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Abstract

As part of the fundamental question of how bacterial shape can
be obtained and what proteins are involved, bending experiments on
FE.coli bacteria with mutations in mreB were conducted to provide
answers to open questions in terms of the function of MreB in pepti-
doglycan (PG) biosyntheses. Coloborators at Stanford [59] discovered
MreB mutants which differ in cell width and investigations were con-
ducted to measure if the mechanical properties of the cell wall and
MreB bundles were different in these mutants. Using a bending cell
assay consisting of optical tweezers and microfluidic channels, we re-
peat former experiments by Siuyan Wang [3] to prove the influennce of
MreB bundles on the mechanical property of the cell. Resulting values
for the flexural reigidity (EI), cell width in M9 media and elastic mod-
uli could be provided and it was shown that MreB contributes 8-20% to
the overall cell stiffness, depending on differences in MreB. Also, pre-
cice cell width measurements, using the basics for a 3D fluorescence
microscopy technique [19], were measured and correlated with existing
flexural rigidities of MreB mutants. Results show a clear cell radius de-
pendency of the bending stiffness with EI oc R? and provide evidence
for a single MreB function. Our results indicate that the function of
PG synthesis colocalized MreB bundles include the localization of new
cell wall material but no insertion of material or the constuction of
the cell wall itself. Therefore, a big step in understanding the bacterial
shape conformation and cell wall syntheses was made and a new theory
of the function of MreB filaments was provided.
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Abbreviations

LB
PEI
OD
BSA
PG
Cpt
A22
ADP
ATP
PBP2
A22

lysogeny broth
PolyEthylenlmine

Optical Density

Bovine serum albumin
PeptidoGlycan

Cytoskeleton Polimerization inhibiting Toxin
PeptidoGlycan
Adenosindiphosphat
Adenosintriphosphat

Penicilin Binding Protein 2
3,4-Dichlorobenzyl)-isothiourea



1 Biological and Physical Background

1.1 MreB, the Actin equivalent

MreB, the actin homolog in bacteria,
is part of the bacterial cytoskeleton
and can be found in most non sper-
ical bacteria, gram-positive as well as
gram-negative. MreB monomers are
small proteins with a size of about 36
kDa. The amount of MreB monomers
varies between species and exists on
the order of 2000 to 40.000 in a sin-
gle cell [3]. MreB is encoded in the
chromosome and all characterized ho-
mologs can polymerize into filaments
[60,36]. Well-known for its helical
shape, recent studies with electron
chromatogrphy revealed that the ob-
served long helical filaments of MreB
are just artifacts, induced by YFP _ ) )
tagged MreB [35]. Instead MreB Figure 1: Location and orientation

. of MreB polymer at the inside of the
forms short protofilaments which vary cell memll))raze [31]. Additional illus-

in size within a species.  Typical ... proteins are MreD (D), RodA
lengths are between a couple hun- (A), MreC with PBP2 etc. as well as
dred nanometers to micrometers [45]. the Outer membrane protein (OMP).
The polymerization is ATP dependent

[van Ent 2001] and can be inhibited by different Ctp (Cytoskeleton Polimer-
ization inhibiting Toxin) such as YgfX or A22 [1, 2|. By using fluorescence
microscopy techniques with for example GFP-MreB fusions , the localiza-
tion of MreB could be determined all around the cell at the inner site of the
plasma membrane. The binding is associated with a membrane insertion
loop in TmMreB and a helix structure in ECMreB [13] (Figure 2). In the
actin superfamily, MreB was one of the first examples of membrane binding
filaments. Different studies show an additional interaction with the inner
membrane protein RodZ [10] (Figure 1). Both RodZ and MreB are well
known for their contribution to cell shape determination. Deletion of mreB
and rodZ lead to lemon-shaped or spherical bacteria [10,48,51] and studies
indicate the MreB- RodZ interaction is important for bacteria to maintain
cell shape [5]. MreB colocalizes with the peptidpglycan biosyntheses and
the characteristic shape determination is most likely mediated by the pep-
tidoglycan architecture .Recent studies show that a left handed chirality of
the MreB protofilament leads to a right handed chiral order of the peptido-
glycan. Therefore, MreB responsible for the guidance for local insertion of




material into the peptidoglycan and thereby coordinates cell wall architec-
ture [18]. It is still unclear if MreB is somehow coupled to the peptidoglycan
or if it indirectly supports peptidoglycan syntheses. Studies by Siuyan Wang
and this thesis show MreB contributes a significant amount to cell stiffness
[3]. An explanation could be based on the assumption that MreB is con-
nected to the cell wall peptidoglycan, but current theories include just a
tansient attachement to the cell wall during peptidoglycan syntheses and
assumes that MreB is a rigid polymer. However, the last decades revealed
additional property of MreB and how it influences cell shape. One impor-
tant properties is its motion. Driven by cell wall syntheses, MreB moves
around the cell in an helical path with a speed of around 80nm per minute
[34]. Besides giving bacterial cells its characteristic shape [4], MreB is also
associated with their cell devision [42,49,50], chromosome segregation [47]
and cell wall morphogenisis [48].

Monomer 1

Monomer 2

Inner Membrane

Monomer 3

Figure 2: Homology model of MreB in E.coli [56] with approximate monomer-
monomer interaction and orientation to plasma membrane. Three different MreB
monomers are illustrated. The colored amino acids matching the residues A53
(blue), G207 (red), L209 (yellow) and L322 (cyan).



