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Figure 5: PFO plasticity. (A) Partial complexes we observed to join to form larger complexes; events were
analysed for their stoichiometries, by averaging 50 frames before (light green/brown) and after (dark green)
the merging event. The position of each complex is highlighted in the image sequence below, the frames
displayed being taken at -10, -5, -2.5, -1.25, 0, 1.25, 2.5 and 5 seconds relative to the event. (B) Histogram
of complex stoichiometries before merging (median = 26). (C) Histogram of complex stoichiometries after
merging (median = 58).

Pore formation appears infrequent relative to assembly.

After assembly, PFO forms pores in the membrane. To follow this process we combined op-
tical Single Channel Recording?®® with single-molecule fluorescence tracking to enable com-
parison between pore formation and assembly. The presence of pores in the membrane was
detected by imaging Fluo-8, a calcium sensitive dye, while the extent of oligomerization of
monomers into complexes was measured by imaging PFO labelled with Alexa-647 (Fig.6A).
Alexa-647 was chosen to enable simultaneous imaging of both calcium flux and oligomeri-
sation. As expected,?®52 the ionic flux-induced fluorescence intensity of a single pore varies
linearly with the voltage applied across the bilayer (Fig.6D).

Surprisingly, relative to the number of assembled complexes on the bilayer, we only ob-

served rare conductive pores (Fig.6B). Pores were only detected under conditions where
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individual PFO complexes could not be resolved by single-molecule fluorescence due to high
concentration (Fig.6A, right channel). We are limited by the maximum stoichiometry of
the assembled complex. If the concentration were increased from 37 to 100 nM by addition
of unlabelled PFO, stoichiometry would decrease by factor of 2.5. Thus every pore would
only have an average of 2 labels and would be unlikely to be detected over the background.
We expect the complexes in Fig.6A (right) to be mainly assembled because concentration is
2.5 times higher than in Fig.4. These experiments were challenging because at low protein
concentration no changes to conductivity were observed, but at high concentration bilayers
ruptured suddenly, before any insertion events were observed or even before the electrode
was inserted into the droplet, consistent with a cooperative nature of assembly. Nonethe-
less, simultaneous electrical and optical recordings show that once formed, PFO pores were

extremely stable (often lasting several hours) with stable conductance (Fig.1D, Fig.6A,C).

Discussion

Our measurements provide a broad overview of PFO assembly from early to late stages of
pore formation (Fig.1 & Fig.2). We observe bi-component assembly kinetics (Fig.4) with
rapid oligomerization in early stages followed by a period of slower extension of the oligomer.
These kinetics are reminiscent of the two-step mechanism reported for streptolysin-O, where
membrane-bound dimerisation is followed by sequential oligomerization,®® and for the initial
conformation change reported for PFO®* and other CDCs.1%% A two-step process is also
consistent with the observations of Bocking and co-workers.?® In light of these reports it
is tempting to assign our fast-process to dimerisation. However in this experiment, to en-
sure only assembling complexes are selected, our tracking parameters exclude signals from
monomeric PFO. We therefore have insufficient discrimination to assign our fast kinetics
to dimerisation. Indeed, examining Fig.4A closely, k1 dominates over low subunit numbers

up to ~ 15, much larger than just dimerisation. A second possibility is two assembly rates
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Figure 6: Optical single channel recording and dual-color imaging of pore formation. (A) Pores
are detected optically in the left channel from fluorescence emitted by Fluo-8, a calcium sensitive dye as it
flows through the pore. The right channel reports on fluorescence from PFO labelled with Alexa-647. Pores
form rarely relative to the large number of assembled complexes. Scale bar 2pm. (B) Distribution of PFO
pore events per bilayer as determined by Fluo-8 imaging of calcium flux. (C) Time dependent responses to
applied steps in membrane potential from a single PFO pore present in a DIB, corresponding to (A). (D)
Fluorescence-voltage response of a PFO pore. Error bars represent the standard deviation from the mean
fluorescence intensity.

corresponding to pre- and post- insertion of the nascent complex.

