Nanoscale study of perforin pore
formation and lipid specificity

PhD Thesis
Adrian Hodel
UCL
Structural and Molecular Biology
2015-2018

1

2

Dear Reader

I, Adrian Hodel, confirm that the work presented in this thesis is my own. Where information
has been derived from other sources, I confirm that this has been indicated in the thesis.

Signed,

Adrian Hodel

Date

3

Abstract
Perforin is a key effector protein of the vertebrate immune system. Secreted as soluble
monomers by cytotoxic T lymphocytes and natural killer cells, perforin selectively forms
oligomeric transmembrane pore assemblies on the surface of virus infected and cancerous cells.
These 10-20 nm wide pores allow diffusion of co-secreted granzymes into the target cells, which
next trigger apoptotic cell killing.
To understand the pathway of perforin pore assembly on/in target membranes, we have
visualised different stages of this process by atomic force and electron microscopy. Initially,
perforin forms intermediate, prepore oligomers of up to 8 subunits on the membrane surface.
These short oligomers can subsequently convert to membrane pores with a tighter subunit
packing. These pore assemblies next recruit further prepore oligomers from the membrane
surface to grow the pore size. Most of the resulting arc- and ring-shaped perforin pores contain
between 10 - 30 subunits.
To identify mechanisms by which immune cells are protected from self-harm by perforin, we
have investigated how perforin pore assembly depends on the lipid composition of the target
membrane. Perforin binding is affected by the packing density of lipid molecules in the
membrane: It does not or hardly binds to raft-like, liquid ordered lipid domains. Furthermore,
negatively charged membrane surfaces, i.e., rich in phosphatidylserine, allow perforin binding
and oligomerization of short intermediate assemblies, but subsequently trap these assemblies
in a non-porating, dysfunctional state. These findings coincide with reports of increased lipid
packing and phosphatidylserine exposure on the surface of activated cytotoxic T lymphocytes.
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Impact statement
This research focusses on perforin, which is a key immune protein for clearing our body from
virus infected and cancerous cells. When perforin is deficient, e.g., in diseases such as familial
hemophagocytic lymphohistiocytosis, patients suffer from enhanced susceptibility to blood
cancers. On the other hand, perforin activity is also part of autoimmune reactions to, e.g., bone
marrow transplantations. By gaining a better understanding of how perforin carries out its
function, one can inform the development of novel therapeutic approaches to enhance perforin
activity where it is deficient, or to reduce its activity where it is excessive.
In studying perforin, we have developed experimental approaches and protocols that allow
qualitative and quantitative comparisons of atomic force microscopy (AFM) data with data
acquired using other experimental techniques, including those that involve live cells. This can
lead to an increased understanding of molecular mechanisms that underpin physiological
(dys)function. In addition, the construction of a multi-parameter AFM sample stage increases
the capabilities of the most high-end microscopes currently in the AFM facility of the London
Centre for Nanotechnology, with multiple users to benefit. Most of these developments are
transferrable to other experimental systems and instruments, which will benefit a wider
community of microscopists.
Our work on perforin should also be seen in the larger context of research on pore forming
proteins, such as the terminal components of the complement pathway that form the
membrane attack complex, MPEG-1, or members of the gasdermin family.
The research described here has led to one review and one research paper, and to a third
manuscript that is currently in preparation for submission to a peer-reviewed journal 1. Some of
the work and illustrative material in this thesis has featured in press-releases, online bogs, and
magazines (e.g. UCL Institute of Making fifth year report 2017-18, p 32-33, and UCL Physics and
Astronomy annual review 2017-18, p 28,44-45), and used as teaching material for the Birkbeck
Principles and Practice Lecture on single-molecule methods (2. February 2017).
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1. Introduction
1.1 Perforin mediated immune killing
Perforin is a key protein of the vertebrate immune system, involved in the killing of cancerous
and virus infected cells, and necessary for immune homeostasis. The protein is produced in
activated cytotoxic T-lymphocytes (CTLs) and natural killer cells [1]. After its expression in the
nucleus and transport to the Golgi apparatus, it is packed and stored in cytolytic granules
together with pro-apoptotic granzymes. Activated CTLs can transiently contact their target cells,
i.e. cancerous or virus infected cells, to form an immune synapse [2]. In the synapse, the CTL and
target cell membranes are in close proximity, and the enclosed space (synaptic cleft) is cleared
of large proteins [3]. Within the CTL, the centrosome is polarized towards the plasma membrane
to enable transport of cytolytic granules towards the synapse [4]. Upon degranulation, perforin
and granzymes are released into the synaptic cleft. Once released, perforin binds the target cell
membrane in a calcium dependent manner [5]. Membrane bound perforin subsequently
assembles into ca. 10-20 nm wide transmembrane pores, which allow granzymes to diffuse into
the target cell and induce apoptosis to kill it. The intra- and extracellular perforin pathway is
illustrated in Figure 1-1. Failure of perforin function causes immune dysregulation which is fatal
[1]. Defective perforin alleles are directly responsible for the development of familial
hemophagocytic lymphohistiocytosis (subtypes 2 and 3) [6,7], a rare disorder that is frequently
fatal, with a median survival of 2 months without treatment [8].

Figure 1-1: Trafficking pathways of perforin in context of the immune synapse (IS). After translation and
transport to the Golgi, perforin (blue) and granzymes (red) are stored in cytolytic granules. Following
target cell recognition, the granules are transported to the pre-synaptic (CTL associated) membrane as a
result of centrosome polarization of the microtubule cytoskeleton. Degranulatory release of perforin and
granzymes into the synapse leads to pore formation in the post-synaptic (target cell associated)
membrane, and subsequent diffusion of granzymes into the target cell (APC) to trigger apoptosis. Perforin
killing is unilateral and only affects the target cell [9], as indicated by the white arrows. For simplicity, this
schematic does not include the CTL-APC contacts that seal the immunological synapse from the
environment. Images of the real synapse can be found e.g. in reference [10].
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The crystal structure of monomeric, soluble 64 kDa perforin is shown in Figure 1-2A. It consists
of a C2-homologous membrane binding domain, a polypeptide chain containing an epidermal
growth factor like motif, and the typical MACPF/CDC β-sheet domain further outlined in section
1.2. The soluble monomers are the building blocks necessary to form oligomeric transmembrane
pores [11]. Perforin pores may be arc- or ring-shaped (Figure 1-2B-D), exhibit a range of
conformations and pore diameters up to 30 nm [12], and are generally large enough to allow
passive diffusion of the ≈2 nm diameter granzymes into target cells.

Figure 1-2: Perforin monomers oligomerize to form transmembrane pore assemblies. A) The crystal
structure of perforin with indicated domains [12] (PDB: 3NSJ). Named domains are labelled, with other
domains shown in blue. B,C) Electron density map of a ring shaped perforin pore containing 20 subunits,
viewed from top and from the side (EMD-1769). The pore measures ca. 11 nm as measured from the
membrane surface, and spans a lumen diameter of ca. 10 nm. The two membrane leaflets are visible at
the bottom of the pore. D) Atomic force microscope (AFM) image of perforin pores, showing a variety of
different pore shapes and sizes.

1.2 Pore formation in the MACPF-CDC superfamily
Perforin is part of the membrane attack complex / perforin / cholesterol dependent cytolysin
(MACPF-CDC) superfamily [13,14] which unites two branches of β-barrel pore forming proteins
with common ancestry [13]. Cholesterol dependent cytolysins (CDCs) are found in bacteria,
particularly gram-positive ones, albeit with at least one example of gram-variable [15] and two
examples from gram-negative [16] bacteria reported. CDCs act as virulence factors in bacteria
that are related to a range of diseases, including bacterial pneumonia [17], anthrax [18], and
listeriosis [19]. Proteins of the membrane attack complex / perforin (MACPF) branch can be
found in all domains of life, and comprise the biggest known family of pore forming proteins in
eukaryotes [20]. The biological roles of MACPFs are diverse [13]. They range from lethal toxins
of sea organisms including stonefish [21] and sea anemones [22], to factors in parasitic diseases
such as toxoplasmosis and malaria [23,24]. Prominently, MACPFs like perforin, the terminal
complement molecules that form the membrane attack complex (MAC), and MPEG-1 are used
by our own immune system for tissue homeostasis and defence from bacterial and viral
pathogens, and the removal of cancerous cells [13,14,25,26]. MACPFs and CDCs were
categorized into the same (MACPF-CDC) superfamily upon the realization that the two branches
share distinctive and functionally important structural elements [14,27,28] (Figure 1-3), even
though sequence homology is low at up to ≈25% [20]. The most striking common structural
element of the MACPF-CDCs is the bent β-sheet domain (red in Figure 1-2A and Figure 1-3), in a
central region of the protein mass. The central β-sheet domain is further decorated with two αhelical bundles termed transmembrane hairpins 1 and 2 (TMH1, TMH2), a glycine repeat
sequence, and a hinge-like helix-turn-helix (in MACPFs) or helix-turn-strand (in CDCs) domain.
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At least the central β-sheet domain and the two TMH bundles are required for membrane
insertion. During membrane insertion, which has been described step-by-step for pleurotolysin
[29], the central β-sheet gradually opens up to release the previously trapped TMH1 helix
bundles, which then unfurls in concert with TMH2 to form the transmembrane hairpins which
line the pore lumen. The MACPF astrotactin-2, which only contains small remnants of a TMH2
domain, is therefore considered to lack pore forming activity [30], and instead plays a role in
development [31].

Figure 1-3: X-ray structures of MACPF-CDC proteins [12,21,27,29,30,32–42]. The first seven structures
(perfringolysin O - listeriolysin O) are members of the CDC branch of bacterial toxins, whereas the rest are
MACPFs. Coloured domains are the central β-sheet domain (red), TMH1/2 (yellow), helix-turn-helix/helixturn-strand (blue) and glycine repeat (purple). Note that stonustoxin and astrotactin-2 are at least partially
missing some of these features, possibly due to their evolutionary age [21] or inability to form
transmembrane pores [30]. Structures retrieved from the RCSB protein data bank (rcsb.org).

In order to form transmembrane pores, MACPF-CDCs follow assembly pathways that include
membrane binding, oligomerization, and membrane insertion. The oligomeric nature of MACPFCDC pores is well visible in cryo-EM reconstructions shown in Figure 1-4. Just as the crystal
structures in Figure 1-3 exhibit a variety of shapes in non-conserved regions, MACPF-CDC pore
reconstructions vary in size and shape, and consequently in the number of subunits per pore.
For example, in the case of the MAC pore, the assembly consists of the heterogeneous C5b-C6C7-C8a-C8b-C8y-C9 proteins, giving rise to a characteristic ‘split washer’ shape [43]. Recent
studies also discuss the existence of functional arc-shaped pores as a natural and functionally
significant occurrence next to their ring-shaped counterparts [44,45]. Membrane perforation by
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arc-shaped assemblies has been directly visualized on several pore forming proteins since then
[46–48], and studies in particular on the CDC listeriolysin O suggested that pore formation
dominantly proceeds via arc-shaped assemblies [49].

Figure 1-4: EM density maps of MACPF-CDC pores reconstructed since 2010, sorted by their date of release
[12,29,43,46,50,51]. Structures were retrieved from the electron microscopy databank EMD
(ebi.ac.uk/pdbe/emdb), and annotated with the accession number, no. of subunits (for the here shown
class average), resolution, year of release, and suggested contour level. The maps are shown with a 60°
tilt. The scale bar refers to the horizontal dimensions of the reconstructions (with the vertical scale
appearing compressed due to the perspective view). Perforin, suilysin, and pleurotolysin pores were
reconstructed from data on lipid vesicles; the two leaflets of the lipid bilayer are visible at the bottom of
the structures. Poly-C9, the MAC, and pneumolysin pores were stabilized in detergents or amphipols
instead of lipids, and show density from these molecules at the bottom of the structures. The pores further
differ from each other in height, diameter, and number of subunits.

To understand and describe the assembly pathways of MACPF-CDC pores, it is important to
distinguish between intermediate assemblies that are formed on the membrane surface without
perforating it, termed prepores [52] and the final transmembrane pores. The formation of
prepores has been demonstrated extensively for CDCs. E.g., suilysin has been shown to
exclusively oligomerize in the prepore state, thus following a ‘growing prepore’ model (Figure
1-5B); after membrane insertion, no further oligomerization was observed [46]. In addition,
listeriolysin O prepore growth has been visualized in real-time [49], and cryo-EM reconstructions
of the suilysin and pneumolysin prepores are available [46,51,53] (Figure 1-5A). CDC prepores
can be identified by their height, as they protrude ca. 5 nm higher above the membrane
substrate than pores [53,54]. During the prepore to pore transition, CDC assemblies undergo a
vertical collapse [54,55], a feature not found for previously characterized MACPF proteins
[29,43,50], including perforin [12,56].
Assembly pathways of MACPFs remain largely unknown, although prepore intermediates have
been found for the fungal MACPF pleurotolysin [29]. MACPF assembly may well be as diverse as
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the protein family itself. Consequently, some MACPFs may not form pores via prepore
intermediates and instead oligomerize directly in the membrane. Such a ‘growing pore’
mechanism was recently shown for a pore forming protein of the gasdermin family [57], which,
although not suggested as a member of the MACPF-CDC superfamily, contain some of the
common MACPF-CDC structural elements [58]. The CDC ‘growing prepore’ and a potential
‘growing pore’ assembly pathways are schematically illustrated in Figure 1-5C.

Figure 1-5: Intermediate prepore states and assembly pathways. A) Cryo-EM reconstructions of prepore
rings, shown from the side and as cross-sections. The two intact and slightly curved leaflets of the
membrane bilayer are visible at the bottom of the reconstructions. B) Growing prepore mechanism.
Membrane bound monomers oligomerize into arc- and ring shaped intermediates of different size without
perforating the membrane. Membrane insertion forms a transmembrane channel (here shown as white
truncation in the centre of the oligomers) and halts further oligomerization. C) Growing pore mechanism.
Bound monomers directly insert into the membrane, initially forming small transmembrane channels that
are grown by further subunit addition.

1.3 Combined AFM and EM to study pore formation
Various techniques have been used to study proteins of the MACPF-CDC family and their
pathways to form transmembrane pores [59]. X-ray crystal structures of a number of MACPFCDCs are available (Figure 1-3). Electron microscopy (EM) studies showed the shape and size of
membrane-inserted pores, resolving the equivalent subunits of MACPF-CDC assemblies
[12,43,50,60–62]. Cryo-EM revealed the structures of both prepore and pore oligomeric forms
[29,46,53], highlighting interaction sites and structural changes during the transition into a
functional pore. A range of other techniques provided insight into the kinetic nature of the pore
forming mechanism, including fluorescence spectroscopy [63,64], fluorescence microscopy [65],
site-specific mutagenesis [64], conductance measurements on tethered and free-standing
membranes [66,67] and live cells [68], and quartz-crystal microbalance and dissipation
experiments [69]. Pioneered by work on perfringolysin O [54], the past years have seen a
significant increase in the application of atomic force microscopy (AFM) to MACPF-CDCs [44,46–
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49,70,71]. Compared with other methods, a particular advantage of AFM is its ability to image
label-free molecules at nanometre resolution in an aqueous environment [72], allowing it to
image functional biomolecules at work [59]. AFM has been used to visualize transmembrane
proteins such as aquaporins, gap junctions, a number of ion channels, and ATP synthase [73–
75], as well as the large nuclear pore complex that spans the nuclear envelope of eukaryotes
[76,77]. It has also been applied to various other pore forming proteins, as reviewed elsewhere
[78].
The amount of time it takes to scan an image is typically in the order of minutes. Recent
technological advances made it possible to decrease that time down to sub-second levels [79]
(with the caveat that the achievable temporal resolution generally depends on the type of
sample and on the required spatial resolution). As an example, high-speed AFM approaches
facilitated the study of lipid membrane domain reorganization by the pore forming toxins lysenin
[80] and listeriolysin O [49].
Further advances have made it possible to image a sample at high spatial resolution while
simultaneously recording quantitative mechanical information [76,81]. This is achieved by
modulating the distance between the sample and the AFM tip during imaging, simultaneously
recording the variation of force as a function of the tip-sample distance. The resulting so called
force-distance curve allows extraction of mechanical properties of the sample.
Most AFM studies on MACPF-CDCs use supported lipid bilayers as model targets for pore
forming proteins. As a support for the bilayer, mica is the common choice, as it can produce
atomically flat and clean surfaces by cleaving. Two methods of bilayer deposition on a support
are well-established [82]. The Langmuir-Blodgett/Langmuir-Schaefer method relies on the
consecutive deposition of two lipid monolayers. The support is dipped into a Langmuir-trough
that holds a volume of water and a lipid monolayer floating on top [54,83,84]. The first lipid
monolayer is deposited by immersing the support into the Langmuir trough, and the second
monolayer by extracting it (again passing through the lipid monolayer at the air-water interface).
Since immersion and extraction are independent, the lipid composition of the monolayer at the
air-water interface can be changed in-between. The Langmuir-Blodgett/Langmuir-Schaefer
method is therefore a way to deposit a lipid bilayer with an asymmetric lipid composition across
the bilayer. The second and more straightforward method relies on vesicle fusion on the
support. Under appropriate conditions (buffer composition and pH, salt contents, substrate
surface), lipid vesicles will adsorb on the sample surface, rupture, and spread out. A sufficiently
large number of vesicles will in that manner yield an extended lipid bilayer [82,85,86]. Some
preparation techniques of supported bilayers for the study of MACPF-CDCs involve chemical
modifications of the surface to ensure material compatibility [69] or to act as a spacer between
support and membrane [67]. Not all AFM studies rely on supported membrane bilayers, and live
cells [87] or cell organelles [88] have been probed before. In particular, the membrane
perforating effects of antimicrobial peptides have been studied on gram-negative bacteria [89–
91]. The bacterial membrane is reinforced by a peptidoglycan layer, facilitating the use of AFM.
However, the soft and often adhesive cytoplasmic membrane of eukaryotes still poses a
challenge for high resolution imaging [92,93].
A well calibrated AFM equipped with high-aspect probes can record the dimensions of MACPFCDC pores in sub-nanometre detail. In Figure 1-6A an AFM topography of a suilysin pore is
overlaid with an atomic model derived from EM reconstructions. Both height and diameter of
the topography fit the atomic model well. The rim of the pore in the AFM topography appears
broader than the atomic model because of the convolution with the finite-size AFM tip [94].
Nevertheless, a probe with a sufficiently high aspect ratio tip can measure the pore lumen below
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membrane level, and thus detect membrane perforation. This can be emphasized by an
appropriate colour scale, exemplified in Figure 1-6A and Figure 1-7, and by line profiles (Figure
1-6B).

Figure 1-6: Example topography of a suilysin pore. A) Cross sectioned three dimensional AFM topography
overlayed with an atomic model derived from an EM reconstruction [46]. The absence of a membrane in
the lumen is emphasized by the color scale and appears as black area in the middle of the pore. B) Line
profile along the cross section of image A. Figure adapted from [59] with permission. This figure was
prepared with data and help from Dr Natalya V Dudkina2 and Dr Carl Leung3.

Several different preparations have shown the formation of arc-shaped MACPF-CDC assemblies.
However, it has been unclear if such assemblies would also form functional membrane pores.
Electrophysiology and EM studies already suggested that this was the case [44,45], but it was
with AFM that membrane perforation and lipid removal by arc-shaped assemblies of different
sizes could be directly visualized [46–49], shown for suilysin in Figure 1-7.

Figure 1-7: Heterogeneous assemblies of suilysin pores on a supported lipid membrane. The formation of
a transmembrane pore is emphasized by a black spot in the middle of an assembly, as outlined in Figure
1-6 with the same colour scale. Pores of different sizes are visible, in particular from arc-shaped assemblies,
marked by black asterisks*.

An important feature of AFM is its ability to resolve intermediates of the prepore to pore
transition. The observation of intermediates is greatly aided by prepore locked mutant variants,
which can assemble but are locked to remain in the otherwise transient prepore state [95]. Such
mutants contain an engineered covalent disulphide bond [96] that locks either one of the TMH
helixes to a cysteine side chain, keeping it away from the membrane surface and thus inhibiting
2

Former postdoctoral member of the Saibil group, Birkbeck College, London, UK
Former postdoctoral member of the Hoogenboom group, London Centre for Nanotechnology, London,
UK
3
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membrane insertion. By reduction of the disulphide bond (e.g. by dithiothreitol, DTT), their pore
forming (and membrane inserting) functionality can be restored; this property can be used to
trigger the transition, e.g., during AFM imaging.

Figure 1-8: Prepore locked mutants to study pathways of pore formation. A) Schematic of prepore locked
and unlocked mutant proteins on a lipid bilayer. A prepore locked mutant contains a disulphide lock
between an engineered cysteine side chain and a cysteine introduced to either TMH1 (‘1’) as drawn here,
or TMH2 (‘2’). The disulphide lock prevents the TMH domains and thus the protein from inserting into the
membrane. However, the addition of a suitable reducing agent such as DTT breaks the lock, and restores
the membrane insertion capacity. B) Prepore locked mutants (here shown in blue) can oligomerize on the
membrane (dashed arrow) but not insert (-DTT), and thus facilitate the identification and study of
intermediate assemblies during pore formation. However, pore formation can be restored under reducing
conditions (+DTT).

This approach with prepore locked mutants has been used on the CDCs perfringolysin O [54]
and suilysin [46]. Figure 1-9 shows a time-lapse AFM sequence of locked suilysin prepores
undergoing transition into the pore state after reduction of the lock by addition of DTT. In the
locked state, the mobile prepores appear as streaks above the membrane. Upon addition of
DTT, these features initially convert into static assemblies of different heights. The decrease of
height (Figure 1-9, “8 min” vs “4 min”) corresponds to the drastic structural rearrangement that
CDCs undergo during pore formation. After completing this rearrangement, high protrusions are
visible (e.g., Figure 1-9, “15 min”), which are interpreted as lipids being ejected from the newly
formed pore lumen, and which, after their release from the surface, reveal a transmembrane
pore (e.g., Figure 1-9, “20 min”).
As mentioned previously, CDCs undergo a vertical collapse upon insertion into the membrane,
implying a difference in height between prepore and pore assemblies that can easily be resolved
by AFM, to identify whether assemblies are inserted into the membrane or not. For MACPFs,
such a vertical collapse has not been observed. Consequently, it may be harder to distinguish
prepore and pore states from each other. However, as shown in chapter 4 to be generally the
case, AFM can distinguish between prepores and pores solely by their difference in mobility
on/in supported lipid bilayers: In supported lipid bilayers, the transmembrane pores are static
due to physical contact between transmembrane β-barrel and the mica substrate, whereas the
prepores do not have such an anchor and generally appear mobile, where the apparent mobility
may in part be induced by contact with the scanning AFM probe.
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Figure 1-9: Time-lapse AFM data of prepore locked suilysin during the prepore to pore transition, recorded
at 25 degrees Celsius to slow down the process. Initially mobile prepores (0 min), exposed to DTT at 2 min,
partially insert (4 min), possibly showing yet unknown prepore intermediates. They eventually complete
the transition into the pore state (8 min). Exemplified by a different assembly, material appears above
freshly inserted pores, which can be interpreted as lipids being ejected (15 min). The material disappears
over time, uncovering a membrane perforating pore (20 min). The different stages of pore formation of
CDCs, due to their height collapse, can be followed by height-profiles, as shown in the lower segment of
the figure. During the prepore to pore transition, the height of the assemblies decreases from ca. 11 to ca.
7 nm. Lipid ejection is visible as tall bulk, and subsequent release and membrane removal from the pore
lumen is probed below the membrane surface (red asterisk*). Figure adapted from [59] with permission.
This figure was prepared with data and help from Dr Carl Leung.

The mobile nature of prepores complicates their visualization by AFM. Since AFM images are
recorded line by line, prepores may change their position from one scan line to the next, and
therefore appear as streaks in AFM scans (Figure 1-10A). Prepores can be immobilized by
packing them in dense arrays [46,48,54,70,84,97] (Figure 1-10B) or by the addition of a fixative
such as glutaraldehyde (Figure 1-10C), thereby improving the spatial resolution in the AFM
images. Higher scanning speeds and/or lowered temperatures can also help to better visualize
prepores. As an example, mobile suilysin prepores have been resolved at 15 degrees Celsius and
at a temporal resolution of approximately 15 seconds per frame [46]. That being said, it remains
challenging to obtain enough lateral resolution to confidently measure assembly sizes and
quantify oligomerization of prepores. This shortcoming can be circumvented by complementing
AFM data with negative stain EM on lipid monolayers deposited on carbon grids. Such EM data
provide top-views of fixed MACPF-CDC assemblies, from which assembly sizes can be
determined both for pores and prepores. In addition, subunits can be resolved (Figure 1-10E)
and their appearance further enhanced by ensemble averaging (Figure 1-10F).
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Figure 1-10: Visualization of the prepore state by AFM of prepore locked suilysin. A,C, and D have been
recorded on samples with the same protein concentration. A) Loose assemblies of prepores skate on the
supported lipid bilayer and are visible as streaks under slow scanning conditions. B) The movement of
prepores can be limited by increasing the density of protein on the surface, so that the structures become
entangled and sterically trapped. C) Glutaraldehyde can also be used to form dense plaques of crosslinked
prepores, even at (overall) low protein concentrations. D) The sample in image A after addition of DTT,
which allowed the protein to transit into the pore state. The height collapse is visible by a change in colours,
with bright colours (i.e., higher features) in A-C compared with D. E) Prepores can be directly (i.e. without
cross-linking) on lipid monolayers using negative stain EM, at a lateral resolution high enough to identify
discrete subunits. F) For regularly shaped prepores, the resolution of such EM data can be further enhanced
by averaging techniques. Data in B,E,F are adapted from [46] with permission.

Rewarding as the combination of AFM and EM may be, each of the techniques has its own
disadvantages in terms of sample preparation. Lipid monolayers for EM are formed at an
air/liquid interface and are therefore prone to oxidation. Classically, such monolayers have been
prepared with high amounts of cholesterol, which protects against the oxidative stress [98].
However, cholesterol may not be desired in a membrane composition, and omitting it might
lead to membrane damage and artefacts that are not made visible by negative stain. By contrast,
supported lipid bilayers can provide extended defect-free surfaces. However, membrane
inserted proteins can interact with the solid mica support and become immobilized. This
immobilization underpins most high-resolution AFM imaging, but may restrict the diffusion of
membrane inserted proteins to the extent that, for example, the kinetics of a growing pore
mechanism (Figure 1-5C) may be altered.

1.4 Properties of supported lipid bilayers
Supported lipid bilayers represent a flat and chemically well-defined surface, which makes them
ideal for AFM measurements. However, the physiochemical properties of such bilayers can vary
significantly as a result of their lipid composition and the buffer conditions. As in cell plasma
membranes, the supported lipid bilayers used here have phospholipids as their main
constituent. Phospholipids contain a hydrophilic headgroup, and hydrophobic fatty acid tails
(Figure 1-11A). In aqueous environments, phospholipids tend to arrange themselves into lipid
bilayer systems, with the two lamella facing each other to bury the hydrophobic tail regions.
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However, not all phospholipids are suitable to form bilayers under physiological conditions;
further context on lipid polymorphism is provided e.g. in reference [99]. Phospholipid bilayers
can assume different phases of fluidity. In particular, these are a liquid disordered (Ld) phase,
where individual molecules can laterally diffuse, and the solid ordered, gel phase (So) which
forces lipid molecules into a more rigid, lattice-like pattern (Figure 1-11D). The transition
between these two phases is defined by a main transition temperature, Tm, which is specific for
each phospholipid configuration. Within the hydrophobic tail of lipids with the same headgroup,
Tm is influenced by the length and saturation of the fatty acid chains (Figure 1-11B,C).

Figure 1-11: Phospholipid characteristics. A) Schematic view of a phospholipid molecule with a hydrophilic
headgroup and two hydrophilic acyl chains forming the fatty acid tail. B) Examples of saturated lipid
molecules, exemplifying the effect of the fatty acid tail length on Tm. C) As B, for the influence of saturation
on Tm. D) Schematic illustration of different phase states ranging from the disordered Ld state, to the
cholesterol induced Lo state, and the most ordered So state.

