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Abstract

In the bacterial cells, the actin homolog MreB manages the cellular motions and morphology. MreB polymers are important
for cell-wall growing and cell shape determination. Fluorescence microscopy studies investigated that in bacterial cells the
MreB polymer forms ribbon-like structures that likely helical nearby of the cell wall at the periphery of the cell. As we pre-
sented earlier, the thermal motion of the ribbon-like MreB polymers was slowed down by the addition of millimolar Ca>*.
The rapid Ca** depletion, via EGTA treatment, reordered the polymers into extensive sheets in the presence of magnesium,
and further treatment with calcium led to fissured monolayer sheets and the dissociation of filaments into web-like structures
which attached to the glass surface. The heat denaturation of MreB assemblies, under varying Ca>* concentrations, was
investigated by DSC, and the Ca**-dependent MreB polymer rearrangement rates were assessed by isoperibol calorimetry.
Here, we measured Ca**-dependent thermodynamics of prokaryotic MreB assemblies. Under high ionic strength, the MreB
polymers show multiple thermal components around 60 °C and 82 °C, generated by less and more stable structures. MreB
polymers with a relatively slow exothermic kinetics turned to be more stable due to adding millimolar Ca>*. However, chang-
ing the calcium concentration from micromolar to nanomolar and subsequently recovered it to micromolar initialized endo-
thermic remodeling of MreB assemblies and the majority of them showed higher stability than before the treatment. Presum-
ably, the final cell shape depends on the assembling of MreB polymers and the ionic milieu. Calcium concentration-induced
changes of MreB structure makes sense in membrane remodeling during prokaryotic cell division or osmotic adaptation.
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Introduction structure and polymerization of MreB [8, 9]. Millimolar

magnesium and high ionic strength are necessary for effi-

MreB is the member of a huge family of actin-like prokary-
otic proteins, it plays important role in managing the cell-
wall growth and function in case of gram-negative and
gram-positive bacterial cells. Gram-negative species have a
slim peptidoglycan layer with a cytoplasmic and outer mem-
brane, and gram-positive species have a wide peptidoglycan
wall out of a cytoplasmic membrane [1, 2]. The first time
observed due to microscopy that MreB polymers form heli-
cal structure close to the cell wall [3, 4] then figured up that
short segments of MreB filaments attach to the cytoplasmic
membrane [5-7].

Microscopy and spectroscopy studies interpret the impor-
tance of in vitro conditions how divert their supramolecular
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cient MreB polymerization. Addition of Ca®* initializes a
remarkable change of assemblies what we observe from
increases inner strain. Interestingly, reduction then recovery
of Ca* level leads to the dissociation of filaments into web-
like structures [9]. In vivo ion conditions keep on the state of
short MreB polymers to avoid their stacking [9-12]. MreB
polymerization shows some sensitivity to the type of bound
nucleotide [8, 13]. Polymerization of MreB is accelerated
with increasing Mg>* concentration in the presence of ATP
[14], while Ca®* does not have any remarkable influence on
the process. However, cytoplasmic Ca** regulates the cell
cycle and movement of cells [15].

Previously, it was shown that MreB protofilaments bind-
ing together and form antiparallel twisted filaments [16, 17].
The in vitro assemblies are built up by unpolarized filaments
which stacking together side by side. Membrane binding
can stabilize the MreB polymers [17] and untwisting their
filamentous structure [18]. The in vivo existence of short
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and rigid polymers can provide a good evidence that the
regulation of their flexibility is only based on the length of
the filaments. The binding of untwisted MreB filaments may
stabilize the curvature of the membrane [18]. The Ca>* con-
centration-dependent inner strain of MreB polymers can be
crucial to determine the bending of cell wall via membrane-
MreB interactions [9, 19]. Cell shape seems independent
of various ionic conditions; however, they affect membrane
dynamics and enzyme activity, which effects the MreB sys-
tem and stability of bacterial cell wall [20]. Interestingly,
the cell size and cell cycle are possibly regulated by Ca2*
concentration.

The role of Ca®* ions in the structure and function of
MreB filaments are remaining as important questions. It
is need more investigation that which ionic conditions are
required for the MreB polymers stability, mobility within
their assembling and disassembling, how does Ca*>* ion con-
centration affects these processes. We applied DSC dena-
turation and isoperibol scans to study the heat response
dynamics and rearrangement kinetics of E.coli MreB poly-
mers within the change of Ca?* concentration.

