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ABSTRACT
Mechanical Regulation in Cell Division and in Neurotransmitter Release

Sathish Thiyagarajan

During their lifecycle, cells must produce forces which play important roles in several
subcellular processes. Force-producing components are organized into macromolecular
assemblies of proteins that are often dynamic, and are constructed or disassembled in response to
various signals. The forces themselves may directly be involved in subcellular mechanics, or they
may influence mechanosensing proteins either within or outside these structures. These proteins
play different roles: they may ensure the stability of the force-producing structure, or they may
send signals to a coupled process. The generation and sensing of subcellular forces is an active
research topic, and this thesis focusses on the roles of these forces in two key areas: cell division

and neurotransmitter release.

The first part of the thesis deals with the effect of force on cell wall growth regulation
during division in the fission yeast Schizosaccharomyces pombe, a cigar-shaped, unicellular
organism. During cytokinesis, the last stage of cell division in which the cell physically divides
into two, a tense cytokinetic ring anchored to the cellular membrane assembles and constricts,
accompanied by the inward centripetal growth of new cell wall, called septum, in the wake of the
inward-moving membrane. The contour of the septum hole maintains its circularity as it reduces
in size—an indication of regulated growth. To characterize the cell wall growth process, we
performed image analysis on contours of the leading edge of the septum obtained via fluorescence
microscopy in the labs of our collaborators. We quantified the deviations from circularity using
the edge roughness. The roughness was spatially correlated, suggestive of regulated growth. We

hypothesized that the cell wall growers are mechanosensitive and respond to the force exerted by



the ring. A mathematical model based on this hypothesis then showed that this leads to corrections
of roughness in a curvature-dependent fashion. Thus, one of the roles of ring tension is to
communicate with the mechanosensitive septum growth processes and coordinate growth to ensure

the daughter cells have a functional cell wall.

The second part of the thesis deals with how ring tension is produced and sustained, using
experimentally measured ultrastructure of the cytokinetic ring itself. Recent super-resolution
experiments have revealed that several key proteins of the fission yeast constricting ring are
organized into membrane-anchored complexes called nodes. The force producing protein myosin-
Il in these nodes exerts pulling forces on polymeric actin filaments that are synthesized from
polymerizers residing in the nodes. How these forces are marshalled to generate ring tension, and
how such an organization maintains its stability is unclear. Using a mathematical model with
coarse-grained representations of actin and myosin, we showed that such a node-based
organization reproduces previously measured ring tension values. The model explains the origin
of experimentally observed bidirectional motion of the nodes in the ring, and showed that turnover
of the nodes rescues the ring from inherent contractile instabilities that would be expected when a

force-producing structure is made up of small object that effectively attract one another.

Finally, the third part of the thesis deals with the role of forces produced by SNARE
proteins at synapses between two neurons during neurotransmission. A key step here is synaptic
release, where inside a neuron, membrane-bound compartments called vesicles filled with
neurotransmitter fuse with the membrane of the neuron forming a transient fusion pore, and release
their contents to the outside of the cell. These neurotransmitter molecules are sensed by another
neuron that is physically separate from the neuron in question and this neuron propagates the signal

henceforth. Thus, regulation of neurotransmitter release is a key step in neurotransmission. A



fusion machinery consisting of several proteins facilitates membrane fusion, and pore nucleation
requires the formation of a SNARE protein complex in this machinery, whose role during pore
dilation is unclear. Using electrophysiological measurements, our collaborators experimentally
measured the statistics of the size of single fusion pores in vitro, and observed that average pore
sizes increased with the number of SNARE proteins. Using mathematical modeling, we showed
that this effect was due to an entropic crowding force that expands the pore and increases with the

number of SNARES, and counteracts the energy barrier to fusion pore expansion.
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Chapter 1: Introduction

Cellular forces are important in a wide variety of cellular processes (Schoen et al., 2013).
Forces developed by muscle cells are essential to several key functions of the human body (Lieber
and Ward, 2011). During cell division, forces are used to separate chromosomes to ensure correct
division of nuclear material, and during cytokinesis are thought to drive cell division by pinching
the cell into two (Green et al., 2012). In addition to force generation, a variety of proteins are
sensitive to forces (Wang et al., 2001). Proteins that polymerize other proteins either up or
downregulate their polymerization depending on the amount of force exerted on them
(Courtemanche et al., 2013; Jégou et al., 2013). Yet others undergo structural changes upon the
action of force (Hyténen and Vogel, 2005). How do these force producers and force sensitive

proteins come together to form a successful macromolecular assembly?

Perhaps the most studied force-producing structure is muscle (Cooke, 1997). The two
proteins actin and myosin-Il generate forces here; contractile forces are produced by myosin-II
molecules pulling on polymeric filaments of actin. The spatial organization of these proteins in
muscle is well-understood (Schiaffino and Reggiani, 2011). Actin and myosin form repeat units
called sarcomeres, and each muscle cell contains several sarcomeres arranged in long-lived
periodic arrays. Actin and myosin are also used in subcellular structures to generate force, but
these structures are often assembled and disassembled over timescales ranging from a few minutes
to a few hours. During these processes, the cell may undergo shape changes and or locomotion in
part due to these forces. In such a dynamic environment, how do these structures produce force?
Do these forces help regulate the coupled processes? Contractile structures are prone to instabilities

that could result in runaway expansion and hence severing; how is the stability of these structures



maintained? The goal of this thesis is to partially answer these questions as applied to two

processes: cell division and neurotransmission.
Cytokinesis

Cytokinesis is the last stage in cell division where the cell physically divides into two
daughter cells. As the nuclear material has already been segregated by this stage, the bulk of the
cell splits in to two daughter cells during this process. Several diseases such as cancer, anaemia,
and age-related macular degeneration, to name a few, are associated with failure of cytokinesis

(Lacroix and Maddox, 2012).

In fungi and animal cells, a contractile ring assembles in the division plane attached to the
membrane of the cell. The ring develops tension and constricts along with the cell, and this tension
is thought to drive the whole process. The ring is made up of several proteins (Pollard and Wu,
2010). Of interest are the two proteins actin and myosin-Il. Actin forms helical polymeric
filaments; the two ends are called the barbed and the pointed end (Carlier, 1991). Myosin-I1I
molecules pull on the filaments with the force parallel to the barbed-pointed axis. These
interactions add up to give rise to a tense ring, which has been measured in fission yeast previously

to be ~400 pN (Stachowiak et al., 2014).

Fission yeast as a model organism

The fission yeast Schizosaccharomyces pombe is a model organism used to study
cytokinesis. It is a cell-wall enclosed, cigar-shaped unicellular organism whose cross-sectional
diameter is ~4 um and length is ~14 um at the onset of division. The cytokinetic ring is well-

characterized in fission yeast. Several ring proteins have been identified, their amounts measured



throughout assembly of the ring, maturation, and constriction, and their biophysical properties
have been characterized. Its genome has also been sequenced (Wood et al., 2002), making it easy
to obtain cells with mutated genes for experiments, in order to study the function of a given protein.
Given the relatively short cell cycle (~ 3 hours) and ease of genetic manipulation, it is widely used.
Lessons learned here can be carried over to mammalian cells as several ring proteins of S. pombe
are homologous to their mammalian counterparts. Fission yeast is arguably the only organism

where a rigorous cytokinetic ring model can be developed in a quantitative manner.

Lifecycle and structure of the contractile ring in S. pombe

The ring assembles, matures, and constricts, in that order. A broadband of membrane-
anchored protein complexes called nodes appear at the middle of the cell at the membrane just
prior to cytokinesis. These nodes synthesize actin filaments via polymerization at the nodes by the
actin synthesizing protein formin Cdc12. The nodes also contain myosin-I1, these exert force on
the actin filaments being grown from neighboring nodes. Such a search-capture-pull-release
mechanism draws these nodes together and forms a compact actomyosin ring (Wu et al., 2006;
Vavylonis et al., 2008). The protein content of the ring changes throughout maturation. Then, ~30

mins after the broad band assembles, the ring begins constricting (Wu and Pollard, 2005).

Recent super-resolution studies have started to shed light on the ultrastructure of the ring.
Using fluorescence photoactivated localization microscopy (FPALM) that can probe length scales
of ~35 nm, a study discovered that nodes persist into constriction (Laplante et al., 2016). These
have well-defined stoichiometric ratios of several ring components, and move bidirectionally
within the ring. Another recent study obtained the distances of several ring components from the

plasma membrane, using images from fixed (dead) cells. This study revealed that ring components



seem to be grouped into three distinct layers within the ring, with each serving a different function

related to scaffolding, signaling, and force generation (Mcdonald et al., 2017).

Septum growth in S. pombe cytokinesis

Cytokinesis in fission yeast cells is accompanied by cell wall growth that ingresses in the
wake of the constricting ring. This newly synthesized cell wall material is produced by several
transmembrane proteins that reside at the membrane of the cell. The cell wall is a crosslinked
polysaccharide network with a high elastic modulus ~50 MPa (Atilgan et al., 2015). It is largely
made up of B-glucan, a polymeric form of glucose, and is ~200 nm thick. It is synthesized by
transmembrane B-glucan synthases in the membrane that are thought to polymerize glucans using

UDP-Glucose as their substrate (Cortés et al., 2007; Munro, 2013).

SNARE proteins and the fusion machinery

The basic process of membrane fusion is implicated in both the release of neurotransmitters
and the release of hormones (Jahn and Scheller, 2006). These release processes are tightly
controlled as the functioning of the nervous system and the endocrine system depend on these.
Several proteins including soluble N-ethyl maleimide sensitive factor attachment protein receptors
(SNARES), SM (Sec1/Munc18-like) proteins, Complexin, Synaptotagmin-1 are involved in the

formation of fusion pores between vesicles and cell membranes (Stidhof and Rothman, 2009).

The SNAREs are the core of the fusion machinery. Syntaxin-1 and SNAP-25 located on
the presynaptic plasma membrane (t-SNARESs) and the vesicle-associated membrane protein
(VAMP or v-SNARE) form a four-helix bundle between the vesicle and the membrane, a
“SNAREpin” that catalyzes fusion. The exact nature of this catalysis is unclear. The zippering
process where these three proteins come together to form one four helix bundle releases ~65 kT of
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energy (Gao etal., 2012). A recently published model predicts that this energy is dissipated quickly
after assembly, and that the entropic force from steric interactions between SNAREpins brings

membranes into close contact and drives fusion (Mostafavi et al., 2017).

Outline of the thesis and my contributions

The first part of the thesis deals with cell division in fission yeast. During cytokinesis, the
last stage in cell division, a contractile ring attached to the cellular membrane assembles and
constricts, accompanied by the inward centripetal growth of the cell wall in its wake. Using
fluorescently labelled cell wall growing proteins, we extracted the leading edge of the newly
synthesized cell wall (septum) using image analysis. We found that the contour of the cell wall
hole was almost circular, and quantified the deviations from circularity using the edge roughness.
The roughness was spatially correlated and suggested that cell wall growth was regulated. We
hypothesized that the cell wall growers are mechanosensitive and respond to the force exerted by
the ring. A mathematical model based on this hypothesis then showed that this leads to corrections
of roughness in a curvature-dependent fashion. Thus, one of the roles of ring tension is to
communicate with the mechanosensitive septum growth fashion and ensure that the closure is
circular to ensure the daughter cells have a functional cell wall. This part of the thesis has been
adapted from (Thiyagarajan et al., 2015). Here, | performed the image analysis and mathematical
modeling, and compared predictions of the model with experiment. I also performed experiments
to obtain a subset of the images used here, the rest were obtained by our colleagues at Columbia

and Yale.

The second part of the thesis deals with the ultrastructure of the contractile ring itself.

Recent super-resolution experiments have revealed that several key proteins of the constricting



ring are organized into membrane-anchored complexes called nodes. Two key proteins are the
actin polymerizer formin, and the force-producing myosin-I1. Forces are produced by myosin-1I
pulling on actin filaments, but how these forces are marshalled together to generate ring tension is
unclear. Using a mathematical model with coarse-grained representations of actin and myosin, we
showed that the node-based organization ensures that the force-producing interactions are aligned
for high tension. The model reproduces experimentally observed bidirectional motion of the nodes
in the ring. The model also showed that turnover rescues inherent contractile instabilities in the
ring. This part of the thesis has been adapted from (Thiyagarajan et al., 2017). This is a study with
only mathematical modeling, with the work here performed by Shuyuan Wang, another graduate

student in my group, and 1. We both contributed equally here.

Finally, the third part of the thesis deals with neurotransmission. During synaptic release,
neurotransmitters are released between neurons and these are an essential part of their
communication. SNAREs complexes assemble at the fusion site, and are thought to play an
important role in the process. Our collaborators at Yale created small patches of membrane ~23
nm in diameter with v-SNARES reconstituted in them, and fused these with the outer membrane
of a cell expressing cognate, ‘flipped’ t-SNARES. They were able to isolate single pores resulting
from this fusion process and performed conductance measurements. They analyzed the data to
obtain characteristics of fusion pore sizes. This part of the thesis has been adapted from (Wu et al.,
2017). Our experimental colleagues at Yale performed all the experiments and the data analysis
on the electrophysiological recordings thus obtained. | performed the mathematical modeling and

compared these theoretical results to the experiments.



Chapter 2: The Fission Yeast Cytokinetic Contractile Ring Regulates

Septum Shape and Closure

Introduction

Fungal and bacterial cells are enclosed by a cell wall whose growth is spatiotemporally regulated
to maintain and evolve cell shape throughout the cell cycle (Das et al., 2012; Cabib and Arroyo,
2013; Pinho et al., 2013). Following cell division the fission yeast S. pombe, a rod-shaped
fungus, elongates by growth at the rounded cell tips, whereas cell wall synthesis by the ovoid
bacterium Streptococcus pneumoniae is largely confined to a region close to the division site and
occurs during cell division (Pinho et al., 2013). The cell wall is a high modulus crosslinked
network that withstands high turgor pressures and must be reshaped if the cell shape is to change.
The mechanisms are debated, but growth is regulated by various signaling pathways in S. pombe
(Krapp and Simanis, 2008; Das et al., 2012) and annealing of crosslinks is thought to assist local
remodeling in the rod-shaped bacterium E. coli (Furchtgott et al., 2011). Mechanical effects may
also play a role. In S. pombe, network stretching by turgor pressure was proposed to promote
insertion of cell wall material locally (Drake and Vavylonis, 2013). Mechanical stress increases
the rates of cell wall synthesis in E. coli (Amir et al., 2014), and the actin homologue MreB

localizes to regions of negative curvature that define the sites of growth (Ursell et al., 2014).

Precise regulation of cell wall growth is essential for cell division, a process that results in
two daughter cells that are properly enclosed by new cell wall. In fission yeast and other fungi
and bacteria this is accomplished by growth of a septum in the central division plane during

cytokinesis, the final stage of the cell cycle. Yeast grows a ~ 0.3 um thick septum by centripetal



growth of the almost circular inner septum edge that closes down the central septum hole over ~
25 mins, separating the ~ 3.7 um diameter cell into two sealed compartments (Wu and Pollard,
2005) (Fig. 2.1A). Constriction of the septum is tightly coupled to constriction of an actomyosin
contractile ring attached to the inside of the plasma membrane adjacent to the leading septum

edge (Mufioz et al., 2013).

During septation, maintenance of the circularity of the growing septum edge ensures proper
septum closure down to almost a point and encloses the daughter cells in new cell wall, but the
regulating mechanism is unknown. For example, if the septum had an elongated shape it would
close down to almost a slit. The B-glucan and a-glucan synthases Bgs1-4 and Agsl residing in
the plasma membrane grow the septum (Martin et al., 2003; Cortés et al., 2005, 2007, 2012)
(Fig. 2.1A). At the onset of constriction several thousand Bgsl proteins participate at different
locations around the edge (Cortés et al., 2007; Proctor et al., 2012; Arasada and Pollard, 2014).
Given the intrinsic stochasticity of molecular complexes (Wang et al., 1998; Geertsema et al.,
2014), independently operating Bgs1 molecules would presumably generate irregular edges; to
maintain a smooth circular septum edge requires that growth rates at locations up to ~ 4 um apart

be coordinated. How the cell accomplishes this considerable technical challenge is unknown.

Several observations suggest that the yeast cytokinetic ring interacts with Bgsl. The
actomyosin ring is required for localization of Bgsl into a compact band at the division site (Liu
et al., 2002), and deletion of the 1Q motifs from the ring component IQGAP Rng2 gives a
uniform distribution of Bgsl over the septum, in contrast to the wild-type distribution
concentrated at the septum edge (Tebbs and Pollard, 2013). In mutants with reduced levels of the
contractile ring protein Cdc15, the ring slid along the membrane until ~2000 Bgs1 molecules

were recruited to the membrane adjacent to the ring (Arasada and Pollard, 2014). Thus the ring



could influence septum growth, and mechanical interactions could play a role since the fission
yeast ring was reported to exert ~ 400 pN of tension (Stachowiak et al., 2014). Indeed, mutations
of other ring components affect septation. Septa were abnormally thickened or incomplete with
low expression levels of Myo2p (Kitayama et al., 1997), while aberrant septum growth with
disjoint patches of septal material was observed in temperature sensitive mutants of the
contractile ring proteins profilin Cdc3, myosin light chain Cdc4, and tropomyosin Cdc8
(Streiblova et al., 1984). Mutations in Bgs proteins can also influence the ring, as in cells with
reduced levels of Bgs4 where constriction of the contractile ring appears to be faster than septum

ingression (Mufioz et al., 2013).

Here we present experimental and theoretical evidence that the contractile ring tension
regulates septum shape during cytokinesis by controlling local growth rates. We measured
ingrowing septum edges in live cells and quantified their deviations from circularity by the edge
roughness, borrowing a classic definition from materials physics (Lapujoulade, 1994). The edges
were inconsistent with independent Bgs-mediated growth processes, which would produce scale-
independent roughness always increasing in time. Instead, roughness grew with length scale
according to a power law, and peaked and decayed in time. In cells lacking intact actomyosin
rings, septa constricted but had much greater roughness. To explain these findings we postulated
that Bgs-mediated synthesis of septum is mechanosensitive, and that the contractile ring
communicates mechanically with the septum synthesis machinery. A mathematical model
showed that this mechanism generates smooth, circular septum edges with roughness that peaks
in time and has power law dependence on length scale close to that observed. Our results suggest

that cytokinetic ring tension does not set the rate of constriction, but regulates circularity of the



septum and its defect-free closure by its effect on mechanosensitive Bgs-mediated growth

processes.

Results

Ingressing septum edges during fission yeast septation have a roughness ~5% of ring radius

that decreases in time

We sought to quantify the deviation from circularity of septum edges during cytokinesis in S.
pombe, and to test if growth at the septum edge is spatially coordinated to regulate the edge to be
smooth and circular. We extracted edges from experimental images and quantified their
roughness, the root mean square (rms) fluctuation in height, a common measure of irregularity

(Lapujoulade, 1994).

We used confocal microscopy to image cells expressing GFP-Bgs4 or RFP-Bgs4, which
localize to the surface of the septum, and myosin-I1 light chain Rlc1-GFP or the F-BAR domain
containing protein Cdc15-Tomato, which localize to the contractile ring (Le Goff et al., 2000;
Cortés et al., 2005; Roberts-Galbraith et al., 2009) (Fig. 2.1B). During constriction Bgs4 was
distributed on the entire septum surface up to the location of the contractile ring, showing that
the ring followed the inner septum edge and suggesting that Bgs4 reliably marked the edge. We
traced septum edges using the Canny edge detection method based on intensity gradients (Fig.
2.1B, 2.7A, and Materials and Methods). The mean radius of septum edges decreased linearly in
time with a mean constriction rate 80 = 10 nm/min (mean £ s.d., n = 21 constrictions) (Fig.

2.1C).
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Figure 2.1. Constricting septum edges in fission yeast are nearly circular with low roughness.

(A) Schematic of a S. pombe cell during cytokinesis, showing how constriction of the contractile ring and
the septum edge are tightly coupled. The edge grows inwards as -glucan synthases (Bgs) in the
membrane synthesize the septum. (B) Confocal fluorescence micrographs of division plane during
constriction-septation of a yeast cell expressing RFP-Bgs4 and RIc1-GFP (t = 0 is the onset of septum
growth). Right: Edge determination (yellow) for the septum at 8 min. Bar: 1 um. (C) Mean septum radius
versus time for constrictions of two typical cells (blue and red symbols). The best fit straight lines have
slopes of 75 nm/min (blue) and 80 nm/min (red). (D) Radial distance profile for each of the 4 septum
edges in (B). (E) Enlarged view of edge profile at 8 min in (D) with details of deviation, h(s), of radial
distance from mean value R. The roughness w of edges on a scale x quantifies the variations in edge
radius on that scale, §h. (F) Septum roughness versus time for experimental constrictions (n = 326 edges
from 21 constrictions). Bin width, 1.5 min. Plotted points are mean + s.d.

For an edge grown by independent random growth processes the roughness always increases
in time (Lesne and Lagués, 2012). To test septum edges for this feature we fit best circles to
measured edges and determined the deviations from circularity, h(s), and hence the roughness,

Wsept = < (6h)% >/2 (Figs. 2.1B, D-F and Materials and Methods). Here 5h denotes the

deviation from the mean and the average is over all points on the edge. The roughness of septum
edges decreased in time, in some cases showing an early increase before peaking and decreasing
(Figs. 2.1F, 2.6A). The mean time averaged roughness was 31 £ 9 nm (mean + s.d.) over n = 326
septum edges from 21 cells. Throughout, a ‘septum edge’ refers to a septum at one instant in
time, and the statistics we present are averaged over many edges, i.e. we report averages over

time and over different cells. The mean roughness is a small fraction 5.0 + 1.8% of the septum
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radius, and the roughness does not show the steady increase in time characteristic of uncorrelated

growth processes.
The roughness of septum edges increases with length scale and follows a power law

If septum edges are grown by statistically independent septum synthesis processes around the
edge, at any instant the roughness would have a constant value independent of length scale,
whereas if the septum shape is regulated growth rates at different locations would be correlated.
A hallmark of spatially correlated growth is scale-dependent roughness: the longer the section of
the edge, the bigger the fluctuations and the roughness within that section (Lesne and Lagués,

2012).

To test for growth correlations we calculated the mean roughness on the scale x, w(x) =

< (6h)? >)1(/2, where the average is over all points in a given section of the septum edge of
length x, and then over all such regions (Fig. 2.1E and Materials and Methods). The roughness of
edges increased with length scale up to a saturation scale x,; (Fig. 2.2A). For practical reasons,
we define xg, as the scale where roughness attains 80% of its maximum value, wgepe. The xga¢
versus time curve, averaged over all edges, increased, peaked after ~ 5 min and thereafter
decreased (Fig. 2.2B). Values of roughness and x,. varied considerably from cell to cell (Figs.
2.6A,B), and for many individual cells we did not record a peak in x,, possibly because

imaging commenced after the peak occurred. Averaged over all edges, roughness followed a

power law w~x% for x < xg,¢, With best-fit exponent oo = 0.47 + 0.03 (95%

confidence interval, n = 326 septum edges from 21 cells) (Fig. 2.2C). Thus, septum edges are

grown by spatially coordinated processes and have a characteristic roughness exponent.
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Figure 2.2. Roughness of septum edges is length scale dependent and follows a power law
reproduced by a model of septum growth regulated by ring tension.

Table 2.1 lists the model parameters. (A) Roughness w versus length scale x for the septum edges of Fig.
2.1B at the indicated times. Dashed lines: wge,e and x,, at time 2 min. Inset: full roughness profiles. (B)
Roughness saturation length, x,,; versus time for (blue) experimental constrictions of Fig. 2.1F and (red)
simulated constrictions (simulation: n = 428 edges from 30 constrictions). Points are mean + s.d. Bin
width, 1.5 min. (C) Mean roughness w versus length scale x for the experimental and simulated
constrictions of (B). For each x, the mean is over all constrictions for which x < xg,. and over all times.
The exponent of the best fit power law to simulated data is 0.47 £ 0.04 (95% confidence interval) for 0.48
pm < x < 1.12 ym. Error bars denote s.d. Inset: Plot of log mean roughness versus log length scale x. (D)
Typical simulated septum edges at indicated times (min) after the onset of constriction at two tensions:
(top row) T = 390 pN as measured in protoplasts; and (bottom row) T = 0. (E) Roughness w versus scale
x for simulated constrictions at T = 390 pN in (D). Dashed lines: Maximum roughness wq.,; and
roughness saturation scale x,, after 2 min. Inset: Complete roughness profiles for the same edges. (F)
Ratio of septum roughness to mean septum radius versus time for simulated and experimental
constrictions and times of (B). Inset: Septum roughness versus time for same data. Bin width, 1.5 min.
Points are mean * s.d.
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The values of roughness we report, < 40-50 nm, are less than the pixel size (~65 nm) of our
images and the estimated confocal microscopy point spread function (psf) width (~200 nm). To
test our method, we generated artificial septum edges with roughness exponent @ = 0.5 and
variable roughness (Fig. 2.7B-1). We mimicked confocal imaging of these edges with pixel size
65 nm and psf width 200 nm, we applied our edge detection algorithm to these ‘images,” and we
measured roughness wq,p,: and exponent o, of these detected edges. For test data edges with
actual roughness ~30 nm, typical of values we report in this study, our measurement procedure
produced a similar roughness and an exponent ~ 0.37. This test suggests our method reproduces
actual roughness to within ~ 20% of the actual value, but somewhat underestimates the

roughness exponent (see Fig. 2.7 and caption).
Mathematical model of septum growth regulated by ring tension

Since the contractile ring is attached to the plasma membrane adjacent to the septum, the ring
tension could mechanically influence the septum and the processes that synthesize it. The ring
may plausibly have direct mechanical interactions with Bgs complexes, since Bgslp is an
integral membrane protein (Liu et al., 2002). To examine if such effects could explain the highly
correlated growth we observed, we developed a model of the stochastic centripetal growth of the
inner septum edge that closes down the septum, assuming septum synthesis is mechanosensitive.

Here we outline the main features of the model; for further details, see Materials and Methods.

The radius of the inner septum edge is defined to be r(s,t) = R(t) + h(s, t) at location s on
the edge at time t (Fig. 2.1B). Here R(t) is the mean radius and h(s, t) the deviation from

circularity at s (Fig. 2.1B, D, E). We assume that the inward growth velocity vgep(s,t) =

—dr/dt due to Bgs complex-mediated synthesis of septum depends on the radial force per unit
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length, y, exerted on the septum at that location by the contractile ring,

y(s, t)
vsept(sf t) = vgept <1 + T) + nﬂuc(s' t)- (2-1)

Here vé’ept is the intrinsic septum edge growth velocity. The force is communicated to the

septum synthesis apparatus and thereby accelerates growth by the factor y/y*, where y* is a
response threshold for the molecular machinery. The crucial term ngq,. represents fluctuations of
the growth rate about the mean whose strength, A, sets the magnitude of the edge roughness. This

term describes independently operating growth machines around the septum,

< Nuc(S, ONauc(s’, t') >=218(s —s')6(t — t'). Itis the force term in eq. 2.1 that will

introduce growth correlations and shape regulation.

