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ABSTRACT It has been established that a long DNA molecule exhibits a large discrete conformational change from a coiled
state to a highly folded state in aqueous solution, depending on the presence of various condensing agents such as polyamines.
In this study, T4 DNA labeled with fluorescent dyes was encapsulated in a cell-sized microdroplet covered with a phospholipid
membrane to investigate the conformational behavior of a DNA molecule in such a confined space. Fluorescence microscopy
showed that the presence of Mg®" induced the adsorption of DNA onto the membrane inner-surface of a droplet composed of phos-
phatidylethanolamine, while no adsorption was observed onto a phosphatidylcholine membrane. Under the presence of spermine
(tetravalent amine), DNA had a folded conformation in the bulk solution. However, when these molecules were encapsulated in the
microdroplet, DNA adsorbed onto the membrane surface accompanied by unfolding of its structure into an extended coil confor-
mation under high concentrations of Mg®". In addition, DNA molecules trapped in large droplets tended not to be adsorbed on the
membrane, i.e., no conformational transition occurred. A thermodynamic analysis suggests that the translational entropy loss of
a DNA molecule that is accompanied by adsorption is a key factor in these phenomena under micrometer-scale confinement.

INTRODUCTION

It has been revealed that long DNA molecules exhibit a large
discrete change in conformation from a coiled state to a highly
compact folded state, such as a toroid or rod structure, in
aqueous solution, depending on the presence of various
condensing agents including cellular environmental factors
such as polyamines (spermine and spermidine) and polyphos-
phates (1-5). This characteristic is based on the fact that DNA
is a negatively-charged semiflexible polymer. Single-mole-
cule observation studies have revealed that the conforma-
tional transition of a long DNA molecule larger than several
tens of kilo basepairs (kbp) is discrete at the single-molecule
level, and can be described in terms of a first-order phase
transition under the criterion of Landau (6,7).

In a cell, DNAs and other molecules are present in a
micrometer-scale confined space. To understand the charac-
teristics and driving forces of the molecular events that occur
within a cell, studies under conditions of cell-sized confine-
ment, in addition to those in a bulk system, are needed.
Recently, it has become possible to create the giant phospho-
lipid vesicles (diameter > 1 um) that encapsulate DNAs,
proteins, and other biochemical reaction components using
several methods, and artificial cell model studies in which
various reactions such as transcription and translation are
reconstituted in the vesicle has been progressing (8—13).
We have also studied the formation of cell-sized aqueous
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droplets coated with a phospholipid membrane in oil
(i.e., water-in-oil microdroplet; see Fig. 1) (14).

In this study, to elucidate the characteristics of the conforma-
tional behavior of DNA molecules in a confined space, a large
DNA (bacteriophage T4 DNA of 166 kbp labeled with fluores-
cent dyes) was encapsulated in a water-in-oil microdroplet, and
the distribution and conformation of DNA within the droplet
was investigated under fluorescence microscopy. The presence
of Mg*" induced the adsorption of DNA onto the membrane
inner-surface of the droplet when it was composed of DOPE
phospholipid, while no adsorption was observed when the
membrane was composed of eggPC phospholipid. We also
found that under the presence of spermine, adsorption was
accompanied by a conformational transition of the DNA mole-
cule from the folded state to the unfolded coil state on the
membrane surface. Moreover, DNA molecules trapped in
large droplets tended not to be adsorbed on the membrane
surface and instead be in the folded state in the aqueous phase.
A thermodynamic analysis of these observations suggests that
the translational entropy loss of the DNA molecule caused by
adsorption (from confinement in a three-dimensional space to
that on a two-dimensional surface) works as a key factor that
determines the conformational behavior of DNA molecules
under confinement within a micrometer-scale space.