1.1.1 The Drug A22: Inhibitor of MreB Polymerization

The relativly new drug A22 is a member of the ’Cytoskeleton Polimer-
ization inhibiting Toxin’-family [1]. The chemical name of A22 is 3,4-
Dichlorobenzyl)-isothiourea (Figure3) and it is well known for its property,
to inhibit polymerization of the actin homolog MreB. Also, A22 is causing
defects in bacteria concerning cell morphology and chromosome segregation.
However, A22 is mainly used to cause depolymerization of MreB. Recent
publications show, that A22 binds at least with a micromolar affinity to the
nucleotide binding pocket of MreB monomer / polymers. Therby it mimics
ADP and prevents ATP (Adenosine triphosphate) from binding to ATP-
binding pocket inhibits MreB to polymerize into short filaments [2,7]. Poly-
merization and depolymerization of MreB filaments is an ongoing process
and by blocking polymerization, MreB depolimerizes within several minutes
[3]. Because of this unique characteristic A22 is commonly used to study
the behavior of bacteria with and without MreB bundles.

Cl

S NH
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Figure 3: S-(3,4-Dichlorobenzyl)isothiourea



2 Materials and Methods

2.1 Chemicals, Materials and experimental set up

Material Company and Model Properties
Microscope Fisherbrand Thickness and Size:
Cover Glass 12-545-C 22X40-1 0.13-0.17mm;40x22mm
Microscope Gold Seal Thickness and Size:
Micro Slides Cat No 3010 0.96-1.06mm;75x25mm

0.1%Poly-L-lysine

Sigma-Aldrich

Molecular weight range:

solution CAS Number:25988-63-0 70 - 150 kDa
PolySterene beads Bang- Baboratories Mean diameter:
Dragon Green (480,520) Catalog Code FSO03F 0.52m
PolySterene beads Bang- Baboratories Mean diameter:
Catalog Code PS03N 0.52m
FM 4-64FX Life Technologies WGA fluorescence dye
Product code: F34653 Location:
Plasma membrane
Double Sided tape 3M Scotch Size
model number: MMM136 12.7mm x 22.8m
Microscope Nikon Inverted with
eclipse TE2000-S filter sets
Position Sensitive Newport 9x9 mm, 8-32
Detector model 2931 M4 thread
(PSD) 2m resolution
+-25m accuracy
Camera Andor with
1Xon™ + cooling system

Table 1: Used Chemicals and Materials for the bending protocol and width mea-

surements
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2.2 Bacterial Strains and Mutations

To verify if differences in bacte-
rial cell stiffness occur through
variation within the genotype
of the model bacterium F.coli,
the wild type B-strain and se-
lected mreB mutants were cho-
sen. Collaborators at Stanford
University, Russel Monde and
K.C.Huang, identified a series
of mreB mutants which differ in
relative fitness and cell width.
The relative fitness can be de-
scribed as the average growth
rate on a head to head compe-

Figure 5: Homology model of MreB in
tition between selected strains. g coli [56] with labeled residues numbers for
An identified mutation in mreB- point mutations in A53T, G207C, L209R, and
AB53T showed an increase in L322Q.

width and a fitness advantage at

the same time. A prediction of a positive correlation between cell width and
fitness was made and open questions in terms of differences in cell wall
composition, construction and MreB influence lead to the thesis, that the
determination of bacterial stiffness could help, proof this assumption. Prior
experiments showed that the bacterial stiffness can be determined [3] with
a bending cell assay using optical tweezers and microfluidic channels. The
mreB-A53T mutant was selected through subculturing and different exper-
iments indicate an influence on polymer stability [55]. This particular mu-
tation most likely destabilizes the MreB polymer, which effects the MreB
structure and polymerization [22]. Through suppressor screening of A22
sensitivity, additional mutations were found by Russel Monde [59] which
seem to restabilize the MreB polymer and lead to a normalized cell width,
in comparison to the A53T-mutant. An additional second point mutation in
mreB-1.322Q, which is located in or close to the ATP binding pocket show
an normalization of overall cell width. A similar effect could be observed
with two additional suppressor mutations in mreB-G207C and mreB-L209R.
Both are located in the monomer-monomer interaction domain and seem to
stabilize the protofilaments as well. Figure 5 shows an unpublished homol-
ogy model of MreB in E.coli [56] with the locations of the point mutations
in A53T, G207C, L209C and L322Q. In this orientation of the monomer,
the inner membrane would be on the left side. Characteristics and names
of used bacterial strains are shown in (Appendix) Table 4.



2.3 Bending Assay

For all bending experiments and to determine the flexural rigidity and bend-
ing stiffness of all E.coli strains, a modified bending protocol was used. The
original bending assay was developed and implemented by PhD Siuyen Wang
and Prof. Joshua Shaevitz [3]. Their protocol consists of a different media
condition and corresponding time scales. However, for practical reasons
and to improve the existing protocol in terms of bead- cell attachment and
experimental window, we decided to modify the original bending assay.

