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ABSTRACT: The cell contents are encapsulated within a compartment, the
volume of which is a fundamental physical parameter that may affect
intracompartmental reactions. However, there have been few studies to
elucidate whether and how volume changes alone can affect the reaction
kinetics. It is difficult to address these questions in vivo, because forced cell
volume changes, e.g., by osmotic inflation/deflation, globally alters the internal
state. Here, we prepared artificial cell-like compartments with different
volumes but with identical constituents, which is not possible with living cells,
and synthesized two tetrameric enzymes, β-glucuronidase (GUS) and β-
galactosidase (GAL), by cell-free protein synthesis. Tetrameric GUS but not
GAL was synthesized more quickly in smaller compartments. The difference
between the two was dependent on the rate-limiting step and the reaction
order. The observed acceleration mechanism would be applicable to living cells as multimeric protein synthesis in a
microcompartment is ubiquitous in vivo.
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The cell contents are encapsulated within a compartment,
the volume of which is a fundamental physical parameter.

Cells change their shape and volume during the cell cycle and
in response to the external environment, such as osmotic stress
or the presence of certain compounds.1−4 Indeed, it has been
elucidated how the intracellular reactions, including gene
expression, cellular metabolism, and signaling systems, are
altered in association with changes in cell size and shape in
vivo.5−8 Meanwhile, as the cell volume serves as the physical
constraint for all cytosolic components, cell volume itself may
exert effects on intracellular reactions.9,10 However, when the
cell is viewed as a simple chemical and physical system, it
remains unclear how differences in volume alone affect the
kinetics of intracompartmental reactions. Are there biochemical
reactions that are affected in response to changes solely in
compartment volume? In addition, if they do indeed exist, what
is the mechanism underlying transmission of volume change
directly to such intracompartmental reactions? As forcing
changes in cell volume typically by osmotic inflation/deflation
globally alters the internal state of the cell,11,12 it is difficult to
address these fundamental questions by in vivo studies.
Complex biochemical reactions, including protein trans-

lation,13 oscillatory circuits,14 self-replication,15 and circadian
rhythm,16 have been isolated from the cell and constructed in
vitro from purified and defined components to gain a deeper
understanding of the biochemical reactions from the molecular

to the system level. Moreover, because cells are spatially
bounded by the cell membrane, biological reactions, such as
nucleotide polymerization,17−19 protein translation,20−24 mem-
brane protein translocation,25 and self-replication,26,27 have
been modeled in vesicular compartments. Unlike in vivo studies,
such reconstituted systems are free from unknown compo-
nents, and their composition can be designed as desired, which
facilitates obtaining a systematic and comprehensive under-
standing of the complex chemical reaction.28−30 Here, we used
in vitro synthetic biology approach to elucidate how the
biochemical reaction may be affected solely by the volume of
the compartment where the reactions occur.
The present study was performed to create artificial

compartments with different volumes containing the compo-
nents necessary for transcription and translation cascade
reactions to investigate the effects of compartment volume
alone on these indispensable reactions. We first developed
microcompartments using water-in-oil (w/o) emulsion drop-
lets31,32 encapsulating an in vitro transcription and translation
(IVTT) system,33,34 where the reaction volume can be changed
as an experimental parameter. β-Glucuronidase (GUS) or β-
galactosidase (GAL), both tetrameric enzymes, were synthe-
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sized using the IVTT inside microcompartments of different
volumes ranging from 43 fL to 2 μL. We found that tetrameric
GUS was synthesized earlier with decreasing compartment
volume, but no such acceleration was observed for GAL. The
kinetic mechanism underlying the difference in dependence of
tetrameric enzyme synthesis with regard to compartment
volume was identified.

■ RESULTS AND DISCUSSION
The responses of intracellular state and reactions to cell size
have attracted considerable attention. Simple phenomena, such
as diffusive mixing, molecular transport, and enzymatic
reactions, in physically confined spaces have been studied
experimentally and theoretically in biological contexts,9,10 but
the effects on highly complex cascade reactions, which are
ubiquitous in cells, have not been discussed in sufficient detail.
In the present study, we prepared artificial cell-like compart-
ments with different volumes but with identical constituents,
which is not possible with living cells, and investigated the
effects of compartment volume on the cascade reaction of
transcription, translation, and tetramer assembly.
Detecting Synthesis of Tetrameric GUS and GAL in

