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We used X-ray reflectivity to investigate the structures of phospholipid multilayers with
transcription-activating-factor-derived peptide 共TDP兲 as a function of the membrane charge density.
Mixed phospholipid multilayers of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 共DPPC兲 and
1,2-dipalmitoyl -sn-glycero-3-phosphoserine 共DPPS兲 with different mixing ratios 共C:S兲 were used to
elucidate the various charge densities in a plasma membrane. We fixed the peptide/lipid molar ratio
共P/L兲 and varied the DPPC/DPPS molar ratio in the mixed multilayer. In the pure DPPC multilayer,
the incorporation of TDP had nearly no effect on the bilayer thickness of the mixed lipid multilayer.
However, in the mixed DPPC/DPPS multilayer, the incorporation of TDP decreased the bilayer
thickness, suggesting that the TDP peptide had a stronger interaction with DPPS than with DPPC
and caused disorder in the lamellar structure. Combining this with the refined X-ray reflectivity
共XR兲 data, we concluded that the TDP existed more in the headgroup region of the TDP-induced
segregated DPPS in the mixed multilayer and caused significant membrane thinning. © 2011
American Vacuum Society. 关DOI: 10.1116/1.3602087兴

I. INTRODUCTION
Phase behaviors of phospholipids in plasma cell membranes, such as phase separation and lateral de-mixing of
phospholipids, have been known to be key physical phenomena, related to the assembly of signaling molecules, the
nucleation of transient pores and membrane protein trafficking, for which phospholipid raft domains are mainly
responsible.1–4 Key factors in phase behavior are, in general,
i兲 the length and the property of phospholipid tails, from
which the fluidity and the strength of the attractive van der
Waals interactions between lipid molecules can be
determined,5,6 ii兲 the composition of charged phospholipid
headgroups, in which the electrostatic interaction between
adjacent lipids stabilizes or disrupts the lipid membranes,7,8
and iii兲 various types of embedded biological molecules,
such as cholesterol, membrane proteins, and glycosphingolipids, which are known to be major components, in addition to phospholipids of the lipid raft domain.9
When charged extracellular macromolecules are introduced into the membranes, the phase behaviors of lipid
membranes become even more complicated. In fact, the formation of lipid-extracellular molecule complexes has been
a兲
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shown in various morphologies. For examples, Safinya and
his group found that anionic DNA molecules induced inplane mobility of counter ionic lipid molecules, yielding a
lamellar phase.10,11 They also reported an inverted hexagonal
phase when anionic molecules were bound to counter-ionic
lipid molecules.12 Although many biological applications, including a non-viral delivery in a gene delivery system and a
biosensor system, require a good understanding of the phase
stability and of the interaction mechanism of phase separation domains in biological membranes, the phase behaviors
of lipid membranes, particularly when they are interacting
with charged extracellular molecules, are poorly understood.
Recently, we reported the structures of phospholipid multilayers consisting of neutral 共DPPC兲 and anionic 共DPPS兲
phospholipids as a function of the lipid composition and
found that, based on X-ray reflectivity measurements, no
macroscopic phase separation, in the absence of cations, occurred under both dry and humid conditions.13 However, by
observing cation-chelated lipid solid aggregates, Taguchi and
Wakayama found that phase separation could be induced by
multivalent cations 共Ca2+兲 in the DPPS 共1,2-dipalmitoyl-snglycero- 3 -phosphoserine兲/DPPC 共1,2- dipalmitoyl-snglycero – 3 -phosphocholine兲 bilayers.14 Furthermore, Huang’s group used X-ray diffraction to investigate extensively
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the peptide-induced membrane thinning mechanism for a
stack of parallel lipid bilayers on a solid substrate and found
that the thickness of the lipid bilayer decreased linearly with
increasing peptide-lipid molar ratio 共P/L兲 and that the membrane thinning effect was mainly responsible for the pore
formation that occurred when the lipid membranes interacted
with ␣-helical antimicrobial peptides, e.g., alamethicin, and
melittin.15,16 Instead of multivalent ions or amphiphilic
␣-helical rods, we investigated the phase behaviors of mixed
