzergent 3-12 (5 mg mL™). Trials were
initially set up with the PACT, Wizard Cryo 1&2 and Index HT screens and these were
incubated at 20 °C. Light to heavy precipitate was only ever observed in these trials, in

approximately 70% of the drops.

Further crystallisation trials were set up with another purified sample of subunit I (5 mg
mL™") using the MembFac, MemPlus and Cryo 1&2 screens. The Cryo 1&2 trial was
repeated to determine whether different samples of subunit I gave similar results with
the same crystallisation screen. The crystallisation trials were also incubated at 20 °C
and inspected periodically, however, only clear drops or heavy precipitate were

observed in again approximately 70% of the drops.

To investigate the effect of temperature, vapour diffusion trials that were set up with 16
of the screens (Index HT was not available) were incubated at 4 °C, with subunit I at
6 mg mL"'. What appeared to be spherulites (radial aggregates of crystals) formed in
condition A3 of the Cryo 1&2 screen (50% (v/v) PEG 200, 100 mM sodium citrate/
citric acid pH 5.5; Figure 4-1). At this time, the purification protocol for subunit I had
been modified to exchange the protein into DM during size exclusion, so the only
subunit I sample available for crystallisation experiments was solubilised in DM.
Therefore, an optimisation tray was set up based on this condition with subunit I in DM
at 6 mg mL"', in which this condition was replicated in all wells of a 96 well plate, and
to each well was added one of the detergents of the Detergent Screen HT (Hampton
Research, the screen contains 96 unique detergents) to see if this could promote

crystallisation. Each detergent is at 10 times the CMC in the screen, and they are all
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added at one-tenth the volume of the crystallisation condition so the detergent is present
in the reservoir at the CMC. The drops were set up in ratios of 1:1 protein to reservoir
(200 nL:200 nL) and also 1:2 protein to reservoir (200 nL:400 nL) to determine whether
a higher concentration of a new detergent would increase the likelihood of
crystallisation. Spherulites with a similar appearance to those in the original condition
also formed in the presence of some of the additive detergents, however, no crystals

grew.

Figure 4-1: Brightfield image of condition A3 of the Cryo 1&2 crystallisation
screen with subunit I in Anzergent 3-12.

Spherulites were observed in condition A3 of the Cryo 1&2 crystallisation screen with

subunit I purified in Anzergent 3-12 (6 mg mL™") when the experiment was incubated at
4°C.

As no promising results were seen in any of these trials, and Anzergent 3-12 has not
been shown to be an effective detergent for crystallising membrane proteins, subsequent

crystallisation trials were conducted with subunit I that had been exchanged into DM

(3.2).

4.1.2 Vapour diffusion crystallisation trials in DM

Additonal crystallisation trials with subunit I exchanged into DM were set up with
MemStart™ + MemSys™ HT-96, MembFac, MemGold, Wizard Cryo 1&2 and
MemPlus at 5 mg mL™, with and without 2 mM ATP. Heavy precipitate was observed

in approximately 50% of the conditions, so further trials were set up with another
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sample of subunit I purified in DM with the Hampton CS HT, Index and Wizard Classic

1&2 screens at 4 mg mL™".

Discrete objects that looked like spherulites formed in condition F11 of the Wizard
Classic 1&2 screen (15% (v/v) ethanol, 0.1 M HEPES, pH 7.5, 0.2 M MgCl,; Figure
4-2). An additive screen was set up based on this condition using the Hampton Additive
Screen HT (Hampton Research; contains 96 unique reagents). No promising results,

however, were observed in this screen.

Figure 4-2: Bright-field image of condition F11 of the Wizard Classic 1&2 screen
with subunit I in DM.

Spherulites were observed in condition F11 of the Wizard Classic 1&2 screen with
subunit I purified in DM (4 mg mL™") when the experiment was incubated at 20 °C.

To sample more of the crystallisation space, additional trials were set up with the
JCSG-plus, MIDAS™, Classic HTS 1, Classic HTS 2, Hampton CS, Clear Strategy 1,
Clear Strategy 2, Morpheus Green and Salt RX screens. These trays were set up with
subunit T at 5 mg mL" (Morpheus Green and Salt RX) or 8 mg mL™" (the remaining
screens), to investigate the effect of altering the protein concentration. All that was
observed in these trays, however, was light to heavy precipitate, or in some cases phase

separation. No difference was observed with the addition of ATP.

4.1.3 Vapour diffusion crystallisation trials in Amphipol A8-35

As it appeared the subunit I sample exchanged into Amphipol A8-35 was less prone to

degradation and was of higher purity (Figure 3-8), crystallisation trials were set up with
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this sample using the Hampton CS HT, MemStart™ + MemSys HT-96, MemPlus,
Wizard Cryo 1&2, MemGold, MembFac, MIDAS, SaltRX, Clear Strategy 1, Clear
Strategy 2, Morpheus Green and JCSG-plus at 5.6 mg mL™. Phase separation was
observed in some conditions, although it had a different appearance to the phase
separation observed with subunit I in detergent, so this may have resulted from the
crystallisation conditions interacting with Amphipol A8-35. An example of the type of
phase separation seen is shown in Figure 4-3. Another type of crystallisation screen was
also set up with subunit I in amphipols, the PGA Screen™ (Molecular Dimensions).""*
The screen contains poly-y-glutamic acid polymers (PGA) of different lengths and with
different branching chemical moieties, as PGA is an alternative precipitant to those

most commonly used in commercial crystallisation screens, such as polyethylene

glycol.

Figure 4-3: Bright field image of condition A9 of the Wizard Classic 1&2 Screen
with subunit I exchanged into Amphipol A8-35

Large phase separation droplets were seen in condition A9 (1 M ammonium phosphate
dibasic, 100 mM sodium acetate/acetic acid pH 4.5) of the Wizard Classic 1&2
crystallisation screen with subunit I exchanged into Amphipol A8-35 (8.6 mg mL™)
when the experiment was incubated at 20 °C.

Another sample of subunit I exchanged into Amphipol A8-35 was used to set up trials
with the PACT, Classic HTS 1, Classic HTS 2, and Wizard Classic 1&2 screens at
4mgmL". A crystallisation trial was not set up with Index HT as this screen was
unavailable at the time. No crystals, however, grew in these trials. Previously,
crystallisation of membrane proteins exchanged into amphipols has only been
demonstrated in lipidic cubic phase (LCP), whereby the membrane protein is exchanged

115

from the amphipols into the LCP.""” As most commonly used amphipols carry a net
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charge and are weak acids, it may be the case that amphipols are not compatible with

aqueous crystallisation to the same extent as detergents.''®

4.1.4 LCP trials in DM

Given the number of membrane protein structures that have been solved from crystals
grown in LCP, this technique was also attempted as a means of crystallising subunit I in
DM, with and without ATP (5.8.2). Four different crystallisation screens were set up
with the LCP containing subunit I at 10 mg mL™, with incubation at 20 °C. The plates
were inspected daily for crystal growth using a light microscope with a polarising filter.
What appeared to be phase separation was observed in some conditions (Figure 4-4A
and B) however, the experiments did not progress from this state. It was thought there
might be microcrystals in some conditions, but these subsequently proved to be the
conversion of the LCP to the lamellar mesophase, in which the planar lipid bilayers
become stacked on top of one another, and are therefore highly birefringent (Figure
4-4C)."" Tt was suggested that the concentration of protein was not high enough to form

crystals, however there was insufficient time to set up further LCP experiments.

74



Figure 4-4: Outcomes of LCP crystallisation trials with subunit I

A: Phase separation was seen in condition A10 of the MemGold screen in the LCP trial
with subunit I (10 mg mL™"). B: Condition A10 of the MemGold screen seen under
plane polarised light. The lamellar mesophase, which is birefringent, had begun to form
in this condition. C: Example of an LCP condition that has undergone a complete
conversion to the lamellar mesophase under visible light (left) and between crossed
polariselrlg (right). This image was taken from Figure 13, Caffrey and Cherezov
(2009).

4.2 Crystallisation trials with Iy constructs

4.2.1 Vapour diffusion crystallisation trials with mistic-Itm-Hiso

Mistic-Itv-His o that had been purified in DM was used to set up vapour diffusion
crystallisation trials with the MemGold, MemStart + MemSys, PACT and Index
crystallisation screens at 3.4 mg mL™', which were incubated at 20 °C. The next day, two
crystalline objects, which exhibited UV fluorescence, appeared in well F10 of the
MemStart + MemSys trial (0.1 M NaCl, 0.1 M Tris-HCI, pH 8.5, 0.1 M MgCl,, 30%
(w/v) PEG 400) (Figure 4-5). An optimisation screen was set up based on this
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condition, in which the concentrations of PEG 400, NaCl and MgCl, were varied and
the concentration and pH of Tris-HCI, pH 8.5 were kept constant. The optimisation tray
was incubated at 20 °C and inspected periodically, however, no crystals were observed,

and over time heavy precipitate formed in most of the wells.

Figure 4-5: Bright-field and UV fluorescence images of condition F10 of the
MemStart + MemSys crystallisation trial with mistic-Ity-His;o.

Crystalline objects (~50 pm x 25 pm) formed in condition F10 of the MemStart +
MemSys screen with purified mistic-Ity-Hisio (3.4 mg mL™). An image of the well was
taken under visible light (left) and UV fluorescence (right).

As no crystals grew in the optimisation screen, a mistic-Ity-His;g sample from a
subsequent purification, also concentrated to 3.4 mg mL’', was used to set up
crystallisation trials with the Wizard Cryo 1&2, MemPlus and MemStart + MemSys
HT-96 screens. The MemStart + MemSys HT-96 trial was repeated to see if different
samples of mistic-Itnm-His o produced the same results in different crystallisation trials.
Phase separation that had not previously been seen in any condition with this construct
was observed in Wizard Cryo 1&2 condition G6 (40% (w/v) PEG 600, citrate pH 5.5;
Figure 4-6). An additive screen was conducted based on this condition using the
Detergent Screen HT. Similar phase separation to what was seen in the original
condition also developed in a number of wells in this screen, however, no protein

crystals grew.
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Figure 4-6: Bright-field image of phase separation in condition G6 of the Wizard
Cryo 1&2 screen with mistic-Ity-Hisgo.

Phase separation was observed in condition G6 of the Wizard Cryo 1&2 screen with
mistic-Iry-His o (3.4 mg mL™") when the experiment was incubated at 20 °C.