2.3.1 Original Sample Preparation

The original protocol was developed by PhD Siyuen Wang and contained
the following steps. The selected F.coli strains were grown over night in
LB at 37° to gain a high concentration of cells. Furthermore the cells were
diluted 1:1000 in LB and grown to exponential phase (OD=0.2-0.4). After-
ward, cells were grown with 50ul Cephalexin for 15min at 37°C to induce
filamentous growth and concentrated five-fold by centrifugation. Microflu-
idic channels were made with two stripes of double sided tape, flooded with
1% PEI diluted in water and incubated for 5min. The PEI coated channels
were washed with water and 50u of cells were injected for immobilization
purposes. Cells were incubated for 3min at room temperature and washed
3 times with LB media. Then, the channels were incubated for 30-60min
at 37° before applying the bending protocol. Polysterene beads were coated
with 0.1% poly-Lysine solution by incubation for 30min and washed 3 times
in water. For A22 measurements, a 50u1/ml A22 working solution was made
in LB.

2.3.2 Reasons for Modification

Multiple aspects of the former developed protocol [3] indicated a necessary
improvement for the bending experiments. One concerning issue rely on
the bead-cell attachment of the protocol. Poly-L-Lysine coated polysterene
beads show an decrease attachment to the immobilized cells, caused by the
used LB medium. The LB medium was blocking the poly-Lysine and pre-
vented an appropriate bead cell attachment. The large applied forces of the
optical trap show that the coated polysterene beads got 'unsticky’ over time,
and therefore better media condition had to be found. M9 Glucose minimal
media was one possible solution and showed excellent physical properties
for our purposes. But also, the increased bead cell attachment lead to an
additional increase in cell- surface attachment. During measurements, cells
attached spontaneously to the surface and did not allow the conduction of
measurements. Therefore, 0.2% BSA was added to all M9 media to de-
crease cell-surface attachment of the free hanging tip of immobilized cells.
The mixture of 0.2%BSA and M9 Glucose minimal medium was the perfect
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choice for later measurements and solved the existing problems. An addi-
tional aspect of the new media was the increased growth time which lead to
a longer experimental window at the microscope and improved the measured
cell per day ratio. But this was a disadvantage at the same time. Longer
growth rates prolong the time for a single experiment, and therefore another
solution had to be found. This solution was based on a media change before
the immobilization of cells to the surface. The switch of media conditions
combines the advantages in terms of growth rate (Figure 6) and bead-cell
attachment and allowed a higher throughput on a single day basis.

1.25h 1.5h 2.25h
up to 2h

75min  15min  45min casurement
LB | | | | >

induce induce incubate
exponential filamentous  cells ready for t
growth growth  in channel Measuremen
M3 | | | up to Shb
180min 45min 120mMin 4 measurement
3h 3.75h 5.75h

Figure 6: Time scales of different growth media condition for the sample prepa-
ration of the bending protocol. A switch in media condition was induced after
filamentous growth and before immobilization of cells in the microfluidic channel.

2.3.3 Modified Sample Preparation

The modified protocol was used as a preparation for all bending measure-
ments on all E.coli strains. First, a prior selected E.coli strain was grown
8 to 16 hours in LB medium at 37° to get an high concentration of cells.
The liquid culture was then diluted in LB medium 1:1000 and again grown
for 60-75min at 37°C to exponential phase and to reach a final cell con-
centration of OD= 0.1-0.15. A concentration of 50ug/ml Cephalexin was
added to induce filamentous growth and again incubated for 30min at 37°.
For this protocol, a simple microfluidic device was made, consisting of two
cover slides of different size (Fisherbrand and Gold Seal), connected via two
layers of double- taped tape (Scotch) to create a channel with an inlet and
outlet. The channel size was less then a centimeter. A medium switch was
initialized from LB to M9 medium by centrifugation. For the immobilization
of E.coli cells, the channel was flooded with 1% PEI solution for 5min and
washed with 200ul water. 50ul of cells were injected into the channel for
3min, washed afterward 3 times with 0.2% BSA M9 Glucose minimal media
and incubated for 60-90min at 37°. The prepared samples were then used
for bending measurements. For detection purposes and later calibrations,
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0.52um thick polysterene beads (Bang Lab.) were coated with 0.1% poly-
Lysine solution (Sigma) for 30min and washed 3 times with water. For A22
measurements, 10mg/ml A22 in Methanol was diluted 1000 times into M9
Glucose minimal media, to get a working solution of 10ug/ml A22.

2.3.4 Bending Protocol

For a maximal output and a successful implementation of the bending pro-
tocol, the sample preparation was always conducted for two sample slides.
Because of the influence of A22 to cell growth and the length of the cells,
a single slide was not used for more then 3h. After sample placement, an
appropriate cell with a length between 9-20pum was selected. For multiple
reasons, such as to ensure a negligible stretching force, to simplify later image
analysis or to ensure the before calibrated laser stiffness was still valid, cells
had to match the following criteria: Only rod cells were considered which
had a clear defined stuck end and free end. The stuck end was completely
attached to the surface and did not show any movement after trapping the
free end. The length of the stuck end was not smaller than 3um. One main
selection criteria was concerning the distance of the free hanging tip of the
cell to the surface. The laser stiffness decreases over the distance to the
surface [14], and therefore the tip of the cell was maximal 2.5 away from
the surface. To avoid the tip of the cell attaching to the surface after in-
jection of the polysterene beads or A22, a minimal distance of 200nm was
chosen. If an appropriate cell was found, a mixture of poly-Lysine coated
polysterene beads and M9 Glucose Minimal Media (1: 6000) was injected
into the microfluidic channel. After the surplus liquid was removed, a single
polysterene bead was trapped and attached on the side of the free hang-
ing end of the cell. After multiple calibration steps, the attached cell was
trapped with optical tweezers and bend in an rectangular angle via moving
the sample stage. The displacement of the attached bead to the focus point
of the optical trap was measured and a force-displacement curve was gener-
ated (Figure 8 / Force Displacement). This step was repeated twice to get
3 several bending measurements of a single cell. During the next step, 40
ul of a A22 0.2% BSA M9 Glucose solution was injected into the channel.
After 2-3min the MreB was depolymerized and another 3 bending measure-
ments were taken. After all, A22 was removed with 401 M9 Glucose minimal
medium and another appropriate cell was seek. This procedure allowed us
to measure up to 5 cells per slide.

