










(average bead trajectories shown as magenta line, Fig. 4C). To
systematically assess the importance of extended MreB filaments,
we separated a left-handed MreB helix into increasing numbers
of segments and randomly positioned them with respect to each
other around the circumference. The steady-state growth angle
remained constant as long as the MreB filaments were longer
than the glycan strands being inserted, indicating that growth
twist could be maintained by MreB filaments smaller than a dif-
fraction-limited spot as long as the underlying pattern of insertion
sites had an overall left-handed orientation. In contrast, simula-
tions of growth from an MreB pattern containing an equal pro-
portion of right- and left-handed MreB exhibited very little twist
(Fig. 4C, gray line). Taken together, our results indicate that the
precise spatial distribution of MreB is less critical for growth twist
than the dominant left-handed geometry.

In our discrete model of cell-wall growth, we discovered that
growth twist is coupled to a chiral organization of the peptido-
glycan. Insertion from a left-handed MreB helix led to a reorien-
tation of newly inserted strands away from the helix in a right-
handed fashion, even in cell walls initiated with circumferential
(achiral) glycan strands (Fig. 5A). The average strand orientation
underwent an early phase of rotation to a glycan angle of approxi-
mately 82°, followed by a partial recovery and stabilization at an
angle of approximately 86° (Fig. 5A). The peptidoglycan archi-
tecture close to and distant from the MreB helix during each
of these phases illustrates this emergent chiral self-organization
(Fig. 5 B–D). The steady-state glycan angle is highly reproducible
(Fig. S3) and is not sensitive to the number of fragments compos-

ing the MreB distribution. Moreover, the close agreement
between the growth angle in our simulations and our experimen-
tal measurements supports the notion that the glycan angle is a
signature of MreB-mediated helical cell-wall insertion.

In our model, the direction of a new strand is dictated by the
orientation of the surrounding strands. Thus, once MreB-
mediated helical insertion establishes a right-handed glycan angle,
new strands will adopt the same direction even without MreB.
However, without an underlying MreB structure to reinforce the
helical pattern of growth that gives rise to the glycan chirality, there
is no driving force to maintain the overall right-handedness of the
glycans. Indeed, after switching from a helical to a uniform pattern
of growth to mimic treatment with A22, the average glycan angle
slowly decays to zero (Fig. 5E), with a coincident decrease in the
bead twisting (Fig. 5F).

Recent experiments have also shown that the MreB structure
in E. coli cells is dynamic, moving in the circumferential direction
with a frequency of approximately 4 complete rotations per dou-
bling time (18). The incorporation of this rotation into our simu-
lations has little effect on the steady-state growth angle (−6°) or
glycan angle (88°). Moreover, our simulations have shown that
MreB rotation helps to maintain the cell width during growth and
osmotic shock (18). Thus, our simulations support the hypothesis
that a left-handed orientation of MreB segments is sufficient for
robust left-handed cell twisting during elongation.

Osmotic Shock Reveals the Global Chiral Peptidoglycan Ordering. For
a chirally organized peptidoglycan structure, longitudinal stretch-

A C

B D

E F Fig. 5. Modeling reveals chiral self-organization of
peptidoglycan during helical insertion. (A) Average
orientation of new, old, and all glycan strands during
simulations of growth with MreB. Strands rapidly
adopt a right-handed chirality opposite the direction
of MreB, as illustrated for early, middle, and late
stages of growth in B–D, respectively. (B–D) Cell wall
at three stages of growth. Rectangles are zoomed-in
versions of the regions marked on the corresponding
cell walls. (E) Average orientation of glycan strands
during simulations in which helical insertion has been
replaced by uniform insertion at t ¼ 0. (F) Circumfer-
ential versus longitudinal distances between repre-
sentative pairs of beads during simulation in E.
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ing or compression of the network will also cause twist that re-
flects the helical stiffness anisotropy between the stiffer glycan
strands and weaker peptide links (Fig. 6A). Because turgor pres-
sure is balanced by elastic extension of the cell wall, longitudinal
stretching or compression can be affected by osmotic down- or up-
shock, respectively (31, 32). For a cell wall constructed from glycan
strands oriented chirally, the angle of the strands will increase in
response to an osmotic up-shock, leading to cell twisting opposite
to the strand handedness. Because strand handedness is predicted
to be opposite the MreB handedness (Fig. 5), we expect the osmo-
tic twist to have the same left-handedness as the MreB structures
(Fig. 1). In contrast, if the glycan strands were primarily oriented in
the circumferential direction, vertices near the two poles would
move closer to each other along the cell axis without twisting.

