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研究成果の概要（和文）：このプロジェクトは液ー液相分離 (ＬＬＰＳ: リキッドーリキッドフェーズセパレー
ション) によって形成された膜のない液滴を用いることでプロトセルモデルの理解を深めることに貢献しまし
た。最初にDNA (デオキシリボ核酸) とペプチド (ポリリジン) から構成されるコアセルベートの構造の進化を
研究し、次に膜のないプロトセルモデルとして、ポリエステル液滴の機能を研究しました。

研究成果の概要（英文）：This research project helped to increase understanding of membraneless 
droplets as protocell models. We first studied the structural evolution of DNA-peptide coacervates, 
which resulted in co-assembly of liquid crystal structures within the coacervates; this DNA-based 
work shows the importance of RNA to in vitro structural evolution of coacervates.

We next learned that peptide-nucleic acid droplets are not the only relevant membraneless protocell 
model, as we showed that polyester protocells can segregate important biomolecules such as proteins,
 RNA, and lipids. RNA ribozymes can function in the presence of the polyester protocells, which 
suggests that in vitro RNA evolution could occur within the droplets. We also found that polyester 
protocells can evolve chemically through introduction of cationic groups; the cationic groups 
interact strongly with RNA, allowing more RNA segregation, further suggesting the possibility of 
in-protocell in vitro RNA evolution.

研究分野： Astrobiology

キーワード： Origins of Life　Protocells　Coacervates　Astrobiology　Prebiotic Chemistry　Chemical Evoluti
on　Polyesters　Biopolymers
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令和

研究成果の学術的意義や社会的意義
We discovered and developed a new membraneless protocell model generated from liquid-liquid phase 
separation (LLPS) made from polyester microdroplets. This new protocell model will significantly 
enhance our understanding of the origins of life, and will lead to new research directions in the 
future.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
The “RNA World” hypothesis states that RNA was the first biomolecule of life. In a search for 
answers regarding how life started, researchers have attempted to find RNA-only systems that 
can replicate and evolve. Unfortunately, no systems have been found. Recently, because it is 
known that nucleic acids and peptides emerged simultaneously and complementarily on the early 
earth, it has been proposed that peptides may have been a key component during the origin of life. 
However, very little is known about how peptides affected the ability of early nucleic acids 
to replicate, grow, divide, and evolve. Specifically, cationic peptides and polyamines can form 
coacervate droplets upon electrostatic binding with DNA or RNA. This results in significant 
enrichment of nucleic acids within the droplets. Understanding how coacervate droplets and other 
membraneless compartments formed by liquid-liquid phase separation (LLPS) can affect DNA or 
RNA evolution and function is a necessary component of developing a theory of the origin of 
early life. 
 
２．研究の目的 
 
This project proposed to investigate whether membraneless compartments generated from LLPS 
affect nucleic acid evolution and function. Compartments are a necessary component of all early 
life systems as they allow for sustained evolution. But results of current studies about the 
compartmentalization ability of coacervates (membraneless droplets) are inconclusive. 
Additionally, most current studies focus only on physical or chemical characterization of 
coacervate droplets and there very few studies that show the effect coacervate droplets have on 
function or evolution of nucleic acids. By finding functional evidence of these effects, we hoped 
to end the long-standing and widespread speculation as to whether coacervate droplets were 
essential for the development of early life on the ancient earth. This will determine whether 
coacervates should be made an essential part of all origins of life research going forward.  
 
３．研究の方法 
 
We focused on two specific membraneless coacervate-like systems to study how they could affect 
primitive in vitro RNA evolution: peptide-DNA coacervates and polyester microdroplets. 
 
Peptide-DNA coacervates were assembled through mixing of short, palindromic DNA (12-mers) 
and polydisperse poly-L-lysine (PLL). Short DNA duplexes have been shown to assemble into 
liquid crystals (LC) upon concentration (such as through drying). We investigated the structure of 
these coacervates through various microscopic techniques, especially through fluorescence 
microscopy and polarization microscopy, which is one way to detect liquid crystal structures. 
Then, we subjected the droplets to different prebiotic environmental cycles, such as hydration or 
temperature cycles, to simulate a mechanism of primitive structural evolution. Through 
observation microscopically through these cycles, we were able to determine the structural 
evolution of these coacervates, which can be linked to the potential of coacervates to elicit in vitro 
evolution of primitive RNA. 
 