12



2.4 Width Measurements of MreB Mutants

To ensure our later described correlation between bacterial cell width and
bending stiffness was valid, multiple width measurements with fluorescence
microscopy techniques were conducted. Various reasons, such as switching
of growth media condition, using PEI as a surface binder and the Cephalexin
treatment to induce filamentous growth supported the decision to re-measure
existing cell diameters. For all experiments, E. coli cells were prepared in
the same way as for the bending experiments to ensure similar environmen-
tal conditions. One crucial difference during the final incubation step was
applied. To gain similar cell length, all cells were grown 120min at 37 °
after the cell surface attachment occurred. Afterward, cells were labeled
with with the fluorescence dye FM4-64 (Invitrogen). Therefore, FM4-64
dye in a concentration of 500ug/ml was diluted 500 times in 0.2% BSA M9
Glucose solution. Finally the microfludic channel was floated with 100ul of
the prepared FM4-64 media solution and used for later fluorescence imag-
ing. During fluorescence imaging, only bacterial cells were considered which
matched the same criteria as set for the bending protocol. Cells need to
have an appropriate free end length and are supposed to be smaller then
20pm in total length. We also considered cells that were more then 2.5um
away from the surface, as long as they were able to measure. For the fluo-
rescence measurements, a stack between 100 to 150 planes in z-direction was
recorded. This allowed us to get a theoretical 3 dimensional image of the
cell, based on the membrane labeling with FM4-64 (Figure 7). All cells were
finally analyzed by costum-written Matlab programs and image processing
tools (Width Calibration and Calculation).

Figure 7: (a-f) Fluorescence stack of mreB mutation A53T. Distances between
each image are approximately 200nm. Cells were labeled with the fluorescence dye
FM4-64 and indicate a helical shape.
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2.5 Working Principles and Computational Analysis
2.5.1 Force Displacement and Calibration

The goal of our bending measurements was to gain the flexural rigidities of
selected strains and to compare and connect differences in multiple mreB
mutations. To do so, we used optical tweezers to measure the force it needs
to bend a single cell. The force measurement could be conducted with
an optical set up in the way, that we use two different optical tweezers.
The first laser (1064nm) was used to induce the cell bending and a weaker
second detection laser (582nm) was implemented to observe a possible bead
displacement from the focus point of the trapping laser. To measure this be-
fore mentioned displacement, it was necessary to overlay and calibrate both
optical tweezers. The calibration [8,9,15,37] was conducted with costum-
written Labview programs and the goal was to determine the laser stiffness
of the

dstage = dbead + dcell (1)
1064nm laser. All force measurements used these calibrated values and al-
lowed us to determine the exact force for a bead displacement in the optical
trap. Also, both lasers were overlayed by using custom-written Labview
programs. The working principle of the laser detection can be easily sum-
marized in two steps. First, a cell with an attached bead was trapped and
moved perpendicular to the cell axis. The total stage movement was the
sum of the bead and cell tip displacement (1). A force displacement curve

in x and y direction was recorded and summarized in a singe plot (Figure

120
100
80
60
40

Forcein pN

20

0

1 | 1 1 1 1 |
0 100 200 300 400 500 600 700
free-end tip displacement in nm
Figure 8: Linear force- displacement curve of a bend cell. The force curve is
for all strains linear and only the force and displacement values differ. (top left)

Tllustration of a bead displacement during bending. Two force curves in x and y
direction were generated and summarized in one (red arrow)
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8). Therefore, this technique allows us to determine and record an accurate
cell tip displacement and force measurement over time. The final output
was a force- cell tip displacement curve, induced by the bending.

2.5.2 Computational Image Analysis

The image analysis marks the last part of each bending experiment. It
combines the determined force-displacement values with the recorded images
of the bending. Therefore two images of each bending were compared to each
other. The first image marks the beginning of each bending of a cell in a
relaxed state with the trapped attached bead. The second showed the cell

F [L(L—=2)*  (L—z)
o= | B[40 - 5] <
0,z>1L

(2)

in the bend state. Bent cells were not always perfectly rod shaped and
would be hard to compare with each other. Therefore, costum- written
Matlab programs, using the Canny edge detector for grey-scale DIC images,
were used to determine a center line of a each cell before and after the
bending (suppl.[3]). Both center-lines were finally overlayed and compared
with each other. The resulting data points were fitted, using a theoretical fit
function (2) for a bend rod with a stuck end (Figure 9). In this equation (2),
F represents the applied bending force, EI the flexural rigidity, L the free
end length of the cell and z marks the arc length of the cell. In the end, the
force displacement values and analyzed image data could be combined and
final values for the flexural rigidity and free end length were determined.

