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The MinCDE protein system is known to dictate cytokinesis cell division in prokaryotes by spatial
regulation of the Z-ring. The oscillatory dynamics of MinC and MinD depends on the presence of MinE,
where the MinE protein dynamics acts as a topological specificity to the midcell. In this work, the Spot
Tracking Technique is used to determine the biophysical quantities of MinE protein dynamics, namely,
diffusive motion, velocity distribution, spatial distribution, and energy profile. An alternative quantity
that indicates the potential of the mean force characteristic function is proposed to be an effective
potential parameter to indicate the optimal energy to generate a stable spatial-temporal pattern
formation of MinE proteins. The localization and distribution patterns along the cell length were well
confirmed, while other quantitative information related to MinE cluster positions have been revealed. In
addition, the effective potential was found to relate to the spring-like potential. The minimum region
indicates the potential cluster depth that occurs near the midcell zone, which corresponds to the
finding that the MinE cluster is mostly concentrated at midcell.

Key words: Spot tracking technique, cell division, MinE proteins, protein oscillation.

INTRODUCTION

Cytokinesis in prokaryotes needs to be spatially regulated
in order to ensure that it occurs between daughter
genomes. In Escherichia coli (E. coli) and other rod-shaped
bacteria, cytokkinesis is initiated by the tubulin-like GTP
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FtsZ in a polymeric ring at center of the cell that is called
Z-ring (Lutkenhaus and Addinall, 1997; Rothfield et al.,
1999). The midcell positioning of Z-ring is controlled by
two major negative regulatory systems. The first system
is called nucleoid occlusion, blocks Z-ring assembly in
the cellular space that is occupied by nucleoid mass
(Woldringh et al., 1991; Yu and Margolin, 1999). The
other system consists of three proteins, MinC, MinD, and
MinE, which prevent Z-ring assembly at the cell poles (de
Boer et al., 1989; Rothfield et al., 2001).
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MinC colocalize and cooscillate with MinD (Hu and
Lutkenhaus, 1999; Raskin and de Boer, 1999b) which
acts together as a negative regulator of Z-ring assembly,
and oscillatory dynamics depends on MinE (Hu and
Lutkenhaus, 1999; Raskin and de Boer, 1999a, 1999b).
MinCD complex prevent the correct interaction of FtsA
with the FtsZ ring in vivo (Justice et al., 2000), and MinC
has been shown to inhibit FtsZ polymerization in vitro (Hu
and Lutkenhaus, 1999). Thus, the inhibition of polar
division seems to be achieved by transiently disrupting
assembly of the division machinery at each cell pole in an
alternating manner. MinE provides topological specificity
to the division inhibitor. In absence of MinE, MinC/MinD
are distributed homogeneously over the entire
membrane, resulting in a complete block of Z-ring
formation and consequent formation of long filamentous
cells that fail to divide into two daughter cells (Hu and
Lutkenhaus, 1999; Raskin and de Boer, 1999a, 1999b;
Rowland et al., 2000).

Although there are many experimental studies in the
spatial-temporal pattern formations and the biochemical
basis functions of Min system (Rothfield et al., 2005; Shih
and Rothfield, 2006), only few reports provide the
quantitative information especially MinE protein dyna-
mics. Recently, Janthon and co-workers (Janthon et al.,
2008) studied the quantitative information of MinE cluster
dynamics by using the Single Particle Tracking technique
(SPT). They demonstrated the pattern formation of MinE
cluster and presented the spatial distribution of MinE
proteins in terms of Gaussian distribution. For more
quantitative information and biophysical quantities of this
system, Unai et al. (2009) applied Spot Tracking
Technique (STT) to MinD protein dynamics. They
characterized the dynamic properties of MinD protein
such as spatial distribution, velocity distribution and
diffusive motion. They found that the MinD cluster
performed subdiffusion for the half cell length with the
dynamic exponent approximation in 0.34x0.18. These
quantities for MinE dynamics are still unrevealed.

