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Abstract

Cellsfrom all kingdoms of life adopt a dizzying array of fascinating shapes that support cellular
function. Amoeboid and spherical shapes represent perhaps the ssimplest of geometries that may
minimize the level of growth control required for survival. Slightly more complex are rod-shaped
cells, from microscopic bacteria to macroscopic plants, which require additional mechanisms to
define a cell’s longitudinal axis, width, and length. Recent evidence suggests that many rod-
shaped, walled cells achieve elongated growth through chiral insertion of cell-wall material that
may be coupled to atwisting of the cell body. Inspired by these observations, biophysical
mechanisms for twisting growth have been proposed that link the mechanics of intracellular
proteinsto cell shape maintenance. In this review, we highlight experimental and theoretical work
that connects molecul ar-scal e organization and structure with the cellular-scale phenomena of rod-
shaped growth.

Introduction

Cell shapeisdictated physically by the balance of forces on the cell envelope. Turgor
pressure due to the high concentration of osmotic solutesinside cells generates an outward
pressure on the envelope. To maintain a non-spherical shape, cells must surround
themselves with an anisotropic elastic structure that expands to counterbalance this pressure.
In animal cells, thisislargely achieved through the construction of intracellular cortical
networks of actin filaments, although other elastic filaments such as spectrin can also be
used. On the other hand, bacteria use arigid, extracellular cell wall composed of a network
of peptidoglycan while plants use awall composed of cellulose and other polysaccharides

[1].

In these walled cells, growth occurs through the spatially regulated insertion of new material
into the exoskeletal cell wall. Local insertion of material, performed by ahost of proteins,
must be coordinated on the cellular scale so that cell shape and the mechanical integrity of
the wall are maintained. While molecular experiments have led to the characterization of
many of the playersin this process, understanding the regulation of shape requires
approaches that can bridge the molecular and cellular scales. Two key issues we addressin
thisreview are (i) how individual molecules can organize into chiral filaments to generate a
spatially coordinated pattern of growth, and (ii) the biophysical interactions required for
robust, rod-shaped growth.
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Cell-wall growth in bacteria

Cell shapein nearly all bacteriais governed by the peptidoglycan cell wall, a meshwork of
glycan strands crosslinked by short peptides[2, 3]. During growth and division, newly
synthesized peptidoglycan subunits are incorporated into the wall through the concerted
effort of a number of enzymes including the murein (Mur) and penicillin binding proteins
(PBPs). These enzymes construct the cell wall through synthesis of new subunits, breakage
of existing linkages in the wall, and insertion of new subunits to grow the peptidoglycan
network.

While many of these enzymes have been characterized biochemically, several important
biophysical questions about their method of action remain unanswered. For example,
severing individual linkages will promote the wall to expand under turgor, leading to a
weakened state [4]. However, as new units are added, they can also have arigidifying effect
on thewall if they are actively stressed prior to insertion in order to resist expansion [5]. It is
not currently known to what extent wall enzymes must coordinate their activities, in either
space or time, in order for growth with a maintained shape to proceed. Biochemical
measurements of in vitro peptidoglycan polymerization suggest that at least some of the
enzymes may be processive [6-9], however how this processivity manifestsin vivo [10] and
whether it is coupled between enzymes remains under current investigation.

Rod-shaped growth

Perhaps the simplest systems for studying complex cell growth are elongated rods, which
must encode, at the molecular level, athree-dimensional coordinate system that defines the
longitudinal cell axis and division plane in addition to the cell length and width. Rod-shaped
cells are common in both bacteria and plants. Prokaryotic rods are thought to possess several
biophysical advantages over non-elongated cells for functions such as motility and in certain
environmental niches [11-13]. In plants, rod-shaped cell growth is coupled directly to the
elongation of roots, stems, and other tissues.

Because of their small size and the fast speed of diffusion within the cytoplasm, it is difficult
for abacteria cell to establish precise cytoplasmic gradients with which to define a cellular
coordinate system [14, 15]. Instead, it has been proposed that geometric cues such as
curvature may provide information about orientation within the cell that can be processed
through local binding interactions between inherently curved polymers and a curved surface
[16-18]. The determination and maintenance of cell shapeis governed by the cellular-scale
pattern of wall insertion and the balance of forces on the cell wall [19, 20]. To query
whether local geometric cues can guide cellular-scale patterning that robustly generates the
correct cell shape requires experimental and computational tools to quantify and connect
molecular organization to wall patterning.

