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ABSTRACT We report the coupling of phase separation on a phospholipid
membranewith a structural transition of giant DNA.We performed single-DNAmea-
surements in the presence of cell-sized giant unilamellar vesicles (GUV) composed
of dioleoylphosphatidylcholine (DOPC), phosphatidylethanolamine (PE), and cho-
lesterol. We observed the effect of phase separation of the membrane by changing
PE from dioleoylphosphatidylethanolamine (DOPE) to dipalmitoylethanolamine
(DPPE), which corresponds to a change from a homogeneous single phase to two
segregated phases of liquid-ordered and liquid-disordered states on themembrane.
In the homogeneous membrane, DNA molecules exhibited a compact conforma-
tion in aqueous solution containing a physiological concentration ofMg2þ and poly-
amine, without attaching to the membrane surface. In contrast, in the membrane
that was segregated into two domains, DNA molecules were adsorbed onto the
liquid-ordered phase that was rich in DPPE by taking an elongated conformation.

SECTION Biophysical Chemistry

T he cell plasma membrane is composed of various
kinds of phospholipids, together with glycolipids and
cholesterol. It has been revealed that the distribution

and lateral organization of these lipids in themembraneplane
is not uniform, and various microdomains such as lipid rafts
that show lipid compositions different from those of other
parts of the membrane are formed temporarily and dynam-
ically.1-4 This dynamical and heterogeneous structure is a
critical aspect of the cell and intracellular membranes and
provides a surface field on which various cellular molecular
reactions and events take place.5-7 It has been shown that
giant (g1 μm) unilamellar vesicles (GUV) formed from a
ternary mixture of a phospholipid with saturated acyl chains,
a phospholipid with unsaturated acyl chains, and cholesterol
undergo phase separation into two micrometer-scale do-
mains, a liquid-disordered phase (Ld) enriched in the unsatu-
rated phospholipid and a liquid-ordered phase (Lo) rich in the
saturated phospholipid and cholesterol.8-11 The coexistence
of different phases on the GUVs serves as a good model for
studying the roles of heterogeneous structures on the mem-
brane in the function of cellularmembranes and theirmimics.
In this study, we examined the effects of phase separation in
GUVs composed of phosphatidylcholine (PC), phosphatidy-
lethanolamine (PE), and cholesterol, which mimics the com-
position of cellular membranes, on the interaction of long
DNA molecules with the membrane.

We prepared GUVs composed of dioleoylphosphatidylcho-
line (DOPC), dioleoylphosphatidylethanolamine (DOPE) or

dipalmitoylphosphatidylethanolamine (DPPE), and choles-
terol (Chol) by the natural swelling method.12 A head-group-
labeled fluorescent phospholipid (rhodamine-DOPE), which
preferentially resides in the Ld phase,10,13 was also incorpo-
rated into the membrane to reveal the domain structures
in GUVs. Figure 1 shows confocal laser scanning fluorescence
microscope images of GUVs at room temperature (the
focus was on the upper surface of each GUV). When GUVs
were formed from a ternarymixture of 1:1 DOPC/DOPE and
37 mol % cholesterol, the distribution of rhodamine-DOPE
showed that there was one homogeneous phase throughout
the membrane (Figure 1Aa). In contrast, on GUVs formed
with 1:1DOPC/DPPE and 37mol%cholesterol (Figure 1Ca),
two micrometer-scale phases (regions with high and low
fluorescence intensities) coexisted on the membrane. Simi-
lar fluorescence images showing coexistence of the two
phases have been reported for GUVs composed of DOPC,
DPPC, cholesterol, and rhodamine-DOPE.10,14,15 On these
GUVs, the greater fluorescence intensity region has been
assigned to be the Ld domain that is rich in unsaturated
DOPC, and the lower fluorescence region is the Lo domain
that is rich in saturated DPPC and cholesterol. For the
present GUVs composed of DOPC, DPPE, and cholesterol,
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it can be considered that the membranes were segregated
into the Ld phase rich in DOPC (greater fluorescence inten-
sity region) and the Lo phase rich in DPPE and cholesterol
(lower fluorescence region) (the chain melting temperature
of DPPE (61 �C) is far above room temperature).