The centripetal force exerted by the contractile ring of tension T is given by Laplace’s law,
y = T(1/R — 0%h/ds?). Crucially, this force depends on the local curvature 02h/ds? of the
ring, equal to the septum curvature, since the shape of the ring is the same as the shape of the
septum edge, albeit separated from it by a few nanometers. From eq. 2.1 growth will be faster
where the edge has large and negative curvature (troughs) and suppressed where curvature is
positive (bumps). This hypothesis is consistent with reported correlations between local septum
curvature and growth rate in deformed yeast cells (Zhou et al., 2015). Overall, we expect that

through this mechanism ring tension will tend to restore circularity.

Using this expression for the force in eq. 2.1 yields the basic equations for septum growth

(see Materials and Methods)

oh 0%h dR o D Vgept T
E:Dﬁ-i_nﬂuc, —Ezvsept+§, D:T (22)
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The first equation tells us that septum edge fluctuations h obey the diffusion equation plus a
noisy source term ng,c, With an effective diffusivity D proportional to the ring tension T. Thus,
random growth excites septum edge fluctuations, but ring tension acts to smooth out these
irregularities much like molecular diffusion smoothens density inhomogeneities in other
contexts. These dynamics for h are similar to the classic Edwards-Wilkinson equation describing
stochastic interfacial growth processes (Edwards and Wilkinson, 1982), with the complication
that here the growing surface is curved and continuously shortening, 0 < s < 2mR(t). The
second result of eq. 2.2 states that the mean constriction rate is increased due to the tension of the
ring by an amount D /R, an increasingly strong effect as the ring shortens. We developed a
computer simulation to implement this model on an initially circular lattice of points

representing the septum edge that was evolved according to eq. 2.2 (see Materials and Methods).

Simulations close septa properly and reproduce experimental constriction curves and

roughness profiles

We simulated our model using the parameter values of Table 2.1. Simulated septum edges
regulated by rings with normal tension remained close to circular and achieved proper closure,
constricting down almost to a point (Fig. 2.2D), while unregulated septum growth produced
rough irregular edges that closed improperly (Fig. 2.2D). Fitting the mean initial slopes of
simulated constriction curves to experiment (mean septum radius R versus time) we obtained the

intrinsic septum growth rate vgept =72 £ 12 nm/min. With best fit parameters (see below)

constriction curves showed little downward curvature in agreement with experiment, with a
mean constriction rate 86 = 3 nm/min (Fig. 2.6C, n = 428 edges from 30 constrictions) only
~20% greater than the intrinsic septum growth rate and consistent with the experimental value
measured here, 80 £ 10 nm/min, and previously reported values (Pelham and Chang, 2002).
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Table 2.1. Parameters used in the mechanosensitive septum growth model.

Symbol | Meaning Value Legend
D Effective diffusivity 180 nm?/s (+130 nm?/s) (A)
A Growth fluctuation strength 4100 nm3/s (2100 nm?/s) (B)
a Correlation length of septum growth 100 nm ©
vé’ept Intrinsic septum growth rate 0.072 pm/min (£0.012 pm/min) | (D)
R, Initial radius of septum hole 1.55 um (E)
T Tension produced by actomyosin ring | 391 pN (£154 pN) (F)

Mean density of Bgslp at the
Pbgs . . 0.26 nm™* (G)
ingressing septum edge

Septum synthesis apparatus
u* o 0.15 pN~! (+0.10 pN~1) (H)
mechanosensitivity per Bgs complex

Wring | Width of the actomyosin ring 0.1 pm )

Legend. Values in parentheses are standard deviations or ranges for experimentally measured values,
and 95% confidence intervals for fitted parameters (D, 4, vgept, u.

(A) Estimated by fitting the saturation length scale x,,; of simulated edges to experimental
measurements.

(B) Estimated by fitting the roughness profile w(x) of simulated edges to experimental measurements.
(C) Assumed to be the same as the width of the ring, which was measured in Kanbe et al., 1989.

(D) Estimated by fitting model-predicted constriction rates at onset of constriction to experiment.

(E) From images of septum at onset of constriction.

(F) Measured in (Stachowiak et al., 2014).

(G) Estimated from the total number of Bgsl molecules at the inner septum edge, measured in (Proctor et
al., 2012).

(H) Estimated from our measurements of the diffusivity parameter D.

(I) Estimated using electron micrographs of the septum from Kanbe et al., 1989.

For each simulated constriction we calculated the roughness profile w(x) of the septum edge
at different times as the edge constricted over ~20 mins. As seen experimentally (Fig. 2.2A), at

each time the roughness increased with length scale up to a plateau value wq, at the roughness

saturation length scale, x¢,: (Fig. 2.2E, 2.6D). We used the saturation scale to extract the
diffusivity parameter D: we fit the model-predicted time dependence of the saturation scale to
experiment, averaged over all constrictions (n = 21 experimental and n = 30 simulated
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constrictions), using D as a fitting parameter (Fig. 2.6E). With the best fit value D = 180 + 130
nm?/s (+ 95% confidence interval, Fig. 2.6E), the predicted and measured curves were in close

agreement (Fig. 2.2B).
The model predicts a roughness exponent ~ 0.5 close to the experimental value

Our experiments showed a septum edge roughness exponent o = 0.47 (Fig. 2.2C). Given that our

model is close to the Edwards-Wilkinson model of randomly growing interfaces, for which

w(x) ~\/m has an exponent a = 0.5 (Edwards and Wilkinson, 1982), we anticipated
simulated septa would have a roughness exponent close to the experimental value. To test this
we averaged simulated roughness profiles w(x) over time and over n = 30 distinct constriction
runs, and fit the mean profile to the averaged experimental profile with the previously
determined value for D and using the growth fluctuation strength A as a fitting parameter which
sets the amplitude of the roughness (Fig. 2.2C). To focus on the power law regime the averaging
procedure was confined to the increasing portion of each profile, in the window of length scales
greater than the Bgs complex growth correlation length and the experimental pixel size, but less
than the saturation scale x,. (see Materials and Methods). This yielded 1 = 4100 +

2100 nm3 /s (+ 95% confidence interval, Fig. 2.6F).

With these parameter values the averaged simulated roughness profile was well described by
a power law w~x% with a best fit exponent oo = 0.47 + 0.04 (x 95% confidence interval, n = 428
edges from 30 constrictions), matching the experimental value, a = 0.47 + 0.03 (Fig. 2.2C).
Thus, our experimental results are consistent with a ring tension-mediated and curvature-

sensitive mechanism that regulates local septum synthesis rates.
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Consistent with experiment, simulated septum edges are nearly circular with low values of

roughness

Consistent with the time dependence measured in live cells, the total roughness wep of
simulated edges increased, peaked, and then decreased in time (Figs. 2.2F, 2.6G). The late time
decrease occurs because the nominal value of x,, then exceeds the septum length, so growth at
all points is correlated and total roughness then increases with septum length. The mean time
averaged simulated roughness was wgepe = 30 £ 10 nm (mean + s.d.), a small fraction 4.3 + 2.4%
of the ring radius (mean + s.d.) and consistent with the experimental value 31 + 9 nm. The mean
aspect ratio of simulated septum edges was 1.09 + 0.10 (mean * s.d.), close to the value of 1 for
a circle and close to the experimental ratio of 1.09 + 0.05 (Fig 2.8A). During constriction, ring
tension corrected deviations from circularity by adjusting growth rates appropriately (Fig. 2.8B-

F).

Contractile ring tension is sufficient to suppress septum roughness but insufficient to

substantially affect constriction rates

We used the model to vary the tension over a broad interval 0 < T < 1000 pN surrounding the
value reported in live cells, T~ 400 pN (Stachowiak et al., 2014), for which septum roughness
peaked and then decayed in time and the aspect ratio remained close to unity (Figs. 2.2D, 2.8G,
2.9A). By contrast septa closed improperly in the absence of ring tension with aspect ratios far
from unity and increasing septum roughness with time. Increasing tension from zero to the
physiological value decreased septum roughness ~4-fold (from 116 £ 46 nm to 30 = 10 nm), but

further increase to 1000 pN had little effect, Fig. 2.3A. Higher tensions produced constriction

19



curves R(t) with greater curvature (as expected, see eq. 2.2) that significantly exceeded the

experimental value at the highest tension (Fig. 2.3B).
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Figure 2.3. Cytokinetic ring tension is sufficient to curtail septum roughness without significantly
affecting constriction rate.

(A) Mean roughness of simulated septa versus tension, fixing other parameters as in Table 2.1. Each
point is the average over n = 360 edges from 30 constrictions. Error bars indicate s.d. Dashed line:
experimental mean septum roughness from constrictions of Fig. 2.2B, averaged over constrictions and
times. (B) Simulated mean septum radius versus time for three values of ring tension, compared to a
typical experimental constriction.

Thus, the contractile ring tension in cells is just high enough to significantly suppress the
roughness that uncorrelated septum growth would generate, yet insufficient to substantially

increase the constriction rate.
Septum synthesis has a mechanosensitivity ~ 0.1 pN~1 per Bgs complex

According to our model the suppression of septum roughness by ring tension is quantified by the

“diffusivity” D = vgeptT/y* which depends on the ring tension T, the intrinsic septum growth
rate vé’ept and the parameter y*, the mechanical force per unit length that increases the synthesis
rate of the septum-growing apparatus 2-fold. Using values for D and Vé)ept from fitting the model

to experiment and the measured tension of the S. pombe ring (Table 2.1) gives y* = 2.61 + 1.89
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pN/nm, ~5 times the typical force per unit length exerted by the ring, T/R. This reflects the fact
that ring tension has little effect on the mean constriction rate, while being sufficient to

significantly affect high curvature local troughs or bumps.

If one were to assume that the leading septum edge is grown by Bgslp alone, and estimating
for simplicity that 50% of the ~8000 Bgs1 molecules (Arasada and Pollard, 2014) at the cleavage
furrow localize to the edge and are active, this would give a density of active Bgslp at the
septum edge pngs ~ 0.4 nm™~1. Hence the mechanosensitivity for the septum synthesis apparatus

on a per Bgsl basis is u* = ppgs/y" = 0.15 £ 0.10 pN~L. This represents the relative synthesis

rate increase per unit force.

Ring disassembly or mutations in contractile ring components produce septa with

increased roughness, shape irregularities and growth rate inhomogeneities

Since our results suggest ring tension controls local septum synthesis, we next examined the
effects of disrupting the ring with mutation of three different contractile ring proteins, and LatA
treatment to depolymerize actin filaments. LatA treatment and disabling of formin Cdc12
increased the roughness (Fig. 2.4C), the roughness exponents (Figs. 2.4D, 2.9C) and the aspect
ratios (Fig. 2.9A) of the septum more than depletion of F-BAR Cdc15 or deletion of the 1Q

motifs from IQGAP Rng2 (Fig. 2.9B).

LatA treatment: We added 200 uM of the actin monomer sequestering agent Latrunculin A
(LatA) to cells 2-5 min before imaging, sufficient to disassemble the F-actin ring and abolish
actomyosin activity within 1 min of treatment (Pelham and Chang, 2002). LatA-treatment
fragmented the contractile ring and over time the septum holes moved off center and became

more irregular and increasingly slit-shaped (Fig. 2.4A), as noted previously (Zhou et al., 2015).
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The roughness of 149 + 73 nm , the roughness exponent of 1.02 + 0.10 and the aspect ratio of

1.77 + 0.69 were all much larger than wild-type values (Figs. 2.4C,D, 2.9A).

Temperature sensitive cdc12 mutant: Contractile rings disassemble within ~4 min after
shifting cdc12-112 to the restrictive temperature (Zhou et al., 2015), presumably due to loss of
actin filaments. Over time at the restrictive temperature the septum edges became rougher and
more elongated (Fig. 2.4A,B). Given the absence of F-actin, actomyosin activity is presumably
abolished in these cells. The roughness of 73 + 42 nm, the roughness exponent of 0.88 + 0.07

and the aspect ratio of 1.25 + 0.10 were above the wild-type value (Figs. 2.4C,D, 2.9A).

Rng2 mutant: We imaged rng24 cells complemented with Rng2pAIQ, a construct of Rng2p
that lacks 1Q motifs (“Rng2pAlQ”) using a confocal microscope setup with a somewhat larger
pixel size, 83 nm. The septa in dividing Rng2pAIQ cells moved off center but remained almost
circular and closed properly (Fig. 2.4A).The roughness of 43 + 14 nm, the roughness exponent of
0.45 + 0.03 and the aspect ratio of 1.09 £ 0.07 of the septa were closer to wild-type values (Figs.

2.4C,D, 2.9A).
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Figure 2.4. Septa with abnormal roughness, deviations from circularity and inhomogeneous
growth rates in cells treated with LatA or with mutations of contractile ring proteins.

n.s. denotes that there were no statistically significant differences within the indicated group (p > 0.05).
(A) Confocal fluorescence micrographs of division planes during constriction in a wild-type yeast cell
expressing RFP-Bgs4 and RIc1-GFP and treated with 200 uM Latrunculin A (LatA), a cdc12-112 cell
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expressing GFP-Bgs4 and Rlc1-Tomato at the restrictive temperature, a 41xnmtlcdcl5 cell expressing
GFP-Bgslp, Riclp-tdTomato and Sad1p-GFP, and a rng2A cell expressing mEGFP-Bgslp, Sadl-RFP
and complemented with Rng2pAIQ. Times in minutes after the first frame. Scale bars: 1 um. (B) Radial
distance profiles of the septum edges in the cdc12-112 cell of (A) at four times. (C) Comparison of mean
septum edge roughness for wild type cells (Fig. 2.2B), the cases in (A), and simulations with and without
tension. Roughness was calculated from constrictions of Figs. 2.2B, 2.3A, 2.9A. Error bars indicate * s.d.
(D) Comparison of septum edge roughness exponents for the same cases as (C), except for zero tension
simulations. Exponents from Figs. 2.2C, 2.9B,C. Error bars denote + 95% confidence intervals. (E)
Septum growth rate versus edge coordinate s for the wild-type, cdc12-112, 41xnmtlcdcl5 and Rng2pAIQ
cells of Figs. 2.1B and 2.4A. Growth rate is the mean value over an interval of 2 min (wild-type,
41xnmtlcdcl15) or 3 min (cdc12-112, Rng2pAlQ). Growth rates of cdc12-112, 41xnmtlcdcl5, and
Rng2pAlQ cells show large systematic spatial fluctuations, unlike the wild-type cell.

Cdc15 depletion: We grew 41xnmtlcdcl5 cells under conditions that reduce amounts of the F-
BAR protein Cdc15p to 15% of wild type levels. This reduces the initial rates of septum growth
owing to slow delivery of Bgs1 to the division site (Arasada and Pollard, 2014). Septa in
dividing 41xnmtlcdcl5 cells remained almost circular and closed properly (Fig. 2.4A) with a
roughness of 47 £ 15 nm, a roughness exponent of 0.45 + 0.05 and an aspect ratio of 1.11 +

0.06, similar to wild type cells (Figs. 2.4C,D, 2.9A).

The results of these experiments are consistent with the ring serving to control septum
roughness and shape. To model septation without a functional ring we used our simulations with
zero ring tension which produced a roughness similar to experiment (116 + 46 nm, Fig. 2.4C),
but with almost no dependence on length scale, as expected of independently operating septum

synthesis processes (Fig. 2.9D).

We also observed that the edges of the septa in all three mutant strains and LatA-treated cells
underwent large systematic variations in growth rates on a scale ~1-2 um around the septum
edge, about one quarter of the edge length (Fig. 2.4E). This behavior was manifested as high
amplitude anticorrelations in the velocity correlation function on a similar scale (Figs. 2.9E,F).

By contrast, in wild-type cells the velocity variations are lower and correlations are absent on
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scales = 0.5 um (Figs. 2.4E, 2.9E). We also note occasional edge segments of length <0.5 um

that exhibited almost uniform growth rate in cdc12-112, wild-type, and 41xnmtlcdc15 cells.

The extended spatial variations we observe could reflect an inhomogeneous distribution of
Bgs complexes related to the absence of or damage to the contractile ring, beyond the scope of
our model. Indeed, previous studies showed altered Bgs localization in 41xnmtlcdc15 and
Rng2pAIQ. In 41xnmtlcdcl5 cells the ring slid along the long axis of the cell until ~2000 Bgslp
molecules accumulated adjacent to the ring, and the amount of Bgslp at the ring at the onset of
constriction was ~30% lower than wild-type (Arasada and Pollard, 2014). Rng2pAIQ cells have
reduced amounts of the SIN kinase Sid2p at the division plane and altered Bgs1 distribution
(Tebbs and Pollard, 2013). In LatA-treated cells, the Bgs1 distribution is anisotropic and,
interestingly, spatial variations in growth rate correlate with Bgs and Rlc1p localization (Zhou et

al., 2015).

Discussion

Stochastic growth produces rough interfaces

Surface growth phenomena such as crystallization and corrosion abound in nature (Hermann et
al., 1995; Stegemann et al., 2004). Intrinsic molecular stochasticity can produce irregularities in
the growing interfaces, commonly described by the roughness, the rms height fluctuation
(Lapujoulade, 1994). Roughness is caused by spatial variations in growth rates that produce
height differences, and is typically moderated by lateral diffusion or other smoothing effects that
tend to equalize these heights. The net result is a roughness w(x) that depends on length scale x:
nearby points (small x) have similar heights due to diffusive smoothing, whereas more separated

locations are less affected by diffusion and height differences are greater. The classic Edwards
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Wilkinson (EW) and KPZ models of interfacial growth in the presence of diffusive smoothing
predict a power law dependence w(x)~x%* with a roughness exponent « = 0.5 (Edwards and

Wilkinson, 1982; Kardar et al., 1986).

Septum growth is spatially coordinated during septation in S. pombe

Stochastic growth also occurs in cells, as in septation during cytokinesis in fungi and bacteria
when cell wall synthases grow the division septum (Pollard and Wu, 2010; Balasubramanian et
al., 2012), in the assembly of microtubules or actin filaments in the cytoskeleton (Desai and
Mitchison, 1997; Vavylonis et al., 2005) or in polymerase-mediated DNA synthesis from
nucleotides (Geertsema et al., 2014). In such cases molecular randomness leads to shape or

length fluctuations in the assembled structures.

Here we studied septation in fission yeast mediated by glucan synthases that reside in the
plasma membrane. Growing septum edges were almost circular, with small scale-dependent
roughness (Fig. 2.2C). Were growth spatially uncoordinated, high roughness would be expected
down to the smallest scales, and would presumably lead to improper septum closure. Given that
septa close properly, and given the scale-dependent edge statistics, we concluded that septa are

grown by spatially coordinated processes.

The contractile ring regulates septum roughness and directs proper septum closure

What mechanism achieves this coordination? To equalize growth rates around the septum with
sufficient fidelity to maintain an almost perfectly circular septum edge would be demanding of a
mechanism based on long range biochemical communication between edge locations microns
apart. We proposed that septum growth rates are spatially coordinated by a robust, short-ranged

mechanism that prevents edge irregularity that would otherwise result (Fig. 2.5A), based on the
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hypothesis that the contractile ring is mechanically coupled to the septum synthesis process. The
molecular mechanism is unknown, but a conceptually simple possibility is a direct interaction
with the integral membrane Bgs complexes (Fig. 2.5B). Other possibilities include stretching of

the septum material to enhance synthesis rates locally.

A mathematical model showed that forces due to ring tension T then suppress roughness by
adjusting growth rates by an amount depending on the local septum curvature (Fig. 2.5C),
analogously to diffusive smoothing. The smoothing mechanism is quantified by a “diffusivity”
parameter D = vgeptT/y* (eg. 2.2). The predicted roughness exponent a~ 0.47 was close to the
EW model and experimental values (Fig. 2.2C). Simulated septa remained circular and closed
without defects (Fig. 2.2D, 2.8A), and the roughness saturated in time as seen experimentally
(Fig. 2.2F). These results support the hypothesis that the ring maintains circularity of the septum

and its defect-free closure by regulating mechanosensitive septum synthesizing apparatus.
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septum ring complex membrane

Figure 2.5. Model of septum shape regulation by cytokinetic ring tension.

UDP-glucose, glucose and B-glucan not to scale. (A) Were septum synthesis rates statistically
independent around the septum, intrinsic fluctuations in local growth rates would produce irregular
septum edges with high roughness. (B) Hypothetical mechanism for mechanosensitivity of septum
synthesis based on direct mechanical coupling between the contractile ring (at tension T) and B-glucan
synthase complexes in the plasma membrane. At flat locations septum is synthesized at the base rate
(Veept: left). Where curvature is high, the ring exerts force F on Bgs complexes, increasing the rates of
polymerization and septum synthesis (vgep > v_?ept, right). (C) In the presence of the tense ring, the
mechanism of (B) smoothes edges and maintains circularity. At a bump (negative curvature, right) an
outward force per unit length y, suppresses the rate of Bgs synthesis, while at a trough (positive
curvature, left) the inward force per unit length y; increases the rate of synthesis. The net effect is to
reverse such deviations and restore circularity.
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Mechanosensitivity of septum synthesis machinery enables shape regulation

We defined the mechanosensitivity as the rate of increase of septum synthesis rate per applied
force, relative to the intrinsic rate without force. From the best fit value of the diffusivity
parameter D = 180 nm?s~1, we found a mechanosensitivity u*~ 0.15 pN~! on a per Bgs
complex basis. If we assume the Bgs complexes are themselves directly affected (Fig. 2.5B),
this would imply a ~ 0.15 pN~1 sensitivity of the synthase, considerably higher than that of
another molecular polymerization machine, RNA polymerase 11 of S. cerevisiae, for which we
estimate u*~0.01 pN~1 at saturating NTP conditions (Larson et al., 2012). By contrast, the
estimated sensitivities of actin polymerization regulators formin Bnil(FH1FH2)p and
mDial(FH1FH2) are somewhat greater, u* ~ 1 pN~t and u* ~ 0.4 — 0.5 pN~1 respectively

(Courtemanche et al., 2013; Jégou et al., 2013).
The role of the cytokinetic contractile ring

Our study suggests that the fission yeast contractile ring tension controls septum shape but has
very little influence on the rate of constriction. A tension ~ 400 pN was measured in the
contractile ring in fission yeast protoplasts (Stachowiak et al., 2014), and the ring is commonly
thought to drive cell division and set the constriction rate. However, such tensions are unlikely to
directly mechanically affect the septum beyond negligible strains ~0.01%, given the cell wall
modulus ~30 MPa (Minc et al., 2009) and the ring width wy;,g ~ 0.1 um (Kanbe et al., 1989b).
Ring bending rigidity is expected to exert even weaker forces on the septum (Stachowiak et al.,
2014). Thus, inward growth of the rigid septum limits the rate of constriction. Moreover, septa

can complete constriction without a ring (Proctor et al., 2012), and in yeast protoplasts rings
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constricted at variable speeds depending on the local slope of the plasma membrane, suggesting

the constriction rate is not an intrinsic property of the ring (Stachowiak et al., 2014).

The possibility remains that the ring tension could indirectly affect constriction rates by
boosting the rate of septum synthesis. Our analysis suggests this is not so; the tension is
sufficient to curtail roughness but the constriction rate is set by the rate at which septum is
synthesized, little affected by ring tension (Figs. 2.2F, 2.3A,B). This originates in the incoherent

nature of growth fluctuations that tend to self-cancel: during constriction the net septum area

1
produced by fluctuations (AR Tconstrict)z ~ 0.06 pm? is much less than the total septum area
grown R3 ~ 7.5 um?, where R, is the initial radius. Thus fluctuations are relatively easily
influenced. We found that the value of ring tension in cells lies within a broad window where

roughness is affected but not the mean constriction rate (Figs. 2.3A, B).

If the ring tension has only a small effect on the rate of septation, why are constriction rates
lower in Rng2p mutants lacking 1Q motifs, in myo2-E1 cells and in cdc12-112 cells at the
restrictive temperature (Proctor et al., 2012; Tebbs and Pollard, 2013)? This may be because
mutations in ring components affect septation in many ways, independently of ring tension.
Indeed, Rng2p mutations resulted in fewer molecules of the Sid2p kinase (a septation initiation
network kinase) in rings (Sparks et al., 1999; Tebbs and Pollard, 2013), and altered the spatial

distribution of Bgsl in the cleavage furrow (Tebbs and Pollard, 2013).

The most direct evidence that the ring tension T does not accelerate septation comes from
measurements in wild-type fission yeast uncomplicated by systemic effects of mutations,
together with Laplace’s law which dictates that the ring exerts an inward force per unit length

T /R. If the mean septum growth rate were influenced by this force, constriction would accelerate
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dramatically as the ring radius R becomes small. On the contrary, experimental constriction rates
are almost constant (Pelham and Chang, 2002). Experiment and modeling suggest this is not
explained by decreasing ring tension as constriction proceeds, since myosin-I1 concentration in
the ring increases (Wu and Pollard, 2005) and the predicted tension increases accordingly
(Stachowiak et al., 2014). Thus, in the picture emerging from our study, once the ring and
septum synthesis apparatus are in place it is septum synthesis that sets the rate of constriction

while the ring coordinates growth spatially to ensure proper closure.

Materials and Methods

Yeast Strains and Media

Standard methods were used for genetic manipulation and media. Strains are listed in Table 2.2.
Wild-type, cdcl12-112, and LatA-treated cells were incubated in PDMS chambers in YE media
and imaged in the lab of Fred Chang (Columbia University). cdc12-112 cells were imaged 5-10
minutes after imposition of 36 °C. Wild-type and LatA-treated cells were imaged at 25 °C.
Experiments using Latrunculin A used 200 uM Latrunculin concentration, obtained by adding
20mM LatA stock to yeast cells in DMSO. LatA was added to cells 2-5 mins prior to imaging.
41xnmtlcdcl5 and Rng2pAIQ cells were incubated in PDMS chambers at 25 °C in EMM5S
media and imaged in the lab of Thomas D. Pollard. Three Z slices 0.4 um apart were acquired to
cover the entire septum for wild-type, cdc12-112, and LatA. Six Z slices 1.8 um apart were used
for 41xnmtlcdcl5 and Rng2pAlQ cells. Images used for quantitative analysis were sum-intensity
projections of these slices. Some images used in this study were provided by Z. Zhou and F.

Chang, Columbia University. PDMS chambers used by them to orient cells vertically were
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Table 2.2. S. pombe strains used in this study.