lipid multilayers with highly positively charged cellpenetrating peptides 共CPPs兲, which are a class of short peptide sequences that can traverse cell membranes efficiently,
incorporated.17 CPPs are often used as transporters for various biological drugs such as peptides, proteins, and genes,
which are attached as cargo. The transcription-activatingfactor-derived peptide 共TDP兲, which has 11 key amino acid
residues
with
mostly
lysine
and
arginine
共YGRKKRRQRRR兲 from the human immunodeficiency virus 共HIV-1兲 TAT protein, has been used as the CPP for incorporation into the phospholipid multilayer.18 TDP is the
most widely studied CPP and is known to be an essential
viral regulatory factor and a nucleus localization agent.19
This study was conducted to determine whether TDP molecules could also induce lipid phase separation and lateral
demixing, which might be responsible for segregated domains, nucleation of transient pores, raft domains, and so on.
In this work, DPPC, a representative of the most abundant
zwitterionic phophatidylcholines 共PC兲 in human cell membranes, and DPPS, a representative of net- negativelycharged phosphatidylserines 共PS兲, the most important components in mammalian cell membranes, were used as the
lipid components.20–22 Substrate-supported lipid/CPP multilayers, with TDP being used as the CPP, were prepared by
using the self-assembled method, and the structures of the
mixed lipid multilayers with TDP incorporated were explored. We varied the DPPC-to-DPPS molar ratio while
keeping the DPPC content fixed and changing the DPPS content, and we compared the structure of the lipid/TDP mixed
multilayer with that of the mixed lipid multilayer without
TDP for various contents of DPPS 共net-negatively-charged
lipids兲 by using X-ray reflectivity. With increasing DPPS
content, the bilayer thickness of the lipid/TDP multilayer became thinner, and a DPPC/DPPS phase separation induced
by the incorporation of TDP was observed. The results suggest that TDP, which has a strong electrostatic interaction
with DPPS, induces a strong binding phenomenon, resulting
in a phase separation within the mixed lipid multilayers.
II. MATERIALS AND METHODS
Synthesized transcription-activating-factor-derived peptide 共TDP兲 with a sequence corresponding to
YGRKKRRQRRR was purchased from Anygen, Co. 共Korea兲. DPPC and DPPS were purchased from Avanti Polar
Lipids and were used without further purification. P-type
共100兲, single-side-polished silicon wafers were used as substrates. The silicon wafers were thoroughly cleaned in a piranha solution and hydrophilically treated. TDP was disBiointerphases, Vol. 6, No. 2, June 2011
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solved in distilled water, and DPPC and DPPS in different
molar ratios 共C / S = 1 : 0, 7:3, 3:7, and 0:1兲, keeping the DPPC
content fixed while varying the DPPS content, were first dissolved in a mixture of methanol and chloroform 共v : v
= 1 : 1兲. The lipid solutions were then mixed with the TDP
aqueous solution. Throughout the experiments, we fixed the
peptide/lipid molar ratio 共P / L兲 to be 1/200. We pipetted the
mixed solution onto the silicon substrate in a closed chamber. The solution spread spontaneously, and the solvent
evaporated slowly over a period of 6 h. The samples were
then kept in a vacuum desiccator for another 12 h to get rid
of any residual solvent.23
X-ray reflectivity 共XR兲 measurements were taken at the
5C2 K-JIST beamline of the Pohang Accelerator Laboratory
at an energy of 10 keV, which corresponds to a wavelength
of  = 1.24 Å. The XR was measured by scanning the incident angle  to the sample’s surface with respect to the direction of the primary beam and by simultaneously moving
the detector arm by 2. For the specular reflection, the wave
vector transfer qz is only in the z-direction, which is normal
to the sample’s surface. The specular reflectivity was defined
as the intensity as a function of qz for various incident i and
exit  f while maintaining i =  f . Since qx = qy = 0,  is given
by qz = 共4 / 兲sin . The structural parameters of the lipid
multilayers were the layer thicknesses, the electron density
contrast, and the interfacial roughness. In order to obtain
more information on the multilayers, we obtained the electron density profiles by fitting the X-ray reflectivity data,
which could be refined via

共z兲 = 兺 1 f共qz,m兲cos共2mz/d兲,
N

共1兲

where f共qz,m兲 is the form factor of the bilayer, d is the period
of the multilayer 共peak-to-peak distance兲, and the m, running
from 1 to N, are the indices of the Bragg peaks. The magnitudes of f共qz,m兲 are determined by the intensities of the Bragg
peaks:
N+1

