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Nuclear Magnetic Resonance Studies of the Interactions of
Sonicated Lecithin Bilayers with Poly(L-glutamic acid)*

Chin-An Chang? and Sunney I. Chan*

ABSTRACT: The interactions of sonicated lecithin vesicles
with poly(L-glutamic acid) have been studied by high-reso-
lution proton magnetic resonance (pmr) spectroscopy. The
choline methyl protons of the lecithin vesicles showed a
large decrease in pmr intensities upon mixing with the
poly(L-glutamic acid). The observed change in pmr intensi-
ties is shown to be mainly due to the interactions between

Membrane proteins play an important role in determin-
ing the structures and function of biological membranes
(Guidotti, 1972). Studies of the interactions between the
phospholipid bilayer and membrane proteins and interac-
tions among the membrane proteins themselves are there-
fore essential to our understanding of membrane properties.
Physical methods can be brought to bear on lipid-protein
interactions. However, the heterogeneous composition and
the resultant complicated structures in biomembranes ren-
der studies of real membranes a difficult if not a formidable
task. It has been suggested that useful if not pertinent infor-
mation might be derived from examining simpler model
systems such as membrane vesicles containing synthetic
polypeptides and reconstituted membrane vesicles contain-
ing well-characterized protein systems (Trudell et al., 1973;
Griffith et al., 1973).

In recent years sonicated lecithin vesicles have been used
as a model bilayer membrane for studies of membrane
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the lecithin vesicles and poly(L-glutamic acid). Electron mi-
croscopy study showed isolated vesicles for the pure lecithin
solution, but clusters of vesicles when the poly(L-glutamic
acid) is present in the solution. The pmr spectra of poly(L-
glutamic acid) further indicated that the polypeptide re-
mained in the random coil form upon mixing with the leci-
thin vesicles.

properties (Finer et al., 1972; Huang, 1969; Sheetz and
Chan, 1972; Kornberg and McConnell, 1971a,b; Lee et al.,
1972; Bangham, 1972; Papahadjopoulos and Watkins,
1967), as well as membrane-protein interactions (Finer et
al., 1969; Hammes and Schullery, 1970; Yu et al., 1974;
Lau and Chan, 1974). Investigations which pertain to lipid-
protein interactions include the work of Hammes and
Schullery (1970), who studied the interaction of vesicles of
phosphatidyl-L-serine (PS)! with various polypeptides. The
study revealed that a complex was formed between PS and
poly(L-lysine). Similar observations were also noted for the
mixtures of PS with poly(L-ornithine) and with poly(Glu*?
Lys?8Ala39). On the other hand, polypeptides bearing nega-
tive charges, for example, poly(L-glutamic acid), were
found not to interact with PS or phosphatidylcholine over a
wide range of pH. More recently, a study of the interaction
of phosphatidylcholine vesicles with poly(L-glutamic acid)
was undertaken by Yu et al. (1974) using spin-label and
glucose permeability measurements. This work indicated
that poly(L-glutamic acid) does interact with phosphatidyl-
choline vesicles and, in fact, these workers concluded that
this interaction led to a lateral tightening of the polar region

| Abbreviations used are: PS, phosphatidyl-L-serine; poly(Glu),
poly(L-glutamic acid); poly(Lys), poly(L-lysine).
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of phosphatidylcholine vesicles. In addition, upon com-
plexing with vesicles, the conformation of poly(L-glutamic
acid) was noted to change from a highly ordered structure
to a more random state between pH 4.5 and 7.7 at an ionic
strength less than 0.01.