Microcompartments. We used droplets of a water-in-oil (w/
o) emulsion as microcompartments and encapsulated a
reconstituted in vitro transcription/translation system (IVTT),
the PURE system,13,35 together with the DNA encoding the
reporter protein β-glucuronidase (GUS) or β-galactosidase
(GAL)36−38 (Figure 1a). GUS and GAL are tetrameric enzymes
that assemble into tetramers,39,40 the only form exhibiting
catalytic activity, starting from monomer to dimer, followed by
dimer to tetramer (Supplementary Figure 1). We previously
investigated the kinetics of tetramerization of these enzymes
when coupled with protein translation using the IVTT in a test
tube41 and found that the assembly rate constant of GAL is
approximately 1000-fold larger than that of GUS (i.e., on the
order of 102 and 105 M−1 s−1 with GUS and GAL, respectively).
The present study was performed to investigate the behavior of
these two different reactions when encapsulated in micro-
compartments of different volumes.
We prepared w/o emulsions with different volumes (Figure

1a,b). Briefly, 2 μL of IVTT reaction mixture was dispersed into
200 μL of oil, and by altering the mixing strategy emulsion
droplets of three different sizes were prepared, resulting in
average volumes of 43 fL, 9.1 pL, and 2 μL (designated as Se,
Me, and Le, respectively) (Figure 1b,c). Le was prepared by
gently adding the mixture to the oil phase, resulting in a single
water droplet of 2 μL. Me was prepared by vigorously mixing
the solution using a vortex mixer. Se was prepared by passing
the solution through a porous membrane. GUS and GAL
syntheses were performed in the presence of their fluorogenic
substrates (FDGlcU and FDG, respectively). Therefore, when
the tetrameric enzyme was assembled from monomers
produced through transcription and translation, the fluorogenic
substrate was hydrolyzed, resulting in the production of
fluorescein. The synthesis of two enzymes, i.e., tetrameric
GUS and GAL, inside the compartment could be detected in
real-time as an increase in the green fluorescence signal (Figure
1a).
Preparation Method and Surface Properties of the

Microcompartments Do Not Affect Intracompartmental
Enzyme Synthesis. As described above, different strategies
were used to prepare IVTT-containing droplets with different
volumes. In addition, because smaller microcompartments have

higher surface-to-volume ratios, the inner solution experiences a
greater effective detergent concentration. These properties may
have an inhibitory effect on enzyme synthesis. We examined
whether the surface properties or the preparation method
affects the intracompartmental reaction. We first found that
simple substrate hydrolysis with purified tetrameric GUS
enzyme proceeded similarly irrespective of the compartment
volume (Supplementary Figure 2). Second, GUS and GAL
syntheses were performed with 1 nM DNA, and the time
courses of changes in fluorescence intensity of the entire
reaction mixture (2 μL) were measured (Figure 2a). At this
concentration, a single compartment of Se, Me, and Le
emulsions contained on average 109, 5460, and 26 copies of
DNA, respectively (Supplementary Table 1). The results in
each volume were almost identical to each other (Figure 2a).
These results suggested that GUS and GAL syntheses are
hardly affected by the preparation method or the surface
properties of the microcompartments.

Synthesis of Tetrameric GUS at Lower DNA Concen-
tration Is Accelerated in Smaller Microcompartments.
We next investigated the effects of compartment volume on the
syntheses of tetrameric GUS and GAL at lower DNA
concentrations (Supplementary Table 2). GUS and GAL
syntheses were carried out in Le, Me, or Se emulsions at
DNA concentrations of 1, 0.3, 0.1, 0.03, 0.01, or 0.003 nM, and
the time courses of changes in fluorescence intensity of the
entire reaction mixture (2 μL) are shown in Figure 2a,d. Only

Figure 1. Schematic of GUS and GAL syntheses in water-in-oil (w/o)
emulsion droplets of different volumes. (a) GUS and GAL syntheses
within the emulsions were detected through a reaction cascade
consisting of transcription, translation, monomer-to-tetramer assem-
bly, and fluorescent substrate hydrolysis. (b) Schematic and micro-
scopic images of the three compartments used in this study. Scale bar
indicates 20 μm. (c) Volume distributions of Me and Se. The volumes
of more than 1000 droplets were evaluated from microscopic images,
assuming droplets were spherical. Se and Me had mean volumes of 43
fL and 9.1 pL, respectively. Detailed statistics are given in
Supplementary Table 3. Note that the compartment volume and/or
preparation method had only minimal effects on the enzymatic
reaction or fluorescent signal (Supplementary Figure 2).