0.8+
. free end stuck end

bend scale in pm
= =
o =,

=
¥

O | %y
0 1 2 3 4 5 6 7 8 9

length scale in um

Figure 9: Here, the final bend values of a single bend is shown. x and y scales
are in ym. All data points were plotted after combination of the relaxed and bent
state of a single cell (blue). A theoretical fit (2) of all data points were applied and
the free end length could be determined (left).
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2.5.3 Width Calibration and Calculation

Bacterial cells from different strains dif-

fer in size. Previous width measure- observed width
ments of all investigated strains showed

a difference in size as a direct result of

various mutations in mreB. The width

resp. the radius of each strain was a  plot profil

main concern and due to may induced
changes in size because of changes in
media condition, surface coating with
PEI or the use of Cephalexin to in- real width
duce filamentous growth, an additional

more accurate width measurement was
conducted. The data of the previously plot profil
described fluorescence experiment was

then analyzed computationally. To en-

sure the recorded images of the cells,

tagged with the fluorescence dye FM4- Figure 10: Cylindrical shaped ob-
64, show an accurate maximum width, ject from top and side view. Analyzed
we calibrated our image analysis with images were located in the middle of
simulated, well known 2D images of the cylinder resp. cell. Th.e resulting
cylinders with various diameters. A profile plot were fitted using a dou-

. ) ) ble Gaussian and show a discrepancy
simulated stack of 75 images of 9 cylin- in width. Fluorescence labeled rod

der of differing sizes were used to cali- ghaped objects appear smaller.
brate later width measurements. As a

result of the FM4-64 staining, tagged cylinders were bigger than they ap-
peared under confocal fluorescence microscopy. A simple explanation for this
effect is described in Figure 10. Because of the cylindrical shape, the used
fluorescence dye is located all around the cell and influences the maximum
peak in this way, that it appears more inside the cylinder. The observed
diameter was therefore smaller in comparison to the real diameter. In the
middle of each cylinder and where the resulting peaks show the biggest dis-
tance, plot profiles were taken over the whole diameter of a cell. Because of
an optical resolution of minimal 80nm per pixel and to gain a more precise
width measurement, the resulting plot profiles where fitted with a double
Gaussian to overcome the resolution barrier (3). The parameters a; and ag
mark the amplitude of each peak, by , by the position on the x-axis and c¢;
and cg the width of each

focal plane

b\ 2 b\ 2
y(z) = a1e_( Cfl) +a26_( cle) +doff (3)

peak. doff describes a background noise induced offset of the double Gaus-
sian fit. The difference of the resulting positions of each peak maximum was

16
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Figure 11: Calibration plot for all bacterial width measurements using confocal
fluorescence microscopy. Here shown is the real diameter of a cylindrical shaped
object vs. its observed diameter after image analysis.

used to obtain the width of each cylinder resp. cell. The known diameters of
each cylinder was then plotted against the observed diameter and linear fit-
ted (Figure 11). Finally, the fit was used to correct all width measurements
of investigated bacterial strains. Afterward, the same protocol was applied
for all measurements on bacteria. In summary, a single image of the middle
of the cell in z-direction was chosen and a plot profile was taken. The profile
data was fitted with a double Gaussian and differences in peak distances
were measured. The resulting observed widths were finally converted into
real diameters using the previously calibrated width of simulated cylinders.
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3 Results and Discussion

3.1 Change in Cell Stiffness with and without MreB bundles

3.1.1 Bending Results with and without A22 Treatment

The application of the bending as-
say allowed us to measure the flex-
ural rigidities and stiffness of the
B-strain and the corresponding mu-
tations in mreB. We have demon-
strated that the modified sample
preparation including the bending
protocol can be used to determine
mechanical properties of single cells
under specific conditions.  Single
measurements on different cells show
a decrease of the bending stiffness af-
ter A22 treatment and a recovery to
normal stiffness values after remov-
ing the drug A22. Therefore, the
drug A22 inhibits MreB polymer-
ization by blocking the ATP bind-
ing pocket. The polymerization of
MreB filament is an ongoing pro-
cess and the descibed effect of A22
leads indirectly to a depolymeriza-
tion of MreB filaments [2]. The
depolymerization takes several min-
utes and conducting measurements
took place after the depolymeriza-
tion was complete. Bending mea-
surements by Siuyan Wang [3] indi-
cate a depolimerization time of ap-
proximately 2-4 minutes. We ap-
plied his former measurements and
waited 2-3 minutes before measuring
the influence of A22 on bending stiff-
ness. The results for a single cell are
shown in figure 12. Three different
histograms show the flexural rigidi-
ties of a single wild type cell before
A22 treatment, with A22 and the re-
covery after A22 was removed. After
A22 was removed bacterial cells re-
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Figure 12: Histograms for a single wild
type cell indicate a change in flexural
rigidity with and without MreB bundles.
After the remove of A22, start values of
the flexural rigidity were reached again.
A summary of all median values is illus-

trated in the graph below.
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Figure 13: Single experiments before and during A22 treatment of a single wild
type cell (left) and a cell with a mutation in mreB-A53T (right). For each stage,
three independent measurements were taken and show a decrease in the relative
stiffness of each cell. The time in between each stage was chosen as approximately
3 minutes.

cover and show similar values for the flexural rigidity. The median values
show clear differences during this procedure (Figure 12 bottom). The smaller
EI values are directly caused by a smaller bending force without MreB. Be-
sides changes in the flexural rigidity, also differences in the relative stiffness
of single bacterial cells could be observed. Figure 13 shows differences in
relative stiffness over time in case of the wild type B-strain and mreB-A53T
mutant. The gap in between both triplets describes the minimal time until
MreB depolymerizes completely. The relative stiffness depends on the slope
of a single force-displacement curve (Figure 8) and was different because of
differences in the free end length of each cell. As with the relative stiffness,
the flexural rigidity is cell length independent and just the free end length in
relation to the radius of a cell contributes to mechanical bending properties.

