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4. Septins bundle and curve actin !laments

Actin !laments and myosin motors form a contractile ring during 
cytokinesis, which physically divides the cytoplasm of mitotic cells 
into two daughter cells. Despite the essential role played by actin and 
myosin in this process, the molecular mechanisms that determine their 
organization into a contractile ring remain poorly understood. Here we 
investigate the actin-organizing capabilities of septins, a conserved and 
essential component of the cytokinetic ring. A close interplay between 
septins and the actin cytoskeleton has been previously suggested, but the 
nature of this interaction has remained unclear. In order to investigate 
this interaction, we performed "uorescence microscopy experiments 
on an in-vitro model system of actin !laments crosslinked by "y or 
human septin hexamers. We !nd that septins directly bind and bundle 
actin !laments. Surprisingly, we also !nd rings of actin bundles. We 
implement a novel image analysis algorithm to analyze in detail the 
curvature of these rings and correlate this to actin bundle thickness and 
septin binding. We !nd the same bundling and curving activity for "y 
and human septins, suggesting a conserved function. Our observations 
demonstrate that septins alone are su#cient for actin ring formation, 
which may explain recent in-vivo experiments showing that septins are 
necessary for proper contractile ring formation in Drosophila embryos 
undergoing cellularization.
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4.1 Introduction

Multicellular organisms typically grow by increasing cell number rather 
than cell size. To establish this kind of growth, cells can divide into two 
daughter cells in a process called cytokinesis (Alberts, 2008). During 
cytokinesis, a contractile ring forms at the cell equator, which constricts 
the plasma membrane and ultimately divides the cytoplasm. Despite 
the fundamental importance of cytokinesis in cell proliferation, tissue 
growth, and di!erentiation, the mechanisms that allow the contractile 
ring to constrict the membrane remain poorly understood (Eggert et 
al., 2006). A core set of approximately 20 conserved proteins is known 
to be needed for cytokinesis, yet their functions in enabling constriction 
remain unclear (Glotzer, 2005).

Septins are among the set of conserved core proteins that are 
necessary for cytokinesis. Septins were originally identi"ed as genes 
that control cytokinesis in the budding yeast Saccharomyces cerevisiae 
(Hartwell, 1971), where septins form a ring of "laments at the bud neck 
(Byers, 1976) and compartmentalize the plasma membrane by acting 
as di!usion barriers (Dobbelaere and Barral, 2004; Takizawa et al., 
2000). Later, septins were also found to localize at the contractile ring in 
higher eukaryotes (Kinoshita and Noda, 2001). Perturbations in septin 
expression are known to lead to defects in cytokinesis, which result in 
aneuploidy and various pathological disorders (Hall and Russell, 2004; 
Lacroix and Maddox, 2011). Yet although septins are known to play an 
essential role in cell division, a molecular understanding of how septins 
contribute to the organization of the contractile ring remains elusive.

Septins are evolutionarily conserved across a wide variety of species 
from yeast to humans (Nishihama et al., 2011; Pan et al., 2007). Septin 
isoforms share several conserved domains: a polybasic domain that binds 
phospholipids on the plasma membrane, a GTP-binding domain, an 
evolutionarily conserved domain of unknown function called the septin 
unique element (Mostowy and Cossart, 2012) (Fig. 1a). Additional, 
less conserved domains also occur. Near the N-terminus, some septin 
isoforms exhibit proline-rich stretches. Near the C-terminus, many 
septin isoforms exhibit coiled-coil domains. Many di!erent septin genes 
and splice variants are known to exist. #e number of septin isoforms 
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per organism depends on species: the green alga Chlamydomonas 
reinhardtii encodes 1 septin, Caenorhabditis elegans and Xenopus laevis 
have 2 septins each, Drosophila melanogaster has 5, Saccharomyces 
cerevisiae has 7 septins and Homo sapiens has 13 (Beise and Trimble, 
2011; Weirich et al., 2008). Animal septin genes can be classi!ed into 
four groups—commonly denoted as 2, 3, 6, and 7—based on sequence 
homology (Nishihama et al., 2011; Pan et al., 2007). Endogenous septins 
commonly exist as hetero-oligomeric complexes comprising di"erent 
septins. Human septins assemble in hexamers of groups 7-6-2-2-6-7, or 
in octamers which also include septins from group 3 (Sellin et al., 2011) 
(Fig. 1b). Hexamer formation is mediated by the GTP-binding domain 

a   Septin domain structure

b   Septin hexamer structure

c   Septin !lament structure
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Figure 1. Schematic of septin architecture. a. Domain structure of 
septin proteins. b. Human septin hexamer structure. Color denotes 
septin isoform. Labels refer to nomenclature from human septins. 
Black spirals represent coiled-coil domains. Circles labeled “G” denote 
GTPase domains located at the interface between septin subunits. c. 
Septin !lament structure, which is axially apolar but has a top-down 
asymmetry with membrane-binding domains on one side and coiled-
coil domains on the other side.
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and the N- and C-terminal regions between monomers (Sirajuddin 
et al., 2007). Septin hexamers can further assemble end-to-end into 
!laments, which are symmetric along the !lament axis (Bertin et al., 
2008; Sirajuddin et al., 2007) (Fig. 1c). Septin !laments, in turn, can 
further associate to form higher-order structures, such as laterally-
associated bundles which are likely mediated by interactions between 
coiled-coil domains (Bertin et al., 2008). Septin bundles can form ring-
like assemblies or "at, gauze-like structures (Bertin et al., 2010; Garcia 
et al., 2011). Given that septins readily assemble to form a rich variety of 
!lamentous structures, septins are gaining recognition as a component 
of the cytoskeleton distinct from actin !laments, microtubules, and 
intermediate !laments (Mostowy and Cossart, 2012).

Previous studies have established a number of interactions between 
septins and various molecular partners. Septins bind cell membranes 
through speci!c recognition of acidic phospholipids (Bertin et al., 2010; 
Casamayor and Snyder, 2003; Tanaka-Takiguchi et al., 2009; Zhang et 
al., 1999) and sti#en the plasma membrane to facilitate bleb retraction 
in T-cells (Gilden et al., 2012; Tooley et al., 2009). Septins have also been 
shown to signi!cantly contribute to the cortical rigidity of interphase 
human carcinoma cells (Mostowy et al., 2011). Septins furthermore 
bind the actin-binding protein anillin (D’Avino et al., 2008; Field, 2005; 
Kinoshita et al., 2002; Oegema et al., 2000; Silverman-Gavrila et al., 
2008) as well as non-muscle myosin II motors (Joo et al., 2007; Mostowy 
et al., 2010). Septins have also been shown to regulate the contractility 
of the actomyosin ring during cytokinesis in developing Drosophila 
epithelia (Founounou et al., 2013; Guillot and Lecuit, 2013). A close 
interplay between septins, the plasma membrane, and the actomyosin 
network is likely essential for many cortical biological processes 
including cytokinesis (Gilden and Krummel, 2010). But understanding 
how these interactions allow septins to organize the contractile ring 
remains elusive.

In this chapter, we present results that show that Drosophila and 
human septins alone are su$cient to organize actin !laments into 
bundles and bundle rings, which may be necessary for proper contractile 
ring assembly. In Section 2, we brie"y introduce in-vivo experiments, 
performed by Manos Mavrakis, which demonstrate that septins are 
necessary for proper actomyosin ring formation in Drosophila embryos 
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undergoing cellularization, a process driven by constriction of an 
actomyosin ring in a process resembling cytokinesis. In Section 3, 
we report !uorescence microscopy experiments on an in-vitro model 
system of actin "laments crosslinked by Drosophila septin hexamers. We 
"nd that septins directly bind and bundle actin "laments. Surprisingly, 
we also "nd rings of actin bundles, which have a characteristic radius of 
curvature of ~1 µm. #is observation shows that septins are su$cient 
for proper actin bundle and bundle ring formation. We "nd the same 
bundling and curving activity for human septin hexamers, suggesting 
a conserved function. We implement a novel image analysis algorithm 
to analyze the curvature of actin rings and bundles and correlate this to 
actin bundle thickness and septin binding. In Section 4, we discuss the 
mechanisms that may be responsible for the ability of septins to readily 
form curved bundles and rings. #is property makes septins unique 
among the actin-binding proteins currently known.

4.2 Motivation

In order to investigate the role of septins in organizing the actin 
cytoskeleton, we consider Drosophila melanogaster (fruit !y) embryos 
undergoing cellularization. We brie!y introduce the main "ndings of 
experiments performed by our collaborator Manos Mavrakis (CNRS/
Aix-Marseille U) that elucidate the physiological role of septins, which 
have been found necessary to organize the actomyosin contractile ring 
during cellularization.

