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ABSTRACT: Lipid-anchored DNA can attach functional
cargo to bilayer membranes in DNA nanotechnology,
synthetic biology, and cell biology research. To optimize
DNA anchoring, an understanding of DNA−membrane
interactions in terms of binding strength, extent, and structural
dynamics is required. Here we use experiments and molecular
dynamics (MD) simulations to determine how the membrane
binding of cholesterol-modified DNA depends on electrostatic
and steric factors involving the lipid headgroup charge,
duplexed or single-stranded DNA, and the buffer composition.
The experiments distinguish between free and membrane
vesicle-bound DNA and thereby reveal the surface density of
anchored DNA and its binding affinity, something which had previously not been known. The Kd values range from 8.5 ± 4.9 to
466 ± 134 μM whereby negatively charged headgroups led to weak binding due to the electrostatic repulsion with respect to the
negatively charged DNA. Atomistic MD simulations explain the findings and elucidate the dynamic nature of anchored DNA
such as the mushroom-like conformation of single-stranded DNA hovering over the bilayer surface in contrast to a straight-up
conformation of double-stranded DNA. The biophysical insight into the binding strength to membranes as well as the
molecular accessibility of DNA for hybridization to molecular cargo is expected to facilitate the creation of biomimetic DNA
versions of natural membrane nanopores and cytoskeletons for research and nanobiotechnology.

■ INTRODUCTION

A terminally attached lipid can anchor a DNA strand to bilayer
membranes. This simple approach has impacted a range of
research fields.1 In biophysics, terminally anchored DNA
permits the study of DNA hybridization in two-dimensional
space compared to conventional hybridization in solution2−5

and also allows the facile visualization of membrane regions.6

In nanobiotechnology, lipid-linked DNA enables the hybrid-
ization-mediated attachment of functional cargo7,8 at the
fluid−lipid interface to mimic the function of proteins. For
example, DNA-based artificial cytoskeletons can be used to
shape membrane vesicles.9−12 Similarly, DNA-based pores can
be anchored to puncture the membrane13−18 for applications
such as biosensing19−21 or controlled drug release.17

Membrane-anchored DNA nanostructures can also probe
membrane interaction forces22 or alter the composition of a
lipid bilayer membrane.23 Finally, in synthetic biology,
membrane-anchored DNA can link via duplex-formation
vesicles to planar membrane24 vesicles2,25,26 or cells27 often
by assuming the function of membrane fusion proteins.28−33

Understanding the interaction of anchored DNA with
bilayer membranes is important for basic science and attaining
the desired performance in applications. For example, end-

point-tethered DNA should be stably anchored to the
membrane with high affinity. Furthermore, the DNA should
be sterically accessible to enable hybridization with an
incoming complementary DNA strand. This means that the
DNA should neither cluster with each other nor adhere with its
bases or backbone to the membrane. To understand DNA−
membrane interactions, one study looked at changes in the
hydrodynamic radii of DNA and the effect of multiple lipid
anchors,3 yet there are several unanswered questions. For
example, what are the affinity and surface density of end-point-
tethered DNA strands, and how do both depend on
experimental parameters that influence electrostatic and
sterics? Charge-relevant parameters are the ionic headgroup
of phospholipids and the salt composition of the buffer.
Another parameter that involves both electrostatics and sterics
is the DNA length, for both the single- and double-stranded
forms. Further questions relate to the dynamics and molecular
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visualization of terminally tethered DNA. For example, under
which conditions does the remaining part of the DNA strand
adhere to the lipid bilayer? Answering these questions would
lead to a better understanding of how DNA and membranes
interact and thereby form a rational basis to design targeted
anchoring of DNA nanostructures or achieve defined contact
between bilayers.
In this study, we use experiments and computation to

