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ABSTRACT

I. Effect of Sonication and Osmotic Pressure on the Structure of the

Lecithin Bilayer

The properties of dipalmitoyl lecithin vesicles of varying sizes
have been compared employing proton and P nmr spectroscopy and
dilatometry. These studies indicate that small vesicles of about 250 A
in diameter are inherently disordered and that the well-known spec-
tral differences generally observed for vesicles of different curva-
tures, such as lecithin multilayers and sonicated bilayers, arise
from variations in the molecular packing of phospholipid molecules
in the bilayer phase. Upon further perturbation of the membrane by
an external osmotic pressure spectral changes were noted which were
consistent with the expected changes in molecular packing. It was also
noted that the structural rigidity of the bilayer appeared to change upon

melting.

II. PMR Study of the Human Erythrocyte Membrane upon Perturbation

An analysis of the pmr spectra of human erythrocyte mem-
branes has been made in terms of the membrane components. The
spectrum at 75° was assigned to 20% of the membrane proteins, 20%
of the choline methyl groups of the phospholipids, and the acetamide
groups of the sugars. Changes in the pmr spectra were noted when
the membranes were altered by either protein solubilization or mem-

brane fragmentation. The choline methyl signal was found to be



iv

particularly sensitive to the state of the membranes. Certain proteins
were found to be released from the membranes at high temperatures
and this phenomenon was dependent upon the pH and the solvent, as
well as the presence of certain ions in solution. The amount of pro-
teins solubilized, however, was significantly less than that observed
by the high-resolution pmr method. The effect of certain divalent

ions was particularly striking. The presence of more than 5 X 10~* M
Mg2+, for example, was sufficient to stabilize the proteins in the
membrane and eliminate the high-resolution pmr signal.

B. cereus and Cl. perfringens phospholipase C treatments
were found to have quite different effects on human erythrocyte mem-
branes from the pmr spectra of the treated membranes. These differ-
ences are explained in terms of the properties of the unreacted lipids

left by the two enzymes.
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PART I

EFFECT OF SONICATION AND OSMOTIC PRESSURE

ON THE STRUCTURE OF THE LECITHIN BILAYER



1. INTRODUCTION

Biological membranes have come under careful scrutiny
recently in an attempt to understand the mechanisms of active trans-
port, nerve transmission, and other membrane functions. Most
biological membranes, however, are complex structures of lipids,
proteins and sometimes carbohydrates in lamellar arrays. In the past
they have confounded efforts to characterize them exactly in vivo or
in vitro. Early investigators, however, did notice that the membrane
barrier was most permeable to lipid soluble materials and good cor-
relations were found between the olive oil-water partition coefficients
and the permeability coefficients for different compounds(l). Other
ions and molecules did move up a concentration gradient in crossing
the membrane and were not lipid soluble. These compounds were pre-
sumed to be actively transported across the membrane with energy
from ATP hydrolysis by an unknown mechanism. With this and other
information from known surface chemistry and electric impedance
studies, Davson and Danielli(z) formulated the hypothesis that a lipid
bilayer was the basis of the biological membrane and proteins coated
the bilayer surfaces. That hypothesis lived for many years and only
recent data have caused it to be modified. The lipids are still believed
to be largely in the bilayer phase (also liquid crystalline or smectic
mesophase). Evidence for this has come from freeze-etch microscopy(3),

(4, 5), X-ray diffraction(G), as well

(7-10)

differential scanning calorimetry
as electron spin resonance spin-label studies Other phases

such as the cubic or hexagonal phase have been commonly found in
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lipid-water mixtures of low water content(ll), but none of these phases
have been shown to exist in biological membranes. There has been,
however, much speculation about other phases(lz) to explain ion trans-
port and nerve propagation phenomena. The active and facilitated
transport of molecules does appear to be carried out by the membrane
proteins and not the lipids although the proteins are dependent on sur-
rounding lipids for activity(13). These transport proteins function to
carry ions or molecules across the barrier of the lipid bilayer and
their effects are added to the basic leakage fluxes of a bilayer. In
terms of structure also it is felt that the lipid bilayer is the basic unit

14). For

to which proteins are added to form a functioning membra,ne(
these reasons lipid bilayers are the model systems of choice in mem-
brane research. Further, it is important to the analysis of data from
biological membranes to be able to separate the contribution of the
lipid bilayer from that of the protein. We have, therefore, attempted
to characterize further the structural phenomena of lipid bilayers
alone. It is felt that some of the findings point up features of these

model systems which are also important in the structure of biological

membranes.

