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Structure of dipalmitoylphosphatidic acid (DPPA) bilayers in the presence of poly(|.-lysine) is proposed from the 
results of X-ray diffraction obtained by a storage phosphor detector with a high resolution called an imaging plate. 
Th~ small-angle X-ray diffraction pattern exhibits that DPPA/poly(L-lysine) complex forms a highly ordered 
multilamellar structure. The electron density profile of the DPPA/poly0-1ysine) complex draws that only one 
poly(tAysine) layer is intercalated between the neighboring DPPA bilayers. The wide-angle X-ray diffraction pattern 
suggests that the presence of poly(L-lysine) hardly affects the nature of hydrocarbon chain packing in the DPPA 
bilayers. The X-ray reflection from the DPPA/poly(L-lysine) complex indicates that the poly0-1ysine) molecules 
adopt a t0-sheet conformation on the surface of the DPPA bilayers. The both surface areas occupied by a headgroup 
of the DPPA and by a lysine residue in poly(L-lysine) are estimated from the observed spacings. The number ratio of 
lysine residues to DPPA headgroups per unit area is greater than unity. Therefore, one DPPA headgroup interacts 
with more than one lysine residue electrostatically, i.e., the electric charge distributions in both the surface of a 
DPPA bilayer and the poly(L-iysine) to-sheet are incommensurate. 

Introduction 

Study on interaction between a polypeptide and an 
acidic phospholipid bilayer provides an insight into the 
association mechanism of extrinsic proteins with lipid 
bilayers and gives a clue to solve the structure vs. 
function relationship in biological membranes. Poly(L- 
iysine) has been used as a typical model peptide of 
extrinsic proteins, because poly(L-lysine) is expected to 
bind electrostaticaily to the surface of negatively 
charged lipid bilayers at physiological pH. 

Poly(L-lysine) is known to affect both thermotropic 
properties and structures of acidic lipid bilayers; Addi- 
tion of poly(L-lysine) to negatively charged lipid bilay- 
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ers raises a gel to liquid-crystalline phase transition 
temperature [1-9]. In the complex of dipalmitoylphos- 
phatidic acid (DPPA) and poly(L-lysine) the transition 
temperature increases from 50°C to 62°C at pH 9.0 
[2-4], at which the DPPA headgroup might has two 
negative charges. On the other hand, in dimyris- 
toyiphophatidic acid (DMPA) the transition tempera- 
ture increases by about 20°C at pH 7 [5,7]. But in the 
case of shorter poly(L-lysine) (< 4000 mol. wt.) the 
increase of transition temperature is much smaller [9]. 
Lateral phase separations induced by poly(L-lysine) 
have been observed in DPPA bilayers by electron spin 
resonance and fluorescence spectroscopy [2-4], and 
also in binary mixtures of DMPA and dimyris- 
toylphospatidylcholine by Raman spectroscopy [9]. 

The conformation, which is given by the interaction 
b~ween poly(L-lysine) molecules and acidic lipid bilay- 
ers is of great interest to obtain fundamental knowi- 
et3;gc in lipid-protein interaction. Structure of poly(L- 
ly,qne) molecules changes from random coil to ordered 
structure, when bound to negatively charged lipid bi- 
layers, i.e., a-helical conformation on phosphatidyi- 
serine bilayers [10] and/3-sheet structure on phospha- 
tidic acid (PA) bilayers [9,11]. 
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Small-angle X-ray diffraction indicates that the 
DMPA/poly(L-iysine) complex forms a multilamellar 
structure [9] and Raman spectroscopy exhibits no sig- 
nificant change in the conformation of hydrocarbon 
chains of DMPA in the presence of poly(L-lysine) in 
the gel phase [9] However, the following points remain 
unclear; the number of fl-sheets lying between the 
neighboring PA bilayers; the distance between adjacent 
polypeptide chains in a fl-sheet; the packing of hydro- 
carbon chains of PA in the presence of poly(L-lysine). 
in the present paper, we will make clear the structure 
of the DPPA/poly(L-lysine) complex from the wide- 
and the small-angle X-ray diffraction patterns detected 
with a high.sensitive imaging plate. 

Materials and Methods 

Materials 
Disodium salt of dipaimitoylphosphatidic acid 

(DPPA) was purchased from Avanti Polar Lipids, Inc. 
(Birmingham, AL, U.S.A.). Poly(L-lysine) hydrobro- 
mide of about 21500 tool. wt. was purchased from 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). All mate- 
rials were used without further purification. 4-(2-Hy- 
droxyethyi)-l-piperazineethanesuifonic acid (Hepes) 
and ethylenediaminetetraacetic acid (EDTA) were 
purchased from Katayama Chemical Ltd. (Osaka, 
Japan). 