examine how DNA strands with a single terminally tethered
lipid anchor to and interact with synthetic lipid bilayer
membranes (Figure 1A,B). The DNA oligonucleotides carry a
cholesterol anchor tethered via a flexible tetra(ethylene glycol)
(TEG) linker at the 5′ terminus of each strand (Figure 1A). To
probe the length and sterics, both 20- and 40-nt-long
oligonucleotides as well as double-stranded DNA (dsDNA)
and single-stranded DNA (ssDNA) are examined. The
synthetic membranes are small unilamellar vesicles (SUVs)
of tunable lipid composition. The lipids were chosen on the
basis of their wide use in research and to cover representative
lipid headgroups ranging from negatively charged to
zwitterionic with either a tertiary or a quaternary amine. The
vesicles were composed of a 7:3 (ref 17) mixture of two
phospholipids with the following zwitterionic headgroups: 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, PE) and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, PC) (Fig-
ure 1C). Alternatively, the membranes are a 4:1 mixture of PE
and negatively charged 1,2-dioleoyl-sn-glycero-3-phospho-rac-
(1′-glycerol) (DOPG, PG) (Figure 1C). In addition, the
influence of two buffers is examined to probe the influences of
salt composition and ionic strength. Phosphate-buffered saline
(PBS) contains Na+ (10 mM PO4

3−, 154 mM NaCl) and has
an ionic strength of 0.179 M at pH 7.4. As a comparison, a K+-
containing buffer of 0.3 M KCl and 15 mM Tris at pH 8.0 with
an ionic strength of 0.315 M was also tested. The two buffering
components (PO4

3− vs amine- and alcohol-containing Tris)

are different, yet their concentration is considerably lower than
the alkali salt components which dominate the ionic character
of the solutions. Furthermore, the pH of the buffers is similar
and maintains the ionization of the lipid headgroups shown in
Figure 1C.
In exploiting this wide chemical parameter space, the

anchoring of cholesterol DNA to the SUVs is analyzed with
gel electrophoresis to distinguish free and SUV-bound DNA
and thereby infer the surface density of DNA on the
membranes as well as the affinity of the interaction. Mirroring
the system explored by experiment, we construct all-atom
models of arrays of dsDNA or ssDNA molecules embedded in
lipid bilayer membranes34−36 via covalently attached choles-
terol anchors. The systems are solvated with explicit electro-
lytes (ions and water), allowing for an accurate account of
electrostatic interactions. The structures are animated using
the molecular dynamics (MD) method that characterizes
equilibrium and kinetic properties of lipid-tethered DNA
systems.
Our quantitative studies establish that cholesterol−DNA can

pack tightly on membranes with a maximum density of one
strand per 0.02 to 0.04 nm2, depending on the lipid
composition. By comparison, the affinity varies by up to 50-
fold depending on the lipid headgroup, DNA length, and
buffer. Both data sets underscore the strong influence of
electrostatics on the interaction of DNA and the lipid
membrane. As an example, negatively charged lipids lead to
weakened affinity while ssDNA is generally undergoing close
contact with zwitterionic lipids. The simulations support the
data and show the conformations of anchored DNA molecules
on membranes. The detailed understanding can improve the
designs of membrane-interacting DNA nanostructures such as
by tuning the membrane affinity of DNA strands or by
choosing conditions to enhance the molecular accessibility of
DNA for hybridization to functional molecular cargo.

Figure 1. Molecular components used to probe the interaction between lipid-modified DNA and bilayer membranes. (A) DNA oligonucleotide
carrying a 5′-terminal cholesterol via a TEG linker. (B) Schematic drawing of a cholesterol-modified DNA oligonucleotide inserted into a lipid
bilayer. (C) Phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (PC), and 1,2-dioleoyl-
sn-glycero-3-phospho-rac-(1′-glycerol) (PG).
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■ RESULTS