At 2h  10min a&er fertilization, Drosophila embryos undergo a 
process called cellularization (Fig. 2a). During this phase of development, 
the syncytial embryo, which consists of a single cell (~500 µm in 
length) with thousands of nuclei, undergoes a drastic morphogenetic 
change. #e plasma membrane invaginates to separate each nucleus and 
eventually form a closed epithelium of individual cells in roughly two 
steps. During the "rst step a membrane front called the furrow canal 
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invaginates from the apical side (Fig. 2b). During invagination, proteins 
at the furrow canal assemble into circular contractile rings (Fig. 2c). In 
the second step, the contractile rings constrict (from a diameter of ca. 5 
µm to 2 µm) to form thousands of distinct, polarized epithelial cells. !e 
constriction of the furrow canal is reminiscent of cytokinesis (Lecuit, 
2004). !e contractile ring at the furrow canal contains actin "laments, 
non-muscle myosin-II motors, anillin, and septins (Pnut/hSep7, DSep1, 
and DSep2). !is cytoskeletal structure is thought to stabilize the tips of 
invaginating membranes and drive constriction (Field, 2005).

When septins are absent, cellularization and the associated 
cytoskeletal structures are markedly changed, as demonstrated by live 
cell imaging of #y knock-out mutants lacking Pnut/hSep7 and DSep1. 
During the "rst step of cellularization, the membrane front invaginated 
more slowly and accumulated less myosin and actin compared to wild 
type embryos (data not shown). During the second step, the furrow 
canal failed to form circular rings. Rather, actin accumulated in linear 
structures along polygonal segments (Fig. 2d). Polygon vertices were 
largely devoid of actin. Myosin foci were unevenly distributed in 
polygonal arrays (data not shown). Furrow canals showed defects in 

a c d

b
WT Septin mutant

Figure 2. Drosophila embryos lacking septins fail to form circular 
contractile rings. a. A wild-type embryo during cellularization. Scale 
bar 50 µm. b. Closeup of a, acquired by two-photon #uorescence 
microscopy. Fluorescence signal corresponds to the location of myosin 
at the membrane front, which migrates away from the apical surface. c. 
Top view of actin signal at the membrane front during the slow phase. 
Actin forms uniform rings. d. Top view of actin signal at the membrane 
front during the slow phase for embryos lacking septins. Note that actin 
"laments arrange in linear bundles which form disconnected polygonal 
arrays. Scale bars 5 µm.
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constriction: some constricted poorly, some constricted prematurely, 
and some constricted normally.

During both invagination and constriction, anillin was present 
at the furrow canal, consistent with previous !ndings (Adam et al., 
2000). In septin knock-outs, anillin co-localized with actin and myosin 
at polygonal arrays. "is result suggests that anillin is not necessary to 
form ring-like structures. Indeed, anillin point mutations that interfere 
with septin binding to the furrow canal result in the same phenotypes 
as observed for the septin knock-outs (Field, 2005). Together, this 
evidence shows that septins are necessary for the proper assembly of 
the contractile ring during cellularization in Drosophila embryos. 
Furthermore, this evidence suggests that septins directly interact with 
the actin cytoskeleton.

However, septins are commonly believed to not interact directly 
with actin. A previous in-vitro study showed that human septins (Sep2-
Sep6-Sep7 hexamers) do not interact directly with actin !laments, but 
instead interact indirectly through the protein anillin (Kinoshita et 
al., 2002). Yet this study is di#cult to reconcile with growing in-vivo 
evidence suggesting a strong interplay between septins and the actin 
cytoskeleton. Septins decorate interphase stress !bers (Surka et al., 
2002), and septin-depleted !broblasts lack stress !bers (Kinoshita et 
al., 2002). Septin depletion in human carcinoma cells decreases cortical 
sti$ness in a manner consistent with actin disruption (Mostowy et al., 
2011). Since anillin is sequestered within the nucleus during interphase 
(Field and Alberts, 1995; Oegema et al., 2000), this sti$ness modulation 
is independent of anillin. We therefore set out to test whether septins 
and actin can directly interact by systematically combining puri!ed 
proteins at a range of di$erent protein concentrations.
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4.3 Results

In order to investigate whether septins can organize the cytoskeleton 
into higher-order structures, we perform experiments with a minimal 
in-vitro model system of !uorescently labeled, reconstituted proteins 
imaged by TIRF microscopy (see Methods). We polymerize puri"ed 
rabbit skeletal muscle actin at low concentration (1 µM), where "laments 
are largely non-overlapping, in the presence of recombinant Drosophila 
melanogaster (!y) septin complexes (DSep1-DSep2-Pnut).

Morphology of septin-actin structures. Polymerizing actin 
"laments in the presence of septin hexamers yields a variety of bundled 
structures, as depicted in Figure 3. $e septin concentration sensitively 
determines bundle morphology. For low concentrations of septins (up 
to 0.02 µM), we "nd single actin "laments that do not appear to interact. 
Increasing the septin concentration to 0.05 µM results in long, thick 
bundles. Bundles also exhibit a frayed brush of single actin "laments, 
both at bundle ends as well as along the bundle contour (see insets, 
black arrows). Single "laments are visible adjacent to these bundles. 
Increasing the septin concentration further to 0.1 µM again results 
in long, thick bundles. $ese bundles interconnect to form a sparse 
bundle network. Bundles sometimes form curved, looped structures. 
Increasing the septin concentration to 0.2 or 0.3 µM results in a drastic 
change: rather than straight bundles, actin "laments form highly curved 
structures. $e most common structures found are closed rings. Straight 
bundles also occur. Rather than a frayed brush, bundle ends o%en 
exhibit lasso shapes. Further increasing the septin concentration to 0.5 
and 1 µM similarly results in closed rings, but with a lower probability. 
Straight bundles and lassos occur more commonly than rings. Further 
increasing the septin concentration to 2 and 3.8 µM results in fewer 
rings and lassos, and a prevalence of thick, straight bundles. Strikingly, 
bundles exhibit sharp kinks and zigzags. $ese results show that bundle 
morphology is sensitively controlled by septin concentration.

In order to determine septin localization on actin structures, we 
polymerize actin "laments in the presence of !uorescently labeled Alexa-
Fluor-488 !y septins. Figure 4 shows that !uorescently labeled septins 
are also capable of promoting the formation of actin "lament rings, 
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consistent with the activity of unlabeled septins. For low concentrations 
(0.1 µM), bright septin puncta decorate long actin bundles. Increasing 
the septin concentration to 0.2 µM produces actin rings with septins still 
binding o!en as isolated puncta, though septins can also accumulate 
along the entire circumference of some rings. Increasing septins to 0.5 
µM yields rings as well as linear bundles. "e strongest septin signals 
occur on thick, straight segments, indicating strong bundling.

So far we have shown that Drosophila septins organize actin 
#laments into straight and curved bundle structures. In order to test if 
this ability is not restricted to a single set of species-speci#c septins, we 
repeat the above assays with recombinant human septins. Polymerizing 
actin #laments in the presence of human septin hexamers (hSep2-
hSep6-hSep7) indeed yields similar behavior to $y septins (Fig. 5). Single 
actin #laments prevail up to 0.02 µM; thick bundles prevail at 0.05 µM; 
thick bundles and occasional rings prevail at 0.1 µM; loops and lassos 
prevail at 0.2, 0.3, and 0.5 µM; and #nally straight and kinked bundles 
prevail at 1 µM and above. "e morphologies of bundles formed with 
human septins do di%er slightly from those of the $y-septin structures. 

0.02 0.05 0.1 0.2 0.3

0.5 1 2 3 3.8

Fly Septins

[septin] / µM
Figure 3. Dependence of F-actin bundle morphology on $y septin 
concentration. Snapshots are represented with an inverted lookup table. 
[actin] = 1 µM. Scale bar 20 µm.
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In particular, closed rings appear less frequently at 0.2–0.3 µM, though 
lassos remain common. Yet the concentrations of human septins that 
determine the onset of these di!erent bundle morphologies agree well 
with "y septins. #ese results show that human septins organize actin 
similarly to "y septins, suggesting that the actin-organizing capabilities 
of septin complexes are evolutionarily conserved.