We did not observe any evidence of PFO binding to the membrane as higher-order
oligomers. In our intensity calibration, 100% labelled monomers have a single intensity
state (Fig.3A,B) corresponding to a single step size both during assembly (Fig.3C-E) and
photobleaching (Fig.3F,G). Using this calibration, the largest size of detected complexes

21,32 Monomer intensity was measured at

corresponded to the expected size of a PFO pore
concentrations insufficient for assembly (100 pM). There would be a possibility of oligomers
becoming dominant at higher concentrations (37 nM). However, the dominant mechanism

we observed was monomeric stepwise growth (Fig.3G); if large oligomers were binding, we
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would have seen them as large steps in assembly. We did detect some complexes combining,
but these are very rare (Fig.5).

Although there is a broad distribution of individual assembly rates, in essence all com-
plexes follow the same assembly pathway (Fig.4A), with little evidence of different modes
of assembly or trapped intermediates. The distribution of PFO stoichiometry over time
(Fig.4C) is characterised by a broad distribution in the number of subunits throughout all
stages of PFO assembly, consistent with the reported variable pore sizes typical of CDC
oligomers. 13152156 A dditionally, Tweten and colleagues used NBD attached to a cysteine-
substituted derivative of PFO to suggest that oligomerization is favoured over initiation of
new complexes,*! a model supported by our data.

Our results support a model of PFO assembly consistent with an irreversible stepwise
addition of monomers to assembling complexes. This is mainly evidenced by the continuous
growth to larger complexes (Fig.2, Fig.4) and by the number of successful collisions. Only 1 in
340 collisions lead to successful oligomerization, surprisingly frequent compared to reversible
assembly of other oligomeric proteins.®® It’s possible that this difference may be accounted
for by the cooperative nature of a-hemolysin assembly, whereas the scale of CDC oligomers
may instead require some kind of switching mechanism to retain monomers once they join.*"
This supports an irreversible model of CDC assembly as also evidenced by cryoEM and
AFM. 1551

Examining the assembly of individual complexes, Fig.2 shows fluctuations in intensity
are consistent with the addition of single, but not multiple, fluorescently labeled monomers.
Given our labelling ratio, (1 fluorophore per 6.5 monomers), the occurrence and detection
of oligomers smaller than this size would be low. Once complexes appeared they do not
dissociate (Movie S1). This is also consistent with a model based on irreversible assem-

1851 where completion of existing

bly of monomers and in agreement with previous reports,
complexes is favoured over the initiation of new complexes. Ultimately, our insight into

these early kinetics is limited by the the competing requirements of sub-stoichiometric la-
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belling and the need to discriminate between nascent complexes and the surrounding milieu
of monomers.

We were able to track the assembly of individual complexes with 20 nm precision, cal-
culated from the error in fitting of a Gaussian point spread function to diffraction limited
spots in our data. Closer examination of these tracks also revealed a significant drop in the
diffusion coefficient during assembly (Fig.2). A likely cause for this change would be the
transmembrane insertion of a portion of the complex which becomes trapped on the un-
derlying agarose matrix. This would be consistent with previous reports of transmembrane
insertion of oligomers prior to full pore formation.!®!> Based on this interpretation, we see
that oligomerisation continues following transmembrane insertion (Fig.2C); suggesting PFO
arc insertion, the formation of a semi-toroidal pore, and then continued on-pathway growth
of the complex towards a final state with a stoichometry consistent with a completed ring.

Overall, similar to Boking and co-workers,® our interpretation fits with the sequential
insertion model for 3-barrel formation,?* where the conformational change propagates along
the oligomer. In this model, the semi-toroidal pore forms during assembly and presumably
insertion proceeds along the partially-inserted oligomer.®” A model for pore formation by
perfringolysin similar to that proposed here and in the accompanying paper®® was previ-
ously put forward for the CDC streptolysin, firstly on the basis of the imaging of pores in
membranes;°® later investigated further by tracking the appearance of growing oligomers®?
and via further imaging studies with the benefit of a mutant protein modulating the size
of membrane pores formed.? That model envisaged dimerisation on the membrane as the

35,53 and that the early membrane lesion is lined by a free edge

initial step in pore assembly
of the lipid membrane and extended gradually during oligomerization.®® Subsequent studies
appeared to discount this model*! for pore formation. However, the real-time analysis of
large numbers of oligomers forming and of pore formation (this paper,3®) suggests that the

insights gained previous from studying streptolysin may indeed have been correct after all.

