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Abstract

Members of the membrane attack complex/perforin (MACPF) superfamily of pore-forming
proteins are characterised by a common three-dimensional fold able to puncture lipid mem-
branes. They are found in bacterial and eukaryotes, and include immune effectors, toxins
and pathogenic virulence factors. Their conserved pore-forming domain follows the same
mechanism whereby two bundles of a-helices unfurl into membrane-spanning B-hairpins.
This thesis provides insights into the effects of MACPF proteins on biological membranes.

Coarse-grain molecular dynamics simulations of the membrane attack complex (MAC)
bound to its inhibitor CD59 reveal protein-lipid interactions and local changes in membrane
thickness. These may serve as signals to recruit CD59 or the molecular machinery for
MAC clearance. Some bacterial MACPF proteins called cholesterol-dependent cytolysins
(CDCs) hijack CD59 on human cells as part of their pore formation pathway. Atomistic
simulations of CD59 in a lipid bilayer show that it samples various orientations relative to the
membrane, dictating whether its binding site is available for engaging MAC or CDCs, and
thus for inhibiting or promoting pore formation.

CDCs assemble on cholesterol-rich lipid membranes and undergo sequential conforma-
tional changes to puncture bilayers. Site-directed mutagenesis of two CDCs reveals that
an amphipathic helix in the pore-forming helical bundles is responsible for tuning the lytic
activity of these proteins. Understanding the molecular basis for the function of this helix
will require the high-resolution structure of a CDC late prepore intermediate. The first steps

towards solving this structure by cryo-electron microscopy are presented in this thesis.
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1 || Introduction

Chapter summary

Pore-forming proteins (PFPs) are a structurally diverse class of proteins which includes cell-
killing toxins, immune effectors and regulated cell death activators. They are broadly divided
into two groups according to the secondary structure of the pores they form: a-PFPs and B-
PFPs. Despite their structural diversity, PFPs follow a similar mechanism of action whereby
soluble monomers bind a target membrane, where they oligomerise and undergo drastic
conformational changes to rupture the lipid bilayer. This Chapter reviews some of the key
mechanistic and structural features of PFPs, with an emphasis on the membrane attack
complex/perforin superfamily of B-PFPs.

Our understanding of PFPs is a result of developments in techniques such as cryo-
electron microscopy and molecular dynamics simulations. This Chapter discusses the fun-
damental concepts of both techniques, providing a theoretical framework for the work pre-

sented in the following Chapters.
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1.1 Pore-forming proteins

The emergence of biological membranes was a defining event in the evolution of life. All
modern cells are surrounded by a membrane separating the cytosol from the extracellu-
lar environment, which maintains the conditions necessary for the biochemical reactions of
life to take place. Because of their ubiquity and their importance, cell membranes have be-
come the targets of many molecular weapons in intercellular conflicts. Pore-forming proteins
(PFPs) are found in all kingdoms of life [1, 2]. They have evolved a variety of ways to pierce
lipid membranes, but they follow the same general mechanism. They are secreted as soluble
monomers, which oligomerise on a target membrane and undergo conformational changes
to insert themselves into the bilayer and permeabilise it. PFPs are broadly separated into
two classes, a-PFPs and B-PFPs, based on the secondary structure of the pores they form.
Amongst the diversity of PFPs are major virulence factors of many pathogenic bacteria, but

also eukaryotic defence factors and endogenous effectors of regulated cell death [3, 4, 5].

1.1.1  «a-pore forming proteins

o-PFPs are characterised by the a-helical structure of the pores they form to permeabilise
membranes. One of the most extensively studied a-PFPs is cytolysin A (ClyA) produced by
some strains of Escherichia coli, Salmonella enterica and Shigella flexneri, the prototypical
member of the ClyA family of PFPs [2, 6]. This family also includes non-haemolytic tripar-
tite enterotoxin and the B component of haemolysin BL enterotoxin produced by Bacillus
cereus [7, 8]. ClyA undergoes dramatic conformational changes to transition from solu-
ble monomer to membrane-inserted dodecamer (Figure 1.1A) [9, 10]. Its N-terminal helix
swings towards the membrane, moving the N-terminus by more than 140 A. The head re-
gion of the monomer, made up of a B-tongue flanked by two a-helices, becomes almost

14
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Figure 1.1 | Examples of a-PFPs. A. Structures of soluble ClyA (left, PDB 1QOY) and
the dodecameric ClyA pore (right, PDB 2WCD). B. Structures of the actinoporin FraC in its
soluble conformation (left, PDB 4TSL) and as an octameric pore (right, PDB 4TSY). The
structural elements undergoing conformational changes to form the pores are highlighted in

purple.

entirely a-helical to penetrate the membrane. However, the sequential order of conforma-
tional changes in ClyA pore formation remains a debated topic [6]. Several models have
been proposed, including one in which the B-tongue transitions upon membrane binding of
a monomer, followed by oligomerisation into a prepore and eventually the movement of the
N-terminal helix, which opens the pore. Another hypothesis is that the N-terminal helix of a
membrane-bound monomer moves before the addition of other ClyA copies, and the pore

grows as subunits are assembled.

Other a-PFPs include the colicin family, a group of plasmid-encoded toxins secreted by
E. coli to kill other E. coli strains competing for the same environment [2, 11]. Colicins are
structurally diverse and perform a variety of functions, including blocking peptidoglycan syn-
thesis, inhibiting protein synthesis by degrading tRNA or rRNA molecules, DNA degradation
and pore formation. The colicin pore-forming fold has also been found in other proteins, e.g.
the diphteria toxin [12] and the insecticidal Cry toxins from Bacillus thuringiensis [13].
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The third family of a-PFPs is that of actinoporins, proteins produced by sea anemones
to digest their prey and protect themselves from predators [14]. They are made up of a
B-sandwich flanked by two a-helices, one of which swings away from the rest of the protein
to penetrate the bilayer and form the pore (Figure 1.1B) [15]. This conformational change is

followed by oligomerisation, according to a growing pore mechanism [16].

1.1.2 B-pore forming proteins

Unlike a-PFPs, B-PFPs permeabilise membranes via a B-barrel pore. Haemolysin from
Staphiloccocus aureus is the prototypical member of a protein family that includes the necrotic
enteritis toxin B [17] and é-toxins from Clostridium perfringens [18, 19], as well as the Vib-
rio cholerae cytolysin [20]. The soluble, monomeric S. aureus haemolysin adopts a heavily
B-stranded structure, including a three-stranded sheet termed the pre-stem domain (Fig-
ure 1.2A). Proteins from the haemolysin family assemble into heptameric or octameric pre-
pores where the pre-stem domain moves away from the core of the protein and refolds into
a B-hairpin to form a B-barrel with the other subunits (Figure 1.2B). This B-barrel has a hy-
drophilic lumen and a hydrophobic outer face, facilitating its spontaneous insertion in the

membrane to form the final pore (Figure 1.2C) [21, 22].

The aerolysin family of B-PFPs includes members found in bacteria, archaea, eukaryotes
and some viruses [23], such as the prototypical aerolysin from Aeromonas spp., monalysin
from Pseudomonas entomophila [24], enterolobin from the seeds of the South American tree
Enterolobium contortisiliquum [25], biomphalysin from the snail Biomphalaria glabrata [26]
and By-CAT from the frog Bombina maxima [27]. A combination of X-ray crystallography,
low-resolution cryo-electron microscopy (cryoEM), molecular dynamics and computational
modelling suggested a mechanism whereby aerolysin forms a heptameric prepore on the
plasma membrane before large rearrangements flatten the extramembranous region, as the

16



Figure 1.2 | Pore formation by haemolysin. A. Monomeric a-haemolysin from S. aureus
shows the pre-stem (purple) close to the core of the protein (PDB 41DJ). B. The prepore
structure of y-haemolysin reveals the transition of the pre-stem to a B-hairpin (purple) which
associates with the B-hairpins from other monomers to form a B-barrel (PDB 4P1Y). C. In its
pore conformation, the B-barrel (purple) of a-haemolysin spans the lipid bilayer (PDB 7AHL).

pre-stem loop of each monomer transitions to a B-hairpin to form the pore [28].

The third class of B-pore forming proteins is the membrane attack complex/perforin (MACPF)

superfamily [2, 29]. It comprises many diverse members, including eukaryotic proteins from
the complement system which form the membrane attack complex (MAC) [30], the im-
mune proteins perforin-1 and perforin-2 [31], the bacterial cholesterol-dependent cytolysins
(CDCs) [32], the fungal toxin pleurotolysin [33] and apicomplexan proteins involved in para-
site egress [34]. While there is little sequence conservation between some members of this
superfamily, they all share the same 3D fold responsible for pore formation: the MACPF/CDC

domain.

1.1.3 Structural biology of the MACPF superfamily

The MACPF/CDC domain is defined by a twisted B-sheet sandwiched by two a-helical clus-
ters (Figure 1.3) [29, 30, 35, 36]. In its soluble form, the lower cluster of helices is made
up of two bundles which, during pore formation, unfurl into B-hairpins (Figure 1.3D). Each
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Figure 1.3 | The structurally conserved MACPF/CDC fold. A. Soluble form of the com-
plement component C8a (PDB 30JY). B. Soluble form of the complement component C8f3
(PDB 30JY). C. Soluble form of the complement component C9 (PDB 6CXO). D. Membrane-
inserted conformation of the complement component C9 (PDB 6H03). E. Soluble form of
the complement component C6 (PDB 3T50). Only the MACPF/CDC, low-density lipoprotein
receptor class A, TS2 and TS3 domains are shown for clarity. F. Soluble form of perforin-1
(PDB 3NSJ). G. Soluble form of the bacterial toxin pneumolysin (PDB 5CR6). In each panel,
the MACPF/CDC is coloured (green and purple), the residues that unfurl to form the pore
are in purple, and all other domains are in grey.

protein from the MACPF superfamily contributes two B-hairpins to the B-barrel pore it forms
as an oligomer. While the MACP/CDC domain is structurally conserved, differences in other

domains between MACPF proteins lead to diverse mechanisms of pore formation.

The membrane attack complex (MAC) is a giant immune pore that forms on the plasma
membrane of pathogens and damaged cells [37]. It is the end result of the complement path-
way, a system of membrane-bound and blood-circulating proteins which bridges the innate
and adaptive immune responses. MAC is a hetero-oligomeric complex, which assembles as
a growing pore: each subunit unfurls its MACPF/CDC helical bundles before the addition of
the next protein [38]. The structure and assembly mechanism of MAC are reviewed in detail

18



in Chapter 2.

Perforin-1 is an immune PFP expressed by cytotoxic T lymphocytes and delivered to in-
fected or cancer cells via secretory vesicles sometimes called lytic granules [39, 40, 41]. Un-
like MAC, perforin-1 assembles into a homo-oligomer and forms a prepore complex prior to
membrane rupture [42, 43]. Perforin-1 prepores often only include fewer than ten monomers
before the MACPF/CDC helical bundles unfurl to form arc-shaped pores. These assemblies
then recruit other small prepores, which similarly transition to the pore conformation until full

rings are formed.

MAC proteins and perforin-1 are thought to have evolved from perforin-2, also known as
macrophage-expressed gene 1 (MPEG1), after gene duplication events [31]. Unlike other
MACPF proteins, MPEG1 is a single-pass transmembrane protein found in the lumen of
phagosomes [44]. Soluble MPEG1 monomers are believed to be released by proteolytic
cleavage of the transmembrane domain when bacteria are engulfed by the phagosome.
CryoEM studies have revealed that MPEG1 forms a prepore, where the MACPF/CDC do-
main is pointing away from the membrane-binding domain, i.e. away from the bilayer to
rupture (Figure 1.4) [45, 46, 47]. Phagosome acidification triggers a ~180° re-orientation of

the MACPF/CDC domain as the helical bundles unfurl into pore-forming B-hairpins.

The fungal toxin pleurotolysin (Ply) differs from most other members of the MACPF super-
family as it is a two-part toxin, made up of a membrane-binding polypeptide chain (PlyA) and
another subunit containing the MACPF/CDC domain (PlyB) [48, 49]. CryoEM structures of
Ply assembled on liposomes revealed that each PlyB monomer interacts with a PlyA dimer
to form a prepore, which then transitions into a pore as the MACPF/CDC helical bundles

unfurl [33].

Among the best structurally characterised members of the MACPF superfamily are the
bacterial cholesterol-dependent cytolysins (CDCs) [32]. These toxins are secreted as monomers
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Figure 1.4 | Pore formation by MPEG1/Perforin-2. A. MPEG1 prepore (left, PDB 6SB3)
and pore (right, PDB 6SB5) solved by cryoEM. B. The transition from the prepore (left) to
the pore (right) conformation reveals that the MACPF/CDC domain (coloured) undergoes a
~180° flip to reposition its helical bundles (purple) towards the membrane, which unfurl into
B-hairpins.
which bind cholesterol-rich membranes, where they assemble to form a homo-oligomeric
early prepore [50]. Unlike perforin-1 and pleurotolysin, the helical bundles of CDCs are too
short to form transmembrane hairpins from their position in the early prepore. Rather, a con-
formational change in the rest of the protein leads to the collapse of the assembly into a /ate
prepore conformation, where the MACPF/CDC domain is brought close to the membrane.
This enables the helical bundles to unfurl into membrane-spanning B-hairpins, forming the
final pore [51]. The pore-forming mechanism of CDCs is reviewed in detail in Chapter 3.
Extensive sequence analysis of CDCs recently identified a conserved motif, also found in
nearly 300 uncharacterised proteins, which have been termed CDC-like proteins (CDCL) [52].
X-ray crystallography of a CDCL from the bacterium Elizabethkingia anophelis revealed that
it contains the MACPF/CDC domain and a novel C-terminal domain, presumably responsi-
ble for membrane binding. The study also identified the existence of shorter CDCL proteins
(CDCLS®), which lack the C-terminal domain. While the E. anophelis CDCL and CDCLS® did
not lyse liposomes alone, the combination of both proteins resulted in the formation of lytic
pores. However, the individual contributions of CDCL and CDCLS to pore formation and the

mechanism of action of the assembly remain unknown.

20



The MACPF superfamily of PFPs comprises many diverse members, which carry out im-
portant functions for immunity and virulence. While their pore formation pathways differ, they
are all characterised by the structurally conserved MACPF/CDC domain. This makes them
attractive systems to study the structural and mechanistic principles underlying membrane

perforation by B-pore forming proteins.

1.2 Cryo-electron microscopy

Structural biology has been instrumental in providing a molecular understanding of a wide
variety of biological processes essential to life. Solving the three-dimensional (3D) structure
of biological macromolecules, in particular proteins, is often necessary to derive a mecha-
nistic explanation of their functions. In recent years, cryo-electron microscopy (cryoEM) has
opened many new alleys for structural biologists to study proteins without the constraints
imposed by the need to crystallise them. It has been a powerful tool for elucidating the
structure of membrane proteins, large assemblies and other samples that do not crystallise
easily. It also has the advantage of keeping proteins in a more native environment, including

the cellular context in which they perform their functions.

1.2.1 Interactions between electrons and matter

Why use electrons?

Electron microscopy, like visible-light microscopy, aims to magnify objects to resolve details
that are not visible to the human eye. Using electrons over photons has several advantages,
which make electron microscopy suitable for structure determination of biological molecules.
In a perfect microscope, the smallest distance between two distinguishable objects (called
the resolution) is proportional to the wavelength of the radiation used [53]. In the case
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of an electron, the wavelength is inversely proportional to the square root of the voltage
accelerating it. For visible light in the range of 400 nm, the maximum resolution will be close
to 200 nm, whereas an electron accelerated by a 200 kV voltage will have a wavelength of

2.5 pm, giving a theoretical resolution close to 1 A.

For decades, X-ray crystallography was the most widely used structural biology tech-
nique. It relies on shining X-ray radiation at a crystalline sample and recording the resulting
diffraction pattern to determine the structure of the crystallised molecule. The requirement
for crystals arises from the fact that X-rays are scattered only by the electron cloud of the
sample, resulting in relatively weak scattering. The regular arrangement of molecules in a
crystal is necessary to increase the signal so it can be detected for structure determination.
Electrons, on the other hand, are scattered by both electrons and nuclei in the sample, due
to their negative charge. As a result, electron scattering is much stronger than X-ray scatter-
ing, eliminating the need for crystals. As many proteins, in particular large membrane protein
complexes, are notoriously difficult to crystallise, using electrons for structure determination

widely increases the power of structural biology.

Electron scattering

A key characteristic of an electron beam is its coherence, which is described by two pa-
rameters. Spatial coherence is a result of the size of the electron source: perfect spatial
coherence would be achieved if all electrons emanated from the exact same point at the
source. Temporal coherence describes electrons with the same wavelength, and thus elec-
trons that have a defined phase relationship.

Image formation in the transmission electron microscope (TEM) arises from samples
scattering electrons from the incident beam (Figure 1.5). When the incident beam encoun-
ters a thin specimen, some electrons are transmitted without being deviated: they form the
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Figure 1.5 | Interactions between the electron beam and the sample [53]. A. Electrons
from the incident beam can be transmitted without deflection (direct beam), backscattered,
inelastically scattered forward (sometimes resulting in secondary electrons) or elastically
scattered forward (giving either a coherent or incoherent beam). B. The direct beam is the
result of electrons that do not interact with the sample. Electrons deflected by the sample
without energy loss are elastically scattered. Collisions with electrons in the sample lead
to inelastic scattering (energy loss), and can result in emission of secondary electrons and
X-ray radiation.

direct beam. Some electrons interact with the sample and are scattered, either forward or
backward (backscattering), depending on the scattering angle. Among forward-scattered
electrons, most are inelastically scattered, i.e. they transfer energy to the specimen. This
can result in secondary electron scattering, X-ray emission or bond breaking and sample
damage. Inelastic scattering also changes the wavelength of the electron as it loses energy,
leading to incorrect focusing by the lens systems of the microscope and causing noise in the
image. A minority of electrons will be elastically scattered: they are deviated by the sample
but do not lose energy. Coherence between elastically scattered electrons is dependent on
the scattering angle. Those scattered at a small angle (up to ~10°) tend to be coherent,
whereas at higher angles, elastic scattering is often less coherent. Coherent, elastically
scattered electrons are the only electrons that contribute to signal in transmission electron
microscopy.
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1.2.2 Image formation in the TEM

Anatomy of an electron microscope

In a TEM, a beam of electrons is produced by an electron source and is then focused by a
system of lenses (the condenser system) before being scattered by the sample. The result-
ing scattered electrons are focused again by the objective lens and the image is magnified

by the projector lens system before being recorded by the detector (Figure 1.6A) [53].
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Figure 1.6 | Image formation in the electron microscope. A. Anatomy of a transmission
electron microscope. A beam is emitted by an electron source and focused by the condenser
system. The electrons then reach the sample, where they are scattered. They are focused
again by the objective system and the image is magnified by the projector lenses before
being recorded by the detector. B. Schematic of an electron lens. Current passing through
a copper coil creates a magnetic field which accelerates the electrons and magnifies the
image. C. An aperture restricts the portion of the beam passing through the optical system,
resulting in a more parallel beam.

There are two kinds of electron sources: thermionic sources and field-emission guns.
A thermionic source works by heating a material (either a tungsten filament or, more com-
monly, a crystal of lanthanum hexaboride) until the electrons within it acquire enough energy
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to overcome the work function of the source, which is the barrier preventing the electrons
from being ejected. The electrons exiting the source are first focused, then accelerated by
an anode plate. In a field-emission gun, on the other hand, a voltage is applied to a very thin,
needle-like tip to induce the release of electrons. The tip works as a cathode, and a nearby
anode provides the extraction voltage needed to draw electrons from the tip. A second an-
ode then accelerates the electrons to the appropriate voltage. An important characteristic
of electron sources is the coherence of the resulting beam. Temporal coherence is key in a
TEM as electrons with different wavelengths will be focused on different planes by the same
lens. Electrons also need to be as spatially coherent as possible, i.e. they must be ejected
at the same point (or as close as possible) in space. This is because electrons coming from
different positions will form an image of the sample at different positions on the detector,

resulting in blurring.

The electron microscope contains three main lens systems: the condenser system, the
objective lens, and the projector system. Electron lenses contain a copper coil, through
which a current is passed. This creates a magnetic field which alters the trajectory of elec-
trons (Figure 1.6B). When an electron encounters a magnetic field, it experiences a force
(the Lorentz force), which depends on the velocity of the electron and the strength of the
magnetic field. The Lorentz force vector is normal to those of the velocity and the magnetic
field, causing the electron to spiral as it travels through the lens. The beam is magnified and
the image is rotated as a result. The condenser system and the objective lens also include
apertures which make the beam more parallel by only letting a fraction of the beam pass

through (Figure 1.6C).

Electron lenses suffer from imperfections, which lead to various kinds of optical defects.
Electrons scattered at different spatial frequencies are focused at different points: the further
an electron is from the centre of the lens, the closer it is focused, a defect called spherical
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aberration. Another kind of aberration, termed chromatic aberration, refers to the fact that
electrons with different wavelengths are focused at different points by the same lens. These

aberrations have important effects on contrast, as explained below.

Phase contrast and the contrast transfer function

Scattering of the incident electron beam by the specimen results in contrast, i.e. differences
in intensity in adjacent areas of the image. Phase contrast arises from differences in the
phase shift of electrons scattered at different spatial frequencies [54]. As the waves recom-
bine on the image plane, they all contribute to an interference pattern due to differences in
their phase shifts.

The contrast, and thus the image of the specimen, is affected by the lens aberrations
mentioned above. The contrast transfer function (CTF, Equation 1.1) describes how the

image is modified as a function of spatial frequency:

374
CTF = —2sin {ﬂ' (Az)\k2 — CS)\T]{>] (1.1)

where Az is the defocus, ) is the wavelength of the electrons, C is the spherical aberra-
tion coefficient and & is the spatial frequency.

The CTF oscillates and reaches zero several times, leading to total loss of information
for some spatial frequencies. In the Fourier transform of the image, this corresponds to dark
gaps between bright Thon rings (Figure 1.7). Changes in defocus affect the CTF by changing
the spatial frequencies at which signal is lost, so cryoEM data are usually collected at a range
of defocus values in order to record information at all relevant spatial frequencies. The CTF
also suffers from dampening, arising from both spatial and temporal incoherence. When
electrons come from different directions (spatial incoherence), the image is an average of
several images, each slightly shifted in space relative to the others. Low spatial frequency
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information suffers little from this, but high spatial frequency information is averaged out
and lost. Electrons with different energies (temporal incoherence) are focused on different
planes due to chromatic aberration in lenses, and therefore hit the detector with different
defoci. As the positions of the peaks and zeroes of the CTF depend on defocus, the average

CTF shows a progressive decrease in signal at higher spatial frequencies.
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Figure 1.7 | The contrast transfer function (CTF). A. In the Fourier transform of a micro-
graph, Thon rings correspond to alternating peaks and ‘zeroes’ of the CTF. B. Schematic
representation of the CTF. C. Changing the defocus value affects the CTF: by collecting
further away from focus, the first ‘zero’ of the CTF is shifted to a lower spatial frequency.

The projection theorem

The detector of a TEM records 2D images, called projections, of 3D objects. Projections
are related to the original sample by the projection-slice theorem, which states that the
Fourier transform of each projection is a central slice through the 3D Fourier transform of the
object (Figure 1.8A) [55]. In single particle analysis cryoEM, particles ideally adopt random
orientations so that all slices from the 3D Fourier transform are present in the dataset.

Generating a 3D reconstruction from 2D projections requires calculating the angles be-
tween them. The ‘common line’ approach relies on the fact that each pair of projections
shares a line of identical pixels, corresponding to their intersection in the 3D Fourier trans-
form of the object (Figure 1.8B). Finding this common line between projections helps deter-
mine their relative orientations [55]. These angular orientations are then refined to improve
the resolution of the reconstruction.

Accurate determination of particle orientations is achieved with projection mapping [54,
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Figure 1.8 | Principles of 3D reconstruction. A. The projection theorem: the Fourier trans-
form of a 2D projection is a slice through the 3D transform of the original object. Real space
objects are in cyan and reciprocal space objects are in purple. B. Fourier transforms of 2D
projections (bottom) share a common line (red) corresponding to their intersection in the 3D
Fourier transform (top).

55]. A reference structure is used to generate projections in all directions. Each exper-
imental projection is then aligned to these computationally-generated projections, and an
algorithm maximises the correlation between them, in order to determine the orientation of
the experimental projection with respect to the reference 3D structure. These projections
are then used to calculate a new 3D structure and this process is repeated iteratively to im-
prove angular assignments. The low signal-to-noise ratio in single-particle cryoEM requires

averaging over tens of thousands of particles to extract signal.

1.2.3 Recent advances in cryoEM

Hardware developments

The invention of direct electron detectors (DEDs) was one of the most significant techno-
logical advances in cryoEM in recent years, leading to what is often called the resolution
revolution [56, 57]. Previously, a typical TEM detector consisted in a scintillator, which con-
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verted electrons to light signal, coupled to a CCD camera. The vastly improved quantum
efficiency of DEDs allows the use of much lower electron doses, reducing sample damage.
Moreover, DEDs collect movies made of multiple frames, rather than static images. As a
result, particle motions on the grid can be corrected computationally, reducing blurring of the
signal. Finally, the speed of DEDs, combined with developments in data acquisition (e.g.
aberration-free image shift, whereby the beam is tilted from grid hole to grid hole instead
of moving the stage each time) have dramatically increased the speed of collection and

therefore the amount of data that can be generated in a single session.

The quality of the data collected on TEM has been improved by the introduction of en-
ergy filters [58]. Most scattering in the microscope is inelastic, and inelastically scattered
electrons contribute noise to the image as they are not temporally coherent with elastically
scattered electrons. Energy filters contain magnetic prisms which curve the path of elec-
trons. Electrons with different energies are curved at different angles, and a slit is positioned
to let through only electrons that have not lost energy through inelastic scattering. This
leads to improvements in the signal-to-noise ratio of cryoEM data, facilitating high-resolution

structure determination.

Software developments

Advances in image processing software have also played a pivotal role in the resolution
revolution. The first improvement was the introduction of Bayesian statistics and maximum
likelihood to increase the accuracy of particle alignments. This approach aims to maximise
a function describing the probability of the model being correct in light of the data and prior
information (corresponding to the smoothness of the molecule) [59]. As a result, particles are
assigned probability-weighted orientations, which are refined with each iteration, increasing
the accuracy of angular assignments and alignments. This approach also leads to better
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classification results, both in two and three dimensions.

Ab initio 3D reconstruction is a computationally difficult task. Early algorithms adopted
an iterative refinement approach which aimed to improve an initial starting model, and were
prone to ‘getting stuck’ in local probability maxima (Figure 1.9). The cryoEM software
Cryosparc [60] first introduced stochastic gradient descent (SGD) to ab initio reconstruc-
tion. In this approach, an arbitrary random initialisation (a randomly generated 3D model)
is used with a random subset of particles to calculate a Bayesian likelihood function (called
the objective function) similar to the one described above. The gradient (i.e. the deriva-
tive) of that function is approximated with respect to the parameters (i.e. orientations and
translations of the particles) for the subset of particles. This gradient points in a direction
in the space of 3D structures corresponding to an increase in the objective function. By
iteratively approximating the gradient for random subsets of particles and updating the 3D
structure accordingly, the algorithm samples the space of 3D structures until it reaches the
correct reconstruction. Using only subsets of particles for each iteration is computationally
inexpensive and results in large changes between each step. Those large, noisy changes
are thought to be the reason why SGD algorithms are insensitive to local maxima.