SPT or STT are based on the computer-enhanced
video microscopy that have been developed to measure
not only the movement of small molecules or particles,
but also the trajectory of the molecule cluster and protein
crowding (Saxton and Jacobson, 1997; Sage et al.,
2005; Golding and Cox, 2006; Unai et al., 2009). These
techniques have been used mostly in data analysis in
order to classify the modes of motion (e.g. normal
diffusion, anomalous diffusion, confined motion etc.) and
to find the distribution of quantities character in the
molecular motion.

In this work, we applied the STT to MinE protein
dynamics in the subject of the shortcoming in biophysical
quantities including diffusive motion, velocity distribution,
spatial distribution, and energy profile. These quantities
are very importance to understand the intracellular

dynamics and functions importantly in terms of space and
time scale interaction. We used the diffusive motions and
velocity distributions to characterize the correlation
motion of MinE that implies the time scale interaction of
MinE dynamics. We also used the spatial distribution and
energy profile to characterize the local properties of MinE
proteins. These quantities are involved in the interaction
region/zone of MIinE protein dynamics in the cell and
topological marker that acts as a midcell. We proposed
the alternative quantity, called the energy profile. It
indicates the potential of mean force characteristic
function or interaction strength profile that respond to the
MinE cluster motion. Moreover, the effective potential
parameter may indicate the optimal energy to generate
the stable spatial-temporal pattern formation of MinE
proteins.

MATERIALS AND METHODS
Bacterial strain and growth conditions

E. coli strain RC1/pSY1083G [Amin/Pjac - AminC AminD AminE
:igfp] was kindly provided by Yu-Ling Shih (Department of
Microbiology, University of Connecticut Health Center) (Shih et al.,
2003). For expression of MinE labeled with green fluorescent
proteins (GFP), a starter of RC1/pSY1083G cells was grown in
Lysogeny broth (LB) medium, 50 pug /ml ampilcillin, 25% glucose at
37°C and shaken overnight at 250 rpm. 1% of the overnight culture
was then taken to grow in the new medium until the ODeggo nm Was
approximately 0.3 to 0.4. The centrifugation was performed at 3,000
rpm for 15 min to collect the cells. Cells were then re-suspended for
at least 30 min in the same medium containing 0.1mM isopropyl-B-
D-thiogalactopyranoside (IPTG) for protein induction. The cell
culture was diluted with media before use. In our experimental
preparation, 5 to 7 ul of sample was dropped onto a glass slide
coated with 5 pl of poly-L-lysine (0.1%), then covered by a cover
slip at room temperature (25°C) before examination.

Image acquisition and spot tracking technique

For fluorescence image sequences, a Zeiss Axioskop2 microscope
and A-plan 100x/1.25 oil lenses were used with in vivo software
support with exposure times of 900 ms. A charge-coupled device
(CCD) camera (Evolution QElI monochrome) was attached to the
video port of the microscope to acquire images and movies at 1
frame/s. After that the spot tracking technique (STT) was used to
follow the region of interest (ROI) which gave off the highest GFP-
MIinE concentration signal. This highest signal is a representation
of the cluster protein in the cell, which indicates the ring-like
structure of MinE. The data obtained from the measurements were
supported by the SpotTracker Java plug-in for the public domain
Imaged software. However, more details on image processing and
tracking procedure are shown in Unai et al. (2009). SpotTracker is a
robust and fast computational procedure to track fluorescent
particles attached to the molecule of interest in time-lapse
microscopy. This tracking provides the time series data as a text file
(x, y coordinates) for the position of the ROI of the cluster protein,
and detects ROl as a small neighborhood (3x3 pixels). More details
of this tracking as a time algorithm can be found in Sage et al.



(2005). The acquired positions were analyzed by MATLAB software
to calculate the physical quantities, including time memory,
transport mode, spatial probability density, and energy profile.

