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The movement of filamentous, actin-like MreB and of enzymes synthesizing the bacterial
cell wall has been proposed to be highly coordinated. We have investigated the motion
of MreB and of RodA and PbpH cell wall synthesis enzymes at 500 ms and at 20 ms
time scales, allowing us to compare the motion of entire MreB filaments as well as
of single molecules with that of the two synthesis proteins. While all three proteins
formed assemblies that move with very similar trajectory orientation and with similar
velocities, their trajectory lengths differed considerably, with PbpH showing shortest
and MreB longest trajectories. These experiments suggest different on/off rates for
RodA and PbpH at the putative peptidoglycan-extending machinery (PGEM), and during
interaction with MreB filaments. Single molecule tracking revealed distinct slow-moving
and freely diffusing populations of PbpH and RodA, indicating that they change between
free diffusion and slow motion, indicating a dynamic interaction with the PGEM complex.
Dynamics of MreB molecules and the orientation and speed of filaments changed
markedly after induction of salt stress, while there was little change for RodA and PbpH
single molecule dynamics. During the stress adaptation phase, cells continued to grow
and extended the cell wall, while MreB formed fewer and more static filaments. Our
results show that cell wall synthesis during stress adaptation occurs in a mode involving
adaptation of MreB dynamics, and indicate that Bacillus subtilis cell wall extension
involves an interplay of enzymes with distinct binding kinetics to sites of active synthesis.

Keywords: cell shape maintenance, MreB cytoskeleton, Bacillus subtilis, RodA, single molecule dynamics

IMPORTANCE

The shape of bacterial cells is dictated by the shape of the cell wall, a peptidoglycan (PG) polymer.
The polymer is synthesized by the combined activity of transglycosylases (TG) that extend PG
strands and transpeptidases (TP) that crosslink strands. Using a combination of superresolution-
microscopy and single molecule tracking, we show that in Bacillus subtilis, a TG and a TP enzyme
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show similar directional movement when involved in PG
synthesis, but different lengths of times for this slow movement.
Filament-forming, membrane-associated protein MreB, which
is also essential for proper cell wall architecture, moves in
parallel with TPs and TGs underneath the cell membrane, but
with longer persistence than TGs and TPs, indicating that the
enzymes transiently interact with MreB filaments. At a single
molecule level, MreB, RodA, and PbpH show different dynamics,
especially during a phase of adaptation after environmental stress,
where TG and TP continue their regular dynamics, while MreB
becomes more freely diffusive and forms fewer filaments that
are less mobile. While cell growth continues, the patterns of
incorporation of new cell wall material becomes more irregular,
indicating that MreB filaments are not required for cell wall
extension per se, but likely contribute to the accuracy of the
pattern of synthesis.

INTRODUCTION

Bacteria have evolved an enormous assortment of different shapes
to adapt to vastly different niches (Yang et al., 2016). In recent
years, it has become clear that a multitude of proteins affect
cell morphology: not only do enzymes that actively extend the
existing peptidoglycan (PG) strands hugely impact cell shape
(Cabeen and Jacobs-Wagner, 2005), but also proteins that affect
ionic conditions within the wall (i.e., proteins generating teichoic
acids within the cell wall) (Schirner et al., 2009), proteins that
form filamentous structures within the cell (actin-like MreB)
(Graumann, 2007), and also proteins that provide precursors
of cell wall material. It appears that an intricate interplay
exists between various intra- and extracellular synthetic enzymes,
which may be coordinated by an apparent scaffold of MreB
filaments underneath the cell membrane.

MreB has been intensively investigated. Initially it was
presumed that MreB (as well as its two paralogous proteins
in B. subtilis Mbl and MreBH) form long, helical filamentous
structures, that localize circumferentially along the cell periphery
(Errington, 2015). Utilizing advanced fluorescence microscopy
techniques like total internal reflection fluorescence microscopy
(TIREM), super-resolution structured illumination (SIM) and
stimulated emission depletion (STED), MreB has been identified
to localize in much smaller assemblies with varying lengths,
from a few hundred nanometers up to micrometers (although
there has been recent evidence against very long structures,
Billaudeau et al., 2019), that processively move along tracks
mostly perpendicular to the long axis of the cell (Dominguez-
Escobar et al.,, 2011; Olshausen et al., 2013). It has been suggested
that the intrinsic curvature of MreB filaments is responsible for its
circumferential localization pattern and its observed preference
for regions with the greatest principal membrane curvature,
which could guide the correct orientation of the enzymes of
the cell wall elongasome responsible for cell wall synthesis
(Hussain et al, 2018). According to a popular view, MreB
provides a coordination of cytosolic enzymes that synthesize
the cell wall precursor B-(1,4) linked N-acetylglucosamine/N-
acetylmuramic acid (a disaccharide connected to a five amino

acids polypeptide) with the motion of membrane proteins that
synthesize the cell wall on the other side of the cell membrane.
Such enzymes include RodA, a major peptidoglycan polymerase
(Meeske et al., 2016; Emami et al., 2017), bifunctional Penicillin-
binding proteins (PBPs) that contain glycosyl transferase activity
(i.a. PG polymerization) and amino acid transferase activity,
monofunctional PBPs that solely perform the amino acid
transferase step that crosslinks the glycan strands, and cell wall
hydrolases. Indeed, MreB physically interacts with PBPs, RodA,
MreC, and MreD membrane proteins (Figge et al., 2004; Defeu
Soufo and Graumann, 2006; Kawai et al., 2009), as well as
with MurG and other precursor-synthesis enzymes (Mohammadi
et al., 2007; White et al.,, 2010; Favini-Stabile et al., 2013).
Moreover, the motion of some cell wall synthetic enzymes
has been shown to parallel that of MreB filaments using live
cell fluorescence microscopy (Dominguez-Escobar et al., 2011;
Garner et al., 2011; Morgenstein et al., 2015; Cho et al., 2016).
Interestingly, when cell wall synthesis is inhibited, the motion
of MreB filaments becomes highly reduced (Dominguez-Escobar
et al., 2011; Garner et al,, 2011; van Teeffelen et al.,, 2011),
which has led to the model that perpendicular movement of
MreB filaments is driven by the polymerization activity of cell
wall synthetases.

More recent studies of MreB have used particle tracking
methods and computational analysis to identify patterns of
motion. In both E. coli and B. subtilis various subpopulations
of MreB could be differentiated, some following helical tracks,
while others appear to move more randomly (Lee et al., 2014;
Billaudeau et al., 2017). It has also been observed that B. subtilis
might regulate the speed of MreB structures in response to an
upshift in nutrient availability, while in E. coli speeds did not
vary significantly, but the distribution of subpopulations shifted,
suggesting differing mechanisms of adaption in gram positive and
negative organisms (Billaudeau et al., 2017).

Curiously, the presence of MreB in cells is essential, but can
be avoided when magnesium levels in the medium are increased
to higher than usually used levels for growth in B. subtilis
(Formstone and Errington, 2005). It has also been shown that
the three mreB paralogous genes in B. subtilis, mreB, mbl, and
mreBH, have overlapping functions, and that a triple deletion can
be achieved by an upregulation of the sigma I transcription factor
that responds to cell envelope stress (Schirner and Errington,
2009). This connection between MreB and regulation of cell wall
stress response has not been investigated in much detail yet.

We wished to analyze and compare the movement of
MreB filaments and that of two important peptidoglycan
synthesis enzymes, RodA and PbpH (class B monofunctional
transpeptidase), at high spatiotemporal resolution, by using
a combination of Total Internal Reflection Fluorescence -
Structured Ilumination Microscopy (TIRF-SIM) and single-
molecule tracking (SMT). This allowed us to follow the
movement of molecules at two different times scales: TIRF-
SIM visualizes the ensemble movement of polymerized MreB
molecules and of several RodA and PbpH molecules at 2 frames
per second, revealing the dynamics of entire MreB filaments,
while SMT follows the movement of single molecules at 50 frames
per second, which reveals even freely diffusive motion. We also
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reasoned that conditions of optimal growth may not reflect the
entire repertoire of MreB dynamics. Because of the genetic link
between mreB deletion and magnesium homeostasis in the cell,
we analyzed protein and cell wall synthesis patterns and dynamics
in cells that were osmotically stressed, uncovering that especially
under these conditions, the motion of cell wall synthesis enzymes
and that of MreB strongly deviates.