The lipid phases determine the intermolecular spacing of the lipids, and therefore the accessible
area for membrane interacting proteins. In the Ld phase, lipid molecules occupy more space than
in the So phase, where lipid molecules are more condensed. In pure phospholipid bilayers, the
lipid spacing can change abruptly at Tm, which can lead to cracks in supported lipid bilayers (see
appendix, Figure A-1D). However, steroid lipids like cholesterol (Figure 1-12A), another main
component of the eukaryotic plasma membrane, can act as a buffer to create a smooth
transition between low and high lipid order. The effect of cholesterol is to increase the order
with respect to Ld phases, but to increase the disorder and fluidity with respect to So phases; it
gives rise to an additional phase that is therefore commonly referred to as liquid ordered (Lo,
Figure 1-11D).
Mixtures of low and high Tm phospholipids can yield Ld+So phase coexistence within the same
bilayer. There, the Ld phase domains would be rich in the low Tm lipids, and the So phase domains
rich in the high Tm lipids. In a similar manner, ternary mixtures of low and high Tm phospholipids
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and cholesterol can cause phase separation into Ld and Lo domains (Figure 1-12B,C). The latter
type of phase separation is considered important in the organization of the plasma membrane:
the bulk Ld phase domains provide membrane flexibility, and the isolated, semi-rigid Lo phases
hoard membrane proteins as a locus for membrane signalling, often referred to as lipid rafts
[100,101]. Such phase separated systems can also be created in supported lipid bilayers. The
ordered Lo or So phase domains exhibit increased thickness as a result of their condensed
structure compared to Ld phase domains, which can be well resolved by AFM (Figure 1-12C). This
allows us to study pore forming proteins on plasma membrane mimics, and also to design
experiments to study the effect of different levels of lipid order, or of two spatially separated
lipid species on proteins within the same sample.

Figure 1-12: Plasma membrane mimic. A) Chemical structure of the constituents of our ternary lipid
system. Egg SM is represented by 16:0 SM, its main constituent, and represents the high melting
phospholipid. The low melting phospholipid is represented by the dioleoyl derivative of
phosphatidylcholine, DOPC. B) The ternary lipid system can lead to phase separated lipid membranes
between DOPC-rich domains in the Ld state and egg SM/cholesterol rich domains in the Lo state. The Lo
state is more ordered and more tightly packed (laterally), and therefore thicker than the Ld state.
Cholesterol is depicted in dark grey. C) Due to this difference in membrane thickness (and therefore
difference in height in AFM images), the phase separation can be readily visualized by AFM, as shown here
on an equimolar DOPC/egg SM/cholesterol supported lipid bilayer.

The lipid order is largely determined by the fatty acid chains; another important aspect of
membrane composition is the type(s) of hydrophilic headgroup that make up the chemical
composition of a membrane surface. In the eukaryotic plasma membrane, there are several
types of lipid headgroups that are directly exposed to extra- and intracellular compartments and
soluble proteins. The most prominent ones are phosphatidylcholine (PC), sphingomyelin (SM),
phosphatidylethanolamine (PE), and phosphatidylserine (PS), as outlined in Figure 1-13A and
reference [102]. The ternary lipid composition shown in Figure 1-12C represents a Ld+Lo phase
separated lipid mixture that contains low Tm PC, high Tm SM species, and cholesterol (Figure
1-12A), which corresponds to eukaryotic lipid compositions, where the extracted PC species
have a lower average Tm than SM species [103].
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Within heterogeneous supported lipid bilayers, we used derivatives of PC/SM/PE/PS lipids that
had a similar fatty acid configuration (Figure 1-13B), such that their headgroups would not
protrude above or sink beneath the bilayer surface. The Tm of these derivatives is below 37 °C
to allow experiments on Ld supported lipid bilayers.

Figure 1-13: Phospholipids of the eukaryotic plasma membrane, and derivatives used in this thesis. A)
Phospholipid distribution in the eukaryotic plasma membrane according to van Meer [102]. R denotes
other, residual types of headgroups. B) Oleoyl/dioleoyl derivatives used in this study. Note that their main
transition temperatures are below physiological temperature (i.e., below 37 oC), and that DOPS and DOPG
carry a net negative elementary charge at neutral pH.

Lipid headgroups can contain charged residues that add up to an overall negative charge of the
molecule, a characteristic that is central to the studies carried out on perforin lipid specificity in
chapter 5. The charged lipid membrane systems used in our experiments are illustrated in Figure
1-14. The dominant charged lipid amongst the plasma membrane phospholipids, PS, contains
one positively charged and two negatively charged residues (Figure 1-14A), yielding a net -1
elementary charge at neutral pH. Lipids such as PS with an overall negative charge can be used
to introduce and modify the charge of a lipid substrate. In the case of PS, a charged residue is
located such that it is most immediately exposed at a lipid membrane surface (Figure 1-14D).
Other negatively charged lipids, such as PC, are not zwitterionic and contain only one negatively
charged residue (Figure 1-14B) centrally located in the headgroup, and therefore not as exposed
in a membrane as PS (Figure 1-14E).
Negatively charged membrane systems can also be realized with charged sterols such as
cholesterol sulfate (CS, Figure 1-14C). CS hydrates heavily in the membrane, suggesting that the
large, charged domain is located close to the aqueous interface and potentially protrudes the
host bilayer [104]. Therefore, an idealized bilayer would show its negative charge directly at the
surface (Figure 1-14F), similar to PS. In addition, CS introduces some membrane ordering, but
not as much as cholesterol [104,105].
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Figure 1-14: Charged lipid membrane systems. A-C) Chemical structures and highlighted charges of DOPS,
DOPG, DOPC, and CS. D-F) Schematics of ideal supported bilayers made from DOPS, DOPG, or DOPC/CS,
with the charged domains being highlighted. In F, CS is depicted in dark grey.

1.5 Experimental basis for the study of perforin pore assembly
In the scope of this work, the outlined AFM/EM approach is adapted to study perforin and its
hitherto unknown pathways of pore formation. A key element to this study is the identification
and description of potential, transient prepore assemblies. Furthermore, we study perforin pore
formation on a range of different lipid substrates with properties outlined above. Our
investigations are aimed to help defining the role of perforin in health and disease.
A detailed description of the AFM and (negative stain) EM microscopes and their usage is
provided in the following chapter. Additionally, a fluorescence based method to measure the
fluidity of a range of our substrates and to estimate protein diffusivity within these substrates is
provided, to be used later in several instances during the discussion of our results. Buffer
conditions, chemicals, proteins, and lipids used during our experiments are also listed.
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2. Materials and methods
2.1 Atomic force microscopy
2.1.1 The atomic force microscope
The atomic force microscope (AFM) uses a mechanical probe for imaging. Although the
resolution of the instrument is limited by the quality of probe-sample interactions, it can reach
the subnanometre regime for biological samples [106]. The AFM probe sits at the heart of every
AFM, and comprises a flexible cantilever with spring-like behaviour that is attached to a
supporting chip, and typically a sharp, pyramidal tip at the free (unsupported) end of the
cantilever (see Figure 2-1).

Figure 2-1: Schematic of a common AFM setup in a cross-section. An AFM sample (1) is mounted on top of
a piezo-motorized stage that can move in three dimensions (2). The AFM probe, consisting of a sharp tip
(3) and a flexible cantilever (4), is positioned in the fluid on top of the AFM sample by mounting it on a
transparent quartz fluid cell (5). A laser is emitted from a diode (6) and reflected by a mirror (7) onto the
reflective AFM cantilever (4). From the cantilever, the laser is reflected by a second mirror (7) onto a
position sensitive photo diode (8). The laser can be aligned with the aid of an optical system (9). Most of
the interior workings of the AFM are surrounded by rigid supporting structures (10). The distance between
the laser diode, the cantilever, and the photo-sensitive diode are large enough to measure small tip
deflections, and therefore small forces during tip-sample interactions.

For most experiments, we used a MultiMode 8 AFM setup (Bruker). Its basic design and features
are in common with various other commercially available AFMs. A schematic of the setup is
provided in Figure 2-1. Prior to imaging with a MultiMode 8 AFM, the cantilever chip is mounted
on a suitable holder (i.e. a ‘fluid cell’ for in-liquid measurements), and placed in a detector above
the sample surface, immersed in liquid. A laser beam is aligned such that it passes through the
fluid cell and part of the sample liquid, and is reflected by the back from the (gold-coated)
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cantilever onto a position sensitive photodiode. Hence the bending of the cantilever upon tipsample interaction can be detected via a shift of the reflected laser beam on the photodiode.
The sample itself is mounted on a piezo-motorized stage (‘XYZ scanner’) with optional integrated
temperature control that is used to approach the cantilever to the substrate and allows for
precise movements in three dimensions from Ångström to micron length scales. A coarseapproach motor (not shown in Figure 2-1) is used to arrange the AFM tip and the sample to
within the range of the XYZ scanner.

2.1.1.1

Force-distance curve based imaging

The setup described above can be driven in different modes for imaging or force spectroscopy.
Well-established modes for AFM imaging include contact and tapping mode. In contact mode,
the AFM probe is in continuous physical contact the sample while being scanned over the sample
surface at a defined force. In tapping mode, the cantilever is oscillated at its resonance
frequency, and the mapping of the topography relies only on intermittent or no physical contact
of the probe with the sample surface, detected by a change in the oscillation amplitude.
Compared to the contact mode, tapping mode puts less strain on the sample. However, the tip
sample interaction can be influenced by attractive and repulsive forces, and parasitic oscillations
may impede amplitude readout, thereby making tapping mode potentially less stable and
precise than contact mode. A third and more recent imaging mode, force-distance curve based
imaging (‘Peak Force tapping’ being Bruker’s proprietary denomination), also relies on
intermittent tip sample contact, in an effort to retain the low strain on the sample from tapping
mode. However, in force-distance curve based imaging, rather than oscillating the cantilever,
the sample is approached in a sinusoidal motion at a frequency different from the resonance
frequency of the probe, and the deflection monitored. The cantilever response is then filtered
with proprietary algorithms such to yield (pseudo) force-distance curves. The force-distance
curves, outlined in the next paragraph allow reconstruction of the topography, and hold a range
of information about its mechanical properties. Various aspects about mechanical information
provided by force-distance curve based imaging are described in [81,107]. In the scope of this
thesis though, we do not assess any mechanical properties, and use Peak Force tapping because
of its capability to sustain a constant probe-sample force over extended periods of time.
During AFM imaging the flexible cantilever of an AFM probe (Figure 2-1, Figure 2-2A) acts as a
linear spring, and therefore the force 𝐹 applied to a spring yields a deflection 𝑥 proportional to
the spring constant 𝑘: 𝐹 = 𝑘𝑥 (Hooke’s law). When the probe is moved towards, or retracted
from a sample surface at a certain force (‘force set point’) or distance, the characteristic
cantilever response is called a force-distance curve (Figure 2-2B). In Peak Force tapping, the tip
is extended and retracted from a sample surface at a high frequency, and the deflection signal
filtered with proprietary algorithms in order to produce force-distance curves in quick
succession, while scanning the sample in the XY plane (the pre-set scanning pattern is shown in
Figure 2-2C). The lateral scanning speed and resolution (i.e. ‘Samples/Line’) are adjusted such
that ≈ 3 force-distance curves are recorded per pixel. Because there is a baseline recorded in
every force-distance curve, the applied force can be controlled precisely and is not prone to drift
during imaging, as it would be in classic tapping or contact imaging modes. Thus, low static force
set-points ranging around 50-100 pN (although the impact of the probe tip can cause a short
dynamic force pulse that is higher than the static set-point [108]) can be employed and
maintained (see appendix, Figure A-2), providing imaging conditions suitable for biomolecules
like perforin.
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Figure 2-2: AFM force distance curves and scanning pattern. A) A force exerted on an AFM cantilever yields
a proportional deflection x, as in a linear spring. B) Example of two separate force-distance curves
(approach/extend and retract curve) on a rigid, non-adhesive substrate, created during Z extension and
retraction of the XYZ stage. The force-curves have typically a flat baseline (I), a cantilever-substrate contact
point that indicates an abrupt change in the force gradient (II), and a sloped, straight line as a result of
cantilever deflection (III). On rigid, non-adhesive substrates, extend and retract curves are expected to
overlap well, and show a well-defined contact point in both curves. C) Scanning pattern used in forcedistance curve based imaging. The sample surface is rasterized by the cantilever line by line along the fast
axis. Every line is scanned twice, producing a ‘trace’ image, and from the inverse scanning direction, a
‘retrace’ image.

The height (Z) of the sample as a function of the lateral (XY) position is called the sample
topography, and is obtained from the Z position of the XYZ scanner (Figure 2-1) at the user
defined ‘force setpoint’. Height values indicated in this thesis are given with ± 10% confidence
intervals, with the differences mainly due to scanner calibration. However, mobile perforin
assemblies may appear compressed by the probe due to their flexible nature, compared to the
more robust static assemblies.
Commonly used Peak Force tapping parameters for MSNL-E/F probes (introduced in section
2.1.1.2) are listed in Table 2-1.
Table 2-1: Common Peak Force tapping parameters used in AFM data in this thesis.
Parameter
Engage Parameters
Peak Force Engage Amplitude
Peak Force Engage Setpoint*/**
Engage int. gain

MSNL-E

MSNL-F

10 nm
55 mV
8.00

10 nm
35 mV
8.00

Imaging Parameters
Scan size
800 - 2000 nm
800 - 2000 nm
Scan Rate
0.704 Hz
0.704 Hz
Feedback Gain*
25
35
Peak Force Setpoint*/**
14 mV
12 mV
Peak Force Amplitude
10 nm
10 nm
Peak Force Frequency
2 kHz
2 kHz
Lift Height
20 nm
20 nm
* On a MultiMode 8 AFM system; values may differ in other setups.
** On our Multimode 8 system, these force values (in mV), correspond to forces of ca.
200 pN (55 mV) and 50 pN (14 mV) for MSNL-E cantilevers and ca. 300 pN (35 mV) and
100 pN (12 mV) for MSNL-F.
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2.1.1.2

Choice of probe

AFM probes arrive in the form of a semiconductor chip with one or several flexible levers
attached (i.e. an AFM chip can contain several probes). A sharp tip is attached at the apex of the
cantilever, intended to interact with the sample surface during AFM scans. For the vast majority
of experiments, Bruker MSNL probes were used. MSNL probes are made from a silicon nitride
cantilever substrate, but the tips are made of silicon. To increase the laser reflectivity, MSNL
chips (and probes) are gold coated on their backside. On one chip, MSNL probes contain six
cantilevers (denominated A-F) of different size and stiffness (Figure 2-3). MSNL-E and MSNL-F
cantilevers were used to record data on mica substrates, supported lipid bilayers, and perforin
assemblies. The MSNL-F cantilever can be used after the MSNL-E cantilever has been
contaminated/damaged. Since perforin tends to rapidly contaminate AFM probes (appendix,
Figure A-3), these probes are therefore an economical choice for imaging perforin assemblies.
The longer levers (B, C, D) at this side of the chip are too soft and/or have resonance frequencies
that are too low for practical imaging under the conditions used in our experiments.

Figure 2-3: Cantilever arrangement on an MSNL chip.

In some occasions, custom made ScanAsyst HR (low k), FastScan D, or AC40 probes (all supplied
by Bruker) were used to image perforin. Each of these probes has its advantages: ScanAsyst HR
probes were selected and verified for tip sharpness, delivering higher spatial resolution; soft
(low spring constant) cantilevers are more suited for imaging soft substrates (e.g. prepore
assemblies), and high resonance frequency probes are suitable for faster scan speeds. FastScan
D probes have been used to record data in chapter 3, and are especially optimized for the use
with FastScan AFM setups (Bruker) and force-distance curve based imaging at 8/16 kHz.
Important probe parameters are listed in Table 2-2.
Table 2-2: Important parameters of AFM probes used in this thesis. Values provided by Bruker. Real-life
calibration values for MSNL-E and MSNL-F levers are provided in appendix Figure A-2.
Probe
Resonance freq. (liquid) [kHz]
K [N/m]
Tip radius [nm]
MSNL-E
9-16*
0.05-0.20
2-12
MSNL-F
30-53*
0.3-1.4
2-12
ScanAsyst HR
18-22**
0.02≈2
(low k)
0.05**
AC40
17-45
0.07-0.14
<15
FastScan D
37-47
0.25-0.40
≈5
* Resonance frequency in liquid estimated as ⅓ of the value in air
** Calibration data from 3 used probes in Milli-Q water on mica

2.1.1.3

Probe re-usability

Some good results were obtained with probes that were decontaminated in a plasma cleaner.
Used probes were placed on a glass microscopy slide in a Diener Electronic Zepto B plasma
cleaner. The probes were exposed to an air plasma twice for 15 s, with a 60 s break in between,
at 10% output power.
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2.1.2 Sample preparation
2.1.2.1

Sample supports

Sample supports are preferably as flat as possible to facilitate AFM imaging. Therefore, mica is
a widely used substrate, as its crystal layers can be cleaved to expose an atomically flat and clean
surface. The full assembly of AFM sample supports contains a 15 mm steel disc (Agar Scientific)
at the bottom for magnetic mounting on the AFM sample holder. This steel disc is covered with
a self-adhesive, hydrophobic Bytac vinyl backed FEP laminate (Saint-Gobain Performance
Plastics Corp.), and a ø 9.9 mm mica disc (Agar Scientific) glued on top of the laminate using
Araldite Rapid 5 min epoxy resin (Huntsman Advanced Materials). The assembly of sample
supports for AFM imaging is shown in Figure 2-4, and results in a hydrophilic surface (mica)
surrounded by a hydrophobic material (FEP sheet) to prevent the aqueous solution from
spreading beyond the mica.

Figure 2-4: Assembly of a sample support for AFM experiments. A mica surface is suitable for in-fluid AFM
and for the deposition of lipid bilayers. It is glued to a hydrophobic and easy-to-clean FEP polymer sheet.
The (self-adhesive) polymer sheet is attached to a steel disc, which provides rigidity and can be attached
to the magnetic sample area of an AFM.

2.1.2.2

Lipid vesicle preparation

Small unilamellar vesicles were prepared using the lipid extrusion method [109]. Dissolved lipids
(see Table 2-3) were added to 4 mL PTFE capped glass vials (Agilent Technologies) in the desired
molar ratio and with a total dry lipid weight of 0.25-1 mg. All lipid ratios and percentages
indicated in this thesis refer to molar values and are given with ± 5% confidence intervals, with
the uncertainty mostly related to weighing lipids and measuring stock solutions. The lipid
mixture was then dried under a stream of nitrogen gas for 30 min, evaporating the solvent and
leaving a dry lipid film in the glass vials. The lipid film was rehydrated with HBS to a lipid/buffer
concentration of 0.5-1 mg/mL. The rehydrated lipid was vortexed for ca. 10 s on a Vortex-Genie
2 (Scientific Industries) at full power, yielding a turbid lipid mixture containing large,
multilamellar lipid vesicles. The turbid mixture was placed into a Fisherbrand FB11201 bath
sonicator (Fisher Scientific) – pre-heated above the highest main lipid transition temperature of
constituent lipids – and sonicated for 30 min at 37 kHz and 100% output power. The sonication
process breaks the large, multilamellar vesicles down, reducing the turbidity of the lipid mixture
over time. Small unilamellar vesicles (Figure 2-5) were obtained by forcing the sonicated lipid
mixture 31 times through a (pre-heated, if needed) mini extruder kit (Avanti Polar Lipids, Inc.)
equipped with a 50 nm Whatman Nucleopore Track-Etch polycarbonate membrane, and four
Whatman ø 10 mm polyester drain disc membrane supports (both GE Healthcare Lifesciences).
The manufacturer provides detailed information on their extrusion equipment online.
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Figure 2-5: Negative stain EM image of small unilamellar DOPS vesicles, obtained as described in the text,
on a glow discharged carbon grid.

2.1.2.3

Deposition of supported lipid bilayers

4 µg of freshly extruded lipids were directly injected into 80 µL of HBS, containing 25 mM MgCl2
and 5 mM CaCl2, and incubated for 30 min above the highest main transition temperature of
constituent lipids. Mg2+ ions bind to the cleaved mica surface and provide a net positive surface
charge that facilitates supported bilayer formation of many biologically relevant types of lipids.
Ca2+ ions may also support the bilayer adsorption [86], but we avoided excessively high
concentrations as it may interfere with (calcium mediated) perforin binding. Small unilamellar
vesicles, injected into the buffer, burst upon contact and settle down to the mica substrate,
eventually forming an extended supported lipid bilayer [86], suitable for AFM imaging and as a
protein substrate (Figure 2-6).

Figure 2-6: Deposition of a supported lipid bilayer and pore formation. Small unilamellar lipid vesicles are
directly injected onto a mica substrate immersed in buffer. In the presence of Mg2+ or other suitable
divalent ions, the lipid vesicles fuse with the mica surface and rupture open into a flat supported bilayer.
Eventually, sufficient vesicles merge to form extended supported lipid bilayers. Added pore forming
proteins next bind to these bilayers and form pores, here shown by the example of suilysin.

After incubation, the supernatant (buffer above the sample surface) was washed 9-15 times with
80 µL of HBS + 25 mM MgCl2 + 5 mM CaCl2, to remove residual lipid vesicles (Figure 2-7).
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Figure 2-7: Residual lipid in the supernatant after washing a supported lipid bilayer. Five supported egg PC
lipid bilayers were prepared using 4 µg of lipid in 80 µL of HEPES buffered saline (HBS, 150 mM NaCl, 20
mM HEPES) + 25 mM MgCl2 + 5 mM CaCl2, pH 7.4. After incubation of the bilayers for 30 min at room
temperature, the supernatant was washed 0, 3, 6, 9, or 12 times with 80 µL of HBS + 25 mM MgCl2 + 5
mM CaCl2, and half of the supernatant (40 µL) was extracted and injected onto freshly cleaved mica
samples. After 30 minutes incubation of the extracted supernatant on mica, the samples were imaged by
AFM. When the supported lipid bilayers were not washed (‘No wash’), the extracted supernatant
contained enough lipid material to form an extended lipid bilayer on mica samples. Otherwise, the
extracted supernatant yielded membrane patches with decreasing size for an increasing number of
washing steps. Colour (height) scale, -5 to 8 nm, with the height of the mica surface defined as 0 nm.

2.1.2.4

Preparation of charged lipid bilayers

Negatively charged lipid bilayers containing DOPS, DOPG, or CS (see Table 2-3) were deposited
as described in section 2.1.2.3 in 80 µL of HBS + 25 mM MgCl2 + 5 mM CaCl2, pH 7.4. However,
the Mg2+ content in the buffer was found to interfere with perforin binding to these charged
lipids (see appendix, Figure A-4). Therefore, after deposition, the MgCl2 concentration was
reduced to < 1 mM by washing the negatively charged bilayers 9 times with magnesium free
buffer, HBS + 5 mM CaCl2, pH 7.4. This washing step was introduced in the preparation of all
negatively charged bilayers used in this thesis as well as for control experiments that required
low levels of Mg2+.
Since DOPG would not form supported lipid bilayers when deposited with buffers containing 25
mM MgCl2 (see appendix, Figure A-5), pure DOPG bilayers were deposited in magnesium free
buffer (HBS + 10 mM CaCl2, pH 7.4), and subsequently washed 9 times with HBS + 5 mM CaCl2,
pH 7.4 to reduce remaining lipid vesicles from the solution and adjust the calcium concentration
to 5 mM.

2.1.2.5

Protein injection and incubation

WT and TMH1 perforin were injected into the buffer either as a ≈1 µL volume directly from stock,
or diluted in HBS, pH 7.4 (50 mM MMT + 150 mM NaCl at various pH instead of HBS in section
2.1.2.10) to a final volume of 20-40 µL before injection into the AFM sample, resulting in a final
sample volume of 100-120 µL. The dilution step (prior to injection) was used in AFM samples
that were prepared for quantification: By injecting a larger volume (containing a given amount
of protein) onto the lipid bilayer samples, we obtained a more uniform distribution of perforin
pores over the sample surface. In particular, samples that were prepared by injecting 40 µL of
dilute perforin showed a standard deviation of pore formation of < 30% within several areas of
the same sample, and ca. 30% between samples (Figure 2-8; for the quantification method, see
below, section 2.1.4). Final perforin concentrations in AFM samples ranged between 20-300 nM.
After injection, the protein was typically incubated for 15 minutes at 37 °C. However, on
negatively charged membranes (see section 2.1.2.4), the incubation time was reduced to 5
minutes at 37 °C, as these bilayers were more easily disrupted by prolonged 37 °C incubation
after the removal of Mg2+ from the buffer (see reference [86] and appendix, Figure A-6 for realtime data of bilayer deterioration).
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Suilysin and perfringolysin were injected onto supported lipid bilayers that contained 33%
cholesterol, yielding final protein concentrations of 50-250 nM, and incubated for 15 minutes at
RT.

Figure 2-8: Homogeneity and repeatability of perforin samples for AFM. Within four different samples,
perforin coverage varied within a standard deviation of ≤ 30% (blue curve) when assessing seven separate
AFM images taken at different sample areas. Considering all these 28 areas as independent, we found the
overall standard deviation of perforin coverage to be ≈ 30% (blue curve, ‘Total’).

2.1.2.6

Unlocking of TMH1 perforin

Membrane bound TMH1 perforin (and WT in controls) was exposed to DTT by injecting 2 µL of
a 0.1 M stock solution directly into the supernatant of the AFM sample, yielding a final
concentration of ca. 2 mM DTT, and incubation for 10 min at 37 °C. In real-time sequences
(where the samples are maintained at 37 °C within the microscope), 4-6 µL of the 0.1 M stock
solution are injected into one of the fluid ports of the AFM fluid cell.
In the absence of a membrane, 5 µL of a 268 µg/mL TMH1 perforin stock were diluted 4 times
in HBS, pH 7.4 to a total volume of 20 µL. Subsequently, 2 mM DTT was injected into the diluted
protein mixture which was incubated for 2 min on ice, before adding the mixture on a supported
egg PC bilayer (final concentration, ca. 200 nM) and incubating for 15 min at 37 °C.

2.1.2.7

Fixation of pore forming protein assemblies

To visualize prepore states, and in control experiments, the pore forming proteins in some
samples were fixed with the cross-linker glutaraldehyde. Samples at pH 7.4-7.8 were fixed with
0.04% glutaraldehyde, incubated for 10 minutes at room temperature, and subsequently
washed 3-6 times with 80 µL of HBS + 25 mM MgCl2 + 5 mM CaCl2, pH 7.4-7.8. On negatively
charged membranes and control samples, perforin was fixed with glutaraldehyde in the same
way, but subsequently washed without MgCl2 in the buffer.
Since glutaraldehyde activity is reduced at low pH [110], a sample at pH 5 was incubated with
0.2% (instead of 0.04%) glutaraldehyde for 6 hours at room temperature, and subsequently
washed 3 times with 80 µL 150 mM NaCl + 50 mM MMT + 25 mM MgCl2 + 5 mM CaCl2, pH 5.

2.1.2.8

Mixing TMH1 and WT perforin

Where applicable, WT and TMH1 perforin were mixed in a 0.5 mL Protein LoBind Eppendorf
tube on ice. The protein mix was subsequently topped up to a volume of 40 µL with HBS, pH 7.8
before being injected onto a supported lipid bilayer.

2.1.2.9

Modification of Ca2+ buffer levels

To study the influence of calcium on perforin and negatively charged supported lipid bilayers,
calcium levels were adjusted after bilayer deposition (prior to perforin injection) by washing the
bilayer 9 times with 80 µL of HBS + 1-30 mM CaCl2, pH 7.4 (magnesium free buffer).
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To detach loosely membrane-bound perforin assemblies, calcium was selectively removed from
the sample by washing 9 times with 80 µL of HBS + 0-25 mM MgCl2 + 5 mM EGTA, pH 7.4.

2.1.2.10

Modification of buffer pH levels

To study the influence of pH on perforin assembly, supported lipid bilayers were prepared in
MMT buffer (150 mM NaCl + 50 mM MMT + 25 mM MgCl2 + 5 mM CaCl2). MMT buffer offers a
useful buffering range from pH 4 to pH 9. To avoid difficulties in depositing supported lipid
bilayers at lower pH [111], DOPC bilayers were deposited in 80 µL MMT pH 7.4 buffer. The buffer
pH was next adjusted (and non-deposited lipid vesicles removed) by 9 washes with 80 µL of
MMT buffer at the desired pH level (pH 4, 5, 6, 6.5, or 9). After injecting and incubating perforin
for 5 min at 37 °C at different pH, and imaging the samples with AFM, the pH was restored by
washing the samples an additional 9 times with 80 µL MMT, pH 7.4, followed by a 15 minute
incubation at 37 °C and further AFM imaging.