Strain Genotype Source

FC2561 h* rlc1-GFP:kanMX bgs4::urad+ RFP-bgs4+leul+ leul-32 ura4-D18 his3-D1 | Chang lab

FC2796 h* rlc1-tomato:NatMX GFP-bgs4:leul bgs4::ura4 cdc12-112 ade6-M216 leul-32 Chang lab
ura4-D18

FC2809 h- cdc15-tomato dimer:NatMX GFP-bgs4:leul bgs4::urad+ leul-32 ura4-D18 Chang lab

ARG650 h kanMX6-P41xnmtl-cdc15 ricl-tdTomato-natMX6 sadl-GFP-kanMX6 Pollard lab
bgsiA::urad” Ppga™::GFP-bgsl*:leul™ leul-32 ura4-D18 his3-D1 ade6-M21X

IRT 167 leul-32, ura4-D18, ade6-M21X, rng24::natMX6, Prng2-rng241Q leul* , kanMX6- | Pollard lab
Pbgsl-mEGFP-bgsl, sad1-RFP-hphMX6

developed by J. He, L. Munteanu, Z. Zhou, M. Bathe and F. Chang. The development and use of
these chambers are described elsewhere (Zhou et al., 2015). Imaging of 41xnmtlcdc15 and
Rng2pAIQ was performed using PDMS chambers created at Yale School of Engineering and
Applied Sciences, using soft lithography techniques described in Wang and Tran, 2014.
Procedures for growing and preparing 41xnmtlcdcl5 and Rng2pAIQ cells for imaging are
identical to those used in Tebbs and Pollard, 2013 and Arasada and Pollard, 2014, except cells

were imaged in PDMS chambers.
Microscopy and Image Analysis

Wild-type, cdc12-112, LatA: Images were acquired using a spinning-disc confocal (CSU10;
Yokagawa) on an inverted microscope (Nikon Eclipse Ti) with a EM-CCD camera (Hamamatsu)
and 100X 1.4 NA objective with a 1.5 x magnifier. The resulting images have pixel size 65.3 nm
and were acquired at 5 s, 30 s, 1 min and 2 min intervals. Temperature was controlled using an
objective heater (Bioptechs). Image acquisition was performed using Micromanager 1.4
(Edelstein et al., 2010). 41xnmtlcdcl5, Rng2pAlQ: Microscope setup details as in Tebbs and
Pollard, 2013.
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The MATLAB implementation of the Canny edge detection method was applied separately
to every frame of every experimental movie, with low and high thresholds of edge detection
equal to 0.1 and 0.6, and a standard deviation of o = 2.5 pixels for the Gaussian smoothing
procedure which is the first step of the Canny method (Canny, 1986). These parameters were
chosen to maximize the number of successfully detected septum edges. A continuous closed
boundary at the inner edge of the fluorescently-tagged Bgs4 signal is considered as a

successfully detected septum edge.

We obtained best-fit circles and ellipses to septum edges using methods described in Umbach
and Jones, 2003, to calculate mean radius and aspect ratio. To determine initial septum radius R,
we used circles fit to hand drawn septum edges as edge detection failed at onset of septation. All
other frames where edges could not be successfully detected were excluded from further

analysis.

Calculation of septum edge roughness

The irregularity of an interface can be quantified by its roughness, the rms fluctuation in the
height of the interface measured perpendicular to a reference shape. This measure is widely used
in materials science (Lapujoulade, 1994). We measured the “height” of the septum as the
deviation from circularity, by using best-fit circles to each septum edge as the reference shape.
The “height” h(s) = r(s) — R, where R is the radius of the best-fit circle and r(s) is the radial
coordinate of the septum edge at coordinate s, where 0 < s < 2mR. Here, the coordinate s is the
distance around the best-fit circle. A discrete set of s values were used, corresponding to

individual pixels.

For a given septum edge, roughness over the length scale x, w(x), is defined as
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w(x) = < (6h)? >X/? = ((% f So+x(r(s) - R)st>2) (2.3)

S=Sp

where angular brackets denote averaging over all portions of the septum edge of length x, i.e.

averaging over s, values in the range 0 < s, < 2mR. The total septum roughness wgep is given

by w(x) evaluated at x = 27mR.

To calculate the roughness w(x) averaged over many septum edges, we calculated w(x) of
each edge over all length scales x < x,, and then grouped length scales into intervals of 80 nm.
The roughness measurements were then averaged in each interval. The s.d. of length scales in

each interval was too small (~10 nm) to be indicated on the Figure.
Estimation of roughness exponent

Power-law fits to roughness were performed using the Curve Fitting Toolbox of MATLAB. The
upper limit for the range of scales for the fit was the last increasing data point of w(x). The
lower limit of scale for experimental septum edges was the first scale at which roughness was
statistically different from zero. The lower limit for simulated septum edges was chosen to be

sufficiently larger than the pixel size and the Bgs correlation length a (see Table 2.1).
Derivation of mathematical model of Bgs-mediated septum growth in S. Pombe (eq. 2.2)

Our model of septum growth proposes that the centripetal force exerted by the contractile ring,
which is proportional to local curvature, is communicated to the septum synthesizing apparatus
and modifies the local septum growth rate (Fig. 2.5B). The growth rate of septum at location s
on the leading septum edge is given by eq. 2.1. The force exerted by the ring of tension T per

unit length y (s, t) is proportional to the local curvature K (s, t) of the leading septum edge,
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v(s,t) = TK(s,t). Assuming the rate of change of the slope of h is much larger than h itself
(h < R%? 3%2h/ds?), the curvature can be expanded to leading order in h and its derivatives as
K(s,t) = 1/R — 9%h/0s?. From these equations, we obtain the spatiotemporal evolution for the

ingressing septum edge:

_E - at dat = Usept +— = D o= + Nauc(s, ). (2.4)

or _ (0R(t) = Oh(s,t) o D 0%r
R ds?

This gives the basic model equations, eq. 2.2.

The dynamics for the deviation from circularity h of eq. 2.2 are similar to the well studied
Edwards-Wilkinson (EW) equation (Edwards and Wilkinson, 1982). The scale-dependent
roughness, w(x), of interfaces which obey EW dynamics varies with the scale of observation
according to a power-law with a roughness exponent a = 0.5 (w~x°>), for scales smaller than
the system size (Nattermann and Tang, 1992), and for times much larger than a characteristic
time scale T defined by the observation scale, x, namely T ~ x2/D (Nattermann and Tang, 1992).
This power law growth of roughness is observed up to a characteristic scale x,¢, which initially
grows with time as xg,,~VDt, until it reaches a value that scales with the size of the system

(Nattermann and Tang, 1992).
Simulation of mathematical model of Bgs-mediated septum growth

Using model parameters and the previously measured value of ring tension as input, we
developed a stochastic simulation to study septum growth in cells with and without intact rings.
We represented the septum edge as a one-dimensional boundary with N evenly spaced points,
parameterized by their coordinate (;(t), 6;). These points move inwards in the radial direction as

the septum grows inwards. All simulated edges start out as perfect circles with radius R,
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centered at the origin of the coordinate system, unless otherwise mentioned in the text. These N
points are initially uniformly spaced with separation Ax, = (2nR,)/N = 40 nm. The distance
between the points decreases as the simulation proceeds. The end of one simulated constriction is
defined to be the moment at which a section of the septum leading edge first lies within 20 nm of

the origin of the coordinate system, i.e. min(r;(t)) = 20 nm.

The contour of the actomyosin ring in the division plane closely follows the contour of the
septum edge. The discretized version of eq. 2.4 was used for the evolution of the ingressing

septum edge, where the local linearized curvature K; = (114, (t) + ri_,(t) — 2r;(£))/Ax2.

We used a time step of At = 10 ms for the simulation, and the following statistics for the

fluctuation in local growth rate

o It —t'|
<ni(t)ny(t) >= Efii’g 7 (2.5)
where
<1 i — i'|> i— <M
— , i—il<
fiir = M (2.6)
0, li—i'| >M
where M = a/Ax, and
1, x <1
9 = {0 > 1 (2.7)

Here n; is the growth fluctuation ngy.(s, t) in eq. 2.4, evaluated at the i™" point around the
septum edge. The parameters a and t are a small length and time scale over which septum
growth is correlated, and are related to A according to A = vZat. The form of the correlation

function given in eq. 2.5 reduces to < Nauc(s, t) Nauc(s’, t') >=A16(s —s")6(t — t") in the
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continuous limit of vanishing grid size, for |s — s'| > a and |t — t'| > 7. Simulation parameters

are provided in Table 2.1.

Output time intervals between edges range from 10 s to 130 s. Roughness was extracted from
these edges using the same procedure as that used for experimental septum edges. All
computational simulations were performed using MATLAB. Scripts can be made available upon

request.

Statistical analysis

All guantitative results presented as mean + s.d. or + 95% confidence interval as indicated.

Statistical significance was determined using Student’s two-tailed t test for comparison between
two independent groups. The 95% confidence intervals for exponents were calculated using the
Curve Fitting Toolbox of MATLAB; the confidence intervals for the model parameters D and A

were obtained using chi-squared differences between simulation and experiment (Fig. 2.7C,D).
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Figure 2.6. Fitting procedures used to obtain best-fit parameters.

(A) Roughness of the entire edge, wq., versus time for the two constricting septa of two typical cells.
The roughness decreases throughout constriction for one septum (red symbols), and for the other
roughness increases, peaks and then decays (green symbols). Inset: Ratio of septum roughness wye, to
septum radius R versus time. Roughness is a small fraction of mean septum radius R. We synchronized
the evolution of different septa versus time by assuming all septa started at the same mean radius R, at
the onset of constriction. R, was calculated as the average of the initial septum radii of two cells where
imaging began before the onset of constriction, as ascertained by an unchanging septum edge for the
first few frames. Using this algorithm, we assigned the time to the first frame of each constriction to be
equal to the time taken for the decrease in the septum hole radius to the value in the frame from R, at the
rate of constriction of the cell. (B) Roughness saturation scale, x.,., versus time for the two constrictions
of Fig. 2.6A (green and red symbols respectively). (C) Mean septum radius versus scaled time for
simulated and experimental constrictions of Fig. 2.2B. Time scaled with constriction time for each
constriction. Scaled time bin width was 0.1. The intrinsic septum growth rate was obtained by fitting the
mean initial slopes of simulated constriction curves to experiment. Mean constriction rates were 0.086 +
0.003 pum/min (simulated) and 0.080 + 0.010 um/min (experiment). All values, including plotted points, are
mean = s.d. (D) Roughness saturation scale, x,;, versus time for two typical simulated constrictions (red
and blue symbols, respectively). x,,. decreases with time following a transient increase. Parameter values
as in Table 2.1. (E) Chi-squared difference, x?2, between saturation lengths, x.,. (defined as for Fig. 2.2A),
measured from experimental and simulated septa plotted versus diffusivity parameter D. x,, calculated
from each septum edge was averaged across all constrictions and all times in intervals of 1 minute, from t
= 6 min to 20 min for both simulation and experiment. Variance in x,,, due to measurement error in
experiment was taken as the error in the y? calculation (experiment: n = 21 constrictions, 326 edges;
simulation (for each plotted value of D): n = 15 constrictions, 220 edges). Red line indicates upper bound
of x2 beyond which simulated w(x) differs from experiment in a statistically significant manner (p < 0.05).
The best-fit estimate and the associated error of D were obtained using the mean and the width of the
95% confidence interval respectively. (F) Chi-squared difference, y?, between experimental and
simulated mean roughness w(x) versus the growth fluctuation strength A. For each x, the mean is over all
constrictions for which x < x,; and over all times in each constriction. y? was calculated in the interval
400 nm < x < 1.12 um. Variance in w(x) due to measurement error in experiment was taken as the error
in the y2 calculation (experiment: n = 326 edges, 21 cells; simulation (for each plotted value of 1): n = 428
edges, 30 cells). Red line indicates upper bound of y? beyond which simulated w(x) differs from
experiment in a statistically significant manner (p < 0.05). The best-fit estimate and the associated error of
A were obtained using the mean and the width of the 95% confidence interval respectively. (G)
Roughness of the septum edge, wqep:, Versus time for two typical simulated constrictions (red and blue
symbols, respectively). wqep initially increases, peaks and then decreases with time.
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Figure 2.7. Edge detection method applied to artificially generated test edges.

(A) Enlarged section of septum edge of image in right panel of Fig. 2.1B. Yellow: detected edge. Black:
best-fit circle to edge. Red: RFP-Bgs4 fluorescence intensity. (B) Typical artificial edge generated as test
data for the edge detection method used in this study. Height h versus edge coordinate s for an edge of
roughness 45 nm generated by numerical solution of the 1D Edwards-Wilkinson model in steady state.
The initial edge is a straight line. Parameters as in Table 2.3, except 1 = 3.2 x 10* nm3/s. (C) Log-log plot
of roughness w versus scale x averaged over n = 100 edges of the type shown in (B). Best fit power law
for 20 nm < x < 1.2 pm has exponent 0.50 = 0.01 (95% confidence interval). (D) The rough edge of (B)
was placed on a circle of mean radius Ry=1 pm using the radial transformation r(6) = R, + h(s), where

6 = x/R,. (E) Grayscale pixelated image generated from edge of (D) using pixel size 65 nm (pixel
intensity is proportional to length of septum edge passing through the pixel). Yellow: Result of edge
detection method, identical to that used for real experimental images. (F) Simulated confocal image of (E)
after convolution with a 2D Gaussian of spread 200 nm, mimicking point spread function (psf). This
operation completes the mimicking of the experimental imaging method used in this study, which involved
both pixelation and the effect of the confocal psf. Yellow: Result of edge detection. (G) Roughness
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exponents of edges from pixelated images (red) and from simulated confocal images (green) versus
roughness of the test data used to generate the artificial images. Blue: true roughness exponent of test
data. Mean values + s.d. Each point represents an average over n = 100 edges. Simulation parameters
as in Table 2.3. Vertical dashed line: experimentally measured roughness. (H) Roughness of edges from
pixelated images (red) and from simulated confocal images (green) versus roughness of the test data
used to generate the artificial images.

Mean values + s.d. Each point represents an average over the same n = 100 edges as in (G). Vertical
dashed line: experimentally measured roughness. Solid black line: Hypothetical roughness of detected
edges for a perfect detection method. For large values of the actual roughness of the test data edge, the
detected roughness ~ 80% of the true roughness (dashed black line). (I) Roughness w versus length
scale x for a pixelated image of a perfect circle and for the real experimental edge of (A). All scale bars
are 1 ym.
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Figure 2.8. Ring tension maintains circularity of septum edges.

Model parameters are as shown in Table 2.1. (A) Aspect ratios of septum holes versus time for
experimental and simulated septum edges of Fig. 2.2B (plotted points are mean + s.d.). Dashed line:
mean simulated septum constriction time, 18.0 min. Bin width 1.5 min. (B) Spontaneous high curvature
shape fluctuations in simulated edges are corrected by tension-driven growth control. Portions of edges at
four times during one simulated constriction are shown. A high negative curvature fluctuation (trough) at 2
min is relaxed 2 minutes later. (C) Evolution of a simulated septum edge with an artificially introduced
~300 nm bump and trough in the initial septum shape, each 500 nm wide. The septum hole recovers
circularity after ~9 min. (D) Radial distance profiles for the septum edges of (C). (E) Septum roughness
versus time for the simulated constrictions of Figs. 2.2D (T = 390 pN) and 2.8C. The decrease in
roughness during the first ~8 mins of (C) is associated with the eradication of the initial bump and trough.
(F) The aspect ratio of the septum edge for the simulated constriction of (C) is maintained close to unity
for all time (1.18 + 0.04, mean * s.d., n = 14 septum edges), and close to the value for the simulated
constriction at physiological ring tension of Fig. 2.2D (1.08 + 0.04, n = 17). This shows that ring tension
not only maintains global edge circularity, but also corrects local shape defects. (G) Septum edge
roughness and aspect ratio versus time for the simulated constrictions of Fig. 2.2D with the previously
reported ring tension of 390 pN (Stachowiak et al., 2014), and without tension. Without tension roughness
and the deviation from circularity always increase in time; with tension, roughness is stabilized and then
decreases and circularity is maintained.
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Figure 2.9. Septa of cells with disassembled rings or mutations in contractile ring components
have increased roughness and growth rate inhomogeneities.

(A) Mean aspect ratio of septa in LatA-treated cells (n = 21 edges, 7 cells), cdc12-112 cells (n =19
edges, 5 cells), simulations with zero tension (constrictions of Fig. 2.3A), 41xnmtlcdcl5 cells (n = 15
edges, 4 cells), Rng2pAlQ cells (n = 32 edges, 3 cells), in simulations with physiological tension
(constrictions of Fig. 2.2B) and in wild type (Fig. 2.1F). n.s. denotes that there were no statistically
significant differences within the indicated group (p > 0.05). Error bars are * s.d. (B) Mean roughness of
septum edges versus length scale X, averaged over all constrictions and all times for LatA-treated cells
and cdc12-112 cells of (A) including only scales x < xg,.. Best fit power laws for 160 nm <x< 1.36 pm
(cdc12-112) and 160 nm <x< 1.36 um (LatA) have exponents 0.88 + 0.07 and 1.02 + 0.10, respectively
(95% confidence intervals). Inset: Log-log plots of same data. Red and black lines are the same best-fit
power laws. Error bars indicate + s.e.m. (C) Mean roughness of septum edges versus length scale x,
averaged over all constrictions and all times for 41xnmtlcdc15 cells and Rng2pAlQ cells of (A) including
only scales x < x,.. Best fit power laws for 210 nm <x< 1.05 ym (41xnmtlcdc15) and 210 nm <x< 1.05
pm (Rng2pAlQ) have exponents 0.45 £ 0.05 and 0.45 £ 0.03, respectively (95% confidence intervals).
Inset: Log-log plots of same data. Blue and green lines are the same best-fit power laws. Error bars
indicate * s.d. (D) Mean roughness w of septum edges versus length scale x for simulated constrictions
of Fig. 2.3A with zero ring tension. For each x, the mean is over all constrictions for which x < x,, and
over all times. Error bars denote + s.d. (E) Growth rate correlation function for the cells of Figs. 2.1B, 2.4A
versus length scale x, calculated from the growth rate curves of Fig. 2.4E. The correlation function is the
normalized product of growth rate deviations from the mean for two locations separated by distance x,
averaged over all such locations. For cells with compromised rings, large amplitude anticorrelations over
scales ~ 1-2 um are evident; these are absent in untreated wild-type cells. (F) Septum edges at the
indicated times for the LatA-treated cell of Fig. 2.4A. Correlations in septum growth are evident over ~1
pum length scales (indicated by black arrows). Intrinsic noisiness in the edge detection method leads to
negative growth in regions with little or no septum growth (green arrows).

Table 2.3. Parameters used to generate test data.

Symbol | Meaning Value
D Effective diffusivity 220 nm?/s
A Growth fluctuation strength 0 — 3 x10°nmd/s
Ax Grid spacing used in simulation 10 nm
At Time step used in simulation 50 ms
L Length of 1D substrate 6.3 um
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Chapter 3: A node organization in the actomyosin contractile ring

generates tension and aids stability

Introduction

During cytokinesis, the tensile actomyosin ring provides force that drives or guides division of
the cell into two (Schroeder, 1972; Fujiwara and Pollard, 1976; Mabuchi and Okuno, 1977).
Tension production is thought to be the primary role of the ring, and is thought to arise from
forces exerted on actin filaments by non-muscle type-11 myosin in the ring (Schroeder, 1975).

However the mechanism of tension production has not been settled.

A natural candidate for the tension production mechanism is a sliding filament mechanism
similar to that in striated muscle, based on the sarcomere repeat unit (Schroeder, 1975). However
for fission yeast, the subject of the present study, little evidence supports a sarcomeric-like
organization in the cytokinetic ring (Kanbe et al., 1989a; Bezanilla and Pollard, 2000; Kamasaki

et al., 2007; Laplante et al., 2015; Courtemanche et al., 2016).

In the case of the fission yeast Schizosaccharomyces pombe, there is a real prospect of
establishing realistic, detailed models of the cytokinetic ring, because many participating
molecules have been identified (for a review, see Pollard and Wu, 2010b) and their numbers
measured during ring assembly, the maturation phase, and the actual constriction of the ring (Wu
and Pollard, 2005; Courtemanche et al., 2016). Ring tensions of ~ 400 pN were also recently
measured in fission yeast protoplasts, and a molecularly detailed simulation constrained by the
considerable body of experimental data about the fission yeast ring was able to reproduce the

measured values of tension (Stachowiak et al., 2014).
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Despite the abundance of information about the S. pombe ring, little was known about the
organization of components in the matured, constricting ring. The organization of a number of
key proteins is clearer during the process of ring assembly. The type-11 myosin Myo2 and the
actin nucleator formin Cdc12, among other proteins, are organized into plasma membrane-
anchored protein complexes called nodes that assemble into a tight contractile ring from a broad

band at the cell’s equator (Wu et al., 2006; Vavylonis et al., 2008).

Important new information about the detailed organization in the constricting S. pombe ring was
recently provided by a study using super-resolution fluorescence photoactivation localization
microscopy (FPALM) (Laplante et al., 2016). It was found that a membrane-anchored node-like
organization of formin, myosin-I1 and other proteins persists beyond assembly into the
constricting ring, and the stoichiometric ratios of molecules in the nodes were measured. Since
formin caps actin filament barbed ends, this suggests an organization in which actin filament

barbed ends and myosin-I1 colocalize and are anchored to the plasma membrane.

Here we develop a coarse-grained mathematical model of the constricting fission yeast
cytokinetic ring which incorporates this recently established organizational information. In the
model, formin and myosin-I1I are anchored to the membrane in nodes as seen experimentally, and
the stoichiometry of components in the ring is fixed by experiment (Wu and Pollard, 2005;
Laplante et al., 2016). The model explains the origin of the observed bidirectional motion of
nodes in the constricting ring, explains how tension arises from a disordered organization and
generates values of ring tension close to experimentally measured values for realistic values of
the force per myosin head. We find that the actomyosin contractile ring has an intrinsic
contractile instability that is controlled by turnover and by anchoring of components to the

membrane. The anchoring resists lateral sliding and thereby retards the instability growth rate.
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Results

Mathematical model of the S. pombe cytokinetic ring: background

Our aim is to construct and analyze a coarse-grained mathematical model able to explore some
essential consequences of the recently discovered ultrastructure of the fission yeast ring
(Laplante et al., 2016). In that study, FPALM super-resolution microscopy revealed that in the
constricting ring the non-muscle myosin-I11 Myo2 and the actin nucleator and polymerizer formin
Cdc12 colocalize in membrane-anchored nodes, together with the IQGAP Rng2 and the F-BAR
protein Cdc15. The authors argued that there are 8 Myo2 dimers per node, unchanged from the
number of Myo2 dimers in assembly nodes, the precursor nodes from which the ring is
assembled. Previously, quantitative fluorescence microscopy had measured a mean of 1500
Myo2 dimers and 180 Cdc12 dimers in the ring at the onset of constriction (Wu and Pollard,
2005; Courtemanche et al., 2016). This suggests that, at the onset of constriction, the cytokinetic
ring contains ~190 “constriction” nodes, each containing 8 Myo2 dimers and a mean of
approximately 1 formin Cdc12 dimer. Since Cdc12 dimers processively cap actin filament
barbed ends while elongating the filament (Kovar et al., 2006), each node would contain a mean

of one actin filament anchored at its barbed end.

Thus motivated, in our simplified model the ring at the onset of constriction contains 190 nodes
anchored to the plasma membrane, each node containing one formin dimer from which emanates
one actin filament (Fig. 3.1A). Thus, actin filament barbed ends and Myo2 dimers are anchored
to the membrane. For simplicity we neglect fluctuations in the number of formins (and hence
actin filaments) per node. Further, we assume that all actin filaments are barbed-end-capped by

formin Cdc12, so there are 190 actin filaments in the ring.
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Figure 3.1. Mathematical model of the constricting fission yeast cytokinetic ring.

(A) Schematic of our coarse-grained, one dimensional mathematical model of the constricting cytokinetic
ring (not to scale). The ring contains membrane anchored cytokinetic nodes (inset), protein assemblies
where 8 Myo2 dimers and a formin Cdc12 dimer are attached to each other and to the node anchor that
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can slide along the membrane. Each node contains one actin filament of length [ which is attached to the
formin Cdc12 dimer at its barbed end. Nodes are referred to as clockwise (+) or counterclockwise (—)
depending on the polarity of the attached filament, shown as red and blue, respectively. The ring is
attached to the plasma membrane at the leading edge of the septum. The model describes the ring using
one-dimensional continuous density fields. (B) Forces and turnover rules in the model. Myosins of a given
node bind and pull every actin filament that passes through the node with a pulling force f,,,4. Per
filament. Actin filaments experience force f,.qe Per node from every node that falls along their lengths
(left). As nodes slide laterally along the membrane with velocity v,, they experience drag forces fg.,, per
node from membrane with a node anchor drag coefficient y,,. (center). Nodes bind and unbind the
membrane on a time scale t,,,, (right). We assume that nodes turnover with their attached actin
filaments.

Another critical characteristic is the amount of actin in the fission yeast ring. A recent study
counted 190,000 actin subunits at constriction onset, using the fluorescently tagged actin binding
protein mEGFP-LifeAct (Courtemanche et al., 2016). This translates to a mean actin length of
2.7 um per node, given an F-actin axial rise of 2.7 nm per subunit (Carlier, 1991). For simplicity,
our model assumes all actin filaments have the same length, the mean value of [ = 2.7 um. As
the ring thickness and width of ~125 nm (Laplante et al., 2016) are much less than the actin
filament length, to a very good approximation a node-attached filament lies parallel to the ring

and can point in either a clockwise or counter-clockwise direction along the ring (Fig. 3.1A).

Turnover times of key proteins in the fission yeast ring have been reported, including Cdc12 (43
s), Myo2 (18.6 s), and myosin-II regulatory light chain Rlcl (41 s) (Clifford et al., 2008;
Yonetani et al., 2008; Sladewski et al., 2009). The precise nature of turnover in the ring is
unknown, but we assume whole-node turnover in a representative time ., = 18.6 s matching
the reported Myo2 turnover time. Thus, actin turns over as whole filaments only. For simplicity
our model neglects other turnover pathways, namely formin-mediated polymerization and

cofilin-mediated depolymerization (Kovar et al., 2006; Michelot et al., 2007).

Turnover is represented by stochastic association and disassociation of nodes to and from the

ring, with mean dissociation time .., = 18.6 s and a mean association rate that produces a
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mean of 190 nodes in the ring. We assume that formin-mediated nucleation of actin filaments is
also directionally stochastic similarly to nodes during ring assembly (Vavylonis et al., 2008), so
that a newly arriving node produces a filament that randomly points in either the clockwise or
counterclockwise direction. We refer to nodes as clockwise or counterclockwise, depending on
the polarity of the attached filament. On average, there are equal numbers of each type of node

but the numbers of each fluctuate in time.