4.2.2 Vapour diffusion crystallisation trials with T7-Itv-Hisyo

As the mistic tag could not be cleaved, mistic-Ity-Hisjp was replaced with the
T7-Irm-Hisjo construct, as it was thought the small T7 tag would be less likely to
interfere with crystallisation (3.5). Purified T7-Iry-Hisyo (2.2 mg mL™") was used to set
up crystallisation trials with the MemStart + Memsys HT-96, Wizard Cryo 1&2,
MembFac, PACT, MemPlus, MemGold and Wizard Classic 1&2 screens. No promising
results, however, were observed in these trials. This may have been because the
concentration was too low, although precipitate was observed in approximately 80% of
the conditions, so it may be because this construct is not very stable, as there was an
intense aggregate peak in the size exclusion profile (Figure 3-10). Due to the limited
amount of sample and time constraints, however, no further crystallisation trials were

attempted with this construct.

4.3 Subunit I:peripheral stalks pulldown assay

As described in section 5.7.8, following cleavage of the Hiss tag from the peripheral
stalks, the cleavage reaction was incubated with Ni-NTA resin to remove the TEV
protease and any protein that still contained the Hise tag. As can be seen in Figure 4-7,
the cleaved peripheral stalks do not bind to the resin, and therefore the stalks would not
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bind non-specifically to the Ni-NTA resin, which was important to confirm before the

pulldown assay was conducted.
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Figure 4-7: SDS-PAGE analysis of peripheral stalks pre- and post-TEV cleavage

Ni-NTA elutions containing the peripheral stalks were pooled and TEV protease was
added to cleave the Hiss tag. To confirm the tag had been cleaved, a pre-cleavage
sample of the stalks, the TEV sample, the cleavage reaction, the Ni-NTA flow-through
post-cleavage and the Ni-NTA resin were analysed by SDS-PAGE using SafeStain
staining. The sample that was analysed is labelled at the top of each lane and the
different proteins are labelled on the right side of the image.

To determine whether the recombinantly expressed subunit I and peripheral stalks were
able to form a complex, the interaction was tested using a nickel-NTA pulldown assay,
using purified subunit I and purified peripheral stalks from only the heterodimer peak in
the size exclusion profile (Figure 3-5 and Figure 3-11). It is evident in Figure 4-8 that
subunit I and both of the peripheral stalk subunits are present in all of the Ni-NTA
elutions (labelled Elution 1-3). As the peripheral stalks do not bind to Ni-NTA
following removal of the Hisq tag, the assay demonstrates that subunit I is able to bind
to the peripheral stalks heterodimer (Figure 4-8). This demonstrates that the interaction
that occurs between subunit I and the peripheral stalks in the native A-ATPase enzyme
is able to be replicated in vitro, suggesting all three recombinantly expressed proteins

are correctly folded and functional. Furthermore, if subunit I had not been correctly
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folded, the whole sample would most likely have precipitated on the Ni-NTA resin,
rather than only a small proportion of the total sample remaining bound to the resin, as
can be seen in Figure 4-8 (lane labelled Ni resin). Nevertheless, as a pulldown does not
truly test the interaction in solution, it was necessary to confirm this result with MALLS

and ITC.
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Figure 4-8: SDS-PAGE analysis of subunit I:peripheral stalk Ni-NTA pull-down
assay

SEC-purified subunit I was immobilised on Ni-NTA resin and incubated with
SEC-purified peripheral stalks single heterodimer. The flow-through was discarded, the
resin was washed and bound proteins were eluted with 300 mM imidazole. Aliquots
from the purified subunit I sample, the Ni-NTA resin on which subunit I had been
immobilised, the purified peripheral stalks, the flow-through post-incubation, the
elutions and the Ni-NTA resin post-elution were all analysed by SDS-PAGE using
SafeStain staining. The samples are labelled at the top of each lane in the gel image, and
the proteins are labelled to the right of the image.

4.4 MALLS analyses
4.4.1 SubunitIin DM

The MALLS analysis of the peripheral stalks was described in section 3.6, and it

showed that the single heterodimer could be purified as a monodispersed species. It was
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also necessary to determine the oligomeric state and polydispersity of subunit I.
Fractions from the middle of the S200 size exclusion peak were pooled (Figure 3-4,
lanes labelled 11 and 12), and these were applied to the same column and analysed by
an inline MALLS machine. From the light scattering measurements, it can be seen that
the majority of the subunit I sample elutes in the monomeric state, with a mass of
65.2 = 0.5 kDa, and the sample is monodispered (polydispersity = 1 £ 1%) (Figure 4-9).
The theoretical molecular mass of subunit I, however, is 77.3 kDa, which is
significantly larger than the result that was obtained. This is most likely because the
extinction coefficient calculated for subunit I using ProtParam''® is incorrect. Obtaining
the correct extinction coefficient would be quite time consuming, and the main aim of
this experiment was simply to determine the oligomeric state and polydispersity of
purified subunit I. As these results are consistent with subunit I being monomeric, as a
mass of 65.2 kDa could not be anything larger than a monomer, and monodispersed,
they were considered sufficient for this aim. As with the ITC data, the MALLS data
could perhaps be improved by purifying subunit I in the absence of glycerol and using

the DirectDetect® to measure the concentration of the protein.

As can be seen in Figure 4-9, there is a small amount of aggregate, but the intensity is
sufficiently low that this was not considered to be a significant problem. Furthermore,
this indicated that once the monomeric protein was separated from the aggregated
protein, it was not prone to further aggregation. This suggests that the aggregation
occurred in the early stages of the purification, although aggregation was not monitored
over time. The peak that eluted just after 20 mL contained no protein (protein fraction
moment 0.003 + 21%), and was thus most likely ATP, as the SEC buffer contained
2 mM ATP. A conjugate analysis was performed to calculate the individual masses of
the detergent and subunit I within the micelle. This is possible because subunit I and
DM have different refractive index increment (dn/dc) values (see section 5.10.1), and
only subunit I is able to absorb UV light. The ASTRA conjugate analysis algorithm
utilises scattering, refractive index and UV absorbance data to separately calculate the
concentrations of the protein and detergent within the micelle. The total mass of the
protein + DM micelle is 131.74 £ 1 kDa, thus the composition of the protein + DM

micelle is 50% protein, 50% detergent.
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Figure 4-9: MALLS analysis of subunit I purified in DM.

The molecular mass and polydispersity of subunit I purified in DM was calculated using
MALLS. The protein was run on a 10/300 superose 6 size exclusion column and protein
elution was monitored by measuring absorbance at 280 nm (blue). The molecular
masses of subunit I (red) and subunit I + the DM micelle (green) were determined by a
conjugate analysis of the UV absorbance and the light scattering data (the dn/dc and the
E ¢, for protein are 0.80 and 1.14, respectively, and the dn/dc and E,, for DM are 0.14
and 0.00, respectively).

4.4.2 Subunit I:peripheral stalk complex

To confirm the subunit I:peripheral stalk complex could form in solution, and to
determine the stoichiometry of this interaction, the two proteins were mixed together
and analysed by MALLS. As Figure 4-10 shows, a peak eluted at 13.5 mL with a mass
0f 91.6 + 0.6 kDa and a polydispersity of 1 £1%. This value would most closely fit the
mass of a 1:1 complex of subunit I monomer and one peripheral stalk heterodimer,
which has a theoretical molecular mass of 107.9 kDa as calculated by ProtParam. This
of course assumes that the complex does not undergo dissociation on the column;
although this is possible given the low micromolar affinity of the interaction calculated
by ITC (see section 4.5). As was seen with the MALLS analysis of subunit I, the
calculated mass was 65.2 kDa, approximately 12.2 kDa smaller than the theoretical
mass. Additionally, in this buffer the calculated mass of the peripheral stalks is
26.2 £ 0.6 kDa (data not shown), approximately 3 kDa smaller than the theoretical
mass, and together these account for the difference between the calculated mass of the

first peak in Figure 4-10 and the theoretical mass of a 1:1 subunit I:peripheral stalk
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complex. The calculated molecular mass for the peripheral stalks is different to that
calculated in Figure 3-12, and this is most likely because they were purified in different
buffers. The molecular masses uncertainties were calculated using the following

equation in the ASTRA® analysis software (Wyatt Technologies):

— 2 i i
Muncertainty =M JM * fltcovariance * flt)(z + Cuncertainty

Where M is the protein molecular mass and c¢ is protein concentration. During data
processing, data from each detector is weighted according to the level of fluctuation in
the baseline (the first or last 10% of the data points); this corresponds to the fit.ovariance
term of the equation. The data are then fit to a theoretical scattering model and a % test
is performed to determine how well the data can be fitted to the model (the fit,. term of
the equation), and thus whether the weighted baseline can be used to normalise the data
points used to calculate the protein molecular mass. The equation also includes a term to
account for the uncertainty in protein concentration. Ultimately, the molecular mass

uncertainty is a measure of the level of noise in the data.

The fractions from the peak at 13.5 mL were analysed by SDS-PAGE using SafeStain
staining, and subunits I, E and G can all be seen in these fractions (Figure 4-11,
fractions eluting at 13.5-14.5 mL). The intensity of these bands was not measured, as
SafeStain staining is not sufficiently quantitative, however the intensity of the
peripheral stalks bands appears to be proportional to the subunit I bands, which is in
agreement with the mass calculated for this peak in the MALLS analysis for a 1:1

complex.

A second peak eluted at ~17 mL, however this peak could not be analysed as the
intensity of the light scattering was above the range of the detector. Nevertheless, when
this peak was analysed by SDS-PAGE, it was found it contained only the peripheral
stalks (Figure 4-11), fractions eluting at 16-17 mL), and as the stalks had already been
analysed by MALLS it was not necessary to repeat this.
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Figure 4-10: MALLS analysis of the subunit I:peripheral stalk complex

Purified subunit I and an ~four-fold excess of the peripheral stalks samples were mixed
and applied to a superpose 6 column with an inline MALLS instrument. Protein elution
was monitored by absorbance at 280 nm (blue). The molecular masses of the protein
complex (red) and the protein complex + DM micelle (green) were calculated by a
conjugate analysis of the UV absorbance and the light scattering data (the dn/dc and the
E ¢, for protein are 0.80 and 1.00, respectively, and the dn/dc and E,, for DM are 0.14
and 0.00, respectively).
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Figure 4-11: SDS-PAGE of the subunit I:peripheral stalk MALLS elution fractions

The peak fractions in the MALLS Ajgo nm elution profile were visualised by SDS-PAGE
using SafeStain staining. The elution volumes (mL) of the fractions are labelled at the
top of each lane and the bands corresponding to the different proteins are labelled
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4.5 Isothermal titration calorimetry with subunit I and the peripheral

stalks

All ITC data were collected and analysed with the assistance of Prof Jacqueline
Matthews. The experiment was first performed with subunit I that had been purified in
DM, however, double peaks were observed with each injection of the peripheral stalks,
which is a common complication of performing ITC with detergent-solubilised

119
samples.