New computational developments in cryoEM include the use of machine learning at vari-
ous steps in the structure determination pipeline [61]. For instance, TOPAZ [62] and crYOLO
[63] both use neural networks to automate particle picking. CryoDRGN is a machine-
learning program that is able to uncover both discrete and continuous heterogeneity in
datasets, i.e. heterogeneity due to different conformations being present and heterogeneity

arising from flexibility of the macromolecule [64].
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Figure 1.9 | Ab initio reconstruction by stochastic gradient descent (SGD). lterative refine-
ment algorithms aim to maximise an objective function (grey) by making small changes
(turquoise arrows) in the parameters (i.e. particle orientations and translations) and are
prone to ‘getting stuck’ in local maxima, making them very sensitive to the initial model
used. SGD algorithms iteratively approximate the gradient of the objective function for ran-
dom subsets of particles and use its direction to sample the 3D structure space much faster

(purple arrows). The large changes made between iterations are believed to make SGD
algorithms insensitive to the initialisation model and local maxima.

1.3 Molecular Dynamics Simulations

Experimental structural biology techniques such as X-ray crystallography and cryoEM give
rise to static structures of proteins or protein complexes. While there have been efforts
to resolve conformational ensembles of proteins, each structure remains a snapshot of a
given conformation adopted by one or more macromolecules. However, protein dynamics
are often key to their functions and can be lost in models derived from cryoEM or crystallog-
raphy. Molecular dynamics (MD) simulations are a powerful tool to study the movements of
individual atoms making up proteins and therefore resolve their overall dynamics.
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1.3.1 Forcefields describe the forces applied on each atom

Classical MD simulations are a computational technique based on Newtonian mechanics.
Conceptually, MD simulations work by calculating all the forces applied onto each atom and
then solving Newton’s equations of motion to compute atomic movements resulting from the
forces. MD simulations rely on forcefields, which are series of equations describing all the
forces affecting an individual atom. A variety of forcefields have been created, for general
purposes or specific applications. The most commonly used ones in atomistic biological MD
simulations are the Amber [65, 66], CHARMM [67], GROMOS [68] and OPLS/AA [69, 70]
forcefield families. The general form of a forcefield typically used for biomolecular simulations

is the potential energy function V() in Equation 1.2:

V(FN) - Vbonded(FN> + Vnon—bonded(FN) (1 2)

where N = (7,7, ..., 7x) is the complete set of 3N atomic coordinates. Vionaea(7) and
Vion—bonded (7" ) are potential energy functions corresponding to bonded (e.g. bond lengths,
angles, dihedrals) and non-bonded parameters (e.g. Lennard-Jones potential, Coulombic

potential), respectively.

Bonded parameters

Bonded parameters can be modelled in a variety of ways, but bond lengths and simple
angles (between three atoms) are usually represented as harmonic oscillators (Figure 1.10).
This means that, as they deviate from the empirically defined optimal value (e.g. as a bond is
stretched or compressed), the potential energy increases, thus imposing an energy penalty
on the system. Different forcefields sometimes use different ways of modelling dihedral
(torsion) angles, but a common approach is the use of a simple periodic cosine function.
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Finally, an improper dihedral is the angle formed by three atoms bonded to a fourth, central
atom. Improper dihedrals are used to impose planarity in a ring and prevent plane flipping,
and the simplest equation to describe them is a harmonic oscillator. This means that a

typical potential energy function for bonded parameters may take the form of Equation 1.3:

Vionded = 3 %Kl(l—lo)%rz %Ke(e—eo)%r Y Kyll+cos(ng—6,)]+ Y %Kw(w_WO)Q

bonds angles dihedrals improper

(1.3)

where K;, Ky, K, and K, are the bond length, angle, proper dihedral and improper
dihedral force constants, respectively; I, 6, ¢ and w are the bond length, bond angle, proper
dihedral angle and improper dihedral angle values, respectively; the subscript zero denotes
the equilibrium value for each term; n is the multiplicity (i.e. the number of minima as the

bond is rotated through 360°) and ¢,, is the phase for each n.
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Figure 1.10 | Bonded parameters in a typical forcefield. The top panels show the physical
parameters (blue arrows) while the bottom panels are example energy potential functions.
Bond lengths, angles and improper dihedrals are often modelled as harmonic oscillators,

while proper dihedrals are represented as periodic cosine functions in this example. Green
beads are atoms and purple sticks are the bonds between them.

w
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Non-bonded parameters

Inter-atomic interactions also occur between non-bonded atoms: those are taken into ac-
count in the non-bonded potential energy function V,on_ponded- Contributions t0 Vion_bonded
can arise from externally applied potential fields, pairwise interactions between atoms and
higher-order interactions (i.e. between more than two atoms). However, in the way most
biomolecular simulations are set up, no external field is applied and higher-order interac-
tions are ignored.

Van der Waals interactions are a combination of non-bonded attractive and repulsive
forces between atoms. The energy resulting from this type of interaction is dependent on the
distance between the two atoms being considered, and is often modelled using the Lennard-
Jones potential. Electrostatic interactions between charged particles are usually accounted
for by the Coulombic law, which is also distance-dependent (Figure 1.11). Together, the
Lennard-Jones and Coulombic potentials make up the non-bonded potential energy function

between atoms ¢ and j in Equation 1.4:

Yy (1.4)

47TDT1']‘

12 6
(Rmin,ij ) _9 (Rmin,ij)
Tij rij

where ¢;; is the well depth of the Lennard-Jones potential and R, ;; is the radius; g;

‘/nonfbonded = E €ij

Lennard—Jones Coulombic

and ¢, are the charge of atoms 7 and j, respectively; D is the dielectric constant; and r;; =

|7 — 75| is the distance between atoms i and j.

Differences between forcefields

The potential energy functions in Equations 1.3 and 1.4 are typical examples used in biomolec-
ular simulations, but different forcefields model various potentials differently. For instance,
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Figure 1.11 | Non-bonded parameters in a typical forcefield. Van der Waals interactions
are often modelled using the Lennard-Jones potential (left) while electrostatic interactions
are calculated using Coulomb’s law (right). In both cases, the potential energy function V' is
dependent on the distance r;; between the atoms. Coulombic interactions can be attractive
or repulsive, depending on whether the charges are of opposite or similar sign, respectively.
Green beads are atoms and blue arrows indicate the interactions between them.

the CHARMM forcefield adds a harmonic oscillator function between the two terminal atoms

of a three-atom angle to improve accuracy [71].

While the general form of the potential energy function is common to most forcefields,
the parameters they use can vary, leading to differences in the behaviour of biological
macromolecules in simulations [72, 73, 74]. Parameters are often derived from a mix-
ture of quantum chemistry calculations and experimental data of small fragments, and are
usually defined for each atom type. Forcefields are continuously being improved and up-
graded to model biological macromolecules more accurately; and some forcefields are bet-
ter suited to specific types of molecules or application. For instance, a comparison between
CHARMM27, CHARMMS36 and two forcefields from the AMBER family revealed large dif-
ferences in their accuracy for simulating DNA [75]. The CHARMMS36 forcefield failed to
preserve the structure of DNA over the course of the simulations, while CHARMM27 per-
formed the best out of the four forcefields tested. A comparison of CHARMM36, GRO-
MOS 54a7/GROMOS 56a6carsocareo r and the GLYCAMO6 forcefield from the AMBER
family showed that all three perform similarly to describe protein-carbohydrate interactions
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but display significant differences in the pattern of contacts and in unbinding free ener-
gies [76]. Comparing simulations of folded and intrinsically disordered proteins (IDP) with nu-
clear magnetic resonance data highlighted that CHARMM22* performs better than CHARMM36m
and four AMBER forcefields (including three IDP-specific forcefields), but all six forcefields
tested showed similar results for folded proteins [74]. Together, these results show that the

choice of forcefield is an important part of preparing a simulation.

1.3.2 Integrators solve Newton’s equations of motion

Newton’s second law of motion states that, for a constant mass m;, the forces F applied
on a particle i are equal to the product of its mass and its acceleration @;. The sum of the
forces applied to that particle can be calculated from the coordinates of the system using a
forcefield; it is the derivative of the potential energy function with respect to the change in
the particle’s position. This means that there is a relationship between the potential energy
function V' and the acceleration of a particle, as shown in Equation 1.5. The acceleration
of a particle is the derivative of its velocity, itself the derivative of its position with respect to
time.
= d

dT’i

MD integrators are algorithms that solve Newton’s equations of motion. In general, inte-
grators need to conserve energy and momentum, and must be reversible: when going back
in time, the system should return to its original state [77]. Integrators should also be compu-
tationally efficient, be compatible with a long time step At for integration, and only calculate
forces once per time step. The time step is related to the fastest motion of the molecule. For
proteins, the fastest motion is the stretching vibrations of bonds between hydrogen atoms
and heavy atoms, 7 ~ 10 fs. To avoid errors, the time step should be at least around 20
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times smaller than 7, so the maximum time step is At ~ 0.5 fs [78].

In the GROMACS software [79], the standard MD integrator is the leap-frog algorithm. It
uses positions * at time ¢, velocities ¢ at time ¢t — $At, and forces F(t) calculated from the
positions at time ¢. It updates velocities and positions using Equations 1.6 (which includes

masses m) and 1.7, respectively.

7 (t + %At) =7 (t - —At) + % A0) (1.6)
T (t+ At) =7 (t) + Aty (t — %At) (1.7)

In the leap-frog algorithm, velocities are staggered with respect to positions. They both
then leap like frogs over each other’s back, as schematised in Figure 1.12. This means that,
att = to, the algorithm needs velocities from ¢ = ¢, — 1 A¢. If they are not available (e.g. from
a previous run of that system), they are generated with a Maxwell-Boltzmann distribution at a

given temperature. Other integrators include Verlet, velocity Verlet and Langevin algorithms.
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Figure 1.12 | The leap-frog algorithm calculates velocities v and positions 7 in a staggered
way: the are updated like frogs leaping over each other.

1.3.3 Typical steps in molecular dynamics

A typical MD workflow comprises four main steps: (1) system preparation, (2) energy min-
imisation, (3) equilibration and (4) production [80]. System preparation is completely depen-

37



dent on the biological question to answer and the approach often needs to be specific to the
molecules being simulated. Generally, the starting configuration needs to be built, including
the protein of interest, usually solvated in water, sometimes in the presence of ions. If neces-
sary, multiple copies of the molecule of interest can be placed in the simulation box, ligands
can be added, a membrane can be included, etc. The resulting configuration needs to be

described in terms of forcefield parameters, provided that an appropriate forcefield exists.

Energy minimisation, or relaxation, aims to find a local energy minimum of the starting
structure. This ensures that, at the start of the simulation, there are no forces so great that
atoms would have to move an unreasonably large distance. In GROMACS, the standard
minimisation algorithm is a steepest descent one in which atoms are moved by a distance
up to a set maximum, and forces are then calculated. If the potential energy of the system is
decreased by the atomic movements, the new configuration is accepted; if not, the system
reverts to its previous state and a different displacement is trialled. This is done a number of
times set by the user, or until the maximum of the absolute values of the force components

is below a target value.

The minimised system then needs to be brought to equilibrium (after generating starting
velocities as mentioned in Section 1.3.2). This process is done by running one or more short
simulations, sometimes with a small time step compared to the final production run. The aim
of equilibration is to bring the system to the desired conditions (e.g. temperature, pressure)
in which the run will be performed. Equilibration can be done in various thermodynamic
ensembles: NVE (constant number of particles, volume and energy), NVT (constant number
of particles, volume and temperature) or NPT (constant number of particles, pressure and

temperature).

The production run mainly differs from the equilibration in that the system is considered
to be at equilibrium and so the simulation can be used to extract properties of that system.
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The early part of a production run is sometimes excluded from the analysis as additional
equilibration. The length of the production run is usually determined based on the sampling
required (longer simulations usually offer more sampling) and the computational resources

available.

1.3.4 Coarse-grain MD and the Martini forcefield

Biological processes happen over a wide range of temporal and spatial scales, from electron
transfer to movement at the organism level. Different computational approaches can be
used to model biological processes at different levels: this is called multiscale modelling

(Figure 1.13).
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Figure 1.13 | Multiscale modelling comprises several modelling techniques that describe
matter at specific scales in time and space.

The most fundamental description of matter comes from quantum mechanics, where a
single electron is the smallest unit. Larger systems can be modelled by atomistic MD simula-
tions, where the smallest unit is the atom, and whose principles are detailed above. Atomistic
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MD simulations can be used to study the flexibility of proteins, ligand binding and unbinding,
conformational changes, allostery, protein folding and a variety of processes at the protein
level [81]. Coarse-grain molecular dynamics (CGMD) allows the study of larger systems over
longer timescales when compared to atomistic MD. In CGMD, atoms are grouped together
into beads or pseudo-atoms, and the motions of those beads are calculated using adapted
forcefields. While atomistic detail is lost, the beads are parametrised to match the physico-
chemical properties of their constituent atoms, making CGMD a powerful tool to study mem-
brane or micelle self-assembly, pore formation, membrane deformation or protein-lipid inter-
actions [82]. Mesoscale processes can be modelled using methods like dissipative particle
dynamics, where each particle represents a whole molecule or a fluid region. Chemical de-
tails are lost and only physical properties like hydrodynamics and thermal fluctuations are
modelled, making this approach well suited for complex fluids and polymers [83]. Some
modelling approaches may combine elements from multiple scales, for instance quantum
mechanics/molecular mechanics (QM/MM) simulations include a small portion of the sys-
tem treated with a quantum mechanical method within an otherwise atomistic box [84]. The
detail of atomistic MD can also be combined with the speed of CGMD, resulting in hybrid

systems where an all-atom molecule is placed in a coarse-grain environment [85].

The Martini model

The most widely used model in biomolecular CGMD is the Martini model, which relies on
the idea that small chemical fragments within molecules can be represented by specific
beads, regardless of the rest of the molecule [82]. It was built using a combination of top-
down and bottom-up parametrisation approaches: the non-bonded interactions are modelled
as Lennard-dones potentials based on experimental thermodynamic data (top-down) while
the bonded parameters are derived from atomistic simulations (bottom-up). The original
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forcefield developed in 2002 contained only four bead types (apolar, intermediate polar, polar
and charged) and was restricted to lipids. It was used to simulate the spontaneous assembly

of lipid vesicles [86], as well as the process by which they fuse with each other [87].

Martini 2 was introduced in 2007 to capture the chemical diversity of lipids more accu-
rately [88]. The new forcefield included 18 bead types and successfully reproduced the sep-
aration of lipid-ordered and lipid-disordered phases and the formation of lipid rafts in model
membranes [89]. The Martini 2 forcefield uses four-to-one mapping: on average, four heavy
(i.e. non hydrogen) atoms are grouped together into a single bead (Figure 1.14A). In addition
to the 18 bead types, it includes three bead sizes, resulting in 54 possible beads overall. The
forcefield takes on a similar form to that presented in Section 1.3.1 with parameters adapted
for the bead types used. The use of pseudo-atom beads results in smoother energy poten-
tials (Figure 1.14B) which, along with the reduced number of particles when compared to an
equivalent atomistic system, leads to a speed-up in computation. Martini 2 was improved
in 2008, then again in 2013, to include proteins [90, 91]. As hydrogen atoms are not repre-
sented in the beads, bonded parameters had to be added specifically to maintain secondary
structure elements. To stabilise tertiary structure, an approach using an elastic network of
additional harmonic bonds to maintain the overall fold (termed EINeDyn, or elastic network
in dynamics) was also introduced [92]. Martini 2 was also extended to other biomolecules,
including carbohydrates in 2009 [93], DNA in 2015 [94] and RNA in 2017 [95]. One of the
limitations of Martini 2 was the way it originally modelled water: it was an uncharged bead
corresponding to four water molecules. This did not capture the electrostatics of water, so
a model of polarisable water was introduced in 2010, where each water molecule is repre-
sented by a neutral bead bonded to a positively-charged and a negatively-charged bead,
creating a dipole moment [96]. This model was better able to simulate ion transport across
lipid membranes and membrane electroporation. Overall, the Martini 2 model was used
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in hundreds of studies to simulate various biological systems and processes, including a
eukaryotic plasma membrane with over 60 different lipids [97], lipid scrambling [98], drug
delivery by lipid nanodiscs [99], complex formation between a G protein-coupled receptor

and B-arrestin [100] or the human nuclear pore complex [101].

Atomistic % » Coarse-grain

Wiy v

Figure 1.14 | The Martini approach to CGMD. A. An arginine residue in a protein is repre-
sented by three beads: one polar bead for the backbone (green), a bead of intermediate
hydrophobicity for the aliphatic part of the side chain (grey) and a charged bead for the
guanidinium group (purple). B. The energy potential landscape of a coarse-grain system in
the Martini forcefield (right) is smoother than the corresponding atomistic landscape (left),
leading to computational speed-up.

Two key limitations of Martini 2 are its tendency to overestimate intermolecular interac-
tions (sometimes called the stickiness problem) and the limited chemical space available,
especially for small-molecule ligands [82]. For proteins specifically, Martini 2 often fails to
reproduce protein flexibility and to model protein cavities accurately. To solve these prob-
lems, a new version of the forcefield, Martini 3, was recently released [102]. It includes
a total of 843 beads with a more specific interaction matrix and improved parameters for
many beads. The representation of proteins was also improved by a full re-parametrisation
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of side chains and changes to backbone bead types, which no longer depend on secondary
structure. As an alternative to the EINeDyn approach, Martini 3 can be combined with a
network of Lennard-Jones interactions based on the contact map of the native structure,
which improves the way protein flexibility is modelled [103, 104]. Since its release, Martini 3
has been tested for protein dimerisation, revealing that it has solved the stickiness problem
of Martini 2 and describes well the free energy of association of transmembrane proteins,
although it underestimates it for soluble proteins [105]. It was also shown to perform well
when describing the interactions of peripheral membrane proteins with lipid bilayers [106]
and binding of small molecules to protein pockets [107]. It is still in active development,
and was recently extended to carbohydrates [108, 109]. However, despite the theoretical
increase in chemical space available in Martini 3, Martini 2 still has a much larger number of

published and validated parameters, and so remains a valuable tool in CGMD.
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2 || Molecular Dynamics simulations of
the inhibited membrane attack
complex

Chapter summary

The membrane attack complex (MAC) is a giant immune pore, which forms on pathogens
and damaged cells as a result of complement activation. The last-resort inhibitor of MAC
is CD59, a small glycosylphosphatidylinositol (GPI)-anchored protein ubiquitously found in
the cell membrane of human cells. Some cholesterol-dependent cytolysins (CDCs) from
pathogenic bacteria hijack CD59 to aid pore formation and lyse cells. Recent cryoEM work
has revealed that CD59 adopts drastically different orientations relative to the membrane
when inhibiting MAC and when promoting CDC pore formation. | used atomistic molecular
dynamics (MD) simulations of GPl-anchored CD59 to characterise its flexibility, showing that
it adopts a wide range of orientations. CD59 preferentially samples specific poses, including
those compatible with MAC and CDC binding.

MAC deposition on lipid bilayers is accompanied with changes in the physico-chemical
properties of membranes. The cryoEM maps of inhibited MAC on lipid nanodiscs suggested
interactions between complement proteins and lipids. | used coarse-grain MD simulations of
the CD59-C5b8 complex in a lipid bilayer to characterise the effects of inhibited MAC on its
local lipid environment. The simulations showed membrane thinning and lipid binding, which

may act as signals for CD59 recruitment or inhibited MAC clearance.

Related publication: Emma C. Couves, Scott Gardner, Tomas B. Voisin, Phillip J. Stans-
feld, Edward W, Tate, Doryen Bubeck. In press. Structural basis of membrane attack com-
plex inhibition by CD59. Nature Communications.
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2.1 Introduction

2.1.1 The Complement cascade

Complement is a system of over 40 membrane-bound and blood-circulating proteins. It is
the immune system’s first line of defence against many pathogens and is involved in tissue
homeostasis by recognising damaged or abnormal cells [37]. It bridges the gap between
innate and adaptive immunity, and regulates the adaptive response [110]. Complement can
be activated by three pathways, which all trigger a cascade of proteolytic activation events,

ultimately converging in the formation of the membrane attack complex (MAC) (Figure 2.1).

Complement activation occurs on target membranes

In both the classical and the lectin pathways, complement activation starts with the recog-
nition of a molecular ‘danger’ signal on the surface of a cell membrane. In the classical
pathway, antibodies bind antigens on pathogens or damaged cells and oligomerise to form
a platform which recruits complement component C1 (Figure 2.1A) [111, 112]. C1 circulates
in serum as a complex of C1q and the serine proteases C1r and C1s, which are activated
upon C1q binding to the membrane-associated antibody complex [113, 114]. Cryo-electron
tomography (cryoET) data show that C1 forms localised clusters on liposomes, which may
allow activation of C1r and C1s by the serine proteases from neighbouring complexes [112].
In addition to antibodies, C1q directly recognises a variety of membrane proteins and lipids
[115, 116, 117]. These include negatively-charged lipids in liposomes [118], lipid A in the
lipopolysaccharide of Escherichia coli [119] and phosphatidylserine on the surface of apop-
totic cells [120]. While the membrane and lipid environment clearly play a role in complement
activation, the nature of the protein-lipid interactions and their effects on complement func-
tion remain unresolved.
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Figure 2.1 | The three complement activation pathways converge to form the membrane
attack complex. A. In the classical pathway, C1q recognises antibodies bound to antigens.
B. In the lectin pathway, the mannose-binding lectin (MPL) recognises pathogen-associated
glycans. C. In both cases, serine proteases (C1s, MASP) proteolytically activate C4 and
C2 to form the C4b2b C3 convertase. D. The resulting protein complex activates C3 to
form the C4b2b3b C5 convertase. E. The C5 convertase cleaves C5 into C5a and C5b.
F. C5b assembles with other complement proteins to form the membrane attack complex
(MAC). G. In the alternative pathway, spontaneous hydrolysis of C3 leads to the formation
of alternative C3 and C5 convertases which perform the same functions as those generated
by the other two pathways.

In the lectin pathway, the mannose-binding lectin (MBL) binds pathogen-associated sug-
ars [121] or proteins [122], but was also proposed to recognise the apoptotic signals cal-
reticulin and CD91 [123] and even some phospholipids [124]. Similarly to C1q, MBL is in
complex with serine proteases (the MBL-associated proteases, MASPs), which are activated
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by the recognition of a ‘danger’ signal (Figure 2.1B) [125, 126]. Both the classical and lectin
pathways trigger the same proteolytic cascade whereby blood-circulating C4 is cleaved into
fragments C4a and C4b (Figure 2.1C) [127]. C4b covalently attaches to the membrane,
where it binds C2. The serine proteases then cleave C2 to release C2a while C2b remains
associated to C4b to form the C4b2b C3 convertase [128]. The initial cleavage of C4 reveals
a thioester, which reacts with the target membrane to anchor C4b covalently. That thioester
is rapidly hydrolysed in the absence of substrate [129] but C4b release from its activating
MASP is relatively slow, which favours the formation of the convertase near the site of com-
plement activation [130]. This suggests that the complement cascade is propagated near
the initial site of activation, but the physiological implications on downstream complement

proteins are unknown.

The alternative pathway is constantly active via a process called tick-over. A small pro-
portion of serum C3 spontaneously hydrolyses to form C3(H.O) in solution, which binds to
Factor B (Figure 2.1G). Factor B is then cleaved by serine protease Factor D, and Frag-
ment Ba is released as the soluble C3(H,O)Bb complex is formed. C3(H.O)Bb acts as a
C3 convertase in solution: it cleaves serum C3 into C3a and C3b, allowing C3b deposi-
tion on a nearby cell surface. Fragment Bb, released from Factor B by Factor D-mediated
hydrolysis, associates with the membrane-bound C3b to form the C3bBb C3 convertase.
The convertase is part of an amplification loop: it proteolytically activates more serum C3
to form membrane-attached C3b, that can then become part of new convertase complexes.
Addition of another C3b molecule to an already-formed convertase changes the specificity
of the complex and results in the formation of the C3b3bBb C5 convertase (also called the
alternative C5 convertase), which cleaves C5 into C5a and C5b. However, the alternative
C3 convertase itself also exhibits some C5 convertase activity, and comparing its kinetics in
solution and on a surface showed that the surface-associated convertase has a much higher
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affinity for C5 [131]. The orientation of C3b also influences the convertase activity [132], indi-
cating that the membrane on which complement is activated functions as a physical scaffold
allowing complement proteins to orient themselves efficiently. The local protein environment
of the convertase within the membrane also influences its activity: C3b needs to be densely
packed on the target surface for efficient C5 convertase activity, but not C3 convertase ac-
tivity [132, 133]. These results demonstrate that assembly on a target surface is important
for activity of the alternative C5 convertase, but disentangling the precise contributions of

protein-protein and protein-lipid interactions has been challenging.

Similarly to the alternative C3 convertase, addition of C3b to the classical C4b2b C3
convertase leads to the formation of the C4b2b3b C5 convertase (Figure 2.1D). The classical
and alternative C5 convertases both cleave C5 into two products: the small anaphylatoxin
Cb5a and the larger fragment C5b [134]. C5b is the first component of the membrane attack
complex (MAC) but it has a short half-life as a soluble monomer. As a result, MAC forms
near the convertase, and so the location of complement activation dictates the environment
in which the lytic pore will be assembled. However, the molecular details of the interactions
between membrane lipids and complement proteins, as well as their impact on MAC activity,

have not been characterised.

The terminal complement pathway

All three activation pathways converge at the formation of the C5 convertase, which acti-
vates the terminal complement pathway by cleaving C5 (Figure 2.2). C6 rapidly binds and
stabilises labile C5b and unfurls helices in its MACPF/CDC domain into B-hairpins that bind
the membrane near the convertase [135]. C7 then binds the complex and undergoes a
similar conformational change to form C5b7 [136]. C8 is a heterotrimeric complex made
up of the C8a, C8B and C8y polypeptide chains [30, 137]. C8P binds to C7 and unfurls its
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MACPF/CDC helices into B-hairpins, as does C8a [38, 138, 139]. C8y is, along with C5b,
one of only two MAC proteins lacking the MACPF/CDC domain and, as such, does not inter-
act with the membrane directly. A first C9 molecule associates with C5b8 to form the C5b9;
complex. Further oligomerisation of C9 subunits then results in the full membrane attack

complex (MAC) pore [140], with a diameter of 110 A [38].

MEMBRANE

C5b6 C5b7 C5b8 C5b9,
Figure 2.2 | The terminal complement pathway is the sequential assembly of complement
proteins to form the membrane attack complex (MAC). Labile C5b is captured by C6, which
stabilises it and anchors the complex to the membrane by unfurling its MACPF/CDC domain
helices. C7 undergoes a similar conformational change to bind C5b6 and form the C5b7
complex. Heterotrimeric C8 then binds and unfurls its MACPF helices to form the C5b8
complex. Several copies of C9 then oligomerise to form the complete pore. All assemblies
are derived from PDB 6HO03. Soluble structures of proteins are derived from PDB 3T50 (C6),
30JY (C8) and 6CXO (C9). The soluble C7 structure is a prediction from the AlphaFold

Protein Structure Database (ID P10643) [141, 142]. This original figure was also used for
publication in [143] under a CCBY 4.0 license.

MAC inserts into the membrane via the tips of its B-hairpins, which form a hydropho-
bic belt on the outer face of the pore, evidenced by the presence of a detergent belt in
cryoEM structures (Figure 2.3A) [38]. MAC adopts a ‘split-washer’ shape and, as a result,
the hydrophobic belt is not planar, unlike that of the CDC pneumolysin, which shares a com-
mon pore-forming fold [51]. Another immune pore-forming protein, Perforin-2, also shows a
twisted conformation and a break in planarity [47], but the impact of these non-planar hy-
drophobic belts on the membrane is unknown. MAC can adopt two conformations: an open
conformation, characterised by a ~30 A chasm between the edge of the final C9 and that of
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C6, and a closed conformation where the B-barrel is sealed (Figure 2.3B). The physiological

relevance of the two conformations is unclear.

Figure 2.3 | Structure of the membrane attack complex (MAC). A. Open conformation of
MAC, with the cryoEM map (EMDB 0106) overlayed with the model (PDB 6H03). B. Cross-
sections of the open (top, PDB 6HO03) and closed (bottom, PDB 6H04) conformations of
MAC viewed from the bottom of the pore.