Analyzing the Interaction of Lipidated DNA and
Membrane Vesicles with a Gel-Shift Assay. The binding
of cholesterol-modified DNA strands to small unilamellar
vesicles (SUVs) was assayed with agarose gel electrophoresis.
DNA strands that were bound to the vesicles were separated
from free DNA strands on the basis of the size-exclusion effect
of the gel. The gel matrix is wide enough to permit the
electrophoretic migration of unbound DNA oligonucleotides.
However, 70 to 110 nm SUVs are too large for the matrix
pores.
The principle of separating free from membrane-bound

DNA helped to determine the extent of membrane binding. In
the titration experiments, the number of vesicles, equivalent to
the total surface area of membranes, was increased while the
DNA concentration was held constant. The advantage of this
method is that a constant DNA concentration facilitates the gel
electrophoretic analysis of membrane-bound vs free DNA. The
alternative method of keeping the membrane surface area
constant would have led to greatly varying amounts of DNA
that are difficult to analyze in gels with a limited linear range.
A typical read out of a titration experiment is shown in

Figure 2A for 20-nt-long ssDNA and PE/PC vesicles in PBS
buffer. At low SUV/lipid concentrations, most of the
cholesterol−DNA was in the unbound form and migrated
into the gel. Increasing SUV concentration led to more DNA
binding and a higher proportion of DNA in the SUV band at

the top of the gel (Figure 2A). No free DNA was present at the
highest lipid concentration. The binding of DNA is mediated
by cholesterol but not electrostatic interactions as DNA
without a lipid anchor did not migrate at the SUV band (not
shown).
The gel-shift assay revealed strong changes in the extent of

membrane binding of cholesterol−DNA. For example,
changing the lipid headgroups from PE/PC (neutral) to PE/
PG (negative) and replacing PBS with 0.3 M KCl resulted in
an almost complete lack of binding; most DNA migrated into
the gel even at the highest lipid concentration (Figure 2B). In
contrast to very weak binding, the gel assay also established a
strong interaction. As shown in Figure 2C, the same PE/PG
vesicles except dsDNA and PBS led to stronger binding than in
the previous cases. Under these conditions, the critical lipid
concentration at which half of the DNA is fully incorporated
into the SUV shifted to the left (compare Figure 2B,C). Hence,
the gel-shift assay extracts information about the extent of
cholesterol-mediated anchoring as a function of the membrane
lipid headgroup, buffer, and DNA type.

Quantifying DNA Membrane Binding. The titration
results were analyzed to obtain two quantitative measures of
the DNA−bilayer interaction: the affinity and the maximum
surface density of anchored DNA. Toward this end, gel images
were subjected to ImageJ analysis. Band intensities for free
DNA, IDNA, were determined within a region of interest (ROI)
around the band (Figure 2A, red box) and then by subtracting
the background intensity of the gel, Ibackground (Figure 2A,
orange box). The data on 1 − (IDNA − Ibackground) were then
plotted against the lipid concentration and fitted to a Langmuir
isotherm (Figure 3). The affinity of the interaction, Kd, was

inferred from the fits under the assumption that the varying
area of the membrane surface does not influence the energetics
of the membrane anchoring of DNA.
The maximum surface density was derived in a two-step

process by first dividing the amount of added DNA by the total
membrane surface area using δ = DNAmax/(0.5AlnlTs), where
DNAmax is the maximum amount of DNA loaded onto the
vesicles, nl is the number of lipids per vesicle, Ts is the number

Figure 2. Gel-shift assay to determine the extent of membrane
binding for cholesterol-modified DNA strands. The assay discrim-
inates free DNA that migrates into the agarose gel and membrane
vesicle-bound DNA at the top of the gel. Increasing the concentration
of lipid membrane vesicles (0−250 μM lipid) changes the proportion
of DNA from the free to the bound state. (A) Titration result for the
binding of cholesterol-modified 20-nt ssDNA to PE/PC vesicles in
PBS. The red box around the free DNA band was used to determine
the band intensity which was corrected for the background of the gel
(orange box). See the text for more details. (B) The titration read-out
for 20-nt ssDNA against PE/PG in 0.3 M KCl reveals a weak extent of
membrane binding. (C) A strong interaction is found for 20-nt
dsDNA to PE/PG in PBS.