These data were therefore not analysed, and the experiment was
subsequently performed with subunit I that had been exchanged into Amphipol A8-35

(5.7.7).

The amphipol-exchanged sample did not give double peaks during the titration,
however a complete thermogram (Figure 4-12, upper panel) was not observed,
indicating the peripheral stalks were present at a saturating concentration and the actual
concentration of subunit I was lower than that measured. A complete thermogram
would have a sigmoidal shape, rather than the hyperbolic shape seen for this titration.
This is because the first few points of the curve should show minimal binding, as the
concentration of subunit I should have been below the dissociation constant for the
interaction.'” The concentration of this subunit I sample had been measured using a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific), which most probably
gave an inaccurate reading for the concentration of subunit I, as the extinction
coefficient calculated for subunit I is unlikely to be correct (4.4.1). These protein
samples were purified in the presence of glycerol, and thus the DirectDetect® could not
be used to measure protein concentration. The ITC data could perhaps be optimised by
obtaining more accurate concentration measurements for subunit I and the peripheral

stalks using the DirectDetect®, however, time constraints did not permit this.

Nevertheless, binding of the peripheral stalks to subunit I was observed, although due to
the incompleteness of the thermogram an accurate stoichiometry could not be
determined (Figure 4-12, lower panel). It is clear, however, that there was only one
binding event over the course of the titration, thus the data were fit to a one-site model.
Furthermore, while an accurate K; could not be obtained for the same reason, from this

experiment it was determined that one peripheral stalk heterodimer binds to subunit I
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with low uM affinity. This is approximately an order of magnitude lower than what was
expected, as a previous study with the Enterococcus hirae bacterial A/V-ATPase found
using surface plasmon resonance that the peripheral stalks bound to the soluble domain
of subunit I with an equilibrium dissociation constant of 190 nM,'*" and thus further
optimisation is required to obtain a more accurate dissociation constant for the

interaction between the M. ruber subunits.
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Figure 4-12: ITC titration of peripheral stalks into subunit I.

Purified peripheral stalks (100 uM) were titrated into amphipol-exchanged subunit I
(10 uM). The upper panel shows the ITC thermogram. Individual titrations were
integrated using Origin, and the resulting data points (coloured squares, lower panel)
were fitted to generate the binding isotherm, assuming a 1:1 stoichiometry. The binding
isotherm was plotted as the enthalpy per mole of peripheral stalks versus the peripheral
stalks to subunit I molar ratio.
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This result confirms that the recombinantly expressed subunit I and peripheral stalks
constructs are able to form a 1:1 complex. It is unclear why they do not form a 1:2
complex, as is seen in the native A-ATPase enzyme, yet this is consistent with previous
findings with the equivalent subunits from the V-type ATPase that had been
recombinantly expressed. In these experiments, which included ITC and X-ray
crystallography, subunit C (the equivalent of the soluble domain of A-type subunit I;

122,12 . 121
12 or E. hirae™! only ever

Figure 1-10) and the peripheral stalks from S. cerevisiae
formed a 1:1 complex, and in each of the experiments, only the Cyenq binding site was
ever occupied. It was suggested in these studies that binding of the second peripheral
stalks heterodimer to subunit C most likely only occurs when the rest of the V-ATPase
complex has been assembled, as perhaps binding of the second peripheral stalks
heterodimer requires the peripheral stalks and/or subunit C (and subunit I) to adopt
particular conformations that are not present when the proteins are free in solution

(section 5.4).

EG1 EG2 EG3

Figure 4-13: Schematic of the S. cerevisiae V-type ATPase showing subunit
interactions.

This cartoon, adapted from Fig. 1 in Oot et al. (2012), illustrates the arrangement of
the subunits within the S. cerevisiae V-type ATPase. The third peripheral stalks
heterodimer labelled EG3 (blue and orange) interacts with the domain of the C subunit
labelled Chpead (magenta). This is the only EG:C interaction to be observed in in vitro
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binding experiments; binding of the EG2 heterodimer to Cgo has not been observed
experimentally.
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Chapter Five: Discussion

The ultimate aim of this project was to determine the X-ray crystal structure of the
proton-translocating subunit of the A-type rotary ATPase. At the beginning of this
project no high-resolution structural information was available for this subunit, nor for
the proton-translocating subunit of any of the rotary ATPase subtypes. This aim was
unfortunately not achieved, as a stable subunit I construct was not identified, and
membrane protein crystallography is still very challenging for many reasons. Stable
protein is defined in this context as protein that adopts one major conformation and is
therefore less prone to aggregation, and as was seen in the results chapters, all of the
subunit I constructs that were tested were prone to aggregation. This section will aim to
address these challenges and how they might be overcome to obtain high-resolution
structural information for subunit I, specifically in light of recent advances in the field
of rotary ATPase/synthase structural biology and membrane protein structural biology
more broadly. In addition, the interaction between subunit I and the peripheral stalks
was also investigated, and the implications of these findings will also be discussed in

this section.

5.1 Subunit I remains a challenging structural target

As discussed previously, the proton-translocating subunit is the only rotary
ATPase/synthase subunit for which there is no atomic-resolution structural information.
This is primarily due to it being a membrane protein, thereby making it considerably
difficult to solubilise and purify, which will be addressed further in the next section.
During the course of this work, a number of subunit I homologues were tested for
bacterial recombinant expression and purification, along with a number of different
construct lengths and affinity/solubility tag combinations. Nevertheless, all of these
constructs were prone to aggregation or degradation, or both. This was evident from the
fact that there was often an aggregate peak present in the size exclusion profile, and
moreover, when the elution fractions from these experiments were visualised by
SDS-PAGE, a number of other proteins were present in these fractions, confirmed by
Western blot to be degradation products. Furthermore, independent of the protein
concentration, medium to heavy precipitation was always seen in at least 70% of the

conditions in crystallisation trials with all of the different screens, suggesting the protein
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was inherently unstable. It was thought that creating a sub-complex with the peripheral
stalks might induce subunit I to adopt a single conformation, however as can be seen
from the MALLS data (Figure 4-10), the peak containing the complex had a shoulder
and was quite broad, indicating the sample was conformationally heterogeneous, which
would make it unsuitable for crystallisation trials. When these fractions were visualised
by SDS-PAGE (Figure 4-11) it was evident that the subunit I degradation products were
still present, so the peripheral stalks had not displaced them.

It was suggested in section 2.6.1 that a sub-complex could also have been formed with
subunit I and the membrane rotor ring. Recent studies have shown however, that even
when the proton-translocating subunit is in complex with the membrane rotor ring, it is
still inherently flexible. When the Ao sub-complex (subunits ICL;;) of the T.
thermophilus enzyme was analysed by ion mobility mass spectrometry, it was found
that the arrival time of the sub-complex at the detector formed a broad peak, indicating
the sub-complex was present in a number of different conformations.'** When subunit I
was removed from this sub-complex, the arrival time distribution was significantly
reduced, indicating subunit I was the source of the conformational heterogeneity.
Furthermore, the addition of ATP to ICL,; reduced the arrival time distribution, but this
effect was only seen in the presence of subunit [; the addition of ATP had no effect on
the arrival time distribution of the CL,, subcomplex (Figure 5-1). ATP was tested as a
stabilising agent for subunit I by adding it to the buffers during purification, however it
did not seem to make a reproducible difference to the yield obtained for subunit I. ATP
may therefore only bind to subunit I when it is the A-ATPase complex, and not when it

1s isolated.
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Figure 5-1: Ton mobility mass spectrometry arrival time distributions for ICL;;
and CL12.

a: Arrival time distributions for ICL, purified with ATP (purple), AMPPNP (orange),
EDTA (grey) or no addition (red). The dashed lines indicate calculated arrival times for
the models labelled v, vi and vii, in which I (purple in vi, pink in v and vii) is at
varying angles to Itv. b: Arrival time distributions for CL;, purified under the same
conditions described in a. The dashed line indicates the calculated arrival time for the
model labelled viii. Adapted from Zhou et al. (2014) Figure 2."**

The inherent flexibility of the proton-translocating subunit has also been demonstrated
by the fact it is poorly resolved in the recent X-ray crystal structure of the Paracoccus
denitrificans F-ATPase (discussed in detail below), in which only the a-helices of the a
subunit (equivalent of subunit I) in contact with the membrane rotor ring have strong
electron density (section 5.3).'*> The authors acknowledge that the electron density for
this subunit is relatively featureless with little sidechain density, and thus the protein
sequence could not be modelled into the density unambiguously. Both the T.
thermophilus and the P. denitrificans samples were purified from source, which
suggests that even when the proton-translocating subunit is in complex with the rest of
the native enzyme and has not been expressed recombinantly, it is still highly flexible
and challenging to structurally characterise. For future structural studies to be conducted
with subunit I, or any proton-translocating subunit, efforts will need to be made to
stabilise the protein. Some strategies that have been successfully employed for other

membrane proteins are discussed below.
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5.2 Strategies for determining membrane protein structures

Due to their hydrophobic nature, integral membrane proteins such as subunit I require
detergents to extract them from the membrane and solubilise them in aqueous solutions.
The first main problem with the need for detergents is that integral membrane proteins
have evolved to be most stable within the cell membrane lipid bilayer of the native
organism, and are therefore not stable when they are extracted from this environment.
The second complication is that most membrane proteins are more stable in mild
detergents (those that form large micelles, e.g. DDM) whereas harsher detergents (those
that form smaller micelles, e.g. OG) are more compatible with X-ray crystallography, as
due to their smaller micelle size these detergents are less likely to obstruct the formation
of crystal contacts between the hydrophilic surfaces of the protein molecules. Nuclear
magnetic resonance spectroscopy (NMR) and cryo-EM are more tolerant to harsher
detergents, however NMR is often not compatible with proteins larger than 30 kDa,
whereas cryo-EM is limited to proteins larger than 100 kDa. A number of membrane
protein protomers (individual proteins that have not formed and oligomer or are not part

of a protein complex) often fall within the 30-100 kDa range.