Data analysis
GFP-MinE cluster motion and pattern formations

According to the position profile shown in Figure 2A(top), we
—

5
calculated the velocity of GFP-MInE cluster as follows: v, =ﬂ,

At

where Af =1 s and i = number of frame, as shown in Figure 2A
(bottom). For the period calculation of GFP-MInE oscillation, we
focused on the absolute values of velocity of the GFP-MiInE cluster.
We looked for the time at the cluster when GFP-MinE switched from
pole to midcell, collecting the information by using MATLAB script;
then we plotted the switching time versus the index of switching
time shown in Figure 2B. The slope from this graph relates to the
average of the half oscillation period. In order to classify the motion
of a particular GFP-MinE cluster from the midcell zone to the polar

zones, a time series of its position 7(f) = (x(f), y(¢)) was

recorded in the new data sets by using the midcell position to
separate the trajectory data into two data sets. According to these
data sets, we calculated the mean squared displacements (MSD:

~2
<|Al’| >). The average was taken over time within a single

trajectory as follows (Qian et al., 1991; Saxton and Jacobson, 1997;
Suzuki et al., 2005; Jin et al., 2007):

1
N-1-

MSD(nAt) = Nf{[x(im +nAt) — x(AD| +[y (At + nAr) - y(iAt)]z}
n .z

i=

where X(f) and y(f) are the GFP-MInE cluster position at time ¢

: N is the total number of frames; 7 is the number of the time

interval which relates to time lag; and i is the positive integer.
According to this property, we distinguished the diffusing particle

characteristics by using the relation between MSD and time lag. For

linear profiles, the MSD of a diffusing particle varies with time as

Y
<|Ar(t)| >= 4D, t* (for 2D), where the dynamic exponent

distinguishes the type of diffusion encountered; & =1 indicates
normal Brownian diffusion; O < & <1 indicates subdiffusion; and

a >1 indicates superdiffusion (Saxton and Jacobson, 1997;
Metzler and Klafter, 2000; Tolic’-Nerrelykke et al., 2004; Golding
and Cox, 2006). For parabola profiles, we considered the diffusing
particle in terms of the fractional diffusion-advection second
moment under Galilei invariance. This relation is followed by

<|A?(t)|2> =4D_t* +v’t?, where D, is the effective
diffusion coefficient and V is the velocity field (Metzler and Klafter,
2000; Kramers, 1940).

Energy landscape and localization analysis

The position series data were analyzed by a scattering plot of
position (x,y) in terms of the normalization of length scale (diameter
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and cell length). We plotted the histogram of position along the
normalized cell length; it indicated where the MinE cluster
molecules were located. This result represented the probability
density of the MinE cluster molecule (p (x)). In addition, we
calculated the apparent effective potential from
U(x)=-k,Tlog(P(x)), Where y (x) is the effective
potential (Ritchie et al., 2005; Daumas et al., 2003; Jin et al., 2007;
Haken, 1977) and p (x) represents the probability density of MinE
cluster molecules, which were calculated from the histogram with
small bins (~3% or 0.03 of normalized cell length).

RESULTS

During image analysis, we found that the raw image
sequences were very noisy or full of unwanted signals, as
is evidently shown in Figures 1A and B. It was even
clearer when we considered the surface plots (Figures
1A’ and B’). This noise could reduce the efficiency of STT
and needed to be reduced or eliminated. To do so, we
used the Gaussian filter and image enhancement. Hence
the noise signals were “cleaned” up as seen in Figures
1C, C, D and D’. The intensity signals became very
sharp when compared with the raw image sequence
(Figures 1A and B).

