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Abstract

Membrane proteins are responsible for cellular sensing, signalling and transport which
gave them high potential to be used for various biotechnology application, while they
have hardly been used due to their difficulty of handling by conventional techniques.
Overexpression of membrane proteins inside living cells often results in cell toxicity and
aggregation. Conventional techniques of isolation and purification leads to loss of protein
function and time consuming. An in vitro transcription-translation (IVTT) system has
been used to rapidly synthesize the membrane protein (MP) of interest independent of
living cells. MPs require hydrophobic environments to fold and exhibit their function,
which can easily be provided by adding liposomes or detergents to an IVTT system.
Among many strategies for providing hydrophobic environments to an IVTT system,
Droplet Interface Bilayer (DIB) approach is one of the simplest ways of forming stable
bilayers which has a potential to provide an environment for various proteins to be
incorporated. DIB can be prepared by contacting two water-in-oil (w/o0) droplet, where
phospholipids are dissolved in the oil phase. Lipid bilayer appears between the two
droplets. DIBs have several advantages for the study of MPs; smaller amounts of protein
are required and does not require skilled operators. However, previous studies failed in
making stable DIBs consist of an IVTT system. In addition, to the best of our knowledge,
there have been no reports quantifying the number of synthesized MPs supplied to the
DIB by an IVTT system, presumably due to DIB instability. In this study, | firstly
investigated the experimental condition where a green fluorescent protein can be
expressed inside DIB by using an IVTT system without disrupting the DIB. Secondly, |
synthesized and quantified the amount of MPs localized at the DIB using fluorescence
data derived from the function of MPs.

| focused on stabilizing the DIB made by a reconstituted IVTT system, namely the PURE
system. For this purpose, | selected the suitable oil phase for preparing lipid dissolved oil
solution that increase the formation and stability of DIB at 37 °C for at least 2 h, which
is required for protein synthesis. | obtained the highest DIB formation efficiency and
stability with a 20 mg/mL (DOPC) in mixture of 10: 1 (v/v) hexadecane to decane. | also
found that the chamber design affects the droplet shape and DIB contact length. From
three different chamber designs tested, round bottom V2 (RB2) stabilized the location of
the droplet most and showed the highest stability during the incubation. Form these results,
I concluded that the setup for stable DIB made of a w/o droplets consist of a reconstituted
IVTT system is 20 mg/mL (DOPC) in a mixture of 10: 1 (v/v) hexadecane to decane
inside RB2 chamber.

As a first example, 1 used a-hemolysin (AH) a pore-forming protein from Staphylococcus
aureus, that is expressed as a soluble monomer and assembles into heptamer on the lipid
membrane. AH was synthesized inside one of the w/o droplets using a reconstituted IVTT



system, and a small molecule (FDGIcU) was added to the IVTT solution to investigate
the pore formation. The diffusion of FDGIcU through AH nanopore was confirmed, as
FDGlIcU first diffuse to the other droplet, and hydrolysed by B-glucuronidase to emit
fluorescent signal. | quantified the amount of AH inserted into bilayer based on the
fluorescent data. I obtained the number of pores Npore = 4.8 x 10* heptamers per DIB, and
the fraction of AH inserted into the bilayer was determined to be 2.4 x 10 % of the total
amount of AH synthesized. As in vitro system is highly controllable and adjustable, it is
possible to investigate various parameter affecting the AH insertion and consequence the
fluorescence flux. As a demonstration, | investigated the effect of lipid composition and
other parameters on AH pore formation. As AH is a soluble protein, the next step is to
test the function and DIB localization of typical membrane proteins that are expressed in
an insoluble fraction in the absence of lipids or detergents.

| synthesized, EmrE, a multidrug transporter from Escherichia coli, inside RB2 chamber
using a reconstituted IVTT system, and quantified the amount of EmrE at the DIB based
on the fluorescence signal. | found the fraction of EmrE inserted into bilayer was found
to be 1.0 x 10™* % of the total amount of EmrE dimers synthesized, which is 30-fold higher
than that of AH. Note that the fraction of AH inserted into bilayer to that obtained using
FDGIcU and EtBr flux were very similar, indicating the validity of our measurement.
Finally, to demonstrate that observed EmrE function is not an artifact, | tested the EtBr
flux inhibition using tetraphenylphosphonium (TPP*), a very well-known substrate of
EmrE, and calcein, an unrelated compound. | observed the inhibition of EtBr signal only
with TPP*, indicating that synthesized EmrE exhibit proper substrate specificity.

In summary, |1 was able to synthesize MPs using a reconstituted IVTT system and
quantified the amount of MPs at the DIB inside the developed chamber that has been
proved to aid in stabilizing the DIBs for at least 19 h. To show the potentiality of this
method, | quantified two different type of MPs; the pore-forming protein (AH) and
multidrug transporter EmrE. This study provides a platform for further improvement and
understanding of how membrane proteins are integrated and function into the lipid bilayer
using a bottom-up approach.
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Chapter 1 General introduction

1-1 Importance and difficulties of studying membrane proteins

Membrane proteins (MPs) are importance for the survival of organisms and account for
20-30% of the cellular proteins M. MPs are outlined as proteins that are in contact to the
lipid bilayer, which could entirely or partly span the membrane, or localized at the surface
of the membrane . MPs are typically classified into several groups including ion
channels, membrane receptors and transporters. lon channels are molecules that allow the
ions to penetrate across the membrane. Receptors are molecules that binds to target
molecules, which triggers intracellular signalling pathways. Transporters are molecules
that transport small molecules and ions across the membrane, supplying essential

nutrients and disposing cellular waste [,

Despite their high potential for the use in various applications including biosensors, there
are limited number of application of MPs in the field of biotechnology due to their
difficulty in isolation and purification of functional MPs Bl Conventional cell-based
strategies concentrate on over-expression in particular cells often resulting in little
membrane insertion, aggregation, and/or may exhibit toxicity because of the alterations
of the host cell’s metabolism ™. Additionally, when expressed as a recombinant,

unnatural modification such as glycosylation, methylation and acetylation may occur.

Because MPs are important in understanding various behaviour of the cells, researcher

have tried to study the structure-function relationship of various membrane proteins. After



decades of studies, it has become clear that purifying the MPs in their functional form is
far more difficult compared to that of the soluble proteins B!, which is also reflected in
the number of identified three dimensional structure of proteins: while 160,000 structures
are present in the PDB, only about 2-3% are membrane proteins. These results strongly

suggest the difficulties in working and utilizing MPs.

As far as | am concerned, nanopore sequencing developed by Oxford Nanopore
(MinlON), which is a novel DNA sequencing technology, is the only commercially

available product which utilized one of the MPs, CsgG B! from E.coli as an element.

1-2 In vitro transcription-translation (IVTT) system for synthesizing
membrane proteins

In vitro transcription-translation (IVTT) systems consist of the components necessary for
transcription and the translation mostly from cell lysates thus enabling the in vitro
synthesis of various target proteins in the test tube . The IVTT system produces MPs
independent from the requirements of living cells to maintain alive, therefore, overcomes
the limitations of conventional cellular expression systems. In general, MPs require
hydrophobic environments to fold and exhibit their function, which can easily be provided
by adding liposomes, nanodiscs or detergents to the IVTT system. In addition, protein
synthesis using the IVTT system can be performed in various reaction scale including
that in smaller volumes (less than 50 pL) compared to traditional method and thus
multiple reactions can be performed in parallel with short reaction times (typically less

than few hours) "1,



The IVTT system which is currently used is mostly based on E. coli cell-extracts and thus
derived from prokaryote, while those derive from eukaryote are also available: from
wheat germ, rabbit reticulocyte or Spodoptera frugiperda cell lines. Furthermore, systems
based on Chinese hamster ovary cells, mouse embryonic fibroblasts or HeLa cell lines
are also available [ All of the aforementioned IVTT systems are derived from living cell
lysate, where all components included in the system are not defined. A reconstituted IVTT
system, termed the PURE system, is the only reconstituted IVTT system where
components required for E. coli protein synthesis are highly purified individually and
reconstituted in a test tube to carry out the reaction. The reconstituted IVTT system
consists of enzymes such as initiation factors, elongation factors, release factors,
ribosome recycling factor, 20 aminoacyl-tRNA synthetases, methionyl-tRNA formylase
and T7 RNA polymerase. It also contains E. coli 70S ribosomes, amino acids, NTPs, E.
coli tRNA and an energy recycling system [€l. The reconstituted IVTT has an extremely
high ability to adjust the constituents. One can remove or add defined components or alter
the concentration of any of the components. Furthermore, it has a significantly less
nuclease and protease activity. These properties are of advantages when building
molecular systems of interest. Indeed, a reconstituted IVTT system has become one of
the most popular reconstituted IVTT system used for various application including paper-
based biosensor construction !, artificial cell synthesis [ and even for discovering
peptide drugs. As with other IVTT systems, MPs synthesized with a reconstituted IVTT
system required lipid bilayer vehicle to fold and exhibit function. The traditional lipid
bilayer set up including proteoliposomes and planner membrane require skilled operators.
Besides, the large amount of MPs and lipids are needed for each experiment, which is not

favourable and costly.