While post-insertion arc growth needs further investigation to determine whether different
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CDCs and/or different experimental systems lead to different outcomes; it is nevertheless
tempting to speculate how membrane-bound PFO monomers in the prepore state can join
an arc that has undergone a large conformational change to insert into the membrane.
One hypothesis is that the PFO monomer may interact with the inserted arc, followed by
vertical collapse and unfurling of the S-hairpin. This model is akin to the sequential insertion
mechanism. An alternative hypothesis is that PFO monomers may undergo a conformational
change as a result of interacting with the toroidal lipid edge and subsequently add to the arc
pore.

We were surprised that our optical Single Channel Recording (Fig.6) showed that only
few of these inserted complexes were able to conduct ions. CDC pore formation kinetics is
temperature dependent,*' however, our efforts to repeat these experiments at higher tem-
perature (37 °C) resulted in no appreciable increase in kinetics of pore formation. PFO
insertion has also been reported in liposomes prepared with similar lipid mixtures of DPhPC
and Cholesterol.® In isolation, these data would support an interpretation where transmem-
brane membrane insertion of one or more S-hairpins occurs, but not formation of a conduc-
tive pore. Interestingly, these observations are significantly different to those reported by
Bocking and co-workers,®® where membrane permeabilisation of PFO on large unilamellar
vesicles was a predominant feature. Indeed, studies of PFO and other pore-forming toxins

2061 "supported lipid bilayers!® and

demonstrate greater activity of conductive pores in LUVs
planar bilayers*! than we report here in DIBs. Further experiments are needed to ascertain
the cause of this difference. However, our result here is in contrast to our work on other
pore-forming toxins, where pore formation is commonplace.?*%? To speculate further, the
membrane tension and curvature are two obvious physical parameters that differ between
SUV and DIB membranes, and would be expected to affect permeabilisation; particularly in
the case of semi-toroidal pores.

Fusion of incomplete arc-shaped complexes has been hypothesised as a mechanism of pore

58,63,64

assembly, supported by time-lapse AFM images for listeriolysin O (5 minutes time
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interval, for a total of 4 consecutive images).14?® Additionally, disassembly and reassembly
of such structures was also observed in PFO.% Our single-molecule data show real-time
evidence of plasticity in PFO complexes (Fig.5), supporting a model in which the fusion
of partially assembled oligomers contributes to pore formation in CDCs. Although clearly
present, these events represent a relatively small fraction (=~ 0.1%) of the overall assembly
process which must be dominated by monomer or small (n < 6) oligomer addition.

In summary, single-molecule fluorescence experiments provide a higher time-resolution
complement to the higher spatial resolution single-molecule information offered by AFM
and EM. The ability to follow in real-time every single CDC complex without the need
for chemical synchronisation of the population has brought new information to improve
our understanding of how these important protein pores assemble. Our results suggest the
insertion of incomplete arc-shaped membrane lesions might be a common feature of the CDC
pore formation mechanism, distinct from the canonical model of prepore assembly prior to

insertion.

Methods and Materials

PFO.

A single cysteine mutant of PFO (PFO[C459A, E167C]) and PFO[C459A] were expressed in
E. coli and purified.®® PFO[C459A, E167C] was 1:1 labelled via maleimide coupling chem-
istry with Alexa-488 or Alexa-647. Deletion of the native Cys residue has previously been
shown to have an impact on the haemolytic activity of the protein3” but the difference in ac-
tivity would only be apparent at concentrations < 1 nM, well below those used in this study.
E167 was chosen as it is situated on the ’top’ of the monomer, relative to the membrane,
and so does not influence the pore assembly mechanism.