0.1 0.2 0.5

Alexa-Fluor-488 Fly Septins

[septin] / µM

actin

septin

actin
septin

Figure 4. Localization of "y septins on F-actin bundles for di!erent 
septin concentrations. Top row: snapshots of "uorescently labeled 
actin $laments, represented with an inverted lookup table. Middle row. 
snapshots of "uorescently labeled septins, represented with an inverted 
lookup table. Bottom row. merge of images from top and middle rows. 
Actin is shown in red, and septins are shown in cyan, both with linear 
lookup tables. [actin] = 1 µM. Scale bar 20 µm.
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Curving actin bundles into rings and lassos entails a high energy 
penalty associated with bending of the semi!exible actin "laments. 
Bundle curvature should re!ect a balance between adhesion energy 
provided by septins and bending energy associated with the actin 
"laments (Cēbers et al., 2006; Tang et al., 2001). To test this hypothesis, 
we repeated the TIRF experiments in the presence of the actin-binding 
drug phalloidin, which increases the persistence length of actin "laments 
from 9 to 18 µm (Isambert et al., 1995). Qualitatively, we "nd similar 
phase behavior of bundling for both !y septins (Fig. 6) and human 
septins (Fig. 7). However, the range of septin concentrations where 
rings and lassos form narrows slightly: for !y septins the concentration 
range is 0.2–1 µM with phalloidin versus 0.1–3 µM without phalloidin, 
and for human septins the concentration range is 0.3–0.5 µM with 
phalloidin versus 0.1–0.5 µM without phalloidin. %us, loops and lassos 
appear qualitatively less frequently when phalloidin is present. %is 
is particularly apparent at 0.2–0.5 µM, where long, straight bundles 
prevail instead of rings and lassos. %ese results indicate that phalloidin-
induced "lament sti&ening partially inhibits ring and lasso formation.

0.05 0.1 0.2 0.3

0.5 1 1.7 2.2
[septin] / µM

Human Septins

Figure 5. Dependence of F-actin bundle morphology on human septin 
concentration. Snapshots are represented with an inverted lookup table. 
[actin] = 1 µM. Scale bar 20 µm.
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Fly Septins, with Phalloidin

0.02 0.05 0.1 0.2 0.3

0.5 1 2 3 3.8
[septin] / µM

Figure 6. E!ect of phalloidin on "y-septin-mediated F-actin bundling. 
Snapshots are represented with an inverted lookup table. [actin] = 1 µM, 
[phalloidin] = 1 µM. Scale bar 20 µm.

0.05 0.1 0.2 0.3

0.5 1 1.7 2.2
[septin] / µM

Human Septins, with Phalloidin

Figure 7. E!ect of phalloidin on human-septin-mediated F-actin 
bundling. Snapshots are represented with an inverted lookup table. 
[actin] = 1 µM, [phalloidin] = 1 µM. Scale bar 20 µm.
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So far we have presented results of actin !laments that co-
polymerize in the presence of septins. For co-polymerization 
experiments, the morphology of bundled structures may strongly 
depend on the kinetics of actin !lament assembly (Falzone et al., 2012). 
In some cases, kinetic trapping has been shown to induce residual 
stresses evident from increased bundle curvature (Schmoller et al., 
2008). In order to determine the e"ect of assembly kinetics on septin-
mediated actin bundle formation, we perform two experiments. First, 
we pre-polymerize actin in the absence of septins, and then add septins 
(Fig. 8). For 0.1 µM septins, straight or curved bundles prevail. Rings 
and lassos only occur a#er increasing the septin concentration to 0.2 
and 0.5 µM. Rings and lassos do occur less frequently compared to co-
polymerization experiments. However, their appearance depends on 
septin concentration in a manner consistent with co-polymerization 
experiments. $is result indicates that kinetic e"ects alone cannot fully 
account for ring and lasso formation. Second, we ablate septin bundles 
using a pulsed infrared laser (see Methods). By recording images of 
septin bundles before and a#er ablation, we can determine whether 
relaxation occurred. Many ablation experiments appear to result in 
no relaxation (Fig. 9a, top row), likely because illumination caused 
photobleaching but not severing. However, we were able to clearly 
identify seven severing and relaxation events (Fig. 9a, bottom row; 

0.1 0.2 0.5

Fly Septins, Prepolymerized Actin

[septin] / µM

Figure 8. E"ect of pre-polymerized actin !laments on %y-septin-
mediated bundling. Snapshots are represented with an inverted lookup 
table. [actin] = 1 µM. Scale bar 20 µm.



134

Fig. 9b). In these events, bundles became slightly straighter, indicating 
relaxation of internal stresses likely caused by kinetic e!ects.

Quanti!cation of bundle curvature. "e TIRF images shown so 
far present qualitative evidence that actin-septin bundles can exhibit 
a wide range of curved morphologies. In order to quantify these 
morphologies, we developed an algorithm to measure the curvature 
C(s) of a point s on a bundle (see Image Analysis). Higher values of 
C(s) denote regions that are more highly curved. Because samples yield 
a variety of di!erent structures, here we restrict our analysis to over 
4000 manually identi#ed rings and lassos (see Methods). Figure 10a 
depicts representative examples of rings and lassos of various sizes, as 
well as the measured curvature along bundle contours. We represent an 
individual ring or lasso by the distribution of measurements C(s) over 

Before
Ablation

After
Ablation

Before
After

N
o
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n
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Figure 9. Cutting actin-$y septin bundles by localized laser ablation 
results in relaxation of bundle shape. [actin] = 1 µM, [septin] = 0.5 µM. 
Snapshots are represented with a linear lookup table. a. Le" column. 
Snapshot of $uorescently labeled actin bundles before ablation. Middle 
column. A&er ablation. Right column. Merge of before (magenta) and 
a&er (cyan) images. Top row. Attempted laser ablation does not result 
in a signi#cant reorganization of bundles, probably because bundles 
are not successfully severed. Bottom row. Bundles clearly relax a&er a 
successful laser ablation attempt. Arrows indicate location of ablation 
attempt. b. Merged snapshots of six successful ablation attempts. Scale 
bars 10 µm.
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Figure 10. Representative images of manually selected rings and 
lassos, together with their measured curvatures. a. Top. Snapshots of 
!uorescently labeled actin "laments bundled by !y septins. Bottom. 
Result of curvature algorithm. Pixel color corresponds to the local 
curvature (calibration bar, below). Note that color changes from blue-
green to red at positions along the bundle contour which are more highly 
curved. Actual features in curvature images are 1-px-thick. A maximum 
"lter (1 px radius) was applied to make features thicker and more 
readily visible. Black lines pointing to calibration bar represent mean 
curvature, averaged over all pixels in the curvature image. b. Histogram 
of curvature measurements for the two loops pictured. Distribution is 
represented by the mean C (dashed black line) and standard deviation 
C!. Note that the kinked ring (right) exhibits a wider distribution of 
curvatures than the convex ring (le#). [actin] = 1 µM.
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Figure 11. E!ect of septin concentration on the curvature of rings and 
lassos for the di!erent conditions as denoted in the graph titles. Box 
plots depict the distribution of mean curvatures C. Blue boxes denote 
interquartile ranges (IQR). Pink boxes denote 95% con"dence intervals 
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all points s along its contour, and extract the mean curvature C and the 
standard deviation Cσ (Fig. 10b). Rings and loops can be approximated 
by a circle with radius rC = C-1. "e value Cσ measures the deviation 
from a perfectly circular shape: circular rings yield relatively low values 
(Fig. 10b, le#), while kinked and irregularly-shaped rings yield higher 
values (Fig. 10b, right).

We now quantify the e$ect of septin concentration on the curvature 
C. For example, Figure 11 represents the curvature C of individual loops 
and lassos, separated across di$erent sample conditions. We characterize 
distributions with their medians (red lines), 95% con%dence intervals 
(pink bars), and interquartile ranges (blue bars). We %nd that the septin 
concentration strongly a$ects curvature of rings and loops, C being 
always roughly maximized in the range of 0.2–0.5  µM septin. Lower 
and higher concentrations of septins tend to result in lower curvatures. 
However, the absolute value of C in this septin concentration range is 
dependent on the sample conditions. For 'y septins, we %nd median 
values of curvature C / µm-1 = [1.19, 1.22, 1.08] for [0.2, 0.3, 0.5] µM 
septins, respectively. "ese values decrease by a factor of 1.1–1.4× 
to  [0.87, 1.06, 0.98] µm-1 in the presence of phalloidin. For human 
septins, the values of C are lower than for 'y septins: In the absence of 
phalloidin, C / µm-1 = [0.92, 0.98, 0.88] for [0.2, 0.3, 0.5] µM septins, 
respectively. Adding phalloidin further decreases curvature by a factor 
of 1.0–1.3× to C  /  µm-1  =  [0.84, 0.75, 0.90]. For pre-polymerization 
experiments, we observe drastically smaller median curvature values, 
where C  /  µm-1  =  [0.50, 0.63] for [0.2, 0.5] µM septins, respectively. 