2.1.3 Post processing
Raw AFM data was processed in NanoScope Analysis software version 1.80 (Bruker). AFM
images were flattened with respect to the most prominent reference surface, normally the
membrane surface, the mica substrate, or, on densely covered samples, the surface of perforin
pores. A height threshold was used to mask out features other than the reference, and a second
order flattening threshold was applied. Perturbing features that were not masked by the height
threshold were excluded from the flattening by manual selection, to avoid flattening artefacts
(see appendix, Figure A-7 for examples of such artefacts). Also, in some cases, a first order plane
was fitted before flattening to first correct for an overall tilt in raw data.
The colour scale of flattened images was adjusted, if not specified otherwise, to -9 to 16 nm,
reference with respect to the surface of the supported bilayer (= 0 nm). AFM images were
exported from the NanoScope Analysis software with a resolution of ≥ 1800 pixels at the long
edge.

2.1.4 Data analysis
Height histograms and profiles were obtained in NanoScope Analysis 1.80. Profiles were
extracted on flattened images and along the fast scan (horizontal) axis. All provided height
values are within a 1 nm tolerance.
Size histograms of WT perforin assemblies were obtained from hand traces created in 3dmod
4.9.4 (BL3DEMC & Regents of the University of Colorado) [112]. An example of a traced AFM
image is shown Figure 2-9A. Note that the manual tracing is only applied to arc- and ring-shaped
assemblies, i.e. perforin pores, and not to unspecific aggregates. The length of the traces (in nm)
was converted to the number of subunits by division through the nominal subunit spacing of WT
perforin assemblies (2.55 nm, as per reference [56], therein Figure 3). Perforin coverage was
estimated from the sum of subunit traces per AFM image area, and averaged from at least three
different AFM images taken on different areas on the sample (0.5-1 mm apart). For AFM images
taken on phase separated images, the scan sizes had to be increased to include phase domains.
Consequently, perforin pores were not sufficiently resolved for manual tracing, and instead,
perforin coverage was estimated by a height threshold, adjusted to 6-8 nm above the membrane
surface to compensate for tip broadening artefacts (see appendix, Figure A-8). An example of a
height threshold is shown in Figure 2-9B. With the height threshold, unspecific aggregates may
be counted towards perforin coverage as well.
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Perforin coverage is either given in perforin subunits (number of pore forming perforin
molecules) per µm2 when traced by hand, as an area percentage when using the height
threshold, or as a number between 0 and 1 when standardized to perforin coverage on pure
DOPC membranes.

Figure 2-9: AFM data analysis. A) Perforin arcs and rings are traced in 3dmod (green). The traces can be
extracted to estimate perforin coverage or create assembly size distributions. B) Perforin coverage on data
recorded on a larger surface area, where the assemblies were too small for tracing, was analysed using a
height threshold. Perforin aggregates (white on the flattened image, blue on the 12 nm threshold image)
were counted towards pore coverage.

2.1.5 Troubleshooting of perforin samples and AFM imaging
Preparing and imaging perforin is not always straight forward. Out of over 5000 AFM images
recorded in the scope of this thesis, ≈ 350 images were used for analysis, including the ≈ 150
images shown in the following chapters. Reasons for discarding or not showing AFM data on
perforin include sample defects and AFM imaging artefacts. The most common ones are listed
in the appendix section, Figure A-3 and Figure A-7 through Figure A-13, including a short
description and strategies to avoid such issues.

2.2 Negative stain electron microscopy
2.2.1 Setup
For transmission EM imaging of negative stain samples, a Tecnai T12 (FEI/Thermo Fisher
Scientific) microscope was used. Its electron-optical setup is schematically shown in Figure 2-10.
The electron beam is generated by a thermionic tungsten cathode, accelerated towards the
anode by a 120 kV potential difference. The electron optics are in vacuo and resemble optical
microscopes in their arrangement, although electro-optical lenses create a magnetic field to
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bend the electron path. An array of condenser lenses collects the electrons from the first
crossover and focuses them on the specified sample area. An array of objective lenses is used to
focus and initially magnify the image. The sample is located in the objective lens array, together
with a cold trap, and can be moved in the XY plane relative to the electron beam. A projection
lens further magnifies the image coming from the objective lenses, and projects it either to a
viewing screen, or a CCD camera. In the electron path, multiple corrective devices are installed.
Deflection coils allow centring of the beam, and apertures are in place to reduce the effects of
spherical aberration. Stigmators (not shown in Figure 2-10) can be adjusted to correct field
asymmetries of electron-optical lenses (astigmatism).

Figure 2-10: Schematic of Tecnai T12 transmission EM setup.
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2.2.2 Sample preparation
The preparation of perforin EM samples largely followed previously described protocols [56,60].
Monolayer samples for EM were prepared in a PTFE block (Figure 2-11A, appendix, Figure A14A) containing cylindrical wells 4 mm in diameter and 3 mm depth (Figure 2-11B). The PTFE
block is placed in a beaker with a wet filter paper (Figure 2-11A), such that the enclosure remains
under humid conditions when placed on a heater (Figure 2-11C) and maintained at 37 °C during
extended periods of time.

Figure 2-11: Setup for EM sample preparation. A) A PTFE block with several wells is placed in a glass beaker
with a wet filter paper. B) The dimensions of a single well shown in a cross-section. C) The container can
be placed on a hot plate for extended durations.

For each sample, a well in the PTFE block maintained at 37 °C was filled with 35 µL of buffer (HBS
+ 5mM CaCl2, pH 7.4) containing 3 µg/mL (≈ 1.2 nM) of WT or TMH1 perforin (Figure 2-12A). A
lipid droplet (0.3 µL of a 1 mg/mL chloroform stock solution of either pure DOPC or DOPS) was
then placed at the air/buffer interface (Figure 2-12B) to form a monolayer with the lipid
headgroups facing downwards, into the buffer (Figure 2-12C). The solvent was allowed to
evaporate for 1 min, and a 200-mesh carbon film coated gold grid (Agar Scientific) was placed
on the lipid monolayer with the carbon side facing downwards (Figure 2-12D, Figure A-14B,C).
The arrangement was incubated for 15 min at 37 °C. For TMH locked mutants, 2 mM DTT was
added using micro capillary pipette tips for loading gels (VWR) to unlock the protein (Figure
2-12E), and the sample incubated for another 5 min, to allow for pore formation (Figure 2-12F).
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Figure 2-12: Lipid monolayer preparation for EM. A) A buffer solution containing 5 mM CaCl2 (purple) and
perforin monomers (blue) is placed in a PTFE well. B) A droplet of lipid dissolved in chloroform is placed on
top of the buffer solution in the PTFE well. C) After evaporation of the solvent, a lipid monolayer forms on
top of the buffer solution. D) A carbon film coated gold grid is placed on top of the monolayer, with the
carbon side facing the monolayer. E) To unlock TMH1 perforin, 2 mM of DTT was added using micro
capillary pipette tips. F) The end product is a gold grid on a lipid monolayer with perforin assemblies (here,
perforin pores).

The grids, covered with a lipid monolayer containing perforin pores, were then removed from
the aqueous solution (Figure 2-13A) and stained with 100 µL of a 2% w/v uranyl acetate (Figure
2-13B, Figure A-14D). The staining solution was left incubating for 30 s before blotting the grid
with ⌀ 90 mm Whatman no. 1 filter paper and drying a remaining thin layer of residual stain in
air, leaving a halo of stain around protein features (Figure 2-13C). The dry grids were transferred
to a Tecnai T12 electron microscope for imaging.

Figure 2-13: Negative staining of EM-grids. A) A grid, containing a lipid monolayer and perforin pores in
buffer solution. B) The buffer is exchanged with a 2% uranyl acetate (UA) solution and blotted (C).
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2.2.3 Imaging
Samples were imaged on a Tecnai T12, with the electron beam at 120 kV acceleration voltage,
the condenser aperture set to 100 µm, and the objective aperture set to 70 µm. The samples
were placed at eucentric height, and the condenser and objective lens astigmatisms corrected.
Images were recorded on a Gatan 4k x 4k CCD camera at an underfocus of 500-1000 nm,
exposure times of 1.5-2.5 s, and a magnification of 67k (1.64 Å pixel size). Sample areas with
deeper stain were preferred (see Figure 2-14).

Figure 2-14: Quality of the negative stain from EM images. In our experiments, we preferred a deep stain
(left) over a shallow stain (right). A deep stain ensures staining of small objects like perforin monomers
and dimers, and the clear separation between background and protein brightness simplifies post
processing.

2.2.4 Post-processing and data analysis
2.2.4.1

Image adjustments

Final adjustments on the 4096x4096 pixel raw images were done in Fiji/ImageJ 1.50e. Raw
images were bandpass filtered with a pass range of 4-300 pixels, and binned by a factor of two
to reduce noise, yielding a 2048x2048 pixel image. The contrast was adjusted with the “Auto”
setting.

2.2.4.2

Feature tracing method I

Histograms of perforin assembly sizes in EM data were obtained following a similar procedure
as for the AFM data (see methods section 2.1.4, in particular Figure 2-9A). The outlines of
perforin assemblies were traced in 3dmod 4.7.15 (Bl3DEMC & Regents of the University of
Colorado) [112]. Rings and arcs were traced separately (Figure 2-15), and features that were cut
off by the image border were ignored. The length of the traces (in nm) was subsequently
converted to a number of subunits by division through the nominal subunit spacing (see Figure
4-9 and reference [56], therein Figure 3).
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Figure 2-15: Feature tracing method I. A) Negative stain EM image of perforin arcs and rings. B) Clearly
defined arcs (cyan) and rings (red) are traced in 3dmod. C) The traces can be extracted and used for
example to create assembly size distribution plots. EM images provided by Dr Natalya Lukoyanova.

2.2.4.3

Feature tracing method II

Loose perforin assemblies on DOPS, even though tightly packed, were sufficiently separated to
distinguish between them in EM images, and their subunits were clearly visible such to allow
manual tracing. Pore-like features with the more tightly packed and thus less distinguishable
perforin subunits were not traced.
In EM data with well-resolved assemblies and subunits in perforin clusters on DOPS (Figure
2-16), histograms of assembly sizes and subunit spacings were obtained from a custom interface
written in Matlab R2016A (Mathworks). EM data was loaded into the interface as a 1920x1080
pixel area, to allow sufficient magnification for tracing on a 15” screen. Perforin subunits were
then located and marked by hand, and grouped for each assembly (Figure 2-16).
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Figure 2-16: Feature tracing method II. An EM image of a perforin cluster formed on DOPS monolayers is
overlaid with manual traces of perforin assemblies with visible subunits (magenta). The traces contain
position information for each subunit (marked by red ‘x’ on the traces), and are grouped for each assembly.
The length of each assembly was estimated from the trace connecting its subunits (linear interpolation).

2.3 Fluorescence recovery after photobleaching
Fluorescence recovery after photobleaching (FRAP) is a method to determine the kinetics of
fluorophores diffusing into a previously bleached (dark) spot. We used the method to compare
the fluidity of different membrane compositions and conditions that we use in mica supported
lipid bilayers.
A schematic of an ideal FRAP experiment is shown in Figure 2-17. During an experiment, a set of
consecutive images is recorded, in which a laser pulse bleaches fluorophores from a certain area
of the image. The fluorescence of the thus bleached area may recover over time by the influx of
fluorophores from other (non-bleached) areas, depending on the diffusion of the fluorophores.
The recovery can be fitted with an appropriate model to derive diffusion parameters. This is
further detailed below, in section 2.3.3.
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Figure 2-17: Schematic of an ideal FRAP experiment. The green and black series of figures depict a green
fluorescent layer (e.g. lipid membrane) before and after a circle is bleached in its centre, and the recovery
of fluorescence in that area over time. The fluorescence intensities of the unbleached area I) and bleached
area II) over time are drawn in the graph at the bottom. The fluorescence of area II) drops after the
bleaching pulse, but slowly recovers until it reaches a plateau (fluorescence recovery). The fluorescence
might not be recovering to its original value because a fraction of the bleached fluorophores may not
diffuse, which is referred to as the immobile fraction. The fluorescence intensity of the unbleached area I),
assumed to be large compared to area II), remains constant.

To measure the diffusivity of a lipid layer, the most suitable are fluorophores that mix with the
surrounding lipids (i.e., have similar molecular interactions and do not aggregate) and have a
similar size. We used a fluorescently labelled PC derivative, Topfluor PC (TFPC, also referred to
as “bodipy-PC” in the literature). TFPC seemed particularly favourable as a lipid probe to
measure diffusion, as it is relatively bright, and inserts into the membrane in the correct
orientation with the fatty acid tail and fluorophore facing the hydrophilic bilayer core [113]. TFPC
has an excitation maximum at 495 nm, and an emission maximum at 503 nm. The chemical
structure of TFPC, POPC (the main constituent of egg PC), and DOPC are shown in Figure 2-18.

Figure 2-18: Comparison between the chemical structures of TFPC, POPC, and DOPC. The fluorescent part
of TFPC is shown in a green circle.
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2.3.1 Sample preparation
Films containing egg PC, DOPC, DOPS, DOPC/cholesterol 2:1, or DOPC/egg SM/cholesterol 1:1:1,
and 0.5% TFPC were prepared and extruded as described before. 8 µL of a 0.5 mg/mL lipid vesicle
solution were deposited in 80 µL of buffer (HBS + 25 mM MgCl2 + 5 mM CaCl2, pH 7.4) in modified
35 mm glass bottom dishes (MatTek Corporation), where the ⌀ 10 mm glass window was
replaced with a thin mica sheet to best reproduce the sample conditions of AFM experiments
(Figure 2-19). The mica sheet was attached to the culture dish using Araldite Rapid 5 min epoxy
resin (Huntsman Advanced Materials). On the mica window, the bilayer was incubated in 80 µL
of buffer (confined to the window in the centre of the dish) above the main transition
temperature of all constituent lipids, subsequently washed nine times with 80 µL of buffer, and
the modified dishes subsequently topped up ca. half-way.

Figure 2-19: Modified sample dish assembly for FRAP experiments. The glass window from the culture dish
was removed prior to this assembly, leaving an uncovered central hole. The hole is then covered by a mica
sheet thin enough to avoid significant birefringence. The modified sample dishes allow supported lipid
bilayer preparations under similar conditions to AFM experiments.

2.3.2 Experiment
The modified dishes with the fluorescent lipid bilayers were imaged on a FV1200 confocal
microscope (Olympus), when necessary equipped with a TC-324B automatic temperature
controller (Warner Instruments) set to 27 °C. The microscope was further set to a FV10-LD473
473 nm and 15 mW laser diode powered by a FV10-MCPSU power supply, and the Alexa 488
excitation filter and BA490-590 emission filter sets (all Olympus).
The fluorescent bilayer was imaged at 1-2.5% laser output power over a 42-64 µm wide area
with a resolution of 512 pixels and an acquisition speed of 1.64 s per image. In the case of the
DOPC/egg SM/cholesterol lipid mixture, TFPC appeared to aggregate in liquid disordered
membrane domains or domain boundaries (Figure 2-20A). To avoid problems with exposure,
these samples were locally pre-bleached to remove fluorescence from the aggregated dye, and
then allowed to recover the fluorescence from mobile dye for at least 40 min (Figure 2-20B).
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Figure 2-20: Fluorophore aggregation in phase separated lipids. A) Fluorescence of a DOPC/egg
SM/cholesterol 1:1:1 molar ratio lipid bilayer doped with 0.5% TFPC. Immobile, bright fluorescent spots
were visible. B) Bleaching of an area on the same bilayer and 40 minutes of recovery irreversibly removed
these bright spots.

During data acquisition, 5 frames were recorded prior to bleaching. Bleaching was then
performed on a circular area of 16.4-23.5 µm diameter at the centre of an image for 2 s (1 s for
egg PC) at a laser output power of 80-100%. To record the recovery of the membranes,
consecutive images of the area were recorded for at least 300 s after the bleaching event.

2.3.3 Data analysis
Fluorescence intensities over time were extracted within the Olympus FLUOVIEW 4.2b software.
Two regions of interest (ROIs) were chosen: The bleached area (FRAP ROI), and for reference
(reference ROI), part of the area surrounding the FRAP ROI (Figure 2-21A). The reference ROI
was drawn such that it did not include the area in closest proximity to the FRAP ROI, and
aggregates as well as holes in the membrane were excluded as well where necessary. The
resulting raw intensity curves are shown in Figure 2-21B.

Figure 2-21: FRAP data analysis. A) Sample image out of a recorded series for FRAP, and the selection of
the reference and FRAP ROIs. Image width is 64 µm B) Raw fluorescence intensities from the ROIs over the
whole series of images versus time. Normalization parameters are indicated. C) Double normalized and
full scale FRAP curve suitable for model fitting, and the normalized reference intensity.

The recorded FRAP intensity data IFRAP(t) and IRef(t) were double normalized according to Phair
[114] to have the FRAP intensities at full scale (IFRAP(t<0)=1, IFRAP(t=0)=0, and to adjust for
acquisition bleaching and focus drift:
𝐼
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where n is the number of data points (frames) for I(t<0). I’FRAP(t>0) was then fitted with a model
describing diffusion limited recovery, as derived by Soumpasis [115]:
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where τD is the characteristic diffusion time, A the mobile fraction of fluorophores, and In0 and
In1 are the modified Bessel functions of the first kind and of order 0 and 1 respectively. The
equation was fitted in Matlab R2016a, using a least absolute residues approach and the
Levenberg-Marquardt algorithm. The errors of the fitting parameters were given as 95%
confidence bounds.
The diffusion constant D was calculated using the diameter of the bleaching beam ω and the
relation:
𝐷=

.

For a given time t, the root mean square displacement,
following relation:

〈𝑟 〉, can be estimated using the

〈𝑟 〉 ≈ √4𝐷𝑡.
The root mean square displacement in 60 s was used to compare diffusion speeds to the
temporal resolution of a typical AFM scan.
So far, we described how FRAP can be used to determine the diffusive properties of the
fluorophore, in this case TFPC. However, we were interested in the diffusivity of perforin prepore
assemblies. We extrapolated lower bounds of perforin assembly diffusion using the conservative
bound of Sackman’s result for lateral diffusion in supported lipid bilayers [116], in that the
diffusion constant scales with the inverse square diameter, 𝐷 ∝ ∅ , and therefore 〈𝑟 〉 ∝
∅ . The in-plane diameter of a single lipid is a few angstroms (some experimental and
simulated numbers can be found in references [117,118]), thus ca. 100 times smaller than the
membrane surface covered by a perforin assembly (diameter in the tens of nm). Therefore, the
root mean square displacement of perforin assemblies is at most 100 times slower than that of
TFPC.

2.4 Chemicals and buffers
Sodium chloride (CAS # 7647-14-5, Sigma # 71376), calcium chloride dihydrate (CAS # 10035-048, Sigma # C3306), magnesium chloride hexahydrate (CAS # 7791-18-6, Sigma # 63068), HEPES
(CAS # 7365-45-9, Sigma # H4034), EGTA (CAS # 67-42-5, Sigma # E4378), L-(-)-malic acid (CAS #
97-67-6, Sigma # 02288), MES hydrate (CAS # 1266615-59-1, Sigma # M2933), and Trizma base
(CAS # 77-86-1, Sigma # 93362) were purchased from Sigma/Merck and stored as powders at
room temperature. DL-dithiothreitol (CAS # 3483-12-3, Sigma # D9779) was purchased from
Sigma-Aldrich and stored under nitrogen at 4 °C. Glutaraldehyde (GA, 8% solution, EM grade)
was purchased in 10 mL vials from TAAB Laboratories Equipment Ltd. and stored at 4 °C. Once
opened, GA vials were kept on ice and disposed of after no more than 16 hours. Uranyl acetate
was prepared by Dr Natalya Lukoyanova4 as a 2% w/v solution and stored at 4 °C. 1-2 mL of UA
were filtered through a 25 mm syringe filter with a 200 µm cellulose acetate membrane (VWR
4

ISMB Electron Microscopy and Image processing facility, Birkbeck College, London, UK.
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International) before use and kept at room temperature. Residual uranyl acetate was disposed
of after sample preparation.
HBS was prepared with 150 mM NaCl and 20 mM HEPES dissolved in Milli-Q water. MMT
buffered saline was produced by mixing 10 mM DL-malic acid, 20 mM MES, and 20 mM Trizma
base (molar ratio of 1:2:2) and 150 mM NaCl in Milli-Q water. The pH of buffers was adjusted
using 1 M solutions of sodium hydroxide base and 1 M hydrochloride acid. The pH was
monitored using a calibrated FiveEasy F20 pH meter equipped with a LE438 probe (both Mettler
Toledo). 1 M stock solutions of CaCl2 and MgCl2, and a 0.2 M stock solution of EGTA in 0.5 M
NaOH were prepared and added to HBS or MMT buffers as required.
DTT was fractioned into ≈ 1.6 mg dry aliquots and stored at -20 °C. The aliquoted DTT was
dissolved in 100 µL HBS immediately before use (≈ 1 minute), yielding a 0.1 M stock solution.
DTT solutions were discarded after one use.

2.5 MACPF-CDC handling and storage
The CDCs wild-type suilysin (WT SLY, Streptococcus suis recombinant), TMH2-locked SLY mutant
(TMH2 SLY), and wild-type perfringolysin O (WT PFO, Clostridium perfringens recombinant) were
generously provided by Dr Rana Lonnen and Professor Peter Andrew5. The protein
concentrations varied from 1.2 to 3.15 mg/mL. The protein was aliquoted into 10 µL fractions
and frozen in liquid nitrogen. CDCs were stored at -80 °C. Before usage, CDCs were defrosted on
ice, and diluted 10-fold in 250 mM NaCl, 20 mM HEPES, pH 7.4-7.8. The diluted protein was
stored at 4 °C between usages, until degradation (≈ 1 month, noticeable in AFM experiments by
declining pore forming activity).
The MACPF wild-type perforin (WT PFN, mouse recombinant) and the TMH1-locked perforin
mutant (TMH1 PFN) were generously provided by A/Prof Ilia Voskoboinik6. The protein was
received in concentrations ranging from ≈ 200-800 µg/mL, and stored undiluted at 4 °C. The
protein was used until depleted (WT PFN) or until degradation (TMH1 PFN, ≈ 1 month).

2.6 Lipids
Lipids were purchased from Avanti Polar Lipids, Inc. Table 2-3 lists all lipids that were used in
this study. Lipids in powder form were weighed and dissolved in a suitable detergent (as detailed
in Table 2-3) to a concentration of 0.5-10 mg/mL. All lipids were stored at -20 °C and used for a
maximum of 6 months after opening their original packaging.
Table 2-3: Lipids used in this thesis, listed with purchasing information and detergent conditions.
Abbreviation
Full name
Phosphorylcholines
DOPC
1,2-dioleoyl-sn-glycero-3phosphocholine
Egg PC
L-α-phosphatidylcholine (Egg,
Chicken)
15:0 PC
1,2-dipentadecanoyl-snglycero-3-phosphocholine

5
6

Avanti #

Purchased form

Detergent

850375

Powder or
dissolved
Powder or
dissolved
Dissolved

Chloroform

840051
850350

Department of Infection, Immunity and Inflammation, University of Leicester, UK
Peter MacCallum Cancer Centre, Melbourne, Australia
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Chloroform
Chloroform

DPPC

1,2-dipalmitoyl-sn-glycero-3phosphocholine

850355

Dissolved

Chloroform

TFPC

1-palmitoyl-2(dipyrrometheneboron
difluoride)undecanoyl-snglycero-3-phosphocholine
Sphingomyelin (Egg, Chicken)

810281

Dissolved

Chloroform

860061

Chloroform

N-oleoyl-D-erythrosphingosylphosphorylcholine

860587

Powder or
dissolved
Dissolved

Cholesterol (ovine wool, >98%)
Cholesterol 3-sulfate (sodium
salt)

700000
700016

Powder
Powder

3ß-hydroxy-5-cholestene-7-one

700015

Powder

Chloroform
Chloroform/
MeOH/H2O
20:9:1
Chloroform

1,2-dioleoyl-sn-glycero-3phosphoethanolamine
1,2-dioleoyl-sn-glycero-3phospho-(1'-rac-glycerol)
(sodium salt)
1,2-dioleoyl-sn-glycero-3phospho-L-serine (sodium salt)

850725

Powder or
dissolved
Powder or
dissolved

Chloroform

Powder or
dissolved

Chloroform

Egg SM
18:1 SM
Sterols
Chol
CS
7KC
Others
DOPE
DOPG
DOPS

840475
840035

Chloroform

Chloroform

2.7 Summary of methods and their use
This chapter describes AFM methods for real-time imaging of perforin and similar biomolecules
in liquid and under buffered conditions. The preparation of supported lipid bilayers is detailed
with a wide range of buffer and lipid compositions. EM and the preparation of perforin
assemblies on DOPC and DOPS monolayers, and the negative staining process are outlined. A
method to deduce the fluidity of supported lipid bilayers, relevant to classify the movement of
membrane bound proteins in AFM experiments, is given by FRAP. Data analysis and
quantification methods are given for each microscopy technique.
However, AFM in particular is a method that has only recently gained momentum for the study
of biomolecules. With the increase of temporal resolution (by, for example, increasing the scan
speed, or slowing down biomolecules by cooling or with chemical triggers), AFM is a promising
tool to extend our insight into protein pore formation. Therefore in chapter 3 and before
describing the assembly pathway of perforin, we describe the design and construction of an AFM
sample stage that allows control over various experimental parameters, and how this could aid
the study of perforin in future experiments. The multi-parameter AFM stage was not yet
accessible when conducting the experiments shown in chapter 4 and 5, and is thus not included
in the materials and methods.
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3. Multi-parameter AFM stage
With the aim to extend the capabilities of our AFM setup for future experiments on perforin and
other MACPF-CDCs, we built a sample stage that is able to change experimental parameters in
situ, during the imaging process. The AFM stage essentially comprises a Peltier element that can
cool and heat without moving parts, powerful enough to cool samples down and heat them up
over a wide range of temperatures. In addition, a bright UV LED is placed underneath the sample
to allow in situ photochemistry. The AFM stage can be equipped with a fluid cell to allow buffer
flow and exchange, and injection of effector molecules into the sample while scanning.
A platform that combines different tools for sample control and AFM microscopy is not a new
idea. For example, a setup with similar capabilities has been used in combination with high
speed AFM to study the calcium dependent binding and unbinding of annexin V to negatively
charged lipid membranes [119]. In those experiments, calcium was photochemically released
with a UV laser [120,121], enabling annexin V binding and assembly to the lipid surface. The
buffer could subsequently be gradually replaced by a fluid system to introduce EDTA. EDTA
collects divalent ions from the buffer (including Ca2+), resulting in the removal of annexin V. The
binding and subsequent removal of the protein was captured with high speed AFM at 1000-20
ms per frame to monitor the characteristic protein lattices produced by annexin V.
As annexin V, perforin binds lipid substrates in a Ca2+ dependent manner. Therefore, a similar
approach, using photochemical release of Ca2+, could be used to study perforin binding and early
stages of protein assembly, which are inaccessible with our current AFM setups. Furthermore, a
buffer flow system could be used to introduce DTT to unlock disulphide locked MACPF-CDC
mutants and help identify early, as yet unknown intermediates during pore formation (see
Figure 1-9). Our experience showed that high-speed AFM approaches alone may offer
insufficient temporal resolution to resolve the movement of mobile proteins and their
interactions on the membrane surface. Therefore, the facility to cool the samples can be used
to slow down movement and kinetics [46].
Our sample stage is designed for the use in Bruker FastScan microscopes. Compared to Multimode 8 AFMs, the FastScan hardware allows for force-distance curve based imaging of up to 16
kHz (compared to 4 kHz on a MultiMode) with FastScan D probes (see methods, section 2.1.1.2)
that are specifically designed for the system. Importantly, the FastScan microscope provides
enough space to fit the sample and the approximately 82x94x10 mm (width x length x height)
stage.
The design is made with a focus on cost-effectiveness and accessibility to modifications. The
usage of an LED for example circumvents the need for expensive laser diodes and fibre-optical
setups. Peltier based cooling and heating methods are now used by some manufacturers, and
have practical advantages over compressor based systems in that they are compact and do not
produce additional vibrations. Lastly, our setup to control temperature and the UV light source
is digitally integrated, allowing full access to all control parameters and further reducing the
component costs compared to commercially available controller systems.
The construction and testing of the multi-parameter AFM stage was done together with Alex
Yon7. The setup outlined here is our third and most recent prototype.