1.1. Types of Bilayers

The next question is what type of lipid should be used for model
system work. There is a vast variety of biological lipids which will
form a bilayer phase since the different types of lipids can also have

a wide range of fatty acid components. The major group of lipids in



nearly all natural membranes is the phospholipid, and as a consequence
other lipids such as steroi‘ds, carotenoids, etc. have received much
less attention. Generally, the phospholipid bilayers are characterized
by a charged group at the water interface connected through glycerin
es.ter linkages to two fatty acids which are aligned perpendicular to
the bilayer plane in the hydrocarbon interior. The charged group con-
tains a phosphate diester linked to both the glycerin backbone and a
neutral or positively charged group (choline, ethanolamine, serine,
inositol, etc.). Phospholipids are normally zwitterionic or are nega-
tively charged although gram positive bacteria do contain a positively
charged phospholipid (phosphatidyl lysine). The actual phospholipid
composition of many different biological membranes has been exten-
sively studied and catalogued(ls). These data show a wide variety in
the phospholipid compositions of different membranes even from the
same organism. This suggests that phospholipid charge groups play
an important role in membrane function which is further borne out by
the fact that certain enzymes require a specific phospholipid for
activity(lﬁ). This is not to say that the phospholipid composition of
any membrane is rigidly fixed since certain lipids fall into substitution
groups such as the choline lipids or the charged lipids(”). Still there
seems to be limits to the variations in phospholipid concentrations
which indicate that no single model system can be considered general.
Many investigators have, however, settled on lecithin, a zwitterionic
choline phospholipid, since it is the most common lipid in animal
systems. The work to be reported here is largely on lecithin for

that reason.



There are many kinds of lecithin, bovine, egg, soybean, etc.
which have different fatty acid compositions. Because the fatty acids
are not strongly correlated with certain charge groups, their composi-
tion is generally treated separately from the charge group distribution.
The fatty acids found in biological membranes normally range from 14
to 24 carbons in length with only an even number of carbon atoms and
have from 0 to 6 cis double bonds along the chain. The first double
bond is normally found at the 9th carbon and subsequent double bonds
at the 12th, 15th, etc. such that the double bonds are separated by one
CH,- group. In a phospholipid molecule the two fatty acids are most
often different and the fatty acid in the 2 position of the glycerol is

normally uns aturated( L8} .

In biological membranes the fatty acid
composition can vary widely even with simple changes in diet; how-
ever, there are limits to the variability(lg). In general, these limits
are to be related to the disorder. or mobility of the fatty acids since
lipid motion is felt to be an important factor in membrane function.
Mobility of the fatty acid is in turn related to the length of the fatty
acid chain and the number of unsaturated groups such that shorter and
more unsaturated fats tend to disorder the bilayer. These trends are
noted in the crystalline-liquid crystalline phase transition of the vari-
ous lecithins. For example, this transition occurs at 20°C, 40°C
and 63°C for C,,, C,, and C,; saturated fatty acid lecithins and -7°C
and 63°C for a C,, fatty acid lecithin with and without a double bondZ9).
Greater disorder is manifested in greater permeability of liposomes,
(21-23)

natural membranes, and black lipid films for carrier mechanisms

Pore diffusion rates very obviously should not be affected by the fatty



acid mobility; however, the rate of forming and breaking of pores
might well be affected also. The mobility of the fatty acids seems to
be a very important parameter in describing any bilayer and an increas-

ing number of applications of this principle are being found in biology.