(CI), computed using the bootstrap method (see Methods). Red lines 
denote sample medians. Two datasets are statistically signi%cantly 
di$erent from each other (p ɤ�0.01) if their CIs do not overlap. Number 
N of data points (each representing an individual ring or lasso) for the 
di$erent distributions, from le# to right: Fly Septins: 134, 1042, 88, 570, 
717, 108, 27. Fly Septins +Phalloidin: 26, 78, 27, 85, 75, 77, 44. Human 
Septins: 156, 198, 108, 53, 7. Human Septins +Phalloidin: 1, 30, 5, 5. Fly 
Septins +Pre-polymerization: 1, 9, 47. Alexa-Fluor-488 Fly Septins: 32, 
273, 139. [actin] = 1 µM.
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Figure 12. E!ect of septin type as well as phalloidin on the curvature of 
rings and lassos in samples prepared at septin concentrations between 
0.2 and 0.5 µM. Box plots depict the distribution of mean curvatures C, 
as in Figure 11. Number N of data points for the di!erent distributions, 
from le" to right: 1700, 412, 359; 190, 40. [actin] = 1 µM.
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Figure 13. E!ect of pre-polymerized actin on the curvature of rings and 
lassos for samples prepared at $y-septin concentrations between 0.2 and 
0.5 µM in the absence of phalloidin. Box plots depict the distribution 
of mean curvatures C, as in Figure 11. Number N of data points for the 
di!erent distributions, from le" to right: 1700, 56. [actin] = 1 µM.
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However, Alexa-Fluor-488-labeled !y septins show strikingly similar 
maximum values of C as unlabeled !y septins: [1.23, 1.08] µm-1 for [0.2, 
0.5] µM septins, respectively.

In order to directly compare how di"erent sample conditions 
a"ect the curvature C, we now restrict our attention to samples prepared 
with septin concentrations in the range 0.2–0.5 µM. Figure 12, le$ panel 
shows that !y septins yield signi%cantly higher C than human septins 
(C / µm-1 = 1.15 vs. 0.93), while !uorescently labeled !y septins yield 
curvatures that are comparable to unlabeled !y septins (C  /  µm-1  = 
1.18 vs. 1.15). &is result indicates that labeling by Alexa-Fluor-488 
does not interfere with ring formation. Meanwhile, the right panel 
shows that phalloidin reduces curvature of rings and lassos for both !y 
and human septins by factors of 1.2 and 1.1x to C  / µm-1 = 0.93 and 
0.84. &is decrease of curvature indicates that phalloidin-treated actin 
%laments incur a higher energetic penalty due to bending. Figure 13 
shows that curvature is drastically reduced by a factor of 1.9x in pre-
polymerization experiments compared to co-polymerization assays 
(C / µm-1 = 0.59 vs. 1.15). &is result indicates that assembly kinetics play 
a non-negligible role in %lament formation. In Figure 14, we separately 
show the curvature of rings and lassos, for the pooled data (le$ panel) 
and separated by sample conditions (right panels). Lassos have lower 
curvatures than rings when pooling all data (C / µm-1 = 1.19 vs. 1.00), 
as well as individually for most sample conditions. &ese lower average 
curvatures stem from the mostly straight segments close to the lasso 
neck.

We hypothesized that bundle curvature arises from a balance 
between septin binding and actin-%lament bending. So far, we have tested 
this hypothesis by varying actin %lament sti"ness with phalloidin. But 
in addition, we can estimate the number of bound septin hexamers per 
ring by averaging the !uorescence intensity of Alexa-Fluor-488 septins 
along bundle contours (see Methods). Figure 15 (le$ panel) shows the 
distributions of mean septin !uorescence on rings and lassos (pooled) 
as a function of the septin concentration. &e !uorescence intensity 
of bound septins does not depend signi%cantly on the concentration 
of septins in solution. Despite a %ve-fold increase in total septin 
concentration in solution, rings and lassos appear to exhibit roughly 
the same number of bound septins. Furthermore, rings that have more 
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Figure 15. Rings and lassos with more septins exhibit lower curvatures. 
Le!. Mean !uorescence intensity of Alexa-Fluor-488-labeled septins in 
rings and lassos. Right. Mean curvature C as a function of mean septin 
!uorescence. Mean septin !uorescence was assigned to di"erent bins (0, 
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Figure 16. Curvature remains roughly constant over two orders of 
magnitude in actin !uorescence intensity. Mean curvature C as a 
function of the mean number of actin %laments in rings and lassos, 
determined by actin !uorescence signal (see Methods). Mean actin 
%lament number was assigned to di"erent bins (1, 2, 5, 10, 20, 50, or 
100) by linear interpolation. Box plots as in Figure 11. Number N of 
data points for the di"erent distributions, from le# to right: 44, 457, 851, 
1146, 1161, 414, 62. [actin] = 1 µM.
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Figure 17. Number of actin !laments in rings and lassos depends 
strongly on experimental trial. Top row. Number of actin !laments 
plotted against the concentration of "y septin in the absence of 
phalloidin. Bottom row. In the presence of phalloidin. Le! panels. 
Pooled data across all experimental trials. Right panels. Data broken 
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bound septins tend to exhibit slightly lower curvatures (Fig. 15, right). 
!is result is surprising. According to our hypothesis, we should expect 
higher curvatures.

In order to further investigate the interplay between septin binding 
and "lament bending, we estimate the number of actin "laments in rings 
and lassos by averaging the actin #uorescence intensity along bundle 
contours (see Methods). Across all samples, curvature does not depend 
signi"cantly on the number of actin "laments per ring or lasso (Fig. 
16, pooled data). !is result indicates that bundle curvature remains 
constant for bundles of varying thickness. However, the number of 
actin "laments in a ring or lasso does depend on septin concentration. 
Surprisingly, at higher septin concentrations, rings and lassos contain 
fewer actin "laments. !is trend is not always visible when plotting all 
experimental trials together (Fig. 17, le$ panels). But comparing data 
within individual trials shows that the number of actin "laments tends 
to decrease for septin concentrations at or above 1 µM (right panels 
of Fig. 17). Indeed, the number of actin "laments between trials can 
vary considerably (Fig. 18, le$ column). Meanwhile, curvature does 
not vary among di%erent trials as strongly (Fig. 18, right column). !e 
large variation of the number of actin "laments between samples could 
indicate sensitivity to kinetic e%ects. However, the number of actin 
"laments in a ring or lasso does not appear to signi"cantly a%ect bundle 
curvature.

 We found kinked bundles and zigzags at higher septin 
concentrations (cf. Figs 3, 5–7). In order to quantify this "nding, we plot 
the standard deviation of curvatures Cσ, normalized by curvature C, as a 
function of septin concentration (Fig. 19). !is dimensionless quantity 
attains maximal values for septin concentrations above 1 µM, both 

down by experimental trial. Box plots as in Figure 11. Number N of data 
points for the di%erent distributions, from le$ to right: Top row: All 
trials: 135, 1051, 88, 617 717, 108, 27. Trial A: 33, 142, 88, 200, 151, 32, 
27. Trial B: 54, 422, 370, 544. Trial C: 47, 478, 22, 76. Bottom row: All 
trials: 26, 78, 27, 85, 75, 77, 44. Trial A: 4, 42, 27, 16, 50, 44. Trial B: 21, 
16, 9. Trial C: 1, 20, 60, 75, 27. [actin] = 1 µM.
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Figure 18. Number of actin !laments, but not curvature, depends 
strongly on experimental trial. Le! column. Number of actin !laments 
plotted against experimental trial. Right column. Mean curvature C 
plotted against experimental trial. Di"erent rows correspond to di"erent 
conditions (see labels, right). Box plots as in Figure 11. Number N of 
data points for the di"erent distributions, from le# to right: Top row: 
430, 792, 478; 430, 792, 478. Second row: 85, 25, 80; 85, 25, 80. $ird 
row: 269, 90; 269, 90. Bottom row: 28, 12; 28, 12. [actin] = 1 µM.
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in the absence (le!) and presence (right) of phalloidin. Kinked rings 
have higher values of Cσ / C (cf. Fig. 10) and the increase of Cσ / C with 
increasing septin concentration agrees with the emergence of kinked 
rings at high septin concentrations (cf. Fig. 3).