Figure 3. Quantitative analysis of the gel-shift data with a plot of the
gel intensity-derived value of 1 − (IDNA − Ibackground), which is
equivalent to the normalized amount of SUV-bound DNA vs the
concentration of lipid used to generate SUVs. The analysis is for the
binding of cholesterol-modified dsDNA of 20 nt to PE/PC vesicles in
0.3 M KCl. The averages and standard deviations represent data from
three independent experiments.
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of SUVs, and Al is the area occupied by a single lipid molecule
depending on the lipid type.37−40 The factor of 0.5 accounts
for the double-leaflet structure of the bilayers. The values of δ
were 0.03 molecules nm−2 for PE/PC and 0.04 molecules
nm−2 for PE/PG vesicles.3,41 In a second step, the maximum
surface density was obtained by multiplying δ by the Langmuir
fit-derived value of relative binding, i.e., 1 − (IDNA − Ibackground),
under the assumption that 100% is equal to δ (Figure 3).
Kd and surface-density values were determined for DNA of

both lengths (20 vs 40 nt), ssDNA and dsDNA, charge-neutral
PE/PC membranes and predominately negatively polarized
PE/PG membranes, and two buffer conditions (BPS and 0.3
M KCl). For each of these conditions, data were acquired in at
least three independent experiments. The results of the
quantitative analysis are shown in Figure 4 and Supporting
Information, Table S1 and Figure S1..

The maximum surface density ranged from 0.029 ± 0.001 to
0.047 ± 0.005 molecules nm−2 for all conditions tested, with
the majority around 0.03 molecules nm−2 (Figure S1 and
Table S1). There is no clear systematic trend in how the
surface density depended on a single set of parameters
composed of a lipid headgroup, a buffer, and a DNA length.
Lower Affinity of Lipid-Anchored DNA for Mem-

branes with Negatively Charged Lipids and the
Influence of Buffer Composition. In contrast to the
modestly variable surface densities, the Kd for the membrane
binding of cholesterol−DNA changed by up to 50-fold (Figure
4A,B, Table S1). A strong influencing factor was the

membranes’ lipid headgroup. Each of the four DNA types
was bound with a higher affinity (low Kd) to PE/PC than to
PE/PG membranes (Figure 4A,B, respectively; red bars; note
the different y axis) in 0.3 M KCl buffer. The lower affinity is
due to electrostatic repulsion between the negatively charged
lipid headgroups and the phosphate groups in the backbone, as
confirmed by simulations (see below).
The buffer composition also influenced the affinity. The

binding on negative PE/PG membranes was weaker in 0.3 M
KCl than in PBS (Figure 4A,B, respectively; yellow bars) when
the four DNA types are compared side by side. The lower
affinity in 0.3 M KCl is surprising because the buffer’s higher
ionic strength could have been expected to electrostatically
screen DNA’s phosphates more effectively than PBS and
thereby reduce the electrostatic repulsion and increase the
affinity. As the experimental affinity is higher in PBS, it is more
probable that the different ionic composition (Na+ vs K+) of
the buffers is the molecular reason.
Ion-exchange experiments42 and all-atom MD simulations43

have shown that Na+ and K+ ions have, overall, similar affinities
for dsDNA molecules but bind to different parts of the
molecule: minor (Na+) and major (K+) grooves in the
DNA.43,44 At the same time, previous MD simulations have
found Na+ ions to interact more strongly with the zwitterionic
headgroups of PE and PC lipid bilayers45,46 and reduce the
average area per lipid headgroup. Our own MD simulations
(Figure S2) also found Na+ ions to screen the charge of PG
headgroups as efficient as K+ ions at double concentration and
reduce the headgroup area. Thus, the net outcome of such an
interaction can be quite complex because it depends on the
ion-type-dependent screening of the DNA charge-, ion-, and
lipid-headgroup-type-dependent screening of the membrane
charge, ion type-dependent compression of the membrane, and
conformation of the DNA molecule.
Indeed, we find the affinity of DNA to the lipid membrane