While some rod-shaped bacteriainsert material at the poles or mid-cell, most model bacteria
with arod shape appear to insert material in aroughly uniform distribution along the
cylindrical portion of the cell wall. However, computational simulations studying the
conseguences of random insertion predict aloss of both cell shape and mechanical integrity
[5], suggesting that the orchestration of growth is required for rod-shape maintenance. In
elongating bacteria, recent evidence suggests that filaments with chiral (left- or right-
handed) positioning along the membrane are used to coordinate insertion, producing both a
rod-like shape and arobustly cross-linked cell wall that twists as it grows [21].
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Biopolymer filaments such as actin, microtubules, and bacterial flagellar filaments are linear
assemblies of individual monomeric units. The molecular binding interactions between
protein monomers define the spatial relationship between adjacent monomers in afilament.
In general, three angles that encapsul ate the relative orientation of neighboring monomers
along the filament define this relationship (Figure 1A). Different combinations of angles
between monomer subunits lead to a variety of beautiful and complex filament shapes
(Figure 1B) whose geometry has been the subject of study as far back as Euler. A common
feature of all of these shapesistheir helicity, due to the fact that a constant bend and twist
per monomer leads to chiral backbones [22—25]. Indeed, as early as 1950, the helical nature
of biological chainswas recognized, with a prescient focus on biological growth [25].

Of the observed classes of filaments, simplified shapes such as straight lines and rings are
extreme limits in which some of the relative orientation angles are zero. One particularly
interesting property of these filamentsin abiological context isthat resultant shapes can
have features on length scales much larger than the size of an individual monomer.
Examples of these include the radius of curvature for aring and the pitch of ahelix, both of
which can be arbitrarily large compared to the scale of the proteins themselves. These
features are independent of the chemical kinetics that affect the length of filaments through
assembly and disassembly. Thus, polymerization of filaments can generate cellular-scale
“order” independent of the monomer size or chemical kinetics. Outstanding questions
surrounding this topic are the extent to which this order is established for filamentsin living
cells, and the mechanisms through which this order can be maintained and utilized for
cellular-scale phenomena such as growth.

In bacteria, a number of cytoskeletal polymers have been described as helical. Filament
bundles of the tubulin homolog FtsZ form tightly wound circumferential rings at the division
planein nearly all prokaryotes, and have been observed to form helical structures away from
the division plane [26-30]. The actin homolog MreB can form filamentsin a preferentially
left-handed orientation with a pitch on the order of afew hundred nanometers (Figure 1E)
[21, 31, 32] while the intermediate-filament homolog CreS generates a helix with a pitch
longer than the typical cell length that is revealed only when cells grows filamentously [33].
Addressing the biological relevance of these polymeric structures for cell shape requires an
understanding of how they organize inside arod-shaped cell and of how in turn they regulate
wall growth.

Cell curvature can mediate localization and orientation of filaments

In vitro experimentsindicate that E. coli MreB interacts preferentially with curved
membranes. Filaments bind directly to the outside lipid vesicles in a double-protofilament
configuration and sometimes induce inward indentations of the membrane, suggesting a
preference for the more negatively curved (convex) inner membrane surfaces of arod-
shaped cell (Figure 1C, D)[34]. However, in vivo membrane binding appears to be more
complicated, involving other factors such as RodZ [35, 36]. The energetically optimal
configuration for a filament bound to a membrane is dictated by the balance of energies
associated with membrane binding and both filament and membrane bending. The energy
cost of bending afilament can be conceptualized as a spring, where the “extension” of the
spring is proportional to the difference between the preferred and actual curvatures of the
filament. For a membrane with variable curvature, a filament will naturally gravitate toward
alocation and orientation that most closely matchesiits preferred geometry, aslong as the
filament is sufficiently stiff and there is sufficient monomer turnover or filament movement
to allow the sampling of many configurations. Interestingly, many bacterial cytoskeletal
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filaments have rapid dynamics [26, 37], suggesting that they need not be locked into a non-
optimal orientation.