2.1.2 Inhibition of MAC by CD59

CD59 is a GPl-anchored protein

Complement activation is heavily regulated to avoid causing damage to healthy self-cells,
and the last-resort inhibitor of MAC is a small protein called CD59, or protectin[144]. CD59 is
an 11-kDa globular protein attached to the outer leaflet of the plasma membrane via a glyco-
sylphosphatidylinositol (GPI) anchor [145]. It is made up of a central, three-stranded B-sheet
faced by an a-helix, and its fold is maintained by five disulfide bonds (Figure 2.4). Structures
of CD59 from an NMR ensemble suggest a high level of flexibility in the C-terminus [146].
CD59 contains an N-linked glycosylation site at Asn-18, and other potential sites for O-linked
glycosylation [145], although the role of the glycans is unclear.

The C-terminal residue of CD59 (Asn-77) is covalently linked to the GPI anchor [145].
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C-terminus

Figure 2.4 | Structure of CD59 solved by solution NMR (PDB 1CDR). A. CD59 (cyan) is a
globular protein containing five disulfide bonds (yellow) with a glycosylation site at Asn-18.
B. The NMR ensemble reveals a high degree of flexibility in the C-terminus (purple).

The backbone carboxylic carbon forms an amide bond with the nitrogen of a phospho-
ethanolamine (EtNP) linker connecting the protein to the sugar moieties of the anchor (Fig-
ure 2.5). The GPI core is made up three mannose (Man) residues, a glucosamine (GlcN) and
a myoinositol (Ino), in the sequence Man-a(1—2)Man-o(1—6)Man-o(1—4)GIcN-a(1—6)Ino.
The second mannose residue is decorated with another EtNP moiety and, in some in-
stances, an N-acetylgalactosamine (GalNAc) residue. The myoinositol residue is connected

to two lipid tails via a phosphoglycerol linker at carbon C4 and to a third tail at carbon C3.

CryoEM structures of CD59-inhibited MAC

Early binding assays involving CD59 and various MAC-derived peptides suggested that it
interacted with both C8a and C9 via the same binding site [147, 148]. To characterise its
precise mechanism of action, Dr. Emma Couves and Dr. Scott Gardner in the Bubeck
lab solved multiple structures of CD59-inhibited MAC precursors [143]. Their cryoEM maps
of inhibited complexes with different numbers of C9 molecules (C5b8, C5b9;, C5b9, and
C5b93) show that CD59 engages the leading edge of C8a. with its final B-strand, positioning
itself to deflect the hairpins of C9 away from the membrane (Figure 2.6). It also stabilises an
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Figure 2.5 | Structure of the CD59 GPI anchor. A phosphoethanolamine (EtNP) linker
(yellow) connects the protein to the anchor, while another (purple) decorates the second
mannose residue. An N-acetylgalactosamine residue (turquoise) sometimes decorates the
core of the anchor. Man: mannose; GlcN: glucosamine; Ino: myoinositol; GalNAc: N-
acetylgalactosamine.

intermediate conformation in the final C9, preventing further oligomerisation.

CD59 binds the bacterial cholesterol-dependent cytolysins (CDCs) intermedilysin (ILY)
and vaginolysin (VLY) via the same B-strand. While it engages C8a through similar residues,
it adopts a very different binding pose for MAC inhibition and is rotated over 100° relative to
the membrane (Figure 2.7) [143]. The crystal structure of CD59 fitted in the map suggests
that its C-terminus, connected to the GPI anchor, is pointing away from the membrane,
although the NMR structure in Figure 2.4 indicates flexibility. However, the propensity of
CD59 to adopt these two orientations in the absence of binding partners is unknown.
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Figure 2.6 | Structural basis of MAC inhibition by CD59. A. Map-model overlay of the C5b9;-
CD59 structure solved by cryoEM (PDB 8B0G). B. CD59 binds to C8a and deviates its
trajectory (purple, PDB 8HOF) compared to its conformation in MAC (grey, PDB 6H03). C.
CD59 deflects the hairpins of C9 away from the membrane (green, PDB 8B0G), preventing
pore formation.

Towards the
membrane

Figure 2.7 | CD59 adopts a different orientation when in complex with ILY (A) and C8a (B).
CD59 is coloured from N- (cyan) to C-terminus (purple).
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Effects of MAC precursors on the membrane

Various biophysical techniques have contributed to our understanding of the effects MAC
precursors have on lipid membranes. Flicker spectroscopy of giant unilamellar vesicles re-
vealed that C5b6 binding to the membrane decreases its bending modulus, i.e. it lowers the
energy required for bending [38]. The addition of C7 does not affect the bending modulus
but it was previously shown to tether the MAC precursor irreversibly [149]. C8 binding, on
the other hand, increases the bending modulus of the membrane, making it more rigid. The
C5b8 complex also forms a non-selective ion channel, unless it is captured by CD59, which
then deflects the C8a hairpins (Figure 2.6) [150]. Finally, as C9 oligomerises and the pore

widens, the membrane rigidifies further [38].

The cryoEM maps of CD59-inhibited MAC precursors generated by Dr. Emma Cou-
ves revealed new possible effects of MAC proteins on the membrane (Figure 2.8). She
used the machine-learning algorithm CryoDRGN to resolve transient states in heteroge-
neous datasets [64]. The resulting reconstructions revealed density unaccounted for by the
protein subunits (Figure 2.8A). Since the extra density is near the tips of the MACPF/CDC
domains, it may represent ordered lipids. However, CryoDRGN-generated maps do not un-
dergo gold standard refinements, so hypotheses derived from them should be tested with
other techniques. Dr. Couves also applied a positive B-factor on the C5b9;-CD59 map to
visualise the shape of the nanodisc. The density shows a reduction in membrane thickness
below the tip of C8P (Figure 2.8B), suggesting that MAC proteins affect the local properties
of the membrane before pore formation. However, it is unclear whether this is an artefact of
the spatial constraints imposed on the lipids by the nanodisc, or whether it is a physiological
phenomenon.
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Figure 2.8 | Effects of inhibited MAC on lipid bilayers. A. CryoDRGN map coloured by
subunit. The extra density (white) indicated by the arrow may correspond to ordered lipids.
B. Cross-section of the C5b93;-CD59 map (coloured by subunit) after applying a positive B-
factor to enhance for the flexible regions. The white density at the bottom corresponds to the
nanodisc. The arrow points to local thinning of the membrane.

2.1.3 MD simulations as a tool to study C5b8-CD59

MD simulations of pore-forming proteins

Molecular Dynamics (MD) simulations are a powerful tool for studying pore-forming proteins
in the context of their target membranes [151]. For instance, simulations of the a-pore form-
ing protein Cytolysin A combined with single-molecule imaging showed the importance of
cholesterol binding for pore formation [152]. In the case of MACPF/CDC proteins specifi-
cally, atomistic MD simulations of the bacterial CDCs pneumolysin (PLY) and listeriolysin O
(LLO) have been used to characterise protein-lipid interactions, as well as the molecular

detail of pore formation [153, 154].

A major limitation to the use of MD simulations for studying pore-forming proteins is the
presence of large extracellular domains that add to the computational cost without being
directly involved in pore formation. To speed up calculations, coarse-grain (CG) MD simula-
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tions with the Martini 2 forcefield have been used on pore-forming proteins. This approach
showed that PLY and gasdermin, both B-pore forming proteins, repel lipids in different ways
depending on whether they are assembled into full pores or partial arcs, highlighting the

importance of studying both pores and their precursors [153, 155].

CGMD is also a powerful approach to study protein-lipid interactions for both transmem-
brane and peripheral membrane proteins. CGMD simulations using the Martini 2 forcefield
identified ceramide binding sites on the ion channel hERG1, which were confirmed by muta-
genesis [156]. Similarly, CGMD simulations of the peripheral membrane-binding tubby do-
main revealed a previously unknown binding site for phosphatidylinositol 4,5-bisphosphate

that works cooperatively with the canonical binding site [157].

MD simulations of GPl-anchored proteins

Glycosylphosphatidylinositols (GPIs) are glycolipids found on the surface of many eukaryotic
cells, often attached to the C-terminus of proteins [158]. All GPI anchors share a common
saccharide core (as shown in Figure 2.5 for CD59) connected to its respective protein via
a phosphoethanolamine (EtNP) linker. Studying the structure of GPI anchors using exper-
imental methods has been challenging due to the flexibility of the glycosydic linkages and
the need for a hydrophobic environment around the lipid tails. MD simulations have been
used to characterise the conformational flexibility of GPI-anchored proteins, revealing that
the anchor exchanges between two main conformational states [159, 160]. In its extended
conformation (termed the lollipop conformation), the sugars point away from the membrane
whereas in the flop-down conformation, the sugar moieties interact with the lipid headgroups,
bringing the protein closer to the membrane (Figure 2.9). Recent atomistic simulations of
CD59 and structurally related proteins have suggested that it preferentially adopts the flop-
down conformation [160]. However, the link between the orientation of CD59 relative to the
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Figure 2.9 | GPI anchors exchange between extended, lollipop conformations (A) and flop-
down conformations (B), where the protein is brought close to the membrane.

membrane and its ability to bind C8a and ILY remains unknown.

One of the long-standing challenges of simulating GPl-anchored proteins has been the
lack of accurate CG representations of GPls. Banerjee et al. recently developed a CG GPI
model based on the Martini 2 forcefield [161]. The authors parametrised the sugar moieties
and lipid tails based on atomistic simulations using the GLYCAMO6h [162] and Lipid14 [163]
forcefields. The result is a CG molecule with 15 beads corresponding to the sugar residues,
one bead for the phosphate group, and eight beads describing two lipid tails. This model is
not specific for CD59: it lacks the EtNP and GalNAc decorations on Man, and the third lipid
tail on carbon C3 of the Ino residue (Figure 2.5). Moreover, the two lipid tails are represented
by three apolar beads each, which would be more suited to lipids with a C4, or C14 chain than
to the longer chains found in the CD59 GPI anchor. While the overall model is a simplified

version of a GPI core, it remains a useful tool for simulating GPl-anchored proteins.

2.1.4 Aims

The work presented in this chapter uses MD simulations to expand on the structural informa-
tion about CD59 inhibition of MAC and to explore the hypotheses derived from the cryoEM
reconstructions. To assess whether CD59 readily exchanges between its CDC-bound and
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MAC-bound orientations, | performed atomistic simulations of GPl-anchored CD59 in a
membrane environment. To determine how inhibited MAC affects its local lipid environment,
| simulated a CG model of C5b8-CD59, which first required the parametrisation of the EtNP

linker between CD59 and its GPI anchor.

2.2 Computational Approach

2.2.1 Atomistic simulations of GPl-anchored CD59

The NMR structure of CD59 (PDB 1CDR) [146] was uploaded to the Membrane Builder utility
of the CHARMM-GUI server [164, 165]. The final Asn-77 residue was linked to the GPI
anchor core with a phosphoethanolamine (EtNP) moiety and an extra EtNP modification
was added to the second mannose residue. The CHARMM-GUI server could not model
the bond between carbon C3 of the inositol residue and the third lipid tail, so a simplified
GPI anchor was built with two acyl tails connected to the phosphoglycerol, each with 17
aliphatic carbons. The N-linked glycan at Asn-18 was included as an N-acetylglucosamine
(GlcNAc) residue decorated with a second GIcNAc and a fucose (Fuc) residue; the IUPAC
nomenclature of the full glycan is GIcNAc(1—4)[Fuc(1—6)]GIcNAc(1—)Asn-18. The protein
was placed in a DOPC bilayer and solvated in TIP3P water [166] including 150 mM NaCl
(with two extra Na* ions for neutralisation), within a 12 x 12 x 13.8 nm?3 box.

Three independent replicate simulations were performed in Gromacs 2021.3 [79] us-
ing the CHARMMB36m forcefield [167]. In each case, the system was minimised with the
steepest descent algorithm to a maximum force of 1000 kd/mol or until convergence. The
output from minimisation was then equilibrated for 250 ps in an NVT ensemble at 310 K (1 fs
timestep) with position restraints on the protein and lipids, before a further 1 ns equilibra-
tion run in NPT ensemble at 310 K (2 fs timestep) with backbone restraints only. 500 ns
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production runs were performed at 310 K with a Nosé-Hoover thermostat (tr = 1.0 ps) and
a semi-isotropic Parrinello-Rahman barostat maintaining a pressure of 1 bar (tp = 5.0 ps).

The LINCS algorithm [168] was used to fix bonds to hydrogen atoms.

The trajectories were visualised in VMD [169] and selected frames were exported as PDB
files for figure generation in ChimeraX [170]. The angle between the z-axis of the box and
the vector defined by the backbone nitrogens of Leu-1 and Asn-77 was measured with the
gangle tool in Gromacs. The angle between the z-axis and the vector formed by C6 of Ino
and C4 of Manz was similarly analysed. The root mean squared fluctuation (RMSF) of the
protein was calculated over the three trajectories with the MDAnalysis.analysis.rms module
of MDAnalysis [171, 172, 173, 174], and was compared to the root mean squared deviation
(RMSD) of the NMR ensemble [146] calculated in Chimera [175]. Potential hydrogen bond
pairs between CD59 and DOPC were identified and the average number of hydrogen bonds
established by each residue over the course of the three replicates was calculated using
the HydrogenBondAnalysis module of MDAnalysis [173, 174]. To generate an Euler plot
of CD59 orientations relative to the membrane, each frame was exported to a PDB file,
which was aligned to the same reference configuration (the output of the equilibration run
for the first replicate) using the align command in ChimeraX [170]. The resulting rotation
matrices were used to calculate the Euler angles 6 and v of rotation (about the y- and x-
axes, respectively). Values for the ¢ angle were not taken into account as the z-axis was
considered to be normal to the plane of the membrane. The Euler angles were plotted using

seaborn [176] and Matplotlib [177] in Python.

2.2.2 Parametrisation of the CD59-GPI EtNP linker

To model coarse-grain GPl-anchored CD59, the EtNP linker between the protein and the
anchor was parametrised following the procedure suggested by Banerjee et al. [161]. A
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Figure 2.10 | Parametrisation of the EtNP linker. A. Atomistic molecule used for the
parametrisation. B. Coarse-grain mapping of the molecule in panel A. This figure was used
for publication in [143] under a CCBY 4.0 license.

molecule was built with the LEaP facility in AmberTools21 [66] comprising the three C-
terminal residues of CD59 (with an N-terminal acetyl cap) bonded to the EtNP linker, itself
linked to the first two mannose moieties of the anchor (Figure 2.10). The molecule was
placed in a box with 2,466 TIP3P water molecules and two neutralising Na* ions. The sys-
tem was converted for use in Gromacs 2021.3 with ACPYPE [178] and all simulations were

run with the GLYCAMOG6h forcefield [162].

Independent triplicates were run to sample the behaviour of the atomistic molecule. For
each replicate, energy minimisation was performed using the steepest-descent algorithm
until a maximum force of 10 kJ/mol, followed by an NPT equilibration for 100 ps and a

200 ns run, both using the sd integrator [179].

A CG version of the same molecule was built using the mapping proposed in Banerjee
et al., adapted for the CD59 residues (Figure 2.10). The EtNP linker was modelled as two
beads (L1 and L2), the CD59 residues were modelled according to the Martini 2.2 forcefield
parameters for proteins, while the acetyl cap and the sugar parameters were taken from
Banerjee et al. The CG molecule was hydrated with polarisable water [96] and two neu-
tralising Na* ions in a 5 x 5 x 5 nm® box. A modified version of the Martini 2.2 forcefield
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where the well depth of the Lennard-Jones potential for sugar-sugar interactions was scaled
down to avoid aggregation was used in the original study [161] and the same forcefield was
used for the work in this chapter. The system was minimised for 1,000,000 steps using the
steepest-descent algorithm before a 500 ps NPT equilibration and a 200 ns run with the sd
integrator. The bonded and non-bonded parameters were iteratively adjusted to match the

behaviour of the atomistic molecule.

2.2.3 Coarse-grain simulations of C5b8-CD59

In the cryoEM structures of inhibited MAC, C9 does not interact with the membrane, so
the C5b8-CD59 structure solved by Dr. Scott Gardner was chosen for CG simulations. Dr.
Emma Couves prepared the structure for MD simulations by splitting C5b into two chains (ac-
counting for the chain break resulting from C5a cleavage) and building the missing residues
from the open MAC structure (PDB 6H03) [38]. The transmembrane hairpins of C8a were

connected by triple-glycine linkers and all glycans were removed.

| converted the structure generated by Dr. Emma Couves to a CG model using the
martinize.py script with the EINeDyn framework [92] for Martini 2.2 with an elastic bond
force constant of 500 kJ/mol/nm? and upper and lower elastic bond cut-offs of 1.0 nm and
0.5 nm, respectively. The GPI anchor was placed in close proximity of the CD59 C-terminus
in Chimera and the topology (itp) file was modified to include the GPI anchor parameters
from Banerjee et al. [161] and the linker parameters generated as detailed above (cf. Sec-
tion 2.3.4). The complex was placed in a 7:3 (molar ratio) DOPC:cholesterol membrane in
a 22.5 x 22.5 x 30 nm?® box using the insane.py script [180] with polarisable water [96] and
150 mM of neutralising NaCl. Independent triplicates were run in Gromacs 2021.3. The sys-
tem was minimised with the steepest descent algorithm to a maximum force of 100 kJ/mol or
until convergence. The output was equilibrated for 2 ns (1 fs timestep) in an NPT ensemble
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with a pressure of 1 bar maintained by a semi-istropic Berendsen barostat (tp = 5.0 ps).
The equilibrated system was used for a 2 us production run (5 fs timestep) in an NPT en-
semble maintained at a pressure of 1 bar by a semi-isotropic Parinello-Rahman barostat
(tp = 12.0 ps). For both the equilibration and production runs, the leapfrog stochastic dy-
namics (sd) integrator was used to match the original study [161] and the temperature was
kept at 310 K by a V-rescale thermostat (tr = 1.0 ps). The small timesteps used were nec-
essary to avoid numerical instability, and the Lennard-Jones potentials were scaled down as

described above and in [161].

2.3 Results

2.3.1 CD59 samples orientations allowing it to bind C8f3 and ILY

To test whether CD59 samples the ILY-bound and C8a-bound orientations in the absence of
either binding partner, | ran atomistic MD simulations of CD59 attached to a simplified GPI
anchor, in a DOPC membrane. Aligning the respective complex structures (ILY-CD59: PDB
5IMT [181]; C5b8-CD59: PDB 8HOF [143]) reveals that CD59 samples both orientations in
the simulations (Figure 2.11). In the frame most similar to the C8a-binding pose, the C-
terminus of CD59 is pointing down towards the membrane, in the opposite direction to the
crystal structure fitted in the cryoEM density.

To assess the flexibility of CD59, the angle between the z-axis of the box (normal to the
membrane) and a vector connecting the C- and N-termini was measured over the course
of the three trajectories (Figure 2.12). This suggests that CD59 samples a large orientation
space, with the angle between the two vectors adopting values between 55° and 180°.

To determine whether this level of movement arises from flexibility inherent to the protein
moiety of CD59, the root mean squared fluctuation (RMSF) of each residue was calcu-
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Figure 2.11 | GPl-anchored CD59 samples the ILY-bound and C8a-bound orientations rela-
tive to the membrane. A. ILY-CD59 structure (white, PDB 5IMT) superimposed with a frame
from the GPIl-anchored CD59 simulations. B. C8a-CD59 structure (white, PDB 8HOF) super-
imposed with a frame from the GPl-anchored CD59 simulations. C. Close-up of the CD59
alignment in panel A. D. Close-up of the CD59 alignment in panel B. Grey: lipid headgroups;
green: GPI anchor; cyan: CD59 (atomistic simulation); dark blue: N-terminal residue of
CD59; light blue: C-terminal residue of CD59; white: reference structure.
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Figure 2.12 | CD59 flexibility in atomistic MD simulations. A. Representation of the angle
measured between the z-axis and a vector connecting the C- and N-termini (passing through
their backbone nitrogen atoms). Lipids headgroups are in grey. B. Distribution of the angle
shown in panel A. The values of the angle corresponding to the ILY-bound and MAC-bound
orientations are shown by the purple dotted lines. C. Per-residue RMSF of CD59 in the
atomistic simulations (shades of green). The RMSD derived from the NMR ensemble [146]
is shown in dotted grey for comparison. Inset: CD59 coloured by RMSF averaged over the
independent triplicates. The C-terminus is indicated by the letter C. D. Distribution of the
angle between the z-axis and the vector connecting the first and last sugar residues of the
GPI anchor. Inset: representation of the angle measured (purple). The different shades of
green in panels B, C and D correspond to independent triplicates.
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lated over the course of the simulations, and compared to the root mean squared deviation
(RMSD) calculated from the NMR ensembile [146] (Figure 2.12C). Both the MD and the NMR
data highlight regions of flexibility in loops connecting rigid secondary structure elements of
the protein, but the highest level of flexibility is found in the C-terminus of CD59. To assess
the flexibility of the anchor, the angle between the z-axis and the vector passing through
carbons C6 of Ino and C4 of Man; was monitored over the course of the simulations (Fig-
ure 2.12D). This shows a large extent of flexibility, suggesting that the sugar moieties of the

GPI anchor act as a hinge, allowing CD59 to sample a wide variety of orientations.

2.3.2 Interactions between CD59 and the membrane

To determine whether the protein moiety of GPl-anchored CD59 interacts with the mem-
brane, potential hydrogen (H-) bonds with DOPC were analysed using the HydrogenBond-
Analysis module of MDAnalysis [173, 174]. As DOPC does not contain any hydrogen atom
covalently bonded to an electronegative atom (Figure 2.13C), it can only act as an acceptor,
through its head group nitrogen, phosphate oxygens or carbonyl oxygens in the fatty acid
tail.

Plotting the average number of H-bonds established by each residue over the course
of the three replicates highlights a cluster of residues located around the edge B-strand of
CD59: Tyr-61, Tyr-62, Lys-65 and Lys-66 (Figure 2.13). Those residues are involved in
both C8B and ILY binding [143, 182], suggesting that, when they form H-bonds with the

membrane, CD59 may not be available to engage either protein.

2.3.3 Orientation sampling of GPl-anchored CD59

GPIl-anchored CD59 shows a high level of flexibility due to its C-terminus and the sugar
moieties of the anchor (cf. Figure 2.12). To visualise how this translates to orientations of
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Figure 2.13 | CD59 residues involved in hydrogen bonds with DOPC. A. Average number
of hydrogen bonds established with DOPC by each CD59 residue over the course of three
independent simulations. B. Structure of CD59 (PDB 1CDR) with residues highlighted in
panel A shown as sticks. C. Chemical structure of DOPC.

CD59 relative to the membrane, each frame was aligned to the same reference (the last
frame from the equilibration run of the first replicate) in ChimeraX [170] and the rotation
matrix was extracted. A rotation matrix of the form shown in Equation 2.1 can be used to

derive Euler angles describing the rotation around each of the three axes of the box.

Rll R12 RIS

R=|Ry Ry Ry (2.1)

R31 R32 R33

The angles of rotation 6 (about the y-axis) and v (about the x-axis) can be calculated
with Equations 2.2 and 2.3 as long as cos(#) # 0. There are two solutions for 6, and thus two
solutions for ¢ but as they are simply shifted by =, only one solution is needed for an angular
orientation plot. As the z-axis is normal to the plane of the membrane, rotations around it do
not represent different orientations relative to the membrane and the corresponding rotation

angle ¢ was not used.

0=— Sin_l(Rgl) (22)
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¥ = atan2 (cos(@)7 cos(6)

The rotation angles for each frame (compared to the same reference) were plotted in
Figure 2.14A. GPIl-anchored CD59 samples a wide variety of orientations relative to the
membrane, although defined clusters suggest that some orientations may be favoured.

Frames corresponding to the numbered points in Figure 2.14A were visualised in ChimeraX.
To test whether each orientation is compatible with C8a or ILY binding, the structures of
CD59-bound C8a. (PDB 8HOF) [143] and CD59-bound ILY (PDB 5IMT) [181] were aligned to
the protein moiety from each selected frame (Figure 2.14B). One of the orientation clusters
corresponds to a pose in which the final B-strand of CD59 is positioned such that it can en-
gage the hairpin of C8a as it unfurls towards the membrane. Various different orientations
of CD59 can accommodate monomeric ILY, as it has more degrees of freedom than C8a.,
which is held in place by the rest of the MAC proteins. One of the clusters corresponds to
an orientation in which the last strand of CD59 is not available for binding either protein, but
instead lies flat on the membrane. Hydrogen bond analysis in ChimeraX for a frame from
that cluster revealed that Tyr-61, Tyr-62 and Lys-66 are involved in H-bonds with the DOPC

phosphates, consistent with the results in Figure 2.13.

2.3.4 Parametrising the CD59-GPI EtNP linker

Coarse-grain (CG) simulations of C5b8-CD59 required a CG model of GPl-anchored CD59.
Banerjee et al. developed the first GPl anchor representation compatible with the Martini 2.2
forcefield [161]. The protein moiety of CD59 did not require parametrisation as the Martini
2.2 forcefield is parametrised for all standard amino acids [91] and the parameters for the
sugars and lipid tails were taken from the original study [161]. The phosphoethanolamine
(EtNP) linker between the sugar residues and the protein, however, was parametrised specif-
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Figure 2.14 | Orientations of CD59 relative to the membrane. A. Angular distribution plot of
CD59 ¢ and v rotation angles (around the y- and x-axes, respectively) from all trajectories
compared to the final step of equilibration for the first replicate. The lines represent the
contours of a kernel density estimation performed by seaborn [176]. Selected orientations
are shown by numbered points. Purple: orientation compatible with C8a binding; turquoise:
orientations compatible with ILY binding; grey: orientation compatible with H-bond formation
with the membrane. B. Selected CD59 orientations from panel A. 1: The C8a-CD59 complex
was aligned to the frame and C8a is shown in white. 2-7: The ILY-CD59 complex was aligned
to the frame and ILY is shown in white. 8: CD59 cannot accommodate C8a or ILY, but instead
forms hydrogen bonds with the membrane. Inset: Close-up view of CD59 with the DOPC
molecules engaging in hydrogen bonds with the protein shown as sticks.
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ically for CD59 following the strategy suggested by Banerjee et al. This was achieved by
parametrising a molecule containing the last three residues of CD59, the EtNP linker, and
the first two sugar residues of the anchor (Figure 2.10). The parameters derived for the linker
molecule are given in Table 2.1 and the comparison between the atomistic and CG bonds,

angles and dihedrals involving the EtNP beads (L1 and L2) is shown in Figure 2.15.

Table 2.1: Coarse-grain parameters of the molecule in Figure 2.10. Beads L1 and L2 rep-
resent the EtNP linker itself.

Bead name | Bead type Bond ro (nm) | K} (kd/mol) Angle 0o (°) | Ka (kd/mol)
T SNO T — BB; 0.3 20000 T—BB1—BB2 128 20.0
BB; P5 BB; —SC1y | 0.33 7500 T—BB; — SC1; 108 30.0
SC1, C1 BB; — BB; 0.39 20000 BB; — BB, —BB3; | 132 30.0
BB, P5 BB, — SC1, 0.4 5000 SC1, — BB, —BB; | 108 30.0
SC1, Qa BB, — BB3 0.35 20000 BB, — BB; — SC13 | 96 80.0
BB; P5 BB; — SC1; | 0.32 5000 BB, — BB; — L1 105 25
SC1; P5 BB; — L1 0.33 10000 SC1; — BB3 — L1 90 1.0
L1 GSNda L1 —L2 0.35 5000 BB; — L1 —1L2 130 60.0
L2 GQa L2 —C15 0.365 18000 L1 —L2—C15 45 5.0
C15 GNa Ci15—C14 0.33 20000 L2 —C15—C13 180 15.0
C14 GP3 C15—C13 0.35 20000 L2 —C15—C14 70 20.0
C13 GSP1 C14 —C13 0.28 40000 C15—C13—C10 | 65 45.0
C12 GP2 C13—C10 0.36 20000 C14—C13—C10 | 95 100.0
C11 GP3 C12—C11 0.33 30000
C10 GSNO C12—C10 0.35 30000
C11 —C10 0.28 40000
Dihedral Type Dy (°) Ky (kd/mol)
BB, —BB; — L1 — L2 Proper 220 1.5
BB; — L1 —L2—C15 Proper -195 4.0
L1 —L2—C15—C13 Proper 320 3.5
L2 —C15—C13—C10 Proper 30 3.0
BB; — BB, — BB; — L1 Improper -200 3.0

2.3.5 Building C5b8-CD59 and placing it in the membrane

To model C5b8-CD59, the atomistic structure of the complex was prepared by Dr. Emma
Couves. | used the martinize.py script with the EINeDyn framework for Martini 2.2 to create
a CG representation of the protein subunits [92]. Adding the beads for the GPI anchor and
modifying the itp file accordingly yielded the full structure used for simulations.

