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BACTERIAL DIVISION

GTPase activity-coupled treadmilling
of the bacterial tubulin FtsZ
organizes septal cell wall synthesis

Xinxing Yang,! Zhixin Lyu,"* Amanda Miguel,?* Ryan McQuillen,'

Kerwyn Casey Huang,>t Jie Xiao't

The bacterial tubulin FtsZ is the central component of the cell division machinery, coordinating an
ensemble of proteins involved in septal cell wall synthesis to ensure successful constriction. How
cells achieve this coordination is unknown. We found that in Escherichia coli cells, FtsZ exhibits
dynamic treadmilling predominantly determined by its guanosine triphosphatase activity. The
treadmilling dynamics direct the processive movement of the septal cell wall synthesis machinery
but do not limit the rate of septal synthesis. In FtsZ mutants with severely reduced treadmilling,
the spatial distribution of septal synthesis and the molecular composition and ultrastructure

of the septal cell wall were substantially altered. Thus, FtsZ treadmilling provides a mechanism for
achieving uniform septal cell wall synthesis to enable correct polar morphology.

he tubulin homolog FtsZ (I) is the central
component of the cell division machinery

in nearly all walled bacterial species (2).
During division, FtsZ polymerizes on the
cytoplasmic face of the inner membrane

to form a ring-like structure, the Z-ring (3), and
recruits more than 30 proteins to the division site
(4). Many of these proteins are involved in septal
synthesis of the peptidoglycan (PG) cell wall (4).
The guanosine triphosphatase (GTPase) activity
of FtsZ is highly conserved (5, 6), and the bind-
ing and hydrolysis of GTP underlie the dynamic
assembly and disassembly of FtsZ (7, 8). Although
several proposed mechanisms revolve around
GTPase activity-dependent constriction force gen-
eration by the Z-ring (9), in E. coli the GTPase
activity of FtsZ appears nonessential for cell divi-
sion and does not dictate the cell constriction rate
(10, 17). Thus, the biological function of FtsZ's GTPase
activity in bacterial cell division remains elusive.
To understand the role of GTPase activity in
division, we characterized Z-ring dynamics in live
E. coli BW25113 cells by using total internal re-
flection fluorescence (TIRF) microscopy to monitor
the fluorescence of an FtsZ-GFP fusion protein
(fig. S1) (12). FtsZ-GFP was expressed in the pres-
ence of endogenous, unlabeled wild-type FtsZ at
46 + 4.3% of total cellular FtsZ concentration
(mean + SD, n = 3; fig. S2). The integrated TIRF
intensity of the Z-ring exhibited large, approx-
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imately periodic fluctuations (Fig. 1, A and B; fig.
S3; and movies S1 and S2). We observed similar
behaviors with other fluorescent fusions (figs. S4
and S5 and movie S3) (13, 14) but not with fixed
cells (fig. S4G) or fluorescent beads (fig. S4H),
suggesting periodic assembly and disassembly
cycles of FtsZ polymers in the Z-ring.

The power spectral densities (PSDs) of indi-
vidual cells revealed clear peaks in the intensity
fluctuations (Fig. 1C). The mean PSD curve of all
cells showed a lognormal-like distribution (Fig. 1D,
green curve) with a peak period of 115 + 10 s
(mean + SEM; table S1) after subtracting the con-
tribution of Z-ring dynamics due to stochastic
subunit exchange (Fig. 1D, red curve) (7, 8, 12). We
calibrated the FtsZ-GFP intensity with cellular
expression levels of FtsZ and FtsZ-GFP (figs. S1
and S6) (12), to estimate that 683 + 439 FtsZ mol-
ecules (mean + SD; Fig. 1E) assembled in each
TIRF intensity peak (Fig. 1B); these likely corre-
spond to groups of smaller FtsZ clusters previ-
ously described in superresolution imaging studies
(15-17). The assembly and disassembly rates of
these FtsZ polymers (Fig. 1B) were essentially the
same (Fig. 1F), indicating a dynamic steady state
of polymer assembly and disassembly.