It has been reported that DNA is bound to a membrane
composed of zwitterionic phospholipids such as PC and PE
in the presence of a divalent metal cation such as Mg2þ or
Ca2þ.16-20 We added bacteriophage T4 DNA (166 kilo base-
pairs) labeled with the fluorescent dye YOYO-1 to the GUVs
(Figure 1B and D; see also images of other GUVs in Figure
S1 in the Supporting Information). On the DOPC/DOPE/
Chol GUV, where DOPC and DOPE were homogeneously
distributed at a micrometer-scale, no binding of DNA was
observed in either the absence (Figure 1Ab) or the presence
(Figure 1Bb) of Mg2þ under the experimental conditions.
In contrast, on the DOPC/DPPE/Chol GUV, where DOPC and
DPPE were segregated into different domains, the DNAs
were bound to the GUV with a characteristic localization
pattern in the presence of Mg2þ (Figure 1Db). The merged
image shows that DNAs were preferentially bound to the
DPPE/cholesterol-rich domain (Lo domain) but not to the
DOPC-rich domain (Ld domain) (Figure 1Dc) (Under these
experimental conditions, phospholipids tended to form ag-
gregates and small vesicles in the presence of Mg2þ, and
these tended to be adsorbed on the surface of GUVs. On the
GUV in Figure 1D, several phospholipid aggregates are
adsorbed on the lower part of the GUV, and DNAwas bound
to some of these phospholipid aggregates. In the upper part
of the GUV, phase separation occurred on the unilamellar
membrane, and DNAwas located only on the DPPE/choles-
terol domain; also see images in Figure S1, Supporting
Information).

A distinctive characteristic of long DNA (g20-30 kbp) as
a negatively charged semiflexible polymer is that it shows
a large discrete conformational transition between a coiled
state and highly compact (folded) states, depending on the
presence of condensing agents such as polyamine.21-23 The
conformational states (coiled or compact) of individual long
DNA molecules in aqueous solution can be observed using a
high-speed and ultrasensitivemicroscope camera under fluores-
cence microscopy when the DNA is labeled with intercalate-
type fluorescent dyes.24,25 We observed individual T4 DNA
molecules in the bulk aqueous solution and on the DOPC/
DPPE/Chol GUVs in real time (with a rate of 33 ms/frame) in
the presence of spermine (tetravalent amine). A representa-
tive fluorescence image (Figure 2a) of T4 DNA molecules
and a quasi-three-dimensional representation of fluorescence
intensity (Figure 2b) are shown. In the left part of the image
of Figure 2a, there is one DNA molecule with a compact
conformation, exhibiting Brownian motion in the bulk solu-
tion. The density of the fluorescence intensity of this DNA
molecule in the image is very high (Figure 2b). In the right
part of the image, three DNA molecules with the elongated
conformation are located on the surface of a GUV. These three
DNAmolecules have the profile of lower fluorescence inten-
sity density throughout the entire molecule. We observed
more than 20 DNA molecules in the bulk solution and on
the GUVs, and the length and mean fluorescence intensity
density of each DNA molecule were calibrated (Figure 2d).
All of the DNA molecules observed in the bulk solution (25
molecules) had the highly compact conformation, as we
previously reported,24,25 which gives the short molecular
length (0.7 ( 0.2 μm) in Figure 2d. As for the fluorescence
intensity (1.1(0.53 in arbitrary units) of themolecule, there
is a relatively large variation among themolecules. The DNA

Figure 1. Confocal laser scanning fluorescence microscope images of GUVs. GUVs composed of DOPC/DOPE/Ch/rhodamine-DOPE
(3:3:3.5:0.06, molar ratio) or DOPC/DPPE/Ch/rhodamine-DOPE (3:3:3.5:0.06) were prepared, and fluorescent (YOYO-1)-labeled T4 DNA
was then added to the GUV solution in the absence or the presence (2.5mM) ofMg2þ. The two (488 nm for excitation of YOYO-1 and 543 nm
for excitation of rhodamine) laser lines were simultaneously used to irradiate the samples, and the rhodamine-DOPE (a) and T4 DNA
(b) imageswere obtained simultaneously at each fluorescence channel. The focuswason theupper surfaceof eachGUVwith a slicewidth of
5.5 μm. In images Ab, Bb, and Cb, there was little signal on the GUV, which indicates that T4 DNAwas not bound to the GUV (T4 DNAwas
present in the aqueous solution). The image acquisition time was 1.57 s. (c) Merged image of (a) and (b). Scale bar, 10 μm.
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molecules in thebulkaqueous solutionexhibited very fast trans-
lational Brownian motion and were captured as the clearly
visible image only during several to ten frames (the period
of less than 0.33 s). Even during the period corresponding
to a single video image (33ms), the molecules appeared not
to stay on the just focus position in the image. The large
variation of fluorescence intensity shown in Figure 2d re-
flects such a “de-focusing effect”.