For E. coli MreB, the observation that depolymerization of MreB significantly decreasesthe
bending stiffness of living cells [38] and the tendency of MreB filaments to indent vesicles
indicate that filaments are stiff and have a strong preference for convex curvatures that
would naturally lead to orientation along the circumferential direction of acylinder. In a
similar manner, any underlying helical arrangement of membrane interaction sites on the
filaments will require the introduction of torsion about the filament axis for membrane
binding to occur, which can lead to the selection of a preferred chirality along the membrane
surface determined by the handedness of the path of interactions sites along the filament
surface.

Spatial control of cell-wall synthesis

In Gram-negative species such as E. coli and Caulobacter crescentus, MreB israpidly
depolymerized by the small molecule A22. In the presence of A22, approximately rod-
shaped growth continues for a short period of time, but subsequently cell width increases
and cells become round after ~2-3 divisions [5]. This progression indicates that MreB is not
required for wall synthesis, but rather acts indirectly to regulate the process through
interactions with proteins such as the PBPs (Figure 2A). While these interactions may serve
apurely biochemical purpose, it has been hypothesized that one function of MreB isto
regulate the cellular localization of the PBPs, similar to the guidance of cellulose synthase
complexes by microtubulesin plants [39]. In the presence of the division-inhibiting
antibiotic cephalexin, the slow, progressive loss of rod-like shape in A22-treated cellsis
mimicked in simulations of random, unregulated wall insertion [5], providing further
support for MreB’ s role as an organizing scaffold on the cellular scale. It is still unknown
how the conformation of MreB is transmitted to the periplasm, although it is thought to be
mediated by binding to the periplasmic proteins MreC/D.

A longstanding question is the mechanism by which rod-shaped cells elongate only along
their longitudinal axis. Although it has been established that MreB isrequired for this mode
of growth, how cells bridge the subcellular scales of MreB filaments and their micron-scale
shape has remained unclear. Our recent computational analysis of the consequences of wall
insertion from left-handed helical segments revealed that such a pattern could cause a
shearing force on the wall that orients the glycan strands in a right-handed fashion (Figure 2)
[21]. Much like the opening of a cardboard toilet paper roll along its helical seam, the
insertion of new space between this seam results in a twisting of the body that manifests as
opposite rotation of the two ends. The handedness of this growth twist is dictated by both the
handedness of the insertion pattern and the stiffest direction of the peptidoglycan network.
Thus, the orientation of the glycan strands could provide a global template for biasing
growth that extends across the entire cell surface.

It is worth noting that some debate exists about the length of MreB polymersin vivo.
Biochemical and structural studies indicate that MreB polymerizes, although these studies
do not address the length of polymersin live cells[34, 40, 41]. While severa in vivo
measurements, using either immunolabeling or fluorescent protein fusions, indicate that
MreB forms micron-sized filaments [35, 37, 42], other work using different fluorescent
fusions has reported a more patchy concentration pattern consistent with short polymers on
the order of hundreds of nanometers [43, 44]. Recent el ectron cryotomography
measurements have failed to identify polymersin unlabeled cells, although it is unclear
whether this technique has the power to resolve filaments that are very thin or close to the
membrane [45]. Interestingly, when overexpressed, chiral filaments of the MreB-Y FP N-
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terminal fusion dlightly separated from the membrane can be resolved within tomograms
[46], with aleft-handedness matching that of a super-resolution study with asimilar N-
terminal fusion [47] and perhaps revealing that such tagscan stabilize shorter native
polymers toelucidate their intrinsic chirality.

Regardless, E. coli cells exhibit twisting during elongation regardless of whether MreB is
labeled with a fluorescent protein [21]. Moreover, disruption of MreB by A22 eliminates the
growth twisting of E. coli cells and resultsin wallsthat lack the cellular-scale right-handed
ordering of the glycan strands. Therefore, MreB appears necessary for the cellular-scale
phenomenon of chiral growth.