7

PhD candidate in the Hoogenboom lab, UCL, London, UK.
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3.1 General setup
The multi-parameter AFM stage relies on a modular assembly of several components (Figure
3-1). The stage itself is placed within the acoustic enclosure of the microscope. The acoustic
enclosure prevents temperature exchange with the outside and therefore, for efficient and
stable cooling, a water cooling circuit with a pump and a radiator provide the necessary heat
transfer. To use the fluid cell to exchange sample buffer, a second liquid circuit with two
synchronized syringe pumps is in place. Lastly, the electronics of the stage are wired to a
controller setup, which is connected to a computer for user input, and provides the necessary
power to run the equipment.

Figure 3-1: Setup of the multi-parameter AFM stage. In the centre is the AFM (represented by the
cantilever) in an enclosure. At the base of the enclosure is the stage that contains a Peltier element, a UV
LED, a fluid cell, and is connected to a controller. The Peltier element, here in cooling mode, produces a
cold side (blue) where the sample sits, and a hot side (red) attached to the stage. A radiator and pump
assembly provide coolant flow and heat exchange. A pair of synchronized syringe pump enables fluid flow
(light blue) through the fluid cell.

3.2 Design and construction
The multi-parameter AFM stage was realised by using commercially available parts, and custom
assemblies and housings were made using the facilities of the UCL Institute of Making, including
a manual milling machine (Chester Machine Tools Champion, model no. 20V) and laser cutting
systems (Universal Laser Systems PLS4.75 and PLS6.75).

3.2.1 Stage
The stage is the central piece of the setup shown in Figure 3-1 and received most of our
attention. It is designed with a low profile (ca. 10 mm, ca. 13 mm with fluid cell) such that it can
be placed under the FastScan AFM with a sample attached to it (height available in the AFM: 18
mm). Sample images of the AFM stage and a breakdown of its components are shown in Figure
3-2).

54

Figure 3-2: AFM sample stage breakdown and sample images. A) 3D rendered breakdown of the
components used in the sample stage. B) Rendered assembly of the components shown in A). C) Top-down
photograph of the sample stage (no sample and fluid cell attached). Note that some oxidation from
repeated use is visible on the copper surface. D) Photograph with a sample and attached fluid cell.

The base of the AFM stage is comprised of three layers of 2 mm Perspex sheets with laser cut
and milled channels for the coolant and to fit two tube connectors and three magnets to mount
it in the AFM. The components are bonded using Araldite Rapid 5 min epoxy resin (Huntsman
Advanced Materials). The Perspex also provides thermal insulation between cooled/heated
components and the rest of the AFM.
Attached to the base and in direct contact with the coolant is a 3 mm copper plate. High vacuum
grease (Dow Corning) is applied between the copper plate and the Perspex base to provide a
seal against coolant leaking. Milled into the copper plate is a 5 mm hole, a pocket for the Peltier
element, and a channel for wires. The 365 nm (UV) LED (Lite-On, ca. 3.5x3.5 mm) fits in the 5
mm hole and is held in place by a 0.9 mm thick copper plate. Thermal compound (Arctic Silver
MX-4) is applied to enable efficient heat transfer between the LED and the 0.9 mm and 3 mm
copper plates. At the top of the 3 mm copper plate, a Thorlabs TEC1.4-6 Peltier element is
attached using thermally conductive epoxy (ASTA-7G, Arctic Silver). The sides of the Peltier
element are sealed with Araldite Rapid 5 epoxy resin to prevent contact with any liquids. The
Peltier element also contains a central ⌀ 5 mm channel, which is aligned with the 3 mm copper
plate and the UV LED. Within the 5 mm Peltier channel, a brass ring equipped with seven
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cylindrical ⌀ 1x1 mm magnets and a 0.6x0.3x0.3 mm negative temperature coefficient (NTC) 10k
thermistor is placed. The thermistor is used for temperature feedback during cooling and
heating (discussed later in 3.3.2).
The sample is mounted directly on top of the Peltier element. Sample supports with the
magnetic steel discs introduced in the methods, section 2.1.2.1, can be mounted directly and
are held in place by the magnets fitted in the brass ring. For UV applications however, a
transparent sample support is needed. This can be achieved by attaching a mica disc directly to
20 mm square borosilicate cover slips (Agar Scientific). The cover slips can be mounted on the
Peltier element with a small amount of vacuum grease. The fluid cell can optionally be attached
on top of the sample and sealed with vacuum grease (Figure 3-2D).

3.2.2 Pump and radiator assembly
To enable coolant (de-ionized water with 10% v/v EK-CryoFuel concentrate, EK Water Blocks)
flow through the stage and remove residual heat from the hot side of the Peltier (during cooling),
a pump and radiator assembly is connected to the stage via Tygon tubing (4.8 mm inner
diameter). The pump, a modified Laing D5 with built-in coolant reservoir (EK Water Blocks) and
a shock absorbing mount, requires some electronic components to regulate its flowrate (Figure
3-3).

Figure 3-3: Pump assembly. The pump (1) with attached coolant reservoir (2) is powered by 12 V provided
by a step-down converter (3) and a pulse-width modifier for trimming (4). A radiator (5) in the cooling loop
is responsible for heat exchange, and can be put on ice for increased cooling power.

The pump assembly is powered via a designated 24 V output from the controller (outlined
below, in section 3.2.3). The 24 V signal is reduced to 12 V by a step-down buck converter circuit
to provide the optimal operation voltage for the pump. The flow rate is controlled by a pulsewidth modifier (PWM) that turns the 12 V supply on and off in quick succession (here, 25 kHz).
The advantage of PWM over voltage modulated trimming is the increased power efficiency and
the ability to start the pump at lower flow rates. The flow rate (as well as input voltage and PWM
frequency) can be adjusted manually on the electronic components. The cooling fluid, set in
motion by the pump, is passing from the stage to an EK Water Blocks SE 140 radiator, whose
large surface area allows for efficient heat exchange. To increase the maximum cooling power
of the multi-parameter AFM stage, the radiator is placed in a 20-30 L Styrofoam box filled with
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ice (Figure 3-3). The coolant is therefore maintained at a temperature close to the freezing point.
Additionally, as long as there is solid ice around the radiator, the coolant is maintained at a
constant temperature, therefore reducing drift caused by thermal expansion within the stage
that could affect AFM measurements.

3.2.3 Controller
The controller, shown in Figure 3-4, is divided into three sections. A first section contains a fused
24 V, 50 W power supply with two output lanes, used to power the setup. A second section is
used for Peltier control, provided by a Meerstetter Engineering TEC-1123-HV. A third section
finally contains an Arduino Micro (Adafruit) that can turn the UV source on and off via a
homebuilt transistor switch, as well as a USB hub that connects the Arduino and the Peltier
controller to an external USB connector. Further connectors are provided for a 3-pole mains
cable, and two 8-way audio locking connector for the stage and the pump respectively. The
internal wiring diagram for the controller is provided in the appendix, Figure A-15.

Figure 3-4: Controller setup. The controller is connected to the mains power line (1) and turned on by a
switch (2). In the controller, the mains voltage is reduced to 24 V by a 50 W power supply (3). Connected
to the power supply is a TEC controller (4) and the pump assembly connector (5). The outlets of the TEC
are connected to the stage (6) to provide power for the TEC and for temperature readout of the stage
thermistor. An Arduino Micro (7) is connected to a USB hub (8) and the external USB connector (9) and
draws its power from the USB 5 V line. The Arduino controls a transistor switch (not visible here; see ‘LED
driver’ in wiring diagram in Figure A-15) that is connected to the power supply (3) and stage connector (6)
to power the UV LED.

The controller can be connected to a computer to set up the crucial parameters for cooling, such
as the desired temperature as well as the PID parameters via the manufacturer software
(Meerstetter Engineering TEC Software v3.11). Additionally, temperature changes can be
monitored and saved, which aids troubleshooting sample drift during AFM measurements. The
UV LED can be triggered by enabling pin no. 13 on the Arduino Micro board, which can be done
in Adruino 1.8.5 (www.arduino.cc) and additionally through scripted interfaces from Processing
v3.0 (www.processing.org).
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3.2.4 Cost
Major components and their costs are listed in Table A-1, excluding the cost of manual labour
and manufacturing tools, and the syringe pumps. The cost of the setup totals to approximately
GBP 1250.

3.3 Initial tests
3.3.1 Imaging noise
Prerequisite to high resolution AFM imaging is a stable, vibration-free microscope, and the
addition of a pump into the setup might therefore be detrimental to the image quality. We
tested the noise performance by comparing AFM images of bare mica (using an MSNL-F lever
and the corresponding imaging parameters in Table 2-1), taken on the multi-parameter stage
while running the pump at different speeds (i.e. different duty cycles of the PWM signal). The
resulting images were second order line flattened, and the height histogram of the flattened
image fitted with a Gaussian curve. The standard deviation obtained by the Gaussian fit is here
interpreted as a measure of noise and compared with the pump speed in Figure 3-5A. The
imaging noise significantly increased at pump speeds higher than 20-30%. Therefore, all further
imaging is performed at 20% pump speed. Under these conditions, AFM images of perforin pores
in a supported DOPC bilayer, taken with a FastScan D cantilever (but otherwise similar imaging
parameters) looked clean (Figure 3-5B), and the 0.5-1 nm height difference in lipid domains of a
phase separated lipid bilayer was resolved effortlessly (Figure 3-5C). The Peltier element
expectedly did not appear to contribute towards imaging noise (Figure 3-5A).

Figure 3-5: Imaging noise at different pumping speeds. A) Image noise levels recorded at different pump
speeds at 10 °C sample temperature (red) and room temperature (green). At 0% pump speed, the pump is
fully turned off. Room temperature measurements were performed with the Peltier element turned off. B)
Image of perforin pores in a DOPC bilayer, recorded at room temperature and a pump speed of 20%. C)
Image of a phase separated, roughly equimolar DOPC/egg SM/cholesterol supported lipid bilayer recorded
at 17 °C and 20% pump speed. Note that the height colour scale in C) is different from B), as indicated, to
better visualize lipid phase separation.

3.3.2 Temperature control performance
The parameters for temperature feedback between a built in NTC 10K thermistor (Murata
NCP03XH103F05RL) located close to the sample (see Figure 3-2), and the Peltier element, can
be set via the Meerstetter TEC service software v3.0. The parameters are ideally set such that
there is no ringing, as this would introduce vertical drift during imaging.
The temperature that is measured in the thermistor, and the temperature of the sample vary
with the type of sample that is mounted, i.e. if a transparent cover slip or a solid steel disc is
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used. Therefore, the temperature must be calibrated for each different sample type. We
measured the temperature on the sample surface with a second Murata NCP03XH103F05RL NTC
10K thermistor, whose dimensions are small enough to be fitted on the sample when the AFM
is engaged. An example calibration curve for steel backed sample supports (see methods,
section 2.1.2.1) is provided in Figure 3-6A. In Figure 3-6B, the cooling and heating is further
demonstrated by its influence on the temperature sensitive domain boundaries in phase
separated membranes.

Figure 3-6: AFM imaging during cooling and heating. A) Comparison of temperatures measured by the
internal thermistor (‘Measured temp.’) and a second thermistor in the sample buffer (‘Sample temp.’). The
temperatures were compared when imaging (red) and with the cantilever retracted (green). The grey line
represents an ideal temperature feedback, i.e. where the measured temperature is equal to the sample
temperature. B) Images of a phase separated, roughly equimolar DOPC/egg SM/cholesterol supported
lipid bilayer at different temperatures. The image for the bilayer recorded at 17 °C is reproduced from
Figure 3-5.

3.3.3 UV illumination
The stage incorporates a 365 nm LED (Lite-On) as a UV light source. Its wavelength of 365 nm
with a full with at half maximum spectral distribution of ca. 10 nm (according to manufacturer
data) is ideal for the release of calcium via the photosensitive chelator DMNP-EDTA [120]. We
tested the illumination on green fluorite that absorbs radiation in the UV spectrum and shows
a distinct blue fluorescence [122] (Figure 3-7A,B).

Figure 3-7: Initial tests of the UV light source. A) Sample stage with a green fluorite crystal and the UV
source turned off. B) The UV source, now turned on, introduces a characteristic blue fluorescence in the
fluorite crystal. C) 10 ms UV pulse during AFM imaging, as seen as a bright purple flash through the optical
adjustment system. Note that the vertical stripes are caused by moiré interference from photographing
the computer screen.

The UV LED is producing a luminous flux of 665 mW, according to manufacturer data, resulting
in a bright flash that is visible in the optical alignment system of the AFM (Figure 3-7C). Assuming
an illuminated circular area ca. 3 mm in diameter, the luminous density at the centre of the
sample is ca. 30 mW/mm2. The large illuminated area might be an advantage over laser based
systems, as a brighter UV source can be used without disturbing the AFM imaging. For example,
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in the study of annexin V [119], 50 mW of luminous flux from the laser produced a luminous
density in excess of 200 mW/mm2. However, we note that continuous illumination of our LED
based setup still interferes with AFM imaging through reasons yet to be determined, and that
single pulses in the millisecond time range should be used instead.

3.3.4 Fluid cell and buffer flow
Buffer flow was enabled by attaching the two syringe pumps (Kent Scientific Genie Plus,
generously provided by Professor Guillaume T Charras8) via 0.8/1 mm inner/outer diameter
fluorinated ethylene propylene tubing (Dolomite Microfluidics). To balance the buffer flow
through the fluid cell, the pumping direction was set diametrically, one pump forward and the
other backward, and the pumping speed synchronized. A perforin sample (similar to the one
shown in Figure 3-5) was imaged at room temperature and a buffer flow of 0.1 mL/min without
showing imaging artefacts introduced by the pumps (data not shown).

3.4 Future improvements and applications
We have outlined here a multi-parameter AFM stage with integrated heating/cooling, UV
illumination, and buffer flow abilities.
The UV source, although working for short, single pulses, may need some modification to be
properly used in experiments. Specifically, the appropriate output power needs to be set within
the LED driver of the controller (see appendix, Figure A-15), and the pulsing behaviour and
duration set via an Arduino script.
When imaging below room temperature, the noise levels induced by the coolant circuit and the
attached pump are around 1 nm, which impedes measurements that require sub-nanometre
resolution. However, turning off the pump allows the coolant to warm up and cause rapid
thermal drift that is adverse for AFM imaging. This issue could be circumvented by using a
(vibration free) gravity induced coolant flow, instead of a mechanical pump.
Initial tests on supported lipid bilayers with and without perforin show acceptably low imaging
noise of the setup, and a cooling capacity that is promising for low temperature work with
perforin and other MACPF-CDCs. However, we note that the setup is currently in the early
testing stage, and appropriate experiments have yet to be designed. We therefore proceeded
with our study of perforin pore formation and lipid specificity, described in the following two
chapters, using the materials and methods outlined in chapter 2.
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4. The mechanism of perforin pore assembly
As outlined in the introduction, perforin is part of the MACPF/CDC family of pore forming
proteins [13,14]. This family also includes the terminal components of the complement immune
response pathway that forms the membrane attack complex (MAC) pore, and the CDC family of
bacterial toxins. The pathways of CDC assembly have been studied extensively: upon membrane
binding, CDCs first oligomerize into differently sized prepore assemblies, which are not
membrane inserted. The prepore assemblies subsequently undergo a cooperative vertical
collapse and insertion into the membrane, resulting in arc- and ring-shaped pores [45–
49,51,53,54,95,123–125].
By contrast, the pore forming pathways of MACPF proteins remain largely unclear. The
structures of characterized MACPFs indicate that they can insert into the membrane without
undergoing the CDC-typical vertical collapse. The two-component fungal MACPF protein
pleurotolysin can – in common with CDCs - fully assemble through prepore intermediates [29],
but such intermediates have yet to be observed for perforin or the MAC. Additionally, binding
assays [126] and the presence of a large mediator complex responsible for membrane
recognition in the MAC pore structure [33,43,50] indicate that oligomerization may occur after
insertion into the membrane. Similar possibilities have been discussed for perforin [44,127].
Instead of the CDC’s ‘growing prepore’, some MACPFs might therefore employ at least elements
of a ‘growing pore’ mechanism. For perforin, this suggestion was ultimately validated after Dr
Carl Leung recorded real-time AFM data of perforin pores being formed in a supported lipid
bilayer. This data was recorded at 27 °C (instead of 37 °C), where perforin pore formation
proceeds slower and potentially leads to slightly larger assemblies (see appendix, Figure A-16).
Four separate sequences of growing perforin pore assemblies are outlined in Figure 4-1.

Figure 4-1: AFM images of growing perforin assemblies, recorded at sub-physiological temperatures to
slow pore formation. A) Emerging from a diffuse background of membrane bound, mobile protein, a static,
arc-shaped assembly emerges and over time, grows in size. Below, a schematic shows our interpretation
of the perforin assembly state. For clarity, mobile proteins are not shown in the schematics. B) Adjacent to
an existing perforin pore, another pore emerges, first visible as small, static fragments, that later on merge
into a ring-shaped assembly. C) A small perforin pore emerges next to two other perforin pores, in a similar
fashion as the example shown in B. D) A small, static perforin assembly emerges adjacent to a pre-existing,
ring-shaped perforin pore, adjusting its shape and growing in size over time. Scale bars, 20 nm. AFM data
recorded by Dr Carl Leung. Figure adapted from [56] with permission.
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The sequences in Figure 4-1 initially show mobile features on the membrane surface,
recognizable by their streaky, diffuse appearance in AFM data and reminiscent of CDC prepore
intermediates [46]. Eventually, static (membrane inserted) pore assemblies appeared and grew
over time. The data was recorded at 27 oC, which – compared with the physiological 37 oC –
brought the kinetics into a range that was more easily accessible by AFM.
Mechanistic insight into the pore formation of perforin and MACPFs can have important
physiological implications. A growing pore mechanism would explain how the initial components
of the MAC, C5b-C8, can insert into the membrane and subsequently recruit multiple copies of
C9 to grow and complete the hetero-oligomeric pore to kill gram negative bacteria
[33,43,50,126]. For perforin, a growing pore mechanism could in part explain its efficiency by
allowing rapid formation of pores and subsequent diffusion of granzymes into the target cell,
before the target cell can respond by activating its membrane repair mechanisms (<20 s [128]).
From a clinical point of view, insights into the pore formation mechanism might aid the
identification of drug targets and enable more decisive therapeutic decisions. Considering the
crucial role of perforin in our immune system [1] and our limited understanding of its pore
forming mechanism, we employed methodology as outlined in chapter 2 to elucidate the
pathways of perforin assembly on and in the membrane. Specifically, we used atomic force
microscopy (AFM), combined with electron microscopy (EM) and protein mutagenesis, as
described in this chapter.

4.1 Results and discussion
4.1.1 Morphology of WT perforin pores
Prior to examining the mechanism of perforin pore formation, we assessed the morphology of
the membrane inserted, transmembrane pores that represent the functional end state of
perforin assembly. The morphology was assessed by AFM and negative stain EM with their
respective sample preparation techniques. In particular, the AFM preparations rely on the
formation of lipid bilayers supported by an atomically flat mica substrate, and the EM
preparations on the formation of a lipid monolayer at the liquid/air interface, which is later (after
exposure to perforin) transferred to a carbon support and stained. We therefore have the
possibility to study and compare perforin pores in two different experimental systems, and to
validate our results by consistency checks. Supported lipid bilayers for AFM and lipid monolayers
for EM shown here are mostly formed by PC (egg PC or DOPC), and details on the sample
preparation are outlined in the methods, section 2.1.2.
As assessed by negative stain EM, perforin pores in lipid monolayers show striking arc- and ring
shaped assemblies, with a range of different sizes and radii of curvature (Figure 4-2A). Rings
show a range of different inner diameters between 5-20 nm. AFM data on perforin pores in
supported lipid bilayers (Figure 4-2B) appears very similar. As in EM, differently sized arc- and
ring-shaped assemblies are observed. A height profile (Figure 4-2C) and height histogram (Figure
4-2D) show that perforin pores protrude above the membrane surface by ca. 11 nm. The
formation of heterogeneous arc- and ring-shaped assemblies is at least qualitatively in line with
observations made by others on lipid monolayers, supported lipid bilayers, liposomes, and live
cells [12,44,127], Furthermore, the height is consistent with the established model for a perforin
pore [12], a previous AFM study [44], and approximately corresponds to the height of an upright
perforin monomer (PDB: 3NSJ [12]).
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Figure 4-2: General morphology of perforin pores on DOPC membranes, assessed by negative stain EM
and AFM experiments. A) A negative stain EM-image of perforin assemblies, visible as bright features on
a dark background, in a manifold of different arc- and ring shapes. The dark background is provided by the
stained lipid monolayer on a carbon EM grid. B) AFM image of perforin assemblies, visible as golden, arcand ring-shaped features, similar to the EM preparation in A. The dark red background represents the mica
supported lipid bilayer. C) A height profile along the dashed line in B shows the height of pores (dark
arrows) at ca. 11 nm above the membrane, and unspecific aggregation at ca. 6-7 nm above the membrane
(bright arrow). D) The height histogram of the image shown in B exhibits characteristic peaks for the
membrane background (0 nm), unspecific aggregation (ca. 6 nm), and perforin pores (just above 10 nm).
E,F) Higher-magnification images exemplify the variety of (different) perforin assemblies, ranging from
arcs to rings and spirals in different sizes, in both EM (E) and AFM (F) preparations.

The AFM data also shows a fraction of perforin (varying between protein batches) that binds to
supported lipid bilayers, but does not form distinctly shaped assemblies. That fraction of protein
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is found associated with arc- and ring-shaped features with a height of ca. 6 nm, as outlined by
the bright arrows in Figure 4-2B-D. The variable occurrence of such features, the lack of a distinct
shape, and the reduced height leads us to conclude that this was unspecific perforin binding,
and not part of the pore forming pathway.
To further emphasize the heterogeneity of perforin assemblies, a few isolated examples from
EM and AFM data are shown in Figure 4-2E and Figure 4-2F, respectively. The examples depict
arc- and ring-shaped pore assemblies of different sizes. Most arc-shaped assemblies are found
entangled with each other. We also observe spiral shaped assemblies of various sizes (i.e. the
three last examples in Figure 4-2E,F), which can be right or left handed. The lack of a preferred
symmetry in spirals suggests that oligomerization could progress from either side of a perforin
subunit. This is in contrast to the hetero-oligomeric MAC, where an initiator complex of C5b, C6,
C7, and C8 templates for C9 oligomerization in the clockwise when viewed from above (or
extracellular space in the context of cells) [33,129].
Perforin assemblies contain multiple copies of the protein, referred to as subunits. In EM data,
the subunits of perforin assemblies were routinely resolved (Figure 4-2A). For AFM, however, it
is more challenging to do this. A complicating factor is the large protrusion of perforin above the
membrane, causing its top surface to be more mobile and more easily affected by the scanning
motion of the AFM probe. In addition, as in all AFM experiments, the spatial resolution is limited
by the size of the AFM tip. We tentatively identify local subunit contrast on a sample that was
densely packed with perforin pores, as shown in Figure 4-3B-D. The dense packing aided lateral
stability of the pores [48]. By scanning at higher speed (in the range of 3 min/frame), lateral drift
is minimized, and a more force-sensitive probe was used compared to other AFM measurements
(AC-40 probe, see methods section 2.1.1.2).

Figure 4-3: Local subunit resolution on perforin pores can be obtained in both EM and AFM images. A) In
EM images, the subunits were regularily resolved in the obtained data. Some areas with clear subunit
resolution are pointed out by red arrows. B) In AFM data, local subunit resolution could be obtained by
high sampling rates at increased scanning speeds on a sample with high pore density. Example areas that
show perforin subunits are pointed out by white arrows. C) Enlarged views of the areas marked in B. D)
Height profiles extracted along pore segments that show subunit contrast. D) Height profiles extracted at
the regions pointed out in B/D, across ca 4 subunits (*) and aligned on top of each other. The subunits are
spaced 2-3 nm apart, consistent with the model obtained by EM reconstructions [12].
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Some AFM probes are found to be sharp and narrow enough to probe inside the perforin pore.
Using these high aspect-ratio AFM probes, we find that both arc- and ring-shaped assemblies
had locally removed lipid material to form a lumen, a hollow transmembrane channel at the
centre of the pore. High quality AFM data showing the lumina of arc- and ring-shaped perforin
assemblies was recorded by Dr Carl Leung and is published in reference [56], therein Figure 1.
In Figure 4-4, further AFM data shows the lumina formed by perforin arcs and rings. Membrane
perforation by arc-shaped pores is in line with electrophysiology measurements on perforin [44],
as well as cryo EM reconstructions [45] and direct AFM visualization of arc- shaped CDC pores
[46–48], and appears to be a widespread feature in MACPF/CDC pore formation [130]. Arcshaped perforin pores with a partial unsealed lipid edge have been directly observed by AFM
[56].

Figure 4-4: Perforin pores form transmembrane channels, piercing holes in the membrane. In AFM data,
these channels have been repeatedly observed when using high aspect-ratio probes. Here, the AFM data
is presented using a height colour scale that was chosen to emphasize membrane perforation. Heights
below the membrane surface (green) are shown in black, surrounded by larger height, i.e. protein
protruding from the membrane in pink/white. Hollow transmembrane channels are formed by perforin
assemblies of different shape. Shown here is the membrane perforation by perforin rings (A,C), an isolated
arc (B), and joined arcs (D). AFM height profiles, extracted as indicated by grey arrows in the AFM data,
are shown below the images. The profiles partially extend below the membrane surface (lower dashed
line), and thus show the local removal of membrane by perforin pores. With a membrane bilayer thickness
of ca. 5 nm (see appendix, Figure A-17), the data shown in C and D indicates that both membrane leaflets
were removed.

4.1.2 Characterization of the disulphide locked TMH1 perforin mutant
As shown in Figure 4-1, there are signatures of intermediate, prepore assemblies in the data on
WT perforin. To more robustly identify possible prepore intermediates during perforin pore
formation, we also rely on a mutant that was designed to inhibit the conformational change
required for membrane insertion. This TMH1 mutant was created by Dr Amelia J. Brennan9 and
collaborators at the Voskoboinik and Dunstone10 labs in Melbourne. TMH1 perforin incorporates
two mutations (A144C-W373C) that introduce an additional disulphide bond locking one of the
transmembrane helices (TMH1) to the hinge domain of perforin (Figure 4-5), thus inhibiting its
insertion into the membrane, similar to disulphide locked CDC and pleurotolysin mutants
[29,46,95]. The TMH1 disulphide lock can be broken by the addition of DL-dithiothreitol (DTT),
which reduces the disulphide bond, and thus restores the membrane insertion ability. A
schematic of TMH1 unlocking is shown in Figure 4-5.
9

Peter MacCallum Cancer Centre, Melbourne, Australia
Dr Michelle Dunstone, Monash University, Melbourne, Australia

10

65

Figure 4-5: Function of the TMH1 perforin mutant. The protein is schematically represented with its C2
domain in purple, a polypeptide chain in blue, the central β-sheet domain in red, and the transmembrane
helixes/hairpins in yellow. The TMH1 mutant contains an engineered disulphide bond (‘Lock’) that locks
the TMH1 domain (‘1’) to an engineered cysteine side chain and away from the membrane, thus not
allowing it to insert. Although locked TMH1 perforin can bind the membrane via its C2 domain, the protein
consequently remains in a membrane bound state where it can assemble into potential prepore
intermediates, but not insert into the membrane. The addition of DTT reduces the disulphide lock, allowing
the protein to regain its capacity to insert its TMH domains – and therefore form pores – in the membrane.

Exposure to DTT, however, can also damage the protein, since there are also eight native
disulphide bonds in the perforin structure. Nevertheless, monomeric TMH1 perforin can be
unlocked and shown to behave similarly to WT perforin by exposure to 2 mM of DTT and
incubation on ice for 2 min (see methods, section 2.1.2.6, Figure 4-6A). At higher temperatures
and longer incubation times, TMH1 perforin function decreases substantially, which is
suggestive of DTT also affecting the native disulphide bonds present in the protein. Such
conditions are avoided hereafter. Instead, we first allow the TMH1 perforin to bind to the
membrane, and only unlock it after 15 min incubation at 37 °C. Under these conditions,
haemolysis assays from the Voskoboinik lab show that the activity of unlocked TMH1 perforin is
not affected over a wide range of protein and DTT concentrations (Figure 4-6B,C). In addition,
membrane bound and subsequently unlocked TMH1 perforin behaves similarly to WT perforin
in AFM preparations, both in qualitative and quantitative terms (Figure 4-6D,E).
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Figure 4-6: Qualitative and quantitative comparison of WT and TMH1 perforin. A) Under appropriate
conditions (see text), monomeric TMH1 perforin can be first unlocked by exposure to DTT (2 mM and 2 min
on ice) and next form pores in a supported egg PC membrane, as demonstrated here by an AFM experiment
(see methods section 2.1.2.6). B) In haemolysis assays, WT perforin showed similar lytic activity to TMH1
perforin that is first bound to the membrane substrate and then unlocked, over a broad range of protein
concentrations. C) Additional haemolysis assays also demonstrated that the pore forming functionality of
unlocked TMH1 perforin was robust over a range of DTT concentrations, provided that the DTT was added
after the TMH1 perforin had bound to its target membrane. D) In AFM data, WT and TMH1 perforin at
different concentrations both formed arc-and ring shaped assemblies in supported egg PC bilayers. The
protein densities on the samples are similar between WT and TMH1, as confirmed by a quantitative
analysis of perforin coverage on the membrane shown in E). Haemolysis assays were performed by our
collaborators in the Voskoboinik lab. Figure partially adapted from [56] with permission.