Strain Flexural rigidity
—A22 [10"2°Nm?] | +A22 [10-2°Nm?]

wild type 4.98 + —1.29 3.97 + —1.52
mreB-A53T 25.18 + —10.36 19.99 + —8.40
mreB-A53T L322Q 5.45 4+ —0.95 4.66 + —0.77
mreB-A53T G207C 4.33 + —1.45 3.55 4+ —0.93
mreB-A53T L209R 2.91 + —1.20 2.66 + —1.25
mreB-L322Q 2.88 +-0.74 232+ -0.74
mreB-G207C 8.74+ —0.45 6.49 + —0.01

Table 2: Summary of measured B-strains and the EI values before and during A22
treatment. A significant decrease between 8-20% was observed.

Multiple histograms of all observed values for the flexural rigidity are shown
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in Figure 14. For the wild type B-strain (n=11), we observed a decrease
of the flexural rigidity during A22 treatment from 4.98 4+ —1.29Nm? before
A22 treatment to 3.97 + —1.52Nm? after A22 was injected in the device.
The influence of MreB on bending stiffness in the B-strain is about 20%.
To compare the mechanical properties of the mreB bundles, measurements
for all mreB mutants were conducted. Thereby, the single point mutant
in mreB-A53T show an huge increase in bending stiffness. We observed
an almost 5 times higher median value for the flexural rigidity. In num-
bers, A53T (n= 10) bending stiffness decreased from 25.1783 + —10.36Nm?
to 19.99 + —8.4Nm? after depolymerization of mreB bundles. The maybe
destabilized MreB polymers increase not just the diameter of the cells, also
the mechanical properties are significantly different for this mutation. In ad-
dition to the single A53T mutant, double point mutations with a second sup-
pressor mutation in mreB were analyzed and show similar values as the wild
type for bending stiffness. In detail, A53T L322Q (n=10) show a decrease
from 5.45 + —0.95Nm? to 4.66 + —0.77Nm?, A53T G207C (n=10) a decrease
from 4.33 + —1.45Nm? to 3.55 + —0.93Nm? during A22 treatment and A53T
L209R (n=10) a decrease from 2.91 + —1.20Nm? to 2.66 + —1.25Nm?. To
control the influence of the suppressor mutations L322Q and G207C which
lead to a normalization of bending stiffness, we applied the bending protocol
for these strains as well. mreB-L322Q (n=>5) show a reduce in stiffness of ap-
proximately 20%, from 2.884 + —0.74Nm? to 2.32 + —0.74Nm? and mreB-
G207C (n=2) from 8.74 + —0.45Nm? to 6.49 + —0.01Nm?2. The observed
flexural rigidities for all strains in detail are summarized again in Table
2 and illustrated in Figure 15. Each strain shows clear differences with
and without A22 treatments. In detail, differences concerning bending stiff-
ness of each strain individually is summarized in figure 17 (detail Appendix
Fig.1). A linear increase proportional to the increasing flexural rigidities
could be observed.
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3.1.2 Interpretation and Conclusion

A22 and the loss of mreB through
inhibiting polymerization changes the
overall stiffness of bacterial cells. In
comparison to former measurements
by Siuyen Wang [3] who showed that
MreB contributes almost 30% to the
overall stiffness of E.coli WA220 cells,
we measured differences between 8-
20% with and without MreB. Differ-
ences can be explained by variations
in bacterial background, sensitivity to
A22 [7] or individual mutations in
mreB. The used protocol showed also

. . . L. . Figure 16: Possible defects in shape
differences in media condition, which of mreB-A53T G207C (a) and mreB-

most likely led to an increased diam- 537 (b). These defects occur sporadic
eter of the cell [26]. The diameter of and under different condition. While
a single cell is one major component the size differences in G207C are most
of the flexural rigidity (7) and needs likely induced by a change in media
to evaluate individually in combina- condition, the defect in A53T relies on
tion with the bending stiffness of each the induc.ed filamentous growth due to
. s Cephalexin treatment after 1-3 hours.

