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ABSTRACT Cytokinesis in bacteria is accomplished by a ring-shaped cell-division complex (the Z-ring). The primary compo-
nent of the Z-ring is FtsZ, a filamentous tubulin homolog that serves as a scaffold for the recruitment of other cell-division-related
proteins. FtsZ forms filaments and bundles. In the cell, it has been suggested that FtsZ filaments form the arcs of the ring and are
aligned in the cell-circumferential direction. Using polarized fluorescence microscopy in live Escherichia coli cells, we measure
the structural organization of FtsZ filaments in the Z-ring. The data suggest a disordered organization: a substantial portion of
FtsZ filaments are aligned in the cell-axis direction. FtsZ organization in the Z-ring also appears to depend on the bacterial spe-

cies. Taken together, the unique arrangement of FtsZ suggests novel unexplored mechanisms in bacterial cell division.

INTRODUCTION

FtsZ, a prokaryotic homolog of tubulin, is an essential pro-
tein in binary fission of prokaryotic cells (1). In vitro, FtsZ
forms short protofilaments and long bundles (2). In vivo,
along with membrane-binding FtsA and several other part-
ners, FtsZ assembles into a ringlike structure (the Z-ring)
and facilitates cytokinesis (3,4). Because cell division in-
volves constriction of the rigid bacterial cell wall, it has
been hypothesized that the Z-ring generates a mechanical
force. Several force generation mechanisms have been pro-
posed (5,6). These mechanisms are inferred from the unique
biophysical properties of FtsZ (7), and from direct observa-
tions of constriction in a reconstituted FtsZ-lipid system (8).
Several high-resolution structural studies of the Z-ring have
appeared: in Caulobacter crescentus, cryo-electron tomog-
raphy studies showed that FtsZ filaments are aligned in
the circumferential direction of the cell (9). Cryo-electron
microscopy of vitreous sections of Enterococcus gallinarum
is also available (10). Recent super-resolution microscopy
studies (11-13) seem to suggest that higher-order Z-ring
structures may exist. In this article, we focus on examining
the orientation of FtsZ filaments in the Escherichia coli
Z-ring. In particular, although it is commonly suggested
that FtsZ filaments are bundled and oriented in the circum-
ferential direction of the cell, no direct in vivo evidence of
this organization is available for E. coli. Using polarized
fluorescence microscopy, we quantitatively measure the
orientation of FtsZ filaments in the Z-ring. Results seem
to indicate that FtsZ filaments in the Z-ring are disorga-
nized, with a large portion of filaments oriented in the
cell-axis direction in E. coli. This finding raises new ques-
tions about the division mechanism and the potential role
of FtsZ.

Submitted June 10, 2013, and accepted for publication September 24, 2013.
*Correspondence: ssun@jhu.edu
Editor: David Wolf.

© 2013 by the Biophysical Society
0006-3495/13/11/1976/11  $2.00

Polarized fluorescence microscopy (PFM) is a powerful
tool for analyzing dynamic organization of proteins in live
cells. Excited by linearly polarized light, a fluorophore
will emit fluorescence with an intensity that is proportional
to the square of the cosine of the angle between the fluoro-
phore electric dipole vector and the polarization vector (14).
Thus, PFM can reveal the orientational organization of the
fluorophore and any protein that is rigidly attached to the
fluorophore (15,16). For example, using green fluorescent
protein (GFP) attached to septin in budding yeast, PFM
revealed an organizational transition in septin filaments
during yeast cell division (17).

Here, we employ PFM to investigate FtsZ attached to a
GFP or a yellow fluorescent protein (YFP) in live bacterial
cells. We compare polarized fluorescence from live cells
with purified proteins in vitro to infer organizational
features of FtsZ filaments in the Z-ring. In our study, linearly
polarized filters are placed in both excitation and emission
light paths in a custom epifluorescence microscopy system
to enhance the contrast of polarized fluorescence signal
((18); see also Materials and Methods). To quantify the
degree of fluorophore alignment with a laboratory axis,
we define a polarization anisotropy, P = (I — I-)/(I)] +
I_), where | is the emitted fluorescence intensity when
the polarizer is positioned parallel to the Y-direction of
the microscope stage, and /_ is the intensity when the polar-
izer is in the X-direction (Fig. S1 in the Supporting Mate-
rial). Thus, changes in P with respect to the angle between
fluorophore dipole and light polarization vector will show
the direction of alignment of GFP- or YFP-tagged FtsZ in
the Z-ring. P also does not depend on the absolute emission
intensity (see Materials and Methods). We analyze P quan-
titatively, and obtain a probability distribution of FtsZ fila-
ment orientations in vitro and in vivo.
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Polarized Fluorescence Measurements of FtsZ Ring

MATERIALS AND METHODS
Strains and growth conditions

Strains for fluorescent detection of FtsZ in vivo all carried GFP or YFP
fusions to FtsZ and were expressed as merodiploids, which replaced the
native FtsZ. E. coli strains were as follows. WM3452 is XL1-Blue that con-
tains a plasmid (pDSW209-FtsZYFP338) expressing an isopropyl-G3-D-thi-
ogalactopyranoside (IPTG)-inducible FtsZ with an enhanced YFP (EYFP)
gene inserted at residue 338 of FtsZ, within the nonconserved linker
domain. WM2026, used as a strain with FtsZ-GFP, expresses an IPTG-
inducible chromosomal FtsZ-GFP fusion (GFP fused to the C-terminus of
FtsZ) at the lambda attachment site in WM1074 (TX3772). WM3486,
derived from WM2026, is a strain with a deletion of the MinCDE system.
WM3498, carrying pPDSW209-GFP-FtsZ in WM1074, is used as the strain
with GFP fused to the N-terminus of FtsZ, whereas WM3497, carrying
pDSW209 in WM1074, is used as a vector control, as it expresses GFP
only. The C. crescentus strain EG444 used here contains a xylose-inducible
FtsZc.-EYFP integrated at the xylX chromosomal locus.

All E. coli strains were cultured on Lysogeny broth with 50 ug/mL ampi-
cillin. An overnight culture was diluted 1:40 into Lysogeny broth medium
with 50 pg/mL ampicillin and incubated with shaking until an OD600 of
0.3-0.4 was reached; then, IPTG was added to induce FtsZ-YFP, FtsZ-
GFP, GFP-FtsZ, or cytoplasmic GFP expression. Specifically, 50 uM
IPTG was used for WM3452 and 100 uM for WM2026, WM3486,
WM3498, and WM3497. C. crescentus strains were cultured on peptone
yeast extract with 25 pg/ml kanamycin at 28°C (19). Overnight cultures
were diluted 1:40 into peptone yeast extract with 25 ug/ml kanamycin
and incubated with shaking until an OD600 of 0.3-0.4 was reached; then,
0.6 wt % xylose was added to induce FtsZc.-EYFP.

Microscopy configuration

In preparation for fluorescence microscopy of purified proteins, 1.5 uL of
protein in buffer was dropped onto a cleaned glass slide and covered with
a coverglass. For live cells, 20 uL of diluted cell culture was dropped
onto a cleaned glass slide, and mixed with 20 uL 3 wt % low-melting
agarose solution (20). Then, 4 uL 0.5 wt % Casamino acids solution was
immediately mixed into the cell-agarose mixture (20) and a coverglass
was placed on top. Microscopy was performed soon after solidification of
the agarose.

The fluorescence microscope used in this study was a 3-1 Marianas Live
Cell Imaging Workstation (Intelligent Imaging Innovations, Denver, CO)
with a 1.45 NA «-Plan-Fluor 100x oil objective (Carl Zeiss Microscopy,
Thornwood, NY). Linear glass polarized filters (Edmund Optics, Barring-
ton, NJ) were placed in both excitation and emission paths (Fig. S1), which
insures that the excitation and emission polarizations were exactly parallel
to each other either along the lab x axis or y axis. All the samples were illu-
minated by 488 nm xenon arc lamp light and the images were captured by a
Cascade II 512B EMCCD camera (Roper Scientific, Sarasota, FL). For all
polarized fluorescence microscopy measurements, Z-stacks were scanned
with a step depth of 100 nm and captured with exposure times of 500 ms
and interval times of 500 ms.

Image processing

All image analysis and processing was performed using imageJ (National
Institutes of Health, Bethesda, MD) and Matlab (Mathworks, Natick,
MA). In processing images of purified protein, protofilaments and bundles
that were straight and lying horizontally on the coverglass were selected.
Two Z-stacks of images, one for the polarizer in the x and one for that
in the y direction, were recorded. These images correspond to intensity
measurements /| and /_. For each stack, 5 of 20 consecutive slices in
which the protofilaments or bundles were well-focused were selected
and averaged. The background noise was cut by first creating histograms
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of the intensity of all background pixels and then removing pixels that had
intensity below a cutoff /.. The cutoff is chosen at 1.5 SD above the most
probable background intensity, which corresponds to the most likely noise
intensity. All of our results are insensitive to this cutoff value. Angles
between protofilaments or bundles and the lab x axis were carefully
measured.

In processing images from the side view of cells, to insure all processed
cells are lying horizontally, only cells that exhibited uniform fluorescence
from pole to pole during Z-stack scanning were selected. Again, two stacks
of images for x-axis and y-axis polarizer alignment were analyzed. For each
stack, 2 of 40 consecutive slices where the top of the Z-ring is in focus were
picked out and averaged. The background noise was cut in the same way as
purified protein images. The angle between the Z-ring and the lab x axis was
carefully measured.