In addition, we analyzed the intensity signal of the
sharp image sequence along the cell length, as shown in
Figure 1E. We found that the intensity profiles clearly
demonstrated the oscillation pattern of GFP-MinE. The
peaks of the intensity profiles indicate the representative
position of GFP-MInE cluster movement along the cell
length. This tracked spot biologically represents the ring-
like structure of MinE proteins. For quantitative
characterization, we applied the STT to the image
sequence based on tracking the center of the GFP-MinE
cluster (3x3 pixels). This step provided us the data of
MinE protein positions over time (Unai et al., 2009)). The
position series at successive time points could then be
used to determine several dynamic quantities, such as
the trajectory as shown in Figure 1F.

Spatial-temporal pattern formation analysis

Using the intensity pattern formation in Figure 1E, we
obtained the position profile as shown in Figure 2A (top).
This elucidated the moving path and characteristic
pattern of GFP-MiInE cluster along the cell length. We
found that GFP-MInE clusters typically move and spend
time in the area from the midcell zone to the polar zone,
swiftly switching from polar zone to midcell. We
calculated the derivative of this moving path to get the
velocity time evolution, as shown in Figure 2A (bottom).
Consequently, the velocity profile led us to distinguish
three velocity modes: (1) Switching velocity, the velocity
of a GFP-MinE cluster that moves from the polar zone to
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Figure 1. Image analysis and STT results for E. coli strain RC1/pSY1083G [Amin/Pac - AminC AminD AminE ::gfp] ]. (A and
B) sample of a raw fluorescent image at 34 and 147 s, respectively. (A’, B’) The intensity plot of fluorescent images
corresponding to A and B. The small peaks reflect the noise that is distributed over the image. (C and D) The fluorescent
image in A and B after processing. (C’, D’) The intensity plot of fluorescent image corresponding to C and D. (E) The profile
of the intensity pattern along cell length (0 to 600 s). This figure demonstrates the possible cluster position along cell
length. (F) GFP-MInE cluster trajectory for the successive time of 800 s. For each intensity plot, the different colors of the
contour plot represent the different intensity scale of GFP-MinE. All color scales in these figures perform in terms of

normalization.

midcell zone (1.96+£0.8 um/s); (2) localized switching
velocity, the velocity of a GFP-MInE cluster that moves
during the switching period from the midcell to the edge
or polar zone (0.46%0.15 um/s), and localized velocity,
the velocity of a GFP-MInE cluster that moves along the
edge of cell in a path from the midcell to polar zone;
0.04+0.02 pm/s). From these behaviors, we determined
two parameters to characterize the moving path,
including ring structure moving time (RSMT) and ring
structure moving length (RSML).

RSMT indicates the time interval for a GFP-MinE
cluster moving from the midcell zone to the polar zone.
This parameter leads to the measurement and
approximation of the oscillation period of MinE proteins.

In order to define the MinE oscillation period, we used
both pattern formations of moving path and velocity time
evolution.

The oscillation period of MinE is given by two RSMTs
on a moving path related to 3 velocity peaks on the
velocity time evolution. From this period definition, we
measured RSMTs via the velocity peaks. The relation
between RSMTs and switching events (or events of
velocity peaks) is shown in Figure 2B; each RSMT
performs the half oscillation period; the slope of red line
in the figure indicates the average of half oscillation
period. The RSMTs are approximately 133.25+62.7 s.
For our experimental data, the oscillation period of GFP-
MinEs is approximately 238+97 s (18 cell samples).



Aroonnual et al. 3799

Cell length (um) >

Velocity (um/s)

1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Time (s)

0 ' . ' v ' . ' v

1 2 3 4 5
Switching Events

Figure 2. An example of the dynamics pattern and period of GFP-MIinE along cell length (A) The
oscillation pattern (top) and velocity time evolution (bottom) for an acquisition time of 800 s. RSMT
corresponds to the half oscillation period. RSML performs the jump length from polar zone to midcell zone
that corresponds to half of cell length. The oscillation period of GFP-MiInE is defined by 2 RSMTs and 3
velocity peaks. (B) The relation between RSMT and switching events. Blue circles indicate the data points
that correspond to each RSMT. Red line represents the fitting curve. The slope of this graph corresponds
to the average period of half oscillation.