The DNA molecules on the GUVs had the longer length
(6.9 ( 2.1 μm; the number of molecules, 20) and the lower
fluorescence intensity density (0.2( 0.15 in arbitrary units),
which is clearly distinct from those of the DNAs in the bulk
solution (Figure 2d). On the GUVs, some DNA molecules
seemed to be completely unfolded while others seemed to be
partly unfolded,whichwouldgive the relatively largevariation
in the estimated length (also, it is actually somewhat difficult
to estimate the accurate molecular length from the images of
DNA on a GUV in aqueous solution, the diameter of which is
not significantly longer compared to the length of the elon-
gated DNA molecule). These results clearly indicate that the
DNAmolecules exhibited a conformational transition accom-
panied by the attachment to themembrane surface. A similar
phenomenon of a specific change in the conformation and
location of DNA from a compact state in the aqueous phase
to an elongated state on the membrane surface has been
observed in a water droplet coveredwith DOPEmonolayer.25

The results are schematically summarized inFigure 3.DNA
was not bound to the GUV composed of DOPC and DOPE
with cholesterol, where theywere uniformly distributedwith
respect to each other and themembrane had a homogeneous
phase (A). The DNAs existed in the aqueous solution with a
compact conformation. When the membrane structure was
segregated to cause a Lo domain enriched with a saturated
DPPE, DNAs were preferentially bound to the DPPE-rich Lo
domain with an elongated conformation (B).

The binding of DNA to a zwitterionic phospholipid mem-
brane in the presence of Mg2þ or Ca2þ has been explained in
terms of ion adsorption; the lipid head groups become
positively charged upon the binding of Mg2þ or Ca2þ to the

phosphate moiety of the phospholipid, and thus, the mem-
brane interacts with negatively charged DNA.16-20 To make
the binding state of DNAon themembrane sufficiently stable,
the translational entropy loss of the DNAmolecule caused by
localization from the three-dimensional aqueous solution to
the two-dimensional membrane surface should be compen-
sated for by the gain in free energy due to DNA-phospholipid
interaction.

The surface charge density of the membrane is a crucial
factor for the DNA-phospholipid membrane interaction. In
the Lo phase, it is considered that the surface charge density
becomes higher than that in the Ld phase because of the
higher packing density of phospholipids. Also, through the
experiment on a water-in-oil microdroplet covered by a lipid
film, we recently observed that T4 DNA is bound to a DOPE
monolayer but not to an egg yolk PC (mainly composed of PC
with unsaturated acyl chains) monolayer at a fixed Mg2þ

concentration,25 suggesting that DNA interacts stronger with
a PEmembrane thanwith a PCmembrane in the presence of
Mg2þ due to the smaller volume of the head group (ethanol-
amine residue) of PE than that (choline residue) of PC.
Our present observation is interpreted as that: The phase
separation generated a region with high surface charge den-
sity (a Lo domain enriched inDPPE) on themembrane, which
was sufficient to attract the DNA molecule onto the mem-
brane surface through the electrostatic interaction. TheDNA-
membrane interaction would become stronger as the area of
contact between DNA and the membrane increases, which
makes a DNA molecule with an elongated conformation
stable on the membrane surface.

There have been many reports that the binding of macro-
molecules such as proteins to cationic phospholipids on a

Figure 2. T4 DNA molecules in the bulk solution and on a DOPC/
DPPE/Ch GUV with 2 mM MgCl2 and 0.1 mM spermine. (a) Fluo-
rescence image, (b) quasi-three-dimensional representation of
fluorescence intensity for image (a), (c) schematic representation
of image (a). A time series of fluorescence images of T4 DNA
molecules was obtained at a rate of 33 ms/frame with an EM-CCD
camera, and one frame is shown. The focus was on the center
plane in the z-axis of the GUV. Scale bar, 5 μm. (d) Correlation
between the fluorescence intensity and the molecular long-axis
length of DNAs in bulk solution (triangular) and on GUV (circle).
Each spot represents one DNAmolecule. The fluorescent intensity
corresponds to the height as exemplified in (b) and is given in
arbitrary units.