In processing images from the cross-sectional view of cells, only the cells
standing perpendicular to the coverglass that displayed a circular cross sec-
tion were selected. For either x-axis or y-axis polarizer alignment, 5 of 40
consecutive slices where the cross section of the Z-ring was in focus
were picked out and averaged. The background noise was cut in the same
way as above. Then the ring was divided into 18 angular slices correspond-
ing to angle « with respect to the lab y axis (see Fig. 4 C, inset). The inten-
sity in each angular slice was recorded and analyzed.

Note that the final calculated polarization parameter, P, does not depend
on the absolute emission intensity. However, most microscopes show some
degree of polarization anisotropy. Nevertheless, this anisotropy should not
be a function of the cell orientation or filament orientation. This anisotropy
can be corrected by scaling the average emission intensities, /|| and I, so
that they are equal. This also is equivalent to making [ daP(a) = 0 by add-
ing an overall constant to the P(«) curve. We have used this correction step
to remove the microscope anisotropy.

Mathematical modeling

The experiment measures fluorescence emission intensities from FtsZ
tagged with a fluorophore as a function of the angle of the incident polar-
ized light. When interacting with the fluorophore, only the projection of
excitation light in the direction of the fluorophore dipole is absorbed, and
then emitted. Therefore,

Eemission x (Eexcimrion * D)D7 (1)

where D is the fluorophore dipole vector (21). This is because the rotational
correlation time of fluorophores such as GFP and YFP is significantly
longer than their fluorescence lifetime (14,22). Thus, the emission intensity
is an accurate reporter of the orientation of the fluorophore with respect to
the incoming polarized light. As shown in Fig. S1, after filtering by the
polarizer, the excitation light has an orientation parallel to the focal plane.
Thus, neglecting phases, the incoming excitation electric vector is

Ein = I inP (2)

where [;, is the intensity of the excitation light, and p is a unit vector in the
direction of the electric vector. After passage through the microscope objec-
tive, some depolarization occurs and the excitation light is no longer fully
polarized in the p direction. Taking into account this depolarizing effect, the
new excitation light will have components in other directions perpendicular
to p. The degree of depolarization depends on the NA. The microscope
objective we use has NA 1.45. This depolarization phenomenon is well
studied and the relationship between E;, and E,,citarion 1S known (23,24).
We include this depolarization effect in our data analysis for the incoming
as well as the outgoing polarized light (see the Supporting Material).

For small bundles of FtsZ in vitro, at the molecular level, the fluorophore
dipole is fluctuating rapidly on the timescale of the experiment. The prob-
ability distribution of the fluorophore dipole needs to be considered for
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quantitative analysis of the data. As shown in Fig. S1, we use two angles, ¢
and ¢, to define D. Therefore, the average collected fluorescence intensity is

(1) (I *fi(p.0.x. D))

2T T (3)
X °<1m/ /fH(p,q, r,D)p(D)sin 0dfde,
0 0

and similarly for (I_). f| (p, q,r, D) is the function that descibes the interac-
tion between dipoles and excitation light (see the Supporting Material) The
probability distribution p(D) is the orientational distribution of the dipole,
which we take as

p(D) = p(d)p(0), @

where the distribution functions are angular Gaussians:
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Here, a and b are parameters that describe the widths of the angular distri-
butions. ¢, and 6, are the centers of the distributions, which represent the
most probable orientation of the fluorophore. The denominators in these ex-
pressions are simply normalization factors.

When measuring polarization anistropy for a living cell, there are addi-
tional complications. We discovered that the cell envelope is a birefringent
material, so the transmission of the incoming light in the cell-axis direction
and the circumferential direction are slightly different. This implies that the
excitation light received by the fluorophore is slightly changed after passing
through the cell envelope:

Eexcimtion = B(Oé) X Eina (7)
where B is a transmission matrix that depends on the angle of the cell with
respect to the incoming light, «. The transmission matrix can be obtained by
measuring the polarization signal from cells expressing freely diffusing
GFP (see Results). Once this transmission matrix is measured, all other
aspects of the measurements are the same. Again, the emitted light is
also affected by the cell envelope, and we have

Eom = B(O() X Eemisxion- (8)

The emitted light is then filtered by the analyzer, and the analyzed light is
collected by the camera.

For fluorophores attached to FtsZ in vivo, the direction of the fluorophore
dipole in the lab coordinate system, D, can be computed as

D = R x u(4,9), )

where u is the direction of the fluorophore dipole in the local frame with
respect to the filament and R is a rotation from the local frame of the fila-
ment to the local cell frame (Fig. S3). This rotation matrix is given in the
Supporting Material. Given the filament angular distribution, the total
measured fluorescence intensity is then
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where p is the fluorophore angular distribution with respect to the fila-
ment. p has been determined in vitro, and we use the same distribution cor-
responding to each construct to compute the in vivo data. I is the filament
orientation distribution, which is the objective of our measurement. The
definitions of angles (8, v, y) are given in Fig. S3. In the fluorescence mea-
surement, cytoplasmic FtsZ, which has an isotropic angular distribution,
will contribute to the final signal. Therefore, the filament angular distribu-
tion in Eq. 10 is a sum from the cytoplasmic component and the Z-ring
component: I' = I'y 4 I',. It has been reported that 30-40% of FtsZ resides
in the Z-ring (25). From our own data, we find that 40% of the labeled FtsZ
is in the Z-ring. Within the cropped Z-ring image, FtsZ in the Z-ring is 70%
of the total signal and the cytoplasmic FtsZ accounts for 30%. Therefore,
the cytoplasmic angular distribution should be T'y = 0.3/872. The Z-ring
FtsZ distribution, I'y, is described by the filament angular distributions in
the local cell frame as Ty = 0.7 x p(8)p(v)p(¥), where the individual dis-
tribution functions are similar to Eqs. 5 and 6,

¢eeos(6—o)

pB) = pBic,B) = 53— (11)
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and p(y) is similarly defined. (c, d) are again the width parameters of the
distribution. From the measured polarization data, we again fit parameters
(¢,d, By, o) to obtain the average orientation, as well as the distribution
widths. Tables 1 and 2 show the final best-fit parameters.

RESULTS

Polarization anisotropy of FtsZ protofilament
bundles in vitro

We first calibrated and tested PFM using FtsZ protofila-
ments in vitro. FtsZ can polymerize into bundles or protofi-
laments, mainly depending on the concentration of
magnesium (2). We polymerized FtsZ tagged with GFP
(at the C- or N-terminal end) or YFP (at an internal linker
near the C-terminal end) into protofilaments at a concentra-
tion of 1-2 uM (26). Although most protofilaments were
short (~100 nm), a small percentage were of sufficient
length (>300 nm) to resolve the filament axis in the micro-
scope. Electron microscopy images of these longer fila-
ments showed that they are predominately small bundles,
with two or three protofilaments in each bundle (Fig. 1).
We collect data from these small protofilament bundles
(also referred to as small bundles), as well as large bundles
with higher concentrations of magnesium.
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The measured fluorescence intensities noticeably
changed as we rotated the polarizer (Fig. | A). Fig. 1 C plots
the polarization anisotropy, P, as a function of the angle
between FtsZ bundles and the lab x axis. For E. coli FtsZ-
YFP, FtsZ-GFP, GFP-FtsZ, and C. crescentus FtsZ-YFP, P
for large and small protofilament bundles reaches a peak
at 90° and a low point at 0°, although the amplitude of the
peak for the small protofilament bundle is less than that of
the large bundle (Fig. 1 C). This result is direct evidence
that when the filament is oriented parallel to the y axis
(a =90°), I > I_ and the polarization anisotropy reaches
a maximum; when the filament is oriented parallel to the
x axis (e = 0° or 180°), I_ > /|| and the polarization anisot-
ropy reaches a minimum. This is possible only if the average
direction of the GFP and YFP dipole is approximately par-
allel to the axis of FtsZ protofilaments or bundle. From this
data, we also performed a quantitative analysis and ex-
tracted angular distributions of GFP and YFP dipoles around
the FtsZ filament (see below).

Orientation distribution of fluorophore dipoles
in vitro

To obtain a quantitative understanding of fluorophore orien-
tation around the FtsZ filament, it is necessary to consider an
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FIGURE 1 Polarized fluorescence measurement
of purified FtsZ in vitro. (A and B) Polarized fluo-
rescence images (A) and electron microscopy im-
ages (B) are shown for small and large FtsZ
bundles. The electron microscopy images show
parallel protofilaments of FtsZ bundled together.
Fluorescence images are obtained when the linear
polarizer is parallel and perpendicular to the
x axis. « is the angle between the bundle and the
x axis. (C) The largest polarization anisotropy,
P =1 — I)/(I + 1), occurs when the angle be-

g ko tween the bundle and the x axis is 90°. Large bun-

: oA F dles of FtsZ show a stronger anisotropy than do

- small protofilament bundles. Error bars correspond

# ¢ ' to the mean = SE. C-terminal YFP large bundles

3 £ : (174 samples) and small bundles (92 samples),

and N-terminal GFP small bundles (64 samples),
all show a similar orientational alignment (see
also Fig. S2). These results indicate that the fluoro-
phore dipole is roughly parallel to the bundle. To
see this figure in color, go online.

angular distribution (described by a probability density) of
fluorophores around the filament axis. The mathematical
details are given in Materials and Methods, and the basic
idea is illustrated in Fig. S1. For a given filament in the illu-
mination plane with spatial orientation described by angle «,
we define a unit vector, D, describing the direction of the flu-
orophore dipole. This vector is mathematically specified by
angles (¢, 0). Since the fluorophore fluctuates rapidly, these
angles are distributed probabilistically with average orienta-
tions (¢g,0) and SDs (y/1/a,+/1/b). We use angular
Gaussian functions to describe the angular distributions.
The observed fluorescence intensities are then computed
by considering the projection of D in the direction of the
incoming polarized light and then integrating over all
possible fluorophore dipole directions. Due to the high NA
of the microscope, some depolarization of the incoming
and outgoing light is present. These depolarization effects
are taken into account in our calculation. The formula for
the dipole distribution are given in Materials and Methods.