This result corresponds to previous reports (Fu et al., precision of the dynamical time scale related to the
2001; Hale et al., 2001) that directly measured the biochemical kinetic interaction of Min proteins, especially
oscillation period via image sequence. However, our from midcell to the polar zone.

oscillation period was clearly measured by the oscillation RSML represents the moving length between the polar
pattern and its period definition, which led to increased zones to midcell zone. This parameter indicates the
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Figure 3. Position profile and MSD of GFP-MiInE cluster. (A) Shows the normalized position profile for 5 sample paths. (B)
Shows the MSD that corresponds to the data set in (A). (C) An example of MSD data (blue dots) and fitting curve (red line,
R2~0.98). The fitting function is the fractional diffusion-advection second moment (material and methods). The dynamic
exponent for this curve is approximately 0.29. The other parameters are 4D, ~ 0.018 and v ~ 0.046. (D) The histogram for the

effective diffusion coefficient with the average time scale 0.45.

Blue line represents Gaussian function fitting. The average of

the effective diffusion coefficients (Do) is approximately 0.20+0.16 pm?/g®#4<025,

length scale that corresponds to the site specific function
of MinE, which mostly moves to the midcell zone after the
MinD-depolymerization process at the polar zone (King et
al., 2000; Taghbalout et al., 2006). RSMLs are
approximately 2.39+0.699 pupm (for cell length
approximately 5.1+£0.8 um).

From our analysis, as seen in Figure 3A (for 5 moving
paths), we could distinguish GFP-MInE cluster motion
between midcell and polar zone in terms of a normali-
zation scale. MSD indicated that moving paths feature
directed motion, as is evidently shown in Figure 3B. The

curves could be fitted with the fractional diffusion-
advection second moment (Metzler and Klafter, 2000);

<|A;(,)|2>=4Da,a+v2,2 with a = 0.44 = 0.25 and

R®~0.92 (for 10 cell samples); An example is shown in
Figure 3C. In addition, we evaluated the effective
diffusion coefficient as shown in Figure 3D. This result
cannot fit with the Gaussian distribution.

Next, we analyzed the velocity and velocity distribution
throughout the cell, as shown in Figure 4A (for 10 cell
samples). We fitted the data with two distribution functions.
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Figure 4. The velocity distribution of GFP-MInE cluster throughout the E. coli cell. (A) Shows the
histogram plots of GFP-MinE velocity for 10 cell samples. The bin center of the histogram (bin size = 0.2
um/s) for this data set is shown in the small figure (A’). (B) An example of the fitting curve that corresponds
to the histogram in (A). Blue line indicates the Tsallis distribution function (R? ~0.99985). Red line indicates
the Gaussian distribution function (R* ~0.99813).
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and, Tsallis function: be a slightly better fit than the Gaussian function, as shown
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Figure 5. The spatial distribution and energy profile of GFP-MiInE cluster. (A) Shows the scattering plots of GFP-MinE (6
cell samples) along normalized cell length and cell width. This figure indicates the MiInE cluster positions highly appear at
the midcell zone, especially near the cytoplasmic membrane. (B) Shows the spatial distribution of MinE clusters along
normalized cell length (for 10 cell samples). Gray line indicates the fitting curve of Gaussian function (R? ~ 0.83). (C)
Samples of the apparent effective potential profiles for GFP-MinE cluster (3 individual cell samples). (D) Black spots show
the average apparent effective potential using the same data set in (B). The red line indicate the spring-like potential fitting

function (y = A+B(x-X)?), with R? ~ 0.97.

in Figure 4B. As seen there, the Gaussian function was
not able to cover some data points.