To experimentally verify our prediction of chiral peptidoglycan
organization, we again used beads as landmarks of surface motion
and applied an osmotic up-shock from PBS buffer to PBSþ 1 M
NaCl to rapidly cancel the turgor pressure across the cell mem-
brane. Similar to our growth-twist experiments, polylysine-coated
beads bound to cephalexin-treated filamentous E. coli cells
twisted in a left-handed fashion immediately after up-shock
(Fig. 6B). We used this osmotic twist data to extract a peptido-
glycan-stiffness angle, defined as the helix angle of bead motion
under osmotic shock (−11.4� 0.9°, N ¼ 6 cells), which was
significantly higher than the growth angle (Fig. 2F). Shocks from
PBS to PBSþ 2 M NaCl gave the same stiffness angle
(−11.5� 0.6°, N ¼ 5 cells), indicating that the turgor pressure
has been fully abolished in these experiments. An ensemble dis-
tribution of the stiffness angle is shown in Fig. 6C. Similar to
Fig. 6A, we interpret this osmotic twist to reflect an underlying
helical anisotropy in the cell-wall stiffness, with a left-handed
orientation of the more compliant peptide crosslinks and a right-
handed orientation of the stiffer glycan strands.

To demonstrate that osmotic twist depends only on the order
of the cell-wall material, we measured the stiffness angle after

short-term and long-term A22 treatment. For the short-term
experiments, up-shock was performed 3 min after A22 addition,
just long enough to allow MreB to fully depolymerize. The stiff-
ness angle was unaffected in these cells (Fig. 6D). In long-term
experiments, cells were preincubated with A22 for 1.5 h at 37 °C
to allow substantial MreB-independent elongation. These cells
were still rod-shaped, but the stiffness angle was reduced, within
error, to zero (Fig. 6D). These observations again suggest that the
helical stiffness anisotropy in E. coli cells is established by MreB-
mediated cell-wall growth, rather than by direct elastic coupling
of MreB to the cell wall.

To determine the magnitude of this osmotic twist in our dis-
crete model, we first elongated the cell wall until the glycan angle
and other cell-wall metrics reached their steady-state values (11).
We then varied the turgor pressure from 0.9 to 1.1 atm, and
observed an osmotic twist with a mean stiffness helix angle of
−7.2� 3.5° (standard error measured across bead pairs in one

A B

C D

Fig. 6. Twist during osmotic shock reveals the chiral organization of pepti-
doglycan. (A) Illustration of the effect of osmotic shock on a chiral peptido-
glycan network with right-handed glycan strands. Arrows indicate the glycan
orientation, and teal and purple spheres correspond to virtual beads labeling
the same vertices in all schematics. A decrease in turgor pressure increases
the helix angle of the glycan strands, leading to a left-handed twist. (B) DIC
and fluorescence images of an FM4-64-labeled E. coli cell before and after an
osmotic up-shock. The beads twist in a left-handed direction (arrow), similar
to the growth twist in Fig. 2. Scale bar represents 2 μm. (C) Histogram of stiff-
ness angles for wild-type cells without A22 treatment. (D) The stiffness angle
(mean and standard error) of E. coli YS34 cells with and without A22 treat-
ment. Wild-type: without A22 (N ¼ 6). A22 (short): cells were incubated with
A22 for 3 min before shock (N ¼ 7). A22 (long): cells were incubated with A22
for 1.5 h at 37 °C before shock (N ¼ 7). Double asterisks (**) indicate
significant difference from wild-type in t test, with p < 0.01.