By collecting fluorescence data from randomly ori-
ented FtsZ filaments, we can calculate the polarization
anisotropy as

; = P(oc;a,b, ¢0a00) (13)
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where « is the angle of the filament with respect to the lab
x axis (Fig. S1). This function is experimentally measured.
The signal is also a function of the dipole angular distribu-
tion with unknown parameters (¢, 6o, a, b). Therefore, by
fitting the experimental curve, we can obtain information
about the orientational probability distribution of the fluoro-
phore with respect to the filament.

Using nonlinear optimization in Matlab, we have deter-
mined the parameters for a, b, 6y, and ¢, that best explain
the experimental data. In Fig. S2, we see that for the
in vitro FtsZ-YFP small protofilament bundles, we can
only obtain a good fit to the experimental data when the
average orientations are 6p=0" and ¢,=0". Thus, the
most probable orientation of the fluorophore is parallel to
the protofilament. However, the distributions are quite broad
(relatively small a and b values), the probability of
observing other fluorophore orientations is quite high. These
results suggest that the fluorophore has an angular distribu-
tion roughly equal to the distribution shown in Fig. S2
around the protofilament direction.

The fitted results for FtsZ-YFP bundles show generally
the same 6y and ¢, values, but with narrower distribution
widths (Fig. S2 B). This is reasonable since in a bundle, flu-
orophore fluctuations are presumably more constrained.
PFM is able to measure this change in orientational
distribution.

Results from GFP-FtsZ and FtsZ-GFP and C. crescentus
FtsZ-YFP protofilament bundles are also examined using
this approach. We find that 6y and ¢, are all similar, indi-
cating that the fluorophore generally is aligned with the
filament direction. All of the fitted results are summarized
in Table 1. This alignment does not appear to depend on
the position of the fluorophore label, although the width of
the distributions does show some variation. Since the linker
between GFP and FtsZ is relatively disordered, this
observed alignment is likely from nonspecific interactions
between GFP and FtsZ filament, possibly from surface elec-
trostatic charges. FtsZ-filaments themselves may also have
an electric dipole, which can further align the attached
fluorophore.

TABLE 1 Best-fit parameters for angular distributions
describing fluorophore orientation with respect to the FtsZ
filament

In vitro fluorophore orientation with respect

to FtsZ a b ¢0 (9()
FtsZ-YFP 0.87 0.12 0° 0°
FtsZ-YFP bundle 0.01 0.19 0° 0°
FtsZ-GFP 0.79 0.14 0° 0°
FtsZ-GFP bundle 1.26 0.25 0° 0°
GFP-FtsZ 1.00 0.17 0° 0°
C. crescentus FtsZ-YFP 0.92 0.13 0° 0°

Angular distributions are given by Eqs. 5 and 6. Parameters a and b are the
widths of p(¢) and (p(6), respectively.
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Polarization anisotropy of FtsZ-ring in live cells

To determine the alignment of FtsZ filaments in the Z-ring
invivo, we firstimaged E. coli and C. crescentus cells express-
ing freely diffusing GFP or YFP in the cytoplasm to determine
the possible existence of intrinsic polarization of the cell body.
Many types of biological materials exhibit optical birefrin-
gence where transmitted or reflected light becomes polarized
(27). In bacteria, the cell wall, the cell membrane, and other
proteins may exhibit birefringence. A fully isotropic signal
from freely diffusing GFP will show anisotropy after the
fluorescence signal passes through a birefringent material.
In this case, the measured polarization anisotropy would not
be zero, but would show a dependence on the angle of the
cell with respect to the polarization direction. Indeed, we
found that fluorescence from E. coli cells expressing freely
diffusing GFP showed polarization anisotropy (Fig. 2 A).
This intrinsic birefringence was also present for free YFP in
C. crescentus (Fig. 2 B). The cellular structure that is causing
this apparent anisotropy is unclear. However, the data from
freely diffusing GFP can be used to determine an intrinsic
anisotropy factor, C, for both E. coli and C. crescentus cells.
This factor accounts for the rotation of the incoming and
emitted light after passing through birefringent material,
such as the cell wall. The measured transmitted light field is
related to the actual emitted light from free GFP by

Eout = B(O{,C) X Eemirteda

where « is the angle of the cell with respect to the lab x axis
and B is a transmission matrix that depends on « and C (see
Materials and Methods and the Supporting Material). C is
the transmission ratio of the emitted light in the circumfer-
ential to that in the cell-axis direction. We find that C values
for E. coli and C. crescentus are 0.984 and 0.975, respec-
tively. Thus, for isotropic freely diffusing GFP, this
measured intrinsic anisotropy allows us to correct the polar-
ization anisotropy signal for fluorophores attached to FtsZ.
The correction procedure is described in the Supporting Ma-
terial. We also imaged freely diffusing GFP from a cross-
sectional view (along the cell axis). From this direction,
the transmitted fluorescence is isotropic.

To analyze polarization signal from fluorophores
attached to FtsZ in the Z-ring, we imaged E. coli cells
from the side as well as in cross section (Figs. 3 and 4).
In the side view, a series of Z-stacks was scanned to deter-
mine variations in the fluorophore dipole orientation from
the top to the middle of the Z-ring (Fig. 3 A). Images
were taken from several hundred cells with random orienta-
tions on the slide. Here, we plot P as a function of the angle
between the Z-ring and the lab x axis. Interestingly, FtsZ-
YFP and FtsZ-GFP strains both showed significant polari-
zation anisotropy (Fig. 3, C and D), even after correction
for the intrinsic anisotropy of transmitted fluorescence.
The polarization anisotropy now shows an opposite
behavior compared to purified protofilament bundles: it
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reaches a maximum at 0° and minimum at 90°. This anisot-
ropy is also most pronounced for light coming from the very
top of the Z-ring (Fig. 3 A, slice a). These results suggest
that there is a significant portion of fluorophores that are
aligned in the cell-axis direction.

In E. coli, FtsZ filaments are tethered to the inner mem-
brane through a C-terminal link between FtsZ and FtsA
(28). Due to interaction with FtsA, fluorophores attached
to the C-terminal domain may adopt an orientation different
from the in vitro orientation. To check this, we also exam-
ined FtsZ with an N-terminal GFP in vivo. We found that
just as in the in vitro purified protein situation, the N-termi-
nal GFP-FtsZ strain in vivo shows the same polarization
anisotropy as the C-terminal FtsZ-YFP and FtsZ-GFP, sug-
gesting that the relative orientation of the fluorophore and
the filament axis is not perturbed in vivo (Fig. 3 E). Thus,
when the Z-ring is aligned with the x axis (« = 0°), I;| >
I_; when the Z-ring is perpendicular to the x axis (« =
90°), I— > 1. These results suggest that in E. coli, FtsZ
filaments are not completely oriented in the circumferential
ring direction. A substantial portion of the filaments are
oriented in the cell-axis direction. In fact, this conclusion
does not change if we consider a fluctuating fluorophore
described by orientational distributions. The measured
polarization anisotropy of in vivo data is also analyzed
quantitatively (see Materials and Methods).

Cell-axis alignment of FtsZ filaments can also explain
polarization anisotropy measured from the cross-sectional
view (Fig. 4). Fluorescently labeled FtsZ rings show polar-

ization anisotropy as a function of the circumferential angle
(Fig. 4 C). Here, P shows two maxima, at 90° and 270°. As
the fluorophore fluctuates around the filament, there is a
component of the fluorophore dipole in the direction of
the polarized light, even when the filament is perpendicular
to the plane of the cross section. However, cross-sectional
data cannot unambiguously distinguish circumferential
and axial alignments.

In contrast, polarization anisotropy for FtsZ-YFP in
C. crescentus shows a different behavior (Fig. 3, F and
G). After correcting for the intrinsic anisotropy, P reaches
a maximum at 90° and a minimum at 0°. Although most
articles in the literature simply assume circumferential
alignment of FtsZ in bacteria, there have been studies that
explicitly imaged FtsZ filaments in vivo (9,10). This study,
performed using cryo-electron microscopy in C. crescentus,
found that FtsZ filaments are aligned in the circumferential
direction. Here, our PFM observations indicate that the
fluorophores are generally aligned circumferentially. Thus,
our results are consistent with the interpretation that
C. crescentus FtsZ filaments are aligned in the circumferen-
tial direction, but a substantial portion of filaments in E. coli
are aligned in the cell-axis direction (Fig. 5).

Orientation distribution of FtsZ filaments in live
cells

To quantify the degree of FtsZ alignment in the cell, we
computed and compared the expected polarization
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organization of FtsZ filaments. (F and G) Corrected
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of FtsZ filaments. To see this figure in color, go
online.