Energy landscape and localization

Here we wanted to analyze the relation between dynamic
and geometrical motion, as well as energy landscape. To
begin with, we analyzed the motion trajectories of MinE
via the scatter plot along the normalized scale. This
provides the time, average feature of cluster protein
motion and the localization or spatial distribution pattern
of cluster protein, as shown in Figure 5A. The cluster
protein distributions illustrate characteristic scattering
highly near the midcell zone and the edge of cells. This
distribution features a ring-like structure forming around

the midcell zone. Biologically, this could link to the C-
terminal topological specificity domain of MinE principally
responsible for allowing the FtsZ ring to form at midcell
(King et al., 2000). Our results may also support the
evidence of FtsZ protein forming near the midcell zone as
a ring structure. Previous reports show that the
distribution at gold labeling FtsZ formed a ring-like
structure at the division site (Bi and Lutkenhaus, 1991).
The FtsZ's self-assemblage into a ring structure on the
cytoplasmic surface of the inner membrane may lead to
the first step in the division process.

According to the scattering positions of MinE cluster,
we then analyzed the cluster protein distribution along
normalized cell length, as shown in Figure 5B. These
results led to the probability density of finding a cluster
molecule at given normalization positions at observable



time frames. We found that the cluster protein distribution
was not fitted well by the Gaussian function. However,
this fitting function still surprisingly provided us with an
approximate central value at around 0.5 (or 50% of cell
length). This is consistent with the fact that the possible
division site of an E. coli cell may occur at midcell.
Consequently, we estimated the effective potential
associated with  MinE motion to increase the
understanding of MinE dynamics. The effective potential
profiles for individual cluster molecules can be evaluated

from U(x)=—k,Tlog(P(x)), where U(x) is the
effective potential; P(x) is the probability of finding the

cluster molecule at position x; and k,T is the thermal

energy (Ritchie et al., 2005; Daumas et al., 2003; Jin et
al., 2007; Haken, 1977). It follows then that information
about physical, fore-producing mechanisms responsible
for diffusive motion of MinE should be contained in STT
trajectories, without the need to apply external force. We
found that the effective potential relates to the spring-like
potential or harmonic potential, as shown in Figures 5C
and D. The minimum region indicates the potential depth
that occurs near the midcell zone, which corresponds to
the finding that the MinE cluster mostly concentrates at
midcell. It may be noted that the potential curve is not
very smooth and may indicate a metastable state,
especially near the midcell zone. This characteristic may
reflect the spatial landscape characterizing the
environment or cell that interacts with cluster protein
motion. Moreover, this metastability may relate to several
E-ring structures being formed before they move to the
polar zones.

DISCUSSION

The goal of this research was to investigate the dynamics
and pattern formations of MInE protein in terms of
physical quantities. We focused on two aspects: Dynamic
pattern formations and energy landscapes. We then
measured the mean square displacement (MSD), velocity
distribution, and energy landscape. We performed two
major steps to analyze the experimental data (in terms of
the image sequence), namely image analysis and STT.
From our results, we found that GFP-MInE clusters
occur mostly near the midcell zone, especially near the
cytoplasmic membrane (edge of cell), as shown in Figure
1F. They also perform oscillation patterns that take time
when moving from the midcell to polar zone as shown in
Figure 2A (top). Both of these behaviors could be caused
by MinE molecules attaching themselves to the leading
edge of MinD-ATP (MinD, ATP polymer grows from the
cell poles to cell center near the midcell zone and form
the E-ring). MinE in the E-ring activates the MinD-ATP,
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leading to the conversion of ATP into ADP and the
release of phosphate. Consecutive release of MinD-ATP
results in depolymerization from the cell center to the cell
pole. Also for MinD, the E-ring may perform lateral
diffusion in the same direction of the MinD-ATP
depolymerization. After this process, MinD-ADP and
MinE are released from the cytoplasmic membrane
because of its low affinity to the bilayer. MinD-ADP is
converted to MinD-ATP in the cytoplasm. And MinD-ATP
diffuses to the opposite pole, while MinE moves to the
midcell zone by the topological specificity domain (TSD)
that is shown to exist as a homodimer in which the long
N-terminal a-helices from each monomer form an
antiparallel coiled-coil (King et al., 2000). In addition, the
fluctuation of MinE clusters that are reflected via
trajectories and localizations may come from the
polymerization landscapes of MinD protein.