1.2. Physical Methods

The description above of the lipid composition of biological
membranes leads us to choose lecithin for model lipid system studies.
As a model system lecithin has another important property in that a
vast amount of work has been done on it. For a number of years inves-
tigators have been trying to understand the physical aspects of lipid
bilayer structure by studying two-phase lecithin and water systems.

A number of different techniques have been applied successfully to
lecithin bilayers and have provided a general understanding of the

bilayer structure. Building on this basis we have attempted to understand
certain of the structural restraints on the lecithin bilayer. In the
following section we will summarize the present understanding of

lecithin bilayer structure by experimental method used.

1.2.1. Differential Scanning Calorimetry. Phospholipids were

found to undergo a highly endothermic transition in the solid phase well

below the capillary melting temperature(zo).

This crystalline to liquid
crystalline phase transition of lecithin was also observed when the
lipid was dispersed in water although hydration to form an o -gel
lowered the transition temperature. The magnitude of the entropy

increase in the transition was directly related to the length of the two



saturated fatty acids in the lecithin as is the case for n-alkanes,
saturated triglycerides and saturated fatty acids upon fusion, which

(24). Other

means that the entropy change is configurational in nature
thermodynamic variables are also related to alkane length but do not
exhibit the lack of temperature dependence of entropy or the strong
correlation to mobility. Phillips et al. compared, therefore, the
configurational entropy change per methylene group of lecithin in the
a -gel to smectic mesophase transition (1. 25 e.u.) with that of an
alkane in the crystal to isotropic liquid transition (2.6 e.u.). The
lower entropy change for lecithin methylenes was interpreted as a
reflection of lower fluidity in the lecithin bilayer as opposed to the
molten alkane. This bilayer state of intermediate fluidity is a vexation
to many investigators because of the difficulties in theoretically treat-
ing states of intermediate mobility.

In additioﬁ to the entropy of the transition the temperature of
the transition has been fruitfully studied for different phospholipids
and their mixtures. Since the transition is endothermic, an increase
in the transition temperature means a lower enthalpy for the system.
In this regard it is interesting to note that dipalmitoyl phosphatidyl
ethanolamine has a transition temperature 30° higher than that for
dipalmitoyl lecithin thus indicating that the ethanolamine charge group
undergoes a greater enthalpy change upon melting than a choline charge
group in the bilayer(zs). Perhaps as a consequence of this difference
in bilayer stability when phosphatidyl ethanolamine was substituted
for phosphatidyl choline in pneumococcus, the cells remained asso-

ciated after cell division and were not lysed as easily(26).



If the fatty acids were unsaturated, the transition temperature
was drastically lowered as in dioleoyl lecithin (-22°) as opposed to
distearoyl lecithin (58°)(24). The presence of the cis double bond
apparently disrupted the Van der Waals interactions between neighbor-
ing chains raising the enthalpy and entropy of the system. Although
it is not necessarily obvious, the presence of unsaturated fatty acids
also raises the passive permeability of model bilayers(ZI).

In the a-gel as in other crystalline organics the addition of a
foreign type of molecule lowers the transition temperature. A case
in point is cholesterol which, when added to lecithin in the a-gel
phase, lowers the transition temperature and in a 1:1 mixture wipes

out the phase transition completely(27).

These important thermody-
namic data about the lecithin bilayer phase are valuable products of

differential scanning calorimetry studies of bilayers.

1.2.2. X-Ray Diffraction. It is difficult to understand any

system without accurate knowledge of its overall dimensions and x-ray
diffraction has provided those data for lipid bilayers. Because of the
regularity of the bilayer thickness observers were able to measure

that distance under a variety of conditions and also the lateral area.