A Cytoplasmic YFP
® FtsZ-YFP

Isotropic polarizaion
— Fit for FtsZ-YFP

anisotropy for FtsZ aligned in the circumferential and cell-
axis directions. The 3D nature of the Z-ring, fluctuations of
the attached fluorophore, and variations in FtsZ filament ori-
entations are considered. When the orientation of the fluoro-
phores has been examined in vitro, it is possible to obtain
estimates of the filament orientation in vivo. Since N- and
C-terminal GFP- and YFP-tagged FtsZ all show similar
polarization results both in vitro and in vivo, it is reasonable
to conclude that in the live cell, the fluorophore orientation
on the FtsZ protofilaments is similar to the orientation
in vitro. Using the orientational distributions of fluorophores
with respect to protofilaments in vitro, we can then infer the
orientational distribution of FtsZ filaments in vivo by fitting
the polarization data from the side view. As shown in
Fig. S3, we use two spatial angles, § and vy, to describe fila-
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ment orientations in the local frame of the cell. Since there
are many filaments that can potentially orient in any direc-
tion, the overall FtsZ organization can be described, as
before, by the orientational distribution functions p(8) and
p(v), given explicitly in the Materials and Methods section
and the Supporting Material. These distributions are again
characterized by average orientations and widths.

To examine the in vivo data, we checked two preferred
(average) orientations of the filament (Fig. S6), one in the
axial direction (Fig. S6 B) and one in the circumferential di-
rection (Fig. S6 C). We fixed 8, and 7y in those orientations
and fitted widths ¢ and d. We used the data from the very top
slice to avoid any geometrical effects. The results and fitted
distributions are shown in Fig. S6 for FtsZ-YFP. We see that
both types of fit give similar results (Fig. S6). Both axial and
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mean * SE. To see this figure in color, go online.

0 20

circumferential filament orientations show significant
angular scatter, suggesting that the filaments are disorga-
nized. In Fig. S6, we also show the computer-generated fila-
ment organization derived from the fitted distributions. Both
axial and circumferential average orientations give a similar
disorganized picture, with significant portions of filaments
in the axial and circumferential directions. In addition, we
can also check intermediate average orientations (between
axial and circumferential for $, and v,), and the results
are essentially the same as shown. If we define axially
aligned filaments as those whose angles with the cell axis
are <45°, we can calculate the percentage of these filaments
from our orientation distributions. We find that 52% of FtsZ-
YFP, 34% of FtsZ-GFP, and 42% of GFP-FtsZ are axially
aligned. Therefore, quantitative analysis suggests an overall
disorganized picture for FtsZ in the ring.

Similar results were obtained for C-terminal FtsZ-GFP
(Fig. S7) and N-terminal GFP-FtsZ (Fig. S8). The fitted

E. coli C. crescentus

FIGURE 5 Pictorial representation of FtsZ filament organizationin E. coli
and C. crescentus. The angular orientation of filaments is generated from
probability distributions fitted to experimental data (see the Supporting Ma-
terial). The results indicate that FtsZ filaments are disorganized in E. coli but
aligned circumferentially in C. crescentus. For E. coli, a Z-ring organization
where regions of the ring are circumferential and toward the edge is axial

could also explain our data (inset). Higher-resolution studies are needed to
distinguish between these models. To see this figure in color, go online.

270 360

distributions are quantitatively in agreement with those ob-
tained from the FtsZ-YFP data. The pictorial representation
of filament orientations is also consistent. In contrast, data
from C. crescentus FtsZ-YFP show the opposite behavior
(Fig. S9). Quantitative fits reveal that the filaments are
narrowly distributed in the circumferential direction; 0%
of the filaments are aligned within 45° of the axial direction.
These results are consistent with earlier electron microscopy
findings.

Fig. 5 depicts the organization of the Z-ring as inferred
from the quantitative analysis. The orientations of the fila-
ments are directly selected from the fitted orientational dis-
tributions. Quantitative results from the fitted orientational
distributions are given in Table 2. We note that our methods
cannot distinguish possible spatial organization in the
Z-ring. Therefore, a ring-halo type of organization is still
possible (Fig. 5, inset).

TABLE 2 Best-fit parameters for angular distributions
describing FtsZ-filament orientation in the Z-ring with respect
to the cell-axial and circumferential directions

In vivo FtsZ orientation c d Bo Yo
E. coli FtsZ-YFP axial 4.98 1.10 0° 0°
E. coli FtsZ-YFP circumferential 5.00 0.00 0° 0°
E. coli FtsZ-GFP axial 5.00 0.11 0° 0°
E. coli FtsZ-GFP circumferential 5.00 0.06 0° 0°
E. coli GFP-FtsZ axial 5.00 0.28 0° 0°
E. coli GFP-FtsZ circumferential 5.00 0.00 0° 0°
C. crescentus FtsZ-YFP axial 5.00 0.00 0° 0°

C. crescentus FtsZ-YFP circumferential 0.00 493 0° 0°

Angular distributions are given by Eqs. 11 and 12. We use two different
average orientations, axial and circumferential. The fitted parameters indi-
cate broad angular distributions and are consistent with each other. The
pictorial representations of these distributions are shown in Fig. 5 and in
the Supporting Material. Parameters ¢ and d are the widths of p(g) and
p(7), respectively.
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Engineering FtsZ-GFP linkages

In the constructs examined so far, the fluorophore is linked
to FtsZ via a flexible linker at either the C-terminal or N-ter-
minal end. These constructs all showed similar behavior,
suggesting a disordered FtsZ organization. As a positive
control, we can engineer rigid linkers between FtsZ and flu-
orophores, so that a more accurate picture of FtsZ orienta-
tion can be obtained. The rigid linker can also potentially
rotate the fluorophore dipole with respect to the filament,
which would give a different polarization anisotropy signal.
We attempted to do this by both truncating the linker and in-
serting a rigid helical section Nic96 from Saccharomyces
cerevisiae. Many of these constructs were unfortunately
not viable. From two that did grow and show fluorescence
signal, no significant polarization anisotropy was detected
(Fig. S12). If arigid linker between FtsZ and the fluorophore
could be found, then a clearer picture of FtsZ in the Z-ring
could be obtained.

Dividing versus nondividing cell

To check whether FtsZ organization changes during cell
division and septum formation, we examined the polariza-
tion signal for dividing versus nondividing cells. We
synchronized C-terminal FtsZ-GFP E. coli cells using DL-
serine hydroxamate, which stops the cell cycle by halting
the new round of DNA replication. After washing out serine
hydroxamate, cells resumed the cell cycle. Polarization
microscopy is performed within the first cell cyle, and
data are collected before and after the formation of visible
septum. We find no significant difference in FtsZ organiza-
tion in dividing versus nondividing cells (Fig. S10). In both
of these phases, FtsZ filaments appear to be similarly disor-
ganized before and after division. This suggests that FtsZ or-
ganization remains relatively constant throughout division.
In a previous study, we measured the overall fluorescence
as a function of contraction radius. It was found that the
fluorescence intensity is constant during contraction, sug-
gesting that the total number of FtsZ molecules remained
relatively constant (6). These previous results, combined
with the polarization results, suggest that increasing the fila-
ment density causes a disordered Z-ring contraction.

Polarization anisotropy of FtsZ in cells without
MinCDE

The MinCDE system regulates the location of the Z-ring by
inhibiting the assembly of FtsZ outside of the midcell re-
gion. MinC inhibits polymerization of FtsZ in vitro and
has been shown to oscillate from cell pole to cell pole in vivo
(26,29,30). Cells without MinCDE will form Z-rings not
only in midcell but also near the cell poles. To check
whether the orientation of FtsZ filaments in the Z-ring is
affected by the Min system, we performed polarization
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microscopy for the MinCDE deletion strain WM3486 with
FtsZ-GFP. The measured polarization anisotropy of FtsZ
in MinCDE deletion cells is similar to that in normal cells,
and the orientation distributions of FtsZ fitted by circumfer-
ential and axial alignments both show disordered organiza-
tion (Fig. S13). This suggests that the MinCDE system
inhibits the assembly of FtsZ, but does not significantly
regulate the organization of FtsZ filaments once the Z-ring
has formed. This is reasonable, since the Z-ring typically as-
sembles in regions of low MinC concentration.

DISCUSSION

The organization and alignment of FtsZ filaments in the
Z-ring have important implications for the mechanism of
bacterial cytokinesis. Using PFM to probe the spatial orien-
tation of FtsZ in live bacterial cells, we found that the data
suggest that FtsZ filaments are disordered in E. coli. This is
in contrast to the primarily circumferential alignment of fil-
aments generally assumed to exist at Z-rings. This result is
also consistent with results from super-resolution measure-
ments of Z-ring structure in E. coli (11). Interestingly,
C. crescentus FtsZ filaments do exhibit such a circumferen-
tial alignment, in agreement with data from cryo-electron
tomography. The reasons for the different alignment of
C. crescentus FtsZ versus FtsZ of the other bacteria are
not known. The difference between cell diameters in
E. coli and C. crescentus may play an important role here.
However, C. crescentus FtsZ has a much longer peptide
linker connecting its core polymerization domain with the
C-terminal tail than does FtsZ of E. coli, perhaps changing
the interaction of C. crescentus FtsZ with membrane curva-
ture. The degree of curvature of FtsZ filaments in cells is
not known, but it is possible that most straight FtsZ fila-
ments align in the cell-axis direction in E. coli to avoid
having to conform to an energetically unfavorable curved
circumferential direction. Unlike the axial-to-circumferen-
tial switch characteristic of septins at the yeast-bud neck
during cytokinesis, E. coli FtsZ did not undergo any cell-
cycle-dependent organizational changes, as FtsZ filaments
were similarly disorganized before and after initiation of
visible septation.