The present work was undertaken to further elucidate the
interaction between phosphatidylcholine vesicles and
poly(L-glutamic acid). In view of the conflicting results
which have been obtained, it would seem helpful to use a
technique in these studies which will provide information on
the interaction mechanism as well as the ensuing structural
changes in the participants. Proton magnetic resonance
(pmr) spectroscopy presents itself, and has been demon-
strated to be a powerful tool in the study of the structural
and dynamic properties of both the surface and the interior
of lecithin vesicles (Sheetz and Chan, 1972; Seiter and
Chan, 1973). This sensitivity has recently been exploited to
monitor the interaction of various oligopeptides with leci-
thin multilayers and lecithin vesicles (Finer er al., 1969;
Hsu and Chan, 1973; Lau and Chan, 1974). This same ap-
proach has therefore been chosen in our present study on in-
teractions between lecithin vesicles and poly(L-glutamic
acid).

Experimental Section

L-a-Dipalmitoyllecithin (phosphatidylcholine) was pur-
chased from General Biochemicals. This lecithin was puri-
fied using the silicic acid column with an eluting solution
composition of 400 ml of CHCl;, 400 ml of CHCl;~
CH3O0H, 9:1, and 1000 ml of CHCI3-CH3;0H, 1:9. Spec-
troquality chloroform and methanol were distilled before
use, and the purified lecithin was collected from the last
1000 ml elutions. Both the purified and unpurified lecithins
showed a single spot with thin-layer chromatography.
Poly(L-glutamic acid) (Na salt), poly(Glu), with molecular
weight 50,000-80,000, was purchased from Pierce Chemi-
cals. It was dialyzed and lyophilized before use. The solu-
tions of pure poly(Glu) in D,O at the normal concentration
used in this study had an apparent pH of 6.9, or a pD of 7.3
(Appel and Yang, 1965).

Dispersions of lecithins (ca. 2% wt) in D;0 (99.5%) were
sonicated for 15 min at power level 4 with a Bronson soni-
fier, Model S-75. The sonicated solutions were centrifuged
at 13,000 rpm in a Sorvall RC-2 centrifuge for 20 min, and
the upper clear solutions were used for studies. In the pres-
ent study, poly(Glu) was mixed with the sonicated lecithins
at a concentration range of 1-100 amino acid residues per
100 lecithin molecules. These mixtures had an apparent pH
of 6.9-7.1.

Pmr measurements were performed using a Varian HR-
220 superconducting nmr spectrometer. Probe temperature
was measured with ethylene glycol which was either in a
sealed capillary immersed in the sample solution or in a sep-
arate nmr tube; the two measurements agreed to within
0.5°. Chemical shifts were measured relative to an external
capillary of 1% MesSi in CDCls. The intensities of the reso-
nance signals were measured against a 2,2-diphenyl-1-pic-
rylhydrazyl doped CHCI; capillary which was calibrated
with tetrabutylammonium bromide solution.

Electron microscopy studies were performed with a Phil-
lips 300 electron microscope. Within a few hours after sam-
ple preparations, drops of solutions were applied to 200
mesh copper grids and fixed with phosphotungstic acid so-
lution (0.5%).
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Results

The pmr spectra of sonicated lecithins consisted of three
peaks with chemical shifts of 3.21, 1.27, and 0.85 ppm, as
measured downfield from the reference Me,Si. These peaks
are assigned to the choline methyl (Ch-CH3), methylene
((CH3),), and terminal methy! (T-CH3) protons, respec-
tively. In general, for the sonicated lecithin vesicles only the
Ch-CHj; peak was observed at low temperatures, the T-CHj3
and (CH3), peaks were observable only at temperatures
close to and above the phase transition temperature (42°)
of the lecithin vesicles. The sonicated lecithin vesicles stud-
ied in this work had an average diameter of 450-800 A, as
revealed by electron microscopy studies.

Effect of Purification on the Stability of Lecithin Ves-
icles. Although both the purified and unpurified lecithins
showed a single spot with thin-layer chromatography, the
sonicated vesicles of these two forms of lecithins differed
significantly in stabilities toward clustering and fusing. For
example, an increasingly heavy turbidity was developed in a
clear solution of purified lecithin vesicles in 3 days while
storing at room temperature (24°). On the other hand, solu-
tions containing unpurified lecithin vesicles remained clear
for more than a month. Concomitant with this difference in
turbidity development, the pmr spectral intensities of the
Ch-CH3 protons of purified lecithin vesicles decreased by
about 50% at 17° and above the phase transition tempera-
ture to a lesser extent. The unpurified lecithins, however,
showed only slight decrease in its Ch-CH; pmr intensities in
a month both below and above the phase transition temper-
ature.