The actomyosin ring consists of the bundled actin filaments and Myo2 associated with the 190
nodes (Fig. 3.1A), anchored to the membrane by the node-membrane anchors. Thus, an actin
filament of length [ belonging to a given node passes near the Myo2 dimers of all nodes within a
distance [ along the ring. These Myo2 molecules bind and exert pulling force on the filament and
hence the node, resisted by the drag of the node anchor in the membrane. The anchor drag
coefficient is y,,c (Fig. 3.1B). These forces will pull nodes clockwise or counterclockwise,
depending on the node type. Consistent with this, FPALM measured clockwise and
counterclockwise motions of myosin in the ring, with a mean speed 22 nm s (Laplante et al.,
2016). This supports our inference that on average there is one formin dimer and one actin

filament per node, and that there are two classes of node.

Derivation of model equations

The above somewhat simplified representation of the fission yeast cytokinetic ring, severely
constrained by experimental data, consists of 190 clockwise or counterclockwise nodes anchored
to the plasma membrane. We developed a coarse-grained continuous mathematical description of

this system. Our principle goals are to establish the mechanism of tension generation in the ring,
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to compare predictions of our model with experimentally measured values of tension
(Stachowiak et al., 2014), to explore how the ring maintains structural stability and to understand

the functional significance of the two types of node motion, clockwise and counterclockwise.

We use a coarse-grained, continuous representation of the nodes. The density and velocity of
clockwise nodes at time t and location x along the ring are denoted p, (x, t) and v, (x, t),
respectively. For counterclockwise nodes the same quantities are p_(x, t) and v_(x, t). The total
length of the fission yeast ring at constriction onset is 11.8 pm, so that 0 < x < 11.8 um (Fig.
3.1). Throughout, x represents the clockwise distance around the ring. Thus a positive (negative)

velocity or force acts in the clockwise (counterclockwise) direction.

Consider first a typical clockwise node. The forces acting on a given node are: (i) the reaction

force F°%! to the total force exerted by the myosins of that node that bind and pull actin

filaments passing through it (note that the statistics of F°%! are the same for clockwise and

node

counterclockwise nodes); (ii) the total force Ffti‘ﬁff“ exerted by myosins of other nodes on the

filament attached to that node; and (iii) the drag force exerted by the membrane that resists the
lateral sliding of the node anchor, characterized by anchor drag coefficient y,,. (Fig. 3.1B). The

force balance reads

__ ptotal total
YancV+ = hode +'FhL+ ' (3-1)

Many actin filaments of both polarities pass through this node. The net myosin force exerted by

that node on these filaments Ft!

Lode 1S proportional to the difference between the number of

clockwise n, and counter-clockwise n_ filaments in the cross-section of the ring at the location

of the node (Fig. 3.1B)
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l
Frggtlael = fnode(n— - n+); n, = f;c_lp+dy' n_.= f;ﬁ- p_dy. (32)

Here, f,oqe IS the time-averaged force exerted by the myosins of one node on one filament
passing through it. Note that since each node carries one actin filament of length [, n, (n_)
equals the number of nodes within a distance [ of the node in question, measured in the
clockwise (counterclockwise) direction. The force acting on the node-attached actin filament is

due to all nodes along its length (Fig. 3.1B),

x+1

F2 = 7 fae ) @Y, frns ) = faode(p+ 0,0 + p-(,1)). (3.3)

Here, ff) + () is the force per unit length experienced by a clockwise filament due to the pulling

forces by myosins at y.

The evolution of the density is determined by the node velocities and turnover processes:

a a /2~
L b (pivy) = L0 (34)

Tturn

Here p, = 16.1 um™tis the mean number density of nodes, so that p,/2 is the mean number of
clockwise nodes. The right hand side of eq. 3.4 describes association and dissociation that

maintains a mean density p, over the time 7, (Fig. 3.1B).

Eqns. 3.1-4 describe the dynamics of clockwise (+) nodes. Similar equations are obtained for the
counterclockwise (—) nodes, by replacing p, (x, t), v, (x, t) with p_(x,t), v_(x, t), and

replacing the filament length [ by —[ in eq. 3.3 (eqns. 3.18-3.21, Materials and Methods).
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The parameters y,,. and f,,4e are obtained as best-fit parameters by comparison of model
predictions with experiment (Table 3.1). We solved eqns. 3.1-3.4 and 3.18-3.21 numerically and

analytically with periodic boundary conditions.

Table 3.1. Parameters of the mathematical model of the S. pombe cytokinetic ring

Symbol | Meaning Value Legend

Po Steady-state total density of nodes at onset of 16.1 pm™ (A)
constriction

l Length of F-actin per node at the onset of 2.7 um (A)
constriction

fmyo | Force exerted by one Myo2 head 1.11 £ 0.43 pN (B)

fnode | FOrce exerted by one node on one filament that 0.41 £0.16 pN (B)

passes through it

Yanc | Membrane drag coefficient of the node anchor 810+ 370 pN s um™ (B)

Teurn | TUrNover time of nodes 18.6 s (©)

Lo Initial length of the ring 11.8 um (D)

frep Repulsive force between nodes 0.1 pN (E)

br.p, | Range of node repulsive force 0.1 um (E)

Vhyo | Load-free velocity of myosin Myo2 240 nm s (F)

- Ring tension 391 + 154 pN (G)

- Myosin-11 Myo2 node velocity 22 +10nms* (H)

Legend: Errors are standard deviations (SDs) for experimentally measured values and calculated

parameters.

(A) Calculated from the experiments of (Pelham and Chang, 2002; Wu and Pollard, 2005;
Courtemanche et al., 2016; Laplante et al., 2016).

(B) Obtained in this study. Associated error is due to uncertainty in prior experimental measurements
of node velocity and ring tension.

(C) Obtained from fluorescence recovery after photobleaching (FRAP) experiments on YFP-Myo2 in
constricting rings as measured in (Sladewski et al., 2009).

(D) Measured using fluorescence microscopy on GFP-Cdc4 (Pelham and Chang, 2002).

(E) Chosen such that the final mean cluster width after aggregation was ~150 nm (Materials and
Methods).

(F) Obtained from gliding filament assays of (Stark et al., 2010) as described in Appendix.

(G) Obtained from tension measurement experiments in (Stachowiak et al., 2014).

(H) Obtained from FPALM myosin Myo2 node velocity measurements in (Laplante et al., 2016).
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Expression for f.4e, the mean force exerted by a node on one actin filament

The net force exerted by a node on one filament passing through it, f,,04e, IS @ collective time-
averaged force due to the individual pulling forces exerted by the 16 myosin Myo2 heads of the

node. It is related to the instantaneous force f,y, that an individual myosin-I1 head exerts on an

actin filament that it binds, as follows.

Now the mean number of filaments of each polarity passing through a given node is given by

;=71 = 2. (3.5)

The total force exerted by the 16 myosin heads belonging to this node, equal to 16 fi,y,, is

divided equally among these filaments, so that

frode = 16fmyo/(m +n0). (3.6)

Thus, the force exerted by a node on a filament passing through it depends on the number of

myosin heads in the node, but also on the mean number of filaments passing through it.

The steady state ring consists of two contra-rotating families of nodes

By inspection of egns. 3.1-3.4, 3.18-3.21 it is simple to see that a steady state solution is the
homogeneous ring with equal numbers of clockwise and counterclockwise filaments and

constant total node density p,,

p.,.(x, t) = p—(x» t) = pO/2 (37)
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Substituting eq. 3.7 into eqgns. 3.2, 3.3, 3.19, and 3.20 gives

_ _ Po total _ total _ total _
ny =n_= 71' Fnode =0, Ffi1,+ - fnodepolv Ffil,— - _fnodepol- (3-8)

eq. 3.8 states that the steady state ring has net polarity zero; thus the total myosin force exerted

by a node F°%! is zero, as the myosins of that node pull on as many clockwise as
counterclockwise filaments passing through the node. The only unbalanced force on a node is the

force on its own actin filament Fftifﬁ_f‘l due to pulling by myosin in the p,l nodes that the filament

of length [ passes through. This force is balanced by the drag force on the node membrane

anchor. eq. 3.1 yields the velocities of each node family (Fig. 3.2),

v, (x,t) = —v_(x, t) = v = Lo nodel, (3.9)

Yanc

The two families move with speed v, in opposite directions, i.e. they contra-rotate. Comparing
this predicted speed with the experimental node speed of 22 + 10 nm s~! (Laplante et al., 2016)
and using the parameter values in Table 3.1, we obtain a membrane anchor drag coefficient

Yanc = 810 + 370 pN s um~! (mean + SD).

The model explains the observed bidirectional motions of nodes (Laplante et al., 2016). The
origin of the contra-rotation is that + nodes are pulled clockwise because their filaments point
clockwise and are pulled clockwise by myosins, while the — nodes are similarly pulled
counterclockwise. This is also consistent with other confocal microscopy measurements of

myosin-11 motions in S. pombe (Wollrab et al., 2016).
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Figure 3.2. Actin and myosin in nodes contra-rotate around the steady state cytokinetic ring.
Model parameters as in Table 3.1. (A) Schematic of node motions in the steady state ring. The motions of
the clockwise (red filament) and counterclockwise (blue filament) nodes are indicated by curved arrows of
respective colors. All nodes move at the same speed v, = 22 nm s™*. (B) Density profiles of each type of
nodes (left) and of the total density profile (right) at t = 0 and 20 s. Initial composition fluctuation had a
Gaussian profile with a relative amplitude 5% and a full width half maximum w of 1 ym (black arrows).
Over 20 s, perturbations travelled with a mean velocity 23 nm s~1. The amplitudes of both perturbations
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decreased by 63% over 20 s, approximately the turnover time 7., = 18.6 s. (C) Density wave velocities
versus perturbation full width at half-maximum w. Initial condition as in (B) but with a varying w. Velocities
are calculated by the displacement of the peak of perturbation between 10 s and 20 s. Vertical dashed
line: actin filament length 2.7 ym. Horizontal dashed lines: node velocity v, in the steady state
homogeneous ring. Magnitudes of cluster velocity of either type of cluster are approximately equal at
every width w.

Node composition fluctuations generate contra-propagating density waves of myosin-11 and

other node components

What are the experimentally measurable consequences of the contra-rotating node families?
Super-resolution microscopy can pick up individual node motions, but more commonly a
collective fluorescence intensity distribution around the ring is measured. This intensity
distribution represents the density of labelled molecules of one type, convoluted with a point

spread function due to optical resolution limits.

Among the most common fluorescence microscopy measurements in the cytokinetic ring is time-
lapse imaging of tagged heavy or light chain myosin-11 molecules. To see how the contra-
rotating node families would manifest themselves in such images, consider a local node
composition fluctuation producing a surfeit of + nodes (say) over - nodes. Such fluctuations are
inevitable, and will constantly occur in the stochastic ring. Let us follow the fate of a simple
Gaussian-shaped composition fluctuation of relative amplitude 5% and full width at half

maximum of w (Fig. 3.2B).

Numerically solving egns. 3.1-3.4, 3.18-3.21, for a range of widths, 0.2 um < w < 6 pm, we
obtained the time course of the total density profile (that would be measured in conventional
fluorescence microscopy), as well as the density profile of each type of node and the associated
velocities (Materials and Methods). The evolution of such a composition fluctuation of width

1 um is shown in Fig. 3.2B.
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The result of such composition fluctuations is that two waves are generated in the total density
field p(x, t), travelling in opposite directions and associated with each node type. One wave is a
translating surfeit pulse, and the other a translating deficit pulse (Fig. 3.2B). The wave speed
depends on the width of the perturbation w. Narrow initial fluctuations (w « [ = 2.7 um) move
at ~v, = 22 nm s~ whereas broader initial fluctuations generate waves that move more
slowly, with a velocity that decreases with w (Fig. 3.2, B and C). For example, a perturbation of
width 6 um generates waves moving at 10 nm s~1. The amplitude of the pulses decays over 20
s, approximately the turnover time t,, = 18.6 s (Fig. 3.2B). These findings suggest the
homogeneous ring is stable to small composition fluctuations, which we also demonstrated

analytically (see Appendix).

These results show that node composition fluctuations generate clockwise and counterclockwise
density waves moving in opposite directions. Thus, we predict that the experimental intensity
distribution of Myo2, which is associated with the nodes, exhibits intensity waves of this type, a

direct reflection of the two contra-rotating node families.

Tension is generated in the cytokinetic ring by myosin pulling on barbed-end anchored

actin filaments

In this section we calculate the steady state ring tension predicted by the model, and we compare
to experimental values measured in fission yeast protoplasts (Stachowiak et al., 2014). We start

form the tension profile along the length of a clockwise filament, T, + (v), given by
l
Tri+ ) = [, fra+ (2) dz. (3.10)
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Here, fr) + () is the force per unit length experienced by the clockwise filament (eq. 3.3) due to
myosins at location y along the filament. Using the fact that in steady state p, = p_ = py/2, €q.
3.3 yields ffi; + = frodePo- Using this expression in eq. 3.10 gives Tg) + = fnodePo (! — ¥),
showing that the tension is highest at the anchored barbed end and decreases linearly to zero at

the pointed end (Fig. 3.3A). Thus the mean tension along the filament length is

= 1
Tfi1,+ = Efnodep()l- (3-11)

Each of the many filaments in the ring cross-section has the same mean tension in a

homogeneous ring, so the net ring tension is Ty, = (M4 + 1) Tt 4, OF

1
Tring = ;fnodepglz = 8fmyopol- (3.12)

after using eqns. 3.6, 3.8. This is our final expression for the tension in terms of f,,,, the force

per Myo2 head.

Let us now compare this prediction with the measured ring tension in S. pombe protoplasts of
391 £ 154 pN (Stachowiak et al., 2014). Using the experimentally measured mean number of
actin filaments in the cross-section of the S. pombe ring, pol = 44 (see Table 3.1), eq. 3.12 then
yields f0qe = 0.4 + 0.2 pN, and a myosin-11 force per head of f,,;, =1.1+0.4 pN (mean +
SD).This value is similar to reported stall forces ~0.6 pN and ~0.8 pN per head for turkey
gizzard smooth muscle myosin-I1 and chicken pectoralis skeletal muscle myosin-I1, respectively
(Tyska et al., 1999). Using the above value for f,,q4e In €. 3.11 gives an average tension per

filament of 8.9 pN (Fig. 3.3A).
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Figure 3.3. The fission yeast ring generates tension by myosin pulling on barbed-end anchored
actin filaments.

Model parameters as in Table 3.1 unless otherwise specified. (A) Tension versus distance from the
barbed end along a filament. Tension is highest at the barbed end, and decreases linearly to zero at the
pointed end. (B) Tension of rings with and without membrane anchoring. (C) Schematic of node motions
in an unanchored ring, where the anchor drag coefficient yanc is zero. The motions of the clockwise (red
filament) and counterclockwise (blue filament) nodes are indicated by curved arrows of respective colors.
Nodes contra-rotate at the Myo2 load-free velocity vy, relative to each other. (D) Schematic of two types
of node-node interactions in the ring, intrafamily (left) and interfamily (right). Each type of interaction
contributes half of ring tension.

The mechanism of tension generation is that myosin-Il1 molecules bind and pull barbed-end
anchored actin filaments in nodes. The filament tension is highest at the barbed end and
decreases linearly to zero at the pointed end, and is balanced by the membrane drag of the
barbed-end node anchor; this lateral resistance from the anchor in the membrane is the essential
feature that enables the filament to build up tension. This mechanism is supported by the fact that
it leads to a myosin force per head that is very similar in magnitude to previously reported

values.

Membrane anchoring of actin and myosin doubles ring tension

We have seen that membrane anchoring underlies the tension generation mechanism, suggesting
that in the absence of anchoring tension would vanish. We show in this section that this is in fact
not true, because in the nodes organization actin barbed ends and myosin-II are internally
anchored even when removed from the membrane. However, we will see that the effect of

unanchoring is to halve the tension.

To perform the ‘thought experiment’ of unanchoring the ring, we will set the anchor drag
coefficient y,,. to zero. We will see below that this will cause much faster contra-rotation of the

two node families; thus we will need to incorporate a myosin force-velocity relationship into our
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calculations (thus far we assumed the force exerted by a Myo2 head is fixed at f,y, , @ good

approximation for the low velocities realized in the anchored ring).

To model the unanchored ring, we incorporate a linear force velocity relationship for the myosin-
Il Myo2 in our model, with a Myo2 load-free velocity of v&yo. We assume (i) the densities of
clockwise and counterclockwise nodes of the unanchored ring are uniform and equal, (ii) relative
contra-rotation velocity between the two node families is uniform and equal to v,..;, and (iii)
nodes of the same family move at a uniform velocity as in the anchored ring. We will self-
consistently demonstrate the validity of these assumptions. Modifying eqns. 3.2 and 3.3 to
include the myosin force-velocity relationship only for the interfamily actomyosin forces leads to

Fgg'(ciael = fnode (1 - M) n_-— fnoden+: ffil,+ = fnode (P+ + (1 - v”()r_el) p—)- (3-13)

0
Umyo myo

Using the homogeneous densities and number of filaments in the cross-section from eqgns. 3.7,

3.8 into eq. 3.13, we have

FISS = faoaopol (—32), fine = faosenol (1 - 32525 ), (314)

0
Ymyo Umyo

Using these force expressions in the force balance eq. 3.1 with the membrane node anchor drag

Yanc S€t to zero, we have

fnodePol (1 - vvor_el) = 0. (3.15)

myo

Thus, in the unanchored ring contra-rotating nodes exert zero force on one another, and move

relative to one another with the load-free velocity of myosin Myo2, v, = Ur?lyo =
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240 nm s~ 1(Stark et al., 2010 & Appendix). (We note also that if formin-mediated
polymerization of actin filaments is accounted for, at growth rate v, the relative velocity
becomes vy, — Vpo SUCh that the relative actin-myosin sliding velocity is maintained at vy,
and the force is still zero.) Using eq. 3.7 and a uniform node velocity in eq. 3.4, we see that a
homogeneous ring with uniform node velocities and a relative contra-rotation velocity of vr%yo
satisfies all the equations (Fig. 3.3C). Similar equations can be written for the counterclockwise
nodes (Materials and Methods, egns. 3.22 and 3.23). We now calculate the force per unit length

along a filament in an unanchored ring from eqg. 3.13

an e
feiL+ = fnodeP+ = %ﬂo. (3.16)

This force per unit length is half that which a filament feels in an anchored ring (eqg. 3.11). In the
unanchored ring, a given actin filament experiences force only from myosin from nodes whose
actin filaments have the same polarity as the given filament (eq. 3.15), in contrast to the
anchored ring where Myo2 in nodes of both polarities exert force on a given filament (eq. 3.11).
Thus, the actin of one node family does not feel forces from the myosins of the other node
family. Using a tension calculation procedure similar to that illustrated by eqgns. 3.11, 3.12, we

obtain T 4+ = fnodePol/4. Thus the tension in the ring, equal to Tyin, = (74 + 712) Ty 4, IS given

by
Tring = %fnodepglz- (3.17)

This is our final result for the unanchored ring. We see that an unanchored ring exerts only half

the tension of the anchored ring (eqns. 3.12, 3.17, Fig. 3.3, B and D). Put differently, by
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anchoring components to the membrane the tension is doubled, because additional tension can

then be generated by inter-node family myosin forces.

Turnover prevents myosin aggregation that would lead to loss of tension and ring fracture

Confocal micrographs show that the density of myosin-11 and other components in the ring
exhibit continuous intrinsic fluctuations. In this section we will use our model to show that such
fluctuations are a constant threat to the tension and structural integrity of the ring, due to the
intrinsic instability of contractile actomyosin structures. The instability arises because a
fluctuation that increases density locally will tend to amplify the contractility at that location,
further increasing the density and leading to a runaway instability. We will show that turnover

plays a vital role in preventing this catastrophic sequence of events.

Let us use our model without turnover (turnover terms deleted from egns. 3.4 and 3.21) to
compute the fate, without turnover protection, of an initial 5% localized density fluctuation with
full width at half maximum of 500 nm (Fig. 3.4A). We numerically solved egns. 3.1-3.4, 3.18-
3.21 and obtained the time course of node density profiles (Materials and Methods). For these
calculations we added to our model a small scale short-ranged node-node repulsion of magnitude

frep = 0.1 pN and range b, = 0.1 um (Materials and Methods). This measure was in order to

prevent a blow up of densities to infinity as aggregation progressed.

We found that the initial local density perturbation precipitated a disastrous aggregation of
myosin and actin into clusters with widths much smaller than the mean actin filament length [ =
2.7 um. The detailed sequence of events is shown in Fig. 3.4A. For smaller times, t < 10 s, the

perturbations grow in amplitude. Valleys appeared to the left and right of the peak, separated
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from the peak center by ~1 = 2.7 um, the mean actin filament length (Fig. 3.4A). During the

next ~ 200 s, the perturbation split into two distinct peaks, each associated with one node family,
and several smaller peaks and valleys appeared (Fig. 3.4A). From 200 — 600 s, peaks and valleys
grew in amplitude rapidly and merged, terminating in six clusters with a mean width of ~150 nm.

This final width is set by the short-ranged node repulsion force (Table 3.1).

The time for aggregation during the above process was 7,4, = 110 s, defined as the time when

the maximum density of nodes of one type increased to a value a factor e times the initial value

(Fig. 3.4B).

We also tracked the mean tension of the ring during this aggregation process (Materials and
Methods), and the number of actin filaments in the cross-section from eq. 3.2 (Fig. 3.4, C and D).
The mean tension dropped from 382 pN to only 6 pN after 600 s, with most of the decrease from
200 s — 400 s as peaks and valleys in density became more and more pronounced (Figs. 3.4, A
and C). The number of actin filaments in the cross-section remained approximately uniform up
to ~250 s, after which filaments rapidly aggregated. This led to ring fracture after 540 s, defined

as the time when at least one location along the ring had < 1 filament (Figs. 3.4, A and D).

We then repeated this numerical calculation with the same initial localized density perturbation,
but with turnover restored. The perturbation was completely smoothed within 70 s (Fig. 3.4E).

Thus, turnover prevented the aggregation and ring fracture that would have occurred after 7,5, =

110 s. It was essential that the turnover time 7., = 18.6 s was significantly smaller than the
aggregation time for this intervention to be successful. These results show that in the absence of

turnover the ring is inherently unstable to fluctuations in myosin density, which cause myosins to
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aggregate. Turnover intervenes and prevents such fluctuations from running their natural course,

as it tends to restore the homogeneous state of the ring.
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Figure 3.4 Turnover of actin and myosin in nodes prevents aggregation of nodes, loss of tension
and ring fracture.

Model parameters as in Table 3.1, except that node turnover is switched off, unless otherwise stated. (A)
Total node density versus ring coordinate at the indicated times. In the initial condition, a gaussian of full
width at half maximum 500 nm and amplitude 5% of the mean node density p, is superimposed on a
homogeneous ring of node density p,/2 for both families. (B) Time evolution of the amplitude of the
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highest peak of clockwise node density profile, in the ring of (A). Vertical dashed line: Aggregation time
scale 7,4, defined as the time at which the amplitude of the central clockwise peak increases to a value a

factor e times its initial value. (C) Mean tension of the ring in (A) versus time. The ring loses 90% of its
initial tension over ~500 s. (D) Total actin filaments in the ring cross-section versus ring coordinate and
time of the ring in (A). Horizontal dashed line: time of ring fracture, defined as the instant where there is
<1 filament at one location in the ring. (E) Total node density versus ring coordinate of a ring with
turnover, at 20 s and 70 s. Turnover prevents the aggregation of nodes in the initial condition, and the
initial perturbation visibly disappears by 70 s. Initial condition as in (A).

Membrane anchoring of actin and myosin stabilizes the ring

We uncovered the role of turnover in removing clumps of actin and myosin in the ring that occur
due to an intrinsic aggregation instability in the ring. Presumably, the compliance of the node
anchors also plays a role in such an aggregation as nodes that experience a very large drag would
be reluctant to aggregate. Here, we investigated how the aggregation time varies with the

membrane anchor drag coefficient.

In an earlier section we showed that anchoring of actin and myosin to the membrane double ring
tension. In this section we show that anchoring serves another function, to greatly enhance
stability. We will see that, were the components more weakly anchored, the intrinsic contract

instabilities described above would onset more rapidly.

To demonstrate this we varied the anchor drag coefficient to be greater or smaller than the value
Yanc=810 pN s um™ that we had previously obtained by comparison of predicted and
experimentally measured node velocities (Table 3.1). We used the same initial density
fluctuation as in the previous subsection and we numerically solved eqns. 3.1-3.4, 3.18-3.21 with
no turnover, using anchor drags of y,,. = 400 and 1200 pN s um~1. We computed the mean
ring tension (Materials and Methods) and the profile of actin filaments in the cross-section from
eg. 3.2 (Fig. 3.5, A-C). For both values of the drag, the mean tension decreased from 382 pN to 6

pN, the filaments aggregated and the ring fractured (Figs. 3.5, A-C). However, for lower anchor
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drag these events onset sooner; for example, ring fracture occurred after 230 s (680 s) for an

anchor drag of 400 (1200) pN s um™ (Fig. 3.5, A and B).

We measured the aggregation time 7,4, for different anchor drag values in the range 400 <

Yanc < 1200 pN s um™1. The aggregation time increased linearly with membrane drag (Fig.

3.5D).

These results show that weakening of the lateral anchoring of the nodes makes the ring more
unstable and prone to aggregation, suggesting that lateral membrane anchoring is essential to

stabilize the ring.
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Figure 3.5. Weakening the lateral anchor drag leads to faster node aggregation and ring fracture in
the absence of turnover.

Simulation parameters as in Table 3.1, except node turnover is switched off by deleting turnover terms in
egns. 3.4, 3.21, and the anchor drag coefficient yanc is varied as specified. (A, B) Profiles of actin filaments
in the cross-section versus time, in rings with anchor drag coefficient yanc = 400 pN s pm-! (A) and 1200

pN s um- (B). Horizontal dashed lines indicate time to ring fracture, defined as in Figure 3.4D. (C) Time-
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evolution of tension in rings of (A) (blue) and (B) (red). (D) Aggregation time versus node anchor drag
coefficient yanc. Red: least-squares best-fit straight line.