4.1.3 TMH1 perforin forms perforin prepore intermediates
After confirming that unlocked TMH1 perforin forms pores similarly to WT perforin, we proceed
to study transient features formed by locked TMH1 perforin on the membrane. We also
compare TMH1 perforin assemblies to TMH2 suilysin and WT perforin.
The locked TMH1 mutant forms mobile features on supported bilayers, which appear as diffuse
streaks in AFM scans (Figure 4-7A ‘-DTT -GA’). The streaky, diffuse appearance of locked,
membrane bound TMH1 is reminiscent of TMH2 suilysin prepores [46] (Figure 4-7B ‘-DTT -GA’).
When visualized at higher scan speed (and thus temporal resolution) and at a temperature
reduced to 15 °C, these TMH2 suilysin streaks were resolved as revealed discrete ring- and arcshaped protein assemblies [46]. Hence we attribute the streaky, diffuse appearance described
here to the high mobility of the protein on the membrane, either diffusing too fast to remain at
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the same location for more than a few scan lines or being too easily dislodged by the scanning
AFM probe (or both).

Figure 4-7: AFM images of locked and unlocked TMH1 perforin, compared with TMH2 suilysin prepores
and pores, and WT perforin pores. A) Locked TMH1 appeared mobile, producing a diffuse AFM image (DTT -GA). Upon addition of a cross-linker, it formed micrometre sized plaques on the membrane surface (DTT +GA). In such plaques, short TMH1 perforin assemblies are visible. Under reducing conditions, TMH1
perforin formed static, arc- and ring-shaped pores (+DTT -GA/+DTT +GA). B) The well characterized TMH2
suilysin [46] formed mobile prepore assemblies (-DTT +GA). After addition of a cross-linker, the TMH2
suilysin prepore plaques showed arc- and ring-shaped assemblies in line with the ‘growing prepore’
mechanism of suilysin pore formation (-DTT +GA). Under reducing conditions, TMH2 suilysin formed static,
arc- and ring-shaped pores (+DTT -GA/+DTT +GA). Note the height difference between TMH2 suilysin
prepores and pores, caused by the CDC-typical vertical collapse. C) Shown here for comparison, WT
perforin formed arc- and ring-shaped pores under all conditions (-DTT -GA/-DTT +GA/+DTT -GA/+DTT +GA).
Supported lipid bilayers were prepared from egg PC (perforin) and egg PC/cholesterol 2:1 (suilysin). Figure
adapted from [56] with permission.

To better resolve the membrane bound TMH1 perforin, we reduce its motility by the addition
of glutaraldehyde (GA), which crosslinks membrane bound proteins into micrometre sized
plaques, diffusing sufficiently slowly for AFM scans (Figure 4-7A ‘-DTT +GA’). Albeit crosslinked,
curved, short oligomers are clearly distinguishable within the plaques, and markedly smaller
than (unlocked) TMH1 perforin pores in paired experiments (i.e. Figure 4-7A ‘+DTT +/-GA’ versus
‘+DTT -GA’). Exposed to the same treatment, GA crosslinked TMH2 suilysin prepores (Figure 4-7B
‘-DTT +GA’) contrasts with these short perforin oligomers in showing regular, arc- and ringshaped assemblies of similar sizes as the (unlocked) TMH2 suilysin pores (Figure 4-7B ‘+DTT +/GA’). The observation of TMH2 suilysin prepores (Figure 4-7B ‘-DTT +GA’) is consistent with AFM
observation of unfixed CDC prepores that were laterally stabilized by dense packing,
circumventing the need for a crosslinking agent [54,70,97,131], and also with stained TMH2
suilysin prepores on lipid monolayers as imaged by EM [46]. As outlined in the introduction,
suilysin follows a ‘growing prepore’ assembly mechanism, in which all oligomerization occurs in
the prepore state, before the prepore assemblies undergo a vertical collapse and insertion into
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the membrane to form pores [46]. As a consequence, CDCs (such as suilysin) show prepore and
pore assemblies of similar sizes. However, the sizes of the mobile, locked TMH1 perforin
oligomers are markedly shorter than of the pore-forming perforin (TMH1 +DTT, and WT),
indicating that – unlike the case of the CDCs – perforin assembly and membrane insertion are
strongly coupled.
To further investigate the mobility of the observed membrane-bound, locked protein, we first
assess the mobility – or more precisely, fluidity – of the membrane to which it is bound. This can
be done by fluorescence recovery after photobleaching (FRAP, see methods, section 2.3),
quantifying the diffusion of lipid molecules in our supported lipid bilayers. Consistent with
previous results on such membranes (see Handbook of Lipid Bilayers [103], chapter II.11
therein), we find lipid diffusion coefficients of the order of m2/s, which implies that on average
lipids move tens of micrometres over the time scale of an AFM images (here taken as 1 min,
Figure 4-8).

Figure 4-8: FRAP experiments to assess the fluidity of the supported lipid membranes. A) Supported lipid
bilayers with lipid compositions as used in our AFM experiments, doped with the fluorescent TopFluor PC
(TFPC,(see 2.6.1). In FRAP experiments, the lipid bilayers were locally bleached, and the fluorescence
rapidly recovered by diffusion of TFPC into the bleached areas. B) The bleaching curves show the double
normalized recovery of fluorescence and fit of the Soumpasis model (green solid line, see methods section
2.3.3), and the fluorescence of unbleached areas (grey). C) The table summarizes experimental conditions
and extracted diffusion parameters. The last column indicates the RMS displacement of a single lipid at
the minute timescale. The predicted displacement of perforin assemblies is at least 1/100th of that of a
single lipid, i. e. > 200 nm at the minute timescale, unless they are immobilized by direct contact to the
mica substrate. Figure partially adapted from [56] with permisison.

To verify what this means for the larger membrane areas (with sizes of the order of 10 nm) to
which perforin assemblies bind, we apply Sackman’s result [116], extrapolate the mobility of a
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single lipid molecule to membrane patches of larger sizes (see methods, section 2.3.3). Even in
a most conservative estimate, such patches move hundreds of nm on the time scale of our AFM
experiments. Therefore, membrane bound, but not inserted perforin (and CDC) assemblies are
predicted to appear mobile here, if only because they are bound to a most fluidic surface.
Consequently, we attribute the static appearance of perforin (and CDC) pores to their contact
with the static mica substrate via their transmembrane β-barrels; and we can use the immobility
of protein assemblies as a signature of their insertion into the membrane.

4.1.4 Perforin prepores are smaller than perforin pores
Since these perforin prepores appear smaller than perforin pores in matching experiments, we
next set out to quantify their oligomeric states, i.e. the number of perforin subunits in prepore
and pore assemblies. To this end, negative stain EM data of locked TMH1 prepores and
TMH1/WT pores were obtained, and the features analysed.
Negative stain EM data and ensemble averages of perforin prepores and pores were obtained
and provided by Dr Natalya Lukoyanova (see methods section in reference [56]). The ensemble
averages show clearly resolve perforin subunits, and the subunit spacing was quantified by Dr
Lukoyanova. The number of subunits in perforin assemblies were traced by hand (see methods,
section 2.2.4.2), with independent analyses by Dr Lukoyanova and myself, and the obtained
distributions were cross-checked for consistency.
A compendium of obtained EM image data, assembly averages, and subunit distribution can be
found in Figure 4-9. After 15 min incubation at 37 oC (equivalent to the time-scale used in AFM
sample preparation), locked TMH1 perforin forms short oligomers that contained 2-10 subunits
with a 3.86 ± 0.13 nm subunit spacing (Figure 4-9A,E). Note that the EM preparations obviate
the use of GA to immobilize assemblies (using negative stain and drying instead), and thus in
contrast to AFM data (Figure 4-7A ‘-DTT +GA’, Figure 4-7B ‘-DTT +GA’), prepores are not
observed as dense clusters, but separate and scattered over the sample surface. After a
prolonged 50 min incubation, TMH1 prepore assemblies have grown longer, containing up to
ca. 20 subunits and a few small rings are observed (not visible in Figure 4-9B). The subunit
spacing on the other hand decreases to 2.89 ± 0.22 nm (Figure 4-9B,F). AFM experiments did
not allow a sufficiently accurate quantification of assembly size, but demonstrate that otherwise
the TMH1 behaviour was largely similar for 15 min and 50 min incubations (see appendix, Figure
A-18). In stark contrast to the prepore assemblies, TMH1 and WT pores both show arc
assemblies with up to ~30 subunits, and a marked population of rings with ~20-30 subunits. The
subunit spacing – again for both TMH1 and WT pores – is found to be further decreased to 2.55
± 0.08 and 2.55 ± 0.09 nm, respectively. The distribution of TMH1 pores (+DTT) shows many
relatively short assemblies at 2-6 subunits, which is not observed for WT perforin. We attribute
this difference to inactive TMH1 perforin, by lack of 100% efficacy of DTT induced reduction.
Otherwise, the size distributions of TMH1 (+DTT) and WT pores are qualitatively similar.
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Figure 4-9: Evolution of TMH1 perforin assembly, compared to WT perforin pores, on DOPC/cholesterol
2:1 monolayers and assessed by negative stain EM. A,B) TMH1 perforin prepores after 15 (A) and 50 (B)
minutes incubation at 37 °C. C) TMH1 pores after 15 minutes incubation at 37 °C, followed by exposure to
DTT. D) WT pores after 15 minutes incubation at 37 °C. The insets in A-D show averages of assembly
segments. E-H) Assembly size distributions are obtained by tracing perforin assemblies in EM data. The
individual assembly sizes (in nm) are converted to number of subunits per assembly using the average
subunit spacings outlined in A-D. Figure adapted from [56] with permission. EM data, subunit averages,
and half of the tracing data provided by Dr Natalya Lukoyanova.
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4.1.5 The assembly of perforin prepores is irreversible
The loose subunit packing in perforin prepores (insets in Figure 4-9A,B) leads to the question of
whether the prepore assembly is reversible. We first note that the shape of the prepore
assembly size distribution is in line with a sequential and irreversible assembly, as further
outlined in references [46,132,133]. We next hypothesize that a mix of WT and TMH1 perforin
would co-assemble into perforin prepores, and that in the case of irreversible assembly, coassembled (locked) TMH1 perforin would inhibit WT perforin from membrane insertion in a dose
dependent manner. Such an effect has for example been shown for suilysin, where the
membrane insertion of WT suilysin was inhibited through co-incubation with TMH2 suilysin [46].
In a reversible assembly however, the exchange between WT and TMH1 perforin subunits would
eventually allow sufficient WT content in an assembly, and therefore not inhibit membrane
insertion. Reversible assembly has been shown, for example, for early prepore intermediate
states of the CDC perfringolysin O [134].
To test this, we designed an AFM experiment in which we mix a fixed amount of WT perforin
with increasing amounts of locked TMH1 perforin, and add the mixture to supported lipid
bilayers and imaged the resulting samples. The AFM data is shown in Figure 4-10A. We indeed
found that mixtures containing locked TMH1 perforin gradually and in a dose dependent manner
showed reduced formation of perforin pores, accompanied by an increase of mobile features,
i.e. perforin prepores. In particular, after incubating a 1:5 WT/TMH1 perforin mixing ratio, no
perforin pores were observed. In all cases, pore formation can be restored by addition of DTT,
thus excluding non-specific protein aggregation as a cause for the inhibitory effect.
The results of our AFM experiments can be compared with live cell experiments performed in
the Voskoboinik lab. They incubated red blood cells with perforin mixtures from a (constant
amount of) WT perforin and increasing amounts of TMH1 perforin. Upon increase in the amount
of TMH1 perforin, the red blood cells showed decreased cell lysis, in quantitative agreement
with our AFM data (Figure 4-10C). In addition, CTLs co-expressing WT and TMH1 perforin were
found to have decreased cytotoxicity, when comparted to CTLs that expressed WT perforin only
(Figure 4-10D, data from the Voskoboinik lab).
In AFM data of WT and high amounts of (locked) TMH1 perforin, we also see features that
appear static, but without a distinct shape or structure. Such features are highlighted in dashed
circles in Figure 4-10A at 1:1 and 1:2.5 WT/TMH1 ratios. Their static nature suggests that these
features are at least partially inserted into the membrane. However, their diffuse appearance
also suggest that a certain degree of mobility is retained. We tentatively interpret these features
as small pore assemblies that have nucleated further prepore assemblies and thus are partially
inhibited from membrane insertion.
Taken together, our data show that the perforin prepore assembly is irreversible; in addition,
the results on WT/TMH1 mixing show that our in vitro experiments yield results that are
quantitatively consistent with live cell assays (Figure 4-10C), and qualitatively consistent with
experiments on the actual immune synapse (Figure 4-10D).
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Figure 4-10: The effect of locked TMH1 on WT perforin. A) AFM data of protein mixtures containing a
(fixed) amount of WT and an increasing amount of TMH1 perforin, from left to right, incubated on an egg
PC supported lipid bilayer. Under non-reducing conditions (-DTT), the locked TMH1 perforin leads to a
decrease in WT pore formation and the formation of mobile prepore assemblies in a dose dependent
manner. At mixing ratios of 1:1 and 1:2.5 WT/TMH1 perforin, some of the static assemblies did not retain
clearly defined features, highlighted in white, dashed circles. We interpreted these as trapped, partially
inserted, mixed prepore/pore assemblies. At a mixing ratio of 1:5 WT/TMH1, no perforin pores are
observed in the imaged area. Adding DTT to the same samples, TMH1 trapped prepores were converted
to the pore state. B) Quantification of the AFM data shows a decrease in the amount of perforin in the
pore state under non-reducing conditions (-DTT) and – as expected – an increase under reducing conditions
(+DTT). The error bars have been estimated as ± 30% of the nominal values (see methods section 2.1.2.5,
i.e. Figure 2-8). C) Under non-reducing conditions, haemolysis assays with WT/TMH1 mixtures (red graph)
showed a decrease in lytic activity for an increase in TMH1, in quantitative agreement with the decreased
pore formation observed with AFM (green, data from B). Error bars in red indicate standard deviation from
n = 3 experiments. D) Chromium release assays of the live synapse showed that lymphocytes which coexpressed WT and TMH1 perforin (orange) were less efficient in perforating target cells, compared to
lymphocytes that only expressed WT perforin (grey).Haemolysis and Chromium release assays in C) and D)
have been kindly provided by the Voskoboinik lab. Figure partially adapted from [56] with permission.
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4.1.6 Real-time visualization of the prepore to pore transition
AFM is a capable tool to observe biomolecules in action, and we recorded data showing the
TMH1 perforin prepore to pore transition in real-time. Unlocking of the membrane bound TMH1
perforin prepores is achieved by directly injecting DTT into the microscope fluid cell during
scanning. The sequence is shown in Figure 4-11, and the full movie can be found in the
supplementary information of reference [56]. Importantly, the real-time data provides a direct
measurement of the formation of TMH1 pores, proceeding via the transient, mobile prepore
state. The sequence starts with a streaky, diffuse background, which we attribute to the
presence of mobile perforin prepores as before in Figure 4-1. After injection of DTT at
approximately 90 seconds, static features, amongst which a ring-shaped pore, gradually appear.
At the same time, the background of fuzzy prepores dwindles and disappears over time,
gradually revealing the membrane surface. Perforin pores appear immobile and stable (i.e. do
not change their shape) over the remaining time of the sequence (ca. 30 min), albeit some
aggregation forms after the addition of DTT (white area in the images, starting at approx. 4 min).

Figure 4-11: Real-time TMH1 perforin prepore to pore conversion on an egg PC bilayer. The starting time
of the scan and the scan direction are given in the bottom left corner of each image. Initially (0:00), the
protein appeared mobile on the membrane surface, visible as a diffuse background in AFM images. After
injection of DTT at ca. 1:30 (marked by the arrow and ‘+DTT’), a perforin pore emerged at ca. 2:30, followed
by the formation of further pores in the following frames (2:52 onwards). As pore formation occurred, the
background of mobile prepores cleared over time, revealing the flat supported lipid bilayer (coloured in a
dark red). In frame four (4:18), protein aggregation occurred at the left edge of the frame, visible as white
area, and apart from microscope drift remained static for the remainder of the time lapse series. Figure
adapted from [56] with permission.

These real-time AFM data can be compared with data previously obtained on the pore formation
of TMH2 suilysin [46]. For TMH2 suilysin, there are signs of lipid ejection from the centre of
freshly formed pores, by the transient appearance of higher features above nascent pores; and
of subsequent re-condensation of lipid material onto the supported lipid bilayer. In real-time
AFM data of perforin pore formation, we observe some material emerging on top of freshly
formed pores, for example visible as the white area in the sequence shown in Figure 4-11 (from
4:18 onwards). However, this feature was much larger and remained static over time. Its most
plausible interpretation is therefore protein or proteolipidic aggregation, not necessarily lipid
ejected from the membrane.
For a clearer assessment of the matter, we also recorded real-time TMH1 perforin prepore to
pore transition sequences at higher protein concentrations, as shown in Figure 4-12. During the
sequence, the sample surface becomes densely covered with perforin pores. Even though
several small, static aggregates appeared, signs of lipid ejection are not observed either. It has
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to be noted however that this data does not fully exclude the absence of lipid ejection during
perforin pore formation, as it may potentially happen too quickly, or in another way not
detectable by AFM measurements.

Figure 4-12: Sequence of TMH1 perforin prepore to pore conversion in real time on an egg PC bilayer. DTT
was injected before imaging, at time 0:00. The high concentration of TMH1 perforin produced a dense
coverage of perforin pores over time. Despite the dense pore coverage, no signs of lipid ejection are
observed; any aggregations (white areas) remained statically bound to the sample surface over time.

4.2 Assembly pathways

Our results map out the hitherto unknown assembly pathway of transmembrane pores by
perforin. Membrane binding alone is not sufficient to initiate the conformational changes
necessary for pore formation [135]. Assembly of the protein is therefore a necessary step to
proceed pore formation, and a requirement for the attack of virus infected and cancerous cells
by the immune system. However, the assembly into ring-shaped pores is not a prerequisite, and
consistent with previous observations for pore forming proteins, a variety of arc-shaped
assemblies were able to form pores, potentially with an unsealed lipid edge [44,45,136–138,46–
49,56,59,127,130] (Figure 4-4B,D). Arc-shaped WT perforin assemblies have been previously
observed on liposomes and on nucleated cells [44,127], and it was argued that arc-shaped
assemblies could facilitate granzyme uptake and apoptosis by membrane remodelling and
plasma membrane endocytosis [44,127,139,140].
Our observations on the TMH1 mutant show that perforin assembly initially proceeds with the
formation of short prepore assemblies on top of the membrane (Figure 4-7A ‘-DTT +GA', Figure
4-9A,E, appendix Figure A-18, ‘-DTT +GA’ versus ‘+DTT –GA’). These assemblies contain, on
average, ca. 5 times less subunits and have a wider subunit spacing than prepore assemblies
(Figure 4-9). As is the case for WT perforin [5], TMH1 perforin requires Ca2+ ions to bind to (and
remain bound to) the membrane surface (see appendix, Figure A-19). The properties of the
TMH1 prepore assemblies are largely consistent with those of WT intermediate assemblies at
low temperature [56] (Figure 4-1). From the shape of the assembly size distribution [46,132,133]
(Figure 4-9E), and from the results on the co-incubation of WT and TMH1 perforin (Figure 4-10),
we infer that prepore assembly is irreversible. This suggests conformational changes that lock
the subunits together during the prepore assembly, consistent with observations for the related
MACPF protein pleurotolysin [29].
In some cases, prepore assemblies might approach the size of pore assemblies (Figure 4-9B,F).
However, in general we found a on average ca. 5-fold size difference between prepore and pore
assemblies, i.e. before and after membrane insertion (Figure 4-7A ‘-DTT +GA’ versus ‘+DTT -GA’,
Figure 4-9 A,E versus C,G, appendix Figure A-18 ‘-DTT +GA’ versus ‘+DTT -GA’). We further
observed a conversion of short prepore assemblies to the pore state and subsequent
recruitment of further prepore assemblies to grow the pore [56] (Figure 4-1, Figure 4-10). Our
findings show that perforin assembly is promoted and greatly enhanced upon membrane
insertion of short prepore assemblies, and accompanied by a decrease in subunit spacing. During
the pore growth, lipids are likely pushed from the pore centre into the surrounding bilayer
(Figure 4-11, Figure 4-12)
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These findings on perforin can be compared to data on other proteins of the MACPF-CDC
superfamily. Linear prepores have been shown from a perfringolysin mutant, but in contrast to
perforin prepores, they formed much larger and reversible assemblies [134]. The perforin
prepore assemblies formed under prolonged incubation (Figure 4-9B,F) resemble the prepores
of pleurotolysin [29] and bacterial CDCs [46,51,53,54,70,71,84,97] in that they can form ringshaped (prepore) oligomers. However, our data shows that perforin prepores are on average
smaller (containing fewer subunits) than pore assemblies, and can further grow the assembly
after membrane insertion. The growth of perforin pores in the membrane, i.e. in the pore state,
is clearly distinct from CDCs, which oligomerize in the prepore state on the membrane (Figure
4-7B). For the CDC suilysin, all assembly occurs in the prepore state, and is completely halted
after membrane insertion [46]. For the CDC listeriolysin O, some plasticity in the assembly
process has been observed in electrophysiology [141] and AFM [47–49] experiments.
Listeriolysin was furthermore suggested to form large membrane lesions mostly via alignment
of arc-shaped assemblies, i.e. lineaction [49], which is spatiotemporally separated from
oligomerization. This is in contrast to perforin, where membrane insertion directly enhances the
recruitment of further prepore assemblies. Another difference between characterized CDC
assemblies and perforin is the absence of a vertical collapse towards the membrane upon
insertion, which, in CDCs, involves major subunit rearrangements [54,55]. Our results on
perforin pore formation, and the outlined differences to other proteins of the MACPF-CDC
superfamily correlate well with earlier electrophysiology measurements [44,139].

4.3 Conclusion
In summary, we propose a stepwise assembly pathway for perforin that incorporates elements
of both a ‘growing prepore’ and ‘growing pore’ mechanism. In this pathway, perforin pore
formation is initiated by binding of the protein to the target membrane, where it irreversibly
assembles into loosely packed, short prepore oligomers. Such short prepores can insert into the
membrane, where they act as a locus to recruit further short prepore oligomers to grow the
pore assembly into full-sized, arc- and ring-shaped assemblies. The model pathway is illustrated
in Figure 4-13.
Such an assembly pathway is different from the prevalent pathway of bacterial toxins from the
related CDC family. Perforin can form pores of sufficient diameter to allow granzyme diffusion
(and therefore a lethal immune response) during an ongoing oligomerization process. The ability
of perforin to form functional pores before fully completing the assembly might provide a
molecular basis for the speed and efficiency at which perforin can act in the immune synapse,
before exocytotic membrane repair mechanisms can be triggered by the target cell [128].
Indeed, it was shown that perforin deficiency prolonged the duration of immune synapses by a
factor of ~5, on average [142]. Furthermore, the formation of arc-shaped pores, e.g. during the
oligomerization process, has been suggested to facilitate granzyme transport across the target
membrane [44,139].
We also note that pore formation of WT perforin is impeded by co-incubation of non-inserting
TMH1 perforin, which could be the underlying cause of pathologies related to partial perforin
deficiency. Partial perforin deficiency has been associated with an increased predisposition to
cancer [1,143], and further context is provided in reference [144].
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Figure 4-13: Schematic illustration of perforin pore formation in the immune synapse. Perforin (blue) and
granzymes (red) are transported to the pre-synaptic membrane (top) by cytolytic granules, and released
into the synaptic cleft. The (monomeric) perforin subsequently binds to the target cell membrane (bottom).
On the target membrane, from left to right, perforin first oligomerizes into short, non-lytic perforin
prepores. Such prepores can convert to the pore state by inserting into the membrane, and subsequently
recruit further prepores to sequentially grow the pore size. Once the pore size is sufficiently large,
granzymes can diffuse into the target cells to trigger apoptosis.
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5. The lipid specificity of perforin
Cytolytic T-lymphocytes (CTLs) can kill virus infected or cancerous cells. To do so, they first
conjugate with these target cells and form an immune synapse. Next, the CTLs release, into the
synaptic cleft, the pore forming protein perforin and granzyme serine proteases from cytolytic
granules. Perforin subsequently forms pores in the target cell membrane, which allow
granzymes to diffuse into the cytosol and trigger apoptosis [1,145,146]. Even though both preand post-synaptic membranes are equally exposed to perforin and granzymes, perforin
mediated killing is unidirectional; the lymphocyte detaches from the apoptotic target cell and
stays unharmed itself, able to continue its function in immune homeostasis [9]. The mechanism
of this CTL resistance to perforin is largely unknown. Here, we study how different lipid
compositions affect perforin pore formation, and discuss how a lipid based mechanism could
provide CTL protection from perforin.

5.1 Intra- and extracellular protection mechanisms against
perforin

Perforin is a lytic molecule that needs to be regulated in order for the CTL to efficiently attack
multiple target cells. After perforin is expressed in the rough endoplasmic reticulum, its
glycosylation and efficient transport to the Golgi apparatus circumvent its toxicity [147,148]. In
the Golgi, perforin and other components such as granzymes are packed into cytolytic granules.
Within the granules, the glycan tail is removed. It is suggested that calcium chelation [149–151]
or the acidic environment within the granules [128,152] prevents premature perforin activity,
although this has yet to be conclusively shown in live cells. Once perforin and granzymes are
released into the immune synapse, these conditions are neutralized and sufficient free calcium
ions provided, allowing for full pore forming activity of perforin.
In the immune synapse, CTL and target cell membranes are equally exposed. Since perforin
requires no partner proteins for membrane binding and pore formation, it was therefore
hypothesized that the CTL plasma membrane was intrinsically more resistant to perforin than
the target cell membrane. To explain this, protective membrane proteins [153–155], a lower
relative membrane tension [156], and the density of lipid packing [157] have been suggested to
contribute towards CTL resistance to perforin.

5.2 Perforin affinity to lipid types and lipid spacing
In the late 1980s, it was suggested that perforin binds to phosphatidylcholine and sphingomyelin
[158], the two main types of phospholipid in the plasma membrane outer leaflet [102]. Since
then, a number of studies have visualized perforin assemblies on phosphatidylcholine-rich
membranes, e.g. in references [12,44,56]. Later on Antia et al. [157] demonstrated that perforin
can bind to a larger range of lipids, including phosphatidylserine, a negatively charged lipid that
is virtually absent on the surface of healthy target cells. They also noted, however, that binding
to phosphatidylcholine, sphingomyelin, or phosphatidylserine was sensitive to lipid packing.
Specifically, perforin binding only occurred when the lipids were above their melting
temperature, in the liquid disordered (not gel) phase. In those experiments, perforin binding
was measured indirectly, via lysis competition assays: In a mix of red blood cells and suitable
lipid vesicles, perforin bound to the lipid vesicles would not be available for binding to the red
blood cells, and haemolysis would therefore be reduced. The shortcoming of these experiments
is that they only assessed perforin binding, but not its pore forming functionality. Moreover,
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under physiological conditions, gel-phase lipids do not occur, so that it remains unclear to what
extent lipid packing could contribute to the perforin resistance of CTLs. We therefore revisited
the lipid specificity of perforin using direct visualization of the perforin prepore and pore states
using AFM and EM, covering a range of physiologically relevant membrane compositions.