The Memembed script [183] was initially used to predict the position of atomistic C5b8-
CD59 in the membrane. C5b8-CD59 alone was not predicted to stand upright above the
membrane, so the full open conformation of MAC (PDB 6H03 [38]) was used and C5b8-
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CD59 was aligned to the predicted coordinates. However, within only 100 ns, the complex
moved upwards relative to the membrane and C8P was pushed out of the bilayer, with its
hydrophobic face resting on top of the lipids (Figure 2.16A). The same result was obtained

by using the Positioning of Proteins in Membrane (PPM) 2.0 orientation predictor [184].

To ensure C5b8 remained associated with the membrane, an arbitrarily low starting posi-
tion was chosen, where C8p spanned the membrane entirely. Even after 1 us, the complex
was stably associated with the membrane (Figure 2.16B). Tracking the position of the C8a
tip (via Phe-328) shows that, in all three replicates, the complex moves up relative to the
membrane for the first 200 ns of the simulations, after which it remains relatively stable (Fig-
ure 2.16C), suggesting that it has reached its equilibrium position. The simulations were

then run for a total of 2 ns and only the last 1.5 ns were used for analysis.

2.3.6 Lipid binding

To detect potential protein-lipid interactions, the trajectories were analysed with the python
toolkit PyLipID [185]. The programme uses a distance-based approach: a protein-lipid inter-
action starts when a lipid molecule moves closer to a protein residue than a defined lower
cut-off, and it ends when the lipid moves further than a defined upper cut-off. The use of a
dual cut-off compensates for the ‘rattling in a cage’ effect whereby lipids can rapidly change
protein contacts without fully dissociating, resulting in sudden jumps in the minimum dis-
tance between the two interacting molecules [185]. By plotting the occupancy of each pro-
tein residue (i.e. the proportion of the time it is within interacting distance of a lipid molecule)
and its residence time (i.e. how long a specific interaction lasts on average), potential lipid
binding sites can be detected (Figure 2.17).

The PyLipID analysis revealed that most of the longer-lived protein-lipid interactions are
between the complex and DOPC: seven residues show a DOPC residence time of over
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Figure 2.16 | Placing the C5b8-CD59 complex in the membrane. A. The starting position
predicted by Memembed [183] (left) quickly results in C8B being pushed out of the mem-
brane (right, after 100 ns). B. Placing the complex arbitrarily low in the membrane (left)
leads to C8P remaining in the membrane even after 1 us (right). C. Tracking the position
along the z axis of Phe-328 on the tip of C8a shows that the complex moves to its equi-
librium position within 200 ns and remains stable over the course of the simulation. Each
replicate is shown in a shade of green and the average is in purple.
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Figure 2.17 | PyLipID highlights potential lipid binding site. A. Occupancy and residence
time of DOPC for each residue. B. Occupancy and residence time of cholesterol for each
residue. As cholesterol interactions are weaker, the cut-off residence time and occupancy
values for a hotspot were lower than for DOPC. Potential binding sites in panels A and B
are coloured according to the MAC protein the residues belong to. Results averaged over
three replicates. C. Mapping of the potential hotspots in panels A and B on the CG structure,
highlighted in white.

73



750 ns (half the length of time analysed) while only one residue (Val-408 of C6) shows a
cholesterol residence time over 750 ns. Overall, C6, C7 and C8f contain potential lipid
interaction sites near the tips of their B-hairpins and C8B has the most hotspots with five
residues having an occupancy over 80% and a residence time over 500 ns. Lipid-interacting
residues show a variety of physico-chemical properties, from aromatic (e.g. C7 Phe-224) to
charged side chains (e.g. C6 Lys-412). The location of the potential lipid-binding hotspots,

spread over C6, C7 and C8p, is in agreement with the CryoDRGN map in Figure 2.8.

2.3.7 Membrane thinning

Visual inspection of the trajectories revealed a local thinning of the membrane, near the tip of
the C8P hairpins, which was observed in all three replicates (Figure 2.18A). C8B spans the
membrane and is hydrated at its extremity, but does not form a pore in the bilayer as it does
not repel lipids. Overall, these observations are consistent with the cryoEM reconstruction

in Figure 2.8.
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Figure 2.18 | C5b8-CD59 induces a local thinning of the membrane. A. Cross-section of
a representative frame from the C5b8-CD59 simulations, with the nearest lipids shown in
transparent white. The bilayer is thinner near the tip of the C8p hairpins, which are hydrated.
B Thickness of the bilayer within 20 A of the protein (turquoise), and further than 20 A away
from the protein (purple).
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To monitor the effect of C5b8-CD59 on the membrane, the thickness of the bilayer within
20 A of the protein was measured with FATSLiM [186] for each frame after the initial 500 ns
equilibration period. This was compared to the thickness outside that 20 A radius (Fig-
ure 2.18B). Away from the protein, the membrane has an average thickness of 36 A. The
lipids within 20 A of the complex show a reduction in thickness of 10 A on average, but with
a wide range of thickness values. The variability in thickness is probably due to the smaller
number of lipids and artefacts in thickness evaluation arising from distortions induced by
C5b8-CD59. These results show that the thinning effect of the complex is localised to the

immediate vicinity of the protein..

2.4 Discussion

Atomistic MD simulations of GPl-anchored CD59 in a DOPC membrane revealed a high
level of flexibility in the C-terminus of the protein, and in the sugars moieties of the GPI
anchor (Figure 2.12). This is consistent both with the NMR ensemble of CD59 [146] and
with previous MD simulations of GPI anchors, which have shown that they act as flexible
hinges [159]. Computing the rotation angles of CD59 shows that this flexibility results in a
wide range of orientations relative to the membrane (Figure 2.14A).

The angular rotation plot contains defined clusters, suggesting that CD59 may preferen-
tially adopt specific orientations. Visual analysis of selected frames reveals that, in one of
the most populated clusters, the final B-strand of CD59 is in the correct position to engage
the hairpins of C8a. Preferential sampling of this orientation is likely important to the func-
tion of CD59 as an effective inhibitor of MAC, even though it is not the most populated state.
Monomeric GPl-anchored CD59 was simulated in a pure DOPC bilayer, which is a simpli-
fied proxy for the crowded environment of the plasma membrane. At the cell surface, CD59
forms transient homodimers whose half-life is dependent on the presence of the GPI anchor
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and cholesterol [187]. As a result, intermolecular interactions between the ectodomains of
two CD59 molecules may hold the protein in a specific orientation while interactions be-
tween cholesterol and the GPI anchor may affect its flexibility. Simulations including multiple
CD59 molecules in a cholesterol-containing membrane may reveal a different orientation
plot where the MAC-binding orientation is sampled at a different frequency. Moreover, MAC
forms in clusters on cells [143], consistent with the localised activation of complement (cf.
Section 2.1.1) and the lipid environment around complement proteins may influence the
orientation of CD59. However, limited information about lipid-protein interactions in the com-
plement system make it challenging to reproduce accurately the context of MAC formation

and inhibition in MD simulations.

Another major cluster of CD59 orientations is incompatible with either MAC or ILY binding
as the final B-strand is facing the membrane and some of the key residues involved in protein
binding (Tyr-61, Tyr-62, Lys-65, Lys-66) are engaged in hydrogen bonds with DOPC. In this
orientation, the protein lies flat atop the membrane as the sugar moieties of the GPI anchor
are bent towards the bilayer. This corresponds to the flop-down conformation observed in
previous MD simulations of GPI-anchored proteins [159]. A recently published study based
on atomistic simulations of GPI-anchored proteins in lipid bilayer suggested that this orien-
tation is the preferred state of CD59 and did not observe other orientation clusters [160]. As
the authors used a more complex membrane, differences in lipid composition may explain

the different orientation landscape derived from the simulations in this Chapter.

The precise sequence of events dictating ILY association with the membrane is unclear.
Its ability to bind CD59 in solution [181, 182] suggests that it may recognise the protein
receptor before engaging lipids. However, at high concentration, ILY can oligomerise on
membranes in the absence of CD59 [188], supporting a mechanism where lipid binding
precedes CD59 recruitment. The frames from atomistic simulations in Figure 2.14B show
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that, if ILY binds CD59 first, it is potentially able to engage the GPIl-anchored receptor in a
wide variety of orientations. This is in contrast with C8a., which is held in place by the rest of
the C5b8 complex and therefore can only bind CD59 in a defined orientation. ILY may have
evolved to hijack the inherent flexibility of GPI-anchored CD59 in the plasma membrane.
The order of association events is likely driven by differential affinity of ILY for CD59 and
cholesterol-containing lipid bilayers. Binding assays have reported an affinity for CD59 in
the order of 4—5 nM [189, 190]. However, its affinity for lipid bilayers (in the absence of
CD59) is still unknown. Experimental methods such as surface plasmon resonance with
immobilised liposomes [191] or one-dimensional NMR in the presence of lipid vesicles [192]

may help disentangle the order of binding events.

The computational cost of atomistic simulations means that the three production runs
only represent 500 ns each, which may have limited the orientation sampling. While run-
ning longer simulations would improve sampling, another, less computationally expensive
approach would be to use frames representing different orientations as starting points for
new simulations. The GPI anchor used in this work is a simplified model of the native an-
chor, but most differences are confined to the lipid tails (i.e. their lengths and number), which
is expected to have a limited influence on the flexibility of the sugar core. Despite their lim-
itations, the atomistic simulations in this Chapter have shown that CD59 samples a variety
of orientations, including those observed in the experimental structures of the C5b8-CD59

[143] and ILY-CD59 complexes [181, 182].

Building a coarse-grain (CG) model of CD59 allowed the study of inhibited MAC by MD
in the microsecond timescale. The standard Martini 2.2 parameters for amino acids were
used for the protein moiety and the GPI parameters were taken from the study by Baner-
jee et al. [161]. The EtNP linker was parametrised specifically for CD59, using atomistic
simulations as a reference. The overall match between the atomistic and CG parameters
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was satisfactory (Figure 2.15) but some discrepancies could not be resolved. For instance,
the equivalent of the bond between beads BB; (the backbone of Asn-77) and L1 (the first
EtNP bead) shows a bimodal length distribution in the atomistic simulations, which cannot
be reproduced in CG as it is described as a single harmonic oscillator. Moreover, the bottom-
up parametrisation approach has limitations as it requires reliable atomistic simulations and
does not take into account experimental data. Given the importance of flexibility in the GPI
anchor for the orientation of CD59, any results from CG simulations should be interpreted
carefully with regards to the movement of CD59. Finally, the GPI anchor used here is a
simplified version of the GPI core, which may not accurately represent the behaviour of the
protein in cell membranes. However, this is unlikely to affect the interactions between CG

C5b8 and the membrane, making the system a useful tool to study inhibited MAC.

The placement of C5b8-CD59 in the membrane was made challenging by the structure of
the complex. The stretch of hydrophobic residues at the tip of the B-hairpins is shorter than
the thickness of most biological lipid bilayers (~30-50 nm), so neither Memembed [183] nor
the Positioning of Proteins in Membrane (PPM) 2.0 server [184] could accurately position it
in the bilayer. While they generated reasonable predictions for the full MAC assembly, they
treated the membrane as perfectly planar. However, the hydrophobic belt on the outer face
of the pore breaks planarity around C5b8 (Figure 2.3), so C9 largely drove all orientation
predictions. As a result, aligning C5b8-CD59 to the predicted MAC position in the mem-
brane led to the complex being ejected from the bilayer within 100 ns. To overcome this,
the complex was placed at an arbitrarily low position, and it quickly (within ~200 ns) equi-
librated to a stable position. Non-planar interfaces between membrane proteins and lipids
are common in biology, and new methods, which were not available at the time this work
was conducted, can now predict their position more accurately. For instance, the PPM 3.0 is
able to predict bilayer curvature for both transmembrane and peripheral membrane proteins,
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which simplifies the study of membrane-deforming proteins [193].

While the full membrane attack complex forms a pore, C5b8-CD59 does not repel lipids in
the simulations, consistent with the hypothesis that C8a penetrating the bilayer is necessary
to form an ion channel [150]. Instead, C5b8-CD59 binds lipids, as revealed by the PyLipID
analysis (Figure 2.17). Interactions with lipids on the outer face of the complex are expected
due to its hydrophobic belt. However, C6, C7 and C8 also bind lipids via residues in what
would become the lumen of the pore. This supports the hypothesis that the extra density in

Figure 2.8A corresponds to partially ordered lipids.

The three DOPC-binding residues in C6 and C7 all show 100% occupancy, which may
be related to the membrane-anchoring function of these proteins [38, 136]. C5b8 shows
far weaker interactions with cholesterol than with DOPC. MAC has evolved to assemble on
and lyse a wide variety of membranes and, while many pathogen targets contain phospho-
lipids, cholesterol is more rarely found in non-self cells. This may explain the preferential
binding to DOPC compared to cholesterol. However, complement proteins may interact with
cholesterol in specific ordered domains, which would not have formed due to membrane
composition and simulation length [89]. The interpretation of protein-lipid interactions is fur-
ther limited by the CG nature of Martini 2.2, which does not represent all constituent atoms.
The new parameters in Martini 3 have led to more accurate interactions between proteins,
lipids and solvent, including binding within protein cavities [102], but the GPI anchor was
parametrised for Martini 2.2 and therefore C5b8-CD59 could not be simulated with Martini 3

without a complete re-parametrisation strategy.

C5b8-CD59 induces local membrane thinning in CGMD simulations, as evidenced by the
snapshot in Figure 2.18A. In the simulations, the membrane is thin enough for C8f to span
it entirely and have its hairpins hydrated by water molecules. Monitoring the thickness of
the bilayer within 20 A of the complex and in the rest of the box shows that the thinning
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effect of C5b8-CD59 is localised near the protein (Figure 2.18B). The initial placement of
the complex in the bilayer exposes the tip of the C8p hairpins to the solvent, so the pinching
and thinning of the membrane near C8 may be an artefact arising from the assembly of the
system. However, Martini lipids are known to self-assemble around membrane proteins to
shield their hydrophobic regions [194] and the cryoEM map in Figure 2.8B shows a thinning
in the same position as the CGMD simulations, supporting the idea that it is a physiological
process. Better membrane protein orientation predictors and the use of atomistic simulations
may help determine whether thinning is an artefact of the simulation setup, or a biologically

relevant phenomenon.

The CG and atomistic simulations presented in this Chapter have contributed to our un-
derstanding of CD59 function on the surface of human cells (Figure 2.19). The atomistic
simulations revealed that GPI-anchored CD59 samples a wide range of orientations relative
to the membrane, due to intrinsic flexibility in its C-terminus and in the GPI anchor itself.
CD59 shows a preference for some orientations, including the one in which it engages C8a.
to inhibit MAC, and one where it establishes hydrogen bonds with membrane lipids. A wide
variety of orientations may be compatible with binding to ILY, suggesting that the toxin has
evolved to hijack the high degree of flexibility of CD59 to anchor itself to target membranes.
However, the impact of lipid composition and local protein environment on CD59 orienta-
tion remains unknown. CGMD simulations have shown that inhibited MAC affects its local
lipid environment through membrane thinning and lipid binding. This may arise before the
unfurling of C8a and contribute to recruiting CD59 to the site of MAC deposition. CD59 re-
cruitment may also be driven by changes in membrane properties due to the deposition of
upstream complement proteins (cf. Sections 2.1.1 and 2.1.2). However, the effects observed
here may be specific to C5b8-CD59 complexes and act as a signal for recruiting the molec-
ular machinery needed for MAC clearance. Future studies should focus on the responses
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to MAC deposition and inhibition at the scale of the membrane and the whole cell, using

cryo-electron tomography and proteomics to identify the effects of MAC on self-cells.
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Figure 2.19 | Schematic summary of CD59 interactions. A. CD59 exchanges between var-
ious orientations relative to the membrane, where its final B-strand (dark blue) can interact
with lipids or be available for binding to either C8a or ILY. It is unclear whether ILY binds a
specific orientation of CD59 or whether it can associate with other states before re-orienting
the complex to generate the geometry needed for oligomerisation. B. Local changes to the
membrane environment (e.g. lipid binding, membrane thinning) induced by the C5b8 com-
plex before unfurling of the C8a MACPF/CDC hairpins may recruit CD59 to the site of MAC
deposition. Alternatively, changes in the local lipid environment around the CD59-C5b8 and
CD59-C5b9 inhibited complexes may trigger recruitment of the MAC clearance machinery.
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3 || Functional characterisation of the
horizontal helix of cholesterol-
dependent cytolysins

Chapter summary

Cholesterol-dependent cytolysins (CDCs) are bacterial pore-forming proteins which specifi-
cally target cholesterol-rich membranes. They undergo a series of complex and sequential
conformational changes to form a B-barrel pore. Dr. Nita Shah, in the Bubeck lab, solved the
structure of the CDC intermedilysin (ILY) early prepore by cryo-electron microscopy. This
revealed the movement of a key amphipathic helix, termed the horizontal (h-) helix. The
results presented in this chapter build on her work to characterise the h-helix.

ILY intermediates can be trapped by engineering disulfide bonds to block specific con-
formational changes. To confirm the suitability of such mutants, the Hoogenboom lab (UCL)
recorded atomic force microscopy data, whose analysis is presented here. Mutagenesis and
functional assays show that the h-helix is key to the function of the ILY late prepore, and that
its role is conserved among CDCs. These results suggest that the CDC h-helix, by its am-
phipathic nature, lowers the free energy energy barrier for rupturing the bilayer by disturbing

the membrane.

Related publication: Nita R. Shah, Tomas B. Voisin, Edward S. Parsons, Courtney M.
Boyd, Bart W. Hoogenboom, Doryen Bubeck. (2020) Structural basis for tuning activity
and membrane ty of bacterial cytolysins. Nature Communications 11(1):5818.
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3.1 Introduction

3.1.1 Pore formation by cholesterol-dependent cytolysins

Cholesterol-dependent cytolysins (CDCs) are bacterial toxins from the MACPF superfamily
of pore-forming proteins [32]. They are secreted as monomers and oligomerise on the sur-
face of cholesterol-rich membranes, where they undergo a series of conformational changes
to form pores. The crystal structures of nine CDCs have been solved to date: perfringolysin
O [35], intermedilysin [181, 182, 195], anthrolysin O [196], suilysin [197], listeriolysin O [198],
streptolysin O [199], pneumolysin [51, 200], vaginolysin [181] and desulfolysin [201]. Se-
quence analysis and structural data show that all CDCs share a conserved architecture [32]
comprised of four domains (Figure 3.1), with the exception of lectinolysin, which contains
an extra C-terminal sugar-binding domain [202]. Domains 1 and 3 (D1 and D3) contain the
pore-forming MACPF/CDC fold, while domain 4 (D4) mediates membrane binding. Domain
2 (D2) connects D1-D3 to D4 and acts as a hinge during pore formation.

D4 is made up of two antiparallel B-sheets connected by seven loops, with its four bottom
loops inserting into the membrane (Figure 3.2). Loop 1 contains the cholesterol recogni-
tion motif: a conserved threonine-leucine pair that confers CDCs part of their specificity
to cholesterol-containing membranes [188, 203]. Cholesterol recognition by the threonine-
leucine pair leads to the insertion of loops 2 and 3, as well as the tryptophan-rich unde-
capeptide (UDP) in loop 4.

While most CDCs directly recognise cholesterol in lipid membranes, Streptococcus in-
termedius intermedilysin (ILY), Gardenerella vaginalis vaginolysin (VLY) and Streptococcus
mitis lectinolysin (LLY) bind a protein receptor [190, 204, 205]. All three CDCs have evolved
to hijack the complement inhibitor CD59 (also known as protectin), an 11-kDa glycosylphos-
phatidylinositol (GPI)-anchored protein [206]. The crystal structures of ILY-CD59 and VLY-
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MACPF/CDC
domain

Figure 3.1 | Domain composition of the archetypal CDC pneumolysin (PLY). A and B. Crys-
tal structure of soluble monomeric PLY (PDB 5CR®6) highlighting domains D1 (blue), D2 (yel-
low), D3 (green) and D4 (red). C. Together, D1 and D3 make up the MACPF/CDC domain
(purple) responsible for membrane perforation.
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__Trp-436
Lagpr UDP (Loop 4)
\
Leu-460 ©~ / Q Trp-435

Thr-459 Trp-433

Figure 3.2 | Structure of the CDC domain 4 (D4). A. Crystal structure of D4 from PLY
(PDB 5CR6). Loops 1 (magenta), 2 (light pink) and 3 (dark blue) as well as the Trp-rich
undecapeptide (UDP, purple) interact with membrane lipids. Thr-459 and Leu-460 form the
cholesterol-recognition motif. B. Crystal structure of ILY D4 (red) bound to its receptor CD59
(cyan) (PDB 4BIK). The interaction leads to an extension of the D4 B-sheet, stabilised by
salt bridges (Arg-480'"+Glu-58°P%° Glu-448'-«Lys-65°P%° and Asp-445'YsLys-66°P%9)

85



CD59 complexes [181, 182] reveal a similar binding pose for the two CDCs, with the CD59-
ILY structure shown in Figure 3.2. Although the specific residues binding CD59 are different
in ILY and VLY, both complexes are formed by the alignment of B-strands from D4 and CD59
to create a large B-sheet spread across the two binding partners. ILY can bind membranes
without cholesterol if they are decorated with CD59, making it a powerful model system to

study pore formation [188].

Membrane cholesterol and CD59 are the two canonical receptors for CDCs, but there
is mounting evidence that, in a cellular context, CDCs bind other cell-surface molecules.
Both pneumolysin (PLY) and streptolysin O require binding to glycans on the surface of red
blood cells to be haemolytic [207]. Glycan arrays involving eight major CDCs revealed that
they are all able to bind various sugars with different affinities [208]. While non-glycosylated
CD59 can bind ILY with high enough affinity for structure determination [50, 182], its O-
linked glycans further stabilise the interaction [208]. This suggests that, although cholesterol
(and CD59 in some cases) is usually enough for CDC membrane binding in simple systems
such as liposomes, a more complex set of interactions with cell-surface glycans dictates

membrane recognition and CDC cell specificity.

Once CDC monomers have bound their target membrane, they form a homo-oligomeric
early prepore. The size of the assembly can vary from small arcs of about five monomers
to complete rings of 30 to 45 subunits. The structure of the ILY early prepore on lipid nan-
odiscs was recently solved by cryoEM, revealing the conformational changes accompanying
oligomerisation (Figure 2.3) [50]. The fifth B-strand (5) of the MACPF/CDC domain refolds
into a helix, revealing the edge of the previous strand (4), which in turn swings backwards
to interact with B1 from the neighbouring monomer (Figure 2.3B). The oligomer is likely sta-
bilised by charge complementarity between adjacent subunits [50]. Another notable motion
is the movement of an a-helix within the MACPF/CDC domain (Figure 3.3). We have termed
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Figure 3.3 | ILY forms an oligomeric early prepore. A. Structure of the ILY early prepore
solved by cryoEM on lipid nanodiscs (PDB 6ZD0). B. Close-up view of the region highlighted
by the purple box in A. Oligomerisation is associated with conformational changes from the
membrane-monomer (grey, PDB 4BIK) to the early prepore (teal, PDB 6ZD0). Both helices
in helical bundle 2 (HB2) move, bringing the h-helix towards the membrane. The 4 strand
moves backwards to straighten the MACPF/CDC core, and it is exposed to the next monomer
by the transition of B5 into a helix.

this helix the horizontal (h-) helix as it comes to lie parallel to the membrane plane.

Once assembled, the early prepore undergoes large conformational changes to form a
collapsed, late prepore. While there is no experimental structure of a CDC late prepore,
atomic force microscopy (AFM) has shown that it is associated with a reduction in height
of ~2-4 nm, depending on the exact protein [188, 209, 210]. The cryoEM structure of the
PLY pore revealed that collapse is the result of a 90° rotation of D2 [51], bringing down
the MACPF/CDC domain (D1-D3) close to the membrane (Figure 3.4). This movement is
necessary as the MACPF/CDC hairpins would be too short to span a bilayer if D1 and D3
remained in their early prepore position, high above the membrane. Unlike the early prepore,
the late prepore is resistant to SDS treatement [211, 212], suggesting stronger interactions
between monomers.
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The final conformational change in the CDC pore formation pathway is conserved in
the MACPF superfamily: the helical bundles in D3 (part of the MACPF/CDC domain) un-
furl into transmembrane B-hairpins (Figure 3.4). Each monomer contributes 2 hairpins to a
membrane-spanning B-barrel pore. The PLY pore structure solved by cryoEM on liposomes
revealed a large assembly made up of 42 monomers, with an internal diameter of 250 A. The
outside of the pore contains a hydrophobic belt, which was shown by molecular dynamics
simulations to interact with lipids [213]. The lumen of the pore, however, is lined with hy-
drophilic residues (Figure 3.4). Those residues repel lipids to form a hydrated zone across

the bilayer, eventually leading to total depletion of lipids inside the pore [213].

The predominant picture of CDC pore formation in the literature is that of a sequential
process, where oligomerisation cannot proceed after collapse. This prepore-to-pore mecha-
nism is in contrast with that of the membrane attack complex (MAC), where each subunit as-
sociates with the previous in the membrane-inserted form, resulting in a growing pore [214].
However, recent single-molecule fluorescence data have suggested that perfringolysin O
monomers can be added to incomplete pores, even after membrane rupture [215]. This
contradicts previous AFM data of suilysin, which showed that oligomerisation ends before
membrane perforation [210]. These conflicting results suggest that the sequence and timing

of events may differ between CDCs.

3.1.2 The h-helix and disulfide-locked mutants

Dr. Nita Shah in the Bubeck lab solved the structure of the ILY early prepore on lipid nan-
odiscs using cryoEM [50]. This work revealed the conformational changes associated with
CDC oligomerisation described above, in particular the movement of the h-helix (Figure 3.3).
The h-helix is an amphipathic a-helix with polar and charged residues pointing towards the
membrane (Figure 3.5). Mutagenesis and liposome lysis assays performed by Dr. Shah
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Figure 3.4 | Structure of the PLY pore. A and B. Structural differences between the
membrane-bound monomer (left of each panel) and the pore (right of each panel). First,
a 90°rotation of D2 leads to a ~2 nm reduction in assembly height. The second change is
the unfurling of the helical bundles (left, purple) into transmembrane hairpins (right, purple).
Blue: D1; yellow: D2; green: D3 excluding helical bundles/transmembrane hairpins; red:
D4. As there is no structure of the PLY membrane-bound monomer, the crystal structure
of the soluble monomer (PDB 5CR6) was used as a proxy to compare to the pore (PDB
5LY6). C. CryoEM map of the PLY pore (EMD-4118) coloured by domain as in A and B.
D. Electrostatic potential of the pore as calculated by ChimeraX. Red: negative potential,
blue: positive potential.

showed that the h-helix is responsible for tuning the lytic activity of ILY (Figure 3.5 and [50]).
Mutating the hydrophilic residues on the bottom face to alanine abrogated lysis, whereas
subsitution of two apolar residues with lysine on the top face led to an increase in lytic activ-
ity. However, the step of the pore formation pathway in which the h-helix performs its function
remained unknown.