Dueto the stochasticity of insertion and heterogeneity in the connectivity of the wall
network, the formation of pores during growth islikely unavoidable. While large pores may
increase protein import and export across the surface, pores can also represent a significant
danger to the cell. During antibiotic treatment, cell lysistypically results from the formation
of large pores that permit the cytoplasmic membrane to bleb into the extra cellular
environment [4]. A consideration of the competition between the tendency of the membrane
to expand through pores due to turgor and the cost of bending a membrane in order to bleb
leads to an estimate of a critical pore diameter of ~40 nm [48], the formation of which could
result from the unregulated insertion of material leading to heterogeneitiesin wall density.
To establish the minimal requirements for maintenance of rod shape, computational
simulations have identified that cells must maintain a uniform distribution of wall insertion
along the circumferential direction to avoid the runaway growth of pore sizesin thewall [5].
Spatial patterning by MreB achieves this goal aslong asthe MreB is sufficiently stiff that it
does not passively follow the deformation generated by new wall insertion. In addition, the
right-handed glycan ordering generated by a left-handed insertion pattern serves to produce
a cell wall with reduced numbers of defects and pores in the peptidoglycan lattice relative to
arandom pattern. Computational simulations demonstrated that a wide range of distributions
of helical fragment insertion patterns coordinating PBPs, including those in which MreB
filament length is below the diffraction limit of conventional microscopy, could establish
long-range chiral order in the cell wall and effect robust elongation [5, 21, 49]. Thus, the
connection between helical MreB filaments and chiral growth is consistent with all imaging
data from MreB, including those experiments that find very short filaments.

Recent observationsin E. coli and B. subtilis indicate that cell-wall insertion causes the
circumferential rotation of MreB relative to the cell wall. This rotation may act to distribute
wall insertion across the surface of the cell, ensuring that arelatively small number of MreB
polymers can nevertheless produce a robust shape insensitive to fluctuations in insertion
pattern or environmental perturbations such as osmotic shock [49]. One outstanding
challenge is to determine which aspects of its growth mechanism E. coli hasin common
with other rod-shaped organisms such as B. subtilis. The cell body in this Gram-positive
bacterium was shown to twist in a right-handed fashion, with a similar magnitude to that of
E. colisuggesting an underlying chiral growth mechanism [21]. Although some studies have
reported a distribution of right-handed helical filaments of MreB in B. subtilis [50], other
recent studies have failed to resolve such structures [43, 44], indicating that many filament
structures may be below the diffraction limit of visible light.

Chiral growth in plants

Despite the substantial differences in molecular compositions between the cytoskel etons and
cell walls of bacteriaand plants, there are intriguing physical parallels between their
hypothesized growth mechanisms. The plant cell wall differs from the bacterial cell wall in
being composed primarily of cellulose, hemicellulose, and pectin, with cellulose being the
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major constituent and thought to provide the bulk of the tensile strength. Like the bacterial
kingdom, the plant kingdom exhibits an enormous variety of modes of growth. These
different modes, such as diffuse growth and tip growth, can manifest in different cells of the
same organism. Also like bacteria, all of these modes are thought to revolve around the
patterning and mechanical relaxation of the wall due to turgor pressure, although they also
involve mechanical coupling among cellsin amulticellular tissue.

In diffusely growing cells, including the rod-shaped cells of the stem and root axis
epidermis, deposition of new cellulose is guided by apparent interactions between cellulose
synthase complexes (CSCs) in the plasma membrane and cortical microtubules (Figure 3A)
[39]. Existing evidence indicates that CSCs are propelled through the membrane by
synthesis of their product [51, 52] and their microtubule guide rails are repositioned
dynamically during growth [53, 54]. Thus, the orientation of the cortical microtubule array
appears to provide a scaffold that spatially and dynamically orders wall material.
Furthermore, the initial positioning of CSCs at the membrane as they are delivered by
secretory vesiclesis also determined by cortical microtubule organization [55]. Asin
bacteria, the role of the cortical cytoskeleton appears to be primarily positional; in wild type
cells, neither CSC insertion rates into the plasma membrane [55] nor CSC velocities [52, 53]
are significantly affected by microtubule disassembly. Dynamic repositioning of both CSC
trafficking to the membrane and paths of cellulose deposition by shifting microtubule array
organization may allow the cell to control the distribution and degree of uniformity of wall
biosynthesis. Finally, cortical microtubule arraysin cells that undergo primarily axial growth
show adistinct helical pitch (Figure 3B-D). A wide range of mutations, exemplified by sprl
[56-59], result in the change of this pitch and can also cause twisted growth with opposite
chirality, manifested at the level of the multicellular tissue. It has been suggested that such
mutations may cause axial twisting in single cellsin tissue culture [60], but it remainsto be
determined if this single-cell twisting also occurs within multicellular tissues.