1-3 Droplet interface bilayer (DIB) for characterizing membrane proteins

The membrane of the living cell is a sophisticated environment, and MPs are located in
this complex environment. When isolating MPs from the cells for characterization, they
must be placed in an appropriate environment mimicking the cell membrane.
Reconstituting the MPs in the form of artificial cellular membrane is one of the most
popular strategies to achieve this, where every constituent element can be altered and
adjusted. To characterize MPs in vitro, one of the most popular strategy is to purify MPs
from the cells in the presence of detergents before bringing them to an artificial membrane,
and then reconstitute into lipid bilayer such as liposomes, planar bilayer membrane,

nanodiscs or bicelles.

A newer developed method is the Droplet Interface Bilayer (DIB) ', Pioneer works by
the groups of Prof. Baylay ™21 and Prof. Takeuchi [**l, independently showed that aqueous
droplet submerged below a phospholipid dissolved oil mixture will be surrounded by the
lipid generating a lipid monolayer around the aqueous droplet. And, once the droplets are
brought into contact, the oil between the monolayers is displaced and lipid bilayer will be
created. MPs provided within one or both of the droplets will become incorporated into
the DIB ', DIB approach is one of the simplest ways of forming stable bilayers where
various proteins can be incorporated. DIBs have several advantages for the study of MPs;
such as smaller amounts of protein are required. The ‘‘lipid-out’” strategy of forming
DIBs are ordinarily used. This primary technique wherever uses lipids dissolved within

the oil section. Before contacting the droplets to make bilayer, approximately thirty min is
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required for incubation step. The explication of this incubation time is the interval of time

needed for monolayer formation [*4],

While, DIB is a strategy to easily prepare lipid bilayer, not many MPs have been
characterized using this method. Most researchers use o-hemolysin (AH) from
Staphylococcus aureus as a model protein to demonstrate the DIB formation, while ion
channel KcsA has also been studied [*%1. One of the reasons that DIB is not used widely is
partly because the function of membrane protein in DIB approach has been mostly
evaluated only by electrical measurement that requires skilled techniques and limited to
channels and pore forming proteins. DIB’s potential is restricted mostly by the instability
of DIB when localizing the MPs at the DIB and also during functional measurement. (2]
Supplying the detergent dissolved MPs prevent the aggregation of MPs but also destroys
the DIB. [l Most of the MPs are thus supplied by adding proteoliposomes inside the w/o
droplet and wait for spontaneous fusion to the DIB, which is a very time consuming
process. Alternatively, previous studies showed an attempt to supply the MPs directly to
the DIB by creating the w/o droplets using IVTT system, however, failed in making
stabilized droplet consist of IVTT system. 30 min incubation was required before droplets

were contacted, or else fused. [16:17.18.19]

1-4 Objective of this study

As described above, MPs have been hardly used in biotechnology applications because
of the difficulty in isolation and purification of functional MPs by the conventional
techniques. This study aims to develop a platform to study the properties of membrane

proteins by encapsulating IVTT system (the PURE system) inside DIB, thereby enabling
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the analysis of MPs easier than previous methods. However, it has been reported that the
stability of the DIB was lowered significantly when the DIB was prepared with the droplet
consist of an IVTT system. To overcome the problem of unstable DIB made of an IVTT
system, | have developed an easy-to-use microchip with a protocol that stabilizes the DIB.
Additionally, fluorescence-based functional assay was used, in order to simplify the
complexity of detection method, an electrical impedance spectroscopy measurement, that
is the most commonly used with the DIB approach. Using this system, | successfully
synthesized AH pore-forming toxin and EmrE, a multidrug transporter from E. coli, inside
the droplet, both localized at the DIB in their functional form. In addition, for the first
time | quantified the amount of MPs, i.e., AH and EmrE at the DIB supplied by a
reconstituted IVTT system. | believe that this system could be a starting point for the

development of a membrane protein-based biosensors.

In Chapter 2, | described about optimizing an experimental condition to create stable DIB
prepared by droplets consist of a reconstituted IVTT system by altering the phospholipid
dissolved solution and the chamber shape to place the water-in-oil droplet. Then, |
described about the usage of the developed DIB system for synthesizing, characterizing
and quantifying, a pore forming protein from Staphylococcus aureus. In Chapter 3, |
described about using the developed DIB system for synthesizing, characterizing and
quantifying EmrE, a multidrug transporter from E. coli. Finally, in Chapter 4, |
summarized the result and discuss the future aspect of supplying MPs with a reconstituted

IVTT system to the DIB.
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Chapter 2 Quantifying and characterizing a-hemolysin synthesized

using IVTT system localized at DIB

2-1 Introduction

DIB approach is a simple way of forming stable lipid bilayer where various membrane
proteins can be incorporated. One of the important requirements for DIB formation is that
two water-in-oil (w/0) droplets must come into contact without merging. The temperature
and the composition of the oil phase has been reported to influence the lipid behaviour at
a droplet interface. 2% The lipid bilayer environment has been reported to affect MPs
insertion efficiency and activity. [?*! Selection of the suitable temperature and oil phase,
result in increasing the formation of stable DIB. The lipid-out technique, during which a
typical lipid mixture is present within the oil encompassing all droplets, offers easier
preparation of w/o droplets since dispersing lipids in oil avoids the steps necessary for
liposome preparation like freeze—thaw, extrusion, or sonication.!??2l However, the lipid-
out technique has low DIB formation fraction because of poor monolayer formation at
the oil/water interface, “"Iwhile, the variations in lipid assembly in the oil phase has never
been guantitatively studied to identify the influence of oil phase on the DIBs formation
and stability. Multiple works concentrated on stabilization of DIB by focusing on time
needed before droplet contact to achieve a level of packing density of detergents that
prevent droplet fusion. 232° But, only few studies are performed in regard to the w/o
dropets made of phospholipid monolayer and DIB formation using them. [?] Several
methods developed to stabilize the DIB however, these methods are complicated, costly,

and required skills. 271
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DIBs become unstable, the w/o droplets may shrink due to evaporation and eventually
detach, or the w/o droplets may increase in size. %81 For functional analysis of MPs
including fluorescence detection of membrane transport phenomena, the DIB should be
stable during the measurement time. Moreover, chambers design controlled the shape and
volume of contacted microdroplets in oil phase. >3 The stability of DIB can be simply
improved by localizing the contact droplets in chamber. Problem of hardly making stable
DIBs raised from the difficulties of handling DIBs. Encapsulated DIB in chamber as a
solid substrate are physically restricted w/o droplets, by limiting the movement of contact
droplet in chamber 8 and stabilize the contact length of the two w/o droplets.
Subsequently, investigation the in vitro synthesis of soluble MP in the stabilized DIB
made of IVTT system.

Pore-forming toxins is a family of proteins, that are secreted as a soluble monomer which
can oligomerise to create pores on the target cells. Protein undergo the membrane-
insertion mechanisms serial steps from a soluble monomer, to binding, oligomerisation
and penetration into the target plasma membrane. These toxins are secreted by
microorganism pathogens and exhibit cytotoxicity for variety of mammalian cells B7),
The pore-forming protein a-hemolysin (AH) is from the gram-positive pathogenic
bacterium Staphylococcus aureus B! that is secreted as a soluble, thirty-four kDa
monomer (polar structure) B7 %1 that binds to the lipids at the membrane surface;
assembles into a heptamer (amphiphilic structure) B8 on the bilayer ©l; and at last
generates a nanopores 1.5 nm in diameter with a vestibule of three nm B, Assemble of
AH heptamer allow bilayer to penetrate molecules smaller than three kDa, and

additionally release metabolites and ions, eventually resulting in host cell lysis [8:40. 41 42

43]
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AH has been used in many previous studies dealing with DIB because of its water soluble
property and pore forming activity, which is ideal to investigate the formation of DIB by
developed methods or array for high throughput analyses ¢ 4451 or for forming droplet
network [2% 46471 Most of these systems use electrical measurement [*5 16. 45481 {5 show

the pore formation that provide few information about transport molecules.

With an electrical measurement using DIB, one can measure the appearance of a pore at
single molecular level. The measured current between the two droplets is correlated to
the size of the pore, and thus can quantify pore size. On the one hand, if the pore is blocked
by for example a large RNA molecule, the current will decrease. This principle was used
to detect cocaine in solution at single molecular level by adding an RNA aptamer that
specifically bind to cocaine. “°1 Their analysis provides a qualitative data, while the
fluorescence base analysis provides more quantitative information. For example, one can
quantify the number of AH at the DIB. As many of the experimental parameters of the
DIB and a reconstituted IVTT system combined approach can altered and adjusted, one
can investigate for example the effect of metal ions, lipid composition and additional

chemicals.

