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Cell division is one of the most fundamental and evolutionarily conserved biological processes. Here, we
report a synthetic system where we can control by design equal vs. unequal divisions. We synthesized a
micro-scale inverse amphipathic droplet of which division is triggered by the increase of surface to volume
ratio. Using this system, we succeeded in selectively inducing equal vs. unequal divisions of the droplet cells
by adjusting the temperature or the viscosity of the solvent outside the droplet cell accordingly. Our
synthetic division system may provide a platform for further development to a system where intracellular
contents of the parent droplet cell could be divided into various ratios between the two daughter droplet cells
to control their functions and fates.

he goal of synthetic biology is to design and synthesize artificial system that mimics or that is distinct from

and more efficient than the naturally occurring biological processes. Cell division is a central biological

process that is essential for any forms of life for their reproduction and propagation, and is conserved
through evolution.

Stem cells make decisions on either self-reproduction or differentiation by selectively utilizing equal vs.
unequal cell divisions"?. Stem cells reproduce themselves by equal divisions. However, they undergo a one-round
of an unequal division to reproduce one daughter stem cell which is identical to the original and to produce the
other daughter cell that is destined to differentiate to a specialized cell type, thus differentiating into non-stem cell
lineages - the process known as “asymmetric cell division”. The differentiated cells reproduce themselves via
equal divisions. Therefore, the ability to control equal vs. unequal divisions by design provides a unique synthetic
system capable of making decisions on its future fates and states by selectively utilizing two types of divisions.

Over the last two decades, several synthetic cell division systems were synthesized®""*. However, none provided
a system where equal vs. unequal divisions could be controlled by design. Hence, we set out to synthesize an
artificial cell system where we can control equal vs. unequal divisions by design.

Results
First, we synthesized an artificial cell division system based on a simple physical law. The assumption that we
made is that a synthetic cell would divide if the ratio of the surface area to volume increases. To accomplish this
goal, we developed a division system of inverse amphipathic droplet cell where the surface area could be increased
by hydrolysis reaction (Fig. 1a, b). The droplet was formed by a mixture of sorbitan monooleate (Span 80) and
polyoxyethylene sorbitan monooleate (Tween 80) with alkaline phosphate buffer solution inside and hydro-
phobic oil (mineral oil or liquid paraffin) outside (i.e. inverse amphipathic system) (Fig. 1a) (see also Materials
and Methods for the details). p-nitrophenyl palmitate (pNPP), a previously used substrate for lipase activity assay
within lipid micelles', was added to the outside oil phase, and as pNPP molecules contact the inside alkaline
phosphate phase in a spontaneous manner, pNPP is hydrolyzed and the palmitate molecules are incorporated to
the hydrophobic droplet surface (Fig. la, b). As more pNPP molecules are hydrolyzed and the number of
palmitate molecules within the hydrophobic phase surface increases, the droplet surface area expands. When
the surface area reaches to the critical threshold while the total droplet volume remains constant (i.e. the increase
of the surface area to volume ratio), the droplet is expected to divide (Fig. 1a, b).

The inverse amphipathic droplets divided following the hydrolysis reaction. Furthermore, we were able to
induce distinct types of divisions depending on the temperatures or the viscosities of solvents outside the droplets
(Fig. 2). At30°C in mineral oil solvent, the single parent droplet divided into two daughter droplets of nearly equal
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Figure 1 | Schematic representation of a synthetic cell division system.
(a). Outline of the division system. Incorporation of palmitate produced
from pNPP by hydrolysis increases the surface to volume ratio of the
droplet cell, which triggers the division. (b). Hydrolysis of hydrophobic
pNPP producing amphipathic palmitate.