Discussion

Recent experimental and theoretical work on walled cell growth clearly indicates that spatial
patterning of material, perhaps guided by the geometric conformations of polymeric
proteins, results in specific cellular shapes. The biological significance of chiral growth with
aparticular handednessis as yet unclear, though it isintriguing that the genetic sectoring of
an expanding E. coli colony adopts a chiral pinwheel pattern at macroscopic scale [61].
However, several intriguing questions are as yet unanswered, largely due to the lack of tools
to connect the molecular and cellular scalesin living cells. Current implementations of
guantitative light microscopy lack the ability to reliably measure and track the locations of
multiple proteins in three dimensions relative to a cell’ s shape. The development of such 3D
tracking systems to measure and correlate the position and motion of proteins such as MreB,
the PBPs, and other growth factors will be critical for testing and refining models. Along the
same lines, attempts to visualize the organization of the peptidoglycan cell wall at the
molecular scale have been largely unsuccessful. New methods that achieve higher
resolution, potentially based on averaging of electron microscopy or atomic-force
microscopy images, are needed to visualize the structure of wallsin cells of different shapes
and walls modified either genetically or by drug treatment. Furthermore, significant gapsin
our knowledge of how different elements of the growth machinery work together have
inhibited our progress in understanding cell shape. New techniques, both in vivo aswell as
using purified systems in vitro to identify minimal working systems, will also be needed to
define a consistent picture of the necessary components of cell shape determination. Finally,
wall growth is an incredibly complex problem that incorporates the spatially localized action
of many molecular components with concurrent activities, along with the ensuing
mechanical effects on the cell envelope. A full understanding of growth will likely require
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new computational techniques for simulating cellular phenomena using accurate
representations of geometry, physics, and chemistry in different cells types.
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Figure 1.

(A) Three angles, often referred to as Euler angles, are needed to describe an arbitrary
rotation between adjacent monomersin a polymer. (B) Different combinations of the Euler
anglesa, B, and v yield different filament geometries including straight rods, helices, and
rings. (C) X-ray crystallography has revealed that MreB monomers polymerize into linear
protofilaments (adapted from [62]). (D) MreB binds directly to lipid membranes in adouble-
protofilament geometry (adapted from [34]). (E) In live cells, MreB labeled with Y FP at the
N-terminus forms polymeric structures with a clear left-handed chirality.
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Figure 2.

(A) MreB polymers orchestrate rod-shaped growth via the localization of peptidoglycan
synthesis enzymes in the periplasm between the inner (IM) and outer (OM) membranes. (B)
Both E. coli and B. subtilistwist as they elongate during rod-shaped growth, revealed by the
opposite rotation of the two ends. (C) Computer simulations of bacterial cell growth revea
that aleft-handed, helical insertion pattern of glycan strands, guided by MreB (yellow), into
aninitially achiral wall generates aright-handed peptidoglycan meshwork (old glycan
strands in green, newly inserted glycan strands in blue). As more growth takes place, the
fraction of right-handed glycan strands increases, and this resultsin aleft-handed twist of
the two black spheres at each endcap during elongation.
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Figure 3.

(A) In plant cells, microtubules (green) guide cellulose synthase molecules (red) as they
polymerize cellulose microfibrils (yellow). (B) Mutantsin the tubulin protein show chiral
growth with opposite-handed phenotypes in ten-day-old seedlings. (C) These mutations
result in root epidermal cells forming twisted helices. (D) This helical cell morphology isthe
result of chiral microtubulesin the elongating epidermal cells. (B-D adapted from [56])
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