Materials and methods
Expression of MreB

The Escherichia coli MreB (AJF45056.1) was expressed in
E. coli BL21 DE3 pLysS strain (Novagen) cells, pSY5 plas-
mid was applied which encodes a histidine tag. Cell cultures
were grown in Luria Broth medium at 37 °C in the presence
of ampicillin. The optical density at 600 nm of the culture
was reaching 0.6 then followed by protein expression it was
induced by 1 mM IPTG overnight at 20 °C. Cells were har-
vested then stored at —20 °C [21].

Purification of MreB

We used our previously applied polymer filtration (PF)
method [9] for the isolation of MreB polymers. E. coli
cell pellets were homogenized in polymerizing buffer
(4 mM MOPS, 300 mM KCl, 2 mM MgCl,, 0.1 mM CacCl,,
0.2 mM ATP, 1 mM MEA, pH 8.0). The slurry was incu-
bated in the presence of DNase (0.01 U mL~!, PanReac,
AppliChem) and lysozyme (0.01 mg mL~!, Sigma-Aldrich)
overnight at 4 °C. MreB polymers were filtered by the con-
secutive steps of paper filter then 0.45 um membrane filter.
We did SDS-PAGE to obtain the purity of MreB stocks. The
prepared MreB solutions were stored on ice until further
application. We measured the concentration of MreB solu-
tions by Bradford Assay (Bio-Rad) and Jasco v-660 photom-
eter (Jasco Corporation).
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Fluorescent labeling of MreB

Alexa Fluor 488 C5 maleimide was applied for labeling
the cysteine of MreB. DTT was removed from the solu-
tion by overnight dialysis prior to initiating of the labeling
reaction followed by an incubation step of MreB poly-
mers in the presence of fivefold molar excess of the fluo-
rophore for 1 h on ice. Then, applied excess fluorophore
was removed by overnight dialysis to remove the excess
fluorophore from the solution. We used spectrophotometry
(€ Atexatss = 73000 M em™ ep g =7575 M~ em™) to
determine the concentrations of protein and fluorophore in
the samples. Then, calculated the labeling ratio as the con-
centration ratio of the probe to the protein and was found
to be approximately 10% in cases of MreB polymers.

Fluorescence microscopy

The morphologies of the Alexa488-MreB polymers were
visualized by Leica TCS SP confocal scanning microscope
system (Leica Microsystems GmbH Germany) equipped
with a 10-63X objective lens. Prior to the microscopy
15 pL of sample was dropped on slides, incubated in the
presence of the indicated buffer, then covered by cover-
slips. Image acquisition was carried out a fluorescent-
probe specific wavelengths, Alexa488 (ex.: 488 nm, em.:
515-560 nm). The typical vertical stacking height of
images was 1-3 pm.

DSC measurements

We applied SETARAM Micro-DSCII calorimeter on
room temperature, 22 °C for 6 h to investigate isotherm
kinetics analysis. Hastelloy designed pair of “mixing
batch” vessels were applied for isoperibol measurements
(Viower =500 pL, V50, =200 pL) in the reference vessel
the MreB was mixed with buffer or EGTA contained buffer
and in the sample one with Ca>* to provide the different
final Ca®* concentrations (calculated by MaxChelator,
https://somapp.ucdmc.ucdavis.edu). After the first hour of
measurement, we observed the continuous approaching of
heat flow to zero which can be described by the decay of
ATP. The first point of our analysis was the initial point of
the heat flow change (AQ;,;;,;) after a single sharp peak
which shows the mixing effect, and thus the curve was
changed slowly to the top point (AQ,,, see Fig. 3B). The
measurements were started in 5 min after reaching the
thermal equilibrium between the vessels then the expo-
nential fitting resulted the time rate (k) of the peaks. We
used for the analysis the part of the curve after the mixing
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effect. MreB and Ca**-based molecular events were hap-
pened only in the first hour thus the most reasonable time
duration of kinetics was analyzed in the first 3000 s.
Denaturation heat measurements were carried out by
heating up the samples with 0.3 K min~! between 40 and
80 °C. The reference was only MOPS buffer. The equili-
brated mass precision was +0.1 mg between the reference
and sample vessels therefore their heat capacity difference
was not applicable. With the help of a two-point SETA-
RAM peak integration setting, the denaturation calorimetric
enthalpy was calculated from the area under the heat absorp-
tion curve, and then, the results [denaturation or melting
temperature (7,,)) and calorimetric enthalpy (AH_,) data of
samples] were compared. This method is identical with the
protocol as we applied in our previous studies [22—24].