I can combine the DIB approach and a reconstituted IVTT system to study and
characterize AH. In this study, the detection method was based on fluorescence to
simplify the complexity of detection method, electrical measurement, that commonly
used in DIB approach. Furthermore, fluorescence-based analysis can provide quantitative

information different from that of electrical measurement. The in vitro fluorescence-
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based functional assay works as follows (Fig. 11A); first two w/o droplets were injected
inside lipid dissolved oil. By contacting the two w/o droplets, bilayer is formed at the
contact area between the two. One droplet contained the reconstituted IVTT system and
DNA encoding AH. In this droplet, AH synthesis occurs, and the pore is formed at the
DIB. To convert the pore formation to a fluorescence signal, the enzyme and the substrate
were separately encapsulated in each droplet. once the protein generates the pore, the
substrate (small molecules) diffused to the other droplet. Following that fluorescent signal
observed in the other droplet due to the diffusion of small molecules where the enzymatic
reaction occurred, resulted in fluorescent product that indicates the synthesis of functional

protein.

In this chapter, | investigated the experimental condition for establishing a stable DIB
prepared with a reconstituted IVTT system. | firstly investigated whether the efficiency
of protein synthesis inside a w/o droplet is different from that in a test tube. I then selected
a suitable oil phase for preparing lipid dissolved oil solution that increase the formation
and stability of DIB and examined the stability of DIB at 37 °C for 2 h which is a time
required for protein synthesis with an IVTT system. After that, | tested the effect of
different chamber design on the w/o droplet shape and DIB contact length. Then, |
performed the functional assay of AH in the stabilized DIB inside RB2 chamber and
quantified the amount of AH heptamers per DIB using fluorescence intensity data. Finally,
I changed the lipid composition to improve the insertion of AH at the DIB. Within the
present work, | tend to show that MPs synthesized by an IVTT system within a droplet
are inserted into the bilayer in its functional form, thereby overcoming several the

problems related to previous reconstitution strategies .,
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2-2 Materials and Methods

2-2-1 Preparation of lipid dissolved oil solution

The lipid dissolved oil solution consisted of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) (Avanti Polar Lipids, AL, USA) as phospholipid and decane (Sigma- Aldrich,
MO, USA) or n-hexadecane (Nacalai Tesque, Kyoto, Japan) as oil phase. To prepare lipid
dissolved oil solution, lipids dissolved in chloroform was place under vacuum for 2 h at
room temperature, followed by dissolving in an oil indicated in the text. The lipid
dissolved oil solution could be used at most for a week, and older solution showed
decreased fraction of DIB formation (data not shown). Therefore, lipid dissolved oil

solutions were used at most for a week after their preparation.

2-2-2 In vitro transcription and translation system

| used a reconstituted IVTT system (PURE system) that contains all of the components
essential for the transcription and translation. The composition of all the components are
described previously 1% 51 Protein synthesis with a reconstituted IVTT system was
performed by mixing 10 nM DNA (PCR product) to the IVTT system supplemented with
0.4 units of RNase inhibitor (RNasin). The reaction was initiated by placing the reaction

mixture at 37°C.

PCR products used for protein synthesis were prepared as follows. PCR was performed
using plasmids encoding GFP 2 %% py KOD-plus (TOYOBO, KOD-201) with the
primers T7 F (5-TAATACGACTCACTATAGGG-3) and T7 R (5
GCTAGTTATTGCTCAGCGG-3’). The PCR product was purified by using a QIA quick

PCR purification kit (Qiagen) according to the manufacturer’s instructions (Qiagen). The
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purity was confirmed by absorbance spectrum and agarose gel electrophoresis. Finally,

the DNA concentration of the PCR product was determined by nanodrop.

Real-time PCR machine (Mx3005P, Stratagene) was used for measuring the fluorescence
of GFP synthesized by a reconstituted IVTT inside a test tube as well as inside an IVTT
droplet in an oil phase. For GFP synthesis in a test tube, 20 pL reaction mixture [a
reconstituted IVTT system mixed with 10 nM GFP DNA (PCR product), 0.4 units of
RNasin, and 0.04 uM Alexa fluor 647 as a reference dye] was prepared in 0.2 mL tube.
For GFP protein synthesis inside w/o droplet, 20 pL of lipid dissolved oil solution
[20mg/mL DOPC in a mixture of 10:1 (v/v) hexadecane and decane] was added in 0.2
mL tube followed by an addition of 20 pL mixture of a reconstituted IVTT system [IVTT
mixed with 10 nM GFP DNA (PCR product), 0.4 units of RNasin, and 0.04 uM Alexa
fluor 647 as a reference dye]. The 0.2 mL tubes were incubated at 37°C for 4 h in real-
time PCR machine and the fluorescence was measured every 2 min.

2-2-3 Chamber preparation

Three different chamber designs—flat-bottom (FB), round-bottom V1 (RB1), and round-
bottom V2 (RB2)—were prepared, the detailed size is described in Fig. 8. The chambers
were fabricated using an acrylic plate using a micromilling machine (MM-100, Modia
Systems) with dimensions as indicated in the results section and the resulting droplet
interface stability was assessed by measuring the contact length of the two droplets over
time via microscopy (Fig. 8 and Fig. 9).

2-2-4 a-hemolysin synthesized by IVIT system and its characterization

For AH synthesis, 10 nM AH encoding DNA (PCR product) was added to an IVTT

supplemented with 0.4 units of RNasin. Then incubate at 37 °C to initiate the reaction.
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PCR products were prepared and purified as described above except that the plasmid used
for amplification was encoding AH B738 Finally, | confirmed the purity with an agarose
gel electrophoresis (Fig. 1) and determine the concentration of the PCR product by

nanodrop.

Fig. 1: Gel electrophoresis for the PCR product. | confirmed the purity of PCR product by
performing gel electrophoresis. The length of the product was as expected (1024 bp). Nacalai

DNA ladder broad range 100 bp was used as a DNA marker.

2-2-5 Functional assay of AH

| performed the functional assay of AH with a strategy as shown in Fig. 11A except that
the RB2 chamber was used. RB2 chamber was filled with 14 pL of lipid dissolved oil
solution [20 mg/mL DOPC in a mixture of 10:1 (v/v) hexadecane and decane], and two
aqueous droplets of 3.5 pL were added to each position of RB2 chamber. For the assay,
left droplet contained (a reconstituted IVTT, 10 nM AH DNA (PCR product), 200 uM
FDGIcU (1 kDa)—a substrate of B-glucuronidase (GUS), 0.4 units RNasin, 2 uM T7
polymerase) while right droplet contained (a reconstituted IVTT, 100 nM GUS enzyme,
0.4 units RNasin, 1 uM ovalbumin conjugated to Alexa-Fluor 647 (OA647) (45 kDa)).

After formation of the two w/o droplets, the chambers were incubated on thermoplate at
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37 °C for 2 h, followed by an incubation at 25 °C. Image recording every hour under
fluorescence microscopy.

2-2-6 Data processing

Images were analysed using ImageJ to quantify the mean fluorescence intensity of each
droplet. Background fluorescence, where the fluorescent compound is not present, was
subtracted from the mean fluorescence intensity of the DIB at each time point, followed
by subtracting the fluorescence intensity at time zero. To calculate the concentration of
hydrolyzed FDGIcU from the fluorescence of the droplet, FDGIcU was hydrolysed
completely by incubating with GUS for overnight at 37 °C. The hydrolysed FDGIlcU was
then diluted and the correlation between hydrolysed FDGIcU and the fluorescence
intensity of the droplet was plotted (Fig.9). This standard curve was used to calculate the

amount of FDGIcU which flowed into the adjacent droplet.
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Fig. 2: Correlation between the hydrolysed FDGIcU concentration and green fluorescence
intensity inside the droplet. A 200 uM FDGIcU concentration was hydrolysed by GUS to

completion, and the resulting solution was diluted with a reconstituted IVTT system to the
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concentration indicated on the horizontal axis. The 3.5 uL w/o droplets were prepared and

observed under a microscope, and the fluorescence intensity was measured. The dashed line

indicates the linear trendline.