strain. In general, the contribution

of MreB to cell stiffness fits with our

current model. Less then 10 MreB filaments per micrometer with strain de-
pended variation in polymer length between a couple of hundred nanometers
to one micrometer support our data. One important, but widely unknown
phenomena is based on the question: How does MreB contribute its part
to cell stiffness. One possibility would rely on the polymer stiffness itself.
MreB is located on the inside of the inner membrane and could increase stiff-
ness as a second shape-determining structure. A different and more likely
possibility to explain this effect is based on a undefind connection of MreB
to the peptidoglycan through an inner membrane protein such as MreC or
RodZ [30-31] (Figurel). MreB could bind to the PG in an unknown way
and therefore support and increase cell stiffness indirectly as a second part
of the shape determine peptidoglycan. Both scenarios are possible, but a
definite explanation cannot be given because many aspects of MreB are
still widely unknown. Another interesting part of our measurements are
based on individual applications of the bending protocol to each mreB mu-
tation. Some aspects of the applied protocol such as Cephalexin treatment
or media change led to changes in cell shape and size of some mreB- mu-
tants. In case of the single point mutant A53T, different cell defects were
observed over time, most likely induced by the filamentous growth through
Cephalexin (Figure 16b). Defects like this were also observed by our col-
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Figure 17: Changes in flexural rigidity after A22 treatment. The fitted plots
illustrate the change in bending stiffness for each strain. Negative values were
excluded. A linear increase could be observed.

laborator K.C.Huang [22]. This observation supports our theory that the
A53T mutation in mreB destabilizes the MreB polymer. A second observed
phenomena occurred in the suppressor mutant G207C. In both, single and
double mutant with A53T, a change in cell width could be observed. In
comparison to other strains, in some cases differences in cell width of more
than 50% within one single cell could be observed (Figurel6a). This effect
was most likely induced due to a media change from LB to M9 Glucose min-
imal media and demonstrates that single point mutations in mreB can cause
huge differences in cell width depending on the media condition. For our
measurements, just cells with a smoother shape were chosen, to minimize
variations in flexural rigidity. In addition to possible explanations about
how MreB contributes to stiffness, we decided to investigate in stiffness dif-
ferences between each measured strain. The wild type strain and all mreB
mutants differ in size and bending stiffness. Therefore we analyzed the cor-
relation of both to get an idea about the function and resulting effect of
different mutations in mreB on the mechanical properties of a cell.
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3.2 Correlation between Bending Stiffness and Cell Radius

The mechanical properties of bacterial cells depend strongly on their type
and species. Here, we focused on differences within the E.coli B-strain in
comparison to various mreB mutants. Therefore, basic formulas to describe
the bacterial stiffness had to be selected. The stiffness k of a single rod can

be described by:

EI
Thereby, EI describes the flexural rigidity and L the length of the bend rod.
Here, L marks the free end length of a single bacterial cell. The flexural
rigidity EI can be described as a product of the Young modulus E (5) and

second moment of inertia I (6).

_ FL
- A)AL (5)

E

F represents hereby the applied bending force, Ly the free end length of
the bend rod, Ag the cross-section and AL the change in length through
bending or the elastic change in length. For a thin hollow cylinder, the

second moment )
I= Z7T[R4 —(R=b)Y ~ 7R (6)

of inertia describes a geometrical property of an area which consists of two
parameters, the radius of the rod R and the thickness of the cylinder b. In
the provided model, a rod shaped cell has a constant volume and can be seen
as a thin hollow cylinder. The shape determined thin shell would represent
the peptidoglycan structure and MreB would act as a supporting parameter
as part of the cell wall the cell wall. As a combination of (5) and (6), the
flexural rigidity can be expressed as:

EI = EbrR? (7)

To prove, if differences in bending stiffness are caused by structural changes
within the cell wall or are results of a change in cell width, induced by
mutations in mreB, measured flexural rigidities can be compared to cell
widths of individual strains. As a direct result of (7) the correlation between
bending stiffness and cell radius can be described as

FI x R (8)

To do so, cell widths were calibrated with simulated cylinders of various size
and measured with confocal fluorescence microscopy to overcome possible
changes in cell width, induced by changes in media conditions, PEI surface
coating or Cephalexin treatment.
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3.2.1 Cell Width Measurements and Calibration

As a core factor for a good understanding what mutations in mreB are
doing, cell widths were measured under the conditions of the bending pro-
tocol. Problems with differences between observed and real diameter were
solved by applying before calibrated widths of simulated cylinders (Figure
11). The resulting cell diameter of each strain can be seen in Table 3. As
mentioned before, mutations in mreB causes bacteria to produce cells with
different width. A reason for that could be found in preliminary data by
Nick Ouzounov in the group of Prof. Zemer Gitai [58]. Recent data show
a correlation between MreB polymer lengths and cell width. Longer MreB
polymers seem to result in thinner cells, and vise verca. Therefore, differ-
ences in cell width induced by specific single or double point mutations in
MreB could lead to differences in polymer lengths of MreB. Additional fac-
tors like polymer orientation, twist or bending are not included. To control
if the mechanical properties and functions of MreB are different as well, we
applied all measured flexural rigidities and compared them to the width of
individual strains (MreB vs. Cell Wall Structure).