Alexa-labelled PFO was separated from free dye by gel filtration in 50 mM HEPES, 100
mM NaCl, pH 7.5 and stored with 10% glycerol at -80 °C. Labelling efficiency was 100% for
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Alexa-488 and 68% for Alexa 647. A haemolytic assay was performed to verify the biological
functionality of the protein. PFO was reconstituted at pH 6.5%° in fluorescence imaging
buffer (0.5 M KCI, 10 mM MES, 0.1 mM EDTA, 1 mM Trolox and 10 mM Cysteamine)

before injection into the droplet.

Droplet Interface Bilayers

DIBs were created by the contact of two monolayers formed at oil-water interfaces. First, a
monolayer was formed around a 138 nl aqueous droplet with 8.5 mg ml~! of 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC) in 10% silicone oil in hexadecane. Meanwhile, a
second monolayer of 15.5 mg ml~! 1:2 DPhPC:cholesterol in hexadecane was formed on
a sub-micron thick agarose film (0.75% w/v low-melt agarose in water), spin-coated on a
coverslip within a PMMA micro-machined device.?* 1.8% w:v of low melt agarose in the
same buffer, was added around the PMMA chamber for hydration. The monolayers were
incubated for 2.5 hours at RT, and then the 138 nl droplet was pipetted into the well to
form a bilayer upon the contact of the two monolayers. The bilayer was then heated for 30
minutes at 37°C to allow equilibration of the asymmetric monolayers (this is longer than
the half-life for cholesterol flip-flop (50 min at 25°C°7)). Subsequently the agarose film was
further rehydrated by fusing a 2.3 nl volume of buffer to it from a nanolitre piezo-injector
(World Precision Instruments). Once the imaging conditions had been optimized, 4.6 nl of
PFO (PFO-a488:PFO, 1:5.5) in solution was piezo-injected into the 138 nl droplet to a final
total concentration of PFO in the droplet of 37 nM. Imaging was initiated not more than 30

seconds after injection of the protein.

Imaging and data analysis.

Total Internal Reflection Fluorescence imaging of the bilayer following injection of the protein
solution was performed using a customized Nikon Eclipse TiE inverted microscope equipped

with a x60 1.45 NA oil-immersion objective. Videos were recorded on an electron-multiplying
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camera (Andor Ixon). Events were tracked using the TrackMate plugin for Fiji/ImageJ.3%

Once the coordinates had been extracted for each spot in the tracks, a Gaussian function
was fitted to the spots at the specified coordinates in the original video, to extract the spot
amplitude, background and x, y positions. This fitting and all further analysis was performed
using custom software written in Matlab. Diffusion coefficients for 3 second (Fig.2) and 1.2
second (Fig.4A) intervals were determined by fitting of the mean-squared-displacement vs

time.

Electrical recordings and dual-colour imaging

138 nL droplets contained Fluo-8 20 ug mL~! in 10 mM MES buffer pH 6.5, 1 M KCI, 0.14
mM EDTA, and hydration agarose (2% w:v) in 0.5 M CaCl,, 0.1 mM EDTA in 10 mM MES
pH 6.5. A symmetric bilayer was prepared with 16 mg ml~! of DPhPC:Chol 1:2 in 20%
silicone oil in hexadecane. A ground electrode was added to the agarose and the reference
electrode to the droplet connected to a CV-203BU headstage and an Axopatch 200B amplifier
(Axon Instruments). The droplets and electrodes were contained in a Faraday cage. An
emission image splitter (Cairn OptoSplit) was added in the camera to enable simultaneous
recording of the green (Fluo-8) and FarRed (PFO-a647) channels. Initially, a mixture of
1:5.5 PFO-a647:PFO was injected to the droplet to a final concentration of 45 nM, and
equivalent assembly videos were acquired, as in the case of 1-colour imaging with PFO-a488.

For experiments in Fig.5 the PFO concentration was increased to 100 nM.
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