RESULTS

TIRF-SIM Tracking Shows That MreB,
RodA and PbpH Move Along Similar
Trajectories With Similar Velocity

MreB assembled into filaments has been shown to processively
move underneath the cell membrane, along trajectories that run
in both, opposing orientations, mostly perpendicular to the short
axis of rod shaped cells. MreB movement has been correlated
to an apparently similar movement of enzymes involved in cell
wall synthesis (Dominguez-Escobar et al., 2011; Garner et al.,
2011; van Teeffelen et al, 2011). We wished to gain a clearer
view on the dynamics of the molecules using superresolution
(SR) fluorescence microscopy, with the specific question whether
MreB filament dynamics indeed follow similar paths and have
similar dynamics compared to RodA and PbpH cell wall synthesis
enzymes, and if MreB, RodA, and PbpH behave similarly at the
single molecule level.

TIRF-SIM can reveal protein dynamics at a spatial resolution
of about 120 nm and in the range of few seconds for
temporal resolution, while SMT has a temporal resolution in
the milliseconds range. We imaged GFP-MreB [or YFP-MreB
for SMT, these fusions have been shown to functionally replace
wild type MreB in Reimold et al. (2013)] in 0.5 s intervals,
using a custom built setup (Roth et al., 2020). In order to avoid
overproduction artifacts, the fusion was expressed at very low
levels (0.01% xylose) from an ectopic site on the chromosome,
such that cells express very few GFP-MreB molecules besides
wild type MreB protein (Supplementary Figure S1A). Such cells
showed rod cell shape indistinguishable from that of cells that
did not carry an additional copy of gfp-mreB (Supplementary
Figure S1C) (Dominguez-Escobar et al., 2011; Reimold et al,,
2013). Supplementary Figure S2A shows a typical single TIRF-
SIM image of GFP-MreB filaments. Figure 1A shows an
average (time projection) over 20 subsequent TIRF-SIM images,
indicating all positions of MreB proteins during a time window of
20 s, whereas the time standard deviation in Figure 1B indicates
the average changes in these positions and thereby the dynamics
of MreB filaments. The red-green overlay shown in Figure 1C
illustrates the changes over time, revealing MreB filaments that
move or are statically positioned.

From 100 trajectories analyzed through their kymographs,
we found a velocity of v = 37 & 16 nm/s for the movement
of MreB filaments (note that ectopically expressed GFP-MreB
dynamics closely resemble those of GFP-MreB expressed from
the original gene locus, Olshausen et al.,, 2013). The trajectory
angle was around 6 = 88 =+ 8°, trajectory length observed was

469 + 261 nm (an example of time resolved movement is shown
in Supplementary Figure S2D). These data are in agreement
with earlier reports on the dynamics of MreB filaments (Garner
et al.,, 2011; Billaudeau et al., 2019). It has to be considered
that the observation of tracks longer than L, = 800 nm was
not possible due to the space-time window of the evanescent
illumination of the sample.

As reported before (Olshausen et al., 2013), we observed non-
continuous movement of MreB filaments, such as stop and go
behavior or reversal (Supplementary Movie S1). Filaments with
stop and go behavior move along their trajectories and stop their
movement after some time for yet unknown reasons. Filaments
with reversal behavior move along a trajectory and change their
direction after some time. In 100 trajectories analyzed 20% were
stop and go filaments, while only 5% showed reversal behavior.

A major goal of this study was to monitor the movement
of MreB and of enzymes that synthesize the cell wall with the
same SR microscopy setup (Rohrbach lab). RodA has recently
been identified as a major driver of peptidoglycan synthesis
(Meeske et al., 2016; Emami et al., 2017). We generated a GFP-
RodA and a YFP-RodA fusion that was integrated at the original
gene locus by single crossover. The first 500 bp of the rodA
gene were used to create the N-terminal fusion, such that the
original promoter drives expression of a truncated rodA gene,
while the GFP- or YFP-RodA fusion is driven by the xylose
promoter. We used 0.1% xylose as level of induction, because
this resulted in the generation of rod shaped cells with wild type
morphology (Supplementary Figure S1E), while lower levels led
to the formation of round cells (data not shown). A similar fusion
has been described to be able to functionally replace the wild type
protein (Dominguez-Escobar et al., 2011). Although we cannot
rule out that the protein fusion is somewhat overproduced, it
retains functionality to replace the wild type protein.

Different from the filamentous structures seen for YFP-MreB
(Supplementary Figure S2A), YFP-RodA localized as discreet,
diffraction-limited signals with no more than 120 nm in diameter
(this is the resolution in x/y of >TIRF-SIM) (Supplementary
Figure S2E). Please note that single SIM images are shown in
Supplementary Figures S2A,E,H, while Figures 1A,D,G show
time averaged fluorescence of several SIM images. From the latter,
it can be seen that many YFP-RodA spots moved perpendicular to
the long axis of the cells (Figure 1D). A majority of RodA signals
moved along a trajectory at the cell periphery for a few seconds
and then disappeared, as demonstrated by the homogeneous
intensity projection in Figure 1D. Only a minority appeared for a
few seconds without moving and then disappeared, resulting in a
speckle-like distribution of the standard deviation (Figure 1E).
Of note, movement occurred in both directions relative to
the long axis of the cells, within the same cell, showing that
similar to MreB filaments, RodA assemblies can move with
opposing directionality. The velocities of the RodA signals were
v = 33 £ 16 nm/s and the trajectory angles were 6 = 88 £ 10°.
Similar to MreB, we observed stop- and go events or reversals
of movement (Supplementary Figure S2L), however, fewer than
seen for MreB. Our data are comparable to findings on directed
movement of RodA and Pbp2 in E. coli cells (Cho et al., 2016),
and of RodA in B. subtilis (Dominguez-Escobar et al., 2011).
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arbitrary units.
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Standard
deviation
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FIGURE 1 | TIRF-SIM analysis of exponentially growing cells expressing functional GFP-MreB YFP-RodA and YFP-PbpH fusions from ectopic sites on the
chromosome. (A) Time-averaged intensity of 20 subsequent images (time projection) of MreB filament dynamics, (B) corresponding standard deviation (time
projection) of MreB filaments, (C) overlay of time projection and standard deviation, revealing static (red) and dynamic (yellow) filaments. Note that there is a space
window of Lmax = 800 nm, due to the TIRF-illumination and a corresponding time window of t,ax = L/v. (D) Average intensity of 20 subsequent images (time
projection) of YFP-RodA dynamics, (E) corresponding standard deviation (time projection) for YFP-RodA, (F) overlay (see C), (G) average intensity of 20 subsequent
images (time projection) of YFP-PbpH assemblies, (H) corresponding standard deviation (time projection), (I) overlay. Heat maps show fluorescence intensities as
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As a second representative of cell wall enzymes, we tracked
YFP-PbpH, which also has been reported to constitute a
functional fusion protein (Dominguez-Escobar et al., 2011), also
expressed at low level from the original gene locus. The fusion
was constructed analogous to that of YFP-RodA; thereby, YFP-
PbpH expression is driven by the xylose promoter, as sole
source of the protein in the cell. Cells expressing this fusion
and carrying a deletion of the gene encoding for Pbp2a (pbpA)
had wild type morphology (data not shown). Because a deletion
of both, pbpH and pbpA genes is lethal (Wei et al, 2003),
this suggests that the YFP-PbpH fusion can functionally replace
the wild type fusion. Supplementary Figure S2H shows that
similar to RodA, YFP-PbpH appeared distributed in discreet
round or elongated structures along the surface of the cell,
which moved along trajectories that were mostly perpendicular
(Figures 1G-I), similar to MreB and RodA. Similar to RodA,
YFEP-PbpH spots either moved and then disappeared, were static
and disappeared, and showed noticeable reversals or stop and go
motion (Supplementary Figure S2K). The velocities of the PbpH
structures were v = 38 &= 22 nm/s and the trajectory angles were
6 =92+ 14°.