also depends on whether DNA is single- or double-stranded.
For example, dsDNA has a higher affinity than ssDNA of the
same length on both PE/PC and PE/PG membranes despite
carrying double the negative charge (Figure 4A,B, respectively;
red bars). We attribute this behavior to the differences in the
DNA conformation: a mushroom-like conformation of ssDNA
brings its negative charges closer, on average, to the membrane
than the straight-up conformation of dsDNA. (See the
simulation results in Figure 5A,B.) However, this is only the
case for 0.3 M KCl, whereas in PBS there is no uniform trend
(Figure 4A,B, yellow bars). Such a buffer dependence could be
explained by better screening of the electrical charges in the
case of the PBS buffer, which would lessen the electrostatic
penalty for both molecules. Overall, the data suggest that the
dependence of the affinity on the lipid headgroup and buffer
type can be rationalized by considering electrostatic
interactions between DNA and membrane headgroups and
by the additional influence of buffer composition on charge
screening. However, in several cases, the interplay between the
factors is more complex and requires considerations of the
conformation and length of the DNA strand.

Visualization of DNA Tethering to Lipid Bilayers
through MD Simulations. To elucidate the microscopic
configurations adopted by DNA molecules tethered to
different lipid bilayers, we built six all-atom models of the
experimental systems (Figure 5). Each system contained four
copies of either dsDNA or ssDNA molecules conjugated to a
cholesterol linker, a patch of a pure POPE (PE) membrane, or

Figure 4. Kd values obtained from the gel-shift assay for DNA strands
on PE/PG (A) and PE/PC SUVs (B) in a buffer of 0.3 M KCl (red
columns) or PBS (yellow columns).
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a patch of a 50/50 POPE/POPG (PE/PG) or POPE/POPC
(PE/PC) lipid mixture and 300 mM KCl solution (top panels
in Figure 5A,B). The six systems were equilibrated for 300 ns
each, and the final configurations of the DNA molecules are
shown in the bottom panels of Figure 5A,B. See Methods for a
detailed description of the simulation protocols.
During the MD simulations, the configuration of DNA

molecules deviated significantly from their initial idealized
conformations (Figure 5A,B, Figure S3, and Movies 1−6).
Significant differences in the conformations of dsDNA and
ssDNA can be seen regardless of the lipid bilayer type: while

dsDNA molecules maintained largely upright conformations
(Figure 5C and Figure S4), ssDNA molecules collapsed,
forming a polymer brush. The propensity of DNA molecules to
form contacts with lipid bilayer membranes clearly depended
not only on the type of DNA molecules (ssDNA versus
dsDNA) but also on the lipid bilayer composition (Figure 5D
and Figure S5). Thus, more than 20% of all nucleotides of
ssDNA formed stable contacts with the headgroups of PE or
PE/PC bilayers, whereas the presence of PG headgroups
prevented such contacts from forming. The differential affinity
of DNA molecules to the lipid bilayer containing 50% PG