2-3 Results

2-3-1 Comparing GFP synthesis by a reconstituted IVTT inside a test tube
and inside w/o droplet with different lipid dissolved oil solution

Adjusting the oil phase may improve the stability of the DIB, while it should not affect
the protein synthesis efficiency using a reconstituted IVTT system. Firstly, | thus tested
the ability for synthesizing a functional protein using an IVTT system inside w/o droplet
and compared the efficiency with that inside a test tube (Fig. 3). Secondly, I checked the
effect of different oil phases on the efficiency of protein synthesis using an IVTT system

inside w/o droplet.

| used GFP as a reporter gene. DNA encoding GFP was added to an IVTT system and
incubated at 37 °C, and the green fluorescence was measured. Fluorescence intensity
increased in both IVTT system in the test tube and inside the w/o droplet where the water
phase consists of an IVTT system, indicating the synthesis of GFP in both conditions (Fig.
4). No fluorescence intensity was observed in the absence of DNA (no DNA).The time
course of GFP fluorescence inside a w/o droplet and the test tube were almost the same
(Fig, 2), indicating that the presence of the lipid dissolved oil phase (20 mg/mL DOPC in

a mixture of 10:1 (v/v) hexadecane and decane) had little effect on the protein synthesis.
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Fig. 3: Schematic of protein synthesis using an IVTT inside a w/o droplet and a test tube. GFP
synthesis was performed by an IVTT inside a test tube (left tube) or inside a w/o droplet (right tube). Then
different lipid dissolved oil solution 20 mg/mL DOPC in mixture of 10:1 (v/v) hexadecane and decane, 20

mg/mL DOPC in hexadecane, or 20 mg/mL DOPC in decane were used as an oil phase.
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Fig. 4: GFP protein synthesis by IVTT inside the tube or w/o droplet. Mean GFP fluorescence (n = 3)
are shown. Error bars indicate the standard error of measurement (s.e.m.). All fluorescence intensities were
normalized by dividing the GFP fluorescence by AlexaFluor 647 fluorescence, added at constant
concentration in all tubes to normalize the difference among the tubes. Reaction was performed at 37 °C

and GFP fluorescence was measured during the protein synthesis every 30 min.
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| then performed GFP synthesis by a reconstituted IVTT system inside a droplet with
three different lipid dissolved oil solutions: 20 mg/mL DOPC in a mixture of 10:1 (v/v)
hexadecane and decane, 20 mg/mL DOPC in hexadecane, or 20 mg/mL DOPC in decane.
These three oil phases are commonly used in forming DIBs B4 %5, In brief, 20 pL of an
IVTT system containing 10 nM GFP DNA was added to a lipid dissolved oil solution and

incubated at 37 °C, and the GFP fluorescence was measured every 30 min (Fig. 5).

The GFP fluorescence increased inside droplet in all w/o droplets tested indicating the
synthesis of GFP protein. No fluorescence intensity observed in the absence of GFP
encoding DNA (no DNA). In addition, GFP fluorescence increased similarly inside w/o
droplet in different oils, indicating that oil phase tested hardly affect the protein synthesis

inside the w/o droplet.
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Fig. 5: GFP synthesis by an IVTT inside w/o droplet in three different oil phases. Mean GFP
fluorescence (n = 3) are shown. Error bars indicate the s.e.m All fluorescence intensities were normalized

by dividing the GFP fluorescence by AlexaFluor 647 fluorescence, added at constant concentration in all
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tubes to normalize the difference among the tubes.

2-3-2 DIB formation fraction and its stability at 37 °C

To generate a DIB with droplets made of a reconstituted IVTT system that can be
maintained for a few hours, a time required for protein synthesis, | first investigated the
effect of lipid dissolved oil phase on the stability of the DIB. The fraction of DIB
formation, defined as two w/o droplets contact at room temperature without fusion, was
measured (Fig. 6). The experiment was performed at room temperature with two 3.5 pL
droplets made of an IVTT system, one droplet with 20 uM calcein (green fluorescent dye)
incorporated to confirm the intact droplet interface. | used a flat chamber made of acrylic
plate (Fig. 8, top left schematic), and a standard micropipette for droplet preparation.
Unlike previous studies, in which the droplets required incubation time before contact
about 5-20 min B8 571 the two droplets were contacted immediately. | analysed the
formation fraction of DIB at room temperature for three different lipid dissolved oil
solution 20 mg/mL DOPC in mixture of 10:1 (v/v) hexadecane and decane, 20 mg/mL
DOPC in hexadecane, and 20 mg/mL DOPC in decane. These three were used as they all
showed no inhibitory effect on the GFP synthesis (Fig. 5). As shown in Fig. 6C, DIB
preparation was defined successful when calcein was maintained in one of the droplet
after two droplets were contacted, while the failure was defined when the two droplets

fused which can be seen as the calcein present in both droplets.
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DIB Formation rate

C
Room temperature ‘ Expected result

) S Number of DIBs after contact
DIB formation fraction = %
Total number of DIBs formed

Stability of DIBs Number of DIBs after incubation

Counting number of DIBs Stability of DIBs= %
‘ Total number of DIBs formed

4 h incubation at 37°C

Fig. 6: Schematic of how DIB formation fraction and its stability was measured. (A) Schematic of the
quantification of the DIB formation fration. Chamber filled was first filled with lipid dissolved oil solution,
and a droplet containing a reconstituted IVTT with 20 uM calcein (green dye) was loaded. Then, the second
droplet that contained only an IVTT solution (blue droplet) was loaded, and the two droplets were made to
contact. DIB formation fraction is the number of DIBs remained after the contact. (B) The stability of DIBs
is the number of DIBs remained after incubation at 37 °C for 4 h on a thermoplate. (C) Two representative
pictures of expected results. Left shows the picture of successful DIB formation and stable DIB. Calcein
(green dye) is occluded in the left droplet. Right shows the picture of failure in DIB formation and unstable
DIB. Two contact droplets fused due to the rupture of DIB and spread of calcein occurs in the two droplets.

The DIB formation fraction and stability of DIBs calculated by using these equations.

The stability of DIB was investigated, the fraction of the DIB remaining after incubation
at 37 °C for 4 h was measured (Fig. 6B). Measuring the stability of the DIBs at 37 °C
since the initiation of protein synthesis via an IVTT system required this temperature.
Similarly, as shown in Fig. 6B, stable DIB was defined by the DIB maintained, that is
calcein maintained in one of the droplet after 4 h at 37 °C, while the unstable DIB was
defined by the two droplets fused, that is calcein spreads in both droplets during 4 h at 37

°C incubation.
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The highest DIBs formation fraction, and the stability of DIB was obtained by using 20
mg/mL DOPC in a mixture of 10:1 (v/v) hexadecane and decane (Fig. 7). Based on these
findings, | decided to use a 20 mg/mL DOPC in mixture of 10:1 (v/v) hexadecane to
decane for all subsequent experiments. | will discuss the mechanism of why the mixture

showed the best performance in the mixture of 10:1 (v/v) hexadecane to decane.

= DIB formation fraction
u Stability of DIBs after 4 h incubation

Percentage %

Hexadecane Hexa:Decane Decane

Fig. 7: The DIB formation fraction and its stability. Two features were investigated with different lipid-
oil solution [20 mg/mL DOPC in hexadecane (n = 11), 20 mg/mL DOPC in mixture of 10:1 (v/v)

hexadecane and decane (n = 40), and DOPC in decane (n = 9)]. Details are described in the text.

2-3-3 Effect of chamber design on contact length between two droplets

During the stability measurements described above, | realized that the droplets changed
shape and positions within the flat chambers during incubation, which likely affected the

contact area of the droplets, which is not suited for quantitative experiments. | thus
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thought this problem might be solved by varying the chamber shape and design. For that
reason, three different chambers were designed and prepared—flat-bottom (FB), round-
bottom V1 (RB1), and round-bottom V2 (RB2) (Fig. 8). The chambers were fabricated
using an acrylic plate using a micromilling machine with dimensions as indicated in Fig.
8. The contact length of the resulting droplet interface was measured via microscopy to
evaluate the stability (Fig. 8 and Fig.7). In brief, two IVTT droplets of volume 3.5 pL
were prepared without adding template DNA submerged in 10: 1 (v/v) hexadecane to
decane containing 20 mg/mL DOPC and incubated at 37 °C, and the contact length was

measured hourly (Fig. 8).

A decrease in contact length during the incubation with high variation among the samples
has been observed with the FB and RB1 chambers. In contrast, the RB2 chamber showed
suppressed variation among the samples (Fig. 8). Notably, no droplet fusion occurred,
regardless of the chamber design used for the experiment. These results indiacate that the
chamber design affect the contact length between the w/o droplet, and RB2 showed the
best results since RB2 design restricted the w/o droplet movement (Fig.7). As will be
shown later, the chamber shape affected the results the functional characterization of a

MPs (Fig. 12).
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Fig. 8: Chamber design affects the contact length between two droplets over time. The chambers were
fabricated using an acrylic plate using a micromilling machine. The box plot shows that the variation in
contact length of the flat (n = 9), the round-bottom V1 chamber (n = 9), and the round-bottom V2 chamber

(RB2) (n = 9). Contact length was measured as shown in Fig. 9.
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Fig. 9: Contact length measurement. Representative images of the DIB at 0 h and 4h in the FB (flat-
bottom chamber) and RB2 (round-bottom V2) chamber, respectively. The contact length between the
droplets is indicated by the red line, and the measured length is indicated next to it. Scale bar represents 0.5

mm. The images were analysed by ImageJ.

2-3-4 Functional assay of AH by using fluorescence substances.