A

B

C

Fig. 7. Simulations reproduce left-handed osmotic twist. (A) Simulations of
a peptidoglycan network with a steady-state average glycan angle after vary-
ing the turgor pressure from 0.9 to 1.1 atm. Circumferential and longitudinal
displacement for the cell-wall vertices of the cell wall relative to P ¼ 0.9 atm.
The majority of the vertices display a left-handed osmotic twist. (B) Stiffness
angle measurements from simulations in which the cell wall in Awas further
elongated with a random insertion pattern to mimic growth in the presence
of A22, after which the turgor pressure was varied from 0.9 to 1.1 atm. (C)
Circumferential and longitudinal displacement for the vertices of the cell wall
in B relative to P ¼ 0.9 atm. The average osmotic twist is nearly eliminated by
nonhelical growth.
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cell) (Fig. 7A). To illustrate that this osmotic twist is also depen-
dent on growth from a helical pattern, we elongated the cell wall
examined in Fig. 7A to double its initial length via randomly dis-
tributed synthesis, mimicking experimental cell growth in the pre-
sence of A22 prior to osmotic shock (Fig. 6D). Osmotic shock
simulations at various time points during growth determined that
the stiffness angle monotonically decreased (Fig. 7B), coincident
with a reduction in the degree of ordering of the glycan strands to
−0.3� 12° after one doubling with random insertion (Fig. 7C).

Growth Twist, Stiffness Angle, and MreB Fluorescence Patterns are all
Right-Handed in B. subtilis. Our results indicate that growth twist
and chiral wall organization should be general features of rod-
shaped bacteria with a helical bias for peptidoglycan insertion,
due to the ensuing global ordering of the peptidoglycan. To test
this hypothesis, we repeated our bead-labeling experiments using
the Gram-positive bacterium B. subtilis. B. subtilis possessesmreB
and a homologue mbl, both of which are required for rod-shaped
growth (10). Although recent studies have suggested that fluor-
escent MreB homologues in B. subtilis often appear as diffrac-
tion-limited foci in which orientation is difficult to assess with
conventional microscopy, these and previous studies also show
that B. subtilis MreB can form arcs or helical structures, all of
which are right-handed (10). Using beads coated with polylysine,
we found that wild-type B. subtilis cell growth is accompanied by a
right-handed twist (Fig. 8A), with a growth angle of 4.3� 0.3°
(N ¼ 11 cells, Fig. 8B). Like E. coli, B. subtilis growth twist has
the same handedness as the cytoskeleton, suggesting that twisting
in this organism also arises from a global helical ordering of the
peptidoglycan.

We also performed osmotic up-shock experiments on surface-
labeled B. subtilis cells and found that, like E. coli, the cell surface
twists as the turgor pressure is relaxed. The stiffness angle in these
cells was right-handed, again opposite that of E. coli (3.7� 1.1°,
N ¼ 5 cells). This right-handedness indicates that the stiffness of
the Gram-positive cell wall in B. subtilis has a chiral anisotropy
with stiffer left-handed components, in contrast to the E. coli cell
wall with stiffer right-handed glycan strands. The Gram-positive
cell wall is significantly thicker and more complex than the Gram-
negative wall and much less is known about its 3D architecture
and mechanical properties. As such, we cannot draw more spe-
cific conclusions that relate the stiffness angle to microscopic de-
tails of the peptidoglycan architecture. Nevertheless, the common
features of cell twisting in E. coli and B. subtilis reinforce the
notion that MreB-mediated cell-wall growth leads to emergent
order within the cell wall. Future experiments will be required
to develop a more concrete link between helical insertion, cell

twisting, and wall stiffness in these more complex mechanical
systems.