These observations indicated much less stability of the
purified lecithin vesicles. According to Sheetz and Chan
(1972) the pmr intensities of the Ch-CHj protons of soni-
cated lecithin vesicles depended on the size of the vesicles
studied. The pmr spectra of the Ch-CHj3 groups of small
vesicles (average diameter 300 A) were nearly 100% ob-
servable at room temperature, while that of the larger ves-
icles (average diameter 1000 A) were hardly observable at
this temperature and became 100% observable only above
the phase transition temperature. A comparison of the
ChCH3 intensities observed at ~20° with those above the
phase transition temperature could thus provide an approxi-
mate estimate of the distribution of lecithin molecules in
small vesicles. Furthermore, the room temperature pmr in-
tensity of the Ch-CHj; protons should be sensitive to
changes in the size distribution of the vesicles and could be
used to indicate fusing of small vesicles into larger ones. Ac-
cordingly, our observed differences in the Ch-CHj pmr in-
tensities cited above indicated possible fusing of purified
lecithin vesicles into larger ones in 3 days. The unpurified
lecithin vesicles, however, showed much higher stabilities
against such change in vesicle sizes. This process of vesicle
fusion is presently under study in this laboratory (N. O.
Petersen and S. I. Chan, manuscript in preparation).

The differences observed between the purified and un-
purified lecithin vesicles could very possibly be due to im-
purities which were removed upon column purification.
Supporting this possibility were the following observations.
(1) In one case, solution containing unpurified lecithin ves-
icles was dialyzed after storing at room temperature for 3
weeks. The resultant solution was found to develop a heavy
turbidity after storing at room temperature for another 2
days. (2) The unpurified lecithin showed an unknown pmr
peak which was located at [ower field than the choline
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FIGURE 1: Pmr spectrum (220 MHz) at 44° of (A) sonicated lecithin
vesicles 2.5 wt % in D;0, (B) sonicated lecithin vesicles 2.5 wt % in
D,O containing 5.0 wt % poly(Glu). The two small peaks on each side
of the Ch-CH3 peak in (A) are spinning side bands.

methyl peak, both in the sonicated form in D>O and in a
dissolved form in chloroform. This peak was absent for the
purified lecithins. (3) Conductivity measurements of the so-
lution used to dialyze the unpurified lecithins from several
sources revealed an ion content of 5 + 3 mol % after dialysis
(G. Feigenson, private communication).

The most likely impurity responsible for these observa-
tions is palmitic acid (Robles and Van den Berg, 1969).
Palmitic acid when incorporated into the lecithin vesicles
would make the vesicle surface charged. This charged sur-
face would then cause repulsion among the vesicles and pre-
vent them from clustering and fusing. In fact, 1-5% palmi-
tic acid is frequently added to dipalmitoyllecithin prepara-
tions in order to stabilize sonicated vesicles. Removal of
these impurities, either by column or by dialysis, reduces
such surface charges and enhances the rate of clustering
and fusing, as observed for the purified lecithin vesicles.

Effect of Poly(L-glutamic acid) on the Lecithin Ves-
icles. Addition of poly(L-glutamic acid) to the sonicated
lecithin vesicles created turbidity in the solutions as well as
lowered the pmr intensities of the latter. These changes
were observed for both the purified and unpurified lecithins,
thus ruling out the possibility that the above mentioned im-
purities were responsible for the observed changes. How-
ever, the instability of the purified lecithin vesicles made a
detailed study on this form of lecithin difficult. Therefore,
the unpurified lecithin was used in the bulk of our studies of
the interactions between lecithin vesicles and poly(L-glu-
tamic acid).