To overcome the first problem, a number of different strategies have been developed
over the last decade or so to specifically address the challenges of obtaining a stable
membrane protein for structural studies. Perhaps the most simple of these is selecting
and testing multiple different homologues of the protein of interest, and then creating
multiple different truncation constructs of the chosen protein to identify the most stable
core construct. This approach was partially adopted for this project, as 12 different
homologues of subunit I were selected and expression and purification of each of these
was tested on a small scale. Constructs were also created that contained only the
transmembrane domain, to determine whether the isolated transmembrane domain was
more stable and amenable to crystallisation. As a stable and crystallisable subunit I
construct could not be created, it is evident now that further truncations could also have
been tested, such as serially truncating the N- and C-termini of the protein to find the
most stable construct. Another common approach involves pairing these N- and
C-terminal truncations with the incorporation of a stabilising motif into the most
flexible region of the protein, such as the insertion of T4 lysozyme into intracellular

loop 3 (IL3) of the inactive B-2 adrenergic receptor,'”® the insertion of the
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thermostabilised apocytochrome bss,RIL triple mutant (one residue was mutated to
arginine, another to isoleucine and the third to leucine) into IL3 of the A, adenosine

12
receptor'”’

, or the N-terminal fusion of apocytochrome bssRIL with the angiotensin
receptor in complex with its selective antagonist.'*® Nevertheless, this would have been
a very time-consuming and expensive process, and there is no guarantee a stable
construct would have been identified in the timeframe of this project. It is not currently

known which regions of the transmembrane domain of subunit I are the most flexible.

Co-crystallisation of membrane proteins with fragment antibodies (usually the
antigen-binding fragment, or Fab) or single-domain antibodies (dAb) raised against the
protein has also been used quite successfully, such as in the determination of the active,
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agonist-bound B-2 adrenergic receptor, = the human histamine H; receptor in complex

% and the KcsA K channel.”' The advantage of this approach is

with doxepin,’
two-fold: the Fab or nanobody has the ability to lock the membrane protein in one
conformation, and this sample homogeneity improves the likelihood of crystallisation,
and secondly the Fab/dAb increases the soluble surface that is available to form crystal
contacts, as the detergent micelle often obstructs the limited hydrophilic regions of
membrane proteins from forming crystal contacts. The Fab/dAb can be raised by either
immunising mice with the protein of interest and purifying the Fab from the blood, or
phage display can be used to select high-affinity dAbs in vitro. Phage display was

performed by Meghna Sobti against subunit I during the course of this project, however

no high-affinity dAbs were identified, so this strategy was not pursued further.

Thermostabilisation, whereby point mutations are introduced that increase the stability
of the protein of interest, is a strategy that has been utilised very successfully for the G

protein-coupled receptors (GPCRs).'*?

This process however, as well as being costly
and time-consuming, also requires an assay to select a single conformation of the
protein and ensure the thermostabilised mutants are functional. This works well for
GPCRs for which the endogenous ligand is known or another compound that modulates
its activity in a predictable way is available. Yet as subunit I is not functional when
isolated from the intact rotary ATPase complex, it was not possible to develop a
functional assay, and therefore thermostabilisation through systematic mutagenesis

could not be attempted with subunit I during the course of this work.
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In the last few months however, a bioinformatics-based approach has been developed
that enables a thermostabilised construct to be identified without the requirement for a
functional assay.'”> Using this method, the sequences of homologues of a protein of
interest, in this case a much larger number than the 12 studied in this project, from
organisms that have a range of optimal growth temperatures are collected and multiple
sequence alignments are assembled and sorted based on the growth temperature. From
this, sequence differences that correlate with organisms living at higher temperatures to
the optimal growth temperature of the organism of interest can be identified, and these
mutations can be made and tested. The reason this reduces the need for an activity assay
is because these thermostabilising mutations arose in proteins that are known to be
functional. The obvious issue here for subunit I from M. ruber is that a number of the
other 11 organisms that were sources of subunit I genes have higher optimal growth
temperatures than M. ruber (Table 5-1), yet the full-length subunit I genes from these
organisms were either not expressed or were extensively degraded (Figure 2-1).
Nevertheless, there must be some feature of the M. ruber subunit I sequence that
enables the full-length protein to be expressed recombinantly in E. coli, and so perhaps
introducing thermostabilising mutations from subunit I genes from organisms with
higher optimum growth temperatures may further stabilise M. ruber subunit I and
minimise or prevent the degradation and aggregation that was routinely seen during
purification. If this project were to be pursued further, identifying thermostabilising
mutations using this in silico approach would ideally be the next strategy to be pursued,
and if a thermostabilised construct could be identified, detergent screens would be

conducted with this protein followed by further LCP crystallisation trials.

93



Table 5-1: Optimum growth temperatures of source organisms for subunit I genes

Optimal growth temperature

Organism o)
Sulfolobus solfataricus 75134
Pyrococcus furiosus 100'3?
Methanosarcina mazei 4013°
Thermoplasma acidophilum 60'37
Archaeoglobus fulgidus 83138
Methanocaldococcus jannaschii 85139
Pyrococcus horikoshii 95140
Methanocaldococcus maripaludis 3814
Thermus thermophilus 65142
Meiothermus ruber 604
Thermococcus gammatolerans gg!103
Deinococcus radiodurans 30144

5.3 Recent medium-resolution cryo-EM and X-ray crystal structures

of intact rotary ATPases

At the commencement of this project, the highest resolution for an intact rotary ATPase
structure was the 9.7 A cryo-EM structure of the T. thermophilus A-ATPase (section
1.7.3), and this therefore represented the highest resolution structure of the proton-
translocating subunit for any rotary ATPase subtype. In this structure, the individual
helices of subunit I were visualised for the first time, forming two offset bundles which
provided structural evidence for the two half-channel model, although the atomic details
were yet to be filled in. During the latter stages of this project, a number of medium-
resolution cryo-EM and crystal structures of intact rotary ATPases were published.

These include the 6.2 A cryo-EM structure of the Polytomella sp. F-ATPase,'* the 6.9
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— 8.3 A resolution cryo-EM structures of the S. cerevisiae V-ATPase in different

6 the 6.4 — 7.4 A resolution cryo-EM structures of the bovine

147

rotational states,
mitochondrial F-ATPase in different rotational states, *' the 4 A resolution X-ray crystal
structure of the P. denitrificans bacterial F-ATPase,'” and the 6.4 - 9.5 A resolution
cryo-EM structures of the 7. thermophilus A-ATPase in two different conformations
(Figure 5-2).'* In all of these structures, the proton-translocating subunits and their
interactions with the neighbouring subunits within the enzymes were able to be
visualised in near-atomic detail. Perhaps the most remarkable feature to be observed in
all of these structures was that the proton-translocating subunits contained helical
hairpins that were tilted almost completely horizontally with respect to the membrane.
As a result of the availability of this new structural information, an updated model of
proton translocation is now emerging. While the proton-translocating subunits from
each rotary ATPase type have different numbers of transmembrane helices (F-type
subunit a has 5-6, V-type subunit a has 8 and A-type subunit I has 8), their overall
architecture is very similar, particularly the long tilted helices that are in contact with
the membrane rotor, suggesting these features that are conserved among the different

proton-translocating subunits must somehow facilitate proton translocation.

Analysis of these structures has led to the proposal that the interactions between the
longest of the tilted proton-translocating subunit helices and the other transmembrane
subunits form both of the two half-channels: in the Polytomella enzyme (Figure 5-2A),
the larger helical hairpin (dark blue) can be seen to span the width of the membrane
rotor (yellow). It has been suggested that the cavity between the turn in the helix and the
rotor forms the luminal half-channel (it is lined with polar and charged residues), where
H' first enter the enzyme. The second half-channel would then be formed by the ends of
the same helical hairpin, which line an aqueous cavity that leads to the mitochondrial
matrix. Based on the likely chemical environments of the helical hairpins, the authors
were able to dock the subunit a protein sequence into the helices, and it was found that
the conserved Arg239 residue would separate the two half-channels, as previously

predicted.'®

In the S. cerevisiae structures, the two long a-helices (Figure 5-2B), red arrows pointing

to the green subunit a are in contact with three a-helices of the rotor ring (purple

95



helices). It has been proposed that two of the three rotor ring helices contain the
glutamate residues that are protonated and de-protonated during ATP hydrolysis, with
one of the glutamates being exposed to the cytoplasm and one being exposed to the
organelle matrix (the authors do not distinguish which glutamate is which), and as the
two glutamates are separated by the conserved arginine residue, this would create the
two half-channels. The observation of the horizontal hairpins in these structures also
enabled the 9.7 A T. thermophilus cryo-EM map, which had been published by the
same group, to be re-interpreted. They found that what had previously been interpreted
as four vertical helices, due to the low resolution, could in fact be interpreted as two
long horizontal helices, as have been seen in all of these structures. So it is likely that

this feature is also found in subunit I.

In the bovine mitochondrial structures, the two long oa-helices (Figure 5-2C), rainbow
helices coloured from red to green) form a hairpin that spans both the rotor-ring (not
shown) and the peripheral stalk b subunit (red helical segments). It is likely that the
matrix half channel is formed by the cavity between the rotor ring and the matrix ends
of the helical hairpin (in the region labelled “C term”) and the inter-membrane space
half-channel is probably formed by the cavity between the loop of the helical hairpin
and the b subunit helices (in the region labelled “IM space”). While the authors concede
that a higher resolution structure is required to confirm this, as there is no direct
evidence that these proposed channels enclose aqueous environments, the authors were
able to perform an evolutionary covariance analysis on the sequence of subunit a to
trace the sequence through the cryo-EM density map. Covariance analysis involves
identifying residues in evolutionarily related sequences that mutate as pairs, either to
maintain a structurally important interaction or to physically accommodate one another.
This strongly suggests that these residues are in physical proximity to one another
within the tertiary structure of the protein, which enables a set of spatial restraints for
the protein to be generated. The model of subunit a that was generated from these
covariance restraints was fitted into the bovine F-type ATP synthase cryo-EM density,
and following molecular dynamics flexible fitting calculations to improve the overall fit
of the helices in the map, the final subunit a model within the complex satisfied 94% of

the covariance restraints.
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In the P. denitrificans crystal structure, subunit a has two tilted a-helical hairpins that
form a bundle (Figure 5-2C) similar to the arrangement seen in the Polytomella
structure. As the resolution was 4 A, the side chain electron density was not sufficient to
model the subunit a sequence, but the authors were able to use crosslinking and
biochemical data to assign the helices and the position of functionally important
residues, such as polar and charged residues known to be accessible to the cytoplasm or
periplasm, and the conserved Argl82. It was inferred that, as in the other structures, this
residue was in the subunit a helix (labelled aH5) closest to the membrane rotor ring, as
this places it close to the essential Glu60 in the closest ¢ subunit. The authors propose
that the positioning of the polar and charged residues in both aH5 and aH6 on either
side of Argl82 defines what would be the two half-channels. Nevertheless, a higher
resolution structure is required to unequivocally assign the sequence of the a subunit,
and therefore the position of the half-channels cannot be accurately determined until the

position of each residue in subunit a is known.