Treating cells with specific inhibitors (12) of pro-
teins involved in cell wall synthesis did not affect
the periodic FtsZ fluctuations (Fig. 1G and table S2).
Mutants lacking one of the proteins that regulates
the Zring (SImA, SulA, MinC, ClpX, and CIpP) or
stabilizes it (ZapA, ZapB, ZapC, ZapD, and MatP)
(12) also displayed wild-type Z-ring behavior (Fig. 1,
H and I; fig. S7; and table S3). Thus, Z-ring dynam-
ics are likely due to FtsZ's intrinsic polymerization
properties, which are related to its GTPase activity.

To examine whether GTPase activity influences
the periodic assembly and disassembly dynamics,
we constructed strains each with a single point
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mutation at the chromosomal fisZ locus (12). The
catalytic GTP turnover rate constants (k) of these
mutant proteins in vitro (72, 18, 19) ranged from
14% to 71% of the wild-type k., value (fig. SSA and
table S1) (12). Because of the high cellular concen-
tration of GTP (~5 mM) (20), the in vivo GTPase
activity of these mutants should mainly represent
their maximal GTP hydrolysis rate (reflected in
kear)- Z-ring dynamics were significantly reduced
in mutants with lower GTPase activity (Fig. 1, J and
K, and table S1). In addition, the subunit exchange
rate constants (ke,) of these mutants, extracted
from PSD curves or obtained from fluorescence
recovery after photobleaching (FRAP) (fig. S8, C
to E), decreased with k., (12) in a manner consist-
ent with coupling to GTP hydrolysis. We observed
the same trend using GFP-ZapA (fig. S4F). The
fluctuation frequency and k., of each mutant were
highly correlated with % (Fig. 1, K and L) and with
each other (Fig. 1M). Clearly, the periodic Z-ring
dynamics are strongly coupled to GTP hydrolysis.

In some kymographs of cells lacking well-defined
midcell Z-rings, zigzags were apparent, indicating
directional movement of FtsZ polymers (fig. SO,
A and B, and movies S4 to S7). Imaging at higher
temporal and spatial resolution (72) revealed that
FtsZ polymers exhibited apparently transverse,
processive movement across the short axis of the
cell, particularly in shorter cells (Fig. 2, A to D;
fig. S10; movie S3; and movies S8 to S13). This
dynamic movement likely underlies a previous
study reporting oscillatory waves of FtsZ (21).

Because individual FtsZ molecules remain sta-
tionary in polymers (fig. S11) (15, 22, 23), the proces-
sive movement of FtsZ polymers is most consistent
with polymerization at one end and depolymeri-
zation at the other, an essential feature of tread-
milling. Indeed, treadmilling of FtsZ in vitro has
recently been observed (22). Three-dimensional
structured illumination microscopy time-lapse
imaging directly showed circumferential tread-
milling of essentially all Zrings (Fig. 2, E and F,
and movie S14). Using kymographs, we determined
the apparent polymerization and depolymeriza-
tion speeds of each trajectory (Fig. 2C) (12) and
their distributions, which were similar (Fig. 2D and
table S1), consistent with the classic definition of
treadmilling. Hereafter, we refer to the average of
these two speeds as the treadmilling speed (table SI).

The treadmilling speed of each mutant strongly
correlated with k., (Fig. 2G) and with the fluctu-
ation frequency (Fig. 2H). Whole-genome sequenc-
ing did not reveal secondary point mutations that
could account for these behaviors (table S4;). There-
fore, although other polymeric properties of FtsZ
and/or interactions may also contribute, our data
strongly indicate that FtsZ’s GTPase activity un-
derlies treadmilling.