MATERIALS AND METHODS

Labeling of T4 DNA with the fluorescent
dye YOYO-1

Bacteriophage T4 DNA was purchased from Nippon Gene (Tokyo, Japan).
To label T4 DNA with YOYO-1 iodide (Molecular Probes, Eugene, OR), an

doi: 10.1016/j.bp;j.2009.06.041


mailto:yoshikaw@scphys.kyoto-u.ac.jp

DNA Conformational Change on Membrane

1679

FIGURE | Water-in-oil microdroplet
encapsulating T4 DNA. (A) Confocal
laser scanning microscopy images of
the prepared DOPE water-in-oil micro-
droplets. (a) Bright-field image, (b)
fluorescence image (pseudo-color) of a
fluorescent  phospholipid, ~TRITC-
DHEPE, (c) fluorescence image (pseudo-
color) of T4 DNA labeled with
YOYO-1, and (d) merger of panels
b and c. (B) A schematic representation
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equal volume of 1.5 uM YOYO-1 in water was added to 10 ng/uL of T4
DNA (molar ratio of basepairs to YOYO-1 was 10), and the mixture was
allowed to stand overnight at 4°C. For the observation of T4 DNA molecules
under a microscope, T4 DNA/YOYO-1 solution was diluted 10- to 100-fold
in 10 mM Tris-HCI, pH 7.4, 100 mM KClI, and various concentrations of
MgCl, and spermine (Nakarai Tesque, Kyoto, Japan). To avoid the intermo-
lecular aggregation of T4 DNA molecules induced by the addition of sper-
mine, we used T4 DNA at a very low concentration (0.1-1.0 ng/uL).

Preparation of water-in-oil microdroplet
encapsulating T4 DNA

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and L-a-lysophos-
phatidylcholine from chicken egg (eggPC) were obtained from Avanti Polar
Lipids (Alabaster, AL), and n-(6-tetramethylrhodamineehiocarbamoyl)-1,
2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TRITC-DHPE) from
Molecular Probes. The water-in-oil microdroplet (Fig. 1) was prepared as
described previously (14). Briefly, a dry film of phospholipid (DOPE or
eggPC) was made on the bottom of a glass tube, and mineral oil (Nakarai
Tesque) was added to the phospholipid film to give a final concentration of
1.0 mM of phospholipid in mineral oil. To observe the phospholipid distribu-
tion in the prepared sample, 1 mol % of TRITC-DHPE was mixed with DOPE
in chloroform solution, and the mixture was dried to a film on the bottom of a
glass tube. The sample was sonicated at 50°C for 60 min to disperse the phos-
pholipid in oil. Next, 5-10% (V/V) aqueous solution (10 mM Tris-HCl1 pH 7.4,
100 mM KCI with various concentrations of MgCl, and spermine) containing
T4 DNA molecules labeled with YOYO-1 was added to the lipid/oil solution
and mixed well by pipetting. The resulting emulsion contained many aqueous
droplets coated with phospholipid thin layers, with diameters that ranged from
5 to 200 um (mainly 20-60 um) (Fig. 1 A).

Confocal laser scanning microscopy

An aliquot of the emulsion was placed on a silicon-coated coverslip. Bright-
field and fluorescence microscope images were obtained by a model No.
LSM510 confocal laser scanning microscope (Carl Zeiss, Jena, Germany).

The samples were excited with a model No. LGK7812MLA4 argon laser
(488 nm; Lasertechnik, Jena, Germany) and the images were obtained
through a 505-530-nm bandpass filter for YOYO-1-labeled T4 DNA mole-
cules. A model No. LGK 7786P helium-neon laser (543 nm; Lasertechnik)
with a 560-nm long-path filter was used for the imaging of TRITC-DHPE.

Single molecule observation of T4 DNA under
fluorescence microscopy

Fluorescence images of each T4 DNA molecule were observed and recorded
under a model No. TE2000U microscope with a x 100 objective (Plan Fluor
100/1.30 Oil Ph3 DLL; Nikon, Tokyo, Japan) and a model No. C7190-23
EB-CCD camera (Hamamatsu, Hamamatsu City, Japan). Excitation was
performed with a model No. C-SHG1 Hg lamp (Nikon), and fluorescence
images through a model No. DVS-20 ARGUS-10 image processor (Hama-
matsu) were recorded on a model No. RD-XS38 DVD recorder (Toshiba,
Tokyo, Japan). The image of each DNA molecule was recorded for >5 s.
On the recorded image, the conformation of each T4 DNA molecule was
classified as coiled (unfolded) or compact (folded), and the apparent long-
axis length L, which was defined as the longest distance in the outline of
the DNA image during the 5 s of image-acquisition, was measured. Since
there is a blurring effect of ~0.3 um on the observed fluorescence images
due to the technical characteristics of the resolution limit (5), the observed
DNA images are slightly larger than the actual size of the DNAs.