Discussion
Our experimental, 3D fluorescence measurements demonstrate
that MreB forms patterns of helical segments with a well-defined,
left-handed pitch that direct the synthesis of new cell-wall mate-
rial (Fig. 1). Our experiments link the presence of these helical
patterns of cell-wall synthesis with a well-defined pitch to a con-
stant twist during the growth of rod-shaped bacteria (Fig. 2,
Fig. 8), whereas our simulations support the hypothesis that this
twist is coupled to chiral self-organization of the peptidoglycan
network with predominantly right-handed glycan strands (Fig. 5).
The twist can be similarly realized following an osmotic shock
that alters the cell length, and can be eliminated via growth with
A22, a small molecule that disassembles MreB (Fig. 6). Thus,
MreB establishes elongation with a constant radius that is accom-
panied by a shearing twist of the cell wall and the maintenance of
chiral peptidoglycan ordering. Other rod-shaped bacteria also ex-
hibit twist during growth, although B. subtilis cells always twist in a
right-handed manner with the opposite handedness to E. coli.
Our model suggests that this reversal probably arises from the
molecular chirality of the MreB cytoskeleton, with MreB and
Mbl in B. subtilis forming right-handed helices (10).

Imaging studies to date have been inconclusive regarding the
length of MreB structures in live cells (Fig. 1) (18–20, 33, 34).
Nevertheless, our experimental measurements of growth twist in-
dicate that the pattern of cell-wall synthesis mediated by other
MreB fusions must have an underlying left-handed bias. More-
over, our simulations indicate that growth twist is insensitive
to the type of fusion and variations in the length or dynamics
of the MreB segments, as long as the handedness is preserved.

The observation that cell twisting, a previously unrecognized
but likely common bacterial behavior, is coupled mechanistically
to the underlying organization of the peptidoglycan network opens
several unique lines of general inquiry into bacterial growth. First,
the quantitative consistency of the growth angle suggests that cells
may use growth twist to mediate intercellular interactions in a col-
ony or biofilm (35), or to moderate interactions with the local mi-
croenvironment, such as the invasion of pathogens into host cells.
Second, chiral peptidoglycan organization may be mechanically fa-
vorable, allowing the cells to endure larger perturbing forces even
during extreme osmotic shocks. As a test of this mechanical func-
tionality, our studies motivate the structural investigation of highly
osmotically resistant cells such as B. subtilis spores. Last, the mo-
lecular chirality of the cytoskeleton may have served as the evolu-
tionary origin of cellular and organismal chirality. Similar chiral
motion has been observed inArabidopsis plant cellulose deposition
(36), Drosophila melanogaster oogenesis (37), and Xenopus laevis
embryonic development (38).

In conclusion, our work presents a mechanistic description of
cell-wall structural dynamics for rod-shaped bacteria such as E.
coli. Moreover, our approach integrates complementary biophy-
sical approaches that are generally applicable to a wide range of
questions about the relationship between cell-wall growth and cy-
toskeletal control. Future experiments will evaluate the func-
tional role of MreB in other organisms and morphologies, as
well as the involvement of other cytoskeletal elements in these
phenomena. In E. coli and C. crescentus, the MreB helix com-
presses to a small region near midcell before cell division (6, 26),
suggesting that twist rate and cell-wall organization are transi-
ently affected during cytokinesis. These MreB dynamics must
be incorporated into future models of cell division. In B. subtilis,
cells possess multiple MreB homologues (10, 39); our biophysical
approach will likely be necessary to determine which of these
structures directly control the initiation of cell-wall synthesis.
The experimental and computational technologies developed

A B

Fig. 8. B. subtilis cells twist in a right-handed fashion during growth. (A)
Filamentous B. subtilis cell labeled with beads whose rotation during growth
indicates a right-handed twist (arrow). The cell membrane is labeled with
FM4-64. (B) Circumferential and longitudinal distances between the two
beads are linearly related. The ensemble growth angle is 4.3� 0.3°
(N ¼ 11). Line fits (solid lines) and 95% confidence intervals (dotted lines)
are shown. Strain: wild-type B. subtilis 168. Scale bar represents 2 μm.
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in this work provide a biophysical link between genetic or cell-bio-
logical discoveries and morphological behaviors.

Materials and Methods
Strain Construction. All the strains and plasmids used in this paper are listed in
Table S1. To construct pSW1, we cloned mCherry with a Shine–Dalgarno se-
quence (AGGAGGT) and a linker sequence (CACAT) into the expression vector
pBAD18 between the EcoRI and XbaI restriction sites.