Next, we investigated the role of FtsZ treadmill-
ing in cell division. Using scanning electron micros-
copy, we confirmed that FtsZ mutants with severe
disruptions to GTPase activity frequently exhibited
slanted, twisted, and/or incomplete septum mor-
phologies (Fig. 3A and fig. S12) (24-26). Although
it has been suggested that the pattern of FtsZ
localization dictates the shape of the invaginat-
ing septum (24), this connection has not been
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supported by superresolution imaging in several
species (13, 15-17, 27-31), which showed that
the wild-type Z-ring is actually composed of
heterogeneously distributed, discontinuous FtsZ
clusters. Therefore, it is possible that dynamic
remodeling of the Z-ring, rather than its localiza-
tion pattern, is required for symmetrical invagi-
nation (32). We hypothesized that the treadmilling
dynamics would allow the Z-ring to sample the
surface of the growing septum evenly over time,

thereby ensuring a uniform spatial distribution of
PG synthesis along the septum. To test this hy-
pothesis, we pulse-labeled wild-type cells and three
mutants with the fluorescent p-alanine analog
HCC-amino-p-alanine (HADA) (33). Blocking the
activity of either PBP1b or FtsI, two proteins specific
for septal cell wall synthesis, abolished septal
HADA incorporation (fig. S13), which suggests
that incorporation is specific to new septal PG
synthesis. We observed that for labeling pulses

shorter than the treadmilling period (<100 s), >60%
and >80% of wild-type and D212G (Asp* — Gly)
cells, respectively, displayed punctate incorpora-
tion of HADA at septa (Fig. 3, B and C). With
longer pulses (>100 s), the percentage of cells with
incompletely labeled septa in wild-type cells
and in cells of the mild GTPase mutant E250A
(Glu*° — Ala) rapidly dropped (Fig. 3, B and C).
However, large fractions of cells of the more drastic
mutants D212G and DI158A (Asp™® — Ala) still had
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Fig. 1. FtsZ exhibits periodic dynamics coupled to GTPase activity.
(A) Montages of live E. coli cells showing periodic FtsZ-GFP (arrowhead) intensity
fluctuations. (B) Integrated fluorescence time trace and kymograph of the cell
outlined in (A) (1 frame/s; movie S1). The black curve is the moving average
(every 20 points) of the raw intensity (gray dots). The assembly and disassembly
rates were determined as the maximal slopes along each rise (blue line) and
decay (yellow line), respectively. Assembly size was estimated from intensity
peaks (black arrowhead) (12). Scale bars, 0.5 um. (C) Representative power
spectral density (PSD) curves for individual cells (dashed lines), with the one
from (B) highlighted in solid red. (D) The mean PSD over all cells (£ SEM; n =
333 cells), fitted with a model (blue curve) that takes into account stochastic
subunit exchange between the Z-ring and the cytoplasmic pool (red curve) and
the periodic fluctuations (green curve) (12). (E) FtsZ assembly size distribution
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with 683 + 439 FtsZ and FtsZ-GFP molecules (n = 2039 fluorescence peaks).
(F) Distributions of assembly and disassembly rates. (G to J) Average PSD
curves in drug-treated cells (G), in cells lacking Z-ring stabilizers (H) or
regulators (1), and in cells expressing FtsZ GTPase mutants (J). In (G),
cells were treated with A22 (inhibitor of MreB), mecillinam (inhibitor of the
elongation-specific transpeptidase PBP2), cefsulodin (inhibitor of division-
specific glycosyltransferase and transpeptidase PBP1b), and cephalexin (in-
hibitor of the division-specific transpeptidase Ftsl) at concentrations above
their minimum inhibitory concentration. Error bars denote SEM. (K) The GTPase
catalytic turnover rate ket is correlated with Z-ring periodic frequency. E238A,
GIu”3® > Ala; D269A, Asp?®® - Ala; G105S, GIy'%® - Ser. (L) ket is correlated
with the stochastic exchange rate kex. (M) ko is correlated with Z-ring periodic
frequency. Error bars denote SD.
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Fig. 3. FtsZ GTPase mutants change the spatial distribution pattern but not the rate of septal
PG synthesis. (A) Representative scanning electron microscopy images of FtsZ wild-type, E250A,
D158A, and D212G cells. Red arrows denote deformed, asymmetric septa. (B) Representative images of
HADA-labeled septa for short (<10 s), intermediate (90 s), and long (810 s) labeling pulses. Red arrows
and yellow arrowheads denote incomplete and complete septa, respectively. (C) Severe GTPase mutants
had large percentages of cells with incompletely labeled septa even for long pulses. (D) Integrated septal
HADA fluorescence increased similarly with labeling pulse duration in all strains. (E) The ratio of septum
closure rate (v.) to elongation rate during constriction (ve.) was similar among tested GTPase mutants.
Error bars denote SEM. Scale bars, 1 um.
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Fig. 2. FtsZ polymers exhibit treadmilling dy-
namics in live E. coli cells. (A and B) Maximum
intensity projection (left panels) and montages from
time-lapse imaging (movies S8 and S9) of a cell in
which a midcell Z-ring was not assembled (A) and a
cell with a clearly visible midcell Z-ring (B). (C) Kymo-
graphs of the cells in (A) and (B) computed from the
intensity along the line between the two yellow arrows.
(D) Distributions of polymerization and depolymerization
speeds as measured from the leading and trailing edges
of individual cells” kymographs [blue and red lines in
(C)]. (E) Structured illumination microscopy maximum-
intensity projection (left panel) and montage from
time-lapse imaging of counterclockwise Z-ring tread-
milling. (F) Kymograph of fluorescence along circum-
ference of cell in (E). (G and H) Treadmilling speeds
correlated with k.ot (G) and Z-ring dynamics (H). Error
bars denote SD. Scale bars, 0.5 um.