size, i.e., the equal cell division (Fig. 2a and Supplementary Video 1).
In contrast, at 25°C in mineral oil solvent, a single parent droplet
divided into two daughters of smaller and larger sizes, i.e. an unequal
cell division (Fig. 2b and Supplementary Video 2). In liquid paraffin,
that exhibits much lower viscosity than mineral oil (Supplementary
Table S1), the single parent droplet divided into multiple smaller
daughter droplets, i.e., multiple buddings, at 25°C (Fig. 2c and
Supplementary Video 3). We observed some volume
loss of the daughter cells following the divisions (Fig. 2a, 2b,
Supplementary Videos 1, 2). This is presumably due to the fact that
the daughter droplets rapidly float away from the observable field
under the microscope following the division. This is unavoidable
because each droplet is floating in the liquid phase during the micro-
scopy imaging. Alternatively, there may be some leakage of solvent
inside the droplets following the divisions. Next, we also examined
the divisions in solvents of intermediate viscosities and investigated
their effects on the sizes of the daughter droplet cells (Fig. 2d). By
mixing mineral oil and liquid paraffin at various ratios, we generated
the solvents of which viscosities falls in between those of mineral oil
and liquid paraffin (Supplementary Table S1), and we examined the
droplet cell divisions in each of the solvent of the intermediate vis-
cosities at 25°C (Fig. 2d). The result shows that the sizes of two
daughter cells became closer to equal (i.e., semi-equal division) as
the solvent viscosity decreases (Fig. 2d). Taken all these results
together, we conclude that the droplet cell undergoes an equal divi-
sion in a solvent of high viscosity (i.e., mineral oil) at 30°C (Fig. 2e).
However, the droplet cell undergoes unequal division, producing
two daughter cells of distinct sizes, in the same solvent (i.e., mineral
oil) but at lower temperature, i.e., 25°C (Fig. 2e). The size difference

of two daughter cells produced by the unequal divisions become
less prominent as the droplet cells divide in the solvents of lower
viscosities at 25°C (Fig. 2e). A solvent of low viscosity (i.e., liquid
paraffin) at 25°C induces multiple buddings (Fig. 2e).

Next we examined the mechanism underlying the division of the
synthetic droplet cell. The hydrolysis reaction was pH dependent —
i.e.,, the reaction is more efficient at the higher pH. The divisions of
droplets were monitored at pH8 - pH13 in mineral oil and liquid
paraffin (Fig. 3a). In mineral oil and liquid paraffin, the transitions to
the division occurred at pH11 and pH10, respectively, demonstrating
the pH dependency of the divisions. In addition, the droplet division
occurred at a narrow range of critical concentration of palmitate, the
product of the hydrolysis of pNPP (Fig. 3b). Over 70% of the droplets
divided at 5.4 X 107> M and 2.4 X 10~> M in mineral oil and liquid
paraffin, respectively (Fig. 3b). The required concentration of palmi-
tate for the division to occur appears to increase as the viscosity of the
solvent increases (Fig. 3c). Quantitative measurements of both the
surface area and the volume of individual droplets confirmed that the
division occurred as the surface area increased while the volume
remained constant in both mineral oil (Fig. 3d) and liquid paraffin
(Fig. 3e). These results are all in agreement with the idea that the
droplet division is dependent on hydrolysis of hydrophobic mole-
cule, pNPP, to amphipathic molecule, palmitate, and the division
results from the concentration increase of palmitate which becomes
incorporated into the amphipathic droplet surface, thus increasing
the surface to volume ratio. The results also demonstrate that more
palmitate molecules are required for the divisions to occur in the
solvents with higher viscosities, as indicated by the higher critical
concentration threshold for the division in the higher viscosity
solvents.

Discussion

Herein we report an inverse amphipathic droplet division system
where the division can be induced by supplying pNPP to the outside
of the lipid droplets, and furthermore, the equal vs. unequal divisions
can be controlled by adjusting temperatures and viscosities of the
solvents. Although several other self-replicating synthetic cell divi-
sion systems have been previously reported, to our knowledge, this is
the first system where the equal vs. unequal divisions can be selec-
tively induced depending on the temperatures and viscosities of the
microenvironment.

Our results are consistent with a model where pNPP is hydrolyzed
in alkaline microenvironment producing palmitate which becomes
incorporated into the droplet surface, thus increases the droplet sur-
face to volume ratio and results in the division (Figs. 1, 3). Another
possible mechanism for consideration is a contribution of surface
energy effects to the initiation of the observed droplet division, a
possibility that remains for a future investigation.

The system reported here is an inverse system (i.e. the inside of the
droplet is hydrophilic), thus it is possible to enclose biomolecules
such as proteins and nucleic acids that are relatively hydrophilic.
Such macromolecules and other agents could be inherited to daugh-
ter droplets at various ratios by incorporating them inside the drop-
lets and inducing the divisions producing two daughter cells of
various size ratios. Hence, the system could be further developed
to exert functional variations between two daughter cells through
unequal divisions.

Most natural cells existing in modern days use cytoskeleton based
force generator system for the division'’, however, it has been
recently discovered that some modern bacteria retain the ability to
switch to a state referred to as L-form of which division is induced by
increasing cell surface to noise ratio'. The study also suggested that
the increasing the surface to volume ratio represents the most prim-
itive strategy of division that primordial cells exploited in early days
in evolution'. Our results reported herein suggest that a lipid droplet
division driven by an increased surface to volume is possible.
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Figure 2 | Distinct division types induced by different temperatures and solvent viscosities. (a). Division in mineral oil at 30°C. See also Supplementary
video 1.n = 30, Ratio = 0.94 = 0.05 (of two daughter droplet cell diameters). (b). Division in mineral oil at 25°C. See also Supplementary video 2. n = 31,
Ratio = 0.41 * 0.09 (of two daughter droplet cell diameters). (c). Division in liquid paraffin at 25°C. See also Supplementary video 3. n = 31.

Scale bars (a—c): 20 pm. Scale bars (Supplementary videos): 50 pm. Time stamps (Supplementary videos): day (d):hours:minutes:seconds:milliseconds.
(d). Ratios of two daughter cell sizes (in diameters) after the division in solvents of intermediate viscosities at 25°C. n = 30 (for n, = 6.31),n = 30 (n, =
7.99),n = 31 (for n, = 12.92). One-way ANOVA test; p <5 X 107". (e). Schematic diagram representing various division types. 1,: relative viscosity. MO:

mineral oil, LP: liquid paraffin.

Furthermore, our studies clearly show that temperature and viscosity
of the microenvironment influence the division types (e.g., equal vs.
unequal divisions, and multiple buddings). Hence, an intriguing
possibility, but is subject to rigorous testing in the future, is that an
environment of dynamically changing temperature and viscosity
may have contributed to the evolution of different types of naturally
existing cell divisions (e.g., equal and unequal divisions, multiple

buddings).

Methods

Preparation of amphipathic droplets. Amphipathic droplets were synthesized as
follows: Sorbitan monooleate (Span 80) (Wako Pure Chemical Industry Co., Japan)
(0.21 g) (final conc.: 0.49 mM), polyoxyethylene sorbitan monooleate (Tween 80)
(0.01 g) (final conc.: 76 pM), Na-phosphate buffer (1 g) and p-nitrophenyl palmitate
(pNPP) (MP Biochemicals Inc., USA) (0.35 g) (final conc.: 1 mM) were sequentially
added to either mineral oil Light White (MP Biochemicals Inc., USA) or to liquid

paraffin (Wako Pure Chemical Industry Co., Japan) (8.78 g for both oils). The
amphipathic droplets were prepared by vigorously mixing each sample by vortexing
for 3 min. at either 25°C or 30°C.

Confocal microscopy. The droplet divisions were observed in the 35 mm glass-
bottom dish (IWAKI & CO., Ltd.) maintained at either 25°C or 30°C using LSM-
7DUO confocal laser microscopy (Carl Zeiss, Inc.) with line mode and 40 X water-
emulsion lens (NA1.2). Each droplet was visualized by the inclusion of Rhodamine B
(Wako Pure Chemical Industry Co., Japan) in the Na-phosphate buffer (final conc.:
0.35 mM) and the time-lapse images were archived.

Measurement of palmitate concentration. The concentration of palmitate in the
alkaline aqueous phase was calculated by measuring the absorbance of p-nitrophenol,
the by-product of the hydrolysis reaction (P)NPP — palmitate + p-nitrophenol), at
410 nm using Shimadzu UV-2400PC (Fig. 1a). The amphipathic droplets emulsion
was diluted with acetone prior to measuring the absorbance.

Measurements of droplet size. The diameter of individual amphipathic droplets was
measured based on the confocal microscopy images using Image] and was used to
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represent the size of each droplet. The histogram was generated using statistics
software package R (version 3.01).

Measurement of the droplet volume and surface area by laser confocal
microscopy. The three-dimensional (3-D) reconstitution of individual amphipathic
droplets was accomplished using Image]. The volume and surface area of each droplet
was calculated from this 3-D image using Sync Measure 3D function of Image].

Measurements of oil viscosity. The viscosities of various oils were determined using
Ostwald viscometer, with water flow time at about 20.2 sec. The temperature was held
constant at 25°C or 30°C in water bath, and the viscosity measurements were
performed for three times for each sample and the average values were used for the
viscosity calculations as follows:

1, =n/n,(n,: relative viscosity, n: coefficient of oil viscosity,

11, coefficient of water viscosity)

Statistics. Statistical analyses were performed using the one-way ANOVA test.
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