Conclusions from the measurement require that the fluo-
rophore dipole is an accurate reporter of the FtsZ-filament
direction. To minimize possible artifacts, we measured mul-
tiple fluorophores tagged at multiple locations on FtsZ, and
found consistent results. We also manipulated the linker
between GFP and FtsZ and searched for constructs with a
different GFP dipole orientation. It is also possible that
somehow the cellular environment affects how GFP fluctu-
ates around the filament. We cannot completely rule out
these effects. From the best available data, however, we
tentatively conclude that FtsZ filaments are disordered in
E. coli and are oriented in the circumferential direction in
C. crescentus.



Polarized Fluorescence Measurements of FtsZ Ring

Our finding of disordered orientation of FtsZ filaments rai-
ses additional questions. For instance, it is possible that the
Z-ring has a mixed organization of randomly oriented fila-
ments, as illustrated in Fig. 5, and a segregated organization,
with a central region of circumferential filaments with less
organized orientation at the rim of this core (31,32). Since
the PFM has poor spatial resolution, we cannot exclude
this possibility. In addition, in E. coli cells with fluorescently
tagged FtsZ, occasionally the Z-ring seems to lose coherence
and develop into spiral-like structures (33,34). It is unclear
how disordered FtsZ filaments can organize into a helical
spiral. One possible explanation can be inferred from recent
findings about MreB, another cytoskeletal bundle thought to
exist as a helical spiral in prokaryotic cells (35). High-reso-
Iution imaging revealed that directed movement of MreB
seems to generate the observed helices, but actual MreB fil-
aments are short and motile in B. subtilis (36,37). A similar
explanation could be valid for FtsZ.

Recently, it was shown that artificially membrane-
targeted FtsZ filaments can generate a contractile force on
lipid tubes (8). If this is true in vivo, then the orientation
of FtsZ filaments should influence the direction of the con-
tractile force. It is possible that the in vitro system has a
larger number of filaments in the bundle, which would facil-
itate alignment. Alternatively, from basic physical analysis
of cell-wall growth, there appears to be a geometric shape
instability in bacteria that could be responsible for
cell-shape changes in E. coli (38). In this mechanism, me-
chanical reinforcements from MreB would regulate the
invagination process instead of contractile force from the
Z-ring. Thus, bacterial cell division could be the result of
a phenomenon rooted in the physics of growing surfaces.
By recruiting cell-wall synthesis and turnover proteins,
FtsZ may simply regulate the timing of cell division and
not directly generate mechanical forces. Recent observa-
tions on protoplasts from B. subtilis also revealed that
FtsZ is not needed during division of wall-less bacteria
(39,40). Our results and others indicate that new mecha-
nistic models for FtsZ may be needed to arrive at a consis-
tent picture of bacterial cytokinesis.

SUPPORTING MATERIAL

Thirteen figures, two tables, and Supporting Methods are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(13)01078-3.
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1 DMaterials and Methods

1.1 Protein purification and polymerization in vitro

To purify FtsZ and its fluorescently tagged derivatives, strains expressing each protein were grown
from overnight cultures at a 1:100 dilution in 1.5-4.5 liters of Luria-Bertani (LB) broth supplemented
with appropriate antibiotics (tetracycline, 5ug/ml; ampicillin, 100ug/ml). Cultures were grown at
37°C and induced during logarithmic phase using a final concentration of ImM IPTG. Cells were
collected after 2-5 hours by centrifugation at 10,000 X g. Pellets were resuspended using 40 ml lysis
buffer (50mM Tris pH 8.0, 300mM NaCl, 10mM MgCls, 1mM EDTA) per liter of cells. Resuspended
cells were incubated with lysozyme (4 mg/ml), phenylmethylsulfonyl fluoride (PMSF; 1mM), and
beta-mercaptoethanol (0.1%) for one hour on ice. Cells were lysed using 10 cycles of sonication
(50% duty cycle, output control 5, 30 seconds per cycle) and centrifuged at 10-12,000 X g. The
resulting crude extract was brought to a final concentration of 35% (NHy4)2SOy, incubated on ice
for 15 minutes, and centrifuged at 10,000 X g to reduce the amount of contaminating protein.

Following the ammonium sulfate cut, the pellet was homogenized in 25mM piperazine-N, N-
bis[2-ethanesulfonicacid] (PIPES) pH 6.5 and centrifuged at 10,000 X g. The supernatant was
brought to a final concentration of 1M sodium glutamate, 10mM MgSO4, and 1mM guanosine
triphosphate (GTP) and incubated at 37°C for 30 minutes to promote polymerization. Polymerized
protein was pelleted by centrifugation at 12,000 X g, resuspended in PIPES pH 7.4 buffer, and
incubated on ice for 1 hour to depolymerize the protein. The resuspended pellet was centrifuged
at 10,000 X g and the supernatant containing the depolymerized protein was stored at -80°C. The
final concentration of each protein preparation was measured using the Bradford assay (native
FtsZ, 3.2mg/ml; FtsZ1-338-YFP-FtsZ339-383 (referred throughout as FtsZ-YFP for simplicity),
0.3mg/mL; FtsZ-GFP, 0.1mg/ml; GFP-FtsZ, 1.4mg/ml). The final concentrations of each protein
preparation was measured using the Bradford assay (native FtsZ, 3.2mg/ml; FtsZ-YFP, 0.3mg/ml;
FtsZ-GFP, 0.1mg/ml; GFP-FtsZ, 1.4mg/ml; Caulobacter FtsZ-YFP 0.75-1mg/ml).

To polymerize bundles of FtsZ, wild-type FtsZ and FtsZ-YFP protein were diluted into 25mM
PIPES with 1M sodium glutamate at pH 6.5 to final concentrations of 70 ug/ml and 200 ug/ml,
respectively. Then, final concentrations of ImM GTP and 10mM Magnesium sulfate were added.



On the other hand, to polymerize single filaments of FtsZ, final concentrations of wild-type FtsZ
and FtsZ-YFP were both 20ug/ml. Final concentration of 1mM GTP was added, and that of
Magnesium sulfate was reduced to 4mM.

For polymerization of C-terminal FtsZ-GFP bundles, final concentrations of wild-type FtsZ
and FtsZ-YFP were 70ug/ml and 120ug/ml, respectively. For polymerization of C-terminal FtsZ-
GFP protofilaments, final concentrations of wild-type FtsZ and FtsZ-YFP were both 20ug/ml. For
polymerization of N-terminal GFP-FtsZ protofilaments, final concentrations of wild-type FtsZ and
FtsZ-YFP were both 50ug/ml. Concentrations of GTP and magnesium sulfate are the same as
FtsZ-YFP. To polymerize Caulobacter FtsZ-YFP, Caulobacter FtsZ-YFP were diluted into 25mM
PIPES at pH 6.5 to a final concentration of 300ug/ml. Final concentrations of 1mM GTP and
10mM Magnesium sulfate were added.

1.2 Plasmid Construction

E. coli strains used for protein purification were constructed as follows: to fuse GFP to the amino-
terminus of FtsZ (GFP-FtsZ), a plasmid-encoded copy of E. coli FtsZ was subcloned 3 to the
GFP gene in plasmid pDSW207 using Sacl and HindIII restriction sites. In this plasmid vector,
the GFP gene is encoded upstream of the multiple cloning site. The resulting ApR plasmid was
transformed into F. coli XL1-Blue, yielding strain WM3775. A carboxy-terminal fusion of GFP to
FtsZ (FtsZ-GFP) was made by amplifying FtsZ with a forward primer encoding a Sacl restriction
site and a reverse primer encoding both a Pstl restriction site and a tetra-asparagine linker to
promote flexibility between FtsZ and GFP. The insert was digested with Sacl and Pstl and ligated
into plasmid pDSW208. The GFP gene is located downstream of the multiple cloning site in
pDSW208, allowing carboxy-terminal fusions of the inserted gene to GFP. The resulting ApR
pDSW208-FtsZ plasmid was transformed into XL1-Blue to create strain WM3776. To construct
an FtsZ-YFP fusion that would produce an FtsZ protein with an internal YFP, the EYFP gene
was PCR-amplified with primers 1201 (GTT CAG CAG CCA GTG ATG GAT CGC AGT AAA
GGA GAA GAA CTT TTC ACT) and 1202 (CGG AGC CAT CCC ATG CTG CTG GTA TTT
GTA TAG TTC ATC CAT GCC ATG). The sequences corresponding to FtsZ are underlined.
The amplified product was then used as a mega-primer for the Quikchange mutagenesis kit, using
pDSW208-FtsZ (no fusion to GFP) as a template, inserting the EYFP between amino acid residues
338 and 339 of FtsZ to make FtsZ1-338-YFP-FtsZ339-383 (FtsZ-YFP). This corresponds to the
linker region between the polymerization domain (1-320) and the C-terminal tail (370-383) of FtsZ.
The FtsZ-YFP fusion was cloned into pDSW208 and transformed into XLI-Blue to make strain
WM3308. Native FtsZ was overproduced from strain WM971, which carries FtsZ downstream of
the T7 promoter of expression vector pET11a; this strain was a gift from Harold Erickson.