When compared with each other (Supplementary Figure S3),
all three proteins showed preferential movement along 90°, with
PbpH having the broadest distribution, and moved at similar
velocities. Please note that RodA and PbpH do not show normal
distributions of velocities. Thus, the mean values of for the
velocity distributions only serve as an indicator for the distinct
dynamics of MreB, RodA and PbpH that are apparent in the
distinct shape of the distributions, as well.

MreB, RodA and PbpH Show
Considerably Different Trajectory
Lengths

Next, we analyzed the length of the trajectories, i.e., the
time for which assemblies or filaments could be observed to
move along the perpendicular (or deviating) trajectories. While
PbpH moved on trajectories for a relatively short time of
approximately 2.4 s and then disappeared, RodA and MreB
showed considerably longer trajectory times, approximately 3.8
and 8 s, respectively (Figure 2).

Although MreB was labeled with GFP and PbpH with
YFP, the different bleaching speeds cannot be a plausible
explanation for the strikingly different trajectory lengths. One
has to consider that the proteins were imaged with TIREF-
SIM using a 50 mW laser with a wavelength of 488 nm,
generating about 1 mW/50 um? in the sample plane. This gentle
excitation of the fluorophores avoided unnecessary bleaching.
Considering this, a complete bleach out of the photostable
fluorophore YFP after 2-5 s is rather unlikely; faster bleaching
of YFP compared to the less stable GFP is also highly unlikely.
Thus, we conclude that the observed dynamics are a result
of the protein dynamics of PbpH. All measured results are
shown in Table 1. From the trajectory lengths and times, we
considered the length of disaccharide units inserted with one
cell wall precursor having approximately 1 nm, and calculated
binding rates kog[Hz] (koy = L ). RodA showed a rate

trajectory time

of 0.26 & 0.15 [Hz], and for PbpH, a correspondingly higher off
rate of 0.41 £ 0.19 [Hz]. Thus, if indeed RodA and PbpH are in
a synthetically active mode while they move directionally, PbpH
exchanges more rapidly than RodA.

Based on the observed similar velocities and angle
distributions (Supplementary Figure S3), our experiments
support the model that MreB, RodA, and PbpH move together,
but do not progress alongside for more than a few seconds,
and that RodA and PbpH have different times of interactions
with MreB, and with their substrates. This is in agreement
with several interaction studies (Kawai et al., 2009; White et al.,
2010) showing direct or indirect physical connections between
MreB, RodA, and PBPs. The similar velocities at yet differing
trajectory times (Figure 2) indicate that RodA and PbpH may
hop on and oftf MreB filaments during exponential growth,
and spend different time spans in their cell wall synthesis-
mode, ie., in a synthetically active complex with MreB, and
otherwise diffuse within the membrane, which is shown below.
Transient interaction times with different RodA and PBP
molecules, which may extend peptidoglycan strands in different
directions relative to the circumference of the cell, would
explain changes of trajectory angles of MreB filaments, and their
stop and go periods.

MreB Single Molecule Dynamics Can Be
Explained by 2 Populations With Distinct

Diffusion Coefficients

Using TIRF-SIM, we gained insight into the dynamics of
polymerized MreB molecules, and of RodA and PbpH molecules
moving at a similar speed, which are assumed to be actively
involved in cell wall synthesis. We wished to gain insight into
the percentage of MreB molecules bound within filaments, and
of unbound molecules that we assumed to be freely diffusing
along the membrane or through the cell. We employed single
molecule tracking using 20 ms stream acquisition, such that
the movement of diffusive molecules can be visualized, reaching
a 25-fold higher temporal resolution than in TIRF-SIM. Our
setup of “YFP-bleaching” based SMT avoids blue-light induced
inhibition of cell growth (EI Najjar et al., 2020), and uses lower
laser powers than live PALM. A “slim-field” microscope setup
illuminates an area with a diameter of about 15 pm, where
initially, fluorescent molecules are bleached until single molecules
per cell are visible, which are identified by characteristic single
bleaching steps (Figures 3A,B) (Rosch et al., 2018a). U-track
(Jagaman et al., 2008) identifies the centroids of point spread
functions via Gaussian-fitting, and links the sub-pixel events,
which were classified as tracks if they showed at least four
uninterrupted steps (Figure 3B).

As explained above, YFP-MreB was expressed in a
merodiploid background, such that very few YFP-MreB
molecules were present in a wild type MreB background,
allowing that single molecule level was reached very quickly
to avoid extended bleaching of cells. An example of MreB
tracks of a B. subtilis strain expressing YFP-MreB under the
inducible xylose promotor (low induction: 0.01% xylose) from
an ectopic site on the chromosome can be seen in Figure 3A,
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FIGURE 2 | Comparison of velocity and trajectory time distributions of MreB, RodA, and PbpH On the right hand side the similar velocities of MreB, RodA, and
PbpH can be seen. The histograms of the protein velocities are shown with their respective Gaussian fit. On the upper part of the figure the histograms of the
trajectory times and their respective Gaussian fits are shown. While PbpH has very short trajectory times, RodA and MreB have longer trajectory times. Trajectory
lengths (TL) longer than 800 nm were not observed (gray dotted line). Standard deviations of the binned measurements are shown with error bars, the shaded area
around the graphs is the error of the Gaussian fit, which is calculated with the square root of the value.
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and in Supplementary Movie S2. Bleaching of a single molecule
that is fluorescent in the gray shaded area to background levels
is shown in Figure 3B. Polygonal cell meshes (Figure 3C)
were included in Oufti (Paintdakhi et al., 2016), tracks were
identified using u-track (Jagaman et al.,, 2008), and are shown
in blue (non-confined) and red (confined tracks, 120 nm
radius) in Figure 3C. We did not allow for any gaps within
tracks, average track length was 7 steps, 10% of all tracks
were longer than 10 steps, giving us confidence that we can

adequately monitor MreB single molecule movement with
sufficient statistical reliability. We employed a Matlab-based
program called SMTracker (Rosch et al., 2018b) to analyze the
obtained tracks. Tracks could be analyzed individually, on a cell
to cell basis, or projected onto a standardized cell of 4 x 1 pm
(Figure 3D). An example of the generally perpendicular
movement, is shown in Figure 3D. For 100 individual cells,
around 1000 tracks could be identified, with a localization
precision of ~50 nm (Supplementary Figure S1E). Tracks
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TABLE 1 | Dynamic parameters of MreB, RodA and PbpH.

MreB RodA PbpH
Mean + Std velocity [nm/s] 37 £16 33.5+ 16 38 £ 22
Mean I Std trajectory angle [°] 88+ 8 88.7 £ 9.8 91.8 + 14
Mean I' Std trajectory length [nm]  469.5 + 261 292 +£202 151.8 +66.2
Mean I Std trajectory time [s] 8+3 3.8+2.1 24+11
Mean I' Std PG-insertions [no.] 470 + 260 292 £+ 202 1562 + 66
Mean I' Std kos[Hz] - 0.26 +£0.15 0.41 £0.19

longer than three times the average lifetime of a fluorophore
(3.6 s) were considered outliers and discarded from analyses.
Instead of using Mean Squared Displacement (MSD) analysis,
which calculates diffusion constants of all observed molecules,
we determined diffusion rates from Gaussian mixture model
(GMM) curve fits (Figure 4A). GMM analyses can reveal if
the probability density function of observed displacements of
molecules can be explained by a single population (e.g., one
freely diffusive population), or by several populations (e.g.,
a DNA-bound or diffusive population for a DNA-binding
protein). The goodness of the Gaussian fits was determined by
comparing observed with predicted data spreads, for all tested
condition the R? was at least 0.98, indicating sufficient data
quality (Supplementary Figure S4E).