Septins organize entangled actin solutions into networks of 
curved bundles. So far we have investigated the e$ect of septins at low 
actin concentrations (1  µM). We found that septins organize dilute 
suspensions of actin %laments into straight, as well as ring- and lasso-
shaped bundles. At higher actin concentrations, actin %laments form 
entangled networks. Adding crosslinks to such entangled networks 
results in networks of bundles which may or may not coexist with a 
random meshwork of crosslinked %laments. Under these conditions, 
crosslinks strongly a$ect the mechanical properties of actin networks, 
which is evident in an increased storage modulus G’ (Lieleg et al., 2010).
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Figure 19. &e dispersion of the distribution of curvatures of loops 
and lassos for samples is smaller for samples prepared with 'y septin 
concentrations of 0.2–0.5 µM in the absence of phalloidin. Coe(cient 
of variation (standard deviation Cσ of curvature measurements, 
normalized by mean curvature C), as a function of septin concentration. 
For reference, values of Cσ / C of the two rings from Figure 10, panel b are 
shown in thin black horizontal lines. Box plots as in Figure 11. Number 
N of data points for the di$erent distributions, from le! to right: 134, 
1042, 88, 570, 717, 108, 27; 26, 78, 27, 85, 75, 77, 44. [actin] = 1 µM.
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Figure 20. E!ect of "y septins on entangled networks of actin #laments. 
[actin] = 12 µM. Snapshots depict maximum-z-projections over 10 µm. 
Snapshots are represented with an inverted lookup table. Scale bar 20 
µm.
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Figure 21. E!ect of human septins on entangled networks of actin 
#laments. [actin] = 12 µM. Snapshots depict maximum-z-projections 
over 10 µm. Snapshots are represented with an inverted lookup table. 
Scale bar 20 µm.
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In order to determine how septins contribute to the morphology 
of entangled actin networks, we polymerize higher concentrations of 
actin (12 µM) in the presence of varying amounts of !y and human 
septins as well as phalloidin. We acquire snapshots of these networks by 
confocal microscopy (see Methods) and represent them by maximum-
intensity projections along the z-direction. Figure 20 shows that for 
low concentrations of !y septins (up to 0.1 µM), actin networks form a 
"ne meshwork with a homogeneous !uorescence signal across the "eld 
of view. Increasing the septin concentration to 0.2 µM produces short 
bundles surrounded by a "ne meshwork of actin "laments. Further 
increasing the septin concentration results in longer, thicker bundles, 
while the surrounding actin meshwork decreases in !uorescence 
intensity. Human septins show similar behavior as !y septins, as shown 
in Figure 21.

 In order to quantify the e#ect of septin bundling on the 
mechanical properties of these entangled networks, we measure the 
storage modulus G’ and loss modulus G” of networks of actin "laments 
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Figure 22. Fly septins sti#en entangled actin networks. [actin] = 12 µM. 
Le! panel. Storage modulus G’ (closed symbols) and loss modulus G” 
(open symbols) as a function of !y-septin (circle) and fascin (square) 
concentrations. Right panels. Frequency-dependence of G’ and G”. 
Symbol shape denotes septin concentration (see legend, top).
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polymerized in the presence of !y septins in a cone-plate rheometer 
(see Methods). For comparison, we also perform experiments with 
networks bundled by fascin, a well-characterized bundling protein that 
is known to increase the sti"ness of actin networks (Lieleg et al., 2007). 
#e storage modulus G’ is a measure of a material’s sti"ness (solid-like 
component), whereas the loss modulus G” is a measure of a material’s 
viscosity (!uid-like component) (Macosko, 1994). Figure 22 (le$ panel) 
shows the e"ect of septin concentration on G’ and G”. For actin-only 
networks ([septin] = 0 µM), we &nd G’ ≈ 1 Pa, while G” is about 4-fold 
lower. #e proportion of G’ to G” remains essentially unchanged when 
adding septins to 1 µM. But increasing septin concentration results in 
sti"er networks, as evidenced by an increase in G’. At 2 µM septins, we 
&nd that sti"ness increases to a maximal value of G’ ≈ 4 Pa. #e network 
sti"ness is comparable to the sti"ness of actin networks bundled with 
fascin (square symbols). #ese results indicate that septins can sti"en 
entangled actin networks in a manner consistent with other crosslink 
proteins.

4.4 Discussion

We performed experiments characterizing the ability of septins to bind, 
bundle, and curve actin &laments. #e ability of septins to bind and 
bundle actin &laments overthrows previous assumptions that septins do 
not directly interact with actin &laments. #ese assumptions were based 
on previous in-vitro experiments with recombinant septins (Kinoshita 
et al., 2002). In these experiments, septin complexes were assembled 
from human Sept6-Sept7 and mouse Sept2 (which is 99% identical 
to human Sept2) puri&ed from Sf9 cells (as opposed to our bacteria-
puri&ed septins). #ese septin complexes only bound to actin bundles 
when anillin was present. Here we expressed septin complexes of human 
Sept2-Sept6-Sept7, as well as !y Pnut-DSep2-DSep1 and found that both 
septin complexes bundle actin in the absence of anillin. Furthermore, 
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we were able to investigate a wide range of septin concentrations, up to 
the micromolar range. In Kinoshita et al. (2002), the concentration of 
septin complex assayed was 0.3 µM. Our results indicate that human 
septins only cause bundling at concentrations above ~0.1 µM. !e 
discrepancy between our results and those in Kinoshita et al. may arise 
from variability in the minimum concentration of septins needed to 
organize actin "laments into rings. Additionally, all our experiments 
were performed at 50 mM potassium chloride (KCl). When increasing 
KCl to 200 mM, septin-induced bundles disappeared (Tsai, 2013). !e 
"nal KCl concentration used in Kinoshita et al. was likely above 100 
mM.

!e ring and lasso morphologies formed with septin are strikingly 
di$erent from the straighter bundle morphologies observed with well-
known actin bundlers, such as "mbrin (Glenney et al., 1981), fascin 
(Claessens et al., 2008; Edwards et al., 1995; Lieleg et al., 2007), α-actinin 
(Meyer and Aebi, 1990; Wachsstock et al., 1993), and "lamin (Schmoller 
et al., 2009; Stossel et al., 2001). However, rings and lassos have been 
observed under non-physiological conditions, when actin was bundled 
by polyvalent cations (such as magnesium (Cēbers et al., 2006; Tang et 
al., 2001) or copper (Kaur et al., 2011)), depletion interactions (Cēbers 
et al., 2006; Lau et al., 2009; Sanchez et al., 2010), or biotin-streptavidin 
(Tang et al., 2001). Here it was proposed that actin curvature arises from 
a balance between adhesion energy provided by the attractive interaction 
between "laments and the energy penalty associated with bending the 
actin "laments (Cēbers et al., 2006). Typical ring diameters varied in 
the range of 3–10 µm for counterion-induced rings, while biotin-
streptavidin crosslinks formed rings of 2–3  µm diameters. Smooth 
contours have been reported for depletion-induced rings (Cēbers et 
al., 2006), while kinked contours occur for counterion-induced and 
streptavidin-mediated rings (Cēbers et al., 2006; Kaur et al., 2011; Tang 
et al., 2001). Notably, the likelihood of encountering actin rings was 
not directly addressed in prior reports. !us, ring formation in those 
reports may have been a rare event, perhaps occurring alongside more 
common linear bundles.

We showed that septins readily form actin rings and lasso 
structures. !is surprising property of septins allowed us to quantify the 
e$ect of various conditions on the curvature C of over 4000 manually 
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identi!ed rings and lassos. Median curvatures ranged from 0.5–1.3 
µm−1, which corresponds to ring diameters of 1.4–4 µm. #ese diameters 
are comparable to the diameters of rings formed by biotin-streptavidin 
links, and smaller than the rings formed by counterions and depletion 
agents. #e ability of biotin-streptavidin crosslinks to promote smaller 
rings (higher curvature) than counterions and depletion agents was 
rationalized in terms of its extremely high binding a$nity, with a 
dissociation constant Kd on the order of 10-14  M (Green, 1990). #e 
binding a$nity of septins for actin is orders of magnitude less, with 
values of Kd for Drosophila septins on the order of 10-6 M, as measured 
by co-sedimentation assays (Tsai, 2013). #is a$nity is comparable to 
that of other actin-binding proteins (Chen et al., 1999; Goldmann and 
Isenberg, 1993; Meyer and Aebi, 1990; Ono et al., 1997; Skau et al., 2011; 
Wachsstock et al., 1993; Yamakita et al., 1996). Surprisingly, we found that 
the number of actin !laments does not seem to strongly correlate with 
curvature (cf. Fig. 16). #is is in strong contrast to previous qualitative 
observations that straight segments have a larger actin &uorescence 
intensity than kinks, suggesting an inverse relationship between bundle 
thickness and curvature (Tang et al., 2001). 