I aimed to test the synthesis of functional membrane protein by an IVTT system inside
DIBs. Here, | used AH as a model protein (Fig. 10), whose function was analysed by
observing the fluorescence intensity of the droplet increasing by time (Fig. 11A).
Generally, AH synthesize in form of a soluble monomer, then that monomers binds to
phospholipids and oligomerized into heptamerizes on the bilayer to generate nanopores,
where molecules smaller than approximately 3 kDa can pass though. A substrate of -
glucuronidase (GUS), FDGIcU which has molecular weight about (1 kDa), and a DNA
template encoding AH have been added to the left 3.5 pL IVTT droplet. In the other side,
the right IVTT droplet contained GUS enzyme and ovalbumin conjugated to
AlexaFluor647 (OA647) which has molecular weight about (45 kDa). Diffusion of
FDGIcU from left droplet into right droplet, as AH synthesized in the left droplet. Since
right droplet contained GUS, FDGIcU was hydrolyzed and consequence green
fluorescence result. As shown in Fig. 11B, neither the droplet shape nor the droplet
location was changed during the incubation time. Notably, only the observation of green
fluorescence dedicated with the left droplet that contained AH DNA. Moreover, the red
fluorescence dye (OA647) (45 kDa) could not pass through the nanopore to the left
droplet due to its high molecular weight. These results confirm the formation of AH-

specific nanopores.
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Fig. 10: Three-dimensional structure of AH. Each monomer units are shown in different color. AH is

expressed as a soluble monomer and assemble into heptamer on the membrane.
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Fig. 11: Functional synthesis of AH. (A) Schematic of the fluorescence-based functional assay of AH
using DIB. (B) Representative image of fluorescence-based functional assay. (C) Time course of green
fluorescence intensity (n = 3). Error bars indicate the s.e.m. The scale bar is 0.5 mm. The chamber was
incubated at 37 °C for 2 h, followed by incubation at 25 °C. The time indicated is the total incubation time

at 37 °C and 25 °C.
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2-3-5 Comparing the effect of chamber design on the fluorescence flux

through AH pores

As the chamber design influencing the contact area of the two droplets. I found that the
chamber shape, also affects the functional assay of AH. In brief, the AH synthesis was
performed using two different chambers, FB and RB2, and the change in the fluorescence
intensity was measured. As shown in Fig. 12, it is clear that RB2 show stronger
fluorescence indicating that RB2 chamber creates more lipid bilayer area than the FB
chamber. From these observations, the results suggest that RB2 chamber is better than

the others when creating DIB using a reconstituted IVTT system.
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Fig. 12: FDGIcU hydrolysis by AH synthesized in RB2 or FB chamber. Data are the mean of 3

samples and error bars indicate s.e.m.
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2-3-6 Quantifying the amount of a-hemolysin at the DIB

| then aimed to quantify the amount of AH at the DIB from the data shown in Fig. 11B.
Firstly, I measured and quantified the green fluorescence intensities of the droplets (Fig.
11C, green) and observed a concave curve for the first 2 h in the presence of AH encoding
DNA, followed by a nearly linear increase, indicating that the number of pores was not
significantly increased after 2 h. No increase in green fluorescence was observed in the
absence of AH encoding DNA (Fig. 11C, blue), indicating that the increase in the green

fluorescence above is due to the presence of AH at the DIB.

After that, the amount of AH localized within the DIB has been calculated. The values of
green fluorescence were converted from fluorescence intensity to number of FDGIcU
molecules by using a correlation between the green fluorescence intensity and the fully
hydrolysed FDGIcU concentration (Fig.9). From this the value n calculated as (8.2 x 10
2mol h'! = 3.5 pL x 2.35 pMh™!), that represented the amount of FDGIcU that diffused
from the left to the right droplet in 1 h. The flow of FDGlcU can be written using Fick’s

first law as:

=-DdC/dx=-D ((Ck—-CuL)/L) (1)

where J is the flux of FDGIcU and D is the diffusion constant of FDGIcU. As the diffusion
constant of FDGIcU is not reported, for that difluorofluorescein value has been used D =
1.44 x10° m? h''. B8 Cg and C; represent FDGIcU concentrations in the right and left
droplets, respectively. From the result, only a small fraction of FDGIcU diffused into the

adjacent droplet, with a maximum concentration of hydrolysed FDGIcU of approximately

32



7 uM in the right droplet. Thus, the difference in concentrations could be approximated
as 200 puM, which was the initial concentration of FDGIcU. L represents the distance
through which the molecules pass, which corresponded to the thickness of AH in this case,
defined as 3 x10° m 1, From these values, | obtained J = 96 mol m2 h%. J can also be

expressed as:

J=n/Ar )

where At is the total area through which FDGIcU molecules pass in the AH pores. From
eqn (2), and given that n and J were calculated, | obtained Ar=8.5x 104 m? (=8.2 x 10-
12 (mol h')/96 (mol m? h™!)). The number of AH nanopores inserted into the bilayer (Npore)

can be calculated as below:

Npore= At/ Apore (3)

where Apore = 1.8 x 108 m? is the pore size of individual AH molecules 71, Finally, |
obtained Npore = 4.8 X 10* heptamers per DIB. | assume that the protein synthesized inside
the droplets using IVTT is in distinguishable from that synthesized in a test tube (Fig. 4).
| therefore quantified the number of heptameric AH (Naw) ina 3.5 uL droplet by labelling
AH using [**S]-methioine, SDS-PAGE, and autoradiography (Fig. 13), wherein Nay = 2.0
x 10%2 heptamers. Finally, the fraction of AH inserted into the bilayer was determined to
be 2.4 x 10°° % of the total amount of AH synthesized. This also corresponds to a density
of 0.049 AH um2, where the contact area of the DIB was calculated using the contact
length (Fig. 9) as the diameter. Although only a small fraction of AH inserted into the

DIB, this amount was sufficient to exhibit detectable function.
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Fig. 13: Quantifying the amount of AH synthesized using IVTT. AH synthesis using a reconstituted
IVTT was performed in the presence of [3*S]-methionine, with an AH DNA concentration of 10 nM at
37 °C for 2 h. The total amount of AH synthesized was quantified from SDS-PAGE, followed by

autoradiography. GFP was synthesized as a control.

2-3-7 Effect of lipid dissolved oil solution on the fluroscence flux

Because the constituents of the system can be altered easily, | then aimed to investigate
how can increase the amount of AH inserted at the DIB by altering components, such as
the lipid composition. | tested the addition of sphingomyelin (SM) and cholesterol (CHO),
which cluster together to form membrane structure aid AH to insert. | first tested the effect
of adding SM and CHO mixture on the stability of DIB. The stability of DIB was
measured as described in Figs. 4 and 5. In brief, three different lipid dissolved oils were
prepared: (1) 20 mg/mL DOPC, 2 mg/mL CHO, 1 mg/mL SM, (2) 20 mg/mL DOPC, 4
mg/mL Cholesterol, 2 mg/mL SM, (3) 20 mg/mL DOPC, 6 mg/mL Cholesterol, 3 mg/mL
SM. Among the three, the 3 mix oil with composition (20 mg/mL DOPC, 4 mg/mL
Cholesterol, 2 mg/mL SM) showed the best results (Fig. 14A). | therefore chose this oil

solution for the further experiments.
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Next, AH function was measured based on the increase in the fluorescence signal.
Experiment was performed essential as described in Fig. 11C, except that the oil solution
was changed. By measuring the increase in the fluorescence, | found that that 3-mix oil
showed about 2-fold increase in the fluorescence compare with DOPC alone. To confirm
that the addition of SM and CHO has increased the number of functional AH localized at
the DIB, I calculated the amount of AH based on Fick’s first law as described above. In
case of 20 mg/mL DOPC, I found that only Npore = 3.3 X 10* heptamers per DIB. By
altering the lipid composition to 20 mg/mL DOPC, 4 mg/mL Cholesterol, 2 mg/mL SM,
| obtained about 2-fold increasing in the amount of AH localized at the DIB (Npore = 7.8
x 10* heptamers per DIB). It is important to note that more parameters can be alter such

as the component of the IVTT system to further increase the amount of AH at the DIB.
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Fig. 14: Effect of adding sphingomyelin (SM) and cholesterol (CHO) to lipid dissolved oil solution.
(A) The DIB formation fraction and its stability in the presence of different concentration of SM and CHO.
(B) 3 mix lipid dissolved oil solution consist of 20 mg/mL DOPC, 2 mg/mL SM, and 4 mg/mL CHO. The
3-mix oil solution (blue line) showed about 2-fold increase in the flow rate of FDGIcU than that with DOPC

(orange line).
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2-4 Discussion
| found that a reconsituted IVTT has an ability to synthesize GFP inside w/o droplet with

similar efficiency when compared to that in the test tube (Fig. 4). Even using different
phosopholipid dissolved oil solution, GFP synthesis inside a w/o droplet was not affected
(Fig. 5). In contrast, phosopholipid dissolved oil solution showed a detectable effect on
the DIB formation (Fig.5). To achieve the highest DIB formation efficiency and stability,
a 20 mg/mL (DOPC) in mixture of 10:1 (v/v) hexadecane to decane was found to be
effective, while the detailed mechanism remains unclear. Additionally, | found that the
chamber design has an effect on the contact length of the DIB, and that RB2, which was
designed to stabilize the location of the droplet, showed the highest stability among those
which have been tested (Fig. 8 and Fig.7). The in vitro fluorescence-based functional
assay with AH has been established and the function of AH confirmed by the diffusion of
small molecule (FDGIcU) through AH nanopore, then FDGIcU hydrolysed by GUS
enzyme (Fig. 11). Then the percentage of AH at the bilayer to the total AH synthesized
has been quantified and obtained Npore = 4.8 x 10* heptamers per DIB, whereas the
fraction of AH incorporated into the bilayer was determined to be 2.4 x 10 % of the total
amount of AH synthesized. As in vitro functional assay is controllable, this feature
provides a possibility to investigate various parameter affecting the AH insertion and
consequence the fluorescence flux. As a demonstration, the effect of lipid composition on
AH has been investigated. | confirmed that change lipid bilayer composition into 20
mg/mL DOPC, 4 mg/mL CHO, 2 mg/mL SM from DOPC alone increased the insertion
of AH into bilayer. It has been reported that the presence of SM, CHO, and PC in
membrane aid in MP associated to the membrane and mediate quick pore forming. ['®

This lipid dissolved oil showed the highest DIB formation fraction and stability and
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significantly 2-fold increase in the amount of AH inserted at DIB compare with 20 mg/mL

DOPC (Fig. 14).