RESULTS

Confinement of DNA molecules in a water-in-oil
microdroplet

As previously reported (15), a T4 DNA molecule (166 kbp) has
a free coiled conformation in an aqueous solution. We encap-
sulated DNA molecules, labeled with YOYO-1, within
water-in-oil microdroplets composed of DOPE. Fig. 1 shows
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confocal laser scanning microscopy images of the prepared
droplets. In the fluorescence images (pseudo-color) in Fig. 1 A,
red indicates a fluorescent lipid analog, TRITC-DHPE, and
green indicates YOYO-1, which bound to T4 DNA molecules.
The images show that our preparation made droplets with
diameters of mostly 20 to 60 um, each of which was coated
with phospholipid thin layers, and these encapsulated T4
DNA molecules. In the preparation, 0.1-1.0 ng/uL. of T4
DNA aqueous solution was mixed with the lipid-dispersion-
in-oil solution, which corresponds to 18-180 T4 DNA
molecules in a droplet 40 um in diameter. We analyzed droplets
with diameters of 20—60 um below, unless otherwise indicated.

A
a

Kato et al.

DNA is adsorbed onto the DOPE membrane
surface in the presence of Mg®"

First, we investigated the distribution of T4 DNA molecules
within a microdroplet (Fig. 2). In a droplet composed of
DOPE, DNA molecules were diffusely distributed in the
aqueous phase of the droplet in the absence of Mg*"
(Fig. 2 a). When Mg”" was present at 10 mM, almost all
of the DNA molecules were located on the inner-surface
of the droplet (phospholipid membrane surface) (Fig. 2 b).
The localization of DNA molecules on the membrane
surface in the presence of Mg>" is a phospholipid

FIGURE 2 Distribution of T4 DNA molecules in a mi-
crodroplet. Confocal fluorescence microscope images of
T4 DNA labeled with YOYO-1. (A) DOPE droplet. (a)
Mgt 0 mM, spermine 0 mM, (b) Mg>* 10 mM, spermine
0 mM, (¢) Mg*" 0 mM, spermine 1.5 mM, and (d) Mg>"
10 mM, spermine 1.5 mM. The preparations were repeated
three times, and >60 droplets with diameter of 20-60 um
were observed for each condition. In 0 mM Mg>" (4 and
¢), DNA was located on the inner-surface in none of the
droplets. In 10 mM Mg”" (b and d), in ~95 % of the drop-
lets, almost all of the DNA molecules were located on the
inner-surface of the droplet, as shown. (B) eggPC droplet.
(@) Mg*" 0 mM, spermine 0 mM, (b) Mg*" 10 mM, sper-
mine 0 mM.
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headgroup-dependent phenomenon. When the droplets were
prepared with eggPC instead of DOPE, T4 DNA molecules
were distributed in the aqueous phase and were not bound
to the membrane surface even in the presence of 10 mM
Mg>" (B).

Next, the conformation of individual T4 DNA molecules
in the droplet was examined under a fluorescence micro-
scope (Fig. 3; movies are available in the Supporting Mate-
rial). We first observed and recorded DNA molecules in the
bulk aqueous solution, and the sample was then encapsulated
into droplets. On recorded images, the apparent long-axis
length of each DNA molecule was estimated. The distribu-
tions of the long-axis length under various conditions are
shown in Fig. 4 along with those in the bulk aqueous solution
for comparison. For each condition, >50 DNA molecules
were analyzed.

In the aqueous phase of the droplet in the absence of Mg*",
T4 DNA had a free coiled conformation with intramolecular
chain fluctuation, and underwent relatively slow translational
diffusion in the droplet (Fig. 3 @ and Movie S1), almost the
same as in the bulk solution (data not shown). The mean
long-axis length of DNA molecules in the droplet was 4.53 =+
0.95 um and that in the bulk solution was 4.87 = 1.01 um
(Fig. 4 a).