#e surprisingly high curvature of the rings and the lack 
of correlation with actin bundle thickness are inconsistent with a 
simple equilibrium model based on the balance of the two energetic 
contributions of actin !lament bending (which depends on the number 
of !laments in the ring) and septin binding. One alternative scenario is 
that once a “nucleating” actin ring is formed by the complete bending 
of a single !lament, subsequent !lament growth and/or annealing of 
neighboring !laments can wrap around this initial ring, mediated by 
the addition of more septins. In this scenario, septins act as molecular 
“stickers”, which have enough binding energy to pin actin !laments into 
curved geometries. Assuming such a scenario, we estimate the number 
n of septin crosslinks needed to bend a single actin !lament into a ring. 
We consider the following formula, which was originally derived to 
estimate n for biotin-streptavidin crosslinks (Tang et al., 2001):

n =
4!"p

R lnKa ,
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where lp is the persistence length of F-actin, R is the radius of the ring, and 
Ka is the association constant of the linker bond. For biotin-streptavidin 
links, Tang et al. (Tang et al., 2001) measured n = 5.8, given lp = 17 µm 
for phalloidin stabilized actin !laments, R = 1.2 µm, and 2.5 x 1015 M-1 
for the association constant of biotin-streptavidin crosslinks. Replacing 
the above value of Ka with the value of 106 M-1 for septins results in a 
value of n = 12.9, which could represent a plausible value. Yet, several 
observations argue against the molecular sticker hypothesis. First, n is 
expected to depend linearly on persistence length lp. However, when 
we added phalloidin, which increases the persistence length by a factor 
of two, the median curvature only changed modestly, by factors of 1.0–
1.4x. Second, based on the above formula, we expect higher curvatures 
when more septins are bound. In contrast, we observed that rings which 
contained more septins exhibited lower curvatures (cf. Fig. 15). Based 
on these observations, we rule out the molecular sticker hypothesis.

 Another alternative hypothesis is that septin binding decreases the 
persistence length of actin !laments. Such behavior has been reported for 
some other actin-binding proteins, most notably co!lin (Fan et al., 2013). 
Co!lin stabilizes a polymorphic form of actin that has a lower bending 
rigidity than the canonical form (Galkin et al., 2011; Pfaendtner et al., 
2010). #is hypothesis may be tested by measuring the bending rigidity 
of septin-decorated single !laments by video microscopy or optical 
tweezers (Brangwynne et al., 2008; Schnurr et al., 1997; van Mameren 
et al., 2009). However, this hypothesis is di$cult to reconcile with our 
observations. We found that the number of %uorescent septins bound to 
rings did not vary signi!cantly with the total concentration of septins 
in solution (cf. Fig. 15). However, the probability of ring formation 
did depend strongly on septin concentration, with rings forming in an 
optimum window of septin concentrations (cf. Fig. 3). When the total 
concentration of labeled septins was higher than this optimum window, 
we found a strong accumulation of labeled septins on straight bundles 
(cf. Fig. 4, right column). Furthermore, we found two other interesting 
changes in bundle morphology for high septin concentrations. First, 
kinked rings and zigzags occurred above 1 µM %y septins (cf. Figs 3 & 
19). Second, the number of actin !laments in rings and lassos decreased 
with increasing septin concentration (despite variations between 
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experimental trials) (cf. Fig. 17). !ese results demonstrate that an 
abundance of septins frustrate proper ring formation.

Another possible hypothesis is that septin binding could induce 
a spontaneous curvature of actin "laments. Such a mechanism would 
be reminiscent of proteins which curve lipid bilayer membranes upon 
binding (Zimmerberg and Kozlov, 2005). In fact, fractions of brain-
tissue extracts which contain septins can curve membranes when added 
to giant unilamellar vesicles (Tanaka-Takiguchi et al., 2009). Such 
curvature control could originate from the regulation of actin "lament 
twist. Experiments on colloidal membranes composed of fd-virus rods 
have found that the interplay between frustrated molecular chirality and 
interfacial tension can manifest itself on larger length scales, leading 
to multiple conformational states (Gibaud et al., 2012). In the case of 
actin, fascin crosslinks have been shown to over-twist actin "laments, 
resulting in tight bundles with a well-de"ned composition (Claessens 
et al., 2008). !is hypothesis could be readily tested by X-ray scattering 
experiments on actin-septin bundles.

Kinetic e#ects likely play a role in ring formation. Kinetic e#ects 
have been found to signi"cantly a#ect the morphology of actin bundles 
in simulations (Nguyen et al., 2009), as well as experiments of actin 
networks bundled by "lamin (Schmoller et al., 2008) and $-actinin 
(Falzone et al., 2012). We observed that rings have a nearly 2-fold lower 
curvature when septins interact with pre-polymerized actin "laments 
compared to co-polymerization (cf. Fig. 13). Curved septin bundles also 
relaxed their shape when ablated (cf. Fig. 9). However, kinetic e#ects 
alone cannot account for ring and lasso formation. In pre-polymerization 
experiments, rings only appeared when septins were present.

Our results raise several interesting questions. !e "rst key 
question is which domain of septin hexamers binds to actin "laments. 
Elucidating the actin-septin binding mechanism should lead to a better 
understanding of how septins di#er from other actin-binding proteins. 
!e second key question is whether this actin-binding still occurs when 
septin is immobilized on a lipid membrane or bound to myosin, or if 
it competes with membrane and/or myosin interactions. If this is the 
case, then septin is likely to play a direct role in stabilizing a curved 
actin-myosin ring underneath the membrane during cytokinesis and %y 
cellularization. !e fact that we found similar behavior for %y and human 
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septins suggests that septin’s unique property of promoting bundling 
and, in particular, bundle ring formation could be evolutionarily 
conserved.

4.5 Methods

Protein puri!cation. Monomeric G-actin was puri!ed from rabbit psoas 
skeletal muscle (Soares e Silva et al., 2011b). G-actin was puri!ed with a 
Superdex 200 column (GE Healthcare, Waukesha, WI, USA). Aliquots 
were stored at −80 °C in G-bu#er (2 mM tris-hydrochloride pH 8.0, 0.2 
mM disodium adenosine triphosphate, 0.2 mM calcium chloride, 0.2 
mM dithiothreitol). Freshly thawed aliquots were treated with 5 mM 
dithiothreitol, centrifuged at 30 psi (120,000 g) for 30 min in a Beckman 
airfuge, and sonicated for 5 min to remove actin dimers. G-actin was 
labeled with either Alexa-Fluor-488 or Alexa-Fluor-594 carboxylic acid, 
succinimidyl ester (Soares e Silva et al., 2011b). Recombinant Drosophila 
and human septin hexamers were provided by Manos Mavrakis. Protein 
concentrations were determined by measuring absorbance at 280 
nm with a NanoDrop 2000 ($ermoScienti!c) and using extinction 
coe%cients, in M-1 cm-1, of 26600 (actin (Pardee and Spudich, 1982)), 
249000 (myosin (Margossian and Lowey, 1982)), 167320 (Drosophila 
septin hexamer, predicted from amino acid sequence (Artimo et al., 
2012)), and 161360 (human septin hexamer, predicted from amino acid 
sequence (Artimo et al., 2012)).

Flow cell preparation. Microscope slides and cover slips were 
cleaned for 30 min in base-piranha solution (5% hydrogen peroxide, 5% 
ammonium hydroxide, heated to 70°C) and stored in 100% isopropanol. 
Flow cells were assembled by sandwiching strips of Para!lm between 
clean glass substrates and melting at 120°C. Resulting cavities were 
then passivated by incubating for 5 min with 1 M potassium hydroxide, 
rinsing with Milli-Q water, blow-drying with nitrogen gas, incubating 
for 30 min with 0.2 mg/mL poly-L-lysine-polyethylene-glycol (Surface 
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Solutions), rinsing with Milli-Q water, and blow-drying with nitrogen 
gas. Passivated !ow cells were then used immediately. Actin solutions 
were loaded into !ow cells and hermetically sealed with VALAP (equal 
parts petrolium jelly, lanolin, and para"n wax).