Nucleotide binding cleft

Fig.1 MreB is a prokaryotic actin homolog. E.coli MreB and human
actin monomers show 90% structural identity, both can bind nucleo-
tides and capable to do polymerization. PDB: MreB 1JCE, actin
2HF4

Fig.2 Ca’*-sensitive rearrange-
ment of MreB polymers. Confo-
cal fluorescent microscopy
imaging of Alexa488-MreB A
under polymerizing conditions
300 mM KCl, 0.2 mM ATP,

2 mM MgCl, in the presence

of 0.1 mM CaCl,, B polymers
were transformed to sheets

and web-like structures due to

2 mM EGTA then subsequently
applied 2 mM CaCl,

Results

Figure 1 shows structural similarity between the eukaryotic
actin and the prokaryotic MreB. However, the structural
identity of monomers is around 90% their polymers show
major differences in structural, dynamical and kinetical
properties.

As we determined previously, bacterial cells intracel-
lular ionic strength is relatively high [9]. Therefore, MreB
forms huge superstructures under polymerizing conditions
(300 mM KCl, 0.2 mM ATP, 2 mM MgCl,) [21] in the pres-
ence of 0.1 mM CaCl, (Fig. 2A), while under the same con-
ditions, actin reaches the highest organization level in fila-
mentous stage [25-27]. Reduction then subsequent recovery
of Ca?* concentration in the range of nanomolar to micro-
molar is remodeling MreB assemblies to extended sheets
and web-like structures attaching to the glass surface [9]
(Fig. 2B), in case of actin the change of Ca>* concentration
only disturbs the steady-state dynamics of filaments [28].

We performed thermal denaturation with heating rate
of 0.3 K min~! (Fig. 3A). Multiple local maxima were
observable in case of MreB in the presence of micromolar
Ca’*, indicated peaks in lower range at 57 and 61 °C, and
in peaks of higher range at 79, 82, 87 as well as 90 °C (see
Table 1), the total enthalpy change was distributed equally
between two ranges 0.3+0.05J g™ and 0.3+0.03 J g7,
respectively. MreB polymers after the addition of millimo-
lar Ca?* responded with three maxima in lower range at
55, 57 and 60 °C, and with six maxima in the higher range
at 68, 71, 74, 79, 87 as well as 92 °C (see Table 1), the
enthalpy change was three times larger in the higher range
0.4+0.01 J g~! than in the lower range 0.13+0.03 J g™,
After the reduction of Ca>* concentration from micromolar
to nanomolar then its subsequent recovery to micromolar
caused the rearrangement of MreB polymers and a more
defined response (0.49 +0.04 J g71) in the higher range with
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Fig.3 Ca’*-dependent rear-

rangement of MreB polymers. (a)
A DSC scans, the lines are the
average of three independent
measurements. Heat denatura-
tion of MreB polymers in the
presence of micromolar Ca**
(black line), in the presence of
millimolar Ca®* (purple line),
after the reduction of Ca>*
concentration from micromolar
to nanomolar then recovery to
micromolar (orange line). B
Schematic curve of isothermal —0.025

0.000 1+~

—0.005+

—0.010+

Heatflow/mW

-0.0151

—0.020+

— MreB
—— MreB + 2 mM Ca**

MreB +2mM EGTA + 2 mM Ca?*

WwiI8Y}0puo

heat flow change by the time 40
with the mixing effect and

the investigated parameters.