Growth Twist Measurements. Overnight cultures of E. coli strains YS34,
MC1000, or MC4100 araR∕pSW1 (PBAD ∷ mCherry) grown in LB broth were
diluted 50-fold into fresh LB and grown for 1.5 h at 37 °C. For MC4100
araR∕pSW1, 50 μg∕mL ampicillin (Sigma-Aldrich), and 0.2% arabinose (Acros
Organics) were added to all media. We then added 25 μg∕mL cephalexin
(Sigma-Aldrich) to the YS34 or MC1000 culture, or 10 μg∕mL cephalexin to
the MC4100 araR∕pSW1 culture to induce filamentous growth. We also
added 1 μg∕mL FM4-64 (Invitrogen) to label the membrane of YS34 and
MC1000 cells in all subsequent media. Cultures were further incubated for
30 min at 37 °C. Polyethylenimine-coated (PEI, Sigma-Aldrich) coverslips were
made by flowing 1% PEI diluted in water into a flow chamber and washing
with water. Rates of growth and division were similar on agarose pads and
PEI-coated coverslips in the presence of LB media, as long as all free PEI was
removed by washing before adding the cells.

We then flowed the cell culture into the chamber and washed after 3 min
using LBþ 25 or 10 μg∕mL cephalexin to remove unattached cells. Polylysine-
coated beads were made by incubating 0.5-μm diameter Dragon Green-
labeled polystyrene beads (FS03F, Bangs Laboratories) for 1 h in 0.1%
poly-L-lysine (P8920, Sigma-Aldrich) diluted in water. Beads were then
washed three times with water and resuspended in water. The bead solution
was diluted twofold into LBþ 25 or 10 μg∕mL cephalexin before being intro-
duced into the flow chamber. After the beads were attached to the cells using
the optical trap, the chamberwaswashed in LBþ 25 or 10 μg∕mL cephalexin to
remove unattached beads. Differential-interference contrast (DIC) and fluores-
cence imaging was delayed for 10 min to allow the cells to recover from the
osmotic shock due to medium concentration change. For short-term A22 treat-
ment, 10 μg∕mL A22 (Calbiochem) was added 3 min before imaging. For
long-term treatment, 10 μg∕mL A22 was added when the cephalexin was first
introduced to induce filamentous growth. The microscope and optical trapping
setupwere describedpreviously (12). All imaging and optical-trappingmeasure-
ments were performed at 21 °C.

For FtsZ depletion, overnight cultures of WX7/λGL100 grown in
LBþ 0.3 mM IPTG (Ambion) were washed three times in LBþ 0.2% glucose
(Acros Organics). The culture was then diluted 100-fold into LBþ 0.2% glu-
cose and further incubated for 2 h at 37 °C to induce filamentous growth.
FtsZ depletion allowed the cells to continue to grow for long times without
lysing (Fig. 3 A and B).

For flagellar hook labeling, overnight MTB9/pWR20 cultures grown in
tryptone broth .50 μg/mL kanamycin (Fisher Scientific) were diluted 250-fold
into fresh tryptone broth þ50 μg∕mL kanamycin and grown at 30 °C to an
OD600 of 0.4 (~4 h). Cells were then grown in the presence of 25 μg∕mL ce-
phalexin to an OD600 of 0.6 (~1 h). A concentration of 25 μg∕mL cephalexin
was maintained in all subsequent media preparations. One milliliter of cells
was washed twice in LBþ 5 mM MgCl2 (Fisher Scientific), resuspended in
100 μL LBþ 5 mM MgCl2, and mixed with 1 μL 100 mM ATP (Sigma-Aldrich),
2 μL 500 μMbiotin (Sigma-Aldrich), and 6.5 μL biotin protein ligase BirA (Gen-
eCopoeia). The mixture was incubated for 20 min at room temperature on a
shaker, washed twice in LB, and resuspended in 150 μL LB. After adding
100 μL of 100 μg∕mL Alexa 568-streptavidin conjugate (Invitrogen), the mix-
ture was incubated at room temperature for 20min on a shaker, thenwashed
four times in LB. Two microliters of the culture was placed on a 1% agarose
(Invitrogen) pad and sealed with a coverslip and VALAP (Vaseline, lanolin,
and paraffin equal by weight) for imaging.