ACS Synthetic Biology Research Article

dx.doi.org/10.1021/sb300041z | ACS Synth. Biol. 2012, 1, 431−437432



the data for 1 and 0.003 nM DNA are shown for clarity, and
those for other DNA concentrations are presented in
Supplementary Figure 3. As described above, GUS and GAL
syntheses at 1 nM DNA showed similar results irrespective of
the compartment volume. On the other hand, a large variation
in the time course among the compartment volumes was seen
with 0.003 nM GUS DNA; the fluorescence signal started to
increase more quickly in smaller compartments (Figure 2a).
For GAL, the fluorescence signal started to increase with a
similar timing in different compartments even at 0.003 nM
DNA (Figure 2d). The rate of the increase in fluorescence
signal d[FI]/dt is linearly related to the tetramer concentration,
and thus the earlier increase in the fluorescence signal indicated
the earlier production of tetramer. Therefore, the results shown
in Figure 2a,d indicated that the behavior of tetrameric enzyme
synthesis in smaller compartments was different between GUS
and GAL. Note that, despite different dynamics, in Se at 0.003
nM DNA, the fluorescence signals for GUS and GAL synthesis
reached the same plateaus at values much lower than that
obtained when the fluorogenic substrate was fully hydrolyzed.

To analyze these observations more quantitatively, we
defined the acceleration rate Ard

X in X emulsion (where X
denotes size, either Me or Se) at DNA concentration d as

τ τ=Ar /d d d
X Le X

(1)

where τd
X is the lag time, i.e., the time required to reach a

fluorescence intensity of 200 (au), which is far below the signal
obtained when the fluorogenic substrate was fully hydrolyzed
(∼30000) (Figure 2b,e). Thus, the acceleration rate represents
how fast the fluorescence intensity in Me or Se emulsions
reached a threshold compared to Le. That is, Ard

X became
larger than 1 when the synthesis of tetrameric enzymes in Se or
Me was faster than that in Le at identical DNA concentration.
Ard

X was estimated for all DNA concentrations tested. Figure
2c,f shows the relationship between Ar and the DNA
concentrations of GUS and GAL, respectively. GUS showed
increased Ar values for smaller d (Figure 2c), while GAL had a
value of approximately 1 irrespective of the DNA concentration
and compartment volume (Figure 2f). Thus, tetrameric GUS
synthesis, but not that of GAL, was accelerated in smaller
droplets, and this effect was pronounced at lower DNA
concentrations.

Mechanism of the Acceleration of Tetrameric GUS
Synthesis in Smaller Compartments. What is the reason
for the substantial acceleration of synthesis of tetrameric GUS
in Se compared to Le? We hypothesized that the acceleration
occurs when a cell mimetic condition is achieved, i.e., nearly a
single copy of DNA is encapsulated in a micrometer-size
compartment (Figure 3a). We dispersed 2 μL of the reaction
mixture in oil to prepare the emulsions. When the initial DNA
concentration becomes extremely low such that the number of
DNA molecules is less than the number of compartments and
that the number of DNA encapsulated in each compartment
follows a Poisson distribution, most of the compartments that
have DNA carry nearly a single copy (Figure 3a, step I). In a
compartment with a single copy of the DNA, the effective DNA
concentration becomes greater than that in larger compart-
ments (Supplementary Table 1). Similarly, the monomers
translated from a single DNA are more concentrated in small
than in large compartments (Figure 3a, step II). As a result of
such “condensation,” the rate of tetramer assembly is also
increased (step III), leading to the rapid appearance of green
fluorescence (Ar > 1 (Figure 2c)). Such condensation will not
occur at DNA concentrations at which DNA is present in all
compartments, e.g., d > 0.1 nM (Supplementary Table 2), so an
Ar ≈ 1 above 0.1 nM DNA is reasonable (Figure 2c).
If the above hypothesis is correct, only a fraction of the

compartments, in which a copy of DNA is encapsulated, should
exhibit green fluorescence at a low DNA concentration, as
depicted in Figure 3a (step IV) (Supplementary Figure 4). This
was indeed the case as confirmed by fluorescence microscopy
(Figure 3b). The plateaus observed with both GUS and GAL at
0.003 nM DNA (Figure 2a,d) were consistent with the
observation that DNA is encapsulated in a fraction of the
droplets. Furthermore, when incubating the reaction mix until
the fluorogenic substrate was completely hydrolyzed (step IV in
Figure 3a), the fluorescence intensity of the entire reaction
mixture in Se should become smaller with decreasing DNA
concentration, while nearly identical values should be obtained
for Le and Me as there are very few compartments without
DNA (Supplementary Figure 4). Our results agreed well with
these predictions (Figure 3c).