Then, we also studied polyester microroplets, which can be assembled through dehydration 
synthesis of alpha hydroxy acid (AHA) monomer followed by rehydration in an aqueous medium. 
We studied their structure through light microscopy, and also their chemical composition through 
matrix-assisted laser desorption ioniziation (MALDI) mass spectrometry (MS). We then 
characterized their ability to segregate and/or compartmentalize small organic dyes as well as 
important primitive biomolecules such as proteins, RNA, and lipids through fluorescence 
microscopy. Finally, in order to increase the binding interaction between the polyester droplets 
and the RNA and increase the segregation of RNA into the droplets, we introduced cationic AHA 
monomers into polyester droplets. Using these droplets, we investigated their structure by 
MALDI-MS, followed by fluorescence microscopy to investigate their ability to incorporate RNA. 
 
４．研究成果 
 
We first discovered that LC-coacervates can structurally evolve through simple prebiotic cycles 



such as dehydration-rehydration and temperature/annealing. Specifically, the LC structures can 
transition through the entire range of known mesophases within the coacervates, spanning from 
columnar to cholesteric, to isotropic structures. Specifically, these transitions are reversible, 
suggesting the importance of such environmental cycles to the origins of life and protocell 
evolution. These studies showed the ability for a simple nucleic acid system to chemically evolve 
in vitro, and suggest that RNA within coacervates could also undergo similar chemical or 
structural changes. This research led to a number of peer-reviewed articles, one of which was 
published in a major journal (ACS Nano) and included one major press release. 

 
Press Release 
1. DNA-peptide interactions create complex behaviours which may have helped shape 

biology. Press Release (Oct 2020): https://www.titech.ac.jp/english/news/2020/048139.html; 
http://abc-nins.jp/press/570/ 

 
We next designed and characterized the polyester microdroplet system, and found that polyesters 
form long, polydisperse mixtures following drying of different AHA monomers (by MALDI-MS). 
After rehydration, the polyesters will assemble into a spherical, membraneless droplet, which in 
turn showed the ability to segregate different fluorescent dyes. These dyes showed a differential 
ability to remain compartmentalized in different droplet types, suggesting that simple droplet 
chemistries could affect physical properties such as physical retention of compartmentalized 
analytes. Thus, we studied whether RNA and other biomolecules could incorporate into the 
droplets, and found that while RNA could segregate within one of the polyester droplet types, it 
could not be compartmentalized stably. However, an RNA ribozyme could still function in the 
presence of the droplets, which led us to modify the system to be more amenable to RNA 
compartmentalization through incorporation of positively charged AHAs (to increase the RNA-
polyester binding strength). Incorporation of this positively charged AHAs (confirmed by 
MALDI-MS) still allowed polyester assembly, but this assembly is not governed by the charge-
ratio of the polyesters in the droplet; more charge results in less droplet assembly propensity due 
to increased solubility of the polymers in aqueous solution. Nevertheless, we found that additional 
of small amounts of positive charge allowed the droplets to maintain their structure in solution, 
while increasing their ability to segregate RNA (and also led to intrinsic fluorescence), suggesting 
that even step-wise changes in simple chemistries could lead to very significant functional 
differences for membraneless protocells. These studies suggest that in vitro RNA evolution could 
occur inside the new polyester protocells. This research led to a number of peer-reviewed articles, 
two of which were published in major journals (PNAS, Biomacromolecules) and included three 
press releases (one of which was the most-read press release of Tokyo Tech in 2019) as well as 
international news coverage. These studies together led to a number of invited presentations at 
domestic and international conferences: 
 
Finally, due to the novelty of these systems, I contributed to or led a number of review and concept 
articles relevant to LLPS systems as primitive protocell models to highlight this field and expand 
its scope both domestically and internationally. 
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Alife 2021 Meeting（国際学会）
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