Sample preparation 
A desired amount of DPPA was dispersed in a 20(I 

mM Hepes buffer (pH 7.3) containing 5 mM EDTA. 
The dispersion after incubated at 80°C for 2 h was 
sonicated for 20 rain, using a bath-type sonicator (Sine 
Sonic 100, Kokusai Denki, Tokyo, Japan). The lipid 
concentration was 200 raM. The complex of DPPA and 
poly(tAysine) was prepared as follows. Poly(tAysine) 
was dissolved in a Hepes buffer (pH 7.3). The poly(L- 
lysine) solution was added to the dispersion of the 
DPPA vesicles (200 raM). This solution is prepared so 
as to get a ratio of lysine residues/DPPA molecules of 
2' I. The dispersion thus obtained was incubated at 
90°C for l0 rain and then cooled down to room tem- 
perature. This cycle of heating and cooling was re- 
peated at least three times to get a homegeneous 
sample. The produced precipitates of the DPPA/  
poly(L-lysine) complex were collected by centrifugation 
at 9000 × g for 15 min. As a result the concentration of 
DPPA used was 20-30 wt%. The samples were stored 
at 4°C for 4 days before the X-ray experiments. 

X-ray diffraction 
X-ray diffraction experiments were carried out at 

the station 15 A of the Photon Factory in National 
Laboratory for High Energy Physics (Tsukuba, Japan) 
[12]. The powder diffraction pattern was detected, us- 

ing a storage phosphor detector ca~led an imaging plate 
(Type BA-III, Fuji Photo Film Co. Ltd., Japan) [13]. 
Details of the experianental setup were described else- 
where [14]. The imaging plate is an integrating-type 
area detector which operates on the basis of laser- 
stimulated luminescence from a storage phosphor 
(BaFBr; Eu 2+) screen. It consists of a flexible plastic 
plate coated with 150 #m thick layer of phosphor 
polycrystals combined with organic binder. Even if the 
incident angle of X-ray is large on the plate, the spatial 
resolution on the imaging plate is scarcely lost since 
the traveling distance of X-ray beams crossing the 
phosphor part is almost unchanged. The size of the 
imaging plate is 185 × 185 mm. The dynamic range of 
the imaging plate is 1 : I(I s, and the spatial resolution is 
150 #m in full width at half-maximum (FWHM). The 
detective quantum efficiency of the imaging plate is 
bigger than 80% for X-ray. This :':~lue is 10-60 times as 
large as that in a usual X-ray film. The exposure time 
was less than 2 s in the present experiment. The 
distance from the sample to the imaging plate is about 
20 cm. The spacings of diffractions were calibrated, 
using tht: C001) reflection (0.0998104 + 0.0000007 nm) 
of synthetic fluorophlogopite mica crystallites (Na- 
tional Bureau of Standards, Washington, DC, U.S.A.). 
The temperature was kept constant within ±0.01°C by 
circulating water through the sample cell from a com- 
puter-controlled water bath (RCS-20D, Messgrerate- 
Lauda, F.R.G.). The background caused by the diffrac- 
tion of water, polyimide film windows, etc. was sub- 
tracted. The two-dimensional X-ray diffraction data on 
the imaging plate was transformed into one-dimen- 
sional data as follows. First, the intensity with a partic- 
ular diffraction angle was integrated by adding all the 
intensity data at the same distance from the center of 
the direct beam t;n the imaging plate. Second, the 
integrated intensity was divided by the number of data 
points at the same distance from the center. In such a 
way, we got one-dimensional X-ray diffraction pattern 
with a high signal-to-noise ratio. The data analysis was 
performed using FACOM M-780 at the Computation 
Center of Nagoya University. 

Results 

Small-angle X-ray diffraction of DPPA vesicles and of 
the DPPA / poly(L-lysine) complex 

Using a synchrotron X-ray, the diffraction was ob- 
served with a high resolution and low background 
because of its high directivity and its intense beam. Fig. 
1 shows the small-angle X-ray diffraction patterns for 
(A) pure DPPA vesicles and ['or (B) DPPA/poly(L- 
lysine) complex at 40°C in gel phase. There appears a 
broad reflection around 5.8 nm for pure DPPA vesicles 
(Fig. 1A). It is consistent with the fact that generally 
negatively charged lipid vesicles at low ionic strength 



give rise to a broad scattering pattern in the small-an- 
gle region. The scattering pattern for pure DPPA vesi- 
cles obtained in this experiment is slightly sharper than 
the pattern for vesicles of phosphatidylserine [15] and 
cardiolipin [16]. This is due to the fact that the concen- 
tration of counter ions for DPPA contains at least 200 
mM, because the DPPA used in this experiment is the 
disodium salt and furthermore counter ions are in- 
cluded in the Hepes buffer. For DPPA vesicles the 
FWHM of the small-angle reflection peak became nar- 
row as the Na ÷ concentration rises and finally at 1.2 M 
Na ÷ a sharp reflection takes place at 5.78 nm (unpub- 
lished data). 

