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ABSTRACT

In the prebiotic era, physicochemical cause and effect served as the primitive flow of information for protocells.
Our recent study claimed that the manners and frequencies of self-reproduction of giant vesicle (GV) -based model
protocells were regulated by the incorporated DNA-length, and not the base-pair sequence due to the presence of a
supramolecular catalyst (lipo-deoxyribozyme) composed of DNA and lipophilic catalysts. The DNA-length dependent
dynamics of the selfreproducing GVs containing different length of DNA were examined by three independent
experiments; Population analysis by flow cytometric measurements, counting oflincreased numbers of protocells
and direct morphological observation of a single GV by confocal microscopy. These results may shed light on the
information system in the prebiotic stage, when the central dogma was not established. Notably, recent reports have
revealed the possible influence of DNA length on the activation of living cells through the complexation of DNA to
an enzyme in non-sequential aggregation manner.
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INTRODUCTION binding to a cyclic GMP-AMP synthetase in the conclusion section,
we will discuss the biological and medical significance of the
primitive flow of information exhibited by self-reproducing GV-
based protocell.

Intimate and complex interactions between biological
macromolecules developed during 3.6 billion years made it
difficult to identify a true origin of expression of a certain event,
which is a high barrier, in particular, for biological and medical
researches. As for flow of information, the central dogma which ' PCR

is based on transcription and translation of DNA regulates the oo IR
basis of life on earth. Hence a research on how primitive flow g

of information emerged in the prebiotic era remains limited.

To unveil its origin, a selfreproducing giant vesicle (GV)-based DNA o Self-reproduction
model protocell would be an ideal system with least minimum WIS Amplification |\ o bozyme: & Deformation
components. A physicochemical cause and effect could be the - s, Fomation 1.%

channels of information during the prebiotic era before the flow : a -

of genetic information was established [1]. In addition, it is to be 8, g

noted that the effect of different types of DNA encapsulated in a i S

GV-based protocell influences the manner of GV division, focusing

on the interaction between the encapsulated DNA and lipophilic Figure 1: DNA Length-Dependent Division of GV-based Model
catalysts in a vesicular membrane. Protocell

SELF-REPRODUCING GVS CONTAINING DNAS

By introducing recent reports which revealed the possible influence
of DNA length on the activation of immune responses by DNA
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OF DIFFERENT LENGTHS

Self-reproducing GVs were characterized as reported earlier [2,3].
Addition of membrane precursor (V*) to selfreproducing GVs
dissolved and hydrolyzed the precursor in the GV membrane to
form a membrane lipid (V) and an electrolyte (E). The increased
amount of membrane lipids (V) deformed and divided into two
GVs. A link between the self-reproduction and DNA amplification
in a GV was revealed by the enhanced division observed in GVs
subjected to polymerase chain reaction (PCR)-based amplification.

In a recent study [4], the composition of a vesicular membrane was
modified by adding polyethylene glycol (PEG)-grafted phospholipids
(DSPE-PEG1000) to strengthen the subtle differences in division
of encapsulated DNA of different lengths. To compare the dynamic
manner of each selfreproducing model protocell containing a
different DNA cautiously, three independent experiments were
performed: Population analysis of selfreproducing GVs (10
109 by flow cytometry, counting of increase ratios of GVs (10%
10%) by means of wide-view/high-precision confocal fluorescence
microscopy, and observation of morphological changes in a single
GV by high-speed confocal fluorescence microscopy.

POPULATION ANALYSIS OF SELF-
REPRODUCING GVS BY FLOW CYTOMETRY

For the flow cytometry measurements, GVs containing short 374
bp DNA [GV(S)], medium-length 1164 bp DNA [GV(M)], and long
3200 bp DNA [GV(L)] were prepared. A fluorescence intensities
histogram from GVs subjected to PCR, containing lipid-bound
fluorescent probe BODIPY-HPC (0.1 mol%), was obtained after
incubation for 40 min following the addition of V*. A size limit from
5 pm was used for a self-reproducing model protocell, considering
the specific GV size requirements for enzymatic reactions [5].

The results of the fluorescence intensity histogram showed that the
increase in population of the three types of GVs depended on the
difference in DNA length. The division of GVs (S) was fast but
yielded small GVs, whereas GVs (M) produced daughter GVs with
sizes almost equal to that of the mother GVs. GVs (L) produced
almost equivolume divisions. equivolume division is defined as
when the volume of a divided daughter GV is not less than 70% of
the size of the mother GV (Figure 1).