Discussion

Fission yeast is a model organism for realistic mathematical models of the cytokinetic ring

In fission yeast many contractile ring proteins have been identified and their amounts measured
throughout cytokinesis (Wu and Pollard, 2005; Courtemanche et al., 2016). In addition, two
recent developments have provided vital new information about the fission yeast cytokinetic ring
which opens the door to more realistic mathematical modeling. First, perhaps the most basic
property of the ring, its tension, was measured in S. pombe for the first time (Stachowiak et al.,
2014). The ring tension is the primary quantity for a mathematical model to generate and
compare with experiment, and the absence of ring tension measurements has been a serious
obstacle to modeling. Second, super-resolution FPALM revealed organizational features of the
ring not previously available from conventional microscopy, showing that in the constricting ring
myosin and formin are organized in node-like structures anchored to the plasma membrane

(Laplante et al., 2016).

Here we aimed to take advantage of this newly available information by building a realistic,
coarse-grained, minimal model of the fission yeast ring whose assumptions are consistent with
experimental measurements of actomyosin organization, membrane anchoring of ring
components, and the amounts of key components (Wu and Pollard, 2005; Vavylonis et al., 2008;
Courtemanche et al., 2016; Laplante et al., 2016). Our aim was to reveal the basic principles of
tension generation and stability. Our coarse-grained approach, representing components by

continuous density fields, has the advantage that it can illuminate basic mechanisms at play
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within the complex ring organization, which might be difficult to perceive in the context of a

highly detailed molecular simulation.
Node-like organization marshals actomyosin forces to generate ring tension

Cytokinetic ring tension is thought to result from non-muscle myosin-I1 binding to and exerting
force on actin filaments. A difficulty is that the ring has considerable disorder, but a random
actomyosin bundle exerts no tension, even when crosslinkers are present, because as much
compression as tension is produced in filaments. Our model shows that ring tension is generated
by myosin pulling on barbed-end anchored actin filaments. Anchoring barbed ends to the plasma
membrane is important because it limits motion both in the radial direction and in the lateral
direction. Thus, barbed-end anchoring both attaches the ring to the plasma membrane, and also
provides lateral resistance to myosin pulling so that filament tension can accumulate. Barbed end
anchoring is the most efficient for tension generation, as all myosins pulling a filament produce

tension.

We showed that this tension production mechanism is efficient enough to generate values of
tension consistent with the experimentally reported value of ~ 400 pN (Stachowiak et al., 2014),
(Fig. 3.3B), given the total amount of actin and myosin in the ring (Wu and Pollard, 2005;
Courtemanche et al., 2016). By fitting the predicted tension to experiment, we obtained a myosin

force per head for fission yeast Myo2, fiy,~1.1 pN. The force per head is actually somewhat

less than the stall force f5.., due to relative motions of the nodes and due to formin-mediated
growth of the actin filaments. Assuming a linear force-velocity relation for Myo2, we estimate

fmyo ~ 0.45f5can (see Appendix). Thus, foan~2.5 pN, close to previously reported stall force
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values for myosin-I1 in different organisms, 0.6 — 2.3 pN (Kishino and Yanagida, 1988; Molloy

et al., 1995; Ishijima et al., 1996; Tyska et al., 1999).

Our model neglected crosslinkers in the ring. How much do they contribute to tension? The best
characterized actin filament crosslinkers in the fission yeast cytokinetic ring are a-actinin dimers
which are very dilute in the ring: given ~250 a-actinin dimers and ~190 nodes each with a mean
of about one filament at onset of constriction (Wu and Pollard, 2005; Courtemanche et al., 2016;
Li et al., 2016), there are n,~1 — 2 crosslinking connections per actin filament. Each of these
has a relatively small turnover time 7, ~ 0.3 s, according to the in vitro experiments of Li et al.,
2016. Using the measured a-actinin force constant k, = 0.025 pN nm™ (Claessens et al., 2006),
and taking the relative velocity of actin filaments to be twice the node velocity 2v, ~ 44 nm s,
we estimate a typical force per actin filament ~ 2k, v,t,n, ~0.6 pN, much smaller than the ~ 20
pN force that Myo2 exerts on a filament. Thus, a-actinin is likely unimportant to internal ring
forces and dynamics in the constricting ring. Furthermore, given the relatively small amount of
a-actinin, we suggest that myosin-I1 probably serves as the main crosslinker for bundling the

ring.
Bidirectional motions reflect two classes of nodes in the constricting ring

From FPALM, an interesting observation about the constricting fission yeast ring is that myosin
and formin move bidirectionally, with similar velocity distributions (Laplante et al., 2016). This
supports the nodes hypothesis, and also indicates that few nodes remain stationary and suggests

that there are two families of nodes with opposite directionality.

What defines this directionality? We used our model to show that actin filaments are responsible.

A typical node, having on average one actin filament emanating from it, moves in the direction
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defined by the polarity of this actin filament. The actin filament produces a bias in the node
motion because it points in a particular direction and is grabbed by myosin-11 molecules, all
pulling the filament in that same direction. By contrast the myosin belonging to that node
produces no bias in motion, because it grabs filaments in the unbiased bundle with balanced
polarity. Overall, our model reproduces the phenomenon that nodes move bidirectionally in the

constricting ring (Fig. 3.2).

A previous model considered a similar but different ring organization, in which formin and
myosin were assumed independently anchored rather than co-anchored in nodes. The model
produced a stable ring that generates tension similar to experimental values (Stachowiak et al.,
2014). If we were to consider such an arrangement in the framework of the present model, the
mean tension per filament, and hence the ring tension, would be unchanged, as every actin
filament would interact with the same number of myosin-11 heads as in the nodes organization.
The formins would be predicted to execute bi-directional motion, but the anchored myosins
would not move other than small fluctuations since their velocity is proportional to the local net
actin polarity, which vanishes for a homogeneous ring. This latter feature is inconsistent with
FPALM measurements that report bidirectional motions of both formin and myosin with similar

speeds (Laplante et al., 2016).

A stochastic sliding filament mechanism operates in the fission yeast cytokinetic ring

Long ago a sliding filament mechanism was proposed for tension production by cytokinetic rings
(Schroeder, 1975; Maupin and Pollard, 1986). How this might actually work is not obvious,
however, since in muscle the mechanism is based on the sarcomere repeat unit and contraction of

the unit produces thickening. In the fission yeast contractile ring neither sarcomeres nor
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thickening are apparent (Kanbe et al., 1989a; Bezanilla and Pollard, 2000; Wu and Pollard, 2005;

Kamasaki et al., 2007).

Our model shows that the mechanism at work is related to the sliding filament system used in
muscle, but is a subtly stochastic and transient version of this model in such a way as to maintain
translational invariance along the ring. We find that filaments slide in opposition to one another,
but do so continuously and everywhere around the ring, without being confined to fixed

sarcomere-like structures. Moreover, the sliding processes are transient.

More specifically, we found that even though nodes are positioned around the ring without
periodicity, pairwise interactions between nodes have characteristics of the sliding filament
mechanism. However, the interactions are transient and stochastic. A pair of nodes with opposite
polarity interact like a sarcomere or contractile unit (Fig. 3.3D, “inter-family”). As the two
families of nodes contra-rotate, pairs of nodes with opposite polarity disappear as they meet and
move past one other, while new pairs constantly appear as nodes first arrive within reach of one
another. Turnover of nodes also contributes to the transient nature of the sliding filament

interaction.

We find, however, that the sliding filament mechanism is not the whole story. A pair of nodes
with the same polarity interacts like one half of a sarcomere, with myosins pulling on barbed-end
anchored actin filaments (Fig. 3.3D, “intra-family’). Unlike the transient appearing and
disappearing of inter-family interacting pairs, pairs of nodes with the same polarity do not move
relative to each other and maintain their relation until they leave the ring. Without sliding relative
to one another, they generate tension, because a large number of such nodes are connected in a
single family ring. Our model shows that each of these two sub-organizations contributes to half

of the ring tension.
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Anchoring of components to the membrane and component turnover protect the ring from

intrinsic instabilities

We found that the cytokinetic ring suffers from an instability characteristic of actively contractile
organizations. A fluctuation that increases the local actin and myosin density produces higher
contractile forces that draw in further actin and myosin, increasing the local contractility further
and leading to run-away aggregation (Figs. 3.4 and 3.5). In the absence of turnover, this
instability led to loss of tension and ring fracture after a certain aggregation timescale (Fig. 3.4).
Restoring turnover, this disastrous outcome was averted provided the turnover time is less than
the aggregation time. In normal cells this is indeed the case. We conclude that turnover functions

to preserve organizational homeostasis and tension in the ring.

In addition, we found that node anchor drag in the membrane protects the ring from this
contractile instability, because the bigger the drag the longer the aggregation and ring fracture
time (Fig. 3.5). Thus, anchoring of components in the plasma membrane and turnover work

together to stabilize the ring.

Cytokinetic rings in other organisms

What can the results of the present study tell us about cytokinetic rings in organisms other than
fission yeast? While animal cells have much longer and wider contractile rings, their thicknesses
are very similar to that of the fission yeast ring, ~ 0.1-0.4 um (Schroeder, 1972; Mabuchi, 1986),
suggesting that anchoring of components to the plasma membrane may play a similar role in the
tension mechanism as in fission yeast. Furthermore, in sea urchin embryos, contractile rings
appear to assemble from clusters of myosin-11 (Henson et al., 2017), reminiscent of the nodes

from which the fission yeast ring is assembled (Vavylonis et al., 2008). However, light and dark
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bands were seen in electron microscopy images of the cleavage furrow in rat kangaroo cells

(Sanger and Sanger, 1980). Fluorescence micrographs show bipolar myosin-I1 filaments in the

contractile ring in sea urchin embryos and LLC-PK1 cells (Beach et al., 2014; Henson et al.,

2017) and lateral stacking of myosin bipolar filaments in striated patterns reminiscent of

sarcomeric organization in HelLa cells (Fenix et al., 2016). Thus, cytokinetic rings in other

organisms may exhibit both similarities and significant differences in organization, and a major

scientific challenge will be to establish if basic mechanisms emerging in fission yeast carry over

to these organisms.

Materials and Methods

Model equations for the time evolution of counterclockwise nodes

The equations for evolution of the density and velocity of the clockwise nodes are egns. 3.1-3.4.

Similar equations can be written for the counterclockwise ‘-’ nodes, using the following

replacements in these equations: density p, (x,t) = p_(x,t) in eq. 3.4, velocity v, (x,t) =

v_(x,t) ineqgns. 3.1, 3.4, and the filament length [ = —[ in eq. 3.3 as the filaments of these

nodes are pointing in the opposite direction.

total total

YancV- = I'node + Ffil,—
1 x x+1
Frsggla:a = fnode(M= —1ny), ny = fx_lp+dy, n_= fx p_dy

FE = —foode [ (p+ 0, ) + p_(y,0)) dy

dp_ 0 2—p_
P-4 2 (p_v.) = Po/2—p
at ox Tturn
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In the presence of a force-velocity relationship for the myosin Myo2, egns. 3.19 and 3.20 get

modified as
Frsgfiael = fnoden— - fnode (1 - 1:2:_;1() ny (3-22)
Ffti?,t—al = —fnode f;_z <<1 o VE;L) p+(y,t) +p-(y, t)) dy (3.23)

Numerical solution of the model

We solved eqgns. 3.1-3.4, 3.18-3.21 numerically using Runge-Kutta 4 with a spatial grid size of
50 nm and a time step of 0.2 s, except for the velocity results for Fig. 3.2 where a finer grid of
size 10 nm was used to achieve more accurate velocities. The mean velocity of the peak and the
valley of Fig. 3.2B was measured as the slope of the best-fit straight-line to the peak or valley

position versus time.

As the model exhibits presumably unbounded node density growth in the absence of turnover,
we used a non-linear filter to remove numerical instabilities (Engquist et al., 1989). In the
absence of turnover, a node-node repulsive force was used to prevent unbounded growth. In this

case, egns. 3.1 and 3.18 gets modified as
1 1
Vancvs = FISe + Fi! + B, Yancv- = FEof + R + Fig. (3.24)
Here Frteoptal is a short-ranged repulsive force between nodes of magnitude f.., and length scale

brep given by
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bre
S5 = frep (74, (v + Py = [T (04 + p)dy) (3.25)

frep @nd bye, Were chosen such that the final mean cluster width after aggregation was ~150 nm.

All numerical calculations were done in MATLAB.
Tension formula for the numerical calculations of the model

Every arrangement of nodes in the ring corresponds to a ring tension, which we calculate as
follows. A clockwise filament from a + node at the point s crossing the point of interest x feels a
pulling force f,,qe from the myosins of all the nodes lying along its length from x till its pointed
end at s + L. A similar pulling force is felt by counter-clockwise filaments from the nodes at x till
their pointed end at s — [. The net tension is obtained by summing these contributions over all

the filaments at the point x

T(0) = faode(fo P+ () [ prot@dy ds + [ p_(s) [, pror () dy ds). (3.26)

The mean tension is then obtained by averaging T over the ring length.

Initial conditions

For the velocity measurements in Figs. 3.2B and 3.2C, the following initial condition was used

p+(x,t) = % (1 + 0.05exp (— (x_ZL—O/Z)Z) ) (3.27)

o2

where p, = 16.1 um™1 is the mean total density of nodes, x is the coordinate along the ring i.e.

0 < x < Ly where L, = 11.8 um is the initial length of the ring. o is the standard deviation of
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the Gaussian function and is related to the full width at half maximum w asw = 2v2ln20 =

2.355 0.

For the results of Figs. 3.4 and 3.5, a similar initial condition was used

P, 0) =2 (1+0.05exp (-~ ““ZL—/Z)) ). (3.28)

o2

The full width at half maximum here is w = 500 nm, which gives ¢ = 212 nm.

Appendix

Determination of myosin-I1 load-free velocity v?nyo from the gliding filament assay of

(Stark et al., 2010)

A previous experiment measured the velocity of actin filaments gliding on fission yeast myosin-
Il Myo2 that was adhered onto a coverslip (Stark et al., 2010). The authors measured the
increase of the gliding velocity of the filaments with the number of Myo2 heads interacting with

the actin filament. The velocity saturated at ~50 heads.

Using the measurement of a mean of 1500 and 180 dimers of myosin Myo2 and formin Cdc12
respectively using quantitative fluorescence microscopy (Wu and Pollard, 2005; Courtemanche
et al., 2016), and the proposal of a mean of 8 myosin Myo2 dimers per node using FPALM
(Laplante et al., 2016), we calculated the total mean number of nodes as 190, and a mean of 0.95
formin dimers per node. Thus, our model has 190 nodes with one actin filament, one formin
dimer, and 8 myosin dimers each. Thus, the ratio of Myo2 molecule number to actin filament

number is 16. At this ratio, the gliding filament assay measurements report an actin filament
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gliding velocity of 240 nm s™*, which is the myosin-11 load-free velocity vy, as the myosins

experience little load in these experiments (Stark et al., 2010).

Linear stability analysis of the model-predicted homogeneous ring in the presence of

turnover

One steady state solution to eqns. 3.1-3.4, 3.18-3.21 is p4 (x, t) = po/2 and vy (x,t) = v,
where vy = pg fnodel/Yanc- NOW, let us consider a small perturbation to the steady state of
wavenumber k or equivalently a wavelength 2m /k. The node density is p; (x,t) = po/2 +
£4(t) exp(ikx) where £,.(0) < p, and we calculate the time evolution of e, (t). Plugging this

into egns. 3.1-3.4, 3.18-3.21 and linearizing about the steady state p. (x,t) = po/2, we get

92t —a &4 — A6 (3.29)
at

de_ * *

% = —aye, —aje_ (3.30)

where a; = ikvy — (1 — coskl) /21, + 1/t, a, = (expikl —1)/2t,,and 1, = l/2v, isa
characteristic timescale whose meaning will be explained later in the section. Eliminating e_
between these two equations, we get

62£+
at?

%\ 0
+ (a; + a1)% + (lag]* = laz|®er =0 (3.31)

The solution to this equation is of the form &, (t) = ¢, exp —t/7; + ¢, exp —t /T, where 77! and
75 1 are the solutions of the quadratic equation x? + (a; + a})x + (|a;|? — |a,|?) = 0 as can be
verified by plugging in this solution to eq. 3.31. The constants c¢; and ¢, depend on the initial

conditions &4 (0) and are not calculated here.
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The timescales t,, 7, set the stability of the ring. Using the substitution t, = [/(2v,) and the

expressions for a,, a,, the solutions to the quadratic equation are

— =2 -8 ikf (k) (3.32)

T1 Tt

== M kf(k) (3.33)

Ty Tt 2T,

where (k) = vy ((k?1?/2 — 1 + cos kl) /(k?1?/2))*/2. Thus, the fluctuations could decay or
grow exponentially with time depending on whether the real part of the timescales

Re(t,), Re(t,) is positive or negative respectively. From egns. 3.32 and 3.33, we can see that if
T, < T,, the real part is positive for all wavenumbers and the model-predicted homogeneous ring
is stable in the face of small fluctuations. As the experimentally measured turnover time 7, =
18.6 s is smaller than the model-predicted aggregation time [/2v, = 61.4 s, this condition is
satisfied. In addition, as the turnover time is only about a third of the aggregation time i.e. 7, <
T,, fluctuations of all wavelengths decay with roughly the same time scale i.e. Re(t;) =

Re(1y) = 1¢.

In the absence of turnover, the real parts of these time scales are negative and the fluctuations
grow with time. The shortest time scale of growth is for a fluctuation of wavelength 21 and is 7,
as can be seen by the substitution k = 2mr/(21) in the solutions above. The fastest growing
fluctuations are those of wavelengths 21 /n where n is an odd integer. We note here that this
analysis is only valid for the initial stages of growth in fluctuation amplitude where these
amplitudes are small compared with the mean node density p,. In the later phase of growth, non-

linear effects are important.
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Effect of Myo2 force-velocity relation and actin filament growth on myosin force per head

For simplicity our model considered a fixed force per Myo2 head, f,y,, Which was assumed to
have the same order of magnitude as the stall force of Myo2, f...;;- However, we did not consider
the myosin force-velocity relationship to estimate how much fy,,, deviates from fg,;;. Our

model did not explicitly include formin-mediated polymerization of actin filaments, which would

increase this deviation. Below, we calculate by how much f,,, differs from fg.;.

() Consider first interfamily interactions, i.e. between nodes whose actin filament has one
polarity with nodes whose filament has the opposite polarity. In our model, the relative velocity
between myosins of one node family and actin filaments belonging to nodes of the opposite
polarity is 2v,, where v, is the node velocity. Actin filament growth at rate v, would increase

this relative velocity to 2v, + v, Assuming a simple linear force-velocity relation, the myosin

force is thus lowered to f,,y, = fstan(l — [2vy + Vpol] /vr?lyo). (if) Now consider intrafamily
interactions, between two nodes of the same polarity. The myosin force is now lowered to

fmyo = fstau(l — Vpol /v&yo), as the relative velocity between myosins belonging to the same
node family is zero, so the relative velocity between the myosin of one node and the actin
filament of another node in the same family is v, (iii) To obtain the overall effect on the value
of finyo. it is necessary to take the mean of the two contributions from interfamily and

intrafamily interactions, since they contribute equally to ring tension. This gives a mean relation
fmyo = ﬁstall(1 —[vo + vpol]/vrglyo)-

Now we estimate filament growth rates using previous experimental measurements of ring
disassembly in the presence of the actin monomer sequestering drug Latrunculin A. Only ~10%
of rings remained after 55 s of exposure (Yonetani et al., 2008). This gives an actin turnover rate
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of ~0.042 s, assuming the fall-off of actin subunit numbers in the ring is exponential with time.
Using this turnover rate, the actin filament growth rate that would have normally occurred to

synthesize a filament of mean length 2.7 um is v, ~ 110 nm st

Using this value of vy, the node speed v, = 22 nm s~1, and the Myo2 load-free velocity
vfr’lyo = 240 nm s~ 1, we obtain Jmyo ~ 0.45ftan- This is our main conclusion regarding how the

force-velocity relation and actin polymerization reduce the myosin per force per head from the

stall force value.

Now in the subsection “Tension is generated in the cytokinetic ring by myosin pulling on barbed
end anchored actin filaments” of Results, we compared the model-predicted value of ring tension

with the experimentally measured value, and we found f;,,,, ~ 1.1 pN. Thus, we obtain a value

of the stall force fi.an ~ 2.4 pN. This is close to previously reported stall force values for myosin-
Il in different organisms, 0.6 — 2.3 pN (Kishino and Yanagida, 1988; Molloy et al., 1995;

Ishijima et al., 1996; Tyska et al., 1999).
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Chapter 4: Dilation of fusion pores by crowding of SNARE proteins

Introduction

Fusion pores are nanoscale connections between membrane-enclosed compartments that
are key intermediates during membrane fusion reactions such as the exocytotic release of
neurotransmitters and hormones (Lindau and de Toledo, 2003). Following nucleation by
specialized proteins (Chernomordik and Kozlov, 2008), fusion pores flicker repeatedly and then
dilate or reseal during release of hormones (Lindau and de Toledo, 2003) or neurotransmitters
(Staal et al., 2004; He and Wu, 2007; Alabi and Tsien, 2013), or during fusion mediated by viral
proteins (Cohen and Melikyan, 2004). The mechanisms that govern these behaviors are poorly
understood, despite the availability of sensitive electrical and electrochemical methods to detect
single fusion pores during protein-free fusion (Chanturiya et al., 1997; Mellander et al., 2014),
viral protein induced fusion (Cohen and Melikyan, 2004), and exocytosis (Lindau, 2012). Even
the very nature of the fusion pore intermediate (whether lipid- or protein-lined) is debated (Bao

etal., 2016).

During exocytotic neurotransmitter or hormone release, a fusion pore opens as vesicle-
associated soluble N-ethylmaleimide-sensitive factor attachment protein receptors (v-SNARES)
pair with cognate t-SNARES on the target plasma membrane (Sudhof and Rothman, 2009). This
is a tightly regulated process that requires coordinated actions of several proteins, including
Muncl18, Munc13, and others (Rizo and Xu, 2015). Complex formation between the v- and t-
SNARE:s likely starts from the membrane distal N-termini and may proceed in stages toward the
membrane-proximal regions (Gao et al., 2012). Assembly of the SNARE domains results in a

four-helix bundle (SNAREpin) that brings bilayers into close proximity, but assembly is thought
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to be halted at some stage to poise vesicles for fast release. Calcium influx in response to
depolarization is thought to lead to further SNARE assembly that promotes pore nucleation. This
last step coupling calcium entry to fusion also requires Synaptotagmin and Complexin, which
may actively contribute to pore opening. The initial fusion pore is a metastable structure that may
reseal without ever dilating beyond ~1-2 nm in size. This results in transient “’kiss & run”
exocytosis, a well-established mode of fusion for hormone-secreting cells (Fulop et al., 2005;
Hanna et al., 2009; Alabi and Tsien, 2013). In contrast, whether transient fusion is a relevant
mode of release for synaptic vesicle fusion is debated (Pawlu et al., 2004; Staal et al., 2004; He
and Wu, 2007; Alabi and Tsien, 2013; Chapochnikov et al., 2014), mainly due to technical
challenges in probing fusion pores directly during synaptic release. For both neuronal and
endocrine release, little is known about the molecular mechanisms that govern pore dilation and
set the balance between transient and full fusion (Alabi and Tsien, 2013), in large part due to a

lack of biochemically defined assays that are sensitive to single-pores.

Here, using a recently developed nanodisc-cell fusion system (Wu et al., 2016), we found
that only a few SNARE complexes can nucleate a pore, but reliable pore dilation necessitates

many more.

Results

Fusion between v-SNARE reconstituted nanolipoprotein particles and flipped t-SNARE

cells

Here we used 21-27 nm diameter nanolipoprotein particles (NLPs) (Bello et al., 2016) to
determine whether SNARES alone can catalyze pore dilation. In contrast, most previous studies

employed much smaller, 6-18 nm diameter NDs (Shi et al., 2012; Bao et al., 2016; Wu et al.,
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2016), whose dimensions restricted pore diameters to < 4 nm (Wu et al., 2016) and SNARE
copy numbers to < 9, precluding studies of pore dilation (Bello et al., 2016). We incorporated
v-SNAREs into NLPs stabilized by a recombinant apolipoprotein E variant consisting of the N-
terminal 22 kDa fragment (ApoE422k), and varied the lipid-to-ApoE422 ratio to control the NLP
size and the VAMP2-to-ApoE422k ratio to tune the v-SNARE copies per NLP (Bello et al.,
2016) (Fig. 4.1). We confirmed that vNLPs fused with liposomes reconstituted with t-SNARES
in a SNARE-dependent manner using a previously described bulk assay that monitors calcium
release through pores connecting v-SNARE nanodiscs with t-SNARE liposomes (Shi et al.,
2012; Bello et al., 2016) (Fig. 4.1—Figure supplement 1a). Although NLP pores could in
principle grow to = 10 nm diameter (Fig. 4.4b), much larger than the ~4 nm allowed by the
MSP ND geometry (Shi et al., 2012; Wu et al., 2016), bulk calcium release rates were
comparable between vNLP and vMSP NDs loaded with similar v-SNARE copy numbers (Fig.
4.1—Figure supplement 1b), confirming that the bulk assay is largely insensitive to pore

properties under these conditions (Bello et al., 2016).

We then confirmed lipid mixing between the membranes of vNLPs and flipped t-SNARE
cells (tCells) using a previously described protocol (Wu et al., 2016) (Fig. 4.2). NLPs co-labeled
with 1 mole % each of Dil (donor) and DiD (acceptor) were incubated with tCells for 30 min at
4°C, a temperature that allows docking, but not fusion. Cells were then rinsed to remove free
NLPs and mounted onto a confocal microscope stage held at 37°C to initiate fusion and imaging
of Dil and (directly excited) DiD fluorescence. At the concentrations used, when the dyes are
initially in the NLP membrane, the Dil fluorescence is quenched by DiD. Upon fusion, the dyes
become diluted in the plasma membrane and the Dil fluorescence increases. Directly excitated

DiD fluorescence provides a measure of the amount of docked NLPs. The ratio of the Dil to DiD

85



intensity normalizes the lipid mixing signal to the amount of docked NLPs. Normalized lipid
mixing signals increased when tCells were incubated with VNLPs carrying 8 v-SNARES total
(VNLPS8), but not with empty NLPs (eNLP) or NLPs loaded with 8 copies of a v-SNARE
construct, VAMP2-4X, carrying mutations in the C-terminal hydrophobic layers (L70D, A74R,
A81D, and L84D) (Fig. 4.2b). These mutations prevent zippering of the C-terminal half of the
SNARE domains (Krishnakumar et al., 2011; Krishnakumar et al., 2013; Wu et al., 2016), a
perturbation that does not affect docking (Fig. 4.2c) but prevents fusion (Fig. 4.2b,d)
(Krishnakumar et al., 2013; Wu et al., 2016). A variation of the assay that avoided the 4°C
incubation but prevented live imaging in the presence of the labeled NLPs confirmed these
results (Fig. 4.2d). We estimate that 4-5 % of the docked VNLPs undergo fusion with the flipped
t-SNARE cells over the course of ~20 min (Fig. 4.2—Figure supplement 1). In comparison,
fusion between v-SNARE NLPs and t-SNARE liposomes yields a similar extent of lipid mixing

over the same period (Bello et al., 2016).