To study the function of the h-helix, we used disulfide-locked mutants of ILY, whereby
disulfide bonds are engineered to hold the protein trapped in a certain conformation. By
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Figure 3.5 | The h-helix in the ILY early prepore. A. ILY early prepore (shown as a monomer)
bound to CD59, coloured by domain. Blue: D1, yellow: D2, green: D3, red: D4, cyan: CD59.
The h-helix within D3 is shown in grey. B. The h-helix is amphipathic and presents apolar
residues (purple) on its top face and charged residues (teal) on its bottom face. C. The
amphipathic nature of the h-helix is key to determining lytic activity. Removing charges from
the bottom face of the helix (teal) impairs liposome lysis, whereas adding charges to the
top face (purple) makes ILY more active. Data generated by Dr. Nita Shah [50]. Pairwise
comparisons are between wild-type and each mutant: *p < 0.05, **p < 0.01. N = 3.

preventing the conformational changes needed for ILY to progress along the pore formation
pathway, we were able to investigate specific steps of pore formation. The early prepore
(ILYEP) was trapped by locking D2 and D3 (1104C, G244C) as described first in [188], and
was used for structure determination [50]. To trap the late prepore, two mutants were gener-
ated by Dr. Shah, locking HB1 (ILYHB': A221C, N404C) and HB2 (ILY"B2: Y208C, D322C).
However, as no structure of HB-locked ILY has been solved, the mutants first needed valida-

tion by atomic force microscopy (AFM).
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3.1.3 Aims

The work presented in this chapter builds on Dr. Shah’s structural observations and aims
to characterise the function of the h-helix. To assess whether ILY"®'" and ILY"®2 are able
to form collapsed prepores, | analysed AFM topographs recorded by the Hoogenboom lab
(UCL). To place the role of the h-helix in the context of the pore formation pathway, | intro-
duced the overactivating h-helix mutations in ILYE® and measured lytic activity in a liposome
lysis assay. To determine whether the function of the h-helix is conserved in CDCs, | re-
combinantly expressed and purified pneumolysin (PLY), introduced mutations analogous to
those characterised in ILY, and recorded the effects on lytic activity. Finally, to gain insight in
the molecular basis of h-helix function, | generated hybrid PLY prepores, based on the solu-
ble and membrane-inserted structures, and used them for coarse-grain molecular dynamics

simulations.

3.2 Materials and Methods

3.2.1 Atomic force microscopy data analysis

Atomic force microscopy (AFM) data were generated by Dr. Edward Parsons in the Hoogen-
boom lab (University College London) as described in [50]. Wild-type ILY (ILYWT) and HB-
locked mutants (ILYHB! and ILYHB2), all three with the only native cysteine in D4 mutated to
serine, were incubated on DOPC:cholesterol (1:1 molar ratio) supported lipid bilayers deco-
rated with CD59 at 37°C. Room-temperature measurements were recorded by Dr. Parsons
with a MultiMode IV (Bruker) atomic force microscope to generate 500 x 500 nm? images.

| analysed the AFM images in the Gwyddion software [216]. The images were levelled by
first-order plane fit, which fits a plane from all the data points and subtracts it as background.
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Line-by-line flattening was then applied to correct for artefactual differences between scan-
ning lines. The images were finally levelled by setting the membrane height to zero as a
reference. For each ILY variant, ten height profiles were extracted from different assemblies

and the average height was calculated.

3.2.2 PLY and ILY cloning and mutagenesis

The gene for wild-type pneumolysin (PLY-WT) was codon-optimised for recombinant expres-
sion in Escherichia coli and purchased from Twist Bioscience. | cloned it into a pTrcHisA
plasmid (ThermoFisher) with an ampicillin resistance gene by Gibson assembly using Q5
DNA polymerase (New England Biolabs) and Gibson Assembly Master Mix (New England
Biolabs) according to the manufacturer’s instructions. After transforming into E. coli DH5a
cells (ThermoFisher), an ampicillin-resistant colony was grown for plasmid extraction using
the QIAprep Spin Miniprep Kit (Qiagen) and the plasmid was checked by sequencing (Eu-
rofins). The pTrcHisA plasmid containing the gene for ILYEP [188] was provided by Dr. Nita

Shah.

Q5 DNA polymerase (New Englad Biolabs) was used for site-directed mutagenesis to al-
ter the charge properties of the h-helix in ILYEP and PLY. Charges were added to the top face
of the helix in ILYEP to generate ILYEP-charge+ (Y336K, L340K). PLY-WT was similarly mu-
tated to generate PLY-charge+ (W278K, L282K) and PLY-nocharge (K279A, Q280A, D283A,
N284A). The primers used for mutagenesis are in Table 3.1 and were purchased from Eu-
rofins. Mutated plasmids were transformed into E. coli DH5a cells (ThermoFisher) and
checked by sequencing (Eurofins). All mutants were deposited to Addgene (ILYEP-charge+
#160522, PLY-charge+ #160538 and PLY-nocharge #160539).
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Table 3.1: List of primers used for site-directed mutagenesis. The mutated nucleotides are
shown in bold.

Mutant name Mutations Primer pair (top: forward; bottom: reverse)

ILYEP-charge+ Y336K, L340K GCTGGTACGGAAAAGGAAAACATCAAGAAAAACACCAAAATCACGG
CCGTGATTTTGGTGTTTTTCTTGATGTTTTCCTTTTCCGTACCAGC

PLY-charge+  W278K, L282K CCACAGACCGAGGCGAAGCAGATTGCGGACAATACGGAAG
CTTCCGTATTGTCCGCAATCTGCTTCGCCTCGGTCTGTGG

PLY-nocharge K279A, Q280A, D283A, N284A CAGACCGAGTGGGCGGCGATTTTGGCCGCTACGGAAGTGAAGG
CCTTCACTTCCGTAGCGGCCAAAATCGCCGCCCACTCGGTCTG

3.2.3 ILY and PLY variants expression and purification

The ILY and PLY variants were expressed recombinantly in E. coli BL21 (DES3) cells (Ther-
mokFisher). Transformed bacteria were grown in Luria Broth in the presence of 100 ng/ml
ampicillin at 37°C to an optical density at 600 nm of 0.6-0.8. Protein expression was induced
by adding a final concentration of 50 pg/ml isopropyl B-d-1-thiogalactopyranoside (IPTG)

(Sigma) and shaking the cells at 18°C for 18 hours.

Cells were harvested by centrifugation and lysed by sonication in CDC buffer (200 mM
NaCl, 20 mM Tris-HCI, pH 7.5) in the presence of DNAse | (New England Biolabs) and
cOmplete Protease Inhibitors (Roche). Cell debris were removed by centrifugation and the
clear supernatant was incubated with TALON cobalt affinity resin (Clontech) pre-equilibrated
in CDC buffer. The resin was washed first with CDC buffer, then with CDC buffer supple-
mented with 10 mM imidazole. Bound proteins were first eluted with 100 mM, then 500 mM
imidazole in CDC buffer. Further purification was achieved by size-exclusion chromatogra-
phy on a Superdex 200 Increase 10/300 GL column (GE Healthcare) before assessing purity
by SDS-PAGE. ILYEP with its wild-type h-helix (ILYEP-WT) was provided by Dr. Nita Shah.
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3.2.4 Lipid monolayer negative stain electron microscopy

The ability of PLY-WT to form pores was checked by negative stain electron microscopy on
lipid monolayers. Lipid monolayers containing a 1:1 molar ratio of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) (Avanti Polar Lipids) and cholesterol (Avanti Polar Lipids) were
assembled in the wells of a Teflon plate. The wells were filled with CDC buffer, which was
then covered with a 1 mg/ml lipid mixture in chloroform. The chloroform was evaporated and
carbon-plated copper grids (Electron Microscopy Science) were placed on top. PLY-WT was
added to the cell to a final concentration of 7 ng/ul before a 20 minute incubation at 37°C in
a sealed petri dish. Grids were negatively stained with 2% (w/v) uranyl acetate. Grids were
imaged on an FEI Tecnai G2 Spirit TWIN 120 kV instrument equipped with a LaB6 filament

and an FEI 2K Eagle CCD camera at a magnification of 52,000 x.

3.2.5 Liposome lysis assays

DOPC and cholesterol dissolved in chloroform were mixed to a 1:1 molar ratio and dried
under nitrogen gas. The resulting lipid films were rehydrated in calcein buffer (50 mM calcein
(Merck), phosphate-buffered saline, pH 7.5) and underwent four rounds of freezing in liquid
nitrogen and thawing at 65°C. Unilamellar liposomes were then formed by extrusion through
a 0.1 um membrane. Liposomes loaded with calcein were separated from free calcein in
solution by size exclusion chromatography using Sephadex G-50 resin (ThermoFisher) in
liposome buffer (150 mM NaCl, 500 mM sucrose, 20 mM Tris-HCI, pH 7.5).

For lysis assays involving ILY, liposomes were incubated for 5 min at room temperature
with 1 pg/ml (final concentration) of a CD59 construct covalently attached to a lipid-anchoring
peptide to mimic the native GPI anchor (gifted by Dr. Richard Smith, King’s College London,
cf. Section 4.1.2). For PLY lysis assays, the liposomes were used undecorated. In all cases,
baseline calcein fluorescence in liposomes was measured for 10 min at room temperature
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using a CLARIOStar plate reader (BMG Labtech) with excitation and emission wavelengths
of 490 nm and 520 nm, respectively. ILY variants were added to a final concentration of
0.9 pg/ml. Different concentrations of PLY were tested (cf. Section 3.3.2) and a final con-
centration of 48.4 ug/ml was used to compare the different mutants. Fluorescence was
measured for 45 min at 90 second intervals. Full lysis was achieved with 0.87% n-dodecyl-

beta-maltoside (DDM) and a freeze-thaw cycle at -80°C before a final fluorescence reading.

Lytic activity was calculated by subtracting the baseline fluorescence value of each well
from its reading at a single time point after protein addition, and dividing the result by the
post-full lysis value. Three replicates were measured in different wells on the same plate.
The significance of variance within datasets was assessed by a single-factor ANOVA test

and pairwise comparisons were made with a Bonferroni post-test.

3.2.6 Coarse-grain MD simulations of a hybrid PLY conformation

In the absence of a high-resolution experimental structure for a CDC late prepore, a hybrid
model was built using the PLY pore structure [51] with the transmembrane hairpins substi-
tuted with the helical bundles from the soluble crystal structure [217]. The MACPF/CDC
B-strands were trimmed to exclude residues 154 to 188 and residues 253 to 284, corre-
sponding to HB1 and HB2, respectively. HB1 from the crystal structure of soluble PLY [200]
was split in two segments (residues 154 to 174 and residues 180 to 188), which were moved
as rigid bodies and covalently linked to their corresponding B-strands (-1 and B-2, respec-
tively). The residues between these two segments (residues 181 to 187) were modelled
with SWISS-MODEL [218] to ensure continuity. HB2 was moved as a single rigid body and
connected to B-3 and B-4. To avoid steric clashes with HB2, residues 305 to 309 were
deleted and then modelled with SWISS-MODEL [218]. To relax any clashes, the resulting
hybrid structure was solvated in TIP3 water with neutralising Na* ions and energy-minimised
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in Gromacs 2020.3 [219] with the OPLS/AA forcefield [69, 70] using the steepest descent
algorithm, to a maximum force of 1000 kd/mol. A hexamer of the PLY hybrid structure was
then built from the relaxed model, based on the symmetry of the cryoEM structure of the
pore [51], before energy minimisation using the same protocol as above, to remove po-
tential clashes between adjacent PLY molecules. The swapaa command of Chimera [175]
was used to reproduce the h-helix mutations characterised experimentally, resulting in three
constructs: PLYWPd-WT, PLY™Pd-nocharge (K279A, Q280A, D283A, N284A) and PLY"vbrid-

charge+ (W278K, L282K).

Each hexameric PLY hybrid was converted to a coarse-grain representation with the
martinize.py script for the Martini 2.2 forcefield [90, 91]. It was then placed on a 25 x 25 nm?,
1:1 (molar ratio) DOPC:cholesterol membrane using the insane.py script [180] and based
on the prediction of its orientation from the Memembed software [183]. The system was
solvated in Martini water and 150 nM of NaCl (with neutralising ions). For each PLYM®rid
variant, three independent replicates were simulated in Gromacs 2020.3 [219]. First, the
system was energy-minimised using the steepest-descent algorithm until a maximum force
of 1000 kd/mol. The resulting energy-minimised configuration was used for a 1-us production
run using the md integrator (20 ps timestep) in an NPT ensemble maintained at a pressure
of 1 bar by a semi-isotropic Parinello-Rahman barostat (t, = 12.0 ps) and a temperature of

310 K by a V-rescale thermostat (tr = 1.0 ps).

The first 200 ns of each production run, corresponding to an equilibration stage, were
excluded from the analysis. Average and local membrane thickness over the course of each
trajectory were calculated with FATSLiIM [186]. The minimum distance between the h-helix
and the bilayer was monitored with the mindist function of Gromacs 2020.3. Protein-lipid
interactions were analysed using PyLipID [185].
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3.3 Resulis

3.3.1 The HB-locked ILY mutants form collapsed assemblies

For CDCs to form pores, the oligomeric early prepore must first collapse into the late prepore,
decreasing the height of the assembly by around 2 nm, which can be tracked by atomic
force microscopy (AFM) [188, 209, 210]. Dr. Shah showed that the HB-locked mutants of
ILY (shown in Figure 3.6) are able to form oligomers visualisable by negative stain electron
microscopy, but cannot lyse liposomes [50]. To discriminate between the early and late
prepore states, the HB-locked mutants were incubated on supported lipid bilayers and AFM
data were recorded by Dr. Ed Parsons in the Hoogenboom lab (UCL).

Processing of the AFM topographs shows that ILYWT, ILYFB! and ILYHB2 are all able to
form oligomeric assemblies (Figure 3.6B). Both ILYWT and ILY"®' form full rings and lower-
order oligomeric arcs, as has been described in the literature for ILY and other CDCs
[188, 210, 220, 221, 222, 223]. In contrast, ILY"®2 only forms small arcs and no full ring
was observed in the entirety of the topograph, which may be an artefact arising from the
placement of the disulfide lock. The defect in geometry does not fully prevent oligomerisa-
tion as ILY monomers are known to be too mobile to be distinguished individually by AFM
[188].

Ten height profiles were measured from different assemblies in each of the AFM images
and the local height maxima were extracted. All three variants formed assemblies of compa-
rable heights: 8.4 + 0.6 nm (mean =+ standard deviation) for ILYWT, 7.9 & 0.7 nm for ILY"®!
and 7.9 & 0.4 nm for ILY"®2, Example height profiles are shown in Figure 3.6C. All three ILY
variants form oligomers ~8 nm above the membrane, consistent with collapsed assemblies.
This is expected for ILYWT because there are no mutations preventing it from reaching the
final pore conformation. As ILY™®' and ILYHB2 cannot lyse liposomes (data generated by
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Dr. Shah and published in [50]), their ~8 nm height indicates that they are trapped in the
collapsed, late-prepore conformation. This shows that the ILY"®' and ILYM®2 mutants are

appropriate tools to study the ILY late prepore.
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Figure 3.6 | The HB-locked mutants of ILY. A. Crystal structure of monomeric, CD59-bound
ILY (PDB 4BIK) with the residues mutated to generate the HB-locked mutants. ILYHB!:
A221C, N404C. ILYHB2: Y208C, D322C. Blue: D1; yellow: D2; green: D3; red: D4; cyan:
CD59. B. Representative portions of AFM images of ILY variants on cholesterol-containing
supported bilayers decorated with CD59. Each green line represents the position of one of
ten height profiles taken for each variant. The proteins were purified by Dr. Shah and the
AFM data were recorded by Dr. Parsons. C. Height profiles extracted from the correspond-
ing lines in B. The schematics on the right represent the expected domain organisation of the
collapsed late prepore (left) and that of the uncollapsed early prepore (right). All ILY variants
form assemblies with heights indicative of the collapsed late prepore or pore. Colouring as
in panel A. CD59 in the collapsed schematic is transparent as it is unclear whether it is still
bound to the complex.
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3.3.2 Recombinantly-expressed PLY is active

A histidine-tagged PLY construct was expressed in E. coli and purified by cobalt affinity
followed by size exclusion chromatography (Figure 3.7) The resulting sample eluted as a

monodisperse peak and its purity was confirmed by SDS-PAGE.
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Figure 3.7 | Purification of recombinant histidine-tagged pneumolysin (PLY). A. SDS poly-
acrylamide gel of the cobalt affinity purification. The protein was eluted with imidazole (con-
centration given above the relevant lanes). The blue asterisk shows the band corresponding
to PLY. B. Size exclusion chromatography (SEC) profile of PLY. Elutions 1-3 from panel A
were pooled and purified with a Superdex 200 increase 10/300 GL column. PLY elutes as
a monodisperse peak (green box). C. SDS polyacrylamide gel of SEC fractions. The lanes
corresponding to the green box in panel B show pure PLY.

To test whether PLY was correctly folded, its ability to oligomerise on lipid monolayers
was assessed. The negative stain electron micrograph in Figure 3.8 shows PLY is able to
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form both full rings and arcs, as is the case for ILY (Figure 3.6) and other CDCs [188, 210,
220,221, 222, 223]. The functionality of PLY was further assessed in a liposome lysis assay.
Different final concentrations of PLY (ranging from 3 pug/ml to 48.4 ug/ml) were compared to
the absence of protein. The results in Figure 3.8 show that recombinant PLY is able to
lyse cholesterol-rich liposomes. Lytic activity is dependent on PLY concentration, and a final
concentration of 48.4 ug/ml was used for further experiments (Section 3.3.3). The apparent
negative lysis in the absence of PLY is likely a result of bleaching of the fluorescent calcein
dye over time.
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Figure 3.8 | Recombinant PLY is active. A. PLY is able to form rings (blue arrows) and
arcs (purple arrows) on lipid monolayers. B. PLY lyses cholesterol-containing liposomes
in a concentration-dependent manner. The negative lysis value in the absence of PLY is
probably due to bleaching of the fluorescent dye over time. P-value significance determined
by one-way ANOVA and a Bonferroni post-test: **p < 0.01, ***p < 0.001, ns: non-significant.
Pairwise comparisons are between the measurements without PLY and the measurements
for a given concentration of PLY.

3.3.3 The h-helix tunes the lytic activity of CDCs

The cryoEM structure of the ILY early prepore (ILYEP) revealed that oligomerisation is accom-
panied by movement of an amphipathic a-helix, the h-helix. Liposome lysis assays realised
by Dr. Shah showed that mutating two hydrophobic residues on the top side of the h-helix
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(Tyr-366 and Leu-340) to lysine resulted in increased lysis (see Figure 3.5) [50]. The same
mutations in the HB-locked mutants (ILYHB! and ILYHB2) enable them to lyse liposomes even
though they cannot form the B-barrel pore [50], suggesting that the h-helix disturbs the mem-
brane in the late prepore, before the helical bundles unfurl into B-hairpins. To check whether
the h-helix needs to be brought close to the membrane for the mutations to have an effect on
lytic activity, the same overactivating mutations were introduced in the early prepore-locked

ILYEP and liposome lysis was monitored (Figure 3.9).
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Figure 3.9 | Mutating the h-helix has no effect on the lytic activity of ILYEP. P-value sig-
nificance determined by one-way ANOVA and a Bonferroni post-test: **p < 0.01, ns: non-

significant. Pairwise comparisons are with ILYE?. ILYWT was used as a positive control for
the plate.

ILYEP is unable to lyse liposomes, as had been reported in the literature [188]. The double
h-helix mutation that increases lysis in ILYWT, ILYHB' and ILY"®2 do not confer lytic activity to
ILYEP. This is consistent with the hypothesis that the h-helix disturbs the membrane at the
late prepore stage, once the collapse of the assembly brings it into contact with the lipids.

To assess whether the function of the h-helix is conserved across CDCs, the equivalent
mutations to those in Figure 3.5 were introduced in PLY and their effect on lytic activity
was measured in a liposome lysis assay (Figure 3.10). When compared to the wild-type,
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mutating the polar and charged residues on the bottom face to alanine (PLY-nocharge) leads
to a statistically significant decrease in lytic activity. Introducing charged residues to the top
face (PLY-charge+), on the other hand, significantly increases the level of lysis. This pattern
is identical to the one observed for ILY (Figure 3.5), suggesting that the role of the h-helix in

tuning lytic activity is conserved among CDCs.
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Figure 3.10 | The role of the h-helix is conserved. A. Crystal structure of pneumolysin
(PDB 5CR®6) with the h-helix shown in grey. Blue: D1; yellow: D2; green: D3; red: DA4.
B. Mutations introduced in the h-helix to generate PLY-nocharge (K279A, Q280A, D283A,
N284A) and PLY-charge+ (W278K, L282K). C. Compared to PLY-WT, removing hydrophilic
and charged residues from the bottom face of the h-helix (PLY-nocharge) lowers the lytic
activity. P-value significance determined by one-way ANOVA and a Bonferroni post-test:
***n < 0.001. Pairwise comparisons are with PLY-WT.
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3.3.4 The PLY"""d model does not explain the function of the h-helix

To explore the structural basis of membrane disruption by the h-helix, coarse-grain models
of the three PLY variants described above were simulated on lipid bilayers. As there is no
experimental structure of a CDC late prepore, a conformational hybrid model was gener-
ated. PLY is the only CDC for which the pore conformation was solved by cryoEM [51],
making it an ideal basis for generating the hybrid. The CDC late prepore assembly is shorter
than the early prepore, as revealed by AFM [188, 210], so the conformation of D2 in the
pore structure is likely a good approximation. Late prepores are resistant to SDS treatment
[211, 212], suggesting that the individual CDC monomers establish stronger contacts with
adjacent monomers than in the early prepore. This is likely due to the MACPF/CDC domain
forming a flat B-sheet similar to the pore conformation, rather than the twisted -sheet ob-
served in the early prepore. To represent this, the PLY pore structure was modified to remove
the residues corresponding to the helical bundles. The helical bundles from the soluble PLY
crystal structure were then moved as rigid bodies to replace them. Loops clashing with the
new positions of the helical bundles were removed and modelled with SWISS-MODEL [218].
The resulting structure, PLY™®"d s shown in Figure 3.11. This model was used to generate
hexameric assemblies for coarse-grain MD simulations.

To match the biochemical experiments in Section 3.3.3, the h-helix mutations were re-
produced and three variants were generated: PLYWPrd-WT, PLYWPd-nocharge and PLY"Ybrid-
charge+. They were converted to coarse-grain representations using the Martini 2.2 force-
field and simulated on 1:1 (molar ratio) DOPC:cholesterol lipid bilayers to replicate the con-
ditions of the liposome lysis assays. Visual inspection of the trajectories in VMD [169] did
not reveal signs of pore formation or lipid disruption, even for the PLY™?"9-charge+ system,
whereas the corresponding ILY"®'-charge+ and ILY"®2-charge+ late prepore mutants are
able to lyse liposomes [50]. No difference was observed between the three PLY™®"d variants
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Figure 3.11 | Coarse-grain MD simulations of PLY™Pd, A. The PLY™Pd model was gen-
erated by combining the PLY pore structure (grey, PDB 5LY6) with helical bundles from the
soluble structure (turquoise, cyan and purple, PDB 5CR6). HB1 was split into two segments:
HB1, and HB1g (turquoise and cyan, respectively) which were moved as independent rigid
bodies. HB2 (purple) was moved as a single rigid body. The residues in orange were re-
moved from the structure and modelled using SWISS-MODEL [218] to ensure continuity and
prevent steric clashes with the new HB2 position. B. Hexameric PLY™?" - WT (turquoise and
blue) on a lipid bilayer after a 1-us production run. C. Average DOPC occupancy mapped
by residue of PLYWPd-WT, as calculated by PyLipID [185]. D. Average cholesterol occu-
pancy mapped by residue of PLY™?* - WT, as calculated by PyLipID [185]. Turquoise arrow
in panels C and D point to the h-helix.

in terms of membrane thickness (either global or local) or distance between the h-helix and
the lipid bilayer. Protein-lipid interaction analysis with PyLipID [185] revealed very low levels
of DOPC occupancy near HB2 and the h-helix, and no interaction with cholesterol. This was
true of all h-helix variants, and Figure 3.11C-D shows the results for PLY"P9-WT averaged
over three replicates. These results suggest that moving the helical bundles as rigid bodies
and fusing them to the pore conformation does not place the h-helix in the correct position
to disturb the membrane.
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3.4 Discussion

Pore formation by CDCs is a complex process involving several intermediates. The confor-
mational changes necessary to progress along the pore formation pathway can be blocked
by engineering disulfide bonds in specific sites. This approach has been used extensively for
the study of CDCs and has provided the structures of monomeric ILY bound to CD59 [182]
and the oligomeric ILY early prepore [50]. Dr. Shah generated two disulfide-locked mutants
(ILYHB! and ILY"B?) to trap the late prepore by preventing the unfurling of the MACPF/CDC
helical bundles into transmembrane hairpins. AFM data recorded by the Hoogenboom lab
and analysed in this chapter show that those mutants are able to form the collapsed late pre-
pore. Other work has shown that AFM can be used to distinguish prepores from pores: the
membrane patch inside the prepore is the same height as around the assembly, whereas
a pore is typically associated with a decrease in height when the lipids are removed or a
jump of several nm corresponding to a lipid vesicle being ejected [153, 210]. The datasets
presented here, however, were not recorded at a high enough resolution to distinguish late
prepores from transmembrane pores, but liposome lysis assays carried out by Dr. Nita Shah
showed that the HB-locked mutants are non-lytic, suggesting they are trapped in the late-

prepore conformation.

ILYHB! and ILYHB2 are stalled before unfurling of the MACPF/CDC helices into transmem-
brane hairpins. While both mutants are able to oligomerise, ILY"®2 does not form the fully cir-
cular rings observed with ILYWT (Figure 3.6). The disulfide bond in ILY"®2 involves a residue
in the B-1 strand of the MACPF/CDC domain, which is responsible for establishing con-
tacts between adjacent monomers in the oligomer [50]. This disulfide bond may prevent
movement of the B-strand necessary for the prepore to adopt its proper geometry. ILYHB!,
however, is able to form full rings with the same geometry as ILYWT, probably because the

105



engineered disulfide bond links the first helical bundle to D2, neither of which makes contacts

with adjacent monomers.

The cryoEM structure of the ILY early prepore solved by Dr. Nita Shah revealed the
movement of an amphipathic helix (the h-helix) in one of the helical bundles, which comes to
lie parallel to the membrane. Mutagenesis showed that the amphipathicity of the helix deter-
mines the lytic activity of ILY: adding positively-charged lysine residues to the hydrophobic
face of the helix makes the protein overactive, while replacing the hydrophilic residues with
alanine impairs lysis. The addition of charges to the h-helix even rescues the non-lytic phe-
notype of ILYMB' and ILY"®2 despite their inability to form the B-barrel pore (data generated by
Dr. Shah and published in [50]). | have shown here that these same mutations have no effect
on the lytic activity of the early prepore (Figure 3.9). This suggests that the h-helix plays its

role in pore formation at the late-prepore stage, once it is brought close to the membrane.

Molecular dynamics (MD) studies of lipid bilayer electroporation have measured the free
energy barrier for pore formation in the range of ~17-78 kd/mol, depending on the lipid
composition [224, 225]. MD simulations of the melittin peptide, an amphipathic helix that
forms pores in membranes, have shown that when several helices deposit on the surface
of the membrane, they lower the free energy barrier of pore formation in a concentration-
dependent way [226]. When four melittin peptides are adsorbed onto the membrane, the
free energy barrier for pore formation is >50 kd/mol, whereas the addition of a fifth melit-
tin lowers the energy barrier to only ~15 kd/mol and a sixth monomer lowers it even further.
The biochemical work detailed in this chapter suggests that the h-helix may perform a similar
function in the ILY late prepore: its polar and charged residues probably disturb the mem-
brane in a way that lowers the energy barrier for insertion of the transmembrane hairpins
and, as a result, formation of a hydrophilic pore across the bilayer. This is consistent with a
kinetic model of perfringolysin O pore formation derived from single-molecule data, where a
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minimum of four subunits are required for efficient membrane perforation [215].