I showed that protein synthesis using a reconstituted IVTT in lipid dissolved oil solution
occurs similarly to that in the test tube. There has been a great interest in comparing the
reaction efficiency in confined volume. For example, the comparison of GFP synthesis
using a reconstituted IVTT in femtoliter sized liposome or microchamber and that in the
test tube was compared %611, The results showed that GFP synthesis using a reconstituted
IVTT occurs similarly both in liposomes and in microchambers. These results
emphasizing the efficiency of IVTT system in protein synthesis regardless the surface to
volume ratio and the synthesis occurred in liposome, microchamber, or droplet. While
there is other report showing that confined reaction space increases the GFP synthesis [
621 the w/o droplet here has a volume of 20 uL and thus has a higher surface-to-volume
ratio compared to 3.5 fL container. Therefore, it is reasonable to think that the oil phase

has little effect on the reconstituted IVTT system.

I reported that 20 mg/mL (DOPC) in mixture of 10:1 (v/v) hexadecane to decane resulted
in the highest DIB formation (98 %), and also 100 % of the DIB remained after a 4 h
incubation at 37 °C. The mechanism of high stability with a mixture of 10:1 (v/v)
hexadecane to decane remains unclear. Previous papers reported that oil phase should
have lower viscosity and high melting point, thus mostly hexadecane 4, decanel®®l, and
mixture of hexadecane and decanel** ¢ 641 gre chosen. When the water droplet made
inside an oil phase, a force is generated: namely interfacial tension, at the OW interface

between water and oil molecules due to the relative strengths of attractive and repulsive
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Van Der Waals forces. Self-assemble of lipid at the OW interface decreases this bilayer
tension. 1 DIBs formed in decane oil have higher bilayer tension than that in hexadecane.
The higher tension promote phospholipid assemble at OW interface. A thick bilayer
formed in decane indicates the presence of oil between the bilayer, while hexadecane is
known to reduce the oil in between. 4 Therefore, mixture of hexadecane and decane
might promote the formation of DIB and reduce the oil in bilayer, resulting in relaxed
interface and enhance the stability of the bilayer. | also observed the evaporation of
decane oil during the incubation at 37 °C, that clarified the low DIBs formation of w/o

droplet in decane oil and the fusion of all w/o droplets at 37 °C.

The RB2 chamber suppressed variation among the samples compared with other chamber
designs (Fig. 8). Notably, no droplet fusion occurred with RB2: 100 % of DIB was
maintained for 2 h. DIB consists of water droplet in oil (liquid-in-liquid). B3 There are
three main forces affects the DIB stability: the gravity, the interface tension, and the
evaporation. Gravity force could affect the shape of droplet resulting in elliptical or
irregular shape that has been observed in flat chamber and RB1 chamber. The RB2 design
maintained the spherical shape of the droplet that is not achieved by the flat chamber or
RB1 chamber. Moreover, the interface tension of bilayer is affected by the contact angle
that is defined as the angle between the bilayer formed. The high variation among DIBs
formed in flat chamber resulting from the diverse contact angle since the DIBs in flat
chamber are freely moving. RB1 chamber has higher contact angle (90°) than RB2
chamber (60°). By increasing the contact angle, the interface area between the DIBs
(contact length) increases, which simultaneously increases the interface tension of the

bilayer formed by the high pressure, therefore the probability of vesicle fusion increased.
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Additionally, shape of DIBs changed due to evaporation of water from DIB into the oil
phase. ®4 However, preventing evaporation of DIBs contents and maintain its shape has
been applied for all the chambers design, by complete submerging the DIBs in oil phase
that isolate the DIBs from air contact. That assent that interface tension force has the main

effect on the stability of DIBs.

RB2 chamber designed to limit the droplet movement and located the droplet in specific
position, where the round bottom enhanced the spherical shape of the droplet. Moreover,

the contact angle (60°) reduced the pressure at the bilayer, avoiding the DIBs fusion.

A Evaporation B

Elliptical and irregular shape Spherical shape

uzu&uz
Gravity force

ld L T

Contact mﬂt”‘ Contact angle 60"
Contact length § Submerge DIB in od
Fig. 15: Forces affecting DIBs stability. (A) Gravity force, interface tension, and evaporation affect the
stability of DIBs differently inside each chamber design. (B) Gravity force affect the shape of DIBs. The
droplets in FB and RB1 chamber became elliptical and irregular shape while the design of RB2 chamber

maintained the spherical shape. (C) Large contact angle result in large contact length at the bilayer area,
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increasing the interface tension at the DIBs. (D) Evaporation was avoided by complete submerging the

DIBs in oil phase and covering the chamber with a lid.

In vitro fluorescence-based functional assay | developed showed high flexibility, and |
indeed succeeded in enhancing the rate of fluorescence intensity by changing the chamber
design and lipid composition. The assay can be applied for other MPs. While AH is a
unique MP that is expressed as a soluble monomer, most of the MPs aggregate and
become insoluble in the absence of a hydrophobic environment. As a next, | tested one of

such MPs to verify the ability of the in vitro fluorescence-based functional assay.
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Chapter 3: Quantifying and characterizing EmrE synthesized using

IVTT system localized at DIB

3-1 Introduction

Living cells are affected by cytotoxic compounds that are present in natural environment,
while many of them has been observed to have resistance to a large variety of cytotoxic
compounds. One of the strategies that organisms have developed is the removal of the
cytotoxic substances by transporting them outside of the cells. A wide variety of
substrates can be removed, and its concentration is reduced by multidrug transporters,
found in bacteria to human, in an energy-dependent manner. Multidrug transporters have
been classified into five families based on their properties ®°!. Small multidrug resistance
proteins (SMR) are one among these 5 superfamilies of transporters, which has a length
of around 100 amino acid residues with four transmembrane-helical domains. These
proteins are known to eliminate mostly cytotoxic compounds from the cytosol based on
adrug/H* antiport mechanism. The most extensively studied SMR protein is EmrE, from

E. coli. 681,

EmrE is a 12-kDa molecule, only one hundred ten residues in length with 4
transmembrane domins that functions as an anti-parallel homodimer (Fig. 16). The
transmembrane domain contains only one charged residue (Glu) 71, The charged residue
(Glu) is an important part of the single binding domain that recognized the complete vary
of various substrates and exchange between substrates and protons 61, For each molecule
of polyaromatic cation substrate exported by EmrE, there are two protons imported to the

inner membrane (8],
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Most of previous studies of EmrE characterization used proteins overexpressed and
purified from E.coli [6% 70 71721 |n addition, the functional assays are mostly done in
detergent-solubilized transporter ['® 71 an environment different from that in the cell.
Due to difficulties in overexpression and purifying MPs from living cell, some researchers
used an IVTT system to synthesize EmrE and to reduce the problems of conventional
technique ’> 781, Although an IVTT system aid the synthesis of EmrE, preparation of
functional EmrE remains an issue. Characterizing of EmrE and active transport of
substrate usually require specialized and expensive devices [ 78 with too high skilled
handling "4 7" 791 Additionally, these are time consuming ["®], costly and complicated

procedure [6081-84]

Fig. 16: Three-dimensional structure of EmrE. NMR structure of TPP bound EmrE is shown. Each

monomer is shown in different color.

In this chapter, | synthesized, characterized, and quantified EmrE inside RB2 chamber.

Firstly, 1 quantified the amount of AH at DIB by using the EtBr, one of the known
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substrates of EmrE, diffusion through AH nanopore (as a positive control). Then, |
quantified the amount of EmrE at DIB by using the EtBr. Finally, | tested the substrate

specificity of EmrE by using specific and unspecific EmrE’s substrate.

3-2 Material and Method

3-2-1 EmrE and E14C synthesis using a reconstituted IVTT system

EmrE and E14C (EmrE inactive mutant harboring mutation Glu to Cys at 14" residue)
was synthesized by adding the corresponding PCR products to an IVTT system and
incubated for 2 h at 37 °C. PCR product was prepared as described in 2-2-4. Finally, |
confirmed the purity with an agarose gel electrophoresis (Fig. 17) and determine the

concentration of the PCR product by nanodrop.

L EmrE EN4C
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1,500 30
1,200 30
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100 S0

Fig.17: Gel electrophoresis for the PCR product of EmrE and E14C. | confirmed the purity
of PCR product by performing agarose gel electrophoresis. The length of the products was as

expected (630 bp). Nacalai DNA ladder broad range 100 bp was used as a DNA marker.
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3-2-2 Functional assay of EmrE.