Lipid mixing could result from the merging of only the proximal lipid bilayer
leaflets of the vNLPs and the tCells. To test whether full fusion occurred, we loaded the cells
with Fluo-4, a fluorescent calcium probe, and monitored calcium signals. If full fusion occurred,
then calcium influx through the fusion pores connecting vNLP and tCell membranes should
increase cytosolic Fluo-4 signals (Wu et al., 2016). This was indeed the case for vNLP8 samples,
but not for empty NLPs or NLPs loaded with VAMP2-4X (Fig. 4.3) Using this calcium influx
assay, we also assessed whether pores eventually resealed by washing away the free vNLPs after
5 min of incubation. Cellular calcium levels returned to baseline within a few minutes,

suggesting pores eventually resealed (Fig. 4.3—Figure supplement 1).
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Dynamics of single fusion pores

Next, we probed single pores connecting VNLPs to tCell membranes (Wu et al., 2016)
(Fig. 4.4). We voltage-clamped in the cell-attached conFiguration a “tCell” ectopically
expressing “flipped” neuronal/exocytotic t-SNARES syntaxinl and SNAP25 (Hu et al., 2003)
(Fig. 4.4). NLPs reconstituted with 8 copies of the complementary neuronal v-SNARE
VAMP2/synaptobrevin (vNLDs), included in the pipette solution (100 nM vNLPs, 120 uM
lipid), diffused to the pipette tip and fused with the patch. Because a NLP is not a closed
structure like a vesicle, its fusion with the voltage-clamped membrane patch establishes a direct
conduction pathway between the cytosol and the pipette solution, leading to direct-currents
whose magnitude reflects pore geometry (Wu et al., 2016).

Currents appeared in bursts with an average frequency of ~0.2 bursts per min, or ~2.5 per
patch (Fig. 4.4c). The very low burst frequency, together with small unitary conductances (see
below), strongly suggest that each burst represents currents passing through a single pore (Wu et
al., 2016). Currents fluctuated and returned to baseline multiple times, as if the fusion pore
fluctuated in size and opened and closed repeatedly, i.e. flickered (Fig. 4.4d and Materials and
Methods). Nucleation was blocked when the cytoplasmic domain of VAMP2 (CDV), or the
tetanus neurotoxin light chain (TeNT) were included in the pipette solution, or empty NLPs
(eNLPs) were used (Fig. 4.4c). CDV competes with the NLP v-SNAREs for binding to the
flipped t-SNARES on the patch surface, and TeNT cleaves VAMP2. When we used VAMP2-4X,
pore nucleation rate was not significantly different than any of the other negative controls (Fig.
4.4c). Because this construct allows efficient docking (Fig. 4.2¢) but is fusion incompetent (Fig.
4.2hb,d) (Krishnakumar et al., 2013; Wu et al., 2016), this result indicates ApoE does not induce

pores even when kept in close proximity of the target membrane. Collectively, these
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observations indicate that similar to their smaller ND courterparts (Wu et al., 2016), NLPs fuse
with liposome or cell membranes in a strictly SNARE-dependent manner.

Combining data from 64 current bursts we obtained distributions for vNLP8-tCell fusion
pores as shown in Figures 4.4e-f and Fig. 4.4—Figure supplement 1. The number of pore flickers
and burst durations were well described by geometric and exponential distributions, respectively,
With Npjckers = 16 £ 2.7 flickers per burstand T, = 10.3 + 2.2 s (mean £ S.E.M.), as would be
expected for discrete transitions between open, transiently blocked, and closed states (Sakmann
and Neher, 2009) (Fig. 4.4—Figure supplement 1).

Conductances in the open-state and corresponding radii were broadly distributed
(Materials and Methods and Fig. 4.4e, f), with mean (G,,) = 450 pS (S.E.M. = 169 pS), and
(Tyo) = 0.84 nm (S.E.M = 0.09 nm), respectively. Surprisingly, these values were significantly
less than the maximum possible value based on NLP dimensions (Fig. 4.4b). This suggested a
substantial inherent resistance to pore expansion, independent of the constraints imposed by the
NLP dimensions. To quantify the resistance we computed the apparent pore free energy U (7;,,)

U(rpo)
from the distribution of pore radii, P(7,,) ~ e~ wr . This suggested that ~ 2 KT energy was

required for every 1 nm increase in pore radius above the most likely value r,, ~ 0.5 nm (Figs.

4.4f, g).

A few SNARE complexes are sufficient to create a fusion pore, but many more are needed

to dilate it

We then varied the number of SNARES, and found that just a few SNARE complexes are
sufficient to create a fusion pore, but many more are needed to dilate it. We repeated the

measurements in Fig. 4.4 using NLPs loaded with total v-SNARE copy numbers ranging from 1
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(VNLP1) to ~30 (vNLP30, ~15 copies per face) (Fig. 4.5). Pore nucleation required at least 2 v-
SNARESs per NLP face and ~4 to reach maximal nucleation rates (Fig. 4.5a). In contrast, when =
4 v-SNARES per NLP face were present, pore conductances (Fig. 4.5b) and radii (Fig. 4.5—
Figure supplement 1b) were significantly larger than SNARE-free values and increased
dramatically as the copy number per NLP face reached 15. Conductance fluctuations about the
mean increased even more sharply (Fig. 4.5—Figure supplement 1a), while burst lifetimes and
pore open probability showed a more gradual increase (Fig. 4.5—Figure supplement 1c,d). Thus,
different numbers of SNARE complexes cooperate at the distinct stages of fusion pore
nucleation and pore dilation.

Is the increase in the mean pore conductance as the SNARE copy numbers are increased
(Fig. 4.5b) due to appearance of multiple small pores per NLP or due to an increase in the mean
size of a single pore? The latter is much more likely, for the following reasons. First, a probe that
cannot pass through small pores becomes permeant to pores when large copy number vNLPs are
employed (Fig. 4.5—Figure supplement 4). If multiple small pores were present when vNLP30
are used, then the probe should equally be impermeant. The probe employed was N-methyl-D-
glucamine (NMDG"), a large ion ~1.1 x 0.5 nm in size without its hydration shell (Melikov et
al., 2001), which replaced sodium in the pipette solution. Conductance was low when ~15 nm
MSP nanodiscs with 8 copies of v-SNAREs (VMSP8) were used (Wu et al., 2016), but not
affected when ~23 nm NLPs bearing 30 v-SNAREs were employed (vNLP30). These results are
consistent with those of Bello et al. who showed that progressively larger cargo could be released
from t-SNARE liposomes during fusion with vNLPs as the v-SNARE copies per NLP was
increased (Bello et al., 2016). Second, conductance of n small pores in a single NLP would be

additive, giving total conductance equal to G,, =n X g,,, Where g, is the mean open-pore
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conductance of a small pore. Doubling the SNARE copies would presumably at most double n,
and by consequence, total conductance. The fact that we find faster than linear increase in mean
pore conductance (Fig. 4.5b) is consistent with each NLP bearing a single pore whose size
increases with increasing SNARE copies. Third, if multiple small pores occurred per NLP, this
should be evident in the distribution of point-by-point conductance values, with peaks at

n X gpo, Wheren = 1,2,3 ... Instead, for the distribution of mean G, for vYNLP30 we find a
peak at ~300 pS, and a broad peak at ~3-14 nS (Fig 4.6b). If the typical small pore has 300 pS
conductance, then to have ~6 nS (typical large conductance), there would have to be ~20 small
pores per NLP. It is hard to imagine this many pores coexisting in this small area. Finally, unless
the multiple pores occurred simultaneously, we would also find the fusion rate to incrase with
copy numbers. Instead, the rate saturates above ~ 4 copies (Fig. 4.5a). In conclusion, although
we cannot rule out that very occasionally, a small number of pores may simultaneously appear in
a single NLP, all the evidence suggests this cannot be very common.

Previous reports suggested (Fdez et al., 2010; Shi et al., 2012; Wu et al., 2016) that pore
nucleation is promoted by the assembly of the v- and t-SNARE TMDs. To test whether pore
dilation also required the TMDs, we replaced the v-SNARE TMDs with lipid anchors (Shi et al.,
2012). We used long-chain anchors that span both leaflets of the bilayer, since previous work
suggested lipid anchors spanning a single leaflet are not efficient to induce full fusion (McNew
et al., 2000; Chang et al., 2016). Lipid-anchoring VAMP?2 into NLPs significantly reduced pore
nucleation frequency and increased the mean burst duration (Fig. 4.5—Figure supplement 2a, b,
e), consistent with previous work using smaller MSP NDs (Wu et al., 2016) and with reduced
overall fusion efficiency reported for lipid-anchored VAMP2 (Shi et al., 2012; Chang et al.,

2016). Importantly however, FPs induced by lipid-anchored v-SNARESs displayed the same
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trends as their intact counterparts: with increasing VAMP2-C45 copy numbers, mean
conductance, fluctuations, burst lifetimes, and pore radii increased, but the pore open probability
during a burst varied little (Fig. 4.5—Figure supplement 2). These results suggest that specific
interactions between v-SNARE and t-SNARE TMDs are not critical for cooperative pore dilation
by SNARE proteins.

The target membrane during exocytosis (where the t-SNARES reside) is the inner leaflet
of the plasma membrane which is rich in acidic phospholipids. In contrast, in our vNLP-tCell
fusion assay, the target membrane is the outer leaflet of the plasma membrane which is largely
devoid of negatively charged lipids. In general, a limitation of our system is that the lipid
composition of the outer leaflet of the t-SNARE-presenting cell differs substantially from that of
the plasma membrane inner leaflet, and lipid composition can play a key role in fusion. To test
whether the target membrane composition affected fusion, we swapped the locations of the v-
and t-SNAREs and fused flipped v-SNARE cells with t-SNARE NLPs. This allowed us to have a
better mimic of the inner plasma membrane leaflet composition on the target membrane (now the
tNLP membrane). This swap resulted in similar fusion rates and pore properties for two different
SNARE copy numbers per NLP (Fig. 4.5—Figure supplement 3), suggesting that fusion
mediated by SNARESs alone may not be very sensitive to target membrane composition within a
certain range (Stratton et al., 2016).

Interestingly, the increased mean pore conductance as v-SNARE copy numbers are
increased does not occur homogeneously across all pores. For vNLPs bearing 4 or more total
copies of v-SNAREs, we found two types of fusion pores. Most had small mean conductance <
1 nS, but with increasing SNARE load, an increasing fraction of pores had much larger

conductances of a few nS (Fig. 4.6a). In contrast, for NLPs that contained 0 or 1 copy of
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VAMP2, the pores that occasionally occurred all had small mean conductance < 1nS. The
distribution of mean conductances for individual pores revealed two components for vNLP30
(Fig. 4.6b), with a sharp peak at ~300 pS (71% of total mass), and a much broader population
centered at 7.21 nS, separated at ~1 nS. Conductance fluctuations increased sharply for larger
pores with (G,,) = 1 nS (Fig. 4.6—Figure supplement 1), indicating a change in behavior above
this threshold. Thus, multiple criteria indicated ~1 nS as a cut-off that separated small and large
pores. We applied this cut-off to all NLPs tested and clustered pore conductances in each NLP
group into low ({(G,,) < 1 nS) and high conductance ({G,,) > 1 nS) states (Fig. 4.6c). The
occurrence of high conductance pores increased with increasing SNARE copy number,
suggesting dilation of the pores to >1 nS (corresponding to 7,,, ~ 1.7 nm) is facilitated by
SNARE crowding.

We defined the pore dilation probability, Pyiiation. @S the fraction of pores in the high-
conductance state for a given SNARE copy number (Fig. 4.6¢), and plotted Py;i;4tion @S @
function of v-SNARE copies per face (Fig. 4.6d). Even at the maximum SNARE load of ~15
copies per face, P;jiqrion Was ~0.30, far from saturating. To estimate how many SNARE
complexes would be required to reach saturation, we assumed the ratio between the probabilities
of high and low conductance states, Pyiiation/(1 — Paitation) 1S €qual to a Boltzmann factor
e ~AE/KT \ith AE the difference between the energy levels of the two conductance states, and kT
thermal energy. Making the simplest assumption that AE o« Ngyare — No, Where Ngy agg 1S the
number of SNARE complexes involved and N, is the copy number that would make Pyiiation =
0.5, we found N, =19.3 (Fig. 4.6d). Thus, pore dilation with P;;;4ti0on = 0.90 would require N =
30 complexes (Fig. 4.6d, open black circle), about 10-fold more than required for nucleation

(Fig. 4.5a).
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SNARE crowding generates entropic forces that drive pore expansion

The characteristic fusion pore free energy function U (r,,) progressively softened as the
SNARE copy number increased (Fig. 4.7a). The minimum at ,,, = 0.5 nm did not shift, but for
larger pore radii the slope decreased and the profile broadened. These free energy profiles
quantify how fusion pore dilation is driven by SNARE proteins. For example, an energy ~ 6 kT
is required to expand the 1 SNARE fusion pore from its preferred radius of ~ 0.5 nm to a 3-fold
larger pore, showing that such an expansion is unlikely to occur spontaneously. On the other
hand, with 4 SNAREs per face the same expansion requires only ~ 3 kT, and only ~ 2 kT with 15
SNARE:s (Fig. 4.7a), bringing the expansion within reach of spontaneous fluctuations. The broad
and shallow profile suggests a fully developed pore would then result, were the NLP replaced by
a vesicle as in the physiological setting (Fig. 4.7a). These effects can equivalently be phrased in
terms of force: ~ 24 pN opposes pore expansion with 1 SNARE, but this is lowered to ~ 8 pN
and ~ 5 pN by 4 and 15 SNAREs per face, respectively.

To help elucidate the molecular mechanism underlying SNARE-mediated pore dilation
we developed a coarse-grained mathematical model that assumed the bilayer-SNARE system is
equilibrated, consistent with the long-lived current bursts so that U(r,,) is then the true
thermodynamic free energy (see Materials and Methods and Table 4.1 for model parameters). In
our model, for a given pore size the free energy represents an average over possible fusion pore
heights, pore shapes and SNARE complex conFigurations. SNARESs can be fully zippered at the

fusion pore waist, or they may unzipper and roam (Fig. 4.7—Figure supplement 1).

93



Table 4.1. Parameters used in the analytical model of fusion pores.

Symbol | Meaning Value Legend
b Thickness of SNARE bundle 2nm (A)
- :;iiyEzf zippering of v- and t- 0.6 kT ®)
Thickness of the plasma membrane 5nm ©
D NLP diameter 24 nm (D)

Decay length for inter-membrane
A ) _ 0.10 nm (B)
steric-hydration force

Pressure prefactor for inter-membrane
P, _ _ 5.0 x 10! dyn/cm? (E)
steric-hydration force

Torque per unit length to twist the

T _ 8.43 pN (B)
ApOE proteins at the NLP boundary

K Bending modulus of the lipid bilayer 20 kT (F)

Y Membrane tension 0.66 pN nm (B)

Solid angle explored by bending of
Q, _ 0.05 sr (G)
zippered SNARES

(A) Measured by fitting a cylinder to the part of the fully zippered SNARE protein structure sans the TMDs
produced using PyMOL software with PDB code 3HD7 (http://www.pymol.org).

(B) Estimated in this study as a fitting parameter.

(C) Measured in ref. (Mitra et al., 2004).

(D) Measured in this study (Fig. 4.1).

(E) Calculated using a weighed average of the P, of palmitoyl-2-oleoyl phosphatidylcholine (POPC) and
1,2-dioleoyl phosphatidylserine (DOPS) from (Rand and Parsegian, 1989). The weighed average of the
two pressure parameters according to the 85:15 molar ratio of POPC:DOPS present in the NLPs in this
study to obtain P,. We assumed that the hydration properties of POPC are the same as 1,2-dioleoyl
phosphatidylcholine (DOPC).

(F) Values of k in previous studies range from 10-50 KT (Brochard and Lennon, 1975; Cohen and
Melikyan, 2004; Marsh, 2006; Khelashvili et al., 2013). A commonly used value in studies is x = 20 kT
(Jackson, 2009), which we used here.

(G) Calculated based on an atomistic molecular dynamics study of the t-SNARE TMD that shows that
these explore angles ~10° around their equilibrium position in a bilayer (Knecht and Grubmuller, 2003).

The model free energies reproduced experimental profiles with physiologically realistic

parameters (Fig. 4.7b). Protein-free pores resisted expansion because a bigger pore has greater
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area: a 1 nm increase in pore radius required ~ 3.0 kT work against membrane tension and
increased membrane bending energy by ~ 2.4 KT. Thus, a net force ~ 22 pN resists pore
expansion, close to the experimental value of ~24 pN (Fig. 4.7a). When SNARES were present,
zippering of SNARE linker domains (Gao et al., 2012) and TMDs drove several SNARES to
fully assemble at the fusion pore waist, where crowding generated an entropic pore expansion
force (Fig. 4.7¢). Bigger pores were associated with more zippered SNARES at the waist (Fig.
4.7—Figure supplement 1). With 15 SNARES per face the entropic expansion force of 17 pN
was within 5 pN of the 22 pN resistance.

Consistent with our experiments using lipid-anchored v-SNARES, when we ran the
model with lowered excluded volume among zippered SNARESs to mimic the lipid anchor, the
best fit total zippering energy was reduced by < 1 kT (see Materials and Methods). This
suggests that the driving force for SNARE zippering that underlies pore expansion does not rely
on putative v- and t-SNARE TMD interactions, but has a significant contribution from non-

specific interactions favoring alignment of membrane anchors.

Discussion

In summary, we find that a few SNARESs can nucleate a fusion pore, consistent with
previous findings (Karatekin et al., 2010; Mohrmann et al., 2010; van den Bogaart et al., 2010;
Sinha et al., 2011; Shi et al., 2012; Bao et al., 2016), but the pore is highly unlikely to expand
significantly without additional forces. Pore dilation is resisted by intrinsic bilayer properties
(Chizmadzhev et al., 1995; Chanturiya et al., 1997; Jackson, 2009), but promoted by the action

of many SNAREs that cooperatively exert expansion forces of entropic origin (Fig. 4.7¢).
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In our study, pores fluctuated in size, and closed and opened (flickered) multiple times
before resealing, similar to exocytotic fusion pores recorded from neuroendocrine cells or
neurons (Klyachko and Jackson, 2002; Lindau and de Toledo, 2003; Staal et al., 2004; Fulop et
al., 2005; He et al., 2006). Each such burst lasted several seconds on average. Confinement of
the pore radius by the NLP scaffold to < 7 — 8 nm likely contributed to this long lifetime.
However, we suggest the lifetime also reflects the natural tendency of small pores to resist
dilation, for the following reasons. First, the most likely pore radius, ~0.5 nm (Fig. 4.4f and
4.7a), is much smaller than the maximum allowed by the NLP geometry, ~7-8 nm. Second,
fusion pores connecting protein-free bilayers flicker for seconds, and do not dilate unless
increased membrane tension is applied (Chanturiya et al., 1997). Third, pores lasting on the order
of a second or longer have been documented during exocytosis using capacitance recordings, e.g.
from beta cells secreting insulin (MacDonald et al., 2006; Hanna et al., 2009), or during synaptic
vesicle fusion (He et al., 2006). Amperometry often reports shorter pore lifetimes compared to
capacitance measurements (Chang et al., 2015); it may underestimate pore lifetimes since no
signal can be observed once all cargo is released. It is also possible that a pore can reseal after
partial dilation giving rise to an amperometric spike, leading to an underestimation of pore
lifetime based on the pre-spike foot feature alone (Mellander et al., 2012). Fourth, a recent
FRET-based study suggested existence of long-lived, narrow fusion pores during neuronal
SNARE-driven fusion between surface-tethered liposomes, dilation of which was promoted by
Synaptotagmin-Ca?* and Complexin (Lai et al., 2013). Finally, various theoretical models
suggested small pores to be metastable (Nanavati et al., 1992; Chizmadzhev et al., 1995;

Jackson, 2009).
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We measured a low fusion efficiency in our assay (4-5% of docked NLPs undergo lipid
mixing in ~20 min, Fig. 4.2—Figure supplement 1), possibly due to the absence of factors
known to be essential for exocytosis in our assay. Indeed, the low fusion efficiency in SNARE-
only reconstitutions lacking other factors such as Munc13 that are required in vivo for exocytosis
is well documented (Weber et al., 1998; Diao et al., 2013; Hernandez et al., 2014; Bao et al.,
2016; Bello et al., 2016; Liu et al., 2016). Another possibility is that the NLPs that actually fuse
may be biased toward higher copy numbers of proteins, if higher copy number corresponded to
higher fusion rates. While we cannot categorically exclude this possibility, we think it unlikely.
First, the fusion rates we measured were statistically indistinguishable for copy numbers > 4
(VNLP4, vNLP8, vNLP15 and vNLP30, Fig. 4.5a). Thus, there is no evidence of a bias due to
differential fusion rates. Second, even if there were such a bias, our results would still correctly
report the general trend of pore properties versus copy number as can be seen from the following
argument. Assume a Poisson distribution for the copy number up to a maximum of 30, the
maximum attainable value in our experiments (presumably a packing constraint). Then for large
mean copy numbers this distribution has a small width, so that even if the ~ 5% fused fraction
corresponds to the tail of this distribution the copy numbers involved will not be much greater
than the mean value. Thus, the typical copy number of the NLPs whose pore properties are

measured would still be an increasing function of the mean value.

A wide range of SNARE copy number requirements for fusion have been reported in the
literature (Montecucco et al., 2005; Domanska et al., 2010; Karatekin et al., 2010; Mohrmann et
al., 2010; van den Bogaart et al., 2010; Sinha et al., 2011; Shi et al., 2012; Hernandez et al.,
2014; Bao et al., 2016), depending on the system studied and the read-out used for fusion. Most

studies concluded that only a few copies of neuronal SNAREs are sufficient for calcium-

97



triggered exocytosis and fusion of small liposomes (Domanska et al., 2010; Karatekin et al.,
2010; Mohrmann et al., 2010; van den Bogaart et al., 2010; Sinha et al., 2011; Shi et al., 2012;
Bao et al., 2016). Despite this, the average synaptic vesicle carries 70 v-SNARE copies
(Takamori et al., 2006) and at least as many t-SNAREs are clustered at plasma membrane
docking and fusion sites in neuroendocrine cells (Knowles et al., 2010). Our results provide a
rationalization for this situation, as they suggest that reliable pore dilation may require
engagement of many SNARE complexes. As the demands for SNARE cooperativity may be
different at different stages of the fusion reaction, interpretation of copy number requirements
should be made with caution. Methods that rely on lipid mixing or exchange of small ions
through pores (e.g. capacitance or pH sensing) may measure the requirement for opening of
small fusion pores, which may differ substantially from the requirements for pore dilation.

The action of SNAREs is highly regulated by other proteins during neurotransmitter or
hormone release (Sudhof and Rothman, 2009). In addition to manipulations of SNAREs (Han et
al., 2004; Kesavan et al., 2007; Fang et al., 2008), mutations in Munc18 (Jorgacevski et al.,
2011), Synaptotagmin (Wang et al., 2001; Wang et al., 2003a; Wang et al., 2003b), and
complexin (Dhara et al., 2014) affect fusion pore properties, linking these proteins to pore
dynamics. Thus, one must be cautious when extending our SNARE-only results to physiological
neurotransmitter and hormone release. Nevertheless, the concept of protein crowding promoting
pore dilation is a general principle that may hold qualitatively in the presence of additional
components of the physiological fusion machinery. Indeed, a previous study indicated that
availability of SNAREs affects neurotransmitter release kinetics in neurons (Acuna et al., 2014),
while another suggested release occurred faster at sites with more t-SNAREs (Zhao et al., 2013).

Thus, we tentatively suggest that some proteins may exert their exocytotic regulatory function by
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organizing SNARE complexes around the fusion site and thereby controlling the number that
participate, or by sequestering SNARES to limit that number. Given the steep dilation probability
curve (Fig. 4.6d), our results suggest a high sensitivity in the balance between transient versus

full fusion.

Materials and Methods

Stable flipped SNARE and wild-type HeLa cell culture.

HeLa cell lines stably co-expressing flipped v-SNAREs (flipped VAMP2 and cytosolic
DsRed2-nes, “vCells”) and t-SNAREs (flipped Syntaxin 1 and flipped SNAP-25 and the nuclear
fluorescent marker CFP-nls, “tCells”’) were generated in the Rothman laboratory as described
(Giraudo et al., 2006). The cells were a generous gift from the Rothman laboratory. The cells
were maintained in DMEM (4500 mg/L glucose, L-glutamine, sodium pyruvate and sodium
bicarbonate) and 10 % (v/v) fetal calf serum at 37°C. A new aliquot of cryopreserved cells was
thawed after at most three weeks of cell culture and cultured at least five days before data

acquisition.

The flipped t-SNARE HeLa cells were tested by PCR Mycoplasma Test Kit I/C (cat. No.
PK-CA91-1048, Promo Kine, Heidelberg, Germany) which showed contamination (Fig. 4.4—
Figure supplement 3A). Because our assay fuses discs to the surface of these cells, no effect of
mycoplasma contamination is expected. Indeed the controls in Figures 4.2-4 indicate fusion is

SNARE-driven. Nevertheless, we tested any possible impact of mycoplasma contamination on
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our results, by repeating some of our single-pore measurements with cells treated with an
antimycoplasma reagent (Plasmocin, cat. code ant-mpt, InvivoGen, California, USA). Fusion
rates and pore properties were indistinguishable when untreated or treated cells were used (Fig.
4.4—Figure supplement 3, B-E), suggesting mycoplasma contamination does not affect fusion

with NLPs.