Figure 3. Schematic representation of the results; interaction
of DNA with a phospholipid bilayer membrane. (A) red, DOPC;
yellow, DOPE; gray (rectangular), cholesterol; green, a DNA mole-
cule with a compact conformation. (B) red, DOPC; yellow, DPPE;
gray (rectangular), cholesterol; green, a DNA molecule with an
elongated conformation.
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membrane induces a phase separation.26-30 In contrast, the
present results demonstrate that phase separation due to the
difference in the acyl chain configuration of phospholipids
generates segregated fields with different characteristics re-
garding the surface charge density. Thus, the phase-separated
membrane induces the binding of DNA with an elongated
conformation to specific sites on the segregated membrane.
Our finding, that is, the coupling of phase separation on a
phospholipid membrane with a structural transition of a
semiflexiblepolymeron themembrane surface, is of scientific
significance not only from the point of view of the macro-
molecule-membrane interaction but also to gain deeper
insight into the roles of heterodomain structures on cellular
membranes.

EXPERIMENTAL SECTION

1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), 1,2-
dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (DPPE),
and cholesterol were obtained from Wako Pure Chemical
Industries (Osaka, Japan), and 1,2 dioleolyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(rhodamine-DOPE) was from Avanti Polar Lipids (Alabaster,
AL). Giant unilamellar vesicles (GUV) were prepared by the
natural swelling method.12 A lipid film composed of 30 μmol
of DOPC, 30 μmol of DOPE or DPPE, 35 μmol of cholesterol,
and 0.06 μmol of rhodamine-DOPE was made at the bottom
of a glass tube; 1mLofMilli-Q-water was added, and themix-
ture was allowed to stand for 4 h at 37 �C for DOPC/DOPE/
cholesterol/rhodamine-DOPE GUVs or at 67 �C for DOPC/
DOPE/cholesterol/rhodamine-DOPE GUVs. The resultant GUV
solutionwas storedat roomtemperature. T4DNAwasobtained
from Nippon Gene (Tokyo, Japan) and labeled with YOYO-1
iodide (Invitrogen, Carlsbad, CA), as described previously.25

The molar ratio of nucleotides to YOYO-1 was ∼10:1.
Confocal laser scanning fluorescence microscope images

wereobtainedbyCarl Zeiss LSM510coupledwithanargon laser
(LGK7812ML4, Lasertechnik, Jena, Germany) and a 543 nm
helium-neon laser (LGK7786, Lasertechnik). Anequal volume
of 10 ng/μL of T4 DNA labeled with YOYO-1 was added to the
GUV solution. The 488 and 543 nm laser lines were simulta-
noeusly used to irradiate the T4 DNA-GUV solution on a cover-
slip, and a YOYO-1 image and a rhodamine-DOPE image were
simultanoeusly obtained at each fluorescence channel through
a 505-530 nm band-pass filter and 585 nm long-pass filter,
respectively. The image acquisition time was 1.57 s.

The single-molecule observation of T4 DNA was perfor-
med, as described previously.25 An equal volume of 1 ng/μL of
T4DNA labeledwith YOYO-1 inMilli-Q-water containing 4mM
MgCl2 and 0.2 mM spermine (Nacalai Tesque, Kyoto, Japan)
was added to the GUV solution. The fluorescence images of
individual T4 DNA molecules were obtained with an EM-CCD
camera (DU897E, Andor Technology Japan, Tokyo, Japan)
and CSUX-1 confocal scanner unit (YokogawaManufacturing,
Musashino, Japan) coupled with the 488 nm line of a solid-
state laser (85-BCD-030-053, Melles Griot, Carlsbad, CA).
Image aquision was performed at 33 ms/frame (30 frames/
s). The molecular long-axis length and the mean density of

the fluorescence intensity of each DNA molecule shown
in Figure 2 were estimated on the fluorescence image of a
single video frame.

SUPPORTING INFORMATION AVAILABLE Additional
fluorescence microscope images of GUVs with DNAs. This material
is available free of charge via the Internet at http://pubs.acs.org.
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