Figure 5. Molecular dynamics simulations of DNA tethered to lipid bilayer membranes. (A, B) Initial (top) and final (bottom) configurations of
the simulation systems. Each system contains four DNA molecules with 20 base pairs (panel A) or nucleotides (panel B). Each molecule is tethered
to the lipid bilayers through a cholesterol linker containing an additional nucleotide. The systems are immersed in 0.3 M KCl solution (not shown).
(C) Average tilt of the DNA molecules with respect to the bilayer normal, θmem‑DNA. (D) Fraction of DNA nucleotides in contact with the lipid
bilayer within the last 30 ns of the respective equilibration trajectory. A contact was defined as having a C3′ atom of a DNA backbone located
within 5 Å of any nonhydrogen atoms in the membrane. (E) Average distance between cholesterol and the nearest dsDNA base pair or the second-
nearest ssDNA nucleotide, dch‑DNA. (F) Average distance between the DNA molecules and the nearest (upper) leaflet of the membrane, dmem‑DNA.
(G) Average distance between cholesterol and the phosphate group of the membrane’s upper leaflet, dch‑mem. All distances reported in panels E−G
were computed using center-of-mass coordinates of the respective groups projected along the bilayer normal and averaged over the last 200 ns of
the equilibration trajectories. (H) Diffusion coefficient of cholesterol anchors in different membrane systems. SI Figures S4−S9 illustrate how the
above quantities change with simulation time. The error bars show the standard deviation in the averaged values among the four DNA molecules in
each simulation system.
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headgroups is explained by the negative charge of the PG
groups, which repels negatively charged DNA.
The composition of a lipid bilayer is found to have a

measurable effect on the manner in which the DNA−
cholesterol conjugates are anchored to the membrane. The
repulsive electrostatic interaction between DNA and PG
headgroups produced stretching of the linker, increasing the
distance between the cholesterol moiety and the proximal
fragments of DNA in comparison to the configurations
observed for pure PE or PE/PC membrane systems (Figure
5E and Figure S6). The effect becomes even more significant
when looking at the average distance between the lipid
headgroups and the proximal fragments of DNA (Figure 5F
and Figure S7). Conversely, cholesterol anchors are found to
be located closer to the lipid headgroups in the case of the PE/
PG bilayer (Figure 5G and Figure S8). All of the above suggest
that the composition of lipid membranes can have a
considerable effect on the stability of cholesterol-anchored
DNA molecules and that DNA tethering to PE/PG mixture is
less stable than to pure PE or mixed PE/PC membranes.
These conclusions apply to both dsDNA and ssDNA.
Finally, we note that, while being tethered to lipid bilayers,

the DNA molecules are free to diffuse along the membrane
surface. Figure 5H plots the diffusion constants of the
cholesterol anchors linked to ssDNA and dsDNA molecules
in the lipid membranes of the three compositions. The
diffusion of the anchors is found to be similar for ssDNA- and
dsDNA-conjugated molecules, suggesting that that resistance
of the lipid bilayer determines the rate of diffusion of the
cholesterol−DNA complexes. At the same time, we find the
diffusion of cholesterol anchors in the PE/PG membrane to be
slower than that in pure PE or PE/PC mixture membranes. We
attribute this observation to a shallower placement of the
anchors in the PE/PG membrane (Figure 5G). Indeed, rich in
hydrogen bonds and salt-bridge interactions, the lipid head-
group environment can be expected to provide more resistance
to cholesterol diffusion than can the hydrophobic environment
of lipid tails.

■ CONCLUSIONS

Given the versatile use of membrane-tethered DNA in several
research areas, this study has examined how cholesterol-
modified DNA strands anchor and interact with lipid bilayers.
Biophysical insight is relevant and can guide the future design
of membrane-interacting DNA nanostructures such as by
tuning the membrane affinity of DNA strands or by choosing
conditions to enhance the molecular accessibility of DNA for
hybridization to functional molecular cargo.
First, the Kd values of DNA lipid-anchored to membranes

are reported. Previously, this important biophysical data was
not known. Second, the ionic interaction is a main factor
influencing membrane tethering. Electrostatic repulsion
between negatively charged DNA and similarly charged lipid
headgroups strongly reduces the affinity of the interaction.
Electrostatic screening of negative charges by counterions can
compensate for this effect. Microscopic visualization with
molecular dynamics concurs and adds further insight into the
role of electrostatics. Repulsion leads to minimal contact
between DNA and the membrane, increased stretching of
DNA and the linker relative to the membrane-inserted
cholesterol, and slower lateral diffusion of DNA in the
membrane.