Plasmids, protein expression and purification

Expression and purification of the t-SNARE complex used in vND-tSUV fusion
experiments is described in Parlati et al. (Parlati et al., 1999). The cytoplasmic domain of
VAMP2 (CDV) was produced similarly to an earlier protocol (Weber et al., 1998), except a
SUMO vector was used. We followed Giraudo et al. (Giraudo et al., 2006) for expression and
purification of the tetanus neurotoxin light chain TeNT. VAMP2 proteins were expressed and
purified as described earlier (Shi et al., 2012). To produce full length WT VAMP2, we used the
plasmid pET-SUMO-VAMP2 (Shi et al., 2012). For producing lipid-anchored VAMP2, we
followed McNew et al. (McNew et al., 2000) and Shi et al. (Shi et al., 2012). We first used a
previously described construct (McNew et al., 2000) to produce VAMP®Cys containing the
entire cytoplasmic domain of VAMP2 (residues 1-95) with a C-terminal cysteine residue. We
then coupled this protein to maleimidopropionic acid solanesyl ester (maleimide-C45), produced
as previously described (Shi et al., 2012). For producing MSP NDs, we used the vector pET28-
MSP1E3D1 (Addgene) to express and purify MSP1E3DL1 as described previously (Ritchie et al.,
2009), except we cleaved the MSP proteins directly off the column by TEV protease overnight at

4 °C (Wu et al., 2016).
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Plasmid pET32a-Trx-His6 X-ApoE422K to express the N-terminal 22 kDa fragment of
apolipoprotein E4 (residues 1-199) was kindly provided by Dr. Nicholas Fischer, Lawrence
Livermore National Laboratory, CA (Morrow et al., 1999; Blanchette et al., 2008). ApoE422K
was expressed and purified as previously described (Morrow et al., 1999) with the following
modifications: The His6-ApoE422K was cleaved off the Ni-NTA beads (Qiagen) using 100U of
Thrombin at 4 °C overnight. The protein was eluted in 25 mM HEPES, 140 KCI, pH 7.4 buffer
containing 1% octylglucoside (OG), and was functional up to 4 weeks when stored at 4 °C.
Protein concentrations were determined using the Bradford assay (Bio-Rad) with bovine serum
albumin as standard.

Characterization of nanolipoprotein particles (NLP).

Details are provided by Oscar et al. (Bello et al., 2016). Briefly, nanolipoprotein particles
containing VAMP2 (VNLP) were produced using a modified version of the established protocol
to generate SNARE-nanodiscs (Shi et al., 2012; Shi et al., 2013). A palmitoyl-2-
oleoylphosphatidylcholine (POPC): 1,2-dioleoyl phosphatidylserine (DOPS) = 85:15 molar ratio
lipid mixture (Avanti Polar Lipids) was dried under nitrogen flow, followed by vacuum for 1
hour. The lipid film was re-suspended in 25 mM HEPES, pH 7.4, 140 mM KCI, buffer with 1%
OG supplemented by the desired amount of VAMP2. The mixture was vortexed at room
temperature (RT) for 1 hour followed by the addition of ApoE422K and vortexed another hour at
RT. The ApoE422K:VAMP2:lipid ratio was varied to tune the v-SNARE copy number per NLP
as 1:0.2:180 (1 VAMP2, “vNLP1”); 1:1:180 (4 copies, “vNLP4”); 1:2:180 (8 copies, “vNLP8”);
1:4:180 (15 copies, “vNLP15) and 1:8:180 (30 copies, “vNLP30’). NLPs containing 1, 4 and 15
copies of VAMP-C45 were obtained using a similar approach. Excess detergent was removed

using SM-2 bio-beads (Bio-Rad) overnight at 4°C with constant mixing. The assembled v-NLPs
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were separated from free proteins and lipids via gel filtration on a Superose 6 column (Fig. 4.1a).
Samples were concentrated using Amicon Ultra (50 KDa cutoff) centrifugal filter units, and
analyzed by SDS-PAGE with Coomassie staining (Fig. 4.1b). The number of VAMP2 copies per
disc was determined by the VAMP2-to-ApoE ratio by densitometry using ImageJ (NIH). The
number of ApoE copies per disc was estimated (Bello et al., 2016) using the calibration of disc
size vs number of ApoE copies previously reported (Blanchette et al., 2008). The size
distribution of the v-NLPs were determined for every batch of production using transmission
electron microscopy. To do this, the NLP discs were diluted (1:50) and mounted onto carbon-
coated 400 mesh copper electron microscopy grids and negatively stained with 2 % uranyl
acetate (w/v) solution, and subsequently examined in an FEI Tecnai-12 electron microscope
operated at 120 kV. Micrographs of the specimen were taken on a Gatan Ultrascan4000 CCD
camera at a magnification of 42,000. Typical micrographs and a size distribution are shown in
Figure 4.1c,d. The size of the NLP discs with 1:180 ApoE422K: lipid ratio was typically 24 + 2
nm (100-200 NLP discs were analysed for every production batch). Representative size
distributions are shown as box plots for the conditions tested in Figure 4.1e. At least three
independent batches of NLPs were used per condition. tNLPs were produced in a similar fashion,
using a t-SNARE:ApoE:lipid ratio of 0.8:1:180 and 3:1:180 for tNLP4 (4 copies of t-SNARE
complex Stx/SN25 total per NLP) and tNLP 15 samples (15 total copies of t-SNARES per NLP),
respectively.

Bulk fusion of NLPs with t-SNARE liposomes.

We used a previously established (Shi et al., 2012; Bello et al., 2016) assay to monitor
release of calcium from t-SNARE reconstituted small unilamellar vesicles (t-SUVSs) as they

fused with discs loaded with v-SNAREs. 40 pul t-SUVs entrapping 50 mM calcium were mixed
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with 5 ul vMSP NDs (prepared as described previously (Shi et al., 2012)) or 10 ul of vNLP-discs
in a buffer containing 2 uM of the calcium-sensitive dye mag-fluo-4 (Invitrogen). The mixture
was loaded into a 96 well plate, and the mag-fluo-4 fluorescence (Aex= 480 nm, Aem=520 nm, 515
cutoff) was recorded by a SpectraMax M5 plate reader (Molecular Devices). After 60 minutes,
15 pl of 5 % dodecylmaltoside was added and the mixture incubated an additional 20 min to
release all remaining entrapped calcium to establish the maximum mag-fluo4 signal. Fusion is

reported as percent of maximum fluorescence in Figure 4.1—Figure supplement 1.

Single-cell lipid mixing and calcium influx assays.

These were carried out as described in Wu et al. (Wu et al., 2016). Briefly, for lipid
mixing, tCells were plated in 35 mm poly-D-lysine coated glass bottom dishes (MatTek
Corporation, MA, USA) and VNLP8 were prepared as described above, except 1 mole % each of
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil, cat. no. D282, Molecular
Probes, Eugene, OR) and 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate
(DiD, cat. no. D307, Molecular Probes) fluorescent lipid labels were included in the lipid
composition. For each reaction, 15 pl of vNLP8 was added onto tCells (final NLP lipid
concentration was ~54 uM) and incubated for 30 min at 4 °C, a temperature at which SNARE
complexes assemble, but cannot drive fusion (Weber et al., 1998). Fusion was started by raising
the temperature to 37 °C and monitored by the dequenching of the Dil fluorescence using
confocal microscopy. As controls, empty nanodiscs (eNLP) or NLPs bearing VAMP2-4X
(harboring the mutations L70D, A74R, A81D, L84D) were used (Fig. 4.2b). To estimate the
extent of lipid mixing, at the end some experiments DiD fluorescence was completely bleached
using direct excitation at 647 nm with 100 % laser power. This resulted in the maximum possible

donor (Dil) intensity, F, ... We then rescaled the donor fluorescence values F(t) to obtain the
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fraction of maximum Dil fluorescence: F(t) = (F — Fy)/(Fnax — Fo), Where Fy is the minimum

at the beginning of acquision.

To assess lipid mixing, we also used an alternative protocol that avoided the cold
incubation step, but could not be used for time course measurements because of the high
background due to excess NLPs. The same amount of vNLP8 as above was added to tCells at 37
°C. After 15 min incubation, excess NLPs were washed, and Dil, DiD and CFP fluorescence

were acquired using confocal microscopy (Fig. 4.2c,d).

To measure the influx of calcium through fusion pores, tCells were loaded with 5 uM of
Fluo-4 AM (life technologies, NYC, USA), a cell-permeant calcium-sensitive fluorescent dye, as
previously described (Wu et al., 2016). After washing to remove dye not taken by cells, vNLP
(15 pl) were added to tCells at 37 °C and the influx of calcium was tracked by imaging of Fluo-4

fluorescence using a confocal microscope (Wu et al., 2016).
Electrophysiology.

Details are given in Wu et al. (Wu et al., 2016). Briefly, flipped t-SNARE HeLa cells (tCells)
were cultured in 3 cm dishes. For recordings, a dish was placed in a temperature controlled
holder (TC-202A by Harvard Apparatus, or Thermo Plate by Tokai Hit) set at 37°C. Cells were
visualized with an inverted microscope (Olympus IX71, Olympus Corp.) using an Andor DU-
885K EMCCD camera controlled by Solis software (Andor). Recording pipettes (borosilicate
glass, BF 150-86-10, Sutter Instruments) were pulled using a model P-1000 pipette puller (Sutter
Instruments) and polished using a micro-forge (MF-830, Narishige). Pipette resistances were 5—
10 MQ in NaCl-based solution. The bathing medium contained (in mM): 125 NaCl, 4 KCl, 2

CaCl2 1 MgClz, 10 HEPES, (pH adjusted to 7.2 using NaOH) for the cell-attached recordings.
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10 mM glucose was added to the medium before use. All voltage- and current-clamp recordings
were made using a HEKA EPC10 Double USB amplifier (HEKA Electronics, Inc.), controlled

by Patchmaster software (HEKA). Currents were digitized at 20 kHz and filtered at 3 kHz.

To measure SNARE-mediated single fusion pore currents in the cell-attached mode (Yang and
Sigworth, 1998), electrodes were filled with the pipette solution composed of (in mM) 125 NacCl,
4 KCI, 10 HEPES, 13 or 26 tetraethylammonium-CI (TEA-CI, K*-channel antagonist), adjusted
to pH 7.2 using NaOH. This solution had resistivity 0.60 Ohm.m, measured using a conductivity
cell (DuraProbe, Orion Versa Star, Thermo Scientific). For experiments designed to test the
presence of multiple pores connecting large copy number vNLPs to tCells (Fig. 4.5—Figure
supplement 4), electrodes were filled with a solution containing (in mM): 129 N-methyl-d-
glucamine (NMDG), 10 HEPES, 26 TEA-CI, pH adjusted to 7.2 using HCI, resistivity

0.88 Ohm.m, 305 mOsm. The pipette tip was initially filled with 1 ul of NLP-free buffer and
back-filled with VNLPs suspended in the same buffer (final [vNLP]=100 nM, 120 uM lipids).
This allowed establishing a tight seal (R,.,; > 10 GOhm) with high success rate and recording a
stable baseline before the vNLPs diffused to the membrane patch and started fusing with it 2-18
min later. Such a back-filling strategy is typically used in perforated patch measurements
(Sakmann and Neher, 2009). All cell-attached recordings were performed using a holding
potential of —40 mV relative to bath. With a cell resting membrane potential of =56 + 7 mV

(mean = S.D., n=36), this provided 16 mV driving force across the patch membrane.
Analysis of fusion pore data

Analysis of fusion pores is described in detail in Wu et al. (Wu et al., 2016). Briefly, we
developed an interactive graphical user interface in Matlab to help identify, crop and process

single fusion pore currents. Traces were exported from Patchmaster (HEKA Electronik) to
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Matlab (Mathworks), low-pass filtered (280 Hz cutoff) and frequencies due to line voltage were
removed using notch filtering. Zero phase shift digital filtering algorithms (Matlab Signal
Processing Toolbox function filtfilt) were employed to prevent signal distortion. Filtered traces
were averaged in blocks of 80 points (125 Hz final bandwidth) to achieve rms baseline noise <
0.2 pA. Currents I for which |I| > 2.0 pA for at least 250 ms were accepted as fusion pore
current bursts. During a burst, rapidly fluctuating currents often returned to baseline multiple
times, i.e. pores flickered. To quantify pore flickering, we defined currents < —0.25 pA and
lasting = 60 ms (15 points) as open pores and currents not meeting these criteria as closed. For a
given burst, the number of open periods was equal to the number of flickers, N¢j;ckers. TO
estimate the fusion rate for each recording (i.e. the rate at which current bursts appeared), we
counted the number of current bursts that fit the set criteria (current amplitude >2 pA for at least
250 ms) and divided this number by the duration of the recording. Rates from different records
(patches) were averaged for each condition. We also refer to this rate as the pore nucleation rate.
Periods during which the baseline was not stable were excluded from this analysis. Many
recordings ended with what seemed to be currents from overlapping fusion pores. Such end-of-
record currents were also excluded, since they could also be attributed to a loose seal. Thus, the
fusion rates we report may underestimate the true rates, especially for conditions where fusion
activity was high. For distributions of conductances and radii, we used pore open-state values,
denoted by the subscript “po”. For Figure 4e,f, we first computed the probability density
functions (PDFs) for individual pores using a fixed bin width for all, then averaged these to give
equal weight to all pores. All distribution fitting was performed using Matlab Statistics Toolbox
functions fitdist or mle, using maximum likelihood estimation. Open-pore conductance values

were used point-by-point to estimate the open-pore radii, by approximating the pore as a cylinder

106



and using the expression (Hille, 2001) r,,, = (p/’leo/n)l/Z, where p is the resistivity of the
solution, 4 = 15 nm is the length of the cylinder, and G,, is the open-pore conductance. For
assessing statistical significance when comparing sample means, we used the two-sample t-test,
or the nonparametric two-sample Kolmogorov-Smirnov test (ttest2 or kstest2, Matlab Statistics
Toolbox), as indicated in Figure legends. We considered each single-pore measurement a

biological replicate.

For clustering average single-pore conductances (Gy,) for vNLP30 measurements, we used a 2-
component Gaussian mixture model (Figure 4.6b) which indicated a boundary between the two
components at ~1 nS. Applying this cutoff to all vNLP samples we produced the boxplot in Fig.
4.6¢, where on each box the central red line marks the median, the edges of the box are the 25th
and 75th percentiles, and the whiskers extend from g3 + 1.5(q3 — g1) to g1 — 1.5(q3 — 1), where
gl and g3 are the 25th and 75th percentiles, respectively. For a given v-SNARE copy number per
NLP face, Ngyare, We defined the probability Pg;;.:i0n Of achieving a high-conductance pore
({Gpo) > 1 nS) as the fraction of high conductance pores observed for that copy number. For
example, only 3 out of 64 pores were large conductance for vNLP8 which had 4 copies per face
(Fig. 4.6c), hence Pgijation(Nsnare = 4) = 3/64. We plotted Pg;ation @S @ function of v-SNARE
copy number per NLP face in Figure 4.6d. In Figure 4.7a, for estimating the energy profiles of
fusion pores for a given v-SNARE copy number, we first calculated the probability density
function for open-pore radii as in Figure 4.4f. The probability B. that the radius is between r and
r + Ar is the density at that bin x Ar, where Ar is the bin width. We estimated the energy U(r) of

a pore with radius r by U/KT = -In(P.) + A, where A is an arbitrary constant.
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Mathematical model of the fusion pore between a nanodisc and planar membrane in the

presence of SNAREs.

Membrane free enerqy.

We modeled the fusion pore as having a toroidal shape formed between a nanolipoprotein
particle (NLP) modeled as a planar bilayer of diameter D and the tCell membrane modeled as an
infinite planar bilayer, both of which are at a constant membrane tension (Fig. 4.7c). This
toroidal assumption is similar to previous theoretical studies that assumed a toroidal shape of the
fusion pore (Kozlov et al., 1989; Chizmadzhev et al., 2000; Jackson, 2010). Experimental
studies also observed an hourglass shaped fusion pore that could be considered approximately

toroidal (Curran et al., 1993; Haluska et al., 2006).

The fusion pore is parametrized by the toroidal shape parameters: the radius of the toroid

Tho Which corresponds to the fusion pore radius 7, and the separation of the membranes at the

edge of the NLP h. The fusion pore is completely toroidal at small pore sizes. The free energy of
the fusion pore is calculated using the Helfrich energy form as was used in previous studies

(Kozlov et al., 1989; Chizmadzhev et al., 2000; Jackson, 2010)
Umb (Tpo' h) = Ubend (ﬁ)o: h) +y4A (ﬁ)o: h) (4- 1)

Here, the energy due to bending is given by
K
Ubend (1o ) = > f (2C)2dA (4.2)
M

where k, C are the bending modulus and the mean curvature of the membrane respectively. The
energy expended to add membrane area due to membrane tension y is the second term, where AA

is the change in total membrane area due to pore formation, given by AA (7,0, ) = Apo(Tpo, h) —
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Arim (rpo, h). Here, Ay, is the area of the fusion pore. Ay, is the area of both rims of the fusion
pore which is the area that has to be removed from the infinite tCell membrane and the NLP
membrane to form the pore. We evaluated all integrals and all areas over the midplane M of the

membrane forming the pore to give

2(R + H)? R+ 2H
Ubend(Tyor ) = ¢ ( ) tan~! —4 (4.3)
H\R(R + 2H) R
AA(ry, h) = TH((2m — 4)H + 27R) — 2r(H + R)? (4.4)

where H =h/2 + §/2 and R = r,, + §/2. Values of x in previous studies range from 10-50 kT
(Brochard and Lennon, 1975; Cohen and Melikyan, 2004; Marsh, 2006; Khelashvili et al.,
2013). A commonly used value is k = 20 kT (Jackson, 2009), which we used here (Table 4.1). y

was obtained as a best-fit parameter (Table 4.1).

Free enerqy due to twisting of the ApoE proteins that line the boundary of the ND.

Due to the finite size of the NLP, toroidal states are not possible for large pore with rp,
and h a sizeable fraction of the NLP diameter D. These shapes are partially toroidal and come
into existence when ry,, + h/2 + & > D/2 where § is the membrane thickness. The ApoE

proteins that line the NLP boundary need to be rotated through an angle ¢ to form these shapes.

An example of one such shape is the right hand panel of Fig. 4.7c.

We assumed these proteins exert a constant torque t per unit length of the NLP boundary
to resist this rotation. The ApoE proteins exert no torque in the completely toroidal states as ¢

vanishes for these states. The free energy of these proteins is
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UApoE(rpor h) = D¢ (4.5)

h D
Tp0+7 5—7

+
¢ (1o h) = sin”! 7 I e
2

(4.6)

NS

D
2

Thus, the ApoE proteins resist pore expansion as ¢ increases with the size of the pore. We
obtained t as a fitting parameter and D was measured in this study (values in Table 4.1). For
further details about the partially toroidal states, please see the penultimate subheading

‘Description of partially toroidal states’.

Free enerqy contribution from short-ranged steric-hydration forces.

Steric-hydration repulsion between membranes is prominent at small membrane separation.
Experimentally measured steric-hydration pressures between planar membranes of separation d
are of the form P, exp —d/A (Rand and Parsegian, 1989). Values of P, and A have been measured
before for several membrane compositions; A is within 0.1 - 0.3 nm (Rand and Parsegian, 1989).
As the pore sizes over which these effects are appreciable (~A) are very small compared with the
NLP diameter D, only toroidal states are considered for this calculation. We obtained P, from

previous studies and A as a best-fit parameter (Table 4.1).

The steric-hydration forces act in two orthogonal directions on the membranes comprising the
fusion pore: to increase the pore radius ry,, and the separation between membranes h. The sum of

the work done by these two forces gives the free energy of the steric-hydration interaction

2

Unyd (Thor B) = Py A <%> exp (— %) + Py (2ml) exp (_ 2;100) <% o + (%)2> (4.7)
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where [ is the effective pore height, i.e. the height of the section of the pore that contributes
substantially to the steric-hydration interaction. To obtain the free energy contribution of the
steric-hydration forces, we now calculate the work done by these forces to assemble the fusion
pore. We first observe that the work done W to bring two patches of membranes of area A to a

separation h from a large distance apart is

" y
W = P, f SA exp (— I) dy (4.8)

The first term in eq. 4.4.7 is the work done to separate the planar part of the membranes to a
distance h. As the pore area where these forces are relevant (~A?) is very small compared with
the NLP area tD? /4, we set area of the planar region §A = mD?/4 in eq. 4.8 to obtain the first
term. The second term in eq. 4.4.7 is the work done to separate the membranes to form a pore of

diameter 2rp,. To calculate this, we can imagine that the pore is a cylinder of diameter 2ry,, and
height 1 where I = {/2A(h + 28), since the change in pore diameter over the height [ is

negligible. Here, § is the thickness of the bilayer and [ is the height over which the the cross-

sectional diameter of the toroidal shape increases from 27, to 27,, + A.

To obtain [, we consider the inner surface of the toroidal pore. This shape is formed by revolving
the semicircle given by x = (r,, + R") — R cos 6,z = R'sin § where —90° < 6 < 90° in the
XZ plane about the Z axis. Here, 7,,, is the radius of the pore and R’ is the radius of the

semicircle which is also equal to half of the maximum separation between the heads of the
monolayers that line the inner surface of the pore, R = h/2 + § as can be seen from Fig. 4.7c.

1/2 is that value of z at which the cross-sectional radius of the pore x increases to 7,,, + /2.
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Thus, [ is obtained by solving the equation of the semicircle (r,, + h/2 + & — r)2 + (1/2)? =

(h/2 + &)? to first order in 2 where r = 1,, + 1/2.

To calculate the steric-hydration contribution from a pore of size 7, and height h, one need only

consider the pore over that height [ at which the cross-sectional diameter of the toroidal shape

increases from 27, to 27, + 4, since A is the range of the steric-hydration force. Thus, the area

of the cylinder is 8A(rp,) = 2mrp,l and using eq. 4.8 the work done to set up the pore is

P, firp"(any) exp(—y/A) dy, giving the second term of eq. 4.7.

Free energy contribution from SNARE proteins.

In this section, we calculate the free energy due to the SNARE proteins. We fix the total number
of v-SNAREs. Out of these N v-SNAREs, N, are fully zippered and N,, are partially zippered.
Only the TMDs and the linker regions of these partially zippered SNARES are unzippered. For
each N, we allowed N, and N,, to vary from 0 to N to obtain an equilibrium distribution for both.
We calculated the free energy of the SNAREs for N = 0,2,4,8,15 which correspond to the total
number of v-SNARES per NLP face used experimentally (Fig. 4.7a). To match with experiment,
we used the assumption that only half of the total number of SNARES present in the NLP would
be present on the side of the NLP that faces the tCell and that all of these SNARES would be

available to participate in fusion pore expansion.

We assumed that the fully zippered SNARESs form a ring at the waist of the fusion pore

(Fig. 4.7¢). Their free energy is
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— N,b

27, .
U,(tps N,) = —NkT In————+1) = N&, — NkTIn 2, (4.9)

pos

The first term is the positional entropy of the zippered TMDs whose diameter is b, which we
measured by fitting a cylinder to the measured crystal structure (Stein et al., 2009). The second
term is the energy released when a partially zippered SNAREpin completes its zippering. The
third term is the orientational entropy associated with the zippered SNARES. We assume that
these are very stiff cylindrical rods. Due to their high stiffness, these rods can only explore a
small solid angle Q, = 0.05 sr (Table 4.1). We calculated this based on an atomistic molecular
dynamics study of the t-SNARE TMD that shows that these explore angles ~10° around their
equilibrium position in a bilayer (Knecht and Grubmuller, 2003). The SNAREs fluctuate about

their equilibrium orientation which we assume is the local normal to the membrane.

The free energy of the partially unzippered SNARES is

2nD
U,(N,,) = =N kT <lnT) — N,kT Inm (4.10)

The first term is the positional entropy of the TMDs. These partially zippered SNARES are in a
Y-shape with both unzippered TMD domains on the same side of the pore, either on the vNLP or
the tCell membrane. The linker domains are also unzippered and this imparts flexibility to these
SNAREs (Jahn and Scheller, 2006). This orientational freedom is given by the second term.
These SNARES can adopt all orientations where they do not intersect with the membrane; this
corresponds to a solid angle of 1 steradian. We restricted these SNARES to a circle of radius
equal to that of the NLP as this considerable orientational freedom is only available when the

SNAREpin body is away from the fusion pore lumen.
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Calculation of the total free energy U as a function of pore size and number of SNAREs.

The probability that a fusion pore accesses a radius rp,, in the presence of N SNAREs is
proportional to exp —U(rp,,, N) /KT in equilibrium, as this is the Boltzmann distribution where U

is the total free energy. We assumed that the bilayer-SNARE system is equilibrated as the current
bursts measured experimentally are long-lived. To calculate this free energy, we summed the

Boltzmann factor of all states that comprise such a system

U N)\ < (® Ui(T0r b, N, N,)
exp <— k—T> = sz:o fb exp <— >dh (4.11)

kT

Here, U, is the total free energy of one fusion pore state with N, zippered SNARESs and of

membrane separation h, given by
Utot = Umb + Uz + Uuz + Uhyd + UApoE (4‘- 12)

We performed the integration and the sum over all states in eq. 4.11 numerically in MATLAB.

Derivation of best-fit model parameters by fitting model-predicted free energy to experiment.

We performed a numerical calculation using eq. 4.11 to obtain free energy curves as a
function of SNARE copy numbers and pore size. For the membrane parameters it is best to fit to
data from membranes with no SNAREs. We fit the fusion pore free energy predicted by the
model with no SNARES (setting N = 0 in eq. 4.11) to the experimentally measured curve for 1
SNARE, assuming such a pore behaves similarly to a protein-free pore. We first fit the model-
predicted pore size at the minimum in the free energy to experiment by using the steric-hydration

force scale A as a best-fit parameter. We obtained the bending modulus x from ref. (Jackson,
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2009) and fit the slope following the minimum in the region 0.5 nm < r,, < 1.0 nm using the
membrane tension y as a best-fit parameter as vy largely determines the slope beyond this

minimum.

Using these parameters, we calculated the free energy versus pore radius in the presence
of SNAREpins (Fig. 4.7b). As SNAREpins are introduced, the model predicts the minimum
barely shifts, while the slope beyond the minimum decreases with increasing numbers of
SNAREs by an amount depending on the zippering energy parameter ,;,. We selected a typical
experimental curve (vNLP30) and fit the slope of the free energy from simulation to that
measured from experiment for 0.5 nm < rp, < 2.5nmand N = 15 SNAREs (as VNLP30
corresponds to 15 SNAREs per face) using &,;,, as a fitting parameter and obtained &,;, =

9.6 KT. This is higher than the zippering energy of the linker domains alone which was measured

to be ~5 kT in (Gao et al., 2012).

Further increases in pore size cause increases in free energy, as the fusion pore shapes are
partially toroidal and the twisting torque from the ApoE proteins at the NLP boundary resists
further expansion. Thus, we fit the slope of the free energy curve in this region (4 nm < rp, <
4.5 nm) measured from simulation to that measured experimentally for N = 4 SNAREs to

obtain the torque per unit length T = 8.43 pN as a fitting parameter.

To understand how lipid-anchored VAMP2 affects pore dilation, we reduced the size of
the zippered TMDs by 50% as the zippered SNARE complex lacks the v-SNARE TMD. This is
the maximum possible reduction in the excluded volume of the zippered SNAREs. We then
varied the zippering energy to ensure that the model-predicted mean pore size was invariant with

respect to this reduction, consistent with the invariance in mean pore size observed in experiment
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(Fig. 4.5—Figure supplement 2f). The best-fit zippering energy is 0.43 KT lower than the best-fit
value obtained when both TMDs are present. This is an upper bound on the reduction in

zippering energy given that we used the largest possible reduction in the excluded volume.