All CDC crystal structures contain an amphipathic h-helix in HB2 [35, 50, 181, 182, 195,
196, 197, 198, 199, 200, 200] and similar amphipathic helices are found in other pore-
forming proteins, e.g. B-defensin 1 [227] and gasdermin [228] (Figure 3.12). This suggests
a common mechanism where various pore-forming proteins rely on amphipathic helices to

drive lipid bilayer perforation.

Intermedilysin Pneumolysin Perfringolysin O

Listeriolysin O B-defensin 1 Gasdermin

 Acidic | Basic [l Polar (unchargec) i Apolar

Figure 3.12 | Amphipathic helices are found in various membrane-lysing proteins. Helical
wheel representation of the conserved h-helix in CDCs (intermedilysin, pneumolysin, per-
fringolysin O, listeriolysin O) and equivalent helices in human B-defensin 1 and gasdermin.
Plots generated with the NetWheels server [229].

To test whether the function of the h-helix in regulating lytic activity is conserved among
CDCs, | purified recombinantly-expressed pneumolysin. Imaging PLY on lipid monolayers
by electron microscopy confirmed that it is able to form oligomers with the correct geom-
etry. The activity of those oligomers was then assessed by monitoring their ability to lyse
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liposomes filled with a fluorescent dye. Recording PLY lysis at different concentrations (Sec-
tion 3.3.2) showed that, to achieve comparable levels of activity, the amount of PLY used
must be ~50 times higher than the amount of ILY. Data reported in the literature show that
PLY has a much lower lytic activity than the widely-studied CDC perfringolysin O (PFO), and
that this effect is even more pronounced at temperatures below 30°C. This may explain the
need for a high concentration of PLY, especially since all lysis assays were performed at

room temperature.

The PLY h-helix was mutated similarly to that of ILY. Adding charged residues to the
apolar side of the h-helix increases the lytic activity of either protein, whereas removing
polar and charged residues from the hydrophilic face lowers it. This demonstrates that the
proposed role of the h-helix in priming the membrane for hairpin insertion is not confined to
ILY. As amphipathic helices are found in other pore-forming proteins, this may be a general

strategy for rupturing lipid bilayers.

The structure of the ILY early prepore and the biochemical characterisation of the late
prepore, using disulfide-locked variants and h-helix mutants, have added to our understand-
ing of pore formation by CDCs. Our results show that the h-helix, which is believed to be
brought close to the membrane upon collapse, disturbs the bilayer. The overall pore forma-
tion pathway is shown in Figure 3.13: a soluble, monomeric CDC binds the target membrane
(by recognising cholesterol directly or via a receptor such as CD59) before oligomerising into
the early prepore. The assembly then collapses into the late prepore and the MACPF/CDC
domain is brought close to the membrane, allowing the h-helix to lower the energy barrier for
pore formation. The helical bundles refold into transmembrane B-hairpins and the B-barrel

pore is formed.

To gain structural insight into membrane priming by the h-helix, a hybrid prepore model
was generated by grafting the helical bundles of the soluble PLY structure onto the pore
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Figure 3.13 | Overview of the CDC pore formation pathway. A soluble monomer (PDB
1S3R) binds a cholesterol-containing membrane (1) via either a receptor (e.g. CD59, cyan)
or cholesterol directly. The membrane-bound monomer oligomerises (2) to form the early
prepore, which then collapses (3) into the late prepore. At this stage, the h-helix is brought
close to the membrane and starts disturbing the bilayer (turquoise), priming it for the unfurling
of the MACPF/CDC domain helical bundles into transmembrane B-hairpins (4). CD59 is
believed to be absent from the final pore but the precise timing of its release is unclear.
Blue: D1; yellow: D2; green: D3; red: D4.

conformation, as rigid bodies. The h-helix was then mutated to match the functional as-
says and hexameric hybrid constructs were simulated using the Martini 2.2 forcefield. This
approach did not reproduce the experimental results from the liposome lysis assays: mem-
brane disruption was never observed, and there was no noticeable difference between the
h-helix variants. Mapping lipid occupancy per residue (Figure 3.11C-D) reveals that the h-
helix establishes very few contacts with the lipid bilayer in the hybrid model. This suggests
that simply moving the helical bundles as rigid bodies is not enough to model the PLY late
prepore, and the h-helix may adopt an intermediate conformation. Understanding the struc-
tural basis of h-helix function will require solving the high-resolution structure of a CDC late

prepore.
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4 || Towards the structure of the inter-
medilysin late prepore by cryoEM

Chapter summary

Pore formation by cholesterol-dependent cytolysins (CDCs) is a complex, stepwise process.
The work in Chapter 3 contributed to our understanding of the mechanism of action of CDCs
by highlighting the role of the late prepore in priming the membrane for pore formation, via its
amphipathic h-helix. However, the lack of high-resolution structural information regarding the
late prepore limits our understanding of this process, as the structural basis for the function
of the h-helix remains unknown.

To tackle this question, | carried out some of the first steps towards solving the high-
resolution structure of the ILY late prepore by cryoEM. By combining an engineered disul-
fide lock and the inactivating mutations described in Chapter 3, | assembled the ILY late
prepore on lipid nanodiscs. A sucrose density gradient coupled with chemical fixation by
two crosslinkers yielded a pure and stable complex for structure determination. | optimised
cryoEM grids and recorded datasets at 200 kV and 300 kV. Initial processing of the 300 kV
datasets resulted in two 3D reconstructions, potentially corresponding to the early and the
late prepores, respectively. The data datasets show high levels of compositional and con-
formational heterogeneity, limiting the resolution of the maps. However, the work in this
Chapter is a significant step towards a structural understanding of the function of the CDC

late prepore.
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4.1 Introduction

4.1.1 The intermedilysin early and late prepores

Cholesterol-dependent cytolysins (CDCs) are bacterial toxins that oligomerise on the surface
of cholesterol-containing membranes to form lytic pores (for a more detailed introduction to
CDGCs, cf. Section 3.1.1). CDCs are secreted as soluble monomers and undergo a series
of complex and irreversible conformational changes to form oligomeric pores. The structure
of the first oligomeric species, the early prepore, was solved by cryoEM [50] to a global
resolution of 4.6 A. This structure revealed which conformational changes are associated
with oligomerisation, in particular the movement of an amphipathic helix within helical bundle
(HB)-2 of the MACPF/CDC domain, called the h-helix (Figure 3.3). However, preferred
orientation limited the resolution of the cryoEM reconstruction, preventing the inclusion of
side chains in the final model. As a result, there is a lack of high-resolution information
regarding the early steps of CDC oligomerisation, including the orientations of side chains
in the h-helix. The biochemical characterisation of the h-helix in Chapter 3 shows that it is
responsible for tuning the lytic activity of CDCs, probably by disturbing the membrane at the
late prepore stage, priming it for hairpin insertion. This likely happens once the complex
has undergone collapse, where the MACPF/CDC domain is brought close to the membrane.
However, coarse-grain simulations of a hybrid late prepore-like conformation where domains
were moved as rigid bodies (cf. Section 3.3.4) did not show any interactions between the
h-helix and the membrane. This may be because unknown conformational changes must
happen within the MACPF/CDC domain to bring the h-helix to its correct position. Fully
understanding the mechanism of membrane perturbation by the h-helix requires solving the
structure of a CDC late prepore.

In the ILY early prepore structure, CD59 contacts two adjacent ILY molecules. The in-
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teraction surface between CD59 and the first ILY subunit is similar to that in the monomeric
ILY-CD59 complex (Figure 3.2), where an extended B-sheet is formed across both proteins.
In the second interface, an a-helix of CD59 is sandwiched by B-hairpins of the adjacent ILY
molecule [50]. However, the resolution of the reconstruction precludes defining the interac-
tion surface at the atomic level. CD59 is believed to be absent from the final pore, but the
precise timing of dissociation remains unclear. LaChapelle et al. used antibody labelling and
FRET data to show that CD59 remains bound to a disulfide-locked ILY prepore [230]. The
location of the engineered disulfide bond (linking HB1 to D2) suggests that it would prevent
unfurling of the HBs but not collapse, indicating that the authors may have captured the late
prepore. However, they failed to confirm this, which complicates the interpretation of their re-
sults. In another study, Boyd et al. incubated wild-type ILY with CD59-decorated liposomes
in the absence of cholesterol [188]. As ILY is able to collapse on, but not lyse liposomes
without cholesterol, they considered this system to correspond to the late prepore. In a
flotation assay, they observed that some ILY rings dissociated from liposomes, while others
remained bound. As both species were SDS-resistant, they were both likely late prepores.
The authors conclude that the released ILY rings have dissociated from CD59, while the oth-
ers are either still bound to it or interacting with the membrane in a CD59-independent way,
suggesting that CD59 is released by the late prepore. The results from LaChapelle et al.
and Boyd et al. may be reconciled by the existence of multiple late prepore assemblies, with
and without CD59. The ambiguity highlights the difficulty of interpreting biochemical data
corresponding to an intermediate in the absence of a high-resolution structure. Moreover,
the conformations trapped by disulfide locks are proxies of the intermediates in the pore
formation pathway, which may not accurately represent the structural transitions undergone
by the wild-type protein. In the future, time-resolved cryoEM may help uncover new, more

physiological conformations of pore-forming proteins [231].
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Structural studies of CDC oligomers are challenging because they need a membrane
on which to assemble. The pneumolysin (PLY) pore structure was solved by cryoEM by
forming the complex on liposomes and solubilising it with a detergent before replacing the
detergent with an amphipol [51]. The ILY early prepore structure was solved on lipid nan-
odiscs, disc-like membrane mimetics where lipids are held together by a scaffold protein
(cf. Section 4.1.2). This approach was necessary as CDCs are effectively peripheral mem-
brane proteins once they oligomerise, but only become transmembrane proteins when the
final pore is formed. Incubating the disulfide-locked ILY early prepore mutant (ILYEP) on nan-
odiscs decorated with CD59 yielded a complex suitable for structure determination. To solve
the structure of the ILY late prepore, a detergent-based strategy may succeed at solubilising
the late prepore formed on liposomes, as late prepores are SDS-resistant [211, 212]. How-
ever, detergent treatment would likely disrupt interactions between ILY and CD59, preventing
any insights in the molecular basis of CD59 release in the pore formation pathway. Previous
attempts to capture a disulfide-locked late prepore on nanodiscs in the Bubeck lab were
unsuccessful as the sample was prone to aggregation. This is probably a result of the h-
helix disrupting the lipid bilayer. Indeed, while the disulfide-locked late prepores (ILYHB! and
ILYHB2) do not lyse liposomes, the lipids enclosed in nanodiscs are likely too constrained to
accomodate the disruption caused by the h-helix. This may expose hydrophobic regions of
the protein, consistent with the sample aggregation observed by previous lab members (data
not shown). However, the work in Chapter 3 and published in [50] presents new mutations
that impair the function of the h-helix. These inactivating mutations resulted in stable late
prepore complexes on lipid nanodiscs, providing a new opportunity to solve the structure of
the penultimate CDC assembly, the last step of pore formation for which there is no structural

information.
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4.1.2 Sample preparation for cryoEM

Membrane-anchored CD59

As CD59 binding is one of the earliest steps of ILY pore formation, a membrane mimetic
decorated with CD59 was necessary. In vivo, CD59 is attached to the plasma membrane
via a GPI anchor, but GPIl-anchored proteins are challenging to purify. Instead, Hill et al.
[232] developed a protocol whereby CD59 with a C-terminal cysteine is expressed in E.
coli and refolded from inclusion bodies. The C-terminal cysteine is then reacted with a 17-
residue cytotopic peptide (KSSKKSPSKKDDKKPGDC), modified with two myristoyl moieties
(Figure 4.1). The resulting chemically modified protein (referred to as CD59%" henceforth)

was a generous gift from Prof. Richard Smith (King’s College London).

Peptide

Myristoyl
tails

Figure 4.1 | A. CD59 covalently attached to its native GPI anchor with three lipid tails (cf.
Section 2.1.2 and Figure 2.5). This model was built with the LEaP facility in AmberTools21
[66] and is not an experimentally solved structure. B. CD59 construct developed by Hill et al.
[232] and gifted by Prof. Richard Smith (King’s College London). Recombinantly-expressed
CD59 is linked to a cytotopic peptide (purple) decorated by two myristoyl moieties (grey) via
a disulfide bond involving a C-terminal cysteine. The structure of the peptide was predicted
with PEP-FOLD3 [233] for illustrative purposes only.

The myristoylated cytotopic peptide inserts spontaneously in lipid membranes by simple
incubation at room temperture. This reagent was used to solve the structures of the ILY
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early prepore [50] and of the inhibited membrane attack complex [143], indicating that the
peptide is flexible enough to allow CD59 to adopt two very different orientations relative to
the membrane (cf. Section 2.3.1). The construct enables the formation of functional ILY
pores, as it was used in all liposome lysis assays presented in Chapter 3 and published in

[50].

Lipid nanodiscs as model membranes

One of the challenges of studying peripheral membrane proteins is the need for appropriate
membrane mimetics. Lipid nanodiscs are a popular solution as they can be generated to
contain lipids of a chosen composition, before incubating them with the protein of interest.
Nanodiscs are disc-like bilayers surrounded by a membrane scaffold protein (MSP), which
shields the hydrophobic tails of lipids from the solvent (Figure 4.2A).

Nanodiscs can be made by incubating the MSP of choice, which dictates the size of the
final discs, with lipids solubilised in detergent [234, 235, 236]. The mixture also includes
BioBeads (Bio-Rad), non-polar adsorbent beads, which chelate the detergent (Figure 4.2B).
The MSP then spontaneously wraps around the lipids, resulting in assembled nanodiscs that

can be purified by size-exclusion chromatography.

Negative stain EM

Electron microscopy (EM) can be performed at cryogenic temperatures, for high-resolution
structure determination, or at room temperature. The latter generally takes the form of neg-
ative stain EM, whereby the sample is applied onto a grid and stained with heavy metal, e.g.
uranyl acetate. As the grid dries, the original protein sample is destroyed, but a cast of it re-
mains in the stain, which can be imaged in the electron microscope. The resolution is limited
by the grain size of the stain, around 20 A for uranyl acetate, and high-resolution information
is lost. However, the speed of making and imaging negative stain grids and the high contrast
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Figure 4.2 | Lipid nanodiscs as a model membrane system. A. Nanodiscs are lipid bilayers
(grey, orange, red and blue) surrounded by a membrane scaffold protein (MSP, purple). PDB
6CM1 with only the MSP and lipid molecules shown. B. Nanodiscs can be assembled by in-
cubating the chosen MSP with detergent-solubilised lipids. As the detergent is removed from
solution with BioBeads, the MSP spontaneously wraps around the lipids to form nanodiscs.

resulting from the stain make it a powerful diagnostic tool for sample preparation.

Cryo-grid preparation and optimisation

The first step of sample preparation for cryoEM is generating homogeneous material in
sufficient quantities for imaging. Negative stain EM can be used to check the quality of the
sample by assessing the stability and integrity of complexes in various conditions, oligomeric
homogeneity, and concentration. The appropriate sample can then be vitrified on cryo-grids
for cryoEM structure determination. A variety of methods are available for preparing cryo-
grids [237, 238, 239, 240], and the one used in this project is shown in Figure 4.3. A metal
grid (usually made of copper or gold with a carbon film) is ‘glow-discharged’: it is placed in
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a chamber with a modest vacuum and the remaining gas is ionised, forming radicals that
interact with the grid to make its surface hydrophilic. The sample is then placed on the grid
and the excess liquid is blotted away, before rapidly plunging the grid in liquid ethane kept at
liquid nitrogen temperature. The speed of the freezing process allows the formation of a thin

layer of vitreous ice, rather than ice crystals.

Glow
discharge Tweezers
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Figure 4.3 | CryoEM grid preparation. A cryo-grid is glow-discharged to make its surface
hydrophilic. A sample is then applied to one side of the grid, before blotting away the excess
liquid. The resulting grid with a thin layer of sample in buffer is rapidly plunge-frozen in liquid
ethane maintained at liquid nitrogen temperature before storing or imaging.

Many parameters in grid preparation (e.g. type of grid, sample concentration, buffer com-
position, presence or absence of grid support, blot time and force) influence the behaviour
of particles in the vitreous ice [241]. Ideally, the protein concentration should be high to max-
imise the number of particles imaged during each exposure, while avoiding particle overlap.
Particles should be found inside the grid holes rather than adsorbed to the carbon edge.
Particles should also ideally show random orientations to fill in the entirety of the 3D Fourier
transform of the sample. Moreover, the ice should be thin to reduce the background, but
thick enough to embed the particles fully and keep them from the air-water interface, which
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could induce preferred orientation or even complete protein denaturation. The wide variety
of parameters dictating particle distribution in cryoEM grids is matched by a large number
of strategies to overcome the challenges of sample preparation, including crosslinking the
sample to alter its charge properties, changing the buffer composition [241], coating grids
with a physical substrate for particles to adsorb on [242], adding antibodies, nanobodies
or megabodies [243], using self-wicking grids or a different sample delivery method when

freezing [240], etc.

4.1.3 Data collection and image processing

Once sample preparation has been optimised and high-quality grids have been generated,
they can be imaged in a transmission electron microscope. Thousands of micrographs are
collected and processed. Direct electron detectors record multiple frames during a single ex-
posure, capturing the movement of particles induced by a combination of factors, including
stage instability, buckling of the ice and charging of the support film [244]. This is corrected
computationally by tracking the particle motions and averaging frames to compensate for
it, in a process called motion correction. The next step of image processing is fitting the
parameters of the CTF to each motion-corrected micrograph. Micrographs with poorly es-
timated CTFs are generally excluded from downstream processing steps, as errors in CTF

estimation propagate to high spatial frequencies, where oscillations in the CTF accelerate.

Pre-processed micrographs can then be used to pick particles. A variety of approaches
can be taken at this stage, for instance manual picking requires the user to identify each
particle on all the micrographs. With the recent advances in data collection speed, the num-
ber of micrographs routinely recorded have made this approach difficult and computational
algorithms have been devised to automate particle picking. For instance the blob picker util-
ity of cryoEM processing software Cryosparc recognises Gaussian signals in micrographs
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as particles [60], while the program Topaz uses neural networks trained on manually picked
particles (either directly from the dataset or from a general training set) [245]. As the signal-
to-noise ratio of cryoEM data is low, it is often challenging to distinguish real particles from
spurious picks on micrographs, which may correspond to ice contamination, broken parti-
cles, aggregates, etc. This is remedied by 2D classification, whereby particles are classified
by similarity, aligned and averaged to increase signal. This allows the removal of unwanted
‘junk’ particles, which are grouped in classes with poorly defined features or lacking protein
features entirely. This can also provide information on the particles as different views can be

identified and subunits or domains may are often distinguishable.

‘Good’ particles are those which belong to 2D classes with well defined high-resolution
features, for instance visible secondary structure elements, and a flat background, indicative
that the alignment is driven by protein signal rather than noise. Once ‘good’ particles have
been selected, they can be used to generate one or more ab initio reconstructions as ex-
plained in Section 1.2. These initial models are then refined: the angles between projections
are changed in small increments until convergence. To minimise the template bias and the
impact of noise build-up, the data are randomly split in two, and two half-maps are refined in-
dependently [55, 246]. The correlation between the two maps in Fourier space is calculated
as a function of spatial frequency, resulting a the ‘gold standard’ Fourier Shell Correlation
(FSC) curve. At higher spatial frequencies, the data are noisier and alignments are less
accurate, resulting in a decrease in FSC. In cryoEM, the spatial frequency at which the FSC
reaches the value of 0.143 is generally taken to be the overall resolution of a reconstruction

[247].

Heterogeneity is a common limiting factor in cryoEM structure determination. It can arise
from differences in the composition of each particle in the case of a complex (e.g. number
of subunits for an oligomeric assembly, presence or absence of a binding partner), differ-
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ences in conformation between particles (e.g. several intermediates may be present in the
dataset) or inherent flexibility of the macromolecules. CryoEM reconstructions require accu-
rate alignment of particles, which is challenging when they are heterogeneous. To overcome
this problem, several approaches have been devised to separate discrete particle popula-
tions, a process sometimes referred to as in silico purification. 3D classification is one such
method, where particles are iteratively separated into classes based on their similarities,

either with or without refining angular assignments.

4.1.4 Aims

The work presented in this chapter aims to provide the first steps towards solving the struc-
ture of the ILY late prepore on lipid nanodiscs using the ILYMB'-nocharge mutant. The specific
goals were to assemble and purify the complex for cryoEM structure determination. Sample
quality and integrity were checked by negative stain EM imaging. Two data collections on a
200 kV instrument were used to generate 3D reconstructions and assess particle distribu-
tion. Finally, two datasets were collected at 300 kV and the initial steps of image processing

were performed to determine whether the assembly corresponded to the late prepore.

4.2 Materials and Methods

4.2.1 Protein expression and purification

The ILYMB'-nocharge mutant is described in Chapter 3 and its expression plasmid was a gift
from Dr. Nita Shah. The protein was expressed in E. coli BL21 (DE3) and purified following
the same protocol as in Section 3.2.3.

The expression plasmid for the membrane scaffold protein 2N2 (MSP2N2) [236] was pur-
chased from Addgene (Plasmid #29520). The protein was expressed in E. coli BL21 (DES3)
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cells and purified following a modified version of the protocol in [50]. Cells were grown at
37°C in 2X YT media to an ODgg of 1.0 to 1.2. Expression was induced by adding 0.4 mM
(final concentration) of IPTG and lowering the temperature to 28°C for 4 hours. The cells
were then pelleted and resuspended in 40 mM Tris-HCI pH 7.4 supplemented with cOmplete
Protease Inhibitors (Roche), before the addition of 1% (final concentration) TritonX-100 and
lysis by sonication. The lysate was cleared by centrifugation and the supernatant was sup-
plemented with 300 mM NaCl prior to incubating it with TALON Cobalt resin (Clontech), pre-
equilibrated in 40 mM Tris-HCI pH 8.0 and 300 mM NaCl. Protein bound to the resin was
washed first with 40 mM Tris-HCI pH 8.0, 300 mM NaCl and 0.5% TritonX-100, then with
40 mM Tris-HCI pH 8.0, 300 mM NaCl and 50 mM sodium cholate. MSP2N2 was eluted in
three 4-ml fractions with 40 mM Tris-HCI pH 8.0, 300 mM NaCl and 100 mM imidazole, then
in a further three 4-ml fractions with 300 mM imidazole. The eluted fractions were pooled,
concentrated and further purified by size-exclusion chromatography with a Superdex 200
Increase 10/300 GL column (GE Healthcare) in 40 mM Tris-HCI pH 8.0, 100 mM NaCl and

0.5 mM EDTA.

4.2.2 Nanodisc preparation and ILY complex assembly

Nanodiscs were generated according to the protocol in [50]. 1.875 mg of lipids (DOPC and
cholesterol in a 1:1 molar ratio) were dried and resuspended in 40 mM Tris-HCI pH 8.0,
100 mM NacCl, 0.5 mM EDTA and 64 mM sodium cholate, with four cycles of freeze-thawing
followed by 20 min of sonication. Solubilised lipids were mixed with MSP2N2 at 10:1 lipid:protein
molar ratio and incubated on ice for 30 min. Sodium cholate was removed by adding 108 mg
of BioBeads (Bio-Rad) pre-activated in methanol according to the manufacturer’s instruc-
tions and incubating overnight at 4°C. Nanodiscs were purified by gel filtration using a Su-
perose 6 Increase 10/300 GL column (GE Healthcare) in 40 mM Tris-HCI pH 8.0, 100 mM
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NaCl, 0.5 mM EDTA.

The ILY-CD59 oligomer was assembled on nanodiscs by first incubating ~50 nM of
MSP2N2 nanodiscs (as estimated by absorbance at 280 nm) with 330 nM CD59%' at room
temperature for 20 min. ILYH8'-nocharge was added to a final concentration of 20 pg/ml and

incubated at room temperature for 30 min.

4.2.3 Sucrose density centrifugation and sucrose removal

The assembled complexes on nanodiscs were purified using sucrose density gradient cen-
trifugation, following a protocol adapted from [248] and [143]. The complexes were loaded
onto linear 10-30% (w/v) sucrose gradients in a HEPES buffer (20 mM HEPES pH 7.4,
120 nM NaCl), which was later modified to include a 0-0.15 mM glutaraldehyde (Ther-
moFisher) gradient or a combination of 0-0.15 mM glutaraldehyde and 0-0.3 mM bis(sulfosuc-
cinimidyl) suberate (BS®) (ThermoFisher) gradients. The gradients were centrifuged for
18 hrs at 4°C and 39,000 rpm in an SW60-Ti rotor with minimal acceleration and no break.

The gradients were manually fractionated into 150-pl fractions.

Several approaches were attempted to remove the sucrose from the fractions of inter-
est. Fractions were passed through a 0.5-ml 40 kDa MW cut-off Zeba spin column (Ther-
moFisher) pre-equilibrated in either HEPES buffer (20 mM HEPES pH 7.4, 120 nM NacCl)
or Tris buffer (200 mM NaCl, 20 mM Tris-HCI) according to the manufacturer’s instructions.
Alternatively, they were dialysed in a 0.5-ml Slide-A-Lyzer MINI 20 kDa MW cut-off dialysis
cup (ThermoFisher) against HEPES buffer (20 mM HEPES pH 7.4, 120 nM NaCl) accord-
ing to manufacturer’s instructions for 2 hrs at room temperature or 2 hrs followed by an
overnight incubation in fresh buffer at 4°C. The last strategy was to concentrate the fractions
at 2,000 g for 30 min in a 0.5-ml 30 kDa MW cut-off Pierce concentrator (ThermoFisher)
before 3 rounds of dilution-concentration in 20 mM HEPES pH 7.4, 120 nM NaCl.
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4.2.4 Negative stain EM imaging and image processing

For negative stain EM imaging, samples were applied onto glow-discharged carbon-coated
copper grids (Agar Scientific) and stained with 2% uranyl acetate. For screening, grids were
imaged on a Tecnai G2 Spirit Twin electron microscope (120 kV) equipped with a LaB6
filament and a 2 k x 2 k EAGLE CCD camera (FEI). The negative stain data collection
was run on a Tecnai T12 Twin electron microscope (120 kV) equipped with a LaB6 filament
and a2 k x 2 k F216 CCD camera (TVIPS). 550 micrographs were collected at a 50,000 x
magpnification with a pixel size of 2.313 px/A, in spot scan mode with a 10 s stage shift delay
and a defocus range of -3.5 um to -1.0 um.

Micrographs were imported to Cryosparc v2.13.2 [60] and CTF-estimated with CTFFIND4
[249]. The blob picker utility was used to pick particles before removing ‘junk’ particles with
several rounds of 2D classification. Further rounds of 2D classification separated complexes
with trimers and tetramers of ILYMB'-nocharge. Ab-initio reconstruction was performed using
the tetramer particles with four classes, and the particles from the best class were refined

against the corresponding volume.

4.2.5 CryoEM grid preparation and imaging on a 120 kV instrument

Graphene oxide (GrOx)-coated grids were prepared by plasma cleaning copper Quantifoil
1.2/1.3 grids (Agar Scientific) for 40 s before applying 3 pl of 0.1 mg/ml GrOx (ThermoFisher)
to the carbon mesh side. After a 60 s incubation, grids were washed in water and the
application-wash process was repeated twice, before two final washes. Grids were left to
dry in air for 60 min before sample application.