I共q兲 ⬀ 兩 兺 f neiqznd兩2/qz2 ,

共2兲

n=0

where f 0 = f S is the reflection of the substrate and f N+1
= f ae−iqzd 共f a is the form factor of the mean electron density
of the film兲. Due to the mirror plane symmetry of the bilayers, the phases of f共qz,m兲 are reduced to their positive/
negative signs only, facilitating the phase problem.13,24,25
III. RESULTS AND DISCUSSION
The lamellar structure DPPC/DPPS mixed lipid multilayers with TDP incorporated were investigated by using XR
under humid conditions. In Fig. 1共a兲, we plot the specular
X-ray reflectivity measurements as a function of qz for lipid
multilayers formed on hydrophilic Si wafers. The different
curves correspond to different molar ratios of DPPC to
DPPS, C : S = 1 : 0, 7:3, 3:7, and 0:1 共from bottom to top兲,
with TDP incorporated at a fixed TDP/lipid ratio 共P/L兲 of
P / L = 1 / 200 for all samples. Here, we should note that the
P/L of 1/200, which is lower than that of previous
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FIG. 1. 共a兲 X-ray reflectivity curves as a function of qz for lipid multilayers formed on hydrophobic Si wafers. The different curves correspond to different
molar ratios of DPPC and DPPS, C : S = 1 : 0, 7:3, 3:7, 0:1 共from bottom to top兲, with TDP incorporated at P / L = 1 / 200 for all samples. The curves were offset
by a constant for easier viewing. 共b兲 Magnified curves of the positions of the 2nd- and the 3rd-order peaks in Fig. 1共a兲. The vertical dashed lines demonstrate
that the Bragg peaks separate with increasing content of DPPS.

research,15,16 was intentionally chosen in this experiment for
several reasons. First, pore formation often occurs for P / L
⬎ 1 / 100 for many antimicrobials. At lower P / L, peptide
molecules bonded to a membrane are considered to be parallel to the plane of the membrane. For example, mellitin
begins to penetrate into the membrane at P / L ⬎ 100, and two
different states 共the S state and the I state兲 of the peptide
coexist.15 Second, the presence of peptides parallel to the
membrane is highly sensitive to the membrane’s thickness.
Once the P / L ratio becomes larger than its critical 共P / L兲ⴱ,
then the membrane’s thickness becomes insensitive to the
P / L ratio due to a structural conversion from the S state to
the I state, yielding a peptide orientation perpendicular to the
plane of the membrane.
From Fig. 1共a兲, we can see that the XR data exhibit
clearly resolved Bragg peaks at high-qz regions, indicating
that lipid/TDP layers are periodically stacked from the substrate. The electron density profiles constructed from the XR
data are shown in Fig. 4, and we are interested in the interlayer spacings, d, from headgroup to headgroup, which can
be readily obtained from the difference between the frequencies of the Bragg peaks 共⌬qz兲 for each spectrum by using
d = 2 / ⌬qz. For the DPPC/TDP multilayer, regularly-spaced
single-frequency Bragg peaks are shown, indicating that the
sample retains a DPPC/TDP multilayer with a single period.
When we increased the C : S ratio to 7:3, the single-frequency
Bragg peaks were still maintained, indicating that DPPC and
DPPS were mixed homogeneously. When 70% DPPS was
mixed into DPPC, the 2nd, 3rd, and 4th Bragg peaks were
separated into 2 peaks. The presence of two competing freBiointerphases, Vol. 6, No. 2, June 2011

quencies in one scan strongly implies that at least two different lamella periods are present. The peak separation was
more distinct for pure DPPS 共C : S = 0 : 1兲. The decreased
peak intensities and the broadened peak widths in the patterns for C : S = 3 : 7 and 0:1 suggest that the incorporation of
the TDP destroyed the homogeneously-layered lipid structure.
We saw obvious structural changes after the incorporation
of positively charged TDP. Previously, we reported that only
a single-frequency Bragg peak was observed for multilayers
with DPPC/DPPS lipid ratios of 1:0, 7:3, 3:7, and 0:1 without the incorporation of TDP.13 In that paper, we concluded
that no macroscopic phase separation occurred when two lipids were mixed. However, when TDP molecules were incorporated in this experiment, a separation of the Bragg peaks
was observed for the DPPS-rich samples, C : S = 3 : 7 and 0:1.
Figure 1共b兲 shows the effect of DPPS content on the separation of the Bragg peaks. Figure 1共b兲 magnifies the positions
of the 2nd-and the 3rd-order peaks, for which a single peak is
separated into two. For example, the 2nd-order Bragg peak at
⬃0.22 Å−1 is nearly constant for all samples, but for C : S
= 3 : 7 and 0:1, peaks appear at ⬃0.23 Å−1 and ⬃0.24 Å−1,
respectively.
In Fig. 2, we plot d obtained from d = 2 / ⌬qz for various
of C:S ratios. When the molar ratios of DPPS ⬎0.7, a secondary d spacing is visible. Together with d 共closed circles兲
obtained from Fig. 1, we also plotted the reported values
共open circles兲 of interlayer spacings, which were obtained for
lipid multilayers without the incorporation of TDP.13 From
the figure, one can see that the pure DPPC and the DPPC/
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FIG. 2. Variation of the headgroup-to-headgroup spacings for the DPPC/
DPPS lipid multilayer before 共䊊兲 and after 共쎲兲 the incorporation of TDP as
a function of the DPPS molar ratio. Interlayer spacings for lipid mulilayers
without the incorporation of TDP were excerpted from the values 共open
circles兲 reported in Ref. 11.