The other spacing which fhey were able to follow was a relatively

broad band at ~4.6 A from the hydrocarbon chains. If the lecithins were
in the @ -gel or crystalline state this spacing was at 4.2 A and sharp(27).
From measurements of the angular dependence of these spacings in

oriented bilayers it is known that the 4.6 A reflection is generally

oriented perpendicular to the bilayer reflection or parallel to the



fatty acid chain axes. Exact measurements of the angular distribution
of the 4.6 A spacing in egg lecithin bilayers indicates that the spacing
is not rigidly oriented at 90° to the bilayer plane and even has a signifi-

(28). Levine and Wilkins

cant value for angles parallel to the plane
interpret this in terms of domains of segments of chains in which the
segments are oriented parallel to the bilayer plane. They also add
that there is no evidence for regular domains from the long spacings
as were observed for other systems where domains were known to |
occur. They use a model of segments of a rubber molecule with fixed
ends to predict the observed angular distribution rather than the gaus-
sian model for the configuration of chains suggested by Luzzati(zg).
They also observe that the presence of cholesterol causes a higher
asymmetry or orientation of the fatty acid chains as measured by the
stronger orientation of the 4.6 A spacing.

From the amplitudes of the lamellar diffractions an electron
density distribution of the bilayer can be calculated and these distribu-
tions show a lower electron density in the center of the bilayer. This
lower electron density is possibly a reflection of the greater mobility
at the methyl ends of the fatty acids, the differences in chain lengths,
the presence of bent fatty acid chains(so) or the presence of kinks
further up the chains(31).

The thickness of the bilayer and the area of the lecithin mole-
cule were found to be reflective of chémges in the bilayer state. For
example, upon the transitionfrom a-gel to liquid crystalline phase

there is a decrease in the thickness of the bilayer from 46 to 41 A and

an increase in lateral area from 48 to 58 A2(32). Also the addition of
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cholesterol to dipalmitoyl lecithin causes an increase in bilayer thick-
ness presumably because it orients the fatty acids perpendicular to the

bilayer whereas they could orient at other angles without cholesterol(33).

1.2.3. Electron Microscopy. The application of electron

microscopy to the study of lecithin bilayers has produced a number of

interesting and exciting artifacts(34’ 35).

More importantly, however,
it has given us pictures of the gross morphology of lipids in water under
a variety of conditions. For example, it gives us an excellent means

(58] or visualizing liposomes(37).

of sizing sonicated vesicles
Papahadjopoulus and Miller(3 8) have also used it to understand the

morphology of different lipids in water.

1.2.4. Dilatometry. Changes in the specific volume of fatty

acids and their glycerides have been noted at the transition from the
solid to liquid phése(39). Since the a-gel to smectic mesophase tran-
sition of lecithin was similar to a solid to liquid phase transition, it
might be expected to cause a significant specific volume change.
Trauble and Haynes did observe a sharp volume increase at the tran-
sition temperature in a lecithin suspension(40). The percentage in-
crease they observed, however, was only 1. 4% versus 20% for the
corresponding fatty acid or triglyceride. X-ray evidence also indicated
an increase in specific volume at the transition but the percentage in-
crease observed was 5% = 5%(41). Trauble and Haynes had no accurate
measure of their lipid concentration which leaves their data suspect,
and further experiments reported here will give more precise measure-

ments of the apparent molal volume change. In any case the actual
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volume increase is much less than in the case of the free fatty acids

or glycerides which follows from the fact that the a-gel to smectic
mesophase transition is a solid to solid phase transition. Perhaps

the transition should be compared with the rotational phase transition
of paraffins which is accompanied by a 2 to 4% volume change as deter-

mined by x-ray studies(41).

1.2.5. Black Lipid Membranes. We have limited our discussion

until this time to studies of pure phospholipid bilayers, but there is
another type of bilayer called the black lipid membrane which has re-
ceived considerable attention. Several recent extensive reviews have
been written on the topic and cover many more aspects of black lipid

(42 '44). These mem-

film work than we will attempt to discuss here
branes, although they contain phospholipids and are the thickness of a
lipid bilayer, also contain a considerable amount of solvent such as
n-octane or decane since they are formed from only a 5-10% solution
of the lipid. Once this solution is painted across a hole in a teflon
sheet it appears brilliantly colored by reflected light and suddenly a
black spot, indicating a very thin membrane, will appear and spread
to cover most of the area. At the edge of the black lipid membrane is
a torus of excess lipid and solvent.