Description of partially toroidal states and calculation of membrane free energy

Due to the finite size of the NLP, toroidal states are not possible for large pores with rp,

and h a sizeable fraction of the NLP diameter D. We instead assumed these shapes are partially

toroidal. These come into existence when rp, +h/2 + 8 = D/2 where & is the membrane

thickness. We set the shape of these states as follows. We constructed a toroidal pore with the

shape parameters rp,, h, and truncated the top half of the toroid at the plane where the cross-

sectional diameter of the toroid is equal to the NLP diameter (Fig. 4.7c, right panel). In these
partially toroidal states, the ApoE proteins at the edge of the NLP are rotated through an angle ¢

compared with the fully toroidal states (eq. 4.6).
Evaluating the integral from eq. 4.2

(R + H)*tan'(a)

H\R(R + 2H)
_ _ R -2 - R
where H =h/2+8/2,R =1y, + 6/2,tan la =tan 1< ~on cot (“—4 ¢)> — tan 1( /R+2H>,

h, 0) is the bending energy in a fully toroidal state, given by eq. 4.3. The change

Ubend(rpo, h¢) = Ubend(rpo, h,0) + 2mk(1 — cos ¢) — Tk (4.13)

and Ubend (I'po,

in total membrane area due to pore formation in these partially toroidal states is given by

2

D
AApo (1o Rpor §) = TH((R + H)(2 — ¢) — 2H(1 + cos ¢)) + m(R + H)? — <§> (4.14)
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In the partially toroidal states, h does not correspond to the membrane separation at the

edge of the pore, although ry,, is still the pore radius. Thus, we indicate the membrane separation
at the NLP boundary by hy,, given by

h h D

E(l +cosd),rpo+s+6 ==

— 2 — 2
h,, = h D (4.15)

po
h,r'p0+§+8<§
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Figure 4.1. Size separation and characterization of NLPs.

a. Representative size exclusion chromatograms of various NLP preparations as indicated. NLPs were
detected by absorption at 280 nm. Typically, a fraction comprising 9-13 ml was collected (black horizontal
bar). b. Coomassie stained SDS PAGE of NLPs. For each preparation, the amount of VAMP2 relative to
ApoE was determined using densitometry. c. Representative negative-stain EM micrographs of NLPs.
Top row are SNARE-free NLPs. Bottom row are NLPs loaded with 30 v-SNARE copies. NLPs marked
with * are oriented perpendicular to the imaging plane and show the flat disc structure. Scale bar is 25
nm. d. Distribution of NLP diameters for a representative vNLP15 sample, determined from analysis of
micrographs as in c. A normal distribution fit (red line) is shown. e. Boxplot of representative NLP sizes for
various conditions. NLPs containing lipid-anchored VAMP2 (vC45L, vC45M, vC45H for low, medium, and
high copy number of C45 lipid-anchored VAMP2, bearing ~1, 4, and 15 copies) had sizes comparable to
NLPs bearing similar loads of wild-type VAMP2 (vNLP1, vNLP4, and vNLP15). Activity of these NLPs was
tested in an established bulk fusion assay with t-SNARE reconstituted liposomes (Fig. 4.1—Figure
supplement 1).
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Figure 4.1—Figure supplement 1. Bulk content release assay (Shi et al., 2012; Bello et al., 2016)
shows fusion of vNLPs with t-SNARE reconstituted small unilamellar vesicles (t-SUVs) is SNARE-
dependent.

a. Release of calcium from the liposome lumens as a function of time. t-SNARE liposomes initially
entrapping calcium were mixed with vNDs. Fusion with vNDs leads to leakage of calcium through fusion
pores. Binding of leaked calcium to the calcium-sensitive dye Mag-fluo-4, included in the fusion buffer,
results in increased fluorescence. The maximum fluorescence was determined by adding detergent to
release all entrapped calcium at the end of the reaction. Results are displayed as percentage of
maximum fluorescence as a function of time. Nine independent measurements per condition were
averaged. b. Bulk calcium release rates are comparable for MSP or NLP discs bearing ~8 and ~15 copies
of VAMP2, respectively, even though fusion pores can in principle grow to much larger sizes for NLPs.
Thus, either the bulk contents release assay is insensitive to pore properties under these conditions, or
pores with similar properties occur in both cases. Single-pore measurements indicate about 10% of
VNLP15 pores reach large sizes. Eleven and 8 independent measurements were averaged for MSP vND
and vNLP15 conditions, respectively. The error bars represent standard error of the mean for both panels
a and b.
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Figure 4.2. vNLPs induce lipid mixing when incubated with flipped t-SNARE cells (tCells).

a. Schematic of the assay. b. NLPs co-labeled with 1 mole % Dil and DiD were incubated with tCells for
30 min at 4°C, a temperature that allows docking, but not fusion. Cells were then rinsed with cold PBS to
remove free NLPs, and PBS pre-warmed to 37°C was added. Imaging of Dil and DiD fluoresce started
shortly after the dish was mounted onto a confocal microscope stage held at 37°C. For each imaging
cycle, we sequentially acquired Dil and DiD fluorescence (Aex =561 nm and 647 nm for Dil and DiD,
respectively). We quantified cell membrane Dil and DiD fluorescence and calculated the ratio of these two
intensities, R. Dil fluorescence reports lipid mixing, while the DiD fluorescence is proportional to the
amount of docked NLPs per cell. Thus, the ratio R normalizes the lipid mixing signal to the amount of
docked NLPs. Averages of 69, 73, and 47 regions of interest (+/- S.E.M.) from 7, 7, and 3 dishes are
shown for NLPs loaded with ~8 copies of VAMP2 (VNLP8), ~8 VAMP2-4x mutant that is docking-
competent but fusion incompetent (v4xNLP8), and empty NLPs (eNLPs), respectively. c¢,d. Confocal
imaging after 15 min incubation and washing of NLPs with tCells at 37°C. c. DiD fluorescence reflects the
amount of docked NLPs per cell. NLPs reconstituted with ~8 copies of VAMP2-4X (v4xNLP8) docked with
the same efficiency as wild-type VAMP2 NLPs bearing the same SNARE copy number (VNLP8). d.
Dil/DiD fluorescence ratio (R) reports lipid mixing normalized to the amount of docked NLPs per cell.
Despite efficient docking, v4xNLP8 did not induce any lipid mixing. eNLP, empty (SNARE-free) NLPs. For
cand d, 6, 10, and 11 dishes were measured and 41, 66, and 63 regions of interest analysed for eNLP,

v4xNLP8, and vNLP8, respectively.
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Figure 4.2—Figure supplement 1. Estimation of the extent of lipid mixing.

As in Fig. 4.2b, vNLPs co-labeled with 1 mole % each of Dil and DiD were incubated with tCells for 30
min at 4°C, a temperature that allows docking, but not fusion. Cells were then rinsed with cold PBS to
remove free NLPs, and PBS pre-warmed to 37°C was added. Imaging of Dil and DiD fluoresce started
shortly after the dish was mounted onto a confocal microscope stage held at 37°C. At the end of the
experiment, the DiD (acceptor) fluorescence was completely bleached using direct excitation at 647 nm
with 100% laser power to obtain the maximum possible donor (Dil) intensity, F,,,,. We then rescaled the
donor fluorescence values F(t) to obtain the fraction of maximum Dil fluorescence: F(t) = (F —
Fy)/(Fnax — Fy), Where F, is the minimum at the beginning of acquision.
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Figure 4.3. Calcium influx assay.

a. Schematic of the assay. b. tCells were loaded with the CaZ* indicator Fluo-4 whose fluorescence was
imaged as a function of time. Opening of fusion pores allowed Ca?* influx into the cytosol, causing the
Fluo-4 signal to increase for vNLP8 (10 dishes), but not for v4xNLP (6 dishes) or eNLP (4 dishes)
samples. The fluorescence from the entire viewfield for each dish was averaged. Displayed errors are
S.E.M.
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Figure 4.3—Figure supplement 1. Fusion pores connecting NLPs to cells eventually close.

Flipped t-SNARE cells were loaded with the Ca?* indicator Fluo-4 whose fluorescence was imaged as a
function of time after addition of NLPs bearing 8 copies of VAMP2, as in Fig. 4.3. Opening of fusion pores
allowed Ca?* influx into the cytosol, causing the Fluo-4 signal to increase. To test whether pores
eventually closed, free NLPs were washed out after 5 min, as indicated. This caused the Fluo-4 signal to
return to baseline within a few minutes, indicating pores eventually closed. Data from 6 dishes, errorbars

are S.E.M.
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Figure 4.4. Detection of single-pores between vNLP nanodiscs and tCells.

a, b. Schematic of the assay. A glass pipette seals a patch on the tCell membrane. The pipette solution
includes NLPs. When a vNLP fuses with the tCell membrane (b), a nm-sized pore opens and connects
the cytosol to the pipette solution. Thus, currents through voltage clamped pores report fusion and pore
properties with sub-ms time resolution. In b, the bilayers, SNAREs and the NLP are drawn approximately
to scale. The light, medium and dark shades of green and red indicate the transmembrane, linker, and
SNARE domains of the v- and t-SNARES, respectively. c. Pores are SNARE-induced. When empty NLPs
(eNLPs), cytoplasmic domain of VAMP2 (CDV), tetanus neurotoxin light chain (TeNT), or NLPs loaded
with the docking-competent, fusion-incompetent VAMP2-4X mutant (v4xNLP8) were used, only a very low
level of current activity was recorded compared to NLPs loaded with ~8 copies of wild-type v-SNARES.
The number of pores/patches are indicated for each condition. (*** indicates p<0.001, t-test against
vNLP8) d. An example of a fusion pore current “burst”. Fusion leads to fluctuating and flickering currents
that are well separated in time from one another. A threshold (red dotted line) and a minimum crossing
time is imposed to define pore open periods (Materials and Methods and Wu et al. (Wu et al., 2016)).
Detected sub-openings are indicated with colored bars above the current trace. e. Average probability
density function (PDF) of open-pore conductances. f. Averaged PDF of open-pore radii. Data are from 61
fusion pores, 26 cells. g. Free energy profile calculated from the distribution of pore sizes in f.
Distributions of flicker numbers per pore and burst lifetimes are shown in Fig. 4.4—Figure supplement 1.
Additional examples of current bursts are provided in Fig. 4.4—Figure supplement 2.
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Figure 4.4—Figure supplement 1. Additional properties of single fusion pores connecting NLPs
loaded with 8 copies of VAMP2 and flipped t-SNARE cells (64 pores from 26 cells).

a. Distribution of flicker numbers, and fitted geometric distribution. The red dots are a fit to a geometric
distribution, y = p(1 —p)",n =0,1,2, 3,... with p = 0.0573 (95% confidence interval: 0.0437,0.0709).
Mean + SEM was 16+2.7 flickers. b. Distribution of burst lifetimes, T,, as defined in d, and exponential
best fit (red curve). Mean + SEM=10.3+2.2 s.
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Figure 4.4—Figure supplement 2. Additional examples of current bursts.

Red dashed line indicates -0.25 pA threshold. During a burst, a pore is considered open if it crosses this
threshold for at least 15 consecutive points (60 ms). Detected open sub-periods are indicated by colored
bars above the traces.
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Figure 4.4—Figure supplement 3. Mycoplasma contamination does not affect fusion with NLPs.
A. Testing of flipped t-SNARE cells for mycoplasma contamination. Mycoplasma-negative control (lane
marked N) shows the internal control band at 479 bp (arrow). The positive control (lane marked P) shows
a band at 270 bp (arrowhead) and an additional band of the internal control at 479 bp. The 479 bp
internal control DNA of the detection kit fades with increased amount of amplicons formed due to
mycoplasma DNA. Lane L is the ladder, lanes marked U test untreated flipped t-SNARE cells, lanes
marked T test flipped t-SNARE cells treated with an anti-mycoplasma agent. Anti-mycoplasma treatement
reduced contamination substantially. B-E. Fusion between NLPs bearing 8 total copies of v-SNARE
(VNLP8) and flipped t-SNARE cells that were either untreated or treated for mycoplasma contamination.
The rate at which pores appear (B), the mean pore conductance (C), the pore open probability during a
burst (D) and the pore lifetime (E) are indistinguishable for untreated vs. mycoplasma-treated cells. 64
pores from 26 patches were recorded from untreated cells and 51 pores from 21 patches were recorded
from treated cells.
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Figure 4.5. Only a few SNARE complexes are required to nucleate a pore, but more than ~15 are
required to dilate it.

a. Pore nucleation rate as a function of total v-SNARE copy number per NLP. Copy numbers per NLP
face are approximately 0, 1, 2, 4, 7.5, and 15 for eNLP and vNLP1 through vNLP30, respectively. Pore
nucleation requires ~2 copies per NLP face and saturates above ~4 copies per NLP face. n.s. indicates
no statistically significant differences for the mean fusion rates among vNLP4, vNLP8, vNLP15, and
VNLP30 samples, as assessed by an analysis of variance (ANOVA) and multiple pairwise comparisons of
the group means. The source and analysis files are provided as Fig. 4.5—source data 1. b. Mean single-
pore conductance, {G,,) as a function of v-SNARE copies loaded into NLPs. (G,,) increases rapidly as
increasing numbers of v-SNARESs are loaded per NLP. At the maximum value tested, ~15 copies per NLP
face, (G,,) is far from saturating. The number of pores analyzed/total number of cells is indicated for each
condition in a. **, *** indicate p<0.01 and 0.001, respectively, using the two-sample t-test (a) or the
Kolmogorov-Smirnov test (b) against eNLP. Additional pore properties are shown in Fig. 4.5—Figure
supplement 1. Properties of pores induced using lipid-anchored v-SNARESs are shown in Fig. 4.5—Figure
supplement 2.
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Figure 4.5—Figure supplement 1. Additional pore properties as a function of v-SNARE copy
number per NLP.

a. Conductance fluctuations relative to mean (G,fo)/(G,,o). b. Mean open-pore radii (,,, ). c. Pore lifetime,
T,. d. Burst open probability P,. eNLP, empty (SNARE-free) NLPs. The numbers in vNLP1 through
vNLP30 indicate the total v-SNARE copy numbers per NLP. *, ** *** indicate p<0.05, 0.01, and 0.001,
respectively, using the Kolmogorov-Smirnov test against eNLP.
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Figure 4.5—Figure supplement 2. Larger numbers of lipid-anchored v-SNAREs promote pore
dilation.

a. Sample traces for NLPs loaded with different copy numbers of lipid-anchored VAMP2. b-g. Fusion pore
properties of lipid-anchored (red) and wild-type (black) v-SNARE NLPs (see legend of Fig. 4.5—Figure
supplement 1 for parameter definitions). Replacing VAMP TMD with a C45 lipid anchor reduced pore
nucleation (b) but made them last longer (e), consistent with previous results using smaller MSP NDs (Wu
et al., 2016). Overall trends as a function of copy number were similar for all parameters for C45 and WT
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VNLPs. The number of pores/patches were 90/63, 12/30, and 11/29 for vC45NLP15, vC45NLP4, and
VC45NLP1, respectively.
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Figure 4.5—Figure supplement 3. Swapping the locations of the v- and t-SNAREs does not affect

pore properties.

Flipped v-SNARE cells were fused with t-SNARE NLPs (loaded with 4 or 15 total copies of t-SNAREsS,
tNLP4 and tNLP15), inverting the target membrane. For a given SNARE copy humber in NLPs, burst
lifetime (a), mean open-pore conductance (b), and pore open probability during a burst were
indistinguishable between the vNLP_tCell and tNLP_vCell configurations. The number of pathches/pores
are indicated for each condition in (a). The same numbers apply to (b) and (c). For vNLP_tCell fusion,
results are copied from Fig. 4.5 and Fig. 4.5—Figure supplement 1 to facilitate comparison.
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Figure 4.5—Figure supplement 4. Permeability of pores to NMDG".

Sodium in the pipette solution was replaced with N-methyl-D-glucamine (NMDG"), a large ion ~1.1 x 0.5
nm in size without its hydration shell(Melikov et al., 2001), to test its passage through the fusion pores.
Conductance was low when ~15 nm MSP nanodiscs with 8 copies of v-SNAREs (VMSP8) were used(Wu
et al., 2016), but not affected when ~23 nm NLPs bearing 30 v-SNAREs were employed (vNLP30). This
suggests the increase in mean pore conductance as SNARE copy numbers are increased (Fig. 4.5b) is
due to pores becoming larger, not the appearance of multiple small pores. *** indicates p<0.001 (two-
sample Kolmogorov-Smirnov test).
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Figure 4.6. Increasing v-SNARE copy numbers increases the occurrence of large pores.

a. At low copy numbers, all pores produced small amplitude currents (leftmost traces). As copy numbers
increased, most pores still produced small-amplitude currents, but an increasing fraction had much larger
currents, such as the two traces shown on the right. b. The probability density function of mean open-
pore conductance values (G,,) from 99 vNLP30-tCell fusion pores was fitted with a Gaussian mixture
model with two components. The data clustered into two Gaussians centered around 300 pS and 7.21
nS, separated at ~1 nS. For every bin, the probability of belonging to component 1 is color-coded with the
color map indicated to the right of the plot. Inset shows a zoom to the transition region between the two
components. c. Individual pores were classified as low ({(G,,) < 1 nS) or high ({(G,,) > 1 nS) conductance.
The distribution of mean conductances are shown as box plots for the v-SNARE copy numbers tested.
The number of large pores/total number of pores is indicated for each group. d. Probability of pore
dilation, P,;4:i0n, defined as the fraction of pores in the high-conductance category in ¢ as a function of

SNARE copy number per NLP face (red dots). The dashed line is a fit P;; = exp (W) / (1 +

exp (W)) where N, is the copy number at which P;; = 0.5, and b measures the width of the

transition. Best fit parameters were (with 95% confidence intervals) N, = 19.3 (16.9,21.7), and b =

5.0 (3.3, 6.7) (R%: 0.97). The black open circle indicates that P;; = 0.9 requires 30 SNARESs. See Fig.
4.6—Figure supplement 1 for a plot of open-pore conductance fluctuations relative to mean as a function
of mean open-pore conductance.
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Figure 4.6—Figure supplement 1. Open-pore conductance fluctuations relative to mean, (G2,)/(Gpo).
as a function of mean open-pore conductance, (Gpo).

Fluctuations rise sharply for (Gp,) 2 1 nS (blue circles).
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Figure 4.7. Free energy profiles for pore dilation, experimental results and model predictions. The
mathematical model describes a mechanism of pore expansion in which SNARE crowding
generates entropic expansion forces.

a. Open-pore free energy landscape U(rpo) for different SNARE copy numbers. Increasing SNARE copy
numbers in NLP discs softens the energy barrier against pore expansion. For vNLP30 discs, the profile
starts rising above r,, ~ 7 nm (expected maximum size 7', .. ~ 7 — 8 nm). If a vesicle were fusing
instead of a NLP, dilation would presumably relax pore curvature and lower the energy (dashed curve
marked “vesicle”). vMSP data was obtained in earlier work(Wu et al., 2016) using smaller, ~16 nm
diameter nanodiscs stabilized by the membrane scaffold protein (MSP), with 7-9 v-SNARE copies. The
maximum allowable pore size is limited to slightly above 2 nm radius for MSP discs. The same energy
minimum around 7, =~ 0.5 nm is found regardless of copy numbers or the size of disc used, suggesting
this minimum represents an inherent property of fusing bilayers. b. Corresponding free energy profiles
predicted by a mathematical model of the fusion pore with SNAREs (Materials and Methods and Fig.
4.7—Figure supplements 1 and 2). Each curve shows the copy number and the net inward force
(averaged over all sizes 1,, > 1.5 nm) tending to close down the pore to the minimum energy value.
Membrane bending and tension resist pore expansion with a total force ~ 22 pN (SNARE-free pore, blue).
With SNARESs, crowding effects produce an expansive entropic force that reduces the net inward force.
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The net force is progressively lowered with increasing numbers of SNARES, reaching ~ 5 pN with 15
SNAREs. c. Schematic illustrating proposed SNARE-mediated pore expansion mechanism. Left: a few
SNARES can nucleate a pore, but dilation beyond a few nm is unlikely. Right: with many SNAREsS,
crowding generates expansion forces sufficient to offset the intrinsic bilayer resistance and expand the
pore. h,§,D and ¢ are the height of the pore, the thickness of the membrane, the mean diameter of the
VNLP discs, and the angle of twisting of the ApoE proteins respectively. For definitions of other model
parameters, see Materials and Methods.
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Figure 4.7—Figure supplement 1. Results of the mathematical model of the fusion pore in the

presence of SNAREpins.

a. Membrane separation and angle of twist of the ApoE proteins versus pore size for a fusion pore without
SNARES. b. Mean number of zippered SNARES versus pore size for a fusion pore with N = 0,2,4,7,15
total numbers of v-SNARES per NLP face. c. Free energy as a function of pore size and number of
SNAREsS (treated as a continuous variable). d. Free energy as a function of pore size and membrane
separation for fusion pores with N = 1, 4, 15 total available v-SNARES.
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Chapter 5: Conclusion

In the work presented here, we have tried to understand the roles that subcellular forces
play in the function of the cytokinetic ring and the fusion machinery. Using a combination of
mathematical modeling and experiment, we have demonstrated that (i) ring tension regulates
septum closure via mechanosensitive septum growth machinery, (ii) a node-based architecture
with node turnover is sufficient to marshal actomyosin forces to produce experimental values of
ring tension and help the stability of the ring, (iii) SNARE proteins produce a cooperative entropic

force that lessens the barrier to pore dilation and presumably successful neurotransmitter release.

Ring tension regulates septum growth

Although the cytokinetic ring machinery has been widely studied in fission yeast, the cell
wall growth machinery is not so well characterized, and the interaction between the ring and the
cell wall is poorly understood. The conventional purse-string mechanism suggests that the ring
provides the mechanical force to deform the membrane and physically cleave the cell into two
(Wolf et al., 1999). However, in fission yeast this is not the case. Recent experiments have
measured the ring tension and the modulus of the cell wall. The latter is so large that the force per
unit area produced by the ring cannot possibly deform the cell wall and cause it to ingress in the

wake of the constricting ring. Hence, the roles of the ring here are poorly understood.

We noticed that the septum holes in most previously obtained images were circular. As it
is a considerable technical challenge to coordinate growth across a ~10 um perimeter produced by
~2500 inherently-stochastic B-glucan synthase complexes, we hypothesized that septum growth

was regulated. As the ring is attached to the plasma membrane where the cell-wall growing glucan
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synthases reside, we hypothesized that this regulation happened via the force exerted by the ring

on these proteins.

Using a combination of mathematical modeling, image analysis, and experiment, we
discovered that the edge roughness of the septum hole contour was regulated, and grew with the
length scale under consideration with a one-half power law. This is similar to the Edwards
Wilkinson and KPZ models of interfacial growth that have length-scale-dependent roughness that
grows with the length scale according to a one-half power law (Edwards and Wilkinson, 1982;
Kardar et al., 1986). Our mathematical model reproduced this as well, and revealed that the effect
of ring tension is to correct septum growth in a curvature-dependent manner to ensure the
circularity of the septum hole. Thus, we have uncovered a key role of ring tension in ensuring

successful cell division.

Node-based architecture marshalls forces to generate ring tension

Recent super-resolution experiments have revealed the ultrastructure of the constricting
cytokinetic ring in fission yeast (Laplante et al., 2016). Membrane-anchored protein complexes
called nodes contain myosin-11 molecules that pull on actin filaments synthesized by the formin
Cdcl12. Thus, the fundamental force-producing interaction in the ring is myosin-Il of one node
pulling on a filament growing from another node. These interactions somehow add up to a tense
ring. Also, one would expect a ring with such interactions to be unstable as nodes are ‘attractive’
and are prone to clumping. Hence, naturally occuring density fluctuations would give rise to

runaway contraction and hence rupture. How does the ring maintain its stability?

To answer these questions, we developed a simple, coarse-grained, one-dimensional model

of the ring, representing nodes as a continuous density field. Given that previous measurements
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show a mean of one formin per node, there is only one actin filament per node, that could point
clockwise or counterclockwise along the length of the ring. Depending on the polarity of this node
attached filament, we found that nodes moved either clockwise or counterclockwise with a fixed
velocity, as the force per node was fixed in a homogeneous ring. This explained the experimental
observation of bidirectional node motion (Laplante et al., 2016). Such a model also reproduced
previously measured values of ring tension (~400 pN, (Stachowiak et al., 2014)) with a myosin
force per head ~ 1.1 pN, similar to previous measurements (Kishino and Yanagida, 1988; Molloy

et al., 1995; Ishijima et al., 1996; Tyska et al., 1999).

As stated above, nodes attract one another via the force produced by myosin of one node
pulling on the actin of another. Such a structure would be prone to clumping instabilities. Our
model shows that turnover of nodes prevents such aggregation, and that experimentally measured
turnover times are small enough compared with the inherent aggregation timescale of the nodes.
Thus, a node-based architecture with nodes turning over is sufficient to generate tension and help

the stability of the ring.

Neurotransmission and the post-fusion role of SNAREpins

Neurotransmission involves the crucial step of communication between neurons where
membrane-enclosed vesicles filled with neurotransmitter fuse with the membrane of a neuron
inside the neuron, thereby opening a fusion pore connecting the interior of the vesicle with the
exterior of the cell. Such a connection enables release of the neurotransmitter which is sensed by
the next neuron. Thus, the nature of this connection, its stability and how the fusion pore size is

regulated are essential to neurotransmission.
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SNAREs are the core of the membrane fusion machinery of the cell. Fusion involves the
assembly of SNARE complexes at the fusion site, but the roles of these proteins is unclear. Here,
using a combination of mathematical modeling and experiments we sought to answer these
questions. Our collaborators at Yale prepared an experimental system where patches of membranes
(VNLPs) assembled SNARE complexes and fused with the membrane of a cell from the exterior
of the cell. Electrophysiological experiments measured the conductance of the ensuing fusion

pores and hence their sizes versus time.

We made a mathematical model treating the SNARE complexes with either fully or
partially zippered transmembrane domains. The SNARESs could assemble at the waist of the fusion
pore, or were free to roam. We saw that zippering energy drove SNARES to zipper up and assemble
at the waist, and entropic crowding forces in at the waist caused the pore to expand. This entropic
force explains the experimental observation that average pore sizes are larger with more SNARES
at the fusion site, and suggests that the barrier to fusion pore expansion is ameliorated by the steric
interactions between SNARES. Thus, our work suggests a key post-fusion role of SNAREpins in

neurotransmitter release.
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