We found that MreB diffusion could be best described
by at least two existing populations: A fast population
(053 wm?s~! + 0.08) and a slow-moving population
(0.044 pm?s~—! £ 0.005) (Figures 4A,D). Moreover, our
SMTracker tool enables us to compare different methods
of obtaining diffusive populations. When we calculated the
diffusion via GMM, jump distance analysis or apparent diffusion,
we found that in all cases one population would not be sufficient
to describe the data (not shown). A two population GMM fit
could well explain the data, suggesting that the slow-moving
population corresponds to filament-bound MreB, while the
faster population likely consists of molecules that freely move
along the membrane or through the cytosol. Because MreB
is not an integral membrane protein but has a membrane
anchor (Salje et al, 2011), it is most likely that the mobile
fraction reflects membrane-associated and unbound MreB.
The diffusivity of D = 0.044 pm?s~! 4+ 0.005 corresponds
to a slow-moving membrane protein (Lucena et al, 2018),
and is comparable to MreB filaments moving at a speed of
35 nm/s, while 0.53 pm?s™! & 0.08 is in the range of a freely
diffusing cytosolic protein (e.g., DnaA, Schenk et al, 2017).
The relatively low diffusion constant of MreB could be based
on some molecules moving along the membrane, as MreB has
membrane-affinity (Salje et al., 2011), or could be based on
MreB possibly moving as a multimer (e.g., trimer), which we can
not presently distinguish. In comparison to the non-Gaussian
distribution of MreB data in Figure 4A, a freely diffusive protein
such as Phosphofructokinase (PfkA) shows an almost completely
Gaussian distribution (El Najjar et al., 2018). Fitting of the GMM
data suggests that 46 = 10% of the expressed MreB molecules
are in the freely diffusive mode, while 54 £ 10% are bound to
filaments (Figures 4A,D). When all tracks obtained from many

cells are projected into a standardized cells of 3 x 1 pm (average
length of cells), regions of how and high density of molecules
can be visualized. Such a “heat map” of YFP-MreB molecules
(Figure 4A) reveals a concentration toward the center of the
cell, due to the fact that molecules were tracked by moving
the focal plane toward the top of the cells to best capture the
membrane-bound proteins. This may lead to an overestimation
of membrane-associated molecules versus cytosolic, freely
diffusing molecules. It should also be noted that the diffusion
constant for filamentous, slow-moving/membrane-associated
MreB must be corrected by a factor of 1.23 in order to account
for the curvature of the membrane, as was experimentally
determined (Lucena et al., 2018). The true diffusion constant
of freely diffusive MreB in the cell is also higher, because
movement in the Z-direction is ignored in SMT experiments,
because only 2D movement can be captured, unless a special
3D setup is used.

We also tracked a GFP-Mbl fusion that is expressed as sole
source of the protein in the cell, from the original gene locus
under its native promoter. This fusion is thus expressed at
physiological level. Single molecule dynamics of GFP-Mbl were
in the same range as those of YFP-MreB (Figures 4E-H), with
comparable diffusion constants of two detectable fractions, with
the main difference that 63% of molecules rather than 54% of
YFP-MreB molecules were in the slow-mobility/filament bound
fraction (Figures 4E,H), supporting the view that we were able to
realistically track MreB molecules in live cells.

RodA and PbpH Single Molecule
Dynamics Suggest Slow-Moving,
Synthetically Active Molecules and

Freely Diffusive Molecules

Next we wanted to compare the single molecule behavior of
MreB with two proteins involved in the peptidoglycan synthesis
machinery, RodA and PbpH. We expressed both fusions from the
amylase locus using very low inducer conditions, such that very
few copies were expressed in addition to wild type RodA or PbpH.
In both cases, by applying a GMM curve fit, we could observe
that the data can be well described by two mobile populations
(RodA: R*> = 0.9129, PbpH: R*> = 0.8826) (Figures 4B-
D, goodness of fit analysis: Supplementary Figure S4E).
Assuming a single population did not fit with the clearly
visible presence of static and mobile molecules seen in SMT
acquisitions (see Supplementary Movie S3 as an example for
YFP-PbpH), and with the non-Gaussian distribution of steps
(Figures 4B,C). These data suggest that about 40% of RodA
molecules are in a slow-moving (0.099 £ 0.008 pm?s—!)
mode, and 60% in a fast-mobile mode (0.613 % 0.08 pm?s~!,
Supplementary Figure S5B), while 55% of PbpH molecules
are engaged in low mobility, and thus possibly in cell wall
synthesis (0.08 & 0.005 wm2s~!) and 45% in a mobile mode
(0.66 £ 0.09 um?s~ !, Supplementary Figure S5B). The diffusion
constants determined for freely diffusing, single span membrane
proteins is in the same range as those determined for RodA
and PbpH (note that diffusion constants of membrane proteins
depend on the number of transmembrane spans rather than
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FIGURE 3 | Single molecule tracking of YFP-MreB. (A) Tracks (red, containing several steps) of linked sub-pixel localization events, identified by Gaussian-fitting,
overlaid on a time-lapse of YFP-MreB (20 ms acquisition time), scale bar 2 um; (B) Relative intensity of identified track as normalized arbitrary units over time;

(C) Example of a chain of B. subtilis cells in exponential phase (oxyl-yfo-mreB::amyE,+ 0.01% Xyl) with applied polygonal meshes (white) overlaid with
single-molecule tracks of expressed YFP-MreB (blue) and confined tracks (red, 200 nm radius), scale bar 2 um; (D) Distribution of tracks in a single exemplary cell
(normalized), single track is highlighted.

molecule size, and is not much lower than that of cytosolic spans, for which we have no explanation. These data suggest
proteins) (Lucena et al., 2018), so it is likely that the fast-mobile  that similar to Pbp2a in E. coli (Lee et al., 2014), B. subtilis
fractions correspond to freely diffusive molecules. Diffusion of RodA and PbpH change between a bound and diffusive state
RodA is somewhat abnormal as it contains 10 transmembrane  within the membrane. Heat maps of RodA and of PbpH showed

Frontiers in Microbiology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 1946


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Dersch et al.

Dynamics of MreB and Synthases

>
s 2}

o
>

MreB RodA

[—__JProbability
Double fit
------ Static Population
~ = Mobile Population

[ Probability
Double fit

------ Static Population
— = Mobile Population

o

N

."

Probability density [xm™1]
w
~

Probability density [um1]
P

-

-0.5 0 05 05
Displacement Ax, Ay [um). (N = 10382) Displacement Ax, Ay [um]. (N = 8474)

5 N [C__JProbability I
N |[——Double fit 5
110 N Static Population 10°F
4 | " = = Mobile Population ||
+0.5M NaCl

Diffusive fraction sizes
{:’ Probability ’T:l Probability

50

O
h]
o
-]
T

Probability density [um 1]

MreB. RodA PbpH

m
3
-n

46%
Double fit = Double fit
===+ Static Population [\ |- Static Population

t| [~ = Mobile Population fT} = = Mobile Population

o

Probability density [zm™]
S

. A ) o 4| LI
05 025 0 025 05 05 025 0 025 05
G Displacement Ax, Ay [;m] H Displacement Ax, Ay [um]
10 +1M sorbiol 100
[_JProbability

@ Fraction Size
Double fit Diffusion
== - Static Population

— = Mobile Population

€ e
. ® e e
Z 6 510"
§ 2 581%  522%  37.3%
z g
: @
g 5
g il A19%  478%  62T%
. AR
-05 -0.25 0 0.25 0.5 1M Sorbitol 500mM NaCl wr

Displacement Ax, Ay [um] Conditions

FIGURE 4 | Comparison of MreB, RodA, and PbpH single-molecule motion.
(A-C) Two-population Gaussian-mixture-model (GMM) fit of (A) MreB,

(B) RodA, (C) PbpH displacement vs. probability density and corresponding
heat map of the probabilistic distribution of tracks in a normalized cell (dark
red: higher probability, white: lower probability); (D) Bubble-plot of the diffusive
populations (relative fraction sizes, D [um?2s™']) as identified by
non-simultaneous GMM curve fit for MreB, RodA and PbpH; (E-H)
Single-molecule dynamics of GFP-Mbl. expressed under control of the native
promotor. Simultaneous two-population Gaussian-mixture-model (GMM) fit of
displacement vs. probability density, (E) under normal growth, (F) with the
addition of 0.5 M NaCl, (G) with the addition of 1M sorbitol; (H) Bubble-plot of
the diffusive populations (relative fraction sizes, D [um?2s™']) as identified by
GMM curve fit.

a more dispersed pattern than observed for MreB (Figure 4A),
in agreement with the spot-like localization of RodA or PbpH
versus the filamentous structures of MreB seen in TIRF-SIM
(Supplementary Figure S2).