In these most recent 7. thermophilus cryo-EM structures, the transmembrane domain of
subunit I contains eight elongated o-helices, two of which form a tilted a-helical
hairpin that contacts the c-ring (Figure 5-2E), confirming the re-interpretation of the 9.7
A resolution cryo-EM density. The remaining six helices, all of which are slightly tilted
except for helix 3, are distal to the c-ring. Using restraints generated by a covariance
analysis of the subunit I sequence, the authors were able to fit the subunit I sequence
into the cryo-EM density. The resulting model places the conserved Arg563 residue in
the middle of helical hairpin, and notably, is in good agreement with the biochemical
data discussed in section 1.5.2. The S. cerevisiae subunit a is predicted to have a similar
overall fold to the 7. thermophilus subunit I, and the authors generated a model of the S.
cerevisiae subunit a by combining data from the cryo-EM density determined
previously for the intact S. cerevisiae V-ATPase'*® and a covariance analysis of the
subunit a sequence, with an assumed identical topology to that of subunit I. From this
the authors identify specific residues, all of which are found in the helices of the hairpin,
which would most likely form the two half-channels for H' translocation, and which has
not been done previously. As these residues are conserved in all proton-translocating
subunits, they will be discussed here in terms of the A-ATPase subunit I. The
cytoplasmic half-channel is proposed to be formed by residues ES50 and T553, and the
periplasmic half-channel is formed by residues D365, E426 and H616 (H616
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correspond to the essential H245 in E. coli subunit a, although there is no equivalent
residue to Glu219). It was suggested that H616 would facilitate stabilisation of the
deprotonated conserved acidic residue of the rotor ring L-subunit as it enters the
periplasmic half-channel, and then E550 and T553 would facilitate deprotonation of the
acidic residue in the cytoplasmic half-channel. As these residues are conserved between
all of the proton-translocating subunits of all rotary ATPase subtypes, it is likely that the

proposed mechanism of H' translocation is shared by all of the subtypes.

C

Figure 5-2: Horizontal membrane helices of the proton-translocating subunits in
F-, V- and A-type rotary ATPases

A: Horizontal transmembrane helices of subunit a (blue) and their interaction with the
membrane rotor ring (yellow) from the 6.2 A cryo-EM structure of the Polytomella sp.
F-type ATP synthase. Adapted from Allegretti et al. (2015) Figure 2.'* B: Interaction
of subunit a (green) with the membrane rotor ring (purple) from the 6.9-8.3 A cryo-EM
structures of the S. cerevisiae V-type ATPase. The horizontal helices of subunit a are
indicated by red arrows. Adapted from Zhao et al. (2015) Figure 2."*® C: Interaction of
subunit a (red to blue, N- to C-terminus) with subunit b (red helical segments) and A6L
(blue helical segments) from the 6.4-7.4 A cryo-EM structures of the bovine F-type
ATP synthase. Adapted from Zhou et al. (2015) Figure 2.'*” D: Interaction of subunit a
(green) with the membrane rotor ring (grey) from the 4 A X-ray crystal structure of the
P. denitrificans F-type ATP synthase. Adapted from Morales-Rios et al. (2015) Figure
4. E: Atomic model of transmembrane subunit I derived from the 6.4 A cryo-EM
structure of the intact 7. thermophilus A-ATPase and the sequence covariance analysis
(red to blue, N- to C-terminus) fitted into the cryo-EM density (grey envelope). Adapted
from Schep et al. (2016) Figure 2."**
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From all of these structures, it is highly likely that the two half channels necessary for
H" translocation are formed by the interface between the long tilted a-helices of the
proton-translocating subunit and the two or three closest a-helices of the rotor ring, and
perhaps with the other transmembrane subunits. Yet while combining the covariance
analysis data with medium-resolution density from cryo-EM or X-ray crystallography
provides a very plausible and experimentally-supported model of the
proton-trasnlocating subunit structure, individual residues of this subunit are yet to be
experimentally visualised at the molecular level. While the P. denitrificans structure is
the highest resolution structure available for any rotary ATPase/synthase, the authors
acknowledge that crystallisation of the intact enzyme was not trivial, and many more
medium-resolution rotary ATPase/synthase structures have been obtained using
cryo-EM, as this overcomes the requirement to grow crystals. There have been a
number of recent advances in cryo-EM technology that have enabled high-resolution
structures to be determined. Some of these include the use of direct electron detection
cameras, which overcome the need to convert electrons to photons, and the collection of
data as movies due to the fast read out of the direct electron detectors, reducing blurring
caused by electron beam-induced sample movement and instability of the sample

. 150,151
mounting stage.”""

There have also been important advances in data collection and
processing methods, allowing very large data sets to be collected and to be processed as
multiple 3D classes that represent different conformations of the protein that have been

152,153

captured during the freezing process, as was seen with the S. cerevisiae V-ATPase,

bovine mitochondrial F-ATPase and 7. thermophilus A-ATPase.

The combination of all of these advances means it is now possible to obtain
high-resolution structures using cryo-EM, such as the 3.2 A structure of the yeast
mitochondrial large ribosomal subunit'™, the 2.65-2.9 A structures of the E. coli 70S

> and the 2.2 A structure of B-galactosidase.'”® While a

ribosome-EF-Tu complex "’
resolution greater than 6.2 A is yet to be achieved for a rotary ATPase structure, with
improved sample preparation and the possible discovery of organisms naturally more
amenable to yielding high-resolution structures, it is very likely that a rotary
ATPase/synthase structure of sufficient resolution to visualise sidechains will be
obtained within the next few years. While in silico identification of thermostabilising

mutants would likely be the most successful approach if crystallising subunit I in
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isolation were still the major aim, it is now apparent that perhaps pursuing a higher
resolution structure of an intact A-ATPase, perhaps from M. ruber or from another
organism, would be more likely to yield a high-resolution structure of subunit I. This
would also have the additional benefit of visualising subunit I in the context of the
intact enzyme, which would provide details of how subunit I interacts with the

neighbouring subunits within the complex.

5.4 The subunit I: peripheral stalks interaction and implications for

the assembly of the A-ATPase complex

In the native A-ATPase complex there are two peripheral stalks heterodimers bound to
the soluble domain of subunit I (Figure 5-3B). Yet in both of the experiments performed
to test the subunit I:peripheral stalk interaction quantitatively, only one peripheral stalk
heterodimer was bound to subunit I, even though the concentration of the peripheral
stalks exceeded the concentration of subunit I by four- (MALLS) or tenfold (ITC). This
indicates that under the conditions tested, there must be some difference between the
two peripheral stalks binding sites, which could account for only one of the sites being
occupied. As was briefly discussed in Section 4.5, this phenomenon has been observed
previously. The first study characterising the interaction between the peripheral stalks
(subunits E and G) and subunit C in S. cerevisiae found through a combination of
sedimentation velocity ultracentrifugation and diffusion coefficient-calibrated size
exclusion chromatography that these subunits only ever formed a 1:1:1 complex.'* In
these experiments, the protein concentrations were 2-40 uM, lower than the
concentration used in ITC experiment with the M. ruber peripheral stalks and subunit I.
In another study that was discussed in 4.5, ITC experiments with the S. cerevisiae
peripheral stalks and subunit C demonstrated that only one EG heterodimer bound to
subunit C, although the authors did not give the protein concentrations used in the
experiments.'”> The interaction has also been tested with the peripheral stalks and

soluble domain of subunit I from the bacterial E. hirae V-ATPase.'?!

As with the yeast
subunits, the authors found through a combination of surface plasmon resonance,
analytical ultracentrifugation and small angle X-ray scattering that only one peripheral
stalk heterodimer bound to the soluble domain of subunit a. Therefore, the findings

from the MALLS and ITC experiments in this study are consistent with previous
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results. Furthermore, these experiments also show that using full-length subunit I rather
than only the soluble domain does not lead to a second peripheral stalk heterodimer
binding event. In all of these studies, the authors acknowledge that binding of a second
EG heterodimer to the other binding site present on subunit C/subunit I may require the
rest of the ATPase complex to be assembled, as this may stabilise the interaction of a

second EG heterodimer with the second binding site.

From the X-ray crystal structure of the M. ruber subunit I soluble domain (Iy),” the
two lobes of this domain that contain the two peripheral stalk binding sites are
structurally distinct (aligning the two domains in Coot using least squares fitting gives
an RMSD of 4.0 A), and therefore most likely interact with the peripheral stalks
heterodimer in different ways. It is also likely that the two binding sites on subunit I
have different affinities for the peripheral stalks, and that in vitro, binding only ever
occurs at the high affinity site. In the yeast V-ATPase, this high affinity site has been

identified as the “head” domain (Figure 4-13)'*

. The I crystal structure was aligned
with the 2.8 A X-ray crystal structure of the yeast V-ATPase Cheaq domain bound to an
EG heterodimer® in Coot'”’ using the secondary structure matching calculation (Figure
5-3).°* The calculation automatically aligned Cheaq With the proximal domain of Iy
with a root mean square deviation (RMSD) of 2.05 A, indicating these are the most
similar parts of the two structures. When the distal lobe of Iy, was aligned with Cpeaq
using least squares fitting the RMSD was 4.5 A, thus these two domains are not
structurally similar. The proximal lobe of I, therefore probably contains the high
affinity peripheral stalks binding site. It should also be noted that when the I, X-ray
crystal structure is fitted into the 9.7 A T. thermophilus A-ATPase cryo-EM density, the
conformation is very different to when the I structure is aligned to the Cpe,q X-ray
crystal structure, and this is most likely because the helical bundle domain between the
two lobes is very different in the two proteins. This alignment was therefore only used
to predict which lobe of Is represents the high affinity binding site, not the
conformation when it has bound to the EG heterodimer. The difference in affinity
between these two sites, and the likely requirement for the intact A-ATPase to be
assembled for the second peripheral stalk to bind, may provide insights into the

assembly of this complex.
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EG heterodimer

Proximal

Figure 5-3: The proximal lobes of I, corresponds to the Cpeaa EG heterodimer
binding site of the V-ATPase.