The pmr spectra of the lecithin vesicles with and without
added poly(Glu) are shown in Figure 1. Dependence of the
lecithin pmr intensities upon the added poly(Glu) is shown
in Figure 2. 1t is noted that a large decrease in pmr intensity
with added poly(Glu) is observed for the Ch-CHj3 protons
above the phase transition temperature of the lecithin ves-
icles, and to a lesser degree below the phase transition tem-
perature. The decrease in intensity is the least for the T-
CHj; and (CHy), protons. It is also observed that, without
poly(Glu), the Ch-CHj proton intensities were quite repro-
ducible among different sonicated samples. However, those
of the poly(Glu)-containing solutions were sensitive to how
well the lecithin solutions were sonicated. For example, the
poly(Glu)-containing solutions prepared from a less clearly
looking sonicated lecithin solution gave higher lecithin pmr
intensities than those with the corresponding poly(Glu) con-
tents from a clearer lecithin solution. This gives the rather
large range of the observed pmr intensities shown in Figure
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FIGURE 2: Effect of poly(Glu) on the pmr intensities of the lecithin
proton signals observed for 2.5 wt % sonicated lecithin vesicles in D2O.
(0) Ch-CHj; protons at 44°; (A) Ch-CH3 protons at 17°; (O) T-CHjs
+ (CHa)n protons at 44°. Poly(Glu) concentrations are expressed in
units of amino acid residues.

2. It is shown later that, although the sonifier used failed to
provide a better quantitative consistency among the differ-
ent sonicated samples, the observed decrease in pmr intensi-
ties is large enough for our concern of the interactions be-
tween the lecithin vesicles and poly(L-glutamic acid).

The pmr intensities of these solutions were found to de-
crease rather slowly with time when the solutions were
stored at room temperatures; the decrease was less than
10% 1 week after the preparation of the samples.

Because the sodium salt of poly(Glu) is used in the pres-
ent study as well as in the other workers’ studies, the possi-
ble effect of salt on the pmr intensities of the lecithin ves-
icles has also been studied. NaCl was chosen for this pur-
pose. Analytical Reagent grade NaCl from Mallinckrodt
Chemical Co. was added to the sonicated lecithin solutions.
The mixed solution showed immediate development of ho-
mogeneous turbidities which increased with increasing
amount of NaCl added. Pmr spectra were measured at 17
and 44 °, and the results are shown in Figure 3.

It is seen that an abrupt drop in intensities at 0.01 M
NaCj concentration was observed for the Ch-CHj spectra
at both 17 and 44°, and for the T-CH3 + (CH,), spectra at
44°. However, within the NaCl concentration range studied
here, the intensities remained nearly constant with the
NaCl concentration. After storing at room temperature for
a week, all the NaCl-containing solutions showed another
slight decrease of the lecithin pmr intensities at both 17 and
44°,

Effect of Lecithin Vesicles on the Poly(L-glutamic acid).
The pmr spectrum of poly(Glu) of the poly(Glu)-containing
lecithin solution is shown in Figure 1. In order to study the
conformation change of poly(Glu) upon mixing with the
lecithin vesicles, we compare the pmr spectra of poly(Glu)
in the mixture with those of pure poly(Glu) at different ex-
4383
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FIGURE 3: Effect of NaCl on the pmr intensities of lecithin proton sig-
nals for 2.5 wt % sonicated lecithin vesicles in D>0. (0) Ch-CHj3 pro-
tons at 44°; (A) Ch-CHj protons at 17°; (O) T-CH3 + (CHz2) pro-
tons at 44°,

tents of helicity. Poly(Glu) is known to exist in the helical
form below pD 4.0 and in the random coil form above pD
7.0 with a transition point at pD 5.4 (Appel and Yang,
1965). The pmr spectra of poly(Glu) were measured at pD
7.3, 5.4, and 4.9; these corresponded to 100% random, ca.
50% helix and ca. 90% helix, respectively. In addition, be-
cause the lecithin vesicles were studied over a certain tem-
perature range, similar temperature dependence of the heli-
city content of poly(Glu) was also studied. The pmr spectra
of poly(Glu) at different pD’s were taken at 17, 39, 52-60°,
as shown in Figure 4. Only the spectral region of the 8 and
v peaks are shown here, as it is this region which we shall
be concerned with in the comparison to be described below.