Please note that the fast acquisition rate we chose does
not allow us to discriminate between slow-moving and static
molecules. For Pbph2 from E. coli, it has recently been shown
that three populations exist, a diffusive, a slow-mobile and a static
one (Ozbaykal et al., 2020). The purpose of our study was to
compare dynamics of MreB, RodA and PbpH, we therefore did
not track all proteins with many different acquisition rates, but
chose one that allowed us to best distinguish between diffusive
and slow mobile molecules, assuming the latter to be associated
with cell wall extension or repair. Moreover, we did not find
a large degree of directed motion for the slow mobile/static
fractions we determined for MreB, RodA, and PbpH, which
would have been predicted from the directed motion of MreB
filaments. To investigate this point, we analyzed GMM fitting
that we employed for comparison of changes over differing
conditions, which assumes a Brownian diffusion model (MSD:

= 1). We analyzed tracks that are sufficiently long to yield
information on a possibly confined or directed movement of the
respective molecule (MSD: a # 1). As the average track length
for the data sets was around seven steps, and because MSDs
calculated from sets of short tracks intrinsically tend toward
linearity, we firstly categorized the a-value of molecules showing
at least nine steps via a classical non-linear least squares fit
(MSD(t) ~ 4D4t"). For YFP-MreB, for example, this threshold
left ~20% of tracks for analysis. Supplementary Figures S4A-D
shows that more than 90% of all MreB tracks are characterized
by Brownian motion, while less than 10% show directed (alpha
close to “2”) or constrained (alpha close to “0”) motion. Even very
long tracks (18 steps or more) revealed less than 20% constrained
or directed motion, showing that at the short lifetime of SMT
molecules, a large majority of molecules behave in a Brownian
manner. Analysis of RodA and PbpH alpha values yielded similar
results (not shown). Thus, directed motion of MreB filaments
can only be differentiated and characterized if longer time frames
(seconds rather than milliseconds) are used, which must be
considered when using SMT.

We also determined localization errors, calculated from the
y-axis intercept of the single trajectory MSD curves, generated
form the dataset by the software SMTracker (Rosch et al., 2018b).
We obtained about 54 nm for MreB and RodA, or 50 nm for
PbpH (Supplementary Figure S1F). To compare this to the
localization error of a protein that is statically anchored in the
cell, we determined the localization error for ComEB, which is
part of a large cell wall-associated DNA uptake machinery, during
the state of competence (Kaufenstein et al., 2011). ComEB is a
soluble part of this membrane-spanning multiprotein complex,
and we found a localization error of 39 nm for ComEB-YFP
(Supplementary Figure S1F). Thus, there is higher motion
for MreB, RodA, and PbpH compared to a static molecule,
likely because even the slow-mobile population shows movement
relative to the cell wall.

Taken together, these experiments show that single molecule
tracking can distinguish between two mobility modes for RodA
and PbpH, and support the idea that freely diffusing RodA and
PbpH molecules are recruited to sites of active cell wall synthesis,
and that about half of the molecules are engaged in a transient
PGEM complex (or other activities leading to constrained
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mobility, Vigouroux et al.,, 2020), and the other half are in a
diffusive state in search for sites of active cell wall synthesis.

Osmotic Stress Mainly Influences the
Dynamics of MreB, but Not of RodA and
PbpH

After we observed that diffusion of MreB, RodA, and PbpH was
distinguishable during normal growth, we investigated if and
how diffusion would be influenced under non-optimal growth
conditions. Since peptidoglycan is important to counteract
osmotic stress we analyzed how proteins involved in PG synthesis
behave at a single molecule level under different osmotic stress
conditions. We grew the cells in minimal media (S750) until
exponential phase (OD: 0.4-0.6) and added 0.5 M NaCl (osmotic
and ionic stress) or 1 M Sorbitol (osmotic stress) to the media
for 30 min before mounting cells on agar pads containing
normal growth medium (lacking stressors) and microscopic
acquisition. Both 0.5 M NaCl and 1 M Sorbitol apply moderate
stress to the cells (Hoffmann et al, 2013). Note that there
was no detectable effect on cell shape in cells expressing
a low amount of YFP-MreB as additional copy, compared
with completely wild type cells (Supplementary Figure S1D),
and cells continued to grow, albeit somewhat more slowly
(Supplementary Figure S1B).

Strikingly, the three proteins reacted to osmotic stress
in a different manner. The slow-moving MreB population
increased in its diffusion constant (0.074 pm?s~! 4 0.02)
and was reduced to 43% =+ 5.3 after addition of NaCl, and
diffusion constants of the faster population increased after salt

(0.79 wm?s~! £ 0.12) and sorbitol (0.62 wm?s~! £ 0.009)
stress, while the diffusion pattern of PbpH did not change
considerably in response to osmotic stress (Figure 5). Likewise,
the slower RodA population did not exhibit a major change in the
diffusion constant after salt stress (0.096 pm?s~! 4 0.016), but a
minor decrease in response to sorbitol (0.084 pm?s~! + 0.01)
(Figure 5 and Supplementary Figure S5A). Similar to the
unstressed conditions, two populations with distinct diffusion
constants for RodA and PbpH and MreB respectively were
sufficient to explain the spread of probabilities; in all cases,
R? tests showed highly reliable data qualities (Figure 5 and
Supplementary Figures S4E, S5B). For the three replicates
done on three separate days that are summarized in Figure 5,
the change in dynamics under both stress conditions was
significantly different (a0 = 0.01) from the respective unstressed
condition for MreB and for RodA, but not for PbpH
(Supplementary Figures S5A,B). Even though statistically
significant for RodA, the difference in dynamics is minimal
compared to that of MreB.

A similar effect of stress response on MreB dynamics was
observed for tracking of a GFP-Mbl fusion, driven by the original
promotor, as sole source of the protein in the cell (Dominguez-
Escobar et al,, 2011), in that the fast population increased under
osmotic stress (Figures 4E-H), suggesting that similar to MreB,
Mbl changed from a more polymerized to a less polymerized ratio
after stress induction.

Taken together these findings suggest that while MreB shows
a considerable response to osmotic stress, RodA and PbpH seem
to be not or only marginally affected in their presumed synthesis-
engaged mode.
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FIGURE 5 | Scatterplot of the relative fraction sizes and diffusion D [um?s '] as identified by non-simultaneous GMM fit for MreB, PbopH, and RodA under normal
growth and with the addition of 0.5 M NaCl or 1 M Sorbitol.
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MreB Localization and the Pattern of
Peptidoglycan Synthesis Change Under

Osmotic Stress

Because we observed that osmotic stress conditions have a
different effect on the diffusion of MreB and of RodA and PbpH
being involved in PG-synthesis, we further investigated if the
patterns of PG-synthesis and of MreB macrostructures are also
altered under these conditions. We used the fluorescent-D-amino
acid stain HADA to visualize the insertion of peptidoglycan under
normal growth and after the addition of 1 M Sorbitol or 0.5
M NaCl.

When cells were grown to exponential phase in minimal
media (S750) and then stained for 20 min with HADA, we
observed a similar PG-pattern to what was previously described
for B. subtilis by other groups (Kuru et al,, 2012; Hsu et al,
2017), a weak staining of the lateral cell wall and strong staining
of the septum (Figure 6A). Interestingly, after inducing osmotic
stress, this pattern changed dramatically, and HADA staining
became discontinuous and somewhat “patchy,” especially during
salt stress. Similarly, the pattern of localization for MreB changed
from more dispersed filaments and spots toward fewer and
brighter structures (Figure 6A). These changes corroborate with
the SMT data showing a reduction in the static fraction of MreB
(Figure 5). Changes in the HADA and YFP-MreB patterns can
be seen in the demographs, in which the positioning of signals
is scored relative to the cell center (Figure 6B). Importantly,
cells continued to grow after stress induction (Supplementary
Figure S1B), at a slightly lower rate than before stress induction,
in agreement with the marginal changes in the slow/static
fractions of RodA and of PbpH (Supplementary Figure S5A and
Figure 5). Both enzymes apparently continue to synthesize the
cell wall with little reduction of the fraction of enzymes actively
involved in cell wall extension.