The fluorescence-based functional assay design is shown in Figs. 18 A and B. Firstly,
RB2 chamber was filled with 14 pL of lipid dissolved oil [20 mg/mL DOPC in a mixture
of 10:1 (v/v) hexadecane and decane], and two aqueous droplets of 3.5 puL were added to
each position of RB2 chamber. The synthesis of EmrE occurred in the right droplet (IVTT
system and 10 nM EmrE DNA (PCR product), while a substrate of EmrE, 2.5 uM
ethidium bromide (EtBr), and a green fluorescence dye, bovine serum albumin
conjugated to AlexaFluor 488 (BSA-A488) (66 kDa), were included in the left droplet.
Given that EmrE requires a pH gradient for drug transport.[?®! For that reason, the right
droplet that contains IVTT system, the pH was adjusted to 7.6, whereas the left droplet,
which contained most of the IVTT components except for the ribosome and tRNAs, the
pH was adjusted to 8.1. After formation of the two contact droplet, the chamber was
incubated on thermoplate at 37 °C for 2 h. Image recording every hour under fluorescence

microscopy.

3-2-3 Data processing

Images were analysed using Image J to quantify the mean fluorescence intensity of each
droplet as described in chapter 2, 2-2-6. To calculate the concentration of EtBr from the
fluorescence of the droplet, EtBr with different concentration was added to the droplet
containing a reconstituted IVTT system. This results in the emission of EtBr fluorescence
upon the binding to nucleic acids present, i.e., the ribosome and tRNAs. The correlation
between EtBr and the fluorescence intensity of the droplet was plotted (Fig. 18). This
standard curve was used to calculate the amount of EtBr which flowed into the adjacent

droplet.
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Fig. 18: Correlation between the EtBr concentration and fluorescence intensity inside the droplet.
Different concentration of EtBr was added to the right droplet (Fig. 19A and B). The DIBs were prepared
and observed under a microscope, and the fluorescence intensity was measured. The dashed line indicates

the linear trendline.

3-3 Results

3-3-1 Quantifying the amount of AH at the DIB using EtBr

Firstly, AH was synthesized as a positive control, and the number of AH inserted at the
DIB was quantified by using the intensity of EtBr fluorescence (Fig. 19B). As AH
synthesized in the left droplet, a red fluorescence increased in the right droplet because
of the EtBr diffusion. Red fluorescence emission in the right droplet due to the binding
of EtBr to the nucleic acids present in an IVTT system, i.e. the ribosome and tRNAs (Fig.
19C). In contrast, the red fluorescence dye (BSA-A488) (66 kDa) in the right droplet

could not pass through AH nanopore to the left droplet. From these results the presence
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of AH nanopores has been confirmed. Notably, | observed the stability of droplets for at
least 19 h. From the fluorescence data (Fig. 19D), The quantification method used for
FDGlucU diffusion was applied to EtBr diffusion for calculating the amount of AH
molecules inserted at the DIB. The correlation between the EtBr fluorescence and number
of EtBr molecules was obtained (Fig. 18) and using D = 1.49 x 10%m? h of EtBr [¢8l |
calculated J = 1.245 mol m2h. I then obtained Ngore = 0.176 x 10° heptamers per DIB
at the bilayer. At last, the fraction of AH inserted into bilayer of the total amount of AH
synthesized in the droplet (Fig. 23) was determined as 3.12 x 10 %. Interesting, the
calculated value is very similar to that obtained with FDGIcU (2.44 x 10 %), indicating

the validity of our measurement method.

3-3-2 Synthesizing EmrE inside the droplet
| tested the functional expression of EmrE from E. coli by a reconstituted IVTT system
inside a stabilized DIB. | then investigated the uptake of EtBr by EmrE in the presence of

a substrate of EmrE, i.e., EtBr. Finally, I quantified the amount of EmrE at the DIBs.

Two 3.5 uL IVTT droplets were prepared and EmrE was synthesized in the right droplet,
while 2.5 uM (EtBr), a substrate of EmrE, was added to the left droplet (Fig. 19A). Given
that EmrE requires a pH gradient for drug transport 1, the pH of the right droplet was
adjusted to 7.6, whereas the pH of the left droplet, which contained most of the IVTT

components except for the ribosome and tRNAs, was adjusted to 8.1.

| then tested the EmrE synthesis by an IVTT system inside DIB and quantified the amount

of EmrE inserted at the DIB (Fig. 19C). Only EmrE showed an increase in red
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fluorescence while the inactive mutant of EmrE, E14C %, didn’t show. The emission of

fluorescence in the right droplet due to binding of EtBr to the nucleic acids that present

in the IVTT system. In the same time, BSA-A488 didn’t penetrate the right droplet. These

results suggest that the functional form of EmrE has been synthesized (Fig. 19C).
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Fig. 19: EtBr diffusion and transport. (A) Schematic of EtBr transport by EmrE. (B) EtBr diffusion

through AH pores across the DIB. (C) Representative images of the fluorescence-based functional assay of

AH and EmrE. (D) Time course of EtBr fluorescence intensity (n = 3). Error bars indicate the standard

deviation. The scale bar is 0.5 mm. The chamber was incubated at 37 °C for 2 h, and then at 25 °C. The

time indicated is the total incubation time at 37 °C and 25 °C.
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3-3-3 The pH gradient for EmrE and EtBr uptake

Previous studies reported that a pH gradient for EmrE is needed for the uptake of the
substrate, i.e., EmrE is a proton-drug antiporter. | investigated the effect of the pH
gradient on the uptake of EtBr of EmrE. Two set of droplets have been prepared, one with
pH gradient, where the left and right droplet has a pH of 8.1 and 7.6, respectively, while
the other set with the same pH (pH 7.6) in both droplets. When EmrE was synthesized, |
detected a stronger increase in red fluorescence in the presence of pH gradient (Fig. 20),
indicating that observed transport of EtBr is caused by the proton-drug antiporter function

of EmrE.
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Fig. 20: The pH gradient affect EtBr influx by EmrE. Two set of droplets have been prepared, one with
pH gradient, where the left and right droplet has a pH of 8.1 and 7.6, respectively, while the other set with

the same pH (pH 7.6) in both droplets.
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3-3-4 Specificity of substrate transport and the uptake of different substrates

by EmrE

For further confirmation of the transport of EtBr is driven by the function of EmrE, |
investigate the substrate specificity of EmrE. EmrE mostly transports cationic drugs from
the cytoplasm, and thus chemicals like calcein (994 Da) should not be transported. When
| investigated the transport of a mixture of calcein and EtBr, only the transport of EtBr

was observed, and that of calcein was not observed even after 19 h incubation (Fig. 21).

GFP filter DsRed filter
Oh 19 h Oh 19h

EtBr

Lipig-oll solution

No DNA EtBr - calcein

Fig. 21: Specificity of substrate transport by EmrE. (A) The left droplet contained 0.5 uM (EtBr), (a
substrate of EmrE) and 10 uM calcein. EmrE was synthesized in the right droplet by a reconstituted IVTT.
(B) Only the red fluorescence increased in right droplet while green fluorescence (calcein) remained in the

left droplet.

Furthermore, competitive inhibition of EtBr transport was observed with another well-
known substrate of EmrE, tetraphenylphosphonium (TPP*). Different concentration of
TPP* (0 uM, 5uM, 50 uM) was mixed with 2.5 uM EtBr, and the transport of EtBr was

observed as depicted in (Fig. 22B). Both concentration of TPP* (5 uM and 50 puM)
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showed inhibition of the red fluorescence, about 60% of EtBr intensity inhibited in the
presence of TPP* (Fig.21C). | also confirmed that TPP* even at high concentration (50
uM) doesn’t affect the GFP synthesis, and thus the decrease in the EtBr transport was not

due to the inhibition of protein synthesis by TPP* (Fig. 23).
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Fig. 22: Substrate compete with EtBr. (A) A mixture of EtBr and TPP was added to left droplet, and
EmrE was synthesized in the right droplet by a reconstituted IVTT system. If competitive inhibition occurs,
red fluorescence intensity will decrease in right droplet. (B) By adding TPP* with EtBr in left droplet, EtBr
intensity decreased. (C) The uptake of different concentration of TPP* (5uM, 50 uM) showed inhibition of

EtBr signal. Both concentration of TPP* (5 uM, 50 uM) have similar inhibition of EtBr signal.
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Fig. 23: GFP synthesis using a reconstituted IVTT system in the presence of TPP*. Experiment was
done essentially as described in Chapter 2, 2-2-1, except for the addition of TPP at indicated concentration.

Average of 3 samples are plotted. Error bar indicates s.e.m.