It is seen that significant differences in line widths and
chemical shifts exist among the pmr spectra of these three
samples. Table I lists the observed pD and temperature de-
pendences of the line widths and chemical shifts of these
spectra. The following observations are noted: (1) the pD
7.3 sample retains its line shapes for the 8 and v peaks
throughout the temperature range studied; (2) for the acid
solutions, at low temperature the vy peak becomes broader
than the 8 peak; at higher temperatures both peaks become
narrower, and have about the same line width at the highest
temperature studied.

Comparing the poly(Glu) spectra of Figure 1 with that of

the random coil form of Figure 4, it is clear that, in neutral
solutions, poly(Glu) retains its random coil form upon mix-
ing with the lecithin vesicles, both at the low and high tem-
peratures studied.

Electron Microscopy Study. The electron microscopy
study revealed drastic changes of the lecithin vesicles upon

pD 7.3 pD 5.4 pD 49

I7°C y I7°C 17°C 5‘6_H‘ 2
.—/\/B\-y A M
pD 7.3 pD 5.4 pD 49

39°C 39°C 39°C

pD 7.3 pD 5.4 pD 49

52°C 56°C 60°C

OV AV, N, W, VD, W

FIGURE 4: Pmr spectra (220 MHz) of ca. 6.0 wt % poly(Glu) in DO
at different pD’s and temperatures.
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TABLE 1: pD and Temperature Dependences of the Chemical
Shifts and Line Widths of Poly(L-glutamic acid) in D,O.

Line Width
Temp Chemical Shifts (ppm) (Hz)
pD °C o B Y a B v
7.3 17 3.975 1.666 1.984 20 40 20
7.3 39 3946 1.659 1939 19 40 20
7.3 52 393 1.650 1.923 18 43 20
5.4 17 3.816 1.882 2.229 24 48 63
5.4 39 3,855 1.809 2141 ? 29 42
5.4 56 3.861 1.756 2.091 19 26 24
4.9 17 3796 1.964 2.255 30 60 64
4.9 39 3.811 1.884 2225 7 41 48
4.9 60 3.799 '1.806 2.145 20 26 27

mixing with the poly(Glu). The poly(Glu)-free lecithin so-
lutions showed isolated vesicles of varying sizes, while the
poly(Glu)-containing ones showed clusters of vesicles. Typi-
cal electron micrographs are shown in Figure 5.

Discussion

Interactions of Lecithin Vesicles and Poly(Glu). Our
present study of the interaction of lecithin vesicles with
poly(Glu) shows that poly(Glu) does complex and interact
with lecithin vesicles. The pronounced decrease in the pmr
intensities of the choline methyl group signals clearly indi-
cates that this interaction is confined near the surface of the
bilayer vesicles. This reduction in the pmr intensity no
doubt arises from immobilization of the choline methyl
groups, either as a result of some specific interaction of the
poly(Glu) residues with the polar head groups, or one of a
less specific nature involving electrostatic interactions of the
negatively charged carboxyl groups of the glutamic acid
side chains with the electric double layer potential of the bi-
layer surface. This conclusion is augmented by the results
of a similar study of the interaction of lecithin vesicles with
poly(L-lysine) (poly(Lys)) (C. A. Chang and S. I. Chan,
unpublished). Here the side chains of the polypeptide bear
positive instead of negative charges, and, as expected, the
poly(Lys) study revealed only a slight decrease in the pmr
intensities of the choline methyl signals upon the addition of
poly(Lys) to a sonicated lecithin solution. Whereas the ob-
served choline methyl signal intensity in lecithin-poly(Glu)
mixtures amounts to only 20-40% of that seen in the ab-
sence of the polypeptide, this signal retains 80-90% of its
intensity in the case of poly(Lys).