In the bulk solution with 10 mM Mg”, T4 DNA had
almost the same conformation and intramolecular motion
as in the absence of Mg”" (the mean long-axis length was
4.26 = 1.03 um). When this sample was encapsulated into
the droplet, almost all of the DNA molecules were adsorbed
onto the inner surface of the droplet. The full length of the
molecule was on the membrane, and the molecule exhibited
a quasi-two-dimensional coiled state with intramolecular
chain motion on the membrane surface (Fig. 3 b and Movie
S2). The average long-axis length was 6.66 *= 1.48 um
(Fig. 4 B (b)). As we discuss later, this implies that roughly
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10% of the segments of the DNA molecule were attached to
the membrane surface.

Conformational transition of DNA molecule

from the folded state to the unfolded state occurs
in a microdroplet through interplay

with the phospholipid membrane

As we previously reported (16), polyamines such as spermi-
dine and spermine induce a conformational transition of long
DNA molecules of more than several tens of kbp from a coil
state to a highly compact folded state in aqueous solution. In
the buffered solution examined in this study (10 mM Tris-
HCI, pH 7.4, 100 mM KClI), all of the T4 DNA molecules
showed a highly compact conformation in 1.5 mM spermine
(data not shown).

DNA with a compact (folded) conformation was encapsu-
lated into a DOPE microdroplet, and the distribution and
conformation of DNA molecules in the droplet were investi-
gated. In the absence of Mg>", T4 DNAs were mainly
located in the aqueous phase while some were on the
membrane surface (Fig. 2 ¢). Single-molecule observation
showed that the DNA molecules in the aqueous phase had
a compact conformation (Fig. 3 ¢ and Movie S3). The esti-
mated long-axis length was 1.15 * 0.74 um, which is almost
the same as that in the bulk solution (1.06 * 0.19 um)
(Fig. 4 ¢). In the presence of 10 mM Mg*" with 1.5 mM sper-
mine, in the bulk solution, the DNA molecules had a highly
compact and folded conformation and the mean long-axis
length of DNA molecules was 1.15 = 0.71 um (Fig. 4 A
(d)), which shows that the presence of Mngr had no apparent
effect. When these DNA molecules were encapsulated
within a DOPE droplet, most of them were located on the
membrane surface (Fig. 2 d). On the membrane, they
exhibited an unfolded coil conformation (Fig. 3 d) and
underwent intramolecular chain motion above the membrane

FIGURE 3 Single-molecule images of T4 DNA in a
DORPE droplet. In each image, one droplet is shown. The
arrow indicates one T4 DNA molecule, which is also
shown separately in the inset. () Mg>™ 0 mM, spermine
0 mM. (b) Mg2+ 10 mM, spermine 0 mM. (Left image)
The focus is on the center of the droplet in the z axis. T4
DNA molecules are seen along the periphery of the droplet.
(Right image) The focus is on the bottom surface of the
droplet and a T4 DNA molecule on the inner-surface of
the membrane is seen. (¢) Mg?"™ 0 mM, spermine
1.5 mM. (d) Mg>* 10 mM, spermine 1.5 mM. (Left image)
The focus is on the center of the droplet in the z axis; (right
image) the focus is on the bottom surface of the droplet.
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FIGURE 4 Histogram of the long-axis length (L) of
T4 DNA molecules under various conditions. For each
condition, >50 T4 DNA molecules were analyzed.
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surface (Movie S4), as with the presence of Mg>" without
spermine. The mean long-axis length was 6.80 = 1.59 um
(Fig. 4 B (d)). These results show that a DNA molecule
with a compact conformation in the bulk solution unfolds
its structure through interplay with the phospholipid
membrane surface when encapsulated within a microdroplet.