5.3 Results and discussion
5.3.1 Reduced perforin binding on solid and liquid ordered membranes
On phosphatidylcholine-rich membranes, perforin has been shown to form arc- and ring-shaped
assemblies, for example in DOPC/cholesterol [56,128], POPC [44], egg PC [56], egg lecithin [159],
DMPC/cholesterol [12], and 15:0 PC (appendix, Figure A-20). In all these experiments, the lipids
were used above their transition temperature and thus resided in an Ld (liquid) state. To test the
previously reported preferential perforin binding to Ld over So (gel) phase lipids [157], binary
lipid mixtures can be used. Specifically, with suitable constituents, membranes can phase
separate to simultaneously expose both lipid states, as shown in Figure 5-1. Here, phase
separation is achieved by mixing two types of phosphatidylcholine with, respectively, a low
(DOPC, Tm: -17 °C) and high (DPPC, Tm: 41 °C) melting temperature.

Figure 5-1: TMH1 perforin binding to an Ld/So phase separated DOPC/DPPC 1:7 lipid membrane. A) The
empty supported lipid bilayer with phase separation between Ld and So domains is shown in the ‘Lipid only’
image. The phase boundaries are highlighted with dashed, white lines. Addition of TMH1 (‘TMH1 –DTT’)
produced a diffuse, raised plateau on areas of the membrane that approximately correspond to the Ld
domains in the ‘Lipid only’ image. This raised plateau was interpreted as due to laterally confined but
mobile prepores [56]. By addition of DTT, it converted into static features, which at higher magnification
appeared as the arc- and ring-shaped assemblies that are typical for perforin pores (‘TMH1 +DTT’ and
‘Detail’). No such features were found on the So domains. B) Height profiles along the blue, dashed lines in
A. The profiles reveal a phase separation via a height difference of 0.5-1 nm (arrows denote the phase
boundaries), a prepore layer of ca. 8 nm thickness, and pores that are raised about 11 nm above the lipid
surface. Note that the prepore layer in TMH1 –DTT can appear compressed due to tip-sample interactions.
The incubation and imaging temperature was 37 °C.

Due to their denser packing, So phase domains form thicker bilayers than Ld domains, and the
Ld/So phase separation is visible in AFM scans via a height difference of ca. 1 nm. In full
agreement with the findings of Antia et al. [157], prepore locked TMH1 (-DTT) perforin
exclusively binds to the Ld domains, where it forms diffuse, raised plateaux of mobile prepore
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assemblies. The prepore disulphide lock can next be reduced (+DTT), resulting in dense coverage
of static arc- and ring-shaped pores on the Ld domains, but not on So domains (see Figure 5-1).
In a physiological context, the Ld/So phase separation is of limited interest. However, a common
feature of biological membranes is phase separation as can occur in a ternary lipid system that
contains phospholipids with a low and a high melting temperature, as well as cholesterol.
Cholesterol sequesters the phospholipid with the high melting temperature, leading to an Ld/Lo
phase separation. Compared with the So state, the Lo state is liquid and thus less ordered, yet
more ordered than the (also liquid) Ld state. Through its combination of membrane flexibility
and rigidity, the Lo state is considered a key attribute for protein and lipid organization in the
plasma membrane, i.e., in the concept of lipid rafts [100,101]. Similar to earlier work [56], we
consider here a lipid mixture containing DOPC (phospholipid with low melting temperature), egg
SM (phospholipid with high melting temperature), and cholesterol. Around equimolar mixing
ratios, such membranes phase separate into DOPC-rich Ld and egg SM/cholesterol-rich Lo
domains, here observed as micrometre sized membrane domains that are distinguished by a
0.5-1 nm height difference in the AFM images (Figure 5-2) [160]. After addition of prepore locked
TMH1 perforin, mobile prepores appear only on Ld domains, and after conversion to the pore
state, a dense coverage of arc-and ring-shaped perforin pores is seen on the Ld domains,
whereas the Lo domains remain virtually empty. The behaviour of perforin binding to the Ld/Lo
lipid system (Figure 5-2) is therefore in line with the previously described Ld/So system (Figure
5-1), and membrane domains in the Lo state can be considered unsuitable for perforin binding.

Figure 5-2: TMH1 perforin binding to an Ld/Lo phase separated membrane consisting of an approximately
equimolar mix of DOPC/egg SM/cholesterol. A) The image ‘Lipid only’ shows the empty bilayer. The phase
separation between Ld and Lo domains is observable via a height (colour) difference, and the phase
boundaries are highlighted by dashed, white lines. After addition of TMH1 perforin (‘TMH1 –DTT’), a
diffuse, raised plateau appears on the area that corresponds to the Ld domain. This plateau is interpreted
as due to laterally confined but mobile prepores [56]. By addition of DTT, it converts into static features
(‘TMH1 +DTT’). Static features almost exclusively appear on Ld domains. B) Height profiles along the blue,
dashed lines in A and C. The profiles reveal a phase separation of 0.5-1 nm, a prepore layer of ca 10 nm
thickness, and pores that are raised ca. 8-10 nm above the lipid surface. C) Higher magnification images
of static features reveal arc- and ring-shaped assemblies, typical for perforin pores. Notable is also the
stark contrast in perforin coverage at the lipid phase boundary. The incubation and imaging temperature
was 37 °C.

To study the relation between cholesterol induced membrane effects in more detail, we
systematically visualized and quantified perforin binding on different mixtures of DOPC/egg
SM/cholesterol supported lipid bilayers. The mixing ratio (at a fixed temperature, here 37 °C) of
the constituent lipids define the lipid order and phase separation within a lipid membrane
(Figure 5-3A). We tested perforin pore formation on a total of 30 different mixtures that cover
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different Ld/Lo/So states and phase separation between them (Figure 5-3B). The phase
separation in this ternary lipid system is manifested by the formation of micrometre sized lipid
domains, which can be imaged by AFM. In addition, the phase behaviour of these supported
lipid bilayers is in good agreement with published AFM data on the same ternary lipid system
[161], as well as a similar ternary lipid system that was assessed by phase sensitive fluorophores
in giant unilamellar vesicles (Figure 5-3A) [162].

Figure 5-3: Phase states in ternary DOPC/SM/cholesterol lipid systems. A) Map of DOPC/16:0
SM/cholesterol mixtures, and the phase state(s) from giant unilamellar vesicles (adapted from [162], with
information from [103]). Mixtures in the bottom left corner (DOPC-rich) are in the Ld state. Membrane
order increases by addition of cholesterol (Lo in the top regions) or 16:0 SM (So in the right corner). Phase
separation is observed in mixtures located in the lower right side of the triangular map. B) Map of
DOPC/egg SM/cholesterol mixtures as used for our experiments. Mixtures that show phase separation are
marked with a blue “x”, and the remaining ones with a red “x”. The phase separated mixtures are encircled
by a dashed line and further highlighted with a grey background. The areas that show phase separation
are similar in the overview based on literature values (A) and in our own experiments in (B). However, in
contrast to the 16:0 SM used in A, the egg SM used in B is a mixture of different SM species (though mostly
16:0 SM as per supplier specifications) that inherently shows phase separation (see appendix, Figure A21). Also note that we tested mixtures containing up to 53% cholesterol. Above ca. 66% in PC/cholesterol
mixtures, cholesterol is known to crystallize (at room temperature) [163,164]. The data in both maps was
recorded at 37 °C.

Each of the supported lipid membranes outlined in Figure 5-3B was deposited and maintained
at 37 °C, incubated with the same amount of WT perforin (ca. 150 nM) for 2 min, and
subsequently washed. This short incubation – compared with other experiments – and the
added washing step are necessary adjustments to avoid excessive aggregation on some of the
lipid mixtures. The samples were transferred to an AFM and on each sample five different areas
were imaged (see methods 2.1.2.5). A scan size of 2 µm allows simultaneous visualization of
phase separation and perforin binding that can be quantified by a height threshold (see methods
2.1.4). Figure 5-4 shows the resulting map linking perforin binding (and pore formation) with
membrane composition.
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Figure 5-4: Perforin pore formation in a series of different DOPC/egg SM/cholesterol supported lipid bilayer
mixtures (outlined in Figure 5-3), as assessed by AFM. A) Map of DOPC/egg SM/cholesterol mixing ratios
and respective perforin pore coverage in % of the sample surface (average of five separate AFM scans, see
Methods 2.1.2.5). B) Quantification of perforin pore coverage on membranes in different parts of the phase
diagram (indicated in red in the triangles at the top). The number above each bar indicates the number of
data points, and p values were obtained by two value t-tests. The error bars indicate standard deviation.
C) Example AFM images of mixtures (i-iv), as indicated by red “x” in A. Phase boundaries are highlighted
by white dashed lines. Incubation and imaging temperature was 37 °C.

The ability of perforin to form pores in the different membrane mixtures is mapped out in Figure
5-4A. Perforin pore formation appears to be segregated into a high and a low level. As
exemplified by select values for perforin pore formation shown in Figure 5-4B, high levels (ca.
10%, on average) occur in DOPC-rich supported lipid bilayers, which are hereafter are
considered as a reference for efficient perforin pore formation. A similarly high level of pore
formation is observed on supported membranes that show phase separation into Ld+Lo domains,
with the understanding that virtually all perforin pores are located in the Ld domains (Figure
5-3C). Low levels (on average 5-25 times lower than high levels) of perforin pore formation are
observed on supported lipid bilayers in the Lo state, formed by high levels of cholesterol (≥ 43%)
or by mixtures of cholesterol and egg SM. Similarly low levels can also be observed on the
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predominantly So lipid membranes formed by pure egg SM. The AFM images in Figure 5-4C
provide insight into the topographical distribution of perforin pore formation in Ld, phase
separated Ld+Lo, and Lo membrane substrates. In Ld membranes, perforin pore formation occurs
randomly distributed over the whole sample surface. In phase separated membranes, perforin
pore formation is restricted to Ld lipid domains, in line with earlier observations with the TMH1
mutant shown in Figure 5-2. Finally, pore formation appears overall diminished in Lo lipid
membranes.
The reduced binding on single phase (or at least predominantly single phased, for pure egg SM)
So and Lo membranes is fully in line with the results of Antia et al. [157] and with our earlier
comparisons of segregated perforin binding between the two lipid states (Figure 5-1 and Figure
5-2). Our data which maps out perforin binding versus lipid composition supports a model in
which perforin pore formation can be regulated by membrane order. However, perforin pore
formation is not regulated in a linear fashion, e.g. with increasing cholesterol levels, but rather
shows a narrow transition between unhampered and significantly reduced levels of pore
formation. On DOPC/cholesterol mixtures that transition from the disordered Ld state to the
more ordered Lo state with increasing levels of cholesterol, perforin pore formation is critically
affected at cholesterol levels just above 43%. Interestingly, these are also the cholesterol levels
necessary to reach a saturation in the membrane order of DOPC/cholesterol mixtures [165]. On
phase separated membranes that show discrete domains of Ld+Lo phase separation, we did not
observe decreased perforin pore formation, apparently due to increased pore formation to Ld
domains, such that the overall pore formation remains unaffected compared to reference levels.
Therefore, effective reduction of pore formation can only be achieved by condensation of Lo
domains to cover extended surfaces. Lastly it should be noted that pore formation in (purely) Lo
or So lipid surfaces is drastically reduced, but not completely absent.

5.3.1.1

Sphingomyelin

Although the results above are all consistent with a reduction of perforin binding with increasing
membrane order, we can at this stage not fully exclude a detrimental effect of the sphingomyelin
headgroup. To exclude this, we used an 18:1 SM variant, which in pure SM membranes forms Ld
bilayers at 37 °C, in contrast to the egg SM used above, which at least predominantly forms So
membranes at that temperature. This allowed us to study the effect of increasing sphingomyelin
composition without significantly affecting membrane order; hence observed changes would
only be due to the lipid headgroup. The experimental data is shown in Figure 5-5.
As displayed in Figure 5-5, supported bilayers containing 18:1 SM show no phase separation,
and perforin pore formation shows only little change from 0% up to 100% 18:1 SM (Figure 5-5
A). For comparison, bilayers containing egg SM show phase separation at 80% and 100% egg
SM, and a marked decrease of perforin pore formation at 100% egg SM (Figure 5-5B). The
quantification of perforin pore formation confirms the significant drop in pore formation on
100% egg SM (Figure 5-5C). Taken together, these results confirm that the reduced binding with
increasing egg SM is due to increased membrane order, and not due to head-group specific
effects.
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Figure 5-5: Comparison of perforin pore formation in 18:1 and egg SM supported lipid bilayers. A) A series
of DOPC/18:1 SM supported lipid bilayers at different mixing ratios after exposure to the same amount (≈
150 mM) of WT perforin. B) A series of DOPC/egg SM supported lipid bilayers at different mixing ratios
after exposure to the same amount (≈ 150 mM) of WT perforin, reproduced from the experimental data
used in Figure 5-4 (thus also note the scale change and different mixing ratios between A and B). C)
Quantification of pore formation indicating the average amount and standard deviation of perforin pores
formed on the substrates. The error bars indicate standard deviation. N number and two sample t-test
values for p < 0.15 are indicated. Note that the 18:1 SM and egg SM datasets were obtained with two
different quantification methods (see methods section 2.1.4). Perforin was incubated and all samples
imaged at 37 °C. D) Chemical structures of 16:0 SM (main constituent of egg SM as per supplier) and 18:1
SM, as well as their molar masses and main transition temperatures [103]. The structural differences
between 16:0 and 18:1 SM are highlighted.

5.3.1.2

7-ketocholesterol

The effect of membrane (dis)order can be further studied using more disorder-prone variants of
cholesterol, with the additional advantage that such a cholesterol exchange can also be effected
on live cells, for comparison, as shown later in this chapter. Specifically, membrane phase
separation is induced by the sequestering of cholesterol with sphingomyelin that consequently
form Lo lipid domains. However, other types of cholesterol have different properties in relation
to sphingomyelin. 7-ketocholesterol (7KC) contains an additional ketone that inhibits the
molecule from sequestering with sphingomyelin, and therefore inhibits phase separation. 7KC
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can thus be used to counteract the segregated binding of perforin on otherwise phase separated
DOPC/egg SM/cholesterol 20:50:30 bilayers, as shown in Figure 5-6.

Figure 5-6: Effect of 7KC on membrane order. A) AFM images of DOPC/egg SM/sterol 20:50:30 supported
lipid bilayers as a function of sterol content (7KC and cholesterol). The images show the lipid surfaces
before and after exposure to 150 nM WT perforin. Note that in the top row, the colour scale was enhanced
to better show phase separation, whereas the middle and bottom rows adopt the usual 25 nm height scale.
Perforin was incubated and all samples imaged at 37 °C. B) Chemical structures and molecular weights for
cholesterol and 7KC, with the additional ketone group highlighted.

As shown in Figure 5-6A, for 0% 7KC/30% cholesterol these lipids phase-separate into
micrometre sized Ld and Lo domains. Exposure to perforin leads to selective and sharply
separated pore coverage in Ld domains, consistent with Figure 5-2 and Figure 5-4. Indeed, even
small percentages of 7KC have an influence on the shape of such phase boundaries (see
appendix, Figure A-22). For 15% 7KC/15% cholesterol, no phase separation is observed at
micrometre length scales, and perforin pores are formed more uniformly over the sample
surface. At nanometre length scales (bottom row), some phase separation likely persists, as here
visible by the clustering of perforin pores, presumably bound to nanometre-scale Ld domains.
For 30% 7KC/0% cholesterol, perforin binds uniformly over the whole sample surface without
significant signature of segregation or phase separation.

5.3.1.3

Buffer ionic levels

So far, we discussed the lipid main transition temperature and cholesterol as possible modifiers
of membrane order. However, the ionic content of the buffer solution can also interact with the
lipid membrane and influence this property. For example, sodium cations can swell a lipid
membrane [166]. The interaction of divalent cations of magnesium and calcium with the
membrane is more complex and concentration dependent, but both can modulate membrane
packing as well [166,167]. All three ions are present in our buffers. Sodium levels of 150 mM
were around levels found in extracellular liquid. Our buffers contained 5 mM calcium, which is
approximately double the normal level found in blood [168]. However, we assume that this has
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a minor influence on membrane packing compared to the magnesium levels used in our buffers.
To facilitate membrane binding to the mica substrate, we used concentrations of 25 mM Mg2+,
which is more than an order of a magnitude higher than blood levels [169]. Our own FRAP
experiments showed that the diffusivity of a fluorescent PC probe was about halved at 25 mM
Mg2+ compared to magnesium depleted conditions (see appendix, Figure A-23). Therefore, we
repeated four key lipid mixtures at low levels of magnesium by washing the membranes with
magnesium depleted buffer before protein injection (see methods 2.1.2.4). The samples were
imaged by AFM, quantified, and compared with data at 25 mM Mg2+ in Figure 5-7.

Figure 5-7: Influence of magnesium on the density of perforin pore formation. A) Representative images
of perforin pores on magnesium depleted lipid membranes. Perforin incubation and imaging temperature
was 37 °C. B) Quantitative comparison between different lipid mixtures at 25 mM and <1 mM magnesium
concentrations. The bars represent the average, and the error bars the standard deviation of measured
values. C) Location of the four different membrane mixtures on the triangular map.

The representative AFM images shown in Figure 5-7A, taken at <1 mM levels of Mg2+ in the
buffer, draw the same picture observed at 25 mM Mg2+. Perforin pore formation on pure DOPC
membranes appears high compared to pore formation observed on DOPC/cholesterol 47:53,
egg SM/cholesterol 47:53, or pure egg SM membranes. The quantification shown in Figure 5-7B
confirms this picture. Compared to data taken at 25 mM Mg2+, the decrease in pore formation
on DOPC/cholesterol 47:53 membranes was less marked, and therefore appears to be to some
extent affected by the change in Mg2+ levels. On membrane mixtures containing egg SM, the
drop seems to be independent of Mg2+ levels.
It appears that the ionic magnesium either specifically modulates DOPC/cholesterol
membranes, or that this particular data point is not well represented here, as perforin pore
formation on cholesterol-rich membranes showed a higher average amount and deviation when
displayed cumulatively in Figure 5-4B. However, the effects of Mg2+ on the pure egg SM and egg
SM/cholesterol 47:53 membranes are negligible, which is important in the context of lipid rafts
that mainly consist of sphingomyelin and cholesterol. We conclude that the high levels of Mg2+
are not a significant factor in our findings on the DOPC/egg SM/cholesterol lipid systems.
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5.3.1.4

Discussion of the effect of lipid order in related proteins

In summary, our data suggests that perforin binding is influenced by membrane packing.
Perforin binding kinetics derived from quartz crystal microbalance measurements suggest that
the process is either cooperative or requires a rearrangement of surface molecules [170]. In case
of perforin, cooperativity in the binding of the soluble monomer could arise intramolecularly via
the multiple (but not necessarily equal numbers of) calcium ions that are sequentially bound to
the C2 domain in a specific geometry and mediate membrane contact [171], or intermolecularly
via additional monomers that initiate prepore oligomerization. The tighter membrane packing
of highly ordered lipid membranes could thus impede perforin binding via two (not necessarily
mutually exclusive) mechanisms: by steric hindrance of calcium binding sites, and by decreased
diffusivity and therefore impeded encounters of perforin monomers on the membrane surface
(as long as soluble monomers don’t bind directly via bound monomers).
The favouring of membrane areas with more exposed/accessible protein binding sites has been
described for other pore forming proteins. Utilizing a cholesterol binding, isotope labelled
mutant of a cholesterol dependent cytolysin (CDC), 125I-PFO*, Das et al. [172] studied binding
behaviour to different ‘pools’ of cholesterol in the membrane. One pool was readily available
for 125I-PFO* binding, but a second pool was not readily accessible to 125I-PFO* binding. They
argued that cholesterol from the second pool might be inaccessible because it could be
sequestered by SM, e.g. within lipid rafts. Thus, they subsequently used sphingomyelinase to
cleave the headgroup off of SM, turning these lipids into ceramides (yet conserving membrane
order). The alkyl chains of the cleaved lipids, and therefore the membrane packing, remained
unaffected by the process. However, the reduction of lipid head group bulk increased
accessibility of cholesterol such that increased binding of 125I-PFO* to this previously inaccessible
pool could be achieved. Das et al. have also identified a third cholesterol pool, that remained
inaccessible to 125I-PFO* after breakdown of SM, although the reason for its inaccessibility
remained unclear.
In another study by He et al. [173], it was shown that the labelled mutant CDCs [15N]PFO* and
[15N]ALO-4D as well as the SM binding cytolysin [15N]lysenin readily bound to microvilli on the
cell surface, but less on other areas of the plasma membrane. Microvilli are protrusions of the
plasma membrane that are supported by actin filaments. The filaments introduce membrane
curvature that can increase the spacing between lipid headgroups and enhance the distribution
of cholesterol towards the outer membrane leaflet. He et al. thus argued that it might be
possible that binding of their three pore forming proteins is enhanced due to the spacing of lipid
headgroups and therefore the accessibility of cholesterol, and linked microvilli binding to the
readily accessible pool of cholesterol described by Das et al. [172].
Human pore forming toxins of the gasdermin family, which contain similar structural domains
as the MACPF/CDC superfamily [58], are considered to be inhibited by membrane cholesterol
[57,138,174].
Rojko and Anderluh reviewed a wide selection of pore forming proteins and their behaviour on
different membranes [175], amongst which the notion that perforin would favourably form arcshaped features and thus smaller pores in less fluid membrane compositions (data via [127]).
Perforin utilizes a C2 domain to bind the membrane in a calcium dependent manner. The C2
domain of synaptotagmin I has been shown to specifically bind to Ld domains, but not Lo
domains. However, this was explained by the membrane receptors, phosphatidylserine and the
phosphatidylinositol-phosphate derivative PIP2, being more present in the Ld domains [176].
Finally, Basu et al. [156] argued that in the immune synapse, the mechanical stress of CTL
exerted on the target cell plasma membrane can induce sufficient membrane tension to
facilitate perforin pore formation. Perforin binding to the membrane depends on several
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calcium ions per protein [177]. It appears possible that perforin would also require appropriately
accessible lipid headgroups in order to establish the right protein-calcium-lipid binding
geometry.

5.3.2 Perforin is trapped by phosphatidylserine
During the systematic study of lipids commonly found in eukaryotic plasma membrane and their
influence on perforin, we carried out experiments with phosphatidylserine, the most abundant
negatively charged lipid in the plasma membrane [102]. Phosphatidylserine has already been
suggested as a membrane receptor for perforin by Antia et al. [157], and indeed other proteins
with a membrane binding C2 domain function on phosphatidylserine substrates [178–180]. We
used the dioleoyl derivative of phosphatidylserine, DOPS, as it has the same fatty acid
configuration as DOPC. We first noted that perforin binding on DOPS substrates is inhibited by
the high level of Mg2+ in the buffer (see appendix, Figure A-4). Therefore, perforin was incubated
under magnesium depleted conditions (i.e. < 1 mM Mg2+) on all substrates that contained DOPS.
Because these supported lipid bilayers became unstable over time (see appendix, Figure A-6),
the perforin incubation was also reduced to 5 minutes at 37 °C (see methods section 2.1.2.5).
We then set up supported bilayers that contained increasing amounts of DOPS (0-100%) in DOPC
host bilayers. The bilayers were exposed to perforin, imaged by AFM, and the pore formation
quantified, as shown in Figure 5-8.

Figure 5-8: Perforin pore formation in supported lipid bilayers with increasing contents of DOPS, assessed
by AFM. A) Example images perforin features on DOPC host membranes containing 0-100% DOPS. B)
Quantification of pore formation (see methods section 2.1.4). The bars indicate the average perforin pore
formation and the standard deviation is indicated by the error bars. Two sample t-test values for p < 0.8
are indicated. Perforin was incubated in the presence of 5 mM Ca2+ at 37 °C and the samples imaged at
RT.

Interestingly, we observed a DOPS dependent increase of unspecific perforin aggregation on the
sample surface (Figure 5-8A), accompanied by a decrease of arc- and ring-shaped pore
assemblies (quantified in Figure 5-8B). Most strikingly, only raised clusters with no signature of
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pore assemblies are observed on pure DOPS substrates. Such clusters are shown in more detail
in Figure 5-9.

Figure 5-9: Perforin clusters on DOPS membranes, observed by AFM. A) Overview image showing several
perforin clusters on DOPS. B) Detail image of the cluster marked by an arrow in A. C) Height profile across
the dashed line in B. D) Histogram of heights within the dashed box in B. E) A DOPS sample that was densely
covered by perforin clusters. F) High-resolution scan of the area outlined by a dashed box in E. The image
shows densely packed, short, curved features within the perforin clusters. The height scale has been
adjusted to enhance surface contrast. Perforin was incubated in the presence of 5 mM Ca2+ at 37 °C and
the samples imaged at RT.

The size of the clusters depends on the perforin concentration, and can appear isolated with a
size of ≥200 nm (Figure 5-9A) up to extended structures covering the whole field of view of
micrometre sized AFM scans (Figure 5-9E). Most isolated clusters appeared static. Most notable
though is their increased height. The clusters plateau at a height of circa 15 nm above the
membrane surface (Figure 5-9C,D), and therefore ≈ 4 nm taller than perforin pores. Detail scans
of the cluster surface reveal densely packed, short, curved features Figure 5-9F), but the
geometry of perforin in these clusters remains unclear from this data. Furthermore, the density
of the clustering is depending on the calcium concentration, as outlined in Figure A-24, and thus
the calcium concentration for all further samples is fixed at 5 nM (Figure A-24).
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This 15 nm is a rather unusual height for perforin on a membrane, and one may attempt to
attribute this to an error in the height calibration of our AFM instrument. However, the
measurements were consistent on three different microscopes. Our AFMs are calibrated
separate to recording experimental data with a semiconductor fabricated height standard in air.
In order to combine the experiments with an intrinsic height standard in situ, we made
supported lipid bilayers that contained 30% cholesterol and 70% DOPS, and incubated them with
perforin and with the CDC perfringolysin O (PFO), which forms pores that protrude ~7 nm above
the membrane (Figure 5-10), as known from previous AFM studies [54] and EM reconstructions
of structurally similar proteins [46,51,53].

Figure 5-10: Perforin (PFN) and PFO on DOPS bilayers. A) PFO incubated on DOPS formed mostly arcshaped pores. A small minority of the assemblies appeared higher, probably due to incomplete prepore to
pore transition [54]. B) Perforin incubated on DOPS formed large protein clusters. C) Perforin and
subsequently PFO incubated on the same DOPS bilayer. Perforin clusters surrounded by PFO pores are
visible. D) Perforin and subsequently PFO incubated on the same DOPS bilayer, but with a higher PFO
concentration than in C. The space between perforin clusters was densely covered with PFO assemblies. E)
Height profiles extracted from the data, as depicted by the dashed lines in A-D. The height profiles show
PFO assemblies that protruded the membrane by the expected height of ca. 7 nm. Perforin clusters were
measured at ca. 15 nm above membrane level. The difference between PFO and perforin features was ca.
8 nm. Perforin was incubated in the presence of 5 mM Ca2+ at 37 °C and the samples imaged at RT.

It should also be noted that the despite the cholesterol content, perforin forms similar clusters
on DOPS/cholesterol 70:30 as it does pure DOPS (Figure 5-10B). Samples co-incubated with PFO
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and perforin show both features, 7 nm high PFO pores and ca. 15 nm high perforin clusters
(Figure 5-10C-E). The experiment thus confirms the unusual height of perforin clusters on DOPS
with great confidence.
Next, we address the static appearance of the perforin clusters on DOPS. In chapter 4 we argued
that the static appearance of pores is due to the contact of the membrane spanning beta barrel
with the solid mica substrate, and therefore confirms membrane insertion. This is based on the
observation that the membrane itself is too fluid to immobilize objects of the size of perforin
pores. Here, we revisit this argumentation for perforin clusters formed on DOPS. We first note
that the diffusivity of DOPS supported bilayers is identical to DOPC bilayers (both under
magnesium depleted conditions), as assessed by FRAP in the appendix, Figure A-25. To obtain a
conservative estimate of the diffusion of perforin clusters, we used the experimentally
determined (Figure A-25) diffusion coefficient of 9.2 µm2/s, and apply Sackman’s model for
lateral diffusion (see methods, section 2.3.3). Perforin clusters markedly differ from pores in
terms of size (cluster sizes ≥ 200 nm vs. ≈ 30 nm diameter for individual perforin pores) and were
imaged at different timescales. Therefore, Table 5-1 summarizes the estimated motility of
perforin clusters for different sizes and diffusion times.
Table 5-1: RMS distances travelled from the point of origin, depending on diffusion time and cluster
diameter. The RMS distances are given in nanometres.