Fewer and Less Mobile MreB Filament
Assemblies Form During Osmotic Stress
While the Normal PG-Synthesis Pattern

Recovers

Because of the distinct changes in the PG-synthesis pattern and
in MreB localization dynamics shortly after induction of osmotic
stress, we continued to monitor these patterns over time. After 1 h
the cells became markedly bent and crooked (Figure 6C). Using
HADA-staining we observed the synthesis of PG over the prior
20 min respectively; cells continued to grow, indicated by the
incorporation of HADA, even though the pattern of PG-synthesis
was discontinuous and spotty (Figure 6C and Supplementary
Figure S6). MreB macrostructures localized mainly in short,
immobile assemblies (Figure 6C), in a similar manner as
observed 20 min after induction of osmotic stress (Figure 6A).
Strikingly, after 2 h, cells appeared to straighten out, and the
pattern of PG-synthesis had recovered to a more uniform state
(Figure 6C), similar to what was previously observed for non-
stressed cells. In contrast, MreB localization remained similar
to post-stress conditions, with fewer and brighter structures
(Figures 6A,C). These macrostructures were largely immobile,

or very slow moving, during epifluorescence microscopic
acquisitions (Figure 6D). To visualize YFP-MreB filaments with
highest resolution available to us, we used G-STED (where sub-
50 nm in x/y direction can be reached), which revealed that a
substantial number of these structures corresponded to short,
misaligned filamentous assemblies (Figure 6E). Strikingly, some
structures formed by MreB during osmotic stress ran in parallel
to the long axis, and not perpendicular, as under optimal growth
conditions. In some cases we could observe very long filaments
(several hundred nanometers), stretching along the long axis
of the cell (Supplementary Figure S6). Note that STED will
not visualize short (weakly fluorescent) mobile MreB filaments,
which may well be present under these conditions (200 Hz
unidirectional scanning, four-line averaging). Given that the
pattern of cell wall synthesis recovered during that time, it is clear
that this can occur in spite of the presence of more stationary
MreB filaments. The same behavior was observed for a functional
GFP-Mbl fusion expressed from the original gene locus under
control of its original promoter (data not shown).

In order to verify changes in MreB filaments following osmotic
stress, we tracked the movement of GFP-MreB filaments using
SIM tracking. Figure 7A shows that the localization pattern
of GFP-MreB changed after addition of sodium chloride and
became more patchy. Analyzing a similar number of cells for
both conditions (n = 471 steady state, n = 481 salt stress),
we found that the displacement was decreased toward lower
step sizes (Figure 7B) (median 124 nm steady state to 93 nm
after stress), indicating that filament motion became lower,
and that both, integrated density of filaments (mean 6713 AU
steady state to 4694 AU after salt stress) and area occupied by
filaments (mean 7.09 wm? steady state to 5.44 pwm? after stress)
became significantly smaller (Figure 7C). These data support the
SMT analyses in that less MreB is associated with filamentous
structures, and that more molecules become diffusive. Addition
of sorbitol yielded very similar shifts in displacement, integrated
density and area of GFP-MreB filaments (data not shown).

We also observed changes in the MreB localization patterns
during other stress conditions using STED. After 1 h of
incubation without shaking (no aeration) there were no
longer filaments visible but mostly small immobile spots
(Supplementary Figure S6C). After 5 min of 50°C heat shock we
saw a pattern of shorter, seemingly more disorganized filaments
(Supplementary Figure S6E), revealing that MreB filaments
strongly react to different stress conditions.

Taken together, our findings reveal that changing
environmental conditions have a significant effect on both
the localization and dynamics of MreB filaments and of diffusing
MreB molecules, and that regular incorporation of new cell wall
material and regular dynamics of RodA and PbpH after stress
adaptation is incongruent with MreB mobility.

DISCUSSION

The question how large protein machineries assemble and
orchestrate synthetic activity is of broad biological interest.
Of special interest is the question how the multitude of
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FIGURE 6 | Fluorescent D-amino acid stain reveals MreB localization and the pattern of peptidoglycan synthesis change under osmotic stress. (A) Bright field,
YFP-MreB (green-channel), HADA (red-channel, 0.5 mM) and overlay images of B. subtilis cells in exponential phase, expressing YFP-MreB under the control of the
xylose promotor (+0.01% xylose) in S750 media: 20 min HADA staining without stress and with added 0.5 M NaCl or 1 M Sorbitol, images taken after washing 3
times with PBS, scalebar 2 wm; (B) Demograph of the distribution of YFP-MreB and HADA signal throughout n = 100 cells during normal growth or with added 0.5
M NaCl or 1; (C) Brightfield, YFP-MreB (green-channel), HADA (red-channel, 0.5 mM) and overlay images of B. subtilis expressing YFP-MreB under the control of the
xylose promotor (+0.01% Xyl) in S750 media: 20 min HADA staining with added 0.5 M NaCl after 1 and 2 h, images taken after washing three times with PBS,
scalebar 2 um; (D) Line-kymograph of the movement of an exemplary YFP-MreB macrostructure (red rectangle) 2 h after 0.5 M NaCl addition in x- (red); y-direction
(blue) over 60 s; (E) Gated-STED image of YFP-MreB after 2 h of 0.5M NaCl addition (green), overlaid on a DIC image of the cells; scale bars 2 pm.
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transglycosylases (TG), transpeptidases (TP) and hydrolases
that are involved in cell growth through extension of the
cell wall is coordinated such that their activity is distributed
along a cylindrical surface, in case of rod shaped bacteria.
However, in spite of the pivotal role of the bacterial cell
wall as a major target for antibiotics, and despite decades of
research, the 3D structure of the cell wall and its mode of

synthesis in terms of spatiotemporal enzyme coordination
are still poorly understood. We have used a combination
of super-resolution fluorescence microscopy (SIM and
STED) and single molecule tracking (SMT) to investigate
the localization and dynamics of two cell wall synthesis enzymes
and the equally important MreB protein at high temporal and
spatial resolution.
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According to an earlier model, peptidoglycan-extending
(PGE) enzymes set up a stable complex, the PGE machinery
(PGEM). A tight interaction and coordination of the extension
of glycan strands (TPs), the crosslinking of these via peptide side
chains (TPs) and the removal of hindering crosslinks (hydrolases)
was assumed to be required for the cell wall growth, and to ensure
that especially hydrolases do not act at unwanted places within
the wall (Holtje, 1998). Several recent studies have shown that
cell wall synthesis enzymes behave in a more intricate manner
(Lee et al., 2014; Rohs et al., 2018; Vigouroux et al., 2020), and
for B. subtilis, it has been shown that the activity of the so
called Rod complex, containing RodA and associated class B
PBPs, and of class A Pbps must be well balanced (possibly by
MreB) to achieve correct cell morphology (Dion et al., 2019).
In our work, we aimed at visualizing dynamics of RodA, PbpH
(two components of the Rod complex) and MreB with the same
imaging settings. Our findings argue against the existence of
a multiprotein complex that is stable over many minutes and
suggest that enzymes of the Rod complex in Bacillus subtilis act in
a mode consisting of a mixture of diffusive motion and slow/static
mobility, with MreB movement and filament formation changing
during phases of growth adaptation.

We show by TIRF-SIM and verify that the motion of
RodA (TG) and of PbpH (TP) generally follows that of tracks
perpendicular to the long axis of the rod shaped cell, with
frequent tilts away from a 90° angle; very similar to what has been
described for MreB filaments (Reimold et al., 2013). However,
trajectories of RodA molecules are considerably shorter than
those of MreB, and those of PbpH are even shorter than RodA.
The observed MreB filaments mainly moved smoothly at a
constant velocity (without stops) over a time period ofdt = 8 +
3 s(trajectory length of 470 nm). If we assume that the filaments
are pushed or pulled along with the inserted PG-material and
that the insertion is done by a putative complex of cell wall-
synthesizing enzymes (the PGEM) complex, an estimation of the
assembly and disassembly dynamics of the PGEM complex can
be done. The PGEM complex should disassemble with MreB
kﬁff’eB > $ = (0.125 # 0.47)Hz. PbpH and RodA are thought
to form an essential part of the PGEM complex (Holtje, 1998).
Consequently, the unbinding rates of PbpH and RodA should be
in the same order of magnitude as that of MreB, and trajectory
lengths of PbpH and RodA should be as long as the trajectory
lengths of MreB. However, PbpH has a mean trajectory time of

2.4 £ 1.1 s, therefore the mean oft-binding rate is Pprkﬁ?H >

(0.42 # 0.19)Hz, while RodA with 3.8 4= 2.1 s has a mean off rate
0f 0.26 Hz. Thus, cell wall synthesis by these two enzymes occurs
quite discontinuously, including different on and off rates at the
putative PGEM complex. It follows that enzymes involved in cell
wall synthesis including RodA and PbpH bind and unbind to sites
of synthesis with different kinetics (Supplementary Figure S7)
during non-perturbed growth.