1.3 Cell Synchronization

C-terminal FtsZ-GFP E. coli strain was cultured in M9 media with 0.2% acetate. In this minimal
nutrient media, the doubling time of E. coli cells is elongated to 3 hours; the DNA copy number
is always between 1N-2N [1]. To synchronize the cell cycle, DL-serine hydroxamate (SigmaAldrich,
S4503) was added to a final concentration of 1 mg/ml, which stops cell cycle at a new round
of DNA replication. Ongoing rounds of replication still progress to completion [1]. Then, serine
hydroxamate was washed out after all ongoing DNA replications are completed. Cells resumed the
cell cycle in good synchrony. Polarization microscopy was done within the first cell cycle after the



synchronization, and data from two time points before and after the formation of visible septum
were analyzed and compared.

1.4 Z-linker Constructs

In their polarized fluorescence microscopy experiments, Kampmann et al. [2] created a fusion of
Saccharomyces cerevisiae protein Nic96 to GFP that was functional in vivo and yielded a high
amplitude in anisotropy readings. This construct, Nic96-GFP(-8/-5), is composed of Nic96 protein
that is truncated at its C-terminal alpha helix by 8 amino acid residues and GFP that is truncated
at its N-terminal alpha helix by 5 amino acid residues. The fusion of the two truncated proteins
yields a single, rigid alpha helix at the fusion site RETYST/ELF, where RETYST are residues
826-831 of Nic96 and ELF are residues 6-8 of GFP. To create a more rigid linker between FtsZ and
GFP, the Nic96-GFP linker region (RETYSTELF) was inserted between FtsZ and the remainder of
GFP (residues 9-238) forming FtsZ-Nic96inker—trunc GFP. To make this construct, we first amplifed
FtsZ with a forward primer encoding a Sacl site and the N-terminus of ftsZ (#1430) and a reverse
primer encoding the C-terminus of FtsZ, the linker region RETYSTELF, and residues 9 and 10 of
GFP (#1733). In a separate reaction, we amplified gfp using a forward primer that also encoded
the C-terminus of FtsZ, the linker region RETYSTELF, and residues 9 and 10 of GFP (#1732)
and a reverse primer encoding the C-terminus of GFP and a Pstl site (#1736). We then used
combinatorial PCR to combine both PCR products using primers #1430 and #1736. The final PCR
product was digested with Sacl and Pstl restriction enzymes and ligated into vectors pDSW208
and pDSW208-flag, which contains a flag sequence between EcoRI and Sacl sites. pDSW208-
ftsZ-nicY6)inker—truncg€fp and pDSW208-flag- ftsZ-nic96iinker—truncgfp were transformed into XL1-
Blue cells yielding WM4363 and WM4364, respectively.

Similar to the approach used by Kampmann et al. [2], we truncated the C-terminal alpha helix
of FtsZ by 4 amino acid residues and fused it directly to N-terminally truncated GFP to create
trunc FtsZ-truncGFP. We made this construct by first amplifying truncated ftsZ (encoding residues
1-379) using a forward primer encoding a Sacl site and the N-terminus of ftsZ (#1430) and a
reverse primer encoding residues 374-379 of FtsZ and residues 6-11 of GFP (#1735). In a separate
reaction, we amplified gfp (residues 6-238) using a forward primer encoding residues 374-379 of
FtsZ and residues 6-11 of GFP (#1734) and a reverse primer encoding the C-terminus of GFP and
a Pstl site (#1736). We used combinatorial PCR to combine both PCR products using primers
#1430 and #1736. The final PCR product was digested with Sacl and PstlI restriction enzymes and
ligated into vectors pDSW208 and pDSW208-flag. pDSW208-truncftsZ-truncgfp and pDSW208-flag-
truncftSZ-truncgfp were transformed into XL1-Blue cells yielding WM4365 and WM4366, respectively.

2 Supporting Text

2.1 Orientational distribution of fluorophore dipoles in vitro

As shown in Fig. S1, after filtering by the polarizer, the excitation light has an orientation parallel
to the focal plane. Thus, neglecting phases, the incoming excitation electric vector is

where I;, is the intensity of the excitation light, and p is a unit vector in the direction of the electric
vector.



After passage through the objective, some depolarization occurs and the excitation light is no
longer fully polarized in the p direction. Taking into account this depolarizing effect, the excitation
light after passing through the objective can be written as

E;, = Iin(lpp + Iqq + Irr) (2)

where q is a unit vector perpendicular to the polarization direction, r is a unit vector in the
direction of propagation, and I, 4, are the components of Ecgcitation in (P, q,r) directions. In our
experiment, q correspond to the Lab X -axis (shown in Fig. S1 in the supplemental material); r
correspond to the Lab Y-axis and p is orthogonal to (g, r). The microscope objective we use has
a numerical aperture of NA = 1.45. If we integrate over the electrical field in the focal plane, we
have I, = 0.62, I, = 0.08 and I, = 0.30 [3].

When interacting with the fluorophore in witro, the incoming light is also the light exciting
the fluorophore: E;, = Ecsicitation- Only the projection of excitation light on the orientation of
fluorophore dipole is absorbed, and then emitted

Ecmission (Eexcitation : D)D (3)

where D is the fluorophore dipole vector [4]. This is because the rotational correlation time of
fluorophores such GFP and YFP is significantly longer than their fluorescence lifetime [5, 6]. Also
for GFP and YFP used in this study, the fluorphores’ absorption and emission transition dipoles
are mostly parallel [5, 7]. The emitted light is then filtered by the analyzer, and the analyzed light
is collected by the camera. Taking into account depolarization effects of the emission through a
high numerical aperture objective, the emitted fluorescence intensity collected by the camera is

Towt (Eout)2 X Lin [Kp(Eemission : P)2 + Kq(Eemission : Q)2 + Kr(Eemission : r)ﬂ
= Ilnf(pv q,r, D) (4)
where E,,; is the final electric vector reaching the camera, K, 4, is the fraction of the component
of Egy in the directions of (p,q,r) [8]. Here, for an objective with NA = 1.45, we use K, = 0.377,
K, =0.011 and K, = 0.144.
We also vary the polarizer direction with respect to the lab axis and compare the emission

intensities when the polarization is parallel and perpendicular to p-axis. Therefore, the excitation
field in the parallel direction is

Ein,H =V I’mUpp + 1,9 + Ir) (5)

I o« I [Kp(Eout,H P)’ + Kg(Epur) - 9)° + K (Bouy | 'T)Q}

= Infy(p,q,r,D) (6)
and (note (I, I;) have changed places)
Ein— = VIn(Igp + I,q+ I,1) (7)

I: X Iz [Kq(Eout,: : p)2 + Kp(Eout,z : Q)2 + Kr(Eout,: . r)ﬂ
Iinf=(p,q,r, D) (8)
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Fig. S 1: The microscopy setup showing the arrangement of the polarizers and the coordinate system
describing the direction of the fluorophore attached to FtsZ filaments. (A) For protofilaments and
bundles, we define the orientation of the fluorophore with respect to filament direction using angles
and ¢, where D is the fluorophore dipole vector and D’ is its projection on the XY plane. (B) The
microscopy setup using two polarizers. The sample is analyzed with respect to the polarization direction.
The angle between the lab X-axis and the filament is defined by .. The polarization anisotropy is plotted
as a function of the angle a. The same setup is used for in vitro and in vivo experiments.



where the || polarizer direction is along p and the = polarizer direction is along q.

For small bundles of FtsZ in wvitro, the fluorophore dipole is fluctuating rapidly on the time scale
of the experiment. The probability distribution of the fluorophore dipole needs to be considered
to quantitatively analyze the data. As shown in Fig. S1, we use two angles, 6 and ¢, to define D.
Therefore, the average collected fluorescence intensity is

21 T
() & (Tin fi| (D@, 1, D)) o Lin /0 /0 £/ (P> @, T, D)p(D) sin §dfds 9)

and similarly for (I_). The probability distribution p(D) is the orientational distribution of the

dipole, which we take as
p(D) = p(¢)p(0). (10)
where
o0 cos(é—bo)
fOQW e@©03(¢—60) ¢
obeos(2(0—00)]

foﬂ' ebcos[2(0—00)] sin HdH

p(¢) = p(¢ia,¢o) =

(11)

p(0) = p(0;b,00) =

(12)

Here a and b are parameters describing the widths of the angular distributions. ¢¢ and 6y are
the centers of the distributions, these orientations represent the most probable orientation of the
fluorophore.
By collecting fluorescence data from randomly oriented FtsZ protofilaments, we can calculate
the polarization anisotropy as
(1) — (L

_ =) _ o
Pla) = m = P(«a;a,b, ¢, 00) (13)

where « is the angle of the protofilament with respect to the lab X-axis (Fig. S1). This is experi-
mentally measured. Therefore by fitting the experimental curve, we can obtain information about
the orientational probability distribution of the fluorophore with respect to the filament.

Using nonlinear optimization in Matlab, we have determined the parameters for a, b, 5y and
¢o that best explain the experimental data. In Fig. S2, we see that for the in wvitro FtsZ-YFP
protofilaments, we can only obtain a good fit to the experimental data when 6y = 0° and ¢y = 0°.
Thus, the most probable orientation of the fluorophore is parallel to the protofilament. However,
the distributions are quite broad (relatively small a and b values), the probability of observing other
fluorophore orientations are quite high. These results suggest that the fluorophore has an angular
distribution roughly equal to the distribution shown in Fig. S2 around the protofilament direction.

The fitted results for FtsZ-YFP bundles show generally the same 6y and ¢g values, but with
narrower distribution widths (Fig. S2(B)). This is sensible since in a bundle, fluorophore fluc-
tuations are presumably more constrained. PFM is able to measure this change in orientational
distribution.