Because the dynamical time scale of MinE cluster
movement from the midcell to polar zone and polar zone
to midcell are different (Figure 2A), essential protein
dynamics and interactions may appear between MinE
moves from the midcell to polar zone. This key point may
relate to FtsZ diffusion (Niu and Yu, 2008). To under-
stand these results, we measured MSD and velocity
distribution.

In order to consider the MSD, we found that the GFP-
MinE cluster motion performed the fractional diffusion-
advection second moment with a = 0.44 = 0.25. These
results indicated that GFP-MinE clusters perform
subdiffusion at the short time and directed motion at the
long time. This finding could well be related to a previous
report on the diffusion of MinD proteins (Unai et al.,
2009). There, they found that GFP-MinD clusters perform
subdiffusion with dynamic exponents approximately 0.34
*+ 0.18. It was understood that MinD and MinE were
involved in a biochemical kinetic interaction within an E.
coli wherein MinD generated polymerization on the
cytoplasmic membrane (Hu and Lutkenhaus, 2001;
Suefuiji et al., 2002) and grew from the cell poles to cell
center (Taghbalout et al., 2006; Rothfield et al., 2005),
while MinE enacted depolymerization by firstly attaching
to the leading edge of MinD-ATP near the midcell and
then moving to the polar zone (Figure 1E, F, A and A).

These results could be expanded MIinE behaviors in
terms of directed motion. Subdiffusion of MinE may also
be related to MinD polymerization landscapes and
interactions, especially on the cytoplasmic membrane.
Moreover, a recent report on FtsZ protein indicates that it
performed subdiffusion where a = 0.74+0.05 (Niu and Yu,
2008). This action facilitated the subdiffusive feature of
MinE. Because MiInE is principally responsible for
allowing the FtsZ to form at midcell (King et al., 2000),
this situation possibly appears in the area outside the
midcell zone that is related to the area outside of the Z-
ring. To validate our point, we use the histogram of
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effective diffusion coefficients. It appears that the most
effective diffusion coefficient values are small, and the
histogram of effective diffusion coefficients can not be
fitted with the Gaussian function, as shown in Figure 3D.
This result may indicate the effect of environments and
the protein mechanism, which may imply the memory
effect or long range correlation of protein cluster
movement that leads to anomalous subdiffusion. The
average of effective diffusion coefficients is approximately
0.20+0.16 pm?/s>*4*02°,

According to the Tsallis distribution function, g-values
indicate the correlation of particle motion. In our
experiments, g-values are approximately 1.55+0.037,
showing a connection of g>1 and correlated motion
(correlated diffusion in terms of fractional Brownian
motion). Recalling the relation between g-values and
dynamic exponents in anomalous diffusion,
a=2/(3—-q) (Upadhyaya et al., 2001; Thurner et al.,

2003; Fuentes and Caceres, 2008); we then have the
dynamic exponent a = 1.41+0.037. It is seen that the
dynamic exponent is not equal to the one that results
from MSD estimation. In fact, the estimated exponent
here is about double of that via MSD estimation. This
result may reflect the symmetry of the dynamic exponent,
which takes into account the characteristics of a moving
path (Figures 1E and 2A) that performs the symmetry
pattern along the cell length (midcell zone represents the
central point). Since the GFP-MInE cluster is in such
close contact with the cytoplamic membrane (according
to the polymerization mechanism of MinD proteins), it
leads to anomalous subdiffusion, which indicates the
correlation of motion via g-values.