Sample preparation. Samples were mixed to yield a #nal 
bu$er composition of 20 mM imidazole pH 7.4, 50 mM potassium 
chloride, 1 mM dithiothreitol, and 0.1 mM magnesium-adenosine 
triphosphate. Furthermore, 1 mM trolox, 2 mM protocatechuic acid, 
and 0.1 µM protocatechuate 3,4-dioxygenase were added to minimize 
photobleaching. TIRF microscopy samples additionally contained 
0.1 % (w/v) methylcellulose. For phalloidin-treated samples, a drop of 
phalloidin (in equimolar amounts to actin) was le& to evaporate in a 
separate tube; freshly mixed samples were pipetted in the phalloidin-
containing tube before loading into !owcells. For pre-polymerization 
samples, a stock of actin #laments (10  µM) was prepared and mixed 
with septins at least 45 min a&er initiating polymerization. Fluorescently 
labeled G-actin monomers were mixed with unlabeled monomers to 
yield a 10% molar ratio of dye to protein.

Fluorescence microscopy. For TIRF experiments, samples were 
imaged with a Nikon Apo TIRF 100x/1.49 NA oil objective mounted on 
an Eclipse Ti microscope (Nikon) using 491 nm and 561 nm laser lines 
and imaged with a QuantEM 512SC EMCCD camera (Photometrics). 
For confocal experiments, samples were imaged with a Nikon Apo 
TIRF 100x/1.49 NA oil objective mounted on an Eclipse Ti microscope 
(Nikon) using 488 nm and 561 nm laser lines and imaged with an A1 
PMT detector unit (Nikon). All TIRF images were acquired under the 
same illumination and detection settings.

Ablations. For ablation experiments, samples were prepared 
as described above and imaged with an A1 R-MP confocal point 
scanner (Nikon) on an inverted microscope (Eclipse Ti, Nikon) with a 
photomultiplier tube detector (A1, Nikon). Samples were imaged and 
ablated with a pulsed infrared laser (Mai Tai DeepSee, SpectraPhysics) 
tuned to 760 nm. Ablations were performed by scanning a line 
perpendicular to the bundle long axis for a total exposure of 45 s. 

Rheology. Networks were sheared by a stress-controlled rheometer 
(Physica MCR 501, Anton Paar). Samples were polymerized at room 
temperature between a top cone plate (CP-20-1) and a bottom planar 
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plate. A wet tissue was placed around the sample and a surrounding hood 
was lowered to maintain humidity. Network evolution was monitored 
by probing samples at low strains (0.5 %, 0.5 Hz) for 5 min, followed by 
a idle period of 25 min, repeated over the course of 1.5 h. Next, network 
mechanical properties were probed by a frequency sweep (frequencies 
1–0.01 Hz) using a small strain amplitude of 5%, which was still within 
the linear viscoelastic regime.

Rings and lassos. A total of 2097 rings and 2065 lassos were 
manually identi"ed across 1770 images. Rings are de"ned as bright 
structures that form a closed loop and do not contact other structures 
of comparable brightness. Lassos are de"ned as bright structures that 
either (i) form a closed loop which contact the end of a single bundle of 
comparable brightness or (ii) double over to form a closed loop. Rings 
and lassos were analyzed using a custom-built algorithm for detecting 
curvature.

Statistics. Curvature, actin #uorescence, and septin #uorescence 
distributions were characterized by sample medians and the 95% 
con"dence intervals (CI) of the median. CIs were computed from 105 
bootstrap samples (Davison and Hinkley, 1997) with the MATLAB 
function “bootci”, using the bias corrected and accelerated percentile 
method (Efron, 1987).

4.6 Image Analysis

We developed an algorithm to compute the curvature C(s) of a point s 
from images of #uorescently labeled actin-septin bundles. In short, this 
method determines bundle contours and computes the change in angle 
! along these contours.

Step 1: $e original image (Fig. 23a) is bandpass "ltered to 
accentuate bundle contours (Fig. 23b). Bandpass "lters remove spatial 
frequencies below "low (usually detection noise) and above "high (usually 
uneven illumination). Bandpass "ltering was performed with ImageJ, 
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Figure 23. Algorithm to compute curvature C from images of 
!uorescently labeled actin-septin bundles. a. Original image of 
!uorescently labeled actin (1 µM) in the presence of !y septins (1 
µM) obtained by TIRF microscopy. Right: 4x magni"ed closeup (blue 
dashed box) b. Bandpass-"ltered image. c. Bundle orientation !, 
resulting from OrientationJ analysis. Image hue denotes ! (calibration 
wheel, bottom), image brightness is given by the original image (panel 
a). d. Bundle contour. e. Interior of bundle contour, which consists of 
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which calculates !low and !high in the frequency domain given input 
values in the spatial domain. Here, values of 2 px (corresponding to !high) 
and 4 px (corresponding to !low) were chosen. !e result is a modi"ed 
image where structures of 3 px, which corresponds to the typical width 
of a bundle, are accentuated.

Step 2: !e "ltered image from Step 1 is used to determine 
the local orientation " of intensity around each pixel (Fig. 23c). !is 
step implements OrientationJ, a freely-available ImageJ plugin that 
was developed to track collagen and elastin "bers (Fonck et al., 2009; 
Rezakhaniha et al., 2012). !is routine computes the eigenvectors of 
a structure tensor constructed of the spatial gradients of #uorescence 
intensity around each pixel. !e result is an image where each pixel 
(x,y) reports the orientation " of the eigenvectors corresponding to a 
small region (x±#, y±#) in the original image. !e parameter #, in pixels, 
should match the typical length scale of the desired features.

Step 3: !e "ltered image from Step 1 is used to determine 
bundle contours (Fig. 23d). First, the image is thresholded using Otsu’s 
method (Otsu, 1975). !is yields a binary image comprising connected 
components of bright pixels (1) against a dark background (0). Next, the 
thresholded image is skeletonized. !is converts connected components 
to lines that are one pixel thick. !ese lines de"ne the contour of the 
bundle. Finally, contours that are smaller than ten pixels are removed. 
!is removes short contours that correspond to stray #uorescence 
intensity #uctuations of the background. !e result is a binary image 
with connected components that are one pixel thick which correspond 
to bundle contours.

Step 4: Bright pixels from Step 3 that correspond to junctions or 
endpoints are removed (Fig. 23e). At junction points, curvature is ill-

bright pixels with exactly two neighboring bright pixels (white). Pixels 
at endpoints or at junctions (red) are discarded. f. Curvature C of the 
pixels corresponding to bundle interiors (panel e). A maximum "lter of 
1 px was applied to the image for clarity. Dark blues and purples denote 
areas of low curvature; light yellows and whites denote areas of high 
curvature (calibration bar, below). Scale bars 10 µm.
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de!ned. At endpoints, orientation measurements are noisy, particularly 
for lower values of !. To remove these points, the image of bundle 
contours is !rst !ltered with a kernel of [1, 1, 1; 1, 0, 1; 1, 1, 1]. "is 
yields an image where each pixel value corresponds to the number 
of neighboring bright pixels. Endpoints yield 1, pixels along a bundle 
contour yield 2, and junctions yield 3 or more. Next, pixels with a value 
of 2 were then selected. Finally, the resulting image was masked with the 
contour image from Step 3 with a bitwise AND operation. Repeating 
this step iteratively increases the number of pixels removed. Here we 
perform N  =  2! iterations. Given a skeletonized binary image I, the 
following line of code implements an iteration of Step 4: 

im!lter(I, [1 1 1;1 0 1;1 1 1]) == 2 & I)
Step 5: Curvature is calculated for each bright pixel from Step 4 

(Fig. 23f). First, the orientation image from Step 2 is masked with the 
result of Step 4. Second, for each pixel i, the change in orientation is 
computed by considering the orientations of neighboring pixels j1 and j2. 
"e change in orientation is given by !!k =

!!!i !! jk

!! (Fig. 24a), where k 
= 1,2. Dividing this by the distance !sk =

!!"ri !"r jk

!! between neighboring 
pixels (which can equal either 1 or √2) yields the curvature C(s) 
(henceforth denoted by C in the remainder of this section). Curvature 
C is de!ned as the derivative of orientation along the bundle contour:

C = d!

d s
= lim

!s!0

!!

!s
= 1

2

!
!!1

!s1
+ !!2

!s2

"

.

!i 

Δ!2 = | !i – !j2 | 

Δ!1 = | !i – !j1 | 
!j1 

!j2 

Δs1 
Δs2 

Figure 24. Determining curvature by computing changes in orientation 
Δ" (white arrowheads) along bundle contour, given a bright pixel i and 
neighboring bright pixels j1 and j2 separated by distances Δs1 and Δs2 
(black arrowheads), respectively.
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Finally, we recover the radius of curvature rC by inverting:
rC = 1

C .
Both curvature C and radius of curvature rC are appropriate 

measures of contour curvature. rC corresponds to the radius of the 
circle that best !ts a point s along a contour (Spiegel, 1968). But because 
low rC denotes highly curved regions, C is sometimes a more intuitive 
measure: higher C denotes more highly curved contour sections, and the 
curvature C scales linearly with bending energy (Landau et al., 1986).