incompletely labeled septa even after 1800 s (Fig. 3,
B and C). The total integrated septal HADA in-
tensity increased with longer labeling times, but
there was no statistically significant difference be-
tween the wild type and the three mutants (Fig. 3D
and fig. S14). The septum closure rate, which should
be proportional to the total septal PG synthesis
rate, was essentially the same as that of the wild
type for all mutants except D212A and D212G (Fig.
3E and table S5), as found previously (17); septum
closure rate measurements in D212A and D212G
were unreliable because of the frequent failure
of cell division (movie S15). These data are most
consistent with FtsZ GTPase activity affecting
the spatiotemporal distribution of synthesis, rather
than the septal PG synthesis rate.

Next, we reasoned that because FtsZ recruits
many proteins involved in septal synthesis, the dy-
namics of the essential septal transpeptidase
FtsI would likely follow that of FtsZ. Using single-
molecule tracking in wide-field epifluorescence
microscopy, we tracked the movement of a comple-
menting (fig. S15), N-terminal fluorescent protein
fusion of FtsI (TagRFP-t-FtsI) at visible constriction
sites in FtsZ"" and three FtsZ™" backgrounds. Ky-
mographs of TagRFP-t-FtsI fluorescence in FtsZ™*
cells showed diagonal tracks similar to those of
FtsZ (Fig. 4A and fig. S16), indicating that indi-
vidual TagRFP-t-FtsI molecules moved directionally
along the septum, in contrast to stationary FtsZ
molecules in treadmilling FtsZ polymers (Fig. 2 and
fig. S11) (22). The TagRFP-t-FtsI movement was
not unidirectional and exhibited large variations in
time and in different cells (Fig. 4A and movies S16
to S18). In the FtsZ™" strains, TagRFP-t-FtsI moved
more slowly (Fig. 4, B to D), with mean speed com-
parable to the corresponding FtsZ treadmilling
speed (Fig. 4E). Thus, FtsZ treadmilling guides the
directional movement of FtsI and thereby directs
the distribution of new septal PG.
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Fig. 4. Altered directional movement of Ftsl and septal PG composition in FtsZ™ cells. (A) Directional
movement of multiple (left) or single (right) TagRFP-t-Ftsl molecules along the septum in FtsZ cells. Images with
yellow arrowheads are maximum intensity projections; kymograph images are from positions denoted by the
arrowheads. (B to D) Examples of TagRFP-t-Fts| directional moverment in E250A (B), D158A (C), and D212G (D)
cells. (E) Mean TagRFP-t-FtsI movement speed is highly correlated with FtsZ treadmilling speed; error bars
denote SD (see table S1). (F) UPLC analysis reveals altered PG composition in FtsZP?2¢ cells. The relative
percentage of each component of D212G was normalized to that of wild-type cells. Error bars denote SD,n = 3;
*P < 0.05, **P < 0,01 (unpaired t test). (G) A schematic model depicting FtsZ treadmilling (gray circles) that
drives directional movement (wavy arrows) of the septal PG synthesis machinery (brown rectangles), leading to
processive synthesis of new septal PG (yellow). IM and OM, inner and outer membranes; scale bars, 0.5 um.