Strain Cell Width [nm]
wild type 930.2 + -56.9
mreB-A53T 14259 + —-133.4

mreB-A53T L322Q 985.3 + —45.9
mreB-A53T G207C 924.3 + —77.8
mreB-A53T L209R 867.9 + —55.9
mreB-L322Q) 725.6 + —79.2

Table 3: Calculated cell width after calibration adjustments.
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3.2.2 MreB vs. Cell Wall Structure

The collected data for the flexural rigidities and cell width were now used
to prove if specific mutations causes structural changes in the composition
and construction of the peptidoglycan cell wall. As widely known, MreB
colocalizes with the cell wall syntheses [36]. From equation (7), three pos-
sible parameter could be responsible for changes in the flexural rigidity of
bacterial strains. Changes in the young modulus E or the cell wall (PG)
thickness b would indicate a functional influence of MreB on cell wall syn-
theses. Therefore, MreB would be responsible for insertion of cell wall ma-
terial and differences in width and flexural rigidity could rely on changes
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Figure 18: Here, the measured cell width of each strain is plotted against the data
of the flexural rigidity. Errorbars in x and y indicated the standard deviation of
width and EI. The data was plotted with equation (7) (red).
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in the peptidoglycan structure itself, such as glycan length or PG thickness
in terms of multilayer. Surprisingly, the opposite was the case. Changes
in flexural rigidity of each strain seem just to be based on the different cell
radia. Figure 18 shows the correlation between cell width and bending stiff-
ness. After fitting our current model EbrR? (red) to the collected data, a
clear radius dependency was observed. A result of this indicates a functional
property of MreB. It seems like, that due to the colocalization of MreB to
cell wall synthesis, MreB is just responsible for the localization of cell wall
material and synthesis and not for the insertion itself. Preliminary data
form our collaborators at Stanford University, Prof. K.C. Huang and Russel
Monde, support our data. Due to HPLC measurements on peptidoglycan
of the same bacterial strains, no large changes in composition and amount
of peptidoglaycan could be observed [59]. Therefore, the cell wall thickness
seems to be the same in the mreB mutants and the variations of bending
stiffness are clearly depending on the individual radius of each strain. As
a control, we calculated the resulting Eb values for the radius dependency,
using model (7). Under the assumption, cell wall thickness is the same in
each mutant, we assume the thickness of a single peptidoglycan layer with
approximately 4 nm [28]. The Young modulus perpendicular to the cell axis
can be now estimated with E,, 400 = 41.16 MPa without A22 treatment
and F 499 = 33.92 MPa during A22 treatment. Almost 25% of the Young
modulus would be contributed by MreB. Estimated Young moduli by Yi
Deng and Prof. Joshua Shaevitz at Princeton University using atomic force
microscopy techniques show similar values for F.coli between 20-45 MPa,
depending on Young modulus orientation [11,36]. Differences in bending
stiffness can now be explained with proportional changes in cell diameter,
but reasons for changes in cell diameter in cells with mreB mutations re-
main still unclear. A possible reason could be previously described changes
in polymer length, orientation, twist or bending of MreB [24]. A bending
of MreB filaments would be caused by changes in the angle between two
connected monomers as well as twisting. To verify our theories, more ex-
periments have to be conducted. The investigated strains show an huge gap
in cell width, and mreB mutants should be uncovered to close the gap and
support our current model.

28



4 Conclusion and Future Perspectives

Many questions about MreB and its function remain unknown, but here,
we could provide data which indicates a functional behavior of the actin
equivalent MreB. It was shown and replicated the result that the drug A22
leads to a decrease in flexural rigidity and cell stiffness of 8-20%. There-
fore, MreB contributes a significant amount to cell stiffness and we could
reproduce former experiments [3]. A modification of the existing bending
protocol improves the measured cell per day ratio and also physical proper-
ties of the bending assay itself. Additional measurements on the wild type
B-strain and specific mutations in mreB could be measured and differences
in bending stiffness within each mutation could be shown. The mreB-A53T
mutant show an incredible high flexural rigidity and indicated a cell width
dependency of the bending stiffness. Later measurements and analysis sup-
port our former data and show, that the model EI o R? can be applied.
The Young modulus with and without MreB bundles could be estimated
and a new hypothesis concerning the function of MreB was provided. The
shown data indicates that MreB is just responsible for the localization of cell
wall material and not for the construction of the cell wall itself. Upcoming
experiments in terms of bending or cell stiffness have to be conducted to
support our current model of MreB a guide for peptidoglycan synthesis.
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Source of Figures
Figure 1: [31]

Figure 2 and 5: pbp-file and homology model [56], graphic: B.Banusch,
University of Basel (CH) and Princeton University (USA), 2013

Figure 3: B.Banusch, University of Basel (CH) and Princeton University
(USA), 2013

Figure 4: Created by Joshua Shaevitz, Princeton University (USA); re-draw
by B.Banusch, University of Basel (CH) and Princeton University (USA),
2013

Figure 6: B.Banusch, University of Basel (CH) and Princeton University
(USA), 2013

Figure 7 and 16:Benjamin Bratton, Princeton University (USA) and B.Banusch,
University of Basel (CH) and Princeton University (USA), 2013

Figure 8-15,17-18: B.Banusch, University of Basel (CH) and Princeton Uni-
versity (USA), 2013
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6 Appendix

Strain Characteristics Citation/ source
SQM259 Rel606 wild type R.Monde and KC. Huang [59]
SQM260 mreB-A53T R.Monde and KC. Huang [55,59]
SQM260-14 mreB-A53T L322Q R.Monde and KC. Huang [59]
SQM260-16 mreB-A53T G207C R.Monde and KC. Huang [59]
SQM402 mreB-A53T L209R R.Monde and KC. Huang [59]
Rel 606 mreB-1.322Q R.Monde and KC. Huang [59]
Rel 606 mreB-G207C R.Monde and KC. Huang [59]

Table 4: Bacterial strain description
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