A: Alignment of the 2.6 A X-ray crystal structure of the soluble domain of subunit I
from M. ruber (dark blue; PDB: 3rrk)”® with the 2.8 A X-ray crystal structure of the
Chead domain (orange) and the EG heterodimer (marine and pale blue, respectively) of
the S. cerevisiae V-type ATPase (PDD: 4efa).”® The two structures were aligned in Coot
using the secondary structure matching calculation with an RMSD of 2.05 A. B:
Zoomed-in view of the alignment of I, with the Cye,g domain. Colours are the same as
for A. C: I, with proximal and distal sites labelled. These are the binding sites for each
of the EG heterodimers present in the A-ATPase complex. D: The proximal and distal
binding sites of Iy, shown in the context of the intact 7. thermophilus A-ATPase. Both
sites are 5b30und to a peripheral stalks heterodimer. Adapted from Stewart et al. (2014)
Figure 2.

During assembly of the A-ATPase, it is possible that the head (subunits A and B) and
central rotor (subunits D and F) of the soluble A; sub-complex assemble in the
cytoplasm where they were expressed, and the stator (subunit I) and rotor (subunit C
and the L-ring) come together at the periplasmic membrane where they have been
co-translationally folded (Figure 5-4A). A similar process has been seen for the S.

cerevisiaze F-ATPase and it has been termed modular assembly.'” The dissociation
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constant of the interaction between the A-ATPase peripheral stalks and the catalytic
subunit B has been calculated to be ~2 mM for the 7. acidophilum enzyme using
NMR.'® This is a much lower affinity than that of the EG heterodimer for the subunit I
proximal binding site (calculated by ITC to be in the low uM range in 4.5), so it is
likely an EG heterodimer binds to the high affinity binding site on subunit I, and this
would recruit the head and rotor A; sub-complex (Figure 5-4B and C). The binding sites
for the second EG heterodimer on subunit B and the subunit I would then be physically
connected and stationary, which would greatly increase the likelihood that the second
EG heterodimer would bind to these sites (Figure 5-4D). This would complete the
assembly of the enzyme, yielding a functional rotary A-ATPase.
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Figure 5-4: Possible assembly pathway of the rotary A-ATPase.

A: During assembly of the A-type ATPase complex, the catalytic head heterotrimer
(subunits A and B) is likely associated with the central rotor (subunits D and F) in the
cytoplasm, where they have been expressed. The affinity of the EG heterodimer for
subunit B (~2 mM) is probably too low for this interaction to occur outside the
complex, so the EG heterodimer would be separate from the other A; subunits in the
cytoplasm. The Ao sub-complex would likely be assembled in the periplasmic
membrane to stabilise subunit I. B: A peripheral stalks heterodimer binds to the high
affinity binding site on the soluble domain of subunit I. C: An EG heterodimer engages
the A3;B3;DF sub-complex, bringing the two binding sites for the second EG heterodimer
together. D: The second EG heterodimer is able to bind, completing the assembly of the
complex. The complex is now able to synthesis ATP or pump H™ according to the

organism’s metabolic requirements. Adapted from Stewart et al. (2013) Figure 1.'"'
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5.5 Concluding remarks

While the X-ray crystal structure of the rotary A-type ATPase was not determined
during the course of this work, full-length subunit I from M. ruber was expressed and
the purification was optimised. Furthermore, the purified subunit I was shown to be
functional through binding studies with the peripheral stalks heterodimer from the same
organism. The findings from studying this interaction were consistent with previous
findings, namely that only one peripheral stalk heterodimer is able to bind the soluble
domain of subunit I, or its equivalent, in vitro. The implications for this are that during
assembly, one peripheral stalk heterodimer engages the high affinity binding site on
subunit [ and once the rest of the complex has been assembled, the second heterodimer
can bind. It was noted in the other studies that investigated the interaction between
subunit I/subunit C and the peripheral stalks that the individually expressed proteins
were less stable in isolation than they were once they had formed the sub-complex.'*''*
This is especially the case for subunit I, which would be far more stable in the context
of the native A-ATPase complex in the native lipid bilayer of M. ruber than when it is
isolated from the complex and solubilised in detergent or amphipols. Therefore, the
approach that will most likely yield a high-resolution model of the proton-translocating
subunit would be to pursue a higher resolution structure of the intact rotary ATPase,

either using cryo EM or X-ray crystallography.
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Materials and methods

5.6 Construction of expression plasmids

5.6.1 Selecting subunit I homologues

12 homologues of subunit I (Table 0-1) were selected from a position-specific iterated

nucleotide basic alignment search (PSI-BLAST)

162

using the sequence of subunit I from

T. thermophilus as the input. All sequences that were subsequently cloned were

identified within two iterations of the search procedure. The genes for each subunit I

homologue were obtained from genomic DNA from the Deutsche Sammlung von

Mikroorganismen und Zellkulturen (DSMZ), vectors containing the ATPase operon

from the corresponding organism that had been constructed previously or synthetic

genes were ordered (GenScript).

Table 0-1: Sources of subunit I genes

Organism Subunit I gene ID Source

Sulfolobus solfataricus SS00559 ATPase operon vector
Pyrococcus furiosus PFO177 ATPase operon vector
Methanosarcina mazei MM _0785 ATPase operon vector
Thermoplasma acidophilum Ta0008 ATPase operon vector
Archaeoglobus fulgidus AF 1159 ATPase operon vector
Methanocaldococcus jannaschii ~ MJ_0222 ATPase operon vector
Pyrococcus horikoshii PH1981 DSMZ
Methanocaldococcus maripaludis MmarC6 1620 ATPase operon vector
Thermus thermophilus TTHA1278 DSMZ

Meiothermus ruber Mrub 0956 GenScript
Thermococcus gammatolerans TGAM_RS00720  GenScript
Deinococcus radiodurans DR 0695 ATPase operon vector
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5.6.2 Polymerase chain reaction (PCR)

If the vectors were to be constructed by a sequence and ligation independent cloning
(SLIC) reaction, the primers were designed to add 15 bp extensions at the 5* and 3’ ends
of the PCR product that were complementary to the target vector. The 5X LongAmp™
Taq Reaction Buffer (NEB), 300 uM dNTPs (NEB), 0.4 uM forward and reverse
primers (Sigma Aldrich), 300-500 ng template DNA, 5 U LongAmp 7aq DNA
polymerase (NEB) and 3% (v/v) dimethyl sulfoxide (DMSO) were combined and made
up to 50 puL. with MilliQ water. The desired products were amplified by 30 cycles of
PCR. The reactions were run on a 1.5% (w/v) gel with 0.005% (v/v) ethidium bromide
to confirm the correct product had been amplified. Correctly amplified PCR products
were purified using the MinElute PCR Purification Kit (Qiagen).

5.6.3 SLIC

The purified PCR products were cloned into each of the eight EcoRI-linearised SLIC
vectors (2:1 molar ratio; Table 0-2) in the presence of the InFusion HD EcoDry™
reagent (Clontech). The reaction was incubated for 15 min at 37 °C, followed by 15 min
at 50 °C. The reaction mixture was diluted four-fold with TE buffer and 2.5 pL was
transformed into NEB 5-alpha Competent E. coli cells (NEB) by heat shock at 42 °C for
30 seconds. The cells were recovered for one hour at 37 °C in Super Optimal Broth,
then plated onto LB agar plates with 34 pg mL™ chloramphenicol. The plates were
incubated at 37 °C overnight.

107



Table 0-2: SLIC vectors

Vector N-terminal tag C-terminal tag
A Hisyo FLAG
B FLAG His;o
C T7 Hisg
D mistic'® Hisio
E GST His;o
F MBP ThioredoxinA

(TI‘XA)/ His 10
G HiS]o MBP

H HiS]o GFP

* Hisjo = decahistidine tag

5.6.4 Gibson Assembly®

A gBlock gene fragment (IDT) containing the genes encoding M. ruber subunits C/G
(gene ID SY28 13195) and E (gene ID Mrub_0958) separated by a non-coding region,
designed to transcribe both genes independently, was cloned into the vector pLICHK by
the Gibson Assembly method'®. This vector encodes a hexahistidine tag (His) and a
Tobacco etch virus protease (TEV) recognition sequence at the N-terminus of the insert,
thus subunit C was encoded as a Hisg-fusion protein. The lyophilised gBlock was
resuspended in Milli Q water to give a final concentration of 10 ng/uL. The Gibson
Assembly reaction was then set up by mixing the gBlock (10 ng) with the Ssp/-digested
pLICHK vector (50 ng) and the Gibson cloning mix (isothermal buffer (100 mM
Tris-Cl; pH 7.5, 10 uM MgCl,, 200 uM dNTPs, 10 uM dithiothreitol, 5% (w/v) PEG
8000, 1 mM NAD+), 0.04 U T5 exonuclease, 0.25 U Phusion polymerase, 37.5 U Tag
DNA ligase). The reaction was incubated at 50 °C for 30 min, and was subsequently
transformed into DHS5a cells as described in 5.6.3. The transformed cells were plated
onto LB agar plates containing 50 pug mL"' kanamycin and were incubated at 37 °C

overnight.
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5.6.5 Colony PCR

Single colonies that grew on transformation plates were tested for correct gene insert by
PCR. A colony was resuspended in 2 pL MilliQ water and stored on ice. 10X
ThermoPol Reaction Buffer (NEB), 200 uM dNTPs, 0.2 uM forward (cloning primer)
and reverse (DuetDOWNI1) primers, 2 puL resuspended colony solution, 0.625 U Taq
DNA Polymerase (NEB) and 3% (v/v) DMSO were combined and made up to 25 pL
with MilliQ water. The desired product was amplified by 25 cycles of PCR. The
reactions were visualised by running them on a 1.5% (w/v) agarose gel with 0.005%
(v/v) ethidium bromide, and the colonies that contained vectors with the correct insert
were used to inoculate 5 mL LB medium containing the corresponding antibiotic. The
culture was incubated overnight at 37 °C and the plasmid was purified using the

QIAprep Spin Miniprep Kit (Qiagen).