Although these bilayers are not 100% phospholipid, their elec-
trical properties do appear to be nearly the same as those of phospho-
lipids in biological membranes(45). The important facts are that black

lipid membranes are relatively easy to prepare and a wide variety of

experiments can be performed on them. Of current interest are the
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effects of various compounds on bilayer electrical properties. The
purpose of these studies is to better understand the action of nerve
membranes and biological ion transport in general. Small peptide
antibiotics have been helpful in such studies since certain ones have
been known to alter radically the ion permeability properties of black
lipid membranes. Some of these antibiotics, such as valinomycin and
nonactin, have been shown to be ion selective and to increase ion con-
ductance continuously in an almost linear relation with antibiotic con-

centration. Others, such as alamethicin(46)

, gramicidin A(47) and
EIM(48), cause time-dependent jumps in the conductance with the
total conductance equal to an integral number of these jumps. The
former type of antibiotic is classed as a carrier and the latter as a
pore former.

The carrier antibiotics have been used in a number of studies
of the surface cha.rge of the bilayer and its effect on the distribution of

ions at the surface(49’ 50).

The results were consistent with the pre-
dictions of the Gouy-Chapman theory of the diffuse double layer. This
means that the apparent membrane charge is highly dependent on the
ion concentrations in the surrounding medium. Local anesthetics and
other small amphiphilic - charged molecules were found to strongly
affect the charge density on the membrane and consequently the ion

(51). Most significantly, these studies follow a

transport properties
predictable behavior in line with the existing theory of the diffuse
double layer, indicating that the charge properties of at least black
lipid membranes and probably lipid bilayers are well behaved.

Using black lipid films of glyceryl distearate and glyceryl
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dipalmitate in decane which underwent a phase transition at about 40°C,
Krasne et al. %) found that the membrane conductance with carriers
present was a thousand-fold lower when the lipids were in the "frozen"
rather than the "melted" state. On the other hand the channel-former,
gramicidin A, had the same effect on the membrane above and below the
melting temperature. The authors further feel that the difference with
the carriers was not due to a difference in solubility but was an effect
of the fatty acid mobility.

Several investigators have observed that the capacitance of a
black lipid membrane increases when a larger potential is applied

across the membrane(sz' 54).

Although this phenomenon could be
caused by a variety of factors, the most generally accepted hypothesis
is that the membrane is thinning. With the measurement of small
changes in membrane thickness under a known force investigators have
attempted to analyze some of the forces important in structuring the
bilayer.

There is normally a high flux of water across biological mem-
branes which has been measured by tracer atom diffusion and osmotic

(55),

swelling A number of investigators have also used these tech-

niques to follow the water flux across black lipid membranes(56'58).
For a while, however, radioactive tracer measurements were giving
erroneously low values for the water diffusion rates because of the

(59). Once

presence of unstirred layers of water near the membrane
this phenomenon was noted the majority of the measurements were
made by osmotic flow, in which experiments the black lipid film

separates an open chamber from one connected to a microliter syringe.
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Characteristic values for the water flux across a biological
membrane are from 0.4 to 400 u/sec. and the rates appear to be re-

Jated in part to the disorder in the bilayer(80),

The temperature de-
pendence of the water flux has been studied in many cases to obtain an
activation energy for the water diffusion process. From this activation
energy for lecithin black lipid films (~12 kcal/mole) many investigators
have favored the solubility-diffusion model for water permeation of the
membrane as opposed to the large or small.pore hypotheses. Accord-
ing to the solubility-diffusion model, the total activation energy is the
sum of the activation energy of diffusion (3-4.5 kcal/mole) and the
enthalpy of water partition coefficient for the membrane-solution
system (8-10 kcal/mole)(.57) Graziani and Livne support the feeling
that this activation energy is primarily a measure of the nature of the
membrane surface since they observed that the water permeability of
lecithin is greater with unsaturated fatty acids although the activation
energy is unaffected. On the other hand, monogalactosyl diglyceride
exhibits a higher activation energy for water diffusion and a higher

permeability coefficient.