Figure 2. Time courses of GUS and GAL syntheses. Representative
data for (a) GUS and (d) GAL syntheses in compartments of three
different volumes (Se (43 fL), Me (9.1 pL), and Le (2 μL)) are shown.
The DNA concentrations were 1, 0.3, 0.1, 0.03, 0.01, and 0.003 nM.
The results with 1 nM and 0.003 nM DNA are shown (other results
are shown in Supplementary Figure 3). (b, e) Lag time t for the
reactions at different compartment volumes, obtained from the data
shown in panels a and d using 1 nM or 0.003 nM DNA encoding (b)
GUS or (e) GAL. τ is the time required to reach a threshold
fluorescence intensity of 200 (au). The threshold is defined as the
fluorescent signal that is sufficient to exceed the detection limit but
small enough to permit the effect of substrate depletion to be
neglected. Supplementary Figure 5 summarizes all of the data on the
relationship between DNA concentration and τ. (c, f) Relationship
between DNA concentration and acceleration rate (Ar, eq 1) of (c)
GUS and (f) GAL syntheses. The results in panel c are the means ±1
SE of two independent experiments. The green and blue lines show
the theoretical curves given by eq 2 for Me and Se, respectively.
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Note that the encapsulation of the components of the IVTT
is unlikely to affect the acceleration of GUS synthesis. The
component with the lowest concentration in the IVTT used
here was nucleoside diphosphate kinase (NDK), which was
present at 16 nM.42 At this concentration, Se would hold on
average 413 NDK molecules. Therefore, even NDK should
have much smaller variation comparing to that of DNA in all
droplets (cv <5%).
Mechanism Underlying the Lack of Acceleration of

Tetrameric GAL Synthesis in Smaller Compartments.
The above describes the reasons for the acceleration of
tetrameric GUS synthesis, but why is such acceleration not
observed with GAL? With both GUS and GAL DNA in Se at a
DNA concentration of 0.003 nM, nearly a single copy of DNA
is encapsulated in each droplet, which can be seen from the
time course data in Figure 2a,d, showing that the fluorescence

signal quickly reaches a plateau. What is the difference between
GUS and GAL, and what are the prerequisites for a reaction to
be affected by the compartment volume?
The difference between GUS and GAL can be described by

the difference in the rate-limiting step of the reaction. We
reported previously that at similar concentrations the assembly
of tetrameric GAL from monomers occurs much faster than
that of tetrameric GUS when coupled to protein translation
using the IVTT employed in this study.41 The rate-limiting step
was identified as monomer-to-tetramer assembly for tetrameric
GUS, whereas those for tetrameric GAL synthesis were the
transcription and translation steps. Let us assume that the
compartment volume does not affect monomeric protein
synthesis, which is the case with our experimental setup
(Figure 2a,d, data with 1 nM DNA), i.e., a defined number of
monomers are synthesized through transcription and trans-
lation per DNA irrespective of the compartment volume. At the
assembly stage, the stage between Step II and Step III in Figure
3a, tetrameric GUS is produced more quickly in smaller
compartments as shown in Figure 3a because the rate-limiting
step is monomer-to-tetramer assembly. On the other hand,
tetrameric GAL is produced equally in both large and small
compartments, because the assembly is so fast that monomers
assemble into tetramers as soon as they are synthesized.
Therefore, acceleration was observed with tetrameric GUS but
not GAL.

Qualitative Evaluation of the Acceleration Mecha-
nism. Above, we presented a qualitative explanation of the
mechanism underlying acceleration of tetrameric GUS syn-
thesis in small compartments, which is pronounced at lower
DNA concentrations, and the reason why such acceleration is
not observed with tetrameric GAL. In this section, we evaluate
the observation quantitatively to further confirm that the
hypothesis proposed above is appropriate to describe the data.
For this purpose, we developed a mathematical model that
describes multimeric protein synthesis in a microcompartment
and compared the model with the experimental data.
The cascade reaction of transcription, translation, tetramer

assembly, and fluorescence substrate hydrolysis (Supplemen-
tary Figure 1) was modeled in bulk and in droplets where the
bulk solution was subdivided into w/o emulsions, to obtain the
time evolution of the concentration of hydrolyzed product [P].
All equations and derivations are presented in the Supporting
Information. Using these equations, we derived an equation
that predicts the relationship between Ar and d of tetrameric
GUS and GAL synthesis:

μ μ
= +

̅
· · +

̅
· +

̅
·

=

− − − − −

GUS
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where μk is the kth moment of p(v), probability density
function of the emulsion droplet volume distribution, v is the
average volume of the droplet and NA is Avogadro’s number.
When the above equations were plotted together with the
experimental data, both showed similar trends (Figure 2c,f).
Note that the slight deviation of experimental data from
theoretical prediction in Figure 2c could be caused by the
approximation that the transcription/translation activity of the
IVTT remains constant during the measurement (Supplemen-

Figure 3. Schematic for the mechanism of GUS synthesis acceleration
in small vs large compartments. (a) Step I: First, identical numbers of
DNA molecules were encapsulated into compartments of different
volumes. Note that the total volume was the same between the two.
Step II: Identical numbers of monomers were synthesized through
transcription and translation of each DNA molecule, irrespective of the
compartment volume. Step III: The numbers of tetramers synthesized
were larger in the smaller compartment because the monomer
concentration was higher than in the larger compartment. As GUS is
active only when it tetramerizes, the fluorescent product appeared
earlier in the smaller compartment. Step IV: After a sufficient period,
all of the fluorescent substrate present in the compartment that
contains DNA was hydrolyzed. All of the fluorescent substrate was
hydrolyzed in large compartments, whereas only a portion of the
substrate was hydrolyzed in small compartments. (b) (1, 4) Bright
field, (2, 5) fluorescence, and (3, 6) merged images of Se with (1, 2, 3)
0.3 nM or (4, 5, 6) 0.01 nM DNA after 20-h reaction period. Scale bar
indicates 20 μm. (c) Relationship between DNA concentration and
fluorescence intensity after a 20-h reaction period. The fluorescence of
each emulsion with 1 nM DNA was defined as 1. The results shown
are the means ±1 SE of two independent experiments. The line shows
the theoretical curve given by eq 3.
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tary Figure 5). Furthermore, we derived an equation that
predicts the relationship between d and fluorescence intensity
after complete substrate hydrolysis in Se:

∫π
= −

̅

− − − · ·
⎡
⎣⎢

⎤
⎦⎥v S

v M
S

d v N dvpla 1
1 1

2
exp

(ln )
2

V

0

2

2 A

(3)

where M and S are the average and standard deviation of the
log-normal distribution p(v) on a logarithmic scale. When the
above equations were plotted together with the experimental
data, both showed similar trends (Figure 3c). Note that there is
no fitting parameter in these equations (eqs 2 and 3). The
consistency between the model and the experimental data
strongly supports the validity of the proposed mechanism
(Figure 3a) of acceleration of tetrameric GUS synthesis and
lack of acceleration of GAL synthesis.
GUS and GAL Synthesis Is a Fourth and First-Order

Reaction, Respectively. We showed experimentally that the
compartment volume alone can have a measurable effect on
intracellular reactions using this artificially reconstructed
system. Depending on the nature of the rate-limiting step,
the compartment volume either does or does not affect
multimeric protein synthesis. Tetrameric GUS and GAL
synthesis differ not only in their rate-limiting step but also in
their reaction order. While both reactions follow similar
cascades, GUS and GAL synthesis follow fourth- and first-
order reaction kinetics, respectively (Supplementary Figure
5).41

∝

∝

N v
t

N v

N v
t

N v

d( / )
d

( / )

d( / )
d

( / )

GUS tetramer
DNA

4

GAL tetramer
DNA (4)

where NGUS_tetramer, NGAL_tetramer, and NDNA represent the
number of tetrameric GUS, GAL, and DNA molecules in a
compartment with a volume of v, respectively. See Supporting
Information for equations and derivations (eqs s2 and s3). Let
us assume the presence of a single copy of DNA in a
compartment where a defined number of monomers are
synthesized per DNA. When the compartment volume was
decreased (increased) by 2-fold, the rates of tetrameric GUS
and GAL synthesis increased (decreased) by 8 (= 24/2) or 1 (=
21/2)-fold, respectively. With changes in compartment volume
alone, the number of tetrameric GAL molecules synthesized
does not change, whereas that of tetrameric GUS responds in a
high-order manner and is therefore highly sensitive to small
changes in compartment volume. High sensitivity of high-order
reaction, not limited to multimeric enzyme synthesis, could be
one of the fundamental strategies that cells use to switch gene
expression, metabolic pathways, and signaling cascades on and
off in response to changes in cell volume, although no such
mechanisms have yet been demonstrated in vivo.
It is important to note that multimerization is a

concentration-dependent reaction, and thus the gene ex-
pression level may affect the compartment volume dependency
of multimeric protein synthesis. While we used GUS and GAL,
both of which are homotetramers, the compartment volume
can affect the formation of other complexes that are abundant
in nature,43 including hetero-oligomer synthesis, and complexes
of RNA or DNA with proteins.