C Time-dependent change of

isoperibol heat flow in case of (b)

MreB polymers, due to millimo-
lar Ca®* addition (purple line),
or due to the recovery of Ca**
concentration from nanomo-

lar to micromolar (orange

line). The endotherm effect is
deflected downward. Curves are
the average of three independent
measurements. (Color figure
online)
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Table 1 Heat denaturation
parameters. The values are
the average + SD (in case

of temperature differences

Ca’* level

Thermal parameters

T,/°C

AHcaI/J g_l

between 0.2 and 0.5 °C) of three

Low range

High range Low range High range

measurements
M

Changed from uM to mM
Changed from nM to uM

57,61
55,57, 60
55,57

79, 82, 87,90
68,71, 74,79, 87,92
68, 76, 82

0.3+0.05
0.13+0.03
0.05+0.01

0.25+0.03
0.4+0.04
0.49+0.05

the local maxima at 68, 76, 82 °C, and a smaller calorimetric
enthalpy (0.05+0.01 J g™!) in the lower temperature range
at 55 and 57 °C (see Table 1).

For the better understanding of the MreB polymers
remodeling due to Ca?* ion fluxes, we carried out isop-
eribol calorimetry assays. In case of isoperibol measure-
ments the first relevant 3000 s following the mixing effect
was important, between the initial (AQ;,;;,) and the top
points of the heatflow change (AQ,,,) (Fig. 3B). After a
single sharp peak (mixing effect), the initial point of the
heat flow change was first point of our analysis followed
by the curve which was investigated as thermal response of
molecular processes (Fig. 3B). The time rate of the peaks
was defined by exponential fitting. MreB polymers were
reacted to millimolar Ca*" addition with a relatively quick
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Table 2 Exponential fitting to the curves between the initial and top
value obtained the isothermal kinetic data

Ca®* change k/#1074 uW 57! AQ, /uW AQ,, /W
Isotherm kinetic parameters

UM to mM 49+2 7.7+0.6 25+1.8
nM to pM 12+1 13.7+2 —13+0.7

The values are the average + SD of three measurements

(rate of change 49 +2 X 107 pW s~ exothermic (17.3 pW)
response (see Table 2), in the first 660 s the heatflow was
increased from 7.7 to 25 pW (Fig. 3C). However, the reduc-
tion and a subsequent recovery of Ca** level induced a slow
(12+1x10™ pW s~1) endothermic (—26.7 mW) change
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(Fig. 3B and Table 2), in the first 750 s the heatflow was
decreased from 13.7 to — 13 pW.

Discussion and conclusions

The in vitro polymerizing conditions in the presence of diva-
lent and hundred millimolar of monovalent cations drive the
growing of huge MreB assemblies [9, 21]. MreB forms dif-
ferent structures with a big variety of organization levels [8].
Heat denaturation of polymers responded in two ranges of
peaks with multiple local maxima. Low-temperature range
means dynamical MreB structures and high-temperature
range belongs to the highly stable forms of huge polymers.
The sample possibly contains freely moving oligomers, fila-
ments, small sheets and large polymers which can attach to
the wall of the DSC vessels. MreB is able to cover the well
charged surfaces (e.g., glass or metal) with monolayer sheets
[8] and thereby the bundles of ribbon-like polymers can bind
to these extended sheets. Addition of calcium resulted a big-
ger enthalpy change and more local maxima in the higher
temperature range. It can be interpreted as a subsequent
stacking of free polymers onto the large assemblies on the
surface. The disorder of MreB polymers can be reduced by
the stacking of multilayer sheets thus it was happened in
an exothermic process, and calcium may cause structural
change and increased strain in filaments [9]. Subsequent
calcium depletion, via EGTA treatment, in the presence of
magnesium was altered their structure and a further Ca®*
addition induced fissuring sheets and dissociation of fila-
ments into web-like structures, increasing their structural
variance through an endothermic process. The extended
web-like assemblies attaching to the surface are going to be
more stable and highly resistant against heat.

In vivo MreB assemblies can be stabilized by membrane
binding [17]. The structure of filaments can allow bending
of the MreB sheets, which may stabilize the curvature of
a membrane [18]. The prokaryotic cells possibly lack the
existence of motorproteins thus the rearrangement of fila-
mentous system can produce mechanical strain and forces.
The large-scale change of calcium concentrations nearby
of plasma membrane [19] may provide it by a dynamical
MreB scaffold which most likely stabilizing and stacking
to multilayers due to the increases Ca** concentration, and
the oscillation of Ca** level may drive the stabilization and
reassembling their ribbon-like sheets. The reshaping of bac-
terial cells in part of the division or osmotic stress responses
can be managed by Ca** level regulated rearrangement of
MreB polymers.
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