Effects of Mg®" and spermine: phase diagram

We investigated the distribution and conformation of DNA
molecules in a DOPE droplet under various concentrations
of Mg2+ ©, 3,5, 7, 8, and 10 mM) and spermine (0, 0.5,
1.0, 1.5, and 1.8 mM). For each condition, >20 droplets
were examined. Based on the results, a phase diagram was
constructed with the spermine concentration as the x axis
and the Mg " concentration as the y axis (Fig. 5). Since there
is a relatively broad intermediate region for both the sper-
mine and Mg2+ concentrations, in which DNA molecules
with various states (coil and compact, on the membrane
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and in the aqueous phase) coexist within the same droplet,
the diagram can be described only in a rough manner.
Also, in the intermediate region, DNA molecules with intra-
molecular phase segregation (17,18), in which a coil part and
a folded part coexist on a single DNA molecule, were
frequently observed both in the aqueous phase and on the
membrane surface (data not shown). This state emerges in
the intermediate region for the coil-globule transition when
the correlation length in the transition becomes shorter
than the contour length of the DNA molecule under specific
conditions such as a high salt concentration. This intramolec-
ular segregation state can be considered to be equivalent
to the state of the coexistence of the coil conformation and
the folded conformation of a whole DNA molecule when
the correlation length is longer than the contour length
(17,18). The experimental condition used in this study
(10 mM Tris-HCI and 100 mM KCl) is close to that (10 mM
Tris-HC1 and 100 mM NaCl) under which intramolecular
segregation of T4 DNA molecules was reported (18).
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FIGURE 5 Phase diagram for the Mg>" and spermine concentrations.
Phase I: DNA has a coil conformation in the aqueous phase. Phase II:
DNA is adsorbed onto the membrane surface. Phase III: DNA has a highly
compact conformation in the aqueous phase. The field surrounded with
broken lines is the intermediate region, in which different states of DNA
molecules (coil and compact, in the aqueous phase and on the membrane
surface) coexist within a single droplet.

As shown in the phase diagram, when the Mg concentra-
tion was sufficiently high, DNA molecules showed an ad-
sorbed and unfolded state on the membrane surface under
all spermine concentrations ranging from 0 mM to 1.8 mM
(phase II). Mg®" works to induce and likely stabilizes the
adsorption of DNA molecules onto the DOPE membrane
surface, but does not induce the folding transition of DNA.
When spermine was present at low concentrations under
which it does not induce DNA molecules to have a folded state
(phase 1), the adsorption of DNA molecules onto the
membrane surface occurred at a lower Mg concentration
as the spermine concentration increased. These results show
that spermine also works for the adsorption of DNA mole-
cules, although it prefers to work for induction of a conforma-
tional transition into a folded state. Indeed, in 0-3 mM Mg*"
with 0-0.5 mM spermine, most of the DNA molecules were
present in the aqueous phase in the coiled state (e). When
the spermine concentration increased to 1.0 mM, many
DNA molecules were located on the membrane surface
(some were in the aqueous phase) (f). When the spermine
concentration further increased to 1.8 mM, most of DNAs
were present in the aqueous phase in the folded state (g).

Thermodynamic considerations regarding
our observations

It has been established that a long DNA molecule exhibits
a conformational transition between a coiled state and a
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folded/compact state in aqueous solution (5-7). In this study,
we found that when a DNA molecule is enclosed within a
microdroplet coated with a phospholipid membrane, the
molecule exhibits an unfolded coil state on the membrane
surface under the same experimental conditions under which
it exhibits a folded state in the bulk aqueous solution. To
understand the characteristics of this conformational transi-
tion of DNA molecules within a finite volume, a thermody-
namic analysis was performed on the interplay between
DNA adsorption and folding within such a finite volume.

A DNA molecule is assumed to have one of the following
states in a droplet:

1. A free coil conformation in the aqueous solution phase.

2. A quasi-two-dimensional coil conformation that is
adsorbed onto the phospholipid membrane surface.

3. A compactly folded conformation in the aqueous solution
phase.

Let us consider a single DNA molecule as a semiflexible
polymer of contour length L, segment (persistence) length
A (= 100 nm, 300 basepairs), and segment number N = L/A,
which is enclosed in a volume V = R> (R is the radius of the
droplet). In the absence of spermine, DNA takes a random
coil conformation. By setting this state as a reference, we
can write its free energy as the translational entropy of the
molecule within the volume,

F] = kT In (N

where k and T are the Boltzmann constant and temperature,
respectively, and ¢ = r13/V (rq is the size of DNA coil in
three-dimensional space). This signifies that the F; state
free energy shows logarithmic dependence on the system
size (V) through the volume fraction ¢;.