Finally, we used ultraperformance liquid chro-
matography (UPLC) to investigate whether the
biochemical composition of the PG itself was al-
tered in D212G cells (72). In both LB and minimal
media, D212G cells had shorter glycan strands and
greater cross-linking than did wild-type cells (Fig.
4F and fig. S17A), indicating imbalances in the
relative levels of septal glycan strand polymer-
ization and cross-linking in FtsZP*2€ cells. We
also observed a large increase in alternative
meso-diaminopimelic acid (Dap-Dap) cross-links
(Fig. 4F), indicating that the nature of cross-linking
reactions was also perturbed. We observed that the
differences in PG composition between minicells
(round DNA-less cells produced by polar divisions)
isolated from FtsZP?2¢ and BW25113 AminC cells

Yang et al., Science 355, 744747 (2017)

were similar to the differences seen with intact
cells, indicating that the shorter glycans and greater
cross-linking are not attributable to aberrant place-
ment of the division site (fig. S17B). A Caulobacter
crescentus FtsZ mutant showed opposite changes
(less cross-linking and longer glycan strands),
along with bulging of the septal wall (34). Thus,
the balance between glycan strand polymerization
and cross-linking activities is likely an important
factor in defining the shape of the septum, with
FtsZ coordinating the two enzymatic activities.
Our results show that FtsZ engages in tread-
milling powered by GTP hydrolysis to spatially or-
ganize the septal PG synthesis machinery (Fig. 4G)
without limiting the rate of septum closure. In
Bacillus subtilis, FtsZ treadmilling appears to dis-

17 February 2017

tribute septal PG synthesis and also to dictate the
synthesis rate (35). The differences between the two
organisms may reflect differential requirements for
PG synthesis between Gram-negative and Gram-
positive bacteria. Furthermore, whereas the actin
homolog MreB relies on wall synthesis for its
movement, FtsZ exploits its innate treadmilling
capacity to control the movement of septal syn-
thesis enzymes. The broad conceptual similarities
among FtsZ, MreB, and the movement of cellulose
synthase complexes along cortical microtubules in
plants (36) suggest that coupling cytoskeletal mo-
tion to wall synthesis may be a general strategy
across the kingdoms of life to ensure evenly dis-
tributed, robust septal wall synthesis and morpho-
genesis through time-averaging.
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GTPase activity—coupled treadmilling of the bacterial tubulin
FtsZ organizes septal cell wall synthesis

Xinxing Yang, Zhixin Lyu, Amanda Miguel, Ryan McQuillen,
Kerwyn Casey Huang and Jie Xiao (February 16, 2017)

Science 355 (6326), 744-747. [doi: 10.1126/science.aak9995]

Editor's Summary

Coordinating cell wall synthesisand cell division

Most bacteria are protected by peptidoglycan cell walls, which must be remodeled to split the
cell. Cell division requires the tubulin homolog FtsZ, a highly conserved cytoskel etal polymer that
specifies the future site of division. Bisson-Filho et al. and Yang et al. found that the dynamic
treadmilling of FtsZ filaments controls both the location and activity of the associated cell wall
synthetic enzymes. This creates discrete sites of cell wall synthesis that circle around the division plane
to divide the cell.
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