TDP multilayer have almost the same bilayer thicknesses,
indicating that the incorporation of the TDP has negligible
effect on the bilayer thickness of the DPPC multilayer at our
P / L ratio 共P / L = 1 / 200兲. With increasing C : S ratio from 0 to
0.3 in the mixed lipid, the bilayer thickness decreases
slightly. A TDP-induced DPPC/DPPS phase separation is obvious at C : S = 3 : 7. From Fig. 2 and the guideline in Fig.
1共b兲, we can see that the bilayer thickness of the lipid/TDP
multilayer decreases from 58.9 Å to 55.5 Å as the C : S ratio
is changed from 1:0 to 7:3. When the C : S ratio is increased
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to 3:7, we see two obvious spacings in the XR pattern. The
bilayer thickness of the lipid/TDP multilayer decreases from
60.0 Å for the single spacing to 56.0 and 54.4 Å for the
second spacing. After the DPPC and the DPPS had a phase
separation, the bilayer thickness of the first spacing was almost the same as that of pure DPPC, and the second spacing
could be attributed to the TDP-incorporated DPPS
multilayer. All these results indicate that TDP has stronger
interactions with negatively charged DPPS than with neutral
DPPC due to electrostatic interactions.
From the results shown in Figs. 1 and 2, one can suggest
one possible structure of the mixed lipid/TDP multilayer; the
TDP molecules interact with charged lipid headgroups and
are condensed between the hydrophilic headgroup regions of
the lipid multilayer. When antibacterial peptides are bound to
lipid membranes, membrane thinning is often observed, suggesting that the peptides embedded in the headgroup are
stretching the lipid molecules in a direction parallel to the
substrate. Pore formation induced by the TDP molecules is
not expected at this low P / L ratio.26–29 Therefore, membrane
thinning, if it occurs upon the binding of TDP to the lipid
membrane, must be due to TDP localized near DPPS lipids
because the total lipid per peptide ratio is constant. If more
peptide molecules are localized near DPPS, then the P / L
ratio for the localized peptide-to-DPPS ratio has to be higher
than that for the peptide-to-total lipid 共DPPC+ DPPS兲 ratio.
As the molar ratio of DPPS is low 共e.g., 7:3兲, the lipid membranes may not be segregated upon binding with TDP molecules. As the molar ratio of DPPS increases, however, the
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FIG. 3. 共Color online兲 Observed and refined 共—兲 X-ray reflectivity profiles 共a兲 of the mixed DPPC/DPPS multilayer with a C : S ratio of 3:7 and 共b兲 of the
DPPC before 共open triangles兲 and after 共open circles兲 the incorporation of the TDP peptide 共P / L = 1 / 200兲.
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FIG. 5. 共Color online兲 Schematic models of TDP incorporated lipid multilayers with different molar ratios of DPPC and DPPS, 共a兲 C : S = 1 : 0, 共b兲 7:3,
共c兲 3:7, and 共d兲 0:1. Note that localization of TDP at the headgroup regions
of the DPPS induces membrane thinning and pore formation, resulting in
vertically inserted TDP states 共c and d兲.
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FIG. 4. Corresponding electron density models used to fit the observed
X-ray reflectivity data in Fig. 3. 共a兲 Electron density profiles of the mixed
DPPC/DPPS multilayer with a C:S ratio of 3:7 before 共line兲 and after
共dashes and dash-dots兲 the incorporation of the TDP peptide. 共b兲 Electron
density profiles of the DPPC multilayer before 共line兲 and after 共dashes兲 the
incorporation of the TDP peptide.