Unsupported grids (Quantifoil 1.2/1.3, UltrAuFoil 1.2/1.3 [Agar Scientific] or Gold Lacey
[Agar Scientifc]) were glow-discharged for 40 s before sample application. All grids were pre-
pared using an FEI Vitrobot at 22°C and 95% humidity. Freezing parameters were optimised
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for each grid type. The GrOx-coated grids used for data collection on a 200 kV instrument
were generated by applying 3.5 ul of sample (at around twice the ideal concentration for
negative stain), waiting for 60 s and blotting for 2.5 s with a blot force of -2 before plunging
in liquid ethane. The Gold Lacey grids used for data collection (both at 200 kV and 300 kV)
were generated by applying 4 pl of sample at a concentration around 5 times higher than
for the GrOx-coated grids. Grids were then immediately blotted for 2 s with a blot force of
-2 before plunging in liquid ethane. Grids were screened in low-dose mode on a Tecnai T12
Twin electron microscope (120 kV) equipped with a LaB6 filament and a 2 k x 2 k F216
CCD camera (TVIPS), or on a Glacios (200 kV) instrument equipped with a field emission

gun and a FALCON 4 direct electron detector.

4.2.6 200 kV and 300 kV cryoEM data collections

200 kV data were collected on a Glacios transmission electron microscope equipped with a
field emission gun and a FALCON 4 direct electron detector at 100,000x nominal magnifi-
cation (pixel size: 1.1 A/px).

300 kV data were recorded at the electron Biological Imaging Centre (eBIC), with a Titan
Krios equipped with a Gatan BioQuantum K3 direct electron detector and energy filter, at
81,000x magnification (pixel size 1.072 A/px). 11,855 micrographs were collected without

tilting the grid, and 7,535 micrographs were collected at a —30° tilt.

4.2.7 CryoEM image processing

Pre-processing

Micrographs from each dataset were imported into Cryosparc v3.3.2 [60] before motion cor-
rection [250] and patch CTF estimation with CTFFIND4 [249], with each dataset being pre-
processed independently. Micrographs were curated based on the quality of the CTF esti-
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mation and those with CTF fits reaching resolutions below 8 A (for the 200 kV datasets) or

6 A (for the 300 kV datasets) were excluded.

200 kV Gold Lacey dataset

For the 200 kV Gold Lacey dataset, particles were initially picked with the blob picker utility
of Cryosparc and extracted with a binning factor of 4. ‘Junk’ particles were removed with
several rounds of 2D classification and side views were used for template picking, before
extracting new picks binned by 4. Particle picks were merged, duplicates were removed
based on distance and ‘junk’ particles were removed by 2D classification. Particles classi-
fying as pentamers were used for ab initio reconstruction with four classes, the class most
resembling the early prepore was excluded and the other particles were used to generate
four new ab initio models. The best class (i.e. the class with the best-defined features) was
improved by a first round of homogeneous refinement followed by a second round using all
particles from the second ab initio reconstruction job. Particles were 3D classified with princi-
ple component analysis initialisation and the best class was taken forward for homogeneous

refinement, followed by local refinement using a mask around the three central monomers.

200 kV GrOx dataset

2D classes from the 200 kV Gold Lacey dataset were used for template picking with the
GrOx dataset, particles were extracted binned by 4 and ‘junk’ particles were removed by 2D
classification. Three processing strategies were attempted. Four ab initio classes were gen-
erated and the best one was used for homogeneous refinement. Alternatively, the particles
were homogeneously refined against the final reconstruction from the 200 kV Gold Lacey
dataset (low-pass filtered to 40 A). Finally, particles from both the 200 kV Gold Lacey and
GrOx datasets were merged and used for ab initio reconstruction with two classes and the
best class was used for homogeneous refinement.
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300 kV Gold Lacey dataset

The processing workflow for the 300 kV Gold Lacey dataset is detailed in Section 4.3.5 and
Figure 4.18. Biriefly, tilted and untilted micrographs were pre-processed separately. Parti-
cles were picked from the untilted dataset with the blob picker utility. Manual picking was also
performed to select for side views of the complex before using those views to train a Topaz
model. Particles from the blob picker and Topaz were then extracted binned by 4, merged
and duplicates were removed. ‘Junk’ particles were removed by 2D classification and ‘good’
particles were used to train another Topaz model for picking from the tilted dataset. All par-
ticles were merged and cleaned by 2D classification. Four ab initio reconstructions were
generated (from 321,472 particles) and the best two classes were used for homogeneous
refinement separately. The resulting models were used as input volumes (twice each) for
heterogeneous refinement of all particles to yield four reconstructions. The two models with
the best-defined features and which showed the least contribution from noise (with 111,319
and 117,371 particles respectively) were then processed separately. In each case, homo-
geneous refinement preceded particle unbinning, followed by a round of homogeneous re-
finement of the unbinned particles against the previous, binned reconstruction. Per-particle
CTF refinement was performed before non-uniform refinement [251] against the previously

generated model.

To assign a conformational state to each reconstruction, the structure of the ILY early
prepore (PDB 6ZD0) [50] was rigid-body fitted into the density with ChimeraX [170] and the
local map-model correlation was calculated with Phenix [252]. For the second reconstruction
(made from 117,371 particles), a trimer of the MACPF/CDC domain and a trimer of domain
4 (D4)-CD59 were generated from the early prepore structure. They were either aligned to
the entire prepore model fitted into the density, or individually rigid-body fitted in ChimeraX.
The local map-model correlation was calculated with Phenix in both cases.
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4.3 Results

4.3.1 Purifying ILY"B1-nocharge, MSP2N2 and nanodiscs

The ILYH®! mutant (A221C, N404C) contains a disulfide bond locking the first helical bundle
(HB1) and domain 2 (cf. Section 3.3.1 and Figure 3.6). Atomic force microscopy shows
that it can form 8-nm-tall assemblies, consistent with the collapsed late prepore. As the
h-helix is part of HB2 and the ILY"®2 mutant does not form full rings on supported bilayers
(Figure 3.6), it was not an ideal target for studying the late prepore. The inactivating h-helix
mutations presented in Chapther 3 (E337A, N338A, K341A, N342A) were also expected to
increase the stability of the complex by minimising nanodisc lysis. The The ILYHB'-nocharge
was expressed in E. coli and purified by cobalt affinity chromatography and size exclusion
chromatography, resulting in a pure and monodisperse protein sample appropriate for com-
plex reconstitution (Figure 4.4).

Recombinant MSP2N2 was expressed in E. coli, purified and used to produce 1:1 (molar
ratio) DOPC:cholesterol nanodiscs. MSP2N2 forms nanodiscs with a diameter of ~17 nm
[236], which allows multiple copies of ILY to oligomerise on the membrane disc [50]. Size
exclusion chromatography was used to separate nanodiscs from lipid/protein aggregates
and unused protein or lipids (Figure 4.5A). The integrity of the nanodiscs was checked by
negative stain EM imaging (Figure 4.5B), which confirmed that they were pure and of a

roughly homogeneous size.

4.3.2 Assembling the complex and sucrose gradient

The CD59%" construct is able to insert spontaneously in lipid bilayers, so nanodiscs were
first incubated with CD59%% for 20 minutes at room temperature. ILYM®'-nocharge was
added and incubated for a further 30 minutes to form the complexes. The ratio between
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Figure 4.4 | ILY"B'-nocharge purification. A. SDS-PAGE of the cobalt affinity chromatog-
raphy step. The protein was eluted with imidazole (concentration given above the corre-
sponding lanes). The blue asterisk shows the band corresponding to the protein of interest.
B. Size-exclusion chromatography profile of ILYH®'-nocharge, with the monodisperse peak
of interest in the green box. C. SDS-PAGE of the gel filtration fractions. The lanes corre-
sponding to the green box in panel B show pure ILYMB'-nocharge.
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Figure 4.5 | Generation of DOPC-cholesterol nanodiscs. A. Gel filtration profile showing
nanodiscs separated from aggregates in the void volume and unused MSP2N2 and lipids.
B. Negative stain EM imaging of DOPC-cholesterol nanodiscs. Undecorated nanodiscs tend
to form lipid-to-lipid stacks.

nanodiscs, CD59% and ILY"®'-nocharge was kept close to the one used for the early pre-

pore structure, where nanodiscs were mostly decorated with pentamers [50].

Negative stain EM reveals that ILYMB'-nocharge forms assemblies on CD59%°-decorated
nanodiscs (Figure 4.6). However, ‘empty’ nanodiscs (i.e. undecorated with ILYNB'-nocharge)
were also observed, along with large aggregates. While it is difficult to count the number of
ILYH®1-nocharge monomers on each nanodisc, a high level of heterogeneity was observed
in the early prepore dataset [50], suggesting that such heterogeneity may also be present

here, which would complicate image processing for high-resolution cryoEM.

To separate occupied and ‘empty’ nanodiscs and remove other contaminants (e.g. aggre-
gates, off-target assemblies), the sample was purified by sucrose density gradient centrifu-
gation. Linear 10-30% (w/v) sucrose gradients have been used to purify membrane proteins
in MSP2N2 nanodiscs [143, 248] so the same approach was used. SDS-PAGE was used
to check for the presence of the different proteins (MSP2N2, CD59%" and ILY"®'-nocharge)
in each fraction of the gradient (Figure 4.7A). This showed that most assemblies were in
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Figure 4.6 | Negative stain EM imaging of the ILYHB!-nocharge complex on lipid nanodiscs.
A. Negative stain micrograph of the complex made formed by incubating CD59%'°-decorated
nanodiscs with ILYMB'-nocharge. B. Close-up views of selected areas shown in panel A. 1-4:
Assembled complexes with white arrows pointing to ILY"B'-nocharge. 5: ‘Empty’ nanodisc,
not decorated with ILY"B'-nocharge. 6: Aggregate.

fractions 5 to 18, but gave no information about the number of ILY"®'-nocharge subunits.
CD59%" could not be resolved on the gel, but negative stain EM imaging confirmed that the
ILYH®1-nocharge complex was correctly formed on the nanodiscs, indicating that CD59%'°

was present (Figure 4.7B).

Screening the fractions by negative stain EM identified which was best for structure de-
termination. Early fractions contain mostly ‘empty’ nanodiscs, as indicated by their tendency
to form stacks, a behaviour also observed prior to decorating them with any protein (Fig-
ure 4.5B and Figure 4.7B). Fractions near the middle of the gradient contain nanodiscs
decorated with ILYMB'-nocharge, and the number of subunits in each complex seems to in-
crease with the fraction number. However, signs of aggregation can be seen from fraction

15 onwards, so fraction 14 was taken forward.

To characterise the complex further, | solved a low-resolution negative stain structure
of the sample in fraction 14. 550 micrographs were collected on a 120 kV instrument and
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Figure 4.7 | Complex purification by sucrose density gradient centrifugation. A. Silver-
stained SDS-PAGE of fractions 1 to 27 of the 10-30% (w/v) sucrose gradient. The dou-
ble band corresponding to ILYHB'-nocharge indicates partial formation of the engineered
disulfide bond, consistent with what has been observed for ILY disulfide-locked mutants [50].
B. Negative stain EM images of selected fractions. Fraction 7 shows mostly stacks of ‘empty’
nanodiscs. Fraction 13 shows complexes with few ILY subunits. Fraction 14 is enriched in
higher-order oligomers. Fraction 15 also contains higher-order oligomers, as well as aggre-
gates.
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processed in Cryosparc v2.14.2 [60]. Particles were picked with the built-in blob picker utility
before several rounds of 2D classification to remove ‘junk’ particles. The final 2D classes
(Figure 4.8B) show clear density for ILYMB'-nocharge and the nanodisc, and a variety of
orientations. The 2D classes contained both trimers and tetramers of ILYH8'-nocharge, and
the tetramers were taken forward for 3D reconstruction. The final structure, with a resolution

of 20 A, shows separation between the four monomers (Figure 4.8A).

Resolution: 20 A

0.143

pore

SA000, A A
SR | T T

0 02 04 06 08 1 1.2
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Figure 4.8 | Negative stain reconstruction of ILYH®'-nocharge on lipid nanodiscs. A. 3D
negative stain structure of tetrameric ILY"8'-nocharge. Scale bar: 20 A. B. Selected 2D
classes showing a variety of orientations. Scale bar: 30 nm. C. FSC curve of the negative
stain reconstruction. D. Overlaying the negative stain reconstruction with different structures:
the ILY early prepore (ILYE?, PDB 6ZDO0) including CD59 (top), the ILY early prepore without
CD59 (middle) and the PLY pore (PDB 5LY6, bottom). Scale bar: 20 A.

To determine whether the complex was collapsed, it was overlayed with three different
structures (Figure 4.8D). Manually fitting the ILY early prepore (PDB 6ZD0) with CD59 shows
that the density does not fully match with the model, but this may be due to the low resolution
of the map. If CD59 is removed and the model is moved to place domain 4 in the density
directly above the nanodisc, the MACPF/CDC domain is out of density. When manually
fitting a tetrameric version of the PLY pore structure (PDB 5LY6), both domain 4 and the
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MACPF/CDC domain match the density (except for the unfurled B-hairpins) better than either
fitting of the ILY early prepore. Together, this suggests that the complex corresponds to the
collapsed prepore, although the low resolution of the reconstruction precludes unambiguous

assignment of a conformational state.

4.3.3 Sucrose removal and cryoEM grid optimisation

The negative stain reconstruction indicates that the complex was successfully formed and
purified. However, the sample contained a large concentration of sucrose, which would
have prevented high-resolution structure determination by contributing background noise
[54]. The same fraction that was used for the negative structure was run through a Zeba
spin desalting column pre-equilibrated in HEPES buffer (20 mM HEPES pH 7.4, 120 nM
NaCl) according to the manufacturer’s instructions. Negative stain EM imaging revealed that
the complex was destroyed in the process (Figure 4.98). To test whether overnight dialysis
was a viable strategy, the sample was kept at 4°C overnight and checked with negative stain
EM, which showed aggregates and a lower overall concentration of particles (Figure 4.9C),

probably due to aggregated complexes coming out of solution.

Figure 4.9 | Negative stain EM imaging to check sample stability. A. Negative stain mi-
crograph of fraction 14 directly after gradient fractionation. B. Negative stain micrograph of
fraction 14 after Zeba spin treatment for sucrose removal. C. Negative stain micrograph of
fraction 14 after overnight incubation at 4°C. All grids were made using the same protocol,
without sample dilution.
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Since sample instability hindered sucrose removal, it was fixed by adding glutaraldehyde,
a mild chemical crosslinker, to the sucrose density gradient. By adding glutaraldehyde to the
high-sucrose solution, a gradient of crosslinker was established at the same time as the
sucrose gradient, an approach that has been termed ‘GraFix’ [253, 254]. Glutaraldehyde
is an organic compound made of a five-carbon chain with a formyl group at either end.
It forms covalent bonds with the primary amines of lysine residues in proximity with each
other, crosslinking the residues (Figure 4.10A). This has been shown to improve the stability
of some protein samples, as well as increasing their contrast in the electron microscope

[143, 253, 254].

The fixed sample was able to withstand sucrose removal by Zeba spin much more readily
than the unfixed complex, but some lipid aggregates could still be seen (Figure 4.10B). After
overnight dialysis in a dialysis cup, the sample aggregated (Figure 4.10C), whereas a 2-hour

dialysis led to less aggregation (Figure 4.10D).

The sample after a 2-hour dialysis was taken forward for cryoEM grid preparation. On
standard carbon-film Quantifoil grids with a copper mesh, particles aggregated on the carbon
and did not enter the holes (Figure 4.11A). To overcome this, | adopted two approaches. The
sample was frozen on similar copper Quantifoil grids, which were first coated in graphene
oxide (GrOx) to provide a support in which particles were adsorbed (Figure 4.11B). The
particles on GrOx-coated grids lacked sharpness, but it was unclear whether this was a result
of partial embedding in too thin ice, or a low signal-to-noise ratio due to remaining sucrose
in the solution. The sample was also frozen on UltrAuFoil grids, where both the grid and the
foil are made of gold to avoid aggregation on a carbon foil. This led to particles inside holes
(Figure 4.11C), but imaging the grid at low magnification showed inconsistent ice thickness
over neighbouring squares (Figure 4.11D). This may be a result of heterogeneous wetting
of the grid arising from the presence of sucrose in the buffer, suggesting that the 2-hour
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Figure 4.10 | GraFix crosslinking of the sample. A. Glutaraldehyde reacts with the primary
amines of lysine residues to crosslink them. B. Negative stain micrograph of fixed fraction
14. Scale bar: 100 nm. C. Negative stain micrograph of fixed fraction 14 after Zeba spin
treatment. Arrows point to lipid aggregates. D. Negative stain micrograph of fixed fraction
14 after overnight dialysis. E. Negative stain micrograph of fixed fraction 14 after 2-hour
dialysis. Scale bar: 100 nm.

dialysis step did not succeed in removing the entirety of the sucrose from the sample.

As the sample could not withstand Zeba spin centrifugation or overnight dialysis, and a 2-
hour dialysis did not remove all sucrose, it was buffer-exchanged into HEPES buffer (20 mM
HEPES pH 7.4, 120 nM NaCl) with four cycles of dilution and slow concentration. Negative
stain EM imaging showed that the procedure did not destroy the complex (Figure 4.12A), so
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Figure 4.11 | Screening of cryoEM grid types. A. Sample aggregates on the carbon foil of
copper Quantifoil grids. Scale bar: 100 nm. B. The addition of a graphene oxide support
leads to particles present in the holes. The lack of sharpness of the particles may be due
to improper ice thickness or the presence of residual sucrose. Scale bar: 100 nm. C. On
UltrAuFoil grids, the sample is frozen in holes. Scale bar: 100 nm. D. Inconsistent ice
thickness over the grid suggests that there may be sucrose present in the sample after a
2-hour dialysis. Scale bar: 100 pm.

it was used to prepare cryoEM grids. As GrOx-coated copper Quantifoil grids and UltrAuFoil
grids had previously shown the most promising results, the sample was frozen on those. The
GrOx-coated grids showed good particle distribution and concentration (Figure 4.12B-C) but
no particles were observed in holes on the UltrAuFoil grids (not shown). As aggregation
on carbon had been observed before (Figure 4.11A), the sample was also frozen without
support on gold grids with a lacey carbon film, which have a reduced amount of carbon
compared to standard copper Quantifoil grids. Due to the limited amount of sample available,

136



fraction 15 was used for freezing on Gold Lacey grids. This also resulted in good particle

distribution and concentration (Figure 4.12D-F).

Figure 4.12 | Sucrose removal by dilution and concentration yields a sample suitable for
structure determination. A. Negative stain micrograph of fixed sample after four rounds of
dilution and concentration to remove the sucrose. B-C. Micrographs of GrOx-coated copper
Quantifoil grids. D-E. Micrographs of lacey carbon on gold grids. Scale bar: 100 nm (all
panels).

4.3.4 Glacios data collections

As particles showed a good distribution on both gold lacey and GrOx-coated copper Quan-
tifoil grids, data were collected from both types of grids on a 200 kV Glacios instrument. All
data collections were performed using a FALCON 4 direct electron detector and the data
collection parameters are shown in Table 4.1. Motion correction [250] and CTF estimation
[249] were done for each dataset separately, in Cryosparc v3.3.2 [60]. Micrographs were
then curated based on the quality of the CTF estimation, and micrographs with Thon rings
that did not go beyond 8 A were excluded. For the Gold Lacey dataset, micrographs were
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also sorted by average intensity, and those with high intensity were excluded as they were

mostly occupied by the lacey carbon film.

Table 4.1: Data collection details for the 200 kV Glacios datasets.

Grid type Gold Lacey GrOx copper Quantifoil
Voltage (kV) 200 200
Magnification 100,000 x 100,000 x

Detector FALCON 4 FALCON 4

Pixel size (A/px) 1.1 1.1
Defocus range (um) —1.1t0 -3.2 —0.9t0 -3.0
Defocus step (um) 0.3 0.3
Electron dose (e/A?) 50 40 30
Micrographs 3,244 11,709 2,897

Processing the Gold Lacey dataset

The Gold Lacey dataset and the two GrOx Quantifoil datasets were processed separately.
For the Gold Lacey dataset, particles were picked with the blob picker utility of Cryosparc
and extracted binned by 4. ‘Junk’ particles were removed iteratively with several rounds
of 2D classification. Most 2D classes corresponded to top or front views of the particles,
i.e. views where the different ILYHB'-nocharge monomers could be resolved (Figure 4.13).
To enhance for side views, classes where signal could be seen from the nanodisc were
used as templates for template picking. Those particles were extracted, binned by 4, and
merged with the original ‘clean’ particles before removing duplicates and further round of 2D
classification to remove newly extracted ‘junk’ particles. To get a better understanding of the
oligomeric state of the complex, 2D classes were then split into groups based on how many
ILYHB'-nocharge subunits could be counted (Figure 4.13). Most complexes were pentamers,
consistent with what was observed for the early prepore [50]. Tetramers, hexamers and
heptamers were also observed, but only pentamers showed front views. Overall, only ~1%
of particles classified into side views with clear protein signal.

As pentameric assemblies dominated the dataset and showed the most diverse views,
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Figure 4.13 | 2D classification of particles from the Gold Lacey dataset. A. Example ‘junk’
classes that were removed with several rounds of 2D classes. B. Example front (left) and
top (right) views, where ILY"®'-nocharge subunits can be counted. C. Side views where
protein density can be seen, representing ~1% of ‘good’ particles. D. Particle count for each
oligomeric state (excluding side views where subunits cannot be counted). E. Example 2D
classes of ILY"®'-nocharge tetramers (top), pentamers (second from top), hexamers (second
from bottom) and heptamers (bottom). Scale bar: 20 nm (panels A-C and E).

they were combined with the side views and used for 3D reconstruction. First, an ab initio re-
construction was performed with four classes (Figure 4.14A). One of them was reminiscent
of the uncollapsed, early prepore, which was confirmed by running a homogoneous refine-
ment of the corresponding particles (Figure 4.14B). Several approaches were attempted
to deal with conformational heterogeneity between the uncollapsed and collapsed classes
(including several rounds of heterogeneous refinement and 3D classification) but the best re-
sults came from a second round of ab initio reconstruction excluding the clearly uncollapsed
particles. The best class was used for homogeneous refinement (with 7,717 particles) and
yielded an 18 A reconstruction with strong preferred orientation (Figure 4.14C).
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Figure 4.14 | Initial processing to deal with conformational heterogeneity of the Gold Lacey
dataset. A. Four classes generated by the first ab initio reconstruction. The purple class is
reminiscent of the early prepore structure [50]. B. Homogeneous refinement of uncollapsed
particles from the purple class in panel A. Top: consensus map; middle: FSC curve; bottom:
orientation plot. C. Homogeneous refinement of 7,717 particles from the best class of the
second round of ab initio reconstruction. Top: consensus map; middle: FSC curve; bottom:
orientation plot. Scale bar: 20 A (all panels).

To increase the particle number, all the particles that had not been classified into the
uncollapsed class were used again. Particles from 2D classes where the nanodisc was vis-
ible but protein density was not (which had been excluded so far) were also added to the
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pool in an attempt to recover more views. These particles were used for homogeneous re-
finement against the map in Figure 4.14C, then classified in 3D into ten classes. This did
not highlight oligomeric or conformational heterogeneity but generated classes with different
levels of feature definition. The best class (containing 12,683 particles) was used for a first
homogeneous refinement job, followed by local refinement with a static mask around the
three central monomers (Figure 4.15A). This yielded a 17 A map of a pentameric assem-
bly with severe preferred orientation (Figure 4.15B-D). However, the five subunits can be
clearly distinguished, with the three central monomers showing the best-defined features.
Unbinning the data did not improve the reconstruction, even with the addition of more par-
ticles excluded in earlier steps, suggesting that the resolution is limited by heterogeneity
and preferential orientation. Attempts at separating different conformations by 3D classifica-
tion, heterogeneous refinement using the maps in Figure 4.14B and Figure 4.15B, or more

rounds of ab initio reconstruction with the unbinned data, did not improve the map.

To determine the conformational state of the reconstruction, it was overlayed with a PLY
trimer it its pore conformation (PDB 5LY6) and with the ILY early prepore (PDB 6ZDO0). In
the case of the PLY pore, the best match came from fitting the structure on one side of
the map rather than the centre, but only domain 4 (D4) from the peripheral monomer fits
inside the density (Figure 4.15E). The ILY early prepore structure fits better in the map if
the handedness is inverted (Figure 4.15F). The map shows density which matches well with
CD59 and with the MACPF/CDC domains, but this fitting places D4 outside of any density,
suggesting that the density attributed to CD59 may in fact correspond to D4, moved to a
position similar to the one found in the PLY pore conformation. As neither structure fits the
map entirely, it may represent an intermediate conformation, the early prepore. However,
the resolution is too low to rule out the early prepore conformation.
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Figure 4.15 | 3D reconstruction from the Gold Lacey dataset (binned by 4). A. Input vol-
ume (grey) and static mask (turquoise) used for homogeneous refinement. B. Consensus
map generated by homogeneous refinement with the static mask shown in panel A. C. FSC
curve for the map in panel B. D. Orientation plot of the map in panel B. E. Fitting of trimeric
PLY in the pore conformation (PDB 5LY6) into the map in panel B. F. Fitting of trimeric ILY
in the early prepore conformation (PDB 6ZD0) into the map in panel B after inverting the
handedness. Scale bar: 20 A (all panels).
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Processing the GrOx Quantifoil datasets

Particle picking from the GrOx Quantifoil micrographs was performed using 2D classes from
the Gold Lacey dataset for template picking. ‘Junk’ particles were removed in several rounds
of 2D classification binned by 4 as for the Gold Lacey dataset. 2D classification revealed that
particles adopted different orientations on the GrOx Quantifoil grids (Figure 4.16A). Most
particles (49.0%) belong to classes corresponding to side views where the alignment is
driven by the protein and only the nanodisc signal directly under ILYMB'-nocharge is visible.
These are most similar to the rare side views in the Gold Lacey dataset, but they are tilted
by different angles compared to them. A large proportion of particles (30.9%) classified
into side views where the nanodisc drives the alignment and the protein signal is blurred on
either side of it. Finally, only 20.1% of particles correspond to top views where the ILYHB'-
nocharge subunits can be counted, revealing mostly trimers, tetramers and pentamers. This
is consistent with the tetrameric negative stain reconstruction, which was also generated

from fraction 14 of a gradient, whereas the Gold Lacey datasets used fraction 15.

Three main processing strategies were trialled on the GrOx Quantifoil datasets. An ab
initio reconstruction job yielded four classes and the best was taken forward for homoge-
neous refinement, resulting in the map in Figure 4.16B. The reconstruction includes density
corresponding to the nanodisc but it only contains a dimer of ILY"®'-nocharge with poorly
defined features. The second approach was to low-pass filter the gold lacey reconstruction
in Figure 4.15B to 40 Aand use it for homogeneous refinement of the particles from the GrOx
Quantifoil datasets. This resulted in a poorly refined map, suggesting that the algorithm failed
to align particles in 3D (Figure 4.16C). Similarly, merging ‘good’ particles (as determined by
2D classification) from all datasets and running an ab initio reconstruction followed by ho-
mogeneous refinement of the best class did not yield satisfactory results (Figure 4.16D). In
all three cases, rounds of heterogeneous refinements and 3D classification failed to improve
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Figure 4.16 | Image processing for the GrOx Quantifoil datasets. A. Selected 2D classes
showing tilted side views (top), side views aligned on the nanodisc (middle) and top views
(bottom). Scale bar: 20 nm. B. 3D reconstruction resulting from homogeneous refinement
of the best ab initio class (top), with its FSC curve (middle) and orientation plot (bottom).
C. 3D reconstruction resulting from homogeneous refinement of the GrOx Quantifoil parti-
cles against the consensus map generated with the Gold Lacey dataset (top), with its FSC
curve (middle) and orientation plot (bottom). D. Map resulting from merging particles from
all datasets and refining the best class from an ab initio reconstruction (top), with its FSC
curve (middle) and orientation plot (bottom). Inset: classes from the ab initio reconstruction,
the left-hand side class was used for homogeneous refinement. Scale bar: 20 A (panels
B-D and inset in panel D).

the quality of the map. All three reconstructions in Figure 4.16 have a reported resolution
below 15 A, but visual inspection of the maps suggests that they are of poor quality and the

resolution is overestimated, possibly due to over-refinement of noise. Moreover, the orien-
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tation plots all show a much wider distribution of views than would be expected from the 2D
classes, which suggests that the particles are misaligned and the angular assignments are

incorrect.