5.7 Expression and purification

5.7.1 Small-scale expression trials

The purified plasmid for each construct was transformed into T7 Express Competent E.
coli cells (High Efficiency) (NEB) using the same method as described in 5.6.3, and the
cells were grown on LB agar plates with 34 pg mL™' chloramphenicol overnight at 37
°C. A scraping of cells was used to inoculate 3 mL LB medium with 34 pg mL’
chloramphenicol and cultures were grown at 37 °C with shaking at 180 rpm until the
ODgoo mm reached ~0.7. Expression was induced with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) and the cultures were incubated overnight at 18 °C
with shaking at 180 rpm. The cells were harvested by centrifugation at 1681 x g then
the pellets were resuspended in 180 pL of lysis buffer (20 mM Tris pH 8.0, 300 mM
NaCl, 2% (v/v) Triton X-100 (Anatrace), cOmplete EDTA-free protease inhibitor
cocktail tablet (Roche), lysozyme (Sigma-Aldrich) and DNasel (Roche)). The
resuspended cells were incubated at 4 °C for 30 min, then insoluble material was cleared
by centrifugation at 21 000 x g for 20 min. The supernatant was applied to 50 uL
EcoMag™His-Co+ Magnetic Particles (BioClone Inc), followed by incubation for 1
hour at 4 °C. The unbound fraction was discarded and the resin was washed with 2 x 1

mL of wash buffer (20 mM Tris pH 8.0, 300 mM NaCl, 1% (v/v) Triton X-100). The
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resin was then analysed by SDS-PAGE on a NuPAGE Novex® 4-12% Bis-Tris protein
gel (Thermo Fisher Scientific), along with SeeBlue® Plus2 pre-stained protein
standards (Thermo Fisher Scientific). Proteins were visualised by in-gel GFP
fluorescence or Western blot against the affinity/solubility tag for that construct (see

section 5.7.3).

5.7.2 Large scale expression

Subunit I constructs were transformed into E. coli T7 Express cells that were plated
onto LB agar. Transformed colonies were used to inoculate 12 L LB medium containing
34 ng mL™' chloramphenicol and the cultures were grown at 37 °C until ODggo nm Was at
~0.7. Expression was then induced with 1 mM IPTG and the cultures were incubated
for 14-20 hours at 18 °C. Other incubation temperatures were not trialled. The cells
were harvested by centrifugation at 5044 x g, washed with 1 x PBS, snap frozen in

liquid N, and stored at -80 °C.

5.7.3 Measuring GFP fluorescence
5.7.3.1 In-gel fluorescence

The presence of the intact subunit I-GFP fusion protein was detected by measuring
in-gel GFP fluorescence of the SDS-PAGE using an FLA-5100 Fluorescent Image
Analyzer (Fujifilm Life Science) with an excitation wavelength of 473 nm and a 510

nm emission filter.

5.7.3.2 Fluorescence-detection size exclusion chromatography

Aliquots of size exclusion fractions were transferred to a 96-well black plate and GFP
fluorescence was measured by a PHERAstar F'S microplate reader (BMG Labtech),
using an excitation wavelength of 485 nm and a 520 nm emission filter. The absorbance
was plotted against fraction number to generate a fluorescence-detection size exclusion

chromatography profile (FSEC).
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5.7.3.3 Western blot analysis

The presence of the remaining subunit I fusion proteins was analysed by Western blot
using an anti-His (Sigma-Aldrich), anti-MBP (NEB), anti-FLAG (Sigma-Aldrich),
anti-T7 (Novagen) or an anti-GST (Novagen) antibody, all of which were monoclonal
antibodies conjugated to horse radish peroxidase (HRP). After SDS-PAGE the proteins
were transferred to a nitrocellulose membrane using the iBlot™ Gel Transfer Device
(ThermoFisher Scientific), which was blocked with blocking solution (5% (w/v) skim
milk powder in TBS-Tween) for 1 hour at room temperature. The membrane was then
incubated with the corresponding antibody (1:6000 dilution in TBS-Tween) at room
temperature for one hour. The membrane was washed with TBS-Tween for 3 x 5 min,
then the membrane was developed by incubating with Western Lightning Plus enhanced
chemiluminescence (ECL) HRP substrate (PerkinElmer) and exposed to Amersham

Hyperfilm ECL X-ray film (GE Healthcare Life Sciences).

5.7.4 Detergent screen

3 mL cultures of the Hisjo-M. ruber subunit I-FLAG (His;o-I-FLAG) construct
transformed into T7 Express cells were grown as described in 5.7.1. The cells pellets
from each culture were resuspended in 180 pL lysis buffer (5.7.1) with 2% (w/v) of
either DDM, DM, OG, lauryl maltose neopentyl glycol, decyl maltose neopentyl glycol,
Anzergent 3-12, Anzergent 3-14 or octaethylene glycol monododecyl ether (C12ES).
The resuspended cells were incubated at 4 °C for ~30 min, then centrifuged at
21000 x g for 20 min to remove debris. The supernatant was applied to 50 pL
EcoMag™His-Co+ Magnetic Particles (BioClone Inc) and incubated for 1 hour at 4 °C.
The unbound fraction was discarded, then the resin was washed with 2 x 1 mL of wash
buffer (20 mM Tris pH 8.0, 300 mM NaCl, 1% (w/v) of the corresponding detergent).
The resin was then analysed for bound proteins by SDS-PAGE followed by anti-His
Western blot as described in 5.7.3.

5.7.5 E. coli membrane isolation

Cell pellets from a 12 L E. coli overexpression culture were resuspended in 100 mL
lysis buffer (20 mM Tris, pH 8.0, 500 mM NaCl, 10% (v/v) glycerol, 5 mM MgCl,, 2 x
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protease inhibitor cocktail tablets, spatula tip of lysozyme and DNase I) and incubated
at 4 °C for 15 min. Cell membranes were disrupted with a Digital Sonifier® Cell
Disruptor (Branson) at 70% amplitude for 2 min. Debris was removed by centrifugation
at 8030 x g for 10 min. The supernatant was centrifuged at 100 000 x g for 1 hour to
pellet the membranes. The membrane pellets were resuspended in 50 mL wash buffer
(20 mM Tris, pH 8.0, 300 mM NaCl, 10% (v/v) glycerol, 5 mM MgCl,) and centrifuged
at 100 000 x g for 30 min. This wash step was repeated once more, then the membranes

were snap frozen in liquid N; and stored at -80 °C until further use.

5.7.6 Full-length subunit I and transmembrane domain purification

Frozen cell pellets or membranes were thawed, resuspended in 100 mL lysis buffer (20
mM Tris pH 8.0, 300 mM NaCl, 10% (v/v) glycerol, 100 mM sucrose, 1.3% (wW/v)
detergent, = 2 mM ATP, 20 mM imidazole, two cOmplete protease inhibitor cocktail
tablets, spatula tips of lysozyme and DNasel) and incubated for 30 min at 4 °C to allow
incorporation of the protein into the detergent micelles. Lysis was completed by
sonication at 60% amplitude using a pulse program of 1 sec on/1 sec off for 1 min 30
sec in 2 x 70 mL batches. The lysate was cleared by centrifugation at 30 000 x g for 40
min. The supernatant was applied to 3 mL cobalt® Metal Affinity Resin (Clonetech
Laboratories Inc) pre-equilibrated with 8 column volumes (CV) of wash buffer (20 mM
Tris pH 8.0, 300 mM NacCl, 10% (v/v) glycerol, 100 mM sucrose, 0.5% (w/v) detergent,
20 mM imidazole, + 2 mM ATP) and was incubated with the resin for 1 hour at 4 °C.
The flow-through was discarded, the resin was washed with the remaining wash buffer
and bound proteins were eluted with 4 x 3 mL elution buffer (wash buffer with 300
mM imidazole). The elutions were analysed by SDS-PAGE with SimplyBlue SafeStain
(Thermo Fisher Scientific), and those containing subunit I were pooled and
concentrated to 1 mL using a Vivaspin 20 100 000 molecular weight cut-off (MWCO)
centrifugal concentrator. The 1 mL sample was centrifuged at 21 000 x g for 5 min to
remove large aggregates, and was loaded onto a HiLoad 16/600 Superdex 200 pg
(S200; GE Healthcare Life Sciences) size exclusion column (SEC) pre-equilibrated with
SEC buffer (20 mM Tris pH 8.0, 300 mM NaCl, 10% (v/v) glycerol, 100 mM sucrose,
0.17% (w/v) detergent, + 2 mM ATP). The fractions corresponding to the peak in the
Azg0 nm €lution profile were analysed by SDS-PAGE with SafeStain staining, pooled and
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concentrated to 500 pL using a Vivaspin 2 100 000 MWCO concentrator. The
concentration was determined by measuring absorbance at 280 nm using the NanoDrop
spectrophotometer (Thermo Fisher Scientific) then the protein was snap frozen in 50 pL

aliquots in liquid N; and stored at -80 °C.

5.7.7 Amphipol A8-35 exchange

Peak fractions containing subunit I from the S200 column were pooled and the
concentration was measured using absorbance at 280 nm. 5 mg Amphipol A8-35 per
mg of protein was added to the pooled elutions, and protein:amphipol mixture was
incubated for 2 hours at 4 °C. Excess detergent was removed by adding 20 pL
Bio-Beads™ SM-2 resin per pg of detergent in the sample and incubating for 2 hours at
4 °C. The resin was collected in a gravity column, and the flow-through was
concentrated to 500 pL using a Vivaspin 20 50 000 MWCO concentrator. The sample
was applied to an S200 column pre-equilibrated with detergent-free size exclusion

buffer.

5.7.8 Expression and purification of M. ruber peripheral stalks

The pLICHK-EG vector was transformed into E. coli T7 Express cells that were plated
onto LB agar containing 50 pg mL™' kanamycin. The plate was incubated overnight at
37 °C. Transformed colonies were used to inoculate 12 L LB medium with 50 pg mL™
and the cultures were incubated at 37 °C with shaking at 150 rpm until ODg nm reached
~0.7. Expression was induced with the addition of 1 mM IPTG. Cultures were
incubated for 14-16 hours at 18 °C. Cells were harvested by centrifugation at 5044 x g
and the pellet was resuspended in 70 mL lysis buffer (20 mM Tris, pH 8.0, 300 mM
NaCl, 20 mM imidazole, 2 x protease inhibitor cocktail tablets, spatula tips of lysozyme
and DNase I). The resuspended cells were incubated at 4 °C for 15 min, then were
disrupted with two freeze-thaw cycles. Lysis was completed by sonication at 70%
amplitude for 3 min. Insoluble material was cleared by centrifugation at 30 000 x g and
the supernatant was bound to 3 mL Ni-NTA resin pre-equilibrated with Ni binding
buffer (20 mM Tris, pH 8.0, 300 mM NaCl, 20 mM imidazole) for 1 hour at 4 °C. The

flow-through was discarded and the resin was washed with the remaining wash buffer.
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Bound proteins were eluted with 3 x 3 mL Ni elution buffer (wash buffer with 300 mM
imidazole) and analysed by SDS-PAGE with SafeStain staining. Fractions containing
the peripheral stalks were pooled and 800 pg TEV was added. The cleavage reaction

was incubated overnight at 4 °C.