1.2.6. Spectrophotometric Methods. The use of spectro-

photometric methods in the study of bilayers has been somewhat limited.
There are no strong uv or visible transitions from lecithin and IR is
complicated by the strong water interference. One interesting internal-
reflectance IR study was performed on the dry lecithin-cholesterol
complex by following changes in the OH stretching absorption of cho-

lesterol(sl). The change in the cholesterol absorption indicated some
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}hydrogen bonding to the lecithin which was presumably through one of
the ester oxygens.

Other light studies of lecithin bilayers have involved probe
molecules whose absorption or fluorescence characteristics change
as a result of the interaction of the molecule with the bilayer presum-
ably because of the lower dielectric constant. Tréuble(Gz) has used
(1-anilino-8 napthalene sulfonate) ANS and bromthymol blue to follow
the a-gel to smectic mesophase transition of dipalmitoyl lecithin.

The important advantage of these probe molecules is that stop-flow
and temperature-jump methods can be used to gain kinetic information
about the transition. Also, Trﬁublé was able to observe hysteresis in
the transition only in the presence of acetylcholine, divalent, or tri-
valent cations, which had interesting implications for nerve processes.

Finally, light scattering from lipid vesicles has been used to
63) (62)

study their size( as well as the Chapman transition Aside from

the normal vesicle sizing, light scattering has been used in the study

(64). Reeves and

of changes in internal volume of large vesicles
Dowben have treated the turbidity changes of large vesicles to obtain
diffusion rates for water across the bilayer in the presence of salt
gradients. Light scattering will also be a valuable tool in the study
of vesicle fusion since it is readily measured and highly dependent on

the vesicle size.

1.2.7. ESR Spin Labels. The use of nitroxide esr spin labels

has been extensive in the study of lipid mobility in the bilayer. The

Spin label, however, is a large probe molecule (larger in area than
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a fatty acid chain) and when added onto a molecule in the bilayer can
cause a significant perturbation of the environment it is supposed to

monitor(65).

This can obviously be a problem in measuring absolute
mobilities of the system as opposed to relative mobilities with the
same probe under different conditions.

The possible motions of a lecithin molecule in a bilayer are
from the bilayer to the water phase, from one side of the bilayer to
the other, two-dimensional lateral motion in the bilayer, rotary mo-
tion about the molecule's long axis and segmental motion. All of these
motions have been studied by spin labels.

The basic motions of the lecithin molecule perpendicular to the
bilayer have been studied by Kornberg and McConnell. Their results
using a lecithin spin label with the label of the choline portion of the
molecule indicate that the rate this spin-labelled molecule crosses

) (66).

the bilayer is on the order of ~{24 hr. In another study they

found that the labelled molecule did not transfer from bilayer to bilayer
through the aqueous phase at a rate faster than (24 hr.)™ (67).

The only fast translational motion of lecithin is in the two di-
mensional plane of the bilayer and that has been analyzed only recently
by spin labels. Earlier work by Kornberg and McConne11(67) on the
nmr of a spin-labelled lecithin and normal lecithin mixture showed
that the frequency of the translational step for lateral diffusion is
greater than 3 X 103 sec™! at 0°C. In a more recent study, Devaux

and McConne 11(6 8)

estimate the diffusion constant for a spin-labelled
dipalmitoyl lecithin in dihydrosterculoyl lecithin tobe 1.8 £ 0.6 X 10°°