In addition to electrostatics, this study underscores the role
of sterics. In molecular visualization, single- vs double-stranded
DNA exhibits different dynamic structures on membranes.
While dsDNA molecules maintain largely upright conforma-
tions, ssDNA molecules collapse to form a polymer brush. The
collapse is accompanied by increased contact with the
membrane, provided there are positive charges in the lipid
headgroups. The conformational differences between single-
and double-stranded DNA are expected to influence the
respective molecular accessibility on membrane interfaces.
By synergistically combining experiment and computational

simulations, the new insight can be used by researchers in the
field of DNA nanotechnology or biophysics to improve the
design of DNA strands or the choice of lipids to facilitate
hybridization at membranes. For example, if single-stranded
DNA is used, then negatively charged as opposed to
zwitterionic lipids are suggested to lead to more steric
accessibility of the bases for hybridization, although at the
cost of a lower affinity of membrane anchoring. Furthermore,
because double-stranded DNA has the weakest backbone
interaction with the membranes, another practically relevant
suggestion is to attain DNA hybrdiziation with a new strand via
toe-hold-mediated strand displacement as opposed to simple
single-strand association. In conclusion, our report delivers
fundamental scientific insight into DNA at bilayer interfaces
and provides a new scope for the development of DNA
nanotechnology and synthetic biology.

■ METHODS
Materials. Unmodified and cholesterol-labeled DNA oligonucleo-

tides were purchased from Integrated DNA Technologies on a 100
nmol scale with HPLC or PAGE purification. 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine (PE), 1,2-dioleoyl-sn-glycero-3-phospho-
choline (PC), and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
(PG) were procured from Avanti Polar Lipids. All other reagents and
solvents were purchased from Sigma-Aldrich.

DNA Duplex Formation. DNA oligonucleotides were dissolved
in deionized water at a concentration of 100 μM prior to dilution in
buffers PBS (10 mM PO4

3−, 154 mM NaCl, pH = 7.4) or KCl (0.3 M
KCl, 15 mM Tris, pH 8.0). DNA duplexes were obtained by preparing
an equimolar mixture of DNA strands at a final concentration of 10
μM and incubating the mixture for 2 min at 95 °C, followed by
cooling to 20 °C at a rate of 5 °C per min using a PCR thermocycler.
The sequences of the DNA oligonucleotides are 20 nt 5′-TAG TCG
ATT TTA TCC ATG CA-TEG-cholesterol-3′, 20 nt compliment 5′-
TGC ATG GAT AAA ATC GAC TA-3′, 40 nt 5′-CAT TTT TCC
ACG TTC GCT AAT AGT CGA TTT TAT CCA TGC A-TEG-
cholesterol-3′, and 40 nt compliment 5′-TGC ATG GAT AAA ATC
GAC TAT TAG CGA ACG TGG AAA AAT G-3′.

Preparation of SUVs. A solution of lipids PE (0.3 mmol, 50 μL)
and PC (0.7 mmol, 550 μL) or PG (0.2 mmol, 100 μL) and PE (0.8
mmol, 59.5 μL) in chloroform was added to a 5 mL round-bottomed
flask. The solvent was removed using a rotary evaporator to yield a
thin film, which was subsequently dried under ultrahigh vacuum for 3
h. The lipid was resuspended in a buffer of 0.3 M KCl and 15 mM
Tris at pH 8.0 or PBS (1 mL), and the solution was sonicated for 30
min at room temperature. SUVs were left to equilibrate for 5 h and
were used within 24 h. The suspension was gently resuspended 2 s
before use. SUVs were subjected to dynamic light scattering (DLS) to
confirm the vesicles’ diameter using a Zetasizer Nano S from Malvern.
The diameters and PDIs were 69 ± 8 nm and 0.23 for PE/PG and
106 ± 3 nm and 0.76 for PE/PC vesicles, respectively.