The adsorbed state can be characterized as follows. Movie
images of DNA molecules adsorbed onto the membrane
surface (Movie S2 and Movie S4) show that the adsorption
is rather weak, which means that only a fraction of the
segment is attached to the membrane and other segments
between the attached points are free from the surface, so
that they exhibit conformational fluctuations. This indicates
that an adsorbed DNA molecule can be described as a two-
dimensional self-avoiding walk of blobs of size § = A g” 2
where g is the number of segments inside a blob (19). The
overall two-dimensional size of DNA is r, = 5(N/g)3/4 =
AN 4g71/ 4, whereas the size of the free DNA in three-dimen-
sional space (r) is given by =AN"? since the excluded
volume effect becomes apparent only for very long DNA
due to its local stiffness. If we compare these expressions
with the experimental results (long-axis length (6.66 wm)
for a DNA molecule in the adsorbed state on the membrane
surface and that (4.53 um) in the free coil state in the aqueous
phase (Fig. 4)), the g value can be estimated to be ~10. The
free energy of the adsorbed state may be written as

F, = kT In ¢, — &,N,

Biophysical Journal 97(6) 1678—1686
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where —e¢, is the change in free energy due to the DNA-
membrane surface interaction per segment, and ¢, = r,°/R>
is the area fraction of blobs on the surface.

The addition of spermine induces the folding transition of
the DNA molecule. If we denote the change in free energy
due to the folding per segment as —eg, a similar consideration
leads to the free energy of the folded state,

F3 = kT In ¢; — &N,

where @3 = r33 /V (r3 is the size of folded DNA).

Although the detailed modeling and calculations for deter-
mining the quantitative phase behaviors are beyond the scope
of this article, we can determine some basic features at
a qualitative level with the present phenomenological
modeling. The results of such an analysis are summarized in
Fig. 6 in the form of a state diagram with e/kT as the x axis
and ¢,/kT as the y axis. When F; < F, and F; < F3, where
both the Mg®" and spermine concentrations are sufficiently
low, DNA has a coil conformation in the aqueous phase. The
experimental results show that Mg®" induces the adsorption
of DNA onto the membrane surface. With regard to folding,
it was observed that Mg2+ exhibited some inhibitory effect
in the coexistence region for relatively low concentrations of
Mg " and spermine. This would be caused by their competi-
tive binding to the phosphate groups of DNA. Therefore, we

€a
kT

FIGURE 6 State diagram of DNA molecules in a microdroplet. Three
states are assumed: Fy, a free coil conformation in the aqueous solution
phase; F,, a quasi-two-dimensional coil conformation adsorbed onto the
surface of the phospholipid membrane; and F5, a compactly folded confor-
mation in the aqueous solution phase. On line 1, where ¢,/kT = e¢kT + 1/N
In(R/A), the free energy of the F, state is equal to that of the F5 state. On line
2, where &,/kT = 1/N In(R/2), the free energy of the F; state is equal to that
of the F, state. On line 3, where &¢/kT = 0, the free energy of the F; state is
equal to that of the F5 state.
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can assume that ¢, increases and ¢ slightly decreases as the
Mg*" concentration increases. When Mg®" is absent or
present at only a low concentration, ¢, has a negative or a small
positive value, and thus F'; < F, resulting in no adsorption. As
the Mg2+ concentration increases, the ¢, value increases, and at
some point (F; = F», line 2) adsorption takes place.

Spermine strongly induces the folding of DNA, which
occurs by the binding of spermine to the phosphate groups
of the DNA molecule (20,21). It was observed that spermine
also has some inducible effect on adsorption of DNA onto
the membrane surface. As the spermine concentration
increases, & would increase and &, would also somewhat
increase, although in most cases the effect on the induction
of folding surpasses that on the induction of adsorption.
When the spermine concentration is low, & is negative
because of electrostatic repulsion between the phosphate
groups of DNA. As the spermine concentration increases,
the ¢¢ value increases due to more neutralization of the phos-
phate groups’ negative charges, and the folding transition
takes place at ¢ = 0 (F; = F3, line 3).

