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How do cells know what shape they are?
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Abstract Studies on a yeast cell cycle checkpoint that
can delay mitosis depending on whether cells have built a
bud have identified a “sensor” that seems to recognize the
organization of filament-forming septin proteins. Innova-
tive work applying correlative light and platinum replica
electron microscopy suggests that the informative septin
organization involves parallel alignment of septin filaments,
and another striking study shows that septin filaments pre-
fer to populate membranes that have positive micron-scale
curvature. Together, these findings suggest a model for how
cells may monitor aspects of their own shape to influence
cell behavior.
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Introduction

Cell shape is thought to influence many aspects of cell
physiology. For example, experiments constraining mam-
malian cell shape using micro-patterned adhesive surfaces
indicated that the shape can dictate whether a cell prolifer-
ates, differentiates, or dies (Chen et al. 1997). But how do
the cells know what shape they are?

Over 20 years ago, research on the budding yeast Sac-
charomyces cerevisiae suggested that yeast cells, too,
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know what shape they are: specifically, they seem to know
whether or not they have begun to build a bud (Fig. 1a)
(Lew and Reed 1995). Bud formation is normally fol-
lowed by nuclear division, but many environmental stresses
can delay bud emergence. When that happens, a pathway
called the morphogenesis checkpoint delays nuclear divi-
sion to compensate for the delay in budding (Howell and
Lew 2012). The delay in nuclear division is dependent on
the Weel-family kinase Swel, which delays mitosis by
inhibiting the cyclin-dependent kinase Cdc28. Research
over the intervening years uncovered an intricate Swel-
regulatory pathway that is localized to the mother-bud neck
by the septin cytoskeleton. These findings led to the sug-
gestion that septins “know” whether or not a bud is pre-
sent, and that they somehow relay that information to Swel
(Fig. 1a) (Howell and Lew 2012). But how do the septins
know whether or not there is a bud? And how does that
information reach Swel? Recent findings suggest appeal-
ing answers to these questions, which may apply to animal
as well as fungal cells.

Septins are filament-forming proteins first discovered
in yeast but later found across several eukaryotic phyla
(Nishihama et al. 2011). Individual septins assemble into
rod-shaped complexes that polymerize end-to-end to form
non-polar filaments usually associated with the plasma
membrane (Oh and Bi 2011). In budding yeast, septin fila-
ments assemble at the polarity site in unbudded cells, form-
ing a ring that morphs into a collar at the mother-bud neck
upon bud emergence (Fig. la). In a tour de force using
correlative light and platinum replica electron microscopy,
Ong and colleagues showed that the collar consists of a
dense parallel “picket fence” array of short septin filaments
(Fig. 1b) (Ong et al. 2014). As yet, we do not understand
how the septins come to be arranged in such a striking pat-
tern. However, another recent breakthrough suggests that
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Fig. 1 Septins and cell shape. a Unbudded yeast cells make a sep-
tin ring that becomes a septin collar following bud emergence. Pro-
teins localized to the septin collar (but not the septin ring) promote
inactivation of Swel. b The septin collar consists of a dense parallel
array of septin filaments oriented along the mother-bud axis. ¢ Curva-

bud emergence could lead to the picket fence structure sim-
ply as a result of the change in cell shape (Bridges et al.
2016).

Bridges and colleagues noticed that septins at branch
sites of the filamentous fungus Ashbya gossypii accu-
mulated in a manner that was correlated with the local
micron-scale curvature of the plasma membrane (Bridges
et al. 2016). By measuring the association of purified sep-
tins with artificial membrane bilayers in vitro, they dem-
onstrated that septins had an innate preference for convex
membranes with positive curvature (Bridges et al. 2016).
This curvature preference has profound implications for
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tures associated with different shapes. Red negative curvature (con-
cave). Blue positive curvature (convex). Purple zero curvature (flat).
d Localization of the Swel-regulatory kinase Elm1 depends on local
cell shape, while localization of Hsl1 does not. € Mammalian septins
are concentrated at the base of primary cilia and dendritic spines

septin organization in cells, and it suggests that septins may
arrange themselves in different ways depending on the cell
shape.