sz/sec. They use summations of empirical spectra of different spin
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label concentrations in lecithin to compute the time course of the out-
ward spread of labelled lipid from a spot containing only spin labelled
lipid into unlabelled lipid. The value for the diffusion constant deter-
mined in this manner agrees well with that calculated earlier by Trauble
and Sackmann(eg) from the esr spectra of a spin labelled steroid in
dipalmitoyl lecithin bilayers. They have determined values for the
exchange interaction between the androstan spin labels within the bi-
layer by computer analysis of the esr spectra. Triduble and Sackmann
emphasize that this diffusion coefficient is a thousand-fold slower than
typical values in liquids but it does predict an average lateral move-
ment of 10,000 A in 1 sec. or a hopping frequency of 10"°7""° sec™?
Devaux and McConnell, on the other hand, emphasize that surface
diffusion can be important for biological processes. They point out
that if the ratio of the two dimensional to three dimensional diffusion
coefficients is greater than 10'3, then surface diffusion is more effi-
cient over a distance of 10 & or more in reaching a specific target.

In addition to translational motion the whole lecithin molecule
can undergo rotational motion about its long axis. In practice this
motion is hard to analyze separately from segmental motions of the
fatty acids; however, steroid spin labels have been used in the deter-
mination of their rotation frequency. For an androstan spin label this
rotation frequency is 108 sec™" which should be faster than for the
phospholipids (70) S
Numerous studies have been made of the segmental motion of

the fatty acids using spin labels, and although investigators maintain

that the inside of the bilayer is fluid{"Y), they also agree that it is
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considerably less fluid than a soap micelle(72).

In attempting to
understand the motion of the fatty acid chains, investigators have
synthesized a series of fatty acids and their corresponding lecithins
with the oxazolidine ring at different carbons along the fatty acid chain.
From oriented bilayer studies they have found an increase in the aniso-
tropy of the ring motion in going toward the lipid charge group.
McConnell and coworkers maintain that the local methylene chain
motion near the center of the bilayer can approach that of an isotropic
liquid hydrocarbogl,o’“;lﬁgreas in the same bilayer, the local methylene
chain motion near the polar head group region can approach that of a
solid, crystalline hydrocarbon .(73) These conclusions come from the
analysis of the order parameter of the oxazolidine ring esr spectrum
in oriented bilayers. By carrying out a more complete analysis of
these esr spectra, McFarland and McConne11(74) have calculated that
on the time scale of > 10~° sec. there is a preferential orientation of
the first 6-9 carbons of the lecithin fatty acid chain at about 30° with
the perpendicular to the bilayer surface. From this and other physical
evidence they have postulated that lipid fatty acids are slanted near the
bilayer surface. They maintain further that this bend can account for
many biological phenomena of cooperativity or signal propagation in
the lipid bilayer. We should point out that a kink mode1(31) can be
proposed to account for the same phenomena such as the esr spectra

and the lower electron density at the center of the bilayer. There are

at present no data to prove one or the other model correct.
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1.2.8. Proton Magnetic Resonance Spectroscopy. Pmr spec-

troscopy was chosen for this study of lipid bilayers for a number of
reasons. Primarily, the difference between sonicated and unsonicated
liposomes was first noted by pmr and thus it seemed that pmr should
be a sensitive detector of changes in the bilayer structure. Also, this
method made use of unaltered compounds so that there were no prob-
lems of perturbing the local environment by foreign probe molecules.

There were originally many problems to be overcome in the
interpretation of the pmr results because intermediate and anisotropic
mobilities had not been treated extensively in pmr theory. The bilayer
was also another phase than water and phase boundary considerations
of serious magnitude could be imagined. Furthermore, because some
of the resonances were extremely broad in some cases and others
were sharp, it was difficult to analyze all of the proton resonances
from a single spectrum.