Validation against synthetic data. We validate this algorithm by 
producing test images of circles with a known radius of curvature rC. 16-
bit test images were produced in Adobe Photoshop CS4 by drawing 1-px 
wide, anti-aliased, circular white strokes on a black background. "e 
images were then Gaussian blurred by 1 px, and noise was introduced 
with the ImageJ “Add speci!ed noise” plugin (standard deviation = 
2000). "ese values were chosen to produce test images that mimic our 
microscopy data. Separate test images were created for rC / px = 3, 5, 10, 
20, 50, 100, 200, and 500 (rC = 20 px is shown in Fig. 25a,b). Each test 
image was processed using the algorithm described above (Fig. 25c). 
Computed radii of curvature (Fig. 25d) were averaged across the entire 
image. Accuracy of the algorithm can be demonstrated by plotting 
measured rC resulting from image analysis versus the known values of 
rC (Fig. 25e). Accurate results fall on the rC,known = rC,measured line. For a 
local window of size ! = 1, the analysis has an accuracy range of rC,known 
= 3–20 px. (For our microscopy setup, this corresponds to rC,known = 0.5–
3.2 µm). Above 20 px, the algorithm underestimates radii of curvature: 
for straight features with low curvature (high rC), the change in angle 
between neighboring pixels is too small to detect. "is can be overcome 
by increasing ! to higher values. For instance, for sigma = 5 px, large radii 
of curvature are accurately detected, yielding an accuracy range of rC,known 
= 20–500 px (Fig. 25f). (For our microscopy setup, this corresponds to 
rC,known = 3.2–79 µm). Below 10 px, the algorithm overestimates radii of 
curvature: OrientationJ (Step 2) is insensitive to image features smaller 
than !, so loops with a radius of curvature approaching ! or smaller are 
not resolved. "e choice of # therefore determines the curvatures that 
can be accurately detected (Fig. 25g).
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Figure 25. Validation of algorithm to circles of known curvature. a. 
Synthetic data generated by circles with a radius of 20 px. Scale bar 100 
px. b. Close-up of panel a, dashed box. Scale bar 20 px. c. Curvature 
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map, as measured by analysis (! = 1 px). Brighter colors indicate higher 
measured curvature (calibration bar, panel d). Scale bar 20 px. d. 
Histogram of measured curvature for the entire image (panel a). !e 
average curvature, <C> / px-1 = 0.049 ± 0.009, corresponds to an average 
radius of curvature of <rC> / px = 20.5 ± 4.0 and agrees well with the 
known value of 20 px. (Uncertainty bounds for measured <C> denote 
standard deviation; for <rC>, propagated uncertainty). e. Accuracy 
plot. Measured curvatures are plotted against known curvatures. Note 
that performing the analysis with ! = 1 produces accurate measured 
values of rC only for lower values of rC,known. Color denotes inaccuracy 
(calibration bar, panel g). f. Accuracy plot, as in panel e, for ! = 5. Note 
that the range of accuracy (green symbols) shi"s towards higher values 
of rC,known. g. Map of inaccuracy of rC,measured, given by

 |rC,measured - rC,known| / (rC,measured + rC,known),
and plotted as a function of ! and rC,known. Note that the range of accuracy 
(green zones) shi"s towards higher values of rC,known as ! increases.

Estimating true rC given rC,measured. For actual microscopy data 
where rC is not known a priori, estimating the true rC given rC,measured 
is not immediately straightforward. Results from analyzing images of 
synthetically generated circles reveal that rC,known and rC,measured are not 
always related by a one-to-one mapping. !is is shown in the accuracy 
plots depicted in Fig. 26. For example, the accuracy plot for !  =  5 
shows that rC,measured = 1000 px could correspond to either rC = 3 px or 
rC = 1000 px. !is one-to-many mapping introduces substantial error 
in estimating rC given rC,measured. In order to minimize these errors, we 
consider only values of rC,measured which are related to rC,known by a one-
to-one mapping. Such values of rC,measured appear as striped regions in 
Fig. 26. O"en, these regions are narrow in rC,measured, which limits the 
range of rC we can reliably estimate. However, as ! increases, the range 
of precision of rC,measured shi"s to higher values. We exploit this upward 
shi" to extend the range of precision. We iterate the algorithm four 
times using di$erent values of ! (1, 2, 3, and 5). For each iteration, we 
only record values of rC,measured which fall within the range speci%ed by 
Figure 26.
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Figure 26. Accuracy plots for ! = 1, 2, 3, and 5. 
Striped regions denote values of rC,m

easured  which can 
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Validation against microscopy data. We test the above 
modi!cation by considering a microscopy image of actin-septin 
bundles and rings (Fig. 27a). We visually inspect the resulting curvatures 
produced by the algorithm (Fig. 27b). Reported curvatures should 
produce circles with radii that visibly !t the bundle contour. "is is 
shown in Fig. 27c–f.

Discussion. Several methods have been proposed in the 
biophysical literature to determine the curvature of linear contours. 
For example, the curvature of crawling Dictyostelium discoideum cell 
boundaries was determined by !tting circles to boundary points along 
the cell exterior (Driscoll et al., 2012). "e technique for determining cell 
boundary was based on the minimization of an energy computed from 
pixel intensities (Xu and Prince, 1998), which has also been adapted 
to track cytoskeletal structures (Smith et al., 2010). "ese methods 
track linear contours to subpixel precision. However, attaining reliable 
contours requires tuning various parameters and supervising results. A 
di#erent method for quantifying the curvature of cell boundaries (for 
mouse melanoma and bu#alo rat liver cells) uses least-squares !tting 
of circular arcs between pairs of points (Bischofs et al., 2008). However, 
this method requires the user to select pairs of points between which 
the boundary exhibits a constant curvature. Here, we instead determine 
curvature without knowledge of bundle contours, without !tting circles, 
and without manual user input. We use the plugin OrientationJ to 
compute orientation ! to $oating-point precision. Because OrientationJ 
requires only one parameter, ", the algorithm described here requires 
less supervision and can thus be easily automated.

Determination of the number of !laments. "e number of actin 
!laments was estimated based on the $uorescence intensity of the actin 
signal (Fig. 28a). "e $uorescence intensity of a single !lament was 
estimated by acquiring a series of 600 images (Fig. 28b) and determining 
the !lament contour for each image (Fig. 28c). "e mean $uorescence of 
!lament contours was found to be 296 ± 109 pixel intensity units.
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Figure 27. Validation of algorithm to experimental data. a. Image of 
!uorescently labeled actin "laments (1 µM) bundled by !y septins (0.2 
µM). Small rings (high curvature) and long bundles (low curvature) 
are visible. Scale bar 20 µm. b. Result of curvature analysis. Color 
corresponds to curvature C, or equivalently, radius of curvature rC (see 
calibration bar, right). A maximum "lter (1 px radius) was applied to 
thicken bundle contours (nominally 1  px thin). Scale bar 20 µm. c. 
Closeup of small ring (panel b). Note that red pixels report rC ~ 0.5 
µm, which agrees with the bold section of the dashed, white circle (rC = 
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0.5 µm). Scale bar 2 µm. d. Closeup of larger ring (panel b). Note that 
magenta pixels report rC ~ 1.0 µm, which agrees with the bold section of 
the dashed, white circle (rC = 1.0 µm). Scale bar 2 µm. e. Closeup of large 
loop (panel b). Note that cyan pixels report rC ~ 3.3 µm, which agrees 
with the bold section of the dashed, white circle (rC = 3.3 µm). Scale 
bar 2 µm. f. Closeup of curved bundle (panel b). Note that green pixels 
report rC ~ 10 µm, which agrees with the bold section of the dashed, 
white circle (rC = 10 µm). Scale bar 2 µm.
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Figure 28. Determining the intensity of a single-actin !lament. a. TIRF 
image of single actin !laments. b. Maximum time projection over 600 
frames. Cloudy white regions correspond to the areas occupied by single 
!laments as they "uctuate over time. c. Filament contours. A maximum 
!lter (radius 1 px) was applied to make 1-px-thick contours visible. 
d. Histogram of background-subtracted "uorescence intensities of 
!lament contours. #e average !lament intensity <I!lament> is 296 ± 109 
(uncertainty denotes standard deviation). Scale bars 20 µm.
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