Conclusion. In previous studies, enhanced GFP synthesis
by IVTT in a microcompartment has been observed, while the
mechanism remains unclear.44,45 Using an in vitro synthetic
biology approach, we have shown that the compartment
volume alone can affect intracompartmental multimeric protein
synthesis and revealed its mechanism using a mathematical
model. With cells, many parameters, including gene expression,
metabolite transport, and membrane dynamics, are associated
with change in the cell size, while with our experimental setup,
we isolated the effect of altering the compartment volume from
others, which enabled us to investigate the effect of changes in
solely the compartment volume. Our system is very different
from living cells, but the simplicity allows us to control various
parameters and thus provides a platform to study how the
compartment volume, one of the fundamental physical
parameters of the cell, affects intracompartmental biological
reaction networks.
Our work does not intend to clarify the effect of volume to a

specific cell. Instead, we considered a hypothetical general “cell”
that consists of intracellular reaction and microscale container
and elucidated the relation between the compartment size and
the multimeric protein synthesis. We think that the observed
acceleration mechanism would be applicable generally, because
synthesis and assembly of multimeric proteins as well as the
micrometer to submicrometer compartments (plasma mem-
branes and organelles) are ubiquitous in cells. In addition,
acceleration mechanism must be taking into account when
discussing the evolution of primitive cells46,47 and for the
construction of artificial cells.30,48

■ METHODS
In Vitro Transcription and Translation. Plasmids

encoding GAL and GUS (pET-lacZ and pET-gusA, respec-
tively) were constructed as described previously.42 A
reconstituted in vitro transcription/translation (IVTT) system
was used in this study (PURE system13) and was modified
according to previous studies.49,50 For GAL and GUS
syntheses, template DNA (plasmid) was added to the IVTT
and was supplemented with 4 units of RNasin (Promega) and
the fluorescent substrate fluorescein di-β-D-galactopyranoside
(FDG) or fluorescein di-β-D-glucuronide (FDGlcU) (Invitro-
gen) at a concentration of 50 μM. Neither FDG nor FDGlcU
fluoresces before hydrolysis, but both yield fluorescein that
emits green fluorescence as a result of hydrolysis.

Water-in-Oil (w/o) Emulsion Droplet Preparation.
Detergent containing oil [2% Span 80, 1% Tween 80 and
2.5% ABIL-EM90 in decane, anhydrous (all from Sigma)] was
first pretreated with saturation buffer [100 mM HEPES (pH
7.6), 280 mM potassium glutamate, 1.5 mM spermidine, 18
mM magnesium acetate, 25 mM creatine phosphate, 12 mM
DTT, 0.01 μg/mL formic acid, 6% glycerol, and 0.1% BSA].
Briefly, 180 μL of saturation buffer was added to 1.5 mL of
detergent containing oil, vortexed briefly, and then incubated
for 20 min at 37 °C. The upper phase was collected after
centrifugation at 22000 × g for 20 min at 4 °C. The collected
saturated oil was used to prepare w/o emulsions; 2 μL of IVTT
reaction mixture was added to 200 μL of presaturated oil, and
the size was varied by the mixing strategy. Le (2 μL) was
prepared by gently adding 2 μL of the IVTT reaction mixture
to the oil phase, resulting in a single water droplet of 2 μL. Me
(average 9.1 pL) was prepared by vigorously mixing the
solution using a vortex mixer for 60 s. Se (average 43 fL) was
prepared by passing the solution through an SPG porous
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membrane (20 μm) (SPG Techno) several times, according to
the manufacturer’s instructions. GUS and GAL syntheses in
emulsions were carried out at 37 °C and monitored using a
real-time PCR system (Mx3005P; Agilent). Filter sets used for
measuring the fluorescence intensities had excitation/emission
wavelengths of 492/516 nm.
Microscopic Observation. Micrographs were obtained

using an inverted light microscope (IX70; Olympus) with a
100X oil-immersion objective lens and a digital color CCD
camera (VB-7000; Keyence). Bright field images were obtained
by differential interference contrast observation. Fluorescence
images of were obtained through corresponding filters and
dichroic mirror units (NIBA; Olympus).
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