3-3-5 Quantifying the amount of EmrE at the DIB

I quantified the amount of EmrE molecules inserted at the DIB. The rate of EtBr uptake
by EmrE inside the DIB was determined as 1.19 x 10° EtBr molecules/min using the
standard curve (Fig. 18). | assume that EmrE can transport EtBr at a rate of 7.5
nmol/min/ug, the same rate reported for methyl viologen [, one of the popular substrates
of EmrE, as corresponding value for EtBr has not been reported. From these values, the
number of EmrE inserted into bilayer was determined as 52.4 x 10° dimers per DIB. |
also determined the number of EmrE molecules synthesized in a droplet (Nemre = 5.22 X
10*2 dimer) (Fig. 24). Finally, the fraction of EmrE incorporated into DIB was found to
be 1.0 x 10* % of the total amount of EmrE dimers synthesized inside droplet, which are
30- fold higher than that of AH. These results highlight that the values differ widely

among the various MPs tested.
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Fig. 24: Quantifying the amount of AH and EmrE synthesized using a reconstituted IVTT. AH and
EmrE synthesis using IVTT was performed in the presence of [¥S]-methionine, with a DNA concentration
of 10 nM at 37 °C for 2 h. The total amount of AH synthesized was quantified from SDS-PAGE, followed

by autoradiography.

3-4 Discussion

This is the first report showing the expression of a multidrug transporter EmrE in
functional form at the DIB and highlights the versatility of the system (Fig. 19). The rate
of EtBr uptake inside the DIB by EmrE was obtained to be 1.2 x 10° EtBr molecules per
min. While the inserted fraction of EmrE into DIB was found to be 1.0 x 10 % of the
total amount of EmrE dimers synthesized. The fraction of AH incorporated into bilayer
calculated with FDGIcU and EtBr were very similar. GFP protein synthesized by IVTT
in PCR tube in the presence of TPP* with different concentration (0 uM, 5 uM, 50 uM),
fluorescence signal decreased a little compared to 0 uM TPP*(Fig. 23). | tested the uptake
of different concentration of TPP* (5 uM, 50 uM) by EmrE. | observed the inhibition of

EtBr signal in the present of each substrate (Fig. 22B).
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A pH gradient is required for the active transport of substrate by EmrE. However, our
result showed EtBr transported in the absence of pH gradient in slower manner. This
transport could drive by transmembrane electrical potential which is one of the driving
forces of the monovalent substrate (carried one positive charge) like EtBr. [%¢1 Another

factor affects the transport is the weak binding affinity of substrate at low pH difference.

[82]
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Chapter 4 General discussion and conclusion

This study aimed to establish a technique to study membrane protein inside DIBs. MPs
have markable functions in biological system, that could be used as a tool to innovate
biotechnological application such as biosensor and drug-screening. MPs should be
maintained in its functional structure; however conventional techniques of MPs
production and functional assay remain challenges. By using the described system in this
study, | was able to synthesize MPs by a reconstituted IVTT system and quantified the
number of MPs at the stabilized DIB. The developed chamber has been proved to aid in
stabilizing the DIBs for at least 19 h. To show the potentiality of this method, | quantified
two different type of MPs; the pore-forming protein a-hemolysin (AH) from S. aureus
and the multidrug resistance EmrE from E. coli. Lastly, I confirm the inhibition of EtBr
uptake by EmrE in the presence of competing substrates of EmrE. | aimed to use this
method as a simple way for characterizing and quantifying various of MPs. Additionally,

this method could develop to protein-based biosensor.
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Fig. 25: General view of the functional assay achievement. (A) In vitro synthesis and characterization
in DIBs made of IVTT system after stabilization by: Oil phase (mixture of hexadecane to decane) and
chamber design (RB2 chamber). (B) In vitro synthesis, characterization, and quantification of the fraction
of AH in stabilized DIB. (C) In vitro synthesis, characterization, and quantification of the fraction of

EmrE inside DIB system.

In Chapter 2, | optimized the experimental condition to stabilize DIBs that consisted of a
reconstituted IVTT system. The DIBs made of IVTT system affected by oil phase and
chamber design. Whereas the oil mixture of 10:1 hexadecane to decane, enhance the DIB
formation and minimized the oil in bilayer, resulting in relaxed interface and enhance the
stability of the bilayer. While the chamber limited the movement and located the droplet
and maintained the spherical shape by the round bottom design. Thereby synthesis of
soluble MPs in the stabilized DIB has been followed. I succeeded in establishing the in
vitro fluorescence-based functional assay with AH in the stabilized DIB inside RB2
chamber. I confirmed the formation of AH nanopore by the diffusion of FDGIcU to the

other droplet where it was hydrolysed by GUS enzyme. The resulting green fluorescence
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was measured and quantified to determine the percentage of AH inserted into bilayer to
the total AH synthesized. | obtained Npore = 4.8 X 10* heptamers per DIB. The percentage
of AH inserted into bilayer was determined as 2.4 x 10 % of the total amount of AH
synthesized inside the droplet. Low percentage might be due to the surface area to volume

ratio and phospholipid composition affecting the insertion of MPs.

In Chapter 3, The synthesis of insoluble MPs in the stabilized DIB has been followed. |
succeeded in establishing the in vitro fluorescence-based functional assay for insoluble
MPs (EmrE). The amount of EmrE at the DIB quantified by similar way as described
above. Additionally, I confirmed the specificity of EmrE substrate transport and that

EmrE showed expected substrate specificity.

In the previous paper, the reported rate of methyl viologen, 7.5 nmol EtBr/min, is not
clearly stated whether this value is a Vmax (i.e., measured under substrate saturation
condition) or not. The Ku value for methyl viologen has been reported as 260 uM, and
thus is likely to reach a Vmax around 500 uM. 8781 The EtBr concentration used in this
study was 2.5 puM, 200-fold lower than 500 uM. This led to the possibility that the
transport activity might be overestimated by 200-fold, leading to a significant
underestimation of the amount of EmrE molecules at the DIB. Even after considering the
underestimation of the amount of AH at the DIB and the EmrE at the DIB, our conclusions
that (1) only a very small fraction (in the order of 10 to 10" %)) is located at the DIB and
(2) the amount of functional AH at the DIB is smaller than that of EmrE are not affected.
In conclusion, this method showed the expression and characterization of soluble and

insoluble MPs inside the IVTT DIB.

56



According to the calculation, the percentage of AH and EmrE incorporated into the
bilayer was determined as 3.12 x 10° % and 1.0 x 10* % of the total amount of AH
synthesized inside the droplet, respectively. That percentage was sufficient for detecting
the function of MP. The density of MPs within the membrane of an E. coli cell is 1.7 x
10° molecules per pm?, B while the density of AH at the DIB was 0.05 AH um2and that
for EmrE was 5.4 EmrE um2, which are significantly lower than that of E. coli. The
surface area to volume ratio of DIB (about 2.5 x 10 um™) is smaller than that of E. coli.
cell (about 4.7 - 7.8 um™), consequence the collision between MPs and lipid bilayer inside
the DIB is significantly lower than that inside E. coli. Thus, the molecules slowly reach
the bilayer, suggested that only the MPs nearby the bilayer will insert. The phospholipid
composition is another factor that could affect the number of MP at the DIB. That
explains the 2-fold increase in the number of AH inserted at DIB by altering the lipid
composition to 3 mix (DOPC, SM, CHO), since SM and PC are known to form clusters
with cholesterol in supposed lipid rafts 1, that could affect the insertion of AH inserted
into the bilayer. Lipid rafts work as condensation platforms for membrane-associated
proteins; thus, it helps in the oligomerization of pore forming toxins [37:51.72.81  The |ack
of translocon machineries in DIBs is another factor could effect on the amount of MPs
inserted at the DIBs. This percentage could be improved by investigating the
experimental conditions, since AH function is known to be affected by other factors such
as di-cation ions, or ADAM10 protein, resulting in dramatical decrease or increase in the
fluorescence flux. It is possible to use the system to understand and characterize the

function of MP by simply modifying the components and parameter.
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Our developed system showed the potential of expressing and characterizing soluble
(AH) and insoluble MP (EmrE) in its functional form, in addition to quantify the amount
of inserted protein at DIB without using complicated techniques. The DIBs made of IVTT
system were stabilized by optimizing the oil phase and chamber design. This method
offers a new platform for characterizing MPs in a simple way and quantifying the protein
depending on the fluorescence data. Moreover, the chambers are inexpensive, easy to use,
cost effectively manufactured by injection molding (about $0.5 per chamber) and can be
reused. Furthermore, unlike previous studies that made use of sophisticated apparatuses,
such as nano injectors to prepare the DIB, % %1 the DIB in this device can be formed
using a standard micropipette. Using the system presented here, provides us with a
platform to further improve and understand how MPs are integrated efficiently into the
lipid bilayer using a bottom-up approach. Furthermore, | showed the functional
expression of EmrE at the DIB for the first time. The low value could be due to the low
surface-to-volume ratio and the lack of translocon machineries. The introduction of
membrane protein translocation machinery such as the Sec translocon 2 %l and affinity-
based concentration (i.e. nickel-modified lipid histidine tag and benzylguanine-modified
lipid snap-tag ), may dramatically improve the sensitivity and/or detection time.
Notably, EmrE can regulate the efflux of various toxic compounds *>%71 such as TPP*,

and thus, has the potential to act as a biosensor device [64 6% 9-1001in the future.
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