Wild-type B. subtilis strain 168 was grown in LB overnight at 30 °C.
Cultures were diluted 100-fold into fresh LB and further incubated for 2 h
at 37 °C before being introduced into a PEI-coated flow chamber. The cham-
ber was then washed with water to remove unattached cells. Poly-D-lysine-
coated (P7405, Sigma-Aldrich) Dragon Green beads were diluted twofold
into LBþ 1 μg∕mL FM4-64, and were attached to the cells using the optical
trap. Finally, unattached beads were flowed out with LBþ 1 μg∕mL FM4-64.

MreB/C/D Imaging. MC1000/pLE7 (Plac∷yfp-mreB), pVP1 (Plac∷yfp-mreC), or
pVP2 (Plac∷yfp-mreD) cells were grown overnight in LBþ 50 μg∕mL ampicil-
lin at 37 °C. The overnight cultures were diluted 100-fold into fresh
LBþ 50 μg∕mL ampicillin and grown for 2 h at 37 °C. They were then diluted
to an OD600 of 0.05 into LBþ 50 μg∕mL ampicillin þ20 μM IPTG, and incu-

bated at 37 °C for 2 h. Finally, the cells were resuspended in LB and kept
on ice before being introduced into PEI-coated flow chambers. Z-series
images were taken with an axial spacing of 75 nm.

Osmotic Twist Measurements. YS34 cells were grown and labeled as for the
growth-twist measurements. After the beads were bound to the cells, the
flow chamber was washed in PBS buffer. We waited for 10 min to allow
the cells to recover from the osmotic shock before acquiring DIC and fluor-
escence images. The cells were then shocked into PBSþ 1 M NaCl (Sigma-
Aldrich). The postshock DIC and fluorescence images were compared to
the original images (see Image Analyses). For short-term A22 treatment,
10 μg∕mL A22 was added 3 min before imaging; for long-term treatment,
10 μg∕mL A22 was added when cephalexin was first added to the culture
to induce filamentous growth and the cells were grown for 1.5 h at 37 °C.

Image Analyses. To extract cell shape and bead position, we used the MATLAB
(R2009a, TheMathworks) Canny edge detector to define the edges of the cell
and the beads in the fluorescence images. The two side edges of the cell
parallel to its longitudinal axis were averaged toward the longitudinal axis
to determine the cell’s centerline. The fluorescence profile of each bead was
averaged to obtain its position. The angular coordinate of a bead in the
cylindrical coordinate system defined by the cell’s centerline is then

β ¼ arcsin
x

rc þ rb
;

where rc is the radius of the cell, rb is the radius of the bead, and x is the short-
est distance between the bead and the centerline (x is defined to be positive
when the bead is on the right of the centerline, and negative on the left). The
circumferential distance between two beads on the same cell is:

rcðβ1 − β2Þ:
The longitudinal distance between the two beads is calculated from the loca-
tions of the beads projected onto the centerline.

To cylindrically unfold the fluorescence pattern on the cell surface from
a z-series, we first averaged the pixel intensities of the image series along
the z-axis and extracted the cell centerline in the x-y plane using the MATLAB
Canny edge detector as above. We then determined the best image within
the series that corresponded to the midplane of the cell, and a cylindrical
coordinate system was constructed around the centerline. The maximum
fluorescence intensity along the radial direction within a range of 300 to
500 nm from the centerline was assigned to the cell surface at a radial dis-
tance of 400 nm. The resulting fluorescence pattern at this radius was then
unfolded onto a flat plane around the centerline.

Radon analysis was used to extract the dominant orientation of the
unfolded fluorescence pattern (21). Prior to Radon analysis, the unfolded
images were filtered by a threshold (40% of maximum intensity) in MATLAB
to reduce low-intensity background noise, and recentered so that the bright-
est half of an image in the circumferential direction was in the center.