Under the coexistence of relatively high concentrations of
Mg " and spermine, one can see the interplay between ¢, and
er. A high Mg?" concentration gives a sufficiently high e,
value so that F, < F3 (above line 1), i.e., the state of adsorp-
tion is more stable than the folding state, and thus a DNA
molecule is adsorbed onto the membrane surface accompa-
nied by unfolding of its structure. In the intermediate concen-
tration region for both Mg>" and spermine, one can see the
case that a DNA molecule in the F; state transitions to the
F, state and finally goes to the F3 state as the spermine
concentration increases. In (e) in the diagram, the Mg>"
concentration is not high enough for adsorption. When the
spermine concentration increases, & increases, but this
increase is not sufficient for the folding transition to take
place. Spermine can also increase ¢, to become larger than
the value on line 2, and DNA moves to the F, state (f).
When the spermine concentration increases further, &
becomes sufficiently high so that the folding state is more
stable than the adsorption state at that Mg”>" concentration
(). In the experiments, this case was actually observed in
3-5mM Mg*", as described in the previous section (Fig. 5).

In summary, Mg>" and spermine act cooperatively for
adsorption and competitively for folding. Thus, our theoret-
ical diagram is in good agreement with the experimental
phase diagram.

Droplet-size dependence

The state diagram in Fig. 6 shows that the adsorption line
(line 1 and line 2) depends on the droplet radius R through
1/N In(R/A). The expression In(R/A) represents the transla-
tional entropy loss of a DNA molecule caused by adsorption
(KT In(@o/¢1), kT In(@,/@s3)), i.e., from a confined state in
three-dimensional space to that on a two-dimensional
surface. This means that the adsorption of a DNA molecule
confined within a larger volume is accompanied by larger
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translational entropy loss of the molecule, which gives
a higher adsorption line along the y axis for DNA molecules
trapped in a larger droplet.

To examine the above consideration experimentally, we
investigated the distribution of DNAs (on membrane surface
or in aqueous phase) in 200 droplets with diameters ranging
from 20 um to 200 gm in 10 mM Mg** and 1.5 mM spermine.
Fig. 7 shows the dependence of the DNA distribution on
droplet-size when 1.0 ng/uL of DNA solution was encapsu-
lated (180 and 22,500 DNA molecules in 40 um and
200 um droplets, respectively). Almost the same results
were obtained when 0.1 ng/uLL of DNA solution was used.
When the droplet size was <60 um in diameter, adsorption
of almost all of the DNA molecules onto the membrane
surface was observed in >90% of droplets. When the diam-
eter became larger than 80 um, there were droplets in which
some DNA molecules were adsorbed and others were in the
aqueous phase with a folded conformation. In these droplets,
it is considered that the translational entropy loss of a DNA
molecule by adsorption (KT In(R/A)) is comparable to the
difference in the free energy gain between DNA-membrane
surface interaction and segment interaction within a folded
DNA molecule (N¢e,-Neg). In most of the droplets with a diam-
eter larger than 100 um, either all of the DNA molecules were
in the aqueous phase or the two states of DNA coexisted. To
summarize, the results show that DNA molecules trapped
within a larger-size droplet tend to be in the folded state in
the aqueous phase, and this corresponds well to the prediction
derived from the thermodynamic analysis, which indicates
that the confinement volume is an effective parameter for
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FIGURE 7 Dependence of the DNA distribution on droplet-size in DOPE
microdroplets. DOPE microdroplets encapsulating T4 DNA with 10 mM
Mg*" and 1.5 mM spermine were observed under confocal microscopy.
Droplets with diameters ranging from 20 um to 200 um were classified
into three types, based on the DNA distribution in the droplet. (A) Almost
all of the DNAs are located on the membrane surface. (B) Some DNAs
are on the membrane surface and others are in the aqueous phase. (C) Almost
all of the DNAs are in the aqueous phase. The sample preparations were
repeated three times, and 200 droplets were observed. N for each bar
indicates the number of droplets observed.
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the conformational transition from a folding state to an
unfolded state adsorbed on a membrane surface.