DNA−SUV Binding Assay and Agarose Gel Electrophoresis.
The binding assay was conducted by mixing DNA solutions (10 μM,
10 μL; 20 ss, 20 ds, 40 ss, or 40 ds) with a suspension of PC/PE or
PG/PE vesicles (1 mM lipid, 0−21.6 μL, end concentration 0−250
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μM). The DNA SUV mixture was incubated for 20 min at room
temperature. The mixture was analyzed using 2% agarose gel in TAE
buffer at pH 8.0. To load samples on the gel, the DNA SUV mixture
(40 μL) was combined with a solution (10 μL) of 60% glycerol. The
gel was run at 60 V for 60 min at 20 °C. The bands were visualized by
ultraviolet illumination after staining with ethidium bromide solution.
A 100-base-pair marker (New England Biolabs) was used as the
reference standard.
MD Methods. All-atom models of dsDNA and ssDNA molecules

were created using the NAB module of AmberTools.47 An additional
nucleotide was added to DNA to covalently conjugate the cholesterol
molecule via the TEG linker as described previously.48 The initial
configurations of the lipid bilayer membrane were generated from the
CHARMM-GUI membrane builder.49 Three types of membrane
systems were built, each containing a 10 nm × 10 nm patch of either a
pure POPE (PE) membrane or a 50/50 mixture of POPE/POPG
(PE/PG) or POPE/POPC (PE/PC) lipids. Next, the four
cholesterol-modified DNA molecules were merged with the lipid
membranes by placing cholesterol anchors below the plane of lipid
headgroups of the nearest leaflet and arranging the DNA molecules,
within the membrane plane, on a square of 5 nm on a side. All lipid
molecules located within 3 Å of the DNA atoms were removed. The
systems were then solvated with TIP3P water50 using the Solvate
plugin of VMD;51 potassium and chloride ions were added to produce
an electrically neutral solution of 0.3 M salt concentration using an
Autoionize plugin of VMD.51 The final structures contained
approximately 150 000 atoms.
The assembled systems were subjected to energy minimization

using the conjugate gradient method that removed steric clashes
between the solute and solvent atoms. During the minimization, all
non-hydrogen atoms of DNA and the membrane were harmonically
restrained to their initial coordinates (with a spring constants of 1
kcal/mol Å−2). Subsequently, each system was equilibrated at a
constant number of atoms (N), constant pressure (P = 1 bar), and
constant temperature (T = 300 K), i.e., an NPT ensemble without any
restraints. The Nose−Hoover Langevin piston52,53 and Langevin
thermostat were used to maintain the constant pressure and
temperature in the system.54 CHARMM36 force field parameters
described the bonded and nonbonded interactions among DNA, lipid
bilayer membranes, water, and ions55 along with NBFIX corrections
for nonbonded interactions.56−58 Parameters for the cholesterol
anchor were obtained using the CHARMM general force fields.59 All-
atom equilibrium MD simulations were performed using the NAMD2
program with periodic boundary conditions and the particle mesh
Ewald (PME) method to calculate the long-range electrostatic
interactions.60 A 8−10−12 Å cutoff scheme was used to calculate
van der Waals and short-range electrostatic forces. All simulations
were performed using 2−2−6 multiple time steps for integrating the
equation of motion. The SETTLE algorithm61 was applied to keep
water molecules rigid whereas the RATTLE algorithm62 constrained
all other covalent bonds involving hydrogen atoms. A 300 ns
equilibrium MD simulation was performed for each system, which we
found to be sufficient for the four DNA molecules to adopt
statistically similar equilibrium conformations. The coordinates of the
system were saved in the interval of the 9.6 ps simulation. The analysis
and postprocessing of the simulation trajectories were performed
using VMD51 and CPPTRAJ.63
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