In contrast to pure DPPA vesicles, the D P P A /  
poly(L-lysine) complex gives sharp reflections (Fig. I B). 
Owing to the large correlation length, we can obseive 
higher order reflections up to the 9th, while the 6th 
and 8th order reflections are weak and then unde- 
tectable (Fig. I B). This result indicates that the com- 
plex forms a highly ordered multilamellar structure. 
The lamellar spacing of DPPA/poly(t- lysine)  complex 
is determined to be 6.61 nm. 

WMe-angle X-ray diffraction of DPPA cesicles and of the 
DPPA / poly(t,-lysine) complex 

The wide-angle X-ray diffraction patterns for both 
pure DPPA vesicles and for the DPPA/poly(L-lysine) 
complex at 40°C in gel phase are shown in Fig. 2. The 
spacing is related to lateral packing of hydrocarbon 
chains in phospholipid bilayers. There appears a single 
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Fig. 1. X-ray diffraction patterns in the small-angle region for (A) 
DPPA bilayers and (B) DPPA/poly(L-lysine) complex at 40°C io gel 
phase, which were obtained from the data taken by imaging plates. 
The pattern of the 2nd to 9th order lamellar reflections for DPPA/ 
poly(L-lysine) complex is inserted in an expanded scale in the ordi- 

nate. 
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Fig. 2, X-ray diffraction patterns in tile wide-angle region for (A) 
DPPA bilayers and (B) DPPA/poly(tAysine) complex at 40°C in gel 
phase obtained by the same way as in Fig. I. The inset shows an 
expanded version. A weak but fairly sharp reflection is clearly seen 
at 0.476 rim. This reflection corresponds to the spacing between the 

neighboring polypeptide chains in a/3-sheet of pt4y(L-lysine). 

sharp reflection at 0.419 nm in both pure DPPA vesi- 
cles and tile DPPA/poly(L-lysine) complex. The spac- 
ing of hydrocarbon chains agrees with that in dihexade- 
cylphosphatidic acid [17] and in phosphatidic acid (PA) 
[18]. The sharp and symmetric single peak indicates 
that the h~drocarbon chains are packed in a hexagonal 
lattice, which gives an area of 0.203 nm2/chain. Essen- 
tially no difference appears in the spacing the shape in 
the 0.4 nm region between DPPA/poly(L-lysi,le) com- 
plex and pure DPPA vesicles. The fact suggests that 
the packing of hydrocarbon chains remains unaffected 
notwithstanding the addition of poly(L-lysine) in the gel 
phase. 

Another conspicuous feature in the wide-angle 
diffraction pattern of the DPPA/poly(L-lysine) com- 
plex is that a weak but fairly sharp peak appears at 
0.476 nm (Fig. 2B). This reflection is not explained in 
terms of any higher order lamellar diffractions of 
DPPA/poly(L-lysine) complex. Diffraction with peri- 
odicity between adjoining polypeptide chains in the 
~-sheet structure of homopolypeptide is expected to 
appear in the range between 0.45 and 0.49 nm. Actu- 
aliy, Suwai:&~ and Llanos [19] have observed the (200) 
reflection at about 0.47 nm for poly(L-lysine) hydrobro- 
mide crystal with/3-sheet structure. On the other hand, 
it has been suggested by means of Raman spectroscopy 
[9] and circular dichroism [11] that PA vesicles induce a 
conformational change of the poly(L-lysine) molecule 
from a random coil to a /3-sheet structure. Thus the 



232 

present X-ray diffraction result strongly suggests that 
the poly(L-lysine) adopts a B-sheet conformation when 
bound to DPPA bilayers. The appearance of the rather 
sharp diffraction at 0.476 nin indicates that fairly large 
ordered domains of B-sheet takes place on the surface 
of DPPA bilayers. It is briefly pointed out that the 
reflection at about 0.47 nm also appears in the 
DMPA/poly(L-lysine) complex. Therefore, the interac- 
tion between PA and poly(L-lysine) has immutable 
nature. 