What may be the advantage of a dynamic synthesis-
machinery? We can envision that rapid exchange of redundantly
operating TGs and TPs increases the reaction speed to changes
in the environment of the cell, helping the cell wall synthesis
machinery to quickly adapt to e.g., presence of antibiotic

compounds or changes in osmolarity. Secondly, based on pure
speculation, it may be beneficial to synthesize many relatively
short, interconnected PG strands rather than fewer, long strands,
in order to increase cell wall flexibility. Thirdly, as synthesis of PG
strands appears to occur in both directions, based on RodA and
MreB movement (Reimold et al., 2013; Billaudeau et al., 2017)
(this work), this mode may benefit from rapid on/off rates in
case of crossing of strands: MreB filaments block another when
their path crosses (Olshausen et al., 2013), but at a longer time
scale, MreB filaments can cross the former path of a filament
(Hussain et al., 2018), suggesting that PG strand orientation
is not completely aligned and that collision of PG extension
enzymes can occur.

A second key finding of our work is derived from SMT
experiments, which show that RodA and PbpH change between
slow and fast movement, such that about half of the existing
molecules are in a slow mode (i.e., involved in PG synthesis) and
half are freely diffusing. This is similar to what was described for
Pbp2a in E. coli, a sister enzyme of PbpH, and shows that alike
E. coli TP PBPs (Lee et al., 2014), B. subtilis PbpH and RodA act
via diffusive motion and dynamic association with the rest of the
elongation machinery. Of note, recent work has shown that Pbp2,
a component of the E. coli Rod complex, shows three distinct
mobility fractions, one freely diffusive, one slow mobile, and one
entirely static (Ozbaykal et al., 2020). From our analyses, we can
not distinguish if the slow mobile fraction we have observed for
PbpH, RodA and MreB consist of two distinguishable fractions
in analogy to Pbp2 from E. coli. For the purpose of comparing
dynamics within the Rod complex, we have chosen to assume
free diffusion for molecules not involved in active cell wall
synthesis, and slow motion for enzymes associated with activities
in synthesis, or filament formation in case of MreB.

It had been speculated that B. subtilis and E. coli extend
their cell wall in different modes, i.e., predominant directed
movement within a stable complex (Dominguez-Escobar et al.,
2011; Garner et al., 2011) versus diffusive motion and dynamic
association (Lee et al., 2014), respectively (Banzhaf and Typas,
2014). Thus, a picture emerges with the PGEM complex moving
in a directed manner, together with MreB, being composed of
dynamically associating and dissociating subunits that otherwise
freely diffuse in the membrane, and MreB filaments possibly
recruiting new monomers from freely diffusive and membrane-
associated fractions.

An interesting finding of this work is that the mode of
correlated movement of MreB, RodA and PbpH changed
markedly when cells were challenged with osmotic stress. While
the movement of PbpH and RodA was hardly affected, MreB
showed a transient response to the stress condition, in that it
became much more diffusive. The slow-moving fraction became
smaller, and the freely diffusive fraction increased accordingly,
while dynamics generally increased under moderate osmotic
stress. The change was more pronounced in response to ionic
stress than to mere osmotic stress. This increase in diffusing
molecules to the expense of static molecules, visible at the
single-molecule level, leads us to hypothesize that a fraction of
MreB depolymerizes. In agreement with this idea we found that
on a larger time-scale, the number of MreB macrostructures
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was considerably reduced, and the fewer visible MreB filaments
became less mobile, some even completely immobile, for a
transient period of about 2 h. During this time, the pattern
of cell wall synthesis changed from a relatively uniform lateral
insertion mode to a highly spotty, seemingly less coordinated
mode (about 1 h after stress induction), while the cells continued
to grow at a slightly reduced rate. Accordingly, cells became
more bend and lost straight growth for 60-120 min. After
2 h, the pattern of cell wall synthesis developed back toward
the more uniform pattern during non-perturbed growth, while
MreB filaments still remained relatively immobile. During the
whole time of the stress response, cell extension continued,
albeit at slightly lower level, revealing that the wall extension
machinery can continue its activity in spite of altered MreB
filament numbers and decreased mobility. SR microscopy also
showed that during stress adaptation, filament orientation can
strongly deviate from the perpendicular pattern seen during
non-perturbed growth (Dominguez-Escobar et al., 2011; Garner
et al.,, 2011; van Teeffelen et al., 2011; Olshausen et al., 2013;
Reimold et al.,, 2013). These data show that the activity of the
cell wall synthesis machinery does not linearly scale with MreB
filament dynamics, and is relatively robust against osmotic stress.
However, cell wall synthesis was visibly less well organized in
the absence of MreB movement, as cells showed abnormal cell
morphology during the stress adaptation phase. Thus, while cell
wall extension appears to be able to continue without the help
of MreB rotation, optimal 3D arrangement of extension seems to
require coordinated motion with MreB filaments.

Our findings support the idea that MreB optimizes the
coordination of enzymes of the dynamic PGE machinery during
rapid growth (Dion et al.,, 2019), and either confers a different
role during stress adaptation, may be related to a regulatory
role between cytosolic and membrane proteins, or needs to
change its dynamics in order to keep a balance between the Rod
complex and class A PBPs. Interestingly, MreB has been shown
to functionally interact with translation elongation factor EF-Tu,
in a 1:1 manner (Defeu Soufo et al., 2010, 2015). A strong shift
from filament-bound to diffusive MreB following after, e.g., salt
stress as observed by SMT might have an effect on translation,
and/or vice-versa. The idea of a regulatory function of MreB is in
agreement with findings that an mreB deletion can be suppressed
by transcription factors involved in cell envelope stress response
(Schirner and Errington, 2009). It may also explain why an mreB
deletion can be rescued by increased magnesium concentrations
(Formstone and Errington, 2005), which play an important
role in many processes including cell wall synthesis. While our
results are compatible with recent ideas of MreB establishing
a platform to guide cell wall extension into a tubular mode
(Hussain et al., 2018), they indicate that a second important
function possibly lies in processes related to growth adaptation,
as judged from its strongly altered pattern and dynamics during
an adaptation phase.

It is striking to note that B. subtilis can grow as irregularly
shaped/ovoid cells, e.g., in the absence of cell wall teichoic
acids (Hussain et al., 2018). Therefore, rod cell shape per se
is not a requirement for viability and eflicient growth, while
the presence of MreB paralogs is required, unless extragenic

suppressors arise. These findings suggest that besides a putative
role as coordinator between dynamically interacting components
of the PGEM complex, MreB may perform an additional function
during growth adaptation.

MATERIALS AND METHODS
Growth Conditions

For all experiments, cells were inoculated from overnight
culture in S759 minimal media (fructose as carbon-source) with
the respectively appropriate antibiotics (100 mg/ml ampicillin,
100 mg/ml spectinomycin, 5 mg/ml chloramphenicol) at 30°C
shaking (200 rpm) and grown to exponential phase (OD ~ 0.6).
Expression of genes under the control of the xyl-promotor was
induced by addition of xylose to a final concentration of 0.01%.
To induce osmotic stress, NaCl or sorbitol were added to a final
concentration of 0.5 M or 1 M respectively and, if not stated
otherwise, cells were imaged 30 min after induction. If not stated
otherwise, 4 nl of exponentially growing cell culture (OD ~
0.6) were spotted on glass coverslips (Roth) and fixed with a
S750 agarose pad (1% v/w), mounted on the microscope and
subsequently imaged.

Construction of Strains

For single crossover integration, the first 500 bp of rodA or of
pbpH were cloned into pHJDS (Defeu Soufo and Graumann,
2006) using EcoRI/Apal restriction sites. The generated plasmids
were integrated into the B. subtilis chromosome by single
crossover integration. For ectopic expression, entire rodA or
pbpH genes were closed into pSG1191 (Feucht and Lewis,
2001), using EcoRI/Apal restriction sites. Generated plasmids
were integrated into the amyE locus via double crossover
recombination, which was verified using starch assays.