The pmr intensities of the methylene protons were also

FIGURE 5: Electron micrographs of (A) sonicated lecithin vesicles in
D20, and (B) sonicated lecithin vesicles in D0 containing poly(Glu).
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noted to decrease upon poly(Glu) binding to the lecithin
vesicles. This intensity reduction, however, is much smaller
than that noted for the choline methyl protons. This result
constitutes further support of our contention that perturba-
tions of the bilayer upon poly(Glu) binding are confined to
the vicinity of the polar head groups. It might be that the
interactions between poly(Glu) and the polar head groups
lead to some lateral tightening of the bilayer. Such a lateral
compression would render the fatty acid chains of the leci-
thin molecules less mobile than in the case of uncomplexed
lecithin vesicles. Our conclusion here is in agreement with
the work of Yu et al. (1974). These workers also propose
such a lateral tightening of the bilayer with poly(Glu) bind-
ing on the basis of spin-label and glucose permeability mea-
surements.

The above proposed strong interaction between poly(Glu)
and lecithin vesicles should also be discussed in the light of
the results of our salt effect studies described earlier. While
the addition of NaCl did cause a decrease in the pmr inten-
sity of the lecithin molecules, the effects here are too small
to account for the much larger intensity reductions observed
in the case of the lecithin vesicles-poly(Glu) system. The
effect of NaCl on the lecithin pmr intensities is an inter-
esting one, and arises fromteither osmotically induced shape
changes in the lecithin vesicles and/or coagulation of the
lecithin vesicles. Further study is now in progress in this
laboratory in order to ascertain the effect of salt on the size
distribution and the state of aggregation of sonicated leci-
thin vesicles.

Conformation of Poly(Glu) in Lecithin-Poly(Glu)
Mixtures. In monitoring the interaction of poly(Glu) with
lecithin vesicles, we have also compared the pmr spectrum
of poly(Glu) in mixtures of lecithin with those of pure poly-
(Glu) of various degrees of helicity in order to clarify the
earlier conflicting results concerning the conformational
changes of the polypeptide (Hammes and Schullery, 1970;
Yu et al., 1974). This study reveals that, within the sensitiv-
ity of our method, poly(Glu) remains in the random coil
form upon mixing with lecithin vesicles over the pH range
of 6.7-7.1. This result is in accord with the conspicuous lack
of change in the helicity of the polypeptide previously re-
ported by Hammes and Schullery (1970). The somewhat
different conclusions obtained by Yu et al. (1974) most cer-
tainly arise from the fact that over the pH range of 4.5-7.7
employed in their studies, poly(Glu) existed as a mixture of
both the helical and the random coil forms. Yu et al. re-
ported that the addition of lecithin to poly(Glu) resulted in
a conformational change of the poly(Glu) from a highly or-
dered structure of a more random state. This result might
be anticipated if poly(Glu) complexes with lecithin vesicles
in the random coil configuration.

BIOCHEMISTRY, voL. 13, No. 21, 1974

Conclusions

We have studied the interactions between poly(Glu) and
sonicated lecithin vesicles. A pronounced decrease in the
pmr intensities of the lecithin proton signals indicated a
rather strong interaction between the polypeptide and the
bilayer surface. These reductions in the pmr intensities can-
not be accounted for by alterations in the shape and size of
the lecithin vesicles or changes in their state of aggregation.
It is proposed that poly(Glu) binding to lecithin vesicles
leads to lateral tightening of the bilayer membrane. This
present pmr study clearly indicates that poly(Glu) remains
in random coil configuration upon complexation with the
lecithin vesicle. A previously reported discrepancy between
two different groups of workers on this point has been re-
solved.
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