The cleavage reaction was centrifuged at 5000 x g for 20 min to remove any
precipitated protein. Ni-NTA resin (1 mL) was added to the supernatant to remove the
TEV, with incubation at 4 °C for 30 min. The flow-through was collected and
concentrated to 500 pL using a Vivaspin 20 10 000 MWCO concentrator. The sample
was applied to an S200 size exclusion column pre-equilibrated with size exclusion
buffer (20 mM Tris, pH 8.0, 150 mM NaCl). Protein elution was monitored by
measuring the absorbance at 280 nm, and the peak fractions were analysed by SDS-
PAGE with SafeStain staining. Fractions containing both peripheral stalks were pooled,
concentrated and snap frozen in aliquots in liquid N,. The aliquots were stored at -80 °C

until further use.

5.8 Crystallisation

5.8.1 Vapour diffusion crystallisation trials

Vapour diffusion crystallisation trials were conducted in 96-well sitting drop plates with
17 commercially available crystallisation screens, each of which contained 96 different
combinations of crystallisation reagents (Table 6-3). Purified protein at the desired
concentration was mixed with the crystallisation condition (200 nL + 200 nL) using a
mosquito® Crystal liquid-handling robot (TTP Labtech) and the mixtures were
dispensed onto MRC 2 well crystallisation plate (96-well sitting drop plate; Swissci).
The plates were sealed with UV-transparent ClearSeal™ film and incubated at the
desired temperature (20 °C or 4 °C). Drops were imaged using either a UVEX-p UV
fluorescence and absorbance microscope (JANSi) or an Olympus SZ61 light

microscope (Olympus).
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Table 0-3: Commercial crystallisation screens

Screen name

Manufacturer

Screen type

Crystal Screen HT
MembFac HT

Index HT

SaltRX HT

Wizard Classic 1&2
Wizard Cryo 1&2
JBScreen Classic HTS 1
JBScreen Classic HTS 11
Clear Strategy Screen | HT
Clear Strategy Screen Il HT
PACT premier™ HT-96

MIDAS™ HT-96

Hampton Research
Hampton Research
Hampton Research
Hampton Research
Rigaku Reagents
Rigaku Reagents

Jena Bioscience

Jena Bioscience
Molecular Dimensions
Molecular Dimensions
Molecular Dimensions

Molecular Dimensions

Sparse matrix

Sparse matrix

Sparse matrix and grid
Sparse matrix

Sparse matrix

Sparse matrix

Sparse matrix and grid
Sparse matrix and grid
Sparse matrix and grid
Sparse matrix and grid
Grid

Sparse matrix and grid

Morpheus® HT-96 Green Screen Molecular Dimensions = Sparse matrix

JCSG-plus HT-96 Molecular Dimensions Sparse matrix

MemGold™ HT-96 Molecular Dimensions Sparse matrix

MemPlus™ HT-96 Molecular Dimensions Sparse matrix

MemStart™ + MemSys™ HT-96 Molecular Dimensions Sparse matrix

5.8.2 Lipidic cubic phase (LCP) crystallisation trials

The LCP trials were set up at the CSIRO Collaborative Crystallisation Centre
(www.csiro.au/C3), Melbourne, Australia, with the assistance of David Aragdo. Molten
1-oleoyl-rac-glycerol (monoolein, ~35 mg, Sigma) was added to the barrel of a
pre-weighed 100 pL gastight syringe (Hamilton). The syringe was weighed to
determine the exact mass of the lipid added to the syringe, then the subunit I sample was

added to a second 100 pL gastight syringe to a volume that would be 40% of the mass
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of the total protein:monoolein mixture. The two syringes were connected with a coupler
(Formulatrix) and the protein:monoolein mixture was transferred between the two
syringes until the mixture was homogenous and transparent, which indicated the LCP
had formed. The LCP was then dispensed onto a 96-well glass sandwich plate
(Hampton Research) in 100 nL drops using a mosquito® LCP (TTP Labtech). 1 puL of
the crystallisation condition was then dispensed onto each LCP drop. The drops were
sealed by mounting a second glass sandwich plate on top of the first, and the LCP trials

were incubated at 20 °C.

Four screens were used in the LCP trials: two commercial screens, the Wizard Cubic
LCP Screen (Rigaku Reagents) and MemGold, and two custom screens for LCP
designed in Vadim Cherezov’s laboratory, both of which contain PEG 400 in all

conditions along with different buffers and salts.'®*

Each of the four screens was set up
with subunit I at a concentration of 10 mg mL", purified in the presence or absence of 2
mM ATP. Drops were imaged using an Olympus SZ61 light microscope with an SZ-PO

polarising filter.

5.9 Nickel-NTA pulldown assay

Purified subunit I (400 pg) was thawed and centrifuged at 21 000 x g to remove large
aggregates. The sample was diluted to 1 mL with binding buffer (20 mM Tris pH 8.0,
300 mM NaCl, 10% (v/v) glycerol, 100 mM sucrose, 20 mM imidazole, 8.4 mM
Anzergent 3-12 (this subunit I sample had been purified in Anzergent 3-12)) and
immobilised on 250 pL Ni-NTA resin for 1 hour at 4 °C. The unbound fraction was
discarded, and the resin was washed with 3 x 1 mL binding buffer. The resin with
immobilised subunit I was then incubated with the untagged and purified peripheral
stalks single heterodimer (700 pg) for 1 hour at 4 °C. The unbound fraction was
discarded and the resin was washed with 50 mL binding buffer. Bound proteins were
eluted from the resin with 3 x 500 pL elution buffer (binding buffer with 300 mM
imidazole), and the elutions were analysed along with the input samples, flow-through

and resin by SDS-PAGE using SafeStain staining.
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5.10 Biophysical techniques

5.10.1 Multi-angle laser light scattering (MALLS) analysis
5.10.1.1 Individual proteins

Subunit I and peripheral stalks samples were applied to an S200 or superose 6 column
pre-equilibrated with SEC buffer (2.2.5) and eluting fractions were analysed by inline
MALLS and refractive index (RI) measurements. MALLS intensity was measured
using a miniDawn™ TREOS triple-angle light scattering detector (Wyatt Technology),
with detectors at 43.6°, 90.0° and 136.4°. Protein elution was monitored by absorbance
at 280 nm using an SPD-20A UV/VIS detector (Shimadzu Scientific Instruments), and
protein concentrations were obtained from inline RI measurements using an RID-10A
differential refractive index detector (Shimadzu Scientific Instruments). A conjugate
analysis was performed to calculate the proportions of subunit I and DM in the
protein:detergent micelle using a refractive index increment (dn/dc) of 0.18 mL g™ for
the protein component and a dn/dc of 0.14 mL g for the DM component.'® The
weight-average molecular masses of the protein and detergent components were

calculated using the ASTRA software (Wyatt Technology).

5.10.1.2 Subunit I:peripheral stalk complex

Samples of subunit I and peripheral stalks prepared for this experiment were purified in
the absence of glycerol so the concentration of each sample could be measured by a
DirectDetect® Infrared Spectrophotometer (Merck Millipore), as this is a more accurate
method than using the absorbance at 280 nm. The subunit I:peripheral stalk complex
was prepared by mixing subunit I (500 pg) and peripheral stalks (1.8 mg) samples that
had been purified independently, and incubating this mixture for four hours at 4 °C. The
sample was centrifuged at 21 000 x g for 5 min to remove large aggregates, then the
sample was injected onto a superpose 6 column pre-equilibrated with MALLS buffer
(20 mM Tris pH 8.0, 300 mM NaCl, 2 mM ATP, 5 mM MgCl,, 3.2 mM DM) and
analysed by MALLS as described above. The E, used for the MALLS analysis of the
subunit I:peripheral stalk complex was 1.00 mg'mL cm™ (1:1 complex). Both proteins

were also analysed individually as controls.
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5.10.2 Isothermal titration calorimetry (ITC)

ITC data was recorded using a MicroCal iTC200 (Malvern) at 16 °C using a reference
power of 2 ucal/s and a stirring speed of 1000 rpm. Purified peripheral stalks (100 pM)
that had been buffer-exchanged into the subunit I amphipol SEC buffer (3.4) were
titrated into purified subunit I (10 uM) in 20 steps of 1 uL every 400 sec. As a control,
the experiment was repeated with the peripheral stalks injected into buffer rather than
subunit I. The data were processed using the Origin 7.0 software package (OriginLab)

using the “one set of sites” model.
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Appendix One

Table 6-1: Summary of all crystallisation trials

Protein sample

Detergent or

amphipol

Protein conc.

(mg mL-1)

Crystallisation

screens

Incubation temp.

°C)

Subunit I

Anz. 3-12

5

PACT
Cryo 1&2 x 2
Index
MembFac
MemPlus

20

Subunit I

Anz. 3-12

PACT
Hampton CS
Cryo 1&2
Index
MembFac
MemPlus
Crystal Screen HT
SaltRX
Classic 1&2
Classic HTS 1
Classic HTS II
Clear Strategy I
Clear Strategy II
MIDAS
Morpheus Green
JCSG-plus
MemGold
MemStart + MemSys

Detergent Screen

Subunit I

DM

MemStart + MemSys
MembFac
MemGold
Cryo 1&2
MemPlus

20

Subunit I

DM

Hampton CS
Index
Classic 1&2

Additive Screen

20

Subunit I

DM

Morpheus Green

20

Subunit I

DM

SaltRX

20
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Subunit I

DM

JCSG-plus
MIDAS
Classic HTS I
Classic HTS II
Hampton CS
Clear Strategy 1
Clear Strategy 11

20

Subunit I

Amphipol AS8-
35

5.6

Hampton CS

MemStart + MemSys
MemPlus
Cryo 1&2
MemGold
MembFac

MIDAS
SaltRX
Clear Strategy 1
Clear Strategy II
Morpheus Green
JCSG-plus
PGA Screen

20

Subunit I

Amphipol AS8-
35

PACT

Classic HTS 1
Classic HTS 11
Classic 1&2

20

MiStiC-ITM-HiSI()

DM

34

MemGold

MemStart + MemSys
x 2

PACT
Index
Optimisation screen
Cryo 1&2
MemPlus

Detergent Screen

20

T7-ITM-HiSIO

DM

2.2

MemStart + MemSys
Cryo 1&2
MembFac

20

T7-ITM-HiSIO

DM

2.2

PACT

20

T7-ITM-HiSIO

DM

2.2

MemPlus

20
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MemGold
Wizard Classic 1&2

Subunit I*

DM

10

Wizard Cubic LCP
Screen x 2

MemGold x 2

LCP Custom Screen
1x2

LCP Custom Screen
2x2

20

*LCP trials are shaded grey, vapour diffusion trials are unshaded
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