To extract the numbers and lengths of MreBCD fluorescent bands, the un-
folded images were first thresholded as in the Radon analysis, and recentered
so that no band goes across the periodic boundaries (top and bottom bound-
aries) of the images. The Canny edge detector was then used to detect the
edges of the fluorescent pattern, and each connected component in the edge
imagewas defined as a single band. Finally, the biggest distance between any
two points on the same connected component was defined as the length of
the band.

Computational Model of Cell-Wall Growth. Our peptidoglycan growth model
was previously described in detail in ref. 11. In brief, we treat the cell wall as a
single-layered network of springs. Each vertex lies at the end of two glycans
and one peptide crosslink. Endcaps were created by adding hoops to the ends
of the cell wall with decreasing numbers of glycans selected to produce a hemi-
spherical shape. The cell walls that serve as starting points for our simulations
were created by randomly removing peptides and glycans so that the experi-
mentally measured glycan-strand length distribution is reproduced (40). Most
simulations were performed on cell walls starting with an average circumfer-
ence corresponding to the length of a hoop with Ng ¼ 100 glycan subunits.

The equilibrium state of a network is determined by minimizing the sum
of the energetic contributions from spring extension, glycan bending, and
turgor pressure. Glycans and peptides are represented as Hookean springs
with spring constants kg ¼ 5kp and kp ¼ 1 pN∕nm, and relaxed lengths dg ¼
2 nm and dp ¼ 1 nm, respectively. Bending energies are evaluated for gly-
can-glycan orientations at an angle θ using EbendðθÞ ¼ αðθ − πÞ6∕6 with
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α ¼ 0.1, which penalizes large kinking angles between glycans while allowing
small deviations of θ from π. The values of kp and α were determined using
experimental estimates of the Young's modulus [25 MPa (41)] and glycan
persistence length [10 nm (42)].

We model growth by selecting a peptide crosslink for initiation of glycan
synthesis, breaking peptide crosslinks along the path of insertion of a new
strand, and crosslinking the new strand to the closest uncrosslinked old
material. The cell wall relaxes to its lowest energy state between successive
complete insertion events but not during insertion. The energy is minimized
using a nonlinear conjugate gradient algorithm, and all simulations were
performed using custom C++ code.

A typical E. coli cell requires roughly Ng ∼ 1;000 glycan subunits to sur-
round the circumference (40). The computational expense of simulating such
a network is currently prohibitive, but we can nevertheless make quantitative
contact with experiments by scaling the biophysical parameters describing
the peptidoglycan springs. Given that the orientation and crosslinking of
new strands depend on the physical architecture of the surrounding net-
work, we surmised that the growth behavior of a smaller cell wall would scale
appropriately if the local architecture could be maintained by adjusting the
peptide springs constant kp (the glycans are stiffer, hence their stretching
contributes less to the network topology). The width of the cell is ∼Ngdg∕π,
where dg is the length of each glycan, so that the cross-sectional area is
A ∝ Ng

2dg
2. For a turgor pressure P, the outward force exerted on the end-

caps is PA, resulting in a restoring force kpNgΔxp∕2 borne by the peptide
crosslinks. Therefore, the extension in each peptide Δxp ∼ Pdg

2Ng∕kp scales
linearly with Ng. To maintain this extension across size scales requires balan-
cing the energies of spring stretching and turgor pressure, which we achieve
by rescaling kp linearly with Ng. Most simulations were performed on cell
walls starting with an average circumference corresponding to the length of
a hoop with Ng ¼ 100 glycan subunits. Given that for an E. coli sacculus with
Ng ∼ 1;000, the peptide spring constant is estimated to be kp ∼ 10 pN∕nm, we
set kp ¼ 1 pN∕nm for our model cell walls with Ng ¼ 100. We have verified
that after scaling kp with Ng, growth simulations with larger hoops (e.g.,
Ng ¼ 200) give quantitatively similar growth angles.
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