TDP molecules may induce DPPS segregation as a result of
preferred TDP binding to the DPPS headgroup. In this case,
we have to consider different P / L ratios up to highly-richTDP-to-DPPS ratios and up to normal TDP-to-DPPC ratios,
the former will result in more serious membrane thinning
while the latter will not, with the same thickness being maintained.
Figures 3共a兲 and 3共b兲 depict the observed and the refined
共—兲 reflectivity profiles of the mixed DPPC/DPPS multilayer
with a C : S ratio of 3:7 关Fig. 3共a兲兴 and the DPPC 关Fig. 3共b兲兴
before 共open triangles兲 and after 共open circles兲 the incorporation of the TDP peptide 共P / L = 1 / 200兲. The corresponding
electron density profiles derived from the XR patterns for
Figs. 3共a兲 and 3共b兲 are shown in Figs. 4共a兲 and 4共b兲, respectively. For the XR pattern with two spacings 共Fig. 3共a兲兲, we
derived two different density profiles 关Fig. 4共a兲兴 and then
cooperatively combined then into a single refined curve. As
shown in Fig. 4共a兲, two independent electron density profiles
共b and c兲 were derived from the best fitting model for the two
competing Bragg peaks observed for the mixed DPPC/DPPS
multilayer with a C:S ratio of 3:7 after the incorporation of
the TDP peptide; One of the profiles, 共b兲, corresponds to the
DPPC multilayer, and the other 共c兲 is for the mixed DPPS/
TDP multilayer. Compared with the mixed DPPC/TDP
Biointerphases, Vol. 6, No. 2, June 2011

multilayer, one of the obvious differences in the electron
density profile is that the bilayer thickness of the lipid/TDP
multilayer decreased from 60.0 Å for the single spacing to
56.0 Å for the first spacing and 54.4 Å for the second spacing.
According to Ref. 30, the electron density of a protein is
lower than that of the lipid headgroup, but higher than that of
the hydrocarbon chain; therefore, after the incorporation of
the TDP, the increased averaged electron density of the lipid
tail layers indicates that the electron density of TDP molecules is somewhat added into that of the hydrocarbon tails.
The results can be explained only if the peptides adsorbed at
the surface transform to a form perpendicular to the plane of
the membrane. Since a preferred binding affinity of the TDP
to anionic DPPS headgroup is expected, the TDPs, then,
must be localized at a DPPS-rich area, forming pores in
which the TDP can exist perpendicular to the plane of the
lipid layers.26–28 Since the P/L ratio is too low to create pores
throughout the given lipid systems, two different microscopic phases having different DPPS compositions are
formed for the mixed DPPC/DPPS multilayer with a C : S
ratio of 3:7.
From the refined data for the DPPC/TDP multilayer 关Fig.
3共b兲兴, we can see that the electron density 关Fig. 4共b兲兴 of the
headgroup layer increases from 0.44 to 0.49 e− / Å3 after the
incorporation of TDP, which can be attributed to the incorporation of TDP only in the headgroup region. Since there
was no serious change in the interlayer thickness, the membrane thinning effect due to TDP incorporation at P / L
= 1 / 200 is negligible for the lipid structure of the pure DPPC
membrane.
The proposed TDP incorporation models in the DPPC/
DPPS mixed lipid multilayers can be summarized as schematically shown in Fig. 5. At low DPPS compositions
共C : S = 1 : 0 and 7:3兲, TDPs are embedded in a form parallel
to the plane of the lipid membranes 共Figs. 5共a兲 and 5共b兲,
respectively兲. Due to the relatively low 共or no兲 DPPS com-
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position, no lateral demixing of the DPPS molecules in a
DPPC matrix occurred; consequently, only a single phase
was observed. At high DPPS compositions 共C : S = 3 : 7 and
0:1兲, however, the positively charged TDP attracts the neighboring anionic DPPS molecules, yielding laterallysegregated TDP-binding DPPS-rich-regions 共Figs. 5共c兲 and
5共d兲, respectively兲. The increased TDP concentration at the
peptide-binding DPPS rich regions might further induce the
formation of TDP-incorporated pores 共i.e., toroidal model29兲,
causing the inserted state of TDP to have an orientation perpendicular to the plane of the lipid membranes.
IV. CONCLUSIONS
The structural variation in the mixed lipid/TDP multilayers as a function of the charge density was investigated by
using X-ray reflectivity. Compared with the homogenously
mixed DPPC/DPPS multilayer before the incorporation of
the TDP, the single, ordered lamellar orientation of the lipid/
TDP multilayer was significantly disturbed by the incorporation of the TDP peptide. For the pure DPPC multilayer, the
incorporation of the TDP peptide had nearly no effect on the
bilayer thickness, but in the mixed DPPC/DPPS multilayer
system with the same P / L ratio of 1:200, the strong interaction between TDP and DPPS decreased the bilayer thickness.
With increasing DPPS content, incorporation of the TDP
peptide induced a phase separation at a certain concentration
of DPPS. The refined XR data suggested that the TDP peptide was inserted into the hydrophobic region, indicating that
TDP insertion into the membrane had occurred. Since no
serious effect 共e.g., membrane thinning or phase separation兲
was observed for the pure DPPC, the strong binding affinity
of TDP for DPPS must be a key step in the CPP insertion
mechanism for a plasma cell membrane.
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