By inspection, we fitted the MinE potential profile using

the estimated functiony = A+ B(x—x,)*, as shown in
Figure 5D. The average potential depth for curve fitting
was found to be U, =0.92k,T, which is quite a

reasonable order of magnitude as far as thermal
fluctuation is concerned. This parameter seems to the
energy that required generating the pattern formation of
MinE cluster dynamics. Next we used Kramers’s escape
problem (Kramers, 1940) concerning a point particle in
phase space diffusing in the potential. Given a medium or
space where a particle is caught in a potential hole, the
particle can only escape over a potential barrier. Hence
this model was used mainly to study the dependence of
the escape rate on temperature and viscosity. In this
regard, we assumed the probability of random moving

particles over the potential U at each position as:

1
PU)=—2e"""
W) U

0

Considering the rate of escape,

(Kramers, 1940) r, where r, -0 and 7, - o), we

. . kgT . . .
adopted the approximation: 7, =e ™ which is valid at

the low k,T" limit. The mean waiting time to escape (7 )
U

may thus be written as: 7= Toek"T =1/r, Applying the
estimated waiting time distribution 7 between steps
(Scher et al.,, 1991; Saxton, 1996) using:

y/(r):P(U)CCZZ—U We arrive aty(7)=7
T

Hence, from the waitiﬁg time PDF (Metzler and Klafter,

k,T

2000; Wong et al., 2004), we geta = Ij , where «
0

corresponds with the dynamic exponent for the

symmetrical dynamics of MinE cluster, it was supported
by the dynamic exponent of velocity distribution. We also
found that the dynamic exponent of the average potential
depth is approximately 0.5. This parameter indicated the
subdiffusive motion of MinE cluster at the half cell length,
which correspond to the subdiffusive motion of MSD at
the same region.

Key questions that remain to be addressed are the
effects of different types of culture conditions, various
stresses, and time and space dependent noises on MinE
dynamics and the stabilization of patterns. On the STT
side, the crucial question still concerns to what extent this
technique will precisely be used to investigate protein
cluster dynamics. A lot more work needs to be done to
test and reach the limit of this method. To advance the
theory and modeling, it is also necessary to make use of
these quantitative results and experimentally testable
predictions, where possible.

In conclusion, a spot tracking technique (STT) was
used here to track the maximum distribution of a particle
ensemble, making it possible to observe, both
qualitatively and quantitatively, MinE dynamics. The main
results were used to quantitatively analyze dynamic
pattern formation and energy landscape. An interesting
characteristic of time evolution dynamics is the flight
event that occurs between polar zones and midcell, a
behavior that is still not well understood. In terms of
MinE localization, by analyzing the cluster positions using
the STT technique, patterns of localization and
distribution along the cell length have been well
confirmed, while other quantitative information related to
MinE cluster positions have been revealed. In addition,
the effective potential was found to relate to the spring-
like potential or harmonic potential. The minimum region
indicated the potential depth that occurs near the midcell



zone, which corresponds to the finding that the MinE
cluster mostly concentrates at midcell.

It is reasonable to say that with the STT technique, the
measurements performed are more accurate than those
done by, say eye-observed measurement in a 2D-image
sequence. However, the accuracy of this STT may be
subject to environmental factors. We believe that STTs
will be widely applied to Min protein systems in the very
near future. With improvements in STTs, through data
acquisition and data analysis, the STT could become a
well-accepted technique. Furthermore, the combined use
of STT with the well-known technique of fluorescent
labeling or dyeing could be a promising alternative to
other types of labeling, including the nanoparticle labeling
approach. It is also reasonable to say that this
quantitative information could contribute to improvements
in the dynamic model of protein oscillation. It is important
to emphasize that obtaining the quantitative data of
protein dynamics is one of the distinct rewards owed to
this applied STT. As improvements are made to the STT
technique, especially applications in 3D, the information
to be gained may reflect as yet unproven mechanisms,
such as an obstruction of MinE by other mobile or
immobile molecules or by other Min proteins, binding and
obstruction by cellular components.
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