DISCUSSION

In this study, we observed that a long DNA is adsorbed and
has an unfolded conformation on a PE membrane surface in
the presence of Mg”" in a microdroplet (Figs. 2—4). The
interaction of DNA with cationic lipids has been extensively
investigated, and the binding of DNA to the membrane or an
interface that includes these cationic lipids has been reported
(22-24). For a zwitterionic phospholipid, such as PE or PC, it
has been shown that these phospholipids do not interact with
DNA directly, but the interaction can be mediated by divalent
cations such as Ca>" and Mg>" (25-30). This is considered to
be due to the fact that divalent cations bridge the negative
phosphate moieties of the lipid headgroups and the lipid layer
becomes positively charged (25,26). In the case observed in
this study, the interaction between the DNA molecule and
the PE membrane surface is considered to be rather weak.
Indeed, a DNA molecule was attached to the membrane at
several to 10 points within the molecule, and other parts of
the molecule between the attachment points were free from
the membrane surface (Movie S2 and Movie S4). In addition,
DNA molecules were not adsorbed onto an eggPC membrane
even in the presence of 10 mM Mg*" (Fig. 2). Considering the
previous reports (27-29), the electrostatic property of the PC
membrane surface of the present microdroplet would not be
much different from that of the PE membrane in the presence
of Mg”, and the surfaces of both the PE membrane and the
PC membrane would be slightly positively charged. There-
fore, we can assume that the ¢, value for the PE membrane
in the Mg®" concentration is not so much larger than that for
the PC membrane. If this assumption is valid, although there is
only a small difference in the free energy gain due to the inter-
action of DNA with the PE membrane surface and that with
the PC membrane surface, DNAs are adsorbed onto the PE
membrane but not onto the PC membrane in the microdroplet.
Translational entropy loss by adsorption, i.e., from a state
confined in three-dimensional space to that on two-dimen-
sional surface, becomes much smaller when a molecule is
confined within a micrometer-scale space. Under the cases
that the translational entropy loss by adsorption is comparable
to the free energy gain due to the interaction between DNA and
membrane, the small difference in the electrostatic property of
the membrane surface and/or confinement volume should
determine whether or not the adsorption takes place. The
experimental finding that DNA molecules trapped within
larger droplets tend to be in the aqueous phase (Fig. 7) suggests
that this delicate balance is at work in this system. Under the
specific conditions of the presence of a condensing agent (sper-
mine) for DNA, the confinement in tens of micrometer-scale
space even causes the conformational transition in DNA mole-
cules from a folded state to an unfolded state with the help of
interaction with the phospholipid membrane (Figs. 3 and 4).
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A cell is a micrometer-scale confined space that includes
many kinds of macro- and small molecules, within which
various reactions and events occur. Most of these molecular
events proceed accompanied by the formation of macromole-
cule complexes and the binding of small molecules such as
Ca2+, Mg2+, and NTPs to the macromolecules. To reveal
the characteristics and driving forces of these molecular
events and their regulations occurring within a cell, they
should be experimentally investigated under confinement
within a cell-sized space as well as in a bulk system. Studies
in a single living cell, which have been extensively developed
over the past decade (31-33), is one approach to determine the
cell-sized characteristics of these molecular events. Another
approach is to experimentally reconstitute a simple cell model
and to study the reconstituted molecular events in the cellular
environment, which has also emerged in recent years (6—14).
In this study, we observed a confinement effect; a conforma-
tional transition of DNA that depends on the confinement
volume, in a cell-sized droplet covered with a phospholipid
membrane. These microdroplets can also be used to encapsu-
late various proteins and biochemical reaction components
(14). The approach we have taken in this study, to prepare
cell-sized droplets and to study molecular events in the
cellular environment, should lead to new insights and a deeper
understanding of the characteristics of living cellular systems.

SUPPORTING MATERIAL

Four movies of DNA molecules in DOPE microdroplets are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(09)01217-X.
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