Electron density profile 
Fig. 3 shows an electron density profile of the 

DPPA/poly(L-lysine) complex at 40°C in the gel phase 
with a resolution of 0.73 nm. The phase angle of each 
structure amplitude must be 0 or rr for an one-dimen- 
sional electron density profile in a centersymmetric 
system. This is the case for lipid bilayers. Although 
generally phase angles are determined by performing a 
swelling experiment, this is not possible for the 
DPPA/poly(L-iysine) complex. The water concentra- 
tion has no influence on the lamellar spacing of 
DPPA/poly(c-lysine) complex. Even for the sample 
dried under vacuum overnight the iamellar spacing 
hardly changed. Consequently, all combination sets of 
phases were systematically tested to determine the 
phase angle of each lame!far diffraction peak. Among 
the phase combinations of the first to the fifth order 
diffraction peaks, only one set of combinations give an 
electron density profile that explains a bilayer structure 
reasonably. The other set of phase combinations re- 
sults in abnormal electron density profiles, such as 
large positive electron density peaks at the center of 
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Fig, 3, A 0, "/3 nm resolution electron density profile for DPPA/  
pot~c-lysine; complex, In the profile, the highest density peaks 
correspond to the position of DPPA beadgroups and the lowest 
density dips correspond to the position of terminal methylene groups 
appearing at the geometric center of a bilayer. The headgroup 
separation between both the surfaces of a bilayer is 4.93 nm. The 
space occupied by poly(c-I~vsine) lies between the adjacent highest 

density peaks, whose separation is 1.68 nm. 

Tnml 
4.93nm 

Fig, 4. Schematic representation of tile DPPA/poly(I.-lysine) com- 
plex. Poly(t.-lysine) bridges the successively neighboring DPPA hi- 
layer lamellae. Lysine residues arrange without specific sito-to-site 

interaction with DPPA headgroups. 

the bilayer. The adopted phases of the first to the fifth 
order diffractions (rr, rr, 0, rr, rr) are identical to those 
reported previously for dipalmitoylphosphatidylcholine 
in gel phase [20]. The phases for the diffraction orders 
of 7th and 9th (rr, rr) were determined so as to give the 
most uniform electron density distribution for the por- 
tion of hydrocarbon chains. This i:~ a similar way to that 
made fur dipalmitoylphosphatidylglycerol by Blourock 
and Mclntosh [21]. The position with strong density in 
Fig. 3 corresponds to the DPPA headgroup and on the 
other hand, the trough with low density corresponds to 
the terminal methyl groups. The separation between 
the DPPA headgroups in the both surfaces of a bilayer 
is 4.93 nm, while the distance of headgroups between 
neighboring bilayers is 1.68 nm. It is worthwhile to 
point out that the latter distance is close to the inter- 
sheet distance of B-sheet in a three-dimensional 
poly(L-lysine) crystal, which varies from 1.62 to 1.69 nm 
depending en the relative humidity [19]. From the 
present result, we conclude that there exists only one 
B-sheet of poly(L-lysine) bridging the neighboring 
DPPA bilayers, and then, a highly ordered multi- 
iamellar structure is formed (Fig. 4). 

Discussion 

The X-ray diffraction study in the 0.4 nm region 
makes clear that the presence of poly(L lysine) scarcely 
affects the nature of hydrocarbon chai~a packing. A 
poly(L-lysine) molecule shields the negati',,ely charged 
surface of lipid bilayers and, however, has no specific 
site-to-site interaction with DPPA headgroups, There- 



fore, like for Na ÷ [22], the transition temperature 
might increase upon the addition of poly(L-lysine) as a 
consequence of an electric shielding effect. The shift of 
the transition temperature by the addition of poly(L- 
lysine) is greater than for Na ÷ [5,9], probably because 
poly(L-iysine) provides effectively high ionic strength 
on the surface of the DPPA bilayers as expected struc- 
turally (see Fig. 4). 

The electron density profile provides structural evi- 
dence that the complex forms a highly ordered multi- 
lamellar structure where only one g-sheet of poly(L- 
lysine) bridges the ne~ahboring DPPA bilayers. This 
result suggests that DPPA/poly(t.-!ysine) complex 
forms a sandwich structure (Fig. 4). The formation 
mechanism of the muitilamellar structure of DPPA/  
poly(L-lysine) complex is quite different from that of 
pure DPPA vesicles. A poly(L-lysine) molecule hardly 
permeates lipid bilayers because it is a kind of macro- 
molecule with hydrophilic nature. In this study, poly(t.- 
iysine) was added to the dispersion of DPPA vesicles 
(see Sample preparation). Thereforc, in the course of 
the sandwich structure formation, not only local break- 
down of the bilayers but also reconstruction of the 
multilamell-~r structure might happen. 