Results from GFP-FtsZ and FtsZ-GFP filaments are also examined using this approach. We
find that 6y and ¢ are all similar, indicating that the fluorophore generally is aligned with the
filament direction. This alignment does not appear to depend on the position of fluorophore label,
although the width of the distributions does show some variation.
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Fig. S 2: Calculation of orientational distribution of fluorophore dipole in vitro. The fitted fluo-
rophore distributions for polarization data from (A) FtsZ-YFP protofilaments and (B) bundles, and
(C) C-terminal FtsZ-GFP protofilaments, (D) C-terminal FtsZ-GFP bundles, (E) N-terminal GFP-
FtsZ protofilaments, and (F) C-terminal FtsZ-YFP in C. crescentus. The best fit distributions for
C-terminal FtsZ-YFP, FtsZ-GFP and N-terminal GFP-FtsZ protofilaments all show highest probability
at 6y = ¢p = 0, which is the orientation where the fluorophore dipole is parallel to the filament. (Note
PFM is unable to decipher whether the dipole is parallel or antiparallel to the filament.) (G) A cartoon
of the 3D orientational distribution of fluorophore dipoles around the FtsZ filament. There is some
orientational disorder. The average dipole directiong are along the filament.
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Fig. S 3: Coordinate system describing the orientation of the fluorophore dipole with respect to the
protofilament in the local frame of the cell (X,Y,Z). In reality, filaments in the cell are not precisely
aligned in the same direction. The protofilament orientation is described by an orientational distribution.
The relationship between the fixed cell frame and the local frame of the fluctuating filament (X", YY", Z")
is given by the rotation matrix R. The rotation procedure is given in the text.



2.1.1 Optical anisotropy of bacterial cell body and correction of PFM data

As common for many biomaterials, we found that the bacterial cell itself is optically anisotropic.
For instance, the peptidoglycan layer, the cell membrane or other protein structures in the cell
could be birefriengent, which will influence the results of polarized microscopy. If this is the case,
depolarized light emitted within the cell body can become partly polarized. To examine this, we
performed polarized microscopy on E. coli that only expresses freely diffusing GFP in the cytoplasm
(Fig. S4). The freely rotating GFP molecules should only emit completely depolarized fluorescence.
In our measurement, we also use a relatively long exposure time so that rotational diffusion should
give isotropic fluorescence.

Our measurements show that fluorescent signals from diffusing GFP still shows some polariza-
tion anisotropy. The anisotropy is small (Fig. S4A). This result implies that the bacterial cell is
optically anisotropic and converts the isotropic fluorescence emitted from freely diffusing GFP into
partly polarized light. To quantitatively describe this intrinsic anisotropy, we can decompose the
incoming and outgoing light into two components. One component is along the cell axis (Z in Fig
S3) and the other component is along the circumferential direction (X). We use a parameter C
which is the ratio of the circumferential component to the axial component to describe the amount
of optical anisotropy:

Ecicitation = B(a) “Ein (14)

where B is a transmission matrix that depends on the angle of the cell with respect to the incoming
light E;,.
Ccosa 0 Csina
B = 0 1 (15)
—sina 0 cosa

Similarly, the light received by the photo detector is also a similar function of the emitted light.
Eou = B(Oé) - Eemission (16)

The fit shows C' = 0.984, which means the circumferential component is roughly 2 percents smaller
than the axial part. Similar measurements for free YFP in C. crescentus also shows polarization
anisotropy, with C' = 0.975 (Fig. S5).

With the quantitative result from the freely diffusing GFP, we then use this intrinsic anisotropy
to correct the data for all E. coli strains with GFP or YFP fused with FtsZ in the Z-ring (Fig. S4
and S5). Here we assume the cellular optical anisotropy effects are equal for all different strains
because of the same cell wall structure. After the correction, all polarization anisotropy plots show
smaller amplitudes, which means the Z-ring is less anisotropic if the cellular optical anisotropy is
considered (Fig. S4). However, C. crescentus FtsZ-YFP data shows a different maximum after
correction (Fig. S5).

2.2 Orientational distribution of FtsZ-ring filaments in live cells

Having examined the orientation of the fluorophores in vitro, it is then possible to obtain estimates
of the filament orientation in vivo. Since N- and C-terminal GFP and YFP tagged FtsZ all show
similar polarization results both in vitro and in wvivo, it is reasonable to conclude that in the live
cell the fluorophore orientation on the FtsZ protofilaments are similar as in wvitro situation. Using
the orientational distributions of fluorophores with respect to protofilaments in vitro, we can then
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Fig. S 4: (A) Intrinsic polarization anisotropy in bacterial cells with freely diffusing GFP in E. coli.
The angle « is the angle of the cell axis with respect to the lab X-axis. The intrinsic anisotropy could
arise from birefringence of biomaterials such as the cell wall. (B) We can use the free GFP data as a
calibration reference to correct anisotropy results from fluorophores attached to FtsZ. The correction
accounts for anisotropic transmission of excitation and emitted light.
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infer the orientational distribution of FtsZ filaments in vivo by fitting the polarization data both
from side view and cross-sectioned view. As shown in Fig. S3, we use two spatial angles 5 and v to
describe filament orientations in the lab frame. We explicitly consider two possibilities (Fig. S6),
FtsZ filaments in the ring which are oriented in the cell-axis direction and in the cell circumference
direction. « is the angle between the Z-ring and the lab X-axis. We use the data to obtain the best
fit distributions in these two directions. We ask whether the data can be quantitatively explained
by these orientations.
The direction of the fluorophore dipole in the local frame of the cell, D, can be computed as
(Fig. S6A)
D=R-u(4,9¢) (17)

where u is the direction of the fluorophore dipole in the local frame with respect to the filament
and R is a rotation from the filament frame to the local cell frame (Fig. S3). Since the orientation
of the fluorophore is defined by angles 6 and ¢ in the frame (X", Y"”  Z"), we first find (X', Y’, Z")
by rotating along the Y-axis by v and then along the Z-axis by 3. To go from (X', Y’ Z’) to
(X", Y" Z"), we then rotate along Z’' by angle . Thus, the overall rotation from the lab frame
(X,Y,Z) to (X", Y" Z") is specified by three angles (3,v,%). The rotation matrix is

cos fcosycosy —sin Ssinty —cos B cosysinty — sin S cosy cos [siny
R = sinfcosycosy + cosfsiny —sinfcosvysiny + cosBcosy sinFsin-y (18)
—sinycos vy sin 7y sin ¢ cos 7y

Note 1 has no direct bearing on the direction of the filament, it simply defines the fluorophore
position with respect to the filament.
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In the live cell fluorescence measurement, cytoplasmic FtsZ, which has an isotropic angular
distribution, will contribute to the final signal. Therefore, the fluorophore angular distribution is a
sum from the cytoplasmic component and the Z-ring component: I' = I'; +T'5. It was reported that
30-40% of FtsZ resides in the Z-ring[9, 10]. From our own data, we find that 40% of the labeled
FtsZ is in the Z-ring. Within the cropped Z-ring image, FtsZ in the Z-ring is 70% of the total
signal and the cytoplasmic FtsZ accounts for 30%. Therefore, the cytoplasmic angular distribution
should be I'y = 0.3/872. The Z-ring FtsZ distribution, I's, is described by the filament angular
distributions in the local cell frame as I's = 0.7 x p(8)p(v)p(¢), where

eccos(ﬂfﬂo)
f0277 eccos(ﬁ—ﬁg)d/@

edeosl2(r—70)]
p(v) = p(vid;) = T edeosla

p(B) = p(Bic,fo) = (19)

2
¥=70)] sin fydfy ( O)

p(v) is also similarly defined. Given the filament angular distribution, the total measured fluores-
cence intensity is then

27 ™ 27 2r  pm
@yt [ 777 [T ip.a . Dp(0, 0B, 7, v)sinbdbds sindvdidy  (21)

where p is the fluorophore distribution with respect to the filament. p has been determined in wvitro
and we use the same distribution to compute the in vivo data.

Table 1: Best fit parameters for angular distributions in Egs. (5) and (6) in the main text (Egs.
(11) and (12) in the SM), describing the orientation of the fluorophore with respect to the FtsZ
filament in vitro.

’ In wvitro orientation with respect to FtsZ \ a (width of p(¢)) \ b (width of p(0)) \ oo \ 0o ‘

FtsZ-YFP 0.87 0.12 0° | 0°
FtsZ-YFP Bundle 0.01 0.19 0° | 0°
FtsZ-GFP 0.79 0.14 0° | 0°
FtsZ-YFP Bundle 1.26 0.25 0° | 0°
GFP-FtsZ 1.00 0.17 0° | 0°
C. crescentus FtsZ-YFP 0.92 0.13 0° | 0°

2.2.1 Fitting of orientational distribution of Z-ring laments in live cells

To examine the in vivo data, we look for average angular orientation Sy and g that minimize the
overall error between data and the theoretical curve. For each By and 7y, we optimize the other
variables (¢,d) to achieve minimum error. We use the data from the very top slice to avoid any
geometrical effects. The results and fitted distributions are shown in Fig. S6 for FtsZ-YFP. We see
that both average axial and average circumferential orientations can explain the data. However,
these distributions are consistent with each other, since the fitted filament distributions are all quite
broad. Both types of fits show significant axial and circumferential orientation for some filaments.
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These quantitative data suggest an essentially disordered organization for FtsZ in F. coli, where
large portions of the filaments are oriented in axial as well circumferential directions.