Strains Employed for Microscopy

Several strains were taken from several previous studies (Table 2).
We imaged a GFP-MreB fusion (for TIRF-SIM, Figures 1, 2) or a
YFP-MreB fusion (for single molecule tracking, SMT, Figures 3-
5, and for epifluorescence and for STED imaging, Figure 6)
expressed from the amyE locus under low induction (0.01%
xylose), or a GFP-Mbl fusion expressed from the original gene
locus under control of the original mbl promoter. For TIRF-
SIM, a YFP-PbpH fusion expressed under control of the xylose
promoter at the original gene locus or a YFP-RodA fusion
expressed under control of the xylose promoter at the original
gene locus were imaged (0.1% xylose). For SMT, YFP-RodA
expressed from the amyE site was imaged (0.01% xylose), for
YFP-PbpH, expressed from the original locus, the fusion was
also induced at very low level (0.01% xylose, note that PbpH is
non-essential). For SIM-tracking (Zeiss Elyra, Figure 7), GFP-
MreB was used instead of YFP-MreB to achieve higher quantum
efficiency using a fixed 488 nm laser line.

Microscopy and Image Analysis
Slim field microscopy was performed on a customized Nikon
Eclipse Ti microscope setup, (100 x oil-immersion objective,

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1946


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Dersch et al.

Dynamics of MreB and Synthases

TABLE 2 | List of strains.

Strain Genotype Resistance Source

PY79 Wild type - Lab collection

JS36, YFP-MreB ectopic Pxyl-yfo—mreB::amyE Spectinomycin Defeu Soufo and Graumann, 2006
JS12, GFP-MreB ectopic Pxyl-gfo—mreB::amyE Spectinomycin Defeu Soufo and Graumann, 2006
GFP-Mbl original locus Pmpi-gfo-mbl (original locus) Chloramphenicol Dominguez-Escobar et al., 2011
YFP-RodA original locus Pxyl-yfo-rodA (original locus) Chloramphenicol This work

YFP-RodA ectopic Pxyl-yfp-rodA::amyE Spectinomycin This work

YFP-PbpH original locus Pyyi-yfo-pbpH (original locus) Chloramphenicol This work

YFP-PbpH ectopic Pxyl-yfo-pbpH::amyE Spectinomycin This work

B. subtilis fluorophore-fusion strains were derived from the wild type strain PY79.

NA = 1.49), where central part of the 514 nm laser diode beam
(100 mW max. power) was focused to the back focal plane of the
objective. Fluorescent protein fusions were illuminated using a
maximum of 160 W cm ™2 on the image plane, to first bleach most
of the fluorophores and subsequently track single molecules,
which were identified as events with a single bleaching step. Due
to low expression levels, single molecule levels were reached after
10 frames or earlier. A high-speed EMCCD camera (ImageEM
X2, Hamamatsu) in frame transfer mode was used to acquire
20 ms stream acquisitions over 30 s.

Epifluorescence microscopy was performed using a Zeiss
Axio Observer Z1 (100x oil-immersion, 1.46 NA, Photometrics
Cascade II:512 camera). Gated-STED microscopy was performed
using a Leica SP8 confocal microscope with a CW laser (200 hz,
4-line averages, unidirectional scanning). Demographs were
generated with Oufti (Paintdakhi et al., 2016) from n = 100
cells each. Kymographs were generated with Image]' using the
MultipleKymograph plugin.

Single plane time lapse SIM imaging was done using 3
rotations; 5 phases; 16 bit, acquired by a ZEISS ELYRA PS.1
system (ANDOR Solis EMCCD (gain: 5, exposure time : 30 ms),
488 nm laser line with 200 mW (5%). ZEISS objective alpha
Plan-Apochromat 100x/NA 1.46) setup. SIM reconstructions
were processed using ZEN-Black software by ZEISS. Image]2/FIJI
version 1.52p was used for processing and particle tracking
(Rueden et al, 2017). Images were drift corrected using
ImageStabilizer plugin. TrackMate plugin (v4.0.1) (Tinevez et al.,
2017) was used to obtain Track Displacement values (D)
using parameter settings blob diameter: 0.5 pm, threshold:
100-300, linking-maximum: 0.5 pm; gap-closure: 2. Results-
tables are merged for each condition and analyzed by using
workflows based on R-statistics and R-studio version 1.1.463%.
D-frequencies were plotted as histograms using a set of hist()-
expressions. Density plots were calculated using density()-
function.

The custom built TIRF-SIM setup (Olshausen et al., 2013)
was optimized for fast super-resolution imaging of dim, dynamic
samples under a large field of view. Fast piezo mirrors (Physik
Instrumente, Karlsruhe, Germany) quickly adjust illumination
direction and grating phase, while a static segmented wave

Uhttp://imagej.net/Fiji
Zhttps://rstudio.com

plate ensures the optimal polarization direction. An inverted
DM-IRB microscope (Leica, Mannheim, Germany) with a
NA = 1.46 Leica objective and a Hamamatsu Orca Flash 4.0
CMOS camera served as imaging unit. Prior to analysis all
reconstructed time-lapse data were corrected for lateral drift
using a custom written python code. Kymographs along the
track of single filaments or elongated structures were created
with ImageJ. The velocities of the protein of interest, their
trajectory times and trajectory lengths were extracted from
previously done kymographs. Trajectory angles were measured
between the trajectory and the line between the poles of the
rod-shaped bacterium.

Single-Molecule Tracking

The obtained movies were cut to remove the initial bleaching
phase. Single molecule tracks obtained via u-track (Jagaman
et al.,, 2008) and cell meshes generated with Oufti (Paintdakhi
et al, 2016) were formatted and wused in our custom
software SMTracker (Rosch et al, 2018b) for analysis of
single molecule behavior using SMMTrack (Schenk et al,
2017). Localization errors are determined by SMTracker
according to Michalet (2010).

Fluorescent D-Amino Acid (FDAA)
Labeling

FDAA-labeling to visualize cell wall synthesis was performed
utilizing HADA, according to Kuru et al. (2015). HADA was
added to a final concentration of 0.5 mM, followed by incubation
for 20 min shaking (30°C, 200 rpm, tubes were wrapped in
aluminum foil to block out light) and subsequent washing three
times with PBS, immediately before mounting and imaging.
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FIGURE S1 | (A) Western blot of YFP-MreB expression. YFP-MreB, expressed in
B. subtilis PY79, under xylose promotor control from the ectopic amy-locus, with
addition of 1, 0.1, 0.01% xylose and without xylose respectively (Cells harvested
at OD: 0.6, 1 h after induction with xylose) and Strep-YFP-MreB control, obtained
via affinity chromatography after expression in E. coli BL21; (B) Growth-curve of
B. subtilis PY79 in S750 media with and without addition of 0.5M NaCl, arrow
indicates time point of addition of salt; (C) Epifluorescence images of cells
expressing YFP-MreB from the ectopic amy locus under xylose promotor control
(see A) with 0, 0.01, 0.1, and 1% Xylose added respectively; (D) Morphology of
wild type (“WT”) PY79 cells during exponential growth in minimal media (S750)
+0.5M NaCl, and of cells expressing YFP-MreB from the ectopic amy locus under
xylose promotor control (“YFP-MreB, +0.01% xylose); (E) Estimated localization
error of sub-pixel events obtained from single molecule tracking of YFP-MreB,
YFP-RodA, YFP-PbpH and YFP-ComEB (39 nm) expressed from B. subtilis PY79
in S750 minimal media.

FIGURE S2 | TIRF-SIM analysis of exponentially growing cells expressing
GFP-MreB, YFP-RodA and YFP-PbpH from ectopic sites on the chromosome. (A)
single acquisition of GFP-MreB expressed at low levels, (B) average intensity of 20
subsequent images (time projection) of MreB filament dynamics, (C)
corresponding standard deviation (time projection) of MreB filaments. (D) example
of a movie showing 4 frames of a GFP-MreB filament moving along a trajectory
indicated by a green arrow, the dashed line indicates the right longitudinal border
of the cell. (E) single acquisition of YFP-RodA expressed at low levels, (F) average
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