Much of the early work on the pmr of lipids was done in
Chapman's group in England. Chapman's motivation was to understand
the state of lipids in different phases. Several paramount problems in
the data analysis soon arose which cast serious doubts on most earlier

(75)

interpretations. Originally, the data were treated by applying the

theory of Kubo and Tomita(76) for the analysis of the T, and the standard

p i formulation(77)

for small molecules for analysis of the linewidth data
which were both formulated on the assumption that the motion was fast
and isotropic. A serious discrepancy was noted in that the observed
Spin-lattice relaxation time increased with increasing temperature(75)

and it was quite different than the transverse relaxation time as
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measured from the linewidth of the proton resonances from the lecithin
bilayers. Penkett et al. did not resolve this problem but did note that
the methylene proton resonance linewidth was field dependent. Hansen

(78) and Kaufman et al. (79) carried this further and from

and Lawson
Carr-Purcell type measurements of the spin-spin relaxation time con-
cluded that the observed linewidth was the result of diffusion of the
molecules through microscopic inhomogeneities in the samples or
internal magnetic field inhomogeneity respectively. These hypotheses
were shown to be wrong by several recent papers which clarify the
picture greatly. Chan gt_?._l.(Bo) and Oldfield et al. (81) have observed
that the transverse relaxation time of the fatty acid protons (T,, which
is equal to 1/7 (linewidth at half height)) is field independent at least
to magnetic field strengths of 25 Kgauss, and have discounted the
Carr-Purcell experiments as artifactual. They have further postulated
that diffusion of spin energy down the fatty acid chains to a methyl heat
sink accounts for the single T, observed for most protons and is pos-
sible because of the strong dipole-dipole interactions. In addition,
Finer @.(82) have found that in oriented bilayers the linewidth is
markedly reduced when the perpendicular to the bilayer is oriented at
547°44' with respect to the magnetic field. Since this is the angle at
which dipole-dipole line broadening is removed, the positive result
shows that dipole-dipole interactions and not field gradients must be
the cause of the broad proton resonances. A rigorous theoretical
treatment of the proton resonances from lecithin bilayers is being
completed in our laboratory, from which it is hoped that we can obtain

an orientation parameter for motion of the fatty acid chains. It is
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important to note that these lecithin molecules have not been altered
in any way. For this reason it is not surprising that the results indi-
cate that the motion is much more restricted than spin label studies
predict.

Throughout the controversy over the cause of line broadening
in multilayer lecithin samples, the line sharpening caused by sonica-
tion was attributed to the faster rotational averaging of the small

(75). Sheard(83)

vesicles themselves challenged that interpretation
but his work was not widely accepted and several recent papers attempt
to refute it(82’ 84, 85). Our feeling, like Sheard's, was that the nature

of the bilayer was altered by sonication.

1.3. Question of Sonication

This problem of the interpretation of the pmr spectra of the
sonicated lecithin vesicles was chosen as a starting point for this work
because the questions it raised about the nature of the bilayer in soni-
cated vesicles were fundamental to many important model lipid studies.
Multilamellar lipid structures were not suited for physical or transport
studies(86)vwhereas sonicated vesicles of a homogeneous size had a
single lamella separating two water spaces(87) and thus were ideal

for such studies(88).

Most investigators, however, considered the
bilayer in a small vesicle to be completely normal, and many studies
were carried out on that system under the premise that the bilayer

was like that in a multilayer(88'91).

We have probed this problem in
detail in an attempt to understand if the bilayer properties were changed

and how were they changed. Further we pursued the effects of other
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mechanical perturbations on the bilayer. For this work we have
chosen to use dipalmitoyl lecithin and to study it with pmr spectroscopy
and other physical methods. In this study we exploited not only the
ability of pmr to monitor mobility in the bilayer but also the sensitivity
of pmr to exchange processes on the order of 107! to 10™* seconds; the
ability of pmr to quantitate the concentration of specific protons, and
the sensitivity of the pmr resonance linewidth to the presence of para-

magnetic species.

2. EXPERIMENTAL

2.1. Preparation of Dipalmitoyl Lecithin Samples.

L-a-dipalmitoyl phosphatidyl choline from General Biochemi-
cals was checked for purity by thin layer chromatography and found
to contain less than 1% impurity. It was also shown to have no effect
on the conductivity of deionized and distilled water. Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>