Similar results are obtained for C-terminal FtsZ-GFP (Fig. S7) and N-terminal GFP-FtsZ (Fig.
S8). Indeed, it is possible to fit this data with other average orientations. But the fitted distributions
all are very broad, showing significant disorganized arrangement. In Figs. S6, S7 and S8, we show
representative FtsZ filament arrangements in the Z-ring based on the fitted distributions, the results
from these strains are consistent with each other.

Table 2: Best fit parameters for angular distributions in Eqgs. (11) and (12) in the main text (Egs.
(19) and (20) in the SM), describing the orientation of the FtsZ filaments in the Z-ring with respect
to the cell axial and circumferential directions. We use two different average orientations: axial and
circumferential. The fitted parameters indicate broad angular distributions and are consistent with
each other. The pictorial representations of these distributions are shown in Figure 5 and Figure
S6-S9

’ In vivo FtsZ orientation \ ¢ (width of p(B)) \ d (width of p(v)) \ Bo \ Yo ‘
E. coli FtsZ-YFP axial 4.98 1.10 0° | 0°
E. coli FtsZ-YFP circumferential 5.00 0.00 0° | 0°
E. coli FtsZ-GFP axial 5.00 0.11 0° | 0°
E. coli FtsZ-GFP circumferential 5.00 0.06 0° | 0°
E. coli GFP-FtsZ axial 5.00 0.28 0° | 0°
E. coli GFP-FtsZ circumferential 5.00 0.00 0° | 0°
C. crescentus FtsZ-YFP axial 5.00 0.00 0° | 0°
C. crescentus FtsZ-YFP circumferential | 0.00 4.93 0° | 0°

2.3 Axial versus circumferential alignment in Caulobacter crescentus

To check whether the polarized fluorescence measurements agree with previous cryo-electron mi-
croscopy results for Caulobacter crescentus, we imaged C-terminal FtsZo.~-YFP of C. crescentus
(courtesy of L. Shapiro Lab) from the side using the same setup and imaging procedures. After
correction for the intrinsic polarization of the cell body, the curve shows a pronounced maximum
at @ = 90° (Fig. S9). Using the same fitting procedure, we find that only the circumferential
organization can explain this data (Fig. S9B). This is consistent with the cryo-EM results of Ref.
[11]. Thus, our measurement appears to reproduce prior results from a different technique.

2.4 Dividing versus non-dividing cell

To check whether FtsZ organization changes during cell division and septum formation, we exam-
ined the polarization signal for dividing versus non-dividing cells. Two methods were utilized. In
the first method, we classify cells by the presence of a visible septum (Fig. S10, A and B). These
cells show similar level of polarization anisotropy. There is no difference between cells with septum
and without. Next, we synchronize cells in grown in poor nutrient conditions. The synchronization
and measurement procedures are discussed in the Materials and Methods section. In side view, the
polarization anisotropy results are shown in Fig. S10. Again, we find no significant difference in
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Fig. S 6: Analysis of the polarization anisotropy data from the side view for FtsZ-YFP in E. coli. (A)
From images collected at the top of the Z-ring (slice a in the main text Figure 3), the lab coordinate frame
is defined with z-axis in the cell axis direction. (B,C) Two average orientations of the FtsZ filaments
are used to fit the data, the axial direction (B), and the circumferential direction (C). The filament
orientations are defined by angles of v and 3. (D) Angular distribution fitted from the axial average
orientation. We used the fitted distribution to generate the sample Z-ring organization which shows
both axial and circumferential alignment. (E) The fitted distribution using the circumferential average
orientation. The fitted distribution for «y is essentially uniform, consistent with (D). The generated
Z-ring from this distribution is also essentially the same as in D, suggesting a disorganized orientation

for FtsZ in the Z-ring.
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Fig. S 7: Analysis of the polarization anisotropy data from the side view for C-terminal FtsZ-GFP in
E. coli. The results are similar to FtsZ-YFP. (A) is the fit using an average axial orientation (see Fig.

S6). (B) is the fit using a circumferential average orientation. Once again, The distribution for 7 is
quite wide to almost uniform. The results suggest a disorganized Z-ring.
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Fig. S 8: Analysis of the polarization anisotropy data from the side view for N-terminal GFP-FtsZ in E.
Coli. (A) is the fit using an average axial orientation (see Fig. S6). (B) is the fit using a circumferential
average orientation. The results are consistent with those obtained from FtsZ-YFP and FtsZ-GFP.
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Fig. S 9: Analysis of the polarization anisotropy data from the side view for C-terminal FtsZ-YFP
in C. crescentus. (A) is the fit using an average axial orientation (see Fig. S6). (B) is the fit using
a circumferential average orientation. Now, the axial orientation cannot explain the data but the

circumferential orientation fits the data well. Therefore, we conclude that FtsZ in C. crescentus is
oriented in the circumferential direction.
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FtsZ organization in dividing vs. non-dividing cells. However, the Z-ring appears to be different in
poor nutrient conditions and fluorescence signal from the ring is significantly less. The polarization
signal is also less pronounced in the poor nutrient condition. Therefore, these results suggest that
the Z-ring is similarly disorganized before and during cell division, although the actual composition
of the ring and the number of FtsZ filaments depend on nutrient level of the medium.

3 Additional Controls

3.1 Results for Septin in Yeast

To check that our results are not artifacts from the microscopy apparatus, we use the same setup
to measure polarization anisotropy in a system with verified filament alignment. In Saccharomyces
cerevisiae, the division protein septin forms a filamentous ring at the division site. It was found
that during cytokinesis, the orientation of septin filaments rotate from the cell axis direction to
the circumferential direction [12]. This orientation change coincides with the formation of two
split division rings. Fig. S11 shows the polarization anisotropy results obtained for S. cerevisiae
strain Cdc12-ConGFP4 (courtesy of A. Gladfelter Lab), which was used in the original experiment.
Our apparatus completely reproduces the polarization change, which indicates that our measured
polarization anisotropy is not an instrument artifact.

3.2 Manipulating the FtsZ-GFP Linker

As a positive control, we sought to manipulate the disordered peptide linker between FtsZ and GFP.
If changes in this linker region can rotate the relative orientation of the GFP-dipole with respect
to the FtsZ filament, and this rotation can be observed in live cells, then we can be confident that
the GFP-dipole is an accurate reporter of the FtsZ filament orientation.

Several constructs of this type are made. These are:

e Z-Nic96linker-truncGFP (clone F10)= E. coli FtsZ (residues 1-383, full-length)-Nic96 (residues
826-831 of the 839aa protein)-GFP (residues 6-238 of the 238aa protein)

FLAG-Z-Nic96linker-truncGFP (clone H4)

truncZ-truncGFP (clone E2) = E. coli FtsZ (residues 1-379 of the 383aa protein)-GFP
(residues 6-238 of the 238aa protein)

FLAG-truncZ-truncGFP (clone G1)

Z-mCherry-Z (clone 2)= E. coli FtsZ (residues 1-176 of the 383aa protein)-SGSS (linker
peptide)-mCherry-SGAPG (linker peptide)-E. coli FtsZ (residues 177-383 of the 383aa pro-
tein)

Of these, only clone F10 and E2 were viable and showed significant fluorescence signal. The
polarization data from these constructs are shown in Fig. S12. We see reduced polarization
anisotropy and no discernible patterns. These constructs are likely disordered, which cannot report
on the organization of FtsZ effectively.
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Fig. S 10: Comparison of polarization anisotropy for dividing and non-dividing E. coli. (A) FtsZ-YFP.
(B) C-terminal FtsZ-GFP. Both results show no discernible difference between dividing and non-dividing
cells, suggesting that FtsZ organization does not change during division.
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Fig. S 11: Polarization control using S. cerevisiae. (A) Images of Cdc12-ConGFP4 in the hourglass
phase. Fluorescence images with vertical and parallel polarizer. (B) Images of Cdc12-ConGFP4 in the
split ring phase. Fluorescence images with vertical and parallel polarizer. (C) Measured polarization
anisotropy as a function of the angle of the cell with respect to the Lab X-axis. The complete rotation
in polarization anisotropy is observed.
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Fig. S 12: Polarization anisotropy data for Z-linker constructs F10 and E2. (A) The E2 construct is
obtained by deleting several residues in the C-terminal linker between FtsZ and GFP. The F10 construct
is obtained by inserting a segment of Nic96 between FtsZ and GFP. (B) The polarization data for these
constructs, unfortunately, did not show discernible anisotropy.
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3.3 FtsZ-ring in MinCDE Deletion Cells

To examine if the organization of the Z-ring is regulated by the MinCDE system, we also measured
the orientation distribution of FtsZ-GFP in MinCDE deletion strains of F. coli. E. coli cells without
MinCDE have multiple Z-ring at mid cell or near the cell poles (Fig. S13). Again, our quantitative
analysis show that the organization of FtsZ filaments is disordered. This is true for the mid cell as
well as polar Z-rings (Fig. S13). Results seem to suggest that Z-rings are slightly more disordered
in these cells. However the difference is small. Therefore, we conclude that MinCDE is not a
significant factor regulating the orientation of filaments in Z-ring.
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Fig. S 13: Analysis of the polarization anisotropy data from the side view for FtsZ-GFP in a MinCDE
deletion strain of E. coli. 176 cells are included. (A) fluorescent image show that most cells have two
or three Z-rings (B) Fit to the polarization anisotropy using an average axial orientation (see Fig. S6).
(C) Fit to the polarization anisotropy using a circumferential average orientation. The distribution for

~ is almost uniform for all Z-rings in these cells. The results suggest a disorganized Z-ring when the
MinCDE system is not present.
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