200 nm
400 nm
600 nm
800 nm
1000 nm

1 min
117
59
39
29
23

5 min
263
131
88
66
53

〈𝑟 〉 [nm]
10 min
371
186
124
93
74

15 min
455
227
152
114
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The table demonstrates a problem that occurs with our estimates for such large features: their
diffusion is so slow that we cannot always distinguish between diffusive and static (membrane
inserted) features in our AFM scans. For example, a cluster that is 1 µm in diameter on average
diffuses only (at least) 50 nm away from its original position during a 5 minute scan, which is of
the order of magnitude of lateral drift that can occur at such time scales.

Figure 5-11: Two consecutive AFM frames, taken approximately 10 minutes apart, showing perforin
clusters of different size in the same field of view. Part of the frame shown on the right side is reproduced
from Figure 5-9A. Mobile clusters are highlighted by arrows, and here appear to have attracted some
aggregation on top.

However, scans obtained at larger scan sizes, such as the one shown in Figure 5-9A, show a
number of smaller clusters with sizes of 200-600 nm. In two consecutive scans of that sample,
taken approximately 10 minutes apart (Figure 5-11), we would expect the smaller clusters to
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move around 120-370 nm, therefore visibly changing their position on the sample and their
relative positions to each other, which was not the case. Consequently, the static appearance of
perforin clusters on DOPS membranes must be due to some amount of membrane insertion.
We also note however the presence of large perforin clusters that appear mobile (marked by
arrows in Figure 5-11).
This evidence for some level of membrane insertion leads to the question how much of the pore
forming capacity of perforin is preserved on DOPS membranes. Perforin binding to PC-rich
membranes is calcium dependent; as long as the perforin has not undergone the irreversible
membrane insertion, it can be unbound by chelating calcium ions with EGTA (see appendix,
Figure A-19). We recreated a similar experiment in which prepore locked TMH1 perforin is added
to a DOPS membrane, as shown in Figure 5-12.

Figure 5-12: Locked TMH1 and WT perforin assemblies on DOPS membranes before and after washing the
samples with EGTA. A) TMH1 perforin bound to the membrane, and could be visualized by cross-linking
with GA. B) The same sample as shown in A, after EGTA wash. C) WT perforin cluster formed on DOPS. D)
The same cluster as shown in C after a wash with EGTA. Perforin was incubated in the presence of 5 mM
Ca2+ at 37 °C, GA fixation, EGTA wash, and imaging performed at RT.

Prepore locked TMH1 perforin was hard to resolve because of its mobility (see chapter 4, Figure
4-6), and was cross-linked by GA into extended plaques to make it visible in AFM scans (Figure
5-12A). The (cross-linked) prepores are removed by an EGTA wash (Figure 5-12B). Clusters
formed by WT perforin however do not seem to be affected by the EGTA wash (Figure 5-12C
versus Figure 5-12D). The behaviour is consistent with perforin bound to PC-rich supports, where
prepore, but not pore binding is calcium dependent (see appendix, Figure A-19), in line with an
interaction of the perforin C2 domain with DOPS upon initial binding. Furthermore, it appears
that the height of mobile features formed by prepore locked TMH1 perforin (Figure 5-12A) is
lower than the height of clusters formed by WT perforin (Figure 5-12C,D). To better characterize
the nature of perforin assemblies on DOPS, and to gain more structural information, we
conducted a series of AFM and EM experiments mapping out the features of locked and
unlocked TMH1, and WT perforin on DOPC and DOPS membrane substrates. The data is shown
in Figure 5-13.
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Figure 5-13: AFM and negative stain EM comparisons of TMH1 and WT perforin features formed on DOPC
and DOPS bilayers. A) AFM images of TMH1 prepores (‘TMH1’), GA fixed TMH1 prepores (‘TMH1 +GA’),
TMH1 pores (‘TMH1 +DTT’), and WT pores (‘WT’) on DOPC. B) AFM images of TMH1 assemblies (‘TMH1’),
GA fixed TMH1 assemblies (‘TMH1 +GA’), TMH1 clusters (‘TMH1 +DTT’), and WT clusters (‘WT’) on DOPS.
C) Height profiles extracted from AFM data where marked by dashed lines in A and B. D) Negative stain
EM images of TMH1 prepores (‘TMH1’), TMH1 pores (‘TMH1 +DTT’), and WT pores (‘WT’) on DOPC. E)
Negative stain EM images of TMH1 assemblies (‘TMH1’), TMH1 clusters (‘TMH1 +DTT’), and WT clusters
(‘WT’) on DOPS. The ‘WT detail’ images show features pointed out by the arrows in ‘WT’. The asterisks in
‘WT detail’ point out discrete subunits in perforin assemblies. Perforin was incubated in the presence of 5
mM Ca2+ at 37 °C and AFM images recorded at RT.
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On DOPC, as shown in Figure 5-13A, TMH1 perforin forms mobile prepores, which can be
immobilized and imaged after glutaraldehyde fixation. TMH1 assemblies are converted into the
pore state by addition of DTT, and form arc- and ring-shaped assemblies similar to WT pores. On
DOPS, shown in Figure 5-13B, TMH1 perforin again forms mobile features on the membrane
surface, which could be immobilized and imaged after GA fixation. Addition of DTT to TMH1
assemblies yielded in the formation of ca. 15 nm high clusters, similar to WT clusters.
A height assessment of the AFM data is displayed in the height profiles in Figure 5-13C. Perforin
prepores and pores measure ca. 11 nm above the membrane surface, consistent with previous
AFM studies [44,46]. The features formed by prepore locked TMH1 perforin equally measure ca.
11 nm above the membrane surface, and an increased height is only observed after unlocking
TMH1 perforin (‘TMH1 +DTT’) or using WT perforin.
Negative stain EM data on DOPC in Figure 5-13D shows that TMH1 forms the short, isolated
assemblies that are characteristic of early perforin prepores [56]. Both TMH1 +DTT and WT
perforin form the arc- and ring shaped assemblies that are typical for perforin pores. A detail
image of WT pores shows the discrete perforin subunits spaced ca. 2-3 nm. On DOPS, as shown
in Figure 5-13E, TMH1 perforin also forms short, isolated assemblies that resemble perforin
prepores on DOPC. TMH1 +DTT and WT form clusters consisting of densely packed short perforin
assemblies, as well as occasional arc- and ring-shaped assemblies (only shown in the ‘WT’ image
tile of Figure 5-13E). The detail image shows the subunit packing in short assemblies and a ringshaped assembly. Notably, the subunits in the ring-shaped assembly appeared more tightly
packed than in short assemblies, i.e. 2-3 nm in the ring-shaped assembly versus ca. 4 nm in short
assemblies. We do not know if these rings are the product of the different sample preparation
of EM grids, as we did not observe them in our AFM samples. However, if these rings are
interpreted as membrane inserted assemblies, their occasional occurrence would explain the
static appearance of perforin clusters on DOPS in AFM experiments. More importantly, the
subunit spacing in the short assemblies appeared visibly wider than in the ring-shaped features.
The compaction of subunit spacing is one of the hallmarks of perforin prepore to pore
conversion (see chapter 4 and reference [56]). Specifically, the subunit spacing in prepores was
determined to be 3.86 nm, while in pores the subunit spacing decreased to 2.55 nm.
Furthermore, perforin assemblies grow their average amount of subunits during the prepore to
pore transition due to an in-membrane oligomerization step. Since the discrete subunits are
visible in perforin assemblies formed on DOPS, we aimed to quantify the assembly size and
subunit spacing in prepore like TMH1 assemblies and TMH1 +DTT/WT clusters that are formed
on DOPS. Because the assemblies in the clusters were densely packed, EM averaging methods
did not seem feasible, and the features were instead traced by hand (see methods, section
2.2.4.3). The results are shown in Figure 5-14. The detail images shown in Figure 5-14A again
emphasize the short assemblies formed by perforin on DOPS bilayers, which were densely
packed into clusters in the case of TMH1 +DTT and WT perforin. Nonetheless, the discrete
perforin subunits in locked TMH1 assemblies and TMH1 +DTT and WT clusters are resolved well
enough to enable manual tracing. The histograms of traced assembly sizes are shown in Figure
5-14B. Interestingly, in all three cases the assembly size is confined to 2-10 subunits, and the
subunit spacing to ca. 3.7/3.8 nm. These values are consistent with TMH1 prepores formed on
PC-rich substrates, outlined earlier in Figure 4-9.
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Figure 5-14: Subunit quantification of perforin assemblies on DOPS membranes. A) Negative stain EM
detail images of TMH1 assemblies (‘TMH1’), TMH1 clusters (‘TMH1 +DTT’), and WT clusters (‘WT’). B)
Histogram of assembly sizes traced from TMH1 assemblies and TMH1 +DTT and WT clusters. C) Histograms
of subunit spacing as extracted from traces. The average values and standard deviations are indicated on
top of the histograms. Perforin was incubated in the presence of 5 mM Ca2+ at 37 °C.

The short, isolated assemblies formed by TMH1 on DOPS much resemble TMH1 prepores
formed on DOPC, which have been well characterized (Figure 4-9) [56]. On both DOPC and DOPS,
the short TMH1 assemblies are not membrane inserted, as they appear mobile in AFM
preparations. In both cases, they consist of up to 10 subunits, and both have a subunit spacing
of close to 4 nm. Therefore, perforin appears to initially bind normally to DOPS and form short
prepore assemblies as observed on DOPC membranes. However, neither unlocking of TMH1
perforin with DTT, nor employment of WT perforin yield an increase in assembly size or a
condensation of the subunits in an assembly, which would be characteristic of pore formation.
Rather, the assemblies that make up the protein clusters of TMH1 +DTT and WT perforin
resemble densely packed prepores in their size and spacing. Thus it seems that on DOPS
membranes, the prepore-to-pore transition fails and perforin enters a dead-end pathway that
ultimately leads to its clustering. Because perforin clusters formed on DOPS membranes retain
such a strong signature of perforin prepores, we argue that they are to a large extent neither
membrane inserted nor lytic. However, the static appearance of clusters in AFM images does
indicate some amount of membrane insertion, which can be explained by the occasional
occurrence of arc- and ring-shaped features with a condensed subunits spacing. Tentatively, we
interpret these features as membrane inserted assemblies that can act as an anchor, leading to
immobilized clusters in AFM samples.
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5.3.2.1

Perforin clustering on other charged lipid systems

The most obvious difference between phosphatidylserine and phosphatidylcholine or
sphingomyelin is the presence of a negatively charged residue at neutral pH. Although
phosphatidylserine is the most abundant negatively charged lipid in the plasma membrane,
there are a wide range of negatively charged lipids in live cells at lower abundance or in different
membrane compartments. For example, phosphatidylglycerol and cholesterol sulfate (CS) are
both minor lipids in eukaryotic cells. PG is mostly confined to mitochondrial membranes [102],
while CS plays a role in the plasma membranes of erythrocytes, spermatozoa, and keratinocytes
[181].
Hypothesising that the lack of pore formation on DOPS is at least in part due to the negative
charge on the PS headgroup, we tested perforin pore formation in two other negatively charged
lipid species, the dioleoyl derivative of phosphatidylglycerol (DOPG) and CS, by mixing these
lipids at increasing molar ratios with DOPC. After exposure to perforin, the charged lipid/DOPC
bilayers were imaged by AFM, and the observed pore features quantified and compared to the
reference, i.e. pore formation on pure DOPC supported bilayers, as shown in Figure 5-15.

Figure 5-15: Perforin pore formation on membranes containing the negatively charged lipid components
DOPS, DOPG, and CS, assessed by AFM. A) Representative images of the sample surfaces of samples
containing 0%, 30%, and 60% of either DOPS, DOPG, or CS in DOPC host membranes. The DOPC/DOPS data
(top row) is reproduced from Figure 5-8. B) Quantification of pore formation in the respective samples
shown in A, relative to the 0% dopant/ 100% DOPC reference. The data from DOPS was reproduced from
Figure 5-8 for comparison. The bars represent average pore formation, and the error bars indicate the
standard deviation. Perforin was incubated at 37 °C under magnesium depleted conditions (see methods,
section 2.1.2.4), and the samples imaged at room temperature.

As directly perceivable from the AFM images shown in Figure 5-15, there is an increase of
unspecific perforin aggregation on the sample surface at higher concentrations of negatively
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charged constituents. Compared to DOPS, where signs of such aggregation are visible at levels
of 30% and 60%, the data on DOPG only shows visible changes at 60% concentration (see
quantification in Figure 5-15B). DOPG appears to also be less capable than DOPS of reducing
pore formation at 60% concentration. CS however has a large impact on perforin pore formation
in that significant reduction is visible at 30% and 60% concentration and confirmed by the
quantification.
Supported lipid bilayers consisting purely of DOPG can be produced under magnesium-free
buffer conditions (see methods, 2.1.2.4). Interestingly, perforin exposed to pure DOPG bilayers
behaves similarly to DOPS bilayers, in that dense clusters are formed, which measure ca. 15 nm
above the lipid surface, as shown in Figure 5-16.

Figure 5-16: Perforin clusters on pure DOPG supported lipid bilayers. A) AFM image of an extended cluster.
B) Height profile extracted as indicated by the dashed line in A. The dashed vertical lines are drawn at 0
and 15 nm height respectively. Perforin was incubated at 37°C and the sample imaged at room
temperature.

The clusters formed by perforin on DOPG lack signs of arc- and ring-shaped pores. The packing
density of the clusters appeared lower than on DOPS at 5 mM Ca2+, and is in this aspect more
reminiscent of clusters observed on DOPS at 1 mM Ca2+ (see appendix, Figure A-24).
In summary, all three tested negatively charged lipids are shown to alter perforin pore
formation, although with different potency. DOPS and CS appear to cause more aggregation of
perforin than DOPG. CS also shows reduced binding of the protein, which is in line with its
membrane ordering capacity [104,105]. Beyond that, the smaller effect of DOPG correlates with
the somewhat buried and thus less accessible location of its negative charge. The effects may
also be influenced by the total number of charged residues in the headgroups of each lipid. DOPS
contains three charges in its headgroup, one positive and two negative. DOPG on the other hand
only contains one negative charge.

5.3.2.2

The influence of pH

The EM images of perforin clusters obtained on DOPS monolayers bear some resemblance to
EM images of perforin assemblies taken at low pH, published by Lopez et al. ([128], therein
Figure 5). We therefore studied the influence of pH on perforin to check if large, immobile
clusters (as observed on DOPS) would be observed in AFM scans taken on DOPC membranes at
low pH.
We prepared DOPC supported lipid bilayers in MMT buffer at pH 9, 7.4, 6.5, 6, 5, and 4 (see
methods 2.1.2.10). Note that DOPC remains net uncharged over this pH range (Handbook of
Lipid Bilayers p. 158 [103]), but the surface charge of perforin is likely affected. After addition of
WT perforin at physiological pH 7.4 for 5 min at 37 °C, arc- and ring-shaped protein assemblies
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were observed (Figure 5-17A). The same was observed at pH 9 (Figure 5-17B), although
subjectively, perforin appeared to be more prone to aggregation at pH 9 compared to pH 7.4.

Figure 5-17: Perforin pores formed on DOPC at A) pH 7.4 and B) pH 9. Arc- and ring shaped assemblies
were observed under both conditions.

At pH levels below 7.4, we observe a clear decrease in arc- and ring-shaped perforin assemblies
with decreasing pH (Figure 5-18A). Strikingly, no static and defined perforin assemblies are
observed at pH 5 and pH 4. However, much of the perforin activity can be restored by washing
the samples with pH 7.4 buffer, thereby restoring the pH to physiological levels (Figure 5-18B).

Figure 5-18: Perforin on samples at different pH levels below physiological pH. A) A gradual, pH dependent
decrease in the formation of perforin assemblies was observed. At pH 5 and pH 4, no assemblies were
observed. B) Perforin activity was restored by washing the samples shown in A with pH 7.4 buffer. Perforin
was incubated at 37 °C and the samples imaged at room temperature.

The reduced pore formation at low pH and its complete absence on samples prepared at pH 5
and pH 4 is accompanied by signs of mobile protein on the sample surface, visible as diffuse
streaks in AFM images, indicating that perforin is actually bound, even when not membrane
inserted and forming pores. To verify perforin binding at low pH, another DOPC lipid membrane
at pH 5 was prepared, incubated with perforin, and subsequently the protein cross-linker
glutaraldehyde was added (see methods 2.1.2.7). As a result, we expect bound protein to
become visible as immobile plaques in AFM images (as e.g. in chapter 4, Figure 4-7), which
indeed is the case as shown in Figure 5-19.
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Figure 5-19: Perforin binds a DOPC supported bilayer at pH 5. A) AFM image of a glutaraldehyde fixed
perforin plaque on DOPC bilayers at pH 5. B) Height profile extracted along the dashed line in A. Perforin
was incubated at 37 °C and the sample imaged at room temperature.

The cross-linked perforin shown in Figure 5-19A appears to consist of short assemblies, with no
distinct arc- and ring-shaped features, and a height of ca. 11 nm (Figure 5-19B). Thus, the
observations of perforin features at low pH bear a strong resemblance to perforin prepores
described in chapter 4. However it was not clear if this prepore-like state is permanent, or if pore
formation is merely slowed down. Therefore, a DOPC membrane was prepared at pH 5, and the
perforin incubation time increased from 5 minutes to 6 hours at 37 °C. The data is shown in
Figure 5-20.

Figure 5-20: 6 hour incubation of perforin at pH 5 and 37 °C. A) AFM image of the sample. Isolated, arcshaped perforin assemblies are highlighted in dashed, white circles. The sample was imaged at room
temperature. B) Histogram of assembly sizes from AFM data, using 2.89 nm subunit spacing. C) Histogram
of assembly sizes of ‘late prepores’, reproduced from Figure 4-9/ reference [56]. Note that the histogram
data in C was obtained from EM data.

Evidently, perforin pore formation proceeded during the prolonged incubation time, and static
arc- and ring-shaped perforin features with a height of ca 11 nm above the membrane surface
are visible in AFM scans (Figure 5-20A). However, we noticed that the morphology of the static
features differs from perforin samples produced at pH 7.4: Perforin rings only rarely occur, and
are small and irregular. Furthermore, isolated arcs can commonly be observed, which is
particularly rare on samples produced at physiological pH. Interestingly, the histogram of
perforin assemblies formed at pH 5 with 6 hours incubation shown in Figure 5-20B is similar to
the one for ‘late prepores’ discussed in chapter 4, here reproduced in Figure 5-20C. In chapter 4
such ‘late prepores’ were produced by 5 hour incubation of prepore locked TMH1 perforin on a
DOPC/cholesterol 2:1 lipid monolayer at 37 °C and pH 7.4. A plausible outline of the influence
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of low pH on perforin pore formation is that membrane binding and prepore oligomerization
remain intact, but membrane insertion and subsequent recruitment of prepores from the
membrane surface are slowed. As a result, perforin pores only appear after prolonged
incubation and the overall oligomerization is incomplete. Lastly, the prepore-like state of bound
perforin at pH 5 and 15 min incubation measures ca. 11 nm above the membrane surface and is
of transient nature, and is therefore crucially different from protein clusters observed on DOPS
membranes.

5.3.2.3

Phosphatidylethanolamine

In mitochondria, phosphatidylserine is digested to phosphatidylethanolamine via
decarboxylation [182]. Due to the reduced size of the phosphatidylethanolamine headgroup,
the lipid prefers concave lipid leaflets, and is therefore preferentially co-localized with
phosphatidylserine in the inner plasma membrane leaflet. Since phosphatidylethanolamine is a
digestion product of phosphatidylserine and in addition introduces membrane tension in planar
lipid membranes [183], we tested its influence on perforin pore formation.
As before, we conducted doping experiments with the dioleoyl derivative of
phosphatidylethanolamine, DOPE, incorporated into DOPC host membranes at 30% and 60%
concentration. After exposure to perforin, the samples were imaged by AFM and the pore
coverage extracted and compared to a 100% DOPC control. The data is shown in Figure 5-21.

Figure 5-21: Influence of DOPE in DOPC host bilayers. A) AFM images showed formation of arc- and ringshaped perforin assemblies. B) Quantification of the coverage normalized to the 0% dopant/ 100% DOPC
reference revealed no correlation between the perforin pore density and DOPE content. The bars represent
average pore formation, and the error bars indicate the standard deviation. Perforin was incubated at 37
°C and the samples were imaged at room temperature.

Perforin pore formation proceeds normally in DOPE doped membranes, forming arc- and ringshaped assemblies (Figure 5-21A) and the level of pore formation is maintained relative to the
100% DOPC reference (Figure 5-21B).
Because pure DOPE does not form bilayers under physiological conditions [184], we were not
able to use our assays to test perforin compatibility with pure phosphatidylethanolamine
substrates. However, we conducted a second doping experiment, where we introduced 70%
DOPE into a DOPS host membrane and exposed it to perforin, as shown in Figure 5-22.
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Figure 5-22: Influence of DOPE in DOPS host bilayers (mixing ratio 70:30) on perforin pore formation,
assessed by AFM. A,B) Images of perforin assemblies formed on these bilayers. C) Partial bilayer coverage
recorded prior to perforin exposure. D) Height profiles extracted from A-C at the positions indicated by
dashed lines (i-iii). Note the different lateral distance scale between the upper (red, blue) and lower (green)
profiles. Perforin was incubated at 37 °C and the samples were imaged at room temperature.

Deposition of this mixture on a mica support lead to partial coverage with a ca. 5 nm thick bilayer
(Figure 5-22C,D, green profile i), indicating the (partial) presence of a supported lipid bilayer.
Upon exposure to perforin indeed some arc- and ring-shaped perforin assemblies were visible
in Figure 5-21A,B, along with signatures of increased aggregation. The perforin assemblies were
static and measured ca. 11 nm high above the membrane surface, corresponding to perforin
pores. The detrimental effects of DOPS on perforin pore formation are therefore not observed
with DOPE. On the contrary, introduction of a high concentration of DOPE into a DOPS host
bilayer restores some of the perforin pore forming activity, thereby also highlighting the impact
of the negatively charged phosphatidylserine carboxyl group on the formation of perforin
clusters.

5.4 Perforin behaviour on live cells
In parallel to our studies of perforin lipid specificity, our collaborators in the Voskoboinik lab at
the Peter MacCallum Cancer Centre, including Jesse A. Rudd-Schmidt11, and Dr Tahereh Noori12,
study perforin binding and activity on live CTLs, and some of their preliminary data is shown in
this section, as they highlight the physiological relevance of our findings on the supported lipid
bilayers.
Many live cell techniques rely on the fluorescence signals of probes that are designed to bind to
areas with specific properties. The Voskoboinik lab created fluorescent perforin probes by
combining the WT and their TMH1 mutant perforin with the green fluorescent protein (GFP),
thus creating two new proteins, GFP perforin (GFP PFN), and TMH GFP perforin (TMH GFP PFN).
Using these probes, they followed perforin binding to a mixture of activated CTLs and EL4 murine
lymphoblast target cells using fluorescently activated cell sorting (FACS) under different
conditions. Their data is shown in Figure 5-23.

11
12

Peter MacCallum Cancer Centre, Melbourne, Australia
Peter MacCallum Cancer Centre, Melbourne, Australia
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Figure 5-23: FACS and Ca2+ flux experiments demonstrating perforin binding and pore formation on
activated CTLs and EL4 target cells. The protein concentration was fixed at a concentration that is not lytic
for activated CTLs (exact value unknown). A) GFP perforin binding to EL4 target cells and CTLs at 4 °C,
visible as large populations in Q1 and Q2, as opposed to cells showing no binding in Q4 and Q3. The two
cell populations can be identified by a CD8 marker (positive for CTLs); signals from EL4 cells are located in
Q1 and Q4, and signals from CTLs in Q2 and Q3. Binding to EL4 cells was higher than to CTLs, visible as
increased GFP perforin intensity for EL4 cells in Q1 compared to CTLs in Q2 B) Removal of GFP perforin
from EL4 cells and CTLs by EGTA, as shown by the absence of signal in Q1/Q2, and instead increased signals
in Q3/Q4. C) GFP perforin binding to CTLs at 37 °C, shown by a large signal population in Q2, compared to
Q3. EL4 cells were mostly destroyed by perforin, leading to no signal in Q1/Q4. D) GFP perforin remains
bound to CTLs after exposure to EGTA. E) Shift of the indo-1 fluorescence ratio induced by the antibiotic
ionomycin in EL4 cells (●) and CTLs (■), indicating membrane perforation. The error bars indicate the
standard deviation from n = 3 independent experiments. F) Indo-1 fluorescence shift induced by perforin
on EL4 cells (●), but not CTLs (■), indicating no membrane perforation on CTLs. The error bars indicate the
standard deviation from n = 3 independent experiments. All data provided by the Voskoboinik lab.

GFP perforin binds EL4 cells and CTLs at 4 °C (Figure 5-23A), where the protein remains in a
prepore state [185], and thus can be removed by EGTA (Figure 5-23B), similar to the AFM
experiment shown earlier in Figure 5-12. The level of binding was lower on CTLs than on EL4
cells. At 37 °C perforin binds to CTLs, but EL4 cells do not survive exposure to the protein and
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therefore show barely any signal (Figure 5-23C). The perforin bound to CTLs at 37 °C is not
removed by EGTA (Figure 5-23D), indicating that it is not in a prepore state. Furthermore, Indo1 fluorescence shift assays can indicate membrane perforation by detecting an influx of calcium,
for example caused by the antibiotic ionomycin (Figure 5-23E). Such a membrane perforation is
not found on activated CTLs incubated with WT perforin, but was present on EL4 cells (Figure
5-23F). In summary, perforin binds activated CTLs, but at a lower level than target cells, and the
bound protein does not form transmembrane pores.
The CTLs used in Figure 5-23 were activated such that they expose pre-synaptic membrane
‘patches’, without requiring conjugated target cells [186]. The activation of CTLs leads to areas
of increased membrane order, as can be visualized by Laurdan microscopy (more information
about Laurdan microscopy can be found in reference [187]) and quantified via general
polarization [188], as shown in Figure 5-24A. Besides, CTLs that are conjugated with target cells
show a distinct increase of order at the pre-synaptic membrane [189–191].

Figure 5-24: Activated CTLs can be sensitized to perforin by reducing their membrane order. A) General
polarization as a means to quantify membrane order (higher value corresponds to higher order) in CTLs
loaded with 7KC. ‘Untreated’ represents the control group and ‘MBCD’ (methyl-β-cyclodextrin) a second
control treated with the (empty) carrier for 7KC. Subsequent groups have been treated with MBCD loaded
with a mix of 0-100% 7KC/ 100-0% cholesterol, resulting in gradually lowered general polarization. Each
data point represents a single cell, and the data was collected from three independent experiments. The
error bars represent the standard deviation of values from single cells. Statistical significance with respect
to the ‘Untreated’ control group was assessed using analysis of variance with post-hoc Dunnett’s test,
where ‘ns’ is not significant, ** p < 0.01, **** p < 0.001. B) Normalised percentage of cells staining positive
for propidium iodide (PI, representing cell death) following WT perforin titration on untreated cells () and
cells loaded with 50% (), 66% (), and 75% () 7KC. Data provided by the Voskoboinik lab.

In section 5.3.1 we described reduced binding of perforin to ordered (i.e. Lo) lipid membranes.
Hence it can be hypothesized that the reduced binding of perforin to activated CTLs in the FACS
data in Figure 5-23 is connected to increased membrane order represented by the general
polarization in Figure 5-24A (‘Untreated’). In order to test the hypothesis, our collaborators
exchanged some of the plasma membrane cholesterol with 7KC, disrupting Lo domains as shown
in AFM experiments (Figure 5-6) and thus reducing membrane order (see references [189,192]
and Figure 5-24A, 25-100% 7KC). The activated CTLs that were treated with 7KC were then
exposed to perforin via titration experiments (Figure 5-24B). In line with the initial hypothesis,
the CTLs with reduced membrane order showed an increased sensitivity to perforin killing.
Although binding to activated CTLs is found to be reduced, some perforin can still bind to the
cells, but is not lytically active, i.e. not forming transmembrane pores (shown in the calcium flux
measurements in Figure 5-23E,F). This property cannot be attributed to increased membrane
order. However, during the CTL activation process not only the membrane order is increased,
but also phosphatidylserine is exposed on the cell surface [186,193,194].
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Phosphatidylserine can be specifically labelled by fluorescently marked annexin V, which can
thus be used to localize the lipid on the surface of activated CTLs, along with cholera toxin B
(CTxB) which is a marker for the lipid raft specific protein GM1, and the prepore locked TMH GFP
PFN (Figure 5-25).