4.3.5 Double-crosslinking and eBIC data collection

The 200 kV datasets revealed that the particles suffer from preferential orientation on both
Gold Lacey and GrOx-coated Quantifoil grids. As the charge properties of the particles
influence their behaviour on cryoEM grids, the GraFix protocol was modified to alter the
extent of crosslinking. The length of a crosslinker determines which amino acid residue
pairs it can crosslink, so using reagents with different chain lengths will result in differential
crosslinking. This has been observed for a combination of glutaraldehyde and the longer-
chain chemical bis(sulfosuccinimidyl) suberate (BS?) [255]. Combining glutaraldehyde and
BS? also results in more extensive crosslinking, potentially stabilising the complex further.

BS® was added to the sucrose density gradient, which was run and harvested as before.

To remove the sucrose from the doubly-crosslinked sample, it was treated with a Zeba
spin column following the manufacturer’s instructions. The desalting column was pre-equilibrated
in either HEPES buffer (20 mM HEPES pH 7.4, 120 nM NaCl) or Tris buffer (200 mM
NaCl, 20 mM Tris-HCI). Negative stain EM imaging showed that the sample could with-
stand the Zeba spin treatment (Figure 4.17A), and that more protein was recovered with the
Tris buffer, probably because the residual crosslinkers were quenched by the primary amine
of Tris. Moreover, the sample could withstand being concentrated faster and to higher con-
centrations, facilitating the preparation of cryoEM grids. As fraction 15 contains higher-order
oligomers than fraction 14 and did not show obvious signs of aggregation, it was vitrified on

both GrOx-coated copper Quantifoil and Gold Lacey grids (Figure 4.17B-C).
As the Gold Lacey dataset contained more top views, resulting in a better reconstruction,
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Figure 4.17 | Sample after double-crosslinking with glutaraldehyde and BS®. A. Negative
stain micrograph of fraction 15 after sucrose removal with a Zeba spin column. B. Sample
vitrified on a GrOx-coated copper Quantifoil grid. C. Sample vitrified on a Gold Lacey grid.
Scale bar: 100 nm (all panels).

Gold Lacey grids of double-crosslinked sample were taken for data collection on a 300 kV
Titan Krios instrument at the Electron Bio-Imaging Centre (eBIC). To capture more views and
overcome the preferred orientation issues observed previously, two datasets were recorded:

at 0° and at a 30° tilt. The details of the data collection are in Table 4.2.

Table 4.2: Data collection details for the 300 kV eBIC datasets.

Tilt angle (°) 0 -30
Voltage (kV) 300 300
Magnification 81,000 81,000
Detector and energy filter | Gatan BioQuantum K3 | Gatan BioQuantum K3
Pixel size (A/px) 1.072 1.072
Defocus range (um) —1.1t0 -3.2 —1.41t0-2.6
Defocus step (um) 0.3 0.3
Electron dose (e /A?) 50 50
Micrographs 11,855 7,535

Micrographs were imported into Cryosparc v3.3.2 and pre-processed (each dataset sep-
arately) for motion correction and CTF estimation. Micrographs were curated based on the
quality of the CTF estimation and, in the case of the tilted dataset, overfocused and exces-
sively underfocused micrographs were removed. Due to time constraints, | was only able
to perform initial steps of image processing on these two datasets. The overall processing
workflow is shown in Figure 4.18 and detailed below.
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Figure 4.18 | Overall processing workflow for the eBIC datasets. Scale bars: 20 A.

Particles were picked from the untilted dataset using the blob picker, extracted (binned
by 4) and subjected to rounds of 2D classification to remove ‘junk’ particles. Manual picking
was also performed on a selection of micrographs to target specifically side views where the
nanodisc was visible (Figure 4.19). Those picks were used to train a Topaz model [245] and
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subsequently extract particles (binned by 4) before cleaning them with several rounds of 2D
classification. Both sets of particles were then merged and duplicates were removed before
another round of 2D classification. Side views represented ~3.5% of particles taken forward
for processing. Oligomers ranging from tetramers to heptamers were observed and all were
included in subsequent processing steps. The particle picks from the untilted dataset was

used to train a Topaz model, which picked particles from the tilted dataset.

Figure 4.19 | Using Topaz to recover side views from the untilted data. A. Example micro-
graph with particle picks used for Topaz training circled in white. Scale bar: 100 nm. B.
Example particle picks from the Topaz model. Scale bar: 100 A. C. Final 2D classes of
Topaz picks. Scale bar: 100 A.

Four ab initio reconstructions were generated from the pooled particles (Figure 4.20),
with one class resembling the early prepore conformation, and another similar, but smaller
in height. Each of those two classes was used for homogenous refinement to give an initial
consensus map of the early prepore, and one which may correspond to the late prepore. All
particles were subjected to heterogeneous refinement with two copies of each map as input
volumes.

The best class corresponding to the early prepore and the best class of the potential new
conformation were taken forward for further processing separately. For the early prepore,
the map was first improved by homogeneous refinement, before re-extracting the particles
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Figure 4.20 | Initial reconstructions from the eBIC datasets. A. 2D classes of the particles
used for the initial reconstructions. B. Four classes from the ab initio reconstruction. The
turquoise and purple classes were refined separately. C. Initial consensus map of the new
ILY conformation (left) with its FSC curve (centre) and orientation plot (right). D. Initial con-
sensus map of the ILY early prepore (left) with its FSC curve (centre) and orientation plot
(right). Scale bar: 20 A (all panels).

unbinned. The unbinned particles were homogeneously refined against the previously gen-
erated map. CTF estimation on micrographs collected at a tilt angle is often inaccurate as the
grid is not flat relative to the electron beam, resulting in parts of the micrograph being at dif-

ferent defoci. To correct for this, per-particle CTF estimation was performed, followed by non-
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uniform refinement. The resulting reconstruction (from 111,319 particles) was a hexamer,
has a reported resolution of 4.31 A and shows the best density for the central monomers
(Figure 4.21). It includes density attributable to the nanodisc, but the protein density does
not lie flat on the nanodisc, which suggests errors in the alignment (Figure 4.21D). This
is supported by the S-shape of angular assignments in the orientation plot (Figure 4.21C),

which is uncharacteristic of well-refined cryoEM maps.

B GSFSC Resolution: 4.314

—— No Mask (6.34)
—— Loose (4.84)
0.8 4 —— Tight (4.34)
—— Corrected (4.34)

0.6

0.4

0.2 1

0.0 : \%‘4 : I

DC 17A &le s.lsA 424  33FA 284 244

Figure 4.21 | Final reconstruction of the early prepore. A. Consensus map of the early pre-
pore. B. FSC curve of the reconstruction in panel A. C. Orientation plot of the reconstruction
in panel A. D. A high visualisation threshold reveals signal corresponding to the nanodisc at
the bottom of the protein density. The plane of the top of the MACPF/CDC domains (purple
line) is not parallel with the plane of the nanodisc (turquoise line) suggesting errors in the
alignment. Scale bar: 10 A (panels A and D).

The particles that yielded the reconstruction in Figure 4.20C were processed similarly to
those corresponding to the early prepore. The final consensus map refined from 117,371
particles reached a reported resolution of 4.3 A and represents a pentamer of ILY"8'-nocharge
(Figure 4.22). The orientation plot indicates that the structure suffers from preferential orien-
tation. This was confirmed by running a 2D classification job with the final particle set, which
revealed the absence of side views in this reconstruction. However, it is unclear whether
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the side views observed in the dataset correspond to a different conformation or whether
the nanodisc density prevented the algorithm from correctly aligning side views with other
views. For both the hexameric and pentameric maps, 3D classification, heterogeneous re-
finement and local refinement with masks around the central monomers all failed to improve

the resolution.

mqjm

B GSFSC Resolution: 4.294 C
1.0

103
—— No Mask (6.44)
—— Loose (4.64)
0.8 —— Tight (4.34)
—— Corrected (4.34)

0.6

Elevation
# of images

0.4 4

0.2 1

0.0 | | M -2 ——

DC 17A 844 564 424 334 28A 244 -no -3m4 -m2 -m4 0 w4 w2 3m4wm
Azimuth

Figure 4.22 | Final reconstruction of the potential new ILY conformation. A. Consensus map
resulting from non-uniform refinement. Scale bar: 10 A. B. FSC curve of the reconstruction
in panel A. C. Orientation plot of the reconstruction in panel A.

To assign a conformational state to each of the two reconstructions (the hexameric map
in Figures 4.21 and the pentameric map in Figure 4.22, respectively), the early prepore
structure (PDB 6ZD0) was fitted as a rigid body into each map in ChimeraX [170] and the
local map-model correlation coefficient (CC) was calculated in Phenix [252] (Figure 4.23).
The hexameric map shows a better fit with the early prepore model (CC = 0.528) than the
pentameric map (CC = 0.326). To improve the fit, the trimeric structure was split in two
parts: D4-CD59 and D1-D3 (corresponding to the MACPF/CDC domain), and each was
rigid-body fitted individually into the pentameric map. This results in D4-CD59 being shifted
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up to fill the density and an increase in local map-model correlation coefficient from 0.387
to 0.467 (Figure 4.23C). Similarly, D1-D3 moves down and the CC increases from 0.244
to 0.341. The maps presented here are initial reconstructions which can still be improved
on, resulting in rather poor correlation coefficients overall, but the improvements in fitting
suggest that the pentameric reconstruction may represent a different conformation of ILY,
potentially corresponding to the late prepore. Measuring the distance between the top of the
MACPF/CDC domain and the bottom of D4 suggests a decrease in height of ~1.2 nm from
the early prepore to the new conformation (Figure 4.23F). The pentameric map also shows

density for CD59%'°, suggesting that it remains bound to the late prepore.

4.4 Discussion

Pore-forming proteins of the MACPF/CDC superfamily are challenging structural targets be-
cause of their need for a lipid bilayer on which to oligomerise. Nanodiscs are a powerful tool
as they provide a substrate for them, yielding complexes that can be imaged by cryoEM.
However, the assembly pathway of those proteins, and of CDCs in particular, pose several
challenges for structure determination. Resolving intermediates requires trapping the pro-
tein in a specific state, which can be achieved by engineering disulfide bonds [50, 188]. As
some of those intermediates can still disrupt membranes, further inactivating mutations are
sometimes needed to stabilise the complex long enough for structure determination. While
incubating ILYMB'-nocharge on CD59%"-decorated nanodiscs is enough for the complex to
form, this results in high levels of heterogeneity as some nanodiscs remain unoccupied, and
those on which ILY"®'-nocharge deposits show a range of subunit number. Sucrose density
gradient centrifugation was successful in purifying assembled complexes from unoccupied
nanodiscs and, to a lesser extent, in separating complexes according to oligomeric order.
This approach is particularly powerful for separating populations when affinity chromatogra-
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Local CC: 0.467 Local CC: 0.341 Local CC: 0.341

Figure 4.23 | Fitting the early prepore structure into the cryoEM reconstructions. A. Hexam-
eric map overlayed with the early prepore model (PDB 6ZD0). B. Pentameric map overlayed
with the early prepore model (PDB 6ZD0). C. D4-CD59 aligned to the fit of the entire early
prepore into the pentameric map (top) compared to D4-CD59 rigid-body fitted alone (bot-
tom). D. D1-D3 from aligned to the fit of the entire early prepore into the pentameric map
(top) compared to D1-D3 rigid-body fitted alone (bottom) E. Different view of the fit in panel
D. F. Relative position of the domains in the early prepore structure (top) and resulting from
individually fitting D4-CD59 and D1-D3 into the pentameric map (bottom). In both cases,
the distance between the Ca carbons of Val-173 and Gly-459 is shown in purple. Blue: D1,
yellow: D2, green: D3, red: D4, turquoise: CD59. Scale bar: 20 A (all panels).
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phy or size-exclusion chromatography are not viable options.

While high-resolution reconstructions can only be achieved with cryoEM, electron mi-
croscopy (EM) at non-cryogenic temperatures is a powerful tool for sample preparation and
characterisation. In this project, negative stain EM was used to visualise complex formation
and to check the integrity of the sample at each step, in particular during buffer exchange
after the sucrose density centrifugation. Analysing the gradient fractions by SDS-PAGE
suggested the complex of interest was present in many fractions, while negative stain EM
imaging rapidly identified the ideal fractions for structure determination by cryoEM. A small
data collection, run over a few hours, can be enough to yield a low-resolution structure for

initial sample characterisation, which can be helpful to guide sample preparation.

A downside of sucrose density gradients is the need to remove the sucrose after the pu-
rification, as it would lower the signal-to-noise ratio and prevent high resolution reconstruc-
tion by cryoEM. Sucrose removal can be a bottleneck in cases, such as this project, where
the complex is too unstable to withstand dialysis, treatment with desalting columns, or even
extensive concentration. Chemical fixation with a mild crosslinker, such as glataraldehyde or
BS3, can improve sample stability and facilitate handling in the wet lab. This approach was
instrumental in generating sucrose-free samples compatible with cryoEM and the results
presented in this chapter highlight some of the advantages of using different crosslinkers
to achieve different levels of fixation. The GraFix approach is particularly powerful in that
it combines the purification and resolving power of a density gradient with the stabilising
effects of chemical fixation [253]. Moreover, crosslinkers change the charge properties of
biological macromolecules by reacting with amino acid side chains, preferentially positively-
charged lysines in the case of glutaraldehyde and BS®. Other crosslinkers target specifically
acidic residues [256], and combining reagents of different lengths and different specificities
is likely to affect a given protein complex differently. As the charge properties of particles

154



can influence their distribution on grids, altering them with various crosslinkers may alleviate

preferential orientation [257].

Preferential orientation can also be tackled with other approaches at the sample prepa-
ration stage. The two 200 kV datasets presented above highlight how particles can behave
differently on different grid types. In the Gold Lacey dataset, only ~1% of ‘good’ particles
classified into side views, while a variety of top and front views could be observed in two
dimensions. When frozen on a graphene oxide (GrOx) support, ~80% of particles classified
into side views, which showed a much wider variety of orientations than the side views ob-
served on Gold Lacey grids. While there are many ways to influence particle orientation on
grids (e.g. crosslinking, addition of surfactants, adsorption on support, different grid types or
hole sizes, binding to megabobies) [241, 243], no systematic solution has yet been found to
work on all samples. When preferred orientation cannot be solved at the sample preparation
stage, collecting data at a tilt angle may help alleviate its impact on 3D reconstructions [258].
Collecting two datasets in-house on a 200 kV instrument revealed that the sample suffered
from preferential orientation, which guided the data collection strategy on the higher-end

300 kV Titan Krios, where micrographs were recorded at 0° and —30¢tilt.

The data collected on a 300 kV Titan Krios microscope showed a better orientation dis-
tribution than the initial two 200 kV datasets, as evidenced by the appearance of new views
in two dimension. The inclusion of tilted data is likely contributing many of these views, but
the higher proportion of side views in the untilted dataset (~3.5% compared to ~1% in the
200 kV Gold Lacey dataset) suggests that the double crosslinking with glutaraldehyde and
BS® may have also played a part. However, it may be that training a Topaz model simply
recovered a higher proportion of side views from that dataset than the blob picker had been

able to detect in the 200 kV Gold Lacey dataset.

The image processing presented in this Chapter only represents the early steps of struc-
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ture determination. Two reconstructions were generated, of a hexamer and of a pentamer,
but due to time constraints, they are of limited resolution. Beyond their number of subunits,
the more biologically relevant difference between the two maps is that they may represent
different conformational states. Indeed, the early prepore structure fits well in the hexameric
map, but the fit is poorer in the pentameric one. In the latter, D4 and the MACPF/CDC do-
main (D1-D3) both seem to be shifted partly out of density (Figure 4.23). Removing D2 from
the structure and rigid-body fitting a trimer of D4-CD59 and a trimer of D1-D3 separately
resulted in an increase in local map-model correlation coefficients for the pentameric map.
This suggests that the relative positions of the domains is different from that of the early
prepore, possibly indicating a different conformation. As the resulting structure is shorter
in height than the early prepore, it may correspond to the late prepore. Measuring the dis-
tance between domains in both fits (the full early prepore structure and the individually-fitted
domains) suggests a decrease of only ~1.2 nm, rather than the 2 nm expected from AFM
data (cf. Chapter 3). However, assigning a precise height to a structure is challenging as
the exact orientation of ILY on the membrane is unknown. The nanodisc density visible in
Figure 4.21D suggests that the data from this project may shed a light on this, although it is
clear that there are still errors in the alignment and more processing would be required to

place the ILY oligomer in the context of the membrane with confidence.

While the two reconstructions from the 300 kV datasets may correspond to the early and
the late prepore, respectively, the quality of the map is not high enough to assign a new con-
formational state to the pentameric model with confidence. For instance, although rigid-body
fitting D4-CD59 and D1-D3 independently led to an increase in local map-model correlation,
the correlation coefficients (CCs) are still relatively low. In the case of D4-CD59, the CC is
probably limited mostly by the quality of the map. In the case of D1-D3, it is also possible that
the MAPCF/CDC domain adopts a different conformation in this structure. If the map truly
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corresponds to the late prepore, it is likely that the B-strands of the MACPF/CDC domain are
shifted backwards to form a more planar sheet across ILY subunits, which would explain why
CDC late prepores are insensitive to SDS [211, 212]. Although the two reconstructions have
a reported resolution around 4.3 A, the map features are more consistent with a resolution
around 5-6 A as a-helices are visible, while the separation between adjacent B-strands is

not [54].

Several factors are likely limiting the resolution of the reconstructions presented here.
Despite the presence of new views in 2D classes, the orientation plot in Figure 4.22C shows
that the pentameric map stil suffers from preferred orientation. This could induce artefacts in
3D reconstructions, including the elongation of the map in one direction, or its compression
in another, which could explain the height difference compared to the hexameric reconstruc-
tion. However, more views may still be recovered from the data. Indeed, 2D classification of
the particles from each of the two maps revealed that only the hexameric reconstruction in-
cluded side views. As both the early prepore and the late prepore are peripheral membrane
proteins, correct alignment of the nanodisc with the rest of the complex can be challenging.
This is evidenced by the angle between the nanodisc and ILY in Figure 4.21D and the fact
that, to obtain the original early prepore structure, particles had to be picked manually to
avoid signal from the nanodisc [50]. Therefore, there may be side views corresponding to
the pentameric map which were not assigned to it during heterogeneous refinement due to
the difficulty of aligning them with other views. This may be remedied in the future by sub-
tracting the nanodisc signal from the particles so that only the proteins of interest drive the

alignment.

Another probable limiting factor to the quality of the maps presented here is heterogene-
ity in the data. The height difference between the two reconstructions is small, and capturing
it during image processing is challenging. This is further complicated by the fact that the pre-
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dominant form of heterogeneity is not conformational, but compositional: it arises from the
range of subunit numbers in the complexes. The most obvious difference between the two
reconstruction is that one is a hexamer, and the other a pentamer. However, subunit disso-
ciation upon collapse has not been observed in CDCs, so there is no biological reason why
the early prepore should be predominantly hexameric while the late prepore is pentameric.
This suggests that, during heterogeneous refinement, the number of subunits was a larger
driving force for classification than the conformational state was. Applying more advanced
computational methods to deal with heterogeneity (e.g. the new 3D classification algorithm
in Cryosparc v4, 3D variability analysis [259], CryoDRGN [64]) may help separate confor-
mationally different populations, which would determine with more confidence whether the

ILY late prepore was successfully resolved.

While more work is needed to obtain a high-resolution structure of the ILY late prepore,
the data presented here are significant steps towards it. A sucrose density gradient purifi-
cation combined with chemical fixation by two mild crosslinkers yielded a pure and stable
complex in high enough quantities for cryoEM grid preparation. Optimisation of freezing
conditions resulted in good particle distribution and ice thickness on Gold Lacey grids. The
initial data processing in this Chapter suggests that there may be two conformationally differ-
ent populations in the datasets, potentially corresponding to the early and the late prepore.
Future efforts should focus on disentangling both conformational and compositional hetero-
geneity, which are likely limiting the resolution of the reconstructions. Preferred orientation
and incorrect angular assignment are also currently limiting the quality of the maps. How-
ever, resolving heterogeneity in the data may help align particles better and recover views
which have so far been lost during 3D reconstruction as the algorithm failed to match them
with other views of the same sample. Solving the first high-resolution structure of a CDC late
prepore will provide us with more information on how the h-helix carries out its membrane-
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priming function, significantly contributing to our understanding of pore formation by proteins
from the MACPF superfamily. It will also reveal whether structural changes in the ILY-CD59

interface prime the complex for CD59 release upon insertion of the MACPF/CDC B-hairpins.
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5 || Conclusions and future directions

5.1 Thesis summary

The work presented in this thesis combines molecular dynamics (MD) simulations, func-
tional assays and cryo-electron microscopy (cryoEM) to gain new structural and mechanistic
insights into the membrane attack complex/perforin (MACPF) superfamily of pore-forming
proteins. This work focuses on MAC, a human immune pore, and bacteria cholesterol-

dependent cytolysins (CDCs), which both form B-barrelled pores.

Atomistic simulations of GPl-anchored CD59 in Chapter 2 revealed that flexibility in the
GPI sugars and the C-terminus of the protein causes CD59 to adopt a wide range of orienta-
tions relative to the membrane. The resulting orientational landscape is linked to the function
of CD59. Among the preferentially sampled poses are some where the final B-strand is in
the correct position to engage C8a and inhibit MAC pore formation. Other orientations make
the same B-strand available for binding the CDC intermedilysin (ILY) and aiding pore forma-
tion. Finally, CD59 can adopt a flop-down orientation where its final B-strand contacts the
membrane and is unavailable to engage C8a and ILY. As protein-lipid interactions play a role
in keeping CD59 in its flop-down orientation, the composition of the membrane, which varies

with cell type, likely contributes to determining CD59 activity [260, 261].

The sequential assembly of MAC on lipid bilayers triggers changes in the physical prop-
erties of the membrane [38].To study the impact of inhibited MAC on lipids in the microsec-
ond timescale, | simulated a coarse-grain model of the CD59-C5b8 complex. This revealed
protein-lipid interactions, which may be involved in anchoring the complex to the membrane,
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as has been suggested in the literature [38, 136]. The complex also induces membrane thin-
ning near the tip of the C83 MACPF/CDC hairpins. These observations are consistent with
the cryoEM maps reconstructed by Dr. Emma Couves [143]. Local changes in the lipid en-
vironment of complement proteins may be involved in recruiting CD59 and/or the molecular

machinery for clearing inhibited MAC from the cell membrane.

Bacterial CDCs follow a stepwise pore-formation pathway involving several conforma-
tional changes. The cryoEM structure of the first oligomeric intermediate (the early prepore)
solved by Dr. Nita Shah revealed the movement of a key amphipathic a-helix (the h-helix) in
the MACPF/CDC domain: the horizontal (h-) helix [50]. Site-directed mutagenesis of the h-
helix reported in Chapter 3 showed that it is responsible for tuning the lytic activity of CDCs.
The second oligomeric assembly of CDCs (the late prepore), likely brings the h-helix close
to the bilayer, where it disturbs lipids before insertion of the transmembrane B-hairpins, thus
lowering the energy barrier for membrane hydration. The presence of similar amphipathic
helices in other membrane-lysing proteins suggests that this may be a common mechanism
of pore formation. Other members of the MACPF superfamily, such as MAC and perforin-1,
do not form a prepore with the MACPF/CDC domain helical bundles near the membrane.
Upstream complement pathways or, in the case of perforin-1, initial binding to the mem-
brane may disturb the bilayer to facilitate pore formation. Moreover, the extensive network
of hydrogen bonds formed by the comparatively longer B-hairpins may provide additional

stabilising energy.

A complete understanding of how the h-helix performs its function will require solving the
high-resolution structure of the CDC late prepore on a membrane mimetic. Chapter 4 pro-
vides the first steps towards this goal by using a disulfide-locked mutant of ILY characterised
in Chapter 3. Further inactivating mutations in the h-helix helped stabilise the complex as-
sembled on lipid nanodiscs decorated with a cytotopically labelled CD59 construct. Sucrose
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density gradient centrifugation yielded a pure sample for structure determination by cryoEM.
| optimised freezing conditions for cryoEM grids and recorded data on 200 kV and 300 kV
instruments. The initial steps of image processing in Chapter 4 highlight compositional and
conformational heterogeneity in the sample, as well as preferred orientation, which limit the
interpretability of the reconstructions. However, there is evidence for populations of early
and late prepore complexes on the grids, suggesting that further processing may generate

a high-resolution structure of the ILY late prepore.

5.2 Future directions

Atomistic MD simulations of CD59 suggest that the orientation of the protein may affect its
function by modulating the availability of its protein-binding site. While only three CDCs are
known to require CD59 for pore formation [190, 204, 205], there is growing evidence that
other CDCs interact with various molecules on the surface of cells, including specific car-
bohydrates [207, 208]. A complete understanding of pathogenicity and virulence of CDC-
secreting bacteria will require further investigations into potential cell surface receptors dic-
tating target specificity and cell tropism. Elucidating the molecular basis of interactions driv-
ing CDC function may help engineer constructs for various applications. For instance, the
CDC perfringolysin O has been used to create various biosensors to study the organisation
and dynamics of cholesterol in cell membranes [262, 263, 264, 265, 266]. Listeriolysin O
has been used for gene delivery to breast cancer cells, where specificity was achieved by
using the antibody Trastuzumab [267]. The overactivating h-helix mutations described in
Chapter 3 enable ILY to lyse liposomes in the absence of cholesterol (data generated by Dr.
Nita Shah, published in [50]). These mutations may provide a basis for engineering CDCs
with new lipid specificity, potentially helping target pathogens or cancer cells.

A number of outstanding questions remain on the structural basis of pore formation by
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CDCs, including the existence of one or multiple late prepore-like conformations, the mecha-
nism of action of the h-helix, and the timing of CD59 release. Disulfide-locked mutants have
often been used to trap specific steps of the pore-forming pathway [32, 50, 182, 188, 230],
but they are based on prior knowledge of expected conformations. As a result, they may not
correspond to physiological intermediates and may overlook previously unknown states. The
challenges of studying conformational intermediates are not limited to CDCs, but are com-
mon to many biological systems. Efforts in developing new approaches for time-resolved
cryoEM are likely to shine a new light on conformational transitions of proteins [231, 268,
269, 270, 271]. Single-molecule fluorescence imaging of perfringolysin O and atomic force
microscopy of suilysin indicate that CDC pore formation occurs on a timescale of minutes
after oligomerisation [210, 215]. A potential time-resolved cryoEM strategy to solve the
structure of the CDC late prepore could involve assembling and purifying a disulfide-locked
early prepore following the protocol in Chapter 4. Applying the sample on a cryoEM grid and
subsequently adding a reducing agent would allow collapse and generate a more native-like
late prepore, which could be trapped by freezing the grid before the MACPF/CDC helices
can unfurl.

Understanding the full impacts of pore formation on cells will require in situ structural
biology approaches. Cryo-electron tomography (cryoET) and subtomogram averaging are
powerful techniques for studying biological macromolecules in their native cellular environ-
ment [272, 273]. CryoET imaging of MAC on liposomes has highlighted membrane defor-
mation as a result of MAC challenge, showing that it is a viable strategy to study the impact
of complement proteins on their target membranes [274]. Imaging MAC assemblies on bac-
teria and human cells is likely to generate new insights into the mechanisms of MAC lysis,

inhibition and clearance.
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