Using an imaging plate, we successfully detected the 
X-ray weak reflection at 0.476 nm due to the structure 
of polypeptide bound to the lipid bilayer surface. This 
reflection was interpreted by the spacing between 
neighboring polypeptide chains in the g-sheet. The 
result reveals that the poly(L-lysine) forms a g-sheet 
structure on the surface of a DPPA bilayer. This is 
consistent with the fact that the spacing of 0.476 nm is 
very close to the spacing observed in a poly(-lysine) 
hydrobromide crystal [19]. The value of spacing ob- 
tained in the present experiment indicates that the 
hydrogen bond between polypeptide chains is not per- 
turbed even when poly(L-lysine) forms a g-sheet struc- 
t~!re on the surface of DPPA bilayers. 

It is well known that there appear three distinct 
X-ray reflections in g-sheet crystals; the distance be- 
tween neighboring g-sheets (0.5-1.6 nm) ruled by the 
species of residues, the distance between polypeptide 
chains in one sheet (0.46-0.49 nm) combined with 
hydrogen bonds, and the repeating distance of adjoin- 
ing amino acid residues along one polypeptide chain. 
The theoretically estimated value of the last distance is 
0.65 nm for parallel g-sheets and 0.70 nm for anti- 
parallel g-sheets [23]. In the present experiment, nei- 
ther the reflection at 0.65 nm nor that at 0.75 nm was 
observed. This might be due to the fact that, in the 
DPPA/poly(L-lysine) complex, the poly(L-iysine) 
molecules take not only parallel but also anti-parallel 
g-sheet structures and both regions are not large 
enough to yield a clear X-ray reflection. 

Let us compare the surface area of a DPPA head- 
group with that of a lysine residue of poly(L-lysine) in 
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the DPPA/poly(L-lysine)complex. The surface area 
occupied by a DPPA he::dgroup can be calculated 
from the observed spacing of hydrocax~9on chain ar- 
rangement. The relationship between the cross-sec- 
tional area occupied by ol~e hydrocarbon chain (Sch~,in) 
and the surface area occupied a headgroup (Sh~ad) iS 
approximately given by: 

Shc~, o = 2 X Schai n//COS 0 

where 0 is the tilt angle of hydrocarbon chain to the 
bilayer normal. Before calculating the surface area 
occupied by a headgroup, it is necessary to determine 
the tilt angle. For this purpose, if the hydrocarbon 
chains are untilted, it is expected that separation be- 
tween headgroups in the both sides of a bilayer for 
DPPA bilayers is about 4.9 nm in the framework of the 
CPK model. This is consistent with the headgroup 
separation 4.93 nm obtained from the present electron 
density profile (see Fig. 3). Furthermore, the wide-an- 
gle reflection shows only one sharp peak. These facts 
indicate that tilt angle is almost 0°. Therefore, the 
cross-sectional area occupied by one chain is easily 
estimated to be 0.203 nm 2. Then, the surface area 
occupied by a DPPA headgroup is about 0.4 nm 2. 
Secondly the area occupied by a lysine residue is 
calculated from the distances of g-sheet structure 
which has the spacing of 0.65-0.70 nm along the 
polypeptide chain as discussed above and 0.476 nm 
between the adjacent polypeptide chains. These dis- 
tances give a surface area of 0.31-0.33 nm 2 per lysine 
residue of poly(L-lysine). As a result, the ratio of the 
number of lysine residues to DPPA headgroups per 
unit area is greater than unity. 

This conclusion is supported by the results of differ- 
ential scanning calorimetry (DSC) for DMPA/poly(L. 
iysine) complexes. When the number ratio of lysine 
residues to DMPA molecules is under about 1.25, both 
the transition peaks of pure DMPA (at about 50°C) 
and DMPA/poly(L-lysine) (at about 70°C) are ob- 
served and furthermore the transition enthalpy of pure 
DMPA decreases as the lysine/DMPA ratio rises. 
When the ratio is above about 1.25, the transition peak 
of pure DMPA disappears (unpublished data). These 
DSC results suggest indirectly that one PA molecule 
interacts with more than one lysine residue of poly(L- 
lysine) electrostatically. Thus, this might imply that the 
condition of electric charge neutralization does not 
hold locally, however, it might be the case that a part 
of the DPPA headgroups in a bilayer has two negative 
charges by dissociation and that consequently the elec- 
tric charge neutralization condition is satisfied as a 
whole. 

The present results conclude that the charge distri- 
butions make a mismatch between the surfaces of the 
DPPA bilayers and the g-sheets of the poly(L-lysine), 
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i.e., the periodicity of charge arrangements between 
them is incommensurate. 
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