Figure 5-25: Fluorescence images of a CTL with different membrane markers, after exposure to WT GFP
PFN. Marked are the nucleus (Hoechst 34580 stain, blue), TMH GFP PFN (green), phosphatidylserine
(annexin V Alexa 568, red), and the lipid raft specific protein GM1 (CTxB Alexa 647, white). An overlap of
all fluorescence channels is provided in the ‘Merge’ panel. Data provided by the Voskoboinik lab.

The signal for TMH GFP perforin in Figure 5-25 shows a high degree of overlap with the signals
for phosphatidylserine and for lipid rafts. The fact that perforin co-localised with lipid rafts was
very surprising, given we expected the increased order of these pre synaptic patches to repel it,
but it appears that perforin only co-localises with lipid raft markers where phosphatidylserine is
also present. This suggests a high degree of affinity of the protein for phosphatidylserine, rather
than a specific affinity for lipid rafts. As shown in section 5.3.2, perforin can bind
phosphatidylserine but is subsequently trapped on the membrane by the formation of protein
clusters. In the context of a CTL, phosphatidylserine in the outer plasma membrane leaflet could
scavenge membrane bound perforin and thus act like a sink, preventing the protein from
forming transmembrane pores.

5.5 Conclusion
Our data outlines two major mechanisms that have a negative impact on perforin pore
formation. The first mechanism involves membrane order. While Ld lipid membranes rich in
phosphatidylcholine or sphingomyelin provide suitable substrates for perforin, an increase in
membrane order reduces binding and therefore reduces perforin pore formation. An increase
in membrane order can be achieved by employing lipid derivatives with a higher melting point
that form So membrane bilayers, or by the addition of cholesterol. Our observations of reduced
perforin binding on So membranes is in full agreement with earlier findings from Antia et al.
[157], and highlight the usefulness of our AFM approach on the lipid specificity of perforin.
Furthermore, our experiments on membranes containing cholesterol and the systematic study
of perforin pore formation on the DOPC/egg SM/cholesterol plasma membrane mimic show
reduced perforin fore formation on Lo membranes, highlighting the effect of membrane order
in a more biological context.
The second mechanism involves the formation of perforin clusters on phosphatidylserine-rich
membranes. The underlying structural changes of perforin required to form the observed
clusters, in particular their height of ca. 15 nm on pure DOPS membrane supports, are currently
unknown. However, in light of our data it seems reasonable to assume that the clustering is due
to the negative surface charge introduced by the phosphatidylserine headgroup. Indications are
the sensitivity of clustering to the divalent ions of magnesium and calcium, which can interact
with the phosphatidylserine headgroup [195–197], and the observation of perforin clusters on
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other charged lipid systems. The formation of perforin clusters is preceded by a prepore-like
state, which then becomes packed together, mostly without showing signs of membrane
insertion and thus lytic activity.
Activated CTLs exhibit both increased membrane order and phosphatidylserine on their surface.
Binding of perforin to activated CTLs is reduced compared to target cells, and the bound protein
is non-lytic and irreversibly bound to the cell surface. The bound perforin also co-localizes with
both cholesterol and phosphatidylserine exposed on the CTL surface.
Taking the nanoscale study of perforin lipid specificity and its behaviour on live cells together,
we propose a two-part protection mechanism that protects CTLs from their own perforin. In a
first part, the accumulation of constituents that increase membrane order at the pre-synaptic
membrane prevents most perforin from binding, essentially acting as a deflective shield. In a
second part, perforin bound to the pre-synaptic membrane (despite the increased membrane
order) is scavenged by phosphatidylserine exposed on the membrane surface, which neutralizes
perforin toxicity by forming non-lytic protein clusters. The CTLs are thus able to kill a target cell
and yet survive the encounter with it, and are able to continue their function in immune
homeostasis.
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6. Summary and outlook
Perforin and related pore forming proteins of the MACPF/CDC superfamily have various
functions in pathogen attack and immune response [28], which makes their study a matter of
clinical interest. Perforin itself is essential for immune homeostasis in humans and vertebrates
[1]. Its dysfunction is the basis for a number of diseases [144] and a predisposition to blood
cancers [143].
Perforin is also one example out of many pore forming proteins, extraordinary molecular
machines that can bind lipid membranes and subsequently assemble into transmembrane
pores. The pathways of this assembly are key to understanding how these proteins can function
and manifest their properties observed in health and disease. A purely structural determination
of perforin and perforin assemblies is most relevant but not sufficient to describe its assembly
pathway. Instead, a combination of real-time AFM and negative stain EM can yield information
at sufficient temporal and spatial resolution to follow the dynamic process of pore formation,
as demonstrated before [46].
AFM in particular has the advantage to track protein pore formation at a spatial resolution of ~1
nm and a temporal resolution of ~1 frame per second. To make better use of the temporal
resolution of AFM, we constructed a microscope stage in-house that accommodates Peltier
cooling, a UV light source for in-situ photochemistry, and a fluid cell for buffer flow. The Peltier
cooling can be used to alter protein kinetics (by temperature), and the UV light source and flow
cell can provide physical and chemical triggers to control binding and pore formation. In the
scope of perforin and related MACPF-CDCs, our microscope stage is currently being tested with
the particular aim to study protein binding and early stages of pore formation, of which currently
only little is known.
Using (pre-existing) real-time AFM and EM and a prepore locked mutant perforin, we identified
two distinct oligomerization steps during perforin pore formation [56]. In a first step, membrane
bound perforin molecules oligomerize into loose and short assemblies, comprised of 2-10
subunits. Such short assemblies can insert into the membrane, accompanied by a tighter
interlocking of the assembly subunits. Inserted into the membrane, these short assemblies
initiate the second oligomerization step, during which they recruit further prepore assemblies
from the membrane surface. As a result, the pores can gradually grow in number of subunits (up
to ca. 36) and thus increase the pore diameter.
The study of perforin is the first to describe the assembly mechanism of a MACPF at molecular
detail, and shows unique details that are different from previously described CDCs. Further
research could elucidate the assembly pathways of other members of the diverse MACPF-CDC
superfamily. A candidate to follow a similar pathway is the hetero-oligomeric MAC pore, which
is initiated by insertion of C5b-C8 proteins, followed by the addition of multiple copies of C9
[33,43,50,126]. Our detailed description of perforin assembly opens up new research
possibilities. Perforin prepores were unknown to exist, and are now accessible also due to
advances in cryo electron tomography. A further unknown is the interaction of perforin and
perforin assemblies with lipids at the molecular level. The interaction with lipids is an integral
part of the assembly pathway, defining the binding of soluble monomers to the membrane,
allowing the insertion of a membrane spanning β-barrel during pore formation, and the
subsequent removal or displacement of membrane material from the pore lumen. The lipid
membrane is also the basis for repair mechanisms that can be initiated by perforated target cells
[198].
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Noting the important relationship between lipids, perforin pore formation and its role in health
and disease, we carried out systematic studies to investigate perforin behaviour on different
lipid substrates. Using the similar AFM/EM methods for the nanoscopic study of perforin pore
formation, we identified two major lipid properties that can interfere with perforin pore
formation. One of these properties is increased lipid packing (and lipid order), for which we
observe reduced perforin binding (and thus reduced pore formation). The other property is
negative lipid charge, which appears to allow perforin binding and the assembly of prepore-like
oligomers, but instead of facilitating a conversion into pores, leads to clusters that inactivate the
protein. Examples of lipid substrates and their influence on perforin pore formation are provided
in Table 6-1.
Table 6-1: Summary of lipids tested as perforin substrate, their phase state and charge, and ability to
support perforin binding and pore formation.

Lipids sorted by order
DOPC
18:1 SM
DOPC/egg SM/Chol, e.g. 1:1:11
DOPC/Chol 47:531
Egg SM/Chol ~1:11
DOPC/DPPC 1:7
Egg SM1

State

Charge (e) 3

PFN
binding

PFN pore
formation

Ld
Ld
Ld/Lo
Lo
Lo
Ld/So
So

0
0
0
0
0
0
0

✓
✓
Ld only
☓
☓
Ld only
☓

✓
✓
Ld only
☓
☓
Ld only
☓

✓
✓
✓
✓
✓

✓
☓
☓
☓
☓

Lipids sorted by charge
DOPC/DOPG, 2:32
Ld
-0.6
DOPC/DOPS, 2:32
Ld
-0.6
DOPS/Chol 7:32
Ld
-0.7
DOPG2
Ld
-1.0
DOPS2
Ld
-1.0
1 measured at 25 mM & <1 mM Mg2+
2 measured at <1 mM Mg2+
3 estimates of average charge per lipid molecule at pH 7.4

These results imply an inhibition of perforin pore formation in tightly packed or negatively
charged lipids. Most interestingly, there is extensive evidence for the accumulation of highly
ordered lipid rafts [189–191] and negatively charged phosphatidylserine exposure
[186,193,194] at the presynaptic (i.e., CTL) membrane: This provides a possible explanation for
the (thus far not understood) observation that CTLs are protected from the perforin that they
secrete, thus allowing them to kill multiple targets in succession and maintain immune
homeostasis [9]. Our collaborators in the Voskoboinik lab therefore performed experiments on
live CTLs, which – in good agreement with our nanoscopic studies – confirm a connection
between lipid order, phosphatidylserine exposure, and reduced perforin activity. This leads to
the proposal of a novel, bipartite protection mechanism, by which high-membrane order at the
synapse greatly reduces perforin binding to the presynaptic membrane, and by which exposed
phosphatidylserine acts as a scavenger for any bound perforin, thus saving the CTL from
accidental death due to its own perforin.
Despite our studies, many molecular aspects of perforin dysfunction remain unclear. Especially
puzzling are the striking clusters of perforin observed on pure DOPS and DOPG substrates.
Structural studies are necessary to shed light into the conformational changes that perforin must
undergo during the formation of the clusters. AFM sequences that record the formation of the
clusters in real time may provide further insight into their formation. We also note that a multi107

parameter AFM stage as it is described in chapter 3 might be of use in the study of perforin
dysfunction, for example by means of photocatalytic switching of membrane packing [199–201]
and release of calcium [120,121].
In light of our studies it is most interesting to note that target cells could use similar strategies
to inhibit perforin function and therefore escape immune killing. Indeed, literature reports
suggest an avidity of tumour cells to cholesterol and saturated lipids and increased lipid raft
formation [202]; and preliminary data from the Voskoboinik lab shows that some (but not all)
leukaemia cell lines can be sensitized to perforin lysis by reducing their membrane order (see
appendix, Figure A-26). Due to their intensive production of CO2 and lactic acid, tumours are
regularly exposed to acidic pH [203], which could inhibit perforin function, as briefly addressed
in section 5.3.2.2. Lastly, negatively charged lipids appear to be exposed in certain types of
tumours: high levels of phosphatidylserine are reported for human skin, prostate, renal,
lymphoma and glial cancer cell-lines [204–206], solid tumours in mice [207], and human derived
laboratory cell lines [208]. Also, high levels of the negatively charged cholesterol sulfate in
prostate and uterine cervical cancer tissue have been reported and suggested as tumour
markers [209,210]. The resistance of tumour cells to perforin could have severe implications for
cancer treatments based on immune therapy [211].
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Appendix

Figure A-1: Additional data on the experiment shown in Figure 5-4. A) Reproduction of the lipid triangle
shown in Figure 5-4A, depicting perforin binding to different mixtures of DOPC/egg SM/cholesterol
membranes. B) Standard deviation of the coverage shown in A. C) Percentage of area covered in
aggregates. Aggregates were classified as features that measured 12 nm or more above the membrane
surface, e.g. the features marked by asterisks in the AFM image on the right side. D) Percentage of area
affected by membrane rupture. Membrane rupture was classified as gaps in the membrane, revealing
details below the height level of the membrane surface. Examples of membrane rupture are pointed out
by red arrows in the AFM image on the right side.
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Figure A-2: MSNL-E and -F calibration parameters from eight different cantilevers with different batch
numbers as per supplier. A) Resonance frequencies in liquid (HBS) and spring constants. B) Imaging force
produced on a MultiMode 8 AFM with 14 and 12 mV relative force setpoints for MSNL-E and -F respectively.

Figure A-3: AFM probe contaminations. Imaging conditions can change during an AFM scan and instantly
deteriorate the image quality. A) In this scan from top to bottom, the upper fifth of the image appears to
be of good quality, but instantly worsens afterwards. B) A common artefact is the ‘double-tip’, where the
AFM tip has a contamination that produces a shadow-like reproduction of the scanned features, or, in
extreme cases, duplicates sample features (C). D) Triple-tips or forest of tips produce further convoluted
AFM images. Multiple-tip artefacts can be easily identified as they all face in the same direction, and occur
in trace and retrace images. A contaminated tip can to some extent be cleaned with Milli-Q water and
detergent, but ultimately needs to be replaced.
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Figure A-4: Effect of Mg2+ levels in HBS on perforin binding to DOPC (top row) and DOPS (bottom row)
supported lipid bilayers. On DOPC, perforin binds and forms ring- and arc-shaped pores in both Mg2+
depleted buffer (< 1 mM Mg2+, see methods section 2.1.2.4) and buffers containing 25 mM Mg2+. On DOPS
bilayers, perforin binds in Mg2+ depleted buffer and forms the characteristic clusters discussed in chapter
5. In buffer containing 25 mM Mg2+, perforin binds less, and the bound protein does not produce distinctive
features.

Figure A-5: DOPG deposited on mica in HBS containing 25 mM of Mg2+. An AFM scan of the sample reveals
layered features with 1-4 nm height difference. Supported DOPG bilayers were produced in magnesium
free buffer instead (see methods 2.1.2.4).
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Figure A-6: Stability of fluorescent DOPS supported lipid bilayers in Mg2+ depleted HBS. A DOPS bilayer in
buffer containing 25 mM Mg2+ (top row) remained stable over a 300 second time-lapse measurement. In
Mg2+ depleted HBS (< 1 mM Mg2+, bottom rows), the DOPS bilayer gradually detached from the mica
support (white arrows). The data was obtained as part of FRAP experiments.

Figure A-7: Flattening artefacts. A,D) In raw data, the separate lines of an AFM scan need to be adjusted
to a common height reference (i.e. the membrane surface). This is usually achieved by fitting a function of
certain order through every line of the scan. However, if such functions are applied without masking the
height reference, the flattened AFM data shows characteristic horizontal bars on the height reference
(arrows in B,E). These flattening artefacts can be avoided by properly masking the height reference. In
image C), a mask can be applied by a simple height threshold that excludes perforin pore features from
the line fits. In F), the appropriate height reference is provided by the liquid disordered membrane phase
domain. Because membrane gaps are below, and liquid ordered domains above the height reference, a
height threshold is not applicable in this case. Instead, these features were masked manually. Height scales
for D-F: -5 to 5 nm, with the lower membrane phase set to 0 nm.
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Figure A-8: Tip broadening. The image of a perforin pore is a result of its actual shape and its convolution
with the AFM tip [94]. The ‘tip broadening’ artefacts shown here on perforin pores are a caused by different
tip shapes, and not by structural differences in the pores. A) Tips with a high aspect ratio produce images
of perforin pores with thin outlines. The lower the aspect ratio, the thicker pore outlines appear (B,C). D)
Non-trivial tip shapes can lead to pores appearing with a wide base but sharply defined top features. Tip
broadening can be difficult to avoid as the tip shape can usually not be modified and is unknown prior to
imaging. However, AFM probes are often sold in batches originating from the same wafer, and therefore
exhibit relatively conserved tip shapes within the same batch.

Figure A-9: Protein aggregation. A) Perforin can aggregate on top of pre-existing perforin pore features,
and some of these aggregates are outlined by arrows. B) Large aggregates can also be found associated
to perforin pore features. Such large aggregates can sometimes be identified as perforin covered vesicles
(I), but often do not show any distinct surface features (II). The formation of aggregates can be, to some
extent, counteracted by using moderate amounts of protein and lipid during sample preparation, and by
thoroughly washing supported lipid bilayers before protein addition. Height scales for I & II: 90 nm, with 0
nm fixed at the membrane surface.
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Figure A-10: Supported lipid bilayer defects. A) Too little lipid, here 3 instead of 4 µg of a DOPC/egg
SM/cholesterol 1:1:1 mix, leads to the formation of an incomplete supported bilayer that is exposing the
mica support through gaps, as pointed out by the arrows. B) Addition of perforin to an incomplete
supported bilayer leads to artefactual alignment of arcs at the bilayer edges (see arrows) and unspecific
protein binding to exposed mica surfaces. C) Too much lipid, here 8 instead of 4 µg of a DOPC/egg
SM/cholesterol 1:1:1 mix, leads to the condensation of lipid vesicles on the lipid surface, as pointed out by
the arrows. D) Incubation of lipid vesicles on a mica support below their main transition temperature leads
to incomplete membrane fusion, and the immobilization of lipid vesicles (see arrows). Height scales for A
& C: -5 to 5 nm, with the lower membrane phase set to 0 nm. Height scale for D: -20 to 50 nm, with the
mica surface set to 0 nm.

Figure A-11: Lipid instabilities. Under conditions deprived of Mg2+ or at high pH (see methods, sections
2.1.2.4 and 2.1.2.10), the supported lipid bilayer was found to gradually degrade over time (also see
appendix, Figure A-6). In perforin samples, such degradation can become visible as lipid (A) or lipid-protein
(B) matter folding itself on top of the original sample surface (see arrows). Height scale for A: -15 to 30 nm
and for B: -30 to 50 nm, with 0 nm fixed to the (original) membrane surface in both cases.

Figure A-12: Sample drift. Mostly caused by temperature changes during imaging (gold coated cantilevers
are excellent temperature sensors), samples can spatially drift away from their point of origin over time.
Images taken while the sample is drifting appear stretched in the direction of drift, and for example
perforin pores appear oval instead of round. Sample drift can be avoided by equilibrating the microscope
for a sufficient amount of time before imaging.
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Figure A-13: Unstable imaging conditions. The sample surface is best recorded at a low but consistent tipsample interaction force. A) At forces that are in the region of noise fluctuations, AFM imaging can become
unstable and unable to properly trace surface features. ‘Parachuting’ is a common artefact where the AFM
tip does not properly follow the descent from a steep edge (arrow in ‘Detail’). Parachuting is identifiable
as it occurs in the direction of scanning, and therefore in opposite directions between trace and retrace
images. It can be avoided by adjusting the imaging force, but also the electronic feedback gain and
scanning speed. B,C) At large forces, the AFM tip can cut through surface features such as the lipid bilayer
or perforin pores (arrows in ‘Detail’). If the large imaging force is caused by tip ‘snap-in’ (i.e. force curve IV
in E), then the parameters can be hard to properly control, and a change to a different batch of probes
may be necessary. D) Adhesion is due to the AFM tip sticking to the sample while retracting the probe.
Adhesion is visible by artefactual white streaks, outlined by the arrows in ‘Detail’. Here, the adhesion
artefacts were caused by employing a previously used probe to image glutaraldehyde fixed samples, and
was relieved by using new probes. E) Exemplary force-distance curves of ideal (I) and bad (II-V) imaging
conditions.

Figure A-14: A selection of items used in the preparation of negative stain EM samples. A) Teflon block
with milled sample wells. B) Forceps holding a carbon film coated 200-mesh gold grid (carbon side). C)
Detail image of the grid in B, showing the mesh structure. D) 5 mL syringe containing uranyl acetate.
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Figure A-15: Wiring diagram of the controller setup.
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Figure A-16: Quantification of WT assembly sizes in AFM data, incubated at 27 °C and 37 °C. A) AFM sample
image of perforin pores formed for 5 hours at 27 °C. B) Size distribution of perforin pore assemblies in the
sample shown in A. C) AFM sample image of perforin pores formed for 15 min at 37 °C. D) Size distribution
of perforin pore assemblies in the sample shown in C. E) Density of perforin assemblies on the surface of
the samples shown in A and C.

Figure A-17: Height of supported equimolar DOPC/egg SM/cholesterol bilayer patches. A) AFM image of a
phase separated patch in which an Ld domain is held in place by an Lo domain. The surrounding dark area
represents the mica substrate. A cross-section along the dashed green line in the AFM image measures the
Ld domain to be 5.2 nm thick, with respect to the mica substrate. The Lo domain appears 0.5-1 nm thicker.
B) A height histogram from within the dashed square in the AFM image confirms the values extracted from
the profile in A.
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Figure A-18: TMH1 perforin, incubated for 15 and 50 min at 37 °C on a supported egg PC bilayer. Under
non-reducing, unfixed conditions (-DTT -GA), TMH1 perforin forms mobile prepore assemblies at both 15
and 50 min incubation. In both cases, cross-linking of prepores (-DTT +GA) produces plaques that consisted
of short perforin assemblies (similar to Figure 4-7A ‘-DTT +GA’). Under reducing conditions (+DTT -GA),
perforin formed arc-and ring shaped pores that qualitatively appeare similar between the two incubation
times.
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Figure A-19: Locked TMH1 perforin on DOPC/egg SM/cholesterol membranes are removed by EGTA. A)
AFM data initially (TMH1 –DTT) shows binding of TMH1 perforin specifically to the Ld domains of the phase
separated bilayer, forming raised, diffuse plateaux. After application of EGTA (EGTA wash), which chelates
calcium ions, and re-imaging the same area, the raised plateaux have disappeared. Subsequent addition
of DTT (+DTT) and re-imaging of the same area consequently does not result in the formation of perforin
pores. Height profiles are extracted from the AFM images as specified by dashed lines, and plotted below.
The profiles show the height of a locked TMH1 plateaux (ca. 8 nm, i), and after removal of prepores, the
height difference of the lipid phase domains (ca. 0.5-1 nm, see profiles ii&iii). Note that the prepore plateau
height is below the 11 nm height of a single perforin molecule,, which likely is a result of compression by
the AFM probe. Under more suited imaging conditions, the height of prepores is determined better e.g. in
reference [56]. B) As in A, TMH1 perforin was added to a phase separated DOPC/egg SM/cholesterol
bilayer. The sample was subsequently washed 9 times with 80 µL of HBS, which does not remove the layer
of prepores on liquid disordered domains. Addition of DTT converted the diffuse layer of prepores into
static pores, protruding the membrane surface by ca. 11 nm. C) AFM image of the same membrane area
shown in A prior to adding TMH1 perforin. D) Detail image of perforin pores after addition of DTT, taken
in the area outlined by a dashed square in B. Thus, EGTA, but not HBS, can remove TMH1 perforin prepores,
illustrating the calcium dependency of perforin binding to the membrane.
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Figure A-20: Perforin pore formation on 15:0 PC at 37 °C. A) Chemical structure of 15:0 PC, molecular
weight, and main transition temperature. Latter is just below experimental temperature (37 °C). B) Arcand ring-shaped perforin pores in a 15:0 PC supported lipid bilayer.

Figure A-21: Egg SM supported bilayers show phase separations that produce three height levels. A) In
AFM images, the phase separations are clearly visible by a height separation of ca. 400 pm. B) Schematic
illustration of the different height levels. The lowest height level is formed by two lipid levels that are both
in the liquid disordered state, and the highest level by two leaflets in the solid ordered state. The plateaux
with intermediate height are formed by a bilayer with either the top or bottom leaflet in the liquid
disordered, and the other in the solid ordered state.

120

Figure A-22: Phase separation under the influence of 7KC. On the left, phase separation of an equimolar
DOPC/egg SM/cholesterol (0% 7KC) bilayer at 29 °C is shown. On the right, 7KC was introduced to yield a
membrane composition of DOPC/egg SM/cholesterol/7KC 33:33:31:2 molar ratio (2% 7KC). In comparison,
the phase separation in the membrane containing 7KC appears interrupted, and smaller phase domains
are formed. Height scale, -2 to 2 nm, with the Ld (darker) lipid domains set to 0 nm.

Figure A-23: Comparison of diffusivity in DOPC supported bilayers at high and low levels of magnesium. A)
Sample images from two FRAP series taken on DOPC bilayers at high and low levels of magnesium after
the bleaching event. B) Plots of the unbleached membrane signal, double normalized FRAP curves and
Soumpasis fit for high and low magnesium conditions. C) Table summarizing temperature, characteristic
diffusion time τD, and the diffusivity D. The diffusivity in the DOPC membrane at < 1 mM Mg2+ is
approximately doubled compared to the membrane at 25 mM Mg2+.
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Figure A-24: Perforin clustering density on DOPS is modulated by calcium. A) Perforin clusters formed on
DOPS membranes at 1, 5, and 30 mM calcium concentrations. B) Perforin pores formed on DOPC
membranes at 30 mM calcium concentration.

Figure A-25: FRAP of magnesium depleted DOPC and DOPS bilayers (-Mg2+). A) Sample images of the FRAP
sequence. Note that the DOPS bilayers were not completely stable under magnesium depleted conditions
and slowly detached from the surface. B) Extracted fluorescence intensities over time, with the curve for
the FRAP region fitted with the Soumpasis model for diffusion limited recovery. C) Summary of extracted
fitting parameters.
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Figure A-26: Perforin titration on Leukaemia cell lines treated with 7KC. The Leukaemia cell lines HL-60,
KG-1, PL-21 show a higher percentage of PI positive cells (i.e. dead cells) after treatment with 7KC, as
opposed to untreated or cholesterol treated cells. For the K562 cell line, a diametric behaviour is observed.
Data provided by Jesse Rudd-Schmidt and Dr Ilia Voskoboinik.
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Table A-1: Items used in the manufacturing of the multi-parameter AFM stage introduced in chapter 3,
and their cost (purchased in 2017/2018). The prices are rounded up where applicable. Some positions
consist of several items that were partially already available in the lab or that were purchased in bulk,
and therefore their value is based on estimation. Prices include VAT.
Item

Manufacturer

Purchased via

Stage
Peltier Element TEC1.4-6
LED, 365 nm, LTPL-C034UVH365
Thermistor, NTC 10k, NCP03XH103F05RL
100x magnets, N42, ⌀ 1x1 mm
25x magnets, N42, ⌀ 6x3 mm
PTFE plate, 4mm thick, 19.5x19.5 cm
Brass rod, grade CW614N, ⌀ 5 mm, 25 cm long
Copper grade C101 plate, 3 mm thick, 10x10 cm
Copper grade C101 sheet, 0.9 mm thick, 10x10 cm
2x plastic barbed hose joiners, ⌀ 5 mm
Subtotal stage

Thorlabs
Lite-On
Murata
First4magnets
First4magnets
N/A
N/A
N/A
N/A
N/A

Thorlabs
Mouser Electronics
Mouser Electronics
Amazon Market Place
Amazon Market Place
Amazon Market Place
Metals4U
Amazon Market Place
Amazon Market Place
Amazon Market Place

40
7
1
8
8
13
7
7
6
3
100

Laing/EK Water
Blocks
EK Water Blocks
EK Water Blocks
DROK
DROK
Tygon
N/A

Watercooling UK

128

Watercooling UK
Watercooling UK
Amazon Market Place
Amazon Market Place
Amazon Market Place
Amazon Market Place

46
8
9
10
40
6
247

Mean Well
Meerstetter
Engineering
Adafruit
Belkin
Various

Maplin
Meerstetter
Engineering
Maplin
Currys PC World
Mouser Electronics

19
610

Arctic Silver
Arctic Silver
Lucite Int.
N/A
Various
N/A
Various
Dow Corning

Amazon Market Place
Amazon Market Place
Perspex Sheet UK
Metals4U
Various
Maplin
Various
Agar Scientific

Pump assembly
Pump with reservoir EK-XRES 140 Revo D5 PWM
Radiator EK-CoolStream SE 140
Coolant additive EK-CryoFuel concentrate 100 mL
Step-down Buck Converter LM2596
PWM controller DC 5-60V/20A
Tubing ND-100-65, 3/16” inner diameter, 15 m
4x brass male hosetail fittings ¼” BSP x 3/16”
Subtotal pump assembly
Controller
Power supply 24 V, 50 W
TEC controller TEC-1123-HV
Arduino Micro
7-way USB hub F4U041QUKAPL
Various electronic parts for LED driver, estimated
Subtotal controller
Miscellaneous
Thermal compound MX-4
Thermally conductive epoxy
Various Perspex acrylic sheets
Stainless steel plate, 3 mm thick, 15x15 cm
Various screws, nuts, and washers, estimated
Various heat shrink tubing
Various cables and connectors, estimated
High Vacuum Grease, 150 mL
Subtotal miscellaneous
Total

Cost (GBP)

30
25
15
699
6
14
40
7
40
10
50
39
206
1252
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