Consider the curvature associated with a few simple
shapes (Fig. 1c). Inside a sphere (1), the concave membrane
has negative and isotropic curvature (i.e., the curvature is
the same in every direction). But inside a cylinder (2), the
curvature is asymmetric: zero (flat) along the axis and nega-
tive (concave) around the circumference. For a round cell
with a protrusion (3), the curvature around the circumfer-
ence of the protrusion is highly negative while that of the
cell body is mildly negative, but where the protrusion meets
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the cell body, the curvature along the axis leading from the
main body to the protrusion is positive. If septin filaments
were free to undergo rotational diffusion at the membrane
until they found the most positive curvature available, then
different cell shapes would lead to different septin organiza-
tions. In particular, shapes with asymmetric curvature (more
positive in one direction than another) would promote align-
ment of septin filaments in parallel along the direction with
more positive curvature, potentially explaining the parallel
picket fence oriented along the mother-bud axis (Fig. 1b).

These findings suggest a simple mechanism by which
certain cell shapes (like the presence or absence of a pro-
trusion) could lead to different arrangements of septin fila-
ments. But how would that difference lead to downstream
changes in cell behavior? Returning to the morphogenesis
checkpoint in yeast, recent findings suggest that the most
upstream “sensing” components of the checkpoint are two
protein kinases, Elm1 and Hsll, that both localize to the
septin collar (Kang et al. 2016). By manipulating yeast
cell shape using mating pheromones, it became apparent
that whereas Hsll would bind septin rings formed in any
cell geometry, Elm1 bound much better to septin structures
that formed inside a projection (asymmetric curvature) than
those that did not (symmetric curvature) (Fig. 1d). Com-
bined with the findings discussed above, this suggests a
simple model in which Elm1 preferentially binds to parallel
septin filaments, which develop where there is asymmetric
curvature to align the septin filaments. Although still specu-
lative, this hypothesis is testable and provides a clear mech-
anism to monitor cell shape.

Might similar mechanisms apply outside of yeast?
Mammalian septins display similar curvature preferences
to those of yeast septins (Bridges et al. 2016). And mam-
malian septins are notably concentrated at sites that dis-
play asymmetric curvature. For example, septins have been
found at the bases of primary cilia (Ghossoub et al. 2013;
Hu et al. 2010) and dendritic spines in neurons (Ewers
et al. 2014; Tada et al. 2007), both of which are projections
with similar curvature asymmetry to yeast buds (Fig. le).
Just as yeast cells monitor whether or not they have a bud,
one can imagine that mammalian cells may find it use-
ful to know whether or not they have a primary cilium, or
that neurons may productively count the number of spines
along a dendrite, using a strategy similar to that of the yeast
morphogenesis checkpoint. Septins are also concentrated
at the cleavage furrow in dividing cells (Oh and Bi 2011),
another location with highly asymmetric curvature that
changes as furrow ingression proceeds. The septin curva-
ture preference would suggest that septin filaments become
aligned perpendicular to the cleavage furrow, and proteins
recognizing parallel septin arrays could be useful either
for signaling furrow progression or for providing structural

input to other elements (like actin and myosin filaments) in
the furrow.

Conclusion

Recent studies indicate that septins associate with cell
membranes in a manner that is responsive to the curvature
of those membranes. Cell shapes that involve asymmetric
curvature would, therefore, provide a preferred orientation
for septin filaments, yielding parallel septin arrays consist-
ent with those found at the yeast mother-bud neck. Proteins
that bind preferentially to parallel septin filaments could
then provide readouts dependent on local cell shape. Such
sensing may underlie the functioning of the yeast morpho-
genesis checkpoint, and could also occur in other contexts
where cells may wish to watch their figures.
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