INCREASE RATIOS OF GVS BY WIDEVIEW/
HIGH-PRECISION CONFOCAL MICROSCOPY

An increased number of GVs reflected the correlation between
the length of the encapsulated DNA and the ability to undergo
division. The number of GVs (10>-10° GVs) before and after the
addition of V* were directly counted under a wideview/high-
precision confocal laserscanning fluorescence microscope. The
total number of GVs captured in 125 sliced wide images were
counted using viewer and analyzer software. The percent increase

in GVs was defined as:

2 X Nurnber of GVs afller addilion of V*
Number of GVs before addition of V*

Increase (%) = ( = 1) x 100

The increase in GVs (S) was 85% at 30 min after V* addition,
although it decreased to 48% at 1 h. In contrast, the increase in
GVs (M) was 125% at 30 min and reached saturation afterwards.
GVs (L) increased from 54% at 30 min to 136% at 1 h, reaching
almost the same value as that of GVs (M). In addition, a control
experiment using GV(M) with different DNA sequence kept the
same increase ratio, excluding the possibility of the sequence
information. Thus, the counts of GVs measured by confocal
microscopy indicated that the increase of GVs depends on the
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length of the encapsulated DNA.

MORPHOLOGICAL CHANGES IN A SINGLE
GV OBSERVED BY HIGH-SPEED CONFOCAL
MICROSCOPY

Real-time observation of GVs (S), (M), and (L) by confocal
microscopy revealed the process underlying the DNA length
dependent morphological changes. A high-speed confocal laser-
scanning fluorescence microscope was used to observe the behavior
of Texas Red-DHPE (0.2 mol%) stained thin-lamellar layered GVs
(S), M), and (L). The morphological changes of 30-40 specimens
of different GVs 40 min after the addition of V* were as follows;
smaller GVs were formed from GV(s) and equivolume GVs were
formed from GV (M), while deformed but not divided GVs were
mostly generated from GV (L).

FORMATION AND FUNCTION OF C@DNA AS
A SUPRA MOLECULAR CATALYST

Results revealed that a membrane-intruded DNA and lipophilic
catalyst complex, constructed within the vesicular membrane of
a model protocell, activated the production of membrane lipids,
judged from an enhanced hydrolysis rate of V* in the presence
of both DNA and catalysts in a vesicular membrane as shown
below, and the catalytic activity of the complex depended on
the DNA length. To confirm the close proximity of DNA and
lipophilic catalyst, C tagged with the fluorescent dye (C-BODIPY)
as the energy donor, and DNA-Texas Red as the energy acceptor
were prepared. Forster-type Resonance Energy Transfer (FRET)
from C-BODIPY to DNA-Texas Red was observed as intense red
fluorescence emitted from the GV membrane. Moreover, the
dependence of FRET intensities on encapsulated DNA lengths of
equivalent amounts was observed, indicating the formation of a

complex of DNA with C (C@DNA).

To study the synergetic catalytic activity of membrane-intruded
DNA and lipophilic C in C@DNA, the hydrolysis rates of
membrane lipid precursor V* were measured using GVs containing
C@DNA, C or DNA by UV-spectroscopy, respectively. The V*
hydrolysis rate of GV-C@DNA was one order faster than GV
containing C without DNA or only DNA solution. These results
suggested that C@DNA acts as a supramolecular catalyst that is
lipo-deoxyribozyme, in which catalyst C is arranged along the DNA
chain through a self-assembly process.

CONCLUSION

Conventional central dogma or epigenetics regulates the expression
of flow of information or activation of metabolism. However, a
more direct third regulation way, i.e. DNA chain length-dependent
regulation, was discussed in the introduced article. For example,
the catalytic activity of a lipo-deoxyribozyme exhibited DNA chain-
length dependence. Recent topic found in a living cell is that the
DNA chain length-dependent formation of a droplet, resulted
from a liquid-liquid phase separation, regulated the activity of
an immune system.[6,7] Discovery of new life phenomena or
development of e.g. antivirus drugs may be realized by focusing
the DNA chain-length dependent formation and its activity of a